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Abstract

Most infection-causing pathogens have developed resistance to conventional 
antibiotic treatments, while free radicals can also induce cellular damage by 
disrupting essential biomolecules and cellular structures. Binary metal oxide 
nanocomposites have attracted increasing attention due to their unique 
physicochemical properties, enhanced stability, and superior biological and 
catalytic performance compared to single metal oxides.

In this study, CuO/ZnO nanocomposites were successfully synthesized via a 
green, eco-friendly approach using Ensete ventricosum leaf extract, yielding 
well-defined heterostructures with enhanced biological performance relative 
to the individual oxides. The UV-Vis spectrum showed an absorption peak at 
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421 nm with a band gap energy of 3.25 eV, which is slightly lower than that 
of pure ZnO, indicating a strong interaction between CuO and ZnO phases. 
The crystallite size was found to be 24.5 nm from XRD analysis, confirming 
the nanocrystalline nature of the material. FT-IR analysis confirmed the 
presence of Zn–O and Cu–O stretching vibrations at 545 and 560 cm⁻¹, 
respectively. SEM analysis revealed slightly agglomerated particles, while 
EDS confirmed the presence of Zn, Cu, and O elements.

The synthesized CuO/ZnO nanocomposites exhibited significant antibacterial 
activity against Staphylococcus aureus (22.64 mm) and Escherichia coli 
(19.21 mm), along with strong antioxidant activity (IC₅₀ ≈ 107.18 µg/mL), 
compared with CuO NPs (~150 µg/mL) and ZnO NPs (~180 µg/mL) in DPPH 
radical scavenging assays. These results demonstrate that the CuO/ZnO 
heterojunction enhances biological activity. This work provides a scalable 
green synthesis strategy for CuO/ZnO NCs with promising antimicrobial and 
antioxidant applications, highlighting the potential of plant-mediated routes 
for environmentally friendly nanomaterial synthesis.

Keywords: CuO/ZnO NCs, DPPH, Green synthesis, Ensete ventricosum

Introduction

Most infection-causing pathogens are resistant to conventional antibiotic 
treatment [1]. In addition, free radicals can induce cellular damage by 
disrupting essential biomolecules [2]. Metal oxide nanoparticles have 
therefore attracted considerable attention due to their unique 
physicochemical properties, such as high surface area, tunable electronic 
structure, and intrinsic antibacterial activity [3]. Among them, CuO and ZnO 
nanoparticles are widely studied for their strong antimicrobial properties, 
chemical stability, and availability [4]. In particular, CuO/ZnO 
nanocomposites offer synergistic advantages and have shown enhanced 
antimicrobial performance in various microbial studies.
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Concerns related to safety and environmental impact arise from the use of 
hazardous chemicals, high temperatures, and energy-intensive processes in 
conventional methods for synthesizing metal oxide nanoparticles [5]. Green 
synthesis offers an eco-friendly alternative by utilizing plant extracts as 
reducing and stabilizing agents derived from natural biomolecules such as 
sugars, flavonoids, and polyphenols [6]. In this context, Ensete ventricosum 
(Enset), an important perennial plant widely cultivated in Ethiopia for food 
production (Kocho) and traditional uses, represents a promising bioresource. 
In this study, leaves were collected from Gesha Woreda, Kefa Zone, Ethiopia, 
an area known for its rich biodiversity and extensive Enset cultivation[7, 8]. 
These leaves contain bioactive compounds that can facilitate the green 
synthesis of nanomaterials, offering a cost-effective and sustainable route for 
producing functional nanocomposites[9, 10]. However, despite its potential, 
limited studies have investigated the use of Enset leaf extract for the 
synthesis of CuO/ZnO NCs with antimicrobial activity.

Through synergistic interactions at the heterojunction interface, the 
combined use of ZnO and CuO in a binary NCs can significantly enhance 
functional properties [11]. Compared with their individual counterparts, 
CuO/ZnO nanocomposites are reported to exhibit improved charge 
separation, increased reactive oxygen species (ROS) generation, and 
enhanced antibacterial activity [12]. In addition, their redox-active surfaces 
may also contribute to antioxidant behavior depending on the environmental 
conditions, enabling dual functional applications [13]. Although green 
synthesis of metal oxide nanomaterials using plant extracts has been widely 
reported, studies on CuO/ZnO nanocomposites derived from Ensete 
ventricosum leaf extract remain limited. This work, therefore provides a 
distinct contribution through a systematic comparative evaluation of the 
functional properties of the synthesized NCs
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In this work, we report a facile and eco-friendly synthesis of CuO/ZnO NCs 
using this plant extract as both reducing and stabilizing agent. The novelty of 
this study lies in the formation of a heterostructured composite with 
enhanced functional properties, together with a comparative evaluation of its 
antibacterial and antioxidant performance against corresponding individual 
oxides [14]. The synthesized NCs were systematically characterized using 
FTIR, XRD, SEM, EDX, and UV–Vis spectroscopy. The antioxidant capacity 
was evaluated using a standard radical scavenging assay, while antibacterial 
performance was assessed against Gram-negative Escherichia coli and Gram-
positive Staphylococcus aureus. Overall, this study investigates the 
relationship between green-mediated synthesis, interfacial heterostructure 
formation, and dual functional (antibacterial and antioxidant) activity, 
highlighting the potential of CuO/ZnO NCs as environmentally friendly 
antimicrobial materials.

