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Abstract

Herein, we report the synthesis of zinc oxide (ZnO), silicon dioxide (SiO,), and a binary nanocomposite ZnO-SiO, via the co-
precipitation method. The synthesized materials were comprehensively characterized, using via Fourier-transform infrared spec-
troscopy (FTIR), scanning electron microscopy (SEM), powder X-ray diffraction (XRD), UV-Vis spectroscopy, and nitrogen adsorption-
desorption (BET) measurements prior to their application. The presence of typical Zn-O and Si-O vibrations characteristic of ZnO was
confirmed by FTIR spectra, while the hexagonal morphology of ZnO crystals, spherical nature of SiO,, and agglomerated structure of
the ZnO-SiO, nanocomposite were confirmed by SEM images. XRD analysis confirmed the crystallinity of the as-obtained nanos-
tructures, with average crystallite sizes of 37.78 nm (ZnO), 48.01 nm (SiO,), and 34.09 nm nanocomposite (ZnO-SiO,), as calculated
using the Scherrer equation. The synthesized ZnO, SiO,, and ZnO-SiO, nanoparticles were then evaluated on the basis of their
inhibitive abilities toward corrosion processes in mild steel coupons exposed to 1M HCl estimated by potentiodynamic polarization.
All the studied binary composites emerged as having the strongest inhibitory potential, with the ZnO-SiO, nanocomposite root
system experience showing the most powerful inhibition potential, reducing the corrosion current density (i-corr) to 36.1 uA-cm™
and achieving an inhibition efficiency of 93%. These results demonstrate that the future of using co-precipitation-is a promising
method for synthesizing tunable nanocomposites with desirable physicochemical properties for efficient corrosion inhibition in

acidic media.
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1. INTRODUCTION

The recent scientific technological advancement has propelled
nanotechnology to the forefront of scientific inquiry, partic-
ularly in its capacity to revolutionize diverse biomedical and
technological domains (Nam and Luong, 2019). Nanomateri-
als, especially nanoparticles (NPs), are known for their unpar-
alleled optical, electronic, and catalytic properties, which are
intrinsically linked to their extraordinarily high surface-area-to-
volume ratio (Mishra et al., 2017). This unique characteristic
underpins their enhanced reactivity and efficiency compared to
their bulk counterparts. Consequently, metal-based and metal
oxide-based nanoparticles have created immense research in-
terest over the past two decades, emerging as foundational
elements in numerous cutting-edge applications (Chen et al.,
2022a).

Among the myriads of metal oxide nanoparticles, zinc oxide
nanoparticles (ZnO NPs) stand out as a highly prominent class
due to their remarkable multifunctionality, natural abundance,

and cost-effectiveness (Dey et al., 2025; Divya et al., 2018) As
an n-type II-VI semiconductor, ZnO possesses a wide direct
band gap of approximately 3.3 eV and exhibits excellent chem-
ical and thermal stability, alongside a large exciton binding
energy. These attributes make ZnO NPs particularly attrac-
tive for a broad spectrum of applications, including advanced
optoelectronics, highly sensitive sensors, and eflicient photo-
catalysis (Chen et al., 2022a; Ghafouri et al., 2013; Top and
Cetinkaya, 2015). However, a significant challenge inherent to
7ZnO nanoparticles is their strong propensity for agglomeration,
primarily driven by high surface energy. This aggregation can
severely impede their performance and limit the realization of
their full potential in various applications (Chen et al., 2022b).

In parallel, silicon dioxide nanoparticles (SiO9 NPs) have
been extensively investigated for their compelling properties,
which include low toxicity, inherent biocompatibility, chemical
inertness, and facile surface functionalization with a wide array
of polymers and biomolecules (Bahmani et al., 2014; Dubey
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etal., 2015; Thirumalaivasan et al., 2025). These advantageous
characteristics position SiOg NPs as indispensable materials in
polymer science, advanced materials engineering, and critical
biomedical applications. Crucially, the strategic incorporation
of SiOg4 into ZnO matrices offers a potent solution to the ag-
glomeration issue faced by ZnO NPs. SiOy functions as an
effective support matrix, which not only mitigates ZnO parti-
cle growth but also significantly reduces aggregation, thereby
leading to an enhancement in the available surface area and op-
timizing the catalytic interface (Ali et al., 2014; Krishnakumar
et al., 2017). The synergistic interplay between ZnO and SiOy
in the resulting ZnO-SiOy nanocomposites frequently trans-
lates into superior physicochemical properties, encompassing
improved structural stability, augmented mechanical strength,
and enhanced corrosion resistance (Rahmat et al., 2021).

The synthesis of ZnO-SiOgy nanocomposites typically em-
ploys liquid-phase methods, such as solid dispersion, sol-gel
processes, and co-precipitation techniques, which offer precise
control over morphology and particle size (Babu et al., 2014;
Krishnakumar et al., 2017; Li et al., 2023; Nguyen et al., 2024;
Samuel et al., 2025). The goal of incorporating SiOg within
7nO matrices is to achieve substantially enhanced performance
in catalytic, biomedical, and protective applications. While the
literature extensively discusses the individual properties and
some combined applications, there remains a need for a more
comprehensive understanding of their tailored application in
specific industrial challenges, particularly concerning durable
corrosion inhibition.

