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Abstract

Water contamination is a critical and severe issue all over the world. The nano-based particles have the potency to over-
come water contamination. In the present work, CuO and Ag/CuO nanoparticles (NPs) were synthesized by Cyperus pan-
gorei extract using the co-precipitation method. The plant extract acts as a reducing and stabilizing agent. The purpose of
plant extract is to reduce the negative impact of the synthesis method and its derivatives. The Ag* and Cu* reduction were
confirmed through the surface plasmon resonance in the DRS spectrum. The bandgap decreasing is informed that the results
have opted in the optical and catalytical applications. CuO bandgap is higher than the Ag/CuO NPs (AEg=0.55 eV) reveals
the Ag/CuO NPs have remarkable optical and catalytic applications. The NPs crystalline nature and size were analyzed by
XRD. SEM and TEM analyses characterized the morphology and size variation of the CuO and Ag/CuO NPs. The EDX
analysis analyzed the composition of the elements in the synthesized NPs. The FTIR analysis was performed to confirm the
possible functional groups of plant extract involved in chemical reduction and bondings. Copper and silver metals and oxygen
valencies and binding energies were examined by XPS. Occasionally, contagious diseases shake the world and affected human
healthiness because of their pathogenic activity. Mostly, they are resolved by nanoparticles. The biosynthesized CuO and
Ag/CuO NPs were performed against Gram-positive (Staphylococcus aureus—S. aureus) and Gram-negative (Escherichia
coli—E. coli) bacteria. The results showed better activity in E. coli compared to S. aureus in both CuO and Ag/CuO NPs.
The photocatalytic activity of CuO and Ag/CuO NPs were analyzed against Rhodamine B (Rh-B) dye under visible light
irradiation. The metallic Ag-doped with CuO NPs improves the catalytic compared to pure CuO NPs. The pseudo-first-order
kinetics were found to increase the rate of dye degradation by adding Ag ions to the CuO surface. The advanced oxidation
process would increase the electron—hole pair activity and reactive oxygen species (ROS) formation. The AOP photocatalyst
is widely used to remove the toxicity of wastewater. There is no secondary product formation and rich activated electrons.
The obtained results indicate the CuO and Ag/CuO NPs may further use in wastewater treatment and biomedical applications.
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Introduction

