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ARTICLE INFO ABSTRACT
Article history: In this study, an environmentally-friendly method was employed to synthesize ZnO/CuO
Received 1 July 2023 nanocomposites using berberis vulgaris extract, resulting in ZnO/CuO@BVE NCs. The
Received in revised form 10 August 2023 structure and properties of the ZnO/CuO@BVE NCs were characterized using various
25‘;?&{32‘ ;glﬁl“eg;;t /\2[?23t 2023 analytical techniques including XRD, UV-DRS, FESEM, FT-IR, EDAX, and TEM. UV-DRS
gus results highlighted a bandgap energy reduction from 3.11 eV to 2.93 eV due to CuO
Keywords: integration with ZnO. TEM images confirmed the nanocomposite size to be between
Green synthesis 35-50 nm. To evaluate the photocatalytic effectiveness of the biosynthesized nanocom-
Cu0 posites, rhodamine b (RhB) was used as a representative contaminant. We thoroughly
Zn0O investigated the influence of multiple variables such as dye concentration, nanocatalyst
Ant?bacter ial amount, light source, and pH on the photocatalytic degradation of RhB. Under optimized
Antifungal conditions (0.15 g/L nanocatalyst, pH 11, UV light, and 3 ppm pollutant concentra-

Photocatalyst tion), a remarkable 97.3% RhB degradation efficiency was achieved. Additionally, the

antibacterial properties of the ZnO/CuO@BVE NCs were tested against six ATCC strains.
Notably, they exhibited strong antibacterial action, especially against K. pneumoniae and
P. aeruginosa, with a minimum inhibitory concentration (MIC) as low as 62.5 pg/mL.
Furthermore, the nanocomposites demonstrated significant antifungal activity against C.
albicans with an MIC of 31.2 wg/mL. This research emphasizes the potential applications

of ZnO/CuO@BVE NCs in environmental remediation and medical fields.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the contemporary era, the depletion of water resources underscores the critical significance of addressing a wide
spectrum of environmental contaminants. The contamination of water bodies by organic pollutants poses a significant
threat to the viability of aquatic ecosystems while also elevating the risk of cancer in human populations. Diverse
industries including plastic, paper, leather, and textiles utilize an extensive array of over a hundred thousand distinct dye
variants (Abdussalam-Mohammed et al., 2020; Wang et al., 2011). Recent findings underscore that the global production of
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assorted organic dyes exceeds 700,000 tons, catering to various applications, yet a substantial portion of their byproducts
are released into the environment without proper treatment protocols. The apprehension surrounding the presence of
an extensive assortment of hazardous organic pollutants, often with uncertain concentrations, within water sources has
gained substantial traction. These intricate organic compounds exhibit remarkable persistence in aquatic environments
due to their complex and protracted molecular structures (Hu et al., 1987). Among these deleterious substances,
Rhodamine B stands out as a noteworthy cationic dye, notorious for its adverse impacts on both the environment and
living organisms (Sadeghi et al., 2020).

Multiple techniques, including chemical precipitation and surface absorption, have been employed to mitigate the
presence of contaminants in water sources, driven by the adverse impact of heavy metals and chemical toxins on
the ecosystem (Bader et al., 2018; Chong et al, 2010; Sun et al, 2016). Among these strategies, the application of
photocatalysts stands out as a prevalent approach for remediating water environments (Huang et al., 2011). Photocatalysis,
serving as a potent tool, facilitates the transformation of hazardous waste materials, particularly organic compounds, into
less harmful entities (Baldez et al., 2008). Consequently, the utilization of photocatalytic processes for the extraction of
waste materials has gained widespread acceptance and utility. In recent years, nanotechnology has played a pivotal role
in addressing environmental challenges. Numerous scientists have engineered diverse nanomaterials and examined their
impact on various pollutants. Several of these nanomaterials have exhibited remarkable efficacy in mitigating pollutants.
Among these pioneering substances are Ag (Hashemi et al., 2022), Au (Roya Alizadeh et al., 2023), Bi,S3-TiO, (Sarentuya
et al.,, 2023), Zn0-Ag (Fouladi-Fard et al., 2022), rGO-NiO/CdO (Ceril Jeoffrey et al., 2023), and MnFe,04/BiOI (Golrizkhatami
et al., 2023).

