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The electrodeposition of polyaniline films is usually carried out in acid solutions
such as hydrochloric acid, perchloric acid or sulfuric acid, and more rarely in
organic acids such as camphorsulfonic acid (CSA). In this study, the impact of
the presence of a surfactant in the electrolytic solution based on hydrochloric
acid or CSA was evaluated by successively using anionic (sodium dodecyl
sulfate, SDS), cationic (cetyltrimethylammonium bromide, CTAB), and non-
ionic (Tritonx100) surfactants. Whatever the surfactant and the acid used, the
electrochemical oxidation of aniline has successfully led to the formation of a
thick polyaniline (PANI) film through a quasi-reversible reaction controlled by
the diffusion of aniline monomers. The nature of the surfactant was shown to
affect physico-chemical properties of the film, in particular its morphological
features (morphology, thickness, roughness), electrochemical activity, specific
capacitance, and conductivity. For example, PANI films containing SDS had
a spongy morphology when PANI films containing Tritonx100 had a more
fibrous and compact structure. Glow Discharge Optical Emission Spectroscopy
(GDOES) experiments also highlighted differences depending on the acid used
since chloride anions, from HCL, were present only on the top surface of the PANI
films when camphorsulfonate anions were present everywhere throughout the
polymer film, which impacts the doping process and electrochemical activity of
the films. Moreover, the specific capacitance of the PANI/CSA films is higher and
more sensitive to current density variation than the one of PANI/HCL films. Finally,
electrochemical impedance experiments evidenced that the conductivity of
PANI films electrodeposited from CSA solutions was much higher than the one
of PANI films prepared from HCl solutions, and highly dependent on the nature
of the surfactant, the most conductive films being obtained in the presence
of SDS and Tritonx100. Therefore, the originality of this work comes from the
possibility of modulating the conductivity, capacitance and electroactivity of
electrodeposited polyaniline films using surfactants of different polarity, and
from the determination of the distribution of ions in the films using the GDOES
technique, which is rarely used to characterise organic films.

electrodeposition, conducting polymers, polyaniline, surfactant, thin films
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1 Introduction

Conducting polymers are defined as polymeric materials
that can provide electrical conductivity after appropriate doping
procedure, in addition to being processable, lightweight, and
not expensive (Wu et al,, 2019). Polyaniline (PANI) is one of the
most widely used conducting polymers due to its remarkable
optical and electrochemical properties (Cho etal.,, 2019), good
environmental and chemical stability (Chandrakanthi and Careem,
2000; Jietal., 2020), and facile redox and pH switching between
different oxidation states (Xieetal, 2016). Thus, polyaniline
has been used in various areas like anticorrosion coatings
(Deshpande etal., 2014; Bazlietal, 2020; Gaoetal, 2021),
biomedical applications (Zareetal, 2019; Pina and Falletta,
2022), removal of pollutants (Zareetal, 2018; Samadietal.,
2021), supercapacitors (Eftekharietal., 2017a; Liuetal, 2019),
electrochromism (Celiesiute et al., 2019; Liu et al., 2022), organic
electronics (Garai et al., 2010), and gas sensors (Zhang et al., 2019;
Kumar et al., 2020). Polyaniline is usually synthesized via oxidative
coupling of aniline monomers using chemical or electrochemical
routes. Following the first route, chemical oxidants, such as ferric
chloride or ammonium persulfate, are applied to oxidize the
monomer (Jaymand, 2013; Liao et al., 2019), while on the second
route the monomers are oxidized electrochemically (Motheo et al.,
1998; Wang and Levon, 2012; Ashokan etal.,, 2015; Xingetal.,
2017). The electrochemical approach is undoubtedly the most
convenient and simplest one for obtaining PANI films with a
controlled thickness. The properties of the electrodeposited PANI
films are greatly influenced by the nature of the dopant (Wang and
Levon, 2012; Xing et al.,, 2017) and the acid (Motheo et al., 1998;
Ashokan et al,, 2015), both known to significantly affect the growth,
morphology, electroactivity, and conductivity of the polymer.

Before performing the electrodeposition of PANI films, it
is already necessary to solubilize the aniline properly, which
is not always easy in aqueous media. Thus, copolymers of
aniline with derivatives containing sulfonic groups, such as poly
(aniline-co-amino-naphthol-sulfonic acid) (Bhandari et al., 2010)
and poly (aniline-co-amino-hydroxy-naphtalene-1-sulfonic acid)
(Bhandari et al., 2011), were found to improve solubility and
corrosion protection efficiency. Highly soluble polyaniline was also
obtained by sulfonation of polyaniline (Routh et al., 2011), or by
grafting of polyaniline with polyethylene glycol and B-cyclodextrine
(Maity et al., 2018). The use of organic acids with sulfonic groups
such as camphorsulfonic acid (CSA), dodecylbenzenesulfonic acid
or para-toluenesulfonic acid also allow to considerably improve the
solubility of aniline (Wu et al., 2014; Liao et al., 2019). Furthermore,
these sulfonic acids can act both as a dopant and as a surfactant
for PANI films (Olinga et al., 2000). Thus, CSA has been used
as a surfactant and dopant of PANI/MWCNTs nanocomposites
deposited on graphite foil and Ni foam which showed high specific
capacitances and energy densities while having remarkable cycling
stability (Awata et al., 2020). In addition, the optimal conditions for
the doping process of polyaniline with CSA were determined, to
obtain a material that can be used as conductive fillers for lightning
protection coatings in a study by Krukiewicz and Katunin (2016).

