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ABSTRACT

Published: 30.03.2026

The present study focuses on the electrochemical synthesis and characterization of poly(4-amino-1,2,4-triazole)
(poly-4-ATA) and its composites incorporating various metal oxides. Metal oxides such as CeO2, ZnO, and TiO:, along with
SiO2, were integrated into the polymer matrix to enhance the structural, morphological, and electrochemical performance of
the coatings. The prepared materials were examined by FT-IR, XRD, SEM, EDAX, and electrochemical analyses, confirming
successful polymerization and the uniform distribution of metal oxide particles within the polymer network. Electrochemical
investigations, including potentiodynamic polarization (PP) and electrochemical impedance spectroscopy (EIS), revealed that
The incorporation of TiO: of metal oxides significantly improved corrosion resistance compared with that of the bare alloy
and the pure polymer film. Among the tested composites, the poly-4-ATA/TiO: coating exhibited the highest charge-transfer
resistance and an inhibition efficiency of 97.8%, indicating superior protective performance. These findings suggest that poly-
4-ATA/metal oxide composites are promising corrosion-inhibitive coatings, with the synergistic effect of the polymer and the
metal oxide contributing to the enhanced durability and stability of metallic substrates in aggressive chloride environments.

Keywords: Poly(4-amino-1,2,4-triazole); Cu—Ni alloy; Corrosion inhibition; Electropolymerization: Inorganic oxides.

1. INTRODUCTION

Corrosion poses a significant threat to critical
infrastructure, such as bridges, pipelines, and buildings.
It weakens the structural integrity of these constructions,
potentially leading to catastrophic failures. The
economic impact of corrosion is significant.
Maintenance, repairs, and replacements of corroded
infrastructure cost billions of dollars annually. Industries
like transportation, oil, energy, and manufacturing are
particularly vulnerable to these financial losses.
Structural corrosion can compromise public safety.
From rusted support beams in buildings to corroded
sections of highways, the risk of accidents and injuries
increases significantly. Leaks in corroded pipelines can
result in the release of hazardous substances into the
environment, leading to pollution and ecosystem
damage. Corrosion also affects electronic devices,
leading to malfunctions and reduced lifespans. This is
particularly concerning given the increasing reliance on
technology in the modern world (Aslam et al. 2022).

Corrosion refers to a broad range of material
degradation phenomena, governed by  distinct
electrochemical, environmental, mechanical, and
biological conditions. It is a complex and dynamic
interaction between a metal or alloy and its
environment. Material degradation eventually leads to

loss of material, functionality, and mechanical integrity
over time. Unlike the general presumption that metals
corrode uniformly, actual engineering systems tend to
undergo localized or non-uniform corrosion, which can
be more hazardous as it goes on unnoticed until the
event of critical failure.

The nature, extent, and severity of the
corrosion are heavily dependent on an interplay of
factors, such as the chemical composition of the metal,
surface conditions, the character of the electrolyte,
temperature, and the presence of microorganisms.
Hence, a customized method is needed depending on
the prevalent corrosion mechanism in the environment
(Aydin, 2023).

The deterioration of metals due to corrosion is
a serious concern across industries. It is affecting the
longevity, safety, and performance of the equipment.
While physical and chemical coatings offer some degree
of protection, one of the most economical and widely
adopted strategies to combat corrosion is the use of
corrosion inhibitors. These substances, when added in
small amounts to a corrosive medium, significantly
reduce the rate of metal degradation by interfering with
the electrochemical reactions responsible for corrosion
(Winkler et al. 2025).
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Corrosion inhibitors are especially valuable in
processes involving acid cleaning, pickling, cooling
water circulation, oil and gas production, and closed-
loop systems, where metals are continuously exposed to
aggressive environments. Their action is generally based
on the formation of a protective film on the metal
surface, which acts as a barrier to corrosive ions such as
hydrogen ions (H*), oxygen (O), and chlorides (CI").
Given the wide range of operating environments and
metal types, corrosion inhibitors are broadly classified
based on their mechanism of action, chemical
composition, and source of origin (Aslam et al. 2022).

