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Corrosion of steel has several catastrophic consequences in various sectors. The inorganic nanoparticle-
based anticorrosive coating on steel drew important attention to its large surface-to-volume ratio. 
The primary aim of this study is to synthesize and characterize t-ZrO2 nanoparticles at an optimized 
annealing temperature and evaluate their structural, morphological, and optical properties. 
Additionally, the study investigates their effectiveness as a corrosion inhibitor for carbon steel in 1 M 
H2SO4. The study explores the cheap, facile, green synthesis of t-ZrO2 nanoparticles (NPs) through bark 
extract from the gum arabic plant (Acacia nilotica) for anticorrosive coatings on carbon steel. X-ray 
diffraction (XRD) analysis confirms the tetragonal phase structure and the crystallite size, calculated 
using Scherrer’s formula, is found to be 8.1 nm. Fourier-transform infrared (FT-IR) spectroscopy 
reveals the presence of Zr-O bonding along with organic residues from plant extracts, confirming 
the formation of t-ZrO2 NPs. Field emission scanning electron microscopy (FESEM) images confirm a 
rock stone-like structure, while energy dispersive X-ray (EDX) spectroscopy verifies the presence of 
Zr and O elements. The study further investigates the corrosion inhibition efficiency of t-ZrO2 NPs on 
carbon steel in 1 M H2SO4. The atomic force microscopy (AFM) analyses reveal a smoother surface with 
reduced roughness in the presence of the inhibitor. Electrochemical measurements, including weight 
loss, potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS), confirm a 
significant reduction in corrosion rate. The inhibition efficiency reaches 95.2% at 200 ppm of 0.2 M 
t-ZrO2 NPs, with an increased charge transfer resistance (Rct) of 14,715 Ω cm2 and a reduced double-
layer capacitance (Cdl) of 0.631 × 10⁸ F/cm2. These findings demonstrate that t-ZrO2 NPs act as an 
effective corrosion inhibitor for carbon steel in acidic environments.
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Nanotechnology, which involves deploying substances at the atomic and molecular scale, has introduced 
a new age of materials with unique properties that differ significantly from their bulk counterparts. Among 
these materials, nanoparticles stand out due to their exceptional chemical, mechanical, thermal, magnetic, and 
electrical characteristics, attributed to their quantum effects with high surface area-to-volume ratio1,2. These 
distinctive features make nanoparticles a subject of intense study and a cornerstone of various technological 
advancements3,4.

The study of metal oxide nanoparticles, particularly those involving the combination of two or more metals, 
has garnered significant interest5. These nanoparticles exhibit a broad spectrum of physical and chemical 
properties, making them suitable for a variety of uses, from catalysis to electronics and biomedical fields6. 
Zirconium dioxide (ZrO2), known as zirconia, is a ceramic material with excellent mechanical properties, 
chemical stability, and biocompatibility7. Its nanoparticle form further enhances these properties, making it a 
valuable material in numerous high-tech applications, such as oxygen sensors, fuel cells and dental implants8–10.

Zirconium, a transition metal similar to titanium, is characterized by its remarkable resistance to corrosion, 
making it an ideal material for applications in harsh environments11. Naturally occurring zirconium can be 
processed into nanoparticles using various methods. These nanoparticles are noted for their high fracture 
toughness, tensile strength, and hardness12,13. The metal’s natural isotopic forms, particularly the dominant 90Zr, 
play a crucial role in its industrial applications14. The synthesis of zirconium nanoparticles can be achieved 
through multiple techniques, including the Kroll process, which involves reducing zirconium tetrachloride with 
magnesium at high temperatures15. Other methods, such as sol–gel, hydrothermal, and laser ablation, are also 
utilized to produce ZrO2 NPs in various phases, including cubic and monoclinic forms16.

Nanotechnology faces several challenges, including precise control over nanoparticle size, shape, and 
distribution and ensuring the reproducibility and scalability of synthesis methods17,18. The unique properties 
of nanoparticles can lead to new functionalities, but they also pose potential risks, such as toxicity and 
environmental impact. Therefore, understanding and controlling these properties are crucial for the safe and 
effective use of nanomaterials19. This research seeks to advance the understanding of zirconium nanoparticles 
by developing eco-friendly synthesis methods and evaluating their anticorrosive properties on carbon steel in 
acidic conditions20. The use of t-ZrO2 NPs in anticorrosion coatings is significant due to their excellent chemical 
stability, high thermal resistance, and ability to form a dense, protective barrier on metal surfaces. These 
nanoparticles reduce corrosion rates by preventing direct contact between aggressive electrolytes and the metal 
substrate. Additionally, their high surface area enhances adhesion properties, ensuring a uniform and defect-free 
coating. The incorporation of t-ZrO2 NPs in protective coatings offers an eco-friendly and efficient approach 
to mitigating corrosion in industrial applications, extending the lifespan of metal components, and reducing 
maintenance costs. This study aims to refine the production method to achieve higher synthesis efficiency, 
better structural and functional properties of the nanoparticles, and reduced environmental impact. In addition, 
it explores new application areas for zirconium nanoparticles, with a special emphasis on high-performance 
anticorrosive uses21,22.

Experimental methods
Chemicals used
Zirconium Dichloride Oxide (ZrOCl2⋅8H2O) analytical grade purchased from Sigma–Aldrich (99% purity by 
weight) is used without further purification.

Plant material collection
The Acacia nilotica bark extract powder used in this study was obtained from Dr. A. Aslam (Fellow of the Indian 
Association for Angiosperm Taxonomy), Associate Professor of Botany, Jamal Mohamed College (Autonomous), 
Tiruchirappalli, Tamil Nadu, India.

Preparation of t-ZrO2 NPs by means of Acacia nilotica bark extract
To prepare the aqueous bark extract, 100  mL of double-distilled water and 10  g of finely chopped Acacia 
nilotica bark were heated at 60 °C for 30 min to extract the bioactive compounds, followed by filtration through 
Whatman No. 1 filter paper to obtain the aqueous extract used for the nanoparticle synthesis. A 0.2 M solution of 
zirconium dichloride oxide (ZrOCl2·8H2O) was prepared and gradually added to the Acacia nilotica bark extract 
under constant stirring to facilitate the green synthesis of t-ZrO2 nanoparticles. After four hours of stirring at 
65 °C, a white precipitate formed from this combination. To avoid agglomeration, the precipitate was separated 
using filtration, cleaned with distilled water, and dried for four hours at 100 °C. At 600 °C, the dried powder was 
finally calcined. Figure 1 displays the schematic representations. In this study, a 0.2 M precursor concentration 
of ZrOCl2·8H2O was selected based on preliminary synthesis trials and previous reports indicating that this 
concentration yields zirconia nanoparticles with optimal crystallinity and phase stability for t-ZrO2 systems23–29.

