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A B S T R A C T

This study focuses on the eco-friendly synthesis of copper-zinc bimetallic nanoparticles (Cu-Zn BMNPs), using
coffee plant leaf extract as a multifunctional agent for capping, reducing, and stabilizing. This approach offers a
sustainable method with significant potential for photocatalytic industrial applications. The photocatalytic per-
formance of the Cu-Zn BMNPs was evaluated in the degradation of methylene blue (MB) and rhodamine (Rh)
dyes under visible light. Fourier-transform infrared spectroscopy (FTIR) was used to identify biological func-
tional groups and phytochemical bands, while scanning electron microscopy (SEM) and X-ray diffraction (XRD)
analyses provided insights into the morphological and structural characteristics of the BMNPs. UV–Vis spec-
troscopy reveals absorption peaks between 250 and 470 nm for Cu-Zn BMNPs, with a direct optical energy
bandgap of 3.8 eV and a crystalline size of 32 nm. The Cu-Zn BMNPs achieved a degradation rate of 92.4 % for
MB dye and 95.2 % for Rh dye, demonstrating their effectiveness as nano-photo-catalyst. The degradation kinet-
ics of MB and Rd dyes were analyzed using a pseudo-first-order model. This eco-friendly synthesis reduces haz-
ardous chemicals and uses bioactive plant compounds, offering a sustainable solution for water purification by
removing toxic pollutants.

1. Introduction

The advancement in industrialization and technological develop-
ment has caused tons of pollutants discharged into the water bodies
ecosystem, resulting in severe environmental and health hazards [1–5].
Methylene blue (MB) and rhodamine (Rh) are widely utilized dyes
across various industries, including textiles, paper, cosmetics, pharma-
ceuticals, and plastics [6–9]. These hazardous, cancer-causing, and per-
sistent chemicals pose significant health risks to humans, often leading
to various skin disorders [10,11]. Addressing different dye contami-
nants in all water bodies is both challenging and complex process. Re-
cent research work has devised multiple approaches, including oxida-
tion process and photo-catalysis, to clear dye pollutants effectively in
water bodies [12–15]. Photocatalytic dye degradation complex process,
using noble metal nanoparticles as nano-catalyst material, offers sus-
tainable remedy for water purification [16–19]. Through this process,
dye molecules are decomposed into harmless byproducts, helping to

protect aquatic ecosystems. This sustainable synthesis approach high-
lights the significance of embracing eco-conscious industrial practices
in today's mindful society.

Nanomaterials possessing a high surface area-to-volume ratio
demonstrate enhanced catalytic performance and exhibit unique non-
linear optical properties [20–22]. Inorganic metal nanoparticles and
their hybrid nanoparticles are highly photocatalytic under sunlight, at-
tributed to their wide band gap (3–3.5 eV) and their ability to reduce
exciton (electron-hole pair) recombination [23,24]. Cupper nanoparti-
cles doped with zinc demonstrate strong photocatalytic activity, as cop-
per nanoparticles effectively reduce exciton recombination rates
[25,26]. The Cu-Zn BMNPs show considerable promise for dye degrada-
tion in aqueous environments due to their enhanced photocatalytic
properties [27–29]. Doping ZnNPs with copper (Cu) can boost their
photocatalytic response by reducing donor defect concentrations,
which helps to balance their n-type conductivity [30]. The quasi one-
dimensional Cu-Zn BMNPs serve as high degree of building block for
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multifunctional new nanomaterials, offering a range of appealing prop-
erties [31].

The environmentally sustainable eco-inspired synthesis of BMNPs
using leaf extracts has emerged as highly preferred method for eco-
inspired bio-synthesis. Exploring our prior research on mono metal
nanoparticles, our current work focuses on designing and development
of a bio-synthesis fabrication of Cu-Zn BMNPs using a coffee leaf extract
[32–37]. Coffee leaves are well known for having rich antioxidant prop-
erties which play a critical role in controlling oxidative stress levels and
reducing inflammation [38]. This is novel approach and it can support
immune health and improve metabolism, contributing overall wellness.
Coffee plant leaves are rich in bioactive phytochemicals and biomole-
cules, including antioxidants, flavonoids, and polyphenols [39,40].
These phytochemicals play vital role in nanoparticles synthesis and
their stability. Therefore, it would be intriguing to investigate the de-
velopment or design of novel multi-metal nanoparticles using coffee
leaf extract material. Next, we examine the performance of the Cu-Zn
BMNPs catalyst in clearing or dye degrading process of MB and Rh dyes
when exposed sunlight atmosphere. This study primarily focuses on the
eco-inspired biosynthesis of Cu-Zn BMNPs and their wide range of ap-
plications in reducing water-solvable pollutants. The green synthesis
method helps to improve stability and helps to control size and mor-
phology of nanoparticles with comparing with other synthesis methods.
In this work, we began investigating the photocatalytic properties of
the eco-inspired Cu-Zn BMNP nanocatalyst. By evaluating the effective-
ness of these BMNPs, we continue our efforts to design advanced nano-
catalyst material and aimed at providing sustainable remedies for ad-
dressing water pollutants challenges. This study underscores the signifi-
cance of adopting environmentally conscious the best approaches in
scientific novel research.

