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Synthesis And Characterization of Copper Oxide Nanoparticles: A Greener Approach Using Senna occidentalis (Linn.) Aqueous Leaf Extract as Bio reductor and Capping Agent

Abstract
[bookmark: _Hlk210016688]The advancement of green technology has heightened interest in creating low-cost, environmentally friendly methods for fabricating nanoparticles. Copper oxide nanoparticles (CuO-NPs) have received a considerable attention due to their electrical, catalytic, optical, textile, photonic, mono-fluid, and pharmacological characteristics, which are all affected by nanoparticle size and morphology. In this study, a cost-effective and environmentally safe green approach was applied to synthesize CuO nanostructures using Senna occidentalis leaf extract. The eco-friendly synthesis was carried out by combining an aqueous solution of copper (II) sulphate with the leaf extract, where bioactive compounds within the extract facilitated the reduction of copper ion and contributed to nanoparticle stability and functional characteristics. Several characterization techniques were used, including X-ray diffraction (XRD), UV-VIS spectroscopy, Fourier-transform infrared (FTIR), and field-emission scanning electron microscopy (FESEM) with energy-dispersive X-ray (EDX) analysis. UV-VIS spectra showed peaks at 246 nm, 298 nm, 354 nm, and 415 nm, indicating the formation of CuO nanoparticles. XRD analysis confirmed the formation of monoclinic CuO with crystalline characteristics showing an average particle size of 27.4 Å. FTIR analysis revealed the participation of -OH group, which acts as both a reducing and capping agent. FESEM images indicated spherical to rod-shaped nanoparticles ranging in size from 30 nm to 300 nm, with an average particle size of around 100 nm. This research presents a simple, low-cost, and biologically mediated approach for synthesizing CuO nanoparticles using S. occidentalis leaves, with potential applications in antibacterial, antifungal, and cytotoxic activity.
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1. Introduction:
Nanotechnology is a crucial field of study in contemporary science which is being referred to as the “next industrial revolution” due to its swift advancement alongside the emergence of consumer products made from nanomaterials (Balkrishna et al., 2021). The scope of nanotechnology is rapidly growing, significantly impacting various aspects of human life, including the pharmaceutical, food, health, chemical, electronics, energy, cosmetics, space, and environmental sectors (Malik et al., 2023). The demand for products derived from nanotechnology is increasing swiftly. This innovative branch of technology has the potential to improve human health and well-being considerably (Anjum et al., 2021). Copper and silver nanoparticles (NPs) are particularly notable among metal nanoparticles due to their wide range of biological applications. They are recognized for their various antibacterial properties, and most do not endanger human health (Sindhwani & Chan, 2021). In recent years, the chemistry community has been actively engaged in developing new chemical processes that pose less risk to human health and the environment. This innovative approach has garnered significant attention and is referred to by various terms such as green chemistry, clean chemistry, and environmental chemistry. In simple terms, green chemistry involves utilizing chemical techniques and methods that minimize or completely remove the use of harmful products, by-products, solvents, and reagents that could negatively impact human health or the environment (Kumar et al., 2023). It encompasses a method of synthesizing, processing, and utilizing chemicals that lowers the risk to both humans and the environment (John et al., 2020).
The process of synthesizing nanomaterials and exploring their applications and characteristics is one of the most fascinating aspects of modern scientific research (Thakur et al., 2021, 2022). Recently, advancements in science and technology, especially in nanotechnology, have led to innovative methods for creating nanosized materials with specific dimensions and shapes (Siddiqui et al., 2015). Various physical and chemical techniques are employed for the synthesis of metal oxide nanoparticles; however, traditional approaches such as sol-gel, chemical reduction, and hydrothermal methods are often expensive and environmentally unfriendly due to the generation of toxic byproducts (Barabadi et al., 2019). Consequently, there has been growing interest in eco-friendly methods for synthesizing metal oxide nanoparticles, including the use of plant extracts, microorganisms, and algae. Among these biological approaches, plant extracts are preferred due to their ease of use, availability, cost-effectiveness, and compatibility with biomedical applications such as drug delivery, cancer treatment, antibacterial and antifungal agents, and insecticides (Morgan & Aboshanab, 2024).
