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Abstract: In this communication, we report a greener microwave method for synthesizing Ag/Ti/Zn 

trimetallic nanoparticles and carbon quantum dots nanocomposites (Ag/Ti/Zn TNPs and CQDs NCs). 

The morphology, topography, and size of the Ag/Ti/Zn TNPs and CQDs nanocomposites were 

determined using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

analysis. The optical properties of the as-synthesized Ag/Ti/Zn TNPs and CQDs NCs were examined 

using UV–Vis spectroscopy and bandgap analysis. Finally, the Ag/Ti/Zn TNPs and CQDs NCs were 

fabricated by microwave-assisted greener synthesis, which was used as a photosensitizer, the copper 

plate as a counter electrode, and polysulfide as an electrolyte was assembled into the solar cell. The 

natural pigments extracted from the fruit of Solanum lycopersicium extract were used in Ag/Ti/Zn TNPs 

and CQDs NCs based solar cells. The as-fabricated solar cell's conversion efficiency was 5.47% with a 

Voc of 0.74 V, Jsc of 12.1 mA/cm2, and an FF of 0.60. Thus, this study highlights that the use of Ag/Ti/Zn 

TNPs and CQDs NCs has the great potential to be used as a photosensitizer. 

Keywords: green synthesis; trimetallic nanoparticles; carbon quantum dots; nanocomposites; solar 

cell. 
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1. Introduction 

The global energy demand for more sustainable energy sources has increasingly led 

researchers to focus on renewable and uncontaminated energy sources [1-4]. Various 

renewable energy sources are being investigated to assess their potential to address demand on 

a large scale [5]. These sources include wind turbines, hydroelectric power, wave and tidal 

power, solar cells, solar thermal energy, etc. [6]. Among these sources, photovoltaic (PV) 

technology, which uses solar energy, has attracted great attention as a solution to the growing 

demand for energy [7, 8]. 

Dye-sensitized solar cells (DSSC) are one of the solar cell technologies that have 

recently emerged and attracted notable energy research attention [9]. DSSCs offer several 

advantages, such as low-cost device manufacturing, lightweight, and flexibility compared to 

conventional silicon-based inorganic solar cells [10, 11]. Natural dyes can be extracted directly 

from plants without contamination or tedious synthesis. The separation and purification process 
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is relatively simple. It could be achieved using various sensitization with natural dyes to absorb 

sunlight across the full range of bands [12]. In recent decades, people have carried out extensive 

research on DSSC sensitized with natural dyes [13]. 

Metals and semiconductor nanocomposites have been extensively investigated in recent 

years for their potential applications in photonic devices [14]. Excitation of localized surface 

plasmon resonance, light trapping, and the ability to act as a cascade of electrons from metal 

nanocomposites in photoactive DSSC media are the most attractive characteristics of materials 

that serve as components of the solar absorber [15]. The metal nanocomposite exhibited strong 

local electromagnetic fields that aided with exciton dissociation and charge mobility, ultimately 

increasing the device's overall performance [16, 17]. Several investigations have demonstrated 

the effects of mono and bimetallic nanocomposites on the processes of optical absorption, 

exciton dissociation, and charge transport in solar cells [18]. Xolani G. et al. [19] have shown 

that a trimetallic nanocomposite (Ag: Zn: Ni) containing Ag, Zn, and Ni was successfully 

synthesized using a wet processing method. They improved the energy conversion efficiencies 

of the devices by 57% and 84% for volume concentrations of 4% and 6% of the suspension of 

the metallic particles, respectively. To the best of our knowledge, there is no literature data 

reported on the use of trimetallic nanocomposites (TNCs) with CQDs to prepare solar cell 

devices. 

In this work, we used microwave heating in the synthesis processes. The Samsum ant 

(Pachycondyla sensnaarensi) venom was used as a stabilizing and reducing agent for Ag/Ti/Zn 

TNPs synthesis and a carbon source for synthesizing carbon quantum dots. The aqueous 

solutions of proteinaceous venoms produced by ants contain various enzymatic substances, 

which is ideal for a carbon source in the synthesis of carbon quantum dots [20]. The aqueous 

solution of this ant venom is antioxidants, so it is used as a reducing agent in the Ag/Ti/Zn 

TNPs. The nutritional quality of ant venom makes it more effective for synthesizing carbon 

quantum dots. The microwave-assisted solution pathway represents an efficient wet chemical 

approach to synthesizing Ag/Ti/Zn TNPs and CQDs NCs, offering additional advantages such 

as rapid volumetric heating, high reaction rates, size, and shape control by adjusting parameters 

reaction, and energy efficiency. The use of Ag/Ti/Zn TNPs and CQDs NCs as a dopant in a 

photoactive layer of Solanum lycopersicum extract mixture showed an improved short-circuit 

current (Jsc) and a filling factor (FF). UV-Vis, bandgap, SEM, and TEM measurements were 

also performed to understand the optical and morphological behavior of the Ag/Ti/Zn TNPs 

and CQDs NCs. 

