Effect of pH on the electrochemical
properties of polyaniline nanoparticle
suspension in strongly acidic solution: an
experimental and theoretical study

Fatemeh Biabangard, Hadiseh Nazari &
Reza Arefinia

Journal of Solid State
Electrochemistry

Current Research and Development in
Science and Technology

ISSN 1432-8488

J Solid State Electrochem
DOI 10.1007/s10008-020-04863-0

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer-
Verlag GmbH Germany, part of Springer
Nature. This e-offprint is for personal use only
and shall not be self-archived in electronic
repositories. If you wish to self-archive your
article, please use the accepted manuscript
version for posting on your own website. You
may further deposit the accepted manuscript
version in any repository, provided it is only
made publicly available 12 months after
official publication or later and provided
acknowledgement is given to the original
source of publication and a link is inserted

to the published article on Springer's
website. The link must be accompanied by
the following text: "The final publication is
available at link.springer.com”.

@ Springer



Journal of Solid State Electrochemistry
https://doi.org/10.1007/510008-020-04863-0

ORIGINAL PAPER @

Check for
updates

Effect of pH on the electrochemical properties of polyaniline
nanoparticle suspension in strongly acidic solution: an experimental
and theoretical study

Fatemeh Biabangard' - Hadiseh Nazari' - Reza Arefinia’

Received: 14 August 2020 /Revised: 8 October 2020 / Accepted: 6 November 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

A stable suspension of nanopolyaniline (nPANI) particles can be used in various applications instead of a polyaniline film. The
electrochemical behavior of a stable suspension of nPANI particles, in strongly acidic conditions of HCI at the gold electrode
surface, was investigated using various electrochemical and surface analysis methods. Voltammetry results showed two redox
transformations indicating the adsorption and diffusion-controlled mechanism of nPANI particles. Moreover, the decrease in pH
causes an increase in the number of electrons transferred per nPANI particles. The adsorption data were fitted by the Langmuir
adsorption isotherm and the maximum surface coverage decreases with the increment of pH. The adsorption of nPANI particles
was confirmed by the surface analysis methods. Moreover, the quantum chemical calculation and Monte Carlo simulation
approved the electrochemical results for the effect of pH on the adsorption of nPANI particles at the gold electrode surface.

Keywords Nanopolyaniline particles - Redox behavior - Adsorption - Diffusion - Quantum chemical calculation

Introduction

Polyaniline (PANI) is the most famous conducting poly-
mer from both the fundamental and application view-
points due to its unique properties such as easy synthesis,
different oxidation states, good redox reversibility, elec-
trical and optical properties, and reasonable price [1-3].
The redox behavior of PANI provides the great attention
in many applications such as medical [4, 5], electrochem-
ical sensors [6, 7], supercapacitors [8—10], rechargeable
batteries [11, 12], anti-corrosion agents [13—15], and ion
exchange [16, 17].

Generally, PANI can be obtained in three main oxidation
states: leucoemeraldine (LE), its completely reduced form;
emeraldine (EB), its half oxidized form; and pernigraniline
(PE), its completely oxidized state [18, 19]. The EB form is
nonconductive in its nature but it can be converted to the
conductive form, namely emeraldine salt (ES), by protonating
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in an acidic environment (doping process). The redox proper-
ties of PANI depend strongly on both its oxidation state and
protonation level [20, 21]. On the other hand, many factors
such as the potential range [20], solution pH [22-24], and
temperature [25] affect the redox behavior of PANI.

From the practical viewpoint, solution pH in different ap-
plications has a great influence on the properties of PANI. As
an example, a new type of ion exchangers works on the basis
of the doping/de-doping processes of PANI, depending on the
pH of the solution [26, 27]. In the case of PANI film, Scotto
etal. [23, 28] studied the electrochemical behavior of a PANI
film in various strongly acidic solutions and Ping et al. [29]
reported the significant effect of solution pH in a wide range of
variations on the redox behavior of PANI.

In these works, PANI film was applied on the electrode
surface by the electrodeposition and drop-cast methods.
However, from a practical point of view, these methods may
have some problems such as the application on the electrodes
with a large surface area. In order to overcome these problems,
we suggested that using a stable suspension of polyaniline
particles in nanoscale is an advantageous method [30, 31]
where it showed the electrochemical behaviors like those ob-
served for a PANI film. Therefore, this system may be a good
candidate for the replacement of the PANI film which was
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conventionally used in many applications. In this regard, the
main redox behaviors of PANI suspension in strongly acidic
conditions have not been investigated.

