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A B S T R A C T   

This work synthesized Ag/TiO2 nanocomposite via an aqueous reduction method using a green 
and chemical reducing agent. Citrullus lanatus (watermelon) rind extract (WMRE) and sodium 
borohydride (NaBH4) were used as the reducing agents during green synthesis and chemical 
synthesis, respectively. During green synthesis, a pH of 12, a reaction time of 45 min, and an 
operating temperature of 100 ◦C yielded the best visible light activity. The biosynthesized and 
chemically-synthesized Ag/TiO2 were compared using UV–Vis spectroscopy, X-ray fluorescence 
spectroscopy (XRF), X-ray diffraction spectroscopy (XRD), Fourier transform infrared spectros
copy (FTIR), energy dispersive spectroscopy-scanning electron microscopy (EDS-SEM) and 
transmission electron microscopy (TEM). Synthesis using WMRE yielded spherical Ag nano
particles modified on the surface of TiO2 nanoparticles. The Ag nanoparticles had enhanced 
monodispersity with an average diameter of 7.48 ± 4.06 nm. Therefore, the developed WMRE 
green synthesis method provides a simple, less chemical-intensive, and effective alternative to 
chemical synthesis.   

1. Background 

Green synthesis is crucial for modern nanotechnology development. It involves using plant extracts that are environmentally safe, 
low-cost, and renewable feedstock, enhancing safety for the environment and humans [1]. A considerable amount of waste is 
generated from consuming fruits with seeds and peels perceived as inedible. This waste contributes to an increase in green waste, 
necessitating the study of their composition and physicochemical properties to guide applications in green engineering and chemical 
technologies [2]. These environmentally friendly applications have gathered interest since there is an endless list of possible peels and 
seeds. The Citrullus lanatus (watermelon) rind is generally discarded due to its bitter taste. To reduce the generation of green waste, it 
has been used in the production of candy, fruit butter, biscuits, cake mayonnaise, bread, and in the synthesis of nanoparticles [3,4]. 

The use of watermelon rind extract (WMRE) in green synthesis is attributed to its phenolic acid components. These phenolic acids, 
such as chlorogenic acid, sinapic acid, vanillic acid, caffeic acid, myricetin, and gallic acid [5], have been employed in producing 
various nanoparticles. Studies by Ndikau et al. [6] and Sackey et al. [7] focused on the use of chlorogenic acid, and gallic, L-glutamic, 
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and sinapic acids as the reducing agents in Citrullus lanatus rind extract and Phoenix dactylifera for the synthesis of Ag and manganese 
oxide (Mn3O4) nanoparticles. They observed a decrease in the concentration of these acids, which was attributed to their reducing and 
stabilizing activity. As the presence of phenolic compounds forms the basis of green synthesis, this field offers ample opportunities for 
exploration using different plants and plant parts. 

The use of Ag nanoparticles in metal-enhanced photocatalysis has attracted significant attention [8]. Photocatalysis is the accel
eration of a photoreaction using photocatalysts like TiO2. TiO2 is the most utilized photocatalyst due to its lower toxicity and 
dependence on pH and higher resistance to photocorrosion [9], with applications majorly in environmental remediation [10] and 
antimicrobial disinfection [9]. Though highly effective, applications are limited by its high recombination rate and inability to utilize 
visible light radiation. Metal-enhanced photocatalysis is one of the explored solutions to improve TiO2 photocatalytic activity [11]. 

Metal-enhanced photocatalysis involves incorporating metal impurities into the photocatalyst to reduce the recombination rate 
[12]. These impurities are added either into the TiO2 crystalline structure or modified onto the surface [8]. Since chemical reactions 
occur on the TiO2 surface, surface modification offers a more straightforward solution for improved photocatalysis [13]. Essentially, 
metal surface modification results in a Schottky barrier, which acts as an electron trap, slowing down the rate of electron recombi
nation [14]. Additionally, the use of noble metals yields visible light activity due to their surface plasmon resonance (SPR) [11]. 

