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Abstract

:

This study considers the progress of our previous study for hydrogen generation depends on the highly ordered metal oxide/plasmonic materials. This study reports the preparation of Ag2O-Ag/Au on the Al2O3 template (Ag2O-Ag/Au/Al2O3) for photocatalytic sewage water splitting and H2 gas production. Ni imprinting, followed by two-step anodization procedures, prepare the Al2O3 template. Ag2O-Ag and Au materials are prepared inside the template using electrochemical deposition and sputter coating methods, respectively. The chemical structure is confirmed by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) analyses, in which all the peaks characterized by Ag2O, Ag, Au, and Al2O3 are confirmed. The scanning electron microscope (SEM) images confirm the preparation of a highly ordered hexagonal Al2O3 template with a pore wide of about 350 nm. Ag2O-Ag/Au accept the same morphology after the deposition process, in which the materials are deposited inside and on the Al2O3 template, in which the hexagonal pores are still opened after the deposition process. These open pores increase the surface area and then enhance the optical and electrical properties. For the H2 generated from sewage water, the produced Ag2O-Ag/Au on the Al2O3 photoelectrode achieved an incident to photon conversion efficiency (IPCE) of 30%. Additionally, the impact of light wavelength and intensity on photoelectrode performance is evaluated. Under increasing the light total power from 25 to 75 mW.cm−2, the current density (Jph) value goes up from 8.9 to 9.5 mA.cm−2. The current study’s findings show promising results for resolving the issue of energy in remote areas by turning wastewater into hydrogen fuel.
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1. Introduction


Under the reduction in nonrenewable energy sources, scientists do their best for providing additional sources that are called renewable energy [1]. Through the development of these new sources, photocatalytic materials consider promising factors for the enchantment of these sources [1,2,3,4].



One of the cheapest and most applicable renewable energy sources is H2 gas. Through the application of photocatalytic materials, researchers can produce this gas from different electrolytes such as acids and basics. This gas has different applications in our life, it can be used as a fuel for airplanes, aircraft, and cars. Moreover, many factories and companies use this gas as a fuel instead of fossil fuel. Through the reduction of using fossil fuels, emitting dangerous gases such as COX, NOX, and SOX are decreased in our environment [5,6,7].



For the H2 generation reaction, it is essential for photocatalysts to be semiconductor materials like metal oxides, nitrides, sulfides, or organic compounds [8,9]. Due to their stability, low cost, high efficiency, and simplicity of preparation, metal oxides are excellent photocatalytic materials for the generation of H2 gas [10,11]. Increasing the surface area (through nanofibers, nanowires, and nanotubes) is one way to improve photocatalytic activity [12,13,14]. Materials that are plasmonic [15,16] or have a high thermal capacity are another option to increase the photocatalytic activity such as Ag or Au which is considered one of the top 10 thermally conductive materials with values of 429 and 315 W/m•K, respectively. These materials effectively capture light, allowing the spread of electron localization phenomena across composite semiconductor materials, that are then utilized by neighboring materials for the generation of H2 [17]. Previous studies studied that to increase PCE from 14.8% to 17.5% and light harvesting efficiency, various Ag and Au forms were also added to TiO2 [18]. Ag2O has a bandgap value in the range of 1.6 eV, making it a promising material for use in renewable energy [19]. These materials’ low bandgap values make it possible for them to absorb the majority of solar light, which is preferred to big bandgap semiconductors, which can only absorb 10 to 20% of the light [20]. Additionally, Ag2O’s decreased bandgap and excellent absorption efficiency support its use of renewable energy field. The preparation of materials in high order opens the fields of applications, in which these materials can be applied in optoelectronic devices, batteries, and electrodes for water-splitting reactions. Our team has studied the application of a template as a pH sensor for the detection of the H+ ion concentration in solutions. The great pore order increases the sensitivity very much [21].



The previous studies carried out for water splitting still have some problems that are related to using small produced Jph values and then the IPCE. Moreover, all the previous studies used additional electrolytes for water-splitting reactions such as acids, bases, or salts.