Corrosion of metals is a widespread and
critical issue impacting a broad range of industries,
including transportation, infrastructure, marine, oil and
gas, and manufacturing. This degradation process
occurs when metals react with environmental agents
such as water, oxygen, acids, and industrial chemicals,
leading to material weakening, structural failure,
production downtime, and significant financial losses.
To combat this challenge, various preventive strategies
have been developed, among which the use of chemical
corrosion inhibitors remains one of the most practical
and cost-effective solutions. These inhibitors are added
in small quantities to corrosive media to significantly
slow down the corrosion rate without requiring major
changes to the process environment or operational
conditions (Vinothkumar and Sethuraman, 2020).

With growing concerns over environmental
safety and sustainability, the focus has increasingly
shifted towards the development of organic inhibitors
that are both effective and eco-friendly. Among these,
heterocyclic compounds have gained prominence due to
their ability to form stable interactions with metal
surfaces. Particularly, triazole-based inhibitors have
garnered significant attention for their superior
performance. Triazoles are five-membered heterocycles
rich in nitrogen, typically containing three nitrogen
atoms within the ring. This high nitrogen content
facilitates strong adsorption onto the metal surface
through lone pair donation and m-electron interactions,
leading to the formation of protective films that hinder
both anodic and cathodic corrosion reactions (Rajkumar
and Sethuraman, 2014; Phadke et al. 2017).

Moreover, the triazole framework is highly
tunable. The introduction of various substituent groups
such as amino (-NH:) and thiol (—SH) can enhance the
electron-donating ability of the molecule, increase its
solubility, and improve its overall adsorption
characteristics. These modifications allow for tailoring
of the inhibitor’s electronic and steric properties,
enabling targeted interaction with specific metal
surfaces and adaptability to different corrosive
environments (Akpan et al. 2024).
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Mohanty et al. (2021) investigated how
structural modification of triazole-based inhibitors can
enhance their corrosion protection. The weak inhibitor
4-amino-1,2,4-triazole (AT) was functionalized with an
octanoyl group to produce N-(4H-1,2,4-triazol-4-yl)
octanamide (OAT). Electrochemical and gravimetric
studies revealed that this modification converted the
adsorption mechanism from physisorption to
chemisorption, improving inhibition efficiency from
around 65% for AT (10 mM) to more than 99% for OAT
at significantly lower concentrations (0.3-0.5 mM).
OAT retained high protective performance across a wide
temperature range (30—60 °C). XPS analysis confirmed
chemisorption through triazole nitrogen atoms, while
EIS, SECM (scanning electrochemical microscopy), and
SEM analysis confirmed the formation of a uniform
self-assembled monolayer (SAM) that effectively
shielded mild steel from corrosion in 0.1 M HCI. These
results emphasize that targeted chemical modification of
triazole molecules can produce highly effective and
thermally stable corrosion inhibitors (Mohanty et al.
2021).

In this present research work, the prepared
poly-4-ATA material exhibits significant anticorrosive
properties by forming a protective polymeric layer on
the Cu-Ni (90/10) alloy surface, which restricts the
interaction between the metal substrate and the 3.5%
NaCl as aelectrolyte medium. However, the inhibition
capability of the polymer alone can be further
strengthened through the incorporation of selected metal
oxides such as SiO,, CeO,, ZnO, and TiO,, respectively.
The presence of these metal oxide particles not only
improves the barrier characteristics of the polymeric
coating but also enhances surface coverage, mechanical
stability, and charge-transfer resistance. These oxides
act synergistically with the poly-4-ATA matrix, leading
to reduced porosity, improved adherence to the metal
surface, and better blocking of corrosive ions. As a
result, the hybrid poly-4-ATA/metal oxide films provide
superior protection efficiency compared to the pristine
polymer film.