The day-to-day life advancement is increasing the products
and usage of the water. The rapid increase of industrializa-
tion and population mostly affects the environment and cre-
ates multiple queries and challenges about the sustainable
green ecosystem. Nanoparticles are used to clean and protect
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the hygienic environment by increasing new technologies in
industries. As the nanoparticles in solution, gel, slurry, and
powder forms are used in various industries such as cosmetics,
sewage cleaning, machining, medical, etc. The nanoparticles
discovery increases the products and decreases the workforce
in industries, which can promote a large number of products
to the companies. The products are also eco-loving in nature
due to their formation of nanoparticles (Xie et al. 2020; Zhang
et al. 2012a, b, 2013, 2015, 2016, 2017a, b, 2018, 2019,
2020a). Environmental pollution caused water pollution,
which leads to all pollutions on the earth. The water has been
affected by dyes and toxic organic compounds, and often, the
aquatic ecosystem was mostly polluted by dyes (Singh et al.
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2020; Zou et al. 2020; Wang et al. 2020a; Yan et al. 2020).
Hence, researchers are focusing on resolving environmental
pollution and remove toxic water contaminants. Therefore,
they involve in establishing novel advanced techniques for
wastewater treatment. Dye degradation is one of the efficient
methods of wastewater treatment. The dye degradation pro-
cess includes flocculation, adsorption, chlorination, strip-
ping, and filtration (Picos-Corrales et al. 2020; He et al. 2020;
Takasuga et al. 2020; Ruan et al. 2020; Zhang et al. 2020b).
These techniques are old, high energy consumption, time-
consuming, costly, and produce the secondary pollution of
solid waste that can affect the environment. These drawbacks
can resolve by the advanced oxidation process (AOP). AOP
is mostly used in wastewater treatment and biological activity.
Different types of AOP processes such as Fenton reaction,
electrochemical reaction, supercritical water oxidation, ozone
reaction, heterogeneous photocatalysis reaction and H,O and
water air oxidation are available to remove pollutants (Tavares
et al. 2020; Wang et al. 2020b; Scandelai et al. 2020; Abrile
et al. 2020; Liu et al. 2020; Linke et al. 2020). Among the
AOP process, heterogeneous photocatalysis has high poten-
tial and stability, low cost to remove the pollutants, organic
compounds, and dyes from the wastewater. Metal-doped het-
erogeneous photocatalysis was proven the best removal of
the oxidative process from the wastewater (Kumaravel et al.
2019). The metal coupled oxidative process having a low
intensity, molecular weight, and toxicity to the environment.
The process increases and alters the charge carriers to energy,
which creates high absorption. The formed reactive species
is based on the catalytic reaction and oxidative process of
the metal ions. Among the metal and metal oxide NPs, cop-
per oxide NPs have high exciton binding energy value, high
conductivity, and high thermal conductivity. The optical and
electronic activities are suitable compared to the other materi-
als. The copper oxide NPs are widely used in the heterogene-
ous photocatalytic AOP process due to their redox potential,
electron transfer process, and p-type material with a narrow
bandgap of 1.85 eV (Bulk). The copper oxide NPs’ surface
was modified by doping elements such as Au, Mg, Mn, and
Ni to enhance the oxidation process (Komeilibirjandi et al.
2020; Masudy-Panah et al. 2017; Raveesha et al. 2019; Par-
vathiraja et al. 2020; Hariram et al. 2021). Besides the metal-
doped with CuO, Ag has good stability and catalytic activity,
increasing the surface area and optical activity. Silver NPs
are widely used in biological activity because of their strong
antimicrobial efficiency (Masudy-Panah et al. 2017; Shafey
2020). Silver combination with metal oxide-induced the cata-
lytic and biological activities due to their size reduction, fast
nucleation growth, and interaction with the biological and
catalytic compounds (Shafey 2020). Biosynthesized NPs
have betterment to the chemical synthesis NPs. These are the
high activity of optical, magnetic and catalytic properties and
large surface area to absorb the pollutants and non-hazardous
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activity to the environment. Cyprus pangorei plant is pre-
dominantly containing cellulose and lignin. Cellulose is the
primary compound of the plant extract. Moreover, the cellu-
lose matrix is responsible for the reduction, stabilization, and
capping of the metal and metal oxide nanoparticles formation.
The reaction of plant compounds with the materials is nature
friendly, and the polysaccharides carry out the biochemical
reactions. They strongly interface with the chemical materials
and donate the electrons to build the metal and metal oxides
formation without hindering and making zero-valent atoms
(Sharifpour et al. 2019; Baturay et al. 2016; Yu et al. 2017).
In this work, we report the biosyntheses of CuO and Ag/CuO
NPs using the Cyperus pangorei plant extract. Here, the plant
extract promotes the reduction process and surface modifica-
tion with the Ag and CuO. The AOP process of heterogenous
photocatalysis in CuO and Ag/CuO was studied in detail. Fur-
ther, the catalytic and biological activities were examined for
CuO and Ag/CuO NPs.

Materials and methods
Materials

Silver nitrate (AgNO;, 99.9% purity), Copper (II) nitrate tri-
hydrate Cu(NO3),-3H,0, and Rhodamine B (C,gH;;C,N,05;
99.9% purity) were purchased from HiMedia, India. The
purchased chemicals were obtained in analytical grade and
used without further purification. Cyperus pangorei plants
were collected from Manonmaniam Sundaranar University
campus, Tirunelveli District, Tamilnadu, India.

Preparation of plant extract

The leaf of Cyperus pangorei plants (15 g fresh leaves) was
washed with tap water. The washed leaf was mixed with
100 ml double-distilled water in a round bottom flask. The
mixed compounds are heated at 60 °C for 30 min and filtered
by Whatman No. 1 filter paper. The obtained solution was
stored at 4°C for further studies.

Biosynthesis of CuO and Ag/CuO NPs

CuO NPs were synthesized from the addition of 10 ml of a
plant extract with 1 M Cu(NO;),-3H,0 solution. The solu-
tion was stirred at constant rpm in a magnetic stirrer. The
color change from light green to dark brownish color indi-
cates the formation of CuO NPs. The collected samples were
centrifuged three times at 5000 rpm for 10 min and washed
with double-distilled water. Finally, the obtained precipitate
was filtered by Whatman No. 1 filter paper and kept in an
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oven at 100 °C for 1 h. The collected samples were used for
further characterization.

