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Effect of PANI electrodeposition methods on copper substrate

Efecto del método de electrodeposicion de PANI sobre sustrato de cobre
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Abstract

To assess the effect of different electrochemical
techniques in the synthesis of polyaniline (PANi) on
copper substrates, this paper presents a comparison
between cyclic voltammetry and chronoamperometry. For
each technique, four synthesis processes were conducted
with different potentials using a three-electrode
electrochemical set-up with a neutral electrolyte (pH=7).
According to the comparison, the oxidation potential
sweep associated to cyclic voltammetry results in the
synthesys of PANI in three different oxidation states. As
synthesis by this technique results in a non-homogeneous
layer conformed by different species of PANI, the
characteristics of the film are difficult to determine as all
three species have different electric, optic and
morphologic attributes. On the other hand, selecting an
appropriate oxidation potential, chronoamperometry
results in the synthesis of a homogeneous layer of PANI.
The use of one unique oxidation potential results in a
stable process that synthetizes a homogeneous layer of
pernigraniline, a stable oxidation state of PANi.
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Resumen

Para evaluar el efecto de las diferentes técnicas
electroquimicas para la sintesis de polianilina (PANiI)
sobre sustratos de cobre, en este trabajo se presenta una
comparacion entre las técnicas de voltamperometria
ciclica y cronoamperometria. Para cada técnica, se
realizaron cuatro procesos de sintesis con diferentes
potenciales utilizando una celda electroquimica de tres
electrodos con un electrolito neutro (pH=7). De acuerdo
con la comparacion, el barrido de potencial de oxidacion
asociado a la voltamperometria ciclica resulta en la sintesis
de PANi en tres estados de oxidacidn diferentes. Al ser una
capa no homogénea conformada por diferentes especies de
PANI, las caracteristicas de la pelicula son dificiles de
determinar debido a que las tres especies tienen diferentes
atributos eléctricos, opticos y morfoldgicos. Por su parte,
eligiendo un potencial apropiado, la sintesis por
cronoamperometria resulta en una capa homogénea de
PAN:I; un Gnico potencial de oxidacion permite un proceso
estable que sintetiza una capa homogénea de permigra-
nilina, un estado de oxidacion estable de la PANi.
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Introduction

Electrochemical synthesis of polymer films is a
reliable alternative to conventional toxic
corrosion inhibitors for metallic substrates
(Ayalew et al., 2023; Deshpande et al., 2014;
Ozyilmaz et al., 2005). Coating the susceptible
surface with a polymer layer, which is after
enriched with chemical corrosion inhibitors,
immobilizes the chemical compounds into the
polymer layer minimizing their interaction with
the environment (Hasanov & Bilgi¢, 2009;
Shabani-Nooshabadi et al., 2014; Wang et al.,
2023). However, the selected process to
synthetize the polymer film can tamper the
benefits of this technique; it can comprise the use
of hard chemicals or thermal treatments, which
are harmful to the environment (Bilurbina Alter
et al., 2003; Hossain et al., 2023). Synthetizing
polymer-based protective layers by
electrochemical process results in a sustainable
effective approach to protect metals from
corrosion (Zhao et al., 2023). Although several
electro-chemical  deposition methods for
polymer coatings on conductive substrates have
been reported in the literature (Aljawrneh et al.,
2023; Bolafios Ch & Alvarez, 2018; Gutiérrez
Pineda et al., 2016; Sebaa et al., 2013; Upreti et
al., 2023), a comparison of the most common
approaches is conducted in this paper: a
comparison between cyclic voltammetry (CVA)
and chronoamperometry (CA).

To compare both techniques, polyaniline
(PANI) is synthetized on copper using a three-
electrode cell with a sodium oxalate solution as
electrolyte. The neutral electrolyte eliminates
possible interferences due to hydrogen potential,
allowing only the performance of the synthesis
methods to be compared. The resulting coatings
were optically characterized by bare eye
inspection as well as under optic microscopy to
assess homogeneity. According to the analysis,
the best results were achieved under
chronoamperometry using a cell potential (pE)
above 1100 mV. If pE falls below this value, the
aniline cannot oxidize completely in one stable
specie, leading to a non-homogeneous coating.
As cyclic volt-ammetry requires a repetitive
sweep of pE within a selected window, the
resulting coating shows different species of
PANi even when the potential window was
carefully selected according to the Pourbaix
(pE/pH) diagrams (Gonzélez Fernandez, 1989;
Hernandez, 2012; Pedeferri, 2018).
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If the oxidation potential is enough, the
PANI synthetizes in all three oxidation states
possible, leading to the worst results in the
comparison.