2. MATERIALS AND METHODS

The  supplementary  material  provides
information about the chemicals used and the
characterization of the synthesized polymer/metal oxide
composites. All reagents were of analytical grade and
applied without further purification, with their
specifications listed in the supplementary data. The
composites were analyzed for structural, morphological,
thermal, and elemental features using FT-IR, XRD, and
SEM/EDAX  techniques. In  addition, their
electrochemical performance was evaluated through
cyclic  voltammetry, electrochemical impedance
spectroscopy, and the potentiodynamic polarization
technique.
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2.1 Electropolymerization of 4-Amino-1,2,4-
Triazole (4-ATA)

The Cu—Ni (90/10) alloy electrode was
immersed in an electrolyte solution composed of 0.1 M
4-ATA dissolved in methanol and 0.5 M NaOH, which
acted both as a supporting electrolyte and as a medium
for the polymerization reaction. To prepare the
composite coatings, 0.1 M 4-ATA was dissolved in
methanol and mixed with 0.5 M NaOH, after which 1
mM of TiO:, ZnO, CeO., or SiO: particles were
introduced into individual beakers. Since metal oxide
particles tend to aggregate, the suspensions were
subjected to ultrasonic irradiation for about 30 minutes
to achieve uniform dispersion of the particles within the
electrolyte solution.
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Fig. 1: Schematic representation of poly-4-ATA formation

Following the electrodeposition process (Fig.
1), the Cu—Ni (90/10) alloy electrodes modified with
poly-4-ATA or poly-4-ATA/metal oxide composites
were carefully removed from the electrochemical cell.
To eliminate any loosely adhered or physically adsorbed
residues, the coated electrodes were thoroughly rinsed
with double-distilled water. Finally, the electrodes were
dried in an oven at 65 °C to remove moisture and
stabilize the polymer/oxide composite layers, after
which they were subjected to subsequent structural,
morphological, and electrochemical studies.

3. RESULTS AND DISCUSSION

3.1. Cyclic Voltammetric Studies of Poly-4-ATA
and its Metal Oxide Composites

Cyclic voltammograms of poly-4-ATA and its
metal oxide composites are depicted in Figs. 2a—2e. The
anodic  current increases may confirm the
electropolymerization process, which occurred on the
electrode surface with the incorporation of various
metal oxides. After several cycles, the metal oxide
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enhanced the current response, while the poly-4-
ATA/TiO2 composite showed the greatest -effect
(Fig. 2e) (Ates et al. 2015). The coating thicknesses
were 4.12 um for pure poly-4-ATA and 3.68 pum for
composites.
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Fig. 2: Cyclic voltammograms of (a) poly-4-ATA, (b) poly-4-
ATA/SiO;, (c) poly-4-ATA/CeO;, (d) poly-4-ATA/ZnO, and (e)
poly-4-ATA/TiO:

3.2 FT-IR Studies of Poly-4-ATA and its Metal
Oxide Composites

The FT-IR spectra of poly-4-ATA and its metal
oxide composites are shown in Figs. 3a—3e, and the
spectral values are tabulated in Table 1.

The observed major vibrational features are
associated with the polymer backbone as well as the
characteristic signals of the incorporated oxides. A
broad absorption band in the range of 3404-3438 cm™!
corresponds to N—H stretching, while a distinct band
around 2920-2926 cm™ is attributed to aromatic C—H
stretching (Rajkumar and Sethuraman, 2015). The
presence of these absorptions confirms the retention of
the triazole ring structure within the polymer after
electropolymerization.

The band within the range of 1620-1630 cm™
is associated with the bending vibration of the N-H
group, which appears in both the poly-4-ATA and its
metal oxide composites (Rajkumar and Sethuraman,
2015). Another characteristic band detected in the
region of 1380—1411 cm™ corresponds to the stretching
vibration of the C—N bond, confirming the structural
features of poly-4-ATA and its oxide composites
(Vinothkumar and Sethuraman, 2018). The spectral
band detected between 1038—1049 cm™ corresponds to
the C—C stretching vibration of the polymer backbone
(Edison et al. 2018). This feature is consistently
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observed in poly-4-ATA and remains when metal oxides
are incorporated into the polymer matrix, indicating the
retention of the main chain structure.

