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a b s t r a c t

The electrochemical behavior of nanopolyaniline (nPANI) particles dispersed as a stable phase in HCl and
H2SO4 solutions on a gold electrode was studied and compared using cyclic voltammetry (CV) and
chronoamperometry methods. The electrochemical results showed two irreversible-redox conversions
within the polyaniline structure which are controlled by the adsorption and diffusion mechanism of
nPANI particles. The total numbers of redox active sites per nPANI particle were determined using CV and
chronoamperometry methods. The Langmuir adsorption isotherm was used to describe the adsorption
process, and the corresponding adsorption parameters (qmax and DGads) were calculated. The quantum
chemical calculations and Monte Carlo simulation demonstrated that polyaniline as a macro molecule
enables to replace water and acid molecules from the surface upon its adsorption to the gold substrate.
The surface analysis of the electrode using field emission scanning electron microscopy (FESEM) and
energy dispersive X-ray spectroscopy demonstrated the adsorption of nPANI particles. Moreover, both
experimental and simulation results confirmed that the adsorption of nPANI-HCl particles is higher than
nPANI-H2SO4 particles.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Polyaniline (PANI) as a conductive polymer has been attracted a
great deal of interest in awide range of applications such as sensors
[1], rechargeable batteries [2], fuel cells [3] and anti-corrosion
agents [4,5], mainly due to its superior properties such as facile
synthesis, tunable properties, chemical stability, good redox
reversibility and relatively high electrical conductivity [6e9]. Pol-
yaniline properties are strongly dependent upon the oxidation
(electrochemical doping) and protonation (acid doping) state
occurring as a result of the redox conversions in the PANI structure
[9,10].

In an electrolyte, the electrochemical behavior of PANI is
commonly associated with the exchange of dopant anions between
the electrolyte solution and polyaniline backbone working as a
function of potential [11e13]. This behavior is similar to the basis of
the development of electrochemical sensors [14,15], super-
capacitors [16,17] and also can be used in ion-exchange applications
[18]. For instant, PANI-based supercapacitors has been widely used
for the energy storage [19,20]. Indeed, the various oxidation states
of PANI provides the tunable pseudo-capacitive performance, as an
electroactive material or a conducting agent, in PANI super-
capacitors [20e22].

Therefore, the electrochemical behavior of PANI is an intensively
developing research direction in the modern electrochemistry. In
this regard, many researchers have studied the redox reactions of
PANI film [23e27] and polyaniline latex particles [28e30]. Hao
et al. [13] studied the electrochemical behavior of PANI film in the
presence of the various anions. They found that the ion exchange
process affect both the electrical and electrochemical properties of
polyaniline film. Aoki et al. [28] investigated the redox reactions of
PANI-polystyrene latex particles in a stable suspension who re-
ported a clear cathodic peak corresponding to the conversion of
electrically conducting emeraldine form to the insulating leucoe-
meraldine state but a very small anodic peak was identified.
Considering these works, it can be proposed that the redox re-
actions of PANI strongly depend on the solution pH and electrode
potential [13,31].

Despite all these advantageous, it seems that some problems
may be encountered in the practical applications of the polyaniline
film such as incomplete coverage of the electrode surface especially
in a large-scale, low mechanical properties, degradation and aging
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Fig. 1. FT-IR spectrum of nPANI-HCl and nPANI-H2SO4 particles.
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of the polyaniline film [32e34]. Furthermore, in the case of poly-
aniline latex particles, the electrochemical behavior is not clear as
well as the polyaniline films [28e30]. In this regard, the uniform
dispersion of nanopolyaniline (nPANI) particles in a solution may
be a versatile method.

In this work, the electrochemical properties of nanopolyaniline
(nPANI) particles-dispersed in hydrochloric acid and sulfuric acid
(pH 1) and at a gold electrode were investigated using cyclic vol-
tammetry (CV) and chronoamperometry methods. The adsorption
of nPANI particles at the surface electrode was inspected by means
of the surface analysis methods including field emission scanning
electron microscopy (FE-SEM) and energy dispersive X-ray spec-
troscopy (EDS) analysis. Nanopolyaniline particles were character-
ized by Fourier transform infrared spectroscopy (FT-IR) and the
stability of suspensions over the time was checked using zeta po-
tential measurement and UVevis spectrum techniques. Finally,
quantum chemical calculations and Monte Carlo simulations were
applied to investigate the difference between the adsorption
mechanism of PANI molecules doped with HCl and H2SO4.

