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ABSTRACT 

Cerium oxide (CeO₂) nanoparticles were successfully synthesized via a green synthesis route using Tinospora 

cordifolia leaf extract as a natural reducing, capping, and stabilizing agent. The synthesized nanoparticles were evaluated for 

their antioxidant activity and corrosion inhibition performance toward mild steel in acidic media. X-ray diffraction (XRD) 

analysis confirmed the formation of nanocrystalline CeO₂ with a cubic fluorite crystal structure, while Fourier transform 

infrared (FTIR) spectroscopy revealed the presence of phytochemical functional groups responsible for nanoparticle 

stabilization and surface functionalization. Morphological analysis indicated clustered nanoparticle structures composed of 

nanoscale crystallites, whereas dynamic light scattering (DLS) measurements showed larger hydrodynamic diameters due to 

particle aggregation in aqueous suspension. The influence of synthesis parameters, including pH, temperature, reaction time, 

and extract concentration, on nanoparticle formation and stability was also investigated. The corrosion inhibition 

performance of the synthesized CeO₂ nanoparticles was assessed using potentiodynamic polarization (PDP), electrochemical 

impedance spectroscopy (EIS), and gravimetric weight-loss measurements. The nanoparticles exhibited concentration-

dependent inhibition behavior, achieving a maximum corrosion protection efficiency of 82.5%. EIS results revealed enlarged 

Nyquist semicircles and increased charge transfer resistance, confirming the formation of a protective surface film on mild 

steel. Weight-loss studies demonstrated inhibition efficiencies of 23.5% after 24 h and 64.7% after 48 h of immersion. 

Furthermore, DPPH and ABTS radical scavenging assays confirmed significant antioxidant activity, with the methanolic 

extract exhibiting superior performance. The results demonstrate that T. cordifolia-mediated CeO₂ nanoparticles possess 

effective antioxidant and mixed-type corrosion inhibition properties through adsorption-driven surface interactions, 

highlighting their potential as sustainable multifunctional materials for corrosion protection applications. 

Keywords: Electrochemical impedance spectroscopy; Potentiodynamic polarization; Adsorption; Charge transfer; 

Antioxidant. 

 

1. INTRODUCTION 

Recent advancements in nanomaterials have 

highlighted the significant potential of green-synthesized 

nanoparticles for multifunctional biomedical, 

environmental, and anticorrosion applications. Plant-

mediated synthesis routes provide eco-friendly and cost-

effective alternatives while introducing bioactive surface 

functionalities that enhance nanoparticle performance, 

leading to strong antioxidant, antibacterial, and 

photocatalytic activity due to improved crystalline 

structure and surface reactivity (Jayaseelan et al. 2024). 

Similarly, biofunctionalized CeO₂ nanoparticles 

synthesized via green routes exhibit improved band gap 

and enhanced physicochemical properties, emphasizing 

the importance of phytochemical-assisted synthesis 

(Mylarappa et al. 2026). 

Cerium oxide (CeO₂) nanoparticles have 

attracted significant attention due to their unique redox 

cycling ability (Ce³⁺/Ce⁴⁺), oxygen vacancy formation, 

and catalytic properties, making them highly effective for 

corrosion protection. The incorporation of functionalized 

CeO₂ nanoparticles into polymer coatings significantly 

improves corrosion resistance by forming dense barrier 

layers, reducing charge transfer reactions, and enhancing 

mechanical stability through passive film formation 

(Xavier, 2021). Additionally, CeO₂-based conductive 

https://crossmark.crossref.org/dialog?doi=10.13074/jent.2026.06.2622223&domain=pdf&date_stamp=2026-06-30
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polymer coatings demonstrate excellent self-healing and 

anticorrosion efficiency due to controlled inhibitor 

release and nanoparticle-induced passivation, achieving 

protection efficiencies as high as ~99.95% (Khokher and 

Lata, 2024).  

Advanced nanofiller engineering and 

hybridization strategies have further improved coating 

performance. Functionalized CeO₂ nanocomposites 

prepared through electrodeposition exhibit enhanced 

protective behavior, supported by electrochemical and 

structural analyses (Ngo et al. 2020). Similarly, silane-

modified and PANI-coated CeO₂ nanoparticles 

incorporated into waterborne epoxy coatings 

demonstrate improved impedance stability, adhesion 

strength, and reduced water permeability (Xiao et al. 

2024). Furthermore, plant-derived CeO₂ nanoparticles 

exhibit multifunctional properties, including 

antibacterial, antioxidant, anticancer, and corrosion 

inhibition efficiency up to 95.44% (Muthulakshmi et al. 

2026).  

Beyond corrosion protection, CeO₂-based 

nanomaterials play a crucial role in catalysis and 

biomedical applications. CeO₂-modified catalysts 

enhance hydrocarbon production and deoxygenation 

processes in biomass conversion, reducing corrosive 

oxygenated compounds (Kaewpengkrow et al. 2014). 

Functionalized CeO₂ nanoparticles also exhibit superior 

antioxidant and antimicrobial performance due to 

enhanced redox activity and oxygen vacancy 

concentration (Liu et al. 2026). Moreover, CeO₂-based 

nanozymes enable simultaneous antibacterial activity 

and tissue regeneration through controlled redox 

modulation, promoting wound healing and reducing 

oxidative stress (Pang et al. 2025).  

Natural plant extracts such as Tinospora 

cordifolia have been extensively explored as sustainable 

corrosion inhibitors and nanoparticle synthesis agents. 

