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A B S T R A C T

In the present investigation, a new nanocomposite (PGZ) viz. PEDOT (poly(3,4-ethylenedioxythiophene)/
Graphene oxide (GO)/Zirconia (ZrO2) has been developed via in-situ chemical oxidative polymerization
method. Its electrochemical response as a preventive coating for inflating the corrosion resistance of industrial
alloys i.e. copper (Cu) and aluminum (Al) exposed to neutral chloride (3.5% NaCl) environment at room
temperature has been analyzed using various electrochemical techniques. Both the substrates along with
the nanocomposite material (PGZ) have been characterized by various surface analysis studies viz. FE-SEM,
XRD, TGA, TEM, EDAX and FT-IR studies. The SEM studies showed the compact formation of coating on
the substrate. Other characterization studies well established the formation of PGZ nanocomposite. The
experimental electrochemical investigations on coated substrates demonstrated a significant reduction in the
corrosion current density (icorr) and a fascinating increase in the charge transfer resistance (Rct) values in
comparison to the bare metal specimens.
. Introduction

Corrosion of industrial alloys specifically copper (Cu) and aluminum
Al) is a subject of huge concern for various industries. Their gradual
epletion after coming in contact with the aggressive environment,
uring various industrial processes results in enormous economic loss
f both direct and indirect type (Liu et al., 2015; Lokesh et al., 2012;
ickerby and Steinke, 2002; Liu et al., 2016; Kinsella et al., 2003;
amaka et al., 2007; Zhao et al., 2001). The extensive use of aggres-
ive electrolytes in these industrial processes triggers the destructive
lectrochemical corrosion reactions on the surface of these important
etals (Steppan et al., 1987; Fenelon and Breslin, 2002; Cascalheira

t al., 2003; Brusic et al., 1997; Beccaria and Chiaruttini, 1999). Several
trategies including the use of cathodic/anodic protection (Kear et al.,
005; Li et al., 2018; Simões et al., 2007; Cecchetto et al., 2007),
nhibitors (Fateh et al., 2017; Xhanari and Finšgar, 2016), paints,
oatings (Kowalczyk and Luczka, 2015; Stankiewicz et al., 2013) etc.
ave been adopted to minimize this destructive force of corrosion.
mong all these methods the most convenient and promising way

o combat corrosion is the use of barrier coatings. Chromate-based
nti-corrosion coatings are proven to be very effective but their toxic
ature is a huge drawback for the concerned industries (Kendig et al.,
993; Bastos et al., 2005; Shi and Dalal, 1994). The organic/inorganic
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nanocomposite coatings comprising of sustainable components are the
ideal substitute for these chromate based coating materials, which
provides significant corrosion deterrence for a prolonged period of
time (Nguyen-Tri et al., 2018).

Several researchers have reported the use of polymeric nanoma-
terials as anti-corrosion coating, R. Hasanov et al. (Hasanov and Bil-
giç, 2009) explored the use of monolayer and bilayer polymer coat-
ings, including polypyrrole (PPY) and polyaniline (PANI), on steel
electrodes for corrosion protection. The coatings were deposited via
electro-polymerization in oxalic acid solution, and their effectiveness
in inhibiting corrosion was evaluated in 1 M H2SO4 solution. The study
found that the bilayer coatings showed better corrosion inhibition than
the monolayer coatings, with PPY/PANI offering the highest level of
protection. The coatings were characterized by FTIR spectroscopy and
SEM. C.K. Tan et al. (Tan and Blackwood, 2003) investigated the effec-
tiveness of multilayered coatings consisting of polyaniline (PANI) and
polypyrrole (Ppy) in providing a barrier against corrosion in chloride
environments. The coatings were galvanostatically deposited on carbon
steel and stainless steel, and their performance was evaluated using
potentiodynamic polarization. The results showed that the multilayered
coatings were significantly better at protecting against pitting corrosion
than single Pani coatings on stainless steel, with films consisting of
https://doi.org/10.1016/j.rsurfi.2023.100139
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a PANI layer over a Ppy layer yielding the best results. The study
suggested that the ability of the conducting polymer film to act as
electronic and chemical barriers was more important than its ability to
act as a physical barrier in providing corrosion protection. J. E. Pereira
da Silva et al. (da Silva et al., 2005) studied the use of a polymeric
blend consisting of camphorsulphonate or phenylphosphonate-doped
polyaniline (PANI) and poly(methyl methacrylate) for iron corrosion
protection in sulfuric acid solutions with or without chloride ions. The
study found that the blends act by a two-step protection mechanism
involving a redox reaction between Fe and PANI leading to anion
release, followed by the formation of a passivating complex between
iron cations and the PANI doping anion, which acts as a physical barrier
to prevent the penetration of aggressive ions. The study concluded
that PANI can function as an anion reservoir and release anions in a
smart way to protect the surface of the coating from damage. Kalen-
dová et al. (2015) investigated the effect of conducting polymers and
conducting pigments on the corrosion-inhibiting properties of zinc-
filled organic coatings. The coatings containing carbon nanotubes and
graphite coated with polypyrrole were found to be the most effi-
cient in inhibiting corrosion. The conducting polymers also improved
the coatings’ mechanical properties. Hasanov et al. (2011) investi-
gated the effects of poly(N-ethylaniline) (PNEA) monolayer coating and
PPY/PNEA and PNEA/PPY bilayer coatings on the corrosion of low
carbon steel (LCS) in 1 M H2SO4 medium. The coatings were formed
via electropolymerization in a monomer and oxalic acid medium. The
results showed that the coated LCS electrodes prevented corrosion in 1
M H2SO4 medium, and the bilayer coatings were more effective than
the monolayer coating. The study also included theoretical calculations
using the AM1 semiempirical method to better understand the interac-
tion between the coatings and the metal. The calculated data supported
the experimental findings.