2. Experimental

2.1. Materials and instruments

All chemicals were reagent grade and used as received without
further purification. All of the suspensions were prepared with
double distilled water.

All the electrochemical studies were carried out by an Autolab
potentiostat/galvanostat model 302N with a conventional three
electrodes system. The gold electrode was used as working elec-
trode (1 cm2 in area). A platinum wire and a silver/silver chloride
(Ag|AgCl) served as counter and reference electrode, respectively.

The Fourier transform infrared spectra of nPANI particles doped
with HCl and H2SO4 were recorded at room temperature with a KBr
pellet using AVATAR370 FT-IR (Nicolet company, American) spec-
trometer ranging from 2000 to 500 cm�1. The stability of nPANI
suspensions were evaluated using zeta potential (Zeta Compact
model, CAD, France) measurement and UVevis (Cary model 50
Conc. spectrophotometer) spectrum.

The field emission scanning electron microscopy (FE-SEM,
MIRA3 TESCAN) coupled with EDS was used to observe and
elemental analysis of the surface of the gold electrode after elec-
trochemical test.

2.2. Preparation of suspensions

The nPANI particles were synthesized through the inverse
microemulsion polymerization method according to that reported
in previous work [35]. All electrochemical experiments were car-
ried out in the suspensions prepared via dispersion of 100 ppm
nPANI ultrasonically suspended in 0.5M HCl and H2SO4 solutions
and the pH of suspensions were adjusted to 1 by NaOH.

2.3. Electrochemical experiments

Before electrochemical measurements, a gold electrode was
carefully polished with alumina powder, sonicated in water and
spent 10min in a solution of 50mMKOH and 25% H2O2. In addition,
to clean the electrode surface, it was treated with cyclic voltam-
metry in the potential range from�200 to�1200mV vs. Ag/AgCl at
50mV/s scan rate in 50mM KOH, and rinsed in Milli-Q water as
described by Fischer et al. [36].

Cyclic voltammetric (CV) studies were performed in the po-
tential range from �100 to þ700 mV vs. Ag/AgCl for 10 cycles, at
different scan rates (5, 10, 30, 50 and 100 mVs�1).
Chronoamperometric measurements were carried out at a suitable
potential with respect to the CV results.

All electrochemical tests were performed at room temperature
(25± 2 �C) and the suspensions were thoroughly deoxygenated by
bubbling highly purified nitrogen, and then a nitrogen atmosphere
was maintained over the system during electrochemical
measurements.

2.4. Quantum chemical study and Monte Carlo simulation

In this study, the whole computational calculations were per-
formed using the Material Studio v 8.0 Accelrys Inc. software. The
quantum chemical calculations for geometrical optimization of
various components were carried out with DMol3 modulus based
on the density functional theory (DFT) using B3LYP level and DNP
basis set. Fine convergence criteria and global orbital cutoff were
used on the basis set definitions. The adsorption behavior of poly-
aniline on Au (110) plane surface was investigated using Monte
Carlo simulation via the adsorption locator module, COMPASS force
field and periodic boundary conditions.

3. Results and discussion

3.1. Characterization of nPANI suspensions

The morphological and structural characteristics of the nPANI
particles were reported in previous works [4,35] where the nPANI
particles had a particle size distribution in a range between 30 and
50 nm [35].

Fig.1 shows the FT-IR spectra of nanopolyaniline particles doped
with HCl (nPANI-HCl) and H2SO4 (nPANI-H2SO4) which is in good
agreement with the other observations reported in the literature
[35,37,38]. The characteristic peaks at about 1567 and 1482 cm�1 in
the both spectra correspond to the quinoid (N¼Q¼N) and
benzenoid (NeQeN) ring stretching, respectively. In addition, the
peak with small intensity at about 1374 cm�1 is attributed to the
stretching of CeN bonds next to a quinoid ring (CeN¼Q¼NeC).
The peaks at about 1292 cm�1 is due to the CeN stretching which



Fig. 3. Cyclic voltammograms of HCl and H2SO4 solutions in the absence (blank) and
100 ppm of nPANI particles. Scan rate: 30mV/s.
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induced by acid doping of the polymer [37,38]. The peak charac-
teristic of the doped polyaniline is observed at 1234 cm�1 in the
spectrum of nPANI-HCl and at 1004 and 1031 cm�1 for nPANI-
H2SO4. In detailed, the peaks intensity ratio of quinoid (1567) to
benzenoid (1482) rings is nearly equal for both HCl and H2SO4
suspensions indicating the same oxidation and [35] hence same
doping level of nPANI particles in both systems.

