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Abstract

The release of vast effluents in textile dyeing processes into water reservoirs is one of the critical environmental issues. The
more toxic methylene blue (MB) dye used in textile industries is being utilized in a biogenic approach using the hydrother-
mal method to synthesize the Cu@ZnO nanomaterials through sustainable and environment-friendly process utilization of
Hibiscus rosa-sinensis leaf extracts as reducing as well as capping agents. Several analytical techniques were used for the
structural, morphological, and compositional attributes of the Cu@ZnO nanomaterials characterized by XRD, UV, FTIR,
FE-SEM-EDS, and HR-TEM-SEAD analysis. The UV—Vis spectrum showed a peak absorbance at 380 nm and a band
gap of 3.26 eV. FTIR analysis revealed several vibrational modes, indicating the presence of various functional groups
such as 2355 cm™!' (C=0 stretching), 1529 cm ' (C=C stretching), 665 cm ! (Cu-O stretching), and 426 cm ! (Zn-O
stretching). XRD analysis confirmed the crystalline nature of the nanomaterials with an average crystallite size of 32 nm.
EDX confirmed the Cu, Zn, and O elements, and SEM and HR-TEM analyses revealed a sphere-like morphology with an
interplanar spacing of 260 pm. The photocatalytic activity concerning MB dye degradation under ultraviolet—visible light
exposure was determined. Effects of parameters, including catalyst dosage, initial dye concentration, and irradiation time,
concerning the degradation efficiency. A degradation rate of 97.67% for MB dye was obtained within an irradiation time
of 60 min with a remarkable photocatalytic efficacy of the nanomaterials. The kinetic analysis described the first-order
reaction model by a determined velocity constant of 0.03390 min! and a half-life of 20.44 min. This can be attributed to
its specific structural properties, which enhance the effective separation and transfer of charges in the nanomaterials. The
current work is a promising basis for further developing sustainable and efficient photocatalysts to remedy water pollution
from organic dye contaminants.
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Abbreviations
Cu@ZnO Copper-doped zinc oxide
MB Methylene blue

UV-Vis Ultra violet-visible

FTIR Fourier transform infrared spectroscopy

XRD X-ray diffraction

FE-SEM  Field emission scanning electron microscopy

EDX Energy dispersive X-ray spectroscopy

TEM Transmission electron microscopy

SARD Selected area electron diffraction

AR Analytical reagent

JCPDS Joint committee on powder diffraction
standards

VB Valence band

CB Conduction band

1 Introduction

Water pollution, one of the most serious global issues, has
gained attention through industrialisation and urbanisation.
The textile industry emits large amounts of organic dyes
into aquatic ecosystems, which results in tremendous envi-
ronmental and health hazards [1-3]. Methylene Blue (MB)
is a hazardous cationic dye owing to its toxic, carcinogenic,
and persistent characteristics. Conventional wastewater
treatment strategies often struggle with such contaminants,
meaning it is of utmost importance to promote research to
develop innovative and sustainable technologies [4—6]. In
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recent years, photocatalysis technology has emerged with
more potential and prominence as a creative technique for
degrading organic pollutants. [lluminating the photocata-
lysts based on semiconductors generates highly reactive
species, including ‘'OH and "O,, which have a high poten-
tial to oxidise and mineralise organic pollutants. [7]. Among
different kinds of semiconductor photocatalysts, research-
ers have studied ZnO because of its non-toxicity, biologi-
cal compatibility, photocatalytic activity, and drug-delivery
system [8—10]. Even though the band gap for ZnO is vast,
visible light is not sufficiently absorbed and becomes pretty
weak in photoactivity. To overcome the limitation above,
metal doping has been done by modifying the electronic
configuration of ZnO and widening the spectrum of light
absorption [11, 12]. Copper (Cu) doping can produce prom-
ising outcomes for improved photocatalytic performance
in ZnO. This involves incorporating copper ions into the
ZnO lattice and results in localised energy states within the
bandgap, allowing for better visible light absorption and
enhanced efficient charge separation [13, 14]. Nanomate-
rials’ application for remediating dyes in wastewater is a
rapidly growing domain because of the need to minimise
industrial dyes’ environmental and health risks. Compared
to traditional methodologies, nanomaterials have a vast sur-
face area, enhanced reactivity, and superior performance
in ecological remediation. For instance, the photocatalytic
characteristics of ZnO nanocomposites have been proven
to efficiently decompose cationic and anionic dyes, such as
MB and Congo Red. ZnO hexagonal wurtzite crystalline
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configuration enhances its photocatalytic efficacy, and it is
an up-and-coming candidate for sustainable dye degrada-
tion methods [15, 16]. SnO, nanoparticles doped with lan-
thanum have shown catalytic performance with degradation
rates up to 94% for Rhodamine B under UV irradiation with
structural maintenance of the medium cycle number. We
also investigated the incorporation of Cu into TiO, compos-
ites. We provided empirical evidence that these composites
can achieve an efficiency of up to 99.12% for acid green
dye, highlighting metal-doped nanomaterials’ capacity to
improve dye removal efficiency. Additionally highlighted
are the functions of nanoparticles as catalysts in sophisti-
cated oxidation processes that, under ideal operating condi-
tions, can remove organic contaminants up to 99 per cent
and special bioenergetic processes like membranes and pH
gradient-based particles that occasionally work inside or on
particles to separate communities from toxic environments.
Nanomaterials can demonstrate their adaptability in dye
removal but also possess the ability to remediate air pollu-
tion and store energy, demonstrating their multifunctional
potential [17]. These represent a prominent advancement
in solving the inherent complexities of pollution and ongo-
ing investigations of the refinement of their properties and
extension of their applications [18-21].