The use of a surfactant in the electrolytic solution can also
significantly modify the morphology, conjugation, doping degree,
and conductivity of the resultant polymer films (Wu et al., 2012).
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Moreover, an anionic surfactant also acts as a dopant and leads to
micelle/emulsion polymerization because it can form micelles in
aqueous solution by the aid of the hydrophobic alkyl chain and
the hydrophilic ionic charge. For example, Manne and Gaub (1995)
demonstrated that surfactants could aggregate at solid surfaces
to form surprising structures, such as nanoscale half-cylinders.
Similarly, Jamdegni and Kaur (2020) showed that the combined
presence of surfactants and monomers in a para-toluenesulfonic
acid solution could result in the formation of supramolecular
micelles whose shape strongly impacts that of electrodeposited
polymers to lead to very different structures such as aggregated
spheres, ellipses, or interconnected wires. Thus, several surfactants
have been used previously to synthesize conducting polymer films
with various morphologies and sizes. The most frequently used
surfactant is sodium dodecyl sulfate (SDS). Indeed, polyaniline
films have been electropolymerized in the presence of this anionic
surfactant for incorporation in dye-sensitized solar cells leading to
remarkable power conversion efficiency (Qiu et al., 2014), and in
potentiometric biosensors, allowing the detection of urea with an
enhanced sensitivity due to an increased enzyme loading and faster
diffusion of substrates in the porous polymer film (Kanungo et al.,
2002). Also, an electrode modified by electropolymerization of a
solution composed of aniline, H,SO, and SDS showed improved
specific capacitance and cycling stability due to its dispersed
morphology, making it promising for supercapacitor applications
(Zhou et al., 2019). Other surfactants can be chosen to obtain
PANI films. Thus, a cholesterol biosensor has been fabricated
by covalently coupling cholesterol oxidase via glutaraldehyde
onto electrochemically prepared polyaniline film in presence of
Tritonx100, a non-ionic surfactant. This biosensor exhibited a low
detection limit and a high sensitivity (Khan etal., 2009). PANI
films have also been prepared on a mild steel surface from aniline
solutions containing different concentrations of Tween80 surfactant.
The presence of Tween80 led to the inhibition of the oxidation of
steel and to an increase of the protection efficiency of the polymer
film to the corrosion of steel (Abd-El-Nabey et al., 2016). Well-
defined PANI rhombic plates have been produced using CTAB as
cationic surfactant in low acid environment. They exhibited water
dispersibility, processability, and flow-induced colour variation,
which was attributed to the intermolecular interactions between
residual CTAB molecules and PANI molecules (Ma et al., 2017).

Through these reports, it is axiomatic that the introduction of
a surfactant in the electrolytic solution has a great influence on
the properties of the electrodeposited polymers. However, there is
little work in the literature dedicated to the study and comparison
of PANI films obtained from different surfactants. Thus, the two
major studies in the field were conducted by Raj et al. (2010) and
Jamdegni and Kaur (2020). In the first one, electropolymerization
of aniline was carried out in micellar solutions of CSA, CTAB,
and Tritonx100 to reveal the morphology against the nature of
the surfactant molecule (Rajetal, 2010). Indeed, PANI films
electrosynthesized from solutions composed of CSA or Tritonx100,
aniline and perchloric acid showed uniform nanosized globular
structures on glassy carbon electrode and indium tin oxide glass. In
the second one, the effect of the polarity of surfactant head on the
shape and size of PANI structures was demonstrated as well as their
influence on the electrochemical and electrochromic properties of
the PANI films (Jamdegni and Kaur, 2020).
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FIGURE 1
The different surfactants investigated in this study.
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To complete these studies and to obtain additional information
on the impact of surfactants on the properties of electrodeposited
polyaniline films, we prepared different PANI films with either
a strong mineral acid, HCI, or an organic acid, camphorsulfonic
acid. These acids were coupled with surfactants of different charge
(Figure 1), then the physico-chemical properties of the PANT films
were characterized and compared.

2 Materials and methods
2.1 Materials and reagents

Aniline (>99.5%, Acros Organic), sodium dodecyl sulfate
(>99%, Acros Organic, SDS), cetyltrimethylammonium bromide
(>99%, Acros Organic, CTAB), Tritonx100 (Acros Organic,
Tritonx100), camphorsulfonic acid (>99%, Aldrich, CSA), and
hydrochloric acid (37%, VWR Chemicals, HCI) were used without
prior treatment. The water used in all the experiments was
de-ionized water from a Synergy® Water Purification System.

2.2 Electrochemical deposition of polymer
films

All electrochemical experiments were performed using a
SPELEC potentiostat/galvanostat, controlled by a PC via DropView
software interface. The electrochemical cell consists of a classical
three-electrode setup with a Saturated Calomel Electrode (SCE) as
the reference electrode, a platinum plate (5 x 5 x 0.1 cm) as the
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counter-electrode, and a platinum wire (0.785 mm?) or fluorine-
doped tin oxide (FTO) substrate (R =80 Q/square, 15 mm x 30 mm)
as the working electrode.

