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Abstract: In this paper we present results obtained for energy storage units developed using polyaniline and
polythiophene modified electrodes. The voltage potential profiles for recharge/discharge are either linear or
exponential. Nucleation over-potential has been observed in some profiles where there is a phase transition. It is
observed that hydrocarbon gel: bentonite electrolyte mixtures yielded relatively high initial voltages and that,
this voltage also depended on the hydrocarbon: bentonite ratio. The potential decay profile for potential at Vo,
3/4Vo, 1/2Vo and 1/3Vo yielded linear and exponential curves for various hydrocarbon:bentonite mixtures.

The capacity (C) were 0.0014 Ah, for the 2:1 energy unit and 0.00035 Ah for the 3:1 energy unit.

The electric storage density (ESD) for the 2:1 and 3:1 energy units were 4.7 x 10 Ah/g and 8.8 x 10™ Ah/g
Key words: Electronically conducting polymers, Bentonite, Hydrocarbon gel, discharge profile

I.  Introduction:

Research in electronically conducting polymers as continued unabated since the discovery of the highly
conducting polyacetylene. The discovery of other electronically conducting polymers such as polyaniline,
polypyrrole and polythiophene has even widened the frontiers of research with regards to this conducting
‘plastics’ (1-12).

These conducting polymers are already being used as electrochromic display devices, components of
rechargeable batteries just to mention a few (12-16).

Intense research in the use of these polymers in rechargeable batteries is on-going (17-22). These polymers have
drawn much attention given that their specific weight is significantly lower than that of ordinary inorganic
materials and they are environment friendly.

Rechargeable batteries are batteries which can be restored after complete discharge. Examples include
Li-ion and Ni-MH. These batteries had almost the same energy storage capacity as that of the primary alkaline
cell.

Earlier reported studies on the use of conducting polymers in battery studies, is represented by the case
where p-doped (oxidized) polyacetylene was used as the cathode and Li as anode. Ni-Cd batteries had a better
energy storing capacity and high performance compared to lead-acid batteries. These Ni-Cd batteries can
withstand high current surges and tolerate adverse conditions without any damage. The major disadvantage is
that, the negative electrode cadmium is a toxic material, hence not environment friendly.

Lithium ion batteries are commonly used given that, they have a low self-discharge, energy-to-weight ratio and
no memory loss.

Research has been on-going in attempts to develop new rechargeable batteries using conjugated
conducting polymers. The batteries christened ‘plastic batteries’ has traditionally involved the polymer material
being doped by specific dopant material to convert it to a semi-conductor, with the lithium as one of the
electrode in rechargeable battery (16-17).

Batteries with polymer as both the electrodes have been developed. Polypyrrole and styryl-substituted
dialkoxyterthiophene (poly (OC10DASTT). The batteries of these combinations showed as high as 94%
discharge efficiency and a discharge capacity of 39.1 mAhg™ (18). Other studies on polymer based batteries
have been done by Killian (15).

In this paper we have used polyaniline, and polythiophene modified electrodes in the energy storage unit.

Bentonite a clay montmorillonite which has octahedral (Oy) and tetrahedral sites (Tg)/layers, with
exchangeable cations being found in the octahedral layer has been used, singularly or with hydrocarbon
gel/sodium chloride in known ratios (mass/mass). In the energy storage units discussed in this work, the
bentonite/hydrocarbon gel/sodium chloride serve both as an electrolyte and/or an electrode i.e., source of
dopant ions and a participant in the faradaic process.
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Il.  Experimental section:
Chemical Reagents:

The monomer liquids used were aniline (Aldrich, 98%) and thiophene (Aldrich, 99%). They were
triply distilled until colourless liquids were obtained in each case. They were then stored under an inert gas
nitrogen. This distillation process was repeated for each fresh experiment. All the chemicals and acids were
analytical grade and were used as received without further purification. Two types of acids as supporting
electrolyte were used namely sulphuric acid (Gowa), and hydrochloric acid (Gowa). Other chemicals used
include potassium chloride (Aldrich), sodium chloride (Aldrich), and hydrocarbon gel (Orbit Chemicals).

All solutions were prepared using high purity solvents. For the aqueous systems, triply distilled water obtained
from a Millipore water purification system was used. For the non-aqueous studies, acetonitrile (HPLC grade,
Fischer) was used as received.