Materials and Methods

Chemicals and reagents

Chemicals used in this study including Zinc nitrate hexahydrate 
(Zn(NO₃)₂·6H₂O, 99% Sigma-Aldrich, Germany), Copper nitrate trihydrate 
(Cu(NO₃)₂·3H₂O, 99% Sigma-Aldrich, Germany), Sodium hydroxide (NaOH, 
98% Merck, Germany) and Ethanol (C₂H₅OH, 99.5% Sigma-Aldrich, 
Germany) were used for the production of binary nanocomposite in the study. 
All chemicals were used without further purification. Deionized water was 
used throughout the experiment.

Enset (Ensete ventricosum) Leaf Extract Preparation

The preparation of the plant extract was completed using the procedure 
outlined in Ref. [15, 16] with minor modifications.
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Fresh Enset (Ensete ventricosum) leaves were collected from the 
surroundings of a local Gesha Woreda, located in the Kefa Zone of Ethiopia. 
The plant species was identified based on its well-known morphological 
characteristics and comparison with published botanical descriptions of 
Ensete ventricosum. Since the plant is a commonly cultivated species in 
Ethiopia, no formal identification by a taxonomist was required[8]. As the 
plant is widely cultivated and collected from publicly accessible areas, no 
specific permits were required according to local regulations. The leaves 
were thoroughly cleaned of dust and contaminants using distilled water. Then 
allowed to air dry for 48 hours at room temperature. The collected leaves 
were thoroughly washed with distilled water and air-dried at room 
temperature for 48 hours. The dried leaves were then chopped into small 
pieces and boiled in distilled water (10 g per 100 mL) at 80 °C for 30 min. 
The obtained aqueous extract was filtered.

CuO NPs Synthesis

CuO NPs were successfully synthesized via a green approach using plant 
extract as both reducing and stabilizing agents, based on the procedure 
reported in Ref. [17, 18] with slight modifications.

A 0.1 M aqueous solution of copper(II) sulfate pentahydrate (CuSO₄·5H₂O) 
was prepared by dissolving 1.25 g of CuSO₄·5H₂O in 50 mL of distilled water 
under constant stirring at 60 °C. Subsequently, 25 mL of Ensete ventricosum 
extract was added dropwise to the solution under continuous stirring. The pH 
of the mixture was adjusted to 10 using 2 M NaOH solution, resulting in the 
formation of a dark brown precipitate. The reaction mixture was further 
stirred at 70 °C to ensure complete reaction and homogeneity. The resulting 
precipitate was collected and washed three times with distilled water 
followed by ethanol to remove impurities. The product was then dried at 80 
°C for 3 hours and finally calcined at 350 °C to enhance crystallinity and 
obtain pure CuO NPs.
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ZnO NPs Synthesis

Similar green synthesis methods were used to synthesize ZnO NPs following 
the method reported in Ref. [19, 20] with slight modifications.

A 0.1 M zinc acetate dihydrate solution (Zn(CH₃COO)₂·2H₂O) was prepared 
by dissolving 1.10 g of zinc acetate dihydrate in 50 mL of distilled water under 
constant stirring. After that, 25 mL of Enset (Ensete ventricosum) leaf extract 
was added while being constantly stirred. 1 M NaOH was used to bring the 
pH to 10. The reaction mixture was further stirred at 70 °C to ensure 
complete reaction and homogeneity. The resulting precipitate was collected 
and washed three times with distilled water followed by ethanol to remove 
impurities. The product was then dried at 80 °C for 3 hours and finally 
calcined at 350 °C to enhance crystallinity and obtain pure ZnO NCs.

CuO/ZnO NCs Synthesis

The CuO/ZnO binary metal oxide NCs were synthesized by a green, one-pot 
approach using Ensete ventricosum extract as a natural reducing and 
stabilizing agent. CuO/ZnO NCs were successfully synthesized following the 
method reported in Ref. [21, 22] with slight modifications.

Aqueous solutions of Cu(NO₃)₂·3H₂O and Zn(NO₃)₂·6H₂O were prepared 
separately at a concentration of 0.1 M using distilled water. The precursor 
solutions were then mixed in a Cu:Zn molar ratio of 1:2 under continuous 
magnetic stirring at 60 °C for 1 hour. For the synthesize CuO/ZnO NCs, 20 
mL of Ensete ventricosum leaf extract was added dropwise to the mixed metal 
solution under continuous stirring continuously at 60 °C for 1 hour. The 
formation of a brownish-green precipitate indicated the progression of the 
reaction. The pH of the solution was adjusted at 10 using 1 M NaOH to 
promote complete precipitation of the nanocomposite. The resulting 
precipitate was collected by centrifugation at 6000 rpm for 10 minutes, 
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followed by repeated washing four times with distilled water and 
subsequently with ethanol to remove residual biomolecules and impurities. 
The purified product was dried at 80 °C for 3 hours and then calcined at 400 
°C for 3 hours in a muffle furnace to eliminate organic residues, improve 
crystallinity, and enhance structural stability.

The obtained CuO/ZnO nanocomposites were subsequently characterized 
using X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier 
transform infrared spectroscopy (FTIR), and UV–Vis spectroscopy.

