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Abstract: Ag/AgCl-TiO2 plasmonic nanocomposites (NCs) are endowed with excellent visible-light photocata-

lytic activity. However, only a few studies investigated environmentally friendly approaches to their synthe-

sis. In this work, Ag/AgCl-TiO2 NCs at five different compositions were prepared in a single-step process by a 

green and cost-effective route, using Satureja khuzistanica Jamzad aqueous extract. The role of the aqueous 

plant extract as a reducing and stabilizing agent, and the formation of the NCs was evidenced by several 

techniques, including FT-IR, EDS, SEM, HRTEM, elemental mapping, and XRD. The morphological analysis 

demonstrated that the NCs formed nanoaggregates with an average size of 30 nm. The synthesized Ag/AgCl-

TiO2 NCs displayed a remarkable photoactivity in the visible light region, as confirmed by the significantly 

higher degradation rates of methyl orange (MO) compared to TiO2. In particular, the 15% Ag/TiO2 molar ratio 
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sample revealed a MO degradation efficiency higher than 99% under visible light, and retained high photo-

catalytic activity even after several degradations runs. Overall, the green, cost-effective, and scalable synthe-

sis of Ag/AgCl-TiO2 NCs herein reported provides a novel, more sustainable strategy for the high-efficiency 

modification of TiO2 photocatalyst in engineering and other environmental applications. 

Keywords: Ag/AgCl-TiO2 nanocomposites; Green synthesis; photocatalysis; Surface plasmonic vibration; Wa-

ter purification  

 
1. Introduction 

Titanium dioxide (TiO2) nanoparticles (NPs) have a wide range of properties, such as easy availability, 

low price, photo-corrosion stability, low toxicity, and appropriate bandwidth range. Therefore, they 

are broadly used as biosensors, gas, and chemical oxygen demand (COD) sensors [1]. In addition, 

the TiO2 NPs photocatalytic activity under sunlight or ultraviolet irradiation yields highly active ma-

terials with high oxidation power, which can eliminate a large part of organic contamination or 

canbe used in photovoltaic cells, electrochromic devices, and polymer-based nanocomposites [2]. 

The TiO2 bandgap (3.2 V for anatase and 3 V for rutile) requires UV light for excitation. However, 

since less than 5% of the solar radiation falls in the UV spectrum, TiO2 should be chemically modified 

in order to adjust its bandgap, thus allowing to increase absorption in the visible region [3]. For this 

purpose, various strategies have been undertaken, such as metal coupling [4–10], or bonding to 

non-metallic elements [11,12] and materials that are sensitive to visible light [13,14]. Doping with 

anions or cations is a viable strategy for extending TiO2 spectral response to the visible region and 

improving its photocatalytic activity [3,15]. This approach enables a more significant portion of the 

solar energy spectrum to be absorbed, and creates a charge trap for electron-hole separation [16]. 

However, doping makes these materials unstable and corrosive, and doping levels are difficult to 

control [17]. Silver halides are commonly used to address this issue [18–22], as although they are 

unstable under sunlight, they can be used as highly stable photocatalysts when mixed with TiO2 [23]. 
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Several methods have been reported for synthesizing Ag/AgX-TiO2 (X=F, Cl, Br, I) nanocomposites 

(NCs) [6,7,24–27]. However, the synthesis process of the heterogeneous Ag/AgCl-TiO2 structure is 

not straightforward, often involving time-consuming, multi-stage methods. Also, the reported sin-

gle-step methods typically use organic solvents and chemicals which are not environmentally 

friendly and possibly harmful to health [25]. All the mentioned reasons pushed scientists to find 

novel eco-friendly pathways for synthesizing Ag/AgCl-TiO2 NCs [28–34].  

