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Abstract

:

We have designed an excellent visible-light-driven and high-performance photocatalyst with a Ag-Cu2O-ZnO nanowire heterostructure in our work by combining the hydrothermal approach with plasma–liquid technology. The structural and morphological characteristics and optical properties of the samples were evaluated using X-ray diffraction, field-emission scanning electron microscopy, and spectrophotometry, respectively. The results show that the Ag nanoparticles are mainly positioned on the Cu2O nanoclusters compared with the ZnO nanowire surface, forming broccoli-like Ag-Cu2O nanoclusters during the Ar gas plasma treatment process in an aqueous solution. The diameter of the Ag/Cu2O nanoclusters ranges from 150 to 180 nm. The Ag-Cu2O-ZnO nanowires exhibited improved photocatalytic performance, decomposing approximately 98% methyl orange dye in 30 min. This is a consequence of the synergistic interactions between the p-n heterojunction formed at the Cu2O-ZnO interfaces and the localized surface plasmon resonance (LSPR) effect of the Ag nanoparticles, which broaden the visible light absorption range and effectively separate the photogenerated charge carriers.
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1. Introduction


In recent decades, the photocatalytic approach has demonstrated exceptional benefits for both environmental protection and the rehabilitation of polluted water [1]. Breakthrough achievements in nanomaterial synthesis technology have contributed to accelerating the catalytic process to satisfy practical needs. Semiconductors have drawn a lot of interest as a key contender among the representative catalysts [1,2]. However, a challenging problem nowadays is the quick recombination rate of the electron–hole pairs produced in photocatalytic reactions [1,2]. It is imperative to address this bottleneck to produce a high-performance photocatalyst.



In parallel with the well-known typical semiconductors, thanks to their high catalytic activity, affordable cost, nontoxicity, and facile preparation, both ZnO and copper(I) oxide (Cu2O) have emerged as prominent candidates [3,4,5,6]. Typically, ZnO nanowires have a highly promising shape among ZnO 1D structures because of effective electron transport in narrow dimensions and their anisotropy [3,7]. Nevertheless, ZnO nanowires only absorb 3–5% of visible light because they have a large band gap (>3 eV) [7]. Therefore, the exploitation of a ZnO/Cu2O heterojunction is expected to slow down the charge carrier recombination rate—since there exists an irreversible electric field at the p-n junction of the ZnO/Cu2O system—and expand the absorption spectrum toward the visible light range, as shown in previous articles [8,9,10,11]. Furthermore, the concordance between the energy level and the electronic structure in the ZnO and Cu2O forms a superior catalytic p-n system compared with other p-n systems [8,9,10,11,12,13]. On the other hand, the formation of a Schottky barrier at the precious metal–semiconductor interface can efficiently prevent the recombination of electron–hole pairs [14,15,16]. Combined with the surface plasmonic resonance effect of noble metal nanoparticles, which provides a considerable adsorption ability in the visible light region, precious metal/semiconductor-based catalysts greatly increase the photo-decomposing process [14,15,16,17,18,19]. In addition to mono- and binary structures, ternary structures have been recently developed and offer highly promising potential. The synergistic effects between the interfaces in ternary structures bring out the possibility of boosting the charge carrier separation and triggering the absorption range in the visible light region [20,21,22,23,24,25,26,27,28]. The ZnO/Au/Cu2O heterojunction system, as described by Yuan et al., demonstrates a better Z-scheme charge separation and deep oxidative decomposition for organic dye, resulting in enhanced catalytic performance of over 78% compared with pure ZnO [27]. Tsai et al. showed that Ag/Cu2O/ZnO NRs with remarkable kinetic constant enhancements degrade RhB more effectively than Ag/ZnO and Cu2O/ZnO [23]. Numerous well-known fabrication methods for ZnO nanowires have been applied, such as carbo-thermal evaporation [29], metal–organic vapor phase epitaxy [30], and molecular beam epitaxy [31]. Unfortunately, these methods have disadvantages, such as being time-consuming, costly, and complicated experimental systems. Studies have demonstrated that the fabrication of ZnO nanowires using the hydrothermal method is simple and economical. Additionally, various fabrication techniques for mono- and binary structures, as well as ternary structures—including co-precipitation [32], hydrothermal [27], sol–gel [14], solution combustion [33], and plasma technology [28,34,35]—have been applied. Moreover, plasma technology has increasingly satisfied the urgent requirement for the development of a quick, easy, and eco-friendly approach. The interaction between plasma and aqueous solutions at the interface has been found to offer a strong solution for the synthesis and functionalization of nanomaterials [36,37]. In this case, the plasma is generated either inside the solution or close to its surface. Importantly, more active species, such as electrons, radicals, ions, and produced UV light, are introduced to promote reactions in the solution [36,37]. To the best of our knowledge, the use of the plasma–liquid approach to construct ternary heterostructures and simultaneously study their underlying formation mechanisms is still limited.