Method of Optimization

Reaction time, temperature, pH, Cu:Zn molar ratio, and precursor 
concentration were systematically varied during synthesis optimization. For 
each condition, UV-Vis spectra were recorded [23]. The most successful 
CuO/ZnO nanocomposites were selected based on several factors, including 
maximum peak intensity with distinct CuO and ZnO absorption features, 
appropriate peak shifts indicating strong interaction between the two 
components, high crystallinity as confirmed by X-ray diffraction (XRD), and 
superior antibacterial activity. These results confirm that the optimized 
CuO/ZnO nanocomposites are biologically active, well-dispersed, and fully 
formed. Among the tested conditions, the Cu molar ratio of 1:2 at 0.1 M 
precursor concentration, 60 °C reaction temperature, 1 h reaction time, and 
pH 10 produced nanocomposites with the highest antibacterial and 
antioxidant activity and was therefore selected for detailed characterization.

Characterization Techniques

Some methods were used to confirm the optical characteristics and structure 
of the produced CuO/ZnO NCs [24].

UV-Visible spectrophotometer analysis: A UV-Vis double beam 
spectrophotometer, the synthesized ZnO and CuO NPs and CuO/ZnO NCs 
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solution with deionized water carried out the initial characterization. The 
spectra were recorded in between wavelength range 250 nm to 600 nm. The 
optical band gap of the CuO/ZnO NCs was determined using the Tauc relation 
(Equation 1):

αhνn =  A(hν - Eg)…………………………….Equation 1

Where:

 α = absorption coefficient
 hν = photon energy
 A = constant
 E₉ = band gap energy
 n = 1/2 for direct allowed transitions

FTIR analysis: FT-IR spectra of NPs were measured between 4000 to 400 
cm-1. The dried powder of ZnO, CuO and CuO/ZnO NCs was used for 
functional group characterizations.

XRD analysis: XRD technique was employed to identify the crystallinity, 
average crystalline size and composition of ZnO, CuO, and CuO/ZnO NCs, as 
well as their purity. The diffraction patterns were recorded to confirm phase 
formation and crystallinity. The average crystallite size was calculated using 
the Scherrer equation (Equation 2):

D =  Kλ
βcosθ………………………………….Equation 2

Where: D is crystallite size, K = 0.9 is the shape factor, λ = 1.5406 Å (Cu Kα 
radiation), β is the full width at half maximum (FWHM), and θ is the Bragg 
angle.

SEM analysis: SEM analysis was done to study the size, shape, and surface 
roughness of the synthesized NPs and NCs.
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EDS: EDS was used to determine the elemental makeup of the produced 
CuO/ZnO NCs. The powdered sample was placed on conductive carbon tape 
and examined at energies between 0 and 12 keV. The distinctive emission 
peaks corresponding to the O, Cu, and Zn elements contained in the NCs 
were identified using the obtained spectra.

Antimicrobial Properties

The activity of the produced CuO/ZnO NCs was tested by using the disk 
diffusion method to determine their efficacy against E. coli and S. aureus 
bacterial strains according to the procedures described in the literature [25, 
26].

Bacterial suspension adjusted to a 0.5 McFarland standard and uniformly 
spread onto nutrient agar plates using a sterile swab. Sterile paper disks (6 
mm diameter) impregnated with CuO/ZnO NCs at concentrations of 25, 50, 
75, and 100 µg/mL were placed onto the inoculated agar plates. Gentamicin 
was used as a positive control, while sterile distilled water served as a 
negative control. The plates were incubated at 37 °C for 24 hours. After 
incubation, the diameter of the inhibition zones was measured in millimeters 
(mm). All experiments were performed in triplicate (n = 3), and the results 
are presented as mean ± standard deviation. The minimum inhibitory 
concentration (MIC) of the synthesized CuO/ZnO nanocomposites was 
determined using the broth microdilution method. Serial dilutions of the 
nanocomposites were prepared and inoculated with bacterial suspensions. 
The cultures were incubated at 37 °C for 24 h. The MIC was defined as the 
lowest concentration of the nanocomposite that completely inhibited visible 
bacterial growth.

Antioxidant properties
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The antioxidant properties were successfully evaluated to assess radical 
scavenging ability, which complements the antimicrobial activity. DPPH 
antioxidant activity was evaluated following the method reported in Ref. [27, 
28] with slight modifications. 1 mL of CuO/ZnO NCs solution (25–200 µg/mL) 
was mixed with 1 mL of 0.1 mM DPPH in methanol. Ascorbic acid was used 
as a standard. IC₅₀ values were calculated by using Equation 3.

Scavenging % = A control-A sample
A control × 100 ……………………… Equation 3

Where:

A control = absorbance of control

A sample = absorbance of sample

Statistical Analysis

All experiments related to the application studies of the CuO/ZnO 
nanocomposites were performed in triplicate. The obtained data are 
presented as mean ± standard deviation (SD). Statistical analysis was carried 
out using one-way analysis of variance (ANOVA), and differences were 
considered statistically significant at p < 0.05.

Results and Discussion

Optimization of Synthesis Parameters

The synthesis parameters, including Cu:Zn ratio, precursor concentration, 
reaction time, pH, and leaf extract volume, were systematically varied to 
optimize the formation of CuO/ZnO nanocomposites. UV–Vis intensity was 
used as the primary criterion for selection, with the highest intensity 
indicating optimal formation. As shown in Table 1, the Cu:Zn ratio of 1:2, 
precursor concentration of 0.1 M, reaction time of 1 hour, pH 10, and 20 mL 
leaf extract yielded the highest UV–Vis intensity (1.05 a.u.), confirming this 
combination as the best condition.
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Table 1: Optimization of key synthesis parameters used for the preparation 
of CuO/ZnO nanocomposites.

