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The electrochemical behavior of a polyaniline (PANI) film as a conductive polymer has been studied using a new
proposed mathematical model (PMM). A one-dimensional transient model, considering the doping-dedoping
and redoxprocesses for a thin PANIfilm,was developedbased on the cyclic voltammetrymethod. Itwas assumed
that two reactions occur at the interface of film/electrolyte during the potential sweep: an electrochemical reac-
tion and an adsorption-desorption reaction. The diffusion process of dopant ions was governed by Fick's second
law equation. The modeling results were evaluated using the experimental data reported in the literature. The
effect of different parameters including bulk concentration of dopants (CA⁎), potential scan rate (v), adsorption
rate constant (kad) and desorption rate constant (kde), on the electrochemical behavior of a PANI filmwere para-
metrically studied using the PMM. The increase of kad and CA⁎ causes the shift of redox couple to the lower poten-
tials while the increment of kde moves the redox couple to the higher potentials. The increase of parameter vwas
provides the enhancement of both peak couple currents and the higher peak potential separation.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Conductive polymers (CPs) have been received extensive attention
since discovering their electrical and electrochemical properties [1–4].
Among various CPs, polyaniline (PANI) has more promising advantages
in different applications such as anti-corrosion coatings [5,6], sensors
[7–9], electrochemical capacitor [10,11] and tissue engineering
[12–14]. These applications are mainly related to the superior proper-
ties of PANI such as facile synthesis, environmental stability, tunable
conductivity, and biocompatibility [9,12,15]. It is known that the exis-
tence of repeated π-bonds within the PANI chains provides the moving
of electrons and transferring of counterions (dopants), which are re-
sponsible for the conductive nature of polyaniline [4,16]. Many works
have been devoted to investigate the effect of various factors such as
dopant type [15,17,18], doping level [19–21], solution pH [22–24] and
solution temperature [25–27] on the properties of PANI.

It is known that polyaniline has different forms, concerning various
oxidation and doping levels [28]. Fig. 1 shows a chemical scheme,
outlining the redox behavior of PANI at which the electron and proton
transfer occur between the various forms. Leuceomeraldine base (LE)
and emeraldine base (EB) are the completely reduced and intermediate
rtment, Faculty of Engineering,
oxidized state, respectively, which have a nonconductive nature. How-
ever, EB can be transformed into the conductive state of PANI, called
emeraldine salt (ES), by treating EB with an aqueous protonic acid
(see Fig. 1) [29].

The approach of some works is to quantitatively analyze the exper-
imental data using the specific relations [30,31]. In this regard, some re-
searchers found that the doping/dedoping process of PANI is under a
diffusion-control mechanism [17,30,32,33] and hence, the diffusion co-
efficient of dopants and the number of transferred electrons were esti-
mated using the well-known Randles-Sevcik equation [30,34]. Some
others estimated the electron transfer rate constant based on Laviron's
theory [31].

These relations are derived on the basis of two different categories of
mathematical modeling: in the first group, it has been assumed that by
applying a potential on the electrode, the electroactive species could dif-
fuse fromelectrolyte bulk towards the electrode surface followed by the
redox reactions near the electrode surface; (Randles-Sevcik equation)
[35]. In the second group, it has been supposed that the electroactive
species are early adsorbed to the electrode surface, and hence the
redox reactions occur without the requirement of any diffusion
(Laviron's theory) [36,37].

Moreover, various activities have been performed tomodel the elec-
trochemical behavior of conductive polymers and especially
polyaniline. Some researchers have developed a thermodynamic
model to describe the redox switching of electroactive polymers
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Fig. 1. Schematic of different forms of PANI.
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[38–41]. Briefly, they consider that the redox and doping/dedoping
processes take place in one stage, and a conformational change in
themolecular structure of PANI occurs due to the income or outcome
of the water molecule. Albery et al. modeled the charge conduction
process in the conductive polymers by proposing a transmission
line for the motion of electron and ions, separately [42–44]. Saveant
et al. proposed a model for electron transfer between active sites and
the movement of associated counterions [45]. According to the best
of our knowledge, the physical spatial separation of the electron
transfer reaction and the anion doping process has not been consid-
ered to model the electrochemical behavior of a conductive film like
polyaniline.