Plants are the primary source of active compounds such as polyphenols, terpenoids, tannins, alka-

loids, and polyketides. These compounds can be potentially used in the biosynthesis of Ag/AgCl-TiO2 

NCs as reducing agents of metal cations as well as stabilizers of the final products [35–38]. In this 

regard, Satureja khuzistanica Jamzad is one of the species of the Satureja genus. This wild plant is 

known as “Marze” and has a geographical distribution in the western, northern, and southern Iran 

regions, particularly in the southwestern Zagros Mountains, where is known as a natural healing 

agent with antiseptic and analgesic properties [39]. The phytochemical analysis evidenced the pres-

ence of rosmarinic acid, flavonoids, and terpenoids in S. kuzistanica aerial parts [40–42]. Several 

studies reported that flavonoids and terpenoids can be suitably used as metal-reducing agents 

[35,36,38,43]. On this basis, the present study aimed to develop an eco-friendly, simple, reproduci-

ble, and cost-effective method to replace the conventional chemical processes for synthesizing 

Ag/AgCl-TiO2 NCs with high photocatalytic activity in the visible region. In particular, an S. kuzistan-

ica extract was used to synthesize Ag/AgCl-TiO2 NCs at varying Ag/TiO2 ratios. The resulting NCs 

were then thoroughly characterized in their chemical, morphological, and photocatalytic properties, 

using methyl orange (MO) dye as a model pollutant. 

 

2. Materials and Methods 

2.1. Reagents 
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AgNO3, methyl orange (Mw: 327.33), and NaCl (99% pure) were purchased from Merck. TiO2 nano-

particles (P25 Evonik) were used in the NCs preparation procedure. 

2.2. Preparation of plant extract 

The plant material of Satureja khuzistanica Jamzad was collected from Khorraman Pharma Co. 

(Khorramabad, Iran) in June 2019. Dr. Javad Hadian has identified the plant material (voucher spec-

imen MPH-1582) at Shahid Beheshti University, Tehran. 

Then, 50 g of the dried and powdered aerial parts of S. khuzistanica were mixed with 100 ml of 

double-distilled water and stirred by a magnetic stirring heater at 80 °C for 60 min. The extract was 

filtered and centrifuged at 7,000 rpm and room temperature, and then stored in the fridge for sub-

sequent treatment. 

2.3. Synthesis of silver NPs using S. khuzistanica extract 

1.26 mmol of silver nitrate salt (AgNO3) solution 0.1 M was added to 20 mL of deionized water and 

stirred for 10 min. The S. khuzistanica extract was added to the solution under stirring. The for-

mation of Ag NPs could be seen visually by the change of the solution color from pale yellow to 

reddish-brown.  

2.4. Single-step synthesis of Ag/TiO2 nanocomposite 

TiO2 (1.0 g) NPs were added to 10 ml of double-distilled water and mixed well. Then, 0.62 mmol of 

AgNO3 0.1 M was added to the mixture at 75 °C under stirring. After 10 min, S. khuzistanica extract 

(8 ml) was added dropwise to the mixture under stirring. The final solution changed color from white 

to dark brown when heated. Next, the suspension was mixed well using a magnetic stirrer at 300 

rpm and 75 °C for 10 minutes. The particles were then collected after centrifugation of the solution 

for 10 minutes at 8,000 rpm and room temperature. Finally, the nanocomposite was rinsed two 

times with ethanol and then dried at 50 °C overnight in a vacuum oven. 
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In order to synthesize Ag/AgCl-TiO2 nanocomposites, Ag and AgCl-doped TiO2 NPs were prepared 

by the dropwise addition of five different mole percentage ratios of Ag ions (2%, 5%, 10%, 15%, 

20%) to a TiO2 dispersion (TiO2 (2 g) in 8 ml of deionized water) under stirring at 75 °C (Table 1). 