These extracts demonstrate high corrosion inhibition 

efficiency (up to ~92%) through adsorption-driven 

mechanisms following Langmuir isotherm behavior and 

mixed-type inhibition (Royani et al. 2025). Methanolic 

extracts of Tinospora cordifolia significantly enhanced 

the corrosion resistance of carbon steel through 

adsorption-driven mechanisms, with electrochemical 

studies indicating increased charge transfer resistance 

and inhibition efficiency up to 85.94%, along with 

improved surface smoothness due to protective film 

formation (Royani et al. 2023). In acidic environments, 

the extract exhibited superior anticorrosion performance 

with inhibition efficiencies exceeding 90%, where 

electrochemical and statistical analyses confirmed 

mixed-type inhibition behavior governed by Langmuir 

adsorption isotherm and stable barrier layer formation on 

mild steel (Thomas et al. 2021). Similarly, the extract 

demonstrated inhibition efficiency up to 87.18% via 

electrochemical methods, acting as a mixed-type 

inhibitor, while SEM analyses confirmed reduced surface 

degradation and enhanced surface protection through 

adsorption mechanisms (Saxena et al. 2021). 

Despite the growing number of studies on 

Tinospora cordifolia-mediated nanoparticle synthesis, 

the multifunctional potential of green-synthesized CeO₂ 

nanoparticles for simultaneous antioxidant and corrosion 

inhibition applications remains insufficiently explored. 

Previous investigations have primarily focused on 

Mg(OH)₂ nanoparticles exhibiting antioxidant, 

antibacterial, anti-inflammatory, and enzyme inhibition 

properties (Rajkumar et al. 2024), bimetallic Ag–Cu 

nanoparticles with antibacterial and anticancer activities 

(Soundarya et al. 2025), and CuO nanoparticles with 

enhanced antimicrobial activity influenced by extract 

concentration (Anitha et al. 2022). Similarly, green-

synthesized Al₂O₃@g-C₃N₄ nanocomposites have 

demonstrated excellent photocatalytic efficiency for 

wastewater treatment applications (Rajasekaran et al. 

2025). However, limited information is available 

regarding the dual functionality of Tinospora cordifolia-

derived CeO₂ nanoparticles as both antioxidant agents 

and corrosion inhibitors. Therefore, the present study 

focuses on the green synthesis of CeO₂ nanoparticles 

using Tinospora cordifolia leaf extract and systematically 

investigates their structural characteristics, antioxidant 

activity, and corrosion inhibition performance toward 

mild steel in acidic media. This work provides new 

insights into the development of sustainable, 

multifunctional CeO₂-based nanomaterials for corrosion 

protection and related industrial applications. 

This research presents a sustainable 

phytochemical-assisted method for synthesizing Cerium 

oxide (CeO₂) nanoparticles with Tinospora cordifolia 

leaf extract, showcasing a distinctive amalgamation of 

green nanotechnology with dual-functional efficacy in 

antioxidant activity and corrosion inhibition. This study 

reveals a direct mechanistic relationship between the 

adjustment of synthesis parameters (pH, temperature, 

reaction duration, and extract concentration) and the 

resultant physicochemical qualities, aggregation 

behavior, and functional efficiency, in contrast to 

conventional methods. A significant innovation involves 

clarifying the adsorption-induced creation of a protective 

film on mild steel, substantiated by integrated 

electrochemical (PDP, EIS) and gravimetric 

investigations, resulting in a high inhibition efficiency of 

82.5%. The study emphasizes the synergistic effect of 

phytochemical capping in improving radical scavenging 

activity and corrosion resistance, providing a cohesive 

approach for the development of eco-friendly, 

multifunctional nanomaterials for harsh acidic 

conditions. 
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2. MATERIALS AND METHODOLOGY  

2.1 Preparation of CeO₂ Nanoparticles 

The leaves of Tinospora cordifolia were 

collected from the Anthiyur forest region in Tamil Nadu, 

India, meticulously washed with distilled water to 

eliminate sticking impurities, and subsequently air-dried 

under ambient conditions. Aqueous extracts were made 

using boiling 50 g of chopped leaves in 200 mL of 

deionized water for 50 minutes and filtration through 

filter paper; the filtrate was stored at 5 °C and used as a 

dual-function reducing and capping medium. Soxhlet 

extraction was eschewed in favor of a gentle aqueous 

digesting method to uphold eco-friendly processing and 

avert damage to delicate phytoconstituents. For 

nanoparticle synthesis, 50 mL of the extract was 

magnetically agitated at about 1800 rpm at 32 °C, after 

which an aqueous solution of cerium precursor (0.5 M 

cerium nitrate hexahydrate) was added dropwise under 

continuous agitation. The pH of the reaction was 

modified to around 9 to facilitate the hydrolysis of Ce³⁺ 

ions into hydroxide intermediates, which then undergo 

condensation and dehydration to produce Cerium dioxide 

nuclei. Bioactive chemicals, including polyphenols and 

flavonoids, in the extract promoted nucleation while 

inhibiting excessive particle development and 

agglomeration via surface stabilization (Matussin and 

Khan, 2025). The reaction mixture was stirred for 48 

hours to ensure complete precursor conversion. 

Precipitate was isolated using centrifugation, thoroughly 

rinsed with deionized water to eliminate residual ions, 

and then subsequently dried at ambient temperature for 

24 hours. To ensure reproducibility, the nanoparticle 

synthesis was independently repeated three times under 

identical experimental conditions. The reported results 

represent the mean values obtained from repeated 

measurements, and experimental variability was 

estimated using the standard deviation. Phase purity and 

successful nanoparticle synthesis were verified using X-

ray diffraction, Fourier transform infrared spectroscopy, 

and energy-dispersive X-ray studies. 

 

Fig. 1: Schematic diagram of the preparation of CeO₂ nanoparticles 

2.1.1 Optimization of Synthesis Parameters 

The critical synthesis variables were 

methodically optimized by obtaining UV–Vis spectra 

within the 200–800 nm range and tracking the 

absorbance at λmax = 295 nm (A295) as the principal 

response metric. The absorption feature detected below 

300 nm is ascribed to band-edge transitions and ligand-

to-metal charge transfer processes linked to Cerium 

dioxide, potentially overlapping with π→π* transitions 

of residual phytoconstituents from Tinospora cordifolia 

extract adsorbed on the nanoparticle surface. A295 

served as a comparative metric for process optimization, 

while the synthesis of phase-pure CeO₂ nanoparticles was 

corroborated using X-ray diffraction,  

The crystallite size of the produced cerium 

dioxide nanoparticles was determined using the Debye–

Scherrer equation (1): 
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𝐷 =
𝐾𝜆

𝛽cos⁡ 𝜃
                     … (1) 

In this context, 𝐷 signifies crystallite size (nm), 
𝐾 indicates the form factor (about 0.9), 𝜆 specifies the X-
ray wavelength (CuK𝛼=0.15406 nm), 𝛽 refers to the 
whole width at half maximum in radians, and 𝜃 
represents the Bragg diffraction angle. 

