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Abstract

:

In this study, silver/silver oxide nanoparticles (Ag/Ag2O NPs) were successfully biosynthesized using Phoenix dactylifera L. aqueous leaves extract. The effect of different plant extract/precursor contractions (volume ratio, v/v%) on Ag/Ag2O NP formation, their optical properties, and photocatalytic activity towards azo dye degradation, i.e., Congo red (CR) and methylene blue (MB), were investigated. X-ray diffraction confirmed the crystalline nature of Ag/Ag2O NPs with a crystallite size range from 28 to 39 nm. Scanning electron microscope images showed that the Ag/Ag2O NPs have an oval and spherical shape. UV–vis spectroscopy showed that Ag/Ag2O NPs have a direct bandgap of 2.07–2.86 eV and an indirect bandgap of 1.60–1.76 eV. Fourier transform infrared analysis suggests that the synthesized Ag/Ag2O NPs might be stabilized through the interactions of -OH and C=O groups in the carbohydrates, flavonoids, tannins, and phenolic acids present in Phoenix dactylifera L. Interestingly, the prepared Ag/Ag2O NPs showed high catalytic degradation activity for CR dye. The photocatalytic degradation of the azo dye was monitored spectrophotometrically in a wavelength range of 250–900 nm, and a high decolorization efficiency (84.50%) was obtained after 50 min of reaction. As a result, the use of Phoenix dactylifera L. aqueous leaves extract offers a cost-effective and eco-friendly method.
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1. Introduction


Plant extract synthesis is a modern area of biotechnology that is economically and environmentally beneficial as an alternative to chemical and physical methods that contain part of the hazard to the environment [1,2]. It is a relatively new scientific field that adopts engineering nanoparticles ranging from metals, metal oxides, and hybrids [3,4,5]. This approach is biologically safe, non-toxic, and environmentally friendly, as natural plant extracts are typically used [6,7]. The biomolecules present in the plant extract can reduce metal ions to nanoparticles (NPs) in a single-step green synthesis process [6,8]. The plant-extract reduction of this metal ion to base metal is very rapid, is easy at room temperature and pressure, and is easily scaled up [9]. The synthesis mediated by plant extracts is environmentally friendly. The reducing agents involved include various water-soluble plant metabolites (alkaloids, phenolic compounds, terpenoids, etc.) and co-enzymes. Ag NPs have become a particular focus of plant-based synthesis. Extracts from various plant species are used to prepare Ag NPs [9].



Among metal oxides, silver oxide (AgOx) has received a great deal of attention as it may be used in several areas, including the synthesis of nanoscale electronics, improved surface Raman properties, and more [10]. Various accessible compositions of silver oxides include Ag2O, Ag2O3, AgO, and Ag3O4. Ag2O semiconductors exist in various forms, with a reported bandgap ranging from 1.2 eV to 3.4 eV [11]. Due to its photosensitivity and instability under irradiation, Ag2O not only functions as a co-catalyst but is also often used as a major photocatalytic material [12,13]. Ag2O NPs can be prepared by combining aqueous AgNO3 solutions and alkali hydroxide [14]. The Ag2O NPs are also used as a mild oxidizing agent in organic synthesis; they oxidize aldehydes to carboxylic acids. Recently, researchers have made a great effort to synthesize Ag and Ag2O NPs by various chemical reagents [15,16]. Various methods that can be used to synthesize Ag NPs include chemical reduction [17], electrochemistry [18], laser ablation [19], electron irradiation [20], gamma irradiation [21], photochemical methods [22], Langmuir–Blodgett [23], and synthetic biological methods [24]. However, these methods usually use either expensive or toxic chemicals (e.g., reducing agents and stabilizers). Additionally, the residual by-products may make Ag and Ag2O NPs unsuitable for biomedical applications, while differential responses of Ag and Ag2O NPs might be normal due to different synthesis methods and affectability of various cell types. Research has detailed the inhibition of cell practicality in the 25–50 μg/mL range for Ag NPs in an immediate correlation of normal human fibroblasts and glioblastoma cells [25].