The fabrication of sustainable coating materials involving suitable
filler materials is anticipated to offer significant corrosion protection
to metals exposed to highly aggressive environments. These coatings
do not have any adverse effect on our eco-system. Their mode of
action involves the entire/partial restoration of the defects via the
polymerization of chemical species, trailed by mitigation of corrosion
onset at the coating/metal interface (Nguyen-Tri et al., 2018).

A special class of conducting organic polymers viz. poly(3,4-ethyl-
enedioxythiophene) (PEDOT), polythiophene, polypyrrole, polyaniline
possess significant corrosion prevention characteristics when used as
coatings materials (Bai et al., 2015). The dual defense system of
these polymers delivers high-end corrosion protection to the coated
metal substrates. The substantial barrier characteristics via developing
a well adherent and highly compact protective film on the metal
substrates and having the capacity to self-restoring small pores/defects
resulted from prolonged exposure to the aggressive medium via forming
metal/ion complexes at the metal/coating interface distinguish these
polymers from other coating materials (Armelin et al., 2009).

The proficiency of these conducting polymers can easily be tailored
by using different filler materials of choice to combat corrosion in
a very effective manner. The main features which an ideal coating
material should comprise of are the compact nature of the coating
film, high wear resistance, high thermal and chemical stability and
sustainable nature (Dutta and De, 2007; Shi et al., 2009). The current
investigation is a compilation of various analyses performed on the
newly developed PEDOT/Graphene oxide/ZrO2 nanocomposite (PGZ),
as a coating material for Cu and Al substrates subjected to 3.5% sodium
chloride solution. This nanocomposite has been conveniently developed
at −2.0 ◦C temperature via in-situ chemical oxidative polymerization
method using appropriate solvents and reagents. Graphene oxide (GO)
and zirconia (ZrO2) have been used as filler materials, the former
comprises of a hexagonal carbon web with sp2 and sp3 hybridized
carbons with hydroxyl (–OH) groups, epoxide (–O–) linkages on its
basal plane and carbonyl (–C=O) and carboxy (HO–C=O) groups at the
boundaries. The functional groups having oxygen contributes towards
2

