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Abstract

One of the main challenges in silver nanoparticle research is 
developing a quick, scalable, and environmentally friendly synthesis 
method that also produces stable particles suitable for various 
applications. To address this challenge, we propose an eco-friendly, simple 
and efficient approach using the metal-displacement process that enables 
room-temperature formation of uniformly dispersed and oxidation-
resistant Ag NPs (25-50 nm). In this method, magnesium (Mg) acts as a 
sacrificial reductant, while tartaric acid serves as both a reducing agent 
and a capping agent. This novel magnesium-tartrate dual agent enables 
quick nucleation growth at room temperature, avoiding harsh chemicals, 
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and yields uniformly dispersed Ag NPs with strong oxidation resistance. 
The synthesised Ag NPs were characterised for structural, optical, and 
surface analyses, confirming the formation of pure metallic Ag0 NPs with 
high stability due to tartarate chelation. These Ag NPs exhibited excellent 
photocatalytic activity, degrading 91.6% of Acid Yellow and 89.4% of Rose 
Bengal within 180 minutes under visible light, following first-order 
kinetics. Furthermore, the Ag NPs were formulated into a conductive ink 
capable of producing low-resistance printed tracks. The output of a 
triboelectric nanogenerator (TENG) was directly delivered to LEDs via 
these Ag-ink-printed pathways, enabling self-powered illumination of 240 
LEDs. Overall, the present work provides a robust, scalable solution for 
multifunctional Ag NPs suitable for environmental remediation and next-
generation printed electronics.

Keywords: Metal Nanoparticles, Silver, Metal-Displacement, 
Degradation, Conducting Ink, Organic Dyes.

1. Introduction:

Silver nanoparticles (Ag NPs) are widely used in catalysis, sensing, 
antimicrobial coatings, and printed electronics due to their size-dependent 
plasmonic, optical, and electronic properties [1].  A wide range of synthesis 
routes is employed that trade off Ag NPs size, shape control, scalability, 
cost, and environmental impact. Evaporation, condensation, laser ablation, 
and irradiation are top-down approaches that produce high-purity Ag NPs 
but require high energy and complex equipment, making large-scale 
production challenging [2,3]. Conversely, chemical reduction involves 
reducing agents for converting silver salts, usually AgNO₃, into metallic 
silver (Ag⁰) [4]. These agents transfer electrons to initiate nucleation and 
nanoparticle growth. Typical reducing agents include ascorbic acid, gallic 
acid, ammonium formate, sodium borohydride, sodium citrate, polyol 
systems, and Tollens’ reagent [5]. The characteristics of Ag NPs- 
particularly size, dispersity, and stability- are significantly influenced by 
the levels of reducing and stabilizing agents, as well as by reaction time, 
temperature, and pH [6,7]. Traditional methods like the Turkevich-Frens 
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citrate reduction and Tollens’ process rely on exact reaction conditions to 
avoid aggregation and ensure uniform particle production [8–10]. 
However, these methods often use media with high ionic strength, toxic 
reagents, and generate waste, raising environmental and sustainability 
issues [11,12]. Photochemical, microwave, and sonochemical methods 
enable faster reduction and help to achieve uniform nucleation; 
nonetheless, they typically depend on polymeric stabilizers like PVP or 
PEG to prevent particles from coalescing [4,13,14].  The highly metallic 
and pure Ag NPs were reduced to Ag+ ions with modulating particle size 
by controlling the cathode current in electrochemical techniques [15,16]. 

A promising alternative is metal-displacement (galvanic 
replacement) synthesis, an eco-friendly redox-driven method capable of 
forming metallic silver at ambient conditions [17,18][19].  For example, 
Zozolya et al. demonstrated that sonogalvanic reduction of magnesium 
(Mg) to Ag could yield highly crystalline Ag nanoparticles within minutes 
[20]. Nevertheless, rapid reaction kinetics and the formation of metal-
hydroxide by-products may affect uniformity and stability unless surface 
modifiers are used. The benefits and drawbacks of each method show that 
no single approach is superior across all criteria; rather, one must consider 
control, scalability, and sustainability when synthesizing Ag nanoparticles. 
This research gap underscores the need for a synergistic reductant-
capping system that enables rapid, room-temperature synthesis without 
compromising nanoparticle stability or multifunctionality.