In the next step, the prepared suspension based on the disper-
sion of 100 ppm nPANI particles in HCl and H2SO4 at pH 1 were
leaved under stagnant condition without exposure to atmosphere
for 7 days and then their stability were checked using Zeta potential
measurement. The measured values of zeta potential were less
than �30mV for both suspensions which is a general indication of
the fact that these suspensions are an electrostatically stabilized
suspension [39].

The dispersion stability of nPANI in HCl and H2SO4 solutions
with time were further evaluated by UVevis spectroscopy. Fig. 2
shows a typical UVevisible absorption spectrum for both nPANI-
HCl and nPANI- H2SO4 suspensions after 1 h and 7 days, sepa-
rately. It can be found that the spectra represent the characteristic
absorption peaks of polyaniline where precisely discussed in pre-
vious works [4,35]. Moreover, the negligible difference of spectra
after 1 h and 7 days indicating that the concentration of nPANI
particles within the suspensions do not change during this time
and thus both systems are also as a physically stabilized suspension.
3.2. Cyclic voltammetry measurements

3.2.1. Electrochemical response of nPANI suspensions
The electrochemical behavior of HCl and H2SO4 (pH 1) in the

absence and presence of 100 ppm nPANI particles were investi-
gated using cyclic voltammetry method. The CV measurements did
not show any remarkable changes after tenth cycle and thus the
tenth voltammetric cycle for each system is shown in Fig. 3. It is
apparent that in the absence of nPANI particles, the CV curves have
the same shape for both HCl and H2SO4 solutions and no redox peak
can be observed at the cyclic voltammograms. However, in the
presence of 100 ppm nPANI particles in both HCl and H2SO4 sus-
pensions, the shape of CV curves consists of some peaks corre-
sponded to the redox reactions of polyaniline at the electrode
surface which has been also reported before by Compton et al. [40].
What needs to be mentioned is that the proton activity diversity
could be ignored in the present study because the pH values of the
acidic electrolytes were all around 1.

Fig. 3 shows that for both nPANI suspensions, there are an
oxidation peak between 0.2 and 0.3 V vs. Ag|AgCl and a couple of
oxidation-reduction peaks at higher potentials indicating that the
electrolytic doping/de-doping process associated with the electron
transfer phenomenon of nPANI particles These evidences are in
Fig. 2. UVevis spectra of nPANI-HCl (a) and nPANI-H2SO4 (b) after 1 h and 7 days.
good agreement with those reported before for both the polyani-
line films [26,31,40], and the suspensions of polyaniline-
polystyrene latex particles [28,30].

Indeed, the first oxidation peak (in Fig. 3) is attributed to the
transformation of leucoemeraldine (LE) to emeraldine salt (ES)
while the reduction peak for the negative potential scan direction is
very small and ill-defined. In addition, the first peak potential and
current of nPANI-HCl suspension (0.32 V, 10.72 mA) are higher than
those for the nPANI-H2SO4 suspension (0.20 V, 9.26 mA). The lower
peak potential of nPANI particles in H2SO4 suggests the easier
doping/de-doping process than in HCl [31] while the greater peak
current for nPANI-HCl suspension can be ascribed to the higher
surface coverage of the electrode which will be further discussed in
the next section.

The second oxidation peak for both suspensions at about 0.55 V
vs. Ag|AgCl (in Fig. 3) corresponds to the transformation of ES to the
fully oxidized form of polyaniline (pernigraniline, PE) [26,40,41].
The shape of this peak for nPANI-H2SO4 suspension is more clear
than that for the nPANI-HCl suspension indicating the trans-
formation between ES and PE is facilitated by SO4

2� probably due to
the double charged of sulfate anions compared with Cl� [13,31].

3.2.2. Adsorption and diffusion mechanism
Regarding the systems studied in the present work, the redox

behavior of polyaniline on the electrode surface is controlled by the
adsorption or diffusion mechanism of nPANI particles. To clarify the
controlling mechanism, the cyclic voltammetry for nPANI-HCl and
nPANI-H2SO4 suspensions, containing 100 ppm nPANI particles,
was conducted at different scan rates (5e100mVs�1). The cyclic
voltammograms for both suspensions in low (5 and 10mVs�1) and
high (30, 50 and 100mVs�1) scan rates are separately shown in
Fig. 4a through d. It is obvious that at all scan rates the charge
transfer of the first peak (LE/ES) is as an irreversible process in
both suspensions which may be attributed to the nature of nPANI
particles-dispersed in solution [28].

