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Abstract: In this work, the electropolymerization of polyaniline (PANI) is explored for its action
as either a suitable coating or as a substrate for Nickel (Ni) and Magnetite (Fe3O4) surfaces. PANI
electropolymerization has been achieved through cyclic voltammetry (CV), potentiostatic and gal-
vanostatic electrochemical methods. The interaction between the obtained surfaces and the ferromag-
netic layers (Ni and Fe3O4) has been investigated as a function of the pH of the electrolytic PANI
solution, and also a variety of experimental parameters have been optimized in order to achieve
the synthesis of PANI coatings (solvent, substrate, concentrations, and cell set-up). Thus, we ob-
tained stable and consistent PANI thick films at the interface of both the nickel and the magnetite
ferromagnetic materials.

Keywords: PANI; electropolymerization; hybrid solid-state electronic device; Ni electrodeposition;
magnetite electrodeposition; CV; Au; polymer; coating; pH

1. Introduction

Conductive Polymers (CPs) are a widespread category of materials, which feature
some mechanical attributes of plastics with the typical electrical properties of semicon-
ductors; these species contain conjugated bonds, which give rise to an almost continuous
valence and conduction bands [1]. Moreover, CPs are usually characterized by optical
transparency in the oxidized state and by a modulable band gap [2]. This is the reason why
conductive polymers are used for many different applications that include catalysis [3],
electroluminescent devices [4,5], organic transistors [6–8], LEDs [9,10] and photovoltaic
polymer cells [11–13]. With respect to ordinary inorganic semiconductors, CPs hold par-
ticular advantages, such as a low switching time [14], a high contrast ratio (CR) [15] and
a modulable bandgap [16]. By oxidizing or reducing the polymeric chains of CPs (via
chemical or electrochemical procedure), it is possible to generate charge centres, which are
responsible for the electrical conductivity of these species [17].

One of the most important conductive polymers is polyaniline (PANI), which can
be obtained by the chemical or electrochemical polymerization of aniline, a phenyl ring
attached to an amino group (see Figure 1a). Unlike other CPs, polyaniline can exist in
different forms, depending on the degree of oxidation. Polyaniline is formed by monomer
units built from reduced (y) and oxidized (1-y) groups, with 0 ≤ y ≤ 1 (compare with
Figure 1b) [18]. The redox state of the polymer is determined by the value of y:

Coatings 2022, 12, 1518. https://doi.org/10.3390/coatings12101518 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings12101518
https://doi.org/10.3390/coatings12101518
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-9949-3751
https://orcid.org/0000-0003-0037-2499
https://orcid.org/0000-0002-1183-2406
https://doi.org/10.3390/coatings12101518
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings12101518?type=check_update&version=2


Coatings 2022, 12, 1518 2 of 12

Figure 1. (a) Aniline structural formula; (b) polyaniline structure as a repetition of y and (1-y) units.

At y = 0, polyaniline is in the form of pernigraniline, the fully oxidized form; if
y = 0.5, polyaniline is in the form of emeraldine, while y = 1 corresponds to the form of
leucoemeraldine (the fully reduced form).

In addition, the transitions between different polyaniline forms (and consequently
different oxidations levels) are characterized by changes in many physical properties, such
as color and conductivity. The maximal conductivity of polyaniline is achieved at a doping
degree of 50%, which corresponds to polyaniline in the form of emeraldine salt [19]. For
higher doping degrees, some of the amine sites (-NH-) are protonated, while lower doping
degrees mean that some of the imine (=NH-) sites are left unprotonated [20]. Therefore, the
reduction of emeraldine salt to leucoemeraldine and the oxidation to pernigraniline states
decrease the conductivity (in accordance with the polaron conductivity model) [21]. The
order of magnitude for conductivity varies from 10−2 S cm−1, for undoped emeraldine, to
103 S cm−1, for doped emeraldine salt [22].