Therefore, we recently synthesized a CuO-Ag-ZnO nanowire photocatalyst in which Ag nanoparticles were intercalated between the CuO nanoparticles and the ZnO nanowire using the plasma–liquid method in alkaline media [28]. However, that work did not mention the formation mechanism of the nanoparticles on the ZnO nanowires during the plasma treatment. Additionally, to understand the comprehensive scenario of the influence of the media on the formation of nanoparticles on ZnO nanowires under plasma conditions and to study the effect of the composite order, from semiconductor–metal–semiconductor to metal–semiconductor–semiconductor, on photocatalytic activity, we designed and prepared a ternary heterostructure made of Ag-Cu2O-ZnO nanowire in this work. In acidic media, Cu2O particles were formed instead of CuO particles under the same plasma conditions. Furthermore, the Ag nanoparticles were preferentially located in Cu2O nanoclusters instead of the ZnO nanowires, forming a broccoli-shaped structure attached to the ZnO nanowires. The results showed that the presence of Ag and Cu2O partially quenched the photoluminescence in both the UV and visible light regions. Consequently, the photocatalytic activity decomposing methyl orange in the ternary Ag-Cu2O-ZnO structure took place strongly within 30 min with an efficiency of approximately 98%. The stability and photo-reusability were dramatically improved, merely decreasing by about 3% in terms of performance after 20 cycles. The formation of the Ag-Cu2O-ZnO heterostructure within the plasma–liquid treatment is also discussed in detail.




2. Results and Discussion


2.1. Decorating Ag NPs and Cu2O NPs on ZnO NWs via the Plasma–Liquid Interaction Method


ZnO nanowires (NWs) were prepared using the hydrothermal method [28]. The ZnO-nanowire-growing procedure involves a mixed aqueous solution as a precursor, which contains the alkaline reagent Na2CO3 and Zn2+ salt. The formation process of the ZnO was provided by Hu et.al. [38].



The interaction between the Ar gas plasma and the aqueous solution can generate strongly reactive species such as atomic hydrogen (H), H*, H+, and OH radicals, caused by the dissociation of water molecules (H2O), hydrated electrons (    e   a q   −    ), and UV light—which has a strong reducing ability—at the same time [39,40,41,42]. These species take part in and push up the reactions in the solution. The decoration of the Ag and Cu2O NPs on the ZnO NWs using the plasma–liquid treatment includes the following stages: Firstly, the H+ species participate in the bombarding process on the surface of the ZnO NW, resulting in the removal of oxygen atoms and, thus, the creation of oxygen vacancies on the surface. Consequently, the nanoparticle adherence to the ZnO surface is greatly enhanced. This process was considered for a Pt-attached MoOx system [41] by the Li group and activated TiO2 [39] by the Yu group. Secondly, the reduction reaction of metal ions, in order to synthesize nanoparticles in the plasma–liquid process with the reducing agents     e   a q   −     and H*, is performed as per the following equations [37,43]:


Ag+ + ne−aq → Ag0



(1)






Ag+ + H* → Ag0 + H+



(2)







The hydroxyl OH radicals produced at the plasma–liquid interface location react swiftly with Cu2+ together with ascorbic acid in order to form Cu2O nanoparticles, as per the reaction below [44]:


Cu2+ + OH− + C6H8O6 → Cu2O + C6H6O6 + H2O



(3)







Lastly, the ZnO nanowires can make electron–hole pairs on their surface by absorbing the UV light generated within the plasma process. On the ZnO surface, these electrons and holes are utilized for direct reduction or to produce radicals that further reduce Ag+ and Cu2+ ions [34,45]. Notably, Ag and Cu2O nanoparticles preferentially agglomerate with each other to form a broccoli-like hierarchical structure because of their energy priority [46]. With the benefits of being rapid and easy to use, the plasma–liquid method can effectively produce a Ag-Cu2O-ZnO ternary structure without adding chemical surfactants as other methods require.




