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ABSTRACT

The bimetallic CuO/Cu,O-ZnO nanocomposites (NCs) were synthesized using
Ipomoea carnea leaf extract. The Cu and Zn were mixed in ratios of 90:10, 80:20,
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31 May 2023 70:30, and 60:40, and the mixture was heated under controlled microwave
conditions (2.45 GHz and 700 W). Various spectroscopic techniques were used
© The Author(s), under to characterize the synthesized samples. The XRD patterns confirmed crys-

tallinity, and the size of the synthesized CuO/Cu,0-ZnO NCs was estimated to
be in the range of 7-24 nm. SEM images showed well-defined star, spherical,
and flower-like shapes, while TEM analysis revealed the size of the NCs to be
between 8-50 nm. The presence of elemental and organic compositions was
confirmed by EDX and FTIR analysis. The energy band gaps ranged between
1.47-2.9 eV, while the stability of the CuO/Cu,0O-ZnO NCs was found to be in
the range of — 15.7 to — 26.9 mV based on zeta potential values. XPS analysis
confirmed the purity of the synthesized materials. Antibacterial activity against
human pathogens, Staphylococcus aureus, Escherichia coli, and Bacillus subtilis, was
demonstrated using the well diffusion method. Additionally, the 90:10 CuO/
Cuy0-ZnO NCs exhibited high photocatalytic degradation efficiency for methyl
orange (96.45%) and methylene blue (98.96%) dyes within 45 min. However, the
maximum antioxidant activity (99.77%) was observed in the case of 60:40 CuO/
Cu,0-ZnO NCs.
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nanoparticles, transition metal oxide nanoparticles
are essential for various applications such as photo-

1 Introduction

The biosynthesis of nanoparticles plays a unique role
in maintaining financial growth while reducing eco-
logical loads, using phytochemicals or living organ-
isms from plant resources [1, 2]. Among

catalysis, antioxidation, and antibacterial activities
[3]. While physical and chemical methods are
expensive, toxic, and harmful to both human health
and the environment, research has been conducted
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Scheme 1 The schematic
diagram for the synthesis of
CuO/Cu,0-ZnO
nanocomposites
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for the last three decades to develop new techniques
to cope with these issues. Indeed, green synthesis
provides a good alternative route to synthesize
nanoparticles, particularly for biological and phar-
maceutical uses.

Metal oxide nanoparticles are useful in various
applications such as sensors, photocatalysts, UV
protection, drug carriers, cosmetics, antioxidant, and
antibacterial agents due to their unique properties
[4, 5]. Zinc oxide (ZnO) is a n-type semiconductor
with a wide bandgap of ~ 3.3 eV, high exciton
binding energy of ~ 60 meV, wurtzite crystal struc-
ture, and piezoelectric properties [6-8]. Copper oxide
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(CuO) is another commonly used p-type semicon-
ductor with a low energy bandgap of ~ 1.2 eV,
monoclinic structure, excellent chemical stability,
environmental friendliness, and anti-inflammatory
and antibacterial activities [9-11]. This semiconductor
material has been mainly applied in photo-electro-
chemical water reduction, gas sensing, catalytic
activity, solar hydrogen production, photo-degrada-
tion reactions, and photovoltaic applications [12, 13].
Recently, copper oxide (CuO) and zinc oxide (ZnO)
have gained significant interest in scientific research
and have varied scopes in modern life due to their
unique and promising properties.
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Fig. 2 The XRD patterns of the a 90:10, b 80:20, ¢ 70:30, and d 60:40 CuO/Cu,0-ZnO nanocomposites

Table 1 Structural

parameters, D, d, & and ¢ of CuO/Cu,0-ZnO Crystallite size Interplanar Spacing Dislocation density Strain (¢)

various synthesized CuO/ (D) (nm) @ (A (3) (om™?)