Corrosion represents a pervasive and critical challenge that
spans vital industrial sectors such as construction, transporta-
tion, energy, and marine industries. It leads to profound struc-
tural degradation, significant economic losses, and poses severe
environmental and safety hazards (Gupta et al., 2028b; Progek
et al., 2025). Traditional corrosion inhibitors often rely on haz-
ardous chemicals, which necessitates an urgent paradigm shift
towards greener, more efficient, and sustainable alternatives.
Nanomaterials, especially metal oxide-based nanocomposites,
present a highly promising candidiate for advanced corrosion
protection. They function by forming uniform, highly adher-
ent, and robust protective layers on metal surfaces, thereby
significantly enhancing material durability and extending ser-
vice life (A. and Xavier, 2025; Aslam et al., 2020).

While the synergistic benefits of ZnO-SiO¢ nanocompos-
ites are acknowledged, a critical research gap exists in sys-
tematically optimizing their anti-corrosive performance on
mild steel substrates, particularly through a well-controlled
co-precipitation route that emphasizes tailored morphology
for enhanced surface adhesion and barrier properties. Ex-
isting studies often focus on general catalytic or biomedical
applications, with less emphasis on a detailed electrochemical
assessment of their long-term corrosion inhibition capabilities
in challenging environments or the precise correlation between
synthesis parameters and inhibition efficiency for mild steel.
Furthermore, there is a limited number of recent investigations
that thoroughly characterize the structural and morphological
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evolution of such nanocomposites synthesized via a controlled
co-precipitation method, and then directly link these charac-
teristics to their performance as a protective coating on mild
steel through comprehensive electrochemical techniques.
This current work addresses this gap by presenting a novel
approach for the synthesis of a ZnO-SiOy nanocomposite us-
ing a precisely controlled co-precipitation method, aimed at
achieving optimal structural integrity and dispersion. The syn-
thesized nanocomposite is rigorously characterized using a suite
of advanced analytical techniques, including Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), scan-
ning electron microscopy coupled with energy-dispersive X-ray
spectroscopy (SEM/EDS), and Ultraviolet-visible spectroscopy
(UV-Vis). The primary novelty of this study lies in its de-
tailed assessment of the corrosion inhibition performance of
this ZnO-SiOg¢ nanocomposite on a mild steel substrate. By
precisely correlating the nanocomposite’s structural and chem-
ical properties with its protective capabilities, this research
aims to unequivocally demonstrate the potential of ZnO-SiOq
nanocomposites as highly eflicient, environmentally benign,
and sustainable corrosion inhibitors, offering a significant ad-
vancement over conventional hazardous alternatives.

2. EXPERIMENTAL SECTION

2.1 Material

All the chemical compounds used in this work were of high pu-
rity, and used as received without further purification. These in-
clude Zn(CH3COOH) 4 (Merck, Germany), NaOH (CDH, In-
dian), sodium silicate pentahydrate (NagSiO3.5H9O) (Thomas
Baker, Indian), and hydrochloric acid HCL (Merck, Germany).
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Figure 1. FTIR Spectra of SiOg, ZnO and ZnO-SiOq
Nanocomposite

2.2 Characterization Instruments
Fourier-transform infrared (FT-IR) spectroscopy was employed
to characterize the structural and functional groups of the com-
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pounds on a Shimadzu’s FT-IR spectrophotometer (Model:
8400S) with an attenuated total reflection (ATR) accessory
over a spectral range of 4000-400 cm™. At the same time, UV-
Vis absorption spectra that provide information about optical
properties of the compound to be studied were also collected,
using a Shimadzu UV-Vis spectrophotometer (Model: 1700)
at room temperature (r.t.) in the wavelength range 200-1100
nm using a 1 cm quartz cell. The final products were calcined
post-synthesis in a Carbonite S336RB furnace (England). In-
strumental measurements were available at the University of
Babylon, College of Science for Women. Surface morphology
of ZnO nanoparticles was investigated by use of a scanning elec-
tron microscope (SEM, Zeiss, Germany) at the University of
Tehran, equipped with energy-dispersive X-ray spectroscopy
(EDS) for elemental analysis. X-ray diffraction (XRD) data
were collected on an X-ray diffractometer (Shimadzu XRD-
6000, Japan) at the Ministry of Science and Technology. Fur-
thermore, nitrogen adsorption-desorption isotherms at 77 K
to determine by the BET surface area and pore characteristics.