More recent efforts are being made to develop green
and sustainable synthesis methodology for nanomaterials.
Biogenic synthesis uses plant extracts as reductive and cap-
ping agents, which has many merits compared to the tra-
ditional chemical route, such as an inexpensive process,
environmental acceptability, and the opportunity to generate

Fig. 1 Hibiscus rosa sinensis leaves

nanomaterials with customised size and morphology [22,
23]. The hibiscus rosa-sinensis plant (Fig. 1) is commonly
called the Chinese hibiscus. This flowering plant species
is native to East Asia and has been selectively bred for its
colourful flowers for thousands of years. Besides being
an ornament, this plant has been studied for other practi-
cal applications in ethnobotany and environmental cleanup
[24].

In recent studies, Hibiscus rosa-sinensis has shown
utmost interest to the academic fraternity as a biologically
obtained reducing, stabilising, and capping agent for synthe-
sising metal and metal oxide nanomaterials. Plant extracts
are rich in phytochemical compounds like polyphenols,
flavonoids, and terpenoids, with exceptional reducing and
stabilising abilities [25]. These biological agents can chelate
with metal ions, reducing them to nanoparticles while also
stopping them from clumping together. Using plant extracts
for biogenic synthesis of materials has several advantages
over the traditional chemical process, including cost-effec-
tiveness, environmental sustainability, and ease of creating
nanoparticles with the appropriate size and shape [26]. The
reducing and capping abilities of Hibiscus rosa-sinensis leaf
extract efficiently synthesised Cu@ZnO nanomaterial with
promising photocatalytic potential for the degradation of
organic pollutants [22].

In this work, Cu@ZnO nanomaterial was synthesised
biogenically through the Hibiscus rosa-sinensis leaf extract.
The synthesised nanomaterial was characterised through
several characterisation techniques, such as XRD, UV-
Vis, FTIR, SEM-EDX, and HR-TEM-SEAD analysis, to
probe its structural, morphological, and compositional fea-
tures. The photocatalytic efficiency of the as-synthesized
nanomaterial was checked for the degradation of MB dye
under UV—Vis light irradiation. Degradation efficiency was
checked for parameters, namely catalyst dosage and irradia-
tion duration. Kinetics of degradation and the mechanisms
were studied to understand the photocatalytic process. This
research aims to produce sustainable photocatalysts for the
breakdown of organic dyes in water. Combining metal dop-
ing and biogenic synthesis advantages, we synthesized a
highly active Cu@ZnO nanomaterial with exceptional pho-
tocatalytic performance under UV—-visible light irradiation.
The current study provides a promising framework for pro-
ducing safe and profitable water filtration systems.