Ag/CuO NPs were synthesized by Cu(NO;),-3H,0 solu-
tion in 1 mol and AgNO; solution in 0.1 M concentration
using 10 ml of plant extract and dissolved in 100 ml double-
distilled water at room temperature. The mixed solution was
stirred, and the obtained solution color was changed. The
color change confirms the zero-valency reduction to the NPs.
The resultant solution was centrifuged thrice at 5000 rpm for
10 min using double-distilled water. The collected precipi-
tate was filtered and kept in the oven for 1 h. The obtained
powder was stored for further characterization.

Characterization of NPs

Crystalline nature and structural information are derived
from Pro Powder X’ Celerator diffractometer PANalytical
X’Pert with Cu Ka (1.5405 A) in 30 kV and 40 mA. The
functional chemical bonds were identified from FT-IR Per-
kin Elmer in the wavenumber range 4000400 cm™'. The
optical properties and SPR are observed using UV—Visible
DRS (UV-2600 Shimadzu) reference as BaSO4. The surface
morphology and nano sizes are collected from SEM (Carl
Zeiss) and TEM (Titan), and elemental composition were
utilized by EDX. The binding energy and valency of bio-
synthesized NPs were analyzed using the X-ray photoelec-
tron spectroscopy (XPS, PHI 5000 Versa Probe III, Physical
Electronics, USA).

Biological activity
Antibacterial activity

The antibacterial activity of biosynthesized CuO and Ag/
CuO NPs were examined using Gram-positive Staphylococ-
cus aureus (ATCC 6538) and Gram-negative Escherichia
coli (ATCC 8739) through the well diffusion method. About
107 CFU/ml of bacterial culture was inoculated into the
nutrient broth and incubated overnight. After incubation,
the culture was swabbed on sterilized Petri plates containing
Mueller—Hinton agar. The well of about 5 mm diameter was
made by gel puncture on agar plates, and separately differ-
ent concentrations of CuO and Ag/CuO NPs (5, 10, 15, and
20 pg/ml) were poured on agar plates. After that, the plates
were incubated at 37 °C for 24 h. After incubation, the activ-
ity was measured by zone of inhibition on mm scale.

Optical density measurements

The optical density of CuO and Ag/CuO NPs loaded bac-
terial culture, and pure bacterial culture was measured at
600 nm. The well-grown bacteria S. aureus and E. coli were
suspended with different concentrations (5, 10, 15, and

20 pg/ml) of CuO and Ag/CuO NPs. The suspended solution
was kept in an incubator with continuous shaking for differ-
ent time intervals up to 120 min. The mixed solution was
taken out every 15 min and diluted in 3 ml double-distilled
water and monitored the growth of bacteria by measuring
the OD value at 600 nm.

Photocatalytic activity

The biosynthesized CuO and Ag/CuO NPs catalytic activ-
ity were examined by Rh-B dye solution under visible light
irradiation. The initial Rh-B concentration of dye is 30 mg/1.
100 ml dye solution dissolved in 10 mg nanocatalyst (CuO
and Ag/CuO) and stirred in dark condition for 60 min to
attain the adsorption—desorption equilibrium. The mixed
solution was kept in a closed chamber and irradiated by the
Xenon lamp. The irradiated samples (3 ml) were taken out
at every 30 min time interval for 120 min. Consequently, the
collecting samples were centrifuged at 5000 rpm for 10 min
to remove the catalyst. Later the samples were filtered and
characterized by UV-vis spectroscopy. The rate of dye deg-
radation is analyzed using the below-mentioned formula:

Photo - catalytic dye degradation(%) = (C,— C,)/C, x 100,

where the initial dye concentration is C, (before light irra-
diation) and the concentration of the dye at different irradia-
tion intervals is C, (Sharifpour et al. 2019).