In the approach of phytosynthesis, nanoparticles are synthesized using plant extracts as capping and reducing agents (Thakur, Thakur, et al., 2023). Among the various metal oxide nanoparticles, copper oxide nanoparticles (CuO-NPs) are considered particularly promising due to their lower cost compared to other noble metals. The biocidal properties of metal oxide nanoparticles, particularly CuO, have attracted significant interests, as they can play an important role in various biomedical applications like biomedical imaging, drug delivery, cellular delivery, and disease treatment (Shan et al., 2022). CuO-NPs are used as heterogeneous catalysts and find applications in drug delivery, as antioxidants, anticancer agents, and treatment solutions in the pharmaceutical industry (Vaidehi et al., 2018). They are also effective in wound healing and in providing biocidal properties to socks. Moreover, CuO-NPs show great potential in industrial applications, including gas sensors, catalytic processes, and high-temperature superconductors for solar cells. Copper nanoparticles can easily oxidize to form copper oxide (Nations et al., 2015). Copper oxide nanoparticles are highly valuable as antimicrobial agents due to their unique crystal structures and large surface areas. These nanoparticles are durable and stable, exhibiting a much longer shelf life compared to other organic antimicrobial agents (Devaraji et al., 2024). Various methods have been utilized for copper oxide synthesis, including chemical precipitation, electrochemical reduction, microwave irradiation, and thermal decomposition, which have attracted considerable interest in a green approach for copper synthesis. However, the use of toxic chemicals in traditional methods limits their applications (Thakur, Kumar, et al., 2023). Therefore, the biological method for synthesizing CuO-NPs is gaining increasing attention due to its availability, ease of operation, elimination of cell culture requirements, and eco-friendliness (Amin et al., 2021). The use of plant extracts for synthesizing oxide nanoparticles has already been documented, including those from Carica papaya (S. K. Das et al., 2013), Aloe barbadensis (chemistry & 2011, 2011), Malva sylvestris (Tran & Nguyen, 2014), and Gloriosa superba (Sankar et al., 2014).
In the present study, copper oxide nanoparticles were synthesized through a green approach using Senna occidentalis plant leaf extract. Senna occidentalis (Linn) commonly referred to as coffee senna, is a weed belonging to the Fabaceae (or Leguminosae) family, found in tropical and subtropical regions worldwide. It typically grows in open pastures, fertile soils, along roadways, and can contaminate fields cultivated with crops such as soybean, corn, sorghum, and others.
Thus, during harvesting, it is nearly impossible to avoid mixing this plant with the crops being harvested. This shrub reaches heights of 5 to 8 meters, features elliptical, pointed dark green leaves, and boasts bright golden yellow flowers, making it commonly found in tropical climates (Vélez-Gavilán, 2016). The plant is prevalent along the coasts of Asia, America, and Africa. Senna occidentalis has a pantropical distribution, likely originating from tropical America, but in recent years, it has been reported in many locations, including Nigeria. According to Lombardo, (2014), Senna occidentalis possesses toxic characteristics, which have been identified as the cause of poisoning in certain animals due to its toxicological effects. The legume is consumed daily by lower socioeconomic groups in Ceylon and India, where the pods are cooked and taste somewhat like bean (Gotardo et al., 2017). It is extensively utilized to treat liver ailments, fight malaria, relieve constipation, manage measles, smallpox, eczema, and various fungal infections. The plant is regarded as having significant therapeutic value for numerous clinical issues, including throat inflammation, gastritis, haemorrhage, and cancer. The analysis of the phytochemicals in the leaves of S. occidentalis, reveals the presence of flavonoids, tannins, and phenols, along with a high concentration of alkaloids, saponins, and terpenoids (Ganesan et al., 2024).
Despite extensive research on CuO nanoparticles, to the best of our knowledge, there is no existing research regarding the green synthesis of CuO nanoparticles using Senna occidentalis leaf extract. Thus, this study aims to investigate the green synthesis of CuO nanoparticles using Senna occidentalis leaf extract and to perform a thorough characterization of the nanoparticles, in order to study the absorption peak, the crystalline nature, chemical composition, and associations between CuO NPs and the plant extract which serve as both the reducing and capping agent, through UV-Visible Spectroscopy, Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and X-ray diffraction analysis (XRD).