Table 1. FT-IR spectral values of poly-4-ATA and its metal
oxide composites

Wavenumber (¢cm™)

S. Poly 4. Poly-4- Poly-4- Poly-4- Poly-4- Band
No. FOIY %~ ATA/Si ATA/Ce ATA/Z ATA/TiO Assignment
ATA
0, 0O, nO 2

1 3411 3422 3404 3404 3438  N-H stretching

2 2020 2926 2926 2923 2926  Aromatic C-H
stretching

31620 1630 1625 1621 1620  N-Hbending
vibration

4 1380 1411 1387 1393 1400  C-N stretching

5 1043 1038 1049 1049 1038  -C-C stretching

6 = = - 553 - Zn-O stretching

7 - - 540 - - Ce-O stretching

8 - 1099 - - - Si-O-Si stretching

9 - - - - 571 Ti-O stretching

Transmittance (Arb. units)

T T L) T ) L) T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig. 3: Comparison of FT-IR spectra of (a) poly 4-ATA, (b)
poly-4-ATA/SiO;, (c) poly-4-ATA/CeO;, (d) poly-4-ATA/ZnO,
and (e) poly-4-ATA/TiO:

In addition to the polymer-related vibrations,
oxide-specific peaks appear in the composite samples. A
band near 553 cm™ is assigned to Zn—O stretching (Li e?
al. 2019), while Ce—O vibrations are observed around
540 cm™ (Hosseini and Aboutalebi, 2019). The
asymmetric stretching of Si—-O-Si networks is evident at
1099 cm™ (Saravanan and Dubey, 2020), and Ti-O
stretching vibration emerges near 571 cm™ (Elangovan

et al. 2024). These bands, which are absent in the pure
poly-4-ATA  spectrum, confirm the successful
incorporation of the respective metal oxides into the
polymer matrix.

It is also noteworthy that the N—H stretching
frequency exhibits slight shifts (+3 cm™) compared to
the undoped polymer. Such subtle changes are often
indicative of weak interactions between the polymer
chains and the oxide nanoparticles. In this case, the
shifts can be rationalized by hydrogen bonding or
surface coordination between oxide hydroxyl groups
(such as Ti—OH or Si—OH) and the N-H sites of the
polymer. These interfacial interactions not only validate
the effective integration of oxides into the polymer
framework but may also influence the -electronic,
structural, and electrochemical properties of the
resulting composites.

3.3 XRD Pattern of Poly-4-ATA and its Metal
Oxide Composites

The XRD profiles of poly-4-ATA and its oxide
composites (poly-4-ATA/CeO2, poly-4-ATA/SiO2, poly-
4-ATA/ZnO and poly-4-ATA/TiO2) are presented in
Figs. 4a—4e, and the corresponding 20 values are listed
in Table 2.

Table 2. 20 values of poly-4-ATA and its metal oxide
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composites
S. No. Poly 4- Poly 4- Poly 4- Poly 4- Poly 4-
ATA  ATA/CeO, ATA/SiO; ATA/ZnO ATA/TiO,
1 23.59 23.47 23.37 23.47 23.47
2 27.17 27.04 26.92 27.04 27.04
3 38.62 38.62 38.62 38.49 38.68
4 45.65 45.65 45.65 45.52 45.59
5 47.80 47.92 47.92 47.80 47.80
6 55.92 55.67 55.92 55.79 55.79
7 61.39 61.14 61.27 62.95 61.39
8 63.20 63.07 63.07 - 63.07
9 69.98 69.85 69.98 69.85 69.73
10 75.11 74.86 74.86 74.80 74.86
JCPDS
Card - 340394 897499 891397 896975
No.
The poly-4-ATA (Fig. 4a) shows sharp

diffraction peaks at 23.59, 27.17, 38.62, 45.65, 47.80,
55.92, 61.39, 63.20, 69.98, and 75.11°, characteristic of
an amorphous or semi-crystalline structure. The reduced
crystallinity can be attributed to the amino substituent of
the 4-ATA monomer, which disrupts chain packing and
lowers long-range order.
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Fig. 4: XRD patterns of (a) poly 4-ATA, (b) poly-4-ATA/CeO;, (c) poly-4-ATA/SiOs, (d) poly-4-ATA/ZnO and (e) poly-4-
ATA/TiO2

For the poly-4-ATA/CeO: composite (Fig. 4b),
peaks appeared at 23.47, 27.04, 38.62, 45.65, 47.92,
55.67, 61.14, 63.07, 69.85, and 74.86°. The shift of the
20 value from 23.59° (in the pure polymer) to 23.47°
suggests lattice strain introduced by CeO: nanoparticles,
causing local stress and minor rearrangements in the
polymer framework (JCPDS: 34-0394) (Choudhury and
Choudhury, 2012).