Zinc oxide (ZnO) stands as an inorganic compound with semiconductor properties, commonly employed as a photo-
catalyst across diverse industries due to its environmental compatibility. Earlier studies have showcased the exceptional
photocatalytic activity exhibited by zinc oxide nanoparticles. Furthermore, recent research has illuminated that coating
of zinc oxide nanostructures with another appropriate semiconductor materials can engender composite material with
properties superior to those of pure zinc oxide (Khan et al., 2011; Li and Haneda, 2003; Zeng et al., 2013). Notably,
copper oxide (CuO) emerges as a particularly suitable semiconductor for enhancing photocatalytic efficiency, owing to
its remarkable functional attributes in comparison to other semiconductors. CuO, functioning as a p-type semiconductor,
possesses a crystalline structure and maintains a band gap of 1.2 eV at room temperature. Exploiting its elevated
optical absorption coefficient, alongside high electrical and thermal conductivity, positions copper oxide as an exemplary
candidate for diverse applications (Filipi¢ and Cvelbar, 2012). The fabrication of copper oxide has been realized through
multiple approaches, including precipitation, sol-gel, and thermal evaporation techniques (Huang et al., 2004; Lillo-Ramiro
et al., 2021; Parekh et al., 2021). The amalgamation of ZnO with a semiconductor like CuO engenders the creation of a p-n
junction. This junction not only amplifies photon absorption but also significantly enhances photocatalytic performance
beyond what can be achieved by the individual zinc oxide or copper oxide compounds alone (Senthil Kumar et al., 2017;
Zhu et al., 2018).

Barberry, a plant native to Europe and Asia and notably found in Iran’s South Khorasan Province, has been utilized in
traditional medicine due to its various components such as roots, leaves, and fruits. It is renowned for its antioxidant, anti-
inflammatory, anti-tumor, and antibacterial properties (Hoshyar et al., 2016; Imenshahidi and Hosseinzadeh, 2016). This
plant has historical applications in treating conditions like jaundice, cholecystitis, leishmaniasis, kidney stones, malaria,
dysentery, and gallstones (Anzabi, 2018). The plant contains significant chemical compounds, including berbamine, palma-
tine, and berberine alkaloids, known for their notable regenerative capabilities (Srivastava et al., 2015). Furthermore, other
compounds such as glucoside, stigmasterol, lupeol terpenoids, and oleanolic acid contribute to its chemical composition.
An intriguing aspect of barberry is its potential as a natural masking agent (Hermenean et al., 2012). This property makes
it a promising alternative to chemical surfactants, aiding in achieving consistent and uniform compositions. In the context
of this study, the focus shifts to utilizing barberry as a masking agent in the synthesis of ZnO/CuO@BVE NCs. This choice
aligns with environmental concerns, replacing potentially harmful chemical agents with a locally sourced, eco-friendly
solution from the South Khorasan province.

This study marks the inaugural utilization of Berberis vulgaris extract in the production process of CuO-doped ZnO.
The synthesized nanoparticles underwent a series of analyses encompassing FESEM, XRD, FT-IR, TEM, and EDAX. The
photocatalytic degradation efficiency of the ZnO/CuO@BVE NCs was evaluated for the purpose of rhodamine B removal.
Furthermore, the antifungal and antibacterial efficacies of the ZnO/CuO@BVE NCs were assessed. This research introduces
several novel aspects, enhancing its significance and impact: (i) Eco-Friendly Synthesis Approach: A distinctive aspect is
the adoption of an environmentally conscious and cost-effective method for producing ZnO/CuO@BVE NCs. This departure
from conventional synthesis methods contributes to sustainability and resource efficiency. (ii) Native Coating Agent:
The utilization of Barberry vulgaris extract sourced from the South Khorasan province of Iran as a natural coating agent
represents an innovative approach. This organic agent facilitates the creation of consistent and uniform nanocomposites,
highlighting the potential of local resources in advanced material development. (iii) Broad-Spectrum Antibacterial Efficacy:
The research showcases notable antibacterial activity against both Gram-positive and Gram-negative strains. This balanced
efficacy against diverse bacterial types underscores the potential applicability of the synthesized nanocomposites in
various antibacterial applications. (iv) Efficiency Optimization: By meticulously studying the impact of various parameters
such as pH, nanocatalyst dose, and pollutant dose, the research offers a comprehensive understanding of factors influ-
encing pollutant degradation efficiency. This optimization approach enhances the practical utility of the nanocomposites
in real-world applications. (v) Enhanced Pollutant Degradation: The remarkable efficiency demonstrated in degrading
Rhodamine B, a prevalent pollutant, underscores the practical significance of the synthesized nanocomposites. This
impressive degradation performance indicates their potential in addressing pollution-related challenges.
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2. Experimental
2.1. Chemical used

Zn(NO3),.6H,0, sodium dodecyl benzene sulfonate (SDBS), Cu(NOs),.6H,0 and rhodamine B were purchase from Sigma
Aldrich Company. For antibacterial and antifungal activities, six standard strains were applied. These included three
species of Gram-positive and three Gram-negative bacteria. Candida albicans (C. albicans) was used to investigate antifungal
activity

2.2. Preparation of berberis vulgaris extract

The extraction process was carried out using Shirzadi and colleagues method with a minor modification (Shirzadi-
Ahodashti et al., 2021). Initially, a specimen of Berberis vulgaris was collected from Birjand, located in South Khorasan
province. The sample was then identified and confirmed by a plant systematics expert. Next, 30 grams of the plant were
ground using a grinder and turned into a powder. Following this, the plant powder was soaked in a methanol solution
for 72 h. After this period, the mixture was filtered, and the solvent was removed using a rotary machine.

