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ABSTRACT: The cost-effective novel Ag-doped (1—7%) (CuO—Cu,O)
Cu (C3) heterostructured nanocomposites are successfully synthesized by
the facile solution combustion process using the Leucas aspera extract as a
green fuel. The structural properties of fabricated nanocomposites were
well-characterized by specific spectral techniques for enhanced electro-
chemical sensor detection, antibacterial activities, and sunlight-driven
photocatalytic dye decoloration studies. The existence of Ag* ions has been 4 N
confirmed by the appearance of two peaks of Ag 3ds,, (367.9 €V) and Ag  “csags photocatalysilile
3d;/, (373.9 eV), with the chemical binding nature and exchange of the Ag*
state in the nanocomposite lattice as revealed by X-ray photoelectron
spectroscopy analysis. The energy band gap value of the doped
nanocomposite decreases from 2.2 to 1.8 eV, as measured by the UV—
visible absorption spectral technique, hindering the recombination of
electron—holes pairs by trapping e~ and h'. This result supports that the C3AgS nanocomposite has a great potential as a sunlight
photocatalyst toward the Alizarin Red (AR) dye, for which an excellent degradation activity of 98% at 180 min was achieved
compared to that of the host nanocomposite (78% at 180 min). The variation of redox peak potentials of the prepared graphite
nanocomposite working electrode is an effective tool for paracetamol sensing activity in 0.1 M KCI using electrochemical spectral
studies. In addition, the antibacterial activities of the C3AgS nanocomposite against Escherichia coli and Staphylococcus aureus were
successfully studied. The C3AgS nanocomposite exhibited a better performance than C3. The increase in activity is attributed to the
presence of Ag as a dopant.
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1. INTRODUCTION heterogeneous photocatalysis using hydrogen peroxide, and
wet air oxidation are examples of advanced oxidation
methods.”

Heterogeneous photocatalysis is a strong choice among

Water is essential to all living things on the planet. Its demand
is growing every day as a result of population increase, and it is
becoming a serious difficulty that must be addressed in order

to ensure a sustainable civilization. Rapid industrial develop- these modern oxidation techniques because of its low cost,
ment and excessive population growth have altered the natural chemical and biological inertness, and remarkable capacity to
composition of water by introducing various pollutants.’ The remove organic pollutants, colors, and allergens from waste-
development of effective technology to remove home and water. The mechanism of heterogeneous photocatalysis is
industrial pollutants before they enter the environment has primarily defined by the semiconductor’s ability to create
been the subject of intense research and management. charge carriers in the presence of sunlight, followed by the

Filtration, adsorption, evaporation, and chlorination are all
time-consuming and risky to the health and require expensive
water treatment procedures that can sometimes result in
secondary pollution.” As a result, new technologies for the
removal of hazardous substances from water supplies have
been created. The advanced oxidation method was originally
created for the treatment of drinking water, and it is adapted
for the treatment of wastewater from many sources due to its
efficiency and effectiveness. Electrochemical oxidation, super-
critical water oxidation, the Fenton reaction, ozone oxidation,

formation of free radicals such as OH, which leads to
subsequent reactions, eventually creating CO, and H,0.* For
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efficient photocatalytic degradation of organic molecules, a
variety of materials/agents such as simple metal oxides,
complex oxides, transition metal oxides, and nitrides are
available. Among these, CuO is a very good choice as a
semiconductor photocatalyst because of its easy and cheap
synthesis and non-toxicity.” It also possesses high excitation
binding energy, high conductivity, good thermal stability, and
excellent optical and electrical properties. It is a p-type
semiconductor with a small band gap of 1.2 eV. It is used in
electrical cathode materials, glucose sensors, gas sensors,
supercapacitors, solar cells, field emitters, and catalysts,
among other applications.” It has strong antimicrobial
characteristics and can also be used as a photocatalyst in
wastewater treatment. It is also a popular heterogeneous
catalyst for turning hydrocarbons into carbon dioxide and
water.

Previous research has demonstrated that doping CuO with
transition metals such as Ni, Cr, Cu, Mo, Fe, and Au improves
photocatalytic activitgr by preventing photo-induced electron—
hole recombination.” Silver doping of semiconductor nano-
particles is said to improve their photocatalytic performance.’
Nanomaterials containing silver have long been known to have
antibacterial properties. In a bacterial, fungal, and viral
investigation, the silver ion has the highest biocidal efficiency.'’
Metallic silver nanoparticles have attracted a lot of attention in
recent years due to their exceptional antibacterial properties.
The photocatalytic efficiency of CuO is further enhanced if it is
in the form of a heterostructure like CuO/Cu,0/Cu compared
to that of a single phase compound.'’ The advantages of green
syntheses over chemical and physical approaches include the
following: environmental friendliness, affordability, and ease of
scaling up for large-scale nanoparticle synthesis.'* In addition,
there is no need to utilize harmful chemicals and high
temperatures, pressures, or energies. There are numerous
methods that can be used to synthesize nanostructured
materials with controlled shape, size, and structural character-
istics."> A large number of the reactants, starting materials,
stabilizers, and solvents utilized in the majority of wet chemical
pathways are toxic and possibly dangerous.'* Thus, plant-based
bio-mediated synthesis methods are nearly risk-free while also
being commercially and environmentally beneficial.