2. Materials and Methods 

2.1. Synthesis of Ag/Ti/Zn TNPs. 

The synthesis of Samsum ant (Pachycondyla sensnaarensis) venom-stabilized 

Ag/Ti/Zn TNPs comprises the following steps: Briefly, the 5 mM silver nitride (AgNO3), 5 

mM titanium tetrachloride (TiCl4), and 5 mM zinc chloride (ZnCl2) added with stirring in the 

1:1:1 ratio in the 50 mL of water. After that, the 5 mL of Pachycondyla sensnaarensis venom 

was then added with stirring in the reaction vessel. The mixture solution was transferred into a 

Teflon-lined autoclave and treated at a selected temperature of 80°C for 20 min under a 

microwave system. The time for the preparation of TNPs is 2 hours. After that, the residues are 

filtered through Whatman filter paper. The filtrates were washed and dried at 60°C for 3 hours. 
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The Samsum ant (Pachycondyla sensnaarensis) venom was used as a reducing agent. Figure 

1(a) shows a schematic procedure of synthesis of the Ag/Ti/Zn TNPs. 

 

Figure 1. Schematic illustration of (a) synthesis of Ag/Ti/Zn TNPs; (b) synthesis of CQDs; (c) cell assembly. 

2.2. Synthesis of CQDs from Samsum ant (Pachycondyla sensnaarensis) venom. 

The carbon dots were prepared by microwave-assisted rapid synthesis. 1 g of Samsum 

ant (Pachycondyla sensnaarensis) venom was dissolved in 15 mL deionized water under 

agitation and then mixed with 1 g citric acid. After ultrasonication for 10 min, the obtained 

solution was heated for 15 min in a microwave oven. Following the reaction procedure, the 

product was cooled down to room temperature and then dissolved in 10 mL deionized water 

under stirring to get a brown color solution. Finally, it was centrifuged at 10,000 rpm for 15 min 

to remove the impurity and filtered by a filter. The obtained solution was extracted by ethyl 

acetate and then kept in a refrigerator under 4°C for later use. Figure 1(b) represents the 

schematic procedure of the synthesis of CQDs. 

2.3. Synthesis of Ag/Ti/Zn TNPs and CQDs NCs. 

For the synthesis of Ag/Ti/Zn TNPs and CQDs NCs, the carbon quantum dots (10 ml) 

and 2 gm of Ag/Ti/Zn TNPs were mixed and kept in the microwave in the cyclic mode for 2 

min. Finally, we obtained dark brown color precipitates of Ag/Ti/Zn TNPs and CQDs NCs. 

Further, these nanocomposites are used as active materials in the solar cell. 

2.4. Preparation of natural dye sensitizers. 

The fruit of Solanum lycopersicum extract contains anthocyanin, β-carotene, lycopene, 

and chlorophyll pigment, shows in Figure 2 [21], which is an extraordinary candidate in the 

fabrication of Ag/Ti/Zn TNPs and CQDs NCs based solar cell. To extract this, rich Solanum 

lycopersicum fruits were taken and washed several times with water to remove all 

contaminants. The cleaned Solanum lycopersicum fruit was crushed using mortar and pestle to 
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make a paste. Then, 20 mL of ethanol is added to the Solanum lycopersicum fruit and stirring 

for 90 min at 60°C. The resulting liquid was filtered using filter paper, and the extracted dye 

was stored for later use. Finally, Ag/Ti/Zn TNPs and CQDs NCs were impregnated with 

Solanum lycopersicum fruit dye and kept for 10 h. 

 
Figure 2. Structure of fruit extract of Solanum lycopersicum pigment compounds. 

2.5. Cell assembly.  

The low-cost copper plate cathode has been an ideal material as a counter electrode. 