the hydrophilic nature of GO, which also makes it easily dispersible in
water and polymers. It has been widely publicized that GO is a promis-
ing strengthening agent for the nanocomposite protective coatings. It
increases the stiffness, strength and its high surface area aids towards
prohibiting diffusion of aggressive ions towards the metal surface (Lerf
et al., 1998; Eda and Chhowalla, 2010; Stankovich et al., 2006; Putz
et al., 2010; May et al., 2012; Padawer and Beecher, 1970; Cano
et al., 2013). The later one i.e. ZrO2 nanoparticles provide enhanced
thermal stability and upsurge overall mechanical strength of the coat-
ing material (Muller et al., 2016). Water based polyurethane (WBPU)
was used as a binder material in our study, as it also provides the
much needed hydrophobicity (Christopher et al., 2016) to the overall
coating formulation. Five different coating variants were prepared by
homogenizing 1.0 to 5.0% of the composite material into the binder
solution, subsequently, these formulations were uniformly brush coated
onto the Cu and Al substrates. The effect of aggressive environment
on these coated substrates have been elucidated in details using poten-
tiodynamic polarization and electrochemical impedance spectroscopy
(EIS). The endurance of this coating material has been tested for a
period of up to 30 days. The main purpose of the present research
work is to provide a new sustainable coating material, which can
be reproduced easily via a simple method and provide significantly
prolonged corrosion protection to the metals persistently subjected to
the harsh environment.

2. Experiment

2.1. Materials

3,4-Ethylenedioxythiophene (EDOT), Dodecylbenzene sulfonic acid
(DBSA), ammonium persulphate (APS), zirconia (ZrO2) having particle
size < 100 nm were purchased from Sigma Aldrich. Graphene ox-
ide (GO) was acquired from Graphene Supermarket and polyurethane
(WBPU) was acquired from Alberdingk-Boley. Double deionized wa-
ter (specific resistivity of 106 Ω cm2) was used to prepare aqueous
solutions.

2.2. Fabrication of PEDOT/GO/ZrO2 (PGZ) nanocomposite

In a 500 mL beaker, 0.2 M DBSA was homogenized with double
deionized (DI) water for 1 h. Subsequently, 0.1 M EDOT, 10% GO and
20% ZrO2 (Wt.% w.r.t. to EDOT) were added to the beaker and again
homogenized for 1 h. The temperature of the beaker was maintained at
−2.0 ◦C (±0.02 ◦C) using a refrigerated circulator (JEIO TECH, Model:
VTRC-620) and 0.1 M APS solution was added dropwise to it with
continuous stirring. The contents of the beaker were kept on vigorous
mechanical stirring for next 8 h. The bluish black precipitates obtained
were demulsified using isopropyl alcohol (IPA) and which were washed
with doubly ionized H2O till a pH in the range of 5–6 was achieved. The
filtered precipitates obtained were kept at 60 ◦C overnight for drying.

2.3. Instrumentation

X-ray diffraction (XRD) data were recorded on Miniflex-Rigaku,
Japan. The samples were scanned in a range between 5◦ to 80◦ at a
scan rate of 2◦ per minute. SEM micrographs and corresponding EDAX
profiling were recorded on FE-SEM, Model: JEOL-7800F Prime. TEM
analysis and corresponding EDAX profiling has been carried out on
a Transmission electron microscope, Model: JEOL-JEM (F200). FT-IR
analysis was performed on Bruker FT-IR Spectrometer, Model: Ver-
tex 70. The spectrums were recorded in transmittance mode between
400 cm−1 to 4000 cm−1.

Electrochemical studies were performed on a high precision Biologic
Instrument, Model: VSP/VMP3. The experiments were executed in a
three-electrode assembly using standard calomel electrode (SCE) as a
reference, platinum (Pt) wire as a counter electrode, Cu and Al speci-

mens (dimensions: 1.5 cm × 1.5 cm × 0.1 cm) as working electrodes.
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Fig. 1. FE-SEM micrographs of (a) bare Cu, (b) coated Cu, (c) bare Al, (d) coated Al, (e) PEDOT, (f) GO, (g) ZrO2 nanoparticles and (h) PGZ nanocomposite.
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he electrochemical impedance spectroscopy (EIS) was performed via
dministering a potential of 10 mV magnitude to the investigated
ystem and subsequently scanning it in a frequency range of 100 KHz
o 0.1 Hz. The impedance plots were analyzed using ZFit EC-Lab
oftware and corresponding electrical circuits were proposed. Using
hese modeled circuits various impedance parameters were determined.
otentiodynamic/galvanostatic polarization parameters were recorded
ia sweeping the investigated coating system in the potential range of
250 mV vs SCE (standard calomel electrode) at a scan rate of 1.0 mV
−1.
 F

3

. Results and discussion

.1. Morphological analysis of metal specimens and PGZ nanocomposite

Figs. 1a and 1c depict the corresponding SEM images of bare Cu
nd Al specimens. The uniform and homogeneous nature of the PGZ
oating in WBPU over Cu and Al substrates can be observed from
he Figs. 1b and 1d respectively. This SEM analysis shows the com-
act morphology of the coating material over the metal substrates.
ig. 1h presents the SEM micrographs of the PGZ nanocomposite.