All weighings were done using an analytical balance for maximum accuracy.

The clay montmorillonite, i.e., bentonite (Athi River Mining Company Ltd., Kenya) was purified as
described by Gosh and Bard, 1983, and by Ege et.al., 1985. It has a mesh size ranging from 150 to 200 pm,
cation exchange capacity (CEC) 1.18 — 1.22 mM/g and pH range of 8.4 — 9.6. The density of bentonite is 1.25
g/cm® which is comparable to other clay minerals from different parts of the world (Rask, 1984). It has average
solvent retention capacity of 22.5% and 4.8% for water and organic solvents respectively. Its moisture content is
8.5%. It swells by a factor of 1.7 and 1.4 in water and organic solvents respectively.

The preparation of the carbon graphite electrode and the methodology of modifying the carbon graphite
electrode surface with bentonite was as described by Orata and Kariuki, 1996. Polyaniline and polythiophene
modified electrodes were prepared by cycling the potential of the modified electrode within a given potential
window in solution containing aniline/or thiophene monomer with H,SQO, as the supporting electrolyte.

Energy Storage Unit:
The design used in the energy storage unit experiments is shown in the Figure 1 below:

Working electrode,
area 0.38 cm?

Insulator
(polythene)

Hydrocarbon gel/
Bentonite

Figure 1: Proto-type used in the energy storage unit experiments.
The circuit used in the discharge/recharge studies consisted of voltmeter and resistors as shown in Figure 2
below.

A

Ry RL VL

Figure 2: Circuit for study loading.

V}, — voltage of the battery, measurable at no-load.
V| — voltage of the load (usually known)

Ry, — resistance of the battery (is to be computed)
R — resistance of the load (usually known)
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I1l.  Results and Discussion:

In this study the conducting polymer used was electro-synthesized by cycling the potential of a carbon
graphite working electrode from — 0.2 V to 0.80 V in the case of polyaniline, and from — 0.2 V to 0.86 V in the
case of polythiophene. The scan rate was 20 mV/sec in both cases. The electrolyte solution contained 0.1 M
aniline / or 0.1 M thiophene monomer, and 1M H,SO, as the supporting electrolyte.

In the energy storage devices shown in Figure 1 bare carbon graphite/or conducting polymer modified electrode
served as a redox couple.

The working electrode was derivatised with a conducting polymer, the redox process in all the cases
were stopped at the oxidized end, where the polymer is oxidized/ or in the conducting state. The conducting
polymer modified carbon graphite working electrode was then used in the energy storage unit shown in Figure
1.

The loading of the cell was achieved using the circuit shown in Figure 2.

Bare Carbon and Polyaniline Modified Electrode as a Redox Couple

Bare carbon graphite working electrode and a polyaniline modified carbon graphite were used as one of
the redox couples in the experiment.
In the case of polyaniline several films were electrodeposited as already mentioned. The variation of the
oxidative charge versus time was computed. The results are shown Figure 3. It is observed that the oxidative
charge increases linearly with time in all the cases studied.
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Figure 3: Plot of oxidative charge, (Q ) versus time for polyaniline electrodeposited on a bare carbon
electrode in solution containing 0.1 M aniline and 0.5 M H,SO,. The potential range was from — 0.2 to
0.80 V. Scan rate 20 mV/s.

The bare carbon graphite and polyaniline modified electrodes were mounted in the different energy units and the

potential versus time profiles obtained. The results are shown in Figures 4 and 5.

18
16 i
14 -
12 -

1
08 4 X x
0.6 1 X X x
0.4 4
0.2 1

0 T T T o

0 50 100 150 200
Time (min)

Potential (V)

Figure 4: A plot of potential (V) versus time for bare carbon electrode.
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Figure 5: A plot of potential (V) versus time for polyaniline modified carbon electrode in solution
containing 0.1 M aniline and 0.5 M H,SO,.

o

It is observed that, the initial potential for bare carbon case is much higher (1.60 V) than that obtained
in the case of polyaniline modified electrode (1.25V) i.e., AE; = 347mV. The initial potential of polyaniline
modified electrode is less than that of bare carbon electrode by 22%.