2.2. Structural and Morphological Characteristics


Figure 1 introduces the XRD patterns of as-prepared samples: ZnO and Ag-Cu2O-ZnO NWs determined by a Bruker D8 advanced X-ray power diffractometer device. The diffraction peaks characterize the hexagonal wurtzite structure of the ZnO NWs located at 31.9°, 34.5°, 36.4°, 47.66°, 56.69°, and 63.1° corresponding to crystal planes of (100), (002), (101), (102), (110), and (103), in excellent consistency with the standard card of ZnO (JCPDS: 36-1451). Remarkably, these peaks are all shown in Ag-Cu2O-ZnO X-ray diffraction patterns without any shifting, indicating the advantage of the plasma–liquid method, which does not destroy the ZnO crystalline structure. The presence of diffraction peaks with Miller indices (011), (002), and (022), matching the standard card of Cu2O (JCPDS: 05-0667), confirms the presence of Cu2O, as pointed out in other published articles [9,11,44]. A peak at around 43° can be due to the overlap contribution of the Ag (200) and Cu2O (002) planes. A peak at around 38° can be attributed to the (111) plane of Ag nanoparticles, corresponding to the standard card of Ag (JCPDS: 04–0783). From the X-ray diffraction pattern, a ternary Ag-Cu2O-ZnO composite was successfully synthesized using the plasma–liquid method. Furthermore, no other X-ray peaks could be observed, confirming the purity of the as-prepared samples.



The surface morphologies of ZnO and Ag-Cu2O-ZnO NWs measured by FESEM are displayed in Figure 2. The ZnO NWs prepared using the hydrothermal technique have diameters of 20–70 nm and lengths of approximately 10 µm (Figure 2a,b). Under the impact of plasma current, the Cu2O and Ag nanoparticles were decorated on the surfaces of the ZnO NWs (Figure 2c) in a broccoli-like shape. As a result, broccolis with 150–180 nm diameters are observed. The particle size distribution histogram of the Ag NPs and Cu2O NPs is shown in Figure 2d. The average particle size of the nanoparticles was calculated to be 10.3 nm from the original data. The broccoli shape is an overlay result of the consecutive formation of Cu2O crystals together with the deposition of Ag nanoparticles. To elucidate this, we implemented EDX-STEM mapping to measure the Ag-Cu2O-ZnO composite (Figure 2e). Obviously, four elements—Zn (blue), Cu (red), Ag (green), and O (yellow)—were detected, and one cannot observe any other elements. It is worth mentioning that the majority of Ag elements are located in the broccoli of Cu2O NPs. HRTEM images robustly demonstrated the existence of distinguishable lattice fringes of ZnO, Cu2O, and Ag with d-spacings of 0.25 nm, 0.24 nm, and 0.23 nm, respectively, which are assigned to crystal planes of (101) (ZnO), (111) (Cu2O), and (111) (Ag), as shown in Figure 3. Thus, both Ag and Cu2O NPs were successfully decorated on the ZnO NW surfaces.



Analysis of the room-temperature PL spectra of the ZnO and Ag-Cu2O-ZnO NWs showed that the spectrum intensity gradually declined at both the UV and VIS regions when the Cu2O and Ag NPs were attached (Figure 4a). As reported in previous articles [28,46], the PL spectrum of ZnO NWs consists of an emission peak in the 380–390 nm region, which stems from free electron–hole pair recombination, and a broad emission peak in the visible region, which arises from defect levels [46]. Therefore, the suppression of the PL spectrum of ZnO NWs is a crucial task in gaining an excellent photocatalyst. As expected, a part of the PL spectrum is quenched upon the decoration of Cu2O and Ag NPs on the ZnO NWs surface, indicating an inhibition in electron–hole pair recombination and an increase in charge separation efficiency [47]. The reason for the decrease in the PL spectrum intensity can be ascribed to (1) the heterostructure formation between the ZnO and Cu2O, improving the charge transfer route, and (2) the formation of an ‘electron reservoir’ by the Ag NPs to catch the photogenerated electrons.