Mono/bimetallic nanoparticles are widely regarded in environmen-
tal bionano-technology due to their unique multifunctional properties,
which stem from their higher surface area-to-volume ratio. These nano-
materials possess diverse properties, including optical, electrical, cat-
alytic, and magnetic characteristics [41–44]. Among them, Cu-Zn BM-
NPs demonstrate significant catalytic potential, characterized by their
core-shell structures and versatile morphological properties. The effec-
tive interaction between the metal ions and extract further enhances
their multifaceted properties. Interestingly, although coffee plant leaf
extract has been utilized in the synthesis of BMNPs, its potential for pro-
ducing Cu-Zn BMNPs has yet to be investigated. The coffee plant is
well-known for its natural medicinal properties. Therefore, using coffee
plant extract as a multi-functional agent for Cu-Zn BMNPs nano-
catalyst synthesis and promoting it for a sustainable solution for water
purification application. Photo-catalysis plays a pivotal role in research
on clearing toxic contaminants in the process of water purification, sig-
nificantly impacting efforts in environmental remediation [45,46,47,
49, 50, 58–66]. Fig. 1 shows illustration of waste water treatment
through dye degradation process from the industries through Cu-Zn
BMNPs nano-catalyst material. The significant economic influence of
catalysis-driven industries, capable of generating goods worth trillions
of dollars annually, underscores its global relevance [19]. Catalysis is
particularly preferred in the chemical and pharmaceutical sectors due
to its numerous benefits, such as ease of catalyst recovery, longevity,
adaptability to continuous processes, and alignment with sustainable
best practices [48]. The development of nanocatalyst nanoparticles pre-
sents significant challenges due to their structural complexities and the
limited scientific knowledge about their active nucleation sites. Signifi-
cant research efforts are being devoted to the development of advanced
nanoparticles nano-catalysts, which are essential for achieving consis-
tent mass production of catalyst that meets industrial requirements.
Nanoparticles containing BMNPs have emerged as highly effective
nano-catalysts, combining the quality, durability and scalability needed
to tackle global challenges. Their distinctive characteristics and adapt-
ability place them at the cutting edge of catalysis research, offering the

Fig. 1. Illustration of water purification through the removal of toxic elements
using a nano-catalyst composed of Cu-Zn BMNPs.

potential to transform industrial processes through improved efficiency
and sustainability.

This study represents an eco-inspired synthesis approach in using
fresh coffee leaf extract as multifaceted agent for fabricating Cu-Zn BM-
NPs nano-catalyst. Our environmentally friendly synthesis method
demonstrates promise for industry-scale catalyst production, under-
scoring its efficiency and effectiveness for sustainable water purifica-
tion industrial applications. Cu-Zn BMNPs were subsequently utilized
as nanocatalysts to evaluate their photocatalytic efficiency in degrading
MB and Rh dyes, demonstrating excellent performance in these applica-
tions. These findings highlight the effectives of BMNPs to enhance pho-
tocatalytic processes, offering valuable prospects for environmental
and waste water treatment, for the sustainable water purification reme-
dies for future generations.

2. Materials and Methodology

2.1. Materials

Cupric oxide (CuO), Zinc nitrate hexa-hydrate (Zn (NO3)2.6 H2O),
methylene blue (MB), rhodamine dyes (Rh), and all other solvents with
high purity 99 % (research grade) were purchased from Sigma Aldrich
in Bangalore, India. The fresh coffee leaves were received from the
Araku Coffee Garden, Visakhapatnam, Andhra Pradesh, India.