In the case of poly-4-ATA/SiO: (Fig. 4c), the
XRD pattern showed peaks at 23.37, 26.92, 38.62,
45.65, 47.92, 55.92, 61.27, 63.07, 69.98, and 74.86°,
which were slightly shifted relative to the pure polymer.
This indicates that SiO: incorporation leads to lattice
distortion and interplanar spacing variations. The pattern
matches JCPDS card 89-7499, confirming successful
integration of SiO: in an amorphous semi-crystalline
form (Singh et al 2019). Such lattice strain is
significant, as it can affect charge transport, structural
stability, and electrochemical behaviour.
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For the poly-4-ATA/ZnO composite (Fig. 4d),
diffraction peaks were observed at 23.47, 27.04, 38.49,
45.52, 47.80, 55.79, 62.95, 69.85, and 74.80°. A distinct
20 value is slightly shifted, which is consistent with
JCPDS card 89-1397 (Hosseini and Aboutalebi, 2019).
This may confirm the presence of crystalline ZnO
embedded within the polymer matrix (Jalal ef al. 2010).

The poly-4-ATA/TiO: composite (Fig. 4e)
exhibited diffraction peaks at 23.47, 27.04, 38.68, 45.59,
47.80, 55.79, 61.39, 63.07, 69.73, and 74.86°. Shifts in
the 20 values of 45.59° and 55.79° compared with the
pure polymer (45.65 and 55.92) indicate the lattice
adjustments due to TiO: incorporation. The sharp and
intense nature of these reflections shows that TiO:
crystallites remain intact after integration, as confirmed
by JCPDS card 89-6975 (Madhuvilakku and Piraman,
2013).

Among all the composites, TiO:-based systems
display the most intense and well-defined peaks,
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indicating superior retention of crystallinity and
enhanced ordering within the polymer matrix. By
contrast, CeO: and ZnO composites introduce greater
lattice distortion, producing broader peaks. Thus, TiO:
incorporation resulted in the highest -crystallinity
retention compared with the other oxide-loaded
systems.

3.4 Electrochemical Impedance Spectra of Poly-
4-ATA with Metal Oxides

Figs. 5a—5f show the Nyquist plots obtained
from EIS measurements of the bare alloy, poly-4-ATA,
and poly-4-ATA coatings incorporated with various
metal oxides (SiO2, CeO2, ZnO, and TiO:), while the
fitted parameters are listed in Table 3. The charge-
transfer resistance (R.;), which represents the resistance
to electron exchange between the alloy surface and the
electrolyte, was lowest for the uncoated alloy (Fig. 5a),
with a value of 1134 Q cm? -confirming its poor
corrosion resistance. After applying a poly-4-ATA film
(Fig. 5b), the R increased to 1.238 x 104 Q cm?,
corresponding to an inhibition efficiency of 90.8%,
indicating the polymer film provided a protective
barrier.

Introducing metal oxides into the polymer
matrix further improved the corrosion resistance. The
poly-4-ATA/SiO: composite (Fig. 5¢) exhibited an R of
1.791 x 10* Q cm? (IE = 93.6%), suggesting that the
silica particles enhanced the protection, though their
incomplete dispersion may have limited performance. In
poly-4-ATA/CeO: (Fig. 5d), R increased markedly to
1.811 x 10* Q em? (IE = 93.7%), pointing to the strong
passivating ability of cerium oxide.