Subsequently, different volumes (1.6, 4, 8, 12, and 16 ml) of S. khuzistanica extract were added. As 

soon as the color changed from white to dark brown, NaCl's same mole ratio as Ag+ was added to 

each batch, and the stirring continued for another 10 min at 75 °C. The precipitated particles were 

collected by centrifugation at 8,000 rpm for 10 minutes and rinsed two times with ethanol. Finally, 

the nanocomposites were dried overnight in a vacuum oven at 50 °C. In a preliminary investigation 

by this method, five batches of Ag/AgCl-TiO2 NCs (S1-S5) with different mole percentage ratios of 

Ag/TiO2 were synthesized (Figure 1 and Table 1). Among them, sample S4 evidenced the best results 

in terms of photocatalytic activity. Therefore, S4 (Ag/AgCl-TiO2 nanocomposite with a 15% Ag/TiO2 

mol ratio) was selected for further characterization. 
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Figure 1. (a) Schematic of the synthesis process of the Ag/AgCl-TiO2 NC photocatalysts, (b) Synthesized NCs 

and TiO2 dispersed in water. 

 

Table 1. Synthesized NC samples with the corresponding Ag/TiO2 molar and weight ratios. 

Sample Ag/TiO2 ratio 

(mol%) 

Ag/TiO2 ratio (wt%) 

S1 2 2.7 

S2 5 6.7 

S3 10 13.5 

S4 15 20.3 

S5 20 27 

 

2.6. Structural and morphological characterization  

Fourier transform infrared spectroscopy (FT-IR) spectra were acquired by a Thermo Nicolet NEXUS 

870 spectrophotometer (USA) in transmission mode, with a resolution of 4 cm-1 and 16 scans. The 

UV-visible spectra were recorded using a double‐beam Hitachi U-2900 spectrophotometer in the 

range of silver absorption (300-600). 

Morphology and scattering of the particles were explored using scanning electron microscopy-elec-

tron dispersive spectroscopy (SEM-EDX) by means of an FEI ESEM QUANTA 200 (USA) on powder 

samples. Elemental analysis was performed with an EDX system (EDAX Genesis EDS Detector) cou-

pled to the SEM. The sample was placed on conductive adhesive tape and coated with a 10 nm thick 

layer of Au–Pd alloy. Transmission electron microscopy (TEM) and a high-resolution TEM (HRTEM) 

were performed using a 100-kV Philips EM208S and a Tecnai G2 F20 S-Twin TEM devices, respec-

tively. For this purpose, the samples were dispersed in ethanol, sonicated, collected on a copper 

grid (400 mesh) coated with carbon film, and dried. 
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X-ray diffraction (XRD) of the NCs was measured using a Seifert XRD 3003 X-RAY diffraction device. 

The X-ray step size was 0.01°, and XRD patterns were measured over a 20-80° 2θ range, with a 

scanning rate of 2º/min. The average crystalline size (D) was calculated by the Scherrer equation 

using the Origin Pro software.  

D =
𝑲𝑲𝑲𝑲

𝜷𝜷∗𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪
 

 

Where K = 0.94, λ = 0.154 nm, 𝜷𝜷 = half width of the diffraction band (FWHM) and 𝜽𝜽 =

Bragg diffraction angle. 

 

2.7. Investigation of the Ag/AgCl-TiO2 NCs visible light photoactivity 

An aqueous solution of methyl orange (MO) dye (Figure 2) was used to assess the photocatalytic 

performance of Ag/AgCl-TiO2 nanocomposite in the visible light region. Three UV-filtered 4W warm 

white SMD-LED lamps (3750 lux) (ƛ> 400 nm) provided the visible light source. All of the experi-

mental procedures were carried out at room temperature. First, 50 mg of Ag/AgCl-TiO2 sample were 

added to 24.5 ml of water and stirred for 60 min. Next, the resulting mixture was sonicated for 5 

min (Bandelin Sonoplus HD 2070). Then, 0.5 ml of 500 mg/l MO solution were added to the suspen-

sion in the dark, and stirred for about 35–60 min. Finally, the suspensions containing photocatalyst 

and dye molecules were irradiated with visible light for 24 hours and then centrifuged two times at 

10000 rpm for 5 min for the complete separation of solids. Then, the supernatant transparent solu-

tion's absorption spectra were measured at 300-600 nm wavelength using a Hitachi U-2900 UV-Vis 

spectrophotometer. This process was repeated for all five synthesized NCs (S1-S5) and TiO2 samples 

[25]. For each sample, the methyl orange (MO) concentration was determined from the absorption 

peak, and the percent photocatalytic degradation was calculated using the following equation (Fig-

ure 7). 
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Degradation (%) = (1 - (As/Ab)) ×100 

Where Ab is the blank sample (MO) absorption, and As is the sample's absorption. The sample S4 

was reused up to five times after the first photocatalysis cycle, by recovering and filtering the NC 

suspension containing the degraded MO and repeated washing with DI water. 

