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Abstract

The reduction of the emeraldine form of polyaniline film into leucoemeraldine, which
corresponds to the conversion of an electric conductor into an insulator, shifted in the
positive direction with increasing scan rate and film thickness. Similar dependence was
found in the diffusion-controlled voltammograms of dispersed polyaniline latex particles
with eight diameters ranging from 0.2 to 7.5 um. The particles were synthesized by coating
dispersed polystyrene latex with polyaniline. These variations were explained in terms of
electric percolation of the conducting species to the electrode. The theoretical expression for
the Nernst equation was derived on the assumption that the percolated and the un-percolated
conducting species took inner potentials of the electrode and the solution phase, respectively.
The conducting species does not participate in the determination of the equilibrium potential,
though it participates in the Faradaic current. The cathodic peak potential shifted in the
negative direction with an increase in particle size, solution viscosity, and film thickness, as

predicted from the derived Nernst equation.

keywords: polyaniline films; electric percolation; Nernst equation; latex suspensions;

conducting species.
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1. Introduction

Polyaniline (PANI), an electrically conducting polymer, exhibits three redox states in
acidic solution: the reduced state of leucoemeraldine, the electrically conducting
half-oxidized state of emeraldine, and the insulating oxidized state of pernigraniline [1,2].
The redox reaction between the first and the second states is reversible and reproducible,
whereas pernigraniline is chemically unstable and deteriorates the electrochemical activity
[3-6]. Therefore, most of iterative redox conversion occurs between leucoemeraldine and
emeraldine. A typical voltammogram of this conversion in electrochemically polymerized
PANI films, shown in Fig. 1(a), has a sharp anodic peak and a broad cathodic wave with a
tail. They are asymmetric in voltammetric shape, with large differences in the peak potentials.
This asymmetry is a central theme in the characterization of conducting polymers [7- 13].
Asymmetric conversion has also been found in electrochemical ESR signals [14],
spectro-electrochemical responses [15], conductivity vs. potential curves [16,17], beam
deflection [18], radiotracer analysis [19], electrochemical quartz crystal microbalance [20],
and acoustic measurements [21]. Asymmetry is revealed to current-time curves [22,23].
Asymmetry may be caused by the structure change between local and extended polymer
motions [11], the mechanical work coupled with the redox reaction [13], the propagation of
the conducting zone [24,25], the logarithmic relaxation [26], and/or the structural
rearrangement of polyaniline during the redox reaction [12].

Although several causes of asymmetry have been recognized, they have not been
quantitatively confirmed yet to our knowledge. Most of them are explained intuitively by the
blocking of the redox reaction decreasing the current. However, they fail to interpret the
large difference between the anodic and the cathodic peak potentials. The peak potentials
represent the equilibrium between leucoemeraldine and emeraldine [1], including hydrogen
ion participation [27] and complications from redox interactions [28]. Unfortunately, these

contributions do not contain any explicit information about the structural change during the



redox reaction. It is necessary to consider the electrode potentials associated with the
structural change.

When the conducting species of polyaniline is connected electrically to the electrode,
called electrical percolation, it should take the inner potential of the electrode rather than the
solution phase. Consequently, the Nernst equation does not express the relation between the
electrode potential and the concentration of the conducting species. In contrast, the
conducting species without any electrode connection takes the inner potential of solution,
and the conventional Nernst equation holds. Therefore, the observed potential may depend
on the degree of electric percolation or the macroscopic geometric structure of the clusters of
the conducting species.

We report here the derivation of the Nernst equation including percolation. The degree
of percolation may vary with film thickness. Unfortunately, it is not easy to control film
thickness while maintaining film uniformity because polyaniline aggregates yield patched

films. We instead use suspended PANI-latex particles with various diameters.

