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Abstract

:

This research focuses on improving the photoelectrochemical performance of binary heterostructure Ag2S/ZnO NRs/ITO by manipulating synthesis conditions, particularly the concentrations of sliver nitrate AgNO3 and thiourea CS(NH2)2. The photoelectrochemical performance of Ag2S/ZnO nanorods on indium tin oxide (ITO) nanocomposite was compared to pristine ZnO NRs/ITO photoanode. The hydrothermal technique, an eco-friendly, low-cost method, was used to successfully produce Ag2S/ZnO NRs at different concentrations of AgNO3 and CS(NH2)2. The obtained thin films were characterized using field emission scanning electron microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), ultraviolet-visible spectroscopy (UV-vis), and photoelectrochemical studies (PECs). We observed that there was an enhancement in absorbance in the visible region and effective photoelectron transfer between the Ag2S/ZnO NRs/ITO photoelectrode and the electrolyte Red-Ox when illuminated with 100 mW cm−2. Increasing the concentration of AgNO3 caused a remarkable decrease in the optical bandgap energy (Eg) values. However, we noticed that there was an unstable trend in Eg when the concentration of CS(NH2)2 was adjusted. The photoelectrochemical studies revealed that at a bias of 1.0 V, and 0.005 M of AgNO3 and 0.03 M of CS(NH2)2, the maximum photocurrent of the Ag2S/ZnO NRs/ITO photoanode was 3.97 mA/cm2, which is almost 11 times that of plain ZnO nanorods. Based on the outcomes of this investigating, the Ag2S/ZnO NRs/ITO photoanode is proposed as a viable alternative photoanode in photoelectrochemical applications.
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1. Introduction


Due to their wide variety of applications in solar cells, photocatalysis, optoelectronics, and photoelectrochemical cells, semiconductor materials covered by another semiconductor layer, referred to as composite structures, are of great relevance [1,2,3]. Because of their energy gaps that extend the whole solar spectrum, semiconductor nanocomposites for PEC cell applications have attracted a lot of attention in the past 5 to 10 years [4,5,6]. Compared to single-crystal silicon cells, photoelectrochemical cells based on sensitized materials are less costly to produce [7]. The optical, electrical, magnetic, and optoelectronic properties of semiconductors and their composites have been extensively studied to enhance them [8,9,10]. For the reasons stated below, Ag2S with ZnO were selected as semiconducting materials in our study. Ag2S, a direct bandgap semiconductor with a narrow bandgap (1.1 eV) that absorbs infrared light and exhibits optical absorption comparable to silicon, has piqued researchers’ interest as a potential PEC cell material [11,12,13,14]. Additionally, it has been demonstrated that combining Ag2S with a wide bandgap semiconductor such as ZnO (that absorbs UV and near wavelengths) improves photovoltaic efficiency [15,16]. Due to its exceptional optical and electrical characteristics such as superb transparency and strong electron mobility, zinc oxide has been widely researched as a wide bandgap semiconductor (3.4 eV) and an inorganic material of the II–VI groups [17,18]. In this investigation, we sought to develop a method for making semiconductor composite materials that absorb electromagnetic spectra from UV to IR wavelengths, allowing us to improve the absorption of a wide scale of solar spectra with the same process. Two-component systems can produce three different types of heterostructures depending on the mutual arrangement of the energies of the electronic valence (VB) and conduction (CB) bands of semiconductors [19]. The type and direction of electron and hole transfer at heterojunctions induced by photoexcitation of the entire system or one of its components differ between these three heterostructures. Due to the charge separation at heterojunctions, which is a distinguishing feature of type II heterostructures, a review of the literature has revealed that the formation of type II heterostructured systems is one of the most common methods of increasing the efficiency of photocatalytic and photoelectrochemical systems [20,21]. According to investigations, we used ZnO as a broad bandgap semiconductor and Ag2S as a narrow bandgap semiconductor to make a semiconductor composite type II heterojunction [22,23]. This technique can improve ZnO’s optoelectrical characteristics by promoting separation and suppressing recombination of hole–electron pairs formed in the material [24,25]. Chen and colleagues created the nano heterojunction core shell Ag2S/ZnO of a large spectrum range between 400 and 1100 nm with strong photosensitization [26]. ZnO nanostructures must be sensitized to boost their light absorption capability in addition to increasing their carrier generation. Numerous studies are reported to date on various ways to induce physical and chemical changes in ZnO surface properties using quantum dots (QDs) or doping of noble nanoparticles generated from metals. The benefits of these semiconductors include photo-stability, high extinction coefficients, and huge tunable energy gaps, which can be achieved by regulating particle sizes in quantum dot areas [27].