2 Materials and Methods
2.1 Materials

Metal precursors copper nitrate (Cu(NO;),.3H,0) and
zinc nitrate (Zn(NO;),. 6H,0) were purchased from
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Fig. 2 Experimental method for the synthesis of Cu@ZnO nanomaterial

Sigma-Aldrich. Organic Dye MB was bought from Loba
Chemie. All chemicals used during the experiment were of
A.R. grade. They were used directly, without further puri-
fication. Deionised water of Chargo Chemicals and Fresh
Leaves of Hibiscus rosa-sinensis collected from a local
agricultural field in Pimpalgaon (B), Nashik.

2.2 Methods
2.2.1 Synthesis of Plant-Mediated Cu@ZnO Nanomaterials

The leaves of Hibiscus rosa-sinensis were collected,
dried, and then ground into powder. The powdered mate-
rial was extracted using deionised water in combination
with a Soxhlet extractor to obtain the plant leaf extract.
Cu(NO;),.3H,0 was dissolved stoichiometrically in deion-
ised water, to which the leaf extract was added. An equiva-
lent stoichiometric quantity of Zn(NO;),.6H,0 was added
to the sonicated solution (1 h; 50 °C) and stirred vigorously
to maintain a pH value of approximately 10, adjusting it
with sodium hydroxide solution. This obtained solution was
added into the autoclave, where the hydrothermal treatment
was conducted at 120 °C for seven hours. After the hydro-
thermal treatment, the precipitate was filtered, washed,
dried in the oven, and calcined (Fig. 2), and the obtained
nanomaterial was analysed using several methods.
Photocatalytic Activity of MB Dye Degradation: A syn-
thesised Cu@ZnO nanomaterial was subjected to photo-
catalytic activity studies using the model pollutant MB dye.
For MB concentration, a steady concentration at 10> M is
used, and the concentration levels of the nanomaterial were
prepared systematically at 10 mg/100 mL concentration.
To evaluate any degradation that occurs due to the adsorp-
tion of the reaction mixture containing MB and nanomate-
rial, the latter was left in the dark for 10 min. The reaction
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Fig. 3 MB dye solution at different time (min) interval

mixture was then subjected to a maximum irradiation period
of 60 min using UV—Vis light. The kinetics of MB degra-
dation were monitored by analysing the absorbance spec-
tra of the reaction mixture at specified time intervals, and
we found the change in the colour of the solution (Fig. 3).
The decrease in the dye’s concentration can be monitored
through a decline in peak intensity centred at the character-
istic wavelength of 664 nm. MB revealed very slight deg-
radation in the absence of light, proving that the primary
degradation mechanism is photocatalytic.

However, when UV-Vis light was applied, there was
a significant decline in absorbance of the MB peak over
time, which showed degradation of the dye. The degrada-
tion of MB happened at a faster rate because of the increased
concentration of Cu@ZnO nanomaterial, which a quicker
decrease in absorbance could have proved. By using the fol-
lowing formula (Eq. 1) for measurement of the % degrada-
tion of MB dye;
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Fig.4 UV-Vis spectra of Cu@ZnO
nanomaterial
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where [A], and [A] are the Initial absorbance (t=0 min) and
Absorbance (t=t min) of the MB dye solution. Calculation
of the data gives the maximum amount of the degradation
of MB as high as 97.67% at 10 mg/100 mL with Cu@ZnO
nanomaterial at 60 min. The interaction between Cu and
ZnO enhances photocatalytic efficiency, as it effectively
facilitates charge separation and generates radicals. [27, 28].

3 Results and Discussion
3.1 UV-Vis Analysis

The UV—Vis absorption spectrum of the Cu@ZnO nanoma-
terial exhibited a significant absorption band in the ultra-
violet region, with the maximum absorption wavelength
(Amax) measured at 380 nm (Fig. 4). This absorption band
is due to ZnO’s characteristic intrinsic bandgap absorption
feature.

The Eg value of the Cu@ZnO nanomaterial was obtained
for the band gap using the following Eq. (2) [29, 30]:

Eg = 1240/ Amax, (Amax = 380 nm)
= 1240 /380 )
=3.26 eV

This means that the material may very well absorb UV
light, consistent with the absorption spectrum, where a
sharp absorption peak in the ultraviolet region is observed.
This is because a relatively high band gap energy would
involve the highly energetic generation of electron—hole

400.0 600.0 800.0
nm.

(ahv)"?