2.2. Fabrication process OF Cu-Zn-BMNPs

Fresh coffee leaves were thoroughly rinsed with deionized (DI) wa-
ter to remove dust particles, and the surface moisture was naturally air-
dried under sunlight. The dried leaves grounded into a fine powder.
Phenolics such as chlorogenic acid, which have been identified in coffee
leaves [54,55, 56], are known to reduce metal precursors [5]. Addition-
ally, the presence of flavonoids like catechins contributes to nanoparti-
cle stabilization through robust antioxidant activities [57]. A total of 2g
of this powdered material was added with 75 mL of DI water in a
100 mL beaker and heated on a hot plate at 85 °C for 30 min with con-
tinuous stirring at 500 rpm. The resulting coffee leaf extract was subse-
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quently filtered using a 125 mm Whatman filter paper. A precise
method was followed to fabricate the Cu-Zn BMNPs catalyst. First,
50 mL of coffee leaf extract were gradually added drop by drop using a
time controlled burette into a 200 mL beaker having a 20 % (w/v) solu-
tion of CuO and 80 % Zn(NO3)2. We tried different ratio of copper to
zinc in the Cu-Zn BMNPs and 1:4 combination showed high photocat-
alytic activity. The nanoparticles mixture material was fabricated by
placing it in hot plate at 90 °C temperature, with continuous stirring at
600 rpm for approximately about 30 min. The synthesis process contin-
ued until a distinct color change was observed in the nanoparticles mix-
ture solution, indicating the formation of the nano-material catalyst.
The mixture solution was centrifuged to get residue at 4000 rpm for
30–40 min, and the final nano-material was then dried in hot air oven
at about 60 °C temperature to yield a fine nano-powder material. The
Cu-Zn BMNPs demonstrate excellent long-term stability and reusability
in repeated photocatalytic cycles for photo-catalytic activity and ob-
served minimal loss in activity and structural integrity after multiple
cycles. The illustration of the entire fabrication process and its mecha-
nism of Cu-Zn BMNPs catalyst material is shown in Fig. 2.

The formation of Cu-Zn BMNPs occurs through the simultaneous re-
duction of Cu2+ and Zn2+ ions present in the reaction medium, utiliz-
ing coffee leaf extract as a green reducing and stabilizing agent. The
plant extract contains biomolecules that facilitate the reduction of
metal ions and stabilize the resulting BMNPs. The phytochemicals in
the coffee leaf extract reduce Zn2+ and Cu2+ ions to their metallic
states (Zn0 and Cu0).

Zn(NO3)2 + Reducing Agent → Zn0; Cu2+ + Reducing Agent → Cu0

In the synthesis of BMNPs involving Zn and Cu (ptimum doping),
secondary metabolites such as phenolic compounds and flavonoids are
crucial. These metabolites facilitate the reduction of metal ions Cu2+

and Zn2+ to their elemental forms (Cu0 and Zn0) while also stabilizing
the resulting nanoparticles. The formation of BMNPs depends on the se-
lection criteria for base material salts (Cu, Zn), and their bandgap val-
ues. Leaf extracts serve as both reducing and stabilizing agents in this
process. Phenolic compounds contribute to the stabilization of the

nanoparticles, while flavonoids play a key role in reducing the metal
ions. Together, these compounds enhance the efficiency of nanoparticle
synthesis through green chemistry methods.

As the reduced Zn0 and Cu0 nuclei form, they approach one another
and coalesce into bimetallic structures through nucleation and growth
processes. The phenolic and flavonoid compounds in coffee leaf extract
play a vital role in preventing nanoparticle aggregation and stabilizing
these nanoscale bimetallic structures. The intermixing of Zn0 and Cu0

atoms during nucleation creates unique configurations, such as core-
shell or alloy-like structures. This results in the formation of Cu-Zn BM-
NPs with distinct structural and morphological properties, making
them suitable for various applications.

2.3. Characterization OF Cu-Zn BMNPs

The Cu-Zn BMNPs nano-catalyst was characterized using UV–Vis ab-
sorption spectroscopy (UV-JASCO instrument), utilizing the Surface
Plasmon Resonance (SPR) effect. This analysis enabled the detection of
specific absorption peaks characteristic of the Cu-Zn BMNPs nano-
catalyst. Fourier Transform Infrared Spectroscopy (FTIR-iS5) was per-
formed within the spectral range of 400–4000 cm−1 to identify the bio-
logical or phytochemical functional groups involved in the eco-inspired
synthesis of BMNPs. Furthermore, the surface morphology and their
structural features of the Cu-Zn BMNPs catalyst was analyzed using
Scanning Electron Microscopy (SEM) (ZEISS Merlin Compact instru-
ment operating at 20 kV). The crystal structure, crystalline size, and
phases of the Cu-Zn BMNPs nano-catalyst were analyzed using Powder
X-Ray Diffraction (XRD) on a Bruker D8 Advance instrument. The XRD
patterns, obtained with Cu-Kα radiation, offered detailed insights into
the structural properties of the Cu-Zn BMNPs.

