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A stable suspension of polyaniline nanoparticles (nPANI) in acidic solution can be used in various ap-
plications. For the first time, the electrochemical behavior of nPANI as a dispersed phase in phosphoric
acid (H3PO4) solution on a gold electrode has been investigated using a series of electrochemical
methods including cyclic voltammetry (CV), chronoamperometry and electrochemical impedance
spectroscopy. The prepared suspensions were stable during a long time. The electrochemical results

l;z{;;gqﬁie nanoparticle confirmed two redox transformations within the nPANI structure occurred at the potentials of about
Suspension 0.20 and 0.50 V (vs. Ag|AgCl) which are controlled by the irreversible diffusion and the adsorption
Diffusion mechanism of nPANI particles at the gold surface, respectively. Two main electrochemical parameters
Adsorption including total numbers of redox active sites per nPANI particle (4.2 x 10°) and electron-transfer rate

Electrochemical methods
Monte Carlo simulation

constant (9.7 x 1075 cm s™!) have been determined using CV method. The adsorption process of nPANI
particles obeys Langmuir isotherm; additionally, the quantum chemical calculations and Monte Carlo
simulation demonstrated that polyaniline macro molecules can replace water and phosphoric acid
molecules from the surface upon its adsorption to the gold substrate. The surface analyses of the elec-
trode using Raman spectroscopy, scanning electron microscopy and energy dispersive X-ray spectros-

copy confirm the adsorption phenomenon.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Polyaniline (PANI) is one of the mostly investigated and promis-
ing conducting polymers due to its facile synthesis, low cost mono-
mer, tunable properties, reversible redox behavior and better
stability compared to other conducting polymers [1-3]. During the
recent several decades, a wide range of potential applications such
as sensors [4], rechargeable batteries [5], fuel cells [6] and anti-
corrosion agents [7,8] have been explored by conventional PANI.
However, along with the development of nano science and technol-
ogy, the nano-structured PANI reveals many novels or improved
properties due to high surface area, high conductivity, as well as
controllable chemical/physical properties. So it has been considered
to be a promising nanomaterial candidate for the application in var-
ious fields [9,10].

In recent years, utilization of PANI as an applied film on the electrode
surface has been attracted a great deal of attentions especially in the
field of ion exchange applications due to the well doping and dedoping
character of polyaniline [11-13]. In this regard, many efforts have been
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carried out to understand the redox properties of PANI films in various
environments using different electrochemical techniques [14-17]. In
addition, the effect of different dopant anions such as Cl-, H,PO3, SO%~
has been studied on the redox properties of PANI films [11,16,18]. In
the case of PANI films, the manufacturing process based on either elec-
trochemical or chemical methods may be associated with some prob-
lems such as incomplete coverage of the electrode surface especially
in the large-scale and also low mechanical properties of the prepared
films.

To overcome these problems, dispersion of PANI particles in a so-
lution may be a benefit and versatile method in the practical appli-
cations. According to the best our knowledge, no research has
been done on this system subject to understand the electrochemical
behaviors of PANI nanoparticles. However, the stability of such a
suspension over the time may be a new challenge which could be
improved by using the polyaniline particles in nano size as a dis-
persed phase.

In the present work, for the first time, the electrochemical behavior
of nanopolyaniline (nPANI) particles dispersed in phosphoric acid solu-
tion (pH 2) was investigated on a gold electrode. For this purpose, var-
ious electrochemical methods including cyclic voltammetry (CV),
chronoamperometry, electrochemical impedance spectroscopy (EIS)
along with surface analyses methods including Raman spectroscopy,


http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2019.110999&domain=pdf
https://doi.org/10.1016/j.molliq.2019.110999
arefinia@um.ac.ir
Journal logo
https://doi.org/10.1016/j.molliq.2019.110999
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/molliq

2 H. Nazari, R. Arefinia / Journal of Molecular Liquids 288 (2019) 110999

scanning electron microscopy (SEM) and energy dispersive X-ray spec-
troscopy (EDS) have been employed. In addition, quantum chemical
calculations and Monte Carlo simulation were adopted to add theoreti-
cal support for experimental results and investigate the adsorption
mechanism.

Moreover, the specific of nPANI particles were characterized using
dynamic light scattering (DLS) and Fourier transform-infrared spectros-
copy (FT-IR) and the stability of the prepared suspension over time was
checked using zeta potential measurement and UV-vis spectrum
techniques.