The electrolyte used for electropolymerization was composed
of an aqueous solution of 0.4 M aniline and HCl or CSA acid
(1.2 M since a low pH is needed for preparation of the conductive
polyaniline) which were used either alone or with a surfactant.
For the surfactant-assisted synthesis, the surfactant (SDS, CTAB, or
Tritonx100) was added to the electrolytic solution at a concentration
of 0.01 M. The PANI films were electropolymerized either by cyclic
voltammetry on a platinum working electrode in a potential range
of —0.2 to +1.75 V/SCE with a scan rate of 50 mV/s to study their
electrochemical behavior, or by chronoamperometry at a potential
of +1.25 V/SCE for 5 min on a transparent planar FTO electrode
since this substrate is convenient for carrying out physico-chemical
characterizations.

2.3 Characterization techniques

2.3.1 Mechanical profilometry

The thickness and roughness of each polymer film were
measured using a Dektak 150 Surface Profiler from Veeco.
Arithmetic roughness was measured on a scan length of 10 mm at
a scan speed of 50 um/s. The thickness of each film was measured
under the same operating conditions after the creation of a physical
sharp step in the film. The thickness and roughness values reported
are the average of at least 3 measurements done at different locations
in the samples. Considering the dispersion of the values obtained,
the uncertainty of the average film thickness can be estimated at 10%
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of the mean value. The uncertainty of roughness measurements is
lower, as 3 measurements are taken over a large distance of 10 mm,
reducing the uncertainty to less than 5% of the mean value.

2.3.2 SEM microscopy

The surface topography of each polymer film was obtained,
without prior metallization, using a high-resolution SEM
microscope Quanta 450 W from FEI The electron beam energy

used was 10 keV and the working distance used was 10 mm.

2.3.3 GDOES-profiler

A Glow Discharge Optical Emission Spectrometer (Model Jobin
Yvon HORIBA GD Profiler) was used since GDOES spectroscopy
is an analytical technique that provides ultra-fast elemental
depth profile analysis of materials. During operation, plasma was
generated in analysis chamber by applying a voltage between the
anode and the cathode (the sample) in presence of argon under
low pressure. Tonized Ar atoms caused sputtering of sample area.
Sputtered atoms excited in plasma rapidly de-excited by emitting
photons with characteristic wavelengths. A moderate power (10W)
was applied to improve depth resolution. The detected elements were
C (156 nm), O (130 nm), Si (288 nm), Cl (134 nm), S (180 nm), and
Sn (317 nm).

2.3.4 Electrochemical characterizations

Once the platinum working electrode is coated with a film
of PANI by electrochemical oxidation, it is rinsed and then
immersed in a solution containing the acid (HCI or CSA at 1.2 M)
and possibly the surfactant (0.01 M) used during electrosynthesis.
Post-polymerization CVs are then carried out which consist of
performing 5 potential scans in a potential range going from —0.2
to +1.75 V/SCE (scan speed: 50 mV/s). The electrochemical activity
is then deduced from the evolution of the oxidation/reduction
processes appearing in the resulting CVs. Other cyclic voltammetry
experiments were also carried out at different scan speeds (10, 15,
20, 30, and 35 mV/s) in monomer-free solutions (acid or acid +
surfactant) to determine if the electrochemical process on the PANI-
modified electrode is controlled by diffusion. Galvanostatic charge-
discharge tests were performed at different current densities (1.0, 1.1,
1.2,1.3, 1.4, and 1.5 mA/cm?) in the potential range going from 0 to
+0.75 V/SCE since this potential window includes the redox peaks
associated to the leucoemeraldine/emeraldine transition.

2.3.5 Electrochemical impedance spectroscopy
(EIS)

EIS measurements were carried out using an electrochemical
cell consisting of three electrodes. The reference electrode was a
saturated calomel electrode, the auxiliary electrode was a platinum
sheet and the polyaniline-modified FTO substrates were used as
working electrode. Since the use of ferricyanide/ferrocyanide ions
as redox mediator system is known to improve the sensitivity of EIS
measurements (Lee et al.,, 2021; Sanchez-Amaya et al., 2022), EIS
measurements were carried out in the presence of the redox probe
[Fe(CN)4]>"/[Fe(CN)]*™ at 5 mM in PBS buffer at pH 7.4, with a
frequency ranged from 100 kHz to 1 Hz, two frequency points per
frequency decade, and using a modulation voltage of 50 mV (E,.).
During the measurements, the potential was kept at +0.5 V/SCE
(E4c)- Data fitting on EIS spectra was performed with Randomize
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(5,000 iterations) + Simplex method (fit stopped on 5,000 iterations)
and using the following equivalent circuit model [R; + Q/R_] where
R is the electrolyte solution’s resistance {[Fe(CN)ﬁ]H 4~ at5mM in
PBS buffer at pH7.4}, Q is the parallel element (the coefficient of the
constant phase element), and R, is the charge transfer resistance.

3 Results and discussion

3.1 Electropolymerization of aniline in HCl
or CSA solution in the presence of
surfactants

The electropolymerization of aniline is first performed in a
surfactant-free solution of HCI, then in HCI solutions containing
either a cationic, anionic, or neutral surfactant (Figure 1) to clarify
the impact of those additives on PANI properties. SDS, which
contains a negative hydrophilic head along with a 12 carbon long
hydrophobic chain is used as anionic surfactant while CTAB,
which contains a positive hydrophilic head and a 16 carbon long
hydrophobic chain, is used as cationic surfactant. Tritonx100,
having a hydrophilic polyethylene oxide chain with neutral aromatic
hydrophobic head, is used as non-ionic surfactant.