To address this challenge, the present work employs Mg-induced 
metal displacement combined with tartaric acid functioning as both a 
reducing and capping agent, a pairing that is rarely reported. The strong 
redox driving force of magnesium enables synergistic acceleration of the 
reduction process, improved kinetics, and obviates the need for harsh 
reducing agents. Simultaneously, tartaric acid regulates the particle 
growth and forms a robust chelating shell through its carboxylate and 
hydroxyl groups. This dual mechanism produces uniformly distributed Ag 
NPs that exhibit a clear surface plasmon resonance in the visible range 
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and have outstanding resistance to oxidation, effectively overcoming a key 
limitation of many galvanic and green synthesis techniques. 

The present approach effectively integrates the rapid, 
straightforward metal-displacement method with tartaric acid's capping 
properties, yielding oxidation-resistant Ag NPs (25–50 nm) that retain their 
localized surface plasmon resonance (LSPR) signature even after 
prolonged air exposure. The Ag NPs exhibited excellent visible 
photocatalytic degradation efficiencies- 91.6% for Acid Yellow (AY) and 
89.4% for Rose Bengal (RB) within 180 minutes- and rate constants of 
0.029 min⁻¹ and 0.025 min⁻¹. The nanoparticles were further formulated 
into a conductive ink that generated low-resistance printed tracks on non-
conducting surfaces. These tracks were used as conducting tracks to 
integrate triboelectric nanogenerator (TENG) output with series-
connected LEDs and to illuminate LEDs with TENG.  Compared with the 
existing literature, this method achieves similar or superior activity while 
maintaining a sustainable, low-toxicity synthesis process, marking a 
significant advancement in environmentally friendly nanomaterial 
production. 

2. EXPERIMENTAL METHODS

2.1. Materials & Methods  

All chemical reagents, including silver nitrate (AgNO3) and tartaric acid, 
were obtained from Merck and Sigma-Aldrich, and used as received. All 
the chemicals used were of the highest purity available. Ultrapure water 
was used for all the experiments (DM water).

2.2. Metal displacement synthesis of Silver nanoparticles

Tartaric acid (100 g) is mixed with 100 mL of DM water to obtain a 
tartaric solution. The pH of the solution was recorded as 2.67. The extract 
was used as obtained in all the experiments unless otherwise stated. 
Analytical-grade crystalline silver nitrate (AgNO₃, Merck) was used as 
received without further purification, is mixed with 100 ml of DM water to 
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obtain a tartaric solution and is stirred for 30 minutes [19]. The solution 
pH is checked, and this is the determining process parameter for size and 
purity. The pH of the solution was increased from 3.8 to 4.0. Subsequently, 
the solution is filtered for any undissolved raw materials. The filtered 
solution is introduced into the reaction chamber to add the Magnesium 
scrap, and the mixture is then placed in an ultrasonic bath for 15 minutes. 
The reaction was exothermic, and the solution temperature increased 
slightly. After  30 minutes, the reaction powder was collected at the bottom 
and filtered. This silver nanopowder was washed several times with DM 
water to remove contaminants. A flowchart of the metal-displacement 
synthesis is shown in Figure 1.

Figure 1: A flowchart of metal displacement synthesis of silver 
nanoparticles.
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Figure 2: Mechanism illustration of the Ag NPs synthesis method.

The formation of silver metal nanoparticles from AgNO₃ in the 
presence of tartaric acid via single-atom redox metal replacement with Mg 
scrap is illustrated in Figure 2. Initially, AgNO₃ dissociates in water to 
produce Ag⁺ and NO₃⁻ ions. The NO₃⁻ ions react with tartaric acid to form 
tartrate ions, which then bind with Ag⁺ ions to produce a silver tartrate 
complex (Figure 2). Each tartrate ion coordinates to two silver ions, 
facilitating a single-atom redox-displacement reaction upon treatment 
with Mg scrap. This process involves the transfer of two electrons from 
one Mg (depicted in blue in Figure 2) to two Ag⁺ ions (depicted in orange), 
resulting in Mg²⁺ (depicted in green) and two Ag⁰ atoms [21,22]. The 
tartrate ions are subsequently released and can be regenerated by 
reacting with HNO₃, producing tartaric acid and NO₃⁻. The high solubility 
of Mg²⁺ and NO₃⁻ in water facilitates the purification of the resulting Ag 
nanoparticles [23]. Nucleation of zero-valent silver under ultrasonication 
yields small clusters that gradually grow into Ag nanoparticles [24,25]. 
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These nanoparticles are stabilised and capped with tartaric acid, ensuring 
their stability [26]. The crucial step in this process is the single-atom redox 
displacement of Ag⁺ by Mg metal ions. To our knowledge, this novel step 
has not been reported or proposed previously.