Table 3. Impedance parameters for bare Cu—Ni (90/10) alloy,
poly-4-ATA and its metal oxide composites

Impedance Poly-4- Poly-4- Poly-4- Poly-4-
Parameter  Cn¢  Poly-4- ATA/ ATA/ ATA/ ATA/
Cu-Ni ATA . .
s SiO; CeO2 ZnO TiO:
R
16.0 15.5 15.0 14.0 11.5 10.2
(Qcm?)
Qua 2.4x 89x100  75x100 1.1x10° 5.98 x 7.53 x
(S s"/cm?) 10 4 g ¢ 104 10°
Qn 0.8 0.7 0.7 0.6 0.8 0.7
Ret il 1.238x 1.791 x 1.811 x 3.458 x 5.077 x
(Q cm?) 10* 10* 10* 10* 10*
Qr 82x100  51x100 48x100 58x100  84x10°
(S s"/cm?) ) s s s s s
Qu - 0.8 0.9 0.9 0.8 0.9
Re
R 187.4 207.3 261.0 270.3 307.9
(Qcm?)
1 (%) - 90.8 93.6 93.7 96.7 97.8

570

0|'|'|'|
0 2 4 6 8

Z' (k ohm)

—— .
10 12 14 16 18

Fig. 5: Nyquist plots of (a) bare Cu—Ni (90/10) alloy, (b) poly-
4-ATA, (c) poly-4-ATA/SiOs, (d) poly-4-ATA/CeO, (e) poly-4-
ATA/ZnO and (f) poly-4-ATA/TiO;

The poly-4-ATA/ZnO composite (Fig. 5e)
showed an Re of 3.458 x 10* Q cm? and an inhibition
efficiency of 96.7%, which can be attributed to the
semiconducting nature of ZnO that suppressed charge
transport across the surface.

The better results were obtained with TiO:
incorporation, where the poly-4-ATA/TiO: coating (Fig.
5f) showed an Ry of 5.077 x 10* Q cm? and an
inhibition efficiency of 97.8%. This enhanced
performance can be linked to the strong interfacial
bonding between TiO: nanoparticles and the polymer
backbone, producing a dense and uniform protective
layer that effectively blocks the ingress of corrosive
ions.

Overall, the EIS results demonstrated that the
embedding of metal oxides into the poly-4-ATA matrix
significantly improved the corrosion resistance of Cu—
Ni (90/10) alloy, with TiO: providing the most effective
barrier among the oxides tested.

3.5 Potentiodynamic Polarization Studies of
Poly-4-ATA with Metal Oxides

The Tafel polarization curves of poly-4-ATA
and its various metal oxide composites are shown in
Figs. 6a—6f. The electrochemical parameters extracted
from these polarization curves are listed in Table 4.
Electrochemical measurements revealed a clear
improvement in corrosion resistance upon coating the
Cu—Ni alloy with poly-4-ATA and its metal oxide
composites.
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Table 4. Potentiodynamic polarization values of bare Cu—Ni
(90/10) alloy, poly-4-ATA, and its corresponding metal

oxides
icorr (WA Ecorr (V vs. Inhibition
Riesoges cm?) SCE) efficiency (%)
Bare Cu—Ni 3.85 -0.23
Poly-4-ATA 1.68 -0.27 56.36
Poly-4-
ATA/SIO, 1.23 -0.26 68.05
Poly-4-
ATA/CeO, 0.89 -0.28 76.88
Poly-4-
ATA/ZnO 0.46 -0.29 88.05
Poly-4-
ATA/TIO, 0.20 -0.27 94.80

The bare Cu-Ni alloy (Fig. 6a) exhibited a
relatively high corrosion current density (icon) of 3.85
pA cm™2, which indicated active dissolution of the
surface in the corrosive environment. After applying
poly-4-ATA (Fig. 6b), a considerable reduction in icoq
value was observed (1.68 pA cm™2), showing that the
polymer layer effectively hindered the corrosion process
by forming a protective barrier.

2
A
2.
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E (V vs SCE)

Fig. 6: Tafel polarization plots of (a) bare alloy, (b) poly-4-
ATA, (c) poly-4-ATA/SiO;, (d) poly-4-ATA/Ce0, (e) poly-4-
ATA/ZnO, and (f) poly-4-ATA/TiO: in 3.5% NaCl medium

The protective performance was further
enhanced when metal oxides were embedded into the
polymer matrix. The addition of SiO. (poly-4-
ATA/SiO;) and CeO: (poly-4-ATA/CeO,) lowered the
icorr value to 1.23 and 0.89 pA cm™, respectively, as
shown in Figs. 6¢c—d. These oxides likely enhanced the
compactness of the film and reduced its porosity,
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thereby limiting the penetration of aggressive ions. The
poly-4-ATA/ZnO composite exhibited a current density
of 0.46 pA cm™2 indicating a significant decrease
compared with the bare alloy (Fig. 6¢), which may be
attributed to the semiconducting nature of ZnO that
suppressed  eclectron transfer reactions at the
metal/electrolyte interface.