Silver-based nanocatalysts, such as silver halides (AgCl, AgBr, AgI) [26], carbonates (Ag2CO3) [17], phosphates (Ag3PO4) [27], chromates (Ag2CrO4), oxides (Ag2O), sulfides (Ag2S) have shown the ability to decompose organic pollutants into final products (CO2, H2O, etc.) under visible light irradiation. Ag2O is regarded as a promising candidate due to its unique electronic structure, crystal, and band structure. Ag2O generally exhibits a narrow direct bandgap of 1.2–1.4 eV. Assuming a bandgap of about 1.4 eV, the edge positions of the valence band and conduction band are determined to be 0.09 and 1.49 eV, respectively [28]. Previously, under the induction of fluorescence, Ag2O has succeeded in decolorizing an aqueous solution of anionic dyes (methyl orange) at a rate constant of 0.023 min−1, demonstrating its photocatalytic efficiency [12]. Visible light-induced dye degradation has aroused great interest, and some research groups have reported the use of metal oxides to degrade azo dyes (e.g., methylene blue (MB)) effectively [29]. Comparative studies on the photocatalytic degradation of visible-light-induced MB using different metal oxide catalysts have shown their rate constants. Recently, a research team successfully synthesized Ag2O NPs using the green combustion method. These NPs were then used to evaluate the photocatalytic degradation of azo dye (Acid orange 8) under UV light irradiation with a degradation efficiency of 70% [30]. Shah et al. [31] examined the photocatalytic activity of the synthesized Ag2O NPs by applying an environmentally friendly solution (P.emodi’s fresh leaf extract). Within 180 min, the Ag2O NPs used UV-light to degrade 97.8% of MB dye with a rate constant of 0.0214 min−1 [31]. Ying and others used the manufactured Ag2O NPs for photocatalytic-assisted adsorption to remove azo dyes such as Congo red (CR). The results illustrate the regeneration of Ag2O NPs after the complete photodegradation of the CR dye within 35 min under visible light irradiation. According to the Langmuir equation, the dye adheres to pseudo-second-order kinetics [32].



Azo dyes are the most widely used dyes in the textile industry. However, the degree of azo dye’s exhaustion onto textile products is never complete [33]. About 15–20% of the total azo dye is discharged into the industry effluents, harming the environment [34]. It is worth mentioning herein that the biodegradation of azo dyes is difficult due to their complex structure and synthetic nature. Azo dyes are exceptionally toxic and conceivably carcinogenic [35,36] and may cause different infections in animals and people [36,37]. Therefore, azo dye’s removal from industry effluents is desirable for aesthetic reasons and because the azo dye products are highly toxic to aquatic life and mutagenic to humans [25].



This study investigates an efficient and sustainable route of Ag/Ag2O NP preparation from aqueous AgNO3 using Phoenix dactylifera L. aqueous leaves extract. The effect of different plant extract/precursor contractions (volume ratios % v/v) on Ag/Ag2O NP formation and their optical properties and catalytic activity towards CR and MB dyes degradation were investigated. The synthesized Ag/Ag2O NPs were characterized by ultraviolet–visible spectroscopy (UV–vis), scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR) to determine the properties of the bioactive ingredients (capping agent) in each leaf extract [38]. CR is a benzidine-based anionic diazo dye with two azo bonds (-N=N-) chromophores in the molecule [39]. CR and MB dyes were selected for this study because they are the most common azo dyes used in the textile industry. This class of dyes is known to be metabolized to human carcinogens and mutagens, benzidine. Therefore, its use is banned in many countries due to its structural stability; it has high toxicity [40]. This study evaluates the biodegradable and detoxifying effects of Ag/Ag2O NPs on CR and MB dye degradation under different reaction times.