2.3. Characterization of Ag-NPs:

The crystalline nature and crystalline size of the synthesised Ag NPs 
was confirmed by X-ray Powder Diffraction (XRD) measurements, using an 
Anton Paar diffractometer (model XRDYNAMIC500) with a 2θ range of 30° 
to 80°. To identify vibrational modes of Ag NPs, a Raman 
spectrophotometer (RAMAN 785ER) was used. Diffusive reflectance 
spectrum used for recording the signature peaks of Ag NPs using the Carry 
5000 instrument in the 200 nm-800 nm wavelength region. Similarly, 
absorption spectra were recorded within the 200 nm to 800 nm 
wavelength range. X-ray photoelectron spectroscopy was employed to 
ascertain the chemical state and valence states of the Ag NPs using 
Thermo Fisher Scientific, USA. The surface morphology and structural 
elemental composition of Ag NPs were analysed using field-emission 
scanning electron microscopy (FE-SEM, JEOL JSM IT-800), equipped with 
electron-dispersive spectroscopy (EDS), and Transmission electron 
microscopy (TEM), JEOL 2000 plus. 

2.4. Photocatalytic Study

Photodegradation of organic dyes, such as Acid Yellow (AY) and 
Rose Bengal (RB), involves addressing these carcinogenic substances that 
are detrimental to the environment [27,28]. To decompose the dye 
molecules and mitigate their toxicity, a photocatalytic degradation 
process employing Ag NPs has been selected. In this experimental 
procedure, 25 mg of the synthesised catalysts was dissolved in 50 mL of 
dye solution. Subsequently, the catalyst-containing dye solution was 
exposed to visible light in a photoreactor for 3 hours. The photocatalytic 
experiments were carried out using a 500 W tungsten lamp as the visible-
light source. The emission range of the tungsten lamp predominantly 
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covers the visible region (≈400–700 nm). Throughout the illumination 
process, 1.5 mL aliquots of the dye solution were collected at 
predetermined intervals for intensity measurement using a UV-visible 
spectrophotometer. The maximum absorbance wavelengths for AY and RB 
are 435 nm and 545 nm, respectively. The formula for calculating the 
degradation efficiency is as follows [27].

Degradation efficiency (%) = C0 -C
C0

× 100

(1)
Where C0 and C are the initial and variable intensities of the dye 
molecules, respectively [27]. The treated sample was centrifuged 
following the first cycle to conclude the stability study, subsequently 
cleaned with acetone and water, and dried at 80 °c. Additionally, to 
ascertain the actual depolluting rate, a first-order kinetic analysis was 
performed.

                                         - ln ( c
c0) = kt (2)

where k (min-1) is the rate of reaction constant and t (min) is time. The 
photocatalytic research was conducted in a visible-light photoreactor, and 
light intensity was measured with a Digital Lux meter [29]. As a result, 

the average light intensity was 0.80 ×  105 lux (6.67 kW/m²), computed 
at 30-minute intervals.

3. Results & Discussion:  
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Figure 3: (a) XRD pattern of Ag NPs powder and retevield analysis, (b) 
Raman spectra, (c) UV-Diffusive Reflectance spectra, (d) UV-absorption 

spectra, (e) FTIR spectra, (f) XPS spectra of Ag-3d, C-1s, O-1s, and survey 
spectrum of Ag NPs.