The mechanism and the kinetics of the electrochemical polymerization of aniline
were intensively studied [22–30]. Nevertheless, in the context of applications, aniline
polymerization is typically only performed in an acidic environment, since a higher pH
results in short and conjugated bonds as the protonation is favoured [20].

In this work, the electrochemical polymerization of PANI was investigated, with
particular attention paid to the interaction possibility with ferromagnetic materials and
magneto-responsive devices, in the context of a simple electrochemical production [31–36].
The galvanostatic and potentiodynamic electropolymerization of aniline has been explored
as a function of the pH of the electrolytic solution, allowing one to produce stacked systems
with ferromagnetic layers.

2. Materials and Methods

Sigma Aldrich (Burlington, MA, USA) Aniline ACS reagent 95%, Sigma Aldrich Iron
(III) sulphate hydrate Fe2(SO4)3 97%, Sigma Aldrich Sulfuric acid H2SO4 ≥ 99.9%, Sigma
Aldrich Acetic acid CH3COOH ACS reagent ≥ 99.7%, Sigma Aldrich Sodium hydroxide
Na(OH) ≥ 98%, Sigma Aldrich Potassium chloride KCl ≥ 99%, Carlo Erba Boric acid
H3BO3 99+%, Carlo Erba Nickel (II) chloride, anhydrous 98%, Sigma Aldrich Nickel (II) sul-
phate anhydrous 99.99% and Sigma Aldrich Triethanolamine ≥ 99.0% were used without
additional manipulation. Regarding the electrochemical setup, PANI electropolymeriza-
tion studies and ferromagnetic metals depositions were performed in a one-compartment,
three-electrode electrochemical cell. A Pt wire was used as a counter-electrode (CE), while
a Ag/AgCl/KClsat was the reference-electrode (Ref). The employed substrates (acting as
working electrodes) consisted of gold (Au)-rod commercial electrodes by Metrohm (3 mm
diameter) and gold Au surfaces (100 nm) evaporated on top of silicon wafers (1.5 × 1.5 cm2),
with a 10 nm adhesion mid-layer. For the latter, a circular O-ring (1 cm diameter) was
used in order to obtain a consistent value of the geometrical electrode area, thus making
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currents comparable. Prior to each electrochemical experiment, the working electrodes
(WEs) were cleaned by sonication in EtOH, then rinsed with AcOH and distilled water,
and finally dried with N2. The electropolymerization and metallization measurements
were performed by means of cyclic voltammetry (CV) and both chronoamperometric and
galvanostatic methods in unstirred solutions. The PANI electropolymerization solutions
consisted of aniline (0.1 M) dissolved in different aqueous electrolytes, in sequence: H2SO4
(1 M), CH3COOH (40 mM), KCl (0.1 M) and Na(OH) (0.1 M). Nickel was electrodeposited
from a standard Watt’s Bath (WB), whose composition is: nickel sulphate NiSO4 (1 M),
nickel chloride NiCl2 (0.25 M), boric acid H3BO3 (0.6 M), pH = 5. The magnetite elec-
trodeposition solution [37] consisted of Na(OH) (2 M), Fe(III)2(SO4)3 (50 mM), TEA (0.1 M)
(triethanolamine); the solution was prepared by slowly adding Fe(III)2(SO4)3 dissolved in
water to a stirred solution of Na(OH) and TEA at 60 ◦C. All the electrochemical experiments
were performed by means of an AUTOLAB PGSTAT type III, using NOVA electrochemistry
software (version 2.1.5) from Metrohm Autolab. PANI was electropolymerized at different
values of constant current (0.0625 mA, 0.125 mA, 0.250 mA, 0.5 mA, 0.75 mA) for different
time intervals (900 s, 1800 s). The morphology of the surfaces and the relative cross sections
were investigated by means of SEM photomicrographs performed using a Philips XL40
microscope; the section was obtained by cutting the samples with a REMET Micromet and
mechanically polished using a Buehler Minimet 1000 (Buehler emery paper and alumina
0.05 µm). The profilometry measurements were performed using a HommelWerke Wave-
line20 profilometer. Monte Carlo simulations on the EDS microanalysis data have been
performed using the software DTSA-|| [38].