2. Results and Discussion


2.1. Crystal Structure and Composition


The effect of Phoenix dactylifera L. aqueous leaves extract on the obtained powder of Ag/Ag2O was investigated using various structural and morphological analyses. XRD analysis of the biosynthesized Ag/Ag2O NPs at different volume ratios (Ag ions solution:extract) is shown in Figure 1a. Bragg reflection peaks in all patterns located at 2θ values of 38.16°, 44.34°, 64.57°, and 77.60° correspond to (111), (200), (220), and (311) planes of metallic Ag based on the face-centered cubic structure (JCPDS, file No. 04-0783) [41,42], whereas the peaks at 2θ values of 26.90°, 32.69°, 37.94°, 54.90°, 65.54°, and 69.00° are related to (110), (111), (200), (220), (311) and (222) planes of Ag2O face-centered cubic crystalline (JCPDS, file No. 01-076-1393) [43]. The crystallite size of the synthesized NPs was estimated, selecting the peak of highest intensity situated at a 2θ value of 38.16° and 32.69° for Ag nanocrystals and Ag2O nanocrystals, respectively, using the Scherrer formula [44]. Table 1 shows that the crystallite size is affected by the volume ratio. It is noteworthy that increasing the volume ratio from 1:30 to 1:40 did not significantly affect the Ag/Ag2O NPs crystallite size. On the other hand, increasing the volume ratio from 1:40 to 1:50 decreased the crystallite size of Ag/Ag2O significantly from 37.71 nm to 28.66 nm. From Figure 1a, it can be noted that the higher the intensity of the peaks, the greater the size of the crystals, and this supports the idea that the more it decreases the volume ratio between plant extract/precursor silver contraction (v/v%), the greater the size of the crystals; the decrease in crystallite size by increasing the amount of surfactant (plant extract) ratio has also been reported previously [45].



FTIR analysis (Figure 1b) was carried out to identify the potential presence of reducing and stabilizing biomolecules in the Phoenix dactylifera L. extract on the surface of the Ag-Ag2O. The resultant FTIR spectra exhibited several absorption bands corresponding to the functional groups of the biomolecules existing in the plant extract. Five main absorption bands were observed: the broadband centered at 3340 cm−1 is assigned to O–H stretching vibrations [46], and the intense band at 1650 cm−1 is due to C=O stretching and N–H bending vibrations of the primary amides group, which is commonly found in the protein [47]. The absorption bands situated around 1740 and 1364 cm−1 correspond to the stretching vibrations of C=C, C–C, and C–O of the aromatics cycles [48]. The band 1204 cm−1 is assigned to the nitro banding N-O vibrations and C-O-C stretching vibrations of the aromatic ring [49]. Besides, the band located at 650 cm−1 corresponds to C–H bending vibrations out of the plane [50]. In addition, the Ag–O bond vibration band is observed at 625 cm−1 [51]. The FTIR results show that Phoenix dactylifera L. extract contains many different functional groups, such as carboxyl, carbonyls, amides, and phenols, serving as bioreducing and capping agents for Ag/Ag2O synthesis [52]. These groups have a critical role in interactions and binding between Ag and the extract molecules and stabilizing the final product [53].




2.2. Particle Size and Morphology


SEM was used to study the formation of Ag/Ag2O NPs and their morphological size. Figure 2 shows the SEM images of the synthesized Ag/Ag2O NPs with different volume ratios: 1:30 P/Ag, 1:40 P/Ag, and 1:50 P/Ag. The Ag/Ag2O NPs were oval and spherical in shape. A similar phenomenon has been reported in previous studies [54,55]. Most of the Ag/Ag2O NPs were aggregated, and a few individual particles were also observed. Finally, shown in Figure 2b,d,f is the average particle size distribution of Ag/Ag2O NPs, mainly around 100 nm.




