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A B S T R A C T

This study covers a physical investigation of ZnO:Al/ZnS/NiO heterojunction thin films and their photocatalytic activities. The obtained samples were analyzed using XRD, FTIR, SEM/EDS, AFM, and UV–vis spectroscopy. The XRD and FTIR results confirmed that the nanocrystalline ZnO, ZnS, and NiO phases were successfully prepared. SEM morphological analysis of the multilayer film indicated that depositing different nanocrystalline layers above one another could deteriorate the adherence of the upper layer. In addition, AFM shows acceptable surfaceroughness for application as a photocatalyst. Optical analysis revealed that the ZnO:Al/ZnS/NiO multilayer film exhibited an average transmittance of 65%. The Eg value of the ZnO:Al monolayer of 3.26 eV is decreased to 3.15 eV after Al–ZnO/ZnS coupling, whereas ZnO:Al/ZnS/NiO exhibits an additional absorption value of 3.52 eV due to the NiO layer. The photocatalytic activity of ZnO:Al/ZnS/NiO under visible light exhibited an approximately 96% photodegradation efficiency against methylene blue after only 50 min. However, under sunlight, the degradation rates reached 90, 85, and 65% for methylene blue, crystal violet, and Congo red, respectively, in 90 min. This study shows that a synthesized ZnO:Al/ZnS/NiO heterojunction multilayer photocatalyst can efficiently degrade organic pollutants.

1. Introduction
 
The rapid growth of global environmental pollution generated by hazardous waste is caused by rapid industrial development worldwide [1]. In addition, the continuous discharge of pollutants in water resources, such as organic dyes, is the most common type of pollutant because of their solubility and stability in natural water systems and their impact on human and aquatic life [1–3]. These environmental concerns and ever-increasing energy demands have hurried the efforts of active research to develop eco-friendly, modern, harmless, and low-cost techniques to solve these problems [2,4]. Consequently, many researchers have extensively investigated the exclusive properties of nanostructured thin films that belong to the semiconductor family, as demonstrated by experimental and theoretical studies. They are employed in a variety of prospective applications [5,6], such as gas sensors [6], antimicrobial [7], antibacterial [8], and photocatalytic degradation of organic dyes [9]. Photocatalytic is a promising, inexpensive, and beneficial process to eliminate the problem of contaminated wastewater because they exhibit considerable degradation efficiency without involving complex technologies [2,3,10]. In this regard, a considerable number of investigated semiconductor metal oxides-based materials, particularly ZnO and NiO have attracted attention because of their diverse proprieties. Zinc oxide (ZnO) is a promising n-type binary semiconductor of the II-VI group with a wide optical gap energy of 3.37 eV. This makes ZnO suitable for photonic applications in the ultraviolet region [11]. ZnO has two phases, a wurtzite hexagonal structure and a cubic one in its bulk form [5]. Nickel oxide is a p-type semiconductor of the VIII–VI group with a NaCl structure [12], an antiferromagnetic oxide semiconductor [13], transparent with a broad optical gap energy from 3.6 to 4.0 eV [12]. Similarly, thin-film semiconductors based on metal sulfides, such as ZnS, PbS, CuS, and CdS, etc [14,15] have received considerable attention owing to their remarkable properties [14]. ZnS is an n-type semiconductor of the II-VI group with Eg ranging from 3.54 to 3.72 eV for the cubic phase and from 3.74 to
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