The aim of the present work is to study the effect of pH
varying in the strongly acidic region (from — 0.6 to 1.0) on the
electrochemical behavior of the suspension of
nanopolyaniline (nPANI) particles at the gold electrode sur-
face. The stability of suspensions prepared in hydrochloric
acid was examined over time using UV—vis spectrum tech-
nique and zeta potential measurement. The electrochemical
behavior of nPANI suspension at the gold electrode surface
was studied by electrochemical methods of cyclic voltamme-
try (CV) and chronoamperometry. The accuracy of electro-
chemical data was examined using the surface analysis meth-
od of field emission scanning electron microscopy (FE-SEM)
and the constituent elements adsorbed on the electrode surface
were analyzed by the energy-dispersive X-ray spectroscopy
(EDX) technique. Moreover, the adsorption process of nPANI
particles, in the conditions similar to the experimental tests,
was theoretically evaluated using the quantum chemical cal-
culations and Monte Carlo (MC) simulations.

Experimental section
Preparation and characterization of suspensions

Nanopolyaniline (nPANI) particles were prepared according
to the procedure that was in detail reported in previous work
[32]. The nPANI suspensions were prepared upon ultrasonic
dispersion of 100 ppm nPANI particles in a 3.7 M HCl solu-
tion (at pH — 0.60) for about 2 min. Furthermore, different pH
values (— 0.60, — 0.20, 0.05, and 0.70) were adjusted by ad-
dition of NaOH solution, while the solution pH was simulta-
neously measured by using a pH meter (S230-USP/EP)
equipped with a special glass electrode which is suitable for
the acidic environment.

The stability of nPANI suspensions was evaluated with
zeta potential measurement (Zeta Compact, CAD instruments,
France) and Cary 50 UV—vis spectrophotometer.

Electrochemical experiments

All the electrochemical experiments were carried out by
Autolab potentiostat/galvanostat model 302N at room temper-
ature in a conventional electrochemical cell including the gold
working electrode with an area of 1 cm?, silver/silver chloride
(Ag|AgCl) as a reference electrode and platinum wire as a
counter electrode.

Before the electrochemical tests, the surface of the gold
electrode was carefully treated according to the procedure that
was reported in detail in previous work [30]. In addition,
solved oxygen was removed from the system by bubbling
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highly purified nitrogen and then, a nitrogen purge was kept
on the surface of suspension during the experiments.

The voltammetry tests were conducted with a potential
sweep from — 200 to + 700 mV (vs. Ag/AgCl) for 10 cycles
for different scan rates from low to high values (5 to 100 mV/
s). It must be mentioned that after recording the CV diagrams,
the background current was subtracted [30, 33] by insertion of
an appropriate baseline [34].

Chronoamperometry tests were carried by applying an ap-
propriate potential, selected with respect to the CV data, at
different concentrations of nPANI particles, changed from 0
to 100 ppm. It is worth noting that the electrochemical tests
were repeated several times to obtain very stable and repro-
ducible data.

Surface analyses

After the chronoamperometry test, the surface of the electrode
was studied using a field emission scanning electron micro-
scope (FE-SEM, MIRA3 TESCAN) and the elemental analy-
sis was performed by the energy-dispersive X-ray spectrosco-
py (EDX) technique.

Theoretical calculation methods

In the present study, all the calculations were performed using
the Material Studio v 8.0 Accelrys Inc. software. The quantum
chemical investigations were implemented with DMol® mod-
ulus based on the density functional theory (DFT). The mo-
lecular structures of PANI have been geometrically optimized
using the m-GGA/MO06-L level and DNP basis set. Fine con-
vergence criteria and global orbital cutoff were used on the
basis of set definitions. The Monte Carlo (MC) simulation was
used to investigate the adsorption mechanism of polyaniline
on the Au (110) plane surface via the adsorption locator mod-
ule, COMPASS force field, and periodic boundary conditions.

