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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 surface
roughness 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 AI-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 approxi-
mately 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 effi-

ciently 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 re-
sources, 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 re-
searchers 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,
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inexpensive, and beneficial process to eliminate the problem of
contaminated wastewater because they exhibit considerable degrada-
tion 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 atten-
tion 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 an-
tiferromagnetic oxide semiconductor [13], transparent with a broad
optical gap energy from 3.6 to 4.0 eV [12]. Similarly, thin-film semi-
conductors 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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3.91 eV for the hexagonal one [16]. ZnS is mostly used as a window film
for photovoltaic means, such as light-emitting diodes and catalysts [17,
18], owing to its good transmittance in the UV-visible range and a large
index of refraction [16,19].

Various methods have been employed to prepare thin films,
including electrodeposition [20], pulsed laser ablation [21], sputtering
[22], sol-gel [14], and spray pyrolysis [23,24]. Among the common
methods, sol-gel (dip/spin) and spray pyrolysis are simple and low-cost
deposition processes for various metal sulfide/oxide thin films on
different substrates such as Si, ITO, FTO, and glass substrates. Among the
available alternative semiconductor-deposited thin films, multilayer
structures consisting of two or more layers of semiconductor structures
have focused on optoelectronic applications [10,25] owing to their good
electrical and optical characteristics compared to common monolayers
[14], while few studies exist on photocatalytic applications [10].
Furthermore, compared with powder nanoparticles, thin films offer
several advantages in the photocatalytic process: they are easy to
use/reuse and control and avoid costly powder cleaning/recycling after
every degradation [14].

The use of semiconductors as photocatalysts has improved their large
performance under various light sources [26], but their excitement by
irradiation quickly creates electron-hole pairs, which can take part in a
chemical reaction [10], weakening the process [27], and significantly
challenging aspects of the photocatalytic performance [2]. To enhance
this performance, first, the rate of e-h pair recombination should be
reduced, which can occur by different methods, such as adding surface
defects [28] and doping with cationic dopants like Li, Al, Co, Fe [6,
29-31], rare-earth [32], and heterogeneous (p-n) semiconductors
(multilayer) [33-35]. Indeed, choosing semiconductor thin films as
photocatalysts not only affects their intrinsic properties, but also their
synthesis conditions, which influence the obtained physical properties of
the samples. Generally, the photocatalytic activity of ZnO thin films can
be enhanced or improved by doping them. Because Al** has a shorter
ionic radius than Zn%* [1 0], it is a promising dopant for ZnO (AZO),
which was previously investigated in the literature [29,36]. Moreover,
the AZO sample can couple with other metal oxide phases such as
Zn0O/AZO/ZnO [10], or metal sulfides like A1-ZnO/ZnS heterostructures
[371, which have shown good photocatalytic performance for MB.

This study aimed to synthesize ZnO:Al/ZnS/NiO heterojunction
multilayers as photocatalysts for the decomposition of organic dyes
using low-cost spin-coating and spray pyrolysis techniques. The prop-
erties of the samples were investigated using structural, morphological,
and optical characterization tools. To our knowledge, for the first time
Zn0:Al/ZnS/NiO has been fabricated as a multilayer thin-film material
for dye removal.

2. Experimental details
2.1. Preparation of signal/multilayer thin films

This study uses nanocrystalline films ZnO:Al single-layer, ZnO:Al/
ZnS bi-layer, and ZnO:Al/ZnS/NiO tri-layer (labeled as AZ, AZS, and
AZSN, respectively) were prepared on glass substrates. First, the glass
substrates were cleaned with ethanol in an ultrasonic bath and then with
deionized water for 15 min to eliminate any pollutants on their surfaces.