 

Figure 2. Methyl Orange (MO) chemical structure. 

 

3. Results and discussion 

According to previous studies, several polyphenol compounds, including flavonoids like rosmarinic 

acid, taxifolin, and 7-methoxy luteolin, might be responsible for the chemical reduction of metal 

ions in the synthesis of NCs [41,42,44]. Therefore, according to the presence of similar compounds 

in S. khuzistanica extract, the latter was used as a reducing agent of Ag+ in this work. The synthesis 

of silver NPs using S. khuzistanica extract was monitored by UV-Vis spectroscopy. The absorption 

spectrum of the synthesized Ag NPs in the visible region displayed a peak at 448 nm, related to a 

plasmonic vibration on the Ag NPs surface [45]. Although the reduction mechanism ascribed to the 

extract has not been reported in the literature, the most likely route, including some of the redox 

reactions involving the phenolic constituents of the extract, is shown in Figure 3 [46]. 
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Figure 3. Proposed mechanism for the formation of the Ag NPs using S. khuzistanica extract. 

 

3.1. Chemical characterization of the NCs 

FT-IR spectroscopy was employed to detect specific functional groups of the extract and the 

synthesized NPs. As shown in Figure 4, the FT-IR spectra allowed to rationalize the role of S. 

khuzistanica extract as a reducing agent by identifying the functional groups of compounds such as 

flavonoids, terpenoids, caffeic acids, and tannins [47]. These compounds, particularly flavonoids and 

terpenoids, might reduce their activity by converting phenol groups to aldehydes and carboxylic 

acids [43]. Indeed, in the FT-IR spectrum of the S. khuzistanica aqueous extract (Figure 4a), the broad 

peak at 3000 to 3500 cm-1 is attributed to the stretching vibrations of the hydroxyl groups of 

phenolic compounds [48]. In addition, the peak at 1412 cm-1 corresponds to phenolic C–OH 

stretching vibration [12,48,49]. The other relevant peaks that confirmed the presence of flavonoids, 

triterpenoids, and polyphenols, were at 790 and 893 cm-1, belonging to C–Cl and methyl group (CH3-) 

stretching, 1261 cm-1 attributed to C-O stretching, the amide I peak observed at 1635 cm-1, the peak 

at 2925 cm-1 correlated to methyl C–H asymmetric or symmetric stretching, and finally the peaks at 

3435, and 3743 cm-1 attributed to phenols (O-H group), alcohol, carboxylic acid, and carbonate ion 
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absorption frequencies [47,48,50,51]. Several studies pointed out that amide groups and 

polyphenols can reduce metal nanoparticles, also acting as stabilizing agents for NCs [38,52,53]. In 

this respect, Ghasemi et al. used a mangrove tree extract to synthesize Ag/AgCl-TiO2 NCs. They 

proposed that the plant extract's role as a reducing and stabilizing agent for the synthesis of NCs 

might be due to flavonoids and terpenoids [54]. In TiO2 spectra (Figure 4b), the 530–710 cm-1 bands 

are related to Ti–O stretching vibrations [55]. The framework vibration band of Ti–O/Ti–O–Ti was 

observed at 632 cm-1 [48]. The broad absorptions at 3440 cm-1 were ascribed to OH stretching [56], 

and the peak at 1631 cm-1 is associated with the O-H bending vibrations of the absorbed water 

molecules [57]. The formation of NCs was confirmed by a broad peak at 818 cm-1 observed in both 

Ag/TiO2 and Ag/AgCl-TiO2, attributed to the stretching vibrations fitting the metal-oxygen bonds like 