This study considers the progress of our previous study for hydrogen generation depends on highly ordered metal oxide/plasmonic materials [22]. Ag2O-Ag/Au/Al2O3 photoelectrode is prepared using different methods: electrochemical deposition, sputter coating, Ni imprinting, and two-step anodization methods. The optical properties, morphologies, and chemical structures of these materials are confirmed using different analytical tools: XRD, XPS, SEM, and UV–Vis devices. The electrochemical measurements are carried out by measuring the water-splitting reaction under dark/light, monochromatic light, and different light intensities.




2. Experimental Part


2.1. Aluminum Oxide Template Preparation


The Ni imprinting method was used to make a porous aluminum oxide template. The shallow arrays of the Ni mold exhibit a 400 nm-spaced hexagonal nanopillar structure. Al foil was polished using an electropolishing technique using a C2H5OH: HClO4 (1v:1v) solution. By using an oil pressing machine for 3 min at 10 kN/cm2, 99.99% of the imprinted aluminum foil was produced. After that, a two-step anodization process using an electrolyte of ethylene glycol:H3PO4: H2O (100v:1v:200v) took conducted at 2 °C for 15 and 120 min, respectively. After the first anodization, the chemical etching process was carried out using a mixture of H3PO4 (6 wt.%) and H2CrO4 (1.5 wt.%) for 12 h at 60 °C. Lastly, to complete Al2O3 synthesis, the pore siding is carried out using 6 wt.% H3PO4 at 60 °C for 30 min.




2.2. Preparation of Ag2O-Ag/Au/Al2O3


The electrodeposition technique is used to prepare of Ag2O-Ag using the PowerStation (CHI660E) from solution 0.1M AgNO3 and 0.15 M boric acid (H3BO3). First, 5 nm thin film Au nanoparticles are sputter inside the template using the sputter coater device. This step accepts the template and its conductivity. Then, the electrodeposition is carried out for 10 s, this led to the deposition of Ag inside the template. For the preparation of Ag2O, the Ag/Au/Al2O3 is combusted in the air at 400 °C for 2 h. This process led to the preparation of Ag2O-Ag/Au/Al2O3.




2.3. Characterization


Analyses of X-ray photoelectron spectroscopy and X-ray diffraction patterns (XRD) are used to verify the chemical structure. Utilizing Cu Kα radiation with a wavelength of 0.15418 nm on a Bruker D8 Advance diffractometer, XRD investigations were performed. The confirmation of chemical structure is carried out using XPS analysis, XPS, (K-ALPHA, USA). To evaluate the morphology, Hitachi’s S-4800 (FE-SEM) was used. Using a double-beam spectrophotometer, the optical characteristics were investigated (Perkin Elmer Lamba 950, Waltham, MA, USA).




2.4. Electrochemical Measurements


Using a cell with three electrodes, the basic electrode (Ag2O-Ag/Au/Al2O3 nanomaterial) represents the working electrode, while a sheet of graphite (with the same size) and calomel represent the counter and reference electrodes, respectively. The H2 production reaction from sewage water solution was carried out. A Xenon lamp served as a solar simulator for all measurements, which were performed using a workstation (CHI660E, USA) with a potential range of −1 to 1 V. Light wavelength (390 to 636 nm), light intensity (25 to 100 mW.cm−2), and the performance of the electrode in dark and light conditions were some of the parameters that were examined (Figure 1).