3. Results
3.1. PANI Electropolymerization from Acidic Solution

The standard conditions for PANI electropolymerization include an acidic environ-
ment, typically provided by sulfuric acid or perchloric acid in an aqueous solution [39,40].
In our study, galvanostatic and potentiostatic PANI depositions, Figures 2–4 were per-
formed on a Au substrate from a H2SO4 (1 M) and aniline (0.1 M) electrolytic solution
(please compare the following Section 3.3 for the CV method of electropolymerization).
Figure 2 displays the potential (V) vs. time (t) trend for a PANI galvanostatic deposition.
The polymer coating is grown by applying a constant current of 0.25 mA.

Figure 2. PANI galvanostatic electropolymerization on a Au/Si WE, in a 3-electrodes cell. Pt was
used as CE, Ag/AgCl/KClsat as Ref. The electrolyte consists of aniline (0.1 M) in a H2SO4 (1 M)
aqueous solution. A total of 0.25 mA of current was imposed for 1800 s. The inset displays the
produced surface.
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Figure 3. On the (left) panel, cyclic voltammetry (CV) curves recorded on PANI/Au WEs. The
various colors are associated with separate samples that underwent different currents of electropoly-
merization, leaving all the other parameters unaltered (electrochemical bath, electropolymerization
time of 900 s, substrate, electrode area, etc.). Orange curve: PANI electropolymerization at 0.0625 mA
for 900 s; red curve: PANI electropolymerization at 0.125 mA for 900 s; green curve: PANI elec-
tropolymerization at 0.25 mA for 900 s; black curve: PANI electropolymerization at 0.5 mA for 900
s. These samples were tested by CV between −0.5 V and 0.5 V vs. Ag/AgCl/KClsat; Pt was the
counter-electrode. The solution only consists of the support electrolyte: KCl (0.1 M). The scan-rate is
0.1 V/s. On the (right) panel: relation between the peak oxidation current recorded in the previous
CVs (on the (left) panel) and the value of the imposed current during the electropolymerization of
the samples.

Figure 4. Nickel potentiostatic electrodeposition on a PANI/Au WE, in a 3-electrodes cell. Pt was
used as CE, Ag/AgCl/KClsat as Ref. The Watt’s Bath was used as electrolyte: nickel sulphate NiSO4

(1 M), nickel chloride NiCl2 (0.25 M), boric acid H3BO3 (0.6 M), pH = 5. The imposed potential was
−1.4 V for 1800 s. The inset displays the produced surface.

Figure 2 evidences an initial transient, where the potential reaches 0.75 V to match the
imposed current. During these first seconds, the double-layer charging process is occurring;
then, after the correspondent value of the potential is set, the diffusion dynamics take over,
and the potential is approximately constant for the remaining time. The trend of the curve
decreases slightly because a new conductive surface is growing on the electrode as PANI
is polymerized, and so a lower potential is needed to maintain the imposed value of the
current. The PANI coating obtained in the described procedure is illustrated in Figure 2
inset. The deposit is uniform, firmly adherent to the substrate, and shows a dark green
colour (further evidence that PANI in the form of emeraldine has been synthetized, as
expected when using acidic medium).
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The relationship between the PANI thickness and the imposed current during the
galvanostatic electropolymerization has been investigated by means of CV in support
electrolyte (KCl), and the results are presented in Figure 3.