R. Kumar, S.S. Karade, S.K. Shinde et al. Results in Surfaces and Interfaces 12 (2023) 100139

T
c
n
p
a
c
c
a
o
P
g
T
s
c
i
b

3

a
C
d
a
t
s
o
o

Fig. 2. TEM images of (a) PEDOT, (b) GO, (c) ZrO2 nanoparticles and (d) PGZ nanocomposite.
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he SEM image of PEDOT (Fig. 1e) illustrated an amorphous surface
haracteristic of this conducting polymer. The SEM profile of PGZ
anocomposite depicts a distinct modification on the surface features of
olymer (PEDOT), which is attributed to the manifestation of GO sheet
nd ZrO2 nanoparticles on the polymer grid. The SEM micrographs
onfirm PEDOT embedded with GO sheets and zirconia nanoparticles
omposite formation. The SEM images for GO and ZrO2 nanoparticles
re shown in Figs. 1f and 1g respectively. Fig. 2d shows the TEM image
f GO sheets and ZrO2 nanoparticles entrenched around the conducting
EDOT template. Fig. 2d also illustrates the presence of polymeric
ranular blots accumulated around GO sheets and ZrO2 nanoparticles.
he TEM images for PEDOT, GO sheet and ZrO2 nanoparticles are
hown in Figs. 2a to 2c correspondingly. The EDAX profile along with
orresponding micrographs for PGZ nanocomposites have been shown
n Fig. 3 along with elemental composition. It depicts the homogeneous
lend of all the three components in the PGZ nanocomposite.

.2. FT-IR investigations

Fig. 4 shows the FT-IR spectrum of PGZ nanocomposite, PEDOT
nd GO. The band observed at 1518 cm−1 is because of the C–C or
=C stretching vibrations. The C-O-C bond stretching in the ethylene
ioxy group shows vibrational bands around 1204 cm−1, 1141 cm−1

nd 1050 cm−1. The FT-IR signals at 980 cm−1 and 833 cm−1 attributed
o the modes of deformation in the C–S–C bond of thiophene ring. The
pecific characterizing peak for the conducting polymer (PEDOT) was
bserved around 1340 cm−1 (Choi et al., 2004). The FT-IR investigation
f GO shows its characteristic peaks for C–O, C–OH, C=O and –OH
4

round 1047 cm−1, 1579 cm−1, 1720 cm −1, and 3430 cm−1 respec-
ively (Rattana et al., 2012). The FT-IR spectrum of PGZ nanocomposite
epicts entire vibrational bands as recorded for the PEDOT sample. Due
o the weak interaction between GO and PEDOT the shifting of signals
as observed which is further attributed to the wrapping or capping of
EDOT over GO sheets. As no new peaks were observed in the spectrum
f PEDOT, it is inferred that there is no chemical interaction occurred
etween the GO and conducting polymer (PEDOT).

.3. X-ray diffraction (XRD) studies

Fig. 5 shows XRD pattern for the as prepared PGZ sample with a
upporting reference of ZrO2 (JCPDS file 00-005-0543). Almost all the
haracteristic peaks of monoclinic ZrO2 are perfectly coincides with the
rO2 sample. Further the peak at appeared at 10.5◦ for the sample
are GO corresponds to (001) plane which indicates a characteristic
eak of graphite oxide. Moreover, the bare PEDOT samples shows
road diffraction peak at 25.8◦ corresponds to (020) plane confirms
he complete polymerization of EDOT. Thus, the composite PGZ sample
hows a combination of all peaks implies the successful chemical
ixing of GO/ZrO2 along with polymerization of EDOT to form an PGZ

omposite.