The modification of the TiO2 surface with Ag nanoparticles involves their reduction on the surface. Synthesis of Ag nanoparticles 
can be achieved using chemical, green, and physical methods. The effectiveness of these methods is shown in Table 1. Green synthesis 
of Ag/TiO2 nanocomposite has been done using Padina tetrastromatica (seaweed) extract [15], Eucalyptus globulus L. extract [16], 
Mirabilis jalapa plant extract [17], and grape cake [18]. Skiba et al. [18] compared the plasma-liquid synthesis of Ag/TiO2 nano
composites using different capping agents. They found that higher antimicrobial activity was achieved when a green capping agent 
(grape cake) was used, pointing to the effectiveness of green synthesis. 

Little attention has been given to the use of green waste components during synthesis based on the reported Ag/TiO2 green syn
thesis methods. This study, therefore, synthesized Ag/TiO2 nanocomposite using WMRE while evaluating the effect of various reaction 
parameters. It also compared the efficiency of green and chemical synthesis methods for Ag/TiO2. 

2. Materials and methods 

2.1. Preparation of WMRE 

WMRE preparation was done following the Ndikau et al. [6] method. One Charleston grey variety ripe watermelon was washed 
with deionized water (DI). It was then cut into four equal portions, followed by removing the red pulp to obtain the rind. Subsequently, 
the rind was cut into 10 mm-by-10mm sizes, weighed at 150 g, and placed in a beaker (1000 mL). Consequently, 500 mL of DI was 
added and the mixture was blended for 10 min. The resulting solution was poured back into the beaker, magnetically stirred at 100 ◦C 
for 10 min, and cooled at room temperature. The final step involved filtration using Whatman no. 1 filter paper into a flask, giving the 
WMRE, which was stored at 4 ◦C. 

2.2. Green synthesis of Ag/TiO2 nanocomposite using WMRE 

Initially, 0.2 g TiO2 nanoparticle powder was dissolved in 100 mL DI using ultrasonic treatment for 10 min. This was followed by 
adding 0.02 g of AgNO3, pH adjustment to 7 by adding 1 % HNO3 drops, and 30 min of magnetic stirring. After this, 30 mL WMRE was 
added, followed by pH adjustment to 12 using 33 % NH4OH and magnetic stirring at 100 ◦C for 45 min. The resulting solution was then 
centrifuged, followed by washing; this was done thrice. To obtain the nanocomposite powder, freeze-drying was done. The resulting 
powder was stored in sealed polyethylene terephthalate (PET) Petri dishes labeled WMAT and kept at room temperature until further 
use. 

2.3. Evaluation of the effect of operating conditions for green synthesis 

Time, temperature, and pH were selected as the operating conditions whose effect was to be investigated during the synthesis of 
Ag/TiO2 nanocomposite using WMRE. These conditions were chosen due to their proven impact on nanoparticle shape, size, and size 
homogeneity. 

First, the reaction was conducted at 15, 25, 35, 45, and 60 min, as well as at 24 and 48 h while maintaining a constant pH of 12 and 
temperature of 100 ◦C. The resulting solutions were centrifuged, washed thrice, and characterized using UV–Vis spectroscopy. 

This was followed by varying the reaction temperature to 25, 40, 80, and 100 ◦C while keeping the time and pH fixed at 45 min and 

Table 1 
Comparison of the effectiveness of different Ag nanoparticles synthesis methods.  

Synthesis method Reducing agent Nanoparticle size Morphology Ref 

Plasma discharge  36.50 nm Spherical [19] 
Chemical synthesis Hydrazine hydrate and sodium citrate 24.00 nm Spherical [20] 
Green Synthesis Prunus persica L. 10–20.00 nm Spherical [21] 
Green Synthesis Citrullus lanatus (watermelon) rind extract (WMRE) 7.48 ± 4.06 nm Spherical   
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12, respectively. Subsequently, centrifugation and characterization using UV–Vis spectroscopy were conducted. 
The pH was adjusted to 8, 10, and 12 while keeping other reaction parameters constant at 45 min and 100 ◦C. This pH variation was 

performed after adding the WMRE. The nanocomposites obtained from centrifugation were characterized using UV–Vis spectroscopy. 