2.3 Methods

2.3.1 Synthesis of SiOg Nanoparticles

Silicon dioxide (SiOg) nanoparticles were synthesized by pre-
cipitation methods. Sodium silicate (NagSiOg) was dissolved
in distilled water at a molar ratio of 1:2 and stirred for 4 hours.
The solution was titrated dropwise into 1 M hydrochloric acid
(HC]) with continuous stirring at room temperature until the
pH dropped from 12 to 7, resulting in the precipitation of a
white solid. To remove excess acid, the precipitate was washed
thoroughly with distilled water to remove excess acid, and the
precipitate was then dried at 60 °C for 12 hours (Joni et al.,
2020; Kumar Yadav and Fulekar, 2019; Yang et al., 2019).

2.8.2 Synthesis of ZnO Nanoparticles

Synthesis of ZnO nanoparticles was achieved by chemical co-
precipitation method. A solution of deionized water and zinc
acetate (Zn(CH3COOQO)4) of analytical quality was used as the
solvent. 0.3 M NaOH was added dropwise to a 0.07 M zinc
acetate solution (200 mL) until a white precipitate was formed.
After filtration and washing with deionized water the precipitate
was dried at 110 °C for 12 hours. The resulting powder was
ground and calcined at 400 °C for 2 hours to improve its
crystallinity (Adam et al., 2018; Justine et al., 2021; Raza et al.,
2025).

2.3.3 Synthesis of SiOy/ZnO Nanocomposite

The SiO¢/ZnO nanocomposite was prepared by in-situ co-
precipitation method. Approximately 0.104 g of the as-synthe-
sized SiOq nanoparticles were dispersed in 286 mL deionized
water via probe sonication for 10 minutes. The dispersion was
then added to 200 mL of 0.07 M zinc acetate solution under
constant stirring. The pH of the mixture was adjusted to 8
via dropwise addition of 0.3 M NaOH, followed by overnight
stirring at ambient temperature which afforded a white pre-
cipitate. The precipitate was washed with water, and dried
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at 110 °C for 48 hours. Finally, the powder was ground and
calcined at 400 °C for 2 hours to improve crystallinity and
complete nanocomposite formation (Chen et al., 2017; Yang
etal., 2008).

2.3.4 Corrosion Testing of SiOg, ZnO and SiOy/Zn0O Nano-
composite

Electrochemical corrosion studies were conducted using a Palm-
Sens EmStat4s potentiostat/Galvano stat integrated with a mag-
netic stirrer and a thermostat to maintain 298 K. A 250 mL
double-jacketed Pyrex cell with a three-electrode setup was
used: carbon steel sheet (as the working electrode), platinum
wire (counter electrode), and a saturated calomel electrode
(SCE, reference electrode) . Prior to Tafel polarization mea-
surements, the working electrode was immersed in the test
solution to allow the open-circuit potential (EOCP) to stabi-
lize for 15 minutes. Potentiodynamic Polarization scans were
recorded over +200 mV relative to EOCP. A circulating wa-
ter bath ensured constant temperature control throughout the
experiments (Gupta et al., 2023a; Raji and Bader, 2025).
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Figure 2. The X-Ray Diffraction (XRD) Patterns for SiOq (A),
7ZnO (B), and the SiOy/ZnO Nanocomposite (C) are

Presented

3. RESULT AND DISCUSSIONS
3.1 FTIR Spectra for SiOgy, ZnO Nanoparticular and SiOy/

ZnO Nanocomposite
The FTIR spectrum of the synthesized SiOg nanoparticles is
shown in Figure 1 and Table 1. It displays distinct vibrational
modes that confirm the successful synthesis of nanoscale sil-
ica. A broad absorption band is observed at approximately
3480 cm! which is attributed to the O—H stretching vibra-
tion from the hydroxyl groups on the nanoparticle surface and
the adsorbed moisture. This is a common characteristic of
nanomaterials with a large surface area. A peak near 1616
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Table 1. FTIR Spectral Data for SiOg9, ZnO Nanoparticles and SiO9/ZnO Nanocomposite

Wavenumber Assignment Sample(s) Explanation
(em™h)
~ 3470 O-H stretching (vO-H) All samples Broad band due to surface hydroxyl groups or
adsorbed water (Sukhov et al., 2024)
1610-1614 O-H bending (§H-O-H) All samples Bending vibration of H-O-H f{rom water
molecules (Heinhold et al., 2013)
1500, 1400 COO™ asymmetric and symmetric stretching ~ ZnO, nanocompos-  Suggests presence of carboxylate (-COOH)
ite or adsorbed organic residues (Andrade-Guel
etal., 2022)
~1062 Si—O-Si asymmetric stretching (vSi—Oasym)  SiOg, nanocom-  Indicates a silica network, which is more in-
posite tense in SiOg (Liang et al., 2012)
~ 800 Si—O symmetric stretching (vSi=Ogym) SiOg Typical of amorphous silica
464-443 7Zn-0 stretching ZnO, nanocompos-  Confirms presence of ZnO wurtzite structure
ite (Ajobree et al., 2019)
em! s assigned to the H-O-H bending mode of physiosorbed  suggests an interaction at the ZnO-SiOg interface, possibly

water. The intense band located at approximately 1026 cm-!

corresponds to the asymmetric stretching vibration of Si—-O-Si
bridges, a key fingerprint of silica networks. A shoulder at
around 837 cm™! reflects symmetric Si—O stretching, and the
band near 474 cm™! corresponds to Si—O bending vibrations
(Dhatffouli et al., 2024).