The crystallinity index was determined using 
Equation (2). The diffraction pattern indicates that the 
material exhibits distinct nanocrystalline properties, with 
phase identification accurately determined by peak 
indexing instead of complete Rietveld refinement. 

Crystallinity (%) =
𝐴𝑐

𝐴𝑐+𝐴𝑎
× 100⁡⁡     … (2) 

Where cap A. sub c  represents the integrated 
crystalline peak area and cap A. sub a represents the 
amorphous area. The amorphous content was determined 
from the remaining fraction of the total diffraction area 
(Muduli and Ranjan Sahoo, 2023). 

Fourier transform infrared spectroscopy and 
energy-dispersive X-ray spectroscopy. The optimized 
synthesis conditions were selected based on the highest 
absorbance intensity observed at λmax = 295 nm, 
indicating enhanced nanoparticle formation and colloidal 
stability. These conditions were further validated through 
XRD, FTIR, and EDX analyses, which confirmed the 
successful synthesis of phase-pure CeO₂ nanoparticles 
with the desired structural and compositional 
characteristics. 

2.1.1.1 Effect of Metal Precursor Concentration 

Increasing the concentration of the cerium 
precursor from 0.1 to 0.4 M resulted in a continuous rise 
in absorbance at 295 nm, indicating enhanced hydrolysis-
condensation activity and a greater formation of scattered 
cerium dioxide nuclei. The A295 intensity increased from 
roughly 1.3 a.u. at 0.1 M to around 2.4 a.u. at 0.5 M, 
signifying enhanced nucleation efficiency with elevated 
precursor concentration. According to this tendency, a 
concentration of 0.5 M cerium salt was determined to be 
the best condition and was utilized for subsequent 
experimental investigations and bulk nanoparticle 
manufacturing. 

2.1.1.2 Effect of Plant Extract Ratio  

The volume of Tinospora cordifolia extract (2–
8 mL in a constant reaction system) significantly 
influenced the UV–Vis response. The maximum 
absorbance at 295 nm (~2.6 a.u.) was noted at 2 mL, 
while a gradual decrease to ~1.0 a.u. occurred with an 
increase in extract volume to 8 mL. This tendency 
indicates that a minimal extract quantity suffices for 
sufficient phytochemicals to achieve efficient reduction 
and stabilization, but an excessive extract diminish the 
availability of effective precursors and encourage 
excessive complexation of metal ions, thus obstructing 
uniform nucleation. Thus, an optimal extract volume of 2 
mL was chosen for further synthesis, with proportionate 
scaling implemented for larger batch preparations of 
cerium dioxide nanoparticles. 

 

 

 

 

Fig. 2: Optical spectra under synthesis variations of (a) 
effect of time (b) effect of pH (c) effect of plant ratio and (d) 
effect of metal precursor 
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2.1.1.3 Effect of pH 

The impact of pH solution (3–9) on the 

synthesis system demonstrated that the maximum 

absorbance at 295 nm (~2.4 a.u.) was observed in acidic 

conditions (pH 3), followed by a gradual decrease with 

increasing alkalinity, ultimately reaching ~1.0 a.u. at pH 

9. The synthesis of cerium dioxide necessitates alkaline 

conditions to promote the hydrolysis of cerium ions into 

hydroxide intermediates, which subsequently condense 

into oxide nuclei. In acidic conditions, the detected UV 

response is predominantly affected by soluble metal–

ligand complexes and phytochemical chromophores 

from Tinospora cordifolia, rather than actual 

nanoparticle production. Considering the chemical 

requirements for hydrolysis and colloidal stability, a pH 

of approximately 7 was determined to be the ideal 

setting. At elevated pH levels (≈9), swift precipitation 

and particle aggregation decrease the concentration of 

well-dispersed species, resulting in reduced absorbance 

intensity. 

2.1.1.4 Effect of Time 

The impact of reaction duration (24–90 h) on 

nanoparticle formation was assessed via absorbance 

measurements at 295 nm, revealing peak intensity (~2.1 

a.u.) at 24 h, a minor decline at 48 h (~1.9 a.u.), and a 

substantial reduction at prolonged durations (90 h, ~0.6 

a.u.). The reduction in optical sensitivity over extended 

reaction time is due to particle development, 

agglomeration, and subsequent sedimentation, which 

decrease the concentration of well-dispersed, optically 

active species in the medium. Despite the maximum 

reaction being observed at 24 hours, a duration of 48 

hours was chosen for bulk synthesis to guarantee 

complete precursor conversion and uniform yield of 

Cerium dioxide nanoparticles stabilized by Tinospora 

cordifolia extract. To ensure reproducibility, each 

optimization experiment was conducted in triplicate 

under identical conditions. The reported absorbance 

values represent the mean of three independent 

measurements, and the corresponding standard 

deviations were calculated to assess experimental 

variability and measurement reliability. 

2.1.2 Characterization of CeO₂ NPs 

The phase identification of cerium dioxide 

nanoparticles was conducted using powder X-ray 

diffraction utilizing an X'Pert PRO (Malvern 

Panalytical, Netherlands) with Cu Kα radiation. The 

surface morphology and elemental composition were 

analyzed using an SU8010 SEM with an EDX detector. 

Functional group analysis was conducted by FTIR 

spectroscopy within the 400–4000 cm⁻¹ range utilizing a 

PerkinElmer FTIR spectrophotometer. The particle size 

distribution and dispersion stability in a colloidal 

medium were assessed using dynamic light scattering 

utilizing a Litesizer (Anton Paar, Austria). 

