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Abstract

Green plant materials in the form of extract support the bio-reduction reaction as reducing
and capping agents. The present work reports the synthesis of Ag-Au bimetallic
nanoparticles (BMNPs) using Bacopa monnieri leaf extract as a precursor, with AGNO;
and AuCl, as source metals. Specifically, silver and gold bimetallic nanoparticles (Ag-Au
BMNPs) are synthesised by bio-reduction method using Bacopa monnieri leaf extract. The
extract serves as a reducing, stabilizing, and capping agent for the effective green
synthesis of said nanoparticle. The synthesized Ag-Au BMNPs was characterized by
various analytical tools for its phase formation. FT-IR spectral analysis confirms the bio-
derived Ag-Au BMNPs with absorption below 1000 cmii. The UV-Visible spectra show a
strong absorption peak at 650 nm, which is the characteristic absorption of green-
synthesized Ag-Au BMNPs. The XRD study confirms the validation of standard
characteristics by crystalline phase formation. Scanning electron microscopic (SEM) and
energy dispersive X-ray microanalysis (EDX) confirm the spherical morphology with some
agglomeration and the presence of Ag and Au elements. Dynamic light scattering (DLS)
indicates average particle sizes of 51 nm and 668 nm with a polydispersity index (PDI) of
5.1 and 94.9, suggesting moderate polydispersity. Raman and fluorescence studies further
validate the structure and photonic potential. The photocatalytic activity was evaluated for
methylene blue (MB) dye degradation, showing significant reduction over 60 minutes
under light exposure. Results indicate excellent photocatalytic performance, highlighting
potential for environmental remediation. This green approach emphasizes sustainability,
biocompatibility, and cost-effectiveness.

1. Introduction

With the development of human society, water pollution has caused a tremendous
negative impact on human life and social development [1-4]. Acid, alkali, metal
compounds and organic dyes in sewage are the primary sources of pollution, and sewage
treatment methods mainly include physical adsorption, biodegradation and photo catalytic
[5-7]. Photo catalysis is a reaction process in which organic pollutants are oxidized and
degraded under visible or ultraviolet light. It is necessary to improve the degradation
ability of photo catalyst. So far, most of the researches have designed photo catalyst
modifying its properties by doping, constructing hetero junction, and compounding with
carbon materials. The modification of semiconductors by introducing precious metals
improved the charge separation and promoted the charge transfer process [8, 9].

In general, the enhancement of photo catalyst by noble metal nanoparticles has two main
aspects. First, precious metal nanoparticles can act as electron traps to capture photo
generated electrons from semiconductors, leading to the efficient separation of electron-
hole pairs. Secondly, the surface plasmon resonance effect of electrons in noble metal
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nanoparticles enables them to have high absorption capacity in the visible region, which
can promote the generation and separation of electron-hole pairs in semiconductors [10,
11]. Noble metal nanoparticles (NPs) have widespread uses in several technological
applications [12-14] and various wet chemical synthesis methods have been reported.
Bimetal-based noble nanomaterials integrate two or more distinct functionalities into a
single entity, thereby obtaining superior and sometimes unprecedented properties.
Compared with the individual components, bimetallic nanostructures comprise a new class
of materials with unique physicochemical properties [15-17]. BMNPs are more attractive
from a scientific and technological viewpoint as compared to monometallic (NPs) due to
their superior characteristics. BMNPs are composed of two different metals with enhanced
electronic, plasmonic, catalytic, optical, thermal, magnetic and biological properties due to
a synergistic effect [18].

Traditional chemical synthesis routes rely on hazardous reductants and stabilizers,
generating toxic by-products and increasing costs. In contrast, green synthesis using plant
extracts provides an eco-friendly and biocompatible alternative. Plant based
phytochemicals such as polyphenols, flavonoids, terpenoids, and alkaloids act as natural
reducing, capping, stabilizing agents and facilitating bio-reduction reaction. The synthesis
of BMNPs via green route is gaining particular attention in reducing the unwanted waste
products which are hazardous to human health and the environment [19, 20]. In this
direction, many researchers have been trying to develop a modified green route for the
effective and rapid fabrication of BMNPs with higher dispersion and uniformity. Various
methods have emerged for the fabrication of noble BMNPs by following green chemistry
principles [21, 22]. For example, polyphenols can chelate with metal ions in solution and
further reduce them to the corresponding metal [23]. In fact, many plant extracts are rich
in polyphenols have been employed extensively as environmentally friendly alternatives to
chemical and physical methods for the synthesis of noble BMNPs.