Leucas aspera is selected in the present investigation as it is
widely distributed in India and has antigyretic, anti-venom,
antibacterial, and pesticide capabilities.”” The antibacterial
effects of L. aspera extracts against Vibrio cholerae, Escherichia
coli, Salmonella typhi, Klebsiella aerogenes, Staphylococcus
aureus, Proteus vulgaris, and Pseudomonas pyocyanea have
been shown in previous investigations using an aqueous leaf
extract.'® It is scarce to find research articles on doped copper-
based nanocomposites in the literature. In this study, we
synthesized the C3AgS nanocomposite using the L. aspera leaf
extract as a reducing and stabilizing agent and assessed its
antibacterial efficacy, photocatalytic activity, and supercapaci-
tance behavior.

In the current study, we synthesized the C3AgS nano-
composite using the L. aspera extract as a fuel by the solution
combustion method. Further, it was characterized to establish
their nanoscale level composition. It was discovered that Ag
has altered the crystallinity, band gap, crystallite size, charge
carrier dynamics, and surface morphology of the C3 nano-
composite. To investigate the role of the structural, electronic,
and surface properties of the doped compound, we conducted
photocatalytic decolorization of the Alizarin Red (AR) dye and
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assessed the super-capacitance behavior and antibacterial
activity against Gram-positive S. aureus and Gram-negative E.
coli bacteria.

2. EXPERIMENTAL SECTION

2.1. Preparation of (CuO/Cu,0) Cu and Ag-Doped
(CuO/Cu,0) Cu by the Solution Combustion Method.
Cu(NO;),-3H,0 and L. aspera extract as a fuel were
considered in stoichiometric ratios and were placed in a
crucible to synthesize (CuO—Cu,0)Cu by a low-temperature
solution combustion route. All the chemicals were acquired
from Merck, were of analytic grade, and were utilized without
further purification. Cu(NOs), was used as an oxidizer, and an
optimized quantity of L. aspera extract was used as fuel. A
solution of selected materials and a minimal amount of water
was then placed inside a preheated muffle furnace at 450 °C.
The combustion process was initiated with an evaporation of
the water content, and the liberation of a greater volume of
CO, and N, gases was observed. The formed (CuO—Cu,0)
Cu nanomaterial was foam in nature, brought down to room
temperature, and dried. The resulted product is named as C3.

The solution combustion method was applied thereafter
following the aforementioned procedure to synthesize 1, 3, S,
and 7 mol % Ag-doped (CuO/Cu,0)Cu (C3Ag) hetero-
structure nanocomposites by using AgNOj as a precursor from
Sigma Aldrich, and they were labeled as C3Agl, C3Ag3,
C3AgS, and C3Ag7 nanocomposites, respectively. The
schematic experimental representation of synthesized C3Ag
nanocomposites is shown in Figure 1.

2.3. Photocatalytic Measurement. The specific amount
of synthesized nanomaterial (20 mg) was placed in a larger
glass beaker containing 40 ppm AR dye solution. The
photocatalytic test was carried out individually for both host
C3 and Ag-doped C3 photocatalysts for around 180 min under

Leucas aspera

AgNO; +
Cu(NO;),.3H,0

Figure 1. Schematic experimental representation of synthesis of the
C3AgS nanocomposite by a facile combustion route.

https://doi.org/10.1021/acsomega.2c07124
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Figure 2. (a)PXRD pattern and (b) enlarged portion of (002), (111), and (111) peaks of C3 and the C3-Ag5 nanocomposite.

Table 1. Crystallite Size (Debye Scherrer’s and W—h Plot Method) and Other Structural Parameters of C3Ag (0—7 mol %)

Nanoparticles

crystallite size (nm)

CCC: Ag NPs (mol %) Scherrer’s Method W-—h plot method

0 SS N
1 19 20
3 20 21
N 16 18
7 21 22

stress X 1073

dislocation density X 10" linm* structural factor X 1073

1.493 0.3305 4.487
1.563 2.77 4.477
1.662 2.5 4.484
1.752 3.906 4.467
1.685 2.5 4.483

natural sunlight irradiation. This photocatalytic reaction was
carried out between 11 am and 2 pm to prevent the
fluctuations in the intensity of sun rays. S mL of dye solution
was removed at regular intervals to track the change in
absorption intensity. Our prior work'” thoroughly revealed the
procedure to conduct the photocatalytic experiment under
sunshine. All the experiments were done in triplicate with
errors of less than 3%, and the average value was reported.

2.4. Electrochemical Measurement. The mixtures of the
synthesized nanoparticle, graphite, and as a binder silicon oil
were taken in a mortar of ratio 1:3:1 and ground (~30 min) to
get a paste. Then, in a Teflon tube, the paste was filled without
any air gap. Lastly, to avoid the production of uneven surfaces/
gaps/holes, the filled Teflon tube was smoothened over wax
paper. For the electrical contact, a copper wire was cautiously
inserted on one side of the tube and made as one among the
three-electrode system for the electrochemical measurements.