2.1.3 Antioxidant Activity Assays 

2.1.3.1 DPPH Assay 

The antioxidant effectiveness of Tinospora 

cordifolia extract and its derived cerium dioxide 

nanoparticles, produced using methanol, ethyl acetate, 

and acetone solvents, was evaluated via the DPPH free 

radical scavenging assay. Different amounts of each 

extract (10–100 ppm) were combined with a methanolic 

DPPH solution and incubated under regulated 

circumstances, following which absorbance was 

measured at 517 nm by a UV-vis spectrophotometer. The 

radical scavenging efficiency was subsequently assessed 

by computing the percentage inhibition derived from the 

decrease in absorbance (Bhukya et al. 2026).  

DPPH Scavenging (%) = [
 A control − A sample 

 A control 
] × 100… (3) 

The control absorbance (A control) refers to the 

DPPH solution tested without Cerium dioxide 

nanoparticles, whereas the sample absorbance (A 

sample) indicates the measurement for the DPPH 

solution with the nanoparticles present. The IC₅₀ value, 

defined as the concentration of extract required to inhibit 

50% of DPPH free radicals, was determined from the 

dose-response curve and expressed in µg/mL for each 

extract and its corresponding cerium dioxide 

nanoparticles. 

2.1.3.2 ABTS Assay 

The antioxidant efficacy of Tinospora cordifolia 

extracts and their associated Cerium dioxide 

nanoparticles, synthesized using methanol, distilled 

water, and acetone, was assessed via the ABTS radical 

cation decolorization experiment. Various amounts of 

each extract (10–100 ppm) were reacted with potassium 

persulfate to produce ABTS⁺ radicals, which were 

subsequently mixed with the test solutions; the reduction 

in absorbance was recorded at 734 nm after a designated 

incubation period. The degree of radical scavenging was 

measured by calculating the percentage inhibition 

derived from the decrease in absorbance intensity. 

ABTS Inhibition (%) = [
 A control - A sample 

 A control 
] × 100… (4) 

A control represents the absorbance of the 

ABTS solution measured without Cerium dioxide 

nanoparticles, while A sample indicates the absorbance 

of the ABTS solution measured in the presence of the 

nanoparticles. Similarly, the IC₅₀ value for ABTS radical 

scavenging was calculated from the percentage inhibition 

plot against concentration for all extracts and cerium 

dioxide nanoparticles. 
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2.1.4 Anticorrosion Activity 

The anticorrosion efficacy of cerium dioxide 

nanoparticles, produced with Tinospora cordifolia 

extract, was evaluated in a 0.5 M hydrochloric acid 

environment at ambient temperatures (298 ± 2 K). 

Electrochemical investigations were performed using a 

standard three-electrode configuration with mild steel as 

the working electrode (exposed area: 1 cm²), a saturated 

calomel electrode as the reference, and platinum as the 

counter electrode. Before experimentation, the working 

electrode surface was mechanically polished, cleaned, 

degreased, and let to stabilize at open-circuit potential for 

30 minutes. Electrochemical impedance spectroscopy 

was conducted at open circuit potential using a 10 mV 

sinusoidal signal across a frequency spectrum of 100 kHz 

to 0.01 Hz, followed by potentiodynamic polarization 

scans within ±250 mV of open circuit potential at a scan 

rate of 1 mV s⁻¹. Gravimetric analysis was conducted by 

comparing the mass loss of specimens immersed in 

uncontrolled acid with those in solutions containing the 

extract-based inhibitor, from which the inhibition 

efficiency was then estimated. All experiments were 

conducted in triplicate, and the results were presented as 

mean values accompanied by their respective standard 

deviations. A previous study reported that the cerium 

oxide (CeO₂) nanoparticles integrated with h-BN-PANI-

based nanofillers significantly enhanced the 

anticorrosion performance of waterborne epoxy coatings 

through improved interfacial compatibility. 

Electrochemical impedance spectroscopy (EIS) revealed 

higher charge transfer resistance and low-frequency 

impedance, confirming the formation of a dense 

protective barrier (Yao et al. 2026). 

The synergistic interaction between cerium 

dioxide nanoparticles and bioactive compounds from 

Tinospora cordifolia creates a stable interfacial layer that 

improves surface coverage and facilitates the formation 

of a homogeneous protective film on mild steel. Unlike 

an unprotected surface, where metal dissolution and 

oxygen reduction occur freely, the modified interface 

demonstrates heightened charge-transfer resistance and 

significantly inhibits both anodic and cathodic reactions, 

thereby validating the mixed-mode inhibition behavior 

identified in electrochemical investigations. The 

phytochemical compounds serve as effective capping 

agents that promote adsorption onto the metal surface, 

enhance film integrity, and improve the longevity of 

corrosion protection in acidic conditions. 

Mild steel is prone to severe corrosion in an 

acidic solution (0.5 M HCl) because the aggressive ions, 

namely chloride (Cl⁻) and hydrogen ions (H⁺), along with 

dissolved oxygen (O₂), promote the anodic dissolution of 

mild steel and the cathodic oxygen reduction reactions. 

The addition of Tinospora cordifolia mediated green-

synthesized CeO₂ nanoparticles to the system 

dramatically modifies the corrosion characteristics via an 

adsorption process. The phytochemicals in the extract 

serve as capping and stabilizing agents, which promote 

the adherence of CeO₂ nanoparticles to the mild steel 

surface. This results in the development of a compact, 

uniform and tenacious CeO₂-phytochemical protective 

layer. This protective layer shields the active sites, retards 

the mobility of corrosive ions and increases the stability 

of the interface. This results in an increase in charge 

transfer resistance and a significant reduction in both 

anodic and cathodic reactions. This establishes a mixed-

type mode of inhibition, where the inhibitor 

simultaneously inhibits the anodic and cathodic 

reactions, thus enhancing the corrosion resistance and 

lifespan of mild steel in the acidic environment. 