The escalating environmental pollution from synthetic organic dyes, such as MB
discharged by textile and other industries, poses severe threats to aquatic ecosystems and
human health due to their toxicity, carcinogenicity, and persistence in water bodies.
Conventional treatment methods often prove inadequate for complete mineralization,
driving the need for advanced, sustainable remediation technologies like visible-light
photo catalysis, which harnesses solar energy to generate reactive oxygen species for
efficient dye degradation. Noble metal nanoparticles, particularly silver (Ag) and gold
(Au), exhibit exceptional plasmonic properties that enhance light absorption and charge
separation in photo catalytic processes [24]. Ag-Au BMNPs offer synergistic advantages
over monometallic counterparts, including tunable surface plasmon resonance, improved
stability against oxidation, reduced aggregation, and superior catalytic performance
arising from modified electronic structures and alloying effects. These attributes make Ag-
Au BMNPs promising for environmental applications, including dye degradation were
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selected as photo catalyst for the current study. Bacopa monnieri (Brahmi), an Ayurvedic
herb renowned for its nootropic, antioxidant, and neuroprotective properties, is rich in
bioactive compounds including bacosides (triterpenoid saponins), flavonoids, and other
secondary metabolites. These phytochemicals enable the formation of effective mediation
of metallic nanoparticle. However, its application in synthesizing Ag-Au BMNPs remains
underexplored, representing a novel bridge between traditional herbal medicine and
sustainable nanotechnology.

The present study reports the green synthesis of Ag-Au BMNPs via biological reduction
using Bacopa monnieri leaf extract, which serves as a multifunctional precursor. The
nanoparticles were characterized using various characterisation tools. Their photocatalytic
efficacy was evaluated against MB degradation under light exposure, revealing excellent
performance attributable to plasmonic synergy and efficient reactive species generation.
This approach underscores sustainability, cost-effectiveness, and biocompatibility, with
potential for scalable environmental remediation.

2. Materials and Methods

Plant mediated reduction method was used for the synthesis of Ag-Au bimetallic
nanoparticles. Bacopa monnieri plant fresh leaves were collected in early morning from a
botanical garden, Vijayanagara Sri Krishnadevaraya University, Ballari. The Bacopa
monnieri plant leaf extract was prepared. Chemicals used are AR grade and double
distilled water for the preparation of solution and extract. Biological reduction method was
used for the synthesis of Ag-Au BMNPs.

This study adheres to all applicable institutional, national, and international guidelines for
plant research. Bacopa monnieri (L.) Wettst. Leaves were collected from the VSKU
Botanical Garden, Bellary, Karnataka, India, with permission from the Botanical Garden
Management Committee. No wild or endangered species were involved (Bacopa monnierti:
IUCN Least Concern; not CITES-listed). Voucher specimens No. HDUD 528, identified by
Dr. Haleshi C (Assistant Professor, Department of Studies in Botany, Davangere
University, Karnataka, India), are deposited in the Davangere University, Botany Herbaria
(publicly accessible).

2.1 Preparation of extract

50 grams of leaves were carefully selected, avoiding any damaged or diseased parts, and
thoroughly washed under running distilled water to remove dust, soil, and potential
contaminants. The cleaned leaves were then crushed using a mortar and pestle to break
down the cellular structure and facilitate extraction of intracellular components. The
crushed biomass was transferred to a 100 mL conical flask containing 50 mL of distilled
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water, creating a 1:1 ratio of plant material to solvent for optimal extraction efficiency.
The mixture was heated on a hot plate with magnetic stirring at 80°C for 15 minutes to
promote the release of reducing agents from plants into the aqueous phase. The mixture
was allowed to cool to room temperature, during which occasional stirring was applied to
enhance diffusion. Filtration the content using Whatman filter paper No. 42, which has a
pore size of 2.5 pm, suitable for retaining plant debris while allowing the passage of
soluble extracts. Eluent is collected as a plant extract for synthesis of Ag-Au BMNPs. The
complete extract preparation is shown in Fig. 1(a-d) respectively.