Results and discussion
Characterization of nPANI-HCI suspension

The PANI particles had a spherical shape in nanoscale ranging
between 20 and 50 nm according to previous works [32, 35].
The pH of HCI suspensions containing 100 ppm nPANI par-
ticles was changed in a range between — 0.2 and 0.7. These
systems were placed under a stable condition without atmo-
spheric exposure for 7 days. After this time, the suspension
stability was investigated using a zeta potential analyzer
where the zeta potential values were about 40 mV for both
solution pH suggesting the electrostatically stability of sus-
pensions [36].
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Furthermore, the dispersion stability of nPANI particles
within HCI solution at pH — 0.20 and 0.70 was evaluated by
UV-vis spectroscopy for the times of 1 h and 7 days and is
shown in Fig. 1. Regarding the y-scale of UV diagrams, it can
be found that at both pH values, there is a negligible difference
between the spectra recorded over 7 days, indicating the phys-
ically stability of suspensions and hence no important precip-
itation occurs at this span time, which is in agreement with the
zeta potential data.

Moreover, Fig. 1 shows that at the polaron band at 700—
740 nm, polaron—7t* transition of the quinoid band at 430450
nm and the 7—7t* transition of the benzenoid segment at 340—
360 nm demonstrates the formation of ES structure of PANI
particles [37, 38].

It is noticeable that the discrepancy of the spectral shapes in
the wavelength range of 340—440 nm can be related to the
difference in the intrachain conformation and doping effec-
tiveness of the polymer backbone. In this regard, the absor-
bance ratio of benzenoid to the quinoid band and polaron
(700-740 nm) to the benzenoid band can be considered as a
measure of oxidation and doping levels of polyaniline, respec-
tively [32].

Cyclic voltammetry measurements

The pH dependence of the redox properties of nPANI particle
suspension in strongly acidic media was studied by cyclic
voltammetry method and the CV curves for 100 ppm
nPANI particles, dispersed in HCI solution at different pHs
(= 0.60, — 0.20, 0.05, 0.70) are shown in Fig. 2. It is obvious
that for all values of pH, the shape of CV curves is similar to
each other. The first oxidation peak is related to the conversion
of LE to the ES form of polyaniline [26], where the relevant
reduction peak cannot be identified [39]. At the higher poten-
tials, there exists another couple of oxidation-reduction peak
corresponding to the transformation between ES and
pernigraniline (PE) [40, 41]. These observations are similar
to those addressed in the literature by other researchers [20,
42, 43]. Moreover, at pH = — 0.60, a pair of pre-peak can be

——pH =-0.60

-0.2 0 0.2 0.4 0.6
E (Vvs. Ag|AgCl)

Fig. 2 Cyclic voltammograms of 100 ppm nPANI particles dispersed in
HCI solution at different pHs. Scan rate: 30 mVs '

identified in Fig. 2 which can be attributed to the adsorption
behavior of nanoparticles in the electrode surface; however, it
disappears at the higher values of pH [44].

Variations of peak potential and peak current as a function
of pH for two oxidation processes of nPANI-HCI suspension
are shown in Fig. 3. In the case of the first oxidation peak (Fig.
3a), it is apparent that the increase of pH is generally associ-
ated with a shift of potential to the lower values due to the
casier doping process (transformation of LE to ES) [20, 24,
45] and a reduction in the value of peak current (/) likely due
to a decrement in the protonation degree of polyaniline struc-
ture as reported previously [20, 23].

Detailed inspection of Fig. 3a reveals that the trend of var-
iation for peak potential (£,) versus solution pH can be divid-
ed into two distinct regions. In the first region (between — 0.6
and 0.05), there is a linear relation between peak potential and
pH with a slope of about 60 mV per pH unit. This finding,
according to the Nernst equation, indicates that the number of

Fig. 1 UV-vis spectra of nPANI- 0.30 @ —1n 0.15 o) E—
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Fig. 3 The effect of pH on the 40 @ 0.4 40 P 0.6
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exchanged electron and proton is equal for the oxidation pro-
cess as reported by MacDiarmid for a PANI film [20]. In other
words, it can be stated that in this region, the protonation
process of nPANI particles is performed, completely. For the
second region (pH > 0.05), it seems that the effect of pH on the
variation of Ej, is significantly reduced suggesting that the
protonation process occurs partly [23, 28, 46]. Moreover,
Fig. 3a shows that the trend of variation of /, is consistent
with that observed for the variation of £,

For the second oxidation peak, Fig. 3b shows that an in-
crease in pH from — 0.60 to 0.70 causes a decrease in the peak
current probably due to the same reasons that discussed for the

Fig. 4 Cyclic voltammograms
recorded for 100 ppm nPANI-
HCI suspension at pH — 0.2 and
0.05 at low scan rates: a and ¢ and
high scan rates: b and d,
respectively

@ Springer
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first oxidation peak; however, no significant change can be
observed for the values of peak potential.