The best corrosion protection was achieved
with the TiO: incorporated (Fig. 6f) polymer, with the
lowest ico value of 0.20 pA cm™. TiO: particles were
known for their high stability and strong interaction
with polymer chains, leading to a dense and adherent
coating that blocks both anodic and cathodic reactions.

The corrosion potential (Ecor) values also
shifted slightly toward more negative potentials for all
the coatings compared with the bare alloy, ranging from
—0.23 to —0.29 V vs. the saturated calomel electrode
(SCE). This shift suggested the changes in the corrosion
mechanism due to the presence of the protective films.
Importantly, the inhibition efficiency reached a
maximum of 94.80% for the poly-4-ATA/TiO:
composite, confirming its superior ability to resist
corrosion. The incorporation of metal oxides into poly-
4-ATA enhanced the overall protective properties of the
coatings. The TiO.-incorporated coating (poly-4-
ATA/TiO») provided the most effective barrier due to its
stability, compatibility with the polymer, and ability to
suppress the electrochemical reactions at the surface.

3.6 Atomic Force Microscopy (AFM) Studies of
Poly-4-ATA and Poly-4-ATA/TiO. Composites

AFM imaging of poly-4-ATA highlights the
changes in surface characteristics of the alloy after
coating. After applying the poly-4-ATA film (Fig. 7a),
the surface becomes more uniform and compact, though
some granular patterns are still evident, with the
roughness slightly reduced to 215 nm. The same type of
surface smooting and reduced rougnes reported in TiO-
—based nanocomposites coatings (Abilash et al. 2025).

The effect is more pronounced in the poly-4-
ATA/TiO2 composite (Fig. 7b), where the surface
appears highly compact, continuous, and essentially free
of visible flaws, with a significantly lower roughness (Z
= 175 nm). The introduction of TiO: nanoparticles
improved chain packing within the polymer, minimized
voids, and produced a smoother topography. This
structural refinement supports the electrochemical
observations, showing that the TiO:-containing
composite provides the maximum corrosion resistance
(97.8%). Collectively, the AFM analysis confirmed that
oxide incorporation enhanced the barrier properties and
markedly improved the protective efficiency of the
coating.
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X Z=175nm 0

Fig. 7: AFM images of (a) poly-4-ATA and (b) poly-4-ATA/TiO:

3.7 SEM Analysis of Poly-4-ATA with Metal
Oxide Composites

SEM analysis was carried out to compare the
surface features of the uncoated Cu—Ni alloy, the poly-
4-ATA layer, and the poly-4-ATA with metal oxide
composites (Fig. 8). The bare alloy (Fig. 8a) displayed

grooves and irregular marks, showing the typical texture
of an exposed metallic surface that can be readily
attacked in aggressive environments. After deposition of
poly-4-ATA (Fig. 8b), the surface was partially masked
by a polymer layer, although small uneven regions and
micro-scale defects remained, which could still act as
sites for localized degradation.

20 pm 20 pm

20 um

Fig. 8: SEM images of (a) bare Cu—Ni (90/10) alloy, (b) poly-4-ATA, (c) poly-4-ATA/SiO;, (d) poly-4-ATA/CeO, (e) poly-4-
ATA/ZnO, and (f) poly-4-ATA/TiOz

Incorporation of SiO: (Fig. 8c) produced a
comparatively smooth and uniform film, indicating a
good level of oxide dispersion in the matrix of poly-4-
ATA/Si0, composite. The CeO: composite of poly-4-
ATA/CeO; (Fig. 8d) showed a more compact granular
appearance, suggesting strong particle—polymer contact,
which enhanced the barrier capacity of the coating. In
the case of poly-4-ATA/ZnO (Fig. 8e), dispersed ZnO
clusters were embedded within the coating, giving

localized reinforcement but also leading to slight
surface roughness. The TiO:-filled system (Fig. 8f)
exhibited a dense, continuous, and defect-free layer,
reflecting superior oxide distribution and strong
interfacial compatibility with the host polymer. NANO

The morphologies observed for each system
support the electrochemical measurements, with the
TiO:2 composite delivering the best protection (97.8%
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efficiency) due to its compact structure and improved
adherence, which restricts electrolyte penetration and
delays corrosion.