Results and discussion
UV-visible DRS analysis

Figure la represents the biosynthesized CuO and Ag/
CuO NPs’ absorption, and bandgap energy was analyzed
by the UV-visible diffuse refelctane spectrometer (DRS)
technique. The peak of biosynthesized CuO NPs showed a
peak in 376 nm to demonstrate the presence of Cu* ions.
The absorption edge was formed through the interaction
between the Cu®* and O*~ transfer of charges (Rasoulpour
and Jafarirad 2017). The Ag/CuO NPs spectrum of absorp-
tion was edge at 473 nm due to the SPR effect (Fig. 1a).
In the Ag/CuO spectrum, the peaks are shifted to redshift
compared to CuO NPs denotes Ag decoration in the Cu*
surface. The transition of charge Ag*/Cu** — 0%~ increase
the optical property (Ranjith et al. 2018). The charge trans-
fer was led by the interaction of the flavonoids, fatty acid,
and phenolic compounds into the NPs. The Kubelka—Munk
theory was to find the bandgap energy of the NPs (Tunc et al.
2010). The bandgap energy spectrum is shown in Fig. 1b.
The bandgap values are 2.11 and 1.56 eV for CuO and Ag/
CuO NPs, respectively. The bandgap energy difference is
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Fig. 1 aand b DRS spectrum

and bandgap energy spectrum
of CuO and Ag/CuO NPs
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0.55 eV demonstrated in the redshift. The decreasing band-
gap energy promotes the active sites of electrons to the
holes movement on the CuO surface, and the interaction
may increase the oxidation process. The surface plasmon
resonance produces the scattering possibility, penetration
ability to the radiation and gives the reduction profiles to the
surface. These facts are performed and generated the holes
and electron separation on the surface, enhancing the oxi-
dation process (Bandara et al. 2005). The valance band and
conduction band positions of the CuO and Ag/CuO NPs are
evaluated at the zero point charge for the following equation
(Wang et al. 2015).

Eyg = X—-Ee+0.5 Eg, )

where Eyy is the valence band potential, X is the semicon-
ductor electronegativity of CuO (5.81 eV). Ee (4.5 eV) is
hydrogen scale-free electron energy and Eg is the bandgap
energy of the NPs. In this work, Eyp and Eg are 2.365 eV
and 0.255 eV for CuO NPs. Similarly, Ag/CuO NPs Ey,5 and
Ecgare 1.59 eV and 0.03 eV.

FTIR analysis

The Fourier transform infrared (FTIR) study gives infor-
mation about the purity and surface modification of the
NPs. Figure 2 shows the spectrum of biosynthesized
CuO and Ag/CuO NPs. The broad and intense peaks of
3100-3500 cm™" are attributed to the OH stretching to the
hydrogen bonds on the surface (Kumar et al. 2014). The
peak at 2340 cm~! was observed from atmospheric CoO,
(instrument) (Jyoti et al. 2016). 1763 cm™! can be attrib-
uted to the aldehyde (carbonyl group) due to the presence
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Fig.2 FTIR spectrum of CuO and Ag/CuO NPs

of phytochemicals from the plant extract. The peaks 1635
and 1670 cm™! correspond to the proteins of amide I
bond from the plant extract (Gunalan et al. 2012). The
peaks 1062 and 1046 cm™! derived from the carboxylic
and phenol groups. The peaks under the 1000 cm™~! indi-
cate the presence of metal-oxygen interaction. The peak
775 cm™! confirmed the reduction of nitrate compound in
N-H bond vibration from secondary amine (Farmer and
Russell 1966). The peaks at 667 and 505 cm™! are char-
acteristics of the Cu and O bond (Sankar et al. 2014). The
CuO peak of 877 cm™! shifted to the lower wavelength
side at 870 cm™! when adding to silver on the CuO surface.
The peaks 606, 678, and 802 cm™! are attributed to the
Ag—Cu-O formation by the plant extract. The observed
peaks are strongly inferred from the results of reduction
and surface addition of Ag and CuO NPs.
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XRD analysis