A surfactant-free HCI solution containing aniline monomers
is oxidized in a potential range from —0.2 to +1.75 V/SCE using
cyclic voltammetry (CV). The first scan is shown in Figure 2A
while the following scans are given in Supplementary File S1.
During the first potential scan, an anodic peak corresponding
to the oxidation of the aniline monomers and the initiation
of the electropolymerization reaction appears at +0.95 V/SCE.
In the following scans (Supplementary File S1), the redox peak
current increases progressively with the number of potential
scans indicating that the growing polymer film is conductive but
also that the electropolymerization of aniline is an autocatalytic
process as shown by Mu and Kan (1996). Moreover, a first
oxidation peak at +0.20 V/SCE corresponding to the transition
from the leucoemeraldine form into the emeraldine form (Holze
and Nalwa, 2000), a second oxidation peak at +0.45 V/SCE due
to the redox process of the degradation products of PANI at high
anodic potentials (Baba etal., 2004; Wu et al., 2018), and a third
oxidation peak at +0.75 V/SCE corresponding to the transition
from the emeraldine form into the pernigraniline form, followed
by two reduction peaks corresponding to the return to the initial
leucoemeraldine form are visible (Holze and Nalwa, 2000). At the
end of the CV; a green deposit of PANI/HCl is visible on the surface
of the electrode.

The cyclic voltammetries obtained in aniline and HCI solution
in the presence of SDS, CTAB or Tritonx100 have a very similar
shape since they all show a main oxidation peak at +0.95 V/SCE
and two reduction peaks at +0.40 and +0.05 V/SCE (Figure 2A;
Supplementary File S2). They are also comparable to those obtained
from surfactant-free solutions of HCL. Only the intensity of the
oxidation and reduction peaks varies from one surfactant to the
other, the intensity being the highest during the growth of PANI/HCI
+ Tritonx100 (Figure 2A). It is also noticeable that the lowest peak
intensity is obtained for the PANI/HCI film prepared in the absence
of surfactant in the electrolyte, thus the electropolymerization
reaction seems easier in the presence of a surfactant whatever its
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FIGURE 2

Potentiodynamic growth of polyaniline films grown in HCL (A) or CSA (B) with different surfactants or in the absence of surfactant. Scan speed: 50 mV

st WE: Pt.

charge. At the end, a green deposit is obtained on the working
electrode in all cases, showing that aniline can be successfully
polymerized with a positive, negative, or neutral surfactant.

While the oxidation of aniline in CSA solutions with or without
surfactant leads to the formation of a green PANI film visible to the
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naked eye and comparable to that obtained with HCI solutions, the
CVs obtained in CSA solutions (Figure 2B) differ markedly from
those previously obtained in HCI solutions. Indeed, if the aniline
oxidation peaks appear at potentials of +0.95 to +1.0 V/SCE in the
presence of Tritonx100 and CTAB or in the absence of surfactant,
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Variation of the anodic peak current as a function of the square root of the scan rate. Cyclic voltammograms were performed either in HCl (A) or CSA
(B) solutions with different surfactants or in the absence of surfactant. Scan speed: 50 mV s™*. WE: Pt.

the peaks are however much wider than in HCI solutions. In fact,
the higher size of the CSA anion may lead to a slower diffusion
of the anion in both the electrolyte and the polymer film and to a
breaking of the size-dependent interactions inside the film, and thus

Frontiers in Materials

it can slow down monomer and polymer oxidation leading to a wider
oxidation peak (Abd-Elwahed and Holze, 2002).

In addition, the aniline oxidation peak observed during the first
scan in the presence of SDS is particularly broad and is present at a
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FIGURE 4
SEM micrographs of polyaniline films grown in HCl solutions containing no surfactant (A), SDS (B), Tritonx100 (C), or CTAB (D) at 0.01 M.

FIGURE 5
SEM micrographs of polyaniline films grown in CSA solutions containing no surfactant (A), SDS (B), Tritonx100 (C), or CTAB (D) at 0.01 M.

Frontiers in Materials 07 frontiersin.org


https://doi.org/10.3389/fmats.2024.1358534
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles

Kayishaer et al.

10.3389/fmats.2024.1358534

>

Intensity (a.u.)

Si

Intensity (a.u.)

FIGURE 6

o}

Intensity (a.u.)

GDOES depth profiles of polyaniline films grown in HCl solutions containing no surfactant (A), SDS (B), Tritonx100 (C), or CTAB (D) at 0.01 M.

Intensity (a.u.)

Si

cl

=
Time (s)

higher potential, +1.3 V/SCE, which may be due to the presence of
sulfonate groups in both SDS and CSA possibly leading to repulsive
interactions between negative charges. On the contrary, the shape
of the following potential scans is similar to that obtained in HCI
solutions since all oxidation and reduction peaks characteristic of
polyaniline growth are present and their peak current increases
progressively with the number of potential scans indicating that the
growing PANI film is conductive (Supplementary Files S3, 54).