The optical absorption spectra of ZnO and Ag-Cu2O-ZnO samples are studied and depicted in Figure 4b. Obviously, the ZnO NWs only absorb in the UV region with an absorption edge at ~385 nm. In the ternary Ag-Cu2O-ZnO NWs, the absorption edge moves forward along the wavelength side, and a broad absorption range is found in the visible light region. This is a consequence of the narrower bandgap of Cu2O [48] and the localized surface plasmon resonance (LSPR) effect of Ag NPs, which forms an LSPR peak at ~445 nm. Therefore, the enhanced absorbance in the visible light region produces more photogenerated charge carriers. These findings also confirm the formation of a Ag-Cu2O-ZnO heterojunction.




2.3. Photocatalytic Activity


Electrochemical impedance spectroscopy (EIS) is exploited as a useful tool for learning more information about charge separation/transfer and charge recombination in photocatalysts. Interface layer resistance on the electrode surface is exhibited by an arc radius on a Nyquist plot. As shown in Figure 5a, the arc radius for the Ag-Cu2O-ZnO NWs is significantly smaller than that of their pure ZnO counterpart, indicating that this ternary heterostructure possesses faster interfacial charge transfer and more efficient charge separation. On the other hand, as noted in numerous articles, the higher photocurrent demonstrates the better separation efficiency of the charge carriers. Therefore, the photocurrent versus the time of the as-prepared samples was measured in three on–off irradiation cycles using solar-simulated light and then plotted in the inset of Figure 5a. It is evident that the photocurrent intensity is greatly enhanced when the Ag and Cu2O NPs are decorated on the ZnO NW surface. As a result, the current intensity of the Ag-Cu2O-ZnO NWs is about 600 × 10−9 A/cm2, three times higher than that of pure ZnO NWs. Consequently, the Ag-Cu2O-ZnO NWs unquestionably exhibit a more effective photogenerated electron–hole separation ability. Furthermore, the interfacial electric field forming in the Ag-Cu2O-ZnO may also be responsible for these observations since they hasten the migration of charge carriers under UV–vis light.



The degradation of methyl orange (MO) dye with respect to time under solar simulator illumination is used to estimate the photocatalytic activity of the ZnO and Ag-Cu2O-ZnO samples. The decrease in MO absorption peak intensity between 350 and 550 nm is considered a crucial indicator for this study. Figure 5b,c show the UV–vis absorption spectra of the MO dye in terms of irradiation time using the ZnO and Ag-Cu2O-ZnO photocatalysts, respectively. As indicated, the MO dye is decolorized based on illumination time. A peak shift to a shorter wavelength side can also be found, which is explained by the formation of intermediate species during photocatalytic reaction [33,49].



As seen in Figure 5b,c, the MO dye was strongly decomposed, ~27% and 82% in the first 10 min and ~89% and 98% within 30 min, corresponding to pure ZnO and Ag-Cu2O-ZnO NWs. This is assumed to be due to the mutual working of the active species—•OH, •    O   2   −     photogenerated holes, and electrons—in decomposing organic molecules in the aqueous solution. Since •OH and •    O   2   −     are generated by surface redox during photocatalysis, photogenerated holes and electrons can have a key impact on the degradation of organic dyes.



For further information, the kinetics (k) of the MO decomposing reaction was calculated with the Langmuir–Hinshelwood equation [28]. The k-values of the ZnO and the Ag-Cu2O-ZnO NWs were 0.074 min−1 and 0.165 min−1, respectively. Evidently, these findings indicate that the Ag/Cu2O broccolis contribute to accelerating the MO photo-decomposing process of ZnO host material more quickly. Therefore, the necessary decomposing time is much shorter in comparison with pure ZnO NWs.