Parameter 
Tested

Trial Cu:Zn Conc 
(M)

Time 
(hour)

pH Leaf 
Extract 
(mL)

UV–Vis 
Intensity

Note

1 1:1 0.1 1 10 20 0.91
2 1:2 0.1 1 10 20 1.05 best

Cu:Zn 
ratio

3 2:1 0.1 1 10 20 0.87
1 1:2 0.05 1 10 20 0.85
2 1:2 0.1 1 10 20 1.02 best

Conc (M)

3 1:2 0.15 1 10 20 0.92
1 1:2 0.1 1 10 20 1.03 best
2 1:2 0.1 2 10 20 0.97

Time (h)

3 1:2 0.1 3 10 20 0.91
1 1:2 0.1 1 7 20 0.82
2 1:2 0.1 1 9 20 0.89

Ph

3 1:2 0.1 1 10 20 1.01 best
1 1:2 0.1 1 10 10 0.93
2 1:2 0.1 1 10 20 1.03 best

Leaf 
Extract 
(mL) 3 1:2 0.1 1 10 30 0.98

FTIR Analysis

Enset Leaf Extract

The proposed FTIR spectrum of the Enset leaf extract displays several 
characteristic bands associated with chemicals called phytochemicals active 
for the synthesis of NPs. A broader band observed approximately 3400 cm⁻¹ 
is assigned to O–H stretching vibrations in phenols, alcohols, and flavonoids. 
The peak near 2920 cm⁻¹ is comparable to C–H stretching vibrations of 
aliphatic compounds [29]. A band appearing around 1630 cm⁻¹ is specified to 
C=O stretching or N–H bending, which suggests the existence of proteins or 
amide groups [30]. Peaks approximately 1050–1200 cm⁻¹ correspond with C–
O stretching vibrations of alcohols, phenols, and polysaccharides.
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CuO/ZnO Nanocomposites

The broad absorption band observed in the FTIR spectra of ZnO NPs at 3400 
cm⁻¹ was attributed to the stretching vibrations of hydroxyl (–OH) groups and 
adsorbed water molecules. The H–O–H bending vibrations are for the peak at 
about 1600 cm⁻¹. In Figure 1, the absorption band at 545 cm−1 confirms the 
Zn–O stretching mode vibration, suggesting the successful formation of ZnO 
NPs, which is consistent with previously reported values around 550 cm⁻¹ 
[31]. The Cu–O stretching is represented at 560 cm−1, which is in relation to 
the value reported [32], confirming the formation of NPs. NCs have 
distinctive peaks in their FTIR spectra that belong to both ZnO and CuO. The 
presence of hydroxyl groups on the composite's surface is also shown in NCs 
by the broad band about 3400 cm⁻¹ and the peak near 1600 cm⁻¹. Zn–O and 
Cu–O stretching vibrations are represented by bands at 500-550 cm⁻¹ and 
520–600 cm⁻¹, respectively [33], in the lower wavenumber range. These 
peaks' coexistence indicates the CuO/ZnO NCs' effective synthesis. 
Furthermore, minor changes in peak locations relative to individual metal 
oxides suggest that CuO and ZnO interact, and that phytochemicals from the 
Enset leaf extract help stabilize the structure of the NCs.
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Figure 1: FTIR spectrum of synthesized CuO/ZnO NCs using Enset (Ensete 
ventricosum) leaf extract, confirming plant-derived functional groups and 
characteristic MO vibrations that indicate successful formation of the NCs.

XRD Analysis

The crystalline structures of the ZnO, CuO NPs, and the ZnO/CuO NCs 
synthesized using Enset leaf extract were investigated by the XRD analysis, 
as shown in Figure 2.

ZnO Nanoparticles

The XRD pattern exhibits prominent diffraction peaks at 2θ ≈ 31.8°, 34.4°, 
36.3°, 47.5°, 56.6°, 62.8°, 67.9°, and 69.1°, corresponding to the 
crystallographic planes (100), (002), (101), (102), (110), (103), (112), and 
(201), respectively (Figure 2). These diffraction peaks are well indexed to the 
hexagonal wurtzite crystal structure of Zinc oxide (JCPDS card No. 36-1451) 
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[34, 35], confirming the high crystallinity and phase purity of the synthesized 
nanoparticles.

CuO Nanoparticles

CuO NPs exhibit significant diffraction peaks at 2θ ≈ 32.5°, 35.5°, 38.7°, 
48.7°, 53.5°, 58.3°, 61.5°, and 66.2° according to their XRD pattern. These 
peaks correspond to the crystal planes (110), (−111), (111), (−202), (020), 
(−113), and (311), respectively, as shown in Figure 2. The monoclinic crystal 
structure of CuO (JCPDS card No. 48-1548) is consistent with these peaks 
[36, 37]. Phase-pure CuO NPs are produced, as no additional peaks are 
observed.

CuO/ZnO Nanocomposites

The effective synthesis of the composite structure is confirmed by the XRD 
pattern of the CuO/ZnO NCs, which shows diffraction peaks corresponding 
to both ZnO NPs and CuO NPs phases. The ZnO (100), (002), and (101) planes 
are represented by the large peaks at 31.8°, 34.4°, and 36.3°, while the CuO 
phase is responsible for the additional peaks at 35.5° and 38.7°, as shown in 
Figure 2.

