Biointerface Research in Applied Chemistry

Open-Access Journal (ISSN: 2069-5837)
Article
Volume 14, Issue 3, 2024, 59

https://doi.org/10.33263/BRIAC143.059

ZnO-CuO Nanocomposite Synthesized by Co-
precipitation: Characterization and Antibacterial
Properties

Swapnali B. Dhage !, Parvindar M. Sah ?, Jaya Lakkakula %, Rajesh W. Raut 2@ Yuvraj S. Malghe 1,
Arpita Roy ", Devvret Verma 5, Kirtanjot Kaur ©

L Department of Chemistry, The Institute of Science, 15, Madam Cama Road, Dr. Homi Bhabha State University, 400032,
Mumbai
2 Department of Botany, The Institute of Science, 15, Madam Cama Road, Dr. Homi Bhabha State University, 400032,
Mumbai
3 Centre for Computational Biology and Translational Research, Amity Institute of Biotechnology, Amity University
Maharashtra Mumbai-Pune Expressway, Bhatan, Panvel, Mumbai, Maharashtra, 410206, India
4 Department of Biotechnology, Sharda School of Engineering & Technology, Sharda University, Greater Noida, India
5 Department of Biotechnology, Graphic Era Deemed to be University, Dehradun, Uttarakhand 248002, India
6. University Centre for Research & Development, Department of Chemistry, Chandigarh University, Gharuan, Mohali,
Punjab, India
*  Correspondence: rajesh.w.raut@gmail.com(R.W.R.), ymalghe@yahoo.com(Y.S.M.), arbt2014@gmail.com_(A.R.);
Scopus Author ID 26327121200
Received: 7.08.2023; Accepted: 20.12.2023; Published: 4.02.2024

Abstract In this study, a nanocomposite was prepared using a co-precipitation method. TG-DTA, X-
ray diffraction (XRD), Scanning electron micrograph (SEM-EDX), Fourier transform infrared
spectroscopy (FTIR), Nanoparticle tracking analyzer (NTA), and UV-visible spectrometer analysis
were used to characterize the as-prepared nanocomposite. From the XRD study, ZnO shows a hexagonal
wurtzite structure, whereas CuO shows a monoclinic structure. UV-visible spectra indicate that a
3.20eV bandgap exists for the ZnO-CuO nanocomposite. The antibacterial activity of ZnO-CuO
nanocomposite was evaluated using the Agar disk-diffusion method against Staphylococcus aureus
(NCTC-8325), Staphylococcus epidermidis (ATCC-12228) (Gram-positive), Salmonella typhi (CT18),
and Escherichia coli (ATCC-27853) (Gram-negative). A ZnO-CuO nanocomposite demonstrated
effective antibacterial activity against the studied bacteria.

Keywords: ZnO-CuO nanocomposite; co-precipitation method; optical measurement; characterization;
antibacterial study.
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1. Introduction

Nanotechnology, with its diverse properties, finds applications across various research
domains, encompassing optical, mechanical, and electrical fields. The intricacies of
nanotechnology are influenced by factors such as composition, size, and structural order,
making it a versatile tool in various sectors. Beyond their role in energy production and
efficiency, nanotechnology and nanoscience contribute significantly to agriculture, food
industries, cosmetics, automotive technologies, medical advancements, drug development,
computing, and household appliances [1]

Metal and metal oxide nanoparticles, including TiO2 [2], ZnO [3], CuO [4], Ag [5],
SnO: [6], and Fe203 [7], have been investigated for their antimicrobial properties against both
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gram-positive and gram-negative strains [8]. Although these nanomaterials exhibit
antibacterial activity individually, their effectiveness can be further heightened through
synergistic interactions. Additionally, the photodynamic behavior of nanocomposites plays a
pivotal role in augmenting antibacterial properties [1].

Nanocomposites, characterized by narrow size distributions and inherent non-
dispersive, non-aggregative, and non-agglomerative qualities, are well-suited for various
commercial applications [9]. Notably, ZnO, a typical n-type semiconductor with a direct
bandgap of 3.24eV [10], and CuO, a p-type semiconductor with a bandgap of 1.4eV [11], offer
unique semiconductor properties. The strategic combination of p-CuO and n-ZnO in
heterojunctions leverages the advantages of p-n junctions [12]. This coupling in ZnO-CuO
nanocomposites substantially reduces the electron-hole pair recombination rate, facilitating
effective charge carrier separation and transforming it into a visible light-active material [13].
Such properties suggest a potential for higher photodynamic antibacterial activities in ZnO-
CuO nanocomposites.