E;=~3.26 eV

hv (eV)

Fig.5 Tauc plot of Cu@ZnO nanomaterials

charge carrier pairs when subjected to photoexcitation; this,
in paradoxical interaction, degrades the organic pollutants
through catalysis [31].

The Tauc plot is a graphical presentation used to deter-
mine the bandgap of semiconductors from their optical
absorption spectra. For nanomaterials, the direct bandgap,
which ranges to 3.26 eV (Fig. 5), was found in the plot.
Therefore, Tauc plots have become a reliable way to cal-
culate this parameter to design and optimise semiconduc-
tor devices. Cu incorporation may lead to impurity levels
within the band gap of ZnO, thereby modifying the band
gap energy and enhancing the absorption of visible light.
Cu doping may also improve charge separation efficiency
because it can act as an electron trap, thus preventing the
recombination of the photogenerated charge carriers [32,
33].
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3.2 FTIR Analysis

The FTIR analysis of the green synthesised Cu@ZnO nano-
materials is given in the following Fig. 6.

It reveals characteristic absorption peaks at 3744, 2969,
2355, 1529, 1384, 1074, 665, and 426 cm ™', which indicate
the following functional groups [7, 23, 34]: 3744 cm™': O-H
stretching associated with hydroxyl moieties. 2969 cm ™'
C—H stretching characteristic of aliphatic hydrocarbons,
2355 cm™': O=C=0 stretching attributed to carbon diox-
ide. 1529 cm™': C=C stretching linked to aromatic struc-
tures. 1384 cm!: C—H bending corresponding to methyl
groups. 1074 cm™!: C—O stretching related to alcohols or
ethers. 665 cm™': Cu-O stretching indicative of CuO pres-
ence. 426 cm !: Zn—O stretching representing ZnO pres-
ence. Identifying these functional groups corroborates the
successful fabrication of the Cu@ZnO nanomaterials. The
O-H stretching peak observed at 3744 cm ! signifies the
existence of hydroxyl groups on the nanomaterial surface,
which may play a pivotal role in its photocatalytic efficacy.
The C-H stretching peak at 2969 cm ™! implies the pres-
ence of organic contaminants originating from the plant
leaf extract utilised during the synthesis process. The C=0
stretching peak at 2355 cm™! could potentially arise from
oxidized organic substances. The C=C stretching peak
at 1529 cm™! is plausibly linked to aromatic compounds
derived from the plant leaf extract. The Cu—O stretching

Fig.6 FTIR spectra of Cu@ZnO
nanomaterials

140 -

120 -

3744 cm™
60 _|(O-H stretching)

Transmittance (%)

40 -

20

2969 cm™’
(C-H stretching)

peak at 665 cm ™! and the Zn—O stretching peak at 426 cm™'
substantiate the incorporation of CuO and ZnO within the
nanomaterial’s matrix. [12, 35].

3.3 XRD Analysis

Figure 7 shows the detected XRD pattern for Cu@ZnO
nanomaterial.

The peaks’ intensity and position give the nanomateri-
al’s structure, phase, and crystallite sizes. In the diffracto-
gram, peaks at 31.768°, 34.420°, 36.254°,47.539°, 56.601°,
62.867°, 66.383°, 67.960°, 69.088°, 72.553°, and 76.976°
correspond to the (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004), and (202) planes, these peak posi-
tions are in excellent agreement with the standard JCPDS
card No. 89-7102 for Cu@ZnO nanomaterial [28, 31, 36].
For the Cu@ZnO nanomaterial, a crystallite size of about
32 nm was obtained using Scherrer’s formula.

3.4 FE-SEM Analysis

The FE-SEM images clearly show that the Cu@ZnO nano-
material has a complex hierarchical structure. The nano-
sized particles are well dispersed in the larger aggregates,
thus contributing to their unique physical properties. This
morphology, combined with an average particle size of
about 75 nm (Fig. 8), significantly increases the available

Plant mediated Cu@ZnO NCs
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Fig.7 XRD spectra of Cu@ZnO
nanomaterials
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surface area, which enhances better absorption of light and
interaction with dye molecules in the environment [37] [38].

Combining these factors with the structural hierarchy, as
outlined above, allows one to understand how the two work
synergistically together to enhance photocatalytic activity
with an efficiently effective degradation product of MB dye
upon ultra-visible light irradiation [6].