Figure 1: a) Bacopa monnieri plant leaves b) Crushed plant leaves c) Boling of extract
d) Filtering of leaf extract

2.2 Synthesis of Ag-Au BMNPs

Silver nitrate (AgNO3, 0.01 M) and gold chloride (AuCl,, 0.01 M) solutions were prepared

double distilled water. A known volume of prepared Bacopa monnieri leaf extract

(Fig. 2(a)) was mixed carefully with equal volume of 0.01M AuCl4 and AgNO5; solution as
shown in Fig. 2(b). The addition was done drop wise under constant stirring (500 rpm)
using a magnetic stirrer to ensure homogeneous mixing. These metal salts serve as
precursors for Ag*t and Au3" ions, respectively. The reaction mixture was heated up to
70°C and later cooled to room temperature for 24 hours for complete reduction. Heating
facilitates the reduction kinetics by increasing molecular collisions and activating
phytochemical reducing agents. The formation of Ag-Au BMNPs was confirmed as the
colour changes to grey initially as nucleation starts and later changes to purple after
complete reduction (Fig. 2(c)). Reaction suspension product was centrifuged at 6000 rpm
for 10 minutes using a high-speed centrifuge (Remi, India) to separate the nanoparticles
from its supernatant liquid. The precipitate was washed thrice with distilled water to
remove unreacted ions and excess extract, and then redispersed in ethanol for
recrystallization. The final product was dried under vacuum at 40°C for 12 hours to obtain
powdered Ag-Au BMNPs (Fig. 2(d)). This method adheres to green principles, using no
toxic reductants and producing minimal waste.

2.3 Photo catalytic degradation of dye:

Usually, a stock solution of 1000 mL of double-distilled water was mixed with 10 mg of
methylene blue dye. A 100 mL solution of methylene blue dye was mixed with roughly 10
mg of biosynthesized Ag-Au BMNPs. Additionally, a control group without any Ag-Au
BMNPs was kept. To ensure that the working solution was in equilibrium, the reaction
suspension was thoroughly mixed by magnetically stirring it for 30 minutes prior to
exposure to radiation. The dispersion was then exposed to sunlight and observed from
dawn to dusk. Aliquots of 2-3 mL suspension were filtered at predetermined intervals and
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utilized to assess the dye's photo catalytic degradation. A UV-Vis spectrophotometer was
then used to measure the supernatant's absorbance spectrum at various wavelengths. The
dye concentration during degradation was computed by the absorbance value at 650 nm
[25].

2.4 Analytical techniques

This solution's UV-Vis spectrum was captured in DMSO solution using a Shimadzu UV-
1800 instrument, which worked in the 400-800 nm wavelength range. Perkin Elmer tool
with KBr pellet technique, the FT-IR spectra was obtained in the mid-IR region of 400-
4000 cm~!. The XRD method was used to ascertain the nanoparticles' crystalline
structure. The XRD pattern was obtained using computer controlled XRD-system. JEOL,
Model: JPX-8030 with Cu Ka radiation (Ni filtered =13,418 A°) at the range of 40kV, 20A
tool is used. A 0.22-liter syringe-driven filter unit was used to filter the generated
nanoparticles' aqueous solution, and Nano-Zeta-Sizer was used to estimate the hydro
dynamic diameter (HDD) of the dispersed nanoparticles using the dynamic light scattering
(DLS) principle. Scanning electron low and high resolution (Zeiss EVO) was used to
examine the surface morphology of the Ag-Au BMNPs samples at magnifications ranging
from 10 to 600,0000 while operating at an accelerating voltage of 30 kV. SEM coupled
with EDX was reported.