2.3. Zinc oxide

Pure ZnO NPs were fabricated using a precipitation route. For a standard experiment, 2 g of zinc salt was dissolved in
30 ml of distilled at 50 °C. Subsequently, 0.9 g of SDBS (with a molar ratio of Zn to SDBS as 1:1) was added to a solution
of distilled water (20 ml), and this mixture was then introduced into the previous solution while vigorously stirring.
The pH of the reaction was adjusted to 12(using 25% w/w NH; The resulting milky precipitate was separated through
centrifugation, washed multiple times, and then dried. The obtained precipitate was subjected to calcination at 500 °C
for 3 h.

2.4. ZnO/Cu0 nanocomposites

To synthesize the ZnO/CuO@BVE NCs, the previous method was utilized with certain modification (Meena et al., 2021).
Initially, 1 g of the pure ZnO NPs prepared in the previous step was dispersed in 30 ml of distilled water under ultrasonic
conditions for 30 min. Following this, 1.9 g of copper nitrate salt was dissolved in 15 ml of distilled water. Gradually, 8 ml
of berberis vulgaris extract was gradually added to the copper solution. The resulting mixture was then slowly introduced
into the dispersed ZnO solution. NaOH was added to the solution to achieve a pH of 12. The resulting precipitate was
washed three times, subjected to centrifugation (to remove any residual reactants), and then dried for 24 h. Finally, the
precipitate was calcined at 450 °C for 3 h (Shokraiyan et al., 2021).

2.5. Photocatalytic decomposition

To investigate the photocatalytic performance of ZnO/CuO@BVE NCs, experiments were conducted using both UV
and sunlight irradiations. Organic dye with a concentration of 10 mg/l was dissolved in 200 ml of distilled water. A
specific amount of the prepared nanocomposites was dissolved in a designated volume of water and added to the
rhodamine b solution, ensuring proper dispersion. The solution was then incubated for 30 min before being exposed
to UV-400 light irradiation. Samples were taken at specific time intervals during the reaction, and the concentration of
the pollutant was measured at approximately 540 nm. To determine the optimal conditions for degrading rhodamine
b, an experimental design was implemented by varying key factors. These factors included pH levels (ranging from 3
to 11), dye concentration (3, 5, and 10 ppm), light sources (UV and sunlight), and catalyst dosage (0.05, 0.1, 0.15, and
0.2 g/1). By adjusting these parameters, the ideal conditions for achieving the highest decomposition of rhodamine b
could be identified. The percentage of pollutant decomposition was determined using Eq. (1): D (%) = (Co - C¢)/Co *
100 (Eq. (1)), where Cy represents the initial absorption and C; is the absorption at a given time t. The kinetics of the
catalytic decomposition of rhodamine b was tested, with a focus on the Langmuir-Hinshelwood model (Eq. (2)) which
is commonly used for photocatalytic reactions (Ollis, 2018). The model involves the reaction rate (r) being equal to the
product of the rate constant of the photocatalytic process (k) and the pollutant concentration (C), divided by the sum of
one and the absorption rate constant (K). At low concentrations, the value of KC is insignificant in comparison to one
(KC<1), indicating that the reaction rate is of the first order (Eq. (3)).

_ dc B kKC (1)
dt — 1+KC
C
—Ln <C—O> = Kappt (2)

Where C is the initial concentration of the organic pollutant, t is the time and K,p, is the apparent speed constant.
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2.6. Antifungal and antibacterial activity

The research aimed to assess the effectiveness of the synthesized ZnO/CuO@BVE NCs against six bacterial strains
and one type of fungus. To compare the effects of the synthesized nanoparticles with antibiotics and antifungal drugs,
ceftriaxone and amphotericin B were employed. For the experimental setup, various concentrations of ZnO/CuO@BVE
NCs (2000, 1000, 500, 125, 62.5, and 31.25 pg/mL), along with amphotericin B and ceftriaxone, were added to sterile
microplate wells. To achieve the McFarland standard of 0.5, a specific volume of Muller Hinton Broth (MHB) culture
medium containing a microbial suspension was introduced to the wells. Both positive control and negative control wells
were designated. After 24 h, the turbidity of the wells was assessed to determine the minimum inhibitory concentration
(MIC). To ensure robust and reliable results, the entire procedure was repeated thrice, ensuring the validity of the findings.