3. Results and Discussion


3.1. Characterization and Analyses


The X-ray diffraction pattern (XRD) of the Al2O3 template and Ag2O-Ag/Au/Al2O3 nanomaterial is shown in Figure 2. This analysis clearly shows three peaks obtained for the Al2O3 template at 44.7°, 64.9, and 78.4° which represent (113), (214), and (119), respectively (JCPDS card # 711123) [23]. These peaks confirm the polycrystalline structure of the Al2O3 template. This appears well through the peaks at the growth direction (119) high intensity that indicates good crystallization in this orientation. Hence, the Ni-imprinting technique can easily fabricate the crystalline Al2O3 template. The XRD of Ag2O-Ag/Au/Al2O3 shows six peaks, three of them at the same location and there are additional new peaks that appear after the electrodeposition and combustion processes. The XRD of the formed Ag nanoparticles is confirmed through several Bragg reflections of two peaks that were observed at 2θ values of 38.0°, and 64.5° which are indexed to (111), (220) planes of pure silver with the cubic-phase crystal system (JCPDS NO. 04-0783)] [24,25]. Also, the Au has three peaks at 44.7°, 65°, and 78.1° for the growth directions (111), (200), and (311) which matched with the previous literature [26,27]. Ag2O has one peak at 38° for the growth direction (200), this matched with (JCPDS 76-1393) [28].



To further support the prepared chemical’s structure Ag2O-Ag/Au/Al2O3 nanomaterials, the sample is subjected to XPS analysis. The representation of the broad scanning profile for this sample when the binding is present between 850 and 50 eV in terms of energy is shown in Figure 3a. Strong highlighted signals were visible in the spectra of Ag 3d, O 1s, Au 4f, and Al 2p3. In more detail, the narrow scan is performed in better detail to fully explain each element’s binding energy as well as the purification of the compounds (Figure 3b–e). Figure 3b shows that a dominating peak is seen at 532 eV, which is equivalent to the energy state of O 1s that relates to the lattice oxygen of Ag2O and Al2O3. The Ag 3d spectrum peaks at 368 and 374 eV in the energy states of Ag 3d5/2 and Ag 3d3/2 for the Ag element, respectively [29,30], as shown in Figure 3c.



The spectra of Al 2p allow observing one broad peak (Figure 3d) at an electron binding energy of 75 eV, which is related to the alumina template. Finally, a detailed spectrum of the Au 4f core at the level depicted in Figure 3e can be described by two peaks Au 4f7/2 and Au 4f5/2 spin–orbit coupling peaks for Au, in which these peaks are located at 84 and 87.3 eV binding energy that confirm the plasmonic nature of Au [31].



Figure 4a,b illustrates the SEM of the Al2O3 template before and after pore widening with H3PO4 solution (6 wt.% H3PO4 at 60 °C for 30 min.). From these figures, the prepared template has very ordered pores that increase from 250 nm to 305 nm after the pore-widening process. At the same time, the interposes-distances decrease from 180 nm to 65 nm. The optimum Al2O3 template (305 nm pore) is used as a template for the Ag2O-Ag/Au nanomaterials as shown in Figure 4c,d under different magnifications. Moreover, the optimum thickness for the template is 1.2 µm. The Ag2O-Ag/Au thin disordered layer is arrayed on a hexagonal arrangement as same for the Al2O3 template. It clearly shows that Ag2O-Ag covers the walls of the template very well, in which the pore diameter and interpore distance are about 240 and 140 nm, respectively. On the other hand, most of the pores are still open, this indicates the Ag2O-Ag accepts tube shapes. These promising materials are expected to have great optical properties and then work as an excellent photoelectrode for additional water-splitting reactions.



The UV–Vis spectrophotometer’s reflection plot as a response to the wavelength is displayed in Figure 5a. In the case of the Al2O3 template, the optical reflectance value matches with the appearance of small interference fringes, this phenomenon is a result of the oscillation and interference of light after getting up from the pores [32]. After the deposition of Ag2O-Ag/Au on and inside the template’s pores, there are enhancements in the optical behavior. The optical reflectance decreases as a result of increasing the absorbance behavior [31]. This appears from the decrease in the optical reflectance behavior. In these conditions, the interference fringes increase, this indicates the great interference of photons through the nanomaterials.



The bandgap of the Ag2O-Ag/Au/Al2O3 nanomaterials is determined through the Kubelka–Munk equation (Equations (1)–(3)) [33]. This equation depends on K, S, and R, which are the molar absorption coefficient, scattering factor, and the fraction of light reflected from the nanomaterials, respectively. From this equation and Figure 5b, the bandgap of Ag2O-Ag/Au/Al2O3 nanomaterial is 1.56 eV.