M–O or O–M–O (M = Ti or Ag) (Figure 4c and d) [30,58]. In addition, the broad band from 450 to 

1025 cm-1 shifted to a higher wavelength in NCs in comparison with the blank TiO2, which might be 

due to the presence of Ag and Ti atoms and the mixing of Ag–O and Ti–O at the molecular level in 

the nanocomposite (Figure 4c and d) [54]. However, the presence of Ag in nanocomposites is hard 

to be noticed by FT-IR spectroscopy because the Ag-O stretching band overlapped with Ti-O 

vibration [30,55,58,59]. 
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Figure 4. Transmission FT-IR spectra of (a) Satureja khuzistanica aqueous extract, (b) TiO2, 

(c) TiO2/Ag, (d) Ag/AgCl-TiO2 (sample S4). 

 

3.2. Visible light-triggered photocatalytic activity of the NCs 

The optical properties of the photocatalytic NCs in this study were proved and compared by methyl 

orange (MO) dye degradation tests (Figure 5) using visible spectroscopy. The purpose of the synthe-

sis of the Ag/AgCl-TiO2 nanocomposites is to enhance the photocatalytic performance of TiO2 in the 

visible light range, so warm white SMD-LED lamps (3750 LUX) (ƛ> 400 nm) were used as a visible 

light source.  
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The role of Ag NPs in Ag/AgCl-TiO2 NCs should be considered to elucidate the methyl orange (MO) 

degradation mechanism. Indeed, the Surface Plasmon Resonance (SPR) effect of Ag NPs improves 

the local inner electromagnetic field and enhances visible light absorption [6,20,60,61].  

 

 

Figure 5. The visible appearance of the MO dye degradation tests of the Ag/AgCl-TiO2 NCs. 

 

As shown in Figure 6, the excited electrons emitted from the plasmon-excited Ag NPs could shift to 

both the Conduction Band (CB) of TiO2 and AgCl at the Ag/TiO2 and Ag/AgCl interface [62]. In the 

case of Ag/AgCl-TiO2 NCs, due to the less negative conduction band (CB) edge of TiO2 (-0.10 V vs. 

NHE) compared to AgCl (-1.2 V vs. NHE), the excited electrons are conducted to the CB of TiO2 instead 

of AgCl [63]. Therefore, photoexcited electrons could shift from AgCl and Ag CB to TiO2 CB, trapped 

there by the excitation of O2 and other oxidative agents to O2- and/or ·OH, that are mainly respon-

sible for the MO degradation [6,64]. On the other hand, a hole shifts from the Ag Valence Band (VB) 

to AgCl because the negative charge could induce the oxidation of Cl- ions to Cl radical with high 
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oxidation ability [22,61]. The chlorine radical could then oxidize the MO dye, thereby restoring chlo-

ride ions (Figure 6) [65]. It is to underline that the thorough elucidation of the degradation mecha-

nism and the main active species during the photocatalytic degradation of MO would require ESR 

experiments. 

 

 

Figure 6. Photocatalytic mechanisms of Ag/AgCl-TiO2 under visible light. 

 

To evaluate the MO degradation rate, the absorption peak of MO at 464 nm was measured in all 

five NC samples (S1-S5) and TiO2 nanoparticles after irradiation under visible light for 24 h (Figure 

7a). The results evidenced that the photocatalytic activity of S4 was remarkably higher than that 

measured for the other samples, while about 25% MO degradation was noted for undoped TiO2. 