Specimen preparation for carbon steel
Carbon steel specimens were obtained from a single sheet with the following composition: 2% carbon, 0.06% 
phosphorus, 0.026% sulfur, and 0.4% manganese, with the remainder being iron. Each specimen, measuring 
1.0 × 4.0 × 0.2 cm, was polished to a mirror-like finish and cleaned with trichloroethylene before use in surface 
analysis and weight-loss corrosion testing. For potentiodynamic polarization experiments, a carbon steel 
specimen was mounted in a Teflon holder, exposing a 1 cm2 cross-sectional area as the working electrode, while 
a platinum electrode was used as the counter electrode. Both electrodes were degreased with trichloroethylene 
and polished to a mirror finish. Analytical-grade sulfuric acid was diluted using double-distilled water to create 
a 1 M H2SO4 solution.
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Formulating stock solutions
All solutions are made using deionized water and premium H2SO4 is diluted to the required concentration. 
The inhibitor is dissolved directly in this acidic medium, and the solution is then adjusted to reach the target 
concentration.

Characterization techniques
Before and after being submerged in 1 M H2SO4 for three hours, three polished carbon steel (CS) specimens 
were weighed with different extract quantities to determine weight loss.

	
Inhibition Efficiency IE(%) =

(
Wo − W1

Wo

)
× 100%� (1)

Weight loss with the inhibitor is represented by W1, and weight loss without the inhibitor is represented by Wo. 
Using the formula, the corrosion rate is calculated in mmd,

	
Corrosion Rate (mdd) = 53.5 × W

a × t
� (2)

where W stands for weight loss (g), a for specimen area (cm2) , and t for exposure time (h).
Electrochemical Impedance Spectroscopy (EIS) measurements were carried out in a frequency range 

spanning from 1 Hz to 100 kHz (105 Hz) with an applied AC amplitude of 0.005 V, a starting voltage of 0 V, and 
a 2-s quiet period before measurement, using a CHI 660 A electrochemical workstation. The experiment used a 
three-electrode cell setup, as shown in Fig. 2. The saturated calomel electrode (SCE) act as a reference electrode, 
and platinum electrode was used as the counter electrode. Carbon-based steel was used as an electrode. LPR 
values were derived from the polarization investigation, and the polarization analysis under consideration was 
able to compute corrosion parameters suggestive of rust current (Icorr), rust potential (Ecorr), and Tafel slopes 
(anode = ba and cathode = bc). Using a polarization analyzer, the AC impedance spectra were evaluated.

In order to describe a system’s resistance to AC flow, Measurements of impedance are taken at every frequency 
within the specified interval. The following formula is employed to determine the value of the double-layer 
capacitance.

	
Cdl = 1

(2π × fmax × Rct)
� (3)

Fig. 1.  A structured method for the process of chemical reduction root of a t-ZrO2 NPs for 0.2 mol 
concentrations.
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where, Cdl is the double-layer capacitance (F/cm2), Rt (more appropriately denoted as Rct) is the charge transfer 
resistance (Ω cm2) and fmax is the frequency at which the imaginary component of impedance (Z″) reaches 
a maximum. The real (Z′) part and imaginary (Z″) parts, given in ohms, were taken into consideration when 
analyzing the cell’s resistance at different frequencies. The values of charge transfer resistance (Rct) and double-
layer capacitance (Cdl) were calculated using the Nyquist plot. Using Bode graphs, the logarithmic (log) 
impedance value (z/ohm) was determined.

The inhibition efficiency EIS studies are calculated using following formulas

	
IE(%) = iCorr − iinh

iCorr
× 100� (4)

where, icorr -corrosion current density without inhibitor and iinh -corrosion current density with inhibitor

	
IE(%) = Rct.inh − Rct

Rct.inh
× 100� (5)

where, Rct,inh—charge transfer resistance with inhibitor and Rct—charge transfer resistance without inhibitor.
FTIR spectroscopy was conducted Utilizing a Perkin Elmer spectrophotometer within the 400–4000 cm−1 

range. After removing the protective coating, the CS samples were exposed to the plant leaf extracts and let 
soak in 1 M H2SO4 at RT for three hours. Scanning electron microscopy (SEM) studies were performed before 
and after corrosion to evaluate how the inhibitor affects the CS surface. The surface topography of the CS was 
analyzed using SEM both with and without the inhibitor, with images acquired using a JEOL JSM 6390. After 
corrosion, the CS samples were dried after being cleaned with double-distilled water. Three hours later, we tested 
in both inhibitor and blank solutions.

Results and discussion
XRD analysis
Figure 3 presents the XRD pattern of the t-ZrO2 NPs at 0.2 mol concentration. The diffraction peaks get more 
intense and the maximum intensity observed in 0.2-mol concentration at an optimized annealing temperature 
of 600 °C. The XRD comparison is made against standard bulk data (JCPDS card no. 88–1007). However, the 
nanoscale nature of the synthesized t-ZrO2 NPs leads to size- and surface-induced broadening and minor peak 
shifts. These deviations are accounted for by the calculated crystallite size (8.1 nm), and the presence of strain 
and stacking faults further confirms the influence of nanoscale effects on structure. The composition of t-ZrO2 
is established by the diffraction angle of the peaks at 30.52, 35.19, 50.65, and 60.60° and their corresponding 
(h k l) planes (101), (110), (200) and (211) respectively. No phase change was observed in t-ZrO2 NPs with 
0.2 mol concentration. Changes in the crystallite size and lattice parameter, however, are responsible for a minor 
deformation in the NPs’ structure23–25. At 0.2-mol concentration, a preferred orientation along the (101) plane 
is seen. As shown in Fig. 3, the prominent peak intensity increases progressively. These findings suggest that 
NP production in the (101) direction is significantly influenced by mole concentration26–29. Nonetheless, peak 
height in some planes may be influenced by the crystallites’ preferred orientation. The matching peak height will 
often rise if additional crystallites align themselves in a single direction. Scherrer’s formula, which is provided in 
Eq. (6), is utilized to calculate the crystallite size (D) of the t-ZrO2 NPs. The dislocation density (δ), microstrain 
(ε), and stacking fault (SF) are attained by using the following Eq. (7–9)30.

Fig. 2.  Schematic diagram of a three-electrode cell assembly.
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Crystallite Size D = (0.89) λ

βcosθ
� (6)

	
Dislocation Density δ = 1

D2 � (7)

	
MicroStrain ε = βcosθ

4
� (8)

	
Stacking Fault SF =

[
2π2

45 (3 tan θ)
1
2

]
β� (9)

Here, D represents the crystallite size, λ is the wavelength (0.15418 nm) for CuKα, β denotes the full width at 
half maximum of the diffraction peak, and θ, the diffraction angle in degrees. The XRD pattern of the 0.2 M 
t-ZrO2 sample confirms the formation of a well-crystallized tetragonal (t-ZrO2) phase. The diffraction peaks 
are sharp and well-defined, indicating good crystalline quality and minimal structural defects. The average 
crystallite size, calculated using the Debye–Scherrer equation, is approximately 8.1  nm. The corresponding 
microstructural parameters—dislocation density (δ = 1.09 × 1016), microstrain (ε = 0.0316), and stacking fault 
(SF = 0.0113)—suggest a low level of lattice imperfections and confirm the high degree of crystallinity of the 
synthesized nanoparticles. Overall, the XRD analysis provides clear evidence for the successful synthesis of high-
quality tetragonal ZrO2 nanoparticles at the optimized 0.2 M concentration.