The most often used semiconductors, including CdS [28,29], CdSe [30,31], NiS [32], CdTe [33], and PbS [34], contain heavy metals such as cadmium (Cd) or lead (Pb). It is necessary to produce cd- or pb-free and more ecologically acceptable semiconductors so they can be employed for different applications in consumer products. As a result, several metal compounds are available, such as Ag2S [35], SnS [36], and Bi2S3 [37], which have recently been investigated by many scientists. Ag2S has outstanding properties since it is a non-hazardous semiconductor with a direct bandgap, making it a useful material for a variety of applications [38,39]. A range of physical and chemical procedures have been used to deposit this metal sulfide as thin films [40,41]. Due to its excellent activity in the infrared absorption region, this metal compound can also produce a significant short-circuit current in the production of photoelectrochemical devices [42]. Furthermore, its high charge separation efficiency at the interface led to the use of Ag2S as a critical sensitizer in the PEC cell in conjunction with oxide anodes such as ZnO and NiO [17]. Despite this, only a few papers describe the fabrication of an Ag2S/ZnO photoanode. The hydrothermal deposition of Ag2S is dependent on the presence of silver and sulfide ions in the solution where the chemical deposition occurs, CS(NH2)2 + H2O ↔ (NH2)2CO + H2S; after resale, H2S will be reacted with silver nitrate as 2AgNO3 + H2S → Ag2S + 2HNO3. This direct ion reactive technique can generate thin films without contaminants of very high quality [35,43]. For the deposition of Ag2S on the nanorods of ZnO, the hydrothermal technique has been used in this study. To identify prospective applications, various tests were carried out, including the morphological, structural, and optical characteristics, and the photoelectrochemical performance of Ag2S/ZnO electrodes.




2. Materials and Methods


2.1. Preparation of Ag2S NPs/ZnO NRs


ZnO NRs were prepared by a two-step synthesis process: sol-gel spin coating and hydrothermal deposition. Sol-gel spin coating involved the coating of dense and uniform ZnO nanoparticle seed layer onto ITO substrates. Upon completing the heat treatment process of the seed layer, ZnO nanorods were grown on it by using the hydrothermal method. The hydrothermal growth was carried out at 90 °C for 4 h by using a water bath system [44]. The sealed glass container holding the ZnO NRs was submerged in an aqueous solution containing silver nitrate (AgNO3) and thiourea CS(NH2)2 before being transferred to an oil bath. To study the effect of the precursor concentration of AgNO3 in a fixed growth time of 25 min and temperature of 60 °C, the electrolyte comprising 0.03 M CS(NH2)2 at various concentrations of AgNO3 (0.001, 0.003, 0.005, 0.008, and 0.01) M was used, and then, the electrolyte comprising 0.005 M AgNO3 at various concentrations of CS(NH2)2 (10, 30, 50, 80, and 100) mM was investigated too. The Ag2S NPs/ZnO NRs/ITO photoanode was washed multiple times with DI to remove any residual salts and organic components on the surface of the film, followed by air drying.




2.2. Characterizations of Ag2S NPs/ZnO NRs


Field emission scanning electron microscopy (FESEM) was utilized to obtain the morphology of the samples, via JSM-7600F. The samples’ structure was investigated by using an X-ray diffractometer (Panalytical X'Pert Pro MPD diffractometer) using Cu-Kα radiation (λ = 1.54 Å) at 40 kV and 40 mA. Lambda 20 ultraviolet-visible spectrophotometer was employed to evaluate the absorbance spectra of the prepared samples (Perkin Elmer Instruments).