Experimental details

The substrate for every case in this comparison
was a copper plate with a size of 10 x 20
millimeters. To obtain these substrates, a copper
sheet was sanded with a 1500 grit sandpaper to
eliminate any defects on the surface. Once
sanded, the copper sheet was cut into pieces of
the desired size and then washed using a
deionized water and degreaser mixture in a ratio
of 1:1 through an ultrasonic cleaner model 8891
from Cole-Parmer. The sections were after
rinsed using deionized water using the same
ultrasonic cleaner and then dried by evaporation
at room temperature under a bell jar to prevent
any further contamination.

The electrolyte for every synthesis was a
sodium oxalate (Na.C20) at a concentration of
0.2 M. The solution was prepared adding 6.7
grams of sodium oxalate with a purity of 99.5%
from Fagalab to a volumetric flask, adding
deionized water to reach a volume of 250
milliliters. The solution was agitated manually
and then mixed using an ultrasonic cleaner to
assure a homogeneous result. As monomer, 0.3
milliliters of aniline with a purity of 99%
(C6H5NH2 A.C.S., Fermont) were added to the
cell along with 19.7 milliliters of the sodium
oxalate electrolyte for a total of 20 milliliters for
each synthesis.

The electrochemical cell for the synthesis
processes was a 3-electrode cell. The copper
substrate was the working electrode. The
reference electrode was an Ag/AgCl electrode
model BASMF2056 from Sigma-Aldrich. A
piece of stainless steel performed as
counterelectrode. The set up used in the
synthesis was a potentiostat model 302 from
Autolab  controlled by computer.  All
experiments were carried out in an open cell at
room temperature and conditions.
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Results and Discussions

The comparison between CA and CVA
comprises two series of four synthesis. For the
case of CVA, the experiments comprise four
synthesis processes, each one consisting of 20
redox cycles performed with window potentials
of: 300-900 mV, 300-1000 mV, 300-1100 mV
and 300-1200 mV respectively against Ag/AgCI.
The redox potentials were carefully selected
according to the corresponding Pourbaix
diagram. The sweep velocity for the potential
was 20 mV/s. Table 1 shows the parameters used
for the four synthesis using CVA.

Experiment Reduction Oxidation Cycles Voltage

Potential vs Potential vs Sweep
Ag/AgClI Ag/AgClI Rate

CVA-A 300 mVvV 900 mV 20 20 mV/s
CVA-B 300 mVv 1000 mV 20 20 mV/s
CVA-C 300 mV 1100 mV 20 20 mV/s
CVA-D 300 mVv 1200 mV 20 20 mV/s

Table 1 Parameters for the synthesis of PANi using
Cyclyc Voltammetry.

Experiment Fixed Potential Time Sampling
vs Ag/AgCI interval
CA-A 900 mV 300s 05s
CA-B 1000 mV 300s 05s
CA-C 1100 mV 300s 05s
CA-D 1200 mV 300s 05s

Table 2 Parameters for the synthesis of PANi using
Chronoamperometry.

The experiments to assess CA comprise
four synthesis processes at a fixed potential of
900 mV, 1000 mV, 1100 mV and 1200 mV
respectively against Ag/AgCl, for a period of
time of 300 seconds. Table 2 shows the
parameters used for the synthesis using
Chronoamperometry.

Synthesis diagrams

The electrodeposition of PANi was first carried
out through CVA. Figure 1 shows the volt-
ammogram of the 10" cycle for all the cases. The
voltammogram shows in detail the electro-
chemical response of the system, providing
information about the different processes
involved in the synthesis.
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Figure 1 Cyclic voltammogram of the 10" cycle for all
four cases

In all cyclic voltammograms, an initial
anodic region is observed as the potential
increases from 0.3 V. This region is related to the
oxidation of aniline and the formation of cationic
radicals, which are essential precursors for the
polymerization and formation of the PANi film.
As the potential increases, the current also
increases, indicating a greater number of
electroactive species present in the solution.
When pE increases to higher regions, a change
in the direction of the current occur indicating
the beginning of the cathodic region. In this
region, the previously generated cationic
radicals reduces, building the polymeric
structure on the copper substrate.