2.3. UV–Visible Spectroscopy and Bandgap


When light strikes the Ag/Ag2O NPs, they are excited and exhibit a strong absorption band in the visible light region. This happens when the frequency of the electromagnetic field resonates with the motion of coherent electrons. This is called surface plasmon resonance (SPR) absorption. This feature makes UV–vis spectroscopy the most used method for determining the success of Ag/Ag2O NPs production. The colloidal solution of the as-prepared Ag/Ag2O and the plant extract were analyzed using UV–vis spectroscopy (Figure 3a). Accordingly, the plant extract spectrum exhibited two peaks at 275 and 320 nm. Meanwhile, the Ag/Ag2O spectra revealed a common peak in all the samples (1:30 P/Ag, 1:40 P/Ag, 1:50 P/Ag) situated at 430 nm. This peak corresponds to the characteristic surface plasmon resonance absorption band of Ag/Ag2O [56,57].



Reducing the amount of AgNO3 to Phoenix dactylifera L. extract shifts the SPR band to 275 nm and 320 nm, respectively. The blueshift of the SPR band is due to a size-dependent phenomenon called quantum confinement, the formation of smaller Ag/Ag2O NPs. Additionally, as the concentration (1:30 P/Ag, 1:40 P/Ag, 1:50 P/Ag) of the Phoenix dactylifera L. extract increases, the SPR band becomes narrower. The increase in strength may be due to an increase in the number of Ag/Ag2O NPs formed by the decrease in Ag+ ions in an aqueous solution. The increase in peak intensity may also be due to an increase in the number of Ag/Ag2O NPs formed by the decrease in Ag+ ions in an aqueous solution. In general, the optical bandgap of a semiconductor can be determined by plotting the relationship between the absorption coefficient and the photon energy. This can be estimated using Tauc’s formula (Equation (1)) [58,59]:


   (  α h v  )  = K   ( h v −  E g  )  n   



(1)




where hυ is the incident photon energy, α is the absorption coefficient, K is a constant, Eg is the optical bandgap in electron volts (eV), and n is an exponent that can take different values depending on the nature of the electronic transition, i.e., n = 2 for direct transition, and n = 1/2 for indirect transition, as shown in Figure 3b,c [59,60,61,62]. The Urbach energy designates the width of the band tails of the localized states. The Urbach energy   E u  , is determined from the slope of the linear part of the plot of   ln a   versus photon energy (Figure 3d) [63]. The results of the estimated Urbach energy values of the samples are listed in Table 1.


  ln a =   h v    E u    +    constant    ( ln  a 0  )  



(2)







To date, several methods have been reported for Ag NPs and Ag2O NP synthesis [64]. These have led to the technological development of relatively inexpensive Ag NPs and Ag2O NPs, but they require various chemicals that can affect the environment. Ag2O NPs can be synthesized by combining aqueous AgNO3 and alkali hydroxide (Ag+ + OH− →AgOH). This reaction does not afford appreciable amounts of AgOH due to the favorable energetics for the following reaction: 2 AgOH → Ag2O + H2O (pK = 2.875). The synthesis of Ag2O NPs mediated by plant extracts is still unknown. The formation of Ag NPs and Ag2O NPs can also be mediated by polyphenols present in plant extracts. In this study, the green synthesis of Ag/Ag2O NPs was developed using aqueous leaves extracts of Phoenix dactylifera L. The phytochemical screening of Phoenix dactylifera L. leaves extract indicates the presence of polyphenols, flavonoids, and condensed tannins [65]. Total phenolics (2.78 ± 0.74 mg CAE/g plant extract), total flavonoids (22.84 ± 4.54 mg QE/mg plant extract), and condensed tannins (<1 mg CE/mg plant extract) [66,67,68] were calculated. The main role of the extract is to act as a reducing and capping agent to prevent the particles’ growth. These bioactive compounds contain hydroxyl (−OH) and ketonic (−C=O) groups that bind to the bulk metal Ag+ ion and reduce/cluster them to AgOH/Ag0 with a few nanometers size [69]. The concentration of Ag/Ag2O clusters in solution increased until it reached the supersaturation and, finally, reached the critical concentration of nucleation [19]. After that, the spontaneous nucleation of AgOH/Ag NPs occurred, and over time, many AgOH/Ag nuclei were formed, after which they grow into polydisperse spheres. As the reaction progresses, these spheres NPs grow to 80–120 nm size, where the hydroxyl (−OH) and ketonic (−C=O) groups present act as reducing agents and stabilizing agents in the synthesis of Ag/Ag2O NPs. AgOH is very unstable due to the high electronegativity of Ag+ and the different sizes of Ag+ and OH− ions; it is readily oxidized to Ag2O upon drying. This may be the reason for the conversion existence of Ag2O in the prepared NPs instead of AgOH. In the existing literature, Ag2O NPs can be further reduced to Ag NPs [64], and in other experiments in our present work, we observed that the Ag2O phase is stable, and a complete reduction to metallic Ag was not observed. In our study, both Ag and Ag2O were detected.