2.3. Photoelectrochemical Performance of Ag2S NPs/ZnO NRs


In a conventional three-electrode cell system, the working electrodes were ZnO NRs/ITO and Ag2S/ZnO NRs/ITO nanocomposites, the reference electrode was Ag/AgCl, and the counter electrode was Pt wire. The photoelectrochemical parameters were measured using linear sweep voltammetry analysis, with a potentiostat Autolab PGSTAT204/FRA32M module controlling the potential and recording the corresponding photocurrent at a scan rate of 20 mV s−1 in a solution of 0.1 M Na2S and 0.1 M Na2SO3 electrolyte (pH = 13) under illumination at an intensity of 100 mW cm−2 in the visible region (400–700 nm) of the electromagnetic spectrum generated by halogen lamp (Philips 13096 ELH GY 5.3 120 V). It is measured using a fiber optic spectrometer (Avaspec-2048).





3. Results


3.1. Part A: Effect of Varying AgNO3 Concentrations


It is well known that increasing or decreasing the concentration of reactants will ultimately influence the resulting film. This implies that good control over the electrolyte composition can be employed to improve direct control over the final thin film. Figure 1 shows the Ag2S film morphology with a variation of the concentration of silver nitrate at a constant concentration of thiourea (0.03 M), with insets showing magnified top-view images for each sample. It can be noticed from Figure 1b that at a low concentration of 0.001 M of AgNO3 with a high concentration of thiourea 0.03 M, the surface morphology displayed increasing diameter of the rods without any nanoparticles of Ag2S, which explained the XRD result presented in Figure 2. Meanwhile, Ag2S nanoparticles were successfully deposited on the surface of ZnO nanorods at a concentration of 0.003 M and a higher concentration of 0.005 M, with no noticeable change in the surface morphology of the two concentrations. The resulting films were homogenous and almost completely covered the whole surface of the ZnO NRs. However, as can be observed in Figure 1e–f, increasing the concentration of AgNO3 caused agglomeration of Ag2S nanoparticles; subsequently, at high concentrations (0.008 M and 0.01 M) of AgNO3, the rods merged due to the agglomeration of Ag2S to form a continuous nanocomposite film. Furthermore, Figure 1f shows the presence of white spots on the surface. The spots are due to Ag protrusions which occurred spontaneously because of exposure to the electron beam. This phenomenon only occurred at a high concentration of AgNO3 and was noted by Morales Masis (2012) [45].



The phase compositions of ZnO NRs and Ag2S/ZnO were obtained by XRD analysis. Figure 2a depicts the XRD pattern of bare ZnO NRs. Table 1 and Figure 2d–f index the monoclinic structure of Ag2S, with the presence of impurities of elemental sulfur particularly at a concentration of 0.01 M, which shows a high intensity of Ag2S peaks. This is also evident from the surface morphology analysis, which showed the agglomeration of nanoparticles. At a concentration of 0.001 M, no peaks corresponding to Ag2S were observed. However, low-intensity peaks of ZnO were observed at a concentration of 0.001 M due to the presence of [thiourea silver thiocyanide Ag[CS(NH2)2] (SCN)] on the surface of ZnO.



The optical characteristics of the Ag2S NPs/ZnO NRs nanocomposite were measured by a UV-visible spectrophotometer. The spectra of the samples are presented in Figure 3. These absorbance spectra revealed that the nanocomposite film Ag2S/ZnO has a high absorbance in a high concentration of AgNO3 and the absorbance edge is seen to be strongly red-shifted. Moreover, it was exhibited that Ag2S NPs/ZnO NRs can absorb a wide range of light, including the infrared region. The absorption data are applied for evaluating the bandgap energy of the nanocomposite films, as presented in the insets of Figure 3. The optical bandgap energies values obtained are 3.20, 2.34, 2.21, 2.09, and 1.63 eV for Ag2S/ZnO thin films with 0.001, 0.003, 0.005, 0.008, and 0.01 M of AgNO3, respectively. It is observed that the energy gap decreases with the concentration of AgNO3 due to the aggregation of particles. As also can be evident from the XRD result, at the concentration of 0.001 M of Ag+, the absorption is only limited to low wavelength (UV region).



Figure 4 shows the variation in the photocurrent at various AgNO3 concentrations. At 0.001 M, a slight increase in photocurrent density is observed. This is consistent with the findings of FESEM and XRD data, which do not show a significant signal due to a very small amount of the Ag2S present in the surface of the nanorods. Furthermore, an increase in the concentration of AgNO3 caused a higher increment in the photocurrent. The largest photocurrent density is obtained at a concentration of 0.005 M. However, at higher concentrations of 0.008 M and 0.01 M, the photoresponse dropped. This is due to the presence of elemental sulfur defects, which can also be observed in XRD Figure 2f, as well as white spots on the surface morphology, as seen in FESEM Figure 1f. As the concentration of Ag sources rises, the impurity scattering increases and causes a decrease in charge carrier mobility, resulting in poor interfacial charge carrier migration and a rise in the recombination rate of photoexcited electron–hole pairs. Thus, a concentration of AgNO3 at 0.005 M was found preferable for Ag2S/ZnO hydrothermally deposition and was chosen for the following part.