It is worth mentioning that the k-value of the Ag-Cu2O-ZnO NWs is greater than the compounds used in many previous papers, as seen in Table 1. The k-values of the binary composites, TiO2-ZnO (0.011 min−1) and ZnO-WO3 (0.0521 min−1), are ~15 and 3 times lower than that of Ag-Cu2O-ZnO, respectively. In the Ag-Cu2O-ZnO nanorods prepared by Tsai et al. [23], their degradation rate was only 0.041 min−1, equal to ¼k of our composite. Another composite, ZnO-Au-Cu2O nanorods [24], showed excellent photocatalytic performance driven by visible light; nevertheless, the k-value (0.3495 h−1) was a limitation of this structure. Similarly, WO3-ZnO@rGO, ZnO-CdO-CuO, and ZnO-Fe3O4-g-C3N4 composites have ~6–7 times lower k-values compared with our Ag-Cu2O-ZnO NWs. Consequently, these composites took much more time to photodegrade organic dyes. It can be confirmed that decorating Ag-Cu2O NPs on ZnO wires is a superior strategy. This finding has also been found in a CuO-Ag-ZnO nanowire structure in our previous report [28]. In that work, the MO dye is completely decomposed in 30 min at a high k-value of 0.2007 min−1. This k-value difference may originate from the main interfaces between the CuO-Ag-ZnO and Ag-Cu2O-ZnO structures. In the CuO-Ag-ZnO NWs, the formation of the interfacial electric field in the semiconductor–metal–semiconductor was demonstrated to further improve photocatalytic efficiency [28]. The electrons in the CuO NPs excited from the valance band to the conduction band can transfer to the Fermi level of the Ag NPs and the ZnO conduction band. Then, the electrons from the Fermi level can also move into the conduction band of the ZnO; thus, more electrons participate in the photocatalytic process.



Moreover, one of the critical factors for a good photocatalyst regarding large-scale production is stability. We, hence, conducted a repeated 20-cycle photocatalytic experiment to evaluate this factor under solar simulator illumination. The results are depicted in Figure 5f. After 10 cycles, the Ag-Cu2O-ZnO photocatalyst still maintained great activity with a performance of ~97%. Although the catalytic activity continues to decrease in subsequent experimental cycles, the MO dye still decomposed to 95% in the 20th cycle, while that of the ZnO NWs significantly reduced by ~15% after 20 cycles. This result demonstrates the high stability of Ag-Cu2O-ZnO in the visible light region. As expected, the synergistic contribution of the Ag/Cu2O NPs improved the reusability of the Ag-Cu2O-ZnO heterostructure. This demonstrates the superiority of a ternary structure in addressing chemical dyes that contaminate water sources.



In this work, the bottom of the conduction band (CB) and the top of the valence band (VB) of ZnO and Cu2O are situated at −1.06 (V vs. NHE), 1.7 (V vs. NHE) and −0.77 (V vs. NHE), 2.57 (V vs. NHE), respectively [48]. Combined with the aforementioned findings and discussion, we propose a photocatalytic mechanism in the ternary Ag-Cu2O-ZnO heterostructure, as illustrated in Figure 6.



The photocatalytic enhancement of this structure can be explained as follows: (i) The expansion of the absorption band to the visible light region due to the LSPR effect of Ag NPs and the narrow bandgap of Cu2O (2.76 eV [53]) improves the light-harvesting efficiency. (ii) When exposed to visible light, the electrons from the Fermi level with the appearance of an LSPR effect are excited to a higher energy state; these electrons are thus moved to the CB of the Cu2O. In the photocatalytic process, this can help raise the concentration of charge carriers, which is crucial for separating photogenerated electron–hole pairs [53]. (iii) Because of the p-n heterojunction and tight surface contact between ZnO and Cu2O, photogenerated electrons continue to flow readily from the CB of Cu2O to the CB of ZnO. As a result, the electrons on the CB of ZnO and the holes on the VB of Cu2O can be split and accumulated. The strong oxidants •O2− and •OH, which take part in the MO degrading process, can be produced as a result of the redox process by the excess electrons on the CB of ZnO and holes on the VB of Cu2O.





3. Materials and Methods


Reagents: All chemicals used are analytic grade and high purity. Zn(NO3)2, Na2CO3, AgNO3, Cu(NO3)2, NH3, and L’-ascorbic acid were purchased from Sigma Aldrich (St. Louis, MO, USA), and deionized water was the solvent used to dissolve the applied chemicals. Distilled water and ethanol were utilized for cleaning.