2. Derivation of the Nernst equations

We consider the electrochemical reaction associated with the n-electron transfer
between leucoemeraldine R and emeraldine O. It is known that one or two electrons are
exchanged among four neighboring aniline units [2]. The electrochemical potential of R is
written as
;R = tp +RT Inag + 2. Fgq 1)
where a is the activity, z is the redox charge, and the subscript designates the species (R).
Because R is the electrically insulating species in the solution phase, it has the inner potential
of the solution, ¢s. However, the electrically conducting species O has the inner potential
either of the electrode or of the solution, depending on whether it is electrically percolated

with the electrode. The electrochemical potential of O can take either of the following two
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forms:
Los = 1o +RT Inagg + 2, F g (without electric connection to the electrode)  (2)
Loe= 15 +RT Ina. +z,Fg.  (with electric connection to the electrode) (3)
where ¢ is the inner potential of the electrode. The electrochemical potential of the
exchanged electron is given by
He = H; ~F 4, @)

When the species O has ¢s, the equilibrium condition is given by
He = Hos + i,
Inserting Eq.(1), (2) and (4) into the above equation and using charge balance, zp -zg = n, we
have
E=E" +(RT/nF)In(ay/ag) (5)
where we expressed ¢t -¢s = E and (N’ + 1o’ - 1r°)INF = E°. This is the conventional
Nernst equation.

When species O takes ¢, on the other hand, the equilibrium condition is given by
Hg = Hoe + N,
Inserting Eq.(1), (3) and (4) into the above equation yields
~2,E=E" +(RT/F)In(a,. / a;) (6)
Because zr is zero in the molecular form of leucoemeraldine, the equilibrium potential
cannot be determined by the ratio of ape /ag. In other words, the oxidized species percolated
to the electrode does not participate in the determination of the electrode potential.

We replace the activities by the amounts adsorbed on the electrode through ar — /R,
aos —1os, aoe > oe. The amount of the oxidized species, /o, is given by 7os + /oe. Let

the fraction of the unpercolated oxidized species be defined as

P=Ly T, (7)
Eq. (5) is rewritten as
E=E +(RT/nF)InB+(RT/nF)In(I"y/ Iy) (8)

The halfwave potential is given at /o = /r by



E,,=E +(RT/nF)Ing 9)

This potential varies with p-values, which may depend generally on the macroscopic
structure of the film and specifically on film thickness, as well as exchange between Og and
Os by thermal fluctuation and conversion rates of cyclic voltammetry.

When the film is so thin that Os is not distinguished from Og, values of Ej, may be
independent of film thickness or electrolysis conditions. Equations (8) and (9) are interesting
for thick films in which the local distribution of Og and Os do not vary during a
voltammetric period. In other words, £ can be evaluated in macroscopically thick films. If a
small amount of the percolated species is localized only near the electrode surface, then the
value of Sis close to unity because /oe<< /o and Ios ~ Io. In this case, Ey, is close to E°.
This distribution may occur in the fast oxidation conditions. In contrast, the opposite
distribution, 7os<< I'c and 7og ~ o, may be realized by a fast half-reduction in which Og is

left behind. Then, B is small, and Eyy, is shifted negatively from E°.

3. Experimental

Electropolymerized PANI films were synthesized by scanning the voltage once from
0.0 t0 0.83 V vs. Ag|AgCl at 0.5 mV s™ at the platinum disk electrode in 0.5 M aniline + 1 M
sulfuric acid at 0°C. This scan rate empirically provided nondestructive, smooth films. The
thickness of the films was read from their cross sections obtained with an optical microscope,
VH-5000 (Keyence, Osaka). The read thickness was associated with the charge of the
background-subtracted charge density through the relation 0.075 uC mm? <> 1 um. The
background subtraction technique has been described previously [29]. Voltammetry was
primarily done in 1.0 M sulfuric solution using platinum disk electrodes (0.5 mm or 1.6 mm
in diameter), an Ag|AgCI reference electrode, and a Pt coil counter electrode with a
Compactstat potentiostat (Ivium, Netherlands).

PANI latex suspensions were synthesized by coating polystyrene latex with PANI films



using a previously described method [30]. The size was controlled with polystyrene latex.
The size and the amount of PANI per particle are listed in Table 1. Radii, r, of the latex
particles were evaluated by a light scattering instrument (Malvern Zetasizer Nano-ZS, UK),
SEM (Hitachi, S-2600H) and a video microscope VMS-1900 (Scalar). The amount ratio of
PANI to core polystyrene was determined by dissolving the core-polystyrene of the latex to
tetrahydrofuran and weighing the solvent-extracted PANI. Then the number of PANI units
per particle, m, was calculated. The number concentration of the PANI particle was
determined by removing salt with centrifugation and by weighing the dried latex.