3.2. Part B: Effect of Varying CS(NH2)2 Concentration


To determine the effect of thiourea, the concentration was varied from 0.01 M to 0.1 M. The growth time, growth temperature, and precursor concentration of AgNO3 were fixed at 25 min, 60 °C, and 0.005 M, respectively.



Figure 5 displays FESEM images with insets that display magnified top-view images of each sample at various concentrations of thiourea. At a low concentration of 0.01 M, the films appeared smooth, with no occurrence of pinholes or cracks on the surface, as shown in Figure 5b. On other hand, at higher concentrations of thiourea (0.03 M and 0.05 M), it can be observed that the Ag2S deposition rates on ZnO were relatively higher, and the uniform layer of Ag2S NPs was formed. The deposited Ag2S NPs finally covered whole ZnO NRs.



The FESEM images of hydrothermal deposited Ag2S/ZnO at a higher concentration than 0.005 M are presented in Figure 5d,e. As shown from the morphology, no Ag2S deposit was observed on ZnO NRs. The increase in the anion compound concentration above a certain limit led to the formation of precipitates leading to a lesser amount of Ag2S deposited on the substrate. These observations were confirmed with the XRD result.



The formation of precipitates is given in the following equations (Nishimura, 2001) [46]:


AgNO3 → Ag+ + NO3−



(1)






CS(NH2)2 → NH4+ + (SCN)−



(2)






Ag+ + CS(NH2)2 → Ag[CS(NH2)2]+



(3)






Ag[CS(NH2)2]+ + (SCN)− → Ag[CS(NH2)2] (SCN)



(4)







Figure 6 and Table 2 show the XRD results for hydrothermal deposited Ag2S/ZnO films at various concentrations of CS(NH2)2. Figure 6 shows the XRD data for both bare ZnO NRs and Ag2S/ZnO samples. As shown in Figure 6b,c, it is evident from XRD patterns of samples at concentrations 0.01 M, 0.03 M, and 0.05 M that the products formed were crystalline with no impurities. All peaks matched with either Ag2S (JCPDS: 00-014-0072) or ZnO (JCPDS: 00-003-0888). This confirms that the material at these concentrations is Ag2S. However, at a higher concentration of thiourea, no peaks for Ag2S were found. Only lower intensity for ZnO was observed, presumably overlapping with the peaks for Ag[CS(NH2)2] (SCN). Solubility data and observations suggested that the soluble complexes Ag[CS(NH2)2] + will form precipitation upon reaction with (SCN)− higher ratios of thiourea to silver nitrate, as commented by Nishimura (2001) [46] and James (1977) [47]. In this study, we noticed that there is an agreement between the X-ray results (Figure 6), which indicated the appearance of the complex compound upon a concentration of 0.001 M. As for the morphological images of the surface (Figure 5) for the same concentrations, it showed a difference from the other images. As for the UV-vis results, the curve showed clear shifting of the same concentrations mentioned.



The UV-vis spectra and the observed bandgap values of deposited Ag2S/ZnO nanocomposite for samples prepared at different concentrations of CS(NH2)2 are given in Figure 7. The bandgap values of the sample prepared under concentrations of 0.01 M to 0.05 M lie in the range of 3.05 to 2.04 eV, indicating that they are shifted from a blue to red region when Ag2S was formed, which was also confirmed from the XRD results and FESEM. It is seen in insets Figure 7b,c that the value of the bandgap for the Ag2S/ZnO nanocomposite decreased with the increased concentration of thiourea. An above a concentration of 0.05 M which led to the low amount of Ag2S was created due to the precipitation effect as described earlier. Thus, bandgap values remain high close to the value of ZnO.