This study details a method for developing ZnO-CuO nanocomposites through co-
precipitation. Employing the Agar disk-diffusion method [13], we systematically examined the
antibacterial efficacy of ZnO-CuO nanocomposites against Staphylococcus aureus (NCTC-
8325), Staphylococcus epidermidis (ATCC-12228), Salmonella typhi (CT18), and Escherichia
coli (ATCC-27853). The nanocomposites, prepared and annealed, underwent a comprehensive
characterization utilizing diverse techniques, ensuring a thorough understanding of their
structural and functional attributes.

2. Materials and Methods

2.1. Sample preparation.

Zn0O-CuO composites were prepared using the co-precipitation method. 0.1M ZnCl;
dry solution was slowly added to 0.1M CuCl,.2H,0 solution while stirring constantly. The pH
of the solution was maintained at 12 by adding NaOH. As-prepared nanocomposites were
washed several times with deionized water and filtered through Whatman filter paper No. 41
to obtain ZnO-CuO composite precipitate. The precipitate was dried at 80°C for four hours.
After preparing the composite, they were calcined at 600°C, 700°C, and 800°C for 3 hours.

2.2. Characterization.

TG-DTA curves of ZnO-CuO nanocomposites were recorded using the TG/DTA
system (Rigaku, model Thermo Plus TG8120). An X-ray diffractometer (Rigaku, Model-
Miniflex I1) was used to record the XRD using monochromatic CuKa radiation (k =
0.15405nm) at a scan rate of 2 degrees 20 min™*. The Perkin-Elmer spectrometer was used to
record FTIR spectra. NTA LM20 nanoparticle tracking analyzer system (Nanosight Limited,
Amesbury, UK) was used to measure particle size. Shimadzu (Model-1900i) recorded the UV—
visible absorbance spectrum. Using SEM (JEOL-JSM6360A), the ZnO-CuO nanocomposite
microstructure was analyzed.

2.3. Antibacterial activity.

The antimicrobial potential of the ZnO-CuO composite was investigated against both
gram-negative bacteria, including Salmonella typhi (CT18) and Escherichia coli (ATCC-
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27853), as well as gram-positive bacteria, namely Staphylococcus aureus (NCTC-8325) and
Staphylococcus epidermidis (ATCC-12228). The Agar disk-diffusion method, a widely
recognized technique for evaluating antimicrobial activity, was employed for this study [14].

To initiate the experiments, a 24-hour culture of the aforementioned microorganisms
was prepared in nutrient broth. Subsequently, 50ul of the microbial inoculum was evenly
spread onto each sterile Petri dish using a spreader within the laminar airflow chamber during
the agar plate culture experiments. The turbidity standard utilized for the microbial culture was
set at 0.5 McFarland, equivalent to 1-2 x 108CFU/ml [15]. Four ZnO-CuO composite discs (6
mm in diameter) were prepared for the antimicrobial assay, each containing varying
concentrations of the composite material (5mg/ml, 10mg/ml, 15mg/ml, and 20mg/ml).
Additionally, a standard antibiotic disk containing ampicillin (positive control) was included
in the setup. These discs were carefully placed on the surface of the inoculated nutrient broth
agar plate using sterile forceps, ensuring complete contact with the agar surface. The plates
were then incubated at 37°C.

After incubation, an examination of the plates revealed the presence of inhibition zones
around each disc. The size of these inhibition zones served as an indicator of the efficacy of
the ZnO-CuO composite against the tested microorganisms. Each disc's effectiveness was
evaluated by measuring the diameter of the inhibition zone surrounding it. This methodology
allowed for a comprehensive assessment of the antimicrobial activity of the ZnO-CuO
composite across different concentrations, providing valuable insights into its potential as an
effective agent against both gram-negative and gram-positive bacteria. The inclusion of a
standard antibiotic control further facilitated the comparison of the composite's performance,
contributing to a robust evaluation of its antimicrobial efficacy.

3. Results and Discussion

3.1. TG and DTA study.

The TG-DTA analysis was performed to determine the ZnO-CuO nanocomposite's
calcination temperature and weight loss. Figure 1 depicts the TG and DTA curves of the ZnO-
CuO nanocomposite as prepared under nitrogen at a heating rate of 10°C min*. Continuous
weight loss was observed up to 560°C on the TG curve. There was no weight loss beyond
600°C. 19% of the weight was lost when heated up to 560°C. Two endothermic peaks were
observed on the DTA curve, one at 180°C due to water loss and a second at 290°C due to
inorganic material loss. TG and DTA curves indicate that ZnO-CuO nanocomposite can be
formed around 600°C. Therefore, the prepared powders were calcined at 600°C for 3 hours to
obtain the final product.
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Figure 1. TG and DTA curves of a precursor.
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3.2. XRD study.