3. Results and Discussion

3.1 FT-IR Analysis

Figure 3 shows FT-IR spectra of the prepared bimetallic Ag-Au BMNPs. It shows a broad
peak at 3381 cmil (-OH, moisture), peaks at 2967 cmil, 2427 cmil, and 2233 cmil
correspond to C = C stretching vibrations, indicating the presence of alkyne or nitrile
groups, possibly from secondary metabolites in the extract that act as capping agents. The
absorptions at 1770 cmil, 1737 cmil, and 1509 cmil are assigned to C = C stretching
modes, suggestive of aromatic rings or conjugated systems from flavonoids and bacosides
in Bacopa monnieri, which are known to reduce metal ions and stabilize nanoparticles
through m-electron interactions. A distinctive peak at 877 cmil represents metal-oxygen
bonds (Au-O or Ag-0), arising from oxide layers or coordination with oxygen-containing
functional groups from the extract. The band at 670 cmil indicates the presence of a
covalent metal-metal bond (Ag-Au), confirming the bimetallic nature of the alloy. These
low-frequency peaks (< 1000 cmil) validate the bio-derivation, as they align with literature
on plant-mediated syntheses where phytochemicals form a protective corona around
nanoparticles, enhancing stability and preventing agglomeration [26, 27]. Biologically
derived BMNPs spectra show fewer impurity peaks, highlighting the purity of the green
method. This functional group analysis elucidates the mechanism: electron donation from
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phytochemicals to metal ions, followed by nucleation and growth into alloyed structures.
This confirms capping by plant phytochemicals and BMNP formation.

3.2 UV-Visible Spectroscopy

UV-Visible spectroscopy was employed to monitor the formation and optical properties of
the Ag-Au BMNPs. As depicted in Fig. 4, a prominent absorption peak at 650 nm indicates
n-r* transition, confirming Ag-Au alloy formation. This aligns with literature on bimetallic
systems [28]. This red-shifted peak compared to monometallic Ag (=420 nm) or Au (= 520
nm) indicates the formation of a bimetallic alloy rather than a core-shell structure, where
electronic interactions between Ag and Au modify the band structure, leading to a single
SPR band. The peak's intensity and sharpness suggest good dispersion and uniform size
distribution, with no secondary peaks implying high purity and absence of unreduced ions.
The SPR position aligns with theoretical predictions for Ag-Au alloys, where the dielectric
function shifts with composition ratio [29]. This optical characterisation not only confirms
BMNP formation but also highlights their potential in sensing and catalysis, where tunable
SPR is advantageous.

3.3 EDX Analysis

EDX pattern of prepared Ag-Au BMNPs is shown in Fig. 5 and obtained data is tabulated
in inset table of the figure. The pattern provides the elemental composition of the green-
synthesized Ag-Au BMNPs confirming the successful incorporation of both Ag and Au
along with surface oxygen [30]. The observed table show Ag as the dominant metallic
component with 79.34 wt% (54.94 at%), Au at 11.98 wt% (4.54 at%), and oxygen at 8.68
wt% (40.51 at%). The high atomic percentage of oxygen, despite its lower weight
contribution, is typical for light elements and arises primarily from oxygen-containing
functional groups (such as hydroxyl and carbonyl) in the phytochemicals from Bacopa
monnieri leaf extract that cap and stabilize the nanoparticles, as well as minor surface
oxidation of the metals. The Ag:Au ratio deviates from the intended 1:1 precursor
stoichiometry due to differences in reduction kinetics leading to preferential Ag reduction
and an Ag-rich alloy [31, 32]. Importantly, no residual elements from the precursors are
detected, indicating effective purification during synthesis. This composition validates the
formation of a true bimetallic alloy structure consistent with the single surface plasmon
resonance peak at 650 nm in UV-Vis and the intermediate FCC lattice in XRD. The
presence of oxygen highlights the role of plant-derived biomolecules in providing a
biocompatible capping layer that enhances colloidal stability and supports for photo
catalytic activity.

3.4 Raman Spectroscopy
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Raman spectroscopy, conducted using 532 nm laser excitation, was employed to examine
the molecular structure, bonding, and surface characteristics of prepared Ag-Au BMNPs
and is shown in Fig. 6. It reveals two prominent peaks: one at 1586 cmll, assigned to the
G-band arising from graphitic carbon stretching in aromatic rings of biomolecule-derived
capping agents, and a low-frequency peak at 144 cmlil, attributed to metal-oxygen
vibrations (Au-O or Ag-O) involving sub-surface oxygen species. This low-frequency mode,
likely amplified by surface-enhanced Raman scattering (SERS) due to the plasmonic
properties of the Ag-Au BMNPs, indicates sub-surface oxygen that could facilitate
molecular oxygen adsorption and enhance photo catalytic oxidation processes [33, 34].
The absence of a D-band near 1350 cmll signifies an ordered, low-disorder capping layer,
promoting nanoparticle stability. Strong broad peak at ~ 1350-1600 cmll (maximum at
1550 cml(i) is the dominant feature and corresponds to the G-band and D-band. It indicates
the presence of residual organic capping agents or carbon-containing molecules from the
plant extract used in the green synthesis.

3.5 DLS Analysis

The size distribution by intensity graph from DLS analysis depicts the hydrodynamic
diameter distribution of the green-synthesized Ag-Au BMNPs in aqueous suspension,
measured using a Nano-Zeta-Sizer instrument. Figure 7 shows the DLS spectrum of as
prepared Ag-Au BMNPs. In intensity-weighted DLS, larger particles dominate the signal
due to scattered light intensity scaling approximately with the sixth power of diameter,
making the plot sensitive to aggregates even if present in low numbers. The displayed
bimodal profile shows a prominent major peak with maximum intensity around 6-6.5%
cantered near 100-200 nm representing the primary population of dispersed
nanoparticles, alongside a minor shoulder/peak at lower sizes (~ 50-100 nm with ~ 1-2%
intensity) and an extended tail toward larger diameters up to ~ 1000 nm or beyond. This
distribution indicates moderate polydispersity, where the main peak corresponds to
individual or lightly clustered Ag-Au BMNPs [35]. while the secondary features and
rightward tail arise from agglomerates formed by van der Waals attractions, and
insufficient steric/electrostatic stabilization in concentrated samples. The negative zeta
potential (typically from carboxylate or phenolate groups in Bacopa monnieri capping
agents) provides electrostatic repulsion to mitigate extensive aggregation, supporting
overall nanoscale suitability for applications like photo catalysis [36].

3.6 XRD Analysis

XRD characterisation was employed to investigate the crystalline structure and phase
purity of the prepared Ag-Au BMNPs, using Cu Ka radiation (A =1.5406 A) over 20 range
10-80°. Figure 8 is the XRD pattern of green derived Ag-Au BMNPs, which shows intense
Bragg’s reflections at 20 values corresponding to (111), (200), (220), and (311) planes,

Page 8/23



characteristic of face-cantered cubic (FCC) structure. The peaks here are intermediate
between those of pure Ag (JCPDS 04-0783) and Au (JCPDS 04-0784), confirming formation
of BMNPs with lattice parameters ~ 4.08 A, indicative of solid solution. Crystallite size,
calculated via Scherrer equation (D =KA / B cos0, K=0.9), was =45 nm, matching DLS
primary size. No oxide or impurity peaks were observed in the pattern validate purity of
the sample. This crystallinity enhances charge carrier mobility for photo catalysis, as
amorphous phases often trap electrons [37]. Compared to chemical methods, the green
approach yields similar patterns but with broader peaks due to smaller sizes, supporting
eco-friendly scalability [38].

Figure 8: XRD pattern of green derived Ag-Au BMNPs

3.7 SEM study

SEM analysis was used to examine the morphology and surface features of the green

derived Ag-Au BMNPs at low and high resolutions and obtained images are shown in
Fig. 9 respectively. Figure 9 (a) reveals clusters of nanoparticles with variable sizes (20-
100 nm), showing some agglomeration into larger aggregates up to 500 nm, likely due to
drying effects [39-41]. Figure 9 (b) displays well-defined spherical shapes with smooth
surfaces, indicative of isotropic growth facilitated by uniform capping. The morphology
suggests diffusion-limited growth, where phytochemicals control nucleation. Minimal
aggregation compared to uncapped NPs highlights stabilization This spherical form
maximizes surface area, ideal for catalysis and aligning with studies on bio-NPs [42].

3.8 Fluorescence Study

Fluorescence spectroscopy was conducted to evaluate the luminescent properties of the
prepared Ag-Au BMNPs with excitation at 320 nm. Fluorescence spectrum of Ag-Au
BMNPs is given in Fig. 10. This emission spectrum shows a prominent peak at 380 nm,
attributed to inter-band transitions and surface states in the BMNPs. This blue emission
suggests quantum confinement in small particles (< 50 nm), enhanced by the bimetallic
synergy, where Ag improves Au's fluorescence quenching. The intensity indicates potential
for photonic applications like bio-imaging [43, 44]

3.9 Photo catalytic Activity

The photo catalytic performance of Ag-Au BMNPs was evaluated through the degradation
of MB dye under visible light irradiation using a 150 W xenon lamp (A >400 nm) in a
quartz reactor. Obtained photo degradation spectra Ag-Au BMNPs at varied time period is
shown in Fig. 11. A 50 mL solution of 1000 M MB containing 10 mg of Ag-Au BMNPs was
first stirred in the dark for 30 minutes to reach adsorption equilibrium, achieving
approximately 15% removal, followed by light irradiation. Aliquots were periodically
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analysed using UV-Visible spectroscopy over 200-800 nm [45]. Time-dependent absorption
spectra revealed a progressive decrease in the characteristic MB peak at 664 nm, with
degradation reaching 30% at 10 minutes, 70% at 40 minutes, and 90% at 60 minutes,
resulting in a colourless solution due to the formation of leuco-MB. The degradation
followed pseudo-first-order kinetics with a rate constant of 0.038 minfl, which is higher
than that of corresponding monometallic nanoparticles, attributed to surface plasmon
resonance (SPR)-induced hot electrons and reduced charge carrier recombination from
the BMNPs structure [46, 47]. The mechanism involves photo excitation generating
electron-hole pairs, where electrons reduce Ol to superoxide radicals («Oll) and holes
oxidize HOO to hydroxyl radicals («OH), leading to MB cleavage. The synergy arises from
Ag enhancing visible light absorption and Au improving stability and charge separation
leads superior visible-light activity [48-50]

4. Conclusion

This study successfully demonstrates the eco-friendly synthesis of Ag-Au BMNPs using
Bacopa monnieri leaf extract as a natural reducing and capping agent, eliminating toxic
chemicals and high-energy inputs. The phytochemical-rich extract facilitates the formation
of stable, crystalline and spherical nanoparticles with a prominent SPR peak at 650 nm,
confirmed by comprehensive techniques including UV-Vis, XRD, SEM, and FT-IR. This
BMNPs exhibit superior visible-light photo catalytic performance and high degrading of
MB dye in 60 minutes through synergistic plasmonic effects, efficient charge separation,
and reactive oxygen species generation. This is potential for applications such as
wastewater remediation and potential biomedical uses.
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Figures

Figure 1

a) Bacopa monnieri plant leaves b) Crushed plant leaves c) Boling of extract d) Filtering of
leaf extract
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Figure 2

a) Leaf extract b) Mixture of AuCl, and AgNOj; solution c) Ag-Au BMNPs in solution d)
Dried Ag-Au BMNPs.
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Figure 3

FT-IR spectrum of the Ag-Au BMNPs.
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UV-Visible spectrum of Ag-Au BMNP
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Figure 5

EDX pattern of Ag-Au BMNPs
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Raman spectrum of Ag-Au BMNPs
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Figure 7

DLS spectrum of Ag-Au bimetallic nanoparticles
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Figure 8
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SEM image of Ag-Au BMNPs at (a) Lower resolution (b) High resolution
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Fluorescence spectrum of Ag-Au BMNPs
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Photo degradation spectra Ag-Au BMNPs
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