In summary, the comprehensive characterization of Cu-Zn BMNPs
catalyst was achieved through various measurements. These characteri-
zation techniques collectively provided insights into their photocat-
alytic efficiency and essential material properties.

Fig. 2. Illustration of the fabrication process for the Cu-Zn BMNPs catalyst.
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2.4. PHOTO-CATALYTIC activity – degree of dye degradation

The photocatalytic performance of the Cu-Zn BMNPs catalyst for the
degradation of MB and Rh dyes was assessed under a 20W LED light
source as a substitute for natural sunlight. The reaction was initiated by
adding 3 mL of the Cu-Zn BMNPs nanocatalyst solution into a 50 ppm
dye solution. The mixture was stirred in a dark environment for 20 min
to allow the adsorption process to occur. Samples were taken at regular
intervals, and their absorption peaks were examined under optimal
conditions using UV–Vis spectroscopy. The UV–Vis absorption spectra
revealed characteristic bands for MB at 668 nm and for Rh at 530 nm.
Under visible light irradiation, the composite mixture solution was con-
tinuously stirred, and 3 mL aliquots of the suspension were collected at
30-min intervals over a total of 90 min to monitor changes in the ab-
sorption peaks of the both dyes. The percentage of dye degradation was
determined using a formula cited in Ref. [46], utilizing data from the
UV–Vis absorption spectra.

Where A0 indicates the initial absorption at time t = 0, At indicates the
absorption at a finite time t.

3. Results and discussion

3.1. Scanning electron microscopy (SEM)

The SEM images in Fig. 3 (a)-(d) illustrate the morphological char-
acteristics of 20 % Cu-doped Zn BMNPs at various scales, alongside op-
timized Cu doping levels established in previous studies [19]. The Cu-
doped Zn BMNPs exhibited a rod-like morphology, though the rod sizes
were not uniformly distributed. The rod shaped morphology within the
sample ranged widely in size, from 20 to 90 nm. The most of the Cu-Zn
BMNPs nano catalyst exhibit a hexagonal shape but differ in sizes and
rod shape morphology showed higher catalytic activity. Notably, the
SEM micrographs of the Cu-Zn BMNPs also revealed smaller clusters of

aggregated particles with different sizes. This clustering effect may re-
sult from diverse nucleation and growth dynamics of CuNPs and ZnNPs
during the fabrication process.

Energy dispersive X-ray spectroscopy (EDS) was conducted to assess
the copper content in Zn-based bimetallic nanoparticles (BMNPs), with
the findings presented in Fig. 4. The chemical composition was found to
be consistent across all samples. However, the detected levels of copper
in the doped Zn nanoparticles (ZnNPs) were lower than the intended or
nominal doping levels, likely due to the influence of nucleation and
growth processes. The addition of copper atoms did not alter the struc-
tural uniformity of the ZnNPs. The Cu doping in Zn BMNPs were still
consistent across samples and didn't impact the physical structure of the
nanoparticles growth. This consistency and structural stability suggest
that the doping process was controlled well enough to maintain the
properties of the ZnNPs while introducing Cu atoms. This optimum Cu
doping helped to improve the catalyst activity of Cu Zn BMNPs.

3.2. Fourier transform infrared spectroscopy

The FTIR spectrum of Cu-doped Zn BMNPs displayed characteristic
bands at 3651, 2342, 1975.5, 1595.8, 1402, 1053, and 675 cm−1 indi-
cated in Fig. 5. Biological functional groups from the coffee leaf extract
acted as multifaceted agents during BMNP fabrication process, result-
ing in distinct alterations in the FTIR spectrum. These functional groups
played an important role in improving stability of the Cu-Zn BMNPs
catalyst [51]. The reduction of bi-metal precursors to form the BMNPs
is likely attributed to the activity of functional groups present in com-
pounds such as flavonoids and polyphenols. FTIR analysis of the
recorded peaks facilitated the determining of functional groups present
on the surface of the nano-catalyst material. The FTIR spectrum dis-
played a peak at 675 cm−1, associated with the Cu-O stretching band,
while the peak at 1595.8 cm−1 was linked to N-H stretching, ester car-
bonyl (C=O) groups, carboxylate ions (COO−), and C-N/C-C stretching,
suggesting the presence of proteins. Furthermore, a peak observed at
3307 cm−1 corresponded to phenolic compounds (OH stretching) de-
rived from the leaf extract, which played a vital role in the eco-inspired
synthesis and formation of the Cu-Zn BMNPs nano-catalyst.

Fig. 3. SEM micrographs of coffee extract synthesized Cu doped Zn-BMNPs.
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Fig. 4. SEM-EDS analysis of coffee extract synthesized Cu doped Zn-BMNPs.