C€u20-Zn0 nanocomposites 90:10 7 0.2431 0.0205 0.0155
80:20 7 0.2397 0.0187 0.0150
70:30 7 0.2392 0.0200 0.0156
60:40 24 0.2393 0.0017 0.0046

NCs are important materials in nanotechnology
that have attracted great attention due to their unique
properties, which are not found in conventional
composites. Metal oxide nanocomposites have been
identified as appropriate alternatives to overcome the
limitations of nanoparticle agglomeration [14, 15].
Specifically, transition metal oxide nanocomposites,
such as CuO and ZnO, have received significant
attention in scientific research due to their exclusive
properties. One primary disadvantage of nanoparti-
cles is their small size, which limits their use in a

wide range of applications due to agglomeration that
decreases their surface area, activity, and efficiency.
Researchers have developed a variety of metal oxide
nanocomposites to increase surface area and improve
the photocatalytic, antibacterial, antifungal, and
antioxidant properties of the materials [16-19]. Dif-
ferent methods have been developed to prepare the
distinct metal oxide nanocomposites, including
microwave-irradiation, sol-gel, chemical vapor
deposition, co-precipitation, and mechanical alloying.
Among them, the microwave-irradiation in
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Fig. 3 SEM images and their corresponding EDX spectra of a, b 90:10, ¢, d 80:20, e, f 70:30, and g, h 60:40 CuO/Cu,0-ZnO
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Fig. 4 TEM images of a 90:10, b 80:20, ¢ 70:30 and d 60:40 of CuO/Cu,0-ZnO nanocomposites, and their corresponding particles size
distribution
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combination with the green method is a simple, cost-
effective, and convenient method for the synthesis of
nanomaterials [20, 21]. The researchers have been
synthesized Cu,0/CuO-ZnO NCs in Alchornea
cordifolia leaf extract by using hydrothermal method
[22] and ZnO/CuO NCs in Mentha longifolia leaf
extract through microwave assisted method for
anticancer and antibacterial activities [23].

Ipomoea carnea is a plant species belonging to the
Genus Ipomoea, commonly called as the pink
morning glory. The various parts of the plant are
being widely used for their antibacterial, antifungal,
antioxidant, anticancer, and anti-inflammatory
properties. Ipomoea carnea possesses polyphenols and

0.75

90:10 Cu/ZnO

0.70 (a)

0.65
0.60 <
0.55 <

0.50 4

Absorbance

0.45 4

0.40 4

0.35 -

0.30

Absorbance

Wavelength(nm)

T T T T T
200 400 600 800 1000 1200

70:30 Cu/ZnO

0.70 - (C)

0.68 -

0.66 -

Absorbance

0.64 <

0.62 -

0.60

Wavelength(nm)

) L} L} L
400 600 800 1000 1200

] Mater Sci: Mater Electron (2023) 34:1255

alkaloids that can be used as reducing and stabilizing
agents during the synthesis of nanoparticles [24]. The
antimicrobial properties of nanoparticles synthesized
by using Ipomoea carnea are well established, and
several researchers have proposed a mechanism of
inhibition [25, 26].

In this study, for the first time, the Ipomoea carnea
leaf extract has been explored to synthesize CuO/
CuyO-ZnO NCs at different ratios of precursors,
[Cu(CH3CO0),-H,O]  and  [Zn(CH3COO),-2H,0]
under microwave-irradiation. Furthermore, the
microwave-assisted green method will prove to be an
innovative technique to explore the antioxidant,

114 (b 80:20 Cw/ZnO

1.0 4

0.9 -

0.8 -

0.7 -

0.6 -

0.5 -

0.4 <

0.3 -

J ) 1 L) U
200 400 600 800 1000 1200
Wavelength(nm)
15
(d) 60:40 Cu/ZnO

14 4

1.3 4
g
= 124
<
=
§ 11
= 19
4

1.0 4

0.9 4

08 L L] L L} L

200 400 600 800 1000 1200

Wavelength (nm)

Fig. 5 UV-Visible spectra of a 90:10, b 80:20, ¢ 70:30 and d 60:40 of CuO/Cu,0-ZnO nanocomposites
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Fig. 6 The band gap values (Tauc plots) of a 90:10, b 80:20, ¢ 70:30 and d 60:40 CuO/Cu,0-ZnO nanocomposites

Table 2 Energy band gaps of

various synthesized CuO/ Cu0/Cuy0-ZnO E, (eV)

Cu,0-ZnO nanocomposites 90:10 147
80:20 2.7
70:30 2.8
60:40 2.9

photocatalytic, and antibacterial activities of the as-
synthesized CuO/Cu,O-ZnO NCs.