XRD patterns for all the samples are almost identical, with intense peaks indicating the
crystallinity of the materials. XRD peaks appeared at 20 values of 31.90, 34.50, 36.45, 47.50,
56.71, 62.89, 66.25, 67.97, and 69.27, corresponding to the ZnO crystal planes (100), (002),
(101), (102), (021), (103), (200), (112), (201) respectively. Similarly, XRD peaks appeared at
26 values of 35.57, 38.83, 48.80, 58.55, and 61.69, corresponding to CuO crystal planes (-111),
(111), (-202), (202), (-113), respectively. All diffraction peaks were in good agreement with
the hexagonal wurtzite phase of ZnO (JCPDS No. 36-1451) [16] and Monoclinic CuO (JCPDS
No. 48-1548) structure [17]. Figure 2 exhibits XRD patterns of ZnO-CuO nanocomposite
annealed at 600°C, 700°C, and 800°C for 3 h in the scan range from 200 to 800.
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Figure 2. XRD pattern of the nanocomposite.

3.3. FT-IR study.

The FTIR spectrum of ZnO-CuO nanocomposite is shown in Figure 3. The ZnO-CuO
nanocomposite exhibited sharp and well-defined peaks at 432.05, 471.36, 524.64, 542.86,
594.06, 1483.26, and 3318 cm™. The peaks at 432.05cm™ and 471.36cm™ may correspond to
Zn-0O stretching vibration bonds [18]. A Cu-O vibration may be responsible for the absorption
peaks at 524.64 cm™ and 594.06 cm™ [19]. The vibration modes of Zn-O bonds may cause the
vibration peak at 1438.26 cm™. The -OH moisture group in the sample is likely responsible for
the small absorption peak at 3318 cm™.
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Figure 3. FT-IR spectra of the nanocomposite.

3.4. UV-visible study.

ZnO exhibits distinct n-type semiconductor characteristics, characterized by a direct
bandgap of 3.24eV [10], while CuO functions as a p-type semiconductor with a bandgap of
1.4eV [11]. The intentional amalgamation of p-CuO and n-ZnO in heterojunctions strategically
leverages the intrinsic advantages of p-n junctions [12]. This synergistic integration within
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Zn0O-CuO nanocomposites substantially mitigates the rate of electron-hole pair recombination.
Consequently, this process facilitates the efficient separation of charge carriers, transforming
the nanocomposite into a material highly responsive to visible light [13].

The formation of the nanocomposite, coupled with the existence of surface-related
defects in the nanoparticles, results in a broad absorption spectrum. This phenomenon
significantly influences optical parameters, including the complex refractive index and
absorption coefficient, thereby enhancing the nanomaterial's properties. The inset of the Tauc
plot of the ZnO-CuO nanocomposite is presented for reference. Tauc plots were employed to
ascertain the bandgap of the ZnO-CuO nanocomposite, which was determined to be 3.2 eV
[20]. The introduction of CuO induces a redshift in the bandgap of ZnO. Figure 4 visually
depicts the UV-visible absorbance spectrum of the ZnO-CuO nanocomposite after heat
treatment at 600°C.
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Figure 4. UV-Visible absorbance spectra of nanocomposite.
3.5. SEM and EDX study.

The application of scanning electron microscopy (SEM) played a pivotal role in
unraveling the intricacies of the Cu-Zn material properties, particularly when subjected to a
calcination process at 600°C, as elucidated in Figure 6. The SEM images provided unequivocal
evidence that ZnO and CuO manifest heterogeneously, forming a distinctive nanocomposite
structure. At this elevated temperature, ZnO nanoparticles intricately intertwine with CuO
nanoparticles, creating a composite material with unique morphological characteristics.

In the realm of elemental composition analysis, SEMs offer a powerful tool when
coupled with energy-dispersive X-ray (EDX) spectroscopy. Figure 5 showcases the ZnO-CuO
nanocomposite's EDX pattern, revealing insights into the elemental constituents. The spectrum
exhibits sharp peaks corresponding to Zinc, Copper, and Oxygen. Remarkably, no other peaks
are discernible within the detection limit, affirming the exclusive composition of the
synthesized materials, consisting solely of Zinc, Copper, and Oxygen.

Furthermore, the quantitative elemental analysis derived from the EDX data provides a
detailed breakdown of the nanocomposite's composition. The ZnO-CuO nanocomposite, as
revealed by the EDX pattern, boasts a zinc content of 37.38%, a copper content of 41.89%, and
an oxygen content of 20.73%. This thorough elemental breakdown not only underscores the
accuracy and precision of SEM-EDX analysis but also provides valuable information about the
stoichiometry of the synthesized nanocomposite.