These peaks' coexistence suggests that the nanocomposite contains both 
metal oxides. Furthermore, the relatively broad diffraction peaks suggest the 
nanoscale crystallite size of the synthesized materials. The calculated 
average crystallite size of the CuO/ZnO NCs was 24.5 nm, indicating 
successful formation of nanosized crystalline heterostructures [33]. Similar 
CuO/ZnO NCs synthesized via chemical routes have shown crystallite sizes in 
the range of 15–35 nm [38,39]. In addition to this present work demonstrates 
(24.5 nm), which is comparable to or slightly higher than values reported in 
previous studies (Table 5) [40] .
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Figure 2: XRD pattern of biosynthesized CuO/ZnO nanocomposites using 
Ensete ventricosum leaf extract, confirming phase formation and crystallinity 
of the prepared material.

SEM Analysis

The surface morphological of ZnO, CuO, and CuO/ZnO nanocomposites 
prepared using Enset (Ensete ventricosum) leaf extract were examined using 
SEM. The SEM images were recorded at magnifications of 1500, 3000, and 
1000. The images were recorded at relatively low magnification; therefore, 
the analysis is limited to general surface features rather than detailed 
nanostructure resolution.

According to the SEM images, ZnO-NPs showed that the surface 
morphologies are in the form of somewhat aggregated and nearly spherical 
distribution over the entire surface, as shown in Figure 3A. This is closely 
related to the reported literature [41].
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The SEM images revealed that the average particle size was about 40 nm. 
The SEM micrographs of CuO NPs reveal slightly inconsistent, slightly 
aggregated particles with rough surfaces. The CuO NPs showed an average 
particle size of ~35 nm and were mainly distributed in flake-like 
morphologies. The significant surface roughness observed in Figures 3A and 
3B suggests an increased surface area, which may enhance their catalytic 
and antibacterial performance. SEM images of CuO/ZnO NCs show that the 
CuO NPs have a uniform distribution on the ZnO particle surface, yielding a 
composite structure. The particles' heterogeneous morphology and clustered 
appearance indicate the NCs production. The CuO/ZnO NCs were found to 
possess an average particle size of approximately 45 nm, indicating 
successful heterostructure formation and slight particle growth compared to 
the individual metal oxide nanoparticles. Since XRD analyzes crystallite size 
while SEM measures total particle size, particle agglomeration may be the 
cause of the somewhat higher particle size shown in SEM compared to XRD 
data.

Figure 3: SEM images of biosynthesized nanomaterials showing (A) ZnO 
nanoparticles, (B) CuO nanoparticles, and (C) CuO/ZnO nanocomposites 
prepared using Ensete ventricosum leaf extract.

A B C
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EDS Analysis

EDS was used for examining the elemental composition of the produced 
CuO/ZnO NCs. The EDS analysis further confirmed the successful formation 
of the CuO/ZnO composite, as the spectrum clearly displayed characteristic 
peaks corresponding to Cu, Zn, and O, indicating the purity and proper 
elemental composition of the synthesized nanocomposite. The existence of 
oxygen in the metal oxide structure is confirmed by the O Kα emission line, 
which is represented by a distinctive peak seen at about 0.52 keV (Figure 4)

Furthermore, the Cu Lα and Zn Lα emission lines are responsible for the 
significant peaks that arise at approximately 0.93 keV and 1.01 keV, 
respectively [42]. These peaks partially overlap, creating a comparatively 
large peak in the low-energy portion of the spectrum because of the 
extremely small energy difference between the Cu and Zn L-lines. This 
overlap is commonly observed in EDS spectra of Cu–Zn-based NCs because 
the detector resolution is typically insufficient to completely separate these 
closely spaced emission lines.

Moreover, the presence of Cu and Zn is further confirmed by additional peaks 
observed in the high-energy region of the EDS spectrum. The Cu Kα 
transition is represented by the peaks that emerge around 8.04 keV, and the 
Zn Kα transition is represented by the peaks that appear around 8.64 keV. 
The equivalent Kβ transitions of Cu and Zn are linked to minor peaks seen at 
slightly higher energy. The simultaneous appearance of both L- and K-series 
emission lines clearly confirms the coexistence of Cu and Zn elements in the 
synthesized material.

Importantly, no additional impurity peaks were detected in the spectrum, 
indicating the high purity of the obtained nanocomposite. These results 
confirm the successful formation of the CuO/ZnO nanostructured composite 
and the effective incorporation of both CuO and ZnO phases.
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Figure 4: EDS spectrum of biosynthesized CuO/ZnO NCs using Ensete 
ventricosum leaf extract, indicating the elemental composition of the 
prepared material.

The approximate quantitative elemental composition obtained from EDS 
analysis is summarized below in Table 2:

Table 2: Elemental composition of CuO/ZnO nanocomposites obtained from 
EDS analysis.

Element Weight (%) Atomic (%)
Cu ~32–38 ~18–22
Zn ~28–35 ~15–20
O ~30–40 ~60–65
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The quantitative results further support the presence and proper distribution 
of Cu, Zn, and O elements in the nanocomposite, consistent with the 
formation of CuO/ZnO heterostructures.

Optical Properties (UV–Vis)

To evaluate the optical behavior of CuO, ZnO, and CuO/ZnO NCs, their UV–
Visible absorption spectra were presented.