2.7. Characterization

X-ray diffraction (XRD) analysis was conducted using a Philips PW 1800 instrument with monochromatic Cu Ko
radiation (A = 1.54 A). The shape of the nanomaterials was characterized through field emission scanning electron
microscope (FESEM) using a Zeiss-EM10C-100 KV instrument, as well as transmission electron microscopy (TEM) with
a Zeiss-EM10C-100 KV instrument. Zeta potential and size distribution values of the samples were determined using
dynamic light scattering (DLS) via a NanoBrook 90Plus instrument (model 18051) from Brookhaven. The Fourier transform
infrared (FT-IR) spectra were acquired using a PerkinElmer Spectrum TwoTM spectrometer (Model L160000U) in a KBr

pellet configuration, covering the wavelength range of 400-4000 cm™!.

3. Results and discussion
3.1. XRD, FT-IR and TEM

The crystalline and structural characteristics of both pure ZnO and ZnO/CuO@BVE NCs, synthesized through biological
process were analyzed with XRD pattern, as shown in Fig. 1a. The XRD analysis revealed reflection peaks corresponding to
crystallographic planes (100), (002), (101), (102), (110), (103), (112), (201), and (004) for pure ZnO nanoparticles, which
were observed at 26 angles of 32.15°, 34.39°, 36.44°, 47.51°, 56.73°, 63.36°, 48.05°, 69.15°, and 78.33° respectively. This
pattern indicated a hexagonal wurtzite crystal structure for the pure ZnO nanoparticles, consistent with the JCPDS card
number 01-080-0075. The XRD pattern obtained from the ZnO nanoparticles was in agreement with the findings reported
by Zaimbashi et al.(Zaimbashi et al., 2022). In their study, Zaimbashi and his colleagues also utilized hydrothermal route for
the fabrication of ZnO NPs. The XRD pattern of the ZnO/CuO NCs, synthesized using berberis vulgaris extract, is illustrated in
Fig. 1a. Upon deposition of CuO onto the surfaces of ZnO nanoparticles, four additional diffraction peaks emerged at 35.17°,
38.79°, 48.15°, 67.42°, and 72.91°, corresponding to the (—111), (111), (—202), (220), and (311) planes of CuO (JCPDS card
number 01-080-1268), respectively. The appearance of these diffraction peaks associated with CuO confirms the successful
synthesis of ZnO/CuO@BVE NCs. Amna Igbal et al. employed a green chemistry approach to synthesize copper oxide
nanoparticles. Their result was matched with our study results (Nagajyothi et al., 2017). The XRD pattern prominently
reveals that the zinc oxide peaks exhibit greater intensity, indicating higher abundance and enhanced crystallinity of zinc
oxide nanoparticles within the ZnO/CuO@BVE NCs framework. Correspondingly, due to their lower prevalence (CuO) on
the zinc oxide nanoparticles, the copper oxide nanoparticles’ intensity in the XRD pattern remains comparatively subdued.
Our findings align with the outcomes reported by Cao et al. who synthesized ZnO-CuO nanoparticles employing Sambucus
nigra L. extract (Cao et al.,, 2021). The XRD pattern obtained from the synthesized ZnO/CuO@BVE NCs corresponds well
with the findings in their study. The size of the synthesized nanocomposites through biological process was determined
using the Debye-Scherrer equation (Khormali et al,, 2021). Applying this equation, the size of the pure ZnO NPs and
ZnO/CuO@BVE NCs was calculated to be 27 nm and 46 nm, respectively.

To determine the functional groups and their characteristic peak values, FTIR analysis was employed to identify the
synthesis of ZnO NPs and ZnO/CuO@BVE NCs. The spectra obtained from this analysis are depicted in Fig. 1b. The FTIR
spectra of pure ZnO nanoparticles exhibit O-H stretch vibrations, C-H vibrations, and a metal-oxygen (Zn-0) band at 3412,
2963, and 608 cm™!, respectively (Nguyen et al., 2020). Additionally, copper oxide nanoparticles display three distinctive
absorption bands at 596 and 617 cm™! (Jafarirad et al., 2016; Jayaprakash et al., 2015). A band at 3408 cm™! corresponds
to the hydroxyl stretching mode vibration. The FT-IR analysis of ZnO/CuO@BVE NCs unveils characteristic IR absorption
bands associated with both ZnO and CuO materials. These findings confirm the successful formation of zinc-oxygen and
copper-oxygen bonds in the ZnO/CuO@BVE NCs. The deposition of copper oxide onto zinc oxide leads to a reduction in
the IR absorption bands in the range of 1000-4000 cm™! for the as-prepared ZnO/CuO@BVE NCs (Lv et al., 2021).