For CVA-A, current reverses from 650
mV to 900 mV, stablishing the cathodic region.
Unfortunately, the potential window is too
narrow, leading to the redox process to occur
prior to the oxidation potential of another PANI
species. Because of this, PANi can only
synthetize as leucoemeraldine. Same situation
occur for the case of CVA-B. The increment in
pE only shifts the cathodic region between 675
mV and 1000 mV. This oxidation potential is
enough to oxidize pernigraniline, however, the
time the cell stays at that specific potential is not
enough for pernigraniline to synthetize. As
result, pernigraniline started to synthetize, but its
growth rate is neglibible compared to
leucoemeraldine.
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For CVA-C, signals shows an initial
anodic region related to the oxidation of the
monomer. When pE rises above 1000 mV, signal
reveals a significant formation of oxidative
species of aniline, such as emeraldine and
pernigraniline. These cell conditions persists
enough time to allow the synthesis of these
electroactive species on the substrate.

For CVA-D, it should be noted that there
are no characteristic signals for PANi. The cell's
performance due to the redox conditions causes
aniline to be completely synthesized much
before the tenth cycle. To validate this
assumption, Figure 2 shows the voltammogram
for the whole 20 cycles for CVA-D. The fist
cycle shows a cathodic peak at about 725 mV,
which correspond to the oxidation of aniline.
After this peak, a decrement in current indicates
a reduction of the radicals previously generated.
At 0.8 V, the current increases again until pE
reaches 1200 mV, indicating the continuation of
oxidative events that results in the formation of
electroactive species.
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Figure 2 Cyclic voltammogram for CVA-D

For the synthesis of PANi through CA,
Figure 3 shows the chronoamperograms for the
four cases described in Table 2.
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Figure 3 Chronoamperogram from the synthesis of PANi
for all cases

Chronoamperograms  describes  the
reaction rate and polymer formation over time at
a fixed potential. For all cases, an initial current
indicates aniline oxidation and cationic radical
formation, which are the essential precursors for
the synthesis. As time progresses, this current
gradually decreases as the formation of cationic
radicals diminishes, indicating the end of the
synthesis. Graphs in the comparison shows a
higher current for CA-D, suggesting a more
efficient and faster generation of cationic
radicals. As expected, efficiency and velocity
decreases as pE decreases.

Surface Analysis

To compare the results obtained by both
techniques, CVA and CA, all the coatings were
optically analyzed. Initially, samples were bare
eye visually inspected, also, were inspected
under an optic microscope at 4X.

Table 3 shows the results for the case of
cyclic voltammetry. As shown for CVA-A, the
coating have large portions of the substrate
uncovered. This lack of coverage is due to the
redox potential is not enough to oxidize the
monomer into a homogeneous film. When the
oxidation potential increases to 1000 mV (CVA-
B) coverage improves, but not enough to
synthetize a homogeneous film; even when all
the substrate is covered, film is thin enough to
expose the substrate. According to the
microscopy images, CVA-A and CVA-B films
synthetizes as leucoemeraldine.

LERMA-GARCIA, Martha Estela, CISNEROS-SINENCIO,
Luis Fortino and PARAMO-GARCIA, Ulises. Effect of PANi
electrodeposition methods on copper substrate. Journal of
Research and Development. 2023



Article

12
Journal of Research and Development

Increasing the oxidation potential to
1100 mV (CVA-C) improve coverage and
coating thickness. However, the PANi film
synthetizes into different oxidation states. From
the corresponding microscopy images, can be
identified: white portions corresponding to
leucoemeraldine; few  green portions
corresponding to emeraldine and large blackish
areas corresponding to pernigraniline. The non-
homogeneity of the film entails penicius
consecuences. As known, every oxidation state
has very different morphological, structural,
electric, optic characteristics, therefore, the
resulting film will have undeterminated
characteristics even if it were possible to
quantify how much of the film correspond to
each oxidation state.

Visual Inspection Optic Microscopy

CVA-A

CVA-B

CVA-C

Table 3 Analysis of the PANi coatings synthetized by
cyclic voltammetry.
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The homogeneity of the film seems to
improve as pE increases to 1200 mV (CVS-D).
Through bare eye inspection, the substrate seems
fully covered by a blackish film corresponding
to pernigraniline. However, by microscopy, all
the three oxidation states of PANi were
identified.