Fig. 5. FTIR spectrum of coffee leaf extract bio-synthesized Cu doped Zn-
BMNPs.

3.3. UV–VIS spectroscopy

The degree of absorption of eco-inspired synthesized Cu-doped Zn
BMNPs were traced out using UV–Vis absorption spectroscopy. This
study focused on examining the absorption peaks of nanocatalyst based
on SPR using UV–Vis absorption spectroscopy. The Cu-doped Zn BM-
NPs exhibited absorption peaks within the wavelength range of
250–470 nm, with the maximum peaks presented in Fig. 6. The
bandgap energy was calculated to be 3.8 eV using the direct bandgap
method through UV Tauc plot analysis ((αhν)n vs hν). The absence of
extra peaks in the UV–Vis analysis confirmed the lack of nanoparticle
agglomeration in the Cu-Zn BMNPs.

3.4. X-RAY diffraction (XRD)

Fig. 7 presents the XRD spectrum of Cu-Zn BMNPs, showing distinct
intensity peaks at 2θ values of 31.5°, 33.9°, 35.9°, 47.2°, 56.2°, 62.6°,
and 67.6°. The XRD spectrum was analyzed using the X'pert High Score
Plus software to determine the 2θ values for ZnNPs, CuNPs, and Cu-Zn
BMNPs samples. For ZnNPs, the crystallographic planes identified were
(100), (002), (101), (102), (110), (103), and (112), aligning with the
hexagonal phase as per the JCPDS data sheet 04-005-5076 [52]. Simi-
larly, for CuNPs, peaks at 2θ values of 32.4°, 35.2°, 48.4°, and 66.1°
were attributed to the planes (111), (002), (202), and (311), consistent
with the monoclinic phase and referenced in the JCPDS data sheet 01-
086-8837 [53]. The average crystalline size of Cu-Zn BMNPs catalyst

Fig. 6. UV–Vis absorption spectroscopy of coffee leaf extract synthesized Cu-Zn-
BMNPs.

Fig. 7. XRD spectrum of coffee extract based Cu doped Zn BMNPs.
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synthesized using coffee leaf extract was determined using the Debye-
Scherrer equation, yielding a crystalline size range from 10 to 36 nm.
The detailed crystalline size calculations for CuNPs, ZnNPs, and Cu-
ZnNPs are mentioned in Table 1. ZnNPs exhibited slightly higher peak
intensities compared to both CuNPs and Cu-Zn BMNPs materials. Addi-
tionally, Cu-Zn BMNPs catalyst displayed improved nucleation growth
and crystallinity. The reduction in peak intensity and crystallinity for
Cu-Zn BMNPs could be related to the surface coating effect of ZnNPs
[53,54]. The XRD patterns of Cu-Zn BMNPs revealed crystalline struc-
tures characteristic of nanocatalyst, with dominant peaks correspond-
ing to Zn and only a few peaks attributed to Cu. The minimal presence
of Cu peaks in the Cu-Zn BMNPs suggests that Cu atoms may have been
incorporated into the ZnNP lattice. These observations provide strong
evidence for the presence of a crystalline phases within the Cu-Zn BM-
NPs. Additionally, primary reflections corresponding to Cu (111) plane
provide further supports the crystalline nature of Cu-Zn BMNPs. Fig. 7
shows an XRD peak shift for Cu-Zn BMNPs at the (110) plane when
compared to pure ZnNPs. This slight shift in the peak position upon Cu
doping is likely due to the small difference in the ionic radii of both
Cu2+ (0.73 Å) and Zn2+ (0.74 Å), as well as variations in the lattice
constants. An increase in the lattice parameters was observed for Cu-
doped Zn BMNPs catalyst when compared to the pristine ZnNPs sam-
ple. The crystal lattice constants were determined by using the Braggs
equation.

The crystallite size of the Cu-Zn BMNPs catalyst was determined us-
ing the Debye-Scherrer equation: D = 0.9λ/βcosθ, where λ indicates
wavelength of the X-rays, β indicates the full width at half maximum
(FWHM) of the diffraction peak, and 2θ is the Bragg angle. The precise
mechanism underlying the synthesis of Cu-Zn BMNPs catalyst using
plant leaf extract is not fully understood. However, it is suggested that
the color change observed within 30–40 min of the reaction may be at-
tributed to oxidation, which perform a significant role in facilitating the

Table 1
The diffraction peak angles and crystalline sizes of CuNPs, ZnNPs and Cu-Zn
BMNPs.
S.NO 2θ