For the first anodic peak, the plot of the logarithm of the peak
current versus the logarithm of scan rate in HCl and H2SO4 sus-
pensions, after subtraction of background current, is shown in
Fig. 5. Accordingly, the linear dependence of the log I on log v
(R2> 0.98) can be identified for both systems. However, the slope of



Fig. 4. Cyclic voltammograms of nPANI-HCl suspension at low scan rates (a) and high scan rates (b); nPANI-H2SO4 suspension at low scan rates (c) and high scan rates (d). Low scan
rates: 5 and 10mVs�1, high scan rates: 30, 50 and 100mVs�1.

Fig. 5. The plot of the logarithm of first anodic peak current vs. the logarithm of scan
rates for nPANI (100 ppm) suspension in HCl and H2SO4 solutions.
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the straight line for nPANI-HCl and nPANI-H2SO4 suspensions is
equal to 0.82 and 0.96, respectively. In this regard, the slope close to
0.5 would be expected for the diffusion-controlled process while
for a process controlled by the adsorption, it is close to 1.0 [42e45].
Therefore, it can be stated that the first oxidation step for nPANI-
HCl suspension is likely controlled by both diffusion and adsorp-
tion [31,46]. While, it can be supposed that the charge transfer step
for nPANI-H2SO4 suspension is mainly controlled by the adsorption
of nPANI particles at the electrode surface. In this regard, Aoki et al.
[28] investigated the dependence of peak current on the scan rate
at different concentrations of polyaniline-coated latex particles and
they found that the adsorption is the controlling mechanism at low
concentration (2 pM) which is consistent with the maximum
concentration of nPANI particles (100 ppm equals 1.8 pM) used in
the present work.

In the case of the second peak, Fig. 6 shows that the logarithm of
oxidation current for both suspensions is proportional to the log-
arithm of the square root of scan rate with a correlation coefficient
of about 0.99 and the slope close to 1, indicating the second
oxidation step is controlled by the diffusion of nPANI particles
[42e45]. Moreover, the peak potential shifts to more negative
values with scan rate suggesting that the charge transfer for the
transformation of ES to PE is as irreversible process. Note that the
area of gold electrode is high enough (1 cm2) to neglect the
contribution of edge effects originating from radial diffusion and



Fig. 6. The plot of the logarithm of second anodic peak current vs. the logarithm of the
square root of scan rates for nPANI (100 ppm) suspension in HCl and H2SO4 solutions.
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thus it is reasonable to consider that the diffusion phenomenon is
as planar [47]. In these conditions at which. an irreversible charge
transfer associated a diffusion process, the relation between Ip and
y1/2 can be expressed by the following equation [48]:

Ip ¼
�
2:99� 105

�
ðn0aÞ1=2n AcD1=2n1=2 (1)

where a is the charge-transfer coefficient and assumed to be 0.5 for
symmetric one-electron transfer redox process [49,50]. However,
the shape of CV curves shown in Fig. 4, indicates that the redox
reaction for nPANI suspensions on the gold electrode is not sym-
metrical, and hence, the value of parameter a can be calculated
according to the equation presented in the other researches
[49e51]. According to them, the value of awas estimated to 0.65 for
both suspensions. The term n0 in Eq. (1) is the number of electrons
simultaneously transferred during the redox reaction for a unit of
reaction [28], which, in this study was considered to be equal to 2
for four neighboring aromatic rings of polyaniline under doping
process of the LE form by both Cl� and SO4

2� anions. The parameter
n corresponds to the number of active sites per nPANI particle. A is
the electrode surface area (cm2), c the concentration of nPANI
particles (mol cm�3), D the diffusion coefficient of nPANI particles
(cm2 s�1) which was estimated from the Stokes-Einstein equation
and is given in Table 1 [28,52]. Therefore, the value of parameter n
was calculated using Eq. (1) from the intercept of plot log Ip versus
log n1/2 (see Fig. 6) and for both suspensions is presented in Table 1.
The high values of parameter n induce that the nPANI particles
effectively participate in the redox reaction at the electrode surface.
Table 1
Calculated parameters of nPANI particles suspension in HCl and H2SO4 solution
based on diffusion and adsorption process.