2. Experimental
2.1. Materials and instruments

All chemicals were reagent grade and used as received without fur-
ther purification and all of the aqueous solutions were prepared with
double distilled water.

Electrochemical measurements were carried out by means of
an Autolab potentiostat/galvanostat model 302 N with a conven-
tional three electrodes system. The working electrode was a
gold electrode (1 cm? in area). A platinum wire and a silver/silver
chloride (Ag|AgCl) served as counter and reference electrode,
respectively.

The chemical structure and average particle size of synthesized
nPANI particles were characterized using FT-IR (Perkinelmer model
spectrum 400) of dry powders and dynamic light scattering (DLS,
Malvern) measurement in solution. The stability of nPANI solution
was evaluated with zeta potential (Zeta Compact model, CAD, France)
measurement and UV-vis (Cary model 50 Conc. spectrophotometer)
spectrum.

After chronoamperometric test at 0.70 V (vs. Ag|AgCl) in nPD100
system, ex-situ Raman spectroscopy was performed with an
AvaRaman-785 TEC with a 785 nm laser wavelength, exposure time
15 s, and laser power 800 mW. The scanning electron microscopy
(SEM, LEO 1450VP) coupled with EDS were used to observe the surface
of the gold electrode after electrochemical tests.

2.2. Synthesis of nPANI particles and preparation of suspensions

The nPANI particle was synthesized through the inverse
microemulsion polymerization method according to that reported in
our previous work [7,19].

All the electrochemical experiments were carried out in solutions
prepared via dispersion of 5, 50 and 100 ppm nPANI ultrasonically
suspended in 0.5 M aqueous phosphoric acid (H3PO,4) solution and the
pH value of solution was adjusted to 2 by NaOH.

The nPANI particles-dispersed in H3PO,4 solution (pH 2) was signed
as nPD following with a number which denotes the nPANI particle con-
centration e.g. nPD50 corresponds to the dispersion of 50 ppm nPANI in
H3PO4 solution at pH 2.

2.3. Electrochemical experiments

Before electrochemical test, a gold electrode was carefully polished
with alumina powder, sonicated in water and spent 10 min in a solution
of 50 mM KOH and 25% H,0.. In addition, to clean the electrode surface,
it was treated with cyclic voltammetry in the potential range from -200
to —=1200 mV (vs. Ag/AgCl) once, at 50 mV/s scan rate in 50 mM KOH,
and rinsed in Milli-Q water as described by Fischer et al. [20].

Voltammetric studies were performed in the potential range
from -100 to 800 mV (vs. Ag/AgCl) for 10 cycles, at different scan
rates (10, 30, 50 and 100 mV/s). Chronoamperometric measure-
ments were carried out at a suitable potential with respect to the re-
sults obtained using CV test and the impedance measurements were
immediately recorded after the chronoamperometric tests in a

frequency range from 100 kHz to 0.01 Hz with an amplitude of volt-
age perturbation of 10 mV.

All electrochemical tests were performed at room temperature (25
4 2 °C) and the prepared suspensions were thoroughly deoxygenated
by application of a bubbling highly purified nitrogen, additionally a ni-
trogen atmosphere was maintained over the system during electro-
chemical measurements.

2.4. Quantum chemical study and Monte Carlo simulation

In the present study, the computational calculations were performed
using the Material Studio v 8.0 Accelrys Inc. software. The quantum
chemical calculations were performed with DMol®> modulus based on
density function theory (DFT). Geometrical optimization was accom-
plished with the generalized gradient approximation (GGA) functional
of Becke's 3 parameter combined with Lee-Yang-Parr correlation
(B3LYP) in conjunction with double Numerical plus polarization
(DNP) basis set. Fine convergence criteria and global orbital cutoff
were used on the basis set definitions. The adsorption behavior of
polyaniline 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 particles

Fig. 1 shows FT-IR spectrum of nPANI particles which is similar
to those were reported in the literature [21,22]. Briefly, the charac-
teristic peaks at 1560 cm™' and 1475 cm™! correspond to the quin-
oid (N=Q=N) and benzenoid (N—Q—N) ring stretching,
respectively. The peaks at 1290 cm™! and 1230 cm™! are due to
the C—N stretching.

The size of nPANI particles were determined using DLS test and
shown in Fig. 2. It is clear that these particles have a narrow size distri-
bution in a range between 40 and 60 nm.