(CuNPs)
Crystalline
size (nm)

2θ
(ZnNPs)

Crystalline
size(nm)

2θ(Cu-Zn
BMNPs)

Crystalline
size (nm)

1 35 21.9 31.34 39.3 31.35 43
2 38.2 44.1 34 44 34 44
3 48.3 44.5 35.8 44.2 35.8 30
4 50.87 46.1 47.15 31.2 47 45
5 61.13 46.5 56.23 32.4 56 32
6 67.7 45.5 62.5 49.2 62.5 33.4
7 74.7 34.4 67.6 34.4 76 28

formation of BMNPs nano-catalyst. Additionally, electrostatic interac-
tions are believed to play a crucial role in stabilizing metal oxide ions,
facilitating the nucleation of stable nanoparticles, and preventing the
aggregation of Cu-Zn BMNPs clusters. Although the underlying mecha-
nisms of metal nano particles bio-synthesis remain under study, the ap-
plication of plant leaf extracts in the production of Cu-Zn BMNPs em-
phasizes the potential of biogenic green synthesis methods. This ap-
proach is particularly promising due to its environmental sustainability,
non-toxicity, and cost-effectiveness, offering a valuable pathway for re-
searchers seeking to develop eco-inspired synthesis and sustainable
techniques for metal nanoparticles fabrication.

3.5. Photo-catalytic activity of Cu-Zn-BMNPs nano-catalyst

Fig. 8(a and b) illustrates the photocatalytic performance of the Cu-
Zn-BMNPs catalyst in degrading MB and Rh dyes at their optimal con-
centration of 50 ppm. The degradation efficiency is influenced by sev-
eral factors, including exposure duration, light source intensity, dye
concentration, and catalyst dosage. In this investigation, a 20W LED
bulb was employed as the light source for testing degradation. The ex-
ceptional catalytic efficiency of the Cu-Zn-BMNPs is primarily due to it
has high energy gap and surface-to-volume ratio, which improve its
degradation efficacy. Liquid samples of the catalyst were collected at
regular intervals during light exposure and analyzed using UV–Vis
spectroscopy to track changes in absorbance. The results indicated a
consistent decrease in absorption intensity with prolonged exposure to
light. Fig. 8 (a-b) illustrates the degradation process, indicating the ab-
sorbance patterns of MB and Rh dyes with introduction of the Cu-Ag-
BMNPs catalyst. These results emphasize that the incorporation of CuO
into the Zn BMNPs structure, along with surface modification, signifi-
cantly improve photocatalytic performance.

The Cu-Zn BMNPs nanocatalyst exhibits remarkable efficiency in
degrading MB and Rh dyes, as evidenced by a significant reduction in
absorption intensity from 2.5 to 0.19 for MB dye and from 3.3 to 0.15
for Rh dye using a 3 mL concentration of the catalyst (Fig. 9). Interest-
ingly, Rh dye shows higher absorption compared to MB dye under iden-
tical conditions. The optimal concentration of the Cu-Zn BMNPs cata-
lyst offers an increased surface area, facilitating efficient interactions
and the adsorption of toxic dye molecules. The photocatalytic mecha-
nism relies on the absorption of light, generating electron-hole pairs
that drive the breakdown of dye toxic molecules.

The Cu-Zn BMNPs catalyst exhibited an optical energy band gap of
around 3.8 eV, as calculated from UV data. This value was further con-
firmed through the Tauc plot approach and analysis of the absorption
spectrum, shown in Fig. 6. This research highlights the potential envi-
ronmental applications of the BMNPs nano-catalyst within the ad-
vanced engineering industrial sector. The degradation of MB and Rh
dyes is mainly driven by the activity of oxygen and hydroxyl radicals,
which are crucial in breaking down toxic components of these two dyes.

Fig. 8. Photocatalytic performance of coffee extract synthesized Cu-Zn-BMNPs catalyst (a) MB dye (b) Rh dye.
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Fig. 9. Absorption of MB (a) & Rh (b) dyes with respect to time (Minutes) at 3 mL Cu-Zn BMNPs catalyst concentration.

As light exposure time increases, the dyes exhibit a noticeable change
color, gradually transitioning to lighter shades or becoming entirely
colorless. The degradation efficiencies for Rh and MB dyes at a 50 ppm
concentration were determined to be approximately 95.2 % and
92.4 %, respectively, using 3 mL of the Cu-Zn BMNPs catalyst concen-
tration, as shown in Fig. 10. The degradation efficiency was measured
over a 90-min exposure to a 20W LED light source, using 3 mL of the
Cu-Zn BMNPs photocatalyst. Notably, Rh dye exhibited a higher degra-
dation rate compared to MB dye under the same catalyst concentration,
indicating active interactions between the catalyst and Rh dye, leading
to more pronounced degradation during the reduction process. This
finding underscores the intricate dynamics of photocatalytic dye degra-
dation and offers valuable insights for future research in this field.