Sample D (cm2 s�1) n qmax Kads

(cm3 mol�1)
̶DGads

(kJ mol�1)

nPANI-HCl 9.5� 10�8 3.2� 104 0.62 52953 19.78
nPANI-H2SO4 8.9� 10�8 1.4� 105 0.40 83673 20.91
However, the higher value of n for nPANI-H2SO4 suspension than
that of for nPANI-HCl verifies the hypothesis that the participation
of sulfate anions in the polyaniline oxidation-reduction reactions is
easier than chloride anions. These results can be useful in devel-
opment of various applications such as electrochemical sensors
[14,15] and ion exchange [18,31] based on the doping/de-doping
properties of polyaniline at which the dopant anions are expelled
to the electrolyte solution and can be again doped into the polymer
backbone upon the reduction-oxidation reaction.

This system may be advantageous in the supercapacitor appli-
cations. To this end, the CV curves should be presented in the form
of differential capacity (charge-to-potential ratio, dQ/dE) versus
potential; where additionally, provides a better visualization to
identify the redox process especially at low scan rates [53,54]. In
the present work, differential capacity values were estimated by
the formula dQ/dE¼ i/v where i is the current density and v is the
scan rate [54] and the plots of differential capacity vs. potential for
the CV data (in Fig. 4) are shown in Fig. 7. The shape of plots for both
suspensions suggests that two potential-dependent process are
involved as before observed by the CV measurements.

Fig. 7a and b shows that at low scan rates (5 and 10mVs�1), the
first oxidation peak for both suspensions is merged, which can be
ascribed to the fact that nPANI particles had enough time to reach
the electrode surface and the redox reaction is controlled by an
adsorption mechanism [53,55]. Further increase of scan rates from
30 to 100mVs�1 results a decrease in the differential capacity for
both suspensions; however, this reduction is more important in the
case of nPANI-HCl suspension. This behavior advices that the
diffusion-limited process of nPANI particles at high scan rates [56].
Therefore, for the first redox peak, it can be concluded that the
differential capacity can be simultaneously affected by both diffu-
sion and adsorption mechanisms which satisfies the results ob-
tained by CV measurements (Fig. 4).

About the second oxidation peak, the differential capacity are
continuously decreased by the increase of scan rates from 5 to
100mVs�1 (Fig. 7) which suggests that for both suspensions, the
oxidation reaction is purely controlled by diffusion of nPANI par-
ticles [56].

Recent works on developing the supercapacitors has been
focused on using the redox-active electrolytes to increase the
cycling performance and specific capacitance [21,22]. In this regard,
according to the electrochemical behaviors and pseudo-capacitive
properties nPANI suspension observed in the present work, it can
be recommended to improve the performance of supercapacitors
through creating an additional pseudo-capacitance.

3.2.3. Chronoamperometry research
The electrochemical behavior of nPANI-HCl and nPANI-H2SO4

suspensions was further studied using chronoamperometry in a
different way from that commonly used for a polyaniline film
[57e59]. In the other words, chronoamperometry for a polyaniline
film has been conductedmostly in a two-step potential involved for
example early a fully oxidation stage followed by a reduction stage
both at the appropriate potentials. However, in the present work,
all of nPANI particles are initially in the ES form, and hence they can
be transformed to other forms by means of a one-step potential by
chronoamperometry.

Fig. 8 shows the chronoamperometric curves for the suspen-
sions containing different concentrations (0e100 ppm) of nPANI-
HCl and nPANI-H2SO4 at �0.10 V vs. Ag|AgCl. According to the CV
measurements (Fig. 3), transformation of ES to LE occurs in this
potential. The negative sign of current density is originated from
the reduction and de-doping process of ES to LE form. Fig. 8 shows
that at all nPANI concentrations, current density quickly decreases
at the early times followed by a gradual reduction until reach to a



Fig. 7. Differential capacity vs. potential curves for nPANI-HCl (a) and nPANI-H2SO4 (b) suspensions containing 100 ppm nPANI particles at different scan rates (5, 10, 30, 50 and
100mVs�1).

Fig. 8. Chronoamperograms for suspensions with different concentrations of nPANI particles (blank, 5, 50 and 100 ppm; from up to bottom), at a fixed potential of �0.10 V vs. Ag|
AgCl, in nPANI-HCl (a) and nPANI-H2SO4 (b) at pH 1. Inset: Langmuir isotherm for nPANI-HCl and nPANI-H2SO4 suspensions.
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steady value called residual current density. Moreover, an increase
in the concentration of nPANI particles results in a continuously
decrease in the values of residual current density. This implies the
higher coverage of electrode surface likely by the formation of the
non-conductive layer of LE where causes decrease in the rate of
reduction reaction of nPANI particles. Furthermore, at an equal
concentration of nPANI particles, the residual current density in HCl
suspension is lower than that of in H2SO4 reflecting the higher
adsorption of nPANI-HCl particles on the electrode surface.