2.4. Photocatalytic Activity of Ag/Ag2O NPs for Azo Dye Degradation


Upon applying optimal experimental conditions, an 80% degradation rate achieved within 60 min was observed in Figure 4a,b. The following formula calculates the degradation efficiency [70,71,72,73]:


   Degradation   ratio     ( % )  =    C 0  −  C t     C t    × 100  








where    C 0    is the initial concentration of CR, and    C t    is the immediate concentration.



To determine the dye degradation kinetics of CR, the relationship between ln (C0/Ct) and irradiation time was plotted (as shown in Figure 4c). It is found that under the catalysis of the silver/silver oxide nanocatalyst, the degradation reaction of CR obeys the first-order reaction kinetics [74,75]. Figure 4c shows a graph of ln (C0/Ct) versus time, which helps one to understand the catalytic performance of biosynthetic Ag NPs. By plotting the relationship between ln (C0/Ct) and time, the kinetic parameters of CR dye degradation under optimal reaction conditions were studied. As shown in Figure 4c, a linear relationship between ln (C0/Ct) and time and the reaction follows pseudo-first-order kinetics. Therefore, the reaction rate is determined by ln (C0/Ct) = Kapp. T, where C0 and Ct are the concentration or absorbance of CR dye before and after degradation, Kapp is the apparent rate (min−1). The apparent rate constant (kapp) value is calculated from the straight-line slope using the above formula kapp = 0.01151 min−1 [76]. The results further prove that the Ag/Ag2O catalyst exhibits good photoreactivity, confirming the corresponding degradation efficiency [77].



The catalytic hydrolysis of the MB dye in the presence of sodium borohydride (NaBH4) was examined, which is another typical reaction to confirm the catalytic activity of Ag/Ag2O NPs and MB. The stimulation was monitored by UV–vis spectroscopy (Figure 5a). By adding Ag/Ag2O NPs as compounds to the reaction mixture, the catalytic reduction of the dye took place immediately. The strong blue color of the MB solution faded and became colorless after 8 min during the degradation process. The initial absorption peak at 663 nm gradually decreased over time, confirming the catalytic activity of the composite Ag/Ag2O NPs. The calculated degradation percentage as a quantitative expression of degraded dyes is shown in Figure 5b. The presence of amide groups of Ag/Ag2O NPs in transferring electrons from BH4− anions to MB cations increased with increasing time, similar to the previously reported micro-Ag/Ag2O NPs [78,79,80,81,82,83,84].



The addition of biosynthetic Ag/Ag2O NPs improves the reduction process (the dye degrades up to 84.50% in 50 min). The analysis of the degradation reaction kinetics data showed pseudo-first-order reaction kinetics. The reaction rate is determined by ln (Ct/C0) = −Kapp.t, where C0 and Ct are the concentration or absorbance of MB dye before and after degradation. The slope of the curve determines the kapp (min−1) value. The linear graph of ln (Ct/C0) versus time (Figure 5c) supports the kinetic theory, where the k value is 0.137 min−1 [85].