3.5.1. KINETIC STUDIES of BIOGENIC Cu-Zn-BMNPs CATALYST
The first-order kinetic theory equation was employed to evaluate

the photocatalytic response and dye degradation kinetic mechanism of

MB and Rh dyes using the BMNPs value added material. The suitable
model is mathematically expressed as

In this first-order kinetic model equation, A0 represents the initial
dye absorbance intensity at t = 0, At denotes the absorbance intensity
of the dye at a later time t, and k is the rate constant. In our study, we
extensively examined the kinetics of dye photo-degradation catalyzed
by the Cu-Zn BMNPs nano-catalyst, with the findings clearly presented
through a detailed analysis shown in Fig. 11 versus light expo-
sure time for (a) MB dye and (b) Rh dye at optimum 3 mL BMNPs cata-
lyst concentration. The first order rate constant (k) for both dyes indi-
cate slope of straight line between and irradiation time. A de-
tailed analysis of the kinetic photo-degradation of dyes using the Cu-Zn
BMNPs catalyst was conducted, with the results shown in Fig. 11. The
degradation rate was evaluated using the first-order kinetic model, and
the rate constant was determined from the slope of the fitted line,
which is essential for understanding the biosynthesis process of the Cu-

Fig. 10. Photocatalytic performance of Cu-Zn-BMNPs nano-catalyst at 50 ppm both MB (a) and Rh (b) dyes.

Fig. 11. Kinetics analysis of dye degradation for both MB and Rh dyes.
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Zn BMNPs catalyst. Under visible light exposure, biomolecules and phy-
tochemicals from the coffee leaf extract facilitated electron transfer
from the valence band to the conduction band in the Cu-Zn BMNPs ma-
terial. This process led to the generation of superoxide and hydroxyl
radicals, enhancing the photocatalytic activity of the Cu-Zn BMNPs cat-
alyst. These findings provide valuable insights into the complex mecha-
nisms underlying the photocatalytic activity of the Cu-Zn BMNPs nano-
catalyst, emphasizing their potential for environmental and water pu-
rification industrial applications [51,52].

3.5.2. Possible mechanism OF Cu-Zn-BMNPs nano-catalyst
The challenges involved in the detoxification of toxic MB and Rh

dye molecules under light exposure were explored through the photo-
catalytic dye degradation process. Fig. 12 illustrates the proposed fun-
damental mechanism for the photocatalytic breakdown of MB and Rh
dyes. The Cu-doped Zn BMNPs catalyst, with its narrow energy band
gap, acts as a promising nano-catalyst by facilitating the generation of
rich electron-hole pairs and minimizing their recombination process.
This efficiency can be attributed to the small amount of energy required
for electrons to transition from higher occupied to lower unoccupied
energy states. Upon light exposure, the Cu-Ag BMNPs catalyst absorbs
energy corresponding to its band gap, initiating the photocatalytic
process.

The transition of electrons from a lower to an excited energy state
involves several key elements, including the band gap, a hole in the va-
lence band (h+), a released electron, and an electron in the conduction
band (e−). Among these, the hole in the valence band plays a crucial
role as an electron acceptor, extracting electrons from pollutant mole-
cules and initiating the degradation of dyes. This process contributes to
the formation of highly reactive species, with water molecules being
converted into hydroxyl radicals (OH•), which are essential for break-
ing down organic toxic molecules. At the same time, oxygen molecules
interact with electrons to generate superoxide radicals (O2•-). The re-
duction of pollutants occurs through these mechanisms, facilitating an
efficient dye degradation process.

Advanced oxidation process (AOP) is crucial step in understanding
how reactive oxygen species (ROS), such as hydroxyl radicals (-OH) and
superoxide radicals (-O2

−), are generated during photocatalysis. The
AOP involves generating radicals of hydroxyl through reactions involv-
ing water molecules and photogenerated holes (h+). These free radicals
are highly reactive and play a significant role in degrading organic pol-
lutants or dyes. ROS contribute to breaking down dye molecules into
less harmful byproducts, enhancing overall degradation efficiency. The
dye concentration, catalyst concentration & intensity of light, reaction
kinetics, these free radicals play important role oral improving dye
degradation efficiency. This mechanism provides important insights
into the complex pathway through which all dye contaminates in water
are effectively removed. The optimum Cu doping of Cu-Zn BMNPs helps
to enhance catalytic activity due to faster releasing charge carriers and
lead to improve the dye degradation efficiency.