3.5 EDX Analysis

The EDX analysis of the synthesized Cu@ZnO photocata-
lyst has also clearly established the presence of anticipated
constituent elements in the compound, such as copper (Cu),
zinc (Zn), and oxygen (O) (Fig. 9). As a result, the avail-
able evidence on the composition of the catalyst that is pre-
pared is considerable. The following is used for each of the
atomic percentages concerning each element. The evident
existence of Cu and Zn in the structure is sufficient as a high
confirmation that Cu has doped well into the framework of
the ZnO lattice as a significant step toward photo-catalytic
properties enhancement of the material oxygen (O): 59.89%
Cu: 17.08% Zn: 23.03%.

The very remarkable oxygen concentration in the analy-
sis indicates high abundance and points toward the pres-
ence of oxygen vacancies, which are essential features that
can act as active sites for photocatalytic reactions. EDX
analysis further confirms the formation of the Cu@ZnO

nanomaterial, which is a necessary factor in enhancing the
photocatalytic activity of the material. Cu dopants in ZnO
are instrumental in developing defects and creating new
energy levels within the gap. This has a remarkable enhanc-
ing effect on the ability of charge separation while mini-
mizing the recombination of photogenerated electron—hole
pairs. This may lead to a higher amount of charge carriers
that will readily be available to influence redox reactions,
thus making for effective degradation of the dye [28, 31].

3.6 TEM-SEAD and Line Profile Analysis

With close observation, the TEM images indicate the
spherical morphology of Cu@ZnO nanomaterial, confirm-
ing the necessity of the particular geometrical configuration
and the form presented. Due to a spherical shape that can
extensively exhibit high surface area facilitating absorption
properties for light intensity, which enhances the photoca-
talysis material with molecular dyes interaction, their effi-
ciency is highly promising for such performance. It is found
that the interplanar spacing observed in the TEM images
is about 126 pm, a measured value directly related to the
(101) crystallographic plane of ZnO (Fig. 10). Such an
interplanar spacing gives well-defined crystalline structures
in the nanomaterials and its implication for the photocata-
lytic phenomena. Through TEM analysis, it has been well
established that both spherical morphology and crystalline
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Fig. 9 EDX analysis of Cu@ZnO nanomaterial
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Fig. 10 TEM analysis of Cu@ZnO nanomaterial

features are decisive features of the Cu@ZnO photocatalyst
and contribute to its efficacy in photocatalytic applications
[32, 36, 39].

The spherical morphology accompanied by the well-
defined crystalline structure of the Cu@ZnO nanomaterial
is closely associated with a higher photocatalytic activity,
which gives a better understanding of the functional capa-
bilities of such material. The above spherical morphology
is beneficial because it offers a significantly large surface
area, enhancing active sites’ availability for effective light
absorption and interaction with dye molecules [40, 41].
Such an enhancement results in a notable improvement in
light harvesting efficiency, thereby contributing to an over-
all enhancement in photocatalytic performance. Another
aspect related to the nature of nanosized crystals is the
promotion of effective charge separation. Charge carriers
formed on the occasion of photon incidence may, due to the
migration to the nanoparticle’s surface, either be away from
the sites of excitons, or their recombination might be sig-
nificantly hindered. This movement is crucial in that sense,

as it allows such charge carriers to seek redox reactions to
prevent them from recombining again and thus enhancing
photocatalytic performance [33, 42].

The SEAD pattern displays clear concentric rings, a
prominent feature evident in the gathered data. This vali-
dates the polycrystalline nature of the Cu@ZnO photocata-
lyst, indicating its composition of multiple crystalline grains
(Fig. 11). The presence of several visible rings in the SEAD
patterns significantly indicates the existence of different
crystallographic planes within the material, which corre-
sponds to the hierarchical structure previously established
through detailed investigations [43, 44].