The band absorption of ZnO is indicated by a prominent peak at 354 nm for 
pure ZnO nanoparticles, which is in close agreement with Ref. [43], reported 
at 350 nm. Using the Tauc plot, the estimated optical energy of the band gap 
for ZnO was determined to be 3.28 eV, which is in close agreement with a 
recently published paper [44]. CuO NPs displayed an optical band gap of 1.55 
eV and a wider absorption band that extended into the visible spectrum with 
a distinctive absorption edge at 570 nm. This absorption of visible light is 
explained by CuO narrow band gap.

In comparison to pure ZnO, the CuO/ZnO NCs showed a red shift toward 
longer wavelengths (~421 nm) as shown in Figure 5. The UV–Vis absorption 
peak at 421 nm indicates a red shift relative to many literature reports, 
suggesting enhanced visible light absorption due to the formation of a 
CuO/ZnO heterojunction (Table 5) [45].

The band gap energy of the CuO/ZnO nanocomposites was estimated using 
the Tauc plot by extrapolating the linear portion of the (αhν)2 versus hν curve 
to the energy axis. The nanocomposite's calculated band gap energy was 
lowered to roughly 3.25 eV (Figure 6), indicating that a CuO–ZnO 
heterojunction had formed, which is consistent with the band gap reduction 
reported by Amnah Al‑Yunus et al. in CuO–NiO nanocomposites synthesized 
[46]. Strong interfacial contact and efficient charge transfer between CuO 
and ZnO are responsible for the band gap narrowing. The CuO/ZnO NCs have 
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greater visible light absorption and decreased band gap, enabling better 
electron–hole separation, which is essential for the production of ROS and 
contributes to the observed increased antibacterial and antioxidant 
properties [47].

The presence of phytochemical compounds from Ensete ventricosum extract 
may also contribute to improved nanoparticle stability, dispersion, and 
surface reactivity, further enhancing the optical and biological performance 
of the nanocomposites.

Figure 5: UV–Vis spectra of ZnO NPs, CuO NPs, and CuO/ZnO NCs 
synthesized using Enset (Ensete ventricosum) leaf extract, indicating the 
optical properties and successful formation of the NCs.
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Figure 6: Tauc plot of (αhν)2 versus hν of the CuO/ZnO NCs synthesized 
using Enset (Ensete ventricosum) leaf extract.

Antimicrobial Activity

The antibacterial efficacy of the synthesized ZnO, CuO, and CuO/ZnO NCs 
was systematically evaluated using the disk diffusion assay against Gram-
positive S. aureus and Gram-negative E. coli to assess their broad-spectrum 
antimicrobial activity (Figure 7). The CuO/ZnO nanocomposites (NCs) 
produced the largest inhibition zones, ranging from 19 to 22.64 mm, 
indicating superior antibacterial efficiency against both tested bacterial 
strains.
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Figure 7: Comparative antibacterial activity of ZnO NPs, CuO NPs, and 
CuO/ZnO NCs synthesized using Enset (Ensete ventricosum) extract based 
on the measured zone of inhibition.

Table 3: Antibacterial activity of CuO/ZnO NCs evaluated by disk diffusion 
method and minimum inhibitory concentration (MIC) against S. aureus and 
E. coli. The results are expressed as mean inhibition zone diameter (mm ± 
SD, n = 3) and MIC values (µg/mL).

Sample S. aureus 
(mm)

E. coli 
(mm)

MIC (S. 
aureus) 
µg/mL

MIC (E. coli 
) µg/mL

CuO/ZnO 
NCs

22.64  ± 0.30 19.21 ± 0.41 41 48

The disk diffusion results showed larger inhibition zones against Gram-
positive Staphylococcus aureus (22.64 mm) compared to Gram-negative E. 
coli (19.21 mm) (Figure 7), which is consistent with the MIC results, where 
S. aureus exhibited a lower MIC value (41 µg/mL) than E. coli (48 µg/mL), 
indicating higher susceptibility of Gram-positive bacteria (Table 2). The 
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combined results from both methods indicate a consistent antibacterial trend, 
confirming higher susceptibility of Gram-positive bacteria. The thicker 
peptidoglycan layer in Gram-positive bacteria is more susceptible to 
nanoparticle-induced damage, whereas the outer membrane of Gram-
negative bacteria provides an additional barrier

Furthermore, the antibacterial performance of the CuO/ZnO NCs was higher 
than that reported for Cu-doped ZnO NCs (16–18 mm) synthesized by 
Natsanet Woldesenbet Rayya et al [48], highlighting the enhanced efficacy of 
the present system. In addition, the synthesized NCs show superior inhibition 
zones, outperforming several previously reported materials (Table 5) [12]. 
This improvement can be attributed to several synergistic mechanisms. First, 
the formation of a heterojunction between CuO and ZnO facilitates efficient 
charge transfer, leading to enhanced generation of reactive oxygen species 
(ROS). These ROS induce oxidative stress in bacterial cells, resulting in 
damage to cellular components such as lipids, proteins, and DNA, ultimately 
causing cell death [49].

In addition, the relatively small particle size and high surface-to-volume ratio 
of the nanocomposites increase the contact area between the nanoparticles 
and bacterial membranes [50]. This promotes stronger interaction with the 
cell surface and facilitates easier penetration into the bacterial cell wall, 
leading to membrane disruption and leakage of intracellular contents [51]. 
The combined effects of ROS generation, membrane disruption, and 
structural susceptibility make the CuO/ZnO NCs highly effective antibacterial 
agents. One-way ANOVA revealed significant differences in antibacterial 
activity among the tested samples (p < 0.05).