This was likely due to the optimal amount of Ag, which could adequately improve the dynamical 

electron transfer between Ag and TiO2, and reduce the electron-hole recombination in Ag/AgCl/TiO2 

[27]. Indeed, the NCs' photocatalytic activity directly depends on the amount of Ag NPs interacting 

with TiO2, principally because transferring electrons from these non-contact Ag NPs to TiO2 can be 
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very challenging [25]. Indeed, the accumulation of Ag NPs inhibits light absorption and decreases 

photocatalytic activity [25]. In other words, in Ag/TiO2 system, the transfer of the electrons from 

the Ag NPs to the CB of TiO2 can corrode the Ag nanoparticles and induce the formation of Ag+, 

making this system unstable [63]. Therefore, AgCl, as the third component in the Ag/AgCl-TiO2 triple 

nanocomposite, prevents the photo corrosion of the nanoparticles and the oxidation of silver ions, 

improving the stability of the whole system [64]. The studies concluded that Ag/AgX-TiO2, X (F, Cl, 

Br, I) is a highly stable photocatalyst when irradiated by visible light, and the silver halides are easily 

decomposed, forming silver metal when exposed to light [65,66]. 

 

Figure 7. (a) Percent degradation rate of MO by using five different samples of Ag/AgCl-TiO2 NCs; (b) Photo-

catalytic stability of S4 (reported values correspond to the mean ± standard deviation, n=3.) 

 

These photocatalysts were reusable after simple filtering and washing with DI water. In particular, 

the photocatalytic stability of S4, with an Ag/TiO2 molar ratio of 15%, was monitored. The result 

showed that S4 could maintain high visible-light photocatalytic activity even after five successive 

runs (each cycle lasted 24 h under visible light) (Figure 7b).  
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3.3. Structural and morphological analysis of the Ag/AgCl-TiO2 NCs 

Since S4 (the Ag/AgCl-TiO2 nanocomposite with a 15% Ag/TiO2 mol ratio) yielded the best results 

regarding photocatalytic activity, the latter was selected to carry out a more detailed structural and 

morphological characterization. By studying the XRD pattern of the Ag/TiO2 NP sample (Figure 8b), 

the diffraction peaks of the TiO2 anatase phase defined by T could be observed (Figure 8a, JCPDS file 

no: 21-1272) [67]. The other peaks at 2θ = 37.3° and 62.2° (labeled with A) are attributed to the Ag 

cubic phase (JCPDS file no: 65-2871) [68]. In the S4 XRD pattern, other peaks at 2θ of 27.2°, 31.8°, 

45.7°, 54.6°, 57.1°, 68.4°, and 74.6° (identified with C) are associated with AgCl crystal cubic phase 

(JCPDS no. 85-1355) [69] (Figure. 8c). According to a previous study, other small peaks might be 

associated with the diffraction of impurities or other phases such as AgxO, which were hard to be 

identified [54]. 
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Figure 8. XRD patterns of: (a) anatase TiO2, (b) Ag/TiO2 NPs, and Ag/AgCl-TiO2 NPs (sample S4). 
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Using the Scherrer equation, full width at half maximum (FWHM) and average crystalline size (D) of 

Ag/AgCl-TiO2 NCs particles were obtained from the XRD patterns. As shown in Table 2, Ag/AgCl-TiO2 

NCs particle sizes were 19 to 37 nm, with an average size of 22 nm. 

 

Table 2. FWHM and average crystalline size (D) of Ag/AgCl-TiO2 NC particles. 

peak position 
(2θ, °) 

FWHM size(nm) 

24.9 0.43 19.8 
31.0 0.23 37.9 
45.8 0.26 34.4 
47.6 0.57 15.9 
53.6 0.79 11.7 
62.4 0.735 13.2 

 

EDX analysis of S4 provided elemental identification of Ag/AgCl-TiO2 NCs. As shown in Figure 9a, the 

atomic percentages of O, Ti, Ag, and Cl elements of S4 were 61.17, 32.87, 3.88, and 2.09, respec-

tively. Given the atomic percentages of Cl and Ag in the sample, it might be that not all silver ions 

were converted to AgCl, and both Ag0 and AgCl were simultaneously present. The atomic percentage 

of Cl was due to AgCl NPs, and the percentage of Ag was related to Ag, and AgCl NPs formed on TiO2. 

The two times higher percentage of oxygen to Ti indicated the TiO2 existence. The atomic ratio of 

Ag to Ti was 11.8, slightly lower than the nominal Ag/TiO2 ratio reported in Table 1 (15%), indicating 

that about 20% of the added AgNO3 did not react, and was washed out in the purification steps.  