We fabricated an Al-doped ZnO (AZ) thin layer as the first and bot-
tom film by spin coating using an aqueous solution of 0.1 M zinc acetate
dihydrate (Zn (CH3COO0)2-2H50) and 2 wt% of aluminum acetate (Al
(OH), (CH3COQ)) as the aluminum source. The ZnO:Al solution was
prepared by dissolving zinc acetate in the solvent using absolute ethanol
(C2HgO) in the presence of monoethanolamine (MEA: CoH7NO) as the
stabilizer. The precursor and stabilizer (MEA) molar ratios were main-
tained at 1:2. The solution was stirred for 2 h at 75 °C using a magnetic
stirrer to obtain a transparent homogeneous sol, which was then stored
for 48 h before use. The obtained sol was then deposited on the substrate
using a spin-coating method (1500 rpm, 25 s) at ambient temperature.
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Each coating film was dried at 200 °C for 10 min to evaporate the sol-
vents, and the spin-drying procedure was repeated six times to obtain a
film with an acceptable thickness. Finally, the samples were annealed at
500 °C for 90 min.

To obtain AZS and AZSN multilayer thin films, ZnS and ZnS/NiO
layers were deposited via spray pyrolysis. Typically, solutions were
prepared independently using an appropriate amount of zinc acetate
dihydrate (Zn (CH3COO),-2H50) with thiourea (SC (NH3)3) and nickel
chloride hexahydrate (NiCly-6H20) as the starting precursors. First, 0.1
M Zn(CH3COO),. 2H50 and 0.1 M SC(NH,), were dissolved at 80 °C in
deionized water (molar ratio of Zn®** to S~ was 1:1), and then drops of
acetic acid were added to inhibit solution deposition. A NiO solution was
obtained by dissolving 0.1 M nickel chloride in deionized water at 80 °C.
To obtain the AZS and AZSN samples, the prepared precursor solutions
were sprayed onto a preheated ZnO:Al-coated substrate at 450 °C. The
flow spray rate was 5 ml/min at a distance (nozzle-substrate) of ~35
cm, with a nozzle diameter of 0.3 mm, and deposition time of 8-10 min.

2.2. Characterizations tools of signal/multilayer thin films

After the deposition of the thin layers, it was necessary to charac-
terize them and discuss their physical properties. The crystalline phase
structure was determined using Copper radiation A g, = 1.54 A of XR
diffractometer using a PANalytical Empyrean diffractometer. The XRD
data were recorded in the 20 range of 10°-70° with a step width of 0.02.
Optical analysis was performed using a UV-Vis spectrophotometer (Cary
100 UV-Vis at 200-900 nm). A Cary 660 FTIR spectrometer was used to
record attenuated total reflectance (ATR-FTIR) spectra. The surface
morphology was investigated using atomic force microscopy (AFM, APE
Research A100 AFM) and scanning electron microscopy (SEM, ZEISS
EVO 15) equipped with energy dispersive X-ray spectroscopy (EDS).
Subsequently, the obtained samples underwent photodegradation of the
organic dyes.

2.3. The photocatalytic test (photodegradation measurement)

The photocatalytic activity was investigated by the degradation of a
25 ml aqueous solution of 5 mg/L methylene blue (MB; C;6H;3CiN3S)
dye, which acts as a representative dye pollutant, with a pH of ~6 in the
presence of elaborated films (15 cmz). The Photodegradation of MB was
done by two different irradiation sources, exposed to visible light for 75
min with a 1000 W Halogen lamp, and sunlight by using natural light in
May 2022 in Ouargla- Algeria. In addition, crystal violet (CV) and Congo
red (CR) dyes were used as pollutants under the same MB degradation
conditions but only under sunlight irradiation. Before irradiation, the
dye adsorption was performed in the dark for half an hour to achieve
equilibrium. The photocatalytic degradation process was monitored by
measuring the absorbance of dye (imax). The process efficiency was
evaluated using Eq. (1) [6]:

Dye degradation rate % = (%) x 100 = <f$) x 100 (€D)]
1

1
where C; is the concentration at the actual measurement, and C; is the

initial concentration. Similarly, A; and A; are the initial and actual
absorbance values, respectively.

3. Results and discussion
3.1. Structural analysis by X-ray diffraction

It is important to elucidate the crystalline nature and phase of the
prepared samples using XRD. Accordingly, the structural crystallinity of
single AZ (ZnO:Al), multilayer AZS (ZnO:Al/ZnS), and AZSN (ZnO:Al/
ZnS/NiO) films was investigated via X-ray diffraction with 20 (diffrac-
tion angle) scanning from 20° to 70°, as shown in Fig. 1(a). As shown in
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Fig. 1. a the XRD diffraction patterns of as-deposited AZ, AZS, and AZSN multilayer films, and b Structural parameters: crystallite size (D), micro-strain (eps),

dislocation density (6).