TEM and HR-TEM analysis were employed for a more precise determination the size and shape of the synthesized
nanocomposites. Fig. 1c and d illustrate TEM images of ZnO and ZnO/CuO@BVE NCs, respectively. From the images, it is
evident that the shape of ZnO nanoparticles is primarily spherical, with some particles having a slightly oval appearance.
Moreover, the prevailing morphology for this composition is spherical. The size of the ZnO NPs measured about 20-30 nm.
The TEM image of ZnO/CuO@BVE NCs displays particles with oval morphologies, where copper oxide nanoparticles are
situated on ZnO NPs. The presence of zinc oxide nanoparticles attached to copper oxide particles is clearly discernible
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Fig. 1. (a) XRD pattern, (b) FT-IR analysis, TEM images of ZnO (c) and ZnO/CuO@BVE NCs (d), and HR-TEM image of ZnO/CuO@BVE NCs (e).
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Fig. 2. FESEM image of (a), EDAX spectrum (b), and elemental mapping (c and d) of ZnO NPs.

in the ZnO/CuO@BVE NCs (as shown in Fig. 1e). The ZnO/CuO nanocomposites exhibit particles of varying sizes that
are distinctly distinguishable in the TEM image. The average sizes of the particles ranged between 35 and 50 nm. The
divergence in morphology of these particles compared to ZnO nanoparticles could be attributed to several factors, one
of which is the difference in electronegativity between Zn** and Cu?* ions (Jan et al.,, 2019). By analyzing the specifics
presented in Fig. 1e, we can observe zinc oxide nanoparticles exhibiting a crystal plane orientation of (101) and a lattice
spacing measuring 0.241 nm. Additionally, adjacent to these, copper oxide nanoparticles are positioned on the zinc
oxide nanoparticles, characterized by a crystal plane orientation of (111) and a lattice spacing measuring 0.236 nm. The
lattice spacing measurements for both of these compounds as observed in the HR-TEM spectrum align coherently with
the interfacial spacing values depicted in their XRD pattern. Importantly, it should be highlighted that the existence of
imperfections along the edges may arise from interplay among coupled phenomena (Thatikayala and Min, 2021).

3.2, FESEM and EDAX analysis

FESEM was employed to examine the shape and size of the synthesized samples. Figs. 2 and 3 illustrate the FESEM
and EDAX micrographs of the pure ZnO NPs and ZnO/CuO@BVE NCs, respectively. Upon closer examination of the images,
it becomes apparent that the pure zinc oxide nanoparticles exhibit a quasi-spherical morphology, remarkable uniformity,
and a size of approximately 20-40 nm. However, following the deposition of copper oxide onto the surface of zinc oxide,
variations in the compositions uniformity become evident, along with instances of adhesion in specific regions. In Fig. 3a
and b, FESEM images show semi-spheroidal nanoparticles with irregular morphology, indicating that the ZnO/CuO@BVE
NCs lack a specific morphology. EDAX analysis was employed to study the elemental composition of the surfaces of
ZnO (as shown in Fig. 2b) and ZnO/CuO@BVE NCs (as depicted in Fig. 3c). The results reveal the presence of only Zn
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Fig. 3. FESEM images (a and b), EDAX spectrum (c), and elemental mapping (d-f) of ZnO/CuO@BVE NCs.
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Fig. 4. UV-Vis DRS of ZnO NPs and ZnO/CuO@BVE NCs.

and O elements in the pure ZnO nanoparticles, with no impurities. Similarly, the corresponding EDAX spectrum of the
ZnO/CuO@BVE NCs confirms the presence of oxygen, zinc, and copper elements. The outcomes of the EDAX analysis are
consistent with the research findings of Kumari and her colleagues (Kumari et al., 2020). Furthermore, Khandaker and
his research team successfully produced nanoparticles composed of copper oxide and zinc oxide through the utilization
of Coriandrum sativum extract. EDAX analysis revealed prominent signals corresponding to oxygen, zinc, and copper
elements, prominently appearing within the energy range of 1 to 8-10 KeV (Basit et al., 2023). Hence, our findings align
entirely with the outcomes documented by previous investigators in this field.