The active layer Ag/Ti/Zn TNPs and CQDs NCs impregnated with natural dyes for 10 hrs are 

rinsed with absolute ethanol and dried with a hairdryer sandwiched between two electrodes 

namely FTO and copper plate. The two electrodes were assembled using binders and sealed 

with a sealing frame. When the electrodes are sealed, two small holes are left open for the 

polysulfide electrolyte and finally sealed to prevent leakage. The polysulfide electrolyte was 

prepared by mixing 1M Na2S, 1M S, and 0.1M NaOH solution in deionized water [22]. A 

schematic representation of the prepared solar cell is shown in Figures 1(c) and 3. 

 

 

 

 

 

 

 

Figure 3. Schematic illustration of the as-fabricated solar cell. 

2.6. Characterization studies. 

The sample's particle shape, size distribution, and microstructure were analyzed using 

the SEM & TEM (Tecnai G2 F30 S-TWIN). Optical properties were investigated via UV-
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Visible spectrometry through optical absorbance spectra and ambient temperature 

transmittance over a 300–800 nm wavelength range. The optical properties of the FTO 

substrate with respect to air were taken, and the optical properties of the dye extract in ethanol 

were taken down by subtracting the effect of the solvent. J-V curves were obtained using Sun 

10 × 10 digital simulators (AGV Pvt. Ltd.) attached with a computer. 

3. Results and Discussion  

3.1. Topographical & morphological studies. 

Transmissions electron microscopy (TEM) provides information about the particle size 

of the materials. TEM images of Ag/Ti/Zn TNPs and CQDs NCs reveal that the particle size 

lies in the range of 30-100 nm. In Figure 4(a), the particles stacking can be clearly seen in an 

image showing the formation of Ag/Ti/Zn TNPs and CQDs NCs. 

Figure 4. (a) Transmission electron microphotographs of Ag/Ti/Zn TNPs and CQDs NCs; (b) Scanning 

electron microphotographs of Ag/Ti/Zn TNPs and CQDs NCs. 

The synthesized Ag/Ti/Zn TNPs and CQDs NCs were investigated by means of the 

SEM technique. The SEM images of Ag/Ti/Zn TNPs and CQDs NCs have shown in Figure 

4(b) decapitate cluster-based framework of CQDs attached to Ag/Ti/Zn TNPs with having 

more fibrous morphology confirming binding of trimetallic to CQDs. 

3.2. Optical analysis.  

Improve the performance of the optical properties of the solar cell of each layer is very 

significant. Therefore, the optical properties of FTO coated as-prepared nanocomposites and 

dyes are determined using a UV-Vis spectrometer. As FTO thin films are used as conducting 

films (as FTO glass is used as an electrode) and dye as absorber layer adsorbed on the Ag/Ti/Zn 

TNPs and CQDs NCs film layer. Therefore, such layers play a vital role in the performance 

and efficiency of the device due to their versatile optical properties. The absorption spectra of 

Solanum lycopersicum extract dye coated as-prepared Ag/Ti/Zn TNPs and CQDs (red line), 

Ag/Ti/Zn TNPs (black line), and Solanum lycopersicum extract dye (green line) were shown 

in Figure 5. The absorption spectrum represents the improved light absorption almost double 

in the Solanum lycopersicum extract dye coated Ag/Ti/Zn TNPs and CQDs NCs compared to 

pristine Ag/Ti/Zn TNPs. The absorption spectra of the dye from Solanum lycopersicum extract 

revealed a sharp absorption peak in the UV region, exhibiting a maximum at a wavelength of 

375 nm (low concentration). This result was in agreement with the previous absorption study 
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of the wavelength region for the Solanum lycopersicum extract and confirms the presence of 

anthocyanin, β-carotene, lycopene, and chlorophyll pigments [9]. 

 
Figure 5. UV-Vis absorption spectrum of Ag/Ti/Zn TNPs (black line); Dye after adsorbed onto the Ag/Ti/Zn 

TNPs and CQDs NCs (red line); and fruit of Solanum lycopersicum extract as a dye. 