.4. Thermogravimetric analysis (TGA)

Fig. 6 represents thermogravimetric analysis of PGZ sample. It
eveals mass loss profile in two steps. In a first step the mass loss
nitiates at 60 ◦C and it is continuing up to 85 ◦C which is mainly due to
emoval of moisture present in the sample as well as low temperature
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Fig. 3. EDAX profile of PGZ nanocomposite.
Fig. 4. FT-IR spectrums of PGZ, PEDOT and GO.

stability of graphene oxide (GO) (Kuila et al., 2013). The second mass
drop is observed from 450 ◦C because of a break in the structure of
the polymer chain in PEDOT (Khasim et al., 2021). Further increase in
temperature initiates the loss of mass, depicted as linear region which
further indicates that the PGZ composite structure is more stable in
the range of 85 ◦C to 450 ◦C. Comparable temperature dependency is
observed in the case of polymer doped metal oxide structure (PEDOT:
PSS doped TiO2) (Khasim et al., 2021).

3.5. Impedance analysis of coated metal

Electrochemical Impedance Spectroscopy (EIS) is a powerful an-
alytical technique used to investigate the electrochemical behavior
5

Fig. 5. XRD spectrums of PGZ, PEDOT, ZrO2 nanoparticles and GO.

of materials, including coated metals. EIS is particularly useful for
studying the protective properties of coatings as it provides information
on the coating’s resistance to corrosion and its ability to impede the
movement of ions through the coating. In an EIS study of coated
substrate, a small AC voltage is applied to the coated sample, and the
resulting current is measured as a function of frequency. The impedance
of the coated sample is then calculated from the measured current and
voltage data.

The impedance data obtained from EIS studies can be used to
determine the protective properties of the coating, including its elec-
trical resistance, capacitance, and charge transfer resistance. These
parameters provide valuable information on the coating’s ability to
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Table 1
Charge transfer resistance (Rct ) values of bare metals (Cu and Al), WBPU coated metals and 3.0% PGZ in WBPU coated metals specimen exposed to 3.5% NaCl Solution.

Composition Charge transfer resistance (Rct )
(%) Ω cm2

After 1
day

After 5
days

After 10
days

After 15
days

After 20
days

After 30
days

For Copper (Cu) Specimens

Bare Cu 8284 5286 4172 2407 1786 1493
WBPU 22277 20695 18790 12874 8303 12283
3.0% PGZ in WBPU 2.291 × 106 322508 29739 27827 28104 27141

For Aluminum (Al) Specimens

Bare Al 285.5 425.9 264.3 101.4 41.17 23.4
WBPU 3356 3208 3061 2406 1570 956.2
3.0% PGZ in WBPU 157370 76018 21237 18278 16841 10074
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Fig. 6. TGA profile for the PGZ nanocomposite.

revent the penetration of corrosive species, such as water and salts,
nto the underlying metal.

The bare and coated samples were kept in a 3.5% NaCl solution
or a period of up to 30 days to check the durability and reliabil-
ty of the coating material. Impedance spectroscopy (EIS) is a well-
stablished non-detrimental electrochemical method accepted widely
or the assessment of corrosion resistance offered by the coatings to the
nderlying substrates. These evaluations were performed via putting
he WBPU (binder) coated Cu and Al substrates and WBPU with various
oadings of PGZ nanocomposite (1.0% to 5.0%) coated substrates in
.5% neutral chloride solution at steady state potential for a exposure
eriod of 1 day to 30 days at 25 ± 2 ◦C (room temperature). The

optimized concentration of 3.0% PGZ in WBPU demonstrates the most
significant corrosion protection characteristics among all the other
loading concentration of PGZ. The corresponding Nyquist and Bode’s
plots for Cu and Al specimens coated with the optimized concentration
i.e., 3.0% of PGZ in WBPU after 1 day of exposure to the aggressive
NaCl solution are displayed in Figs. 7 and 8 respectively.

The investigated system shows capacitive and resistive behavior
as exhibited by one-time constant in the Nyquist plots; the observed
impedance response was significantly high. A basic electrical circuit as
shown in the fig. S5 in supplementary information, comprises of paral-
lel coupled capacitor and resistor connected to a resistor in series was
used to model the experimental data which yielded vital impedance
parameters viz. charge transfer resistance (𝑅ct) and capacitance of
he coating (𝐶c). 𝑅ct signifies the corrosion resistance provided by
he coating to the underlying metal substrates. 𝐶c is another vital
arameter which evaluates the reliability of coating material and also
ttributed to its electrolyte uptake tendency.