2. Materials and Methods
2.1 Materials and Reagents
The following materials and reagents were used throughout the synthesis: S. Occidentalis leaves (collected from local areas within Katsina, Nigeria), copper (II) sulphate pentahydrate (CuSO4·5H2O), analytical grade with 98% purity (Sigma-Aldrich, St. Louis, MO, USA), sterile distilled water, Whatman filter paper (grade no. 1), ethanol. The equipment used included: analytical weighing balance, hot plate with magnetic stirrer, drying oven, and muffle furnace.
2.2 Collection and Preparation of Plant Material
Fresh leaves of Senna occidentalis were collected from Modoji area Katsina, Nigeria and immediately transported to the laboratory for processing. The plant specimens were taxonomically identified by the herbarium of Umaru Musa Yar’adua University, Katsina, Nigeria. The voucher specimen was assigned the number (UMYUH594) and has been preserved for future reference in our research laboratory. The collected leaves were thoroughly washed under running tap water to remove dust, soil particles, and other surface contaminants. This was followed by rinsing with sterile distilled water to ensure the removal of any residual impurities. The cleaned leaves were then shade-dried at ambient room temperature for several days until complete dryness was achieved. The dried plant material was subsequently ground into a fine powder using a mortar and pestle, and stored in airtight container for further use.
2.3 Preparation of Senna occidentalis Leaf Extract
Figure 1. shows the preparation of the S. occidentalis leaf extract and the synthesis of the CuO NPs. According to the method adapted from (Adedunni Emmanuel et al., 2025) with few modifications, a total of 10 g of the powdered S. occidentalis leaves was accurately weighed using a calibrated analytical weighing balance and placed into a 500 mL beaker containing 200 mL of sterile distilled water. The mixture was subjected to continuous stirring on a magnetic stirrer with a hot plate, maintained at a temperature of 60°C for 60 minutes to facilitate the extraction of phytochemicals. After heating, the mixture was allowed to cool to room temperature and then filtered using Whatman No. 1 filter paper. The brown filtrate obtained was collected in a clean conical flask and preserved at 4oC for subsequent use in the synthesis of copper oxide nanoparticles.
2.4 Preparation of Copper (II) Sulfate Solution
Copper (II) sulfate pentahydrate (CuSO₄·5H₂O) with a molecular weight of 249.685 g/mol was used as a precursor for the synthesis of copper oxide nanoparticles. To prepare a 5 mM solution, an appropriate quantity (1.2484g) of CuSO₄·5H₂O was accurately weighed using a calibrated analytical balance and dissolved in 1000mL of distilled water. The mixture was stirred on a magnetic stirrer at room temperature until the salt completely dissolved, resulting in a clear blue solution.
2.5 Green Synthesis of Copper Oxide Nanoparticles
To produce CuO nanoparticles, a method employed by (Jayaseelan et al., 2022), with slight modification was followed. Briefly, 30 mL of S. occidentalis aqueous leaf extract was added to 70 mL of a 5 mM copper sulfate solution in an Erlenmeyer flask, which was then stirred rapidly. The mixture was heated at 60 °C for 30 minutes.  Ammonia was added drop-wise while constantly stirring the mixture, to get the pH to around neutral. As the blue copper sulfate solution transitioned to a green color, it indicated the formation of copper hydroxide. This transformation likely occurred as a result of the reaction between CuSO4.5H2O and the hydroxyl anion (OH⁻) present in the aqueous solution, leading to the creation of copper hydroxide (Cu (OH)2). Subsequently, the extracted phytochemicals (including oligosaccharides, amino acids, phenols, and flavonoids) acted as reducing agents, converting Cu (OH)2 into CuO nanoparticles and resulting in a colloidal solution. The resulting solution was regularly analyzed using UV–visible spectroscopy across the 200–800 nm wavelength range. A 5 mM aqueous CuSO4 solution was used as the control. To prepare the pellet, the synthesized CuO nanoparticles were centrifuged at 10,000 RPM for 15 minutes, and the remaining biomass was washed away with sterile distilled water. The yield of copper oxide nanoparticles was determined by comparing the mass of the dried nanoparticles to the mass of the initial precursor. The synthesis parameters and mechanisms are summarized in table 1 and 2.
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Figure 1: Schematic representation of the bio-fabrication process of CuO nanoparticles produced using the extract from S. occidentalis leaves.
Table 1: Synthesis Parameters for CuO Nanoparticles Using Senna occidentalis Aqueous Extract.
	Synthesis Parameter
	Value/Description
	Effect on Nanoparticle Formation