2 Experimental section
2.1 Materials

All chemicals used in the experiments, including
Cu(CH3COO)2'H20, ZH(CH3COO)22H20, NaOH,
C,Hs0OH, methyl orange (MO), methylene blue (MB),
Agar-agar Type I, Mueller Hinton broth, Nutrient
agar, H,O,, 2,2-diphenyl-2-picryl hydrazyl hydrate

(DPPH), and ascorbic acid, were purchased from
Merck Pvt. Ltd. and used without additional purifi-
cation. Pathogens, namely Staphylococcus aureus
(MTCC 737), Bacillus subtilis (MTCC 441), and
Escherichia coli (MTCC 739), were procured from
CSIR-IMTECH in Chandigarh, India. The green
leaves of the Ipomoea carnea plant were collected from
surroundings of the University Campus at Hamirpur,
Himachal Pradesh.

2.2 Methods
2.2.1 Preparation of the leaf extract

To prepare the plant leaf extract, the green leaves of
Ipomoea carnea were thoroughly washed with tap
water and then rinsed with distilled water 2-3 times.
The leaves were then dried in a hot air oven at 60 °C
and crushed into a fine powder. 5 gm of the powder
was dissolved in 100 ml of distilled water and
refluxed at 80 °C for approximately 45 min. The
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Fig. 7 FTIR spectra of a 90:10, b 80:20, ¢ 70:30, and d 60:40 CuO/Cu,0-ZnO nanocomposites

Table 3 Absorption bands and corresponding functional groups
for various CuO/Cu,0-ZnO nanocomposites

Vibration ¥ (cm™ )

90:10 80:20 70:30 60:40
OH 3319 3305 3203 3210
C—H stretch 2928, 2855 - 2848 2906
C=0 1624 - - 1601
CHj; bend 1478 1493,1390 1471,1398 1485,1398
C-O stretch 1028 1042 1042 1042
Cu-0/ZnO 608 615 608 608

resulting plant leaf extract was filtered using What-
man filter paper No. 1 and stored at 4 °C for use in
the synthesis of CuO/Cu,O-ZnO NCs [27].

2.2.2  Synthesis of the nanocomposites

A microwave oven operating at 2.45 GHz and 700 W
power was employed to synthesize CuO/Cu,O-ZnO
nanocomposites using Ipomoea carnea leaf extract.
Copper acetate and zinc acetate were mixed in a

@ Springer

10 mM solution, respectively, and then mixed in
ratios of 90:10, 80:20, 70:30, and 60:40%. To each
solution, 20 ml of the prepared leaf extract was
added dropwise. The pH of the solution was adjusted
to 12 by slowly adding an aqueous solution of 1 M
NaOH. The solution was then irradiated in the
microwave oven for 20 min, resulting in a color
change from green to dirty green and ultimately dark
brown, indicating the formation of CuO/Cu,O-ZnO
NCs. The resulting precipitates were washed several
times with DW and ethanol, then dried in an oven at
70-80 °C for 24 h. Scheme 1 illustrates the synthesis
of CuO/Cuy,0-ZnO NCs.

2.2.3 Antioxidant activity

To evaluate the scavenging activity of the synthesized
CuO/Cuy0-ZnO NCs, a 2 ml methanolic solution
was prepared, and the stable 2,2-diphenyl-2-picryl
hydrazyl hydrate (DPPH 0.1 mM) was added at
various concentrations (25, 50, 100, 200, 400, and
800 pg/ml) through serial dilution. After dilution, the
samples were kept in the dark at room temperature
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Fig. 8 Zeta potential measurement of prepared a 90:10, b 80:20, ¢ 70:30, and d 60:40 CuO/Cu,0-ZnO nanocomposites

for approximately 15-20 min. UV-Visible spec-
trophotometry was used to measure the change in
color from deep violet to light yellow at 517 nm,
indicating DPPH scavenging by the NCs [28].

2.2.4  Photocatalytic activity

A high-pressure mercury vapor lamp (125 W) was
used as a UV light source. The lamp was placed
vertically at a height of 6-7 cm above the reaction
mixture. 100 ml of 10 ppm MB and MO solutions
were treated with different amounts (5, 15, and
25 mg) of CuO/Cu,O-ZnO NCs. The progress of the

reaction was observed by measuring the decrease in
absorbance of Amax values for both dyes using UV-
Visible spectrophotometry at 5-min intervals [29].
The structure of MO and MB dyes are shown in
Fig. 1.

2.2.5 Antibacterial activity

The antibacterial activities of the synthesized samples
were evaluated using the well diffusion method
[30, 31] against Gram-positive (Bacillus subtilis, Sta-
phylococcus aureus) and Gram-negative (Escherichia
coli) bacteria. Furthermore, using the broth micro-

@ Springer



1255 Page 10 of 22

dilution method [32, 33], the minimum inhibitory
concentration (MIC) and minimum bactericidal con-
centration (MBC) of the synthesized samples were
determined. Each antibacterial experiment was per-
formed in triplicate.