Elemental mapping images investigated the element scattering in Ag/AgCl-TiO2 NPs (S4). The result 

showed that Ag and AgCl nanoparticles were homogeneously distributed on the surface of TiO2 NP-

aggregates (Figure 9b). 
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Figure 9. (a) EDX spectrum, (b) EDX elemental mapping), and (c) Field Emission Scanning Electron Micros-

copy (FESEM) image of S4. 

 

The SEM images of S4 showed a particulate morphology, with roughly spherical particles having 

sizes on the order of micrometers (Figure 9c). However, higher magnification image demonstrated 

that the latter were constituted by aggregated primary nanosized particles of about 20 nm. This 

finding was in accordance with the XRD results and indicated that the formation of micron-sized 

particles takes place by an aggregative nucleation and growth mechanism occurring during the syn-

thesis process, as known for conductive nanocomposites [70]. 

The particle size and the morphological arrangement of Ag/AgCl-TiO2 nanocomposites were further 

studied using TEM microscopy (Figure 10a). The dimensional analysis of the TEM morphograph of 

S4 indicated an average size of nanoparticles of about 35 nm, in accordance with the data gathered 

by SEM and XRD (Figure 10e)).  

AgCl, Ag, and TiO2 crystal planes were observed in a high-resolution TEM morphograph of the S4 

sample (Figure 10b). The lattice distance of 0.23 nm was attributed to the (111) plane of cubic Ag, 
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0.32 nm was related to the (111) plane of cubic AgCl, and 0.35 nm was associated with the (101) 

plane of TiO2 anatase. Thus, the measured lattice spacing from different regions further corrobo-

rated the formation of the nanocomposite structure. Figure 10c displays the selected area electron 

diffraction (SAED) pattern of Figure 10b, and the diffraction rings are related to the different diffrac-

tion planes of TiO2, AgCl, and Ag crystals. Finally, high-angle annular dark-field (HAADF) images en-

abled to clearly distinguish silver-containing structures (Ag0 and AgCl) from Ti because a heavy ele-

ment such as Ag gives a bright image contrast. In contrast, a lighter element such as Ti gives a gray 

image contrast (Figure 11d)) [54,71]. 
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Figure 10. (a) Bright-field TEM, (b) HRTEM, (c) SAED pattern, (d) HAADF-STEM, and (e) average nanoparti-

cles size distribution histogram of S4 NCs. 

 

4. Conclusion 

A single-step process was developed to synthesize environmentally-friendly plasmonic Ag/AgCl-TiO2 

nanocomposites, using a green and safe technique, solely using Satureja khuzistanica Jamzad aque-

ous extract as a reducing and stabilizing agent. The plant extract's role was confirmed by the pres-

ence of peaks of flavonoids, triterpenoids, and polyphenols in FT-IR spectra. In addition, several NC 
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formulations at different Ag/TiO2 molar ratios were successfully prepared, showing remarkable cat-

alytic activity in the visible-light triggered degradation of methyl orange. 

XRD, SEM, and TEM observations revealed the nanoaggregate morphology of the NCs, with primary 

particles having an average size of about 25 nm. Besides, elemental mapping of the sample showed 

an even distribution of Ag and AgCl NPs on the surface of TiO2. Furthermore, Ag nanoparticles' sur-

face plasmonic resonance effect on the visible-light absorption evidenced that Ag NPs play a crucial 

role in improving TiO2 photocatalytic performance by significantly increasing the photocatalyst ac-

tivity and stability. Indeed, the Ag/AgCl-TiO2 nanocomposite with a nominal 15% Ag/TiO2 molar ratio 

exhibited outstanding performance, as it degraded 99% MO after 24 h visible-light irradiation, while 

retaining high photocatalytic activity even after five degradation runs. 

The green and easily scalable synthetic route of Ag/AgCl-TiO2 NCs described here provides a feasible 

approach for preparing high-efficiency TiO2-based photocatalysts in engineering and environmental 

applications. 
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