The aim of the present work is to propose a new mathematical
model to consider the first redox reaction of PANI film associated with
a separate doping/dedoping process (LE ↔ ES, according to Fig. 1). The
modeling is based on the fast-kinetic electrochemical reaction, and the
mass transfer of dopantswithin the electrolyte follows the Fickian diffu-
sion. Furthermore, this model was mainly applied for a PANI film and
was evaluated by a reliable experimental work reported in the litera-
ture. After that, the effects of dopant bulk concentration (CA⁎), potential
scan rate (v), adsorption rate constant (kad), and desorption rate con-
stant (kde) on the redox behavior of a PANI film were systematically
studied using the proposed mathematical model (PMM). Moreover,
the results were well interpreted by the concentration variations of re-
duced and doped sites at the PANI film surface.
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Fig. 2. Schematic of the redox and doping-dedoping processes of a PANI film.
2. Theory

2.1. Mathematical modeling

In this work, the system involves an electrode covered with a thin
PANI film subjected to an electrolyte solution containing dopant anions
(Fig. 2).
When an oxidizing potential is applied to the electrode, the interac-
tion of PANI film with the electrolyte processed through three sequen-
tial steps:

Step 1: In an electrochemical reaction, reduced (Red) sites are con-
verted to oxidized (Ox) sites, corresponded to the transformation
of LB to EB, as the following equation [28,46]:

Red⇄Oxþ Hþ þ e− ð1Þ

Step 2: In a diffusion process within the electrolyte, dopant anions
(A−) diffuse from the solution bulk towards the PANI film.

Image of Fig. 1
Image of Fig. 2
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Step 3: In an adsorption process, EB is transformed to ES by the ad-
sorption of the dopant anions (A−) on the Ox sites, yielding the pro-
duction of the doped sites (OA) as the following equation:

Oxþ A− þHþ⇄OA ð2Þ

It is reasonable to state that under applying a reducing potential, the
previous steps occur in a reverse direction.

The proposed mathematical model (PMM) has been developed on
the basis of the following assumptions:

• The PANIfilm is thin enough, allowing to consider a compact structure
and solid-state, which has been well addressed by Carlin et al. [47].
Therefore, the film porosity is too low that the electrolyte uptake
into the film can also be neglected. In this situation, the active sites
are placed on the film surface, and the electron transfer together
with dopant adsorption occur at the film/solution interface,
preventing the formation of an electrical field. In other words, the
entry of dopant at the film surface is only controlled by the redox
event.

• The electrolyte is stagnant and conductive, so the convection and mi-
gration phenomena for dopants are neglected.

• The diffusion process within the electrolyte is unsteady and Fickian,
like other studies [42–45,48].

• It was assumed that the adsorption kinetic is independent of electrode
potential. This assumption can be concluded from other works
[49–51], where they noted that the doping process continues even
after switching the potentials in cyclic voltammetry experiments. Ad-
ditionally, it was assumed that there is no interaction between the
adsorbed dopants (Langmuirian adsorption).

• The electrochemical reaction is considered to be fast, so the Nernest
equation can be used to relate the redox site concentrations as well
addressed before [42–44].

According to these assumptions, the time-dependent equation for
the diffusion of dopant anions (A−) is described using Fick's second law:

∂CA

∂t
¼ DA

∂2CA

∂x2
ð3Þ

where CA (in mol m−3) and DA (in m2 s−1) are the concentration and
diffusion coefficient of dopant anions, respectively. At the initial time
(t = 0), CA is homogenous throughout the electrolyte and equals the
dopant bulk concentration (CA⁎):

CAjt¼0 ¼ C�
A ð4Þ

The composition of the bulk solution does not change with time, so
the first boundary condition is as the following equation:

CAjx→∞ ¼ C�
A ð5Þ

At the interface of the solution andfilm surface, themass flux of dop-
ants equals the rate of dopant adsorption minus the rate of dopant de-
sorption. Therefore, according to the assumptions of conventional
diffusion and Langmuirian adsorption, the second boundary condition
at the film surface can be written as:

−DA
dCA

dx
j
x¼0

¼ −kadCACHΓOx þ kdeΓOA ð6Þ

here, ГOx (inmolm−2) and ГOA (inmolm−2) represent the surface con-
centration of Ox sites and OA sites (sites occupied by dopant adsorp-
tion), respectively. The parameter CH denotes the hydrogen ion
concentration. kad (inm6mol−2 s−1) and kde (in s−1) are the adsorption
and desorption rate constants, respectively.

Similarly, Eqs. (3) through (5) can be applied for the hydrogen ions
as follows:

∂CH

∂t
¼ DH

∂2CH

∂x2
ð7Þ

here, DH is the diffusion coefficient of hydrogen ions. At the initial time,
CH equals the bulk concentration of hydrogen ions (CH⁎).

CHjt¼0 ¼ C�
H ð8Þ

The first boundary condition for hydrogen ions is similar to the dop-
ant anions as follows:

CHjx→∞ ¼ C�
H ð9Þ

At the solution/film interface, the mass flux of hydrogen ions,
concerning the redox reaction together with Langmuirian adsorption,
is written as:

−DH
dCH

dx
j
x¼0

¼ −kadCACHΓOx þ kdeΓOA−
dΓRed
dt

ð10Þ

To solve the PDE equations, derived for dopant anions and protons,
the variables ГOx and ГOA could be determined using the electrochemi-
cal and doping processes on the film surface. For this purpose, the rela-
tion between concentrations of Red and Ox sites is expressed by the
Nernst equation as [28]:

E ¼ E0
0 þ RT

F
ln
ΓOxCH

ΓRed
ð11Þ

here, E (in V) is the electrode potential, E0′ (in V) the formal potential of
PANI redox reaction, R (in J mol−1 K−1) gas universal constant, T (in
K) absolute temperature and F is Faraday constant. According to
Eq. (11), ГRed (in mol m−2) symbolizes the surface concentration of
Red sites in the PANI film and can be obtained from Eq. (11) as:

ΓRed ¼ ΓOxCH exp
nF E−E0

0� �
RT

0
@

1
A ð12Þ

It can be reasonable to assume that the total surface concentration of
active sites at the PANI film, Г⁎ (in mol m−2) is constant and does not
change with time as:

ΓOx ¼ Γ�−ΓRed−ΓOA ð13Þ

Thus, ГOx is obtained by the combination of Eqs. (12) and (13) as fol-
lows:

ΓOx ¼ Γ�−ΓOAð Þ= 1þ CH exp
nF E−E0

0� �
RT

2
4

3
5

0
@

1
A ð14Þ

To determine ГOA, Fig. 2 indicates that theOA sites contribute only to
the adsorption reaction. Thus, the net change in ГOA per time unit is re-
lated to the production and consumption rate in the adsorption and de-
sorption reaction, respectively, as the following expression:

dΓOA
dt

¼ kadCACHΓOx−kdeΓOA ð15Þ



Table 1
The parameters chosen for the reference system and their variations to study the electro-
chemical response of PANI film using PMM.

Parameter Symbol (unit) Basic value Variations

Adsorption rate constant kad (L2 mol−2 s−1) 50 10, 50, 100
Desorption rate constant kde (s−1) 0.4 0.5, 1, 1.5
Bulk concentration of dopant CA⁎ (mol L−1) 1 1, 3, 6
Potential scan rate v (mV s−1) 50 10, 50, 100

Fig. 3. Evaluation of PMM using the experimental data reported by MacDiarmid and
Epstein [28].
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In this equation, ГOx can be substituted from Eq. (14) as follows:

dΓOA
dt

¼ kadCA
Γ�−ΓOAð Þ

1þ CHexp
−nF E−E0

0� �
RT

0
B@

1
CA

2
666666664

3
777777775
−kdeΓOA ð16Þ

All active sites, placed on the surface of PANI film, are initially in the
reduced form, and the surface concentrations of Ox and OA sites are
equal to zero, so their initial conditions are given as:

ΓRedjt¼0 ¼ Γ�; ΓOxjt¼0 ¼ ΓOAjt¼0 ¼ 0 ð17Þ

To study the redox behavior of electroactive species, cyclic voltamm-
etry is a powerful method [35,36]. Therefore, in this work, the proposed
mathematical model (PMM) has been developed based on this electro-
chemical method; atwhich the potential is positively scanned, and then
at a specified potential known as the switching potential (Esw), the di-
rection of potential sweep is reversed. These can be presented by the
following relations:

E ¼ Ei þ vt t≤tsw
Ei þ 2vtsw−vt t≥tsw

�
ð18Þ

where Ei is the initial potential, tsw is the switching time, and v is the po-
tential scan rate.

The current value (I) of cyclic voltammogram can be calculated by
the hypothesis of the net rate of change in ГRed with time:

I
nFA

¼ −
dΓRed
dt

ð19Þ

here, A is the surface area of the PANI film (in m2) and n the number of
exchanged electrons.

Briefly, it can be stated that the PMM constitutes a set of equations:
an ordinary differential equation and two partial differential equations
associated with the appropriate boundary and initial condition equa-
tions. These equations were solved according to the finite element
method in COMSOLMultiphysics software. The PMMwas run on a per-
sonal computerwith a 4× 2.7 GHz and an 8GB ofmemory. Additionally,
the size of the domain grid was 4 × 10−5 and the domain was meshed
denser near the film surface. Note that the accuracy of the domain
grid was checked by the fact that the similar results were obtained for
the ones involving higher number of grid points. In detailed, the time
step was changed from 0.1 to 0.001 s and the PMM was run until the
concentration of each species was within the difference of 1% (conver-
gence error b1%).

2.2. Parametric study

The effect of various parameters including the adsorption and de-
sorption rate constants (kad and kde), the bulk concentration of dopant
anions (CA⁎), and the potential sweep rate (v) on the electrochemical be-
havior of a PANI film were parametrically studied using the mathemat-
ical model developed in the present work.

To conduct a systematic parametric analysis using the PMM; first, a
reference system with specific conditions was defined. Then, the value
of each parameter in the proposed mathematical model (PMM) was
separately changed in a specific range while the others were kept con-
stant relative to the reference system. The reference system and the var-
iation ranges were selected on the basis of the work of MacDiarmid and
Epstein [28] (in Table 1). This work was also applied to evaluate the
PMM in the following section.
In this regard, the value of temperature (T) and the number of ex-
changed electrons (n) was considered to be equal to 298 K and 1 [34],
respectively. The values of the diffusion coefficient of anion and hydro-
gen ion were assumed to be equal 1 × 10−9 and 9 × 10−9 m2 s−1, re-
spectively [52]. The value of redox formal potential (E0′) was selected
0.1 V and the potential was swept around the selected E0′ between
−0.1 and 0.4 V according to the work of MacDiarmid and Epstein [28].
The parameters kad, kde, and Γ⁎ are three adjustable parameters that
can be individually estimated by fitting the experimental data to the
PMM.

3. Results and discussion

3.1. Evaluation of the proposed mathematical model (PMM)

Some known studies about the electrochemical behavior of conduc-
tive polymers especially in the case of PANIwas performed byMacDiar-
mid, who received the chemistry Nobel prize for his efforts in 2000.
According to one of these works [28], for PANI at pH ≤ 0, the electro-
chemical reaction is one electron/one proton fast kinetic reaction ac-
cording to the linearity relation together with the slope of 59 mV per
pH unit for the plot of Ep vs. pH. This electrochemical reaction agrees
with that assumed in the present work. With respect to this work
[28], the potential scan rate (v) was 50 mV s−1, HCl concentration was
1 mol L−1, and the electrode surface area was 1 cm2.