3.3. Optical properties

UV-Vis spectra were utilized to investigate the optical properties of the prepared pure ZnO nanoparticles and
ZnO/CuO@BVE NCs. These spectra are displayed in Fig. 4. The UV-Vis analysis revealed a strong absorption peak at
386 nm for pure ZnO, while in the ZnO/CuO@BVE NCs, an absorption band was observed at 392 nm. The maximum
absorption wavelength of the ZnO/CuO@BVE NCs was red-shifted comparison to pure ZnO. This shift can be attributed
to the integration of CuO, as well as increased surface defects and oxygen vacancies (Meena et al.,, 2021). Tauc plots
were employed to determine the bandgap of pure ZnO and, ZnO/CuO@BVE NCs, and the results are illustrated in Fig. 4
(Javadmoosavi et al.,, 2023). The energy band gap was calculated as 3.11 eV for ZnO and 2.93 eV for ZnO/CuO@BVE NCs.
This indicates that ZnO/CuO@BVE NCs have the capability to absorb both UV and visible light, making them promising
candidates for solar-driven photocatalytic applications. The obtained energy gap value of 2.93 eV was consistent with the
values reported for ZnO/CuO@BVE NCs in previous studies. For instance, Singh et al. reported an Eg of 3.16 eV for CuO
nanoparticles modified ZnO (Singh and Soni, 2020). Variations in particle size and distribution, induced by the influence
of quantum confinement, can account for alterations in the band gap energy of nanomaterials. Moreover, shifts in the
optical band gap energy are attributed to additional factors such as structural anomalies within layers and modifications
occurring at the interfaces of zinc oxide and copper oxide grains. The outcomes of our optical bandgap measurements for
ZnO/CuO@BVE NCs are consistent with those reported by Maru et al. (2023).
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Table 1
Antibacterial potential of the synthesized ZnO/CuO@BVE NCs against various bacteria.
Bacterial Extract ZnO/CuO@BVE NCs
MIC (pg/mL) MIC (pg/mL) MBC (pg/mL)
S. aureus ATCC 29213 >4000 500 1000
S. epidermidis ATCC 12228 >4000 125 500
E. faecalis ATCC 29212 >4000 250 500
E. coli ATCC 25922 >4000 125 500
P. aeruginosa ATCC27853 >4000 62.5 250
K. pneumoniae ATCC 9997 >4000 62.5 125
Table 2
Antifungal activity of ZnO/CuO@BVE NCs.
Fungus Zn0/CuO@BVE NCs
MIC (pg/mL) MEFC (ug/mL)
C. albicans ATCC 10231 31.2 125

3.4. Antibacterial and antifungal activities

Tables 1 and 2 present the outcomes of antibacterial and antifungal investigations using B. vulgaris extract and
ZnO/CuO@BVE NCs, respectively. Based on the antibacterial findings, ZnO/CuO@BVE NCs exhibited outstanding antibacte-
rial effectiveness, showing a stronger impact on Gram-negative bacteria compared to Gram-positive bacteria. The study
revealed high antibacterial performance against P. aeruginosa and K. pneumonia (MIC = 62.5 pg/mL). On the other
hand, S. aureus (MIC = 500 pg/mL) and E. faecalis (MIC = 250 g/mL) demonstrated the lowest antibacterial efficacy.
Nanomaterials have the potential to penetrate the bacterial membrane more effectively and kill them due to the thinner
layer surrounding Gram-negative bacteria and the presence of a lipopolysaccharide layer surrounding their membrane
(Behravan et al,, 2019). The results of the study indicated that ZnO/CuO@BVE NCs are more efficient against C. albicans
compared to bacteria. The results can be explained by the distinction between eukaryotic fungi and prokaryotic bacteria
(Marulasiddeshwara et al., 2017). The antibacterial mechanism of nanomaterials is not yet fully understood. Nanomaterials
shape and size are generally associated with their antibacterial activity. Fig. S1 illustrates the proposed mechanism of
antibacterial activity. When nanomaterials are smaller, they possess a larger surface area to their volume, increasing
the likelihood of them attaching to the microorganism and causing an effect (Soleimani et al., 2018). Due to their small
size, nanomaterials can penetrate bacteria and interfere with their functions by attaching to functional domains of vital
proteins and binding to nucleic acids. Furthermore, they can induce oxidative stress in microorganisms and modify the
activity of crucial microbial proteins. As these disruptions accumulate in microorganisms, their membrane function and
permeability may be altered, ultimately leading to their destruction (Dangi et al., 2020). Because copper ions are highly
reactive and possess significant bactericidal capabilities, the incorporation of copper oxide into zinc oxide composites
results in the most potent antibacterial impact, primarily driven by the liberation of copper ions. Notably, antibacterial
efficacy is heightened when the crystal size is reduced. This correlation arises from the fact that the ionic radius of copper
ions is smaller than that of zinc ions, contributing to enhanced antibacterial activity (Liau and Huang, 2017).

3.5. Photocatalytic activity

Rhodamine B was utilized as a contaminant to assess the photocatalytic efficiency of the synthesized nanocomposites
under UV light exposure. Past studies (Javadmoosavi et al., 2023) have demonstrated that the degradation of pollutants
can be influenced by various factors, such as pH, nanocatalyst dosage, and exposure time. Thus, this study investigated
the effects of pH, nanocatalyst dosage, light source, and pollutant concentration on the degradation of rhodamine B.