Under illumination, ZnO absorbs UV light and Ag2S absorbs visible light. The electrons and holes are generated in both ZnO and Ag2S. The photoexcited electrons from Ag2S will move to ZnO due to the lower conduction band (CB) of ZnO. Meanwhile, the holes of ZnO will migrate to Ag2S because of the higher valence band (VB) of Ag2S. The photoexcited electrons in ZnO move to ITO glass, then to the external wire, where they will be reduced at the counter electrode. On the surface/electrolyte, the photoexcited holes in Ag2S can oxidize. The photoexcited electron–hole pairs are effectively suppressed in this scenario, and the charge carrier lifetime in the ZnO/Ag2S heterostructure is extended. As a result, the photo response of Ag2/ZnO NRs is superior to pure ZnO. The amount of deposited Ag2S influences the photoelectrochemical properties of Ag2S NPs/ZnO NRs. PEC data (Figure 8) displayed only three photoelectrodes with the dark current, which is indicative of the presence of Ag2S/ZnO nanocomposite. Therefore, the optimal deposition and concentration for thiourea are important factors affecting the photoelectrochemical properties of Ag2S/ZnO NRs. The highest photocurrent was obtained for a thiourea concentration of 0.03 M.



The EIS analysis of photoelectrodes was performed to better explain the kinetics of the electrochemical and PEC processes occurring in the photoelectrodes. The photoelectrochemical EIS measurements were performed using a mixture of Na2S and Na2SO3 electrolyte. The Nyquist plot for the PEC performance of ZnO NRs and Ag2S/ZnO NRs at optimum conditions (0.005 M AgNO3 and 0.03 M CS(NH2)2) is shown in Figure 9. The Nyquist plot is used to measure the conductivity and charge transfer resistance [48]. It provides the qualitative insight of the charge transfer processes in bulk as well as at the interface of photoanode. From Figure 9, the arc diameter of Ag2S/ZnO NRs at optimum conditions (0.005 M AgNO3 and 0.03 M CS(NH2)2) was smaller compared to the unmodified ZnO NRs photoanode, indicating the reduction in the resistance on the transport of charge. The Randle equivalent circuit contained the resistance of the solution (Rs) related to the bulk properties of the electrolyte, the double-layer capacitance (Cdl), and the charge transfer resistance (Rct) [49]. The last two are related to the surface properties of the interface between the electrode and the solution, and the fitting parameters are tabulated in Table 3. Accordingly, Rct was 12 × 103 and 673 Ω. cm2 for pristine ZnO NRs and Ag2S/ZnO NRs, respectively. The smallest Rct of Ag2S/ZnO NRs indicated higher conductivity and faster charge transformation at the interface on Ag2S/ZnO NRs. This variation in Rct values strongly supports PEC performance measurements [50]. Additionally, the different values of Cdl were attributed to the higher interface between Ag2S/ZnO NRs and the electrolyte than that of pure ZnO NRs.



It is well known that the conduction band (C.B.) and valance band (V.B.) of the narrow Eg semiconductor must be greater than the conduction band and valance band of ZnO NRs to enhance the transformation of the photogenerated electrons and holes. Considering the band structure of Ag2S and ZnO NRs, Figure 9 shows that both the valance band (1.56 eV) and conduction band (−0.65 eV) of Ag2S were greater than the conduction band (−0.29 eV) and valance band (2.9 eV) in ZnO NRs. Therefore, the electrons can transfer easily from the conduction band of Ag2S to the conduction band of ZnO NRs and promote the reduction reaction while the hole transfer occurs from ZnO to Ag2S due to the significant variance in the Fermi level alignment of the heterostructure.



The valance band (V.B.) and conduction band (C.B.) edge positions of Ag2S/ZnO NRs are estimated based on Equations:


   E  C  . B  .    = Χ − 0.5   E g     + E   o   



(5)






   E  V  . B  .      = E    C  . B  .      + E   g   



(6)




where EV.B. is the valence band potential; EC.B. is the conduction band potential; Χ is the semiconductor’s electronegativity (which is the geometric mean of constituent atoms’ electronegativity); the X values for ZnO and Ag2S are 5.79 eV and 4.96 eV, respectively; Eg is the semiconductor’s bandgap energy; and Eo refers to the scaling factor describing the redox level of reference electrode to the vacuum (Eo = −4.5 eV) for NHE. The Eg of bare ZnO and Ag2S/ZnO are calculated to be 3.15 and 2.21 eV, respectively [43]. From the earlier results, the Ag2S/ZnO/ITO exhibited a typical characteristic of type II heterojunctions, as demonstrated in Figure 10. The band alignment is useful to both the charge separation and collection, which leads to an enhanced photocurrent and a stronger oxidization capability towards PEC performance. Briefly, under the irradiation, the band offsets facilitate the enhancement of the charge separation, leading to a higher photocurrent value of the Ag2S/ZnO NRs electrode.