The adsorption behavior of nPANI particles on the electrode
surface can be explained by the adsorption isotherm studies where
the experimental data were fitted to Langmuir isotherm according
to the following equation [60,61]:

c
q
¼ 1
Kadsqmax

þ c
qmax

(2)

where c is nPANI concentration, Kads is adsorption constant which
represents the affinity of the nPANI particles towards the adsorp-
tion sites at a constant temperature. Parameter q is the surface
coverage which can be calculated according to Eq. (3) and qmax is
the maximum value of surface coverage.

q ¼ i0 � i
i0

(3)
where i0 and i are the residual current density in solution without
and with nPANI particles, respectively.

With respect to Eq. (2), the plot of c/q versus c gives a straight
line with a correlation coefficient close to 1 (inset Fig. 8), where the
parameters qmax and Kads were reasonably derived from the slope
and intercept of plots, respectively. Furthermore, the free adsorp-
tion energy (DGads, J mol�1) for nPANI particles onto the electrode
surface can be determined using the following equation [61]:

DGads ¼ � RT ln ð0:055 KadsÞ (4)

where R is universal gases constant, 0.055 is the molar concen-
tration of the water (mol cm�3) and temperature is constant at
298 K. The values of adsorption parameters including qmax, Kads and
DGads were calculated using Eqs. (3) and (4) and are presented in
Table 1. The negative sign of DGads for both suspensions confirms
the adsorption of nPANI particles onto the gold electrode surface.
Moreover, the values ofDGads are around�20 Jmol�1 indicating the
electrostatic interaction between nPANI particles and the charged
gold surface (physisorption) in both suspensions [62].

Furthermore, according to Table 1, the value of qmax in nPANI-
HCl suspension is higher than that of in nPANI-H2SO4 suspension
suggesting the higher coverage of the electrode surface by nPANI-
HCl particles which is consistent with the chronoamperometric
results (see Fig. 8).

With respect to the CV data (Fig. 3), it has been found that the



Fig. 10. FE-SEM micrographs of gold electrode surface at nPANI-HCl (a) and nPANI-
H2SO4 (b) suspensions after chronoamperometric measurement at �0.10 V vs. Ag|AgCl.
The arrows indicate the adsorbed nPANI particles, identified by EDS analysis.
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transformation of ES to PE is controlled by the diffusion of nPANI
particles. Therefore, the chronoamperometry measurements were
also carried out at 0.65 V (vs. Ag|AgCl) and the obtained results for
suspensions with different concentrations of nPANI-HCl and
nPANI-H2SO4 particles are represented in Fig. 9. As seen, the current
density quickly decreases at the early times of oxidation process
which can be described by the suddenly redox transformation of
nPANI particles placed near the electrode surface. However, after a
long time, the current density reaches a steady value; additionally,
the residual current density increases with the concentration of
nPANI particles. These indicate that the oxidation reaction is mainly
controlled by diffusion of nPANI particles.

The inset of Fig. 9a and b shows the linear dependency of re-
sidual current density, after the subtraction of background current
[63], with inverse square root of time (i vs. t̶ �1/2) for both HCl and
H2SO4 suspensions at 100 ppm nPANI particles indicating that the
electrochemical transformation of nPANI particles (ES/ PE) obeys
the Cottrell equation presented in Eq. (5) [59,64]. However, the
intercept of these plots can be ascribed to the contribution of the
edge effect at long times [65e67].

i ¼ n F D1=2c
p1=2t1=2

(5)

where the parameters n, D and c have their usual meaning in this
equation. F is Faraday's constant. In the case of polyaniline films,
researchers applied the Cottrell equation to estimate the diffusion
coefficient of dopant ions [59,64] while, in the present work, the
diffusion coefficient (D) is corresponded to the nPANI particles and
its value was estimated from the Stokes-Einstein equation [28,52].
Therefore, the number of active sites per nPANI particle, parameter
n, for two suspensions containing 100 ppm nPANI particles were
calculated according to the Cottrell equation, Eq. (5) from the slope
of the plot of i versus t̶ 1/2. The value of n is equal to 0.9� 105 and
6.8� 105 for nPANI-HCl and nPANI- H2SO4 suspension, respectively.
The greater value of n for nPANI- H2SO4 suspension is consistent
with the results obtained by CV (Table 1). In addition, the higher
value of n from chronoamperometry may be due to the existence of
high enough time for the diffusion and transformation of nPANI
particles in the chronoamperometry method.

