


Biosynthesis of Cu-doped Zinc Oxide nanoparticles using leaf extract of Azadirachta Indica: Antibacterial properties and application in photocatalytic degradation



ABSTRACT
The green synthesised Zinc Oxide and Copper doped Zinc Oxides are oxide based photocatalysts possessing nanostructures and show efficient photocatalytic degradation of organic pollutant Methylene Blue(MB) dye and effective antimicrobial activities against Staphylococcus aureus and Bacillus subtilis gram positive bacteria. The photocatalytic degradation has been studied under a constant source of visible light and the antimicrobial activity has been studied using Agar dilution or Disk diffusion method. The doped oxides of general formula Zn1-xCuxO( x= 0.005, 0.01 and 0.02) were synthesised by calcination process in a muffle furnace and obtained in powder form. The sample powder was characterised by Fourier Transform Infrared Spectroscopy (FTIR), Field Emission Scanning Electron Microscopy (FESEM), Energy Dispersive X-ray Spectroscopy(EDAX), X-ray Diffraction(XRD),  Dynamic Light Scattering (DLS) and Atomic Absorption Spectroscopy (AAS).The formation of phase pure materials with wurzite structure was indicated by XRD. FESEM images reveal that prepared sample exhibit nanoscale structure . The elemental composition of the sample was confirmed EDAX spectroscopy which verified the correct stoichiometry of oxides. The photocatalytic activity of the sample was evaluated by studying its performance in degrading methylene blue, an organic water pollutant under specific pH condition and constant dose of irradiation over duration of several hours. The results demonstrated significant visible light photocatalytic activity that was dependant on the duration of irradiation. With a goal to determine the optimal doping level for enhanced degradation performance, Zn0.99Cu0.01O with the ideal doping amount, demonstrated the highest degrading efficiency of 72% after approximately 90 minutes This conclusion was further supported by analysing the optical properties of the resulting aqueous solution. Cu-doped ZnO nanoparticles synthesized via a green method also exhibited enhanced antimicrobial activity against Gram-positive bacteria which can be attributed to the synergistic effect of Cu and ZnO. These findings suggest potential applications in medical and environmental fields.
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Introduction  
Dyes and its effluents from textiles, foods and printing industries are the major pollutant released in water bodies. Generally dyes are highly toxic and nonbiodegradable because of its complex nature, causing serious threat to the ecosystem. Methylene blue (MB) is a widely used dye in textile industries, which is extremely carcinogenic and toxic[1]. To eliminate dye pollution from the wastewater various methods such as adsorption, oxidation, filtration, and sedimentation etc. are used.  Photocatalytic degradation is one of the alternative ways that have been demonstrated to effectively degrade and remove the organic pollutants in the presence of photocatalyst [2,3] because of their non toxic effect  and low cost. Semiconductor materials such as TiO2, ZnO, Fe2O3, CdS, and ZnS have been used as photocatalysts. They provide photo-generated holes with high oxidizing power due to their wide band gap energies. ZnO has been extensively studied to act as an efficient photocatalyst owing to its high photosensitivity, high stability, nontoxicity, wide availabilities, and low cost [4,5]. ZnO has a band gap energy of 3.37 eV as well as a large exciton binding energy of 60 meV at room temperature [6,7] and has been suggested as an alternative to TiO2 photocatalyst due to its ability to absorbs a larger fraction of solar spectrum due to higher photon efficiency and also have a larger quantum efficiency compared to TiO2 [8,9]. 

Recently, ZnO has found use as an antimicrobial agent and has seen application in the lining of food packaging to reduce spoilage [10]. Zn2+ is an essential ion for many microorganisms due to its involvement in various cellular reactions, but at concentrations above 10−7 mol L−1 it becomes cytotoxic[11−14]. Another process is that it induces the formation of powerful oxidizing agents (such as hydrogen peroxide) within bacteria cells that can cause cell damage. New approaches are needed for biomedical applications of ZnO-NPs to actively perform in antimicrobial and antibacterial activities [15]. For this to happen, the properties and functionality of ZnO-NPs were needed to improve by incorporating other materials as dopants that were sought to be the transition metals (Fe, Mn, Cu, Cr) or biomolecules at the nanoscale [16,17]. After doping with transition metals and biomolecules, the surfaces of these nanoparticles are modified to have excellent biocompatibility to effectively perform in antimicrobials, antioxidants, drug delivery systems, bio-imaging, and biosensors, etc. [18]. 