3 Results and discussion
3.1 Characterization

The X-ray diffraction (XRD) patterns in Fig. 2 of the
prepared CuO/Cu,O-ZnO nanocomposites show 20
peaks at 36.72°, 35.28°, 38.42°, 48.38°, 56.37°, 61.34°,
42.22°, and 73.52°, corresponding to (111), (002), (111),
(202), (110), (113), (200), and (311) orientations of
monoclinic and cubic phases for CuO/Cuy0O,
respectively. These peaks are similar to the diffrac-
tion pattern of JCPDS 80-1268 and JCPDS file no. 05-
0667 [3, 22]. The XRD peaks at 31.25°, 62.79°, 65.92°,
67.45°, and 69.39° represent (100), (103), (200), (112),

- /
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and (201) lattice indices attributed to the hexagonal
wurtzite phase of ZnO (JCPDS file No-36-1451) [34].
The most intense peaks corresponding to Cu,O-ZnO
were found at (111)/(101), which indicates that the
crystals are dominated by (111)/(101) facets of the
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Fig. 10 The scavenging activity of different CuO/Cu,0-ZnO
nanocomposites in comparison with the standard ascorbic acid
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Fig. 9 XPS spectra of synthesized a 90:10, b 80:20, ¢ 70:30, and d 60:40 CuO/Cu,0-ZnO nanocomposites
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Table 4 The percentage scavenging activity of different CuO/Cu,0-ZnO nanocomposites at 800 pg/ml

Sample used
CuO/Cu,0-ZnO

Absorbance of pure control

Absorbance of control with sample

Free radical scavenging from DPPH assay (%)

90:10 0.438 0.011 97.48
80:20 0.438 0.006 98.63
70:30 0.438 0.005 98.86
60:40 0.438 0.001 99.77
Ascorbic acid 0.438 0.006 98.63
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Fig. 11 Representative plots of degradation of a, ¢ methyl orange and b, d methylene blue at various dosages of 90:10 CuO/Cu,0-ZnO

nanocomposites
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CuO/Cuy0-ZnO nanocomposites for all studied
Cu:Zn ratios [35-37]. The crystallite size (D), dislo-
cation density (6), interplanar spacing (d), and
microstrain () of various CuO/Cu,O-ZnO
nanocomposites, as tabulated in Table 1, were cal-
culated using the following equations [38, 39].

K
- pcos 0 ()
5= )
0
. [)’C4OS (3)

where K is Scherrers constant, which is 0.9, wave-
length of the X-rays source is A = 0.15406 nm, f is
peak full width at half maximum (FWHM) of the
intense peak and 0 is Braggs angle.

The formation of both CuO and Cu,O phases may
be occurring due to inadequate concentration of
NaOH [22]. Additionally, previously reported studies
show that oxidation temperatures below 300 °C also
favor the formation of Cu,O, while high oxidation
temperatures lead to the formation of CuO [23].

SEM and EDX analysis were used to examine the
morphology and elemental composition of the syn-
thesized nanocomposites, as shown in Fig. 3. The
micrographs show star, small sphere, large sphere,
and flower-like structures of the different CuO/
Cu20-ZnO nanocomposites with compositions of
90:10, 80:20, 70:30, and 60:40, respectively. The EDX
spectra show a single composite peak for Cu-Zn and
other separate peaks for C, O, Zn, and Cu. The dif-
ferent nanocomposites indicate the presence of all
three elements with percentages in the order of
Cu > Zn in all samples.

The size analysis of various synthesized NC sam-
ples was carried out using TEM spectroscopy. The
TEM images, as shown in Fig. 4, depict the accumu-
lated star/rod-like particles with an average size of
8-10 nm for 90:10 CuO/CuyO-ZnO NCs (Fig. 4a). In
contrast, mixed spherical types, clusters of nano-
blocks, and mixed nanospheres with an average size
of 25-30, 30-35, and 40-50 nm for 80:20, 70:30, and
60:40 CuO/Cu,0-ZnO NCs, respectively, can be seen
in Fig. 4b-d. The uniform quantum size of CuO/
CuyO-ZnO (90:10) is noteworthy and may be due to
the higher concentration of the copper element. The
subsequent increase in concentration of zinc in CuO/
Cuy0O-ZnO NCs leads to an increase in particle size
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from 8 to 50 nm (Fig. 4). The average particle size
decreases with an increase in the Cu:Zn ratio from
60:40 to 90:10. Mohammadi-Aloucheh et al. [40]
reported similar results, particularly with regards to
the decreased average size of NCs.