Figure 3 (left) features CV curves in the same potential window (−0.5 V ÷ 0.5 V)
for different PANI coatings, which were deposited under the same conditions previously
described but with different values of the constant current. Since the electrolytic solution
only consists of support electrolyte, the observed current is associated with the PANI
electrode reversible redox activity (oxidation peak between 0.2 V and 0.4 V, correspondent
reduction peak between −0.2 V and −0.4 V). As the polymerization current increases (at
a constant time, in this case 900 s), the thickness of the produced surface grows as well.
A greater amount of conductive surface (for higher PANI thicknesses) results in a larger
number of sites for the electrons’ exchange and correspondent higher currents displayed in
the CVs. In Figure 3 (right), it can be observed that there exists a rough semiquantitative
monotonic pattern between the current for the PANI electro-polymerization (galvanostatic
regime) and the currents obtained in the KCl CVs. This trend is confirmed after repeating
this experiment with a ferrocyanide/ferricyanide [Fe(III)(CN)6]3−/[Fe(II)(CN)6]4− redox
probe in solution, as reported in the Supplementary Materials (Figure S1). The pattern
emerging from Figure 3 shows that the doubling of the electropolymerization current
translates to a thickness increase by a coefficient between 1.4 (for higher thicknesses i.e., a
lower curve gradient) and 1.9 (small thicknesses, a higher gradient of the quadratic curve).
This result is confirmed by the PANI thickness measurements which were performed on
different samples and with different techniques (SEM top view and cross-section imaging,
profilometry and Monte Carlo simulations on SEM EDS data, respectively, in Figure 5,
Figure 6 and Figures S3 and S5). All these latter experiments show consistent results with
the electrochemical data.

Figure 5. SEM micrographs (top view) of the layered Au|PANI|Ni specimen.

3.2. Ni Electrodeposition on Top of PANI

Nickel electrodepositions on top of the Au|PANI interface have been carried out as
the conclusion of this simple 2-step process, allowing for the production of a hybrid layered
electronic device. (PANI-Nickel systems are extensively used in multiple applications [41–43].)
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Figure 6. SEM micrographs (cross section) of the layered Au|PANI|Ni specimen.

Figure 4 reports a potentiostatic Ni deposition performed on an Au|PANI Working
Electrode for 1800 s, at a constant reduction potential of −1.4 V vs. Ag/AgCl. The
underlying Au|PANI interface was previously produced by 900 s, 0.125 mA constant
current electrodeposition, following the exact same procedure described in Section 3.1.
In the inset, a picture of the electrode after only 300 s of electrochemical Ni deposition
is shown. Since the process is not complete yet, it is possible for one to appreciate the
metallic layer growing on the green PANI surface, starting as expected from the edges of
the electrode (stronger electric field force line). In fact, the electrode does not even need
to be disassembled from the electrochemical cell between the two depositions. The only
required middle step is vacuum-drying for approximatively 30 min, in order for the Nickel
layer to adhere properly to the PANI surface.

Figure 5 presents the SEM top view of the fabricated device. The acquisition is
performed with secondary electrons at 200× and 1000× magnifications (further SEM char-
acterization can be found in the Supplementary Materials). The metallic Ni layer exhibits a
compact morphology with globular-like crystallites, proving a good adhesion on the PANI
substrate. The presence of micro-cracking (which is only noticeable at a 1000× magnifica-
tion, corresponding to the bigger crystals) may be due to H2 evolution during the cathodic
electrodeposition or to internal tensions releasing, associated to superficial oxidation.

Figure 6 shows a SEM cross-section image of the produced specimen, with a rela-
tive EDS microanalysis, where all the different elements of the layered structure can be
appreciated. The acidic PANI mid-layer (0.125 mA for 900 s) is about 2.4 µm thick and
follows the thin Au substrate (100 nm, evaporated on top of a Silicon wafer with a 10 nm
Ti adhesion layer in between) very closely, suggesting a good adhesion. The Ni top coat-
ing is mainly metallic, with a very weak Oxygen signal in the bulk region (typical of
galvanic metallization).