Functional group analysis
The FTIR spectrum of Acacia plant bark extract shows (Fig. 4a ) key absorption bands: 3286 cm−1 (O–H/N–H 
stretching – alcohols, phenols, or amines), 1610 cm−1 (C=O or C=C stretching—carbonyl or aromatic/aliphatic 
double bonds), 1442 cm−1 (C–H bending—CH2/CH3 scissoring), 1031.33 cm−1 (C–O–C or C–N stretching—
ethers, esters, or amines), and 605 cm−1 (aromatic C–H bending or halogen-related C–Cl/C–Br stretch). These 
indicate the presence of phenolic aromatic structures and possibly halogenated compounds. Figure 4b shows 
the FT-IR spectrum for the synthesized ZrO2 NPs. The band observed at 605.28 cm−1 indicates the Zr–O bond 
stretching vibration in zirconium dioxide. The peak at 1123.40 cm−1 suggests C–O stretching vibrations, likely 
due to residual plant extracts associated with the nanoparticles. The band 1382.49 cm⁻1 resembles the symmetric 

Fig. 3.  XRD pattern of the t-ZrO2 NPs for 0.2 mol concentrations.
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stretching vibration of the C–H bond in -CH3 groups, possibly from organic residues of the plant extract. The 
peak 1629.11  cm⁻1 is typically related with C=O stretching vibrations in amides or carbonyl groups, likely 
originating from organic compounds in the plant extract31.

The band at 3405.03 cm⁻1 is ascribed to O–H stretching vibrations, signifying the occurrence of hydroxyl 
groups, which may come from water molecules, alcohols in the plant extract, or surface hydroxyl groups on the 
nanoparticles. This analysis confirms the formation of ZrO2, with the broad peak suggesting the nanoparticles 
possess a nanostructure32.

UV–Vis spectroscopy analysis
Utilizing UV–Vis absorption spectroscopy, the optical characteristics of t-ZrO2 NPs were examined. Figure 5a 
displays the room temperature UV–Vis absorption spectrum of the t-ZrO2 NPs. This spectrum corresponds to 
t-ZrO2 NPs at a concentration of 0.2 mol, optimized at an annealing temperature of 600 °C. The UV–Vis absorption 
band at 317 nm corresponds to the characteristic absorption of t-ZrO2 nanograins, influenced by quantum size 
effects, in contrast to the bulk exciton absorption. This redshift is attributed to specific experimental conditions 
and defect states introduced during green synthesis33. Perhaps as a result of the particular experimental synthesis 
conditions, the absorption in the visible range suggests that the generated t-ZrO2 NPs have some defect energy 
levels34. The Tauc plot determines prepared structures’ optical band gap Eg (Fig. 5b).

According to the following connection, the absorption coefficient in this case depends on the photon energy 
and band gap (10):

	 Band gap (αhν) = A(hν − E)n� (10)

where A is the proportionality constant, ν is the vibration frequency, Eg, the band gap, h is the Planck constant, 
and α is the absorption coefficient. When n = 2, it specifies directly allowed transitions and intercepts on 
the E-axis, giving the values of Eg. Because of the size effect, the intercept of the curve’s extrapolated linear 
component has yielded an energy band gap Eg of roughly 3 eV35. The green synthesis method minimizes the 
band gap value of t-ZrO2 NPs.

Surface morphology
FESEM analysis of t-ZrO2 NPs
FESEM micrographic images of t-ZrO2 nanoparticles for 0.2-mol concentration is shown in Fig. 6a,b, displays 
the t-ZrO2 grains that are micrometer and nanometer in size. The surface morphology exhibits continuous 
variation in mole concentration on the t-ZrO2 nanoparticle surface. FESEM images of t-ZrO2 nanoparticles 
reveal no cracks observed, even in the large area scanning. For the t-ZrO2 NPs, the randomly oriented rock 
stone-like structure is detected. Due to the Zr atoms oxidation, the mole concentration favors quick and defects-
free growth crystallites36–38. The surface morphology of Zirconium Oxide nanoparticles is studied, and their 
large surface area makes an increased quantity of atoms on the crystal compound’s surface compared to the 
atoms inside the crystal. The bulk of t-ZrO2 particles is formed by the interaction of these atoms with other 
contiguous surface atoms or by the absorption of other species. These atoms on the surface of the zirconium 
oxide nanoparticles have more dandling bonds and free valance bonds. The annealing temperature support to 
minimize the crystalline size values follows the XRD results39.

SEM analysis of carbon steel with inhibitor
Scanning Electron Microscopy (SEM) provides detailed images of the carbon steel, offering insight into the 
surface morphology. The study examined the SEM morphology of carbon steel in 1 M H2SO4 solution, both 

Fig. 4.  FTIR spectrum of (a) Acacia plant bark extract (b) t-ZrO2 NPs for 0.2 mol concentrations.
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with and without an inhibitor system. Figure 7a,b represent the polished carbon steel surface, which appears 
smooth and free from any corrosion features. No pits or deposits are visible, confirming the unexposed, pristine 
condition of the metal. While Fig. 7c,d corresponds to the blank (uninhibited) carbon steel sample immersed in 
1 M H2SO4. The surface is rough, uneven, and covered with irregular corrosion products. istinct corrosion pits 
can be observed as dark, circular depressions, indicating localized attack due to acid exposure. Figure 7e,f show 
the inhibited carbon steel sample exposed to 1 M H2SO4 + 200 ppm of 0.2 M t-ZrO2 nanoparticles. The surface 
is comparatively smoother with fewer visible defects or pits, suggesting that the inhibitor effectively suppressed 
corrosion and promoted the formation of a protective film on the steel surface21. Hence, the morphology and size 
of t-ZrO2 NPs significantly influence their anticorrosion properties by affecting surface coverage, adhesion, and 
barrier effectiveness. The observed higher surface area ensures uniform dispersion and reduces coating porosity, 
which minimizes the penetration of corrosive agents. Additionally, optimized nanoparticle size improves charge 
transfer resistance, reducing the corrosion rate and enhancing overall coating performance.

EDX analysis
The elements in the produced samples were examined using energy dispersive spectroscopy. Figure 8 displays 
the EDS spectrum of the prepared sample. From the figure it can be understood that the sample contains only 
Zr, O NPs with 0.2 mol concentration. The atomic % of Zr and O are 17.68 and 63.78 t-ZrO2 with 0.2-mol 
concentration. The presence of t-ZrO2 NPs in the sample is confirmed by the strong peaks that correspond to Zr 
and O. The added peaks in EDS spectra are associated with the annealing temperature of 500 °C C, Cl, and Cu 
used for sample preparation. The annealing temperature causes the Zr content to decrease as the oxygen level 

Fig. 5.  UV–Vis analysis of t-ZrO2 NPs for 0.2 mol concentrations (a) Absorption (b) plots of (αhν)2 Vs hν.
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increases. From the EDX results, the t-ZrO2 NPs specify the strong impact of the Zr lattice at mole concentration. 
This result discloses a suitable chemical composition with stoichiometry of chemical elements was achieved for 
the zirconium oxide nanoparticle17.