The bandgap of the TNCs and their nanocomposites were calculated by using the Tauc 

relation shown in Figure 6. The Tauc plots for Ag/Ti/Zn TNPs and Ag/Ti/Zn TNPs and CQDs 

NCs are represented in Figure 6. The bandgap for Ag/Ti/Zn TNPs is 2.67 eV, Figure 6(a), 

which lies in the semiconductor range (˂ 4 eV). Thus the alloy composed of Ag, Ti, and Zn 

behaves as a semiconductor. So it can find applications in spintronics, thermistors, sensors, and 

other semiconductor devices. The bandgap of Ag/Ti/Zn TNPs and CQDs NCs Figure 6(b) is 

1.75 eV. The bandgap of Ag/Ti/Zn TNPs and CQDs NCs is less than Ag/Ti/Zn TNPs. 

Figure 6. Tauc plot of (a) Ag/Ti/Zn TNPs; (b) Ag/Ti/Zn TNPs and CQDs NCs. 

3.3. Photoelectrical properties. 

Photovoltaic tests of as-prepared solar cells were performed by measuring the Current 

density-Voltage (J-V) curves under irradiation with white light (100mW/cm2). The 

performance of natural dye as sensitizers in the solar cell was evaluated by a short circuit (Jsc), 

open-circuit voltage (Voc), fill factor (FF), and energy conversion efficiency (η). The 

electrochemical and electrical losses are taking place while the solar cell operation was 
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reflected by the fill factor, i.e., the ratio of maximum to the theoretical power output from the 

solar cell, which was calculated as [23, 24]. 

FF=
𝐽𝑚𝑎𝑥 𝑉𝑚𝑎𝑥

𝐽𝑠𝑐 𝑉𝑜𝑐

      (1) 

𝑛 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
 = 

𝐽max × 𝑉𝑚𝑎𝑥

𝑃𝑖𝑛
=  

𝐹𝐹 ×(𝑉𝑜𝑐  × 𝐽𝑜𝑐

𝑃𝑖𝑛
  (2) 

where Jmax is the maximum power point current (mA/cm2), and Vmax is the maximum power 

point voltage. 

The typical J-V curves of the as-prepared solar cell shown in Figure 7, where the 

illumination of 100 mW/cm2 light intensity or power input in terms of photoelectric response 

and photovoltaic examination of the fabricated solar cell was done. 

 
Figure 7. Schematic diagram of J-V plot of Ag/Ti/Zn TNPs and CQDs NCs. 

After Solanum lycopersicum fruit extract-based dye solution is adsorbed, it is spread to 

the relevant Ag/Ti/Zn TNPs and CQDs NCs thin layer. Furthermore, the higher interaction 

between various pigment molecules in the extracted liquid from Solanum lycopersicum, and 

Ag/Ti/Zn TNPs and CQDs NCs provides better efficiency and transfers of the charge. The 

formation and collection of light-generated carriers give the short circuit current density (Jsc), 

while the amount of forwarding bias at the cell junction due to the light-generated current 

provides an open-circuit voltage (Voc) for a cell. Ag/Ti/Zn TNPs and CQDs NCs in nanoscale 

provide high surface area because the dye can be absorbed in an interface having a large surface 

area. At a similar time, it provides a path for electron transfer due to a favorable active interface. 

The interface resistance of the Ag/Ti/Zn TNPs and CQDs NCs, Solanum lycopersicum dye, 

and polysulfide electrolyte channel leads to a reduction in short circuit current. The pigment 

structure of tomato slurry includes anthocyanin, β-carotene, lycopene, chlorophyll, and the 

Ag/Ti/Zn TNPs and CQDs NCs responsible for making as-prepared solar cells more efficient 

than normal dye-based solar cells. 

4. Conclusions 

The CQDs and Ag/Ti/Zn NPs were synthesized by microwave-assisted preparation 

using Samsum ant (Pachycondyla sensnaarensis) venom as both a carbon source and a 

reducing agent. As far as we know, there are no literature data on the synthesis for this kind of 
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material for this application. The Ag/Ti/Zn TNPs and CQDs NCs were fabricated by 

microwave-assisted greener synthesis, which was used as a photosensitizer, the copper plate as 

a counter electrode, and polysulfide as an electrolyte was assembled into the solar cell. We 

have studied the SEM and TEM analysis for size, morphological and topographical analysis. 

Optical properties of Ag/Ti/Zn TNPs and CQDs NCs showed broadband of absorbance from 

300 nm to 700 nm wavelength covering most of the visible region. The J-V measurement made 

on our as-prepared solar cell shows the interesting values of short current (Jsc), open-circuit 

voltage (Voc), fill factor (FF), and efficiency (η), which are 12.1 mA/cm2, 0.74 V, 0.60, and 

5.47% respectively. 
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