Figure 3 shows the X-ray diffraction (XRD) pattern of
biosynthesized CuO and Ag/CuO NPs, which confirm the
crystallinity of the NPs. In CuO NPs, peaks are observed at
20=132.50, 35.50, 38.70,38.90 46.40, 48.70, 53.50, 58.30,
61.50, 66.20, 68.10, 72.40, and 75.20 which corresponds to
(110),(002),(111),(200),(11-2),(20-2),(020),
202),(11-3),(31-1),(220),(311),and 22 -2)
planes of monoclinic structure and good agreement with the
standard JCPDS Card No. 48-1548. There are no impuri-
ties observed in the spectrum. The plant extract reactions
emanate the crystallinity of the CuO NPs. In addition to Ag
into CuO surface as shown in the spectrum (Fig. 3). The Ag/
CuO NPs peak at 260=38.70, 44.30, 64.40, and 77.410 which
represent the planes (1 1 1),(200),(220),and (31 1) and
the remaining peaks of CuO NPs. The Ag presence is less
compared to CuO because of their activity and concentra-
tion. The peak at 38° corresponds to (1 1 1) plane indicated
both phases of Ag and CuO NPs. The obtained Ag/CuO
peaks are in good accordance with standard JCPDS data.
The crystalline sizes were calculated by the Debye Scherrer
formula (Farmer and Russell 1966). The sizes are 17.84 and
27.24 nm corresponds to CuO and Ag/CuO, respectively.
The increased size leads to the lattice orientation, and crystal
growth of the CuO NPs surface was modified by Ag cluster
or atoms (Hemmati et al. 2018; Wang et al. 2008).

SEM with EDX analysis

The synthesized CuO and Ag/CuO NPs’ morphology, size,
and elemental presence was monitored by scanning elec-
tron microscope (SEM) with energy dispersive X-ray anal-
ysis (EDX) (Fig. 4). The biosynthesized CuO NPs show
the quasi-spherical shape and their sizes are 10—-40 nm
(Fig. 4a). The Ag cluster into the CuO surface, the shapes
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Fig.3 XRD spectrum of CuO and Ag/CuO NPs

and sizes were reformed to the lattice arrangement of the
NPs. Ag/CuO NPs have a spherical shape with the sizes of
20-35 nm (Fig. 4¢). Due to the presence silver ions (Ag*)
which are oriented with the copper oxide (Cu?* and 0?7)
surface. In Ag/CuO, size modification were occurred by
the process of lattice oxygen vacancy filled by Ag* and
Cu”* ions to the surface (Kowalska et al. 2015).

The biosynthesized CuO and Ag/CuO NPs’ elemental
composition are shown in Fig. 4b and d. Figure 4b shows
the Cu and O composition of CuO NPs, which confirm the
presence of Cu and O elements. Figure 4d shows the Ag,
Cu, and O elemental composition. The low content of Ag
was re-assured by EDX values and spectrum.

Mapping analysis

The biosynthesized CuO and Ag/CuO NPs atomic arrange-
ment was measured by EDX mapping analysis. Figure 5a
and b shows the CuO NPs’ mapping, whereas copper and
oxygen were spread mutually. Figure 5c—e shows the Ag/
CuO NPs’ mapping. This combination makes the spectrum
of copper richer, when compared to silver and oxygen.
Moreover, silver decorated with copper and oxygen atoms
are shown in the mapping analysis (Fig. Sc—e).

TEM analysis

The biosynthesized Ag/CuO NPs exhibited the spheri-
cal shape images in Transmission Electron Microscopic
(TEM) analysis which was depicted in Fig. 6a, b. The size
of the Ag/CuO NPs is 17-32 nm, which are nearly closed
to the SEM and XRD Ag/CuO sizes. In this work, we
used the Cyperus pangorei extract, which is responsible
for the growth of Ag/CuO NPs. Ag* ionic potentials are
more robust than the Cu®* ions, while the morphology
denotes Ag cluster formation to the CuO surface. The lat-
tice fringes reveal the measurements of 0.26 nm of (2 0 0)
plane, 0.23 nm of (1 1 1) plane for CuO and Ag, respec-
tively. Owing to their atomic orientation relationship, they
formed the phase of Ag decoration in the surface of CuO,
and the values of the lattice fringes are almost closed to
the Ag and CuO (Fig. 6¢). The electrochemical potential
of Ag and Cu were mostly oxidized as Cu atoms.