In these conditions, the PMMwas evaluated using the experimental
data reported by MacDiarmid [28] (see Fig. 3). It is apparent that the
shape of curves resulted from the PMMand experimental data, is gener-
ally similar; additionally, there is a good consistency from the aspect of
intensity and position of the oxidation peak. In this context, the value of

Image of Fig. 3


Fig. 5. Effect of bulk concentration of dopant (CA⁎) at the constant pH on the variation of
a) ГRed, and b) ГOA obtained using PMM at the conditions presented in Table 1.
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parameters Γ⁎, E0′, kad and kde were estimated and are eaual to 1.6
× 10−4 mol m−2, 0.1 V, 50 L2 mol−2 s−1 and 0.4 s−1, respectively. How-
ever, the difference appeared after the oxidation peakmaybebecause of
both the capacitive current and the effect of second redox reaction
which is out of scope of the present work.

3.2. Effect of dopant bulk concentration

Dopant bulk concentration (CA⁎) directly affects the rate of the dop-
ing process according to Eq. (15), and hence on the redox reaction of
polyaniline film. Therefore, the effect of CA⁎, varying between 1 and
3 mol L−1 at the constant pH was studied using PMM, and the obtained
voltammograms are shown in Fig. 4.

It is evident that the shape of oxidation peaks is sharp, but it is broad
for the reduction peaks which agrees with some experimental works
[28,46,53,54]. Moreover, for each voltammogram, the oxidation and re-
duction peaks appear at different potentials, in contrast with that re-
ported for the behavior of electroactive species, adsorbed on the
electrode surface with a fast kinetic redox reaction, [36,37] which will
be discussed later. Fig. 4 shows that the increase of CA⁎ from 1 to
3 mol L−1 is associated with a slight increase of oxidation peak current
and the shift of redox peak couple to the lower potentials. In this regard,
Liu et al. [54] observed similar behavior for the shift of redox peak po-
tential with a decrease in the number of PANI nanotube layers on the
electrode which can be attributed to the reduction in the concentration
of active sites (Γ⁎) according to the concepts of the present work. In
other words, the effect of increase in CA⁎ relative to Γ⁎ on the electro-
chemical reaction is as equal as the effect of decrease in Γ⁎ relative to CA⁎.

To better interpret the observed electrochemical behaviors, varia-
tions of concentration for different film sites, including ГRed, ГOA, and
ГOx, were studied using PMM and the obtained results for ГRed and
ГOA are shown in Fig. 5. Note that the concentration of Ox sites (ГOx)
is negligible in comparison with ГRed and ГOA, thereby, the relevant dia-
gram has not been represented. According to Fig. 5, for the oxidation
half cycle (OHC), registered between −0.1 and 0.4 V, the value of ГRed
decreases, and ГOA increases significantly as a result of the consumption
of Red sites and the production of OA sites, respectively. In the case of
reduction half cycle (RHC), registered from 0.4 to −0.1 V, a reverse
trend of variation for both ГRed and ГOA is observed according to the fol-
lowing equation:

Red⇄Ox⇄OA ð20Þ

Regarding this equation, the negligible value of ГOx can be explained
by the fast rate of doping process and electrochemical reaction for OHC
and RHC, respectively. It can be found from Eq. (20) that the reduction
Fig. 4. Effect of bulk concentration of dopant (CA⁎) at the constant pH on the cyclic
voltammetry diagrams obtained using PMM at the conditions presented in Table 1.
reaction (Red ← Ox) depends upon the rate of desorption of dopants,
suggesting a lower rate of reduction compared to the oxidation rate
and can be considered as the main reason for the broad shape of reduc-
tion peaks (in Fig. 4).

Furthermore, Fig. 5 shows that the increment of CA⁎ causes the en-
hancement in both the consumption of Red sites and the production
of OA sites in OHC. This indicates that the doping process accelerates
the electrochemical reaction and hence the higher conversion rate of
Red sites to Ox sites according to Eq. (20). Therefore, the doping process
provides the increase of oxidation peak current and the shift of potential
to the lower values as observed by the voltammograms (Fig. 4).