	Leaf Extract Concentration
	30%
	Higher concentrations may increase nanoparticle yield

	Copper Salt Type
	Copper sulphate (CuSO₄·5H₂O)
	Copper precursor used for nanoparticle synthesis

	Copper Salt Concentration
	5mM
	Affects the rate of Cu²⁺ reduction and particle size

	pH of Reaction Medium
	7
	pH influences the nucleation and growth of CuO NPs

	Reaction Temperature
	60°C
	Temperature can accelerate nanoparticle formation

	Reaction Time
	30 min
	Longer reaction times may lead to larger particles

	Stirring Speed
	300 rpm
	Stirring rate can affect nanoparticle size distribution

	Drying Method
	Oven drying at 100°C for 24 hrs
	Affects final nanoparticle morphology and aggregation



Table 2: Stepwise Mechanism of Green Synthesis of Copper Oxide Nanoparticles Using Senna occidentalis Leaf Extract.
	Stage
	Process Description

	1. Ionization
	CuSO₄ → Cu²⁺ + SO₄²⁻

	2. Reduction
	Phytochemical (–OH) reduces Cu²⁺ to Cu⁰ or CuO

	3. Nucleation & Growth
	Metallic/oxide nuclei form and grow into nanoparticles

	4. Capping/Stabilization
	Biomolecules cap nanoparticles via functional groups

	5. Isolation
	pH adjustment, precipitation, washing, and drying



2.6 Drying and Calcination of Nanoparticles
The resulting colloidal suspension was dried using a laboratory oven at a temperature of 100°C to obtain solid nanoparticle residue. The dried material was then transferred to a crucible and subjected to calcination in a muffle furnace at 400°C for 4 hours to remove any organic residues and to promote crystallization of the copper oxide nanoparticles, resulting in black colored CuO NPs.
2.7 Characterization of the green synthesized CuO – NPs
To confirm the formation, morphology, elemental composition, and functional group interactions involved in the synthesis of copper oxide nanoparticles, a series of physicochemical characterizations (Table 3) were carried out as follows:
2.7.1 UV – VIS Spectroscopy
About 10 mg of the dried CuO nanoparticle powder was dispersed in 20 mL of distilled water and sonicated for 15 minutes to obtain a uniform suspension. The absorption spectrum of the nanoparticle suspension was recorded using a UV-Visible spectrophotometer (Bio Base BK-UV, China), in the wavelength range of 200–800 nm. A clean quartz cuvette (1 cm path length) was filled with distilled water and used as a blank to calibrate the instrument. The S. occidentalis leaves extract was first loaded into the cuvette, and the absorbance was recorded across the specified wavelength range, followed by the CuO NPs. The characteristic Surface Plasmon Resonance (SPR) peak of CuO nanoparticles was noted. The obtained absorbance data were plotted as a graph of absorbance (A) versus wavelength (nm).
2.7.2 X – Ray Diffraction (XRD) Analysis
The crystalline structure and phase purity of the synthesized CuO-NPs were analyzed using an X-ray diffractometer (SHIMADZU XRD - 7000) equipped with Cu Kα radiation (λ = 1.5406 Å) operated at a voltage of 40 kV and a current of 30 mA. The diffraction patterns were recorded over a 2θ range of 10° to 80°, with a scanning rate of 0.02° per second. The obtained diffraction peaks were compared with the standard JCPDS (Joint Committee on Powder Diffraction Standards) file for CuO to confirm the phase composition and calculate the average crystallite size using the Debye-Scherrer equation:
D = Kλ / (βcosθ)
Where, D refers to the average particle size (in nm), λ indicates the wavelength of the X-ray (measured in 0.15406 nm), β represents the full width half maximum of the intense peak, and θ is known as Bragg's angle, with k being a constant value of 0.89.
2.7.3 Fourier Transform Infrared (FT-IR) Spectroscopy
The FTIR analysis was performed to identify the functional groups present on the surface of CuO-NPs and to confirm the involvement of phytochemicals from S. occidentalis in the reduction and stabilization processes. The dried CuO-NPs powder was mixed with spectroscopic grade potassium bromide (KBr) in a 1:100 ratio and pressed into a pellet. FTIR spectra were recorded using a FTIR spectrophotometer (IRTracer-100, Fourier transform Infrared Spectrometer) over a wavenumber range of 4000–400 cm⁻¹ at a resolution of 4 cm⁻¹.