2.5. Antibacterial Performance. Petri plates containing
20 mL of Muller—Hinton agar were seeded using a cotton
swab with 24 h (old) culture of the E. coli and S. aureus strains.
Sterile discs (S mm diameter) are plated on the plate with 3.0
mg/mL concentrations of the test sample and standard. The
plates were then incubated at 37 °C for 24 h. The anti-
microbial activity was assayed by measuring the diameter of the
inhibition zone formed around the well using Ciprofloxacin as
a positive control.

3. RESULTS AND DISCUSSION

3.1. Powder X-ray Diffraction Analysis. The synthesized
C3 and Ag-doped C3 (1—7 mol %) were analyzed by X-ray
diffraction (XRD) to confirm the structural properties of the
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samples. Figure 2a shows the diffraction peaks of C3 at 20 =
32.5,35.4,38.6,48.7, 53.2, 58.0, 61.3, 66.2, 68.0, 73.4, and 74.2
that correspond to (—110), (002), (111), (—202), (202),
(—113), (-311), (-220), (311), and (—222) planes of
monoclinic CuO diffraction planes, which well matches to
the JCPDS card (no.: 45—0937). The reflections present at
angles 36.4 and 42.1 were due to the (111) and (200) planes,
respectively, of the Cu,O phase (JCPDS File no. 5-661 and S-
667). Minute additional peaks were noted for the (1—7) mol %
of Ag at 44.5 and 77.2 20 diffraction angles pointing toward the
(220) and (311) planes of metallic silver (Figure 2a)."®
Powder XRD (PXRD) results verified that favored products
are formed such as CuO, Cu,O, metallic copper, and metallic
silver.

Notably, the diffraction planes have variation in peak
intensities for the different contents of Ag in C3 (Figure 2a).
This is probably due to the change in the crystalline
orientation in terms of microstructures or lattice disorder in
the CuO/Cu,0 lattices.'”*” The PXRD studies show that the
transformation phase of Cu,O to CuO in (CuO—Cu,0)Cu
along the planes (002) and (111) was promoted with the
increase of Ag concentration. This change in intensity and
phase transformation is due to the impact of the lower ionic
radii of Cu®* (0.072 nm) and Cu* (0.077 nm) ions than the
ionic radii of metallic of Ag (0.144 nm).”' The different
concentration of Ag dopants improves the crystal quality of
CuO along the planes (002) and (111) but affects the crystal
quality of the planes Cu,O(111), metallic Cu(111) in terms of
microstrain and stress (Figure 2b). The microstrain and stress
was determined in order to confirm the change in the peak
intensity of C3Ag5.”**

https://doi.org/10.1021/acsomega.2c07124
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Figure 3. SEM-EDAX images of (a,b) C3 and (c,d) C3AgS nanocomposite.

The average crystal sizes of as-formed C3, C3Agl, C3Ag3,
C3AgS, and C3Ag7 were in the range 16—55 nm, as achieved
by using Scherrer’s formula and presented in Table 1. It can
also be seen that the 26 peak positions of the major diffraction
pattern after Ag doping of (CuO—Cu,0)Cu had similar values
to that of pristine (CuO—Cu,0)Cu, except for the changes in
the intensities of the peaks. As the Ag contents increase from 0
to 7 mol %, the broadening of the peaks corresponding to
(002) and (111) planes of CuO gradually increases which
indicates the smaller crystallite size of the material. It is
observed that pristine C3 has an average size of 55 nm and it
decreases up to 16 nm for S mol % Ag. Many researchers have
synthesized Ag-doped CuO-based materials using various
routes and optimized the particle size under different
conditions. Figure 2b shows the William Hall plot of prepared
nanocomposites obtained by plotting the # cos € values as a
function of 4 sin 6. The crystallite size and lattice strain for
both C3 and Ag-doped CCC were determined by W-H
calculation (eq 1) and are listed in Table 1.>* Here, /3 is the full
width at half maximum (FWHM), D is the crystallite size, and
€ is the strain.

f cos @ = kA/D + 4¢e sin 0 (1)

3.2. Scanning Electron Microscopy and Energy-
Dispersive X-ray Spectroscopy Analysis. The scanning
electron microscopy (SEM) examinations were performed to
confirm the nature and surface morphology of the nano-
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particles, as depicted in Figure 3a,c. The synthesized C3
nanoparticles had sizes that are in the nanometer range, and
their structures were homogeneous and spherical that were
agglomerated in nature. The agglomerated particle structure is
due to densification caused by the narrow space between the
particles (Figure 3a). Figure 3c shows the micrograph of
C3AgS with 500 nm scale magnification. The image indicates
that only few nanoparticles have a spherical shape, few have a
flower-like morphology, and some nanoparticles are well
separated from each other, while most are present in the
agglomerated form and not shaped homogeneously. The
allotment of the Ag dopant decreases in crystallite size due to
separation and the change of the particle structure. Fairly
different from that of the host C3, Ag-doped C3 samples
exhibit a distinguishable morphology. Thus, the significant
influence in the growth pattern is evidenced upon Ag doping,
as also supported by the average crystallite size value calculated
from PXRD.