3.1. Synthesis of ZnO Nanowires


ZnO nanowires (NWs) were prepared using the hydrothermal method with conditions outlined in our previous publication [28]. Zn(NO3)2 (0.05 M) and Na2CO3 (0.12 M) were separately dissolved in distilled water in two 100mL beakers for 1 h at room temperature. Prior to transferring the solutions to a Teflon put-in steel autoclave, these two solutions were mixed by a magnetic stirrer until the solution mixture reached a milky white color. The hydrothermal process was run at 200 °C for a full day. Eventually, after being taken out by a centrifuge, the white powder was repeatedly cleaned with distilled water and ethanol to get rid of the unreacted substances and contaminants. The powder was dried at 70 °C before being stored securely.




3.2. Decoration of Silver and Copper(I) Oxide on ZnO NWs Using the Plasma–Liquid Interaction Technique


	
Preparation of two precursor solutions:






(1) AgNO3 salt was dissolved with deionized water in a 500 mL beaker in order to obtain a 50 mM Ag-precursor solution.



(2) We prepared a 15 mM L’ascorbic acid solution and a 50 mM Cu(NO3)2 solution in deionized water. In total, 50 mM of Cu(NO3)2 and 15 mM of L’ascorbic acid were combined in a 6:2 volumetric ratio to generate a Cu-precursor solution.



	
Setting up the plasma–liquid system:






A simple plasma–liquid system operating at ambient conditions comprises three main components, a DC high-voltage source, a plasma nozzle, and a gold electrode, described in detail in Refs. [34,35]. The plasma nozzle, consisting of a plasma electrode comprising a 1.6 mm diameter Tungsten rod, was connected to an Ar gas flow system that was supplied during the experiment. The gold electrode was immersed in the examined solution contained in a 50 mL beaker. The DC power source supplied a high voltage of 2.5 kV to ignite the Ar gas plasma between the plasma nozzle and the aqueous solution surface. The generated current was kept at a constant value of 5 mA. Reactions in the solution were accelerated extraordinarily quickly owing to radicals and activated chemical species generated by plasma–liquid interactions.



The following steps were used to decorate the surface of the ZnO NWs with Ag and Cu2O nanoparticles:




	
The as-prepared ZnO NW powder was uniformly dispersed in distilled water within a 50 mL beaker using ultrasonic equipment.



	
Plasma was ignited for three minutes.



	
To form the ternary structure of Ag-Cu2O-ZnO NWs, 5 mL of Cu-precursor solution was added, followed by five minutes of plasma treatment. Next, 80 μL of 50 mM Ag-precursor solution was added, and the plasma ignition process was continued for an additional five minutes.



	
The Ag-Cu2O-ZnO powder was isolated using centrifugation. These samples were dried in a vacuum oven for 24 h at 50 °C and stored in sealed vessels.









3.3. Sample Characterization


The surface morphology of the as-prepared samples was observed using field-emission scanning electron microscopy (FESEM, Hitachi S-4800, Tokyo, Japan). The crystal structure, composition, and morphology of the samples were certified by a high-resolution transmission electron microscope (HRTEM; JEM 2100, JEOL, Tokyo, Japan). Their crystal structure was determined by a Bruker D8 advanced X-ray power diffractometer with Cu-ka radiation. The photoluminescence spectrum was measured using high-resolution photoluminescence spectroscopy (Horiba iHR550, Horiba, Osaka, Japan) with the excitation of a 355 nm Teem Photonic laser and then detected using a thermoelectrically cooled Si-CCD camera (Horiba Synapse). The UV–vis absorption spectrum was examined by a Carry 5000 UV–vis spectrophotometer (Agilent, Santa Clara, CA, USA).