The photocatalytic execution was evaluated by the bandgap, the oxidation capability of photograph-created openings, and the partition viability of photogenerated electrons and openings. The electronic structure and optical properties of Ag2O NPs were studied by hybrid density functional theory, reported earlier [86,87]. Bandgaps of the as-prepared Ag/Ag2O NPs were around 2.07–2.86 eV, which were enough for photocatalytic degradation of organic pollutants. The conduction bands of Ag2O NPs were mainly attributed to Ag 5s and 5p states, while the valence bands were dominated by O2p and Ag 4d states. Past reports demonstrated that Ag2O is flimsy under visible-light illumination and deteriorates into metallic Ag during the photocatalytic decay of natural substances.



Notwithstanding, after the fractional in situ development of Ag on the outside of Ag2O, the Ag/Ag2O NPs can function as a steady and proficient visible-light photocatalyst (Figure 6; CB: conduction band, VB: valence band, e−: electrons, h: holes) [12]. In view of this assumption, we endeavored to research the photocatalytic execution of Ag/Ag2O under fluorescent-light and visible-light irradiation in this examination. Besides, the stability and rehashed photocatalytic effectiveness of the Ag2O photocatalyst were examined. Under UV light, Ag NPs outside the Ag2O NPs upgraded the exchange of photogenerated electrons, delaying the charge carriers’ lifetime (Figure 6a).



The Ag NPs framed on the outside of Ag2O NPs brought about the photo-activation of the catalyst in the visible range. The Ag2O NPs can gather noticeable light because of the small bandgap. Under the visible light irradiation, a couple of electrons (e−) in the conduction band (CB) and a hole (H+) in the valence band (VB) could be made on Ag NPs because of the surface Plasmon reverberation. Under visible light, the valance electron was moved from plasmonically energized Ag NPs to the conduction band of Ag2O NPs, the supposed Schottky intersection impact (Figure 6b).



CR comprises two phenyl rings attached to two naphthalene terminal pads containing amino and sulfonic gatherings. CR dye is a harmful and cancer-causing metabolite; CR dye is utilized in enterprises such as paper and elastic ventures and causes malignant bladder growth in people. Thus, its decrease is a significant issue because of its high natural harmfulness. The synergist debasement of CR was observed by biosynthetic Ag/Ag2O under different trial conditions. The CR fluid arrangement shows two tops at 340 nm and 490 nm in the UV–vis locale, which ties to the azo (-N=N-) bond. During the CR decrease measure, azo bonds in the color particle break down and produce different fragrant amine items (sodium 4-amino-1-naphthalene sulfonate and 1,1′-Biphenyl). The CR dye molecules cannot be diminished in the fluid medium within the presence of NaBH4 as the lessening specialist since this response is thermodynamically reachable yet is not dynamically conceivable. NaBH4 acts as an electron donor to Ag/Ag2O NPs. The NPs are the electron carrier from BH4− (the donor) to the dye (the acceptor). BH4− ions are nucleophilic, while the dye is electrophilic in nature concerning NPs, where the Ag NPs accept electrons from BH4− ions and transferring them to the dye [88]. Consequently, the utilization of Ag/Ag2O NPs as nanocatalysts offers help and a pathway through the exchange of electrons between the beneficiary (CR dye) and the giver (borohydride particle, BH4−). Furthermore, the Ag/Ag2O NPs give an appropriate surface to restricting CR particles and borohydride particles (BH4−1) to associate with one another to shape decay items. A conceivable disintegration system for CR outside Ag/Ag2O NPs is introduced in Figure 6 [74,84].





3. Materials and Methods


3.1. Materials and Reagents


Silver nitrate (AgNO3, 98%, VTRS Laboratory), distilled water, and the leaves of Phoenix dactylifera L. (collected from local fields in El Oued, Southeast of Algeria in autumn 2020) were used to synthesize Ag/Ag2O NPs. CR and MB dyes were supplied from LOBA CHEMIE, India. In addition, Merck supplied sodium borohydride 90% (NaBH4).