Figure 3b,d shows the chemical constituents present in
prepared host and Ag-doped CuO samples, which were
examined by energy-dispersive X-ray spectroscopy (EDAX).
The EDAX spectral analysis validates the purity of C3 and
C3AgS-doped samples. The pattern (Figure 3b) clearly
indicates the presence of Cu and O in the spectrum and the
elements like Cu, O, and Ag are detected from the observed
spectrum in Figure 3d, which indicates the specific doping with
the absence of other impurities in Ag-doped CuO samples.

https://doi.org/10.1021/acsomega.2c07124
ACS Omega 2023, 8, 9947—-9961
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3.3. Transmission Electron Microscopy Analysis.
Figure 4ab depicts the transmission electron microscopy

.2449nm  CuO

d002=0.2501 nm
& /

Figure 4. (ab) TEM images at different magnifications, (c,d)
HRTEM image, and (e) SAED pattern of the C3AgS nanoparticle.

(TEM) images of C3-AgS nanoparticles at different magnifi-
cations. The reported micrographs clearly express the
formation of agglomerated irregular shaped nanoparticles.
Figure 4c shows the high-resolution TEM (HRTEM) image of
prepared C3AgS, and Figure 4d clearly indicates the lattice
planes with d-spacings of 0.2449, 0.2501, 0.2071, and 0.144 nm
corresponding to (111), (002), (111), and (220) planes of
Cu,0, CuO, metallic copper, and metallic silver, respectively.
The crystallite size calculated from the TEM analysis matches
well with the crystallite size estimated from Scherrer’s method.
The appearance of the ring pattern in the selected area electron
diffraction (SAED) results shows the high crystallinity of the
sample (Figure 4e). These rings match well with the (—113),
(111), and (002) planes of CuO, the (111) plane of Cu,O, and
the (111) plane of metallic copper. TEM analysis further
confirms the formation of C3Ag nanoparticles and the absence
of other impurities.

3.4. X-ray Photoelectron Spectroscopy Investigation.
An X-ray photoelectron spectroscopy (XPS) study was
performed to regulate the presence of Ag at the (CuO-
Cu,0)Cu surface as well as to examine their oxidation states.
Figure Sa shows the survey of the sample for Cu, Ag, O, and C
elements. The peak at 284.8 eV corresponded to adventitious
carbon (Figure Sb). As shown by the O 1s in Figure Sc, the
predominant peak of O 1s (529.7 eV) was assigned to the
lattice oxygen, along with which a satellite peak is observed at
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531.2 eV. Examining the XPS spectrum of Ag 3d (Figure 5d),
the two peaks of Ag 3ds,, (367.9 eV) and Ag 3d;/, (373.9 eV)
observed were attributed to metallic silver (Ag"), which agrees
well with previous reports,”® confirming the existence of Ag
nanoparticles in (CuO—Cu,O) Cu. Further, it was slightly
lower than the standard binding energy values (3ds,, 367.9 eV
and 3d;),, 373.9 eV), indicating that there was an interface
interaction between CuO and Ag nanoparticles. The XPS
result of Cu 2P of the sample shows peaks at 933.4 and 943.7
eV (Cu 2p;,) and 953.4 and 962.1 eV (Cu 2p,,,) with the
differences of 20 and 18.4 eV, respectively, which proves the
formation of copper (II) oxide (Figure Se).”® In a previous
study, the energy separation of >19.8 eV was observed in CuO
and that of <19.8 eV was observed in either pure metallic Cu
or Cu,0.”” However, chemical state differentiation of Cu was
difficult to be found with XPS since the Cu 22p binding energies
of Cu* and Cu metal were almost the same.”® The presence of
two satellite peaks at higher binding energies of 943.7 and
962.1 eV is typical of materials having a d9 configuration in
their %round state, which obliviously shows the presence of
Cu*/”

3.5. Diffuse Reflectance Spectral Analysis. The optical
properties of the synthesized host C3 and C3AgS nano-
composites were examined using UV—visible spectrophoto-
metric techniques and are shown in Figure 6a,b. An increased
absorption of the C3AgS photocatalyst was observed after
doping of Ag ions compared to that of the host C3
nanocomposite in the visible light range of 400—800 nm
(Figure 6a). The maximum intense peak was found for the
C3A0g5 nanocomposite due to surface plasmon resonance of
Ag.”’ The broad absorption band of the prepared host and
doped nanocomposites were recorded in the wavelength range
of 200 to 325 nm, and no absorption peaks were observed in
the higher wavelength of 325 to 800 nm. The reflectance
spectral of C3 and C3AgS photocatalysts were recorded in the
range between 200 and 800 nm as shown in Figure 6b. The
energy band gap (E;) of the prepared host and doped
nanocomposites were calculated by plotting energy (hv)
against [F(R)hv]* as elucidated from the Kubelka—Munk
process (eq 2).*'

(1-R)" _K
2R S (2)