Among all other dopants, Cu2+ is found to significantly change the morphological, structural, optical, electrical, magnetic, and biological properties of the ZnO-NPs. Because of biomedical application, Cu2+ is considered to be the best option [19], because it has a comparable similar size of ionic radii to that of Zn2+ (0.73 A, and 0.74 A) and non-toxic to biological species. The combined antibacterial properties of CuO and ZnO can be investigated by doping Cu into a ZnO matrix or Zn into a CuO matrix [20]. Besides, doping acquires the dopant to have excellent electrical conductivity. Moreover, it can easily modify or change the chemical and physical properties of ZnO [21, 22]. Because of the significant improvement in the properties of ZnO-NPs with Cu-doping, several techniques have been reported in the past [23]. Likewise, ZnO and Cu-doped ZnO nanorods were reported by the mechanically assisted thermal decomposition process. Cu-doped ZnO nanorods were found to exhibit better photocatalytic and antibacterial characteristics enhancing their (biomedical) properties than pure ZnO nanorods [24,25]. Several more techniques have been reported for the synthesis of Cu-doped ZnO-NPs including sol-gel, co-precipitation, sonochemical synthesis, vapor transport technique, hydrothermal, combustion method etc[26,27]. These conventional methods fail to address the problems related to toxicity, cost, waste production and environmental contamination. Regardless of innovative fabrication techniques for use of ZnO for degradation of MB under solar light with good results[28]. In order to overcome them, today's researchers have been immensely focusing on the green chemistry route for synthesizing metal oxides. Green approach towards the synthesis of metal oxide NPs is more eco-friendly[29] economically viable, socially accepted, safer, sustainable to environment etc and account for increase in the yields of production[30]

The  present work is undertaken to fabricate copper doped zinc oxide nanoparticles via green approach and identify the effect of dopant concentration in the properties and characterization of ZnO nanoparticles. Among the available greener methods, the use of leaf extracts is the best way as it involves simplest, less investment, shorter time period, highly efficient, non-pathogenic and feasible process to prepare metal oxide at larger scale relative to bacteria, fungi and algae mediated synthesis.  Therefore, in this regard, we have focused on synthesis of ZnO NPs from the Azadirachta Indica (AI) leaf extract, which act as a stabilizer for nanoparticles and is a highly effective green approach of degrading the MB dye using visible light driven photocatalytic process. Metal dopants possess unique ability to elevate the properties of ZnO nanoparticles, however, copper-doped (Cu-doped) ZnO nanoparticles are fabricated in the present work as it shows promising exclusive physicochemical properties for biological benefits , along with photocatalytic applications. The doping of Cu and Ag in ZnO is expected to modify optical absorption and other physical or chemical properties of ZnO [31,32].

Materials and Methods
Preparation of Neem Leaf Extract 
The leaves of the Azadirachta indica (neem) plant were washed and sterilised. The aqueous extract of the sample was obtained by heating 25 g of fresh leaves in a 250 ml glass beaker with 100 ml of double distilled water at a temperature of 60°C for duration of 30 minutes. The mixture was continuously stirred using a magnetic stirrer until the colour of the solution turned brown. The extract was cooled to ambient temperature and filtered using Whatman 40 filter paper. The extract was refrigerated for subsequent synthesis processes.
Synthesis of pure Zinc oxide 
To synthesize undoped zinc oxide 25 mL of neem leaf extract was added to 25 mL of 1M Zinc Acetate Dihydrate. The mixture was agitated constantly using a magnetic stirrer, while maintaining the solution at a pH of 7.0 by gradually adding 0.5 M sodium hydroxide at room temperature. The precipitate was filtered and washed multiple times with water followed by ethanol. After that it was dried in an oven at 60 degrees Celsius for overnight, crushed into a fine powder, and then calcined at 400 0C for one hour in a muffle furnace.
Synthesis of Copper doped zinc oxide.
For the preparation of Cu doped ZnO i.e. Zn0.995Cu0.005O , Zn0.99Cu0.01O and Zn0.98Cu0.02O required volumes of Zn(CH3COO)2.2H2O, Cu(NO3)2.3H2O and leaf extract mixture was agitated constantly using a magnetic stirrer, while maintaining the solution at a pH of 7.0 by gradually adding 0.5 M sodium hydroxide at room temperature. This led to the production of a precipitate. In order to remove contaminants, the precipitate was filtered and washed multiple times with water, followed by ethanol. After that, it was dried in an oven at 60 degrees Celsius for overnight, crushed into a fine powder, and then calcined at 400 degrees Celsius for one hour in a muffle furnace. 
Photocatalytic study
The process of degradation of  a 5 ppm solution of methylene blue in water was carried out at neutral pH. The zinc oxide and Cu-doped zinc oxide nanoparticles, synthesized beforehand, were used as the catalyst at a concentration of 0.007 g/L. The reaction mixture was ultrasonicated for about 35 minutes. The solution was kept at a neutral pH and the temperature was fixed at 300 0C. The reaction mixture was agitated in the absence of light for the duration of 1 hour in order to establish a state of equilibrium between the adsorption and desorption of methylene blue on the surface of the catalyst. The reaction mixture was taken and was once again subjected to magnetic agitation and exposed to sources of visible light. At 30-minute intervals, 3 ml portions of the dye solution were withdrawn and filtered to remove any particles present and centrifuged. The absorbance of sample solution was measured using a UV-Vis spectrophotometer, specifically within the wavelength range of 450-680 nm. The level of photo degradation was assessed by monitoring the variations in absorbance.