3.2. Evaluation the stability of nPD system

The prepared suspension based on the dispersion of 100 ppm nPANI
particles in H3PO,4 at pH 2 (nPD100) was leaved under stagnant condi-
tion without exposure to atmosphere for two weeks and then its stabil-
ity was checked using Zeta potential measurement. The measured value
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Fig. 1. FT-IR spectrum of nPANI particles synthesized via microemulsion polymerization
method.
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Fig. 2. DLS spectra of nPANI particles dispersed in H3PO,4 solution.

of zeta potential was less than —30 mV which is a general indication of
the fact that the system is an electrostatically stabilized suspension [23].

In the case of nPD systems, the suspension pH was adjusted at the
value of 2 because of two main reasons: from one hand, at the lower
pH values, the low dissociation constants of H3PO4 at room temperature
[24], causes that the anion concentration probably will not be sufficient
to made an efficient doping process of nPANI particles. On the other
hand, at the higher pH values, the redox activity of polyaniline decreases
and the redox peaks shift closer and overlap in the cyclic voltammetry
measurements as described by Huang et al. [1]. Therefore, it seems
that pH 2 is an adequate value to easily study the electrochemical be-
haviors of nPANI particles [24] at a sufficient content of (H,PO3) anions
for participation in the doping/dedoping process.

The dispersion stability of nPD system with time was further evalu-
ated by UV-vis spectroscopy. Fig. 3 shows a typical UV-visible absorp-
tion spectrum for the nPD100 system after 1 h and 2 weeks. It can be
found that the spectra represent the characteristic absorption peaks of
polyaniline where precisely discussed in our previous work [7]. More-
over, the negligible difference of spectra after 1 h and 2 weeks indicating
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Fig. 3. UV-vis spectra of nPD100 system after 1 h and 2 weeks.

that the concentration of nPANI particles within the suspension does
not change during this time and thus the system is also physically a sta-
bilized suspension.

3.3. Cyclic voltammetry technique

The electrochemical behavior of nPD system containing different
concentrations of nPANI particles (blank, 5, 50 and 100 ppm) was stud-
ied using cyclic voltammetry technique and the tenth voltammetric
cycle of nPD systems are shown in Fig. 4. It is apparent that in the ab-
sence of nPANI particles, there is no redox peak at the gold electrode
surface within the potential window. However, in the presence of
nPANI particles, the shape of CV curve recorded for all nPD systems is
similar where involves an oxidation peak at about 0.20 V and a redox
couple at higher potentials. These indicate that the electrolytic doping/
dedoping process is associated with the electron transfer process as re-
ported before in the case of polyaniline film [1,16,25-27].

The well-defined anodic wave with a half-wave potential at ca. 0.1V
(see Fig. 4) can be attributed to the conversion of leucoemeraldine (LE)
to emeraldine salt (ES) whereas the cathodic wave for the reverse scan
is very small and ill-defined [28]. This irreversibility may be due to in-
sufficient reaction time during the nPANI/electrode collision [28].

The second voltammetric wave appears at about 0.50 V (see Fig. 4)
corresponding to the oxidation of ES to the fully oxidized form of
polyaniline (pernigraniline, PE) [25-27]. In this regard, Snauwaert
et al. [29] have evidenced, by X-ray photoelectron spectroscopy, that
the ratio between the amine and imine groups within the structure of
PANI is a function of the electrochemical potential and the content of
amine groups reduced by potential sweep in the positive direction. At
the potential of 0.75 V (vs. Ag|AgCl), the polyaniline structure has the
lowest amount of amine groups and hence ES is completely transformed
to PE form.

Fig. 4 shows that the peak intensity increases gradually with increas-
ing the nPANI particle concentration as a result of facilitating in the
redox process near the electrode surface. Similar behavior was observed
by Liu et al. [27] in the case of increase in the amounts of nPANI deposi-
tion on a glassy carbon electrode.

To study the redox reactions of nPANI particles-dispersed in H3PO,4
solution, cyclic voltammetry for nPD100 system at different potential
scan rates was performed and the tenth voltammetric cycles are
shown in Fig. 5.