These differences could result from all/or any of the following: free energy change in the overall cell reaction
(AG), the cell resistance (iR) and the kinetics of the electrode reactions.
In general,

EceII: Ec_ EA_ Npa— Nc— IR
Where n is overpotential and E, i, R have their usual meaning.
When the free energy of the reaction is large and negative, Ec — E, will be a large positive quantity.
We further propose that, the observed difference in the ‘switching’ potentials (initial potential) for the two units
is the result of the differences in the redox character of the working electrodes.
For Example in the conducting polymers the fraction Qtaradaic/ Quouble 1ayer @Nd Capacitive currents (ic) vary with
the pH of the electrolyte media. The net effect of these redox changes in polyaniline modified electrode
‘mimmicks’ that of ‘polarization’ in ordinary dry cells.
This assertion is supported by the observation that, when the oxidative charge of the last cycle in the polyaniline
was computed and plotted as a function of AE;, we observe that AE; varies with the oxidative charge. See Figure
6.
This observation is not surprising and can be accounted for / or explained by the Nernst equation for reversible
systems as follows:

(Equation 1)

RT, C
E=E°——In—>
L (Equation 1)
RT
AE=—InC ... (Equation 2)
nF
where
C=CuwlC g
Since, T (surface coverage, mol/cm?) o C
And
_ Q,
NEA (Equation 3)
Therefore,
RT
AE= — n—QOX
nFo nFA (Equation 4)
Assume,
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k=nFA and ' =ﬂ
nF
Then,
AE =Kk ln%

K (Equation 5)
= ' —
AE=K'(In QOX Ink) (Equation 6)
AE
o =InQ,, —Ink ... (Equation 7)
Therefore,
AE
—=InQ, — K
K (Equation 8)
Where,
k"=Ink
On rearrangement,
AE
— +K"'=1In Qox
K, (Equation 9)
(o
— K
QOX = (Equation 10)
Therefore AE will increase with increasing values of Q.
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Figure 6: Plot of oxidative charge, (Q ), (Coulombs) for the last polyaniline cyclic voltammogram versus

potential difference AE; for polyaniline.

When the concentration of the sulphuric acid supporting electrolyte was varied i.e., 0.1M, the resultant
oxidative charge versus time profile for polyaniline is shown in Figure 7.
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Figure 7: Plot of oxidative charge, (Q ), versus time for polyaniline electrodeposited on a bare carbon
electrode in a solution containing 0.1 M aniline and 0.1 M H,SO,. The potential range was — 0.2 to 0.80 V

at a scan rate of 20 mV/s.

The potential versus time profiles for the polyaniline electrode and that of bare carbon are shown in Figures 8

and 9.
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Figure 8: A plot of potential (V) versus time for bare carbon electrode.
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Figure 9. A plot of potential (V) versus time for modified carbon electrode in solution 0.1 M aniline and

0.1 M H,SO,.

It is observed that, the AE; is 71 mV following significant variations in E_(1.500V) and Eg (1.082V).
These observations are expected given that, as already mentioned as the electrolyte pH increases there is a
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reduction in the faradaic component of the total charge i.e. an increase in the double layer charge and the
capacitive currents. Since the potential is proportional to the surface coverage (electroactive) of the polymer, it
is therefore suggestive that, as the electrolyte pH is decreased, this affects the population of electroactive sites in
the polymer, hence affecting AE; and by extension, AG.

Variation of Concentration of Aniline Monomer:

In the next set of experiments, the concentration of the aniline monomer was increased to 0.25M. The
resultant potential versus time profiles for the bare carbon and polyaniline modified electrode are shown in
Figures 10 and 11.
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Figure 10: A plot of potential (V) versus time for bare carbon electrode.
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Figure 11: A plot of potential versus time for polyaniline modified carbon electrode electro-generated
from a solution containing 0.25 M aniline and 1 M H,SO,.

The potential versus time profile for the polyaniline modified electrode is shown in Figure 11. Once
again the AE complies with the Nernst equation as already mentioned, see equation 10.

Polyaniline Modified Electrode in Sodium Chloride —Bentonite Mixture:

The potential versus time profile for polyaniline modified electrode prepared as already discussed was
studied in a sodium chloride-bentonite electrolyte mixture. The NaCl: Bentonite mixtures were in the following
ratios 1:3,1:2, and 1:1 (mass/mass). The potential versus time profiles is shown in Figure 12.
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Figure 12: A plot of potential versus time for polyaniline modified electrode in NaCl:Bentonite
(mass/mass) - 1:3, 1:2, and 1:1.