Fig. 1(a), the AZ film synthesized by the spin-coating technique showed
well-defined reflections at 20 = 31.9°, 34.5°, 36.4°, 47.6°, 56.9°, 63.0°,
and 68.2° matching with (111), (002), (101), (102), (110), (103), and
(112) planes, respectively, corresponding to the wurtzite hexagonal
phase of ZnO (JCPDS no. 1-75-576) [38]. No aluminum-related peaks
were observed in the XRD patterns (low doping concentrations in the
AZ), indicating that aluminum did not change the polycrystalline
wurtzite structure of ZnO.

The AZS pattern contains the most intense peak at 28.7° of the (111)
plane of the zinc sulfide cubic phase (JCPDS no. 1-080-0020) [39],
which is a high-intensity peak in the typical diffraction pattern of cubic
ZnS with high crystallinity. Similarly, NiO traces were found in the
AZSN multilayer XRD pattern with two additional peaks at 20 = 43.2°
and 62.7°, corresponding to the (200) and (220) lattice planes of the
cubic phase of NiO (JCPDS no. 47-1049) [31]. Moreover, XRD
confirmed the better crystalline structure of the single- and multilayer
films.

The crystallite sizes (D) of the three phases from the three samples
were estimated using Debye-Scherrer’s formula Eq. (2) [29]:

_0.94¢,
“"Bcosb

(2)

where g is FWHM (full width at half maximum) and A¢c, = 0.154 nm. D¢
have been used to estimate the length of dislocation lines per volume
unit (dislocation density) [40] using Eq. (3).

1

S=—r
D(Z‘S

3
The micro-strain (en,) is an interesting structural parameter of the
deposited nanostructured thin films that originate from their structural
defects it can induce the diffraction peaks broadening which is related to
FWHM (f) and can be calculated using the following relation [41]:

B

Ems =
" 4 tan 0

4

when D.s decreases, compression occurs owing to the interior surface-
tension-induced lattice strain, and the number of crystal edges in-
creases along the film surface area. Accordingly, the lattice strain be-
comes weak when the crystallite size increases, owing to a lower
compression from the grain boundaries, and even the dislocation lines
decrease because of the low number of grain boundaries, which means

that the grain boundary is a trap of dislocations [40,42]. Accordingly,
Fig. 1(b) displays the opposite correlation between Dgg, €ns, and & for
every structural phase.

All these structural parameters were calculated and are listed in
Table 1.

Table 1 Structural parameters of as-deposited AZ, AZS, and AZSN
films.

3.2. ATR-Fourier transform IR spectroscopy analysis

ATR-FTIR spectroscopy can be used as a supplementary analysis
method for XRD studies. In this work, ATR studies were performed in the
transmission mode from 400 to 4000 cm™!, as shown in Fig. 2. Gener-
ally, metal oxides exhibit absorption at specific wavenumbers in the
fingerprint region [30]. The AZ signal layer sample reveals the vibration
of Zn-O stretching at approximately 418, 442, 459, 523, and 552 cm !
[39,43-45]. The bilayer AZS thin film also showed characteristic ZnO
absorption peaks at 416, 460, and 480 cm™ L. In addition, it reveals two
other peaks assigned to the stretching vibration mode of ZnS at 555
cm~! [46] and 605 cm’l, which are close to the peak observed in the
literature [47]. The vibration peaks of the AZSN multilayer film were
located around 416, 440, and 555, and the NiO stretching mode is
detected at 599 ¢cm~! [48]. For all samples, we observed broad ab-
sorption bands located around 914 and 764 cm ™! returning to the glass
substrates [49]. Notably, the FTIR results confirmed the results of the
XRD study.