Similarly, Figure 1 shows the FTIR spectrum of the syn-
thesized ZnO nanoparticles. A wide absorption band is ob-
served in the spectrum at 8470 cm™, attributed to the OH
stretching vibrations of the hydroxyl groups and the water
molecules adsorbed on the nanoparticle surface. Additionally,
aband at approximately 1614 cm™! corresponds to the H-O-H
bending mode, further confirming the presence of physisorbed
water. Weak absorption bands in the region of 1400-1500
em™! region are associated with the asymmetric and symmetric
stretching of carboxylate groups, likely from residual acetate
precursors.

A small peak observed near 1000 ecm™ may be attributed to
C-O stretching vibrations, which could indicate the presence
of minor organic residues or surface adsorbents species. Most
importantly, a prominent and sharp absorption band in the re-
gion of 448cm™! is clearly observed. This peak is characteristic
of the Zn-O stretching vibration, confirming the formation of
ZnO nanoparticles (S. et al., 2020). The presence of this band
is considered a fingerprint for ZnO structures, and its appear-
ance strongly supports the successful synthesis of crystalline
7Zn0O.These results confirm the formation of ZnO nanoparticles
with surface hydroxylation and minimal organic contamination,
typical of ZnO produced via solution-based synthesis routes
(S. et al., 2020). Combines all major vibrational modes from
both SiO2 and ZnO. Notably, the characteristic Zn-O band is
retained at 448 cm™!, while the Si—O=Si stretching band also
persist, indicating the physical integration of both phases. A
slight shift in the Zn-O band within the composite spectrum

© 2026 The Authors.

through hydrogen bonding between surface hydroxyl groups.

3.2 XRD Patterns for ZnO, SiOy, and ZnO/SiOq
Figure 2 (A, B, C) shows X-ray diffraction (XRD) patterns
for ZnO nanoparticles, SiOq nanoparticles , and a ZnO/SiOq
nanocomposite In the ZnO pattern several sharp and intense
diffraction peaks are observed at approximately 20 = 31.8°,
34.5°,36.3°,47.5°, 56.6°, 62.8°, 67.9°, and 69.1°, which cor-
respond to the (100), (002), (101), (102), (110), (103), (200),
(112)/(201) planes, respectively. These diffraction peaks cor-
respond to the hexagonal wurtzite structure of ZnO (JCPDS
Card No. 36-1451), indicating high crystallinity (Ahsbahs and
Sowa, 2006; Subhi et al., 2022). In contrast, the XRD pattern
of the synthesized SiOg nanoparticles feature a broad, diffuse
hump centered at approximately 20 ~ 21°, which is charac-
teristic of an amorphous structure. This board hump arises in
short-range ordering of Si—~O-Si networks but the absence of
long-range periodicity typical in crystalline materials. No sharp
diffraction peaks were observed, which rules out the presence
of crystalline phases such as quartz, cristobalite, or tridymite.
The background noise beyond 80° suggests random atomic
arrangements without significant periodicity (Yang et al., 2019).
The XRD pattern of the ZnO/SiOy nanocomposite (blue
curve in Figure 2C) reveals key insights into the phase structure
and crystallinity of the hybrid material. The composite shows
sharp diffraction peaks at 20 = 81.7°, 34.4°, 36.2°, 47.5°,
56.6°,62.9°,66.4°, and 68.0°, which corresponds to the (010),
(002), (011), (012), (110), (013), (112), and (021) planes of
hexagonal wurtzite ZnO (JCPDS card No. 86-1451), con-
firming that the ZnO retains its crystalline phase within the
composite. These peaks are identical to those seen in the pure
710 sample (green curve), indicating that the crystallinity of
ZnO is preserved upon incorporation into the silica matrix.
The absence of additional peaks related to any new phases or
compounds suggests that the ZnO and SiOy did not chemi-
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Figure 4. Energy-Dispersive X-Ray (EDX) Spectra of SiOq¢ Nps (a), ZnO Nps (b), and SiOg/ ZnO Nanocomposite (c)

Table 2. EDX Elemental Composition of SiOg, ZnO and ZnO/SiO¢ Nanocomposite

Element Line Int Error K Kr Wi At ZAF Ox% Pk/Bg

O Ka 915.8 11.4245 0.4062 0.2506 56.16 69.22 0.4462 0.00 862.17

Si Ka 3652.3 14.5975 0.5938 0.3664 43.84 30.78 0.8358 0.00 108.51
1.0000 0.6170 100.00 100.00 0.00

(@) Ka 486.6 26.9685 0.1579 0.1281 25.39 58.17 0.5046 0.00 238.47

7Zn Ka 546.8 0.9960 0.8421 0.6833 74.61 41.83 0.9158 0.00 39.23
1.0000 0.8114 100.00 100.00 0.00