The UV-Visible spectra of various samples are
illustrated in Fig. 5. The UV absorbance bands appear
at 485, 234, 491, and 243 nm for the various synthe-
sized CuO/Cu,0O-ZnO NCs, as shown in Fig. 5. The
intensities of absorption peaks and bandgap of vari-
ous samples depend on a variety of factors such as
the method of synthesis, pH, particle size, tempera-
ture, topology, surface structure, impurities, oxygen
vacancies, type of precursor, and concentrations used
[37].

The evaluation of band gap values of synthesized
CuO/Cu0-ZnO NCs is done by using following
Tauc relation [22].

ohv = A (hv — Eg)l/2 4)

where hv is the photon energy, o is the optical
absorption coefficient and A is the independent
constant. Here E; is the direct band gap.

The Tauc plots of the different samples are shown
in Fig. 6, and the corresponding band gap (Eg) values
are summarized in Table 2. The observed increase in
Eg values may be attributed to the decrease in copper
content in the Cu/ZnO NCs. These results suggest
that the synthesized samples exhibit good optical
properties. The calculated band gap values are
smaller compared to pure ZnO nanoparticles, which
is expected due to the small particle size and unique
morphology of the CuO/Cu20-ZnO NCs [6-8].

The synthesized CuO/Cu20-ZnO NCs were char-
acterized for various functional groups using FTIR
spectroscopy, as shown in Fig. 7. The wave numbers
corresponding to the functional groups present in the
samples are tabulated in Table 3. The peaks obtained
at around 3319, 3305, 3203, and 3210 cm™! indicate
the presence of O-H stretching modes of vibration
from bio-components such as phenolic compounds.
There are four peaks at around 2928, 2906, 2855, and
2848 cm ™' due to C-H stretching vibrations, either
from CH, or CHj groups from aliphatic compounds.
The peaks at 1624 and 1601 cm ™" are attributed to the
carbonyl group, most likely due to aldehydes,
ketones or esters. The peaks at 1471, 1485, 1498, 1478,
1390, 1398, and 1028, 1042 cm ™! are related, respec-
tively, to the C-C bending and C-O stretching
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Table 5 Percentage of photo

degradation of methyl orange CuO/Cu,0-ZnO NCs dosage (mg) Time (min) Degradation of dye (%)
(MO) and methylene blue MO MB
(MB) dyes at different dosage
of CuO/Cu,0-ZnO 90:10 5 45 72.16 69.21
nanocomposites 15 45 93.47 72.12
25 45 96.45 98.96
80:20 5 45 67.25 58.59
15 45 74.05 66.44
25 45 78.62 88.30
70:30 5 45 55.99 48.17
15 45 62.28 55.39
25 45 68.81 81.52
60:40 5 45 48.34 31.75
15 45 53.51 52.64
25 45 59.65 76.45

vibrations. The bands around 608 and 615 cm™ ' are

due to the M-O bond stretching [41, 42].

Moreover, the zeta potential of the biosynthesized
Cu/ZnO NCs indicated a negative surface charge,
ranging from — 15.7 to — 269 mV, as shown in
Fig. 8, which may be due to the stabilization of the
biomolecular components of Ipomoea carnea leaf
extract on the surface of the samples after the
reduction process. The negative surface charge of the
prepared Cu/ZnO NCs further leads to the produc-
tion of strong electrostatic repulsion forces among the
particles, thereby stabilizing the nanoparticles by
reducing their accumulation. The negative surface
charge of nanoparticles synthesized using leaf
extracts is well described in the literature [43, 44].