2.4. Chemical synthesis of Ag/TiO2 nanocomposite using sodium borohydride 

Chemical synthesis was done following the Niño-Martínez et al. [22] method, which is briefly described. At the start, a solution of 
TiO2 nanoparticles and AgNO3 was prepared at a molar ratio of 1:25. Sodium borohydride (NaBH4) (0.1 mmol) was added, accom
panied by a pH adjustment to 10 followed by 35 min of magnetic stirring. The resultant solution was centrifuged and calcined to obtain 
the Ag/TiO₂ powder, which was stored in sealed PET Petri dishes labeled NBAT at room temperature. 

2.5. Characterization 

The visible light activity of TiO2, WMAT, and NBAT was evaluated using the SHIMADZU UV–Vis Spectrophotometer UV-1900. 
SHIMADZU IR –Spirit with QATR-S Fourier transform IR spectrophotometer was used to investigate the functional groups in TiO2, 
WMAT, and NBAT. The elemental composition of the TiO2, WMAT, and NBAT was obtained using RUKER XRF S1 TITAN/TRACER 5/ 
CTX. X-ray powder crystallization analysis of the TiO2, WMAT, and NBAT was accomplished via a Thermo Scientific™ ARL™ 
EQUINOX 100 X-ray Diffractometer equipped with Cu Kα1 (λ = 1.5406 Å). Surface micrographs were obtained using a FEI XL40 ESEM 
equipped with two EDAX Sapphire Si(Li) EDS detectors with up-to-date MLA software. TiO2 and Ag nanoparticle morphology were 
analyzed using Oxford SDD Detector for TEM: X-MaxN 80T. 

3. Results and discussion 

Utilizing WMRE during the synthesis of AgTiO2 ensures non-hazardous synthesis while achieving both reduction and stabilization 
of the nanoparticles. This green synthesis process is shown in Fig. 1 which details the possible reactions during synthesis and the TEM 
image of the synthesized nanocomposite. Chlorogenic acid, caffeic acid, and gallic acid, contained in WMRE, have been shown to 
effectively reduce nanoparticles during green synthesis, indicating their potential to reduce and stabilize Ag nanoparticles on the TiO2 
surface [23,24]. 

3.1. Green synthesis of Ag/TiO2 using WMRE 

Extraction of phenolic acids from the watermelon rind was performed using DI due to its high purity, low cost compared to other 
solvents, and contribution to the universal goal of reducing the use of harsh chemicals [25]. Ho et al. [26] found that a high total 
phenolic content was achieved when water was used as the extracting agent for watermelon rind powder. They attributed this to the 
interaction between the hydrogen polar sites in the extract and the solvent. These findings justified using DI water as the extracting 
solvent in this work. 

The UV–Vis spectra obtained during the variation of the operating time, temperature, and pH conditions are shown in Fig. 2. 

Fig. 1. Overall schematic representation for the green synthesis of Ag/TiO2 using WMRE and a TEM image of Ag/TiO2 nanocomposite.  
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Specifically, increasing reaction time favored WMAT synthesis, which gave the best peak in the visible light region. The absence of 
peaks in the visible light region at 15 and 25 min indicated that this time was insufficient for forming and modifying Ag nanoparticles. 
Visible light activity was observed at 35, 45, and 60 min and also at 24 and 48 h. A higher absorbance with a narrower peak was 
observed at 440 nm after 45 min of reaction, indicating the formation of smaller nanoparticles. Synthesis beyond this time shifted the 
absorbance to a longer visible light wavelength (500 nm) with a broader peak, as the synthesis time increased from 60 min to 48 h. The 
longer wavelength of these peaks indicated an increase in nanoparticle size and agreed with the findings of Wang and Cao [27] who 
found that the red shift in UV–Vis absorbance of Ag nanoparticles was directly correlated with an increase in nanoparticle size. 
Therefore, 45 min was chosen as the optimal reaction time. Similarly, Vasyliev et al. [2] found that the synthesis of Ag nanoparticles 
using pomegranate peel extract, grape pomace extract, and hot water as the extracting solvent reduced the reaction time. Beyond the 
optimal time, the high number of WMRE active sites resulted in the fast formation of small nanoparticles, which then agglomerated 
[27]. 