3.3. FE-SEM and EDS analysis

The adsorption of nPANI particles on the electrode surface was
evaluated using FE-SEM images and EDS analysis after the chro-
noamperometric test at �0.10 V vs. Ag|AgCl and the obtained
Fig. 9. Chronoamperograms for suspensions with different concentrations of nPANI particle
AgCl, in nPANI-HCl (a) and nPANI-H2SO4 (b) at pH 1. Inset: the plot of i vs. t � 1/2 for both
results are shown in Fig. 10. The presence of irregular-spherical
shape of nPANI particles on the electrode surface in both nPANI-
HCl (Fig. 10a) and nPANI-H2SO4 (Fig. 10b) suspension confirms
the adsorption mechanism proposed by electrochemical methods.
However, it is obvious that the adsorption of nPANI-HCl particles is
more significant. Moreover, it must be noted that the aggregation of
nPANI particles on the surface of gold takes place during the
adsorption process and not due to the agglomeration of particles in
the suspension as demonstrated by UVevis technique. Fig. 10
shows the elemental analysis performed by EDS. The existence of
carbon at the surface electrode for both suspensions can be served
as an indication of the adsorption of nPANI particles.
s (blank, 5, 50 and 100 ppm; from bottom to up) at the fixed potential of 0.65 V vs. Ag|
suspensions containing 100 ppm nPANI particles.



Fig. 12. Optimized structure (a), HOMO (b) and LUMO (c) of the nPANI-H2SO4.
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3.4. Quantum chemical study and Monte Carlo simulation

In this study, the closed shell phenyl-capping tetramer was
chosen as the molecular model for emeraldine because the bond
distances and angles in this structure have a good agreement with
the actual structure of polyaniline and the availability of experi-
mental data on it as reported elsewhere [68]. The optimized
structures and the relative density distribution of HOMO and LUMO
orbitals for PANI-HCl and PANI-H2SO4 molecules are shown in
Figs. 11 and 12 respectively. The HOMO is the highest occupied
molecular orbital, so it recognizes as the orbital which can donate
electron, and the LUMO is the lowest unoccupied molecular orbital
which can accept electron [69].

Fig. 11 shows that for PANI-HCl, the electron density of HOMO
distribution is focused on the aromatic rings on the left side of the
moleculewhich are themost probable sites for donating electron to
empty orbital of Au surface, and LUMO distribution is mainly
located in the vicinity of C atoms, CeN and CeC bonds on the same
side of the molecule. However, in the case of optimized structure of
PANI-H2SO4 displayed in Fig. 12, the HOMO distribution is focused
on CeC and CeN bonds and populated on the left side of the
molecule while the LUMO is mostly located in the vicinity of C
atoms, CeN and NeS bonds on the right side of molecule.

The calculated quantum chemical parameters including the
energy of the highest occupied molecular orbital (EHOMO), the en-
ergy of the lowest unoccupied molecular orbital (ELUMO), energy
gap (DE¼ ELUMO� EHOMO) and dipole moment (m) for the PANI-HCl
and PANI-H2SO4 molecules are presented in Table 2. The values of
EHOMO, ELUMO and DE for PANI-HCl and PANI-H2SO4 molecules are
close to each other recommending that both compounds have an
approximately equal ability to offer electrons to the unoccupied d-
orbital and accept the electron from Au orbital. However, the
slightly lower value of DE for PANI-H2SO4 can be considered as an
indication of the relatively stronger adsorption. It can be found
Fig. 11. Optimized structure (a), HOMO (b) and LUMO (c) of the nPANI-HCl.

Table 2
Quantum chemical parameters for the PANI-HCl and PANI-H2SO4 molecule.

Sample EHOMO (eV) ELUMO (eV) DE (eV) m (Debye)

PANI-HCl �4.5 �2.7 1.8 2.3
PANI-H2SO4 �4.8 �3.1 1.7 15.4
from Table 2 that the value of dipole moment, m for PANI-HCl is
lower than that for PANI-H2SO4. The low value of m favors the
accumulation of organic molecules on the metal surface [70] which
theoretically approves the higher surface coverage (qmax) obtained
for PANI-HCl molecule (Table 1).

To further study the adsorption behavior of nPANI particles in
both HCl and H2SO4 solutions, Monte Carlo simulations were car-
ried out in the presence of water molecules along with HCl or
H2SO4 molecules on Au (110) plane surface, thereby the adsorption
configuration of a single PANI-HCl and PANI-H2SO4 molecule are
displayed in Fig. 13a and b, respectively. The side view for the most
stable adsorption configurations of polyaniline onto the gold sur-
face predicts that PANI-HCl is likely adsorbed from one side of
molecule, while the adsorption of PANI- H2SO4 occurs probably
from both sides of molecule. Therefore, it can be stated that the
location of both HOMO and LUMO sites affects on the adsorption
direction of polyaniline molecules.