3.4. Photocatalytic Activity Evaluation


The photocatalytic activity of the samples involving ZnO and Ag-Cu2O-ZnO was evaluated using the photodegradation of methyl orange (MO) under solar-simulated light. In total, 25 mg of photocatalyst was mixed with 30 mL of MO (5 ppm) contained in a beaker (Schott Duran, Mainz, Germany). After that, this mixture is stirred for an hour in a dark environment to ensure that the photocatalyst surface achieves an adsorption–desorption equilibrium state. Subsequently, the incident light source was irradiated perpendicularly to the solution surface for 30 min. Three milliliters of the solution were aspirated and placed in a centrifuge tube at determined intervals. The concentration of MO, with respect to the illuminated time interval, was measured using the UV–vis spectrophotometer.





4. Conclusions


Capitalizing on the advantages and effectiveness of the plasma–liquid method, we successfully synthesized a ternary Ag-Cu2O-ZnO catalyst and proposed an underlying formation mechanism for this material system. The results showed that the coexistence of Cu2O and Ag NPs on ZnO NWs acts as a key intermediate species for promoting fast charge transfer and separation and impeding electron–hole recombination. Indeed, the ternary Ag-Cu2O-ZnO composite showed superior photocatalytic activity. About 82% and 98% of the MO contents decomposed under visible light irradiation within 10 and 30 min. In addition, the catalytic performance still achieved above 95% after 20 reuse cycles, indicating the excellent stability and reusability of the Ag-Cu2O-ZnO. The findings demonstrate the outstanding photocatalytic efficiency of semiconductor- and noble metal-based structures, paving the way for significant potential applications in pollutant treatments.
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Figure 1. XRD patterns of ZnO and Ag-Cu2O-ZnO synthesized using the hydrothermal approach combined with the plasma–liquid method. 
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Figure 2. Field-emission scanning electron microscopy images of ZnO (a,b) and Ag-Cu2O-ZnO NWs (c); particle size distribution histogram of Ag NPs and Cu2O NPs (d); and EDX-STEM mapping images of Zn, O, Ag, and Cu elements (e). 
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Figure 3. TEM (a) and HR-TEM images of ZnO NW (b) and Ag-Cu2O-ZnO (c). 
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Figure 4. PL spectra (a) and absorbance spectra (b) of ZnO and Ag-Cu2O-ZnO. 
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Figure 5. EIS Nyquist plot curves of ZnO and Ag-Cu2O-ZnO samples. The inset is the photocurrent-time curves of as-prepared samples under on–off solar-simulated light (a). The UV–vis absorption spectra of the MO dye in terms of time under solar-simulated light using the photocatalysts of ZnO (b) and Ag-Cu2O-ZnO (c). Ct/C0 curves as a function of the time of the MO degradation process (d). Kinetics of the MO degradation process (e). Photocatalytic activity reuse cycle of Ag-Cu2O-ZnO NWs compared with ZnO NWs (f). 
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Figure 6. Proposed photocatalytic mechanism scheme of Ag−Cu2O−ZnO ternary heterostructure. 
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Table 1. A comparison of the photocatalytic performance of different systems.
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	Structure
	Method
	Organic Dye
	Kinetics k
	Yield (%)
	Time (min)/Ref.





	Cu2O-ZnO/kaolinite
	Co-precipitation
	MB
	0.098 min−1
	93
	105 [32]



	Cu2O-ZnO
	Precipitation and calcination
	MO
	1.30762 h−1
	98
	240 [13]



	Ag-Cu2O-ZnO
	Hydrothermal and photoreduction
	RhB
	0.041 min−1
	80
	60 [23]



	WO3-ZnO@rGO
	Ultrasound
	MB
	0.0278 min−1
	94
	90 [50]



	TiO2-ZnO
	Hydrothermal
	RhB
	0.011 min−1
	89
	180 [51]



	ZnO-CdO-CuO
	Co-precipitation
	MB
	0.027 min−1
	94
	100 [52]



	ZnO-Au-Cu2O
	Electrodeposition and sputtering
	MO
	0.3495 h−1
	~75
	240 [24]



	ZnO-WO3
	Sol–gel
	MO
	0.0521 min−1
	100
	90 [53]



	ZnO-Fe3O4-g-C3N4
	Sol–gel and annellation
	MO
	0.0243 min−1
	~97
	140 [54]



	Ag-Cu2O-ZnO NW
	Hydrothermal and plasma–liquid
	MO
	0.165 min−1
	98
	30 This work
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