The temperature was varied at different levels: room temperature (25 ◦C), 40 ◦C, 80 ◦C, and 100 ◦C to assess its impact on WMAT 
synthesis. The results indicated that an increase in temperature promoted WMAT synthesis. Mainly, visible light activity was only 
observed at 80 and 100 ◦C (Fig. 2). A higher temperature, 100 ◦C, was found to result in the highest peak in the visible light region, 
indicating the formation of smaller Ag nanoparticles, which in turn yielded better activity in this region [28]. Kobese [29] found that 
an increase in temperature favored the synthesis of Ag/TiO2 using tea extract from Aspalathus linearis. They attributed this to the 
temperature increase promoting nucleation over the growth of nanoparticles. 

Similarly, a higher pH enhanced WMAT synthesis (Fig. 2). Specifically, visible light activity was only detected at pH 10 and 12. 
However, the peak with the highest absorbance in the visible light radiation region, indicating the formation of smaller nanoparticles, 
was at a pH of 12. Amin et al. [30] also found that high pH promotes the formation of small and highly dispersed Ag nanoparticles 
during synthesis using Solanum xanthocarpum berry extract. This is attributed to the high pH, which increases the number of active sites 
in plant extracts, effectively reducing and stabilizing the Ag nanoparticles. 

3.2. UV–Vis spectroscopy 

The visible light activity of WMAT and NBAT was compared to assess the effectiveness of the green and chemical synthesis 
methods. Absorbance peaks were observed in the visible light region at 420 nm (absorbance; 0.36 a.u) and 440 nm (absorbance; 0.018 
a.u) for WMAT and NBAT, as seen in Fig. 2, with an insert showing the visible light peaks for NBAT. These peaks indicated the 
successful modification of TiO2 with Ag nanoparticles, which agrees with Niño-Martínez et al. [22] and Purnomo et al. [17] who 
synthesized Ag/TiO2 using NaBH4 and Mirabilis jalapa plant extract as the reducing agents, respectively, and detected visible light 

Fig. 2. UV–Vis spectra showing the effect of temperature (a), time (b), and pH (c) on the synthesis of Ag/TiO₂ nanocomposite using WMRE 
(WMAT), and the UV–Vis spectra for WMAT and NBAT with an insert showing the visible light peak for NBAT (d). 
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activity with absorbance peaks at 450 nm. Even though visible light activity was achieved using chemical and green synthesis methods, 
the absorption peak for the latter had a higher absorbance (indicating better visible light activity). 

3.3. FTIR analysis 

FTIR analysis was done to identify the functional groups in the TiO2 nanoparticles and synthesized nanocomposites. The drying step 
used to obtain the nanocomposite powders differed between the two synthesis methods. WMAT was dried following a freeze-drying 
method, whereas NBAT was dried via calcination. Freeze-drying was conducted for WMAT to retain the active capping agents in the 
WMRE biomass for FTIR characterization. Even though freeze-drying enhances nanoparticle size distribution and prevents agglom
eration, agglomeration was still observed in this work, as shown in Fig. 7. 

Fig. 3 shows the FTIR spectra of TiO2, WMAT, and NBAT. The absorption bands for TiO2 and WMAT observed at 3338 and 3308 
cm⁻1, respectively, were attributed to –OH bending vibration [31]. The bands observed at 2974 and 2977 cm⁻1 in the TiO2 nano
particles and synthesized nanocomposites were attributed to C–H stretching vibrations, while those at 1068 cm⁻1 were attributed to 
C–O stretching vibration [32]. The peak characteristic of Ti–O–Ti stretching at 1465 cm⁻1 shifted to 1383 cm⁻1 after modification with 
Ag nanoparticles [33]. Moreover, the bands at 470 cm⁻1 were attributed to the oxide structure of TiO2 [30]. Notably, a peak unique to 
WMAT was observed at 1649 cm⁻1 and ascribed to C=O bond stretching vibration [34]. The C=O bond originated from the WMRE 
biomass in the synthesized nanocomposite. 