Our findings confirm that oxide and hydroxyl radicals are the pri-
mary reactive species involved in the photocatalytic degradation of wa-
ter-soluble dyes. This process enhances long term effectiveness of the
photocatalytic process and highlights the potential of the Cu-Zn-BMNPs
catalyst for sustainable environmental remediation in industrial appli-
cations.

3.5.3. Factors affecting-photocatalytic degradation OF Cu-Zn-BMNPs
catalyst

Achieving optimal photocatalytic performance involves considering
several factors, such as dye concentration, photo-catalyst concentra-
tion, secondary metabolites, selection two metal salts based on optical
band gap, AOP, ROS, catalyst structure, morphology, type of irradia-
tion, exposure time, and the light source. At higher dye concentrations,
an inhibitory effect is observed, primarily due to a reduction in interac-
tions with the active sites of the nano-catalyst. As the dye concentration
increases, the light absorption capacity of the dye molecules decreases,
which subsequently limits the migration of electrons to the photo-

Fig. 12. Schematic of photo-catalytic performance for coffee leaf extract Cu-Zn BMNPs nano-catalyst.
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catalyst material. Consequently, fewer hydroxyl radicals are produced,
leading to a decrease in the efficiency of the dye degradation process.
Our findings demonstrate that a 50 mg/L (50 ppm) concentration of
both MB and Rh dye solutions yields the best results for effective degra-
dation. As the concentration of the photo-catalyst increases, or reaches
its optimal level, the number of active sites also increases, leading to a
higher production of e−-h pairs. The continuous generation of ROS
through optimized AOPs contributes to sustainable catalytic activity
over time, making these processes suitable for long-term applications in
wastewater treatment. This mechanism helps to increase the produc-
tion of hydroxyl radicals, which are critical for the efficient dye degra-
dation of organic pollutants. The morphological properties, size, and
shape of the Cu-Zn-BMNPs nanocatalyst stand a significant role in en-
hancing the effectiveness of dye degradation. Notably, the degradation
of Rh dye exhibits a more pronounced activity compared to MB dye. Cu-
doped Zn BMNPs catalysts with smaller particle sizes exhibit improved
effectiveness due to their ability to provide more active sites for dye ad-
sorption. In our study, using a 3 mL concentration of the Cu-Zn BMNPs
catalyst with a 50 ppm dye concentration resulted in significant degra-
dation rates: 95.2 % for Rh dye and 92.4 % for MB dye within 90 min.
Notably, the Cu-Zn BMNPs nanocatalyst was synthesized through a sim-
ple, eco-inspired biosynthesis method using coffee leaf extract. These
findings highlight the considerable potential of our Cu-doped Zn BM-
NPs catalyst as a photo catalyst, making it suitable for various sustain-
able water purification applications. The catalytic activity of the Cu-Zn
BMNPs could potentially be further enhanced by doping with carbon
nanotubes (CNTs). CNTs are known for their exceptional electrical con-
ductivity, high surface area, and strong adsorption capacity, which can
improve charge separation, reduce recombination of e−-h pairs, and
provide additional reactive sites.

4. Conclusion

This work focuses on the eco-friendly synthesis of a cost-effective
nanocatalyst, achieved by doping Cu with Zn BMNPs using coffee leaf
extracts. Comprehensive characterization techniques confirmed the
successful development of the Cu Zn BMNPs. Optical studies indicated
that the synthesized material exhibits activity under UV–Vis light, with
the direct optical bandgap value determined to be 3.8 eV. The bio-
synthesized nano-catalyst demonstrated remarkable efficiency in the
photocatalytic degradation of MB and Rh dyes, achieving degradation
rates of 95.2 % for MB and 92.4 % for Rh under optimal conditions. Ki-
netic analysis indicated that the degradation of both dyes showed
pseudo-first-order reaction kinetics. Hydroxyl radicals were identified
as the key reactive oxidant species driving the degradation process in
the presence of a 20W LED light source. Our future research will focus
on developing film-based, foldable polymer nanocomposites and evalu-
ating their photocatalytic performance with doping CNTs for different
dyes. The eco-friendly bio-synthesis method highlights a sustainable ap-
proach, reducing the use of harmful chemicals. These combined efforts
aim to enable scalable industrial production, contributing to advance-
ments in environmental applications and human health. In conclusion,
this study demonstrates that the bio-synthesized material has signifi-
cant potential for photocatalytitreatment of wastewater contaminated
with diverse pollutants.
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