For the RHC, since the reduction reaction (Red←Ox) depends on the
dedoping process and hence the higher amounts of dopant ions reduces
the production rate of Ox sites (Ox ← OA), thereby, a higher potential
driving force is required to start the reduction reaction. This causes to
shift the reduction peak potential to the lower values.
3.3. Effect of potential scan rate

Potential scan rate (v) determines the time frame of the redox reac-
tion and hence the lower sweep rate of potential, the higher time of re-
action. Therefore, parameter vwas varied between 10 and 100mV s−1,
chosen according to the experimental works [17,28,46] and the ob-
tained voltammograms are shown in Fig. 6.
Fig. 6. Effect of potential scan rate (v) on the cyclic voltammetry diagrams obtained using
PMM at the conditions presented in Table 1.

Image of Fig. 4
Image of Fig. 5
Image of Fig. 6


Fig. 7. Effect of potential scan rate (v) on the variations of a) ГRed, and b) ГOA obtained
using PMM at the conditions presented in Table 1.

Fig. 8. Effect of adsorption rate constant (kad) on the cyclic voltammetry diagrams
obtained using PMM at the conditions presented in Table 1.

Fig. 9. Effect of adsorption rate constant (kad) on the variations of a) ГRed, and b) ГOA

obtained using PMM at the conditions presented in Table 1.
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The decrease of v from 100 to 10 mV s−1 results in the decrement of
both oxidation and reduction peaks, while the separation in peakpoten-
tial is lowered where a similar trend of variations as a function of vwas
addressed previously [17,46]. To better explain the effect of potential
scan rate on the cyclic voltammograms, variations of ГRed, ГOA versus v
are shown in Fig. 7.

When parameter v decreases from 100 to 10 mV s−1, the time re-
quired to complete the cycle and hence, the time of redox reaction in-
creases. This causes a decrease in the rate of consumption and
production of red sites for the OHC and RHC, respectively. At the same
time, a reverse behavior can be identified for the OA sites. Therefore, it
is reasonable to state that a decrease in the rate of both forward and
backward electrochemical reactions, regarding Eqs. (1) and (19) is re-
sponsible for the reduction in the peak current versus scan rate as ob-
served in Fig. 6.

Moreover, an increase in the time of reaction with a decrease of v is
associated with the shift of oxidation peak to the lower potentials
(Fig. 6), which can be due to the higher amounts of doping, affecting
the electrochemical reaction according to Eq. (20). This behavior is
like that obtained by the increase in the dopant concentration and
was well discussed in the previous section.

For the RHC, the enhancement of reaction time provides the
higher amounts of Ox sites with the dedoping process (Fig. 7 b);
therefore, a lower potential driving force is required to start the re-
duction reaction, so the reduction peak moves to the higher poten-
tials (see Fig. 6).

3.4. Effect of adsorption rate constant (kad)

The parameter kad affects directly on the rate of doping process ac-
cording to Eq. (15). The effect of kad, varying between 10 and
100 L2 mol−2 s−1 was evaluated using PMM, and the obtained voltam-
mograms are shown in Fig. 8. It can be found that the increase of kad
from 10 to 100 L2 mol−2 s−1 has a nearly similar effect on both the ox-
idation and reduction peak potentials, i.e. they shift markedly to the
lower potentials. Furthermore, the oxidation peak current increases
slightly, but no significant change in the reduction current peak can be
observed. This implies that the effect of kad on the OHC is higher than
that for the RHC.

The effect of kad on the variations of ГRed, ГOA were studied using
PMM, and the obtained results are shown in Fig. 9. It is apparent that
when kad increases from 10 to 100 L2 mol−2 s−1, the consumption of
Red sites and the production of OA sites for the OHC start from the
lower potentials due to the effect of doping process as discussed before.
These can be considered as the reasons for the increase of oxidation
peak current and the shift of oxidation peak to the lower potentials
(Fig. 8).