Atomic force microscopic studies
Figure 9a–c shows the two-dimensional AFM images of the film-protected metal (1 M H2SO4 + inhibitor), the 
corroded surface (immersed in 1 M H2SO4), and the polished metal surface. In Fig. 9a–c, the equivalent three-
dimensional images are also displayed. Table 1 lists the AFM parameters for refined carbon steel, along with 
carbon steel submerged in 1 M H2SO4, and in the inhibitor system40. To ensure clarity in interpreting the AFM 
data, the physical meanings of the symbols in Table 1 are defined as follows. The arithmetic mean roughness (Sa) 
represents the average absolute deviation of surface heights from the mean plane, providing an overall measure 
of surface texture. The root mean square roughness (Sq) quantifies the standard deviation of height variations 
and is more sensitive to extreme peaks and valleys than Sa. The maximum peak height (Sp) corresponds to the 
height of the highest asperity from the mean plane, while the maximum peak-to-valley height (Sy) denotes the 
total vertical distance between the highest peak and the deepest valley within the scanned area. Collectively, 
these parameters describe the surface topography and enable a quantitative assessment of the inhibitor’s ability 
to smooth and protect the carbon steel surface.

In the corrosive media (blank), carbon steel’s average surface roughness is found to be noticeably high. 
However, 200 ppm of 0.2 M t-ZrO2 NPs inhibitor reduces this value. While it remains higher compared to the 
carbon steel surface which is polished, it is lower than the roughness in the corrosive medium (blank). This 
reduction is attributed to forming a protective layer on the carbon steel surface in the presence of the inhibitor, 
which appears smooth. The same trend is observed for the other three parameters such as root mean square 
roughness, maximum peak-to-valley height, and maximum peak height41.

Electrochemical analysis
Weight loss method
The carbon steel’s corrosion rates (CR) when submerged in a 1  M H2SO4 solution, as well as the inhibition 
efficiencies (IE) with and without the presence of the 200 ppm 0.2 M t-ZrO2 NPs inhibitor, obtained via the weight 
loss method, are given in Table 2. It is noted that the 200 ppm 0.2 M t-ZrO2 NPs provide an inhibition efficiency 
of 95.2%. The inhibitory efficiency also improves with an increase in the 0.2 M t-ZrO2 NPs concentration42. 
This enhancement is attributed to increased surface coverage at higher inhibitor concentrations, which slows 
the dissolution of carbon steel. The electron-donating characteristics of the oxygen atoms in conjunction with 
the delocalized π-electrons, are responsible for the increased inhibitory efficiencies. This observation aligns well 
with findings reported by various researchers43.

Potentiodynamic polarization analysis
The Tafel plots illustrating the inhibition of corrosion upon the addition of 200 ppm of 0.2 M t-ZrO2 NPs are 
presented in Fig. 10. Critical parameters such as corrosion current density (Icorr), corrosion potential (Ecorr), 
cathodic (bc) and anodic (ba) Tafel slopes, and linear polarization resistance (Rp) are summarized in Table 3. 
Adding NPs to the acidic solution decreased Icorr values for the system containing 200 ppm of 0.2 M t-ZrO2 NPs 
(1.987 × 10⁻⁶ µA/cm2) compared to the solutions without the inhibitor (0.224 × 10⁻6 µA/cm2). This decrease in 
corrosion When the inhibitor is present, the current density shows that the inhibitors are adsorbed onto the 
metal surface, preventing corrosion44. The measured corrosion potential value for the blank system was − 0.241 

Fig. 6.  (a,b) FESEM images of t-ZrO2 NPs for 0.2 mol concentrations.
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(mV vs. SCE) which increased to 0.015 (mV vs. SCE) with the inhibitor. Additionally, the linear polarization 
resistance (Rp) was lower for the blank system at 14,240 Ω cm2, compared to 24,690 Ω cm2 for the system with 
200 ppm of 0.2 M t-ZrO2 NPs, suggesting the development of a shielding layer on the metal surface40.

Electrochemical impedance spectroscopy analysis
The development of a protective layer on the surface of carbon steel was verified by AC impedance spectra. The 
reduction in double-layer capacitance (Cdl) observed in EIS studies upon the addition of t-ZrO2 NPs is attributed 
to the formation of a compact, insulating nanoparticle layer on the carbon steel surface. This layer reduces the 
effective area of the double layer at the metal/electrolyte interface, thereby decreasing the capacitance. The high 

Fig. 7.  SEM micrographs of (a,b) polished carbon steel, (c,d) carbon steel exposed to 1 M H2SO4, and (e,f) 
carbon steel exposed to 1 M H2SO4 containing 200 ppm of 0.2 M t-ZrO2 nanoparticles.
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surface area and chemical stability of t-ZrO2 NPs promote uniform adsorption, minimizing electrolyte access to 
the metal surface and enhancing the corrosion protection mechanism41. Figure 11a–c (Nyquist plots) displays 
the AC impedance spectra of submerged carbon steel in an aqueous solution containing 1 M H2SO4 both with 
and without the 200 ppm 0.2 M t-ZrO2 NPs inhibitor with electrical circuit equivalent. Table 4 displays the AC 
impedance parameters that were obtained from the Nyquist plots, including the double-layer capacitance (Cdl) 
and charge transfer resistance (Rct). The charge transfer resistance (Rct) rose from 1,769 Ω cm2 to 14,715 Ω cm2 
with the addition of 200 ppm of 0.2 M t-ZrO2 NPs, whereas the Cdl value dropped from 2.090 × 10⁷ F/cm2 to 
0.631 × 10⁷ F/cm2. From 713.60 to 17,729.02, the impedance value [log (z/Ω)] increased. Table 5 shows the key 
findings of different coating materials previously reported and our current material under high temperature, 
humidity and salt water. The conclusion that a protective coating forms on the carbon steel surface is supported 
by these data39,45,46.

Cost–benefit and environmental compatibility
The green synthesis of t-ZrO2 NPs using Acacia nilotica bark extract is both cost-effective and environmentally 
friendly compared to traditional chemical synthesis methods. The use of plant extracts eliminates the need for 
toxic reducing agents and solvents, lowering production cost and toxicity. The process operates at relatively 
low temperatures and is scalable for industrial applications. The high inhibition efficiency (95.2% at 200 ppm) 
demonstrates excellent performance, justifying the cost of nanoparticle synthesis. Environmentally, the use of 
biomass byproducts promotes sustainability, and t-ZrO2 is chemically inert and non-toxic, further enhancing 
ecological compatibility. These features contribute to industrial relevance, especially in sectors requiring durable, 
eco-friendly corrosion inhibitors.