The outputs and descriptors obtained from Monte Carlo simu-
lations, including total energy (the sum of adsorption energy and
the internal energy of the adsorbate), adsorption energy and dEad/
dNi (the differential adsorption energy) are given in Table 3.



Fig. 13. The view from both sides of the most stable configurations for the adsorption
of nPANI-HCl (a) and nPANI-H2SO4 (b) on Au (110) plane surface obtained using Monte
Carlo simulations.

Table 3
Outputs calculated by the Mont Carlo simulation for adsorption of PANI-HCl and
PANI-H2SO4 molecules on. Au (110) (in kJ mol�1).

Sample Total
energy

Adsorption
energy

H2O:
dEad/dNi

Acida:
dEad/dNi

PANI-acid:
dEad/dNi

PANI-HCl �14� 104 �4.5� 104 0.9 0.07 �6.2
PANI-H2SO4 �19� 104 �7.2� 104 �1.2 �4.10 �135

a Acid: HCl for PANI-HCl and H2SO4 for PANI-H2SO4.
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Accordingly, the higher value of total energy and adsorption energy
of PANI-H2SO4 molecule demonstrates a more stable adsorption
configuration compare to PANI-HClmolecule. Therefore, the both of
quantum chemical studies and Monte Carlo simulations indicate
good agreement with the higher value of the free adsorption en-
ergy (DGads) of PANI-H2SO4 (Table 1). Furthermore, the lowabsolute
value of dEad/dNi, the energy of removing an adsorbate of a
particular component, for H2O, HCl and H2SO4 in Table 3 mean that
these molecules can be replaced gradually by polyaniline mole-
cules. This behavior is due to the great affinity of polyaniline
molecule to adsorb on the Au surface, as can be deduced from the
free adsorption energies in Table 1.

4. Conclusions

Nanopolyaniline (nPANI) particles dispersed in HCl and H2SO4
solution (pH 1) showed a good stability within the suspension and
the systems had remarkable redox behaviors together with doping/
de-doping process in the suitable potential range on a gold elec-
trode. The main results are summarized as following:

- Cyclic voltammetry measurements for both nPANI-HCl and
nPANI-H2SO4 suspensions indicate that the charge transfer for
the transformation of ES to LE (first oxidation peak) was irre-
versible and under a adsorption-controlledmechanism of nPANI
particles. The redox couple at the higher potentials character-
ized the transformation of ES to PE was under a diffusion-
controlled mechanism of nPANI particles. These behaviors
were in good agreement with the results obtained from the
differential capacity curves.

- For both nPANI-HCl and nPANI-H2SO4 suspensions, the elec-
trochemical methods of CV and chronoamperometry to gather
with the surface analysis methods of FE-SEM and EDS
demonstrate the adsorption of nPANI particles on the electrode
surface. The adsorption process of nPANI particles on the gold
electrode obeyed the Langmuir isotherm and the calculated
thermodynamic parameters confirmed a physisorption
behavior. Furthermore, the adsorption parameters indicated
that the adsorption of nPANI-H2SO4 particles is slightly stronger
while the surface coverage of the nPANI-HCl particles is higher.

- The total number of active sites per nPANI particle (parameter n)
was calculated by both CV and chronoamperometry methods.
The greater value of n for nPANI-H2SO4 suspension than that for
nPANI-HCl suspension can be explained by the facilitation of
doping/de-doping process within the polyaniline structure
likely due to the double charge of sulfate anions compared with
chloride anions.

- The quantum and Monte Carlo simulations approved the hy-
pothesis that the polyaniline molecules are able to adsorb on the
gold surface by replacing the adsorbed water and acid mole-
cules. Moreover, PANI-H2SO4 molecule has a more stable
adsorption configuration duo to the higher value of adsorption
energy compared to the PANI-HCl molecule. However, PANI-HCl
has a better accumulation as an organic molecule on the gold
surface. These results were in good agreement with those ob-
tained from the electrochemical methods.

In summary, this work emphasizes the significant electro-
chemical performance of nPANI particles as a dispersed phase in
acidic solutions as well as obtained previously for the systems of
PANI film and latex particles. It seems that this system has a po-
tential to use in development of different applications such as
electrochemical sensors, PANI-based supercapacitors and ion ex-
change process.
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