The obtained energy band gap of the prepared host and
doped nanocomposites were found to be 2.2 and 1.8 eV,
respectively, as depicted in Figure 6¢. Therefore, the prepared
Ag-doped nanocomposites show a narrow energy band gap of
1.8 eV, representing the higher photoresponse in the visible
light than that of the host C3 nanocomposite. The decrease in
the energy band gap of prepared materials is commonly
attributed to the d—d transitions of e~ and charge transfer
transition across Ag ions, which provides sites to trap electrons
and holes, which further inhibits the recombination of photon-
generated carriers.”>*® The band edge sites of C3 and C3AgS
photocatalysts can be calculated by using eqs 3 and 4

Eyy = X — Ey + 0.5E,

F(R) =

(©)
(4)

Here, X is the electronegativity of the nanocomposite, E, is the
energy band gap, and E, is the energy of free electrons with
respect to the standard hydrogen electrode for about 4.5 eV.
The edge potentials Ecy and Eyg of C3 and C3AgS

Ecy = Eyy — E,

https://doi.org/10.1021/acsomega.2c07124
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Figure 5. XPS spectra of the C3AgS sample and (a) wide spectral range, high-resolution XPS spectra of (b) C 1s, (c) O 1s, (d) Cu 2p, and (e) Ag
3d.

photocatalysts were calculated as —1.2 and 0.6 eV, respectively, method. The solution combustion assisted nanocomposite
with the help of the electronegativity (X) value of the prepared normally shows a large surface area due to liberation of heat
material found at 4.2 eV, and the edge potentials Ecy and Eyy (exothermicity).”® The BET surface area of the C3AgS
of C3 photocatalysts were calculated as —1.9 and 0.3 eV, nanocomposite was recorded to be 82 m®/g, as depicted in
respectively. The obtained results showed the excellent Figure 8a. The larger surface area of the C3AgS nanocomposite
photocatalytic application for the lower energy band gap of is obtained by the impact of the uniform distribution of
C3AgS photocatalysts compared to that of the C3 photo- nanoparticles, as ascertained in SEM micrographs and
catalyst. Scherrer’s method in XRD analysis. The mean pore diameter

3.6. Fourier Transform Infrared Spectroscopy. The of this prepared sample was recorded to be 7.9140 nm, and the

Fourier transform infrared (FTIR) spectrum of the C3AgS total pore volume is found to be 4.2108 X 107> cm® g™'. The
nanocomposite synthesized using the green mediated solution obtained resu.1t5 confirm t.hat the C_3A85 nanocomposite is
combustion method was recorded in the range 4000—400 mesoporous in nature. Figure 8b is t.he Barrett—Joyner—
cm™ as shown in Figure 7. The presence of a strong peak at Halenda adsorption isotherm plot, which shows lthe pore
3697 cm™! attributed to hydroxyl (O—H) symmetric diameter of the prepared C3AgS nanocomposite. This
stretching vibration indicates the presence of a water molecule, conﬁrr.ns that the preparefi C3Ag5 nar}ocomP051te has no
and its asymmetric stretching vibrations was found at 2389 pores n tbe macropore region (1..e., 500 A), which means that
cm™'* The appearance of major peaks in the finger print pores are in the mesop(s)gggs region, and hence, the prepared
region is associated to the metal—oxygen (M—O) vibration material is mesoporous.

linkages. The bending vibrations of Cu—0O, Ag—0O, and Cu—
O—Ag linkages were found to be 481, 562, and 659 cm™, 4. PHOTOCATALYTIC STUDIES OF C3 AND C3AG5

35 The NANOCOMPOSITES

respectively, as depicted in the inset of Figure 7.
-1

appearance of supplementary peaks at 1535 and 1652 cm Water is a fundamental component and essential to

corresponds to stretching vibrations of Cu—O and Ag—O functioning for the known life on Earth. Currently, the toxicity
molecules, respectively. of dye pollutants has been increasing by various divisions and
3.7. Brunauer, Emmett, and Teller Analysis. The pore creating major issues around the biosphere. These toxic effects
diameter and textural properties of the C3AgS nanocomposite from various dyes and their capacity to attack common water
prepared by the green mediated solution combustion method treatment actions have encouraged the scholars to implement
was examined by the Brunauer, Emmett, and Teller (BET) an eflicient and cost-effective environmentally friendly method
9952 https://doi.org/10.1021/acsomega.2c07124

ACS Omega 2023, 8, 9947-9961


https://pubs.acs.org/doi/10.1021/acsomega.2c07124?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07124?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07124?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07124?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
18
0.36 [ (a) ——CCC-Ag (b) ——CCC-Ag
——CCC ——cccC
032 | 16 '
14
g 028 - —_
s =
= o
2 024 | 2 12
2 =
o =
< 020 | S 10
%
=
U
0.6 - & g
012 |- 6
0.08 | 4
T T T T T T T 1 T 1 1 T T
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
20
(©) ——CCC-Ag
—CCC
—~ 15
2
=
N/-\
)
<3
10
_/""""'\_\
T T T
1.5 2.0 3.0 3.5

25
hv (eV)

Figure 6. (a) Diffuse absorbance spectra of C3 and C3AgS nanocomposites; (b) reflectance spectral analysis; and (c) Kubelka—Munk plot

transformed reflectance spectra for optical band gap calculations.