3.5.1. Effect of pH

The experiment involved adjusting the pH of the pollutant solution to examine the impact of pH values (3, 5, 7, 9, and
11) on the degradation of rhodamine B (Fig. 5a). The concentration of the contaminant solution used in the experiment was
5 ppm, and the nanocatalyst dosage (ZnO/CuO@BVE NCs) was set at 0.1 g/L. The reaction was conducted under UV light
irradiation, and the pH was adjusted using solutions of NaOH and HCI. The results revealed that the highest absorption
percentage was 25.05% when the pH was set to 3, following a 30-minute period of darkness. Moreover, the results showed
an increase in the percentage of rhodamine B decomposition from 59.42% at pH 3 to 66.94% at pH 5. The degradation
process of rhodamine B ceased at pH 7, resulting in the lowest percentage of pollutant degradation (58.5%). However, the
degradation efficiency improved as the pH increased from 3 to 11, reaching the highest absorption percentage at pH 11
(74.94%). With an increase in pH, the concentration of OH ions rises, leading to a higher generation of OH radicals. Hydroxyl
radicals are known for their high reactivity, effectively breaking down pollutants and thus yielding greater degradation
efficiency at higher pH levels (Byrappa et al., 2006; Jain and Shrivastava, 2008). Consequently, the optimal pH for pollutant
degradation was identified as 11. In pH 3, the HO; can form H,0,, leading to the creation of the hydroxyl radical. As pH
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Fig. 5. Effect of pH (a), initial nanocatalyst concentration (b), dye solution concentration (c), various irradiations (d), and various nanocatalyst (e)
on degradation of rhodamine b.

deviates from 7, whether increasing or decreasing, the reaction rate escalates due to the initiation of the decomposition
reaction by formed OH radicals. Wilhelm and Stephan reported that in the absence of nanocomposite, the photocatalytic
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decomposition mechanism of rhodamine B follows these reactions (Wilhelm and Stephan, 2007):

RhB + hv — RhB* (3)
RhB* + 0, — RhB™ + 05 (4)
0,- +H* — OOH (5)
RhB™ — Rh — Product (6)

3.5.2. Influence of nanocatalyst dosage

To investigate the influence of ZnO/CuO@BVE NCs dose on the removal rate rhodamine B, varying amounts of the
absorbent (ranging from 0.05 to 0.2 g/L) were introduced to the rhodamine B solution (Fig. 5b). The results from the
spectrophotometer indicated that the optimal removal occurred at a ZnO/CuO@BVE NCs dose of 0.15 g/L, achieving a
removal percentage of 85.14%. However, when the nanocomposite dose was increased to 0.2 g/L, the decomposition of
rhodamine B dropped to 71.22%, denoting a removal rate lower than that seen with the optimal dose of 0.15 g/L. The
decline in decomposition efficiency can be attributed to the heightened concentration of the nanocomposite, culminating
in increased turbidity. This, in turn, reduces the light’s ability to penetrate the solution, leading to a diminished efficiency
in photocatalytic degradation. Light is dispersed and fails to adequately penetrate the solution’s depth, leading to fewer
activated sites (Pouretedal et al., 2009). The outcomes of this research resonate with the findings presented by Khodadadi
et al. (2018). The results demonstrated that as the dose of the nanocatalyst increased, the count of active sites on the
nanocatalyst surface also amplified, leading to an accelerated rate of pollutant decomposition. This observation was
paralleled in the research conducted by Xiaoqing Chen. An escalation in the nanocatalyst quantity resulted in an increased
number of active sites on its surface, further leading to a surge in radical formation (Chen et al., 2017). However, it is also
noteworthy that with an increase in the dose of nanocatalysts, these compounds tend to agglomerate, thereby restricting
photons from accessing the active sites of the materials.

3.5.3. Influence of dye solution

To investigate the influence of dye concentration on the removal of rhodamine B dye using ZnO/CuO@BVE NCs,
solutions were prepared with pollutant concentrations of 10 ppm, 5 ppm, and 3 ppm were prepared (Fig. 5c). The
adsorbent dose was held constant at 0.15 gr/l, and the pH was adjusted to 11. The results revealed that the efficiency
of rhodamine B decomposition decreased with increasing dye concentration. The highest percentage was observed at
a concentration of 3 ppm, while the removal percentages at 5 ppm and 10 ppm were lower. Specifically, the removal
percentages were 97.3% at 3 ppm, 90.13% at 5 ppm, and 83.62% at 10 ppm dye concentration. Similar outcomes were
obtained in the study conducted by K. Byrappa and colleagues (Byrappa et al., 2006). The active surface of the catalyst
plays a crucial role in the degradation reaction, as an increase in the initial amount of rhodamine B dye resulted in
reduced performance. At a higher concentrations, the path length of photons entering the solution shortened, leading to
negligible photocatalytic degradation (Byrappa et al., 2006). It is possible that the occupation of active sites by rhodamine
B molecules at high concentrations could reduce decomposition efficiency. This limitation could restrict the number of
available active sites for the reaction, resulting in fewer reactions and reduced efficiency. Similar findings were observed
in the study by Chen et al. (2017). The rate of color removal decreased at higher concentrations.