3.3. Surface morphology (SEM)

The surface morphologies of the signal, bi-, and trilayer thin films
were determined by SEM and are shown in Fig. 3(a—c). The SEM mi-
crographs showed significant changes in the surface morphology ac-
cording to the deposition of the upper layer. The SEM micrograph of sol-
gel ZnO:Al (AZ) appears an interesting textured surface with an irregular
root-like and wrinkled network structure distributed over the surface
and crack-free. As can be seen from the AZ micrograph, these wrinkles
have no particular or symmetrical orientations. The wrinkle-like
network structure can be attributed to rapid drying after each coating
layer during the deposition time. In addition, X. Li et al. [41] reported
that slowly and quickly pre-annealed thin films exhibit smooth and
wrinkled surface morphologies, respectively. Similar wrinkle-like and
root-like network morphologies have been reported by other researchers
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Table 1
Structural parameters of as-deposited AZ, AZS, and AZSN films.
Samples phases structure 20 (°) hkl Des (nm) ems (1073) 8 (10" lines/m?) RMS
AZ Zn0 hexagonal 31.94 100 18.4 6.63 29.54 12.07
34.60 002
36.42 101
AZS ZnS cubic 28.78 111 10.9 13.39 84.45 10.66
ASZN NiO cubic 43.14 200 15.4 451 42.00 21.36
62.73 220
., 3.4. AFM analysis and surface roughness
77/
AZSN AFM analysi ided infi i
ysis provided information about surface topography and
roughness. Notably, as mentioned in the SEM, the photocatalytic per-
= formance of thin-film samples depends on their surface roughness. Fig. 4
< shows the two-dimensional and three-dimensional AFM images over a 5
: x 5 pm? scanned area. The samples exhibited different surface topog-
g AZS raphies and agglomerations of different sizes on their surfaces. Granular
g formations were observed on the surface of the single-layer ZnO:Al (AZ)
= film, unlike in other films. In fact, crystal grains can be observed, unlike
g the previous SEM images that displayed no defined crystal grain
g AZ boundaries in the smooth or wrinkle-like zones. In addition, as shown in
; Fig. 4(a), the 3D topography of the AZ sample shows a granular distri-
bution, and some agglomerations of grains grow preferentially along the
c-axis and perpendicular to the film surface. The AFM and SEM results
otdem ! for ZnO:Al resemble are comparable to the morphology results reported
/T T T T T by M. A. Bouacheria et al. [42]. The topography of the AZS sample
4000 3800 1600 1400 1200 1000 800 600 400

Wavenumbre (cm™)

Fig. 2. ATR-FTIR spectra of as-deposited AZ, AZS, and AZSN films.

for undoped and Al-doped ZnO thin films [42,50,51] using the
spin-coating method. These types of nanostructures exhibit a larger
surface-to-volume ratio than that of smooth thin films. The SEM mi-
crographs of the as-sprayed ZnS on the ZnO:Al (AZS) bilayer at different
magnifications are shown in Fig. 3(b). This clearly shows that the ZnS
layer owing to its good cohesion with the ZnO layer, AZS displays a
smooth and dense network structure in a disk-like form with several
sizes along the surface. A similar disk-like ZnS morphology was observed
in Ref. [40]. A surface morphology micrograph of the NiO (upper layer
of AZSN) deposited on top of the ZnS layer is shown in Fig. 3(c).
Non-uniform surface structures were observed, and the sprayed NiO
precursor solution exhibited low adhesion. The thin film of NiO on ZnS
exhibited non-homogeneous overlapping, with nanoagglomerations of
grains of various shapes and sizes. Furthermore, the void and cracked
nature of the NiO film surface could be attributed to the roughness of the
ZnS layer. However, the presence of nanovoids on the layer can affect its
cohesion and homogeneous network structure, but it can exhibit a rough
surface that facilitates dye adsorption in photocatalytic applications.

EDS was performed to confirm the chemical compositions of the AZ,
AZS, and AZSN samples coated on the glass substrate, as presented in
Fig. 3. To confirm the presence of the deposited element peaks in this
work (Al, Zn, Ni, S, and O), which were clearly observed. Moreover, the
EDS spectrum also shows the presence of (Si, O, and Ca) due to the glass
substrate [42] and the Au peak originating from the Au electrical
contact.