Viscosity of the suspensions was varied by mixing the latex suspensions with glycerol
(Wako) at various ratios, and was evaluated with Ostwald viscometer. The absolute value of
the viscosity of glycerol was determined by means of a rotational viscometer, Visco

(Viscoteck, Tokyo), at room temperature.

4. Results and Discussion

The PANI suspension was initially in the emeraldine state, judging from the color of
the PANI and the 0.5 V open circuit potential, which is in the potential domain of the
emeraldine form. It was not aggregated after standing for one month. The dried suspensions
showed uniform size distributions of a regular arrangement of spherical particles [30]. The
suspension in acid solution turned from dark green to dark blue when it was transferred into
neutral solution or basic solutions. Figure 1(b) shows the voltammogram of PANI-suspended
sulfuric acid at the Pt electrode, together with that (a) in sulfuric acid at the PANI-coated
electrode. The PANI suspension only exhibited a cathodic wave, whereas the PANI-coated
electrode showed an anodic sharp peak as well. The absence of any oxidation wave for the
suspension has been interpreted as a combination of the electric percolation and the
propagation of the conducting zone as follow [30]; the conducting particle is reduced rapidly

to the insulating species by the collision with the electrode, keeping a constant potential at



the electrode and the conducting species, whereas the oxidation is controlled by the
propagation speed of the conducting zone with slow kinetics. The other feature of the
voltammogram of the PANI suspension is the potential shift of the reduction wave in the
positive direction from that of the PANI film. The potential shift is our concern in this report.

We examined the rate-determining step of the reduction peak current of the suspension.
The peak currents divided by the PANI concentrations, mc, (m: the number of PANI units per
particle, c: the concentration of particles) were proportional to the square-roots of the scan
rates, v, for 0.01 < v < 0.15 V s, as is shown in Fig. 2, irrespective of size of the latex.
Therefore, they should be controlled by the diffusion of the suspended PANI particles to the
electrode. The decrease in the slopes with an increase in radii is ascribed to the decrease in
the diffusion coefficient of latex, D, through the Stokes-Einstein equation. The voltammetric

peak current for multiple electron transfer reactions is expressed by [31]
— 1/2
|, =0.446FAmc(DvF /RT) (10)

where A is the area of the electrode. From the proportional variation of I, to ¢ and v

, values
of D were evaluated and are listed in Table 1. They are close to the values calculated from
the radii of the latex by the Stokes-Einstein equation.

The reduction peak potential, Eyr, shifted in the negative direction with an increase in
the latex diameter and was slightly dependent on the scan rates, as shown in Fig. 3. In other
words, large particles are more difficult to reduce than smaller particles. The shift was
pronounced for small particles (2r < 1 um), but it did not vary for large diameters of 2r > 3
um. A value of Eyr for a particle with a diameter of only a few nanometers particle might be
interesting because it would approach the size-independent value, E°. Unfortunately, we
were not able to synthesize particles smaller than 0.2 um in diameter because of difficulty in
the sedimentation by centrifugation at the purification step. We estimated the value of Eyr for
the smallest particle by extrapolating the diameter to zero, as shown in Fig. 3. We obtained

(Epr)r—0 = 0.31 V vs. Ag|AgCl. Because the configuration and the tacticity of the synthesized

PANI are independent of particle size, the size dependence of E,x may be ascribed to

8



macroscopic structural features such as the polymerization degree, micellization effects by
the surfactant (PVP), partial redox reactions for dispersed latex [32-34], rotational diffusion
[35] and the percolation effect [25,26,36]. The last feature is likely to occur in PANI with a
scale of few microns because the electric percolation is a long distance interaction [37].