We observe that, the rate of change of potential is highest in the case where the ratio of the bentonite
and sodium chloride is 1:1, followed by 1:2 and 1:3. We observe that the initial potentials follow the same
pattern. Since in the mixture it is the amount of bentonite which is being varied while that of sodium chloride is
kept constant, it is therefore, the bentonite which results in the differences in the potential. This observation can
be attributed to the fact that, when we have excess bentonite, the concentration of the sodium chloride
supporting electrolyte in the matrix is significantly reduced and this is captured/reflected in the reduced
voltages.

When the rate of change of potential was plotted as a function of the % NaCl and % Bentonite, the
points were a mirror image of one another, even though the percentages were different. It is instructive not to
over emphasize this observation, but it is worth noting that, it captures the opposing effect of both substances
with respect to the potential. See Figures 13 and 14.
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Figure 13: A plot of a slope dV/dt versus % NacCl.
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Figure 14: A plot of a slope dV/dt versus % bentonite.

Hydrocarbon Gel —Bentonite Electrolyte:

A hydro-carbon gel was mixed with bentonite in the ratio (mass/mass): 1:1 and 1:2. The ratio were then
reversed i.e., bentonite: hydrocarbon gel. The above mixtures were thoroughly mixed until a fine colloidal
mixture was obtained. To the mixtures obtained was added NaCl. The mass of the NaCl was always kept equal
to that of bentonite in the mixture. A little water was added to the mixture and stirred to form a slurry.
Polyaniline modified electrode was prepared as already described in the earlier experiments. The potential
versus time discharge profile was then obtained empirically.

Hydrocarbon gel:bentonite ( 1:1), same amount of NaCl as the bentonite ( water -17g, Load - 90.6 ohm)
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Figure 15 (i): A plot of potential versus time. The electrolyte mixture of hydrocarbon gel :bentonite (1:1).
Same amount of NaCl as the bentonite.
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Figure 15(ii): A plot of potential (V) versus time (min). Hydrocarbon gel:bentonite (1:2), same amount
NaCl as bentonite, water -27¢.

www.iosrjournals.org 71 | Page



Polyaniline And Polythiophene Modified Electrodes In Energy Storage Units With ...

From Figures 15(i) and 15(ii) we observe that the discharge decay profile rate in the case of
hydrocarbon gel-bentonite mixture is much reduced then in the absence of hydrocarbon gel.

It is also observed that there is no complete discharge in the hydrocarbon gel-bentonite electrolyte mixture i.e.,
(E™" ~0.08V)

This differences in the discharge profile is probably as a result of improved contact between the
electrode and the electrolyte due the presence of hydrocarbon gel. The electrolyte media appear to facilitate the
faradaic processes accompanying the redox process in polyaniline i.e., efficient transport of dopant ions.

When the ratio of hydrocarbon gel:bentonite was reversed i.e., 2:1 (see Figure 16), the potential —time
profile decay differ significantly from the 1:2 case. This a pointer to the very important role played by the
hydrocarbon gel in improving contact surface area between the electrode and the electrolyte and also the
migration of supporting electrolyte/dopant ions in the system.
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Figure 16: A plot of potential versus time. The electrolyte mixture of hydrocarbon gel: bentonite 2:1.
Same amount of NaCl as the bentonite.

Further Analysis Using Other Ratios of Hydrocarbon Gel: Bentonite in the Presence of Water and
Sodium Chloride

To further assess the effect of hydrocarbon gel, experiments were conducted using the following ratios
of hydrocarbon gel:bentonite 3:1, 3.5:1, 4:1, 5:2. In all cases the amount of NaCl was kept equal to that of
bentonite in each experiment. All the prepared mixtures were kept for 72 hours to allow ion exchange to take
place. The difference in the initial potential values to that of first potential reading on loading for the various
ratios are shown in Figure 17.
From the results it is apparent that, as the mass of the hydrocarbon gel (HC) increases there is a gradual increase
in AV.
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Figure 17: A plot of potential difference (AE) versus mass of hydrocarbon gel (grams). The electrolyte
mixture of hydrocarbon gel: bentonite 3:1, 3.5:1, 4:1, 5:2. Amount of NaCl is equal to that of bentonite.
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The resultant potential versus time profiles are shown in Figures 18(i) — (iv).
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Figure 18(i): A plot of potential versus time for 3:1electrolyte mixture.
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Figure 18(ii): A plot of potential versus time for 3.5:1electrolyte mixture.
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Figure 18(iii): A plot of potential versus time for 4:1electrolyte mixture.
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Figure 18(iv): A plot of potential versus time for 5:2 electrolyte mixture.