Fig. 5 shows that at all scan rates, the charge transfer for the 1% peak
(LE — ES) occurs as an irreversible oxidation process. Moreover, the ox-
idation peak current was proportional to the square root of potential
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Fig. 4. Cyclic voltammograms of nPD system containing different concentrations (blank, 5,
50 and 100 ppm) of nPANI particles. Scan rate: 30 mV/s.
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Fig. 5. Cyclic voltammograms of nPD100 system at different scan rates: 10, 30, 50 and
100 mVs ! (from internal to external).

scan rate (figure has not been shown) with a correlation coefficient of
about 0.99. Therefore, it can be found that the oxidation current is
mainly controlled by the linear diffusion of nanoparticles [30], which
can be quantified according to the following equation [31]:

Ip= (299 % 10°) (W) n A c D212 O

where « is the charge transfer coefficient obtained from linear sweep
voltammetry curve (not shown) according to Tafel equation [32],
which is here estimated to be equal 0.69. The term n' is the number of
the electron that simultaneously transferred during the redox reaction
for a unit of reaction [28]. In the present work, it has been assumed
that doping process i.e. incorporation of (H,POy) anions occurs within
a unit of reaction involving four neighboring aromatic rings and thus
the value of n' equals 2. A is the electrode surface area (cm?), c the con-
centration of nPANI particles (mol cm™), D the diffusion coefficient of
nPANI particles estimated here to be 8.6 x 10 cm? s™! from the
Stokes-Einstein equation [28,33], v the potential scan rate (Vs™!) and
the parameter n corresponds to the total number of active redox sites
per nPANI particle [28]. According to Eq. (1), the value of parameter n
was estimated as 4.2 x 10° using the slope of I, versus ¥'/2 (not
shown). The large value of n induces that nPANI particles could effi-
ciently participate in the redox reaction (LE — ES) at the electrode
surface.

The apparent electron-transfer rate constant (k°) of nPANI particles-
dispersed for the first oxidation step could be estimated using the slope
of In I, vs. E, according to the following equation [34]:

n'aF ,
=7 B~ E] )

I, = 0.227 n FAcK® exp |-

where I, is the oxidation peak current, T the absolute temperature and
E% is the formal potential. F and R are the Faraday constant and the
gas constant, respectively. Based on Eq. (2), the value of k® was calcu-
lated to be 9.7 x 107® cm s™'. The low order of magnitude obtained for
parameter k° approves that the conversion of LE to ES is associated
with slow rate of electron transfer at the electrode surface and is a
completely irreversible process which is in consistent with the absence
of reduction peak for the first transformation of nPANI particles (Fig. 4).

At the second step of oxidation of nPANI particles shown in Fig. 5,
when the scan rate increases, both anodic and cathodic peaks shift to
more negative potentials additionally the anodic peaks become

progressively broader. These observations support that the kinetic pa-
rameters have a great influence on the redox transformation of nPANI
particles from ES to PE in H3PO4 solution [16].

The plot of log I, vs. log v for the second anodic peak is shown in
Fig. 6, where the linear relationship with a good correlation (R?> =
0.99) confirms the adsorption process of nPANI particles on the elec-
trode surface as reported before by other researchers [35-37]. On the
other hand, it can be found that the ratio of anodic to cathodic current
at different scan rates (Fig. 5), deviates from unity and decreases with
scan rate (figure has not been shown). These evidences indicate that
the nPANI particles are mainly adsorbed as the ES form which was
also reported by Wopschall et al. [38]. It can be suggested that the sec-
ond redox peak is likely associated with three sequential steps:
(a) adsorption of nPANI particles in the ES form, (b) oxidation reaction
of ES to PE near the electrode surface and (¢) diffusion of nPANI particles
away from the electrode surface.

3.4. Chronoamperometry researches

To further study the electrochemical behavior of nPD system, the
chronoamperometry method was employed in a different way from
that commonly used for a polyaniline film-coated on the electrode sur-
face [39-41]. In the other words, the chronoamperometric test for a
polyaniline film is commonly performed in a two-step potentials in-
volved early the complete reduction of film followed by an oxidation
process at an appropriate potential. While, in the case of nPD systems,
all of nPANI particles are initially in the ES form and they can be directly
transformed using chronoamperometric test in a one-step potential.