4. Conclusions


In conclusion, we have effectively proved that the Ag2S/ZnO NRs photoanode can capture sunlight from the UV to visible light spectrum. FESEM, XRD, UV-vis, and PEC investigations were used to confirm the synthesis of Ag2S/ZnO heterostructures. The considerable absorption in the visible light region caused by Ag2S sensitization, as well as the successful separation of photoinduced carriers at the Ag2S/ZnO nanoheterojunction interface, are responsible for the large increase in photocurrent density. As a result of the optimization of concentration, which was found to be AgNO3 concentration at 0.005 M and thiourea concentration of 0.03 M, the PEC of Ag2S/ZnO photoelectrode was improved. These findings demonstrate that Ag2S may be employed as an effective sensitizer, indicating that it can be considered as one of the most successful semiconductor materials to be used for solar energy harvesting as photoanodes of PEC cells, as a way to capture solar energy and store it as a translational energy source.
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Figure 1. FESEM images of ZnO NRs (a); Ag2S/ZnO NRs/ITO with various concentrations of AgNO3 (b) 0.001 M; (c) 0.003 M; (d) 0.005 M; (e) 0.008 M; and (f) 0.01 M. The figures' insets show the FESEM images at a higher magnification. 
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Figure 2. X-ray diffractogram of ZnO NRs (a), Ag2S/ZnO NRs/ITO with various concentrations of AgNO3: (b) 0.001 M; (c) 0.003 M; (d) 0.005 M; (e) 0.008 M; and (f) 0.01 M. 
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Figure 3. UV-visible spectra and Tauc plot for the direct allowed transitions (presented in insets of the figure) of ZnO NRs/ITO (a), and Ag2S/ZnO NRs/ITO prepared at various concentrations of AgNO3: (b) 0.001 M; (c) 0.003 M; (d) 0.005 M; (e) 0.008 M; and (f) 0.01 M. 
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Figure 4. Linear sweep voltammograms from −1.0 to 1.0 V at a scan rate of 20 mV s−1 for ZnO NRs/ITO and Ag2S/ZnO NRs/ITO formed at various AgNO3 concentrations. 
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Figure 5. FESEM images of ZnO NRs (a); Ag2S/ZnO NRs/ITO with various concentrations of CS(NH2)2 (b) 0.01 M; (c) 0.03 M; (d) 0.05 M; (e) 0.08 M; and (f) 0.1 M. The figures’ insets show the FESEM images at a higher magnification. 
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Figure 6. X-ray diffractogram of ZnO NRs (a), Ag2S/ZnO NRs/ITO with various concentrations of CS(NH2)2: (b) 0.01 M; (c) 0.03 M; (d) 0.05 M; (e) 0.08 M; and (f) 0.1 M. 
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Figure 7. UV-vis spectra and Tauc plot for the direct allowed transitions (presented in insets of the figure) of ZnO NRs/ITO (a), and Ag2S/ZnO NRs/ITO prepared at various concentrations of CS(NH2)2: (b) 0.01 M; (c) 0.03 M; (d) 0.05 M; (e) 0.08 M; and (f) 0.1 M. 
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Figure 8. Linear sweep voltammograms from −1.0 to 1.0 V at a scan rate of 20 mV s-1 for ZnO NRs/ITO and Ag2S/ZnO NRs/ITO formed at various CS(NH2)2 concentrations. 
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Figure 9. Nyquist plots (real Z vs. imaginary Z) of plain ZnO NRs and optimal Ag2S/ZnO NRs with concentrations of 0.005 M of AgNO3 and 0.03 M of CS(NH2)2. The inset is the simplified Randle circuit model employed to fit the Nyquist plot. ωmax = 2πfmax is angular frequency, Rs is solution resistance, Rct is charge transfer resistance, and Cdl is double-layer capacitance. 
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Figure 10. Schematic band alignment of optimal structure of Ag2S/ZnO NRs with concentrations of 0.005 M of AgNO3 and 0.03 M of CS(NH2)2. 
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Table 1. XRD data for Ag2S/ZnO NRs deposited at various concentrations of AgNO3.
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Ag+