O Ka 759.5 14.5662 0.4049 0.2473 53.67 69.43 0.4608 0.00 684.60

Si Ka 2494.6 3.1893 0.4875 0.2978 37.82 27.87 0.7873 0.00 64.57

7Zn Ka 42.5 1.0269 0.1075 0.0657 8.51 2.69 0.7719 0.00 7.19

1.0000 0.6108 100.00

implies reduced crystallite size and/or lattice strain, likely due  interfacial adhesion in coatings (Fatimah et al., 2021). The av-
to nanoconfinement effects or interaction at the ZnO/SiOq in-  erage crystallite size (D) was calculated from the most intense
terface. Such microstructural refinement is known to improve  diffraction peak (101) using the Debye-Scherrer equation:
surface activity, increase defect density, and enhance proper-

ties like photocatalytic performance, corrosion resistance, and
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Si0O¢/7n0O Nanocomposite at 77 K

KA

b= B cos 8 )

The calculated average crystallite sizes for ZnO and the
7Zn0/SiOg nanocomposite were 37.78 nm and 84.09 nm,
respectively.

8.3 Field Emission Scanning Electron Microscopy (FESEM)
Characterization for SiOg, ZnO and SiO¢/ZnO Nano-
composite

The surface morphology of the synthesized materials was inves-

tigated by SEM (Figure 3 (a,b.c). The SEM micrograph of SiOq

nanoparticles (Figure 3a reveals a quasi-spherical morphology
with a significant tendency to form agglomerates, which is typi-
cal for nanoscale silica due to high surface energy. The particle
size distribution (Figure 3a) is unimodal, with an average par-
ticle size of approximately 834 nm. The ZnO nanoparticles

(Figure 3b) also exhibit a quasi-spherical to irregular shape

with cluster formation. Their average particle size is approxi-

mately 22.5 nm (Figure 3b).

The SEM image of the ZnO-SiOgy nanocomposite (Figure
3¢) shows ZnO nanoparticles dispersed on the SiOg matrix.
Compared to pure ZnO, the nanocomposite exhibits reduced
particle agglomeration, indicating that the SiO4 matrix acts
as an effective support and dispersing medium. The particle
size distribution for the nanocomposite (Figure 3¢) shows an
average particle size of approximately 10 nm, which is smaller
than either of the individual components, supporting the XRD
finding of reduced crystallite size.

3.4 EDX Characterizations
Elemental analysis by energy-dispersive X-ray spectroscopy
(EDX) was performed on pure SiOg, ZnO, and the SiO¢/ZnO

© 2026 The Authors.

Science and Technology Indonesia, 11 (2026) 538-550

nanocomposite (see Figures 4 (a,b,c) and Table 2). Results
confirm the successful incorporation of ZnO into the SiOq
matrix are presented below. EDX spectrum of the pure sil-
ica sample revealed the detection of only silicon, and oxygen,
with a weight percentage close to the theoretical ratio of SiOq.
The atomic percentages (Si ~30.78%, O ~69.22%) confirm the
expected 1:2 ratio (Si:O), suggesting the formation of stoichio-
metric silica with high purity. No trace elements or metallic
impurities were detected. Similarly, the ZnO sample showed
strong signals for both Zn and O, with Zn contributing the
majority of the mass (74.61% by weight). The atomic ratio
is consistent with stoichiometric ZnO. The high Zn signal is
due to its higher atomic weight compared to oxygen. These
values confirm the successful synthesis of ZnO nanoparticles
without contamination. The EDX spectrum for the ZnO-SiOq
nanocomposite confirmed the presence of all three elements
(Zn, Si, O), verifying the successful formation of the composite
material. The weight percentage of Zn was 8.51%, indicating
its dispersion within the silica matrix. The low atomic % of
7Zn (2.69%) confirms it is well-dispersed and possibly exists in
nanocrystalline or quantum dot form within the silica structure.
This supports the optical band gap widening observed in UV-
Vis and Tauc plot analyses. The presence of Zn without other
elements also confirms the chemical purity of the composite.

ZnO/SiO,nanocomposite
—SiO,Nps

ZnO Nps
E)
<
=3
2
g
2
=
<

T T T T T T T T
200 300 400 500 600 700

Wavelength(nm)

Figure 6. Electronic Transitions for SiO9 Nanoparticles, ZnO
Nanoparticles and SiOy/ZnO Nanocomposite

3.5 Characterization of Surface area for ZnO, SiO4 and
Zn0O/SiO9 Nanocomposite
The specific surface area and pore morphology of the nanopar-
ticles were determined using the Brunauer-Emmett-Teller
(BET) method based on nitrogen adsorption-desorption iso-
therms, as presented in Figure 5. Nitrogen adsorption-desorp-
tion measurements were carried out to investigate the textural
characteristics of the synthesized SiOq nanoparticles, ZnO
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Table 3. BET Surface Area and the Porosity Data for SiOg, ZnO and ZnO/SiOg¢ Nanocomposite