Conclusion
0.2 M ZrO2 NPs were successfully synthesized using a green synthesis method with Acacia nilotica extract as 
the reducing agent, as confirmed by XRD studies. The XRD analysis showed that the 0.2 M ZrO2 NPs possess a 
tetragonal structure. FTIR analysis identified the existence of all relevant functional groups. Scanning electron 
microscopy (SEM) analysis showed a rock stone-like structure for the 0.2 M ZrO2 NPs. Furthermore, t-ZrO2, 
after being coated in carbon steel, shows a much smoother surface with reduced corrosion. EDAX confirms 
the existence of zirconium (Zr) and oxygen (O) in the synthesized ZrO2 NPs.The 0.2 M ZrO2 NPs exhibited 
significant effectiveness in inhibiting the carbon steel corrosion in an aqueous 1 M H2SO4 solution. Polarization 
studies revealed that these nanoparticles primarily function as anodic inhibitors, mainly influencing the anodic 
reaction. Weight loss experiments demonstrated that a formulation containing 200 ppm of 0.2 M ZrO2 NPs 
achieved an impressive 95.2% inhibition efficiency in mitigating the corrosion of carbon steel in the same acidic 
environment. Electrochemical impedance spectroscopy (EIS) measurements indicated a rise in the resistance 
to charge transfer (Rct) and a reduction in corrosion current (Icorr) and double-layer capacitance (Cdl), which 

Fig. 8.  EDX spectrum of t-ZrO2 NPs for 0.2 mol concentration.
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Fig. 9.  AFM images of (a) Polished Carbon Steel (b) CS immersed in the 1 M H2SO4 solution (c) Carbon 
steel + 1 M H2SO4 + 200 ppm of 0.2 M t-ZrO2 NPs.
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Inhibitor (%) Icorr (µA/cm2) Ecorr (mV vs. SCE) ba (mV/dec) bc (mV/dec) LPR (Ω·cm2) IE (%)

MS + H2SO4 1.987 × 10–6 − 0.241 0.067 0.106 14,240 –

MS + H2SO4 + 0.2 M ZrO2 NPs 0.224 × 10–6 0.015 0.13 0.134 24,690 88.7

Table 3.  Potentiodynamic polarization analysis.

 

Fig. 10.  PDP Curves corrosion of CS (a) 1 M H2SO4 (blank) (b) 200 ppm of 0.2 M t-ZrO2 NPs.

 

0.2 M ZrO2 NPs (ppm) CR (mpy) IE (%)

0 5.478 -

40 2.182 62.3

80 2.105 76.2

120 2.032 81.5

160 2.001 90.7

200 1.934 95.2

Table 2.  Inhibition efficiency (IE %) obtained by weight loss method.

 

Samples

Values in (nm)

Maximum Peak Height (Sp) Root Mean Square Roughness (Sq) Average Roughness (Sa)

Maximum 
peak-to-
valley 
height 
(Sy)

Carbon Steel Surface 3109.30 503.60 370.57 1653.30

1 M H2SO4 + Carbon Steel 2648.30 370.13 285.72 257.70

1 M H2SO4 + Carbon Steel + Inhibitor (200 ppm) 2472.30 340.42 265.73 228.50

Table 1.  AFM data for carbon steel immersed in the inhibitor solution.
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References Coating material External factors studied Effect Key findings

4 Sol–gel derived ZrO2 NPs for thermal 
barrier coatings High Temperature Phase transformation 

(tetragonal → monoclinic)
Reduced thermal stability and increased surface 
roughness

10 Synthesis and characterization of ZrO2 
NPs via a simple solution route

Temperature, Humidity, 
Saltwater Decreased under harsh conditions Silver oxidation and magnetite degradation impact 

performance

13 Natural product-based inhibitors Temperature, Humidity, 
Saltwater Significant reduction in corrosion Comprehensive overview of green inhibitors 

showing sustainable corrosion protection

15 ZrO2 NPs by a novel solvothermal 
method Temperature Effect Controlled phase transformation 

at 150–200 °C Enhanced degradation efficiency under visible light

21 Green eco-friendly inhibitor for carbon 
steel HCl solution, Temperature Strong inhibition of carbon steel 

corrosion
Macro/micro-scale experimental and computational 
studies demonstrated high inhibition efficiency

24 anti-corrosive efficiency of NiO NPs Temperature, Humidity, 
Saltwater

Significant inhibition of microbial 
growth Effective in reducing corrosion rate in saltwater

27 Green synthesized ZrO2 NPs using 
plant extracts

Acidic medium (HCl, 
H2SO4), Temperature Improved corrosion inhibition Plant-extract-based green synthesis offers eco-

friendly corrosion protection in acidic environments

31 Zirconium-based nanostructures Corrosion, Biocompatibility High chemical stability
Advanced ZrO2 nanostructures provide 
multifunctional protection including corrosion 
resistance in harsh environments

17 ZrO2 nanostructures for catalysis and 
sensing

Temperature, Humidity, 
Saltwater

Enhanced stability under harsh 
conditions

Demonstrated stability and catalytic activity in 
challenging environments

Current Work t-ZrO2 NPs Temperature, Humidity, 
Saltwater

Decreased with extreme 
conditions

Effective under controlled conditions but degrades 
in prolonged saltwater exposure

Table 5.  Comparison of previously reported coating materials with the current material.

 

System

Nyquist plot

IE (%)Rct (Ω cm2) Cdl (F/cm2) Impedance log (Z/Ω)

MS + H2SO4 1769 2.090 × 10−8 713.6 –

MS + H2SO4 + 0.2 M ZrO2 NPs 14,715 0.631 × 10−8 17,729.02 88.2

Table 4.  Electrochemical impedance parameters.

 

Fig. 11.  Nyquist plot for the corrosion of carbon steel (a) 1 M H2SO4 (blank) (b) 200 ppm of 0.2 M t-ZrO2 NPs 
(c) Electrical circuit equivalent (solution resistance: Rs; charge transfer: Rct).

 

Scientific Reports |          (2026) 16:439 13| https://doi.org/10.1038/s41598-025-30044-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


is due to enhanced thickness of the adsorbed layer. SEM and AFM analysis revealed a smoother surface on the 
inhibited carbon steel in contrast to the uncontrolled samples.

Data availability
The datasets during and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.

Received: 26 July 2025; Accepted: 20 November 2025

References
	 1.	 Kumar, A., Kumar, J. & Singh, S. Synthesis of zirconia nanoparticles using sol-gel method and their characterization. Mater. Sci. 

Eng., B 199, 26–31. https://doi.org/10.1016/j.mseb.2015.05.004 (2015).
	 2.	 Li, Q., Mahurin, S. M. & Dai, S. Hydrothermal synthesis of zirconium oxide nanoparticles. J. Am. Ceram. Soc. 89(5), 1510–1515. 

https://doi.org/10.1111/j.1551-2916.2006.00953.x (2006).
	 3.	 Smith, G. V. & Notheisz, F. Synthesis of metal oxide nanoparticles. Catal. Microwav. Top. Catal. 25(1–4), 125–130. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​

1​0​.​1​0​2​3​/​A​:​1​0​2​2​4​9​7​8​1​5​3​6​5​​​​ (2003).
	 4.	 Choi, S. H., Park, S. Y. & Kim, Y. H. Sol-gel derived zirconia nanoparticles for thermal barrier coatings. J. Eur. Ceram. Soc. 29(10), 

1953–1958. https://doi.org/10.1016/j.jeurceramsoc.2008.11.015 (2009).
	 5.	 Singh, A. K. & Chauhan, P. Hydrothermal synthesis of zirconium oxide nanoparticles and their applications in photocatalysis. 