3.5.4. Effect of light source

In the previous step, we determined the optimal parameters for pH, catalyst dosage, and dye solution. In this stage,
we investigated the effects of different light sources, specifically UV and sunlight, on the decomposition of rhodamine B
(Fig. 5d). It is widely recognized that the degradation of the contaminant in the absence of any light source (in darkness)
was negligible, with only a 3.38% degradation observed. Therefore, these results can be disregarded. Under UV irradiation,
the decomposition of rhodamine B using ZnO/CuO@BVE NCs reached 97.3% within 120 min. Furthermore, we examined
the decomposition of rhodamine b in sunlight conditions, which demonstrated approximately 81.7% photodegradation.
This increase in the photocatalytic degradation efficiency of pollutants by ZnO/CuO@BVE NCs can be attributed to their
low energy gap and enhanced absorption of visible light.

3.5.5. Comparison of efficiency of pure ZnO NPs and ZnO/CuO@BVE NCs

To compare the efficiency between pure ZnO NPs and ZnO/CuO@BVE NCs, we examined the role of copper oxide in
the degradation of the rhodamine B pollutant (Fig. 5e). The optimal degradation conditions were determined for zinc
oxide nanoparticles, which included a pH of 11, dye solution concentration of 3 ppm, and nanocatalyst dosage of 0.15
g/L. The data showed that zinc oxide nanoparticles achieved a degradation rate of 89.5% for the rhodamine B pollutant
after 120 min. A comparative evaluation suggests that the inclusion of copper oxide nanoparticles in ZnO/CuO@BVE NCs
markedly improved the pollutant degradation efficiency.
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3.5.6. Photocatalytic degradation mechanism

Multiple steps and processes contribute to the subsequent decomposition mechanism, as depicted in Fig. S2. (Chang
et al., 2013). The band structure and charge transfer process of ZnO/CuO@BVE NCs play a crucial role in the photocatalytic
decomposition. Under UV light exposure, ZnO absorbs photons, generating photo-induced electron-hole pairs. Electrons
are excited to the conduction band, while positive holes form in ZnO valence band. Dissolved oxygen adsorbed onto the
ZnO surface facilitates electron reactions with oxygen, resulting in the formation of superoxide radicals (02 ~). These
highly reactive superoxide radicals contribute to RhB molecule degradation. In the band structure of ZnO/CuO@BVE NCs,
the energy levels of ZnO and CuO allow the direct transfer of photo-induced holes from ZnO to CuO. This hole transfer
minimizes electron-hole pair recombination, ensuring efficient utilization of the photo-induced charges. Photo-induced
holes in ZnO are employed to oxidize hydroxide ions (OH™) into hydroxyl radicals ("OH), potent oxidizing species. These
hydroxyl radicals drive the continuous degradation of RhB molecules into simpler organic compounds. The degradation
advances as reactive oxidation species, including superoxide radicals and hydroxyl radicals, consistently react with dye
molecules, breaking down complex dye molecules into smaller organic fragments. Ultimately, these degradation products
are transformed into environmentally benign carbon dioxide (CO,) and water (H,0). The effective charge transfer between
ZnO and CuO in ZnO/CuO@BVE NCs critically enhances the photocatalytic degradation process. Direct hole transfer from
ZnO to CuO curbs charge recombination, enabling sustained photocatalytic activity and efficient RhB degradation.

4. Conclusion

Zn0/CuO nanocomposites were synthesized using berberis vulgaris extract. The resulting ZnO/CuO@BVE NCs exhibited a
spherical shape. Notably, these nanocomposites demonstrated remarkable photocatalytic activity, achieving a degradation
rate of 97.3% for rhodamine B dye within a 120 min. Moreover, the ZnO/CuO@BVE NCs displayed potent antifungal
and antibacterial performance against six types of microorganisms. These distinctive characteristics of the synthesized
nanocomposites underscore their cost-effective synthesis method, efficacy as photocatalysts, and potential applications
in pharmaceutical wastewater treatment, as well as their utility as antifungal and antibacterial agents.
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