The plant extract compounds may be reduced and mixed
with the Cu,O nucleate O ions. The phase will change
further oxidization by CuO and expand to Cubic forms.
The Ag cluster is oriented towards the surface of CuO
(Peng et al. 2012). It explores the form of cubic, which is
strongly modified to spherical shape. The SAED pattern
rings show the polycrystalline nature of the biosynthesized
Ag/CuO NPs (Fig. 6d).

pisllase ol ay .
e e O) Springer



1416

Applied Nanoscience (2021) 11:1411-1425

Fig.4 SEM (a and c¢) and EDX
(b and d) images of CuO and
Ag/CuO NPs

XPS analysis

The chemical state and valency and binding energy are
investigated by X-ray photoelectron spectroscopy (XPS)
characterization. The optical application is based on the
valence state of the NPs. Figure 7a—e shows the XPS spec-
trum of Ag/CuO NPs in wide, Ag, Cu, O, and C spectra,
respectively. A wide spectrum (Fig. 7a) consists of core
Ag metals, Cu2p, Ols, and Cls. The Ag 3d5;, (366.6 eV)
and Ag 3ds;, (372.6 eV) peaks represent the metallic Ag
core (Fig. 7b)with a difference of 6 eV in the spin—orbit
coupling (Jesus Ruiz-Baltazar et al. 2018). The Cu 2p
spectrum (Fig. 7(c)) indicates the four peaks of the cop-
per state. The main peaks at Cu 2p5;, (934.56 V) and Cu
2p,s, (954.56 eV) with a peak difference of 20 eV, which
is well documented with a standard CuO spectrum (Suku-
mar et al. 2020). The other two copper peaks identify the
existence of Cu®* ions with the resemblance of the Cu,O
phase. The Ols spectrum (Fig. 7d) depicted the relation-
ship between the Cu—O (531 eV). The lattice oxygen peaks
confirm the binding with the Cu—-O and Ag—Cu-O for-
mation. The formation led by the Cyperus pangorei plant
extract reduction, which is mainly reduced the Cu** and
Ag* ions and re-oriented with the lattice oxygen. The
4
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plant phytochemicals reduction was confirmed by C=0
(534 eV) peak. The C1s (C-C=283.6eV,C-0=285.2 ¢V,
C=0287.3 eV and C=0 287.5 eV) peak promotes the
authenticity of the plant extract phytochemicals reaction
with the Ag* and Cu®* existence (Li et al. 2020). The pres-
ence of Cu®* in Cu 2p,,, and Cu 2p5, is well bonded with
the Ag (3ds;, and 3d;;,) and O. Hence the copper is more
sensitive than silver for the oxidation process. The metal
ions are surface bonded with lattice oxygen. Besides, the
obtained results demonstrate the high purity Ag/CuO NPs.
The oxidized metal NPs widely used the catalytic and opti-
cal, and energy applications. The obtained valency state
has opted for the photocatalytic application.

Antibacterial activity

Antibacterial activity of biosynthesized CuO and Ag/CuO
nanoparticles are shown in Fig. 8. The antibacterial activity
against both bacteria S. aureus and E. coli increased with
the increasing concentration of CuO and Ag/CuO from 5 to
20 pg/ml. Compared to CuO, the Ag/CuO NPs have exhib-
ited an enhanced inhibition zone due to Ag presence on the
surface of CuO nanoparticles (Table 1). In CuO nanopar-
ticles, the 5 and 10 pg/ml showed no inhibition against S.
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a

Fig.5 Mapping images of CuO (a and b) and Ag/CuO NPs (c—e)

aureus reveals the bacteria is susceptible to those concentra-
tions. However, the 15 and 20 pg/ml exhibited the potent
activity on the growth of S. aureus. In E. coli, the 5 ug/ml
represented no activity, whereas the rest of the concentra-
tions 10, 15, and 20 pg/ml showed excellent growth inhibi-
tion activity. Concurrently, the Ag/CuO NPs exhibited fine
antibacterial activity against both bacteria at all concentra-
tions. In Ag/CuO NPs, the 20 pg/ml expressed increased
and intense activity compared to other concentrations. The
release of Ag* and Cu' metal ions from Ag/CuO NPs might
be a potent source for bacterial growth inhibition.

Growth measurement analysis

The growth measurement analysis was carried out to exam-
ine bacterial growth inhibition when treated with CuO and
Ag/CuO NPs at different concentrations are represented in
Fig. 9. The growth measurement analysis was correlated
well with the agar-plate method. The occurrence of 5 and
10 pg/ml CuO NPs’ absorbance tails nearby the pure S.
aureus (without CuO NPs) indicates the negative impact
of CuO NPs. Whereas, the presence of 15 and 20 ug/
ml absorbance tails underneath the 10 pg/ml reveals the
CuO nanoparticles effectively inhibited the growth of S.

aureus. In the case of CuO-treated E. coli, the appearance
of absorbance tail adjacent to pure E. coli culture (without
CuO) indicates that the growth of organisms was not inhib-
ited by the CuO nanoparticles. However, the absorbance
tails of 10, 15, and 20 pug/ml beneath the 5 pg/ml reveals
the CuO NPs strongly inhibited the growth and survival
of E. coli.