The 𝑅ct values for bare Cu and Al were observed to be low which
s attributed to the materialization of porous oxide layer on the metal
 l

6

surface (Table 1, T1a and T1b). This layer permits the continuous
diffusion of hydroxide (OH−) and chloride ions (Cl−) towards the metal
urface due to which we have observed low 𝑅ct and high 𝐶c values. Due
o the existence of a WBPU barrier layer over the Cu and Al surface, the
ct values of WBPU coated specimens are observed to be significantly
p-surged than the bare Cu and Al. These 𝑅ct values further increased
ignificantly after the inclusion of PGZ nanocomposite in the WBPU.
he observed 𝑅ct values of specimens coated with 3.0% of PGZ in
BPU is much higher than that of the specimen coated with WBPU

olution, exhibiting its excellent tendency to protect underlying metal
rom corrosion. The electrolyte uptake tendency of substrate coated
ith 3.0% PGZ is found to be lowest which is depicted by the low value
f 𝐶c.

The Bode’s plots (Log |Z| vs Log Frequency) for the substrates coated
with the 3.0% PGZ in WBPU show higher impedance values in the low-
frequency region. This low frequency region represents the protective
barrier characteristics of the coating materials via high impedance
modulus (Sathiyanarayanan et al., 1992; Chowdhury and Kant, 2018).
The phase angle values for PGZ coated substrates (Figs. 7b and 8b)
are observed to be less than WBPU coated substrates, these low values
in the low frequency regime are attributed to the compactness of
protective barrier layer (Chowdhury and Kant, 2018).

The prevention of diffusion of ions from the aggressive electrolyte
is one of the major requirements from a coating material during its
exposure to the harsh environments. Table 1, T1a and T1b depict
the impedance response of coated substrates exposed to 3.5% NaCl
for a persistent period of 30 days. The 𝐶c values are observed to
e significantly lower for 3.0% PGZ in WBPU coated substrates ex-
ibiting lower tendency of electrolyte uptake which resulted in the
evelopment of highly protective surface barrier coating that further
rovided significant corrosion shielding even after a prolonged period
f exposure to aggressive electrolyte. A similar trend for impedance
esponse was observed for all concentrations of PGZ coating systems.
he corresponding Nyquist and Bode’s plots for Cu and Al for an
xposure time of up to 30 days are given as supplementary information
n fig. S1(i-vi) and S2 (i-vi) respectively.

.6. Potentiodynamic polarization study

Potentiodynamic polarization study is a commonly used electro-
hemical technique for evaluating the corrosion behavior of materials.
n the case of coated substrates, the technique is used to investigate
he protective properties of the coating. The study involves applying
potential to the coated metal and measuring the resulting current as

he potential is swept. The potential is swept between a cathodic and
nodic region to determine the corrosion potential and the polarization
esistance of the coating.

The data obtained from the potentiodynamic polarization study can
rovide information on the effectiveness of the coating in preventing
orrosion. A higher polarization resistance indicates better protection
gainst corrosion, while a lower resistance suggests the coating may be

ess effective



R. Kumar, S.S. Karade, S.K. Shinde et al. Results in Surfaces and Interfaces 12 (2023) 100139

r
a
C
p
d
e
o
n
A
W
c

Table 2
Corrosion current densities of bare metals (Cu and Al), WBPU coated metals and 3.0% PGZ in WBPU coated metals specimen exposed to 3.5% NaCl Solution.

Composition Corrosion Current Density (Icorr )
(%) (μA cm−2)*10−3

After 1
day

After 5
days

After 10
days

After 15
days

After 20
days

After 30
days

For Copper (Cu) Specimens

Bare Cu 54074 148398 190341 1423763 7848594 15169095
WBPU 2227 2602 3051 4469 8344 11541
3.0% PGZ in WBPU 86 720 997 1022 1376 1819

For Aluminum (Al) Specimens

Bare Al 8019 9309 12753 17132 18535 20970
WBPU 1029 1376 1708 1998 3638 5542
3.0% PGZ in WBPU 26 279 281 619 958 1904
Fig. 7. Nyquist (a) and bode’s (b) plots for bare Cu, WBPU coated Cu and 3.0% PGZ
in WBPU coated Cu substrates after 1 day of exposure to 3.5% NaCl solution.