	
2θ (°)

	
D-Spacing (Å)

	
(hkl)

	
Compound




	
Source

	
Observed

	
Observed

	
Standard






	
0.001 M

	
21.236

	
4.174

	
4.157

	
(040)

	
C2H4AgN3S2




	
30.358

	
2.958

	
2.919

	
(140)

	
C2H4AgN3S2




	
31.744

	
2.815

	
2.81

	
(131)

	
C2H4AgN3S2




	
34.399

	
2.6

	
2.629

	
(052)

	
C2H4AgN3S2




	
36.247

	
2.474

	
2.487

	
(15  2 ¯  )

	
C2H4AgN3S2




	
50.45

	
1.802

	
1.806

	
(054)

	
C2H4AgN3S2




	
60.149

	
1.533

	
1.539

	
(11  6 ¯  )

	
C2H4AgN3S2




	
0.003 M

	
-

	
-

	
3.96

	
(  1 ¯  01)

	
Ag2S




	
25.899

	
3.427

	
3.437

	
(  1 ¯  11)

	
Ag2S




	
28.128

	
3.069

	
3.08

	
(111)

	
Ag2S




	
31.549

	
2.831

	
2.836

	
(  1 ¯  12)

	
Ag2S




	
40.658

	
2.217

	
2.213

	
(031)

	
Ag2S




	
43.656

	
2.076

	
2.083

	
(200)

	
Ag2S




	
45.501

	
1.996

	
1.995

	
(  1 ¯  31)

	
Ag2S




	
46.193

	
1.964

	
1.963

	
(  1 ¯  23)

	
Ag2S




	
0.005 M

	
22.538

	
3.949

	
3.96

	
(  1 ¯  01)

	
Ag2S




	
25.871

	
3.441

	
3.437

	
(  1 ¯  11)

	
Ag2S




	
28.975

	
3.081

	
3.08

	
(111)

	
Ag2S




	
31.618

	
2.833

	
2.836

	
(  1 ¯  12)

	
Ag2S




	
40.699

	
2.214

	
2.213

	
(031)

	
Ag2S




	
43.458

	
2.083

	
2.083

	
(200)

	
Ag2S




	
45.297

	
1.999

	
1.995

	
(  1 ¯  31)

	
Ag2S




	
46.217

	
1.963

	
1.963

	
(  1 ¯  23)

	
Ag2S




	
0.008 M

	
-

	
-

	
3.96

	
(  1 ¯  01)

	
Ag2S




	
25.936

	
3.43

	
3.437

	
(  1 ¯  11)

	
Ag2S




	
28.902

	
3.08

	
3.08

	
(111)

	
Ag2S




	
31.516

	
2.831

	
2.836

	
(  1 ¯  12)

	
Ag2S




	
40.783

	
2.211

	
2.213

	
(031)

	
Ag2S




	
43.431

	
2.08

	
2.083

	
(200)

	
Ag2S




	
45.512

	
1.99

	
1.995

	
(  1 ¯  31)

	
Ag2S




	
46.174

	
1.965

	
1.963

	
(  1 ¯  23)

	
Ag2S




	
0.01 M

	
22.438

	
3.947

	
3.96

	
(  1 ¯  01)

	
Ag2S




	
25.937

	
3.433

	
3.437

	
(  1 ¯  11)

	
Ag2S




	
28.086

	
3.07

	
3.08

	
(111)

	
Ag2S




	
31.535

	
2.829

	
2.836

	
(  1 ¯  12)

	
Ag2S




	
39.348

	
2.291

	
2.3

	
(0, 2, 10)

	
S




	
40.748

	
2.218

	
2.213

	
(031)

	
Ag2S




	
43.43

	
2.082

	
2.083

	
(200)

	
Ag2S




	
45.529

	
1.989

	
1.995

	
(  1 ¯  31)

	
Ag2S




	
46.229

	
1.965

	
1.963

	
(  1 ¯  23)

	
Ag2S




	
57.308

	
1.608

	
1.61

	
(2, 2, 14)

	
S




	
64.655

	
1.438

	
1.44

	
(5, 3, 11)