Fig. 3(a—c) also represents the direct thickness of the AZ, AZS, and
AZSN obtained samples from the cross-sectional SEM images revealing
an increase in thickness from mono-to multilayered films. The average
thickness of each film was 736 nm, 1.3 pm, and 1.78 pm for AZ, AZS, and
AZSN films, respectively.

displays agglomerates of dense grains that cover the surface (see the 3D
topography in Fig. 4(b)) in a disk-like form on each other to form
ellipsoidal particles of several sizes. The NiO coating film on ZnO:Al/ZnS
for the trilayer AZSN sample is shown in Fig. 4(c). It displays island-like
growth of grain formation, which indicates the agglomeration of nano-
crystals with some voids between these agglomerated grains. The
average surface root-mean-square (RMS) roughness values appreciated
for all samples are listed in Table 1.

Fig. 4 The AFM images of as-deposited layers (a) AZ, (b) AZS, and (c)
AZSN.

3.5. Optical analysis

The transmittance spectra of the films measured in the 300-800 nm
wavelength range are shown in Fig. 5. The films exhibited a high
transmittance in the visible region (400-700 nm). The ZnO:Al (AZ) film
was highly transparent in this region, with an average optical trans-
mittance of 85%. The above deposition of ZnS and then NiO reduced the
transmittance of the film with average values of 75% and 65%,
respectively. In addition, Fig. 5(a) shows a small difference between the
AZ, AZS, and AZSN films on their absorption edge in the UV region,
which shifts toward lower wavelengths at approximately 370 nm, this
phenomenon is mostly associated with the Burstein—Moss effect [52].
The Tauc equation Eq. (5) was used to estimate the Eg of Samples [16].

(ahv)* =C(ho — E,) (5)

where C is a constant, and hv is the photon energy. « is calculated using
the following equation [53]:
Abs

a=2.303 thiem) (6)

where Abs is the absorbance, and th is the thickness of the layers.

Fig. 5(b) shows the Tauc plot of (ahv)? vs. (ho) in the absorption edge
zone to estimate the optical gap values. From the plot, it can be observed
that the bandgap values were 3.26 and 3.15 eV for AZ and AZS,
respectively. The results for AZ are in agreement with those obtained by
other authors [54]. ZnO:Al/ZnS (AZS) exhibits a remarkable reduction
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Fig. 3. SEM surface with the cross-sectional views and EDS images of as-deposited thin films a AZ, b AZS, and ¢ AZSN.

in its Eg value, which is related to the addition of the ZnS phase to ZnO,
resulting from a hybrid band [33]. Whereas ZnO:Al/ZnS/NiO (AZSN)
exhibits in its direct band gap two absorption bands values at 3.15 eV
and 3.52 eV, corresponding to the n-ZnO/n-ZnS and n-ZnS/p-NiO
junctions, respectively002 E A similar Eg result for a core-shell
n-ZnS/p-NiO junction has been reported in the literature [26]. This
double bandgap allows for more absorption at different electromagnetic
ranges.

3.6. Photocatalytic degradation

3.6.1. Mechanism of photodegradation behavior

Previous studies have always had issues with pure semiconductor
thin films as photocatalysts, due to the trapping of electron-hole pairs in
radiationless relaxation, which would return the semiconductor to the
deactivated form even under photon energy (hv) excitation [55], which
decreases the photodegradation efficiency. Therefore, to enhance the
photodegradation activity, these semiconductors should be doped with
cationic or anionic dopants. Generally, dopants can occupy various sites
in the lattice, such as the surface of the semiconductor, within the lattice

crystal, or at interstitial sites; thus, extra energy levels appear in the
bandgap. Moreover, they can couple these semiconductors with each
other to create a heterojunction that plays a significant role in reducing
e-h pairs through the hybrid bond that has been created [56]. In this
study, ZnO:Al, ZnO:Al/ZnS, and ZnO:Al/ZnS/NiO (AZSN) thin films
were tested as photocatalysts for MB under visible light. The trilayer
AZSN was chosen for the rest of the study to investigate its photo-
catalytic activity with the pH effect (MB), stability/reusability (MB),
under natural solar light against three dyes (MB, CV, and CR), as well as
the photodegradation mechanism (MB). It contains a double hybrid
band gap that can augment the efficiency of visible irradiation absorp-
tion for photocatalytic applications by visible/solar light illumination.
The mechanism of the photocatalytic performance of AZSN as a catalyst
is proposed as shown in Fig. 6(a). Under light illumination, electrons
were excited to the conduction band (CB) and left holes in the valence
band (VB) of NiO, ZnS, and ZnO:Al, respectively, in the AZSN trilayer
thin film. The photogenerated electrons moved freely from the CB of
ZnO:Al to the VB of ZnS. The electrons generated from the CB of ZnS go
to the VB of NiO, resulting in the collection of electrons in the CB of NiO,
whereas holes are collected in the VB of ZnO:Al in the AZSN thin film.
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Fig. 4. The AFM images of as-deposited layers a AZ, b AZS, and ¢ AZSN.
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Fig. 6. a Schematic of proposed photodegradation mechanism of ASZN photocatalyst under visible illumination, b Suggested photocatalytic degradation steps of MB.