Figs. 9a and 9b show the polarization curves for bare and coated
Cu and Al specimens after 1 day of exposure to aggressive neutral
chloride solution. The corresponding Tafel parameters depicted from
the polarization curves viz. corrosion potential (𝐸corr), corrosion cur-
ent density (𝑖corr), anodic (𝛽a) and cathodic (𝛽c) slopes (Table 2, T2a
nd T2b). From the data, it can easily be inferred that the coated
u and Al substrates demonstrated impressively lower 𝑖corr and more
ositive 𝐸corr values w.r.t. bare substrates, which is attributed to the
evelopment of highly stable passive film on the metal specimens
ncouraged by the coating material which further leads to high level
f protection from the destructive force of corrosion. It can also be
oted from Table 2 that the 𝑖corr values of binder coated Cu and
l specimens are less than the specimens coated with 3.0 % PGZ in
BPU. This shows the enhanced fencing characteristic of PGZ-WBPU
oatings under highly corrosive conditions (Christopher et al., 2016).

7

Fig. 8. Nyquist (a) and bode’s (b) plots for bare Al, WBPUcoated Al and 3.0% PGZ in
WBPU coated Al substrates after 1 day of exposure to 3.5% NaCl solution.

The lower 𝑖corr values attributed towards the formation of a highly
effective shielding film on both the metal surface. These values suggest
that the PGZ nanocomposite is optimally doped (Chaudhari and Patil,
2007) and is in sufficient concentration to show redox characteristics
in the investigated systems.

For making a distinction among the various investigated coating
systems (1.0% to 5.0% loadings of PGZ nanocomposite in WBPU),
the Tafel polarization plots for coated Cu and Al specimens were also
recorded and illustrated in figure S3(i-vi) and S4(i-vi) respectively.
The 𝑖corr values for PGZ coatings viz. 1.0%, 2.0%, 4.0% and 5.0%
are observed to be higher as compared to specimens coated with
3.0% PGZ in WBPU (Table T2a and T2b). The shift of 𝐸corr towards
negative regime is due to the existence of dynamic corrosion reactions
at the coating-metal interface (Christopher et al., 2016). The interfacial
bonding between coating and metal has been degraded with time due
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Fig. 9. Tafel polarization curves for Cu (a) and Al (b): bare, coated with WBPU and
coated with 3.0% PGZ in WBPU solution after an exposure period of 1 day to 3.5%
NaCl solution.

to the unremitting diffusion of aggressive ions penetrating the interface
as shown by the data time studies. The earlier studies have proved that
the higher loading concentrations of composite materials affect nega-
tively on the coating film via making it more porous and susceptible
towards formation of defects and diffusion of aggressive ions from the
electrolyte whereas the lower loading concentration provides adequate
corrosion resistance to the underlying substrate (Kumar et al., 2013;
Choi et al., 1999; Luo et al., 2014).

The main component of PGZ nanocomposite is PEDOT, its electrode
potential magnitude is higher than the active metals and their alloys.
This vital characteristic assists PEDOT to interact with these metal
substrates and to modify their corrosion characteristics. At the metal–
polymer interface, PEDOT assist in the formation of stable passive oxide
layer via redox reactions (Christopher et al., 2016). The large surface
area of GO sheet aided in the retardation of diffusion of aggressive
chloride ions from the electrolyte towards the metal substrates. ZrO2
anoparticles enhanced the overall compactness and provided stability
o the coating material.

In general, the 𝑖corr values of all the investigated coating formu-
ations upsurge sluggishly with the increase of exposure time to the
eutral chloride solution. The much noble 𝐸corr values and lower

𝑖corr values distinctively demonstrated the significantly higher anti-

corrosion characteristic of the PGZ coating that eventually augmented

8

the overall corrosion resistance of WBPU coatings in which it is doped
with various concentrations.

4. Conclusions

The PGZ nanocomposite was successfully fabricated by in-situ ox-
idative chemical polymerization method and characterized via state
of the art techniques. WBPU coatings doped with PGZ nanocompos-
ite were successfully applied on to the Cu and Al substrates. The
impedance parameters illustrated the significant reduction in charge
transfer resistance (𝑅ct) values of all the PGZ coated specimens of
both the metals. The potentiodynamic polarization studies indicate
significantly lower 𝑖corr values for all the Cu and Al specimens coated
with various loadings (wt. %) of PGZ in a binder solution. Among all
the coating variants the best results were delivered by 3.0% of PGZ
nanocomposite coating system. This coating (3.0% PGZ in WBPU) has
shown superior corrosion protection even after prolonged exposure of
up to 30 days to aggressive sodium chloride solution.
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