The combination of Ag/CuO NPs effectually controls the
growth of S. aureus and E. coli at various concentrations.
Compared to S. aureus, the growth of E. coli was affected
mainly by the Ag/CuO nanoparticles. The absorbance
tails of 5, 10, 15 and 20 pg/ml Ag/CuO NPs beneath the
pure S. aureus cultures show the forcible inhibition of bac-
terial growth. Likely, the E. coli cultures were also strongly
inhibited by the various concentrations of Ag/CuO NPs. The
reason behind the potent inhibition of both S. aureus and E.
coli cultures growth was mainly denoting the presence of Ag
metal ions on the surface of CuO NPs.

Antibacterial activity mechanism
The interaction, entry, and binding of NPs with spe-

cific enzymes/proteins are prominent in the antibacte-
rial activity. Numerous previous reports are exemplified

pielace ¢lloll ay .
Ay &) Springer



1418

Applied Nanoscience (2021) 11:1411-1425

Fig.6 TEM images of Ag/CuO NPs. a and b Different magnification, c¢ lattice fringes, and d SAED pattern

the possible mechanism of antibacterial activity of NPs
(Bandara et al. 2005; Wang et al. 2015; Kumar et al. 2014;
Jyoti et al. 2016). Our present report also well concur
with the previous literature statement. Prior, the release of
Cu?* ions from CuO NPs effectively binds with the nega-
tively charged bacterial surface and collapse the organiza-
tion of the membrane structural framework. Generally, we
have known the Ag has remarkable potent antimicrobial
activity against various microorganisms (Ouay and Stel-
lacci 2015). Hence, the Ag* ions with CuO NPs actively
inhibit the growth of S. aureus and E. coli. The release
of Ag" and Cu?* metal ions from CuO NPs may bind
with the bacterial cell membrane by electrostatic interac-
tion (Nabila and Kannabiran 2018; Jadhav et al. 2011; Li
et al. 2010; Martinez-Castafion et al. 2008; Meghana et al.
2015) (Fig. 10). Further, they ruined the cell membrane
structure and consequently, the release of cytoplasm may
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result in cell death. Moreover, Fig. 10 represents the Ag*
and Cu’* metal ions dissolution can enhance the ROS
formation and result in the inactivation of biomolecules,
including DNA and proteins, which leads to cell death
(Chen et al. 2019; Mousavi et al. 2020). Therefore, pre-
sent antibacterial activity results suggested the combina-
tion of Ag™ with CuO NPs may be a nano-shield against
various hazardous bacterial diseases.

Photocatalytic activity

The photocatalytic activity of biosynthesized CuO and
Ag/CuO NPs were analyzed towards the degradation of
Rh-B dye under visible light irradiation their spectrum
results as shown in Fig. 11a, b. The Rh-B dye solution
peak is 554 nm (without catalyst). The spectrum absorb-
ance slowly decreasing using catalyst CuO and Ag/CuO
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Fig.7 XPS spectra of Ag/CuO NPs. a wide spectrum, b Ag 3d spectrum, ¢ Cu 2p spectrum, and d O 1 s spectrum and e C 1 s spectrum

by depends on the time. The CuO NPs in the high cata-
lytic activity of 120 min (74%) while the color dye solu-
tion slowly lost their colors with the time difference. The
surface area of the copper oxides induces and improves

the charge carriers for Rh-B in photocatalytic dye deg-
radation (Shaabani et al. 2014). In Ag/CuO NPs having
the photocatalytic activity of 120 min (92%). In the vis-
ible light irradiation (Xenon lamp) to the NPs, electrons
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Fig.8 Antibacterial activity of biosynthesized CuO and Ag/CuO nan-
oparticles
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are easily excited from low energy valence band to high
energy conduction band because of their low bandgap
energy. During the process, electrons getting the property
of reducing ability and holes getting the property of oxi-
dation ability in the conduction band and valence band
(Rao et al. 2020). The Ag cluster increases the gap of the
copper oxide surface, which allows the light penetration
to the sites whereas increasing the catalytic activity. Fig-
ure 11c represents Ag/CuO activity is higher than CuO of
the photocatalytic activity. The surface plasmon resonance
of the Ag is giving a large volume to surface area results in
the improved dye degradation activity than CuO NPs. The
detailed mechanism is shown in Fig. 11e and described
as follows:

Ag/CuO + hv — e~ (conduction band) + A" (valence band),
(3)

== E coli
=35 pa'ml Culy
= [} pg'ml
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Fig.9 Effect of bacterial growth S. aureus and E. coli in CuO and Ag/CuO nanoparticles
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T?ble 1 ane of inhibition of Bacterial strain CuO (pg/ml) in mm Ag/CuO (ug/ml) in mm
biosynthesized CuO and Ag/
CuO nanoparticles in S. aureus 5 10 15 20 5 10 15 20
and E. coli
S. aureus (+) - - 0.05 0.1 0.2 0.35 0.5 0.75
E. coli (-) - 0.35 0.7 1.35 0.3 0.7 1.4 2.1

(H,0 — H* + OH") + h*(valence band) — H* + OH, (4)

O, + e (conduction band) — O; + H* + OH™ — HO, + “H,
)]
HO, + ~OH + A" (valence band) — OH. (6)

The excited electrons and holes possess a reduction and
oxidation behavior. It has been suppressing the recombina-
tion of photoinduced electron—hole pair, which promotes
the superoxides and free radicals formation. Three crucial
parameters contribute to the photocatalytic activity,

(1) Mumination process implies the transition of electrons
from valence band to the conduction band unoccupied sites
of the holes. (ii) The excited energy (electrons and holes) can
react to the catalytic exterior. (iii) Donors and acceptors are
reacted with mutually to them.

The p-type semiconductor (CuO) produces the interior elec-
tric field, promoting the division of charge pairs and charges

Fig. 10 Possible mechanism of
antibacterial activity of Ag/CuO
nanoparticles

Ag/CuO nanoparticle

Ag* ions
® Cu®ions

ROS

T —>

immigration. The electrons recombination frequently with the
holes it has been break the energy in heat and light emission.
The energy loss was sorting out by the AOP process. In Ag/
CuO NPs banned by the recombination of electrons (Bharathi
et al. 2020). The charge separation and immigration were con-
trolled and induced by the interior electric field of Ag/CuO
NPs. These processes provide the results of higher and better
catalytic activity of Ag/CuO NPs. The photocatalytic dye deg-
radation rate was calculated by pseudo-first-order kinetics, and
it can be mentioned as follows (Kowalska et al. 2015):

—In(C,/Cy) = — kt, @)

where C,is thetemporal concentration of Rh-B at time z,
Cyis theinitial concentration of Rh-B, tis the degradation
reaction time and kis the photocatalytic degradation rate
constant. The rate constant is derived from the plotted graph
is — In (C/C,) versus reaction time (¢). The biosynthesized
CuO and Ag/CuO NPs kinetics spectrum and values are
shown in Fig. 11d.

Membrane
damage

N Protein
JJ damage
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Fig. 11 Photocatalytic Rh-B dye degradation of CuO and Ag/CuO NPs. Degradation spectrum (a, b), degradation efficiency (c), pseudo-first-
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Conclusion

The present study reports that the chemical-free Cyperus
pangorei extract specified reduction. The structural and opti-
cal improvements confirmed the presence of Ag on the CuO
surface. The monoclinic copper oxide character and the crys-
tallized size increased because of their silver nanoparticles’
surface modification. Surface modifications showed the SPR
effect with a decrease in the bandgap. The presence of metallic
silver on the surface of CuO increases the electron-hole pair
life and improves the effective catalytic activity. The advanced
oxidation method has modified and improved the energy sepa-
ration of electrons. Consequently, no secondary contamina-
tion in the degradation process is more beneficial than other
degradation processes. The results showed that CuO catalytic
activity was inferior compared to Ag/CuO. Besides, the CuO
and Ag/CuO expressed excellent antibacterial activity against
both S. aureus and E. coli. The Ag/CuO NPs displayed their
potent activity compared to the CuO NPs. Therefore, based
on the present investigation findings, we have proposed that
the biosynthesized CuO and Ag/CuO NPs are more efficient
and higher potential wastewater treatment and nanomedicine
applications.
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