3. RESULTS AND DISCUSSION 

3.1 UV Spectra 

The UV–visible absorption spectra of Tinospora 

cordifolia extract and synthesized Cerium dioxide 

nanoparticles exhibited a characteristic absorption band 

around 369 nm, which is attributed to ligand-to-metal 

charge transfer transitions (O²⁻→Ce⁴⁺) commonly 

associated with CeO₂ nanostructures. This transition 

occurs because electrons are transferred from the oxygen 

2p valence band to the cerium 4f conduction band, which 

is an intrinsic electronic property of the CeO₂ fluorite 

crystal structure, confirming the formation of cerium 

oxide nanoparticles. The distinct absorption band 

observed in the nanoparticle spectrum, absent in the bare 

plant extract, indicates successful nucleation and growth 

of CeO₂ nanocrystals. The absence of significant spectral 

shifts suggests that the phytochemicals primarily 

function as reducing, stabilizing, and capping agents 

during nanoparticle synthesis. The bioactive 

phytochemicals present in Tinospora cordifolia, such as 

flavonoids and terpenoids, donate electrons to Ce⁴⁺ ions, 

facilitating their reduction and subsequent nucleation and 

growth into CeO₂ nanocrystals, while simultaneously 

coating the nanoparticle surface to prevent 

agglomeration. The observed absorption feature provides 

preliminary evidence for the formation of CeO₂ 

nanoparticles; however, UV–Vis spectroscopy alone is 

insufficient for definitive phase identification. Therefore, 

the successful synthesis and structural characteristics of 

the nanoparticles were further confirmed using 

complementary techniques, including X-ray diffraction 

(XRD), Fourier transform infrared spectroscopy (FTIR), 

and electron microscopy analyses. 

3.1.1 Powder X-ray Diffraction 

The powder X-ray diffraction profile of the 

synthesized cerium dioxide nanoparticles (Fig. 4) 

displays several prominent reflections with significant 

peak broadening, signifying nanoscale crystallinity. The 

primary diffraction maxima identified at 2θ = 30.07°, 

32.55°, and 48.06° correspond to the (111), (200), and 
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(220) planes of fluorite cubic CeO₂, in agreement with 

standard JCPDS data (card no. 81-1544), confirming 

successful phase formation. Supplementary weak 

reflections at elevated angles, such as the (400) plane at 

approximately 68.9°, further corroborate the tetragonal 

structure. The expanded peaks and diminished intensity 

of higher-order planes result from small crystallite sizes, 

lattice distortions, and defects produced during green 

synthesis. Quantitative examination reveals around 

65.17% crystalline and 24.8% amorphous material, 

indicating partial structural disorder. The degree of 

crystallinity was estimated from the XRD diffraction 

pattern by calculating the ratio of the integrated area of 

the crystalline peaks to the total diffraction area 

(crystalline and amorphous contributions).  

 

 

Fig. 3: (a) UV–Vis spectra of plant extract and (b) CeO₂ 
nanoparticles 

 The mean crystallite size of the synthesized 

nanoparticles was ascertained to be approximately 18.3 

nm. 

3.1.2 Fourier Transform Infrared Spectroscopy 

The FTIR spectra of Tinospora cordifolia 

extract and the synthesized CeO₂ nanoparticles (Figs. 5 

and 6) confirm the phytochemical-assisted formation and 

stabilization of the nanoparticles. A broad absorption 

band at 3335–3485 cm⁻¹ corresponds to O–H stretching 

vibrations of phenolic and alcoholic groups, indicating 

the presence of biomolecules acting as capping agents on 

the nanoparticle surface. Peaks observed at 2542–2449 

cm⁻¹ are associated with aliphatic C–H stretching, 

suggesting residual organic constituents from the plant 

extract. The bands near 1540 and 1373 cm⁻¹ are attributed 

to C=O, C–N, and C=C functional groups of flavonoids 

and proteinaceous compounds involved in nanoparticle 

stabilization. Distinct absorption bands in the 1130–839 

cm⁻¹ region correspond to Ce–O stretching vibrations, 

confirming the formation of the CeO₂ lattice. The 

enhanced intensity of these metal–oxygen bands 

compared to the pure extract further validates the 

successful synthesis of nanocrystalline cerium oxide, in 

agreement with previous reports (Li et al. 2023). 

 

Fig. 4: XRD pattern of synthesized CeO₂ nanoparticles 

 

Fig. 5: FTIR analysis of Tinospora leaf extract 

3.1.3 Scanning Electron Microscope  

Scanning electron microscopy was utilized to 

examine the surface morphology of produced cerium 
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dioxide nanoparticles, as illustrated in Fig. 7. The 

micrographs obtained at an accelerating voltage of 

approximately 5 kV offer improved depth and spatial 

resolution for precise surface inspection. A working 

distance of roughly 8.8 mm was preserved to enhance 

image focus and depth of field, indicating the distance 

between the sample surface and the detector system. 

Imaging was conducted with a secondary electron 

detector, facilitating precise monitoring of surface 

roughness and particle dispersion. The 5 μm scale bar 

signifies that the detected features range from micro- to 

nanoscale dimensions, corroborated by additional 

investigations. The instruments were operated at high-

vacuum settings to limit contamination and mitigate 

charging effects, hence enhancing image clarity. 

Morphological study indicates that the nanoparticles 

display variable geometries, encompassing angular and 

faceted structures, frequently forming aggregated 

clusters on a textured substrate. The observed 

aggregation behavior may influence corrosion 

performance by affecting nanoparticle dispersion and 

surface coverage. Excessive aggregation can reduce the 

effectiveness of the protective barrier, whereas improved 

dispersion promotes enhanced corrosion resistance. The 

existence of distinct crystalline structures and sharp-

edged facets indicates partial crystallinity and validates 

the development of organized nanoscale domains. The 

observed aggregation behavior is expected to influence 

the corrosion protection efficiency of CeO₂ 

nanoparticles. Moderate aggregation may increase the 

effective particle size; however, uniformly distributed 

nanoparticle clusters can contribute to the formation of a 

more compact protective layer that restricts the diffusion 

of corrosive species. In contrast, excessive aggregation 

may reduce the available active surface area and generate 

localized defects, thereby lowering the barrier 

performance. Therefore, the degree of nanoparticle 

aggregation plays a significant role in determining the 

overall corrosion resistance of the developed system. 