Now, we discuss the variation of Fig. 3 in the light of the percolation by using Eq. (8)
and (9). According to the theory of diffusion-controlled voltammograms [38], the reduction
peak current appears at -28.5/n mV + E° at 25 °C for common values of diffusion
coefficients of O and R. Eqg. (8) is then rewritten as Ep,r = E® + (RT/nF) In #-28.5/n mV. The
subtraction of Egr from (Epr)r0 = E° -28.5/n mV yields
@/n)ing=(Ex-(Ex)_,JF/RT (11)

We evaluated (1/n) log(pB) from Eyr and (Epr)r—o for
several values of the PANI particle radii, and plotted them against log r in Fig. 4. All points
fell on a line that was empirically subject to
(1/n)log g =-3.3log(r / um) — 3.3

(12)
The value of n is reported to range from 0.2 to 0.4, which has been explained by a redox
reaction in which one unit of the four aniline moieties participates in the conversion of
emeraldine to leucoemeraldine [39]. In this case, the power, -3.3n, ranges from -0.7 to -1.2,
and is close to -1. Consequently, we have for a constant k
B=Tos/ T =kIr (13)

This result allows us to propose a reaction model for the polystyrene-PANI particle.
When a fully conducting particle toward the electrode collides with the electrode at the
cathodic potential, it possesses the same potential as the electrode because of the electric
contact. The reduction begins at the whole PANI domain covering the polystyrene sphere
and proceeds rapidly [8,23, 26] until the oxidized concentration reaches the threshold value,
I5', for the electric percolation, illustrated in Fig. 5(A). With the progress in the reduction by

dispersion of conducting species (/o< 7o), the oxidized species loses electric percolation to



the electrode because of the cutoff in electric path. The oxidized species is left behind at the
top part of the sphere, keeping the value of 7' (in Fig. 5(B)), as demonstrated in
photographs and in the simulation [36]. Let the height of the domain with 75" from the
electrode be h, which is along the surface of the sphere at the angle, 6. Because h = r(1 -

cos@d), the volume of the PANI &'in thickness included in @is expressed by
V(0) = 5[] 2nr(sin g)rdg = 2mr* (1 - cos @) = 2marh

Using the expression for the total volume of the PANI on the surface, V(1) = 4n6r%, the ratio
of the two volumes is given by V(8 )/V(r) = h/2r. The volume ratio is equivalent to the
empirical equation (13). We have successfully interpreted the empirical linearity in Fig. (4)
in terms of the geometrical limitation of the reduction, i.e.,

B=1Tosl[b=hl2r (14)

Using 3.3n = 1, combination of Eq. (12) with Eq. (14) yields #= (10 r / pm)* = h / 2r. We
then have ca. h = 0.2 um. This is close to the smallest particle (Table 1).

The height h may depend on the reduction period of the particle remaining on the
electrode. Because viscous solutions decrease diffusion coefficients, they are expected to
increase the staying period and shift the peak potential in the negative direction. Viscosity
was varied by addition of glycerol to the suspensions, keeping the acidity and the
concentration of the latex constant. Figure 6 shows variations of E,r with the viscosity, 7, at
different scan rates. As predicted, E,r decreased with an increase in viscosity, almost
independent of the scan rates. Therefore, the potential shift is caused not only by the
thermodynamic effect in Eq. (8) but also by the dynamic effect under practical conditions.

We used the electrochemically polymerized film to vary the cathodic peak potentials
with scan rates. The anodic and cathodic peak currents were proportional to the scan rate, as
predicted from surface waves. The anodic peak potential increased with v owing to solution
resistance, as shown in Fig. 7(A). The cathodic peak potential also shifted (Fig. 7(B)) in the

positive direction or v < 2 V s™. The direction of the shift is opposite to that of the effects of
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IR-drop, electrode kinetics or chemical complications. The shift was more remarkable for
thicker films. Chemical complications usually cause a potential shift. This shift would be
observed with CV scan rate dependence more strongly than film thickness dependence. We
observed negligibly small variations in the peak potentials with scan rates for thin films (Fig.
1(a)). Therefore, participation in chemical complications is neglected in the present
experiments.

We evaluated g from the values of Epr in Fig. 7 by using Eq. (11) at 3.3n = 1. The
values of (= Ios/Io) were as small as 0.1, indicating that majority of the oxidized species
should be percolated to the electrode. This prediction is illustrated in Fig. 5(c), where the
film is much thicker than h. They increased linearly with v for v < 1 V s™, as is shown in Fig.
8. Two reasons for the increase can be considered: a decrease in the reduction potential at the

reduction surface on O and a delay in mass transport of hydrogen ions into the film.