Compound  Surface area

Total pore volume

Mean pore diameter

(m?g!) (cm®g™1) (nm)
SiOg 29.159 0.1974 27.082
ZnO 5.8397 0.039 837 27.287
7Zn0/Si0y 12.578 0.086761 27.591

nanoparticles, and the ZnO/SiO4¢ nanocomposite. The iso-
therms presented in Figure 5 fit the IUPAC Type IV description
and their strong H3-type hysteretic loops, which are features
normally found to be typical of mesoporous structures with
slit pore shapes (Huang et al., 2019). As shown in Table 3,
pure SiOq nanoparticles exhibited the highest specific surface
area (29.16 m?/g) and total pore volume (0.197 cm?®/g). ZnO
nanoparticles showed a much lower surface area (56.84 m2/g).
The ZnO-SiOy nanocomposite had an intermediate surface
area of 12.58 m?/g (Subhi et al., 2022).

The formation of plate-like particle aggregates or assem-
blies of layered structures most commonly results in this sort
of pore. At low relative pressures (P/P0 < 0.4), all samples
display a gradual increase in nitrogen uptake, which is the
indication of monolayer-multilayer adsorption on the pore
walls. A steep increase in adsorption at high relative pressure
(P/P0 > 0.8) signifies capillary condensation within mesopores,
which is especially pronounced in the SiOq sample, reflecting
its high porosity. Among the materials, pure SiOq nanopar-
ticles exhibited the highest adsorption capacity, with a sharp
nitrogen uptake and large total pore volume, confirming their
well-developed mesoporous structure. The ZnO nanoparticles,
on the other hand, showed a much lower adsorbed volume,
indicating a lower surface area and limited mesoporosity. The
Si04/7Zn0O nanocomposite demonstrated intermediate adsorp-
tion behavior. Although the incorporation of ZnO reduced
the overall adsorption volume compared to pure SiOg, the
composite still retained a clear hysteresis loop and a meso-
porous structure, confirming that ZnO nanoparticles was well
dispersed within the silica matrix without collapsing the porous
framework. The phenomenon of reduction of BET surface
of composite has been previously reported by (Safavinia et al.,
2021).

3.6 Optical Properties and Band Gap Analysis

In Figure 6, UV-Vis absorption spectra of SiOg, ZnO, and the
Si0g/7ZnO nanocomposite provide essential insights into their
optical characteristics. Pure ZnO nanoparticles show exhibit a
distinct absorption edge around 375 nm, which is typical for
this wide-band-gap semiconductor (Singh et al., 2014; Zhang
et al.,, 2010). In contrast, the SiOgnanoparticles show mini-
mal absorption due to their very large band gap (>9 €V). The
Si04/7Zn0O nanocomposite spectrum maintains an absorption
edge close to that of pure ZnO, but exhibits significantly en-
hanced overall absorbance in the UV region. However, the com-

© 2026 The Authors.

10
-Si0,/Zn0O nanocomposite
1 =—Z7Zn0O
——Si0,
84 I
Eg=5.04eV band gap for composite SiO,/Zn0,
6 /\
e Eg=3eV band for Zn
>
C)
Z 44
3
2 Eg=3.12eV Band gap for SiO, //v‘
04
T T T T
2 3 4 5 6
Energy (eV)

Figure 7. Band Gap Measurement for SiO9 Nanoparticles,
7ZnO Nanoparticles and SiO¢/ZnO Nanocomposite

posite demonstrates significantly enhanced overall absorbance
across the UV region relative to pure ZnO. This improvement
can be attributed to multiple light scattering within the porous
SiOgy matrix and enhanced light capture resulting from the
homogeneous distribution of ZnO nanoparticles throughout
the SiOg framework (Grigorie et al., 2017).