Earlier research demonstrated that, the CeO₂-based 

microcapsules prepared by emulsion polymerization 

improved self-healing and anticorrosion performance of 

epoxy coatings under harsh conditions. SEM analysis 

confirmed uniform spherical morphology, while 

electrochemical tests indicated increased impedance and 

reduced corrosion product formation. The enhanced 

protection is attributed to adsorption-driven surface 

interactions and passive layer formation by CeO₂ 

nanoparticles (Liu et al. 2022). 

3.1.4 Dynamic Light Scattering  

Fig.9 illustrates particle size properties of 

cerium dioxide nanoparticles derived from dynamic light 

scattering study. The examination of cumulants yields Z-

hydrodynamic diameter with polydispersity of 0.6079 

and an instrument-reported range of 71.17%. The PDI 

surpassing 0.5, along with the micrometer-scale average 

size, validates the existence of a highly polydisperse 

system characterized by aggregated structures rather than 

a uniformly scattered nanocolloid. Distributions based on 

both intensity and volume demonstrate that substantial 

particle clusters markedly affect the scattering response, 

characteristic of aggregation-prone suspensions. This 

behavior endorses an adsorption-driven corrosion 

inhibition mechanism, wherein clustered nanoparticles, 

supported by Tinospora cordifolia phytochemicals, 

promote improvement of adherent and dense protective 

layer on mild steel surface. 

 

Fig. 6: FTIR analysis of synthesized CeO₂ NPs 

 

Fig. 7: SEM micrograph of synthesized nanoparticles 

The variation in DLS measurements is 

expected, as this technique measures the hydrodynamic 

size of particle clusters in suspension rather than 

individual crystallites; in this system, the recorded 

dimensions primarily reflect micrometer-scale 

agglomerates formed from primary Cerium dioxide 

nanocrystals.  

The aggregation behavior demonstrated by DLS 

significantly affects the corrosion inhibition efficacy of 

cerium dioxide nanoparticles. The presence of 

micrometer-scale agglomerates signifies inadequate 

dispersion in solution; nonetheless, this trait does not 
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compromise protective efficacy but rather improves layer 

development on the metal surface. The synergistic impact 

of nanoparticle aggregation and phytochemical capping 

from Tinospora cordifolia facilitates the formation of a 

dense, homogeneous, and highly adherent barrier layer 

upon adsorption onto mild steel. This aggregation-

assisted layer enhances surface covering, diminishes 

exposed electrochemically active areas, and restricts the 

admission of chloride ions. Electrochemical 

investigations, encompassing impedance and 

polarization tests, substantiate this behavior by 

demonstrating diminished corrosion current density and 

elevated charge transfer resistance, so affirming 

enhanced inhibitory efficacy in the presence of these 

nanoparticles. 

 

Fig. 8: EDX profile of synthesized nanoparticles 

 

Fig. 9: DLS size distribution of synthesized nanoparticles 

3.1.5 Zeta Potential  

Zeta potential profile displays singular, 

relatively narrow peak near 0 mV, showing minimal 

electrostatic repulsion and pronounced tendency for 

particle aggregation at aqueous conditions. The 

observation corresponds by micrometer-scale 

hydrodynamic dimensions derived from DLS analysis, 

indicating that colloidal stability is influenced not by 

charge effects but by steric hindrance from surface-

attached phytochemicals. In the production process, 

bioactive chemicals from Tinospora cordifolia adhere to 

the surface of Cerium dioxide nanoparticles, offering 

steric stability that facilitates partial dispersion and 

improves interfacial contacts, advantageous for corrosion 

prevention and antioxidant activity.  

 

Fig. 10: Zeta potential of synthesized nanoparticles 

3.2 Antioxidant Activity  

Following synthesis and thorough 

characterisation of cerium dioxide nanoparticles, their 

antioxidant efficacy was analysed by ABTS and DPPH 

radical scavenging assays. The analytical approaches 

were extensively utilized to measure free radical 

neutralization efficiency, crucial for prospective 

applications in biomedical and environmental 

remediation sectors.  

3.2.1 DPPH Evaluation  

The DPPH scavenging efficacy of Tinospora 

cordifolia extracts derived from acetone, ethyl acetate, 

and methanol (Fig. 11a,b) demonstrated a concentration-

dependent response, with IC₅₀ values. Methanolic 

extracts exhibited significant antioxidant activity across 

the investigated doses, demonstrating their superior 

capacity to extract polar hydrogen-donating chemicals 

among the solvents. Acetone extracts demonstrated 

significant scavenging efficacy, while ethyl acetate 

extracts showed relatively diminished activity, indicating 

a restricted extraction of potent antioxidant compounds. 

The identified trend of diminishing inhibition with lower 

concentration was uniform across datasets, and the 

solvent efficacy adhered to the hierarchy: methanol > 

acetone > ethyl acetate. This constant polarity-dependent 

response underscores the essential importance of solvent 

selection in optimizing extraction efficiency and 

validates methanol as the most effective medium for 



G. Alagarsamy et al. / J. Environ. Nanotechnol., Vol. 15(2), 711-725 (2026) 

720 

isolating DPPH-active phytochemicals. Several studies 

have reported that, silver-loaded CeO₂ nanoparticles 

synthesized by hydrothermal methods demonstrated 

enhanced antioxidant activity and inhibition of melanin. 

Structural characterization confirmed stable 

nanostructures, while DPPH and ABTS assays validated 

strong radical scavenging behavior. The study highlights 

potential applications in dermatological treatments 

(Ghorbani et al. 2025). The IC₅₀ value, defined as the 

concentration of extract required to inhibit 50% of DPPH 

free radicals, was determined from the dose-response 

curve and expressed in µg/mL for each extract and their 

corresponding cerium dioxide nanoparticles. Green 

synthesized CeO₂ nanoparticles using Oroxylum indicum 

exhibited an IC₅₀ value of 20.8 µg/mL in DPPH assay, 

which was lower than the reference ascorbic acid (33.2 

µg/mL), confirming their antioxidant compatibility (Mim 

et al. 2024). 