3.2. Preparation of the Plant Extract


The leaves of Phoenix dactylifera L. were washed by distilled water, dried for 12 days in a shaded place at room temperature, and then crushed to obtain a fine powder. An amount of 10 g of powdered Phoenix dactylifera L. leaves were added to 100 mL of distilled water into a 250 mL glass beaker to prepare the extract [8,66,89,90]. The mixture was stirred stably at room temperature for 24 h. After that, the extract was filtered with filter paper (Whatman No: 42) and stored in a glass container at 4 °C for further use (maximum storage was 1 month in dark conditions).




3.3. Biosynthesis of Ag/Ag2O Nanoparticles


Ag/Ag2O NPs were synthesized by adding different volume ratios (v/v %) of plant extract to silver nitrate solution (1 mM AgNO3) (1:30, 1:40, and 1:50). Briefly, 1 mL of leaf extract was added to 30, 40, or 50 mL of 1 mM AgNO3 aqueous solution in a 250 mL Erlenmeyer flask, stirred at 150 rpm at room temperature for 2 h, and the bioreduction of Ag+ to Ag was confirmed by the color change to brown after 5 min. The solid product was centrifuged at 3000 rpm for 15 min, and the remaining Ag/Ag2O NPs were washed with distilled water and dried in an oven at 100 °C for 24 h [91]. The dry powder was annealed at 500 °C for 3 h in the air atmosphere to fully crystallize the Ag/Ag2O NPs and remove the remaining organic compounds from the plant extract [92,93].




3.4. Characterization of Ag/Ag2O Nanoparticles


The crystalline structure of the synthesized NPs was obtained using an X-ray diffractometer (XRD, Rigaka Miniflex 600) and Cu-Kα radiation with a wavelength of 0.15406 nm in 2θ range 10–80°. The shape and morphology of the synthesis Ag/Ag2O NPs were confirmed by scanning electron microscope (SEM-TESCAN VEGA 3) at an accelerating voltage of 10 kV. Fourier transform infrared (FTIR) measurements of leaf extract and green synthesis Ag/Ag2O NPs were performed by a Nicolet iS5 (Thermo Fisher Scientific) to identify the functional groups carried out a range of 4000 to 400 cm−1. The optical characteristics of Ag/Ag2O NPs were analyzed using a UV–vis spectrophotometer (Shimadzu −1800). The measurement was recorded at the temperature in the wavelength region of 300 to 900 nm. The stability of Ag/Ag2O NPs was followed by UV–vis spectrometric measurements using a quartz cell and distilled water as a blank solution.




3.5. Photocatalytic Degradation of Congo Red and Methylene Blue


The catalytic degradation of dyes is a heterogeneous catalytic reaction with reactants in the aqueous phase (Azo dye in solution) and solid phase catalyst (Ag/Ag2O NPs). Thus, these surface-catalyzed reactions occur by a reaction between azo dye molecules adsorbed at the catalyst’s surface.



Ag/Ag2O NPs were used for the catalytic degradation of CR in the presence of sodium borohydride (NaBH4) at room temperature. The sample (1:50 P/Ag) was chosen for further photodegradation studies, as it showed the best structural and morphological characteristics based on the techniques used. Firstly, 2.5 mL of diluted CR was analyzed by UV–vis spectroscopy and appeared the peak occur at λmax = 488 nm. The catalytic reaction was calculated to be conducted in all experiments. To investigate the catalytic effect of the Ag/Ag2O NPs, the NaBH4 solution (10−2 M) (considered a reducing agent) was added to the CR solution (10−4 M), which was followed by the addition of the Ag/Ag2O NPs (10 mg/L). The pH of the reaction was adjusted and the reaction was completed at the volume of 5 mL. The degradation process was observed spectrophotometrically in a wavelength range of 250–900 nm at 10–60 min. The decolorization process was observed as a decline in the absorbance intensity (λmax) of the solution. The experiments examined the catalytic efficacy of the Ag/Ag2O NPs on suspension.