The electrons accumulated on the NiO surface reacted with atmospheric
oxygen molecules to generate and combine superoxide (¢O3) anion
radicals. eOH hydroxyl radicals are generated from the oxidation of
water molecules H,0 by (h") the accumulated holes in the VB of ZnO:Al.
The resulting hydroxyl radicals as powerful oxidants, «OH and ¢0%~, can
effectively assail environ organic molecules (dyes) and convert them to
H»0 and CO; [35,57]. The possible mechanism of reactions of AZSN thin
films on organic dyes such as MB or others under visible-light irradiation
can follow the following oxidation process [34,36]:

Al=Zn0/ZnS /NiO-5Al—Zn0 (e gy i) [ ZnS ey -hiy) INIO (e gy -hiy)
7

Al—ZnO(ecy- i) [ ZnS(egy - -hiy) [ NiO(egy - i) — Al — ZnO(hiy) /NiO(egy)

NiO(egy) + 02— NiO + -0, ©)

Al—ZnO(hj;) + H,0 > H' +-OH 10)

-OH + dye —Degraded products. (11)

For better understanding, a detailed description of the probable
photocatalytic degradation steps of Methylene Blue generated at the
photocatalysis operation time is presented in Fig. 6(b). Previous studies
concluded that Cl—ions can be ionized during the dissolution of MB in
water [58]. Initially, a hydroxylated OH-MB compound can be formed.
During the photocatalytic process, the MB molecules are weakened by
eOH radicals in the subsequent reaction step via demethylation by
attacking the N-CH3 bond to form CH;0 + Hp, followed by the pro-
duction of CO, and H30 in the oxidation processes [59]. Additionally,

(8

eOH radicals can break the C-S+=C bond, resulting in a C-S(=0)-C
bond [59], necessitating the breaking of the central ring with S and N
heteroatoms. The nitrogen groups are exchanged by eOH radicals to
liberate the NH; radical, which generates NHj cations that are later
oxidized into NO3 ions [60]. Simultaneously, sulfur is hydrolyzed,
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Fig. 7. a UV-visible spectra of MB solution under halogen lamp illumination using an AZSN as a catalyst, b Photodegradation rate curves of MB under visible light
using AZ, AZS, and AZSN as catalysts, ¢ Kinetics of the MB dye photodegradation catalyzed by AZ and AZSN, and d Recyclability of AZSN photocatalyst with MB

under visible illumination.

oxidized, and converted into SOZ~. The MB organic dye degraded into
small species such as COy and water and mineralized into inorganic
products such as SO‘Zf and NOg3 ions.

Fig. 6 a Schematic of proposed photodegradation mechanism of
ASZN photocatalyst under visible illumination, and b Suggested pho-
tocatalytic degradation steps of MB.

3.6.2. Photocatalytic degradation under visible irradiation

To investigate the photodegradation activities of the single-, bilayer-,
and trilayer heterostructure films, an aqueous MB solution was chosen
as the organic pollutant. The evolution of the dye was measured by
UV-vis absorption at the absorbance maximum during the process, as
shown in Fig. 7(a). The main absorption peak was located at Apax = 664
nm, corresponding to MB molecules. The MB degradation rate increased
with the exposure time of visible light irradiation, and after 50 min, it
almost completely disappeared with a photocatalytic degradation effi-
ciency (n%) of ~96% for AZSN, and the degradation reached 93% for
the AZ and AZS samples. The degradation efficiency of AZSN catalyst
increased to 99.81