Line profile analysis is among the essential techniques to
determine the material’s structural features at the nanoscale.
This technique is very valuable information regarding the
interplanar spacing within the nanomaterial, which con-
siderably determines the material’s properties. The distinct
peaks in the line profile directly relate to specific crystal-
lographic planes that allow for precise identification of
the material’s structural characteristics (Fig. 12). From the
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Fig. 11 SEAD pattern of Cu@ZnO nanomaterial
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Fig. 12 Line profile analysis of Cu@ZnO nanomaterials

above precise investigation of these peaks. It has become
possible to determine the interplanar spacing correctly and
then distinguish the different phases that exist within a sam-
ple from its crystallography, which explains the sample’s
overall behavior, conclusively confirming the polycrystal-
line nature of the Cu@ZnO photocatalyst by combined
findings arising from both the SEAD and line profile analy-
ses while providing valuable insight into intricate crystal-
lographic structures essential to a better understanding of
the photocatalytic properties exhibited by this material. This
detailed information is not only crucial but also imperative
for further exploration and application of the photocatalyst
in various fields and, thus, enables advances in the field of
material science and engineering [45—49].

4 Possible Mechanism of Photocatalytic MB
Dye Degradation

The proposed mechanism of the photocatalytic degradation
process for MB dye based on the utilization of Cu@ZnO
nanomaterial when it is under irradiation by ultra-visible
light may be illustrated by the following [22]:
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Photoexcitation: The incident light energy (hv) has an
energy value more than the inherent material’s band gap
(Eg). It excites the photocatalyst and, through photoexcita-
tion, elevates the electrons e- from the VB (valence band) to
CB (conduction band) and leaves the positive charge holes
in VB that are h". Charge separation and transfer: The
released electrons and holes then travel toward the surface
of the Cu@ZnO-based photocatalyst (Eq. 3). Defect states
are formed since the crystalline lattice structure of ZnO con-
tains introduced dopant copper. Such a defect state can suc-
cessfully trap the photogenerated charge carrier, thus further
increasing the possibility of suppressing the recombination.
Increased charge separation efficiency maximizes the pho-
tocatalytic material’s overall photocatalytic activity.

Reduction: Generated electrons from the photocatalytic
process react with O, adsorbing from the photocatalyst’s
surface, which evolves superoxide radicals (O,-) (Eq. 4).
Superoxide radicals are very oxidizing agents that can initi-
ate the oxidation reaction of methylene blue dye molecules
in the reaction solution. Oxidation: In the meantime, the
holes that have been generated due to the photocatalytic
activity react with the water molecules (H,O) or hydroxyl
ions (OH") to form hydroxyl radicals (OH") (Eq. 5). The
hydroxyl radicals are very reactive and can be used to
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Fig. 13 Photocatalytic MB dye
degradation using plant-mediated
Cu@ZnO nanomaterials [22]

oxidize the methylene blue dye molecules successfully,
which leads to their ultimate degradation into smaller and
more nontoxic chemical species. Dye Degradation: The
superoxide and hydroxyl radicals produced in the reactions
above as aggressive oxidizing species broke the chemical
bonds of dye molecules to degrade the dyes into fragments
of their smaller sizes (Eq. 6).
The photochemical reactions can be written below:

Cu@ZnO + hv — Cu@ZnO (e~ + h™) 3)
Oy+ ¢ = 05 4
H,O + h™ — OH + H 5)
MB dye + O; + OH® — Degraded products (6)

Introducing Cu dopants in the ZnO is essential as they cause
defect states that trap charge carriers photogenerated quite
efficiently, thus reducing their recombination and signifi-
cantly enhancing the separation of charges. In such a sys-
tem, incorporating these copper dopants might also act as an
acceptor of electrons, thus enabling charge separation and
increasing photocatalytic activity within the system. Due to
a unique hierarchical structure and difference in the size of
the particles, Cu@ZnO has an enlarged spectrum of light
absorption range in which visible light takes part; hence,
its photocatalytic application becomes fully able to utilize
the energy from solar light. Effective Charge Separation:
The hierarchical structure, along with the dopant copper,
facilitates effective charge separation, which decreases the
recombination of the photogenerated e~ and h* pairs and
yields higher photocatalytic activity [2, 31, 39] (Fig. 13).
Photocatalytic degradation of MB dye by Cu@ZnO nano-
material under ultra-visible light irradiation was followed

Degraded
Products

Conduction band
e e e
s
Eg=hv gCu@ZnO NMs ’ H,C j\[nr\lcq
: | H’C/\u’ NF s~ N S:‘:/\CHJ
hhh* P
Valence band A/g}’;/;y[/jif;e
~ OH" |
- l
HY |\
Degraded
Products

Table 1 Absorbance and rate constant of MB dye at different time
intervals

Time Absor- Log[A] Rate constant ~ Mean (K)
(min) bance [A] (K) min™! min”!