3.3. PANI Electropolymerization at Different pHs

The study of different PANI structures as a function of the pH of the electropolymer-
ization solution arises from the need to coat an electrodeposited layer of Magnetite (Fe3O4)
with PANI. In fact, while the above-mentioned Nickel is deposited from an acidic bath,
Magnetite quickly dissolves in H2SO4 [44], and therefore it is not possible to expose a Fe3O4
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surface directly to the acidic aniline solution. Consequently, a systematic investigation is
carried out, electropolymerizing aniline from three further electrolytic baths:

- weakly acidic solution (CH3COOH (40 mM), aniline (0.1 M), pH = 3, Figure 7b)
- neutral solution (NaCl (0.1 M), aniline (0.1 M), pH = 7, Figure 7c)
- basic solution (NaOH (0.1 M), aniline (0.1 M), pH = 13 Figure 7d)

Figure 7. PANI potentiodynamic electropolymerization as a function of the electrolytic solution.
Different electrolytes have been used to perform aniline electropolymerization, while all the other
experimental parameters have been kept constant: electrochemical setup (Pt as CE, Ag/AgCl as Ref),
electrochemical settings (0.1 V ÷ 1.2 V potential window, 0.1 V/s scan rate), substrate (Metrohm Au
rod electrode). (a) Electrolyte consisting of H2SO4 (1 M), aniline (0.1 M). (b) Electrolyte: CH3COOH
(40 mM), aniline (0.1 M). (c) Electrolyte: NaCl (0.1 M), aniline (0.1 M). (d) Electrolyte: NaOH (0.1 M),
aniline (0.1 M).

The electropolymerization in these three additional environments is performed through
a CV procedure, and it is compared to the H2SO4 electrolyte one (Figure 7a). All these
depositions are carried out on Au substrates (MetrOhm Au electrodes), and the results are
listed in Figure 7.

Figure 7a shows a potentiodynamic PANI polymerization in the standard H2SO4
medium (the system investigated in Section 3.1). The CV shows that the current increases
in every successive cycle, which confirms the electrodeposition of the PANI film. In the
forwards scans, the positive current peaks at 0.45 V and 0.75 V can be related to the
leucoemeraldine base transition to emeraldine and to the following emeraldine oxidation
to pernigraniline, respectively [45]. In the backwards scans, two corresponding reduction
peaks are evidenced at about 0.4 V and 0.3 V, showing a good reversibility. As the number
of cycles increases, the oxidation peaks shift to higher potential values and the reduction
peaks shift to lower potential values. The electropolymerized polyaniline is green (as
shown in the related inset), as expected for PANI in the form of emeraldine.

Figure 7b–d represent the PANI electropolymerization in the CH3COOH, NaCl and
NaOH electrolyte, respectively. In all three CVs, the oxidation peak between 0.7 V and 0.8 V
is still recognizable, and it is related to the aniline oxidation (and allows the polymerization).
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Nonetheless, the current decreases in every successive cycle (in contrast to Figure 7a), and
the full-scale values for the current are more than one order of magnitude lower. The
reduction peaks between 0.25 V and 0.35 V associated with the leucoemeraldine-emeraldine
transformation are absent. The color of the deposited film switches from very dark green
(almost black), in Figure 7b,c, to dark orange in the basic solution case (Figure 7d).

3.4. PANI Electropolymerization on Top of Magnetite

The basic aniline solution is used to electropolymerize PANI on a Fe3O4 electrode.
Fe3O4 was previously electrodeposited on a Au substrate following a standard proce-
dure [37]: the electrolytic solution consisted of Na(OH) (2 M), Fe2(SO4)3 (50 mM) and TEA
(0.1 M). The Au WE underwent a potentiostatic electrodeposition at −1.3 V vs. Ag/AgCl
for 1800 s (the deposition curve is reported in Figure S2 in the Supplementary Materials).

In the PANI electropolymerization on top of magnetite, the same recipe from Figure 7d
(consisting of Na(OH) (0.1 M), aniline (0.1 M), pH = 13) acts as the electrolyte, and the
Au|Fe3O4 interface acts as the WE. Figure 8 displays the galvanostatic PANI deposition,
which was performed while imposing a constant current of 0.6 mA.