We observe that, in all the cases of hydrocarbon:bentonite gel there is no total decay of the energy unit.
The rate of change of potential/or discharge on loading decreases in the order 3:1, 3.5:1, 4:1. It appears that as
the amount of hydrocarbon gel increases, the Gibbs free energy change (AG) approaches zero, hence a balance
in the discharge/re-charge redox processes in the energy unit.
From the potential —time profiles, decay profiles for the various ratios of hydrocarbon gel:bentonite was
computed to establish the times at which the potential was 3/4, 1/2 and 1/3 of the initial potential V,,.
The profiles for the 3:1 and 5:2 ratio are shown in Figures 19 (i)- (ii ). It was observed that, the decay is
exponential for the 3:1, 3.5: 1 and 4:1 case but linear for the 5:2 case.
In the case of exponential decay the discharge profile can therefore be represented as:

Vo= Ve e, (Equation 11)
While for the linear 5:2 ratio:
Vi=-0147t+0.649. ..o (Equation 12)

In the linear case, it is apparent that in theory the unit will undergo total decay after sometime i.e., V(= 0, when t
=0.649/0.147.
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Figure 19(i): A plot of potential (Vo, 3V¢/4, Vo/2, Vo3 ) versus time (min). The electrolyte mixture of
petroleum jelly: bentonite 3:1. Amount of NaCl is equal to that of bentonite.
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Figure 19 (ii): A plot of potential (Vo, 3Vo/4, V/2, V/3 ) versus time (min). The electrolyte mixture of
hydrocarbon gel: bentonite 5:2. Amount of NaCl is equal to that of bentonite.

In some of the energy units, it was observed that, there is an increase in the initial voltage before
loading . See Figure 20. This is probably as a result of ingress of dopant ions into the conducting polymer. The
increase in the potential — time curve ingress of plateaus off after the 50" minute, probably corresponding to the
polymer neutralization of charged sites in the polymer.
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Figure 20: A plot of potential versus time for stabilization of neutral voltage. The electrolyte mixture of
hydrocarbon gel: bentonite is 4:1.

When 0.1 M H,SO, was added to the electrolyte mixture in the energy storage unit and the hydrocarbon
gel: bentonite ratio maintained at 2:1 (No water /or sodium chloride), the results obtained from the potential
versus time profile (see Figure 21), suggests that, increasing the proton ([H*])/ and or (SO,*/HSO,*) population
in the electrolyte mixture has the same effect as that of increasing the hydrocarbon gel in the mixture. This
assertion is borne out of the fact that, the rate of change of potential for the 3.5: 1 case is the same as that of 2:1
but with sulphuric acid present. The improvement is probably predominantly the result of the presence of
protons which can ingress/ and egress much more efficiently from the polyaniline matrix. The role of sulphate
or bisulphate ion vis-a-vis that of chloride ions in sodium chloride is found in the differences in their charge
densities. Isomorphous substitution by the protons and sodium cations of the metal ions in the Oy, layer of the
clay montmorillonite can also contribute to the observed potential behavior.
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Figure 21: A plot of potential (V) versus time (min). The electrolyte mixture of hydrocarbon gel:
bentonite 2:1, and 0.1 M H,SO,.

0 5

Polythiophene Modified Electrodes in the Study of Batteries
Polythiophene modified electrodes were prepared by cycling the potential of carbon graphite working

electrode form -0.2 V to 0.85 V in a solution containing 0.1M solution of thiophene in 1M H,SO,4 The scan can
rate was 20 mV/sec.

The electrolyte mixture was a slurry containing NaCl and Bentonite in the ratio of 1:1.
In this energy unit we observed once again the ‘depolarization’/re-charge effect (see Figure 22).
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Figure 22: A plot of potential versus time for stabilization of neutral voltage. The electrolyte mixture of
NaCl:bentonite 1:1.