Results and Discussions
SEM Analysis  
The morphology of the synthesized samples was analysed using a scanning electron microscope FESEM, model ZEISS Gemini 300 . Pure Zinc Oxide and Cu doped zinc oxide were shown in Figure 1a & 1b, indicate that the ZnO particles are mostly spherical in shape, with an average diameter ranging from 40 to 60 nm. The Cu-doped ZnO particles have a somewhat irregular spherical shape with an average size ranging from 30 to 50 nanometers. The pictures demonstrate that green production methods yield ZnO and Cu-ZnO nanoparticles with clearly distinguishable morphological features.The addition of Cu to ZnO alters its structure and decreases the size of the particles, which could improve its usefulness for applications that need specific surface characteristics and homogeneity of particles. 
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(a)						(b)
Figure-1: SEM picture of (a) pure ZnO and (b) Cu-doped ZnO

EDAX analysis 
The purpose of the EDAX analysis is to confirm the elemental composition and dispersion of ZnO and Cu-doped ZnO nanoparticles that were created utilising environment friendly procedures. This investigation is essential for verifying the successful integration of Cu into the ZnO matrix and comprehending the material's potential for diverse applications. The EDAX spectrum of Pure Zinc Oxide and Cu-Doped Zinc oxide (Figure 2a) exhibits supplementary peaks due to copper (Cu) in addition to zinc (Zn) and oxygen (O). This verifies the effective incorporation of Cu into the ZnO matrix through doping [ Table-2]. The lack of notable impurity peaks suggests that the synthesised ZnO has a high level of purity. 
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Figure.2 EDAX spectrum of (a) pure ZnO and (b) Cu-doped ZnO

[Table-1: EDAX elemental composition of synthesized sample]
	Elements
	Atomic%

	
	ZnO
	Cu doped ZnO

	O K
	61.8
	65.2

	Zn K
	38.2
	33.0

	Cu K
		
	1.8



DLS Analysis 
The DLS measurement was taken in a Litesizer 500 instrument in a quartz measurement cell. The purpose of the DLS analysis is to ascertain the particle size distribution and stability of ZnO and Cu-doped ZnO nanoparticles that have been synthesised utilising green  methods. The size distribution  profile in case of pure Zinc Oxide obtained from dynamic light scattering (DLS) analysis (Figure 3) exhibits a prominent peak with an average hydrodynamic diameter of 55 nm and a polydispersity index (PDI) of 0.7, suggesting a rather homogeneous size distribution. Cu-doped Zinc Oxide reveals an average hydrodynamic diameter of 50 nm, slightly lower than that of undoped ZnO. The PDI of 0.15 suggests a more uniform size distribution 
[image: ]
                                Figure 3: DLS spectra of Cu-doped ZnO 

FT-IR Analysis 
FTIR spectroscopy is a valuable technique for obtaining vital information on the chemical bonds and functional groups that are present in a material. The FTIR spectrum of ZnO (Figure 4a) exhibits distinct peaks at 403 cm⁻¹ (representing Zn-O stretching), 3310 cm⁻¹ (indicating O-H stretching), and 1697 cm⁻¹ (corresponding to C=O stretching caused by organic residues). In case of Cu doped sample the observed shift to 406 cm⁻¹ indicates alterations in the Zn-O bond surroundings as a result of Cu doping. The presence of additional peaks at around 687 cm⁻1 can be attributed to the formation of Cu-O bonds, which confirms the inclusion of copper (Cu) into the ZnO matrix
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Figure 4. FTIR spectra of pure ZnO  and Cu doped ZnO

Atomic Absorption Spectroscopy 
The analysis is essential to verify the concentration of zinc and copper in the samples, hence confirming the efficacy of the doping and synthesis process. The AAS analysis (Table 2) indicates that the zinc content in the ZnO sample is 56.51% of as determined by the synthesis conditions. The AAS analysis (Table2) reveals that the zinc concentration in the Cu-doped ZnO sample corresponds to 50.8%, while the copper content aligns with the targeted doping level, accounting for 6.54%. 