The XRD analysis of the synthesized Ag NPs reveals a face-centred cubic 
(FCC) structure, consistent with the standard JCPDS data (# 04-0783) 
(shown in Figure 3a). The diffraction peaks at 38.2°, 44.4°, 64.7°, and 
77.7° correspond to the (111), (200), (220), and (311) planes, respectively, 
indicating a high degree of crystallinity and confirming the formation of 
Ag0 [30,31]. Rietveld refinement calculation yielded a lattice constant (a) 
of 4.08 Å, which is in good agreement with the reported value [15,32]. The 
average crystallite size, estimated using the Debye-Scherrer formula, is 
around 27.6 nm. Compared to reported literature, Ag NPs synthesis via 
chemical reduction, photochemical, and biosynthetic methods, the metal-
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displacement method yields highly crystallised domains with well-
developed crystallite size, with minimal macrostrain and almost no sign of 
oxidation. The sharp and intense peak of the (111) plane signifies the 
highly ordered preferential orientation of FCC domains, which are 
advantageous for surface plasmon resonance and photocatalytic activity 
[33,34]. The absence of impurity peaks confirms the nanoparticles' pristine 
phase, suggesting that the tartaric acid reduction method employed in this 
study is effective for producing pure Ag NPs. 

Raman spectroscopic analysis confirmed the phase purity and metallic 
nature of Ag NPs (Figure 3b). The two major broad peaks at 1350 cm-1 
and 1580 cm-1 correspond to the induced D band and the graphitic D band, 
which arise due to the tartaric acid reducing agent or trace adsorbed 
carbon. This feature is common in noble metal nanoparticles [35]. 
Importantly, no major Ag2O or AgO stretching bonds were detected in the 
430-450 cm-1. Notably, AgNO3 exhibits a significant and distinct ν₁(NO₃⁻) 
mode around 1045 cm-1, which is also not observed, indicating the 
formation of pure Ag0 metallic nanoparticle [36,37]. Further, UV-Vis 
diffusive reflective spectroscopic analysis was performed, and the primary 
plasmonic resonance peak was observed at 317 nm (shown in Figure 3c). 
This peak could be attributed to the interband transition of metallic silver 
(4d→5sp) [38,39]. This peak signifies the fingerprint feature of Ag0 and 
arises due to the electron excitation within the conduction band [40]. 
Figure 3d shows the UV-Vis transmission spectra of Ag NPs [39]. The 
absence of other oxidation and AgNO3 peaks can also be observed from 
the DRS spectrum, further confirming the pure metallic nature of Ag NPs 
[41]. A broad decaying tail beyond 350 nm, associated with dense or 
aggregated Ag NPs, is a common feature of metal nanoparticles. 

As illustrated in Figure 3d, the UV-Vis transmission spectrum of Ag NPs 
has three salient regions. The first region, around 250 nm, is due to the 

electron absorption dominated by π→π*transition of the capping agent, 
such as tartaric acid and the Ag interband continuum [42,43]. Second, a 
pronounced trough at around 330 nm, which is due to the gap between UV 
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interband absorption and plasmonic response. Notably, at 302 nm, there 
is no AgNO3 peak observed [44]. A third feature corresponds to LSPR of 
metallic Ag NPs, which appears to broad plateau around 430-500 nm [6].  

The as-synthesized Ag NPs were analysed using FTIR spectroscopy in the 
400-4000 cm-1 spectral range to assess the chemical bonding through 
infrared light interaction. As shown in Figure 3e, the absorption bands 
were observed at 3426, 2926, 1583, 1386, 1263, 1075, and 502 cm-1. The 
band at 3426 cm-1 corresponds to O-H stretching vibrations, and 2926 cm-

1 is assigned for C-H stretching vibrations [45]. The 1583 cm-1 band and 
1386 cm-1 are linked to C=O and C=C stretching vibrations and C-H 
bending of tartaric acid [46,47]. The band at 1263 cm-1 is due to C-N 
stretching of amine groups, and the 1075 cm-1 band corresponds to C-N 
stretching of protein groups [48]. The prominent 550 cm-1 band usually 
attributed to Ag2O is absent, suggesting the metallic nature of Ag NPs [49]. 