Figure 8. PANI galvanostatic electropolymerization on a Fe3O4/Au WE, in a 3-electrodes cell. Pt was
used as CE, Ag/AgCl/KClsat as Ref. The electrolyte consisted in the basic aniline solution (pH = 13)
previously studied in Figure 5: Na(OH) (0.1 M) and aniline (0.1 M). A constant current of 0.6 mA was
applied for 1800 s. The inset displays the produced surface.

As expected, the conductivity of the basic PANI is much lower than the emeraldine,
described in Section 3.1, since the protonation of the imine sites is largely prevented due
to the basic environment. As a result, the obtainable thicknesses with an electrochemical
polymerization are much thinner, at most 500 nm, according to our experiments. In fact,
thicker coatings act as an insulator and break the contact with the electrode, making the
continuation of the electrochemical procedure impossible.

Figure 9 displays the SEM top-view of the Fe3O4/PANI device. The acquisition
is performed with secondary electrons at 200× and 1000× magnifications (further SEM
characterization can be found in the Supplementary Materials). In particular, in the left
image (200× magnification), the interface between the substrate (Au), magnetite and PANI
can be distinguished, since the different coatings have been deposited with a stepped
structure. (The good adhesion between the uniform layers is appreciable in the Figure 10
cross section.) The 1000× magnification picture presents the basic PANI top layer in detail
and evidences the organic coating’s uniformity.
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Figure 9. SEM micrographs (top-view) of the layered Au|Fe3O4|PANI specimen.

Figure 10. SEM micrographs (cross section) of the layered Au|Fe3O4|PANI specimen.

Figure 10 shows a SEM cross-section image of the produced Au|Fe3O4|PANI interface
specimen, with a relative EDS microanalysis. A columnar morphology of the metallic
ferromagnetic mid-layer can be observed, while the PANI top layer proves to be around
400 nm thick.

4. Conclusions

In this work, aniline electropolymerization has been studied with the prospect of
coupling the PANI organic layer with a ferromagnetic material, producing a stacked hybrid
system. In particular, the pH of the electropolymerization bath has been optimized for
a suitable co-electrodeposition of Nickel (Ni) and Magnetite (Fe3O4), thus allowing for
an easy and flexible way to manufacture the entire sample by electrochemical methods.
Different electrochemical regimes have been explored, and an extensive characterization
has been performed on the obtained systems. The electrochemical data, SEM surface
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and cross-section analysis, EDS microanalysis data and simulations, and profilometry
measurements define a consistent comparison between the different PANI organic coatings.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings12101518/s1, Figure S1: (a) Cyclic voltammetry (CV) curves
recorded on PANI/Au WEs. The several colours are associated with separate samples which underwent
different currents of electropolymerization, leaving unaltered all the other parameters (electrochemical
bath, electropolymerization time of 900 seconds, substrate, electrode area . . . ). (b) Relation between the
oxidation peak current of Fe2+ recorded in Figure (a) CVs and the value of the imposed current during
the electropolymerization of the samples; Figure S2: Magnetite (Fe3O4) potentiostatic deposition on a
Au WE, in a 3-electrodes cell. Pt was used as CE, Ag/AgCl/KClsat as Ref. The electrolyte consisted in
2 M NaOH, 50 mM Fe2(SO4)3 and 0.1 M TEA. A constant reduction potential of −1.4 V was applied
for 1800 seconds; Figure S3: Profilometry analysis performed on a Au|PANI interface. The PANI was
electropolymerized on the Au substrate through a galvanostatic electrochemical procedure: 0.25 mA were
applied for 900 seconds; Figure S4: SEM images at 200× and 1000× magnification (respectively, (1) and
(2)) acquired with secondary electrons. (a) acidic solution PANI; (b) Nickel; (c) Fe3O4; (d) Ni on top of
PANI; (e) PANI on top of Fe3O4; Figure S5: Au K-ration based calibration curve, for the calculation of the
overlying PANI coating. Reference [46] is cited in the supplementary materials.
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