 

 

Fig. 11: (a) DPPH activity of plant extract and (b) 
nanoparticles 

3.2.2 ABTS Evaluation  

Antioxidant efficacy of Tinospora cordifolia, 

extracted with methanol, acetone, and distilled water 

were assessed using DPPH and ABTS assays, 

demonstrating a distinct concentration-dependent 

response. Aqueous extracts exhibited superior 

scavenging efficacy in the DPPH system at all 

investigated doses, whereas methanol and acetone 

extracts displayed relatively diminished activity. A steady 

reduction in inhibition was noted with dilution, validating 

a conventional dose–response relationship. Conversely, 

ABTS assay results demonstrated that acetone extracts 

exhibited significantly greater radical neutralization 

capacity compared to their aqueous and methanolic 

equivalents. The changes underscore the significant 

impact of solvent polarity and assay technique on 

antioxidant assessment, indicating that extraction 

efficiency and measured activity are contingent upon 

both the solvent's chemical properties and the specific 

free radical system utilized. Prior investigations reported 

ABTS radical scavenging assay confirmed the strong 

antioxidant activity of the FA-CS-LG-CeO₂-TP 

nanocomposite, attributed to enhanced redox cycling of 

Ce³⁺/Ce⁴⁺ and polyphenol-mediated free radical 

neutralization (Sathiyaseelan et al. 2026). Similarly, the 

IC₅₀ value for ABTS radical scavenging was calculated 

from the percentage inhibition plot against concentration 

for all extracts and cerium dioxide nanoparticles. 

 

 

Fig. 12: (a) ABTS activity of plant extract and (b) 
nanoparticles 
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3.3 Anticorrosive Activity  

3.3.1 Electrochemical Impedance Spectroscopy  

Electrochemical impedance spectroscopy (EIS) 

were non-invasive analytical method employed to 

investigate interfacial processes at the electrode-

electrolyte interface using a low-amplitude AC signal 

throughout a wide frequency range. Impedance data 

elucidate aspects like charge transfer resistance, double-

layer capacitance, and mass transport effects, all of which 

are intricately linked to corrosion processes and inhibitor 

efficacy. In corrosion systems, an raise at charge transfer 

resistance, together with alterations at capacitive 

behavior, often indicates formation of protective layer on 

metal surface. Consequently, EIS was extensively used to 

evaluate both mechanisms and efficacy of corrosion 

inhibitors at harsh conditions. This study utilized Nyquist 

and Bode representations (Figs. 13a,b) to assess the 

corrosion prevention efficacy of Cerium dioxide 

nanoparticles and Tinospora cordifolia extract on mild 

steel. According to previous reports, green-synthesized 

CeO₂ nanoparticles incorporated into dual-function 

microcapsules exhibited self-healing and corrosion 

inhibition behavior by controlled release mechanisms. 

EIS results confirmed improved impedance response, 

demonstrating strong barrier formation and corrosion 

resistance in aggressive environments (Yin et al. 2025). 

The obtained EIS data were analyzed by fitting to an 

equivalent circuit model Rs(QdlRct), where Rs denotes 

the solution resistance, Rct represents the charge transfer 

resistance, and Qdl is the constant phase element (CPE) 

used in place of ideal capacitance to account for surface 

heterogeneity. The circuit fitting was performed using 

ZSimpWin software, and the chi-square (χ²) values were 

less than 0.01, confirming excellent agreement between 

experimental and fitted data. The fitted parameters are 

summarized in Tables 1 and 2. 

 

 

Fig. 13: (a) Nyquist plots for CeO₂ NP concentrations and (b) 
plant extract concentrations 

3.3.2 Nyquist Plot Evaluation 

Nyquist plots for CeO2 at 0.5 M HCl, obtained 

with and without inhibitors, exhibit diminished 

capacitive semicircles, signifying a charge-transfer 

corrosion mechanism at a non-ideal metal–electrolyte 

interface. The divergence from ideal semicircles is 

ascribed to surface heterogeneity and suboptimal 

capacitive performance resulting from the adsorption of 

inhibitor species. As the inhibitor dosage increases, the 

semicircle diameter expands, indicating an elevation in 

charge transfer resistance and a concomitant decrease in 

corrosion rate. Elevated concentrations of cerium dioxide 

nanoparticles facilitate the development of a denser, 

more cohesive protective layer on the steel surface, 

thereby inhibiting electron transport and improving 

impedance response up to an ideal concentration (about 

60 mg). The augmentation in impedance arc diameter is 

directly associated with enhanced suppression of both 

anodic metal dissolution and cathodic hydrogen 

evolution processes. The adsorption of nanoparticles 

effectively obstructs active corrosion sites and restricts 

chloride ion infiltration, hence enhancing corrosion 

resistance. A comparable trend is noted for Tinospora 

cordifolia extract; however, the somewhat smaller 

semicircle diameter indicates diminished inhibitory 

efficacy owing to decreased surface coverage and 

compromised film integrity in the absence of 

nanoparticles. The quantitative data (Tables 1 and 2) 

further substantiate that Rct values escalate with 

increasing inhibitor concentration, achieving inhibition 

efficiency of approximately 71% for nanoparticles and 

79% for plant extract, hence showing excellent surface 

adsorption and corrosion mitigation in acidic 

environments.  
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Table 1. Impedance analysis with synthesized nanoparticle 
concentrations 

Concentration, 𝐦𝐠 Rs, 𝛀 ⋅

𝐜𝐦𝟐 IE, % Rct, 𝛀 ⋅ 𝐜𝐦𝟐 

Blank 4.20 - 22.80 

15 4.40 47.59 43.50 

30 4.60 60.82 58.20 

45 4.80 66.37 67.80 

60 5.00 70.58 77.50 

Rs = Solution resistance; Rct = Charge transfer 

resistance; IE% = Inhibition Efficiency; Qdl = Double 

layer capacitance; Units: Ω·cm² 

Table 2. EIS analysis with plant extract concentration 

Concentration, mg Rs, Ω·cm² IE, % Rct, 

Ω·cm² 

Blank 4.10 - 22.20 

15 4.30 62.05 58.50 

30 5.10 74.34 86.50 

45 6.20 76.51 94.50 

60 7.10 78.55 113.50 

An elevation in inhibitor concentration results in 

increase at impedance magnitude for Cerium dioxide 

nanoparticles and Tinospora cordifolia extract with 

maximum values recorded at roughly 40 mg. This 

transition to elevated phase angles indicates the 

formation of a more consistent and stable protective layer 

at the steel–electrolyte interface. The inhibitory 

mechanism is essentially linked to the creation of an 

adsorbed, compact, and resistant coating that effectively 

mitigates corrosion processes instead of merely 

diminishing material loss. 