Additionally, the slight broadening observed in the absorp-
tion edge of the composite spectrum suggests the formation
of interfacial defect states or shallow traps at the SiO9-ZnO
boundary. These localized states can modify the electronic
environment, facilitating more effective electron-hole separa-
tion and thereby reducing recombination ratesan advantage for
photocatalytic and optoelectronic applications (Zhang et al.,
2008).Overall, these observations indicate that incorporat-
ing ZnO within a SiO¢ matrix not only preserves the intrin-
sic optical properties of ZnO, In addition leads to improved
light absorption. This improvement underscore potential of
SiO4/Zn0O nanocomposites for applications in photocatalysis,
UV-blocking coatings, and other UV-responsive technologies
(Ali et al., 2014). The optical properties of pure ZnO, pure
Si0y, and the SiO¢/ZnO nanocomposite were investigated us-
ing UV-Vis spectroscopy, and the corresponding Tauc plots are
presented in the Figure 7 show the Tauc plots. The direct band
gap energies were estimated via generalizing the linear portion
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of the (@hv)? versus photon energy curves to the energy axis
using the Tauc relation (Tauc, 2012). The results indicate that
pure ZnO exhibits a band gap of approximately 3.0 eV, which is
consistent with previously reported values for bulk ZnO (Ozgiir
etal., 2005). In contrast, the SiOg sample shows a band gap
of around 3.12 €V, a little higher than ZnO but significantly
lower than the theoretical band gap of bulk amorphous SiOy
(~9 eV) (Tan et al., 2005) . This discrepancy may be attributed
to surface defects, hydroxyl groups, or oxygen vacancies within
the silica structure that introduce localized states (Skuja, 1998).
Remarkably, the SiO¢/ZnO nanocomposite demonstrates a
significantly increased band gap of 5.04 eV, reflecting a clear
blue shift in the absorption edge. This enhancement ascribed
to quantum confinement effects that arise when the ZnO parti-
cles are reduced to the nanoscale, resulting in discrete energy
levels and a widening of the band gap (Brus, 1984; Spanhel
and Anderson, 1991). Furthermore, the presence of the wide-
band-gap SiOq matrix likely reduces interparticle interactions
and minimizes defect-related states, leading to an overall im-
provement in optical purity and band structure (Torkian et al.,
2024). These results confirm the successful formation of a
nanocomposite with modified electronic properties. The high
band gap value indicates that the SiOy/ZnO nanocomposite is
transparent in the visible region and primarily responsive to
deep ultraviolet (DUV) light (Kamat, 2007).

6
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Figure 8. Tafel Curves Depicting Corrosion Behavior of Mild
Steel with and without SiOg, ZnO and SiO¢/ZnO Composite
Coatings

8.7 Corrosion Inhibition Performance for SiOg, ZnO and
Si09/7ZnO Nanocomposite
To determine the corrosion protection efliciency of the coat-
ings, potentiodynamic polarization studies were performed
on four different specimens: the uncoated substrate (blank)
and the substrates coated with SiOg, ZnO, and the SiO¢/ZnO
nanocomposite. Electrochemical parameters measured in the
current study, which include corrosion potential (E_corr), cor-
rosion current density (i_corr), polarization resistance (R), Tafel
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slopes (B_a, B_c), corrosion rate, inhibition efficiency (IE %),
and other parameters obtained during the corrosion process
under the action of the inhibitor, are reported in Table 4. The
uncoated sample exhibited the highest corrosion current den-
sity (icorr = 498.9 uA/cm?) and corrosion rate (4.848 mm/y),
indicating poor resistance to corrosion in the tested medium. In
contrast, the samples coated with individual oxides (SiOg and
7Zn0O) demonstrated significantly reduced icorr values (69.95
and 48.68 uA/cm?, respectively), suggesting improved corro-
sion resistance. Most notably, the SiO4/ZnO nanocomposite
coating provided the best corrosion protection, with lowest
i-corr of 86.11 uA/cm? and highest polarization resistance of
1982 Q, which implies the formation of a highly protective
surface layer.

Furthermore, the inhibition efficiency (IE%) of the coatings
increased in the following order: SiOy (86%) < ZnO (90%)
< Si09/7Zn0O (98%). The ZnO-SiOg¢ nanocomposite demon-
strated the highest inhibition efficiency (IE) of 93%, surpassing
the individual efliciencies of both pure SiOq (86%) and ZnO
(90%). The SiOg matrix acts as an impermeable, non-reactive
protective shield which physically hinders the diffusion of cor-
rosive ions through to the metallic substrate. Meanwhile, the
embedded ZnO nanoparticles contribute to chemical protec-
tion by participating in surface passivation reactions, such as
the formation of Zn(OH) 9 or ZnO films under electrochemical
conditions. The uniform dispersion of ZnO within the silica
matrix enhances coating compactness, reduces porosity, and
eliminates defect sites that typically serve as corrosion initiation
points. These combined effects result in reduced corrosion cur-
rent density (i-corr) and improved polarization resistance, both
of which are key indicators of high inhibition efficiency. There-
fore, the high IE% of the nanocomposite reflects the improved
protective behavior and structural integrity of the hybrid coat-
ing (Peng et al., 2028). Figure 8 shows the Tafel polarisation
curves of mild steel under both non-corrosive and corrosive en-
vironments with the oxide protective layers namely, SiOq, ZnO
and a composite SiO¢/ZnO. These electrochemical parame-
ters (Ecorr and i-corr) were used to determine the corrosion
resistance behavior of each system.

The uncoated sample (Blank) displayed the highest i-corr
value of 498.9 uA/cm? and an Ecorr of -0.427 V, indicat-
ing severe corrosion activity. Upon the application of pure
SiOy, the icorr decreased significantly to 69.95 uA/cm? and
Ecorr shifted negatively to -0.761 V, suggesting improved
corrosion resistance due to the physical barrier properties of
SiOg (Corrales-Luna et al., 2019). Similarly, the ZnO-coated
sample showed further improvement, with an icorr of 48.63
uA/cm? and Ecorr of -0.656 V. The ZnO layer likely con-
tributes to corrosion mitigation through both physical coverage
and the formation of a passivating Zn?* based layer (Zhang
et al., 2020).