The MB dye degradation reaction composed 3 mL of MB solution (2 × 10−6 M, pH = 6.4). The above reaction was added to 2.25 mL of NaBH4 solution (6 × 10−6 M) and 150 µL (80.85 mg/L Ag/Ag2O NPs on suspension). The degradation of MB was controlled at different times by optical absorbance at 611 and 663 nm.





4. Conclusions


Plant extract-mediated and green biomimetic synthesis can be considered green technology for the rapid production of Ag/Ag2O NPs. This method successfully meets the excessive current market demand of many types of nanoparticles, reducing the employment or production of substances harmful to human health and the environment. In this study, the green synthesis of Ag/Ag2O NPs was successfully performed using Phoenix dactylifera L. aqueous leaf extract. The process is relatively easy, fast, cheap, environmentally friendly, and does not require any organic solvents or other toxic reagents. Therefore, this synthesis method is more beneficial than conventional methods for synthesizing Ag/Ag2O NPs. The shape of the prepared Ag/Ag2O NPs is close to the spherical crystal in nature, with an average crystallite size of 28–39 nm. Besides, this study shows that the prepared Ag/Ag2O NPs have excellent photocatalytic activity for azo dye degradation. The photocatalytic degradation of the methylene blue and Congo red was a high decolorization efficiency (84.5%) was obtained after 50 min of reaction. The prepared photocatalyst Ag/Ag2O NPs help treat wastewater (dye degradation) in medicines, cosmetics, paints, plastics, and textiles.
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Figure 1. (a) XRD patterns; (b) FTIR spectra of Ag/Ag2O at different volume ratios of Phoenix dactylifera L. extract. 
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Figure 2. SEM images and particle size distributions of green synthesized Ag/Ag2O NPs with different volume ratios: (a,b) 1:30 P/Ag, (c,d) 1:40 P/Ag, (e,f) 1:50 P/Ag. 
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Figure 3. UV–visible spectra (a); determination of optical energy gap for direct (b) and indirect (c) transitions using Tauc’s method; calculation of Urbach energy (d) for Ag/Ag2O NPs. 
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Figure 4. UV–vis spectra versus under optimal reaction conditions (a); absorbance and degradation versus time (b); plot of ln (C0/Ct) versus time (c) for the Ag/Ag2O NPs catalyzed degradation of CR dye. 
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Figure 5. UV–vis spectra versus under optimal reaction conditions (a); absorbance and degradation versus time (b); the plot of ln (C0/Ct) versus time (c) for the Ag/Ag2O NPs catalyzed degradation of MB dye. 






Figure 5. UV–vis spectra versus under optimal reaction conditions (a); absorbance and degradation versus time (b); the plot of ln (C0/Ct) versus time (c) for the Ag/Ag2O NPs catalyzed degradation of MB dye.
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Figure 6. Schematic illustration of Ag/Ag2O towards photocatalytic degradation of organic pollutants (azo dye) under (a) visible light irradiation, (b) UV light irradiation. 
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Table 1. The effect of volume ratio on the characteristics of the prepared Ag/Ag2O NPs.






Table 1. The effect of volume ratio on the characteristics of the prepared Ag/Ag2O NPs.





	Samples
	Crystallite Size

(nm)
	Direct Optical

Bandgap

(Ev)
	Indirect Optical Bandgap

(Ev)
	Urbach Energy (Ev)





	1:30 P/Ag
	39.40 ± 1.45
	2.07
	1.60
	0.22



	1:40 P/Ag
	37.71 ± 0.61
	2.80
	1.70
	0.20



	1:50 P/Ag
	28.66 ± 1.12
	2.86
	1.76
	0.23
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