The purity of the synthesized Cu/ZnO nanocom-
posites was further characterized using X-ray pho-
toelectron spectroscopy (XPS) technique. As shown in
Fig. 9, the XPS spectra exhibit binding energy (BE)
at ~ 933.87, 934.09, 934.31, and 933.89 eV corre-
sponding to Cu 2p> for 90:10, 80:20, 70:30, and 60:40
Cu/ZnO NCs, respectively. A highly intense peak at
532.01, 532.13, 532.3, and 532.12 eV corresponds to
O-atom (O 1 s) bonded to Cu (II) and Zn (II) gener-
ating CuO and ZnO nanoparticles. The binding
energy at ~ 285.9, 286.13, 286.02, and 285.99 for a C
1 s electron, and the peaks at ~ 1022.12, 1022.21,
1022.5, and 1022.2 eV correspond to Zn 2p3 for all
synthesized samples. These XPS findings are strongly
supported by data already available [45-47], and
confirmed that there are no impurities in the syn-
thesized materials.

3.2 Antioxidant activity

1,1-diphenyl-2-picrylhydrazyl (DPPH) is a stable ni-
trogen-centered free radical that is commonly used to
test the radical scavenging activities of samples. The
antioxidant activity of composite nanomaterials is
one of their most important applications [48, 49], as it
plays a crucial role in all living systems. In the pre-
sent study, the microwave-synthesized CuO/Cu,O-
ZnO NCs exhibit excellent antioxidant activity at
different concentrations, as shown in Fig. 10. This
may be attributed to the presence of capping agents
from the leaf extract, which are reported to play a
significant role in free radical scavenging activities.
The scavenging activity of various CuO/Cu,O-ZnO
NCs samples was compared with ascorbic acid used
as a standard, as shown in Fig. 10.

The percentage scavenging activity was calculated
using Eq. (5) and summarized in Table 4. It can be
observed from Table 4 that the 60:40 CuO/Cu,O-ZnO
NCs show more scavenging activity than other syn-
thesized NCs with 800 pg/ml DPPH solution. Nota-
bly, approximately 99.77% scavenging takes place
(Table 4), while ascorbic acid reported approximately
98.66% scavenging in 800 pg/ml DPPH solution as
shown in Fig. 10. This result may be due to an
increase in the Zn content in the NCs sample. Similar
results have been reported by Siripireddly et al. [50]
for the antioxidant activity of ZnO nanoparticles
synthesized using Eucalyptus globulus plant extract.
Parashant et al. [51] showed that biologically syn-
thesized nanoparticles have higher antioxidant
activities compared to chemically fabricated
nanoparticles due to the presence of bioactive

@ Springer
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<«Fig. 12 Plots of pseudo-first-order kinetics of MO and MB dyes
degradation with time at 5, 15 and 25 mg of various CuO/Cu,0O-
ZnO nanocomposites (a—h)

phytochemicals such as flavonoids, alkaloids, and
phenolic compounds from the plant leaf extract.

% scavenging activity

__ Absorbance of pure control — Absorbance of control with sample
- Absorbance of pure control
x 100

(5)

3.3 Photocatalytic activity

The photocatalytic activity of CuO/Cu,O-ZnO NCs
synthesized through microwave-assisted methods
was studied by subjecting them to UV-light (125 W)
in the presence of 10 ul H>O, for the degradation of
industrial pollutants methylene blue (MB) and
methyl orange (MO) [52, 53]. UV-Visible spectra
were recorded from 400 to 800 nm at intervals of
5 min up to 45 min, and the characteristic peaks of
MB and MO were identified at 668 nm and 464 nm,
respectively [54], as shown in Fig. 11. Table 5
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indicates that the synthesized samples exhibited high
degradation efficiency, with 98.96 and 96.45%
degradation of MB and MO, respectively, within
45 min. This rapid degradation can be attributed to
the electron transfer process between the acceptor
and donor due to the transitional redox potential,
with the CuO/Cu20-ZnO NCs acting as excellent
redox catalysts due to their electron releasing effect
[55]. Additionally, the size of the NCs played a cru-
cial role in the catalytic degradation, as observed in
Table 5. The 90:10 CuO/Cu,0O-ZnO NCs with the
smallest size among all samples provided a larger
surface area for the adsorption of reactants, leading to
the highest degradation of MB (98.96%) and MO
(96.45%). The percentage dye degradation was eval-
uated as described in [56, 57].

Ao_At

0

% Degradation =

x 100 (6)

where A, and A, are the absorption of pure solution
and reaction mixture at time ‘t’

Also, the kinetics of the degradation reaction
(Fig. 12) determined by using Eq. (7) [3].