The effect of scan rate on the cycling voltammograms was
then studied to determine the mode limiting aniline monomer
transport to the FTO working electrode in HCI or CSA solutions
with different surfactants or in the absence of surfactant. For
each electrolyte composition, the cyclic voltammograms were
performed for the five scan rates: 10, 15, 20, 30, and 35 mV/s.
Then, the evolution of the anodic peak intensity corresponding
to the emeraldine/pernigraniline redox pair with the square root
of the scan rate was drawn (Figure 3). Since I, was proportional
12 \whatever the acid and the surfactant used, it can be
assumed that the electrochemical process follows the Randles-

to v
Sevcik equation (Eq. 1), which means that the electrochemical
process on the electrode is controlled by a solid-state diffusion

process (Inamdar et al., 2011).

I,=2.69x10°n*>ACD'*y!/? )
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Where I, is the peak current, n is the number of electrons
transferred in unit reaction, A is the area of the electrode, C is the
concentration, D is the diffusion coeflicient, and v is the scan rate.

Moreover, the slope of straight line Ip—vl/2 directly reflected
the diffusion coefficient of the electrolyte on the polyaniline film-
modified electrode. By comparison, it appeared that the slopes were
higher in HCI solutions [varying from 1,685 to 2017 pA/(V/s)'?]
than in CSA solutions [varying from 1,158 to 1,644 pA/(V/s)'"?]. As
a result, the electropolymerization of PANI on the FTO substrate
can be considered as a quasi-reversible reaction controlled by the
diffusion of aniline monomers both in the presence or in the absence
of surfactant in the HCI or CSA solution. Moreover, the higher size
of the camphorsulfonate anions compared to the chloride anions led
to a slower diffusion of the anions in both the electrolyte and the
polymer films as previously shown using computational chemistry
calculations (Leeetal, 2009) and electrochemical experiments
(Abd-Elwahed and Holze, 2002).

3.2 Morphological features of the
electrodeposited polyaniline films

The morphological features of polyaniline films electrodeposited
with or without surfactant on FTO planar electrodes were first
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studied using SEM microscopy. SEM pictures show that the PANI
film electrodeposited in a surfactant-free HCl solution has a
sponge-like morphology (Figure 4A) similar to the one generally
observed (Kovac et al,, 2022). PANI/HCI + SDS (Figure 4B) and
PANI/HCI + CTAB (Figure 4D) films have a similar but even more
spongy structure while the structure of PANI/HCI + Tritonx100
(Figure 4C) is different, possibly due to the larger size of the
surfactant or the use of a non-ionic surfactant, which leads to the
absence of repulsive interactions inside the film (Figure 4). Also,
the thickness of the PANI/HCI + SDS film can be estimated to
15 um which is lower than the one of the other PANI/HCI films
(PANI/HCI: 40 um, PANI/HCI + Tritonx100: 34 pm, PANI/HCI
+ CTAB: 31um). All PANI films have a low roughness of
0.3 um for PANI/HCI, 0.2 ym for PANI/HCI + SDS, 0.1 um for
PANI/Tritonx100 and PANI/HCI + CTAB. The lower thickness
of the PANI/HCI + SDS film is probably due to the high size
of SDS anions which are attracted by positively charged oxidized
PANTI films and causes steric hindrance unfavourable to the growth
of the PANI film. The same trend was previously observed for
polypyrrole films, since their thickness was higher when doped
with small ions such as perchlorates than when doped with
large ions such as para-toluenesulfonates or camphorsulfonates
(Patois et al., 2011).
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SEM images of the PANI films prepared from CSA solutions
were also done for comparison. These pictures show different
structures for PANT films depending on the Figure 4A surfactant
used (Figure5). The morphology of the PANI/CSA + SDS
(Figure 5B) film has a spongy structure (Figure 5B) similar to the
ones of the PANI films grown in HCI solutions (Figure 4). On
the contrary, the PANI/CSA + CTAB (Figure 5D) or PANI/CSA
+ Tritonx100 (Figure 5C) have a different structure, less spongy,
more compact, fibrous, and comparable to that obtained from CSA
solutions in the absence of surfactant (Figure 5A) but very different
from those obtained in HCI solutions.

The films
electrodeposited in HCI or CSA solutions and in the presence of

difference in morphology between PANI
surfactants is not very surprising. Indeed, Giz etal. (2000) have
already demonstrated through AFM images that the use of different
dopants induces changes in surface morphology which are due to
several factors involved in the electropolymerization process, such as
anion diffusion/migration in the polymer matrix, salt solubility, and,
specifically, the chemical nature of the anion (Sizun et al., 2012). The
thickest PANI films are PANI/CSA + SDS (35 pm) and PANI/CSA
(thickness: 30 pum), whose thicknesses are comparable with those
of PANI/HCI, PANI/HCI + Tritonx100 and PANI/HCI + CTAB.
One possible explanation of the highest thickness of PANI/CSA +
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Post-polymerization cyclic voltammetry of the PANI films prepared in HCL (A) and CSA (B) solutions. Scan speed: 50 mV s™. WE: Pt.