The identified functional groups present in WMAT and absent in NBAT were used to compare the two synthesis methods. Green 
synthesis of nanoparticles involves two significant steps: reduction of the precursor metal ion and its stabilization. The steps for Ag/ 
TiO2 synthesis using chlorogenic acid, contained in WMRE, are detailed in Fig. 4. Plant extracts contain polyphenols with hydroxyl and 
carbonyl groups in their aromatic rings, which reduce and stabilize nanoparticles. During the first step, the polyphenol undergoes 
oxidation, forming an anion of the polyphenol and reducing the Ag⁺. The reduction potential of Ag⁺/Ag0 is 0.8, while that of the plant 
polyphenols ranges between 0.3 and 0.8 V, giving a positive ΔE, and points to the reaction occurring spontaneously [35,36]. The 
second step, stabilization, involves chelation, where the polyphenol anion surrounds the Ag. Mallikarjuna et al. [37] used Ocimum 
sanctum leaf extract to synthesize Ag nanoparticles and observed that the nanoparticles had a thin protein layer composed of a C=O 
functional group. The presence of the C=O functional group in WMAT supported these findings. Chemical synthesis, done following 
the Niño-Martínez et al. [22] method, utilized NaBH4, which only acts as a reducing agent and not a capping agent [38]; an absorption 
peak for the C=O was therefore absent [39]. Green synthesis involves a single reducing and capping agent, making it a straightforward 
synthesis method compared to chemical methods, which require separate reducing and capping agents. 

3.4. Elemental analysis 

Elemental analysis was conducted using XRF and EDS spectroscopy. The composition of the major elements in pure TiO2, WMAT, 
and NBAT are shown in Table 2. In this study, the green and chemical synthesis methods resulted in 10.3966 % modification and 
17.8652 % modification, respectively. 

During EDS analysis (Fig. 5), elemental carbon (C) was identified in the TiO2 nanoparticles and synthesized nanocomposites. The 
chemical synthesis method resulted in a decrease in the carbon content since the modified Ag nanoparticles displaced it. Even though 
this displacement was also true for WMAT, an increase in the carbon content was observed. This increase is accredited to the stabi
lization effects of the C=O groups retained in the nanocomposite from the WMRE biomass. Elemental chlorine (Cl) was also detected 
during green synthesis due to the presence of a chlorine polyphenol complex in WMRE, 9-(2′2′-Dimethylpropanoilhydrazono)-3,6- 
dichloro-2,7-bis[2-(diethylamino)-ethoxy]fluorine [40]. Furthermore, elemental Al was only observed in EDS, not in XRF, and was 
attributed to a coating of Al2O3 on TiO2 nanoparticles. The absence of Al in XRF could be attributed to the detection limit’s dependence 

Fig. 3. FTIR spectra of the TiO2 nanoparticles and synthesized nanocomposites.  
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on counting time, element mass, and sample composition [41]. These factors may have compromised the detection of Al in TiO2, 
NBAT, and WMAT. 

3.5. XRD studies 

XRD analysis was used to perform the phase identification and crystallite size determination of the TiO2 nanoparticles and 
nanocomposites. The X-ray diffraction spectra for TiO2, WMAT, and NBAT are shown in Fig. 6. Diffraction peaks for TiO2 nanoparticles 
in the tetragonal rutile phase were detected at two-theta (2θ) = 28.00◦, 31.28◦, 33.61◦, 34.67◦, 36.24◦, 46.81◦, 54.77◦ and 65.85◦, 
matching the (110), (110), (110), (101), (101), (210), (211) and (221) crystal planes, respectively [ICSD No. 00-021-1276]. The peak 
splitting observed in the (110) and (101) crystal planes was attributed to various stresses [42]. Meanwhile, peaks for the tetragonal 
anatase phase were detected at two-theta (2θ) = 37.78◦, 45.93◦ and 66.93◦, matching the (004), (200) and (116) crystal planes, 
respectively [ICSD No. 00-021-1272]. In both WMAT and NBAT there were major diffraction peaks detected at two-theta (2θ) = 26.09◦

and 34.53◦, matching the rutile (110) and (101) crystal planes respectively [ICSD No. 00-021-1276] and two-theta (2θ) = 52.49◦, 
matching to the anatase (105) crystal plane [ICSD No. 00-021-1272]. 