Fig. 7a shows the chronoamperometric curves for nPD system at dif-
ferent concentrations of nPANI particles and at 0.70 V vs. Ag|AgCl, where
the complete transformation of ES to PE occurs with respect to CV mea-
surements shown in Fig. 4. As it is seen, for all nPD systems, the current
density quickly decreases at the early times of oxidation process
followed by a gradual reduction until reaches a stable value with no sig-
nificant variations. Indeed, the decrease in the current density is attrib-
uted to the reduction in the concentration of ES form of nPANI particles
near the electrode surface due to their consumption by the electro-
chemical reaction of redox transformation. Moreover, Fig. 7a shows
that when the concentration of nPANI particles increases up to
100 ppm, the current density is finally stabled at the greater values as
a result of higher adsorption rate of nPANI particles which favors the
transformation of ES into PE.
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Fig. 6. The plot of log I, vs. log v for nPD100 system at the second anodic peak (ES — PE).
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Fig. 7. Chronoamperograms of nPD system containing different nPANI particle concentrations, at the fixed potential of 0.70 V (vs. Ag|AgCl) (a). Langmuir adsorption isotherm for the nPD

system at 0.70 V (vs Ag|AgCl) (b).

The adsorption phenomenon of nPANI particles in ES form on the
gold surface can be thermodynamically analyzed by using the Langmuir
isotherm as followed [42,43]:

.1«
I' BTl max

3)

r max

where I'max (mol cm™) is the maximum value of surface concentration
and the parameter B (cm® mol™") represents the affinity of the nPANI
particles towards the adsorption sites at a constant temperature. I’
(mol cm™2) is the surface concentration of nPANI particles which can
be calculated as following equation [43]:

Q

r= oF 4)
where Q (C cm ™) is the charge density produced by the transformation
of nPANI particles from ES to PE during the adsorption process on the
electrode. The value of this parameter can be calculated from the surface
area beneath the chronoamperometric curves shown in Fig. 7a.

Fig. 7b shows the plot of ¢/I" versus c where the linear behavior with
a good coloration coefficient (R? = 0.98) confirms the validation of
Langmuir isotherm for nPD system. With respect to the Eq. (4), the pa-
rameters I' . and B can be derived from the slope and intercept of plot
of ¢/T versus c, respectively. Accordingly, the value of I';,,,x and B are
found to be 0.35 pg m™2 and 152 dm> mol’, respectively.

The Gibbs energy of adsorption (AG.gs, ] mol™!) for nPANI particles
onto the electrode surface can be determined using the following equa-
tion [44]:

_ 1 _AGads
B =5.055 ex"( RT

where the value of 0.055 is the molar concentration of water
(mol cm™). Using Eq. (5), AG,qs is -22 k] mol ™! at 298 K. The negative
value of Gibbs energy confirms the feasibility and the spontaneous na-
ture of the adsorption of nPANI particles onto the gold electrode surface
[45]. In addition, the value of AG,q; is around —20 k] mol™! suggesting
the electrostatic interaction between nPANI particles and gold surface
(physisorption) at 298 K, which is in agreement with that obtained by
the cyclic voltammetry measurements.

Fig. 8 shows the chronoamperometric curves of gold electrode at dif-
ferent nPANI particle concentrations and at a potential (-0.10 V Ag|
Ag(l), that the complete transformation of ES to LE occurs with respect

) (5)

to Fig. 4. The negative sign of current density is originated from the re-
duction along with dedoping process. Moreover, the suddenly decrease
of current density suggests the quickly transformation from ES to LE for
the nPANI particles placed near the electrode surface. Fig. 8 shows that a
steady-state value of current density is attained at different concentra-
tions of nPANI particles under applied potential of —0.10 V for long
times. This approves the fact that the process is likely controlled by
the diffusion of nPANI particles from the bulk suspension towards the
electrode surface.

Moreover, the inset of Fig. 8 shows that the current density response
versus nPANI particle concentration is linear at various fixed times (100,
500, 1000 and 1500 s). In addition, the slope values of these plots are de-
creased by the increasing time elapsed. This approves that the transfor-
mation of ES to LE is mainly controlled by the diffusion of ES in the bulk
solution which was previously reported for the ion diffusion in the case
of PANI films [40], while it has not been addressed in the case of dis-
persed nPANI particles, additionally this observation is in good agree-
ment with that obtained by the CV measurements (Fig. 5).
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Fig. 8. Chronoamperograms of nPD system containing different nPANI particle
concentrations (blank, 5, 50 and 100 ppm; from bottom to up), at the fixed potential of
-0.10 V. Inset shows the dependence of the fixed-time current density (observed at 100
(a), 500 (b), 1000 (c) and 1500 s (d) after the potential step) versus nPANI particle
concentration.
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Fig. 9. Nyquist plots for a gold electrode recorded after chronoamperometric
measurement at 0.70 V (vs. Ag|AgCl) in nPD system at (A) 5, (O) 50 and (O) 100 ppm
nPANI, (—) fitting lines. Inset: Equivalent circuit used to fit the impedance data.