SDS could be the presence of sulfonates both in the acid and in
the surfactant which could lead to a particular affinity facilitating
the growth of the polymer film. On the contrary, the films grown
in CSA and CTAB or Tritonx100 have a lower thickness (27 um
for PANI/CSA + CTAB and 16 um for PANI/CSA + Tritonx100)
than PANI/CSA films. With a roughness between 0.2 and 0.5 um
whatever the electrolyte used, the PANI films deposited from
CSA solutions present similar roughness than PANI films from
HCl solutions.
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3.3 Location of the anions in the
electrodeposited polyaniline films

GDOES experiments were carried out to determine the location
of anions in polyaniline films since this characterization technique
provides a signal from each chemical element as a function of
erosion time, thus allowing to access the distribution of the
chemical elements in the film (Giz et al., 2000; Xiao et al., 2013).
Thus, the qualitative GDOES depth profiles of PANI films are
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followed by the carbon element and FTO substrate by silicon
element (Figure 6). PANI/FTO interface could be located by the
decrease of carbon signal and increase of the silicon signal. The
accumulation of carbon at the interface is due to the modification
of the sputtering rate between the polymer and the FTO substrate
and C peaks observed at the beginning of the sputtering (during
the first seconds) are not meaningful since they are probably due to
surface contamination. GDOES technique allows us to determine
the within electrodeposited
polymer films.

A high signal of CI element is observed at the surface of the
PANI/HCI film during the first seconds of analysis, indicating an
inhomogeneous distribution of the Cl™ anions in the PANI film
with a higher concentration of Cl™ at the top surface than inside the

distribution of counter-anions
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PANI matrix (Figures 6A-D). Similar GDOES profiles are obtained
for PANI films containing surfactants indicating that chloride ions
are not present in the bulk of these films, but only at the top part of
the films which is certainly favorable to the doping/dedoping of the
PANI films during its oxidation/reduction. In addition, Figure 6B
shows that the sulfur atoms from the SDS surfactant also remain on
the top surface of the film, therefore the sponginess does not seem
sufficient for the anions to penetrate the film.

The GDOES profiles of PANI films prepared in CSA solutions
are very different. Indeed, the distribution of camphorsulfonate
anions seems much more homogeneous since the signal of the
sulfur element, allowing to track the presence of the CSA anions,
is present on the whole area corresponding to the erosion of carbon
and thus to the presence of the polymer (Figure 7). It is therefore
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likely that camphorsulfonate ions are trapped in the film during
electropolymerization and cannot emerge from the film due to
their high size and low mobility while chloride ions, smaller and
more mobile, are able to get out of the film to go to the top
surface of the film using its sponginess. This less spongy structure
prevents counter-anions from getting deeply inside the PANI films
and being trapped, and so facilitates the doping/dedoping of the
PANI film.

3.4 Study of the electroactivity and
conductivity of the electrodeposited
polyaniline films

3.4.1 Electrochemical activity measurements

The electrochemical activity of the electrodeposited PANI films
is then assessed since the measurement of the electroactivity
indicates if the films pass easily or not from a doped to a dedoped
form, through the exchange of anions between the film and
the electrolyte. For this purpose, the electrode with the attached
polymer film is removed from the electrolyte growth solution
and placed in a monomer-free aqueous acid solution for post-
polymerization voltammetric analysis. The post-polymerization
CVs of the PANI films grown in HCI solutions show several
oxidation and reduction peaks indicating that doping/dedoping
of each PANI film by the anions is readily accomplished (the
first cycle is given in Figure 8A and the following scans in the
Supplementary Files 5, 6). Moreover, the intensity of the peaks
remains constant during the 5 cycles which means that the
electroactivity does not decrease by cycling. The intensity of these
peaks is high indicating that ionic exchanges between the PANI
film and the electrolyte occurs easily with chloride counter-anions.
This result can be explained by: (i) the small size and high mobility
of the chloride ions, (ii) the presence of the chloride ions at the
top of the film and not inside the film, as shown by the GDOES
experiments. It is also noticeable that the highest electroactivity
is obtained for the PANI/HCI films grown in surfactant-free
solutions. So, the presence of a surfactant in the electrolytic solution
seems to be less favorable to the doping/dedoping process of
the PANI films.

The post-polymerization CVs are then performed in the CSA
solutions with and without surfactant and compared with those
obtained with PANI grown in HCI solutions. Thus, it is visible
that the intensity of the peaks is higher for the PANI/HCI film
than for the PANI/CSA film in the absence of surfactant which
indicates that ionic exchanges between the PANI film and the
electrolyte occurs more easily with chlorides counter-ions than
with camphorsulfonate ions (the first cycle is given in Figure 8B
and the following scans in the Supplementary Files 7, 8). This
result can be explained by the fact that the chloride anions
are present only on the surface while the CSA anions are
incorporated into the polymer film, as previously demonstrated
by the GDOES experiments. On the contrary, the electrochemical
activity of the PANI films obtained in the presence of SDS,
Tritonx100 and CTAB (Figure 8B) presents interest since the
peak currents are higher than those obtained in HCI solutions
(Figure 8A).
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3.4.2 Galvanostatic charge-discharge curves
Galvanostatic charge and discharge (GCD) curves were made
for different current intensities. Figure 9 shows the galvanostatic
charge-discharge of PANI/HCl + Tritonx100 (Figure 9A) and
PANI/CSA + Tritonx100 (Figure 9B) for different applied current
densities (from 1.0 to 1.5mA/cm?). GCD curves were not
symmetrical between the charge-discharge processes, indicating
that polyaniline films are pseudo-capacitive materials. Indeed,
the initiation of the discharge curve showed a resistive behavior,
characteristic of PANI-modified
potential drop with time could be observed, indicating that there
were consecutive electron exchanges on the modified electrode
through faradic reactions (Ghenaatian et al., 2012; Eftekhari et al.,
2017b; Martins et al., 2020). Only the curves obtained with
PANI/HCI + Tritonx100 and PANI/CSA + Tritonx100 are shown
here, but the GCD curves all had the same appearance, whatever the

electrodes. Also, a variable

electrolyte composition (Supplementary Files 9, 10).