Appl. Surf. Sci. 384, 547–552. https://doi.org/10.1016/j.apsusc.2016.05.032 (2016).
	 6.	 Marschall, R. & Wang, L. Non-metal doping of transition metal oxides for visible-light photocatalysis. Catal. Today 225, 111–135. 

https://doi.org/10.1016/j.cattod.2013.10.090 (2014).
	 7.	 Patterson, A. L. The Scherrer formula for X-ray particle size determination. Phys. Rev. 56(10), 978–982. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​0​3​/​P​

h​y​s​R​e​v​.​5​6​.​9​7​8​​​​ (1939).
	 8.	 Rao, C. N. R. & Müller, A. (eds.). Nanomaterials Chemistry: Recent Developments and New Directions. (Wiley-VCH Verlag GmbH 

& Co. KGaA, 2006). https://doi.org/10.1002/3527608043
	 9.	 Sheit, H. M. K. et al. Investigations on structural, morphological and UV light detection characteristics in p-ZrO2/n-Si 

Heterostructure based devices. Opt. Mater. 156, 116005. https://doi.org/10.1016/j.optmat.2024.116005 (2024).
	10.	 Wang, H. & Xu, G. Synthesis and characterization of ZrO2 nanoparticles via a simple solution route. J. Alloy. Compd. 426(1–2), 

191–194. https://doi.org/10.1016/j.jallcom.2006.03.048 (2006).
	11.	 Baldé, C. P., Clemens, F. & Fernandes, A. J. S. Zirconium dioxide thin films: Optical and structural properties. Thin Solid Films 543, 

128–133. https://doi.org/10.1016/j.tsf.2012.11.060 (2013).
	12.	 Abbas, S. F., Farooq, W. A. & Mahmoud, M. A. Green synthesis of zirconium oxide nanoparticles using plant extracts and their 

application in photocatalysis. J. Photochem. Photobiol., A 413, 113218. https://doi.org/10.1016/j.jphotochem.2021.113218 (2021).
	13.	 Rajendran, S., Srinivasan, R., Dorothy, R., Umasankareswari, T. & Al-Hashem, A. Green solution to corrosion problems-at a 

glance. Int. J. Corros. Scale Inhib. 8, 437–479. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​7​6​7​5​​/​2​3​0​5​​-​6​8​9​4​-​​2​0​1​9​-​8​​-​3​-​4​3​7​​-​4​7​9 (2019).
	14.	 Gupta, M. & Bhunia, H. Recent advances in zirconium-based nanostructures for biomedical applications. Mater. Sci. Eng. C 134, 

112596. https://doi.org/10.1016/j.msec.2021.112596 (2022).
	15.	 Li, X., Yu, J. & Jiang, L. Zirconium-based metal-organic frameworks for efficient catalytic applications: A review. Coord. Chem. Rev. 

423, 213485. https://doi.org/10.1016/j.ccr.2020.213485 (2020).
	16.	 Singh, S. & Verma, P. Synthesis of zirconium dioxide nanoparticles by a novel solvothermal method and their use as photocatalysts. 

J. Alloy. Compd. 861, 158635. https://doi.org/10.1016/j.jallcom.2020.158635 (2021).
	17.	 Tan, Z., Li, Z. & Zhang, H. Recent developments in zirconium dioxide (ZrO2) nanostructures for catalysis and sensing. Nano Today 

42, 101373. https://doi.org/10.1016/j.nantod.2021.101373 (2022).
	18.	 Yang, F., Liu, Y. & Zeng, Y. Zirconium nanoparticles for advanced energy storage devices. J. Energy Chem. 57, 122–133. ​h​t​t​p​s​:​/​/​d​o​

i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​j​e​c​h​e​m​.​2​0​2​0​.​0​8​.​0​4​6​​​​ (2021).
	19.	 Vijaya Kumar, P., Jafar Ahamed, A. & Karthikeyan, M. Synthesis and characterization of NiO nanoparticles by chemical as well as 

green routes and their comparisons with respect to cytotoxic effect and toxicity studies in microbial and MCF-7 cancer cell models. 
SN Appl. Sci. 1(9), 1–15. https://doi.org/10.1007/s42452-019-0706-5 (2019).

	20.	 Wang, Y., Zhu, J., Yang, X., Lu, L. & Wang, X. Preparation of NiO nanoparticles and their catalytic activity in the thermal 
decomposition of ammonium perchlorate. Thermochim. Acta 437(1–2), 106–109. https://doi.org/10.1016/j.tca.2005.01.003 (2005).

	21.	 Dehghani, A., Bahlakeh, G., Ramezanzadeh, B. & Ramezanzadeh, M. Potential role of a novel green eco-friendly inhibitor in 
corrosion inhibition of carbon steel in HCl solution: Detailed macro/micro-scale experimental and computational explorations. 
Constr. Build. Mater. 245, 118464. https://doi.org/10.1016/j.conbuildmat.2020.118464 (2020).

	22.	 Yamamoto, H., Tanaka, S. & Hirao, K. Effects of substrate temperature on nanostructure and band structure of sputtered Co3O4 
thin films. J. Appl. Phys. 93(7), 4158–4162. https://doi.org/10.1063/1.1546801 (2003).

	23.	 Soriano, L. et al. The electronic structure of mesoscopic NiO particles. Chem. Phys. Lett. 208(5–6), 460–464. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​
1​6​/​0​0​0​9​-​2​6​1​4​(​9​3​)​8​7​2​8​5​-​2​​​​ (1993).

	24.	 Ezhilarasi, A. A. et al. Green synthesis of NiO nanoparticles using Aegle marmelos leaf extract for the evaluation of in-vitro 
cytotoxicity, antibacterial and photocatalytic properties. J. Photochem. Photobiol., B 180, 39–50. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​j​p​h​o​t​o​b​i​
o​l​.​2​0​1​8​.​0​2​.​0​1​2​​​​ (2018).

	25.	 Horti, N. C., Kamatagi, M. D., Nataraj, S. K., Wari, M. N. & Inamdar, S. R. Structural and optical properties of zirconium oxide 
(ZrO2) nanoparticles: effect of calcination temperature. Nano Express 1, 010022. https://doi.org/10.1088/2632-959X/ab8684 
(2020).

	26.	 Mohamed Kasim Sheit, H., Seeni Mubarak, M. U., Mohan, K. S., Gunavathy, K. V., Subhapriya, P. & Varusai Mohamed, M. K. 
Investigations on the microbial activity and anti-corrosive efficiency of nickel oxide nanoparticles synthesised through green route. 
Zeitschrift für Physikalische Chem. 239(2-3), 355-377 (2025).

	27.	 Abbas, S. F., Farooq, W. A. & Mahmoud, M. A. Green synthesis of zirconium oxide nanoparticles using plant extracts and their 
application in photocatalysis. J. Photochem. Photobiol. A Chem. 413, 113218. https://doi.org/10.1016/j.jphotochem.2021.113218 
(2021).