In (%) - n(%) _— (7)

z;g9 01‘1’ . Z(c:;e;oozf (;“21:)“;‘(’;’3‘(’: 90:10 CuO/Cu,0- |80:20 CuO/Cu,0- | 70:30 CuO/Cu,0- | 60:40 CuO/Cu,0-
and (iv) 60:40 CuO/Cu,0- Zn0 Zn0 Zn0 Zn0
ZnO nanocomposites against
(a—d) B. subtilis, (e-h) S.
aureus and (i-1) E. coli, 4
respectively (B. subtilis)
(Gram +ve)
137
(S. aureus)
(Gram +ve)
739
(E. coli)
(Gram —ve)

(ii) (iii) (iv)
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Table 6 The zones of
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inhibition with different Bacteria CuO/Cu,0-ZnO NCs dosage (mg.ml_]) Zone of inhibition (mm)
dc‘l’lsgféioé_vza‘;‘o"us synthesized " phitis 90:10 10 26.83 & 0.44°
nanoconiposites for three 25 33.86 £ 0.46
bacteria 50 36.83 £ 0.44
80:20 10 21.66 + 0.88
25 24.83 + 0.44
50 31 +£0.57
70:30 10 26.33 + 0.88
25 30.33 + 0.33
50 32.33 £ 0.33
60:40 10 11.33 £+ 0.66
25 22 + 0.57
50 27.16 + 0.72
S. aureus 90:10 10 17.5 £ 0.76
25 23 + 1.15
50 25.66 £+ 0.88
80:20 10 14.33 +1.20
25 16.66 &+ 1.45
50 18.33 + 0.88
70:30 10 17.33 + 0.88
25 19.33 + 2.33
50 24.66 £+ 0.33
60:40 10 10 £+ 1.73
25 14 + 0.57
50 17.66 £ 0.88
E. coli 90:10 10 11.33 + 0.88
25 16 + 0.57
50 17.33 + 0.33
80:20 10 12 £ 0.57
25 13 £ 0.57
50 12.5 £ 0.76
70:30 10 10.33 + 0.88
25 12.83 + 0.44
50 15.33 £ 0.33
60:40 10 10 + 0.57
25 13.66 + 0.88
50 14.33 + 0.66

Standard error in measurement of zone of inhibition (mm)

where C, = initial concentration of dye, C; = con-
centration of dye at time ‘t’, k = pseudo-first-order
rate constant.

The pseudo-first-order reaction kinetics can be
clearly observed in Fig. 12, which depicts a linear
relationship between In Ao/A and time 't’ [37]. The
pseudo-first-order rate constant k was calculated for
CuO/Cuy0-ZnO NCs synthesized at different Cu:Zn
ratios (90:10, 80:20, 70:30, and 60:40) with 5, 15, and
25 mg catalytic load, and the results showed that the
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minimum and maximum values of k were
0.0118 min~' and 0.0605 min~' for MO, and
0.0036 min~" and 0.0394 min~"' for MB [29]. Addi-
tionally, the correlation constants R2 of the fitted lines
ranged from 0.8126 to 0.9599 for MO and from 0.9091
to 0.9353 for MB at 25 mg catalytic load.

3.4 Anti-bacterial activity

CuO/Cuy,0O-ZnO
different

The antibacterial
nanocomposites

activity  of
synthesized at



] Mater Sci: Mater Electron (2023) 34:1255

|:| B. subtilis
[ 1S aureus

) l:l E. coli
o 80:20 Cuzno 1030 CWZnoO
=2
| = || = |

F &

& =2

£
(=]
L

90:10 Cu/ZnO

w
]
1
J

w
=]
L

60:40 Cw/ZnO

)
h

1
H_|

=
(=}
L

Inhibition zones (mm)
-
h
L
=
HH
B

[
(=]
L

h
1

10 mg 25 mg 50mg 10 mg 25mg 50 mg 10 mg 25mg 50 mg 10 mg 25 mg 50 mg
NCs dosage (mg ml™?)

Fig. 14 Zone of inhibition of B. subtilis, S. aureus and E. coli
with 10, 25 and 50 mg dosages of 90:10, 80:20, 70:30 and 60:40
CuO/Cu,0-ZnO nanocomposites

Table 7 MIC and MBC values of CuO/Cu,0-ZnO

nanocomposites and ciprofloxacin for various studied bacteria

Bacteria ~ CuO/Cu,0O-ZnO MIC (ug mlI™") MBC (ug ml™")