Moreover, the increase in the applied current density led to the
increase in the voltage drop, thus reducing charge and discharge
times and the specific capacitance, which can be calculated from the
galvanostatic charge-discharge using the following equation (Eq. 2):

jAt

Y (2)

Where j is the applied current density, At is the discharge time
and AE is the potential window.

The calculated specific capacitances for the different applied
densities are represented in Figure 9C for PANI grown in HCI
solutions and in Figure 9D for PANI films grown in CSA solutions.
The capacitance of the electrode is not constant and depends
strongly on the current density. Indeed, the capacitance of the PANI-
modified electrodes decreases as the imposed current increases
whatever the composition of the electrolytic solution, as previously
observed by Aynaou etal. (2022). This decrease in capacitance
is explained by the low diffusion of ions in the electrolyte
(Mondal et al., 2007). The capacitances obtained for PANI films

TABLE 1 Values extracted from the application of a simple Randles
equivalent circuit model to the impedance data for the different
PANI films.

R, (Q) | QIFs@Y] | R, (Q) x2
HCI 207 1.18107° 3,930 551107
HCI + SDS 185 2.48107° 3,728 3.86107°
HCl + CTAB 170 171107 5,341 713107
HCI + Triton x100 150 1.81107° 4,369 359107
CSA 146 1.65107° 2,692 6.77107
CSA + SDS 165 3.07107° 502 3.38107°
CSA + CTAB 150 2.66107° 1,754 6.63107°
CSA + Tritonx100 150 2.37107° 782 5.57107°

“R;: solution resistance, Q: constant phase element, R ,: charge transfer resistance, x2:
goodness of fit.
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grown in HCI are lower than those obtained for PANI films grown
in CSA. Indeed, PANI films grown in CSA and surfactants reached
capacitance values higher than 200 mA/cm?, these values being
strongly higher than those previously published (Aynaou etal,
2022). In PANI/HCI films, chloride anions penetrated the film,
whereas in PANI/CSA films, camphorsulfonate anions remained on
the film surface and in the bulk, acting as a charge reservoir, and
leading to higher specific capacities. However, it must be noticed
that the decrease in capacitance with applied current density was
much less marked for polyaniline films prepared in HCI than for
films prepared in CSA, indicating that PANI-HCI films had a more
constant capacitance. This means that PANI-HCI films can more
easily maintained their capacitance under increased current, which
is of importance for the electrode materials of electrochemical
capacitors.
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3.4.3 Electrochemical impedance spectroscopy
Mmeasurements

The most common way of analyzing EIS data is to assimilate
electrochemical phenomena (interfacial charging, electron transfer,
and mass transport) to electrical elements and arrange them in an
equivalent circuit corresponding to the electrochemical cell used.
In this work, the EIS experimental data are fitted with the EC-Lab
software considering a * < 107> as a satisfactory goodness of fit.
For the polyaniline films previously electrodeposited, such low value
of goodness of fit (Table 1) is obtained using the simple Randles
circuit which is probably the most frequently used equivalent
circuit to characterize the behavior of polymer electrodeposited
films such as polyaniline films (Xing et al., 2014; Aggas et al., 2018)
(Figure 10A). In this model, the circuit is composed of a solution
resistance (R,) in series with a parallel combination of a constant
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phase element (Q), which models the behavior of a double layer
that is an imperfect capacitor, and a charge transfer resistance
(R.,) both used to characterize Faradaic processes. In the Nyquist
plot, the imaginary part of the impedance is represented as a
function of the real part of the impedance, each point in the
Nyquist plot corresponding to impedance at one frequency. For
the different polyaniline films electrodeposited in this work, the
Nyquist plot contains a semi-circular arc intersecting the real axis
at two places: the intercept closest to the origin gives the value of
solution resistance (R;) and corresponds to the highest frequencies
while the intercept farthest from the origin gives the value of total
resistance (Ry + R) and corresponds to the lowest frequencies
used. Table 1 gathers the values extracted from the application of
a simple Randles equivalent circuit model to the impedance data
from the various PANI films grown in HCl and CSA solutions.
First of all, it can be noticed that all the solutions have similar
resistances (146-207 Q)), which is consistent with the fact that
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they all contain [Fe(CN)6]3’ and [Fe(CN)6]4’ (5 mM) dissolved
in a PBS solution.