In the RHC, when kad increases, the production of Red sites and
consumption of OA sites initiate from the lower potentials (see
Fig. 9), because a higher potential driving force is required to start
the reduction reaction like to that reported for the effect of CA⁎. This
driving force explains why the reduction peak shifts to the lower po-
tentials (Fig. 8).

3.5. Effect of desorption rate constant (kde)

The effect of desorption rate constant (kde) is important aswell as kad
on the doping rate according to Eq. (15). In this regard, the effects of dif-
ferent values of kde, including 0.5, 1.0 and 1.5 s−1 (given in Table 1) on
the CV curves were studied using the PMM, and the obtained data are
displayed in Fig. 10. As seen, the variation of kde has a significant effect
on the RHC compared with OHC. This behavior is generally inverse to
that observed for the effect of kad on the cyclic voltammograms
(Fig. 8). However, a precise comparison between Figs. 8 and 10 reveals

Image of Fig. 7
Image of Fig. 8
Image of Fig. 9


Fig. 10. Effect of desorption rate constant (kde) on the cyclic voltammetry diagrams
obtained using PMM at the conditions presented in Table 1.
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that the effect of kde on the reduction peak current is higher than the ef-
fect of kad on the oxidation peak current, which prevents applying an
equilibrium constant (kad/kde) to study the electrochemical behavior
of the PANI film by the cyclic voltammograms.

Fig. 11 shows the variations of ГRed and ГOA with kde. It is apparent
that for the RHC, when kde increases from 0.5 to 1.5 s−1, ГRed and ГOA
reach their maximum and minimum values, respectively, at the higher
potentials. This behavior can be directly related to the effect of dedoping
process on the reduction reaction; indeed, the higher rate of dedoping
facilitates the reduction reaction, which could be considered as the
main reason for the shift of reduction peak to the higher potentials
and the increase of peak current (Fig. 10). Moreover, this explains
why the reduction peak currentwas increasedwith the oxidant (nitrite)
concentration for the PANI nanotube coated on an electrode surface re-
ported previously [53] where the increase of nitrite concentration
causes the increase of dedoping process as a result of enhancement in
the concentration of ES.

On the other hand, Fig. 11 indicates that the variation of kde has a
negligible effect on the peak current and potential in the OHC, which
is in good agreement with those observed by the voltammograms
(Fig. 10).
Fig. 11. Effect of desorption rate constant (kde) on the variations of a) ГRed, and b) ГOA

obtained using PMM at the conditions presented in Table 1.
4. Conclusion

In this work, a one-dimensional mathematical model was proposed
to deal with the electrochemical behavior of a thin PANI film during the
redox and doping/dedoping process using the cyclic voltammetry
method. The effect of different parameters including CA⁎, v, kad and kde
on the redox and doping-dedoping process of a thin PANI film was sys-
tematically studied using CV curves together with the variations of ГRed
and ГOA.

The cyclic voltammograms showed the sharp shape of the oxidation
peak compared to the broad shape for the reduction peak, and the exis-
tence of a separation between the oxidation and reduction peak poten-
tials. Concerning the variations of ГRed andГOA, these observations could
be directly attributed to the influence of doping/doping process on the
redox reaction.

The parametric study by PMM revealed that the increase of parame-
ters kad and CA⁎ causes the shift of voltammograms to the lower poten-
tials due to increasing the rate of doping process. The decrease of v
resulted a reduction in the currents of redox peak couple because of
the increment in the rate of redox reaction. At the same time, the en-
hancement of reaction time causes the increase of both the doping
and dedoping process for the oxidation and reduction half cycle (OHC
and RHC), respectively. This results in a decrease of redox peaks separa-
tion. The increment of kde is associated with the increase of reduction
peak current and the shift of this peak to the higher potentials which
is related to the increase in the effect of dedoping process on the reduc-
tion reaction. Generally, it can be stated that kad and kde had themain ef-
fect on OHC and RHC, respectively.

It can be concluded that the PMM provided a valuable tool to study
and compare the effect of different parameters on the electrochemical
behavior of a PANI film based on the assumptions of the present work.
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