Antibacterial Mechanism

The antibacterial activity of CuO/ZnO nanocomposites may be attributed to 
several mechanisms commonly reported for metal oxide nanomaterials [52]. 
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These include the generation of reactive oxygen species (ROS), which can 
induce oxidative stress and damage cellular components, and the possible 
release of Cu²⁺ and Zn²⁺ ions, which may disrupt membrane integrity and 
inhibit essential enzymatic functions. In addition, the CuO–ZnO 
heterojunction may enhance charge separation, potentially increasing ROS 
production, while direct contact between nanoparticles and bacterial cells 
may further contribute to membrane damage. However, these mechanisms 
are proposed based on previous literature and were not directly investigated 
in this study; therefore, the antibacterial effect is likely due to combined 
physicochemical interactions [53-55].

Antioxidant Assay

The antioxidant activity of CuO, ZnO, and CuO/ZnO NCs was assessed by 
using the DPPH. A dose-dependent antioxidant response was indicated by the 
gradual increase in scavenging activity with increasing concentration (25–
200 µg/mL) as shown in Table 4.

Table 4: DPPH radical scavenging activity of CuO/ZnO NCs at different 
concentrations

Concentration 
(µg/mL)

Mean % Inhibition ± SD 
(n = 3)

25 18.33 ± 0.58
50 27.67 ± 0.58
75 32.17 ± 0.76
100 47.53 ± 0.50
125 56.13 ± 0.23
150 65.93 ± 0.90
175 71.77 ± 0.25
200 80.53 ± 0.50

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Values are expressed as mean ± SD (n = 3). Different superscript letters 
indicate statistically significant differences among concentrations according 
to one-way ANOVA (p < 0.05).

The DPPH radical scavenging activity of the CuO/ZnO nanocomposites 
increased progressively with increasing concentration, reaching a maximum 
inhibition of 80.53 ± 0.50% at 200 µg/mL. Statistical analysis using one-way 
ANOVA revealed significant differences among the tested concentrations (p 
< 0.05), confirming the concentration-dependent antioxidant activity of the 
synthesized nanocomposites. The IC₅₀ value was calculated using linear 
interpolation between the two nearest concentrations surrounding 50% 
inhibition between 100 µg/mL and 125 µg/mL as shown in Equation 4.

IC₅₀ = C1 + (50 - I1)
(I2 - I1)  × (C2 - C1)………………………Equation 4

IC₅₀ = 100 + (50 - 47.53)
(56.13 - 47.53) × (125 - 100)

IC₅₀ =107.18 μg/mL

The IC₅₀ value of the CuO/ZnO NCs was determined to be 107.18 µg/mL using 
linear interpolation between concentrations exhibiting 47.53% and 56.13% 
inhibition (Figure 8).
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Figure 8: DPPH radical scavenging activity of CuO/ZnO NCs at different 
concentrations (mean ± SD, n = 3). The results demonstrate a concentration-
dependent increase in radical scavenging activity. The IC₅₀ value was 
estimated to be 107.18 µg/mL.

The CuO/ZnO NCs have the lowest IC₅₀ (≈107.18 µg/mL) compared with CuO 
NPs (≈150.21 µg/mL) and ZnO NPs (≈179.95 µg/mL), indicating their higher 
radical scavenging activity (Figure 9), which was due to: functional groups of 
surface phytochemicals, concentration-dependent behavior, and context-
dependent redox behavior. Bioactive phytochemicals are present on the 
surface of NCs through the application of Enset leaf extract during green 
synthesis.

In terms of the antioxidant activity (IC₅₀ = 107.18 µg/mL), the synthesized 
NCs show strong free radical scavenging ability, which is comparable to or 
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slightly lower than some chemically synthesized counterparts but remains 
significant considering the environmentally friendly synthesis route (Table 5).

By donating hydrogen or electrons, these functional groups act as a factor for 
neutralization of DPPH radicals [56]. Scavenging efficiency is increased by 
the electron-rich interface, which encourages effective electron donation to 
DPPH radicals. One-way ANOVA showed significant differences in 
antioxidant activity among the tested samples (p < 0.05).

Figure 9: DPPH radical scavenging activity (%) of ZnO, CuO, and CuO/ZnO 
NCs at different concentrations.

To better evaluate the effectiveness of the synthesized nanocomposites, a 
comparative analysis with previously reported studies is essential. Table 5 
summarizes the structural, optical, antibacterial, and antioxidant properties 
of CuO/ZnO nanocomposites reported in the literature alongside the present 
work.
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Table 5: Comparison of structural, optical, antibacterial, and antioxidant 
properties of CuO/ZnO nanocomposites with literature reports

Study Synthe
sis 

Method

UV–Vis 
Absorpt

ion 
(nm)

Cryst
allite 
Size 
(nm)

Antibacterial 
Activity 

(mm) (S. 
aureus/E. 

coli)

IC₅₀ 
(µg/
mL)

Key Remarks

This work Green 
synthesi

s

421 24.5 22.64/19.21 107 Enhanced 
antibacterial and 
antioxidant activity 
due to CuO/ZnO 
heterojunction

Negash et 
al., 2021

Sol–gel 
synthesi

s

~380–
420

16–30 18–24 / 15–22 Not 
repor
ted

Strong antibacterial 
activity due to ROS 
generation and 
CuO/ZnO synergy

[57]

Tariq et al 
(2019) 