10 0.7169 —0.1445 2.655% 1072 3.390x 1072
20 0.6795 -0.1678 1.598 x 1072

30 0.4052 -0.3923 2.789x1072

40 0.2795 —-0.5536 3.020x 1072

50 0.1265 -0.8979  4.002x1072

60 0.02173 -1.8951 6.271x1072

by absorbance measurement of the MB solution at different
time intervals (Table 1).

The degradation rate was assessed by determining the
logarithm of absorbance (Log[A]). The K parameter is
obtained using the rate constant value in the case of deg-
radation reaction by observing the linear plot between the
log[A] and the time. K is calculated by taking an average
of rate constants to achieve the rate for the overall degra-
dation. The dye solution’s initial absorbance [A],=0.9354.
Table 1 of obtained rate constants for the photocatalytic
degradation of MB dye using the nanomaterial: Average
rate constant=3.390 x 1072 min~". The results show that the
nanomaterial has excellent photocatalytic activity towards
the degradation of MB dye. The decrease in absorbance
with time is a confirmation of the degradation of the dye
(Fig. 14). A higher rate constant points to the faster rate at
which degradation occurs [36, 42, 50].

A relatively gradual rise in the dye’s degradation is
recorded (Table 2). In 20 min, it is roughly 23-27%. This
induction phase may thus be connected with the initiation
of photocatalyst’s activation and the sequential formation
of reactive species. The degradation rate sharply increases
in the range of 20 to 40 min. Approximately 43% of the dye
is degraded in this region. The increased degradation rate
can be attributed to the increased concentration of reactive
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Table 2 % of MB dye degradation using Cu@ZnO nanomaterials

Time (min) % Dye degradation
10 23.35
20 27.36
30 56.68
40 70.12
50 86.48
60 97.67

species and efficient utilization of photoenergy. The degra-
dation rate slows in the last 20 min, but the remaining dye
is almost completely degraded. This reaches a degradation
percentage of 97.67% at 60 min (Fig. 15).

ti2 = % = 20.44 min 7
This 20.44 min t,;,, of degradation for the MB dye thus sig-
nifies a half-effective degradative mechanism (Eq. 7). The
same parameter states that the given system can decrease
the dye concentration up to fifty percent within that period.
Diminished t,,, would, thus, correspond to the accelerated
degradation rate, which will signify the more efficacious
catalytic systems.

This result shows that the photocatalytic process effec-
tively removes the dye from the aqueous solution. In
General, the Cu@ZnO nanomaterial exhibits exceptional
photocatalytic activity: achieves almost total decoloriza-
tion of MB dye in 60 min of irradiation. The table discussed
above represents the degradation curve of MB dye over a
temporal scale by Cu@ZnO as a photocatalyst. Cu@ZnO
photocatalyst has shown excellent photocatalytic activity
for the degradation of MB dye under sunlight. The results
from this investigation highlight the promise of Cu@ZnO as

@ Springer

an efficient and environmentally friendly photocatalyst for
water treatment applications.

5 Conclusion

e In this work, we synthesized a highly efficient Cu@ZnO
nanomaterials photocatalyst using a sustainable and
eco-friendly hydrothermal method. Hibiscus rosa-sinen-
sis leaf extract acted as a reducing and capping agent
during synthesis.

e The synthesized material was characterized using XRD,
FTIR, UV-Vis, FE-SEM-EDX, and HR-TEM-SAED
techniques.

e Photocatalytic studies illustrated the efficient removal
of MB dye under UV—visible light irradiation, with the
degradation reaching as high as 97.67% within 60 min.
Kinetics analysis showed that the photodegradation
process had followed first-order kinetics, with a rate
constant (k) of 0.03390 min' and a half-life (t;,) of
20.44 min.

e Other reasons for photocatalytic activities include
Unique structural properties that result in efficient
charge separation and transfer. Generation of reactive
oxygen species (ROS) under light irradiation. Syner-
gistic effect of copper doping. Increased surface area of
ZnO nanomaterials.

e This work demonstrates the potential for developing ef-
fective and eco-friendly photocatalysts to remove water-
soluble organic dyes from wastewater.
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