3.8 Energy-Dispersive X-ray Analysis (EDAX) of
Poly-4-ATA with Metal Oxide Composites

Fig. 9 illustrates the EDAX spectrum recorded
for the poly-4-ATA coating on the Cu—Ni alloy. The
spectrum showed signals at approximately 0.25 keV and
0.4 keV, corresponding to carbon and nitrogen, which
confirmed the incorporation of poly-4-ATA. The strong
peaks noticed at ~7.5 keV and ~8 keV are characteristic
of nickel and copper originating from the alloy
substrate. In addition, weaker signals associated with
oxygen (~0.5 keV), sodium (~1 keV), manganese
(~0.65 keV), and iron (~0.7 and 6.4 keV) were present,
which could be attributed to trace-level impurities
within the Cu—Ni alloy (90/10).

Figs. 10a—10d illustrate the EDAX spectra of

poly-4-ATA combined with SiO2, CeOz, ZnO and TiO:
to produce the poly-4-ATA/SiO;, poly-4-ATA/CeO,,
poly-4-ZnO and poly-4-ATA/TiO,, respectively. The
elemental peaks were observed for silicon at ~1.8 keV
(Fig. 10a), cerium at ~0.9 and 4.8 keV (Fig. 10b), zinc
at ~1.0 and 8.5 keV (Fig. 10c), and titanium at ~0.4 and
4.5 keV (Fig. 10d).
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Fig. 9: EDAX spectrum of poly-4-ATA with Cu—Ni (90/10)

alloy

The presence of these signals confirmed the

successful incorporation of the respective metal oxides

into the poly-4-ATA matrix. Importantly, the appearance

of well-defined oxide peaks indicated that these species
were not simply deposited on the surface but were

strongly
Such in
stability,
behavior

interconnected with the polymer framework.
corporation was expected to enhance the
conductivity, and overall electrochemical
of the composites, rendering them suitable as

protective coatings in Cu—Ni (90/10) alloy.

cps/eV

cps/ev

(2)

w
ri

|

Y]

8 10 1

5 0] Na
N Ni
B Cu S Ni
|
2 4 6
keV

_cosfeV

1 it 0 /) gl Bnntttel] ol BNl oo oo

‘ (b)

| Ve

4 6
kev

8 10 &

(c)

O

25

20

lS~]

(d)

Fig. 10: EDAX spectra of (a) poly-4-ATA/SiO;, (b) poly-4-ATA/Ce0;, (c) poly-4-ATA/ZnO, and (d) poly-4-ATA/TiO2
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4. CONCLUSION

The successful fabrication of poly(4-amino-
1,2,4-triazole) composites with various inorganic metal
oxides  was  confirmed  through  structural,
morphological, and electrochemical analyses. FT-IR
spectra verified the interactions between the polymer
matrix and the metal oxide particles, while XRD
patterns indicated partial crystallinity resulting from the
oxide incorporation. SEM images revealed a uniform,
compact surface morphology with reduced porosity
compared to the pure polymer, and EDAX analysis
confirmed the presence of silicon, cerium, zinc, and
titanium, which were effectively embedded in the metal
oxide—polymer network. EIS demonstrated a substantial
increase in charge-transfer resistance, reflecting an
enhanced barrier effect against electrolyte penetration.
Potentiodynamic polarization results further showed a
significant reduction in corrosion current density (ico~),
highlighting the superior inhibition efficiency of the
composite coating. Collectively, these findings establish
that the synergistic combination of poly-4-ATA with the
TiO2 composite exhibits the highest inhibition efficiency
for the Cu—Ni (90/10) alloy in chloride media. This

composite represents a promising candidate for
advanced  protective  coatings in  aggressive
environments.
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