	28.	 Sheit, H. M. K., Mohan, K. S., Gunavathy, K. V., Mohamed, M. V., Subhapriya, P., Samsathbegum, A. & Sindhuja, G. H. Investigation 
on the corrosion inhibition efficiency of 2, 4-diphenyl-3-aza bicyclo[3.3.1] nonan-9-one in carbon steel immersed in acidic media. 
Chem. Phys. Impact 8. https://doi.org/10.1016/j.chphi.2024.100521(2024).

	29.	 Likasari, I. D. et al. NiO nanoparticles synthesized by using Tagetes erecta L leaf extract and their activities for photocatalysis, 
electrochemical sensing, and antibacterial features. Chem. Phys. Lett. 780, 138914. https://doi.org/10.1016/j.cplett.2020.138914 
(2021).

	30.	 Ajithkumar, K. et al. Hydrothermal fabrication of zinc sulfide nanosheets for high-performance supercapacitors. Mater. Lett. 395, 
138777. https://doi.org/10.1016/j.matlet.2025.138777 (2025).

Scientific Reports |          (2026) 16:439 14| https://doi.org/10.1038/s41598-025-30044-y

www.nature.com/scientificreports/

https://doi.org/10.1016/j.mseb.2015.05.004
https://doi.org/10.1111/j.1551-2916.2006.00953.x
https://doi.org/10.1023/A:1022497815365
https://doi.org/10.1023/A:1022497815365
https://doi.org/10.1016/j.jeurceramsoc.2008.11.015
https://doi.org/10.1016/j.apsusc.2016.05.032
https://doi.org/10.1016/j.cattod.2013.10.090
https://doi.org/10.1103/PhysRev.56.978
https://doi.org/10.1103/PhysRev.56.978
https://doi.org/10.1002/3527608043
https://doi.org/10.1016/j.optmat.2024.116005
https://doi.org/10.1016/j.jallcom.2006.03.048
https://doi.org/10.1016/j.tsf.2012.11.060
https://doi.org/10.1016/j.jphotochem.2021.113218
https://doi.org/10.17675/2305-6894-2019-8-3-437-479
https://doi.org/10.1016/j.msec.2021.112596
https://doi.org/10.1016/j.ccr.2020.213485
https://doi.org/10.1016/j.jallcom.2020.158635
https://doi.org/10.1016/j.nantod.2021.101373
https://doi.org/10.1016/j.jechem.2020.08.046
https://doi.org/10.1016/j.jechem.2020.08.046
https://doi.org/10.1007/s42452-019-0706-5
https://doi.org/10.1016/j.tca.2005.01.003
https://doi.org/10.1016/j.conbuildmat.2020.118464
https://doi.org/10.1063/1.1546801
https://doi.org/10.1016/0009-2614(93)87285-2
https://doi.org/10.1016/0009-2614(93)87285-2
https://doi.org/10.1016/j.jphotobiol.2018.02.012
https://doi.org/10.1016/j.jphotobiol.2018.02.012
https://doi.org/10.1088/2632-959X/ab8684
https://doi.org/10.1016/j.jphotochem.2021.113218
https://doi.org/10.1016/j.chphi.2024.100521
https://doi.org/10.1016/j.cplett.2020.138914
https://doi.org/10.1016/j.matlet.2025.138777
http://www.nature.com/scientificreports


	31.	 Geetha, N. et al. Optimizing degradation parameters for enhanced textile industrial pollutant removal with SnO2 nanoparticles: A 
green approach with antimicrobial and antioxidant efficacy. J. Indian Chem. Soc. 102, 101928. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​j​i​c​s​.​2​0​2​5​.​1​
0​1​9​2​​​​ (2025).

	32.	 Suresh, K. C. & Balamurugan, A. Evaluation of structural, optical, and morphological properties of nickel oxide nanoparticles for 
multi-functional applications. Inorg. Nano-Metal Chem. 51(2), 296–301. https://doi.org/10.1080/24701556.2021.1895740 (2021).

	33.	 Rani, P., Siril, P. F. & Srivastava, R. Cu nanoparticles decorated Cu organic framework based efficient and reusable heterogeneous 
catalyst for coupling reactions. Mol. Catal. 433, 100–110. https://doi.org/10.1016/j.mcat.2017.01.027 (2017).

	34.	 Tok, A. I. Y., Boey, F. Y. C., Du, S. W. & Wong, B. K. Flame spray synthesis of ZrO2 nanoparticles using liquid precursors. Mater. Sci. 
Eng. B 130(1–3), 114–119. https://doi.org/10.1016/j.mseb.2006.01.015 (2006).

	35.	 Kumaresan, M., Anand, K. V., Govindaraju, K., Tamilselvan, S. & Kumar, V. G. Seaweed Sargassum wightii mediated preparation 
of zirconia (ZrO2) nanoparticles and their antibacterial activity against gram positive and gram negative bacteria. Microb. Pathog. 
124, 311–315. https://doi.org/10.1016/j.micpath.2018.07.005 (2018).

	36.	 Gurushantha, K., Anantharaju, K. S., Nagabhushana, H., Sharma, S. C., Vidya, Y. S., Shivakumara, C. & Anilkumar, M. R. Facile 
green fabrication of iron-doped cubic ZrO2 nanoparticles by Phyllanthus acidus: Structural, photocatalytic and photoluminescent 
properties. J. Mol. Catal. A Chem. 397, 36–47. https://doi.org/10.1016/j.molcata.2014.10.021 (2015).

	37.	 Muthuvel, A., Adavallan, K., Balamurugan, K. & Krishnakumar, N. Biosynthesis of gold nanoparticles using Solanum nigrum leaf 
extract and screening their free radical scavenging and antibacterial properties. Biomed. Prev. Nutr. 4(2), 325–332. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​
1​0​.​1​0​1​6​/​j​.​b​i​o​n​u​t​.​2​0​1​4​.​0​1​.​0​0​3​​​​ (2014).

	38.	 Mayedwa, N. et al. Green synthesis of nickel oxide, palladium and palladium oxide synthesized via Aspalathus linearis natural 
extracts: Physical properties & mechanism of formation. Appl. Surf. Sci. 446, 266–272. https://doi.org/10.1016/j.apsusc.2018.03.133 
(2018).

	39.	 Onat, T. A., Yiğit, D., Nazır, H., Güllü, M. & Dönmez, G. Bio corrosion inhibition effect of 2-amino pyrimidine derivatives on SRB. 
Int. J. Corros. Scale Inhib. 5(3), 273–281. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​7​6​7​5​​/​2​3​0​5​​-​6​8​9​4​-​​2​0​1​6​-​5​​-​3​-​2​7​3​​-​2​8​1 (2016).

	40.	 Rajendran, S., Srinivasan, R., Dorothy, R., Umasankareswari, T. & Al-Hashem, A. Green solution to corrosion problems-at a 
glance. Int. J. Corros. Scale Inhib. 8(3), 437–479. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​7​6​7​5​​/​2​3​0​5​​-​6​8​9​4​-​​2​0​1​9​-​8​​-​3​-​4​3​7​​-​4​7​9 (2019).