To determine, the controlling mechanism (diffusion or ad-
sorption) of the electrochemical behavior of nPANI particles
for each oxidation step, the cyclic voltammetry was conducted
at different pHs (— 0.60, — 0.20, 0.05, 0.70) and various scan
rates (from 5 to 100 mVs '). Figure 4 typically shows the
cyclic voltammograms recorded in 100 ppm nPANI-HCI sus-
pension at pHs values of — 0.2 and 0.05. With respect to these
data, the plot of peak current versus scan rate (/, vs. v/) for the
first anodic peak at different pHs shows a linear behavior (Fig.
5a) indicating that the first oxidation step is likely controlled

20 —10mVs ! (@) 100 T—150 mvs = (b)
1=——5mVs {=——50mVs -
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10 A 60 -
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S 0 2 20|
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Fig. 5 The plots of peak current 80
vs. scan rate for the first anodic | Opi =-06
peak (a) and peak current vs. the MpH =-0.2
square root of scan rate for the 60 1 ApH=0.05
second anodic peak (b) of _
100 ppm nPANI-HCI suspension g ] W
at different pHs = 40 4
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by the adsorption process where the similar result was report-
ed by the other researchers for a polyaniline film [26, 47].
Furthermore, at a low concentration of polyaniline-coated la-
tex particles, close to that selected in this study, Aoki et al.
[39] studied the relation between the peak current and scan
rate; they found the adsorption process is the controlling
mechanism.

As can be seen from Fig. 4, the charge transfer process of
the first peak (LE — ES) for the negative direction of the
potential scan is small and ill defined. This behavior may be
due to the insufficient time to react during the collision of
nanoparticles and the electrode surface, which has been re-
ported previously [30, 39].

In the case of the second anodic peak, Fig. 5b shows that
for all pHs, there is a linear dependency between peak current
and with R* = 0.99, indicating that the diffusion controls the
second oxidation step (ES — PE) of nPANI particles [48-50].
Note that the relatively large surface area of the electrode
supports the hypothesis that the diffusion process is as planar
and hence, the influence of radial diffusion is negligible [51].
Moreover, the shift of peak potential to the negative values as
a function of scan rate (plot not shown) implies that the charge
transfer process of the conversion of ES to PE is an irrevers-
ible process. Regarding an irreversible charge transfer associ-
ated with a diffusion process, the linear relation between 1,
and 1'% can be expressed as [52]:

I, = (2.99 x 10°) (om’)UznAC(Dy)l/2 (1)

where « is the charge transfer coefficient which is usually
assumed to be close to 0.5 [53]. The parameter ' is related
to the number of electron transfer for a unit of reaction [54]
which is equal to 2 for the PANI structure containing four
neighboring aromatic rings. The parameter n corresponds to
the number of electrons transferred per nPANI particle diffus-
ing towards the electrode surface [39, 55]. The parameters, A
and C, are the electrode surface area and concentration of
nPANI particles, respectively. It is worth noting that the

d 0 T T T T
100 0 5 10
v 1/2 ((mV)UZ ‘,fslfl )

diffusion coefficient, D, of nPANI particles (cm® s') was
calculated using the Stokes—Einstein equation [52, 55].
Therefore, parameter n was estimated with respect to Eq.
(1) by the slope of the line of plot /;, versus V"2 (Fig. 5b). The
estimated values for parameters D and » are given in Table 1.
The relatively high values (10*) of parameter » indicate the
high electron transfer ability of nPANI suspension. However,
the value of n is decreased by increasing the pH of the sus-
pension. This can be explained by the fact that parameter # is
also proportional to the number of active sites per nPANI
particle; thereby, at the same conditions, the higher acidic
suspension provides a greater number of active sites per
nPANI particle due to the higher level of protonation.