2.7.4 Scanning Electron Microscopy (SEM) Analysis
The surface morphology and size of the synthesized CuO-NPs were examined using Scanning Electron Microscopy (SEM) (ZEISS - Sigma 300 VP). A small quantity of the nanoparticle powder was mounted on an adhesive carbon tape placed on an aluminum stub and coated with a thin layer of gold (Au) using a sputter coater to enhance conductivity. The samples were then visualized at an accelerating voltage of 15 kV under high vacuum conditions. SEM images were captured at various magnifications to observe particle size distribution and surface texture.
2.7.5 Energy Dispersive X-ray (EDX) Spectroscopy
The elemental composition of the CuO-NPs was analyzed using Energy Dispersive X-ray (EDX) spectroscopy attached to the SEM instrument. EDX analysis was conducted on selected regions of the SEM images to detect and quantify the elemental composition, confirming the presence of copper (Cu) and oxygen (O) as major elements and identifying any possible impurities. The spectra were acquired in the energy range of 0–20 keV, and data were processed using the instrument’s software to generate an elemental profile and weight percentage composition.
3. Results
3.1 U. V – Vis Spectroscopy Analysis of green synthesized CuO Nanoparticles
The UV - Visible spectra (fig. 2) depicts peaks at 246 nm, 298 nm, 354 nm and 415 nm associated with CuO NPs, while the S. occidentalis leaves extract reveal peaks at 241 nm, 249 nm, 301 nm, 425 nm and 467 nm. The peaks at 415 is attributed to CuO NPs formation due to plasmon resonance effect, while the peaks between 241 - 246 nm and 298 - 301 nm could be assign to capping and stabilizing agent in the plant extracts. The absence of peak at 467 nm seen on the plant extract on the CuO NPs spectra could be attributed to reducing agent in the extracts which help in reducing Cu2+ ions to Cu metal which is further calcinated to form CuO NPs.
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Figure 2: UV – Visible absorption spectra of the S. occidentalis extract and the synthesized CuO N.Ps. 
3.2 FTIR Analysis of the Green Synthesized CuO Nanoparticles
The Fourier Transform Infrared (FTIR) spectrum of the synthesized copper oxide nanoparticles reveals several characteristic peaks corresponding to functional groups associated with both the CuO structure and the phytochemicals used in the green synthesis process (fig. 3). A broad absorption band observed around 3662 cm⁻¹ corresponds to the O–H stretching vibrations of hydroxyl groups, which may originate from adsorbed water molecules or phenolic compounds present in the plant extract. Peaks appearing in the region of 1689 cm⁻¹ are attributed to aliphatic C–C stretching vibrations, indicating the presence of organic residues from the green reducing agents. A medium-intensity peak around 1535 cm⁻¹ is assigned to C=O stretching vibrations, and peak at 1408 cm⁻¹ attributed to H–O–H bending, suggesting the presence of carbonyl functional groups or residual moisture. The peak near 3340 cm⁻¹ may correspond to N–H stretching vibrations of amines or O–H bending of phenolic groups, indicative of nitrogen-containing biomolecules in the extract. The C–O stretching vibrations are observed around 1056–1251 cm⁻¹, typically associated with alcohols, ethers, or esters, which may act as capping agents to stabilize the nanoparticles. Notably, the strong absorption band in the region of 600–518 cm⁻¹ is characteristic of Cu–O bond stretching vibrations, confirming the formation of monoclinic phase copper oxide nanoparticles. 
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Figure 3: FTIR Spectrum of S. occidentalis mediated CuO NPs.
4.3 X-Ray Diffraction (XRD) Analysis