Visual Inspection Optic Microscopy

CA-A

CA-B

CA-C

CA-D

Table 4 Analysis of the PANi coatings synthetized by
chronoamperometry

LERMA-GARCIA, Martha Estela, CISNEROS-SINENCIO,
Luis Fortino and PARAMO-GARCIA, Ulises. Effect of PANi
electrodeposition methods on copper substrate. Journal of
Research and Development. 2023



Article

13
Journal of Research and Development

Table 4 shows the results corresponding
to CA under the conditions described before. For
the case of CA-A the coverage seems enough to
cover the whole substrate, but the resulting film
is as thin that the substrate remains visible. As in
CVA-A, the oxidation potential is not enough to
properly oxidize the monomer into a thicker
film. As the oxidation potential increases to 1000
mV, the thickness of the film increases. CA-B
seems to synthetize a thick homogeneous
pernigraniline coating. However, under closer
inspection, even when the microscopy images
confirm the presence of only pernigraniline, it
can be identified sections were permigraniline
was synthetized as salt, the protonated form of
pernigrailine (Ji et al.,, 2020), while other
sections were synthetized as base, the ladder
form of PANi (Macdiarmid et al., 1991). These
forms of pernigraniline differ specially in their
optic properties, as appreciated in the visual
inspection of coating CA-B in Table 4.

The last two cases show a homogeneous
coating where the substrate is completely
covered with a thick coat of pernigrinaline in its
base form. Having only one species of PANI
assures the film to have known properties useful
for the user purposes.
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Conclusions

In this work, PANI was synthetized on a copper
substrate using two different electrochemical
methods: Cyclic Voltammetry and Chronoam-
perometry. By setting an apropriate oxidation
potential (above 1100 mV), the result is a thick
film of PANI that entirely covers the substrate.
However, the potential sweep inherent to cyclic
voltammetry results in different species to be
synthetized in the process. Using one stable
sufficient potential (above 1100 mV) as done
with  chronoamperometry, results in a
homogeneous film where only one species of
PANI is synthetized.

ISSN-On line: 2444-4987
ECORFAN®AlI rights reserved.

December 2023, VVol.9 No.24 8-14
References

Aljawrneh, B., Albiss, B. A., Abdel Rahman,
M., & Ocak, Y. S. (2023). Electro-deposited
halloysite nanotube/polyaniline nanocomposites
for energy storage applications. International
Journal of Thermofluids, 20.
https://doi.org/10.1016/j.ijft.2023.100469

Ayalew, A. A, Ha, X., & Sakairi, M. (2023). A
critical  review of additive  material
manufacturing through electrochemical
deposition techniques. Additive Manufacturing,
77, 103796.
https://doi.org/https://doi.org/10.1016/j.addma.
2023.103796

Bilurbina Alter, L., Lies Mestres, F., & Iribarren
Laco José. (2003). Corrosion y proteccion
(UPC, Vol. 150).

Bolafios Ch, L., & Alvarez, L. X. (2018).
Polimeros conductores: aplicaciones en celdas
fotovoltadicas y  dispositivos  electronicos.
Ciencia 'y Tecnologia, 34(1), 18-38.
https://revistas.ucr.ac.cr/index.php/cienciaytecn
ologia/article/view/36405

Deshpande, P. P., Jadhav, N. G., Gelling, V. J.,
& Sazou, D. (2014). Conducting polymers for
corrosion protection: A review. Journal of
Coatings Technology and Research, 11(4), 473—
494, https://doi.org/10.1007/s11998-014-9586-7

Gonzélez Fernandez, J. A. (1989). Control de la
corrosion. Estudio y medida por técnicas
electroquimicas (CSIC-CSIC Press, Vol. 3).