X-ray photoelectron spectroscopy studies have been performed to analyse 
the chemical composition of the silver nanoparticles. The survey spectrum, 
as shown in the figure, indicates the presence of C and O, originating from 
the reference molecular stabilizer and absorbed gases, respectively. The 
binding energies at 366 and 372 eV correspond to the spin-orbit splitting 
of Ag 3d5/2 and Ag 3d3/2, respectively, and align well with the literature (as 
shown in Figure 3f). Notably, the energy difference between the Ag 3d 
peaks confirms the presence of metallic silver (Ag0). Additionally, the 
satellite peak at 367.4 eV serves as a characteristic indicator of the Ag0 
state.is the fingerprint of the Ag0 state [50,51]. The high-resolution 
spectrum of the C 1s deconvolutes into four peaks at 282.5, 284.05, 
286.05, and 287.7 eV (as shown in Figure 3g). These peaks are assigned 
to the following functional bonds: C-C/C-H, C-OH/C-O-C, C-O, and C=O, 
respectively [52,53]. As illustrated in Figure 3h, the high-resolution O 1s 
spectrum shows three peaks at binding energies of 529.7, 531.1, and 532.3 
eV. The first peak at 529.7 eV corresponds to atomic oxygen bonded to 
ionic Ag-O. The second peak at 531.1 eV indicates oxygen atoms diffusing 
into the bulk of Ag. Additionally, based on previous literature, O 1s peaks 
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with binding energies above 532.1 eV are associated with carbon-
containing intermediates. The final peak at 532.3 eV represents residual 
oxygen (O res) within the silver metal lattice [54]. As shown in Figure 3i, 
the wide-scan spectrum shows only Ag, C, and O signals, consistent with 
metallic Ag nanoparticles capped by tartaric acid-derived species. 

The surface morphology, shape, and size of the synthesized Ag 
nanoparticles were examined using FESEM (shown in Figure 4(a, b)). 
The images reveal predominantly spherical to slightly oval nanoparticles 
with a relatively narrow size range of ~20-35 nm, forming secondary 
agglomerated clusters of approximately ~45 nm. These clusters are 
composed of uniformly distributed primary Ag NPs, indicating controlled 
nucleation and growth during the metal-displacement process. The 
particles display clean surfaces without observable byproducts or 
irregular morphologies. The EDX spectrum (Figure 4c) shows a single, 
intense Ag signal with no detectable Mg or organic residues, confirming 
the high elemental purity of the synthesized Ag NPs.

Figure 4: (a-b)FESEM images of Ag NPs and (c) EDX spectrum, (d-f) 
TEM micrograph, lattice spacing of Ag (111) plane and particle size 

histogram, respectively.
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TEM micrographs (Figure 4(d, e)) show that the synthesized Ag 
nanoparticles are mainly spherical or slightly capsule-shaped, with a 
narrow size distribution and consistent morphology. The particles are 
evenly dispersed, with no sign of significant agglomeration, demonstrating 
effective stabilization by the tartaric acid capping layer. Most 
nanoparticles are in the 15-25 nm size range, with an average diameter of 
around 20 nm, as measured using ImageJ and illustrated in the particle 
size histogram (Figure 4f). The uniform contrast and distinct particle 
edges further confirm the formation of well-defined, nanoscale Ag NPs. 
The high-resolution TEM image (Figure 4e) reveals clear lattice fringes, 
indicating their crystalline structure. In conclusion, material 
characterisation confirms that the synthesised Ag NPs are pure, 
crystalline, oxidation-resistant, and uniformly dispersed. The Mg-tartrate 
system ensures controlled growth and strong surface stability.  These 
properties demonstrate the potential of the Ag NPs for multifunctional 
uses. In the following sections, we assess their practical application in 
photocatalytic dye degradation and the fabrication of conductive ink tracks 
for electronic integration.

4. Photocatalytic activity of prepared Ag NPs

The photocatalytic performance and efficiency are primarily 
determined by a narrow bandgap for visible light absorption, adjustable 
electronic properties, and the generation of reactive oxygen species (ROS) 
through the combination of catalytic components. This present study 
investigates the photocatalytic potential of metallic Ag NPs, for the 
degradation of organic pollutants under visible light irradiation. Ag NPs 
serve as potent photocatalysts by augmenting visible-light harvesting, 
improving charge separation, and accelerating redox reactions, thereby 
rendering them highly effective for environmental remediation 
applications. Silver nanoparticles possess a higher surface-to-volume 
ratio, exposing more active sites for dye adsorption and subsequent 
reactions. 
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Figure 5(a, b) displays the UV-Vis spectra of AY dye following 180 
minutes of catalytic treatment. A progressive decrease in the primary 
absorption peaks was observed, signifying the disintegration of essential 
chromophore groups responsible for the dye's coloration. The degradation 
efficiencies of AY by Ag NPs were recorded as 91.61%, respectively. These 
results underscore the superior photocatalytic performance of Ag NPs. The 
efficiency plot (C/C₀) for the AY and RB dye solutions is depicted in Figures 
5(c, d). The plot illustrates the degradation capability of the Ag NPs, 
which exhibited the highest degrading efficiency. Figure 5(e) clearly 
presents the kinetic analysis of the degradation process, confirming that it 
adheres to first-order kinetics. The rate constant for Ag NPs against AY 
dye was calculated as 0.029/min, respectively. Similarly, the 
photocatalytic efficacy of the prepared Ag NPs was evaluated against the 
RB dye solution. Under identical conditions, the degradation efficiency of 
the Ag NPs was 89.4%, and the rate constant against RB dye was 
0.025/min, respectively. 