The XRD pattern of the copper oxide nanoparticles (CuO NPs) synthesized using Senna occidentalis leaf extract is presented in fig. 4, showing a distinctive crystalline structure, which is consistent with the formation of CuO nanoparticles. Notable peaks in the powder X-ray diffraction (XRD) pattern of CuO nanoparticles typically appear at 2θ values around: 32.5° (110), 35.5° (111), 38.7° (200), 48.7° (-202), 53.5° (020), 58.3° (202), 61.6° (-113), 65.4° (-311), 66.3° (022), 72.4° (311), 75.3° (004). These peaks correspond to the monoclinic phase of CuO and are consistent with the JCPDS card no. 80-1916 for CuO nanoparticles. The most intense and commonly reported peaks are at approximately 35.5° and 38.7°, associated with the (111) and (200) crystal planes, respectively. These peaks confirm the crystalline monoclinic structure of CuO nanoparticles. The sharpness and intensity of these peaks can vary depending on synthesis and annealing conditions, with higher annealing temperatures leading to sharper peaks and better crystallinity. To estimate the average crystallite size, the Scherrer equation was applied to the most intense diffraction peaks at 35.5°, and 38.7° corresponding to the (111) and (200) planes respectively, and the calculated crystallite size was found to be approximately 27.4nm, confirming the nanoscale nature of the particles.
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Figure 4: X – Ray Diffraction analysis of the green synthesized CuO.
3.4 Energy Dispersive X-ray Spectroscopy (EDX) Analysis
The elemental composition of the green-synthesized copper oxide (CuO) nanoparticles was analysed using Energy Dispersive X-ray Spectroscopy (EDX). The EDX spectrum (fig. 5) revealed prominent peaks corresponding to oxygen (O) and copper (Cu), confirming the successful formation of copper oxide nanoparticles. The oxygen peak appeared prominently around 0.52 keV, while the copper peak was observed around 0.9 keV. In addition to Cu and O, other elemental peaks were detected, including Magnesium (Mg), Potassium (K), Calcium (Ca), and Molybdenum (Mo). These elements are likely derived from phytochemical constituents of the plant extract used during synthesis, acting as natural stabilizers and capping agents, or may originate from residual precursors and sample preparation. The significant presence of oxygen further substantiates the oxide nature of the nanoparticles, while the copper content confirms the successful incorporation of copper in the nanoscale material.
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Figure 5: EDX Elemental composition analysis of the green synthesized CuO.
3.5 Scanning Electron Microscopy (SEM)
The SEM analysis confirms the successful synthesis of CuO nanoparticles through a green synthesis using S. occidentalis leaf extract. The morphology of the CuO nanoparticles is well-defined with a predominantly spherical to rod-like shape, as observed in the SEM images. The nanoparticles exhibit a relatively uniform distribution of sizes, with some agglomeration visible at certain locations (fig. 6). The presence of these agglomerates may be attributed to the strong van der Waals forces between the particles, which is a common phenomenon in nanoparticle synthesis. The particle size distribution for the CuO nanoparticles is calculated based on the SEM data. The range of the particles varies from approximately 30 nm to 300 nm, with the majority of the particles concentrated around 80 nm to 120 nm.  The average particle size, determined from the SEM images, is approximately 100 nm.
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Figure 6: Scanning Electron Microscopy (SEM) images of copper oxide (CuO) nanoparticles synthesized using aqueous leaf extract of Senna occidentalis. Panels (A) to (D) show the morphology, size distribution, and particle agglomeration observed at different magnifications. 
Table 3: Characterization Data of CuO Nanoparticles Synthesized Using Senna occidentalis Leaf Extract.
	Characterization Parameter
	Method/Instrument
	Result/Value