Gutiérrez Pineda, E. A., Rodriguez Presa, M. J.,
Amalvy, J. ., & Gervasi, C. A. (2016). Sintesis
y caracterizacion de un sistema
electroestimulado. Investigacién Joven, 3(1).
https://revistas.unlp.edu.ar/InvJov/article/view/

2783

Hasanov, R., & Bilgig, S. (2009). Monolayer and
bilayer conducting polymer coatings for
corrosion protection of steel in 1 M H2S04
solution. Progress in Organic Coatings, 64(4),
435-445.
https://doi.org/10.1016/j.porgcoat.2008.08.004

LERMA-GARCIA, Martha Estela, CISNEROS-SINENCIO,
Luis Fortino and PARAMO-GARCIA, Ulises. Effect of PANi
electrodeposition methods on copper substrate. Journal of
Research and Development. 2023



Article

14
Journal of Research and Development

Hernandez, J. (2012). Diagramas de Pourbaix:
herramienta termodindmica aplicada a los
problemas de corrosion. Revista Digital de
Investigacion y Postgrado, 2(4), 297-306.
http://redip.bgto.unexpo.edu.ve7393.http://redip
.bgto.unexpo.edu.ve.

Hossain, S. S., Rahman, A. F. A., Arsad, A.,
Basu, A., Pang, A. L., Harun, Z., Alwi, M. M.
A, & Ali, S. S. (2023). Effect of Ultrasonication
Parameters on the Structural, Morphological,
and Electrical Properties of Polypyrrole
Nanoparticles and Optimization by Response
Surface  Methodology. Polymers,  15(6).
https://doi.org/10.3390/polym15061528

Ji, X,, Leng, M., Xie, H., Wang, C., Dunbar, K.
R., Zou, Y., & Fang, L. (2020). Extraordinary
electrochemical stability and extended polaron
delocalization of ladder-type polyaniline-
analogous polymers. Chemical Science, 11(47),
12737-12745.
https://doi.org/10.1039/d0sc03348k

Macdiarmid, A. G., Manohar, S. K., Masters, J.
G., Sun, Y., Weiss, H., & Epstein, A. J. (1991).
Polyaniline:  synthesis and properties of
pernigraniline base. Synthetic Metals, 41(1-2),
621-626.
https://doi.org/https://doi.org/10.1016/0379-
6779(91)91145-Z2

Ozyilmaz, A. T., Tiken, T., Yazici, B., & Erbil,
M. (2005). The electrochemical synthesis and
corrosion performance of polyaniline on copper.
Progress in Organic Coatings, 52(2), 92-97.
https://doi.org/10.1016/j.porgcoat.2004.09.003

Pedeferri, P. (2018). Pourbaix Diagrams. In
Engineering Materials (pp. 57-72). Springer
Science and  Business Media B.V.
https://doi.org/10.1007/978-3-319-97625-9 4

Sebaa, M. A., Dhillon, S., & Liu, H. (2013).
Electrochemical deposition and evaluation of
electrically conductive polymer coating on
biodegradable magnesium implants for neural
applications. Journal of Materials Science:
Materials in Medicine, 24(2), 307-316.
https://doi.org/10.1007/s10856-012-4796-y

ISSN-On line: 2444-4987
ECORFAN®AlI rights reserved.

December 2023, VVol.9 No.24 8-14

Shabani-Nooshabadi, M., Mollahoseiny, M., &
Jafari, Y. (2014). Electropolymerized coatings
of polyaniline on copper by using the
galvanostatic method and their corrosion
protection performance in HCI medium. Surface
and Interface Analysis, 46(7), 472-479.
https://doi.org/10.1002/sia.5539

Upreti, B. B., Kamboj, N., & Dey, R. S. (2023).
Laser-irradiated  carbonized  polyaniline-N-
doped graphene heterostructure improves the
cyclability of on-chip microsupercapacitor.
Nanoscala, 15(37), 15268-15278.
https://doi.org/https://doi.org/10.1039/D3NR02
862C

Wang, X., Liu, S., Yan, J., Zhang, J., Zhang, Q.,
& Yan, Y. (2023). Recent Progress of Polymeric
Corrosion Inhibitor: Structure and Application.
In Materials (Vol. 16, Issue 8). MDPI.
https://doi.org/10.3390/mal16082954

Zhao, J., Zhao, L., Chen, X., Ye, M., & Guo, W.
(2023). Highly Stable CuS Nanotrough-
Networks Constructed on Arbitrate Substrate for
Flexible Supercapacitor. Advanced Engineering
Materials, 25(17), 2300454.
https://doi.org/https://doi.org/10.1002/adem.202
300454

LERMA-GARCIA, Martha Estela, CISNEROS-SINENCIO,
Luis Fortino and PARAMO-GARCIA, Ulises. Effect of PANi

electrodeposition methods on copper substrate. Journal of

Research and Development. 2023