Table 2. AAS data of Pure and Cu-doped ZnO

	Sample 
	Zn% 
	Cu% 

	Pure ZnO 
	56.51 
	------- 

	Cu-doped ZnO 
	50.8 
	6.54 



Thermal analysis TGA/DTG  
The thermogravimetric analysis (TGA) curve of Cu-ZnO (Figure 5) exhibits a comparable initial weight reduction of 4% till reaching a temperature of 150°C due to loss of water. However, the second stage of weight loss is slightly altered, with a 4% reduction in weight taking place between temperatures of 250-450°C when compared with pure ZnO , which is most likely attributed to the breakdown of organic wastes resulting from the green synthesis procedure. The residual weight remains constant up to a temperature of 800°C, showing a high level of thermal stability. 

DTG, which expresses the first-order mass derivative (dm/dt) over the heating temperature, was important to evaluate mass loss more easily. The maximum point in the DTG (peak temperature) curve is obtained when the TGA curve shows a change at a stage in which the variation of sample mass occurs more rapidly[33]
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Fig. 5: TG-DTA analysis of Cu doped ZnO

X-ray Diffraction Analysis
Fig-6 shows the observed X-ray diffraction pattern of ZnO and Cu-doped ZnO. The crystallite size, phase, and structure of the material are determined with the help of positions and intensities of the peaks. The peaks in the XRD pattern appear at 31.9°, 34.4°, 36.5°, 47.5°, 56.7°, 62.8°, 66.5°, 67.8°, and 69.1° corresponds to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and (202)
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Figure-6: X-ray diffraction images of ZnO and Cu-doped ZnO
planes in hexagonal wurtzite ZnO and Cu-doped ZnO respectively (JCPDS card No. 89–7102) [34, 35]. The XRD pattern also has several more peaks located at 30.9°, 38.8°, 44.5°, 50.2°, and 53.5°. The peaks at 30.9°, 38.8°, and 53.5° correspond to (100), (111), and (020) in Cu (II) oxide, whereas, the peaks at 44.5°, and 50.2° are assigned to the FCC phase of Copper [36]. The existence of Cu and CuO indicates the Cu-doping of the as-synthesized ZnO.
Photocatalytic measurement

Methylene blue (MB) solution was photocatalytically degraded by making use of synthesized Cu-ZnO nanoparticle under a 100W incandescent light source, positioned 15cm above the MB solution. The presented graph illustrates the degradation of a 5ppm MB solution over varying time durations (0-200 min) under visible light sources. The spectra of the Methylene blue solution in an aqueous medium demonstrated a gradual deterioration of the dye as time progressed (Fig-7). Consequently, the initial deep blue colour of the solution faded to a lighter blue shade. The percentage degradation of Methylene blue can be evaluated as: 
                                                                [image: ]-
where Ao is the initial absorbance and A is the absorbance of the dye at particular time. 
By using above formulae can get percentage degradation of samples collected at various time intervals as given in Table 3 and the result is shown graphically (Fig-8).

Table 3. Degradation % at different time intervals of MB dye

	Time 

	ZnO 
	Zn0.995Cu0.005O
	Zn0.99Cu0.01O 
	Zn0.98Cu0.02O 

	30 
	42 
	54.9 
	55.7 
	60 

	60 
	50 
	59.5 
	57.5 
	62.6 

	90 
	57.7 
	63 
	72 
	65.6 

	120 
	60.3 
	64.7 
	73.5 
	66.7 

	150 
	60.8 
	64.9 
	73.8 
	66.9 

	180 
	61.2 
	65.1 
	74.2 
	67.3 

	200 
	62 
	65.7 
	74.5 
	67.5 






Figure-7 Absorbance Graph of ZnO and Cu doped ZnO
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Figure 8. Degradation graph of MB dye by ZnO and Cu-doped ZnO