Similar significant peaks were observed in the synthesized nanocomposites and TiO2 nanoparticles but with different intensities. 
This indicates that no new peaks were formed. Habibi and Nasr-Esfahani [43] suggested that this was due to the uniform distribution of 

Fig. 4. Possible mechanism of Ag/TiO2 synthesis using chlorogenic acid in WMRE.  

Table 2 
Percentage weight elemental composition of the TiO2 nanoparticles and synthesized nanocomposites obtained from XRF analysis.  

Element wt% Ti Mg Si Zn Ag 

TiO2 95.56 0.40 0.48 1.60 – 
WMAT 85.46 – 0.28 1.78 10.40 
NBAT 77.94 – 0.31 1.88 17.87  

Fig. 5. EDS elemental composition of the TiO2 nanoparticles and synthesized nanocomposites.  
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the Ag nanoparticles. Furthermore, the concentration of the modified Ag nanoparticles was low, possibly lower than the diffrac
tometer’s detection limit, as suggested by Mosquera et al. [44]. 

The crystallite sizes of TiO2, WMAT, and NBAT were calculated using the Debye-Scherrer formula detailed in Equation (3.1) and 
found to be 28.34 nm, 26.73 nm, and 26.64 nm for TiO2 nanoparticles, WMAT, and NBAT, respectively. This finding indicates that 
modification with Ag generally inhibits grain growth. More specifically, a slight decrease in the anatase crystallite size from 25.07 nm 
in TiO2 to 23.91 nm and 23.08 nm for WMAT and NBAT, respectively, and a slight increase in rutile crystallite size from 28.86 nm in 
TiO2 to 30.54 nm and 30.47 nm for WMAT and NBAT respectively were observed. 

This was attributed to the inhibition of grain growth for the anatase phase and an acceleration of grain growth for the rutile phase 
due to the effect of the modified Ag nanoparticles [45]. Comparing the green and chemical synthesis methods in this analysis revealed 
that they yielded similar grain growth inhibition and acceleration effects for the anatase and rutile phases, respectively. 

D=
Kλ

β Cos θ
Equation 3.1 

The percentage phase composition for the rutile and anatase phases in the TiO2 nanoparticles, NBAT, and WMAT were calculated 
using Equation (3.2) [46] and are detailed in Table 3. 

wR =
IR

0.884IA + IR
Equation 3.2  

3.6. Morphology of the synthesized nanocomposite powders 

The morphology of the TiO2 nanoparticles, WMAT, and NBAT was assessed using SEM. The micrographs obtained are shown in 
Fig. 7 and include the 2kx, 4kx, and 6kx magnifications. When TiO2 was modified with Ag, the surface texture changed, leading to an 
increase in roughness. This change in surface roughness was directly correlated with the amount of modified Ag nanoparticles. As a 
result, NBAT was discovered to have greater roughness than WMAT. 

The synthesized WMAT and NBAT had different morphologies. In the NBAT, the Ag nanoparticles were tightly packed and evenly 
distributed on the surface of the TiO2 nanoparticles. In contrast, the Ag nanoparticles in the WMAT formed agglomerates on the surface 
of TiO2. This agglomeration resulted from the electrostatic attraction of the layer of WMRE stabilizing agents on the Ag nanoparticles’ 
surface. Similarly, Aminuzzaman et al. [47] synthesized partially agglomerated zinc oxide (ZnO) nanoparticles using Garcinia man
gostana fruit pericarp aqueous extract. They attributed agglomeration to the electrostatic attraction of the layer of biomass on the 
surface of the nanoparticles. According to these findings, comparing chemical and green synthesis shows that chemical synthesis is 

Fig. 6. X-ray diffraction spectra of TiO2 nanoparticles and synthesized nanocomposites, showing the ICSD No. 00-021-1272 and ICSD No. 00-021- 
1276 TiO2 card numbers. 