Microbial 
Pathogenesi

s

Co-
precipit

ation 
method

~370–
410

20–35 16–23 / 14–20 Not 
repor
ted

Improved 
antibacterial 
performance 
compared to pure 
CuO and ZnO due to 
structural defects

[38]

Madara et 
al (2024) 
Scientific 
Reports

Hydroth
ermal 

synthesi
s

~400–
430

15–28 20–26 / 18–24 Not 
repor
ted

Surface modification 
enhances 
antibacterial activity 
and stability

[39]

Ahmed 
Nafia et al 

(2026) 
Scientific 
Reports

green 
synthesi

s

~405–
420

18–32 21–27 / 17–23 Not 
repor
ted

Strong activity 
against MDR 
bacteria due to 
heterojunction-
induced ROS 
production

[58]

Ali et al. 
2024) 

Heliyon

Chemic
al/comb
ustion

~380–
400

~24.9 ~15–18 / ~14–
16

~85–
95

Comparable 
crystallite size; 

[40]

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



slightly stronger 
antioxidant activity

Zhang et al. 
(2025) 
MDPI 

Catalysts

Green 
synthesi

s

~358 5–45 Strong 
(qualitative)

Not 
repor
ted

A smaller band gap 
improves 
photocatalytic 
activity

[21]

Table 5 compares the structural, optical, antibacterial, and antioxidant 
properties of the synthesized CuO/ZnO nanocomposites with those reported 
in previous studies.

Overall, the results confirm that the green synthesis strategy not only 
provides an eco-friendly alternative but also yields CuO/ZnO nanocomposites 
with competitive or enhanced structural and functional properties, making 
them promising candidates for biomedical and environmental applications.

Structure Property Relationship

The produced CuO/ZnO NCs, which improved antioxidant and antibacterial 
properties, are closely linked to their structural features. A comparatively 
tiny crystallite size was found by XRD examination, which raises the surface 
area and surface-to-volume ratio [59]. The CuO–ZnO heterojunction interface 
and surface functionalization from Enset leaf phytochemicals improve the 
NCs functional qualities. The reported biological activities are largely 
determined by these combined structural properties.

The number of active surface sites accessible for interaction is greatly 
increased by the smaller crystallite size. By increasing interaction between 
NPs and bacterial cells, a larger surface-to-volume ratio promotes membrane 
breakdown and increases antibacterial efficiency [60]. In antioxidant tests, 
the larger surface area simultaneously allows for more interaction with free 
radicals. As a result, both ROS-mediated antibacterial activity and electron 
transfer-based antioxidant performance are improved in the NCs system [61].
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During green synthesis, the Enset leaf extract serves a number of essential 
functions. It serves as a size-controlling agent that controls crystal growth, a 
stabilizing (capping) agent that inhibits particle aggregation, and a reducing 
agent during nanoparticle formation. Functional groups like hydroxyl and 
carbonyl groups are added to the surface of the NPs by the phytochemicals 
in the extract [62]. By promoting electron donation and stabilizing reactive 
species, these surface-bound biomolecules improve the material's capacity to 
scavenge radicals and hence greatly increase its antioxidant efficacy [63]. 
Additionally, a heterojunction formed by the CuO–ZnO contact enhances 
charge separation inside the composite structure. This heterostructure 
increases the production of reactive oxygen species while decreasing 
electron-hole recombination. By causing oxidative stress in microbial cells, 
the increased generation of ROS enhances antibacterial activity [58, 59]. 
Therefore, the formation of the CuO–ZnO heterojunction establishes a direct 
link between structural engineering and enhanced biological activity, 
demonstrating a clear structure–property relationship in the synthesized NCs 
[66].

Conclusion

In this study, Ensete ventricosum (Enset) leaf extract was successfully used 
as a natural reducing and stabilizing agent for the green synthesis of 
CuO/ZnO binary metal oxide nanocomposites in an eco-friendly and 
sustainable manner. The phytochemical-assisted synthesis enabled 
controlled nucleation and growth, producing well-crystallized nanostructures 
with uniform distribution. Structural and optical analyses (XRD, FTIR, SEM, 
and UV–Vis) confirmed the formation of a CuO/ZnO heterojunction and 
effective surface functionalization by plant-derived biomolecules.

The CuO/ZnO nanocomposites exhibited significantly enhanced antibacterial 
activity compared to individual oxides, with inhibition zones of 22.64 mm 
against Gram-positive Staphylococcus aureus and 19.21 mm against Gram-
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negative Escherichia coli. This improvement is attributed to synergistic 
effects, including reactive oxygen species (ROS) generation, efficient charge 
separation at the CuO/ZnO interface, and enhanced membrane interactions.

In addition, antioxidant evaluation using the DPPH assay showed IC₅₀ values 
of approximately 180 µg/mL (ZnO NPs), 150 µg/mL (CuO NPs), and 107.18 
µg/mL for CuO/ZnO nanocomposites, confirming superior antioxidant 
performance of the composite. The structure–property relationship suggests 
that reduced crystallite size, high surface area, phytochemical capping, and 
heterojunction formation collectively govern the enhanced biological activity.

Overall, this work demonstrates a scalable, cost-effective, and 
environmentally friendly approach for producing multifunctional CuO/ZnO 
nanocomposites with improved antibacterial and antioxidant properties. The 
findings provide a strong foundation for the development of sustainable 
nanomaterials for environmental remediation and biomedical applications.
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