Remarkably, the Si09/ZnO composite coating exhibited
the best corrosion protection performance, with the lowest icorr
of 86.11 puA/cm? and a slightly more positive Ecorr of -0.650
V compared to the ZnO alone. This synergistic improvement
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Table 4. Electrochemical Corrosion Parameters of the Blank Mild Steel, and Pure SiOg, pure ZnO, and SiO9/ZnO Composite

Science and Technology Indonesia, 11 (2026) 538-550

Samples Obtained from Tafel Polarization Measurements in Corrosive Media

Parameters Blank SiOg 7ZnO SiO9/7ZnO Composite
E-corr (mV) -0.427 -0.761 -0.656 -0.650
I-corr (uA/ch) 493.9 69.95 48.63 36.11
I-corr (A cm™2) 9.878 x 107%  1.399x 1074 9.727x 107 7.299 x 1077
Resistance (Q) 70.81 1735 1804 1982
B-c (mV/Dec) 0.156 0.526 0.362 0.306
Ba (mV/Dec) 0.164 0.596 0.457 0.857
Corrosion rate (mm/y) 4.848 0.687 0.477 0.854
Inhibition efliciency (IE)% - 86 90 93
Table 5. Detailed Comparative Analysis of Corrosion Inhibition Performance
Corrosion Inhibition
Coating System Density Efficiency (IE Key Findings
(,uA/CmQ) %)
SiO9/ZnO nanocompos- 36.11 93 Exhibits Synergistic effect of SiOg matrix (physical barrier) and ZnO (chem-
ite (Current study) ical passivation). The resulting compact, defect-free protective layer superior
to individual oxides. High polarization resistance confirms robust protec-
tion.
Epoxy + ZnO + SiOg NPs  ~50 (1 wt%) ~95 Improved long-term resistance in saline media via synergistic combination

Abdus (Abdus Samad et al.,
2020)

7ZnO/polymer nanocom-
posites (Quadri et al,
2017)

Nano-SiOg coating on gal-
vanized steel (Liang et al.,

2021)

SiOg nanoparticles in
plating (Xijing and Yong,
2023)

Mixed-oxide nanocompos-
ite systems (Baronins et al.,
2023)

> Polymers
alone

Improved
corrosion
resistance

Enhanced ca-
thodic protec-
tion

High

of ZnO as well as SiOg nanoparticles embedded an epoxy matrix. Highlights
the optimal loading is critical to prevent agglomeration.

ZnO/polymer nanocomposites showed superior corrosion inhibition com-
pared to pure polymers; inhibition mainly due to mixed physisorption and
chemisorption mechanisms. Current study benefits from inorganic oxide
synergy in a non-polymer matrix.

Enhances hydrophobicity and physical barrier properties. The present work
builds on this by adding ZnO for active chemical passivation.

SiOg inclusion increases cathode current and coating hardness, indirectly
boosting corrosion resistance through mechanical integrity.

Corroborates that binary oxide systems (like SiO9/ZnQO) offer enhanced
protection due to concurrent physical shielding and surface passivation.

is ascribed to the dual-action mechanism of the composite:
SiOy acts as an inert, insulating layer minimizing electrolyte
penetration, while ZnO adds passivating characteristics and
electrochemical stability. The composite system thus creates
a more robust and compact barrier that effectively impedes
both anodic and cathodic processes on the metal surface . These
findings clearly exhibit that the SiO4/ZnO composite signif-
icantly enhances corrosion resistance over individual oxides,
making it a promising candidate for protective coating appli-
cations in corrosive environments. These findings align with
previous literature, supporting the efficiency of mixed-oxide

© 2026 The Authors.

nanocomposite systems in corrosion inhibition (Baronins et al.,
2023). The following table depicts the comparisons of cor-
rosion inhibition performance with respect to current study
(Table 5).

This comparison shows that while other researchers have
demonstrated corrosion inhibition via ZnO and SiO4 nanopar-
ticles or their combinations, the current study quantifies these
benefits with detailed electrochemical parameters, highlighting
superior inhibition efliciency and barrier properties supported
by complementary mechanisms.
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4. CONCLUSIONS

In conclusion, ZnO, SiOg, and ZnO-SiOy nanocomposites
were successfully synthesized and characterized, confirming
the retention of ZnO’s crystalline wurtzite structure within an
amorphous silica matrix, and resulting in well-dispersed, meso-
porous nanocomposite. Optical analysis indicated a widened
band gap in the composite due to quantum confinement and
silica interactions. Corrosion studies showed that all oxide coat-
ings enhanced the protection of mild steel in acidic media, with
the ZnO-SiO4 nanocomposite achieving the highest inhibition
efficiency (93%). This superior performance is attributed to a
synergistic effect, combining the physical barrier properties of
the SiO4 matrix with the chemical passivation capabilities of
the embedded ZnO nanoparticles.
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