Chronoamperometry research

The chronoamperometry technique was applied to further
study the effect of solution pH on the redox behavior of
nPANI-HCI suspension where nPANI particles are initially
in the form of ES and they can be transformed to the other
forms such as PE or LE near the electrode surface under ap-
plying a one-step potential. However, in the case of
polyaniline film, researchers have been applied two transfor-
mation steps including a full oxidation step followed by the
reduction process [56, 57].

Figure 6 shows the effect of solution pH on the
chronoamperometry curves of nPANI particles at different
concentrations varying between 0 and 100 ppm in HCI solu-
tion. For these experiments, the reduction potential was indi-
vidually chosen for each solution pH with respect to the CV

Table 1 The effect of solution pH on the diffusion parameters of
100 ppm nPANI-HCI suspension

pH —0.60 -0.20 0.05 0.70
Dem’s™") 792x10° 9.01x10° 9.14x10° 9.50x107°
n 3.83x 10" 324x10*  2.64x10*  1.64 x 10
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curves (Fig. 2) where the transformation between ES and LE
occurs. With respect to this concept, the negative sign of cur-
rent satisfies the fact that the reduction and de-doping of ES to
LE occurs. Figure 6 shows that for all systems, current de-
creases quickly at the early period of measurement and then
reaches a steady value known as the residual current. When
the quantity of nPANI particles increases, the residual current
decreases which can be related to the higher coverage of elec-
trode with a nonconductive layer of LE causing a decrease in
the reduction rate of nPANI particles [31].

On the other hand, it can be found from Fig. 6 that at a
constant concentration of nPANI particles, e.g., 100 ppm,
when pH increases from — 0.60 to 0.70, the value of residual
current increases from 0.55 to 1.23 pA in the cathodic direc-
tion. This can be explained by the fact that the higher acidic
condition provides a higher protonation level of amine and
imine groups [29, 58].

The adsorption behavior of nPANI particles at the electrode
surface was studied with the adsorption isotherms. The exper-
imental data showed a linear relation of C/ versus C, indicat-

C

7=

1
K ads emax

C
4+ —

. @
where K,q is the adsorption constant (cm® mol ™), @ is the
fraction of the surface coverage and 6,,,, is the maximum
fraction of the surface coverage by a monolayer of nPANI
particles. The value of § can be calculated using the following
equation:

Iyl

H—T

(3)

where [, and [ are the residual current in the absence and
presence of nPANI particles, respectively. The experimental
data were well fitted to Eq. (2) and the linear plot of C/8 versus
C is shown in inset Fig. 6. Therefore, the isotherm constants
including 6, and K,4s were calculated from the slope and
intercept of the plots, respectively. K,4s can be related to the
free adsorption energy (AG s , J mol ") by using the follow-
ing equation [60]:

ing that the adsorption obeys the Langmuir isotherm that is 1 AGOd
given by the following equation [59, 60]: ads = 7z ©Xp (‘ RT“> (4)
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where R is the universal gas constant and 7 is the absolute
temperature (here 7 = 298 K). The values of adsorption pa-
rameters, Opaxs Kags and AG%q, are given in Table 2. The
negative sign of AG, at all pHs approves that the adsorp-
tion process of nPANI particles at the electrode surface occurs
spontaneously. In addition, the values of AG°, 4 are around —
20 kJ mol ™" confirming the physisorption of nPANI particles
in all suspensions [61].

According to Table 2, at the higher acidic condition, the
maximum fraction of surface coverage (6. (increases,
reflecting the higher adsorption capacity of nPANI particles
on the electrode surface. Furthermore, at the same time,
AG,qs shifts slightly to more negative values, suggesting
the stronger adsorption of nPANI particles with the increment
of pH.

This behavior can be explained by the co-operative effect
[62, 63], besides the direct adsorption of nPANI particles,
where protonated nPANI particles can be electrostatically
adsorbed onto the halide-covered electrode surface through
the hydrogen atom. In this situation, the higher protonation
state of nPANI particles favors higher surface coverage but
may reduce the establishment of adsorption towards the elec-
trode surface.