to reduce the toxic pollutant concentrations. Thus, the
photocatalytic dye degradation studies are a potential
technique for the treatment of several contaminated dye
pollutants in water media.””~*' In this research, we explored
the photocatalytic dye degradation performance of prepared
C3 and C3AgS nanocomposites on AR dye under the impact
of visible light. The experimental photocatalytic dye decolor-
ation activity was carried out for 40 ppm AR dye stock solution
and 20 mg of prepared C3 and C3AgS nanocomposites under
visible-light irradiation. The decoloration efficiency of the
prepared C3 and C3-Ag nanocomposites on AR dye were
analyzed by measuring the absorbance of collected dye
solutions after every 15 min time intervals (Figure 9a,b).
Thus, the photocatalytic dye degradation performance of AR
dye has been increased due to the increase of light irradiation
time in the presence of C3 and C3AgS nanocomposites. An
excellent photocatalytic dye degradation activity was achieved,
with a value of 98% at 90 min, for the C3AgS nanocomposite
compared to that of the host C3 nanocomposite (78% at 90
min), as shown in Figure 9c. The standard error bar plot of AR
dye degradation spectral studies is carried out under sunlight
irradiation as given in Table 2. Also, the dye degradation
performances on AR dye in the dark and under photolysis were

9953

recorded and found to be 9.8 and 13.2%, respectively (Figure
9¢c). The reusability and photostability of the prepared C3AgS
nanocomposite on AR dye degradation was performed under
similar conditions over five cycles (Figure 9d). After the first
run, the used catalyst was recovered, washed using deionized
water, heated to 40 °C for 20 min, and reused in subsequent
degradation cycles. Further, the total organic carbon (TOC)
analysis of the prepared C3AgS nanocomposite on AR dye was
carried out as shown in Figure 9e. The results show that the
percentage of TOC removal concentration decreased gradually
with reaction time. The maximum TOC removal was 88% after
180 min of irradiation, which represents that most of the AR
dye was mineralized during the photocatalytic process.
Further, the photocatalytic discoloration of AR dye studies
was supported by scavenging assessments using different
scavengers, and its absorption spectral analysis without and
with scavengers was examined as shown in Figure 10. This
examination was conducted to verify the photodiscoloration
efficiency of AR dye using C3AgS nanocomposites. The
experimental photocatalytic degradation analysis was carried
out with acryl amide, ammonium oxalate, and isopropanol
scavengers, yielding values of 89, 52, and 25%, respectively
(Figure 10a—c). Also, the photocatalytic dye degradation was

https://doi.org/10.1021/acsomega.2c07124
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carried out in the absence of scavengers, which shows a value
of 98% at 180 min (Figure 10d). In the scavenger experimental
analysis, the isopropanol scavenger plays a dynamic role in
photocatalytic degradation by blocking the holes, which
confirms that holes (h*) are mainly responsible for dye
degradation. Therefore, photocatalytic degradation was
successfully achieved by holes as an effective tool under
sunlight irradiation.***’

The possible mechanism of photocatalytic dye decoloration
of C3AgS on AR dye under visible light irradiation is revealed
in Figure 11. The impact of light energy on the prepared
photocatalyst surface shows photosensitization of AR dye in
irradiated visible light (eq S). This process comprises equal
numbers of electrons (e”) and holes (h*) moving from the
valence band to the conduction band (eq 6). In the
photocatalytic dye decoloration reaction, the water and oxygen
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molecules are directly influencing the formation of superoxide
radicals (O3~) by the presence of e~ in the conduction band
(eq 7) and hydroxyl radicals (OH*") (eq 8) by the presence of
holes in the valence band, respectively. The generated radicals
play a vital role in the photocatalytic dye decoloration activities
by braking of complex dye structures into eco-friendly
byproducts.***

Ag(CuO — Cu,0)Cu + hy(light energy)

— Ag(CuOCu,0)Cu*(energy) (3)
Ag(CuO — CuZO)Cu*(energy)
— Ag(CuO — Cu,0)Cu(h" + ¢") (6)

https://doi.org/10.1021/acsomega.2c07124
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Table 2. Standard Error of Spectral Absorbance Plots for f 1dv
AR Dye in the Presence of a Photocatalyst Sep = —"———
vXmXAV )
1. no. dard
sne standard error where I—current, V—potential, m—electrode mass, v—scan
0 min 8.44019 x 107°

rate, and AV—operating voltage window. From the charge—

20 min 6.46067 x 107 discharge curves, the Scp for the synthesized electrode was
40 min 642 x 107°
evaluated by eq 10.
60 min 6.40695 x 107°
80 min 408217 x 107 Scp = I X At/m X AV (10)
100 mi 3.39352 x 107°
120 :12 3 13071 z 10-5 where At is the discharge time. The energy density (E; W h/
140 min 27848 X 10-5 kg) and power.density (P; W/kg) were estimated by eqs 11
160 min 24329 X 10-5 and 12, respectively.
180 min 2.30896 x 107° Scp x AV?
_ T 836 (1)
Ag(CuO — Cu,0)Cu(e”) + O,
P = 3600 X E/At 12
- Oz°_(superoxide radical) ) (12)
where Scp is the resulted specific capacitance from GCD
- . - tudies.
0™~ + H,0 — OH" + OH ) studies