3.4 Potentiodynamic Polarization  

Potentiodynamic polarization were 

electrochemical approach utilized to examine corrosion 

kinetics by altering the electrode potential at a specified 

scan rate while monitoring the resultant current response. 

The polarization profiles provide critical parameters 

including corrosion potential (Ecorr), corrosion current 

density (Icorr), and anodic and cathodic Tafel slopes, 

which characterize the rates of metal dissolution and 

reduction reactions for Cerium dioxide nanoparticles and 

Tinospora cordifolia extract. In inhibitor assessment, a 

decrease in Icorr coupled with alterations in Ecorr indicates 

enhanced corrosion resistance and elucidates the 

inhibitory mechanism. Consequently, this technique is 

frequently employed to estimate corrosion rates and 

analyze the protective efficacy of inhibitors in harsh 

environments. 

3.4.1 Tafel Curve Analysis 

The curves depict the electrochemical response 

of the system by connecting potential with current 

density. The characteristics obtained were corrosion 

current density (Icorr), corrosion potential (Ecorr), and 

inhibition efficiency for Cerium dioxide nanoparticles 

and Tinospora cordifolia extract. The minimal variance 

in Ecorr values indicates that the solutions operate as 

mixed-type inhibitors, affecting both anodic and cathodic 

corrosion processes. 

3.4.2 Role of Adsorption in Electrochemistry 

The corrosion prevention efficacy of Tinospora 

cordifolia extract and biogenic Cerium dioxide 

nanoparticles were governed by adsorption onto mild 

steel surface. In acidic conditions, surface protonation 

generates a partial positive charge, enhancing the 

attraction of chloride ions and establishing localized 

negative sites that encourage inhibitor adsorption via 

electrostatic interactions and donor–acceptor bonding 

with heteroatoms like oxygen. Potentiodynamic 

polarization studies indicate a decrease in both anodic 

and cathodic current densities, with negligible changes in 

corrosion potential, hence affirming mixed-type 

inhibitory behavior. The alteration of both anodic and 

cathodic Tafel slopes signifies that the inhibitors 

concurrently impede metal breakdown and hydrogen 

evolution by occupying active surface locations. The 

nanoparticle approach boosts protection by creating a 

dense barrier layer that limits ionic movement at the 

interface. The higher efficacy of nanoparticles relative to 

plant extract alone is due to improved surface coverage 

and more robust interfacial blockage enabled by 

nanoparticle-assisted adsorption. 

3.5 Gravimetric Evaluation  

3.5.1 Weight Loss Technique  

Gravimetric analysis is a widely utilized and 

dependable method for evaluating metal corrosion rates 

in the presence of inhibitors like Tinospora cordifolia 

extract and cerium dioxide nanoparticles. This method 

facilitates direct numerical assessment of material 

degradation, allowing for the determination of corrosion 

rate, inhibition efficiency, and surface coverage.  

The mass loss of Cerium dioxide nanoparticles 

diminished from 0.601 g (blank) to 0.460 g at 40 mg after 

24 hours, indicating an inhibitory efficiency of 23.5%. 

After 48 hours, the blank loss of 1.111 g decreased to 

0.467 g at the same concentration, resulting in an 

efficiency of 64.7%. The Tinospora cordifolia extract 

demonstrated a weight reduction of 0.222 g in the 

uninhibited sample and 0.111 g at a dosage of 40 mg after 

24 hours, suggesting enhanced corrosion prevention with 

higher inhibitor concentrations. Tinospora cordifolia 

extract demonstrated an inhibitory efficacy of 
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approximately 58.6% at 40 mg after 24 hours. By 

prolonging the exposure duration to 48 hours, the mass 

loss diminished from 1.510 g in the unconstrained system 

to 0.597 g with the extract, resulting in an efficiency of 

60.5%. These findings confirm that inhibitory efficacy is 

concentration- and time-dependent, attributed to 

progressive surface film stabilization, with CeO₂ 

nanoparticles outperforming the plant extract at longer 

exposure durations. 

4. CONCLUSION  

Biogenic cerium dioxide nanoparticles were 

successfully synthesized using Tinospora cordifolia leaf 

extract via a sustainable green route, yielding 

nanocrystalline tetragonal structures with nanoscale 

crystallite size, stabilized by plant-derived 

phytochemicals. The nanoparticles demonstrated 

significant corrosion protection for mild steel in acidic 

environments, achieving inhibition efficiency of 

approximately 82.5% from polarization studies and 

70.5% from impedance analysis. Gravimetric evaluation 

further confirmed time-dependent protective behavior, 

with efficiency increasing from 23.5% at 24 hours to 

64.7% at 48 hours. The antioxidant assessment using 

DPPH and ABTS assays revealed strong radical 

scavenging activity with concentration-dependent 

behavior, particularly in methanolic systems, confirming 

the multifunctional nature of the synthesized 

nanoparticles. However, practical application is limited 

by nanoparticle aggregation in aqueous dispersion, which 

affects long-term dispersion stability and reproducibility. 

Future studies should focus on surface functionalization 

to improve colloidal stability, scaling up the green 

synthesis process, and evaluating in vivo antioxidant 

activity and performance in real industrial corrosive 

environments. 
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