Antimicrobial Activity
Our findings are supported by several studies indicating that Cu-doped ZnO-NPs reported in the current work exhibit better antibacterial activity (than pure ZnO) towards Gram-positive bacteria. Zinc oxide (ZnO) nanoparticles are well-known for their antimicrobial properties. However, the doping of ZnO with other metals such as copper (Cu) can enhance these properties. Gram-positive bacterial strains Staphylococcus aureus and Bacillus subtilis were used. The disk diffusion method was employed to evaluate antimicrobial activity. Sterile disks impregnated with nanoparticle suspensions were placed on agar plates inoculated with bacterial cultures. Zones of inhibition were measured after incubation at 37°C for 24 hours (Fig-9). The enhanced antimicrobial activity of Cu-doped ZnO nanoparticles can be attributed to the synergistic effect of Cu and ZnO. The generation of reactive oxygen species and the disruption of bacterial cell membranes are likely mechanisms. These results are consistent with previous studies, highlighting the potential of Cu-doped ZnO nanoparticles as effective antimicrobial agents. Cu-doped ZnO nanoparticles synthesized via a green method exhibited enhanced antimicrobial activity against Gram-positive bacteria. These findings suggest potential applications in medical and environmental fields. Future studies should explore different doping concentrations and in vivo applications. This has been supported by the findings that the Cu-doped ZnO-NPs or powders in an aqueous solution can produce various reactive oxygen species (ROS) such as hydroxyl radicals (OH), singlet oxygen, or superoxide anion (O2−). Hydroxyl radicals and singlet oxygen species are negatively charged species that cannot penetrate the cell membrane. Zn2+, Cu, Cu1+, and Cu2+ ions released from Cu-doped ZnO-NPs are cytotoxic to microbes. It is well known that zinc ions in high concentrations can negatively influence multiple activities in bacteria, such as glycolysis, transmembrane proton translocation, and acid tolerance which can prolong the lag phase of bacteria. Copper ions may bind with DNA molecules and disrupt the helical structure, resulting in cell death. ROS induces oxidative stress which can impair bacterial membranes, lipids, protein, and DNA[37].
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Figure 9. Zone of inhibition formed by Cu-doped ZnO against gram positive bacteria

Mechanism of photocatalysis 
In the presence of air or oxygen, when a photocatalytic solution containing Methylene blue is exposed to visible radiation or UV, electron-hole pairs are generated. These photo-induced electron-hole pairs possess both reducing and oxidizing capabilities. The valence band of the photocatalyst interacts with adsorbed -OH or H2O molecules on its outer surface, leading to the formation of OH radicals. The OH radicals then react with Methylene blue, resulting in the production of CO2, sulphate, nitrate, H2O, and a small amount of HCl acid. Simultaneously, the electrons, excited, in the conduction band engage with oxygen molecules adsorbed on the outer layer of the photocatalyst, giving rise to the generation of super-oxide radicals. The overall photocatalytic mechanism can be described as follows- 
hν + Catalyst→ e- + h+                                             	[1] 
The electron removed, reacts with oxygen present in water. As a result of which super-oxide radical (O2.-) is produced.
O2 + e- → O2 • ‾                                                                [2] 
Then the holes produced in VB of the catalyst now can directly oxidize MB, react with super-oxides radical, generating OH  radicals. 
O2• ‾ + H+ → HOO•                                                      	[3] 
HOO• + e- → HO2 ‾                                                      	[4] 
HO2 ‾ + H+ → 2H2O2 (H2O2 = 2OH ‾)         		[5] 
The debasement of the methylene blue dye from its aqueous solution depends on the OH- that is produced. In the process of photodegradation, holes created by light sources travel along a single electron oxidation pathway to form Hydroxyl radicals (OH•). For the most part, these OH• are in charge of the chromophoric dye's disintegration.
Conclusion
The degradation performance of the nanoparticles was assessed, and the Zn0.99Cu0.01O exhibited the maximum degradation rate of 72% after approximately 90 minutes. This suggests that the ideal level of doping greatly improves the ability of ZnO nanoparticles to degrade substances. The green synthesis method successfully generated ZnO and Cu-doped ZnO nanoparticles with favourable characteristics. The characterization procedures verified the effective doping, excellent purity, consistent shape, favourable colloidal stability, and exceptional thermal stability of the nanoparticles. The Zn0.99Cu0.01O with the ideal doping amount, demonstrated the highest degrading efficiency of 72% after approximately 90 minutes. This underscores the significance of optimising the doping concentration in order to get exceptional catalytic activity.Cu-doped ZnO nanoparticles synthesized via a green method also exhibited enhanced antimicrobial activity against Gram-positive bacteria which can be attributed to the synergistic effect of Cu and ZnO. These findings suggest potential applications in medical and environmental fields. The inhibitory effect was enhanced in a dose-dependent manner. It has been observed that Gram-positive microbes are more susceptible to Cu-doped ZnO-NPs as compared to Gram-negative microbes. Cu-doped ZnO-NPs can further be investigated for antifungal, drug delivery, tissue engineering, and other biomedical applications.
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