The discharge/re-charge profiles in the potential versus time profile (see Figure 23) similarly followed
the pattern observed in the case of polyaniline. It is worth mentioning that, the initial potential values for the
polythiophene are much lower than that, of polyaniline. This is not surprising given that, polyaniline has much
more robust redox properties as compared to polythiophene i.e., well behaved electrochemistry, is easy to
synthesize, has reproducible redox characteristics and is a better conductor.
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Figure 23: A plot of potential versus time for polythiophene in NaCl:bentonite (1:1).

The decay profile of the polythiophene energy unit yield a linear plot (see Figure 24) with respect to the
potential values at V,, 3/4V,, 1/2V, and 1/3V, with time. The potential decay equation is represented by the
equation:

Vi=0.075t+0.492. . i, (Equation 13)
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Figure 24: A plot of potential (V,, 3V/4, Vo/2, Vo/3 ) versus time (min). The electrolyte mixture of
NaCl:bentonite 1:1.

When the amount of bentonite in the electrolyte is increased by a factor of two (1:2), it is observed that
the initial potential is higher by about 510 mV. The potential versus time profile, shown in Figure 25, suggests
that, the rate of change of potential is not continuous but is phased. This is not surprising since in general
polarization at an electrode can result from contributions resulting from charge transfer, nucleation, mass
transport and passivation overpotentials. In this case the discontinuity/or formation of a new phase points to
nucleation and passivation overpotentials. It worth mentioning that nucleation overpotential is transitory given
that, once we have a sufficient number/concentration of new nuclei of the new phase, the overpotential vanishes.
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Figure 25: A plot of potential (V) versus time (min). The electrolyte mixture of NaCl:bentonite 1:2.

The decay profile for the electrolyte system NaCl: Bentonite computed at V,, 3/4V,, 1/2V, and 1/3V,
versus time yielded an exponential plot just as in the case of polyaniline.
When the amount of bentonite was increased three fold i.e., NaCl:bentonite (1:3), the recharge profile for
potential versus time displays a maxima and minima (see Figure 26). This profile is probably best described by
a trigonometric function, where,

Vi =Vosinkt oo (Equation 14)

Since discharge/re-charge processes are related to the ingress/egress of dopant ions into the conducting polymer
this oscillatory potential versus time curve is probably a pointer to non-isomorphous character of the redox sites
in the polymer matrix with respect to accessibility/and or exit by the dopant ions.
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Figure 26: A plot of potential versus time for stabilization of neutral voltage. The electrolyte mixture is
NaCl:bentonite 1:3.

Hydrocarbon Gel, Bentonite, NaCl and Water Electrolyte Mixture:

When the polythiophene electrode in the energy unit containing hydrocarbon gel: bentonite in the ratio
3:1 (amount of NaCl same as bentonite) was used , the recharge and discharge potential versus time profiles
obtained are shown in Figure 27.
The variation of potential versus time is linear for recharge process, but exponential for discharge. This behavior
is similarly to that observed in the polyaniline case.
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Figure 27: A plot of potential versus time for discharge/re-charge. The electrolyte mixture is
hydrocarbon gel:bentonite = 3:1.

Capacity and Electric Storage Density of the Energy Storage Unit:
The nominal capacity (C) of the energy storage units were calculated from the expression:

C=mnF/M
where m is the weight of the active material and M is the molar mass of the active material. Capacity is
determined by monitoring voltage versus time. The capacity (C) for the 2:1 and the 3:1 hydrocarbon: bentonite
units were and the following values obtained:

C = 1.4 x 10 ® Ah, for the 2:1 energy unit

C =3.5 x 10™ Ah for the 3:1 energy unit

The Electric Storage Density (ESD) i.e., capacity per unit weight, considering only the ratios, for the
2:1 and 3:1 energy units and ignoring the masses of the current collectors, terminals and the case:
ESD,, =4.7 x 10* Ah/g

ESD;. =8.8 x 10™ Ah/g

IV.  Conclusion:

The energy storage units developed using polyaniline and polythiophene modified carbon graphite
electrode have yielded voltage versus time profiles (discharge/recharge), with tremendous improvements being
registered in the case of electrolyte mixture consisting of hydrocarbon gel and bentonite.

Attempts have been made to compute the capacity (C) and electric storage density (ESD) of the units.
Too much emphasis must not be placed on the C and ESD values given the gaps in the total understanding of the
redox mechanism in conducting polymers, not to mention the uncertainty in determining their molar mass which
is fundamental in the computation of C. These are pointers to the need for more research so as to develop these
polymers into robust energy storage units.
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