The nPANI particles are adsorbed on the electrode surface
in two ways: either adsorbed directly on the surface or the
protonated nPANI are adsorbed onto the halide-covered elec-
trode surface through the hydrogen atom, which is called the
co-operative effect. Therefore, the higher protonation state of
nPANI particles (which is obtained under more acidic condi-
tions and lower pH) approves the more adsorption and the
higher the coverage on the electrode surface. On the other
hand, the co-operative effect likely reduces the stable and
direct adsorption on the electrode surface, so the adsorption
strength is slightly stronger as the pH of the suspension
increases.

The effect of solution pH at different concentrations of
nPANI particle and at the potential 0.65 V vs. Ag|AgCl on
the second oxidation peak, controlled by the diffusion process,
was further studied using the chronoamperometry method and
the registered data are presented in Fig. 7. The intensive de-
crease in the oxidation current at the early time has likely

Table 2 Effect of solution pH on the adsorption parameters calculated
from the chronoamperometry data for nPANI-HCI suspension at 7'= 298
K

pH Ormaae Kags (m® mol ™) — AG,qs (kI mol ")
-0.60 0.90 110.3 21.6
-0.20 0.81 122.1 21.9
0.05 0.73 137.5 222
0.70 0.69 143.9 22.3

arisen from rapidly consumption of ES particles adjacent to
the electrode surface by the conversion to PE form. Moreover,
the residual current increases with the nPANI particle concen-
tration. These observations demonstrate that the diffusion of
nPANI particles controls the oxidation process.

In these conditions, the chronoamperometry data, obtained
for the electrochemical conversion of nPANI particles (ES —
PE), was quantitatively analyzed using Cottrell’s law [64, 65]:

nFACD'?
YY) (%)

where F is the Faraday constant. The linear plots of / vs. 7'/
for the suspensions with a concentration of 100 ppm nPANI
particles and at different pH values are displayed in the inset of
Fig. 7. The slope of this straight line is commonly used to
estimate the value of the diffusion coefficient of dopants for a
PANI film [57, 66]. However, here, the diffusion process is
attributed to the nPANI particles within the solution and hence,
the value of D was estimated by the Stokes—Einstein equation
[39, 55]. Therefore, the values of parameter » (the number of
electrons transferred per nPANI particle) at different pHs were
estimated and are presented in Table 3. The increase of pH is
associated with the decrease of parameter » where this trend of
variation is consistent with the CV results (Table 1) and has
been discussed in the previous section. However, the values of
parameter 7, obtained by the chronoamperometry test, is
higher compared to that for CV test. It is probably arisen from
the fact that in the chronoamperometry test, the nPANI parti-
cles have a higher time for the electron transfer process.

The high value of parameter n suggests the advantage of
this system in the improvement of diverse practical plans such
as anti-corrosion agents, ion exchange, and supercapacitors
based on the redox properties of polyaniline where the
nPANI particles are as a disperse phase in an electrolyte solu-
tion and they could be adsorbed onto the electrode surface to
improve the electrochemical properties.

Evaluation of nPANI adsorption by FE-SEM/EDX

At the end of the chronoamperometry test under £ =
0.65 V vs. Ag|AgCl at pH — 0.60 and 0.70, the electrode
surface was inspected using FE-SEM images and EDX
analysis and the results are shown in Fig. 8. For both
suspensions, the existence of spherical shaped nPANI par-
ticles on the electrode surface satisfies the adsorption of
nPANI particles. However, the accumulation of nPANI
particles on the electrode surface is likely related to the
continued adsorption of these particles not to a precipita-
tion phenomenon because of the uniform dispersion of
nPANI particles and the suspension stability during the
time. The existence of intensive peak for carbon element,
detected by elemental analysis with EDX, approves

@ Springer
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Fig. 7 Effect of nPANI particle 20
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additionally nPANI particles could adsorb on the elec-
trode surface.

The effect of solution pH on the adsorption was qualita-
tively evaluated using microstructural image processing
(MIP) according to the procedure proposed by ASTM E562
(figures not shown). This analysis showed that the phase frac-
tion of nPANI particles, adsorbed on the electrode, at pH = —
0.60 is higher than that for pH = 0.70, which is in good agree-
ment with the chronoamperometry results (see Table 2).