It is evident that the prepared Ag2O-Ag/Au/Al2O3 nanomaterials have a high light absorption behavior in a wide optical range (Vis and near IR). This is related to the low reflectance behavior of Ag2O-Ag/Au/Al2O3 nanomaterials in these regions.


  K =   ( 1 − R )  2   



(1)






  S = 2 R  



(2)






  F  ( R )  = K / S =     ( 1 − R )  2    2 R    



(3)








3.2. The Electrochemical Measurements


The response of the Ag2O-Ag/Au/Al2O3 photoelectrode to the light intensity from 25 to 75 mW.cm−2 is shown in Figure 6. From this figure, the produced current per unit area represents the current density (Jph), this current is measured according to the calomel electrode as a reference electrode, then the current is drawn as a function of the reference hydrogen electrode (RHE).



From this figure, there is an increase in the Jph values from 8.9 to 9.5 with an increase in the light intensity from 25 to 75 mW.cm−2. The response of the photoelectrode to different light intensities shows the highly sensitive nature of the prepared photoelectrode to light intensity, in which the number of incident photons causes a motivation of a different number of electrons that collects and cause the generation of different Jph values [34]. These electron–hole pairs are the main factors for the work of photocatalytic materials. From this process, the generated electrons are collected on the active sites of the photoactive materials [29,30].



The collected electrons appear as Jph values that represent the water splitting rate and then the hydrogen generation percent [35,36]. In general, the light intensity (photons intensity) that are directly proportional to the photon’s numbers, as mentioned in Equation (4) [33]. In which N is the number of photons, P is the light intensity, h is the Planck constant, and c is the light velocity. The N photons are changed from 2 × 1021 to 6 × 1021 photon/s with the light intensity from 25 to 75, mW.cm−2, respectively.


  N =    λ P  / hc  



(4)







The response of the prepared Ag2O-Ag/Au/Al2O3 photoelectrode to the monochromatic light wavelength (390 to 636 nm) is shown in Figure 7a. Under the variation of the wavelength, the produced Jph values change from 9.57 to 7.41 mA.cm−2, respectively. The relationship among wavelength values and the generated Jph values at 1.0 V is shown in the insert figure which shows the decrease in Jph values clearly.



The efficiency of the hydrogen generation is shown in Figure 7b, this efficiency represents the incident photon to current conversion efficiency (IPCE), in which IPCE is calculated from Equation (5). And it depends on the parameters; wavelengths (λ), current density, and light intensity (P).


  IPCE =    J  ph    (  mA .   cm   − 2    )  .   1240    (  V . nm  )    P  (  mW .   cm   − 2    )  .    λ   (  nm  )     



(5)







The IPCE values are 29.6 and 14.4 % at 390 and 636 nm, respectively. This indicates the water splitting and hydrogen generation reaction has the optimum values at the beginning of the visible region and then decreases till it reaches near IR.



The mechanism of the Ag2O-Ag/Au/Al2O3 photoelectrode for sewage water splitting reaction is produced under the effect of incidence photons and the response of the photoelectrode to these photons. The photoelectrode consists of semiconductor Ag2O and plasmonic materials Ag and Au. So, the electron motion is carried out in steps, first, the light is captured through Ag2O, Ag, and Au, in which the Ag2O electrons transfer from the valency band to the conducting band. The second step is the localized surface plasmonic resonance (LSPR), the captured electrons through Ag and Au cause electron resonance through these plasmonic materials and then transfer to the neighbor Ag2O semiconductor material. As a result of this process, the Ag2O material accumulates electrons. Then these electrons move to the electrolyte (sewage water) for the addition reaction of water splitting, in which both O2 and H2 gas are evolved on the anode and cathode surface, respectively. As a result of this reaction, Jph values are produced that represent the rate of the reaction [37,38]. Moreover, Table 1 confirms the improved behavior of the present study in comparison with previous literature.