	Color of CuO NPs
	Visual observation
	Green

	Crystallinity
	X-ray Diffraction (XRD)
	Peaks at 32.5°, 35.5°, 38.7°, 48.7°, 53.5°, 58.3°, 61.6°, 65.4°, 66.3°, 72.4°, 75.3°.

	Crystallite Size
	Scherrer Equation (XRD)
	24.7 nm

	Morphology
	Scanning Electron Microscopy (SEM)
	Spherical to rod-like nanoparticles

	Particle Size Distribution
	Scanning Electron Microscopy (SEM)
	30-300 nm

	UV-Vis Absorption
	UV-Vis Spectroscopy
	Peaks at 246, 298, 354, 415 nm

	Functional Groups
	Fourier Transform Infrared Spectroscopy (FTIR)
	Peaks at 3662, 3340, 600–518 cm⁻¹

	pH of Synthesis Solution
	pH Meter
	7

	Synthesis Yield
	Y= Mass of the NPs obtained (g) Initial mass of the precursor × 100
	72 %



4. Discussion
Copper oxide nanoparticles have garnered significant research attention due to their relevance and importance in applications such as catalysis, ceramic resistors, superconducting materials, and gas sensors, as well as their contributions to the pharmaceutical industry and energy applications (D. Das et al., 2013). The current study explored the synthesis of copper oxide nanoparticles using S. occidentalis leaf extract. The extract functions as both a reducing agent and a capping agent in the synthesis of CuO nanoparticles. To determine the crystal structure and phase of the copper oxide nanoparticles, X-ray diffraction analysis was conducted. The XRD findings confirmed that the particle size measured 27.4 nm using Scherrer’s equation, which aligns closely with data previously published (Dastjerdi et al., 2010; Ren et al., 2009). The morphology of the copper oxide nanoparticles was verified through scanning electron microscopy, revealing that the particles are spherical to rod shaped and fall within the 30–300 nm size range. FTIR spectroscopy was performed to identify the various functional groups and biomolecules present in the copper oxide nanoparticles. The results indicated different peaks including the one indicating the Cu–O stretches, confirming the formation of CuO nanostructures. The particle size distribution of the CuO nanoparticles was determined using SEM data, with most particles clustering around 80 nm to 120 nm. This size range aligns with reports of CuO nanoparticles produced through green synthesis methods, which usually yield nanoparticles between 50 nm and 200 nm (Kalaiyan et al., 2025). The average particle size, as assessed from the SEM images, is roughly 100 nm, fitting well within the optimal range for catalytic and antimicrobial uses. The EDX spectrum revealed distinct peaks for copper (Cu) at 0.9 keV and oxygen (O) at 0.52 keV, confirming the successful synthesis of CuO nanoparticles. These results are consistent with previous studies that have shown the characteristic Cu and O peaks for CuO nanoparticles synthesized through green methods (Modan et al., 2024; Thamer et al., 2025). The UV-Vis spectra of the CuO nanoparticles (CuO NPs) exhibited peaks at 246 nm, 298 nm, 354 nm, and 415 nm, with the peak at 415 nm attributed to the plasmon resonance effect, characteristic of metal oxide nanoparticles, confirming the formation of CuO NPs, as observed in similar plant-mediated synthesis methods (Badawy et al., 2021; Kumar et al., 2020). These results collectively confirm the successful synthesis of CuO nanoparticles and also highlight the role of bio-organic compounds from the plant extract in reducing and stabilizing the nanoparticles during synthesis. The results also underscore the role of S. occidentalis as an effective bio-reductant and stabilizer in the green synthesis of CuO nanoparticles.
5. Conclusion
Copper oxide nanoparticles (CuO NPs) were produced utilizing the leaves of Senna occidentalis through an environmentally friendly synthesis approach, which is considered as cost-effective, very easy to carry out in any laboratory, and also less toxic. Various analytical techniques, including UV-visible spectroscopy, FT-IR analysis, scanning electron microscopy (SEM), Energy dispersive X – ray (EDX) and X-ray diffraction (XRD) analysis, were employed to characterize the synthesized nanoparticles. The results obtained from the characterization confirmed that CuO nanoparticles were successfully synthesized and offered comprehensive insights into their morphology, size, and crystallinity. The efficacy of the green synthesized copper oxide nanoparticles can be comprehensively assessed through a range of advanced biological assays, including antibacterial, antifungal, and cytotoxicity evaluations, to determine their therapeutic potential and safety profiles. Based on these findings, Senna occidentalis aqueous leaf extract could serve as a superior reducing agent for nanoparticle synthesis. Further investigation is necessary to evaluate the potential for generating a product and its cost-effectiveness in bioassays through environmentally friendly approaches.
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