Table 1

Impedance parameters of nPD system at different nPANI particle concentrations.
Impedance parameter nPD5 nPD50 nPD100
Ry (Q cm?) 320 980 2208
C; (mF cm™) 3.09 4.64 8.86
m 0.60 0.61 0.65
Ry (kQ cm?) 991 331 252
C, (UF cm™) 659 688 692
n, 0.77 0.82 0.83

3.5. Impedance spectroscopy measurements

The electrochemical impedance spectroscopy (EIS) technique was
employed to further study the interaction of nPANI particles with the
gold surface.

Fig. 9 shows the Nyquist plots recorded at 0.70 V (vs. Ag|AgCl) for
nPD system at different concentrations of nPANI particles.

The impedance data were well fitted with the equivalent circuit
shown in the inset of.

Fig. 9 which was applied previously to explain the electrochemi-
cal behavior of conducting polymer film by Waller and Compton
[46]. In this circuit, Ry is the solution resistance, the first sub-circuit
(R1//CPE;) describes the interaction of the adsorbed nPANI
particles-solution and the second sub-circuit (R,//CPE;) represents
the interaction of the electrode- adsorbed nPANI particles. Therefore,
R; is the ionic resistance associated to the redox process of the
adsorbed nPANI particles. The CPE; (constant-phase element) is a
pseudo capacitance element describes the contra-ion accumulation
at the adsorbed nPANI particles-solution interface. Elements R, and
CPE, correspond to the electronic charge transfer resistance and
the double layer capacitance at the electrode-adsorbed nPANI parti-
cles interface, respectively.

Fig. 9 shows a good agreement between the experimental data
(symbols) and fitting lines at all nPANI particle concentrations with re-
spect to the equivalent circuit (shown in the inset of Fig. 9). The same
was obtained when the spectra were presented in the form of a Bode
and complex-admittance plot (not shown). The impedance parameters
obtained by fitting procedure are presented in Table 1 where parame-
ters C; and G, are the ideal capacitances calculated for CPE; and CPE; el-
ements, respectively [47].

Table 1 shows that the increase of nPANI particle concentration re-
sults in an increase of both Ry and C; values. These behaviors can be at-
tributed to the accumulation of dopant anions (H,POj) at the adsorbed
nPANI particles-solution interface as a result of the dedoping process oc-
curred during the transformation of ES to PE. Indeed, the increase of the
dopant concentration causes two major effects: (a) make a repulsive
force against further release of dopant anions where reasonably in-
creases the ionic resistance (R;) and (b) the increase of dielectric con-
stant and thus the increase of C; [48].

Moreover, data presented in Table 1 shows a significant decrease of
R, and a negligible increase of C; with the increasing the nPANI parti-
cles. Indeed, the increase in nPANI content provides higher adsorption
of these particles on the electrode surface as obtained by the
chronoamperometric test (Fig. 7). This evidence could be served as

Fig. 10. The optimized structure (a), HOMO (b) and LUMO (c) distribution for polyaniline molecule.
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the main reason for the reduction of electronic charge transfer and also
increase of double layer capacitance ().

More survey of data given in Table 1 shows that R; <R, and C; < C;
indicating for the adsorbed nPANI particles the interaction with the
electrode surface (charge transfer) is more important on the
electroactive properties of nPANI particles compared to their interaction
with solution (ionic transfer).

3.6. Quantum chemical study and Monte Carlo simulation

Quantum chemical calculations have been used to investigate the re-
lationship between molecular and electronic structure of an organic
molecule [49,50]. Fig. 10 shows the optimized structure, the highest oc-
cupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of polyaniline. The HOMO electron density is populated
in the center of the molecule and in the benzenoid ring while the LUMO
is observed in the vicinity of N atom and on the left side of the molecule
according to optimized structure. It is predicted that for the electron do-
nation driven adsorption, polyaniline may adsorb through the center of
the molecule, whereas, if electron acceptation dominates the adsorption
mechanism, polyaniline should adsorb through favorite LUMO sites
[51].