	
S
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Table 2. XRD data for Ag2S/ZnO NRs deposited at various concentrations of CS(NH2)2.
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S2− Source

	
2θ (°)

	
D-Spacing (Å)

	
(hkl)

	
Compound




	
Observed

	
Observed

	
Standard






	
0.01 M

	
-

	
-

	
3.96

	
(  1 ¯  01)

	
Ag2S




	
26.047

	
3.421

	
3.437

	
(  1 ¯  11)

	
Ag2S




	
-

	
-

	
3.08

	
(111)

	
Ag2S




	
31.531

	
2.835

	
2.836

	
(  1 ¯  12)

	
Ag2S




	
40.83

	
2.21

	
2.213

	
(031)

	
Ag2S




	
43.452

	
2.078

	
2.083

	
(200)

	
Ag2S




	
45.36

	
1.948

	
1.995

	
(  1 ¯  31)

	
Ag2S




	
-

	
-

	
1.963

	
(  1 ¯  23)

	
Ag2S




	
0.03 M

	
22.538

	
3.949

	
3.96

	
(  1 ¯  01)

	
Ag2S




	
25.871

	
3.441

	
3.437

	
(  1 ¯  11)

	
Ag2S




	
28.975

	
3.081

	
3.08

	
(111)

	
Ag2S




	
31.618

	
2.833

	
2.836

	
(  1 ¯  12)

	
Ag2S




	
40.699

	
2.214

	
2.213

	
(031)

	
Ag2S




	
43.573

	
2.083

	
2.083

	
(200)

	
Ag2S




	
45.297

	
1.999

	
1.995

	
(  1 ¯  31)

	
Ag2S




	
46.102

	
1.963

	
1.963

	
(  1 ¯  23)

	
Ag2S




	
0.05 M

	
-

	
-

	
3.96

	
(  1 ¯  01)

	
Ag2S




	
25.96

	
3.435

	
3.437

	
(  1 ¯  11)

	
Ag2S




	
28.95

	
3.076

	
3.08

	
(111)

	
Ag2S




	
31.596

	
2.829

	
2.836

	
(  1 ¯  12)

	
Ag2S




	
40.798

	
2.212

	
2.213

	
(031)

	
Ag2S




	
43.443

	
2.08

	
2.083

	
(200)

	
Ag2S




	
45.514

	
1.992

	
1.995

	
(  1 ¯  31)

	
Ag2S




	
46.204

	
1.965

	
1.963

	
(  1 ¯  23)

	
Ag2S




	
0.08 M

	
21.236

	
4.18

	
4.157

	
(040)

	
C2H4AgN3S2




	
30.246

	
2.949

	
2.919

	
(140)

	
C2H4AgN3S2




	
-

	
-

	
2.81

	
(131)

	
C2H4AgN3S2




	
34.52

	
2.602

	
2.629

	
(052)

	
C2H4AgN3S2




	
36.253

	
2.474

	
2.487

	
(15  2 ¯  )

	
C2H4AgN3S2




	
50.577

	
1.806

	
1.806

	
(054)

	
C2H4AgN3S2




	
60.28

	
1.534

	
1.539

	
(11  6 ¯  )

	
C2H4AgN3S2




	
0.1 M

	
21.354

	
4.17

	
4.157

	
(040)

	
C2H4AgN3S2




	
30.601

	
2.953

	
2.919

	
(140)

	
C2H4AgN3S2




	
31.621

	
-

	
2.81

	
(131)

	
C2H4AgN3S2




	
34.065

	
2.603

	
2.629

	
(052)

	
C2H4AgN3S2




	
36.086

	
2.477

	
2.487

	
(15  2 ¯  )

	
C2H4AgN3S2




	
50.475

	
1.801

	
1.806

	
(054)

	
C2H4AgN3S2




	
60.037

	
1.535

	
1.539

	
(11  6 ¯  )

	
C2H4AgN3S2
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Table 3. Impedance spectroscopy analysis of photoanodes.






Table 3. Impedance spectroscopy analysis of photoanodes.





	Photoanode Construction
	fmax (mHz)
	Rct (Ω)
	Rs (Ω)
	Cdl (μF)





	ZnO NRs
	45
	12 × 103
	184
	296



	Ag2S3/ZnO NRs (Optimal sample)
	295
	673
	153
	802
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