4. Conclusions


The use of an Ag2O-Ag/Au/Al2O3 photoelectrode for the sewage water splitting reaction for O2 and H2 gas production shows promising results. All analyses are carried out to verify the Ag2O-Ag/Au/Al2O3 photoelectrode’s chemical composition, morphology, and optical characteristics. According to the SEM images, the produced materials contain nanoporous characteristics with hexagonal shapes of 305 nm diameter for the Al2O3 template. This pore diameter decreases to 240 nm after Ag2O-Ag deposition. For Ag2O-Ag/Au/Al2O3, the bandgap is 1.56 eV which gives a promising feature for the light absorbance and photoelectrode water splitting reaction. Under increasing the light power density from 25 to 75 mW.cm−2, the Jph value changed from 8.9 to 9.5 mA.cm−2, respectively. The IPCE was altered by the influence of monochromatic light, in which, the IPCE values change from 29.6 and 14.4% at 390 and 636 nm, respectively. As the prepared photoelectrode has a great IPCE for the sewage water splitting reaction, our team will soon be working on a prototype for the fabrication of an electrochemical cell for water splitting and H2 gas production.
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Figure 1. Diagram of the photoelectrochemical process for sewage water splitting reaction, in which Ag2O-Ag/Au/Al2O3 is the working electrode (WE), graphite is the counter electrode (CE), and calomel is the reference electrode (RE). 
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Figure 2. The XRD of Al2O3 template and Ag2O-Ag/Au/Al2O3 nanomaterial. 
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Figure 3. XPS analyses (a) survey, (b) O element, (c) Ag element, (d) Al element, and (e) Au element for the prepared Ag2O-Ag/Au/Al2O3 nanomaterials. 
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Figure 4. SEM of Al2O3 template (a) before and (b) after pore widening. SEM of (c,d) Ag2O-Ag/Au on the Al2O3 template under different magnifications. 
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Figure 5. (a) Optical reflectance spectra of Al2O3 and Ag2O-Ag/Au/Al2O3 and (b) band gap value of Ag2O-Ag/Au/Al2O3 nanomaterials. 
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Figure 6. The relation between the potential and the current density (insert figure represents the magnification of the current density at 0.94 to 1.0 V) for the Ag2O-Ag/Au/Al2O3 photoelectrode. 
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Figure 7. (a) The relation between the applied potential and the produced current density (the insert figure represents the relation between the applied wavelength and the produced current density at 1.0 V) and (b) the IPCE for the prepared Ag2O-Ag/Au/Al2O3 photoelectrode. 
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Table 1. Comparison of the present study with previous literature through the used electrolyte, current density, and IPCE.
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	Photoelectrode
	Electrolyte
	Jph (mA/cm2)
	IPCE % (390 nm)





	g-C3N4-CuO [39]
	NaOH
	0.01
	-



	CuO thin films [40]
	Na2SO4
	0.96
	3.1



	CuO-C/TiO2 [41]
	glycerol
	0.012
	



	CuO nanowire [42]
	Na2SO4
	1.5
	-



	TiO2/CdS/PbS [43]
	Na2S/Na2S2O3
	2
	4



	CuO nanostructure [44]
	KOH
	1
	-



	GaN [45]
	HBr
	0.6
	8



	SnO2/TiO2 [46]
	Na2S2O3
	0.4
	-



	CuO nanocrystals [47]
	Na2SO4
	1.1
	8.7



	BiFeO3 [48]
	NaOH
	0.1
	0.21



	ZnO/TiO2/FeOOH [49]
	Na2S2O3
	1.59
	-



	TiN-TiO2 [50]
	NaOH
	3.0 × 10−4
	0.03



	Au/PbS/Ro-GO/PANI [10]
	Na2S2O3
	1.1
	10



	Au/Pb(Zr, Ti)O3 [51]
	NaOH
	0.06
	0.2



	PrFeO [52]
	Na2SO4
	0.130
	-



	Poly(3-aminobenzoic acid) frame [53]
	H2SO4
	0.08
	-



	PANI/Ag2O/Ag Nanocomposite [53]
	Sewage water
	0.012
	-



	Present work (Ag2O-Ag/Au/Al2O3)
	Sewage water
	9.5
	29.6
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