Electrochemical performance of C3 and C3AgS5 was assessed
through CV and GCD experiments by a three-electrode
5. ELECTROCHEMICAL INVESTIGATIONS OF C3 AND /5o The OV curves of C3 and €3Ag5 at a scan rate of 0.02

s are given in Figure 12a (inset), which confirms the

C3AG5 NANOCOMPOSITES pseudocapacitive behavior with a couple of redox peaks over
The electrochemical analysis was performed in a combination the cationic and anionic segments. C3AgS displayed a higher
of three electrodes with 1.0 M KCI as the aqueous electrolyte space area below the CV curve, signifying a higher value of Scp
at room temperature. Analysis techniques includeing cyclic of 134 F/g than that of C3 (90.0 F/g). Figure 12a displays the

voltammetry (CV), galvanostatic charge and discharge (GCD) CV curves of the C3AgS electrode at various scan rates. The
tests, electrochemical impedance spectroscopy (EIS), and curve validated that the shape of the CV curves progressively
sensor studies were conducted. The specific capacitance (Scp) shifted and sloped along with the increase of the scan rate, and
can be evaluated for the synthesized electrode from CV by eq it maintained the redox position and electrochemical stability
9. even when the scan rate increases. The Scp values of the

9955 https://doi.org/10.1021/acsomega.2c07124
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with the pseudocapacitive nature of linear triangular shapes.
The Scp values for the C3 and C3AgS electrodes determined
from the charge discharge curves at a current density of 0.5 A/
g were 109.8 and 163.2 F/g, respectively. From Figure 13a and
by the Scp values, it was confirmed that C3AgS shows better
results than C3Ag’. A cycling life of longer time with better
stability is a crucial factor of supercapacitors.”’ Hence, the

C3AgS electrode at 0.01, 0.02, 0.03, 0.04, and 0.05 V/s scan
rates were 178.68, 134.01, 110.31,100.45, and 94.28 F/g,
respectively. The Scp values decreased due to the slower
penetration of the electrolytic ions into the pores of the sample
at a higher scan rate.*’

The GCD curves of C3 and C3AgS at a current density of
0.5 A/g is displayed in Figure 13a and it is in good agreement

9956 https://doi.org/10.1021/acsomega.2c07124
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capacitive retention cycle for the C3AgS electrode was
conducted, which withstood till 1000 charge—discharge cycles
and retained its capacitance at ~ 90%, as depicted in Figure
13b, provinf the outstanding cycle stability. The obtained
results confirmed the excellent cyclic stability and better energy
density (10.5 W h/kg) at a power density of 474.3 W/kg.
EIS analysis was performed to know the electrochemical
nature of the supercapacitor electrodes. Figure 12b displays the
Nyquist curves of C3Ag0 and C3AgS, which revealed a unique
supercapacitor nature, having a quasi-circle present in the high-
frequency area and a slanting line present in the low-frequency
area."” The diameter estimated from the quasi-circle entails the
charge transfer resistance (R.) as electrolytic solution
persuading toward the electrode.” C3AgS results in a smaller
R, (31 Q) than C3Ag0 (43 Q), validating the huge ion
migration ratio at the boundary between the electrolytic
solution and electrode.”” Both the electrodes have vertical tails
present in the low-frequency range due to enhanced ionic
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accessibility of the electrolyte to intercalate into the internal
pores.

We have extended the electrochemical studies for the
prepared electrodes using graphite toward sensor applications.
In this point of view, we have utilized these electrodes to
identify the presence of paracetamol in 0.1 M KClI electrolyte.
Figure 14 (inset) explains the CV analysis of the C3AgS
electrode for detecting paracetamol of concentrations 0 and 1
mM in the potential range (—1.0 to +1.0 V). As represented in
Figure 14 (inset), the sensing of paracetamol in the electrolyte
was confirmed by the change in the appearance of new
oxidation and reduction potential peaks as compared to that
for the bare electrolyte. The sensibility and stability were
further confirmed by increasing the concentration of para-
cetamol in the electrolyte by the electrode, as shown in Figure
14. Hence, we can conclude that the novel nanoparticle C3Ag$S
could act as a good sensor electrode.
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5.1. Limit of Detection, Selectivity, Repeatability, and
Stability. Figure 15 shows the linear variation with the
paracetamol concentration in the range 1—5 mM calculated by
using the following eq 13

I (mA) = 0.028 X (mM) + 0.00000645 (R = 0.96702)
(13)
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Figure 15. Plot of peak current vs paracetamol concentration.

The limit of detection was estimated to be 0.505 mM using
36/b, where o is the standard deviation of the blank and b is
the slope of the calibration curve (sensitivity).