To get a better understanding of the adsorption mechanism, Monte
Carlo simulations were carried out in the presence of water/H3PO4 mol-
ecules on an Au (110) plane. The result of this simulation is shown in
Fig. 11. As can be seen, polyaniline is able to overcome the water and
phosphoric acid molecules and adsorb on the metal surface by replacing
these molecules. This behavior is due to the affinity of polyaniline to
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adsorb at the gold surface, as was deduced from the free adsorption en-
ergy calculated in chronoamperometry research section. Moreover, the
side view for the most stable adsorption configurations of polyaniline
onto gold surface (in Fig. 11), predicts that polyaniline adsorb through
favorite HOMO sites.

3.7. Surface study

The surface analyses were performed by Raman spectroscopy, SEM
and EDS analysis after chronoamperometric test at 0.70 V (vs. Ag|
AgCl) in nPD100 system followed by a thoroughly rinse of electrode sur-
face with milli-Q water.

Fig. 12 shows the Raman spectra of electrode surface. The peaks at
1500 and 1589 cm™! are ascribed to the C=C stretching deformations
benzenoid and quinoid rings, respectively, and at 1176 cm™ to a C—H
bending vibration. The Raman bands at 1354, 805 and 517 cm™! corre-
spond to the quinoid ring [52-54]. These results clearly confirm the ad-
sorption of nPANI particles on the gold electrode which is consistent
with those obtained by both the CV and chronoamperometry experi-
ments (Figs. 6 and 7).

Fig. 13 shows ex-situ characterization of the electrode surface by the
SEM and EDS analysis. The existence of dark regions in SEM image is an
indication of the adsorption of nPANI particles at the gold surface. More-
over, EDS analysis reveals the presence of carbon element in the dark re-
gions while the bright regions are free of carbon (Fig. 13) which confirm
the fact that nPANI particles have been adsorbed onto the surface of gold
electrode. These observations satisfy the results obtained by both the CV
and EIS methods.
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Fig. 11. Adsorption configuration of polyaniline in presence of water and phosphoric acid molecules on Au (110).
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dedoping process in the suitable potential range and the main results

18000 are summarized as following:

- The nPANI suspensions had both the electrostatical and physical sta-
bility originated from the nano scale of particles along with the sol-
ubility feature induced by counter ions doping in H3PO, solution.

- According to the voltammetric measurements, the LE form of nPANI
particles converted to that ES around the peak potential of 0.20 V (vs.
Ag|AgCl), where this transformation is controlled by an irreversible
diffusion mechanism. At higher potentials around 0.50 V (vs. Ag|
Ag(l), there were a redox couple corresponding to the transforma-

- - - tion of ES to PE under an adsorption-controlled mechanism. Further-

400 800 1200 1600 more, the chronoamperometry and EIS measurements indicate that

the redox behavior of nPANI particles at the gold surface are con-

trolled by the diffusion or adsorption phenomenon.

The adsorption of nPANI particles obeys the Langmuir isotherm and

the calculated thermodynamic parameters confirmed a

physisorption of these particles. Moreover, the electrode surface

was studied by Raman spectroscopy, SEM image and EDS analysis
which verified the results obtained by electrochemical methods.

14000

10000

Raman Intensity

6000

Raman shift (cm'l)

Fig. 12. Raman spectrum of nPANI adsorbed on the gold electrode surface at nPD100
system after chronoamperometric measurement at 0.70 V vs. Ag|AgCl.

4. Conclusions
The electrochemical behavior of nPANI particles-dispersed in H3PO4

solution (pH 2) was carefully investigated on a gold electrode. The - Quantum and Monte Carlo simulations approved the hypothesis
nPANI particles display remarkable redox behavior and also doping/ that polyaniline is able to adsorb on the gold surface by replacing

-

Adsorbed nPANI
particles

200 nm

Au

-
B

Fig. 13. SEM micrographs of the gold electrode surface at nPD100 system after chronoamperometric measurement at 0.70 V vs. Ag|AgCl. The arrows indicate adsorbed nPANI particles and
bare gold surface, identified by EDS analysis.
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the adsorbed water and phosphoric acid molecules.

- In summary, this work emphasizes the significant electrochemical

performance of nPANI particles as a dispersed phase in acidic solu-
tion and suggests that this system could be a promising candidate
serving as a substitute for the PANI films.
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