B. subtilis  90:10 390.625 1562.5
80:20 3125 6250
70:30 1562.5 3125
60:40 6250 12,500
Ciprofloxacin <1 <05

S. aureus  90:10 1562.5 6250
80:20 3125 12,500
70:30 3125 6250
60:40 3125 12,500
Ciprofloxacin 16.65 1

E. coli 90:10 1562.5 3125
80:20 3125 12,500
70:30 1562.5 6250
60:40 3125 12,500
Ciprofloxacin <1 0.5

concentrations was investigated using the well dif-
fusion method against three bacterial strains: B. sub-
tilis, S. aureus, and E. coli [30, 31]. The scale was used
to measure the zone of inhibition (ZOI) (Fig. 13).
However, as shown in Table 6 and Fig. 14, B. subtilis
showed the highest ZOI for all the synthesized CuO/
Cu,O-ZnO NCs, followed by S. aureus and E. coli, due
to the differences in their gram staining characteris-
tics. Among all the samples prepared, the star/rod-
shaped (90:10 CuO/Cu,O-ZnO) NCs were found to
be the most effective. The maximum ZOI of
36.83 £+ 0.44 was observed for B. subtilis, followed by
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S. aureus and E. coli (Table 6). The measured mini-
mum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) values (Table 7)
ranged  between  390.625-6250 pg.ml™'  and
1562-12,500 pg.ml~', respectively. The synthesized
CuO/Cuy0-ZnO NCs exhibited greater efficiency
compared to chemically synthesized pure CuO and
ZnO nanoparticles [31, 32, 58, 59]. The antibacterial
action of the nanocomposites can be attributed to the
generation of reactive oxygen species (ROS), disper-
sion into the bacterial cell wall, and release of ions
[60, 61]. The small size of CuO/Cu,O-ZnO NCs
makes it easy for them to penetrate the bacterial cell
wall, causing the leakage of cell material and ulti-
mately resulting in cell death, as illustrated in Fig. 15
[62-64]. A comparison of the multifunctionality per-
formance of the synthesized CuO/Cu,O-ZnO
nanocomposites with previously reported studies on
green synthesis has also been tabulated in Table 8.

4 Conclusions

The synthesized biogenic samples have been con-
firmed to have well-crystallized monoclinic, cubic,
and hexagonal structures for CuO/Cu,O and ZnO
phases. TEM micrographs revealed the formation of
various synthesized NCs such as stars (8-10 nm),
mixed spherical (25-30 nm), clusters of nano-blocks
(30-35 nm), and mixed nanospheres (40-50 nm). The
energy band gap values ranged from 1.47 to 2.9 eV,
and the stability of samples was measured through
zeta potential values ranging between — 15.7 mV to
— 269 mV. The purity and different bonding pat-
terns of the synthesized materials were determined
by XPS analysis. The synthesized NCs showed high
antioxidant activity, with 99.77% scavenging of
DPPH free radicals in 800 pg/ml for 60:40 CuO/
CuyO-ZnO NCs. Moreover, the photocatalytic activ-
ity of 90:10 CuO/CuyO-ZnO NCs demonstrated
about 98.96 and 96.45% degradation of 100 ml of
10 ppm of MB and MO dye solutions, respectively, in
45 min. The antibacterial activity revealed the high
potential of CuO/Cu,O-ZnO NCs against Gram + ve
(B. subtilis and S. aureus) as compared to Gram —ve
(E. coli) bacteria, with reported MIC and MBC values
between 390.625-6250 and 1562-12,500 ug.mlfl,
respectively. The star-shaped (90:10 CuO/Cu,O-
ZnO) NCs demonstrated strong antibacterial and
photocatalytic activities due to their small size, while
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Fig. 15 Mechanism for the antibacterial action of synthesized CuO/Cu,0-ZnO nanocomposites

Table 8 A comparison of the multi-functionality performance of the synthesized and previously reported nanocomposites on green

method of synthesis

Type of nanomaterials Method of synthesis Plant used Applications References

synthesized

Cu,O/CuO—-ZnO Hydrothermal technique  Alchornea Anticancer activity [22]
cordifolia

ZnO/CuO Microwave method Mentha Antibacterial activity [23]
longifolia

CuO/Cu,0-ZnO Microwave assisted green Ipomoea carnea In-vitro antioxidant, photocatalytic and Present

method antibacterial activities study

flower-shaped NCs were found to be more effective
in antioxidant activity. The results suggest that the
so-synthesized CuO/CuO-ZnO NCs are more
effective antibacterial and photocatalytic agents
compared to chemically synthesized NCs previously
reported in the literature.
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