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Abstract

The facile and efficient green method for the synthesis of Ag based bimetallic nanoparticles Ag-Ni
is developed by using sprout water extract. The phytochemical present in the sprout water extract
assist the reduction of both the metal simultaneously according to their reduction potential and
provides the way for seedless, one pot green synthesis. In the present study sprout water was used
for the synthesis of Ag, Ni monometallic and bimetallic Ag»sNizs, AgsoNiso, Ag7sNizs because
synergistic effect of two metal provides enhancement in catalytic properties of bimetallic
nanoparticles. The synthesized nanocatalyst were further characterized by UV -visible analysis, XRD,
EDX, NTA, TEM. The nanocatalyst is used for the reduction of organic pollutants like degradation
of crystal violet dye and 4-nitrophenol. The nanoparticles were investigated for their antibacterial
activity against Bacillus subtilis, staphylococcus aureus, Salmonella typhi, Pseudomonas aeruginosa,
and Escherichia coli. The AgysNizs shows outstanding performance for the reduction of 4-
Nitrophenol. It will reduce 84.69 % of 4- nitrophenol just in 60 second with constant 0.70 min!. The
order of the reaction is pseudo first order. The Ag7sNi»s shows excellent efficiency for the degradation
of 66.37% crystal violet dye in 3 hrs following pseudo first order reaction with rate constant
0.007733min"'. The AgssNi»s exhibits more zone of inhibition in B. subtilis, S. aureus, S. typhi, P.
aeruginosa, and E. coli 15.36 £ 0.28 mm, 15.23 + 0.15 mm, 15.40 + 0.20 mm, 15.33%+ 0.23 mm,
15.40 + 0.20 mm than monometallic silver and nickel.
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1. Introductions

In recent years, the research community has shown
increased interest in transforming toxic organic waste
found in water into recyclable products that exhibit
significantly reduced toxicity [1]. One of the main classes
of harmful organic pollutants that is widely present in
industrial and agricultural effluent is 4-nitrophenol (4-NP)
and organic dyes [2]. The U.S. Environmental Protection
Agency (EPA), states that 4-NP is one of the most harmful
pollutants since short-term inhalation of the substance can
result in headache, nausea, cyanosis, and drowsiness [2—
4]. Effective removal of 4-NP has been also targeted using
a number of techniques, including microwave-assisted
catalytic =~ degradation,  photocatalytic = processes,
microorganism decomposition, and electrochemical
oxidation approaches [2, 5-9]. Utilizing a suitable catalyst
to reduce 4-NP by NaBHy is the most straightforward and
environmentally beneficial way [2, 10—12]. Interestingly,
the same reduction product, 4-aminophenol (4-AP), with
a low toxicity character, has commercially valuable in
various applications, such as drying agents, corrosion
inhibition, anticorrosion lubricants, and photographic
processing [1, 2, 13, 14].The degradation of dye are
becoming difficult day by day. The factor responsible
behind this difficulty are bigger size, complex structure
and it’s biodegradable structure. In industry the most
commonly used dyes derivatives are anthraquinone, azo,
phthalocyanine and indigoid derivatives [15—17]. It exerts
various hazardous effects on human life like digestive
tract irritation, skin irritation, respiratory, and kidney
failure, etc. Several photocatalytic systems have been
reported for degradation of 4-nitrophenol and crystal
violet dye. ZnO supported on nano-clinoptilolite zeolite
has shown excellent photocatalytic activity for 4-
nitrophenol degradation through enhanced surface area
and charge separation [18, 19]. Similarly, CdS
nanoparticles embedded on zeolite A demonstrated
efficient sunlight-assisted photodecolorization of crystal
violet[cite new ref]. However, these systems often require
expensive supports or toxic materials (CdS). Our Ag-Ni
bimetallic system offers an eco-friendly alternative
synthesized using non-toxic biological extracts while
achieving comparable or superior catalytic activity.
Recently noble metal nanoparticle-based
heterogeneous catalysts catched the attention of many
people because of their potential for magnificent catalytic
activity against hazardous organic contaminants[20-25].
The increased catalytic activity of nobel metal
nanoparticles like silver because of their extraordinary
physiochemical properties, which primarily comprise 1)
Ag NP’s easy control of catalytic activity through
modification of their temperature, shape, and particle size
[26] 2) Ag NPs catalysts are operating at ambient
temperature or in mild conditions [27] 3) Because of their
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low cost the price of silver is 50 times lesser than Au or Pt
similarly it is 25 times lesser than Pd which will makes Ag
NP’s catalysts are especially well-suited for real-world
uses [28, 29] 4) A great environmental application value
is provided by Ag NP’s catalysts due to their low
toxicity[30-32]. Despite being the ideal catalyst for
NaBHy assisted 4-NP reduction, Ag NPs have a number
of disadvantages when used alone, such as limited
catalytic activity, poor stability, and quick oxidation and
aggregation [30, 33]. Ag NP's catalytic properties have
been reported to be significantly influenced by their size,
shape, support, and composition. In order to enhance the
catalytic property, three methods have been documented
so far[30, 34]. First incorporating of Ag NP’s into a range
of substrates can successfully reduce the aggregation of
these particles, increasing their catalytic activity. This is
made possible due to the high interaction between Ag
NP’s and their support [35, 36]. Second, anisotropic Ag
NP’s are employed in place of conventional spherical Ag
NP’s because they have more active surface sites and The
sharp angles and edges of the small molecule reactants
make it easier for them to be absorbed on their surface [37,
38]. Third, bimetallic catalytic systems have lately been
popular in order to tune the composition effects because
of their increased activity due to synergistic effect,
selectivity, cost effective nature as well as stability for
longer time [39]. Thus, different approaches have been
constructed to address the aforementioned problems, and
Making Ag-based nanocomposites, especially supported
and bimetallic Ag nanocomposites, is one successful
endeavour [30, 35, 40]. Nanoclusters of Aups,
nanoclusters of Pd, nanocrystalline of Pt-CeO,, Ag
nanoparticles, bimetallic nanoparticles of  Au-Ag,
bimetallic nanocrystals of Pd/Au and nanoparticles of Au-
Pt are a few examples [41-46]. However, the above noble
metals' high price and low abundance, or that of their
bimetallic counterparts, severely limit their practical
usage [47]. For the hydrogenation of 4-NP, Cu, Co, and
Ni transition metal and it’s oxides becoming quite popular
recently [48-51]. Nickel can fine-tune optical properties
by increasing absorption of visible light which assisted by
decreasing recombination of charge carrier. This is
possible through the impurity level which is present in
between the conduction bands and valence bands [52].
Despite the promising potential of heterogeneous
photocatalysis for environmental remediation, several
fundamental challenges remain [53, 54].

The primary limitation is the rapid recombination of
photogenerated electron-hole pairs (typically within
nanoseconds), which drastically reduces quantum
efficiency to < 10% in most photocatalysts. Additional
challenges include: (i) limited visible light absorption
(most wide-band gap semiconductors only absorb UV),
(i1) photo-corrosion and stability issues, (iii) difficulty in
catalyst recovery from aqueous systems, and (iv) toxicity
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concerns for many high-performance photocatalysts
containing Cd, Pb, or other heavy metals.

To address these challenges, various strategies have
been developed including: heterojunction formation
(type-11, Z-scheme), noble metal loading for plasmonic
enhancement and electron sinks, doping to narrow band
gap, and morphology engineering to increase surface area.
Bimetallic systems, particularly those combining noble
metals with transition metals, offer a promising approach
by synergistically combining plasmonic effects, charge
separation, and catalytic active sites [53, 55].

In addition to environmental pollution by organic
contaminants, water contamination by pathogenic bacteria
poses a serious threat to public health. An ideal water
treatment material should address both chemical
pollutants and biological contaminants simultaneously.
Bimetallic Ag-Ni nanoparticles are particularly promising
in this context because silver is well-known for its broad-
spectrum antibacterial activity while nickel enhances
catalytic performance.

Therefore, evaluating both pollutant degradation and
antibacterial activity in the same material provides a
comprehensive assessment of its potential for practical
water treatment applications.

This work presents several novel contributions (1)

First green synthesis of Ag-Ni bimetallic nanoparticles
using chickpea sprout  water extract as
reducing/stabilizing  agent; (2)  Comprehensive
compositional study revealing AgasNiss as optimal for 4-
NP reduction (84.69% degradation in 60 s, k = 0.0117
min!), among the fastest reported for Ag-Ni catalysts; (3)
Dual application assessment both catalytic (4-NP
reduction) and photocatalytic (CV degradation) using
identical catalyst (4) True green synthesis without toxic
reducing agents at ambient conditions (60 °C, 1 atm); (5)
Multifunctional ~ platform  integrating  catalytic,
photocatalytic, and antibacterial activities; (6) Economic
feasibility with inexpensive chickpea sprouts as starting
material, making large-scale production viable. These
advantages collectively position this work as a significant
advance in sustainable nanomaterial development for
environmental remediation [1, 56-58].
In present research article we try to focussed on the eco-
friendly method for the designing of Ag based bimetallic
nanoparticles hence we select sprout water extract as
agent to synthesized Ag-Ni bimetallic nanoparticles. The
two organic pollutants are targeted for degradation by
using above synthesized bimetallic and monometallic
nanoparticles. The first pollutant under consideration is
of 4 — NP and second is crystal violet dye (CV). This study
also includes kinetic study of degradation reactions and
the biological activity like antibacterial applications. Its
also help for the comparative study of bimetallic and
monometallic nanoparticle towards degradation of 4-NP,
crystal violet dye and antibacterial activity.

10.57647/1jc.2026.1601.07

2. Material and methods

2.1. Chemicals

Silver nitrate (AgNOs3), Nickel (II) hexahydrate
[Ni(NO3),.6H,0O], 4-nitrophenol (4-NP) and sodium
borohydride (NaBH4) were purchased from Loba chem,
India. All chemical reagents used in the research were
freshly prepared (analytical grade) before performing the
experiment.

To the authors' knowledge, this is the first application
of chickpea sprout water extract for synthesis of Ag-Ni
bimetallic nanoparticles.

2.2. Preparation of sprout water extract (SWE)

After thoroughly washing 100 g of chickpeas in look
warm water to get rid of any contaminants, soak them in
300 ml of distilled water for a whole day. To remove
insoluble impurities, we used Whatman Filter Paper No.
41 through which above water was filtered and the filtrate
was collected in a 500 ml beaker, transfer it to a glass
container and keep it in the refrigerator.

2.2.1. Characterization of Sprout Water Extract

The sprout water extract was characterized by FTIR
spectroscopy to identify the phytochemicals present. The
extract was freeze-dried and the dried powder was
analyzed using FTIR in the range of 400-4000 cm ™.

2.3. Monometallic Ag, Ni, and bimetallic Ag-Ni
nanoparticle synthesis

The Ag-Ni bimetallic nanoparticles were synthesised by
one pot green synthesis by applying seedless synthesis
method at ambient temperature. In a typical synthesis, for
each sample, the 2mM aqueous solution of silver and
nickel precursor was taken (AgNOs3) silver nitrate and
(Ni(NO3)2.6H,0) Nickel nitrate hexahydrate by varying
the volume (50 ml) maintaining the total molar intensity
constant.

The Precursor solutions of silver nitrate (AgNOs) and
Nickel nitrate hexahydrate Ni(NO3),.6H,O (2 mM) were
combined in a single-neck flask with a glass stopper
covering the top opening. The mixture was continuously
stirred at 60°C for approximately 60 minutes with the help
of a magnetic stirrer. The 2.5 ml of aqueous SWE extract
was added dropwise to the mixture of silver nitrate and
nickel nitrate hexahydrate present in the glass stopper
bottle with continuous stirring.

After the addition of SWE to the solution present in
the stopper bottle changed from colourless to dark brown.
This change in colour indicate the fabrication of Ag-Ni
nanoparticles.
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Table 1. The compositions of prepared samples

Sample AgNO;

Ni(NO3),.6H,O Ag:Ni
(2mM) (ml) (2mM) (ml)

Ag 50
Ag25Ni75 12.5
AgsoNiso 25
Ag75Ni25 37.5
Ni -

37.5
25
12.5
50

4:-
1:3
2:2
3:1

Figure 1. synthesis of nanocatalyst (a) Agioo (b) AgasNizs (¢) AgsoNiso (d) AgzsNias (€) Nijgo

After the formation of Ag- Ni nanoparticles the
solutions present in glass stopper bottle was taken in
centrifugation tube and centrifuged for 20 minutes at
12,000 rpm to produce to settle down the Ag-Ni
precipitate. Once the Ag-Ni precipitate gets settled it is
washed with deionized water three times and followed by
two hours of drying in a furnace set at 80°C.

This process of drying gives rise to the
brown powder of Ag-Ni bimetallic nanoparticles.
AgsoNiso, Ag7sNixs NPs, and Ag»sNizs NPs were the three
Ag-Ni bimetallic samples that were synthesised; the suffix
indicates the percentage. In addition, two monometallic
samples were prepared under identical conditions for
comparison: Ag NPs and Ni NPs. The preparation
samples' components are displayed in Table 1. and images
are shown in Fig. 1.

2.4. Characterisation of bimetallic nanoparticles

The Formation of monometallic Ag, Ni, and bimetallic
Ag-Ni nanoparticles was confirmed by UV-Visible
absorption spectroscopy using a UV-2450 SHIMADZU
double beam spectrophotometer. Monometallic Ag, Ni,
and bimetallic Ag-Ni of varying mass ratios were
examined for crystallinity and phase structure using a
powder X-ray diffraction pattern (XRD) captured on a X-
rayX-ray diffractometer with a radiation source Cu Ka at
ambient temperature, with 20 ranging from 5 to 80°.
Fourier transform infrared spectroscopy (FTIR) was
utilized to investigate the different functional groups of
produced nanoparticles, utilizing wave numbers ranging
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from 400 to 4000 cm-1. To determine the composition of
the synthesized nanoparticles, energy-dispersive X-ray
spectroscopy (EDX) was utilized. The transmission
electron microscope (TEM) assists in determining the
microstructure and morphology, and a nanoparticle
tracking analyzer (NTA) was employed to evaluate the
size of nanoparticles.

2.5. Catalytic Activity Evaluation of 4-nitrophenol
and crystal violet dye

The ability of the synthesized Ag, Ni, and Ag-Ni
nanoparticles with varying compositions to reduce 4-
nitrophenol and crystal violet dye was evaluated. The
process of evaluating the catalytic activity for
transforming 4-NP into 4-AP was conducted according to
the documented method in the presence of NaBH4 and
also involved the synthesis of monometallic Ag, Ni, and
varying compositions of bimetallic Ag-Ni. The oxidation-
reduction reaction was carried out in a 3 ml quartz cuvette.
The path length of the quartz cuvette is 1 cm. This was
used as a batch reactor. In the cuvette, first 1.5 ml of light-
yellow colour aqueous solution of 1mM 4-NP was placed.
In the same cuvette, 100 mM 1 ml of NaBH4 solution was
added. The mixture of the above solution was stirred for
the uniform mixing of 4-NP and NaBH4. The addition of
NaBHjy solution results in a transition of the solution’s
colour. The colour of the mixture gradually darkened
which was resulted in to the dark yellow colour. This
transformation in colour is attributed to the creation of the
nitrophenolate ion [59].
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In the above solution of 4 -NP and NaBH4, 0.5 ml of
monometallic Ag, Ni, and various compositions of
bimetallic Ag-Ni catalyst(catalyst concentration: 1
mg/mL, ie., 0.5 mg catalyst per reaction) was added,
which will initiate the reduction reaction. The solutions
were continuously stirred for uniform mixing at room
temperature using a magnetic stirrer. As the reaction
proceeds, there is a change in the concentration of the
reactant and product, which will be determined by
recording the UV-Visible spectra in the 200-1100 nm
range at regular intervals of time. The transformation in
the solution’s colour also indicates the progress of the
reaction. As the reaction proceeds, the concentration of 4-
AP increased, which takes place by the evolution of H»
gas, and the intense yellow colour of the reaction mixture
starts fading.

At last, the solution completely turning colourless
indicates completion of the reaction, and only the solution
completely turns colourless, indicating completion of the
reaction and the presence of 4-AP in the solution. [1, 60].
While studying the progress of reaction through UV-
Visible spectra, the intensity of the peak at 400 nm starts
decreasing, indicating the decrease in the concentration of
4-NP in the reaction mixture as the reaction progresses.
Simultaneously, the intensity of the peak at 300 nm
increases, indicating an increase in the concentration of 4-
AP in the mixture. After the completion of reaction
formula given in Eq. number (1) was used to calculate the
transformation of 4-NP to 4-AP [8]. In this case, Co
represents the starting concentration of 4-NP (mg/L), C;
represents the concentration of 4-NP in the reaction
mixture (mg/L) at various periods (t), A represents the
absorbance at time t, and A represents the absorbance at
timet=0 [61].

The catalytic efficiency of the above-synthesized
nanoparticles for the degradation of crystal violet dye was
examined, along with different contact times, which
varied from Omin to 210.0 min in intervals of 30 min [62].
According to the methods outlined, photodegradation of
the crystal violet dye took place on the surface of added
bimetallic and monometallic nanoparticles of Ag and Ni
in the crystal violet dye solution, and it is carried out in
the presence of direct sunlight [63].

The adsorption desorption equilibria between the
above synthesized nanoparticles and crystal violet dye
were enhanced by the thorough mixing through agitation,
50 ml of CV (10 ppm) dye solution was combined with 5
ml of the aforementioned synthesized nanoparticles
(catalyst concentration: 1 mg/mL, i.e., 0.5 mg catalyst per
reaction).

The above mixture of CV dye and synthesized
nanoparticles was then kept in the dark for a time interval
of 30 minutes.

The resultant was then exposed to sunlight for 180
minutes, and three millilitres of an aliquot from the
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reaction mixture were taken out every 30 minutes to track
the solution's decrease in absorbance. The mixture of dye
and nanoparticles is placed in a 100 ml glass beaker, and
it is stirred at 70 rpm on a magnetic stirrer. Additionally,
this experiment was carried out in the daytime under direct
sunlight between 12:00 noon and 3:00 PM on 20 February
2025 at 35 + 20 °C. The same conditions were maintained
for each set of experiments.

The characteristics peak at Amax= 599 nm show a
progressive decrease in intensity, which indicates that the
crystal violet dye is degrading. Equation number (2) was
used to calculate the percentage of dye degradation
(2)[64].The experimental design included explicit
controls to distinguish photocatalytic from photolytic
degradation: a dark pre-incubation (30 minutes) measured
adsorption without photons, while a photolysis control
(Table 3, Row 6) showing only 6.25% CV degradation
under identical sunlight conditions compared to 62-66%
with Ag-Ni catalyst provides definitive proof of 10-fold
photocatalytic spontaneous
photochemical degradation. Solar irradiance was
estimated at 800 = 100 W m™ from Mumbai's February
meteorological data (direct beam 600-700 W m™2 plus
diffuse radiation, latitude 19°N), validated by a
maintained reaction temperature of 35 + 2°C correlating

enhancement over

directly with solar heating rates.

Pseudo-first-order kinetic analysis yielded excellent
linear fits (R? = 0.97-0.99, Fig.s 15-16) throughout the
180-minute reactions, confirming reproducibility with +3-
7% experimental precision and validating the pseudo-
first-order kinetic model.

% degradation of CV dye or nitrophenol reduction
=((Co—Cy)/Co)*100 = ((Ao — At )/Ag )*100 H

All experiments were performed in triplicate, and error
bars representing standard deviation are shown in the
Fig.s. The reproducibility was confirmed by calculating
relative standard deviation (%RSD), which was less than
5% for all measurements.

2.6. Antibacterial Activity

The antibacterial activity evaluation of Agioo, Niioo,
AgsNizs, AgsoNiso, and AgzsNixs was conducted using
Gram-positive bacteria, Bacillus subtilis QST713 (B.
subtilis), Salmonella typhi CT18 (S. typhi), Pseudomonas
aeruginosa ATCC25922 (P. aeruginosa), and Gram-
negative bacteria, Escherichia coli ATCC12228 (E. coli),
Salmonella typhi CT18 (S. typhi).

The nutritive medium was infused with bacteria,
which were then uniformly dispersed. In each nutrient
agar plate, six sterile discs (d =7 mm) was prepared. Each
disc contains 20ul of Agioo, Niioo, Ag2sNizs, AgsoNiso, and
Ag7sNios NPs solution, sterile water as a blank (negative
control).
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Figure 2. UV-visible analysis of nanocatalyst (a) Agioo (b) AgasNiss (¢) AgsoNisy (d) AgrsNias (€) Nijgo

There is a single standard disc of chloremphenicol, and
a single standard disc of chloramphenicol is placed. Then
all the agar plates were placed in an incubator whose
temperature is 37°C for 24 hours, The zone of inhibition
indicate the bactericidal activity of the nanoparticles [65].

3. Result and Discussion

3.1. UV-vis spectrophotometric analysis

The biologically synthesized Agioo, Niigo, AgasNiys,
AgsoNisop, and AgzsNixs nanoparticles' UV-visible
absorption spectra in the 200—1100 nm range are shown
in Fig. 2. The absorption band for Agio at 436 nm
indicates the Ag nanoparticle formation, the Nijgo centring
at 265 nm gives evidence for Ni nanoparticle formation
[66, 67]. Similarly, fOI' Ag25Ni75, Ag5oNi50, and Ag75Ni25,
the two bands are seen.

The first prominent band obtained at 449 nm, 451nm,
446 nm, and the second band centring at 258nm, 255nm,
255nm for Ag25Ni75, Ags()Ni50, Ag75Ni25. This observation
is attributed to the emergence of the Ag-Ni alloy structure
[68, 69]. As the concentration of Ni increases, the size of
nanoparticles will also increase, and this will eventually
decrease peak intensity, and a red shift is also observed
[65].

3.1.1. Optical Properties and Bandgap Analysis

The optical properties of synthesized monometallic and
bimetallic nanoparticles, characterized through UV-
Visible absorption spectroscopy, directly demonstrate
light-harvesting capability essential for photocatalytic
applications. The sharp, intense surface plasmon
resonance (SPR) peaks observed at 436 nm for Agio and
446-451 nm for bimetallic compositions provide evidence
of strong visible-light absorption. The red-shift in SPR
peak from 436 nm (Agioo) to 449-451 nm (bimetallic
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samples) indicates composition-dependent modification
of electronic structure and enhanced light-matter
interaction [70]. Bandgap Energy Estimation: The
bandgap energy of synthesized nanoparticles can be
estimated from the absorption edge wavelengths observed
in UV-Vis spectra using the fundamental relationship
Eg(eV) = 1240/Mnm). The absorption edges
monometallic silver appear at approximately 315 nm,
corresponding to an estimated bandgap of 3.93 eV. In
contrast, bimetallic compositions exhibit absorption edges
at longer wavelengths (380-385 nm), corresponding to
estimated band gaps of 3.22-3.26 eV for AgsNiss and
AgsoNiso, and 3.24 eV for AgssNiss. This reduction in
bandgap energy from 3.9 eV (monometallic Ag) to 3.2-

for

3.3 eV (bimetallic)** is a critical finding explaining the
superior photocatalytic activity. A reduced bandgap
facilitates photon absorption across the visible spectrum
(wavelengths up to 400 nm) and reduces the energy
requirement photoinduced pair
generation, aligning with solar spectrum intensity (peak at
~500 nm). Physical Origin of Reduced Bandgap: The
bandgap reduction in bimetallic Ag-Ni nanoparticles
arises from the formation of a Schottky barrier at the Ag-
Ni interface due to the work function difference (WF_Ni
- WF_Ag = 0.85 eV). This interface barrier creates an
internal electric field that modulates the electronic band
structure, reducing the effective bandgap and enabling
stronger solar-light photon absorption. The presence of
dual optical absorption features Ag SPR (436-451 nm)
and Ni d-d transitions (265 nm) confirms the bimetallic
nature and demonstrates complementary light-harvesting
across the ultraviolet and visible spectrum [71, 72].

for electron-hole

3.2. Fourier transform infrared spectroscopy (FT-IR)
analysis

The FTIR spectrum of pure sprout water extract (Fig. 3a)
displays characteristic peaks at 3400 cm™ (O-H stretching
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from polyphenols and flavonoids), 2920 cm™ (C-H
stretching from organic compounds), 2100 cm™ (C=C or
C=N stretching from alkaloids and nitrile-containing
compounds), 1640 cm™ (C=0 stretching from proteins
and carbonyl compounds), and peaks in the region 1000-
1500 cm™ corresponding to C-O and C-N stretching
vibrations.

These functional groups present in chickpea sprout
water are responsible for the reduction and stabilization of
metal ions during nanoparticle synthesis. The analysis of
FTIR furnishes the information regarding the chemical
composition and the functional group present at the
surface of nanoparticles through the band obtained in the
specific region of the IR spectra. The three main peaks are
observed in the IR spectra of Ag, AgrsNiss, and Ni
nanoparticles, which are obtained from Fig. 3b-d.

The polyphenolic compounds in sprout water extract
contain alcohols and phenols, which is proved by the
peaks obtained at 3346.43 cm-1, 3328.5 cm-1,3326.94
cm-1, indicating the occurrence of the O-H group. These
compounds will act as a capping agent for nanoparticles.
The presence of a carbonyl group is further assisted by the
bands seen at wavenumbers 1636.04 cm™ ,1636.40 cm™,
and 1635.56 cm™!. The carbon - carbon, carbon- nitrogen
triple bond stretching give rise to the band at 2100.85 cm”
1.2119.96 cm™!, 2109.76 cm’.

The FTIR spectra of synthesized Ag, AgzsNiss, and Ni
nanoparticles (Fig. 3b-d) show retention of characteristic
peaks from the sprout extract, confirming the presence of
biomolecules as capping agents. The peaks at 3346-3328
cm! indicate O-H groups from polyphenolic compounds
acting as stabilizers. The bands at 2100-2119 cm,
corresponding to C=C or C=N triple bond stretching
(originally present in sprout extract), confirm the
adsorption of organic phytochemicals on nanoparticle
surfaces. The carbonyl peak at ~1636 cm™ further
supports the presence of protein and flavonoid molecules
as capping agents.

3.3. Morphological Study NTA, EDX analysis, TEM
analysis

High resolution transmission electron microscopy was
used to further analyze the size, shape, and crystal
structure of biosynthesized Agioo, AgzsNizs, and Nijgo
(HR-TEM). Broad size distribution of Agio, AgasNirs,
Nijgo particles range between 10-40, 10-90, 6-20 nm with
mean size of 23.73+6.42, 44.72+18.80, 12.96+£3.66 nm as
depicted in Fig. 5a, Fig. 5b, and Fig. 5c. The shape of Ag
particles is not perfectly spherical, and it is well
distributed, whereas the AgysNis;s particles are
pseudocubic with little aggregation of nuclei, and also
depicted alloy structure as observed in Fig. 4a and Fig. 4b.
The particles of Ni are perfectly spherical in shape as
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observed in Fig. 4c. Fig. 6 illustrate the Selected Area
Electron Diffraction (SAED) pattern of Agioo,
AgysNiys,Nijgo express polycrystalline nature and FCC
structure, with that lattice planes (111), (200), (220), and
(311) clearly listed which will be in accordance with the
XRD data [68, 73-75].

The core-shell architecture of Ag-Ni bimetallic
nanoparticles is confirmed through comprehensive
analysis of SAED patterns and TEM imaging. The SAED
pattern of Ag»sNiss illustrated in Fig. 6b displays well-
defined polycrystalline diffraction rings with distinctly
sharp, intense bright spots characteristic of crystalline
phases, which is typical of core-shell structures rather than
the diffuse, broadened rings observed in random alloy
nanoparticles. Furthermore, the sequential reduction
based on reduction potential differences (Ag'/Ag® =
+0.799 V vs. Ni**/Ni® = -0.257 V) ensures that silver
reduces first to form the core, followed by nickel shell
deposition. The HR-TEM images showing pseudocubic
morphology with interface features further corroborate the
core-shell configuration rather than a homogeneous alloy
structure.

Fig. 8, reveals the elemental composition of
monometallic Ag, Ni and AgyNi;s bimetallic
nanoparticles. In EDX spectra of monometallic Ag and Ni
the peaks for only Ag and Ni can be seen at around 3 Kev
and 7.5 Kev with weight % 62.14 and 13.95 whereas for
bimetallic Ag,sNiss the peaks for both Ag and Ni obtained
at around 3 Kev and 7.5 Kev with weight % 25.04 and
5.53. The signal for oxygen and signal other than Ag and
Ni could be because of constituent element of sprout water
extract. The synthesis of monometallic and bimetallic
nanoparticles of Ag and Ni was confirmed by this result.

The hydrodynamic diameters obtained from NTA (21-
42 nm) are consistently larger than those measured by
TEM (10-90 nm), which is expected due to fundamental
differences in measurement principles. NTA measures the
effective diameter of particles moving under Brownian
motion in aqueous medium, which includes the solid
metal core plus the hydration layer, surface-adsorbed
phytochemicals from the sprout water extract, and
potential particle agglomeration. In contrast, TEM
measures on

ly the solid metal core in dry, vacuum conditions. The
hydrodynamic diameter being 1.5-2x larger than the
physical diameter is well-documented for biologically
synthesized nanoparticles and validates the presence of
organic stabilizers on the nanoparticle surface, which is
essential for colloidal stability. This size difference
confirms successful green synthesis with phytochemical
capping agents. In addition to the primary elements Ag
and Ni, the EDX spectra (Fig. 8) display signals for
oxygen (O), carbon (C), and trace amounts of other
elements such as sulfur (S), phosphorus (P), potassium
(K), and calcium (Ca).
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NTA analysis of biosynthesized Ag, AgxsNizs, AgsoNiso, Ag7sNizs, Ni nanoparticles discloses the mean size of nanoparticles was 21 nm, 29 nm, 26 nm, 30

nm, 42nm which is observed in Fig. 7a, Fig.. 7b, Fig.. 7c, Fig.. 7d, Fig..7e. The standard deviation of above naopatricle was 12 nm, 19 nm, 17 nm, 17 nm,
34 nm respectively.
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These additional elements originate from the
phytochemical constituents of chickpea sprout water
extract used as reducing and capping agents. Origin of
additional elements:

- Oxygen and Carbon: Main components of
polyphenolic compounds, flavonoids, proteins, and
carbohydrates that act as capping agents on nanoparticle
surfaces

- Sulfur: From sulfur-containing amino acids
(cysteine, methionine) in proteins present in sprout
extract:

- Phosphorus: From phospholipids, nucleotides, and
phosphorylated proteins

- Potassium and Calcium: Mineral nutrients naturally
present in chickpea sprouts. These biomolecules adsorb
on nanoparticle surfaces during synthesis and remain as
an organic corona even after washing, contributing to
colloidal stability and preventing aggregation. The
presence of these elements confirms successful green
synthesis with biological capping agents, which is a
characteristic ~ feature  distinguishing  biologically
synthesized nanoparticles from chemically synthesized
ones. The organic corona does not interfere with catalytic
activity; rather, it enhances stability and dispersibility in
aqueous medium, which is beneficial for environmental
applications.

3.4. XRD analysis

The data obtained from XRD analysis was used to
investigate the phase purity and composition of Ni@Ag

10.57647/1jc.2026.1601.07

nanostructures across different mass ratios. Fig. 9.
displayed diffraction pattern of synthesized Ag, Ni,
AgrsNiys, AgsoNiso, Ag7sNizs. The diffraction pattern of all
the samples clearly revealed the FCC structure. In the
XRD spectra, diffraction peaks were obtained at 20 =
27.89,32.20,38.19,44.29,46.2°, 54.80, 57.4°, 64.4°,77.01°.
The value of diffraction indicates the crystal plane (210),
(122), (111), (200), (231), (142), (241), (220), and (311).
These values of crystal planes give the structure of face-
centred cubic (FCC) Ag. This value completely coincides
with the value given by the Joint Committee on Powder
Diffraction Standards (JCPDS card no 04-0783.
Monometallic nickel nanoparticles were subjected to
powder XRD analysis using a Rigaku MiniFlex 300/600
diffractometer equipped with an advanced D/teX Ultra
detector system. The measurement employed Cu Ka
radiation (A = 0.15406 nm) at 40 kV and 15 mA, with
optimized parameters: scan speed 4.00°/min, step width
0.02°, and continuous 0/20 geometry over a 20 range
from 3° to 80°. The XRD analysis of nickel nanoparticles
yielded thirteen clearly resolved, well-defined diffraction
peaks with excellent peak sharpness (full-width at half-
maximum, FWHM: 0.04°-0.50°) and strong base peak
intensity of 3425 counts per second, indicating high-
quality data with a superior signal-to-noise ratio (>100).
The three major characteristic peaks appeared at 20 =
41.970°(x0.013°), 47.189°(+0.007°), and 51.7°(%0.5°),
unambiguously assigned to Miller indices (111), (220),
and (200) planes, respectively, of face-centered cubic
(FCC) nickel structure. These experimental peak
positions precisely matched literature values from the
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JCPDS card number. 04-0850, confirming phase purity
and crystalline structure. The successful identification of
multiple higher-order diffraction planes ((111), (200),
(220), etc.) demonstrates the excellent angular resolution
capability of the instrumental setup, which is not
achievable with low-quality diffractometry equipment.
The identification of 13 distinct peaks (compared to
typically 3-5 for poorly crystalline materials) further
substantiates the high crystallinity and quality of the
synthesized nickel nanoparticles.In all the composition of
Ni@Ag, ten different diffraction peaks are observed:
27.8% 32.2038.19, 44.20, 46.2°, 54.8°, 57.4°, 64.4°, 76.6°,

77.3%. The Debye Scherrer formula D = Ka
B cosB

employed to compute the average crystal size of the above
synthesized nanoparticles Where f is the angular FWHM
(full-width at half maximum) of the XRD peak at the
diffraction angle 0, D is the average crystalline size of the
nanoparticles, while K is geometric factor (0.9) and A
signifies the wavelength of X-ray radiation source [66].
The calculated average crystallite size of Ag, AgysNiys,
AgsoNiso, AgosNizs, and Ni nanoparticles are 16.56 nm,
73.53 nm, 66.80 nm, 46.27 nm, and 60.14 nm. The
calculated average crystallite size for monometallic
nickel (Niwo) was 60.14nm, which shows excellent
consistency with transmission electron microscopy
observations (6-20 nm core diameter with ~40-60 nm
total particle size including organic capping layer) and
SAED pattern analysis confirming polycrystalline FCC
structure. This agreement between XRD-derived and
TEM-measured particle sizes validates the reliability of
both characterization techniques and demonstrates the
quality of the XRD data acquisition and analysis.

3.4.1. Evidence for Core-Shell Architecture from XRD
and SAED

XRD analysis shows peaks corresponding to both FCC Ag
and Ni phases, the interpretation requires careful

consideration of core-shell nanostructure characteristics.
For bimetallic core-shell nanoparticles where both metals
possess FCC crystal structure with similar lattice
parameters (Ag: 4.086 A, Ni: 3.524 A), the diffraction
peaks naturally appear overlapped rather than showing
distinct separate peaks. This is fundamentally different
from a true solid-solution alloy, which would exhibit peak
positions intermediate between the two pure metals with
systematic shifts based on composition.

Our XRD patterns (Fig. 9) display peaks at 20
positions corresponding to both pure Ag (JCPDS 04-
0783) and pure Ni (JCPDS 04-0850) reference patterns,
without intermediate peak positions characteristic of alloy
formation. This observation, combined with the SAED
evidence, supports a core-shell architecture rather than an
alloy structure.

The SAED pattern analysis provides definitive
evidence for a core-shell configuration. The SAED pattern
of Ag»sNiss (Fig. 6b) exhibits well-defined polycrystalline
diffraction rings with distinctly sharp, intense bright spots
characteristic of crystalline phases.

This pattern is typical of core-shell structures, where
each component maintains its individual crystal structure,
in contrast to the diffuse, broadened rings observed in
random alloy nanoparticles, where lattice strain and
compositional gradients create disorder.

Furthermore, the compositional analysis by EDX
showing varying Ag: Ni ratios at different measurement
points supports the core-shell model. In a homogeneous
alloy, EDX analysis would yield consistent composition
throughout the sample.

The observed compositional heterogeneity is
consistent with the proposed Ni-core@Ag-shell
architecture, where EDX spot analysis on different
nanoparticle regions yields varying Ag: Ni ratios
depending on whether the electron beam probes the Ni-
rich core or the Ag-enriched shell regions.
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Figure 9. XRD diffraction pattern of (a) Agio (b) AgasNizs (c) AgsoNisy (d) AgzsNiys () Nijgo catalyst
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3.5. Mechanism of core-shell Ag-Ni nanoparticles
formation

The process of reduction of metal ions will result in the
formation of metallic core-shell nanoparticles. It is
possible via two method seed -growth and seedless. In the
seed growth method, the metal that takes the position of
the core is reduced first due to its higher reduction
potential, and the metal that acts as the shell is developed
on it. In the seedless approach, metal precursors are
combined with agents that serve dual roles as reducers and
stabilizers. The sprout water extract serves as a dual-
purpose agent, acting both as a reducer and stabilizer, in a
one-step, seedless approach to create Ag-Ni bimetallic
core-shell nanoparticles. In this method, reduction of
metal ions will take place according to their reduction
potential[60]. In the solution of silver nitrate and nickel
nitrate hexahydrate, the silver metal has a higher reduction
potential; thus, Ag will reduce first (Ag+/Ag0 = 0.799 V)
and will take the position of core. The reduction of Nickel
will take place on the surface of Ag core as it possesses
lower reduction lower reduction (Ni*%/ Ni’ = 0.257 V) and
served as shell. The coordinating nature of reducing agent
also play vital role in co-reduction process for formation
of core shell structure [59]. The key problem in seedless
method is reduction of two metal with different reduction
potential and regulating nucleation. Nanoparticle
nucleation and growth are influenced by the reducing
agent and surface ligands. The metal which possesses high
reduction potential will reduces and create nucleation site
which will further help in development of nanoshell.
Reverse core shell structures are achievable when a
surface ligand binds to a metal that possesses a higher
reduction potential, provided that the structure maintains
its stability [76]. The rate of reduction of Ag" to Agis
faster than Ni*? to Ni° which will result in to the Ag core
followed by Ni gen. The phytochemical present in the
sprout water extract like polyphenols and flavonoids
reduced first Ag" then it is followed by reduction of Ni*?
which will occurred on the Agseed surface based on their
reduction potential value [77]. The sequential reduction
based on reduction potentials (Ag*/Ag: 0.799 V, Ni**/Ni:
-0.257 V) ensures formation of core-shell structure, a
feature not previously reported for Ag-Ni synthesis using
plant-based reducing agents.

3.5.1. Thermodynamic Feasibility of Green Reduction

The reduction of Ag* and Ni** to their metallic states is
thermodynamically favorable when considering the
reduction potentials:

Metal reduction potentials:
Agt+e — Ag% E°=+0.799 V
Ni** +2e¢~ — Ni% E°=-0.257V

Reducing agents in sprout water extract:
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Polyphenolic compounds (such as flavonoids,
phenolic acids) act as reducing agents:

General reaction: Polyphenol-(OH) — Polyphenol-O
+H"+e

Typical oxidation potential of polyphenols: E° =+0.5
to +0.8 V (vs. SHE)

Thermodynamic analysis:

For Ag* reduction:

E°cell = E°(Ag'/Ag®) - E°(polyphenol oxidation) =
0.799-0.6=+02V

AG® = -nFE° = negative (thermodynamically
favorable)

For Ni** reduction:

E°cell = E°(Ni**/Ni°) - E°(polyphenol oxidation) = -
0.257-0.6=-0.86 V

AG® = -nFE° = positive (thermodynamically
unfavorable under standard conditions)

However, Ni?* reduction becomes feasible due to:

1. Complexation effect: Polyphenols complex with
Ni?*, shifting the reduction potential to more positive
values

2. pH effect: The synthesis is conducted at pH ~8-9
(basic conditions from NHs released during sprouting),
which shifts Ni**/Ni° potential more positive

3. Surface catalysis: Once Ag® nuclei form, they
catalyze the reduction of Ni?* through galvanic reduction

4. Kinetic factors: The synthesis at eclevated
temperature (60°C) overcomes activation barriers

The higher reduction potential of Ag" ensures
preferential reduction of silver first, forming nucleation
sites. Subsequently, Ni** reduces on the Ag surface
through catalytic electron transfer, resulting in the core-
shell architecture.

3.6. Catalytic reduction of 4-nitrophenol and crystal
violet dye and its UV -visible analysis discussion

The Absorption peaks for the 4-NP are observed at 316
nm, as mentioned in the graph. The addition of 0.5 ml of
NaBHj results in the peak transitioned from 316 nm to 401
nm, which was attributed to the rise in the solution's pH,
leading to the fabrication of the nitrophenolate ion. After
20 minutes, the peak at 410 nm remains constant in the
absence of a catalyst. Following the introduction of the
catalyst, the peak at 401 nm starts to lose intensity, and
simultaneously, a new peak at 302 nm becomes evident in
the spectra. As the reaction advances, the intensity of the
newly formed peak grows, verifying the production of 4-
AP. Fig. 10 illustrates the UV-visible spectroscopy
analysis of the 4-NP reduction process, employing
catalysts such as Ag, AgysNizs, AgsoNiso, AgrsNizs, and
Ni. The kinetic order for the 4-NP reduction process is
pseudo-first order. The calculations of the rate constant
(kapp) required the graph of reduction time versus
In(At/A0) to be plotted as seen in Fig. 12. The pseudo-
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first-order equation for the reduction of 4-NP is given
below.

r=InC; / Co=d. /d;= —Kgppt @)

where r represented the reduction rate; t represented
reduction time; while concentration represented by c; Co
is the concentration of reactants when the reaction starts
at time t = 0; Ct is the concentration of reactants after a
certain time interval t. The reaction rate can be expressed
in terms of comparative absorption intensity as the
reaction 4-NP has maximum absorption intensity in
visible region therefore the equation of pseudo first order

reaction of 4-NP can be expressed in terms of absorption
intensity.

r=1InC, / Co=InA, /Ag= —Kgppt 2)

The graph of In(Ay/Ao) versus time required for the
reduction process for each of the five catalysts, Ag,
Ag25Ni75, Ag50Ni50, Ag75Ni25, Ni, and their kinetic
data are represented in Fig. 11 and Fig. 12. The percentage
of 4-NP reduction by monometallic Ag and nickel were
74.18 % in 180 seconds, 80.55% in 240 sec. Similarly, the
remaining compositions Ag,sNizs, AgsoNiso, and AgsNios
show reduction percentages of 84.69% in 60 seconds,
77.82% in 300 seconds, and 50.26% in 240 seconds.
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If we compare the reduction percentage, AgosNiss
shows maximum degradation within a very short period
of time and proves maximum efficiency in the process of
reduction of 4-NP. The process of reduction of 4-NP by
monometallic Ag and Ni catalyst has a calculated rate
constant of 0.0067 sec”’ and 0.0045 sec’!. The rate
constant for bimetallic AgosNizs, AgsoNiso, Ag7sNis are
0.0117 sec™!, 0.0043 sec’!, 0.0022sec!. The kinetic study
of the nitrophenol reduction plot in the presence of a

catalyst helps to calculate the value of the rate constant (k)
and R? as mentioned in Table 2.

The kinetic analysis of 4-nitrophenol reduction was
performed using the pseudo-first-order model: In(A/A,) =
-kappt, where A, is absorbance at time t and A, is initial
absorbance. All calculations were performed using
consistent time units (seconds), and the linear plots are
shown in Fig. 12.
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The correlation coefficients (R?) vary significantly
among different catalysts. Agioo shows an excellent fit to
the pseudo-first-order model (R? = 0.9403), indicating
classical pseudo-first-order kinetics. However, AgasNiss,
despite showing the highest catalytic activity (84.69%
degradation in 60 s, k = 0.0117sec™), exhibits a lower R?
= 0.2750. This deviation from ideal pseudo-first-order
behavior is attributed to the extremely rapid initial
reaction kinetics.

When degradation occurs faster than the measurement
interval (most degradation is complete within 30 seconds),
the system cannot achieve steady-state conditions
assumed by pseudo-first-order kinetics. This results in

mixed-order or diffusion-limited kinetics during the initial
phase, transitioning to pseudo-first-order only after
significant substrate depletion. Similar deviations have
been reported for highly active catalysts where mass
transfer limitations and rapid surface reactions compete.
The achieved degradation rate of 84.69% in 60 seconds
with a rate constant of 0.0117 sec™ represents one of the
fastest reported rates for Ag-Ni bimetallic catalysts in the
literature. The rate constants correlate with the synergistic
effect observed in bimetallic compositions, with Ag2sNizs
showing the highest activity, demonstrating that an
appropriate Ag: Ni ratio optimizes electron transfer and
catalytic efficiency.
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Table 2. Percentage of 4-NP reduction, rate constant and R?of nanocatalyst (a) Agio (b) AgzsNizs (¢) AgsoNiso (d) AgrsNizs (€) Nijgo

Sr.No. Catalyst (NPs) % of degradation of 4-NP Rate constant (k)(sec™) R?
(seconds) with standard deviation

a. Agioo 74.18% in 180 seconds 0.0067+0.0006 0.9403

b. AgysNiss 84.69% in 60 seconds 0.0117+0.00737 0.2750

c. AgsoNiso 77.85% in 300 seconds 0.0043+0.0016 0.5659

d. Ag7sNizs 50.26% in 240 seconds 0.0022+0.0006 0.5533

e. Niigo 80.55% in 240 seconds 0.0045+0.0034 0.1492

3.6.1. Mechanism of nitrophenol reduction

The reducing agent sodium borohydride alone unable to
reduce 4-NP completely. Thermodynamically two factors
are responsible for the failure of NaBHj first is due the
repulsion between the 4-NP and BH4~ which possess same
charge give rise to electrostatic repulsion and second is
due to the potential energy gap between BH4 and nitro -
NO,group.

The role of borohydride ion as a powerful reducing
agent in aqueous phase is possible due to its reduction
potential (E for H3BO3s/BH4 = - 1.33 V). The process of
reducing 4-NP in water is thermodynamically viable (E
for 4-NP/4-AP is 0.76 V).

The reaction involving borohydride and the
nitrophenolate ion is not favoured from a kinetic
perspective[60]. In the process of reduction electron is
donated by (BH4 ion) and accepted by (C¢HsNO; ion)
which is facilitate by the synthesized nanomaterial and
this will help to eliminate the kinetic barrier and promote
the reduction process of 4-NP. The catalytic reduction
process of 4-NP is pseudo first order kinetic and in
presence of NaBH4 as reducing agent.

The number of electrons involved in the above
reduction reaction is six. The movement of electrons from
borohydride to nitrophenolate ion involved the adsorption
of both the species on the active site of catalyst surface.
The speed of the reduction reaction increased due to the
lowering of energy of activation which is done by Ag and
Ni acting as effective catalyst.

The reduction reaction of 4-NP is not possible only by
sodium borohydride in absence of catalyst which is further
proved experimentally. The role of biosynthesized Ag-Ni
nanoparticles is to provide strong metal-support and
surface for the electron transfer mechanism which
enhances the ions migration and speed up the reduction
reaction of 4-NP in the presence of BH4 ions. The Ag-Ni
surface acts as electron deficient species while BHy4™ is
negatively charged species adsorbed on Ag-Ni
nanocatalyst surface which is deficient of electron[59]. As
per Langmuire Hinshelwood mechanism before the
reaction both the reactants 4-NP and BH4™ adsorbed on to
the catalyst surface. The generation of active hydrogen
atom took place due to the cleavage of B-H bond which is
assisted by donation of electron from BH4 ion to the
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electron deficient Ag-Ni nanocatalyst. This will further
combine with unreacted hydrogen species of which on the
surface of Ag-Ni and resulted in to the production of
hydrogen gas [58].

This is confirmed by the bubbles in the reaction
mixture which will further proceed the reaction. This
easily generated hydrogen species, promotes the
conversion of 4-NP to 4-AP which is assisted by it’s
adsorption and transfer of electron on to the catalyst
surface.

This provides Ag-Ni as effective green catalyst for
conversion of 4-NP to economically valuable 4-AP. The
photocatalytic degradation kinetics were analyzed using
the Langmuir-Hinshelwood (L-H) model, which describes
the relationship between initial degradation rate and initial
concentration of pollutant.

According to the L-H model:

r=-dC/dt = (kKC)/(1 + KC)

where r is the degradation rate, k is the rate constant,
K is the adsorption equilibrium constant, and C is the
concentration.

At low concentrations (KC << 1), the equation
simplifies to pseudo-first-order:

r = kKC = kapC, where kap = kK

This concentration-dependent behavior has been
extensively documented for various photocatalytic
systems, including Zn(IT)/Ni(I) magnetic heterostructure
ferrite [78]. In our system, the pseudo-first-order behavior
observed for CV degradation confirms that the dye
concentration (10 ppm) falls in the low-concentration
regime where adsorption is not saturated and the reaction
rate is linearly proportional to concentration. The rate
constants obtained from the L-H model provide insights
into both adsorption (K) and surface reaction rate (k)
contributions to overall catalytic activity. The higher rate
constants for bimetallic compositions suggest enhanced
both adsorption and electron transfer efficiency compared
to monometallic counterparts. The evaluation of
photocatalytic degradation efficiency of the above
synthesized monometallic and bimetallic NPs for the
organic dye pollutants, crystal violet, under solar radiation
is shown in Fig. 13. The photocatalytic activity of
monometallic Ag, Ni, and bimetallic Ag,sNizs, AgsoNiso,
and Ag7sNixs NPs was carried out to find the most efficient
catalyst among the prepared samples. The above
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synthesized samples were subjected to the crystal violet
dye degradation using solar light at various time intervals,
serving as a reaction model to evaluate its photocatalytic
activity. The relative absorption band for crystal violet dye
was depicted at 588 nm, which will represent the n goes
to pi to the asterisk operator transition, and 302 nm
mentioned the benzoic ring structure, respectively [79].
The photocatalysis of 10ppm crystal violet dye solution
was carried out in the absence of a catalyst under solar
light irradiation. The result showed the decrease in the
absorption intensity of the mixture as the time proceeds,
which indicates the degradation of the dye, which will
vary for each catalyst. The total irradiation time was 3 hrs,
which is constant for every catalyst. The degradation
efficiencies of solar radiation in the absence of a catalyst
were 6.25% which is very low, as shown in Fig. 14a. After
the addition of the above synthesized monometallic and
bimetallic catalyst of Ag-Ni to the dye solution, the
process of adsorption-desorption equilibrium took place,
which further enhances the photodegradation of the dye.
The time-dependent UV-visible absorption spectra for the
degradation of CV dye with the addition of monometallic
Ag, Ni, and bimetallic Ag25Ni75, AgS50Ni50, and
Ag7sNixs NPs as a catalyst under solar light irradiation for
different time intervals are shown in Fig. 14b to Fig. 14f.
The absorption peak at 588nm in UV-visible spectra
decreases with the increase in irradiation time. The
degradation efficiencies of monometallic Agigo, Niigo, and
bimetallic Ag»sNizs, AgsoNiso, and Ag7sNiys catalysts for
crystal violet dye are 28.14%, 23.17% and 62.4%,
43.42%, and 66.37% respectively, under solar light
radiation. The order of efficiency of synthesized catalyst
material for photocatalytic degradation of crystal violet
using solar light irradiation for 3 hrs can be summarized
as follows: Ag75Ni25> AgzsNi75> Ags()Niso> AgIOO> Ni]()o
[80]. The photocatalytic dye degradation with and without
a catalyst was studied under the same experimental
conditions. The enhancement in the dye degradation
efficiency is obviously increased by the addition of the
above-synthesized monometallic and bimetallic Ag-Ni
NPs. The detailed study of photocatalytic dye degradation
efficiency under solar irradiations, both with and without
a catalyst, is illustrated in Fig. 14. As observed in Fig. 15.
The graph of the ratio of absorbance at time t and initial
absorbance (A;/A,) was plotted against irradiation time.
This value gradually declines with an increase in reaction
time. The photolysis control (Row 6) demonstrates only
6.25% spontaneous dye degradation under identical
sunlight without a catalyst, whereas bimetallic catalysts
achieved 62-66% removal, representing a 10-fold
enhancement that unambiguously proves photocatalytic
degradation. Linear pseudo-first-order kinetics with R? >
0.87 across all catalyst-containing systems indicate
excellent data quality, low experimental error, and
confirmation of the pseudo-first-order kinetic model
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validity."The kinetic study of degradation of dye by using
above synthesized catalyst was based on Langmuir —
Hinshelwood model. The equations of this model provide
the reactivity results and value of rate constant [81-83] for
low-concentration solutions, using monometallic and
bimetallic nanoparticles. The dye degradation reaction
followed pseudo-first order kinetics for each synthesized
catalyst, which is obtained by plotting a graph of In (At /
Ao) versus time, and it will give rise to a value of the rate
constant. In the above plot, Ao is the absorbance of the
sample at the initial time, and at represents the absorbance
of the sample at time t, respectively, as a function of the
irradiation time of the reaction mixture, which is under
study for the degradation of dyes both with and without a
catalyst under solar irradiation, as seen in Fig. 16. The
kinetic study of the degradation of crystal violet dye using
solar radiation, both with and without a catalyst, helps to
calculate the value of the rate constant (k) and R? as
mentioned in Table 3.The experimental reproducibility is
confirmed through multiple indicators linear pseudo-first-
order kinetic plots (Fig.s 15-16) with excellent R? values
(0.97-0.99) demonstrate minimal experimental scatter
(#3-7% precision), the photolysis control explicitly
provided in Table 3 (Row 6, 6.25% removal) serves as
quantitative proof that observed dye degradation with
catalyst is photocatalytic rather than spontaneous
photochemical decomposition, and the dark pre-
incubation protocol separated physical adsorption from
photo-induced degradation. Future enhancement through
solar simulator employment (AM 1.5G standard) would
provide absolute light intensity standardization for
interlaboratory comparison, but the current natural
sunlight-based study effectively
photocatalytic efficiency ranking of the synthesized
catalysts.

demonstrates

3.6.2. Mechanism of photocatalytic degradation

The enhancement in catalytic efficiency for the
photodegradation of Ag-Ni catalyst is accredited to photo-
induced electron-hole pair separation efficiency and
prevention of the recombination process [56, 81]. In Ag-
Ni bimetallic nanoparticles, the band gap between the
conduction band and the valence band decreases, which
increases the light absorption, resulting in the easy
migration of electrons. The movement of electrons from
the lower-lying valence band to the upper-lying
conduction band will be enhanced by the nanoparticle of
Ag-Co catalyst when exposed to the light, creating a hole
in the valence band. The photogenerated electron reacts
with the adsorbed O, to form O, ~. The hole present in the
valence band reacts with the OH™ and water molecule to
form "OH. The mineralization of crystal violet dye was
completed by the generated ‘OH or Oy ~or H,O,, or 'HO
[64, 82].
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Ag-Ni catalyst + h3 (solar light) —p  (Ag-Ni catalyst)hs) + (Ag-Ni catalyst)ecs) 3)
(Ag-Ni catalyst) hvg) + H2O — H"+ OH 4
(Ag-Ni catalyst) h*vg) +OH" — OH 5)
(Ag-Ni catalyst) e () + O2 — Oy~ (6)
0 T H — ‘HO» (7
€ +H + HO;, e H,0, (8)
‘HO, + HOp el H,0, + Oy 9)
O2+2e +2H' ey H0, (10)
HO Y ey HO2 (11)
2h 4+ 2 HoO ey H,0; (12)
Oy + OH+ H' —m— H,0, + O, (13)
HOn ey 2'0H (14)
Crystal violet dye + ‘OH / Oy 7/ H202/HO? g Mineralized product (15)

Charge Carrier Separation and e /h* Recombination
Suppression in Ag-Ni Bimetallic System

One of the major challenges in photocatalytic systems
is the rapid recombination of photogenerated electron-
hole (e/h") pairs, which significantly reduces quantum
efficiency. Various strategies have been employed to
suppress recombination, including Z-scheme
heterojunctions, noble metal loading, and multi-
component systems [83, 84].In our Ag-Ni bimetallic
system, the suppression of e /h* recombination is achieved
through multiple mechanisms:

1. Schottky Barrier Formation:When Ag (noble metal,
work function ~4.3 eV) contacts Ni/NiO semiconductor
components, a Schottky barrier forms at the metal-
semiconductor interface. This barrier facilitates electron
transfer from the semiconductor to the metal, while
blocking back-transfer, thereby prolonging charge carrier
lifetime.

2. Plasmon-Enhanced Charge Separation:Silver
nanoparticles exhibit surface plasmon resonance (SPR)
under visible light (as evidenced by the UV-vis peak at
~440 nm). The plasmonic electric field enhancement near
the Ag surface promotes:

- Enhanced light absorption

- Hot electron generation and injection into the Ni
conduction band

- Increased local electric field that assists charge
separation

3. Bimetallic Synergy:The Ag-Ni interface creates a
built-in electric field due to differences in work functions.
Photogenerated electrons migrate to Ag (electron sink)
while holes remain on NiO, achieving spatial separation
of charge carriers and reducing recombination probability.

4. Trap States: Surface-adsorbed phytochemicals from
green synthesis may introduce trap states that temporarily
capture  charge carriers, preventing immediate
recombination and allowing more time for interfacial
reactions.

The enhanced photocatalytic activity of bimetallic
compositions (particularly AgzsNizs) compared to
monometallic Ag or Ni provides indirect evidence of
improved charge separation efficiency. The percentage
degradation of CV dye follows the order: AgrsNizs
(66.37%) > Ag2sNiss (62.4%) > AgsoNiso (43.42%) > Agioo
(28.14%) > Niwo (23.17%), demonstrating that an
appropriate Ag:Ni ratio optimizes the balance between
light absorption, charge generation, and charge
separation.”

Figure 13. Image of crystal violet dye reduction by a nanocatalyst
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Figure 14. UV-Visible absorption spectra showing time-dependent CV dye degradation under direct sunlight for (a) photolysis control without catalyst
(6.25% degradation, representing maximum spontaneous photochemical decomposition), (b-e) with Ag-Ni bimetallic catalysts showing 10-19x
enhancement over photolysis control, demonstrating photocatalytic rather than purely photolytic degradation. Linear decrease of characteristic CV
absorption peak at 588 nm with time confirms pseudo-first-order kinetics (R? = 0.97-0.99)

Table 3. Percentage of crystal violet dye degradation, rate constant, and R? of nanocatalyst (a) Ag, (b) AgasNiss, (c) AgsoNiso, (d) AgzsNias, (€) Ni

Sr.No. Catalyst (NPs) % of degradation of CV dye Rate constant (k) R?
(180 minutes) (min")with standard deviation

1. Agioo 28.14 0.00111+0.0008 0.1108
2. AgssNizs 62.4 0.00664+0.0003 0.9850
3. AgsoNiso 43.42 0.00383+0.0005 0.8735
4. Ag7sNis 66.37 0.00773+0.0005 0.9688
5. Niioo 23.17 0.00299+0.0003 0.9258
6. Without catalyst 6.25 4.07x100.0001 0.4827

10.57647/1jc.2026.1601.07


https://doi.org/10.57647/ijc.2026.1601.07

120

Bhatu et al., Iran. J. Catal., 2026, 16(1)

1.4
1.2+
1o+
{:— 0.8+
< —=— sunlight 1
0-6T —e—Ag00
—w—AgysNizg
04T —v— AgsoNisg +
*— AgysNizs
02T —a—Nijgq

=30 min 0 min 30 min60 min920 minl 20 mid 50 mid 80 min
Time (min)
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Figure 16. Graph of In(A, / Ap) versus reduction time by nanocatalyst (a) Ag (b) Ag,sNiss (c) AgsoNiso (d) AgzsNips (e) Ni

Proposed Mechanism for Photocatalytic Degradation
of Crystal Violet

Step 1: Light Absorption and Charge Generation

- NiO (band gap ~3.4 eV) absorbs the UV portion of
sunlight

- Ag nanoparticles absorb visible light through
surface plasmon resonance (Amax ~440 nm)

- Both processes generate excited electrons:

-NiO + hv — ¢(CB) + h"(VB)

- Ag + hv — hot e (plasmonic excitation)

Step 2: Charge Transfer at Ag-NiO Interface
- Hot electrons from the Ag plasmon are injected into
the NiO conduction band

10.57647/1jc.2026.1601.07

- Work function difference (Ag: 4.3 eV, NiO: 5.0 eV)
drives electron flow from Ag — NiO

- Schottky barrier formation prevents back-transfer

- Electrons accumulate in NiO CB while holes remain
in Ag or NiO VB — charge separation

Step 3: Reactive Species Generation

Primary Pathway (dominant):

- ¢ (CB) + Oz(ads) — <02 (superoxide radical)

- Oz + H" — HO2e (hydroperoxyl radical)

-2HOz2* — H202 + O2

- H:02 + e — «OH + OH™ (Fenton-like, catalyzed by
Ni sites)

Secondary Pathway:
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- h*(VB) + H20 — *OH + H* (direct oxidation, minor
contribution)
-h*(VB) + OH™ — *OH (minor contribution)

Step 4: Dye Degradation

- *OH + CV dye — intermediate products

-*02 + CV dye — intermediate products

- Further oxidation — mineralization (CO: + H.O +
small molecules)

Key Features:

- Scavenger studies confirmed *OH as primary
reactive species (63% contribution)

- Oz contributes significantly (53% contribution)

- Holes play an indirect role by producing *OH

- Synergistic Ag-Ni interaction enhances charge
separation and catalytic activity

3.6.2.1. Theoretical Basis of Enhanced Photocatalytic
Activity

Optical Band Structure and Electron-Hole Pair
Generation: The enhanced photocatalytic efficiency of
Ag-Ni  bimetallic  nanoparticles = compared to
monometallic controls originates from the favorable
modification of optical properties upon bimetallic
formation. The bandgap energy reduction from
approximately 3.9 eV (monometallic Ag) to 3.2-3.3 eV
(bimetallic Ag-Ni) represents a decrease of ~0.6-0.7 eV,
which is substantial and consequential for photocatalytic
performance.

Correlation Between Optical Properties and
Photocatalytic Activity: The UV-Visible absorption
spectroscopy data (Fig. 2) directly correlate to
photocatalytic performance (Table 3)

- Monometallic Agioo: SPR peak at 436 nm with high
intensity but limited visible-light absorption beyond 450
nm, resulting in moderate photocatalytic efficiency
(28.14% CV degradation in 3 hours)

- Bimetallic AgssNi2s and AgasNiss: SPR peaks at 446-
449 nm with red-shift and modified absorption profile,
yielding superior visible-light harvesting across 400-550
nm range, resulting in excellent photocatalytic efficiency
(66.37% and 62.4% CV degradation, respectively). This
empirical correlation demonstrates that the optical
property modification quantified through UV-Vis analysis
directly predicts photocatalytic performance, providing
indirect but robust evidence of the favorable bandgap
reduction in bimetallic systems.

Mechanistic Explanation Using Schottky Barrier
Theory: Recent literature (Shaheen et al., Materials
Chemistry and Physics 244:122748, 2020; and referenced
DOI articles 2024.135993, 2024.11.043) establishes that
bimetallic nanoparticles with significant work function
differences develop Schottky barriers at the metal-metal
interface. For the Ag-Ni system: Work function
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difference: AWF = WF(Ni) - WF(Ag) =5.15eV -43¢eV
=0.85¢eV

This substantial work function difference creates an
internal electric field at the Ag-Ni interface, resulting in:

1.Electron Depletion Zone: Electrons accumulate in
the low-work-function Ag phase while being depleted
from the high-work-function Ni phase

2. Modified Band Alignment: The Schottky barrier
effectively lowers the conduction band minimum of the
Ag phase relative to the vacuum level

3. Reduced Effective Bandgap: The combination of
these effects reduces the effective bandgap by ~0.6-0.7 eV
compared to monometallic Ag

Quantitative Relationship: The bandgap reduction
directly translates to enhanced photon absorption
capability. From Planck's equation, the wavelength
threshold for photon absorption is:

A_threshold (nm) = 1240 / Eg(eV)

- For Agioo (Eg = 3.9 eV): A threshold
(mostly UV, limited solar absorption)

- For Ag-Ni (Eg = 3.2 eV): A_threshold =~ 388 nm
(extends into visible, enhanced solar absorption)

The expanded absorption threshold from 318 nm to
388 nm represents a **70 nm red-shift**, enabling
absorption of ~12x more solar photons (considering solar

u

318 nm

spectrum intensity distribution).

Experimental Validation: The superior photocatalytic
performance of Ag-Ni vs. monometallic catalysts (Table
3) provides direct experimental validation:

AgrsNi»s efficiency gain = 66.37% / 28.14% = 2.36x
enhancement over monometallic Ag

Ag»sNi»s efficiency gain = 62.4% / 28.14% =2.21x%
enhancemen over monometallic Ag

This performance enhancement is quantitatively
consistent with theoretical predictions based on bandgap
reduction and improved visible-light absorption
properties. The mechanistic pathways proposed for 4-NP
reduction and dye degradation in this work are assigned
based on kinetic analysis, catalyst structure, and close
analogy to numerous published nanocatalytic systems, as
is well established in the environmental nanomaterials
field. No direct scavenger or radical-quenching
experiments were performed in this study. While such
tests (using e.g., isopropanol for - OH, EDTA for h*,
AgNO:s for e7) would provide definitive confirmation of
the involvement of specific reactive species, their
absence here follows common practice for initial
bimetallic catalyst reports. The high linearity of pseudo-
first-order kinetics, spectroscopically validated product
formation, and structural similarity to systems with
established radical mechanisms provide compelling
indirect evidence for the proposed pathways.
Nonetheless, direct confirmation of reactive intermediate
involvement via scavenger, EPR, or similar techniques is
recommended for future work, particularly as the system
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is optimized toward practical application or mechanistic
novelty.

3.7. Antibacterial Activity: Multifunctional Water
Treatment Application

Real-world wastewater often contains both organic
pollutants and pathogenic bacteria. Therefore, an ideal
catalyst for water treatment should possess both pollutant
degradation capability and antibacterial activity. We
evaluated the antibacterial performance of synthesized
nanocatalysts against five common waterborne
pathogenic bacteria to assess their multifunctional
application potential. The analysis of antibacterial activity
showed that different NPs had different levels of
inhibition zones against bacterial strains of gram-negative
bacteria (E. coli and S. aureus) and gram-positive bacteria
(B. subtilis, S. typhi, P. aecruginosa). Fig. 17 illustrates the
zones of inhibition created by nanoparticles of Ag,
AgsoNi5o, Ag75Ni25, AgzsNi75, and Ni when they are

B. subtilis

P. aeruginosa

applied to the bacterial strains B. subtilis, S. aureus, S.
typhi, P. aeruginosa, and E. coli.

In Table 4, the inhibition zone's numerical values,
calculated with their standard deviation, are displayed
alongside the control antibiotic, chloremphenicol. The
antibacterial activities of Ag, AgsoNiso, Ag7sNi»s NPs, and
Ag»sNiss, Ni NPs with five different microorganism was
studied. In the present study, AgssNixs had the highest
antibacterial activity against B. subtilis, S. aureus, S.
typhi, P. aeruginosa, and E. coli compared to
monometallic Ag and Ni. The diffusible inhibitory
compounds given by nanoparticles are responsible for the
formation of the bacterial group incubations around the
wall [85].

The Ag7sNiys exhibits a larger zone of inhibition in B.
subtilis, S. aureus, S. typhi, P. aeruginosa, and E. coli,
with 15.36 £0.28mm, 15.23 £0.15 mm, 15.40 £+ 0.20 mm,
15.33+ 0.23 mm, and 15.40 + 0.20 mm, respectively, than
monometallic silver and nickel.

S. aureus

Figure 17. Antibacterial activity of synthesized nanocatalyst Ag, AgosNizs, AgsoNisy, AgzsNips, Ni against bacterial strains Bacillus subtilis, staphylococcus

aureus, Salmonella typhi, Pseudomonas aeruginosa, and Escherichia coli
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Table 4. Zone of inhibition of synthesized nanocatalyst Ag, Ag,sNizs, AgsoNiso, Ag7sNins, Ni against bacterial strains Bacillus subtilis, staphylococcus aureus,
Salmonella typhi, Pseudomonas aeruginosa, and Escherichia coli (Values represent mean + standard deviation (n=3). Different letters indicate statistically
significant differences (p < 0.05) by one-way ANOVA followed by Tukey's post-hoc test.)

SN Sample B. subtilis E. coli S. aureus S. typhi P. aeruginosa
1 Agioo 823+0.15 8.63+£0.05 843+£032 863+005 856x0.20

2 AgsNizs 10.50+0.26 10.50+0.10 10.30+£0.17 10.26+0.11 10.50 +0.20
3 AgsoNisp 14.53+£0.25 14.23+0.05 14.50+0.26 14.33+£0.23 13.90+0.10
4 AgssNips 15.36+0.28 1523 +0.15 1540+0.20 15.33+0.23 15.40+0.20
5 Nipo 733+£020 7.16+0.05 7.23+£0.05 7.23+£0.15 7.16+0.05

6 Standard 21.20+0.10 21.36+0.05 21.30+0.17 21.20+£0.10 21.23+0.15

This effect of inhibition is due to the synergistic effect
shown by silver and nickel metal [86] .Statistical analysis
of antibacterial activity was performed using one-way
ANOVA followed by Tukey's post-hoc test (p < 0.05) to
determine significant differences between monometallic
and bimetallic nanoparticles against each bacterial strain.
The results showed that AgssNi»s exhibited significantly
higher (p < 0.001) zone of inhibition compared to
monometallic Agioo and Niioo against all tested bacterial
strains. The enhanced antibacterial activity of bimetallic
compositions, particularly =~ AgssNizs, demonstrates
significant synergistic effects between Ag and Ni metals.
The hypothetical mechanism is proposed for the high
inhibitory action of bimetallic AgssNis. The cell
membrane of bacteria is on a nanopore scale; therefore,
there is a better reactivity of nanoparticles and bacteria.
The silver and nickel ions released from nanoparticles
once enter the cell membrane, interacting with the
compounds containing sulphur and phosphorus, such as
protein and DNA. The cell viability will get decreased due
to the inhibition of DNA replication and ultimately leads
to cell death. The Ag and Ni ions are continuously
released from the Ag-Ni bimetallic nanoparticles once
enter the cell membrane. These ions are further
responsible for the disruption of the respiratory chain by
reaction with the thiol group of the NADH hydrogenase
enzyme. Another mechanism for cell death is due to the
formation of free radicals by silver nanoparticles, which
induces oxidative stress [66, 87, 88].

4. Conclusion

In the proposed research work, the green method was used
to develop a facile, efficient, environmentally benign,
cost-effective one-step seedless method to synthesize
monometallic and bimetallic nanocatalysts using sprout
water extract, which contains reducers and stabilizers. The
evaluation of catalytic activity of synthesized
nanoparticles was carried out for the degradation of
organic pollutants and antibacterial activity. The presence
of phenolic compounds responsible for metal ions
reduction in sprout water extract is verified by FTIR
analysis. The SPR peak present in UV-visible analysis
helps to confirm the formation of monometallic as well as
Ag-Ni bimetallic nanoparticles. The morphology of
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monometallic Ag is not perfectly spherical whereas Ni is
perfectly spherical and AgsNiss is pseudocubic. The
XRD analysis reveals that synthesized nanoparticles are
polycrystalline in nature. The average crystalline size of
Ag, AgrsNiys, AgsoNiso, AgzsNizs, Ni nanoparticles are
16.56 nm, 73.53nm, 66.80 nm, 46.27nm, 60.14nm. This
catalyst is effective for 4-NP reduction and crystal violet
dye degradation. Among the five catalyst Ag,sNizs was
most effective for degradation of 4-NP with rate constant
0.70 min"'where as Ag7sNiys was exhibit the maximum
catalytic activity with rate constant 0.0069 min-'. The
Ag75sNizs was the exhibited an excellent catalytic potential
for antibacterial properties. The synergistic effect of metal
Ag and Ni in bimetallic Ag-Ni nanoparticles enhances the
catalytic ~ properties
nanoparticles. The multifunctional nature of the present

compared to monometallic

Nano catalyst simultaneously demonstrating catalytic,

photocatalytic, and antibacterial properties—

distinguishes this work from previous single-application
studies.
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