The C3AgS electrode was investigated for its selectivity
toward paracetamol by introducing common interfering
species under the conditions optimized for measurement. We
considered electroactive species that may be present in
pharmaceutical formulations and environmental samples.>’
These include organic compounds like sucrose, glucose,
ascorbic acid, caffeine, and methanol, as well as some cations
such as NH, Ca, and Ni.’" The effect of these species on the
oxidation peak was evaluated at a concentration of 5 mM
paracetamol and a concentration of the interferent of 100 mM
(i.e, 20 times that of paracetamol). We found no significant
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effect of these interfering substances, with the signal deviation
remaining below +10%. Thus, the C3AgS electrode offers
satisfactory selectivity and can be effectively used for the
determination of paracetamol in the presence of these
common interfering substances.

The repeatability of the modified electrodes was also studied
by measuring the peak current for S mM paracetamol with the
same (already used) electrode with five repetitions. The
relative standard deviation (RSD) of 3.5% was obtained, which
indicated that the proposed electrode can be used multiple
times for consecutive measurements. The evaluation of the
long-tern storage stability of the modified electrode for 20 days
was conducted by using the same electrode for a daily
measurement of the peak current of S mM paracetamol. After
20 days, the peak current had only decreased by approximately
8.5% compared to the signal on the first day, while the RSD for
the peak currents was 3.38%.

6. ANTIBACTERIAL MECHANISM

The synthesized nanocomposites were tested for antibacterial
effectiveness against E. coli (Gram negative) and S. aureus
(Gram positive). Figure 16 shows the zone of inhibition for C3

Figure 16. Antibacterial activity of nanocomposites, (a) E coli (b) S.
aureus—1. C3 2. C3AgS (3.0 mg/mL) 3. Negative control 4. Positive
control (Ciprofloxacin).

and C3AgS on E. coli and S. aureus bacteria by selecting
Ciprofloxacin as the positive control. Table.3 shows the
inhibitory zones of both the samples measured in millimeters.
Due to the presence of Ag as the dopant in C3AgS, its bacterial
action against both Gram-positive and Gram-negative bacteria
is increased.

The improved antibacterial activity of the C3AgS nano-
composite is attributed to its smaller size, and it can easily
penetrate the cell wall and cause structural changes such as
perforation, resulting in the leakage of intracellular compo-
nents; additionally, the C3AgS nanocomposite releases the Ag*
ion upon reaching the interior, generating reactive oxygen
species that interact with membrane proteins, affecting the
electron transport chain.”” The C3AgS composite exhibited
high antibacterial performance compared to C3, and this could
be due to the presence of various reactive oxygen species on
the photocatalyst, as result of which it disrupts the cell wall of
the bacteria. Under the impact of such reactive species,
bacterial cells may die due to lipid peroxidation, which causes
the cell membrane structure to break down.*™°° The
antibacterial activity of these studies is compared with that in
the other reported work as given in Table.4.
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Table 3. Zone of Inhibition for C3-Ag and C3 Nanocomposites

C3

C3AgS
E. coli S. aureus positive control negative control
19 mm 18 mm 22 mm 00 mm

E. coli S. aureus positive control negative control

17 mm 16 mm 22 mm 00 mm

Table 4. Comparison of Antibacterial Activity with
Reported Data

zone of inhibition

compound bacteria (mm) reference no.
Ag-doped E. coli 17 current study
(CuO/Cu,0)Cu
S. aureus 16
Ag-doped TiO2@Si02 E. coli 18 33
S. aureus 16
Ag-doped E. coli IN S4
TiO2—MWCNT
Ag-doped ZnO E. coli 12 N
S. aureus 13
Ag-doped Fe;0, E. coli 21 56
S. aureus 12

7. CONCLUSIONS

The heterostructure of Ag-doped (CuO—Cu,O)Cu nano-
composites were prepared by a solution combustion route
using green L. aspera extract as a fuel. The structural analysis of
the host and Ag-doped CuO/Cu,O/Cu samples were
examined by PXRD spectra for the confirmation of the
existence of CuO, Cu,0, and metallic Cu as distinct phases. As
the Ag content is increased from 0 to 7 mol %, the broadening
of the peaks of (002) and (111) planes of CuO gradually
occurs, which indicates the smaller crystallite size of the
material, and the transformation phase of Cu,O to CuO in
(CuO—Cu,0)Cu along the planes was observed. The
existence of Ag in the (CuO—Cu,0) Cu nanocomposite is
confirmed by the existence of two peaks of Ag 3d;,, (367.9 €V)
and Ag 3d;/, (373.9 V) in the XPS spectrum. Photocatalytic
dye degradation activity of the prepared doped nanocomposite
was examined, and an excellent AR dye degradation of 98% at
90 min was achieved. The electrochemical analysis was
performed for prepared electrodes using graphite in a
combination of three electrodes with 1 M KCl, which showed
excellent sensing of paracetamol medicinal chemical, con-
firmed by the appearance of new redox potential peaks as
compared to that in the bare electrolyte spectrum. Further, the
increasing antibacterial activity of the C3AgS nanocomposite
against E. coli and S. aureus showed improved performance,
which was attributed to the presence of Ag as a dopant. The
reported research provides better insights into the develop-
ment of multifunctional applications of nanocomposites using
doping practice.
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