	41.	 Saxena, A., Prasad, D., Haldhar, R., Singh, G. & Kumar, A. Use of Saraca asoka extract as green corrosion inhibitor for carbon steel 
in 0.5 M H2SO4. J. Mol. Liq. 258, 89–97. https://doi.org/10.1016/j.molliq.2018.02.014 (2018).

	42.	 Tuama, R. J., Al-Dokheily, M. E. & Khalaf, M. N. Recycling and evaluation of poly(ethylene terephthalate) waste as effective 
corrosion inhibitors for C-steel material in acidic media. Int. J. Corros. Scale Inhib. 9(2), 427–445. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​7​6​7​5​​/​2​3​0​5​​-​6​
8​9​4​-​​2​0​2​0​-​9​​-​2​-​4​2​7​​-​4​4​5 (2020).

	43.	 Jeeva, P. A., Mali, G. S., Dinakaran, R., Mohanam, K. & Karthikeyan, S. The influence of Co-Amoxiclav on the corrosion inhibition 
of carbon steel in 1 N hydrochloric acid solution. Int. J. Corros. Scale Inhib. 8(1), 1–12. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​7​6​7​5​/​2​3​0​5​-​6​8​9​4​-​2​0​1​
9​-​8​-​1​-​1​-​1​2​​​​ (2019).

	44.	 Shahabi, S., Hamidi, S., Ghasemi, J. B., Norouzi, P. & Shakeri, A. Synthesis, experimental, quantum chemical and molecular 
dynamics study of carbon steel corrosion inhibition effect of two Schiff bases in HCl solution. J. Mol. Liq. 285, 626–639. ​h​t​t​p​s​:​/​/​d​o​
i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​m​o​l​l​i​q​.​2​0​1​9​.​0​1​.​0​3​7​​​​ (2019).

	45.	 Fernandes, C. M. et al. Use of a theoretical prediction method and quantum chemical calculations for the design, synthesis and 
experimental evaluation of three green corrosion inhibitors for carbon steel. Colloids Surf. A 599, 124857. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​
/​j​.​c​o​l​s​u​r​f​a​.​2​0​2​0​.​1​2​4​8​5​7​​​​ (2020).

	46.	 Baby, A. G. et al. Influence of zinc sulphate on the corrosion resistance of L80 alloy immersed in seawater in the absence and 
presence of sodium potassium tartrate and trisodium citrate. Int. J. Corros. Scale Inhib. 9(3), 979–999. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​r​​g​/​​1​0​.​1​7​6​​​7​5​/​2​​3​​
0​5​-​6​​8​​9​4​-​​2​0​​​2​​0​-​9​-​​​3​-​9​7​9​-​9​9​9 (2020).

Acknowledgements
The authors would like to thank their respective institutions for their extended support throughout this research 
work.

Author contributions
Conceptualization, methodology, data curation, writing—original draft: HMKS, KSM, NG writing—review and 
editing, Project Administration, supervision, Validation—RL, KK Former Analysis, Validation, writing—review, 
and editing—SR, MS, SS Software, resources, supervision—PP, AM writing—review and editing, resources, 
methodology -SEM, MA.

Funding
No funding was received for this Research.

Declarations

Competing interests
The authors declare no competing interests.

Ethical approval and consent to participate
The Acacia nilotica bark extract powder used in this study was obtained from Dr. A. Aslam, (Fellow of 
Indian Association for Angiosperm Taxonomy), Associate Professor of Botany, Jamal Mohamed College 
(Autonomous), Tiruchirappalli, Tamil Nadu, India. This Herbarium provides and fulfils the specialized 
demands of bio scientists from breeding program which is duly permitted and approved by Department of 
botany, Jamal Mohamed College (Autonomous), Tiruchirappalli. The samples were collected and studied with 
local or national guidelines with no need for further affirmation. This Herbarium provides the samples for the 
benefit of the scholar society and hence the findings, conclusions and opinions in this publication are of the 
authors alone. The collection of the plant, analysis and documentation were followed guidelines provided by 
IUCN Policy Statement. The Herbarium specimen of Aicacia nilotice has been deposited in the Herbarium of 
the Department of Botany, Jamal Mohamed College, with reference number JMCH2025-26/1.

Scientific Reports |          (2026) 16:439 15| https://doi.org/10.1038/s41598-025-30044-y

www.nature.com/scientificreports/

https://doi.org/10.1016/j.jics.2025.10192
https://doi.org/10.1016/j.jics.2025.10192
https://doi.org/10.1080/24701556.2021.1895740
https://doi.org/10.1016/j.mcat.2017.01.027
https://doi.org/10.1016/j.mseb.2006.01.015
https://doi.org/10.1016/j.micpath.2018.07.005
https://doi.org/10.1016/j.molcata.2014.10.021
https://doi.org/10.1016/j.bionut.2014.01.003
https://doi.org/10.1016/j.bionut.2014.01.003
https://doi.org/10.1016/j.apsusc.2018.03.133
https://doi.org/10.17675/2305-6894-2016-5-3-273-281
https://doi.org/10.17675/2305-6894-2019-8-3-437-479
https://doi.org/10.1016/j.molliq.2018.02.014
https://doi.org/10.17675/2305-6894-2020-9-2-427-445
https://doi.org/10.17675/2305-6894-2020-9-2-427-445
https://doi.org/10.17675/2305-6894-2019-8-1-1-12
https://doi.org/10.17675/2305-6894-2019-8-1-1-12
https://doi.org/10.1016/j.molliq.2019.01.037
https://doi.org/10.1016/j.molliq.2019.01.037
https://doi.org/10.1016/j.colsurfa.2020.124857
https://doi.org/10.1016/j.colsurfa.2020.124857
https://doi.org/10.17675/2305-6894-2020-9-3-979-999
https://doi.org/10.17675/2305-6894-2020-9-3-979-999
http://www.nature.com/scientificreports


Additional information
Correspondence and requests for materials should be addressed to H.M.K.S., M.A. or P.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |          (2026) 16:439 16| https://doi.org/10.1038/s41598-025-30044-y

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Nanoengineered t-ZrO﻿2﻿ coatings for superior corrosion resistance on steel surfaces
	﻿Experimental methods
	﻿Chemicals used
	﻿Plant material collection


	﻿Preparation of t-ZrO﻿2﻿ NPs by means of ﻿Acacia nilotica﻿ bark extract
	﻿Specimen preparation for carbon steel
	﻿Formulating stock solutions
	﻿Characterization techniques
	﻿Results and discussion
	﻿XRD analysis
	﻿Functional group analysis
	﻿UV–Vis spectroscopy analysis
	﻿Surface morphology
	﻿FESEM analysis of t-ZrO﻿2﻿ NPs
	﻿SEM analysis of carbon steel with inhibitor


	﻿EDX analysis
	﻿Atomic force microscopic studies
	﻿Electrochemical analysis
	﻿Weight loss method
	﻿Potentiodynamic polarization analysis
	﻿Electrochemical impedance spectroscopy analysis
	﻿Cost–benefit and environmental compatibility

	﻿Conclusion
	﻿References