Table 3 
Weight fraction of rutile and anatase phases in TiO2 nanoparticles, WMAT, and NBAT.  

Sample Rutile fraction (%) Anatase fraction (%) 

TiO2 61.72 38.28 
WMAT 53.08 46.92 
NBAT 53.08 46.92  
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more suitable. The lack of a capping agent in chemical synthesis was anticipated to cause agglomeration. However, this agglomeration 
was only observed when the synthesis was carried out using WMRE. Further research is required to explore the agglomerating effect of 
plant extract capping agents. 

3.7. TEM micrographs for the synthesized nanocomposites 

The TEM micrographs of TiO2, WMAT, and NBAT are shown in Fig. 8, including inserts of higher magnification (50 nm). The 
spherical TiO2 nanoparticles had an average diameter of 152.62 ± 64.11 nm. Notably, they also had a thin irregular layer attributed to 
the presence of Al2O3 coating [22]. This was confirmed by the observed elemental Al in the TiO2 nanoparticles, WMAT, and NBAT 
during EDS elemental analysis (Fig. 5). During commercial synthesis, TiO2 is treated with an Al2O3 layer to enhance photocatalytic 
activity and stability. Furthermore, surface modification with Ag nanoparticles only occurs in areas without the Al2O3 layer [48]. 

Although the Ag nanoparticles were spherical for both synthesis methods, they differed in size. For instance, chemical synthesis 
yielded Ag nanoparticles with an average diameter of 14.87 ± 14.61 nm, whereas green synthesis yielded Ag nanoparticles with an 
average diameter of 7.48 ± 4.06 nm. This pointed to the WMRE efficiency as a reducing and capping agent to form small and highly 
monodisperse Ag nanoparticles. Similarly, Ndikau et al. [6] established that WMRE-mediated synthesis of Ag nanoparticles results in 
smaller and more stable nanoparticles compared to chemical synthesis using trisodium citrate. 

Even though WMRE has been used by Ndikau et al. [6] to synthesize Ag nanoparticles, their modification on TiO2 using WMRE has 
yet to be reported. Ultimately, this work shows that green synthesis of Ag/TiO2 can effectively replace chemical synthesis. Addi
tionally, green synthesis offers the benefits of meeting the principles of green chemistry while resulting in the synthesis of better 
nanoparticles [1,29,49]. Focus is therefore aimed more at evaluating the effects of the synthesis conditions and ensuring the repro
ducibility of green synthesis methods [50]. 

4. Conclusion 

In summary, Ag/TiO2 nanocomposite was successfully synthesized via an aqueous reduction method using the Citrullus lanatus rind 
extract as the reducing and stabilizing agent. The evaluation of the reaction parameters showed that the synthesis process was most 
effective at a temperature of 100 ◦C, a pH of 12, and a reaction time of 45 min. This resulted in the formation of spherical Ag 
nanoparticles with an average diameter of 7.48 ± 4.06 nm, which were deposited on the surface of the TiO2 nanoparticles. This 
uniformity was attributed to the stabilization effects of the C=O functional groups, which were identified using FTIR analysis with an 
absorption peak at 1649 cm⁻1. However, the morphological study revealed some agglomeration in this nanocomposite, which was 
linked to the presence of these functional groups. On the other hand, the chemical synthesis of Ag/TiO2 yielded spherical Ag nano
particles with an average diameter of 14.61 ± 14.87 nm modified on the surface of the TiO2 nanoparticles. Even though both synthesis 

Fig. 7. SEM images of the TiO2 nanoparticles and synthesized nanocomposites at different scales of magnification (2kx, 4kx, and 6kx).  
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methods yielded visible light activity, indicating improved TiO2 photocatalytic activity, green synthesis yielded better visible light 
activity. These results indicate that using Citrullus lanatus rind extract to synthesize Ag/TiO2, an environmentally safe, effective, easy, 
and cost-effective process, could potentially replace chemical synthesis. 
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