Beyond surface composition, the SEM-EDX approach also facilitates a depth analysis,
unraveling the spatial distribution of elements within the nanocomposite structure. This depth
profiling is particularly advantageous in discerning the intricate interplay and distribution of
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Zinc, Copper, and Oxygen throughout the material, shedding light on the homogeneity and
structural integrity of the synthesized Cu-Zn nanocomposite.

In essence, the integration of SEM imaging with EDX analysis validates the
heterogeneous formation of ZnO and CuO within the nanocomposite and offers a
comprehensive understanding of its elemental composition and distribution. This robust
analytical approach stands as a cornerstone in unraveling the material intricacies and guiding
the optimization of Cu-Zn nanocomposites for various applications.

Element Wt %
Zn K 37.38
CuK 41.89
OK 20.73
Total 100.00

Energy (KeV)

Figure 5. EDX analysis of the nanocomposite.

Figure 6. SEM image of the nanocomposite.

3.6. Particle size distribution study.

The determination of particle size distribution for ZnO-CuO powder involved
employing nanoparticle tracking analysis (NTA). The nanomaterial was dispersed in distilled
water and subjected to one minute sonication to ensure proper suspension. The particle size
distribution for ZnO-CuO precursors, following a three-hour calcination process at 600°C, is
depicted in Figure 7. According to the nanoparticle tracking analysis conducted in our study,
ZnO-CuO at 600°C exhibits an average particle size of 51nm. The particle size distribution
curve illustrates that the maximum number of particles in this nanomaterial cluster is around
51nm in size. This precise characterization through NTA provides valuable insights into the
size distribution and dispersity of ZnO-CuO nanoparticles, essential considerations for
understanding their behavior and potential applications in various fields.
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Figure 7. Particle size distribution curve for nanocomposite.

3.7. Antibacterial activity.

Exploring antibacterial agents combating bacterial resistance has become a focal point
in research and development. Figure 8 illustrates the antibacterial efficacy of ZnO-CuO
nanocomposite materials against Salmonella typhi (CT18), Escherichia coli (ATCC-27853)
(Gram-negative), and Staphylococcus aureus (NCTC-8325), as well as Staphylococcus
epidermidis (ATCC-12228) (Gram-positive).

(€} S - Typhs

Figure 8. Antimicrobial activity of CuO-ZnO nanocomposite against (a) Staphylococcus aureus; (b)
Staphylococcus epidermidis; (c) Salmonella typhi; (d) Escherichia coli.

The study discerned a notable increase in the zone of inhibition at higher concentrations
of the nanocomposite colloid. Tiwari et al. [21]observed that exposure of bacteria to ZnO
nanoparticles led to the production of reactive oxygen species (ROS), causing membrane lipid
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peroxidation and subsequent leakage of sugars, proteins, and DNA across the membrane,
ultimately resulting in bacterial death. Likewise, Meghana et al. [22] proposed that the
antibacterial effect of CuO nanoparticles was attributed to ROS generation. Tariq et al. [23]
highlighted the superior antibacterial activity of ZnO-CuO nanocomposite compared to pristine
Zn0. They suggested that oxidative stress, induced by the electron transfer pathway and ROS,
was responsible for the biocidal activity. Notably, in the current investigation, the
nanocomposite exhibited enhanced antibacterial activity against Gram-positive bacteria
compared to Gram-negative bacteria.

The band gap analysis in this study indicates a lower electron-hole pair recombination
rate and higher defect density [23], rendering the ZnO-CuO nanocomposite a visible light-
active material. This phenomenon plays a crucial role in the observed antibacterial activity of
the nanocomposite.

Table 1. The measurement of the zone of inhibition for antibacterial strains.

Bacterial Strains Ampicillin |  zC5 | zC10 | ZC15 ZC20
Zone of Inhibition (ZOI) in mm
S. aureus (NCTC-8325) 17 10 12 14 15
S. epidermidis (ATCC-12228) 50 10 11 12 13
S. typhi (CT18) 23 7 9 11 12
E. coli (ATCC-27853) 9 8 10 12 14

4. Conclusions

Co-precipitation was used in this study to prepare a nanocomposite. ZnO-CuO
nanocomposites were obtained. The composite nanoparticles were measured to be 51 nm in
size. The ZnO component of the composite displays a hexagonal wurtzite structure, whereas
the CuO component exhibits a monoclinic structure. Flakes and rods make up the morphology
of the nanocomposite. The percentage concentration of Zn, Cu, and O in the nanocomposite
was 37.38, 41.89, and 20.73, respectively. The bandgap was determined to be 3.20eV,
suggesting a low electron-hole pair recombination rate. Also, the defect density was higher,
which makes the material a visible light active material. Consequently, the nanocomposite has
better antibacterial properties. A 20% concentration of nanocomposite showed maximum
activity against gram-positive bacteria.
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