Considering PANI/HCI films, PANI/HCI + CTAB presents the
highest R, value of 5,341 Q which evidences the lowest conductivity
of this film since a high R value implies high electron transfer
resistance to the redox-probe and the blockage of charge transfer.
The resistance of the other polyaniline films is lower and the
calculated R, values are relatively close since they vary from 3,728 Q)
for PANI/HCI + SDS to 4,369 Q for PANI/HCl + Tritonx100.
However, a major limitation in the Nyquist plot is that the frequency
can not be easily deduced from the plot. So, it is useful to draw
the Bode plot, where the impedance is plotted with the absolute
value of impedance, or the phase angle is plotted on the y-axis and
the logarithmic frequency plotted on the x-axis. In our case, the
results of the Nyquist plot are confirmed by the Bode plots. Indeed,
Figure 10B shows that there is no significant difference between the
impedance of each of the PANT films grown in HCI solutions while
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the phase diagram of Figure 10C confirms that the most resistive
films are PANI/HCI + CTAB and PANI/HCI + Tritonx100 since their
phase change is greater than the ones of PANI/HCI and PANI/HCI
+ SDS. In the end, it appears that all the polyaniline films grown
in HCI solutions have a relatively similar conductivity since their
conductivity differs in a narrow range of resistance of 3,728-5341Q.

As shown in Figure 11A, the Nyquist plots of the polyaniline
films grown in CSA indicate that PANI/CSA + SDS film, which
are the most electroactive, presents the lowest R, value of 502 Q
which evidences the highest conductivity of this film (Table 1). The
R, value of the PANI/CSA + Tritonx100 is also lower (782 Q)
than the one of PANI/CSA + CTAB (1,754 Q). The most resistive
PANI/CSA film is grown in the absence of surfactant (2,692 Q).
It therefore seems beneficial to add a surfactant to the electrolyte
solution to increase the conductivity of the polyaniline film grown
in CSA solutions. This is further confirmed by observing the Bode
plots. Indeed, in the Bode impedance plot, the impedance is the
lowest for PANI/CSA + SDS and the highest for PANI/CSA at
frequencies lower than log 1.5 = 30 Hz (Figure 11B). In addition,
the Bode phase angle plot shows that the maximum phase angle
at a frequency of 30 Hz varies from —20° for PANI/CSA + SDS to
—-60° for PANI/CSA, confirming an increase of resistance in the
absence of surfactant (Figure 11C). It is also noteworthy that the
conductivity of the PANI/CSA films is much higher than those of the
PANI/HCl films since the conductivity of the PANI/CSA films varied
from 502 to 2,692 Q while the conductivity of the PANI/HCI films
varied from 3,939 to 5,341 Q. The fact that the conductivity of PANT
films changes as a function of the dopant is consistent with previous
studies that have shown the strong impact of the nature of the
counter-anion on the conductivity of electrodeposited polyaniline
and polypyrrole films (Hao et al., 2010; Patois et al., 2010). It can
also be supposed that the presence of the CSA dopant in the whole
film and not only on surface of the film partly explains the higher
conductivity of PANI/CSA films. Also, the conductivity variations
due to changes in electrolyte composition are far much greater in
CSA solutions than in HCl solutions. As the acid and surfactant act
as a dopant, it is not surprising that conductivity varies according to
the nature of the acid and surfactant. Indeed, the surfactants used do
not have the same charge, which causes differences in conductivity,
and the acids and surfactants do not have the same size, which
leads to differences in morphology affecting conductivity. Similarly,
a previous study has shown that the nature of the dopant strongly
influences the conductivity value of polypyrrole films (Patois et al,
2010).

4 Conclusion

The electrochemical oxidation of aniline in the presence of a
positive, negative, or neutral surfactant in HCI or CSA solutions
has successfully led to the formation of green solid polymer films,
although the properties of these resulting films appeared to depend
on the surfactant and the dopant used.

Electropolymerizations performed in HCI solutions led to
spongy morphologies, except in the presence of Tritonx100.
Chloride counter-anions were present only on the top surface of
these films as demonstrated by GDOES experiments which impacts
the electroactivity of the films. This electroactivity is the highest
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in the absence of surfactants mainly due to steric hindrance. The
thickness of the films also varies according to the surfactant, the
thickness of the PANI/HCI + SDS films being the lowest due to
repulsive interactions between the negative charges of the chlorides
and sulfonates anions. Also, the conductivity of the PANI/HCI films
differs in a narrow range of resistance of 3,728-5341().

Electropolymerizations performed in CSA solutions have led
to more compact and fibrous morphologies than in HCI solutions,
except in the presence of SDS. This is consistent with the fact
that sulfonate counter-anions were present throughout the film
and not only on the surface of these films as demonstrated by
GDOES. Furthermore, the difference in morphology can explain
that the electroactivity of films in the presence of surfactants was
higher for the PANI films grown in CSA solutions than those
grown in HCI solutions. Also, the thickness of the PANI/CSA +
SDS films was the highest one, probably due to the presence of
sulphonate groups both in the acid and in the surfactant. The
conductivity of PANI films grown in CSA solutions was much
higher than that of PANI films grown in HCI solutions. The most
conductive films were those obtained in the presence of CSA and
SDS, and in the presence of CSA and Tritonx100, both of which also
exhibited the best electroactivities, thus favoring doping. Besides,
the specific capacitance of the PANI/CSA films was higher and more
sensitive to current density variation than the one of films doped
with HCL

More generally, the results obtained in this work demonstrate
that the addition of a well-chosen surfactant allows to tune the
conductivity and the capacitance of polyaniline films, which is
of interest for applications such as gas detection using resistive
sensors to optimize the initial conductivity of the polymer film used
as sensitive layer, or for the fabrication of conducting polymer-
based supercapacitors and energy storage devices. The prevention of
corrosion could also be a potential application for such polyaniline
films since sulfonated polyaniline films have already been used for
such application [68].
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