5. Conclusion

The model for the derivation of the Nernst equation is an inhomogeneous distribution
of oxidized percolated, oxidized nonpercolated, and reduced PANI molecules normal to the
electrode. It is not valid for monolayer films. The conducting species (emeraldine)
percolated to the electrode does not contribute to the determination of the equilibrium
potential because it takes the inner potential of the electrode and loses the redox information.
Consequently, the electrode potential is determined by the ratio of the amount of the
nonpercolated oxidized species to that of the reduced species. We defined partition of the
nonpercolated oxidized species, £, as a measure of the amount of the potential-determined
species. The potential is shifted in the positive direction by (RT/F) In g with an increase in
the amount of the percolated species. Because thick films have large values of the percolated
species, or small values of g, the redox potential should be shifted in the positive direction.

To demonstrate this prediction experimentally, we used suspended polyaniline latex
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particles with various radii. The larger the latex radii, the more positive the cathodic peak
potentials of the voltammetric currents. The peak potential without the percolation effect was
estimated to be 0.31 V vs. Ag|AgCl from extrapolation to zero radii. A geometrical model for
the percolation domain in the sphere was proposed in which a given portion of the particle
was electrically connected to the electrode irrespective of particle size. The peak potential
shift was also observed in the variation of the viscosity, or the diffusion coefficient. One
extreme, large particles in high viscosity, corresponds to a polyaniline film. The peak
potential shift was found in the variation of scan rates in electropolymerized

polyaniline-coated electrodes.
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Figure Captions

Figure 1. Cyclic voltammograms of (a) the PANI-coated Pt electrode in 0.5 M sulfuric acid
and (b) of the PANI-latex suspension at v = 0.1 V s at the first scan. The average thickness
of the film was 0.3 um, evaluated from the charge of the CV.

Figure 2. Variation of the cathodic peak currents with the square-roots of the scan rates for
PANI particles with (a) 0.40, (b) 0.89, (c), 3.90 and (d) 7.50 um in diameter.

Figure 3. Dependence of the cathodic peak potential, Epr, in the PANI-latex suspension on
the diameters of the latex particles. Voltammograms were obtained at v = (full circles) 0.01,
(triangles) 0.05 and ( open circles) 0.1 V s in the solution of 5 g dm™ latex suspension.

Figure 4. Dependence of g evaluated from Eq. (11) on r. The marks are the same as in Fig. 3.

Figure 5. A model of the redox reaction of the PANI-coated latex particle which comes in
contact with the electrode when the reduction proceeds from the threshold concentration (A)
to the less concentration (B). The black domain represents the conducting species with the
percolation threshold concentration, /%', whereas the grey domain does the conducting
species with concentration less than 75", A film (C) behaves like the particle.

Figure 6. Variation of Epr with viscosity,n, of the PANI suspensions at v = (open circles)
0.01, (triangles) 0.05 and (full circles) 0.1 V s™.

Figure 7. Variations of the (A) anodic and (B) cathodic peak potentials with the scan rates for
voltammograms at the electrochemically polymerized PANI films (filled) 1.5 um and (open)

15 pum thick in 1 M H,SO, acid.

Figure 8. Dependence of £ calculated from Eyr of the electropolymerized films through Eq.
(11) on v*2.
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Table 1. Amount of PANI loaded on one particle

D x10°/ | D x10%

2r/ pm ng/WpAa) o/ nm b) m 2 CIT:(Z S-l d) CITTZ S—l e)
1) | 0.20 4.35 5| 3.2x10° 24, 18
2) | 0.40 9.38 5| 5.0x10’ 12. 13
3)| 0.58 6.47 10 | 7.6x10° 8.5 75
4) | 0.89 10.7 9| 8.4x10° 5.6 3.1
5| 1.08 4.65 25 | 2.3x10° 45 3.2
6) | 3.90 3.26 125 | 5.6x10" 1.3 0.88
7| 641 6.15 116 | 3.0x10™ 0.76 0.53
8)| 7.50 3.76 212 | 6.6x10" 0.65 0.45

a) weight ratio of polystyrene to PANI, b) thickness of PANI film calculated from the weight
ratio and the radii, c) the number of redox site of PANI per particle, d) diffusion coefficient
calculated from the Stokes-Einstein equation in water, e) diffusion coefficient obtained from
the peak current and Eq.(11).
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