DFT calculation and MC simulation

The effect of pH at values of 0.70 and — 0.60 on the adsorption
of nPANI particles was theoretically evaluated using compu-
tational calculations. To this end, two different structures of
partly (PANI-I) and completely (PANI-II) protonated PANI,

Table3  The effect of solution pH on the total number of active sites per
nPANI particle, n, at 100 ppm concentration

pH —0.60 -0.20 0.05 0.70

n 5.70 x 10° 1.42 x 10° 7.12 x 10° 1.1 x10°
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corresponding to pH 0.70 and — 0.60, respectively, were de-
fined to quantum chemical study and MC simulation. The
geometry of emeraldine form for both of these structures
was as the closed-shell phenyl-capping tetramer because its
angles and bond distances had a good agreement with the
actual structure of polyaniline [67].

The optimized molecular structures, HOMO and LUMO
orbitals for PANI-I and PANI-II molecules, are shown in Figs.
9 and 10, respectively. The HOMO and LUMO are the
highest occupied and lowest unoccupied molecular orbital
where can donate an electron and accept an electron, respec-
tively [68]. The electron density distribution of HOMO for
PANI-I (Fig. 9b) demonstrates that the aromatic rings on the
right side have a larger electric density. It is suggested that the
aromatic rings are the most probable sites for donating an
electron to vacant orbitals of the Au surface, while LUMO
distribution is mainly focused in the middle of the molecule.

For the optimized structure of PANI-II, displayed in Fig.
10, both HOMO and LUMO are equally localized on the
aromatic rings at both sides of the polyaniline molecule, sug-
gesting a parallel adsorption of PANI-II molecules onto the
Au surface. Thus, it is sensible to assume that PANI-II in-
cludes more adsorption centers, leading likely to the higher
adsorption ability than PANI-I.
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Fig. 8 FE-SEM micrographs of
the gold electrode surface in
nPANI-HCI suspension at the pH
a—0.60 and b 0.70. The arrows
indicate the adsorbed nPANI
particles, identified by EDX
analysis

Fig. 9 Optimized structures (a), HOMO (b), and LUMO (c) of PANI-I,
corresponding to pH 0.70, obtained by DFT using the DMol® method
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The quantum chemical parameters including Eyomo,
Erumo, energy gap (AE = Erumo — Enomo), and dipole
moment () for the PANI-I and PANI-II molecules are pre-
sented in Table 4.

It can be found that PANI-I has a higher value of Egomo
than that for PANI-IL. It can be deduced that PANI-I has a
higher capability to donate electrons to the vacant d-orbital of
Au atoms. While the low value of E; jmo for PANI-IT advices
the higher ability of electron accepting in comparison with
PAIN-I. These behaviors can be related to the protonation
level of the polyaniline chain. Since the structure of PANI-I
is partly protonated and doped, another nitrogen tends to do-
nate electrons, but in the structure of PANI-II, all nitrogen
atoms are completely protonated and have high tendency to
accept electrons.

According to the data presented in Table 4, PANI-II has a
lower value of AE than that for PANI-I, indicating the com-
plete protonation structure of PANI has a higher tendency to
adsorb onto the gold surface. Furthermore, the value of p for
PANI-II is lower than that for PANI-1. Some researchers re-
ported that the low value of dipole moment is an indication of
the accumulation of organic molecules at the metal surface by

@ Springer



J Solid State Electrochem

Fig. 10 Optimized structures (a), HOMO (b), and LUMO (¢) of PANI-II,
corresponding to pH — 0.60, obtained by DFT using the DMol®> method

this means increasing the inhibition ability [69, 70]. In the
present work, the higher surface coverage for PANI-II, obtain-
ed by electrochemical methods, can be explained by the lower
value of dipole moment.

To further study the effect solution pH on the adsorption
behavior of PANI in HCI solution, MC simulations were per-
formed in the presence of water and HCI molecules on Au
(110) plane surface; thus, the adsorption configuration of a
single PANI-I and PANI-II molecule in the presence of HCI
and H,O molecules are displayed in Figs. 11 and 12, respec-
tively. The side view of the most stable adsorption configura-
tions shows that PANI-I and PANI-II are adsorbed from one
side and both sides, respectively as a result of the difference in
the position of both the HOMO and LUMO sites. This sug-
gests that the adsorption direction of polyaniline depends on
the solution pH.

The total energy (the sum of adsorption energy and the
internal energy of the adsorbate), adsorption energy, and the

Table 4 The parameters of quantum chemical calculations for the
PANI-I and PANI-II molecules

Sample Enomo (eV) Erumo (eV) AE (eV)  (Debye)
PANI-T -5.1 -34 1.7 1.30
PANI-II -58 —4.2 1.6 0.05
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Fig. 11 The side (a) and top (b) view of the most stable configuration for
the adsorption of PANI-I (related to pH 0.70) on Au (110) plane surface,
obtained using Monte Carlo simulations
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Fig. 12 The side (a) and top (b) view of the most stable configuration for
the adsorption of PANI-II (related to pH — 0.60) on Au (110) plane
surface obtained using Monte Carlo simulations
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Table 5  Outputs obtained from the MC simulation for adsorption of two structures of PANI molecule on Au (110) (in kJ mol ")

Sample Total energy Adsorption energy H,0: dE,¢/dN; HCI: dE,4/dN; PANI-HCI: dE,4/dN;
PANI-I —11x10* -9.5x10* 0.5 0.7 - 101

PANI-II -10x 10* -8.0x10* 3.0 0.5 -52

differential adsorption energy (dE,q/dN;) calculated by MC
simulations are given in Table 5. Accordingly, the higher ad-
sorption and total energy of the PANI-I molecule compared to
the PANI-II molecule demonstrate the higher stability of ad-
sorption configuration at pH 0.70 [71]. Therefore, both the
quantum chemical calculations and MC simulations explain
the reason for the higher value of AG,4, for PANI-I obtained
from electrochemical data (Table 2).

From Table 5, the lower absolute value of dE,4/dN; for H,O
and HCI compared with that for the PANI-HCI molecule sug-
gests that they can be easily substituted by polyaniline mole-
cules [69]. This behavior is due to the higher affinity of
polyaniline molecules to adsorb on the Au surface, which is
in good agreement with the values of free adsorption energies
(in Table 2).

Conclusions

The effect of solution pH, varying in the strong acidic region,
on the electrochemical response of a stable nPANI particle
suspension was carefully investigated by different electro-
chemical and surface analysis methods. The main results are
listed as follows:

i. Cyclic voltammetry measurements demonstrated that the
charge transfer process for the conversion between LE and
ES form (first oxidation peak) is controlled by the adsorption
nPANI particle. At the higher potentials, a redox couple spec-
ified the transformation of ES to a fully oxidized form of
polyaniline (PE) controls through the diffusion mechanism
of nPANI particles. Furthermore, the controlling mechanisms
were satisfied by the chronoamperometry results.

ii. The electrochemical results showed that for the first oxi-
dation peak, the peak potential decreases with solution pH
by a linear relation where the slope of 60 mV per pH unit
indicating a complete protonation process while for pH >
0.05, the intensity of variations decreases significantly
suggesting the partly protonation of nPANI structure.
However, at more acidic condition, the peak current values
increase through the enhancement of protonation level of
nPANL

iii. The quantitative analysis of electrochemical results
showed that the decrease of pH causes the higher and
stronger adsorption of nPANI particles on the gold

electrode. Moreover, the number of electrons (parameter
n) transferred per nPANI particle which diffused near the
electrode surface increases at the higher acidic condition.
The high value of this parameter indicates that nPANI
particles could efficiently participate in redox reactions.

iv. The effect of pH on the adsorption phenomenon of nPANI
particle at the electrode surface was confirmed by both
surface analysis methods (FE-SEM images and EDX
analysis) and theoretical studies carried out by quantum
and MC simulations.

v. Theoretical investigation demonstrated that in the more
acidic conditions, the lower value of dipole moment and
the existence of HOMO and LUMO orbitals at both sides
of nPANI particles describe the higher surface coverage of
electrode. However, the adsorption is slightly stronger and
stable for the higher pH values as a result of the higher
adsorption energy. These are in good agreement with
those obtained by the electrochemical methods.

vi. In the present work, nanoparticles of polyaniline (nPANI
particle) have unique characteristics, including excellent
electrochemical behavior and good absorption on the sur-
face of the electrode, making it a promising material for
improving the performance of anti-corrosion agent, ion
exchange process, and PANI-based supercapacitors.
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