Upon exposure to visible light, photons are absorbed by the 
photoactive catalyst, resulting in the generation of electron-hole pairs that 
serve as charge carriers. These carriers promote the formation of ROS, 
which are crucial to the photodegradation process. Generally, three types 
of ROS are produced, and it is imperative to identify and regulate the 
principal ROS responsible for the degradation mechanism. Scavenger 
experiments were performed to elucidate the photodegradation pathway 
of dyes utilising the Ag NPs catalyst, thereby offering valuable insights into 
the specific ROS involved and their respective roles in the degradation 
process. The scavenger reagents employed include 
Ethylenediaminetetraacetic acid (EDTA), methanol, and p-benzoquinone 
(BQ), which serve as h+ scavengers, ·OH scavengers, and O2·− scavengers, 
respectively [55]. The reagent was formulated to inhibit the activity of h+, 
·OH, and O2·−. Figure 6a depicts the percentage degradation observed 
with various scavengers. The scavenger investigations demonstrated that 
the addition of EDTA and methanol markedly reduced the degradation 
efficiency of both dyes, thereby signalling their involvement in quenching 
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specific reactive species during the photodegradation process. The 
structure and morphology of the catalyst are crucial factors that affect its 
performance under visible-light illumination. Moreover, the reusability of 
the Ag NPs catalyst was examined over five successive cycles, as 
illustrated in Figure 6b, confirming its stability and demonstrating its 
potential for application in wastewater treatment.
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Figure 5: Photocatalytic degradation by Ag NPs (a) AY, (b) RB, (c) 
efficiency plot (C/C0), (d) Degradation efficiency, and (e) degradation 
kinetic study of AY and RB dye. 

The photocatalytic mechanisms are as mentioned below, 
(i) Production of excitons 

Silver (Ag) NPs + hν → h+ (VB) + e− (CB)                  
(3)

(ii) Hydroxyl Radicals Generation 
OH− + h+ → OH·                                                          

(4) 
            H2O + h+ → OH· + H+                                                             

 (5)
(iii) Superoxide radicals Generation 

O2 + e− → O2·−                                                                           
(6)

(iv) Degradation of dye molecules 
AY and RB dyes + OH·+ O2·− → Degradation products         

 (7)

Ag nanoparticles exhibit a pronounced synergic effect on the 
photocatalytic degradation of RB and AY dyes. Ag nanoparticles owing to 
their strong surface plasmon resonance, broaden the light absorption 
range into the visible region and act as electron mediators to facilitate 
efficient charge separation in semiconductor-based photocatalysts [56]. 
Mechanistically, upon visible-light irradiation, LSPR excitation in Ag 
nanoparticles generates energetic (“hot”) electrons, which can be injected 
into the conduction band of the semiconductor. This process enhances 
electron density in the conduction band, promoting the formation of 
reactive oxygen species such as O₂·⁻. Simultaneously, improved charge 
separation increases hole availability for ·OH radical formation, thereby 
accelerating reaction kinetics. Primarily, during light irradiation, 
photogenerated electrons are transferred from the semiconductor 

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



conduction band to Ag nanoparticles, which effectively suppresses 
electron-hole recombination and promotes the generation of reactive 
oxygen species (OH· and O2·−). These radicals concurrently target the 
xanthene ring structure of RB and the azo linkage of AY, resulting in rapid 
cleavage of the chromophores and subsequent mineralization. The 
synergistic effect is particularly conspicuous within mixed dye systems, 
where increased ROS availability facilitates the simultaneous degradation 
of both dyes with greater efficiency than in single-dye systems. 
Particularly, the enhancement is attributed to (i) surface plasmon 
resonance (SPR)-induced visible-light absorption, (ii) formation of a 
Schottky junction facilitating electron trapping and suppressing charge 
recombination, and (iii) improved interfacial charge transfer [56].Figure 
6c illustrates the schematic diagram of the photocatalytic degradation 
process. Moreover, silver nanoparticles enhance the catalytic stability and 
reusability of the system, underscoring their role in expediting 
degradation kinetics and achieving superior treatment outcomes for 
complex dye wastewater.
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Figure 6: (a) Scavenger study, (b) Reusability results, and (c) Schematic 
diagram of photocatalytic degradation of AY and RB dyes using Ag NPs.

5. Conducting Ink Application of Ag NPs

Initially, a hydroxyethyl cellulose (HEC) binder solution was created 
by dissolving 0.2 wt% HEC in a 1:1 methanol-water mixture, stirred 
magnetically at 500-800 rpm for 120 minutes, producing a clear, viscous 
solution. Separately, 6 g of silver nanoparticles obtained through metal 
displacement were dispersed in 10 mL of ethanol and stirred at 800-1000 
rpm at room temperature. Then, 2-3 mL of this HEC binder was added to 
the dispersion, which was stirred for an additional 160 minutes at 1000 
rpm to promote proper interaction between the silver nanoparticles and 
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the polymer binder. The suspension was then ultrasonicated at high power 
for 2 hours to ensure a uniform dispersion suitable for conductive ink 
formulation. Afterwards, the ink was loaded into a plastic whiteboard 
marker cartridge and used to write on paper. The coated paper was dried 
in a vacuum oven at 80 °C for 60 minutes and then incorporated into an 
electrical circuit to assess its conductivity. The prepared track photos and 
corresponding conductivity are shown in Figure 7(a). The conductivity 
measurement using a digital meter for the conducting tracks is shown in 
Supplementary Information (SI) Video V1.

Figure 7: (a-b) An Ag NPs conducting ink path track, (c) A battery 
connection illuminating red LED, (d) A battery connection illuminating 
green, orange, and red LEDs, (e) A TENG device, and (f) A TENG device 
integrated conducting circuit, illuminating 240 series connected LEDs.   

The conductive silver ink track was first evaluated using a standard 9 V 
battery and three different LED colors, green, orange, and red (shown in 
Figure 7(b-d)). The printed silver-ink pathways exhibited excellent 
electrical conductivity, successfully illuminating all LEDs with high 
brightness. Furthermore, when the conductive pattern was written in the 
form of the letters “EMD,” the combined set of LEDs also glowed 
uniformly, demonstrating the robustness and reliability of the printed 
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conductive tracks (shown in Figure 7(d). The conductive silver-ink tracks 
were further evaluated by replacing the 9 V battery with the output from 
a triboelectric nanogenerator (TENG) (Figure 7e).  The TENG, composed 
of a silicone rubber-aluminium friction pair, was fabricated following our 
previously reported procedure, and its performance characteristics are 
detailed in an earlier publication [57]. Instead of individual LEDs, a series-
connected LED array was used to assess the current-carrying capability of 
the printed pathways (Figure 7f). The Ag-ink circuits demonstrated 
excellent conductivity, enabling the TENG output to drive the entire LED 
series with bright and uniform illumination. The corresponding video 
showing the illumination of 240 LEDs is provided in the Supplementary 
Information (SI) Video V2.

Conclusions

The present study demonstrates a simple and effective Mg–tartaric 
acid-assisted metal-displacement route for synthesizing well-dispersed, 
oxidation-resistant Ag nanoparticles. The synergistic roles of magnesium 
as a reductant and tartaric acid as a stabilizing/capping agent enabled 
rapid room-temperature formation of uniform Ag NPs. Comprehensive 
structural and optical analyses confirmed their high crystallinity, purity, 
and plasmonic stability. These nanoparticles showed strong visible-light 
photocatalytic activity, degrading Acid Yellow and Rose Bengal by 91.6% 
and 89.4%, respectively, following first-order kinetics and maintaining 
stability across multiple reuse cycles. The Ag NPs were further formulated 
into a conductive ink that produced efficient printed pathways capable of 
operating in a self-powered configuration when coupled with a 
triboelectric nanogenerator, successfully illuminating a 240-LED series 
under biomechanical input. Overall, this scalable and environmentally 
benign approach delivers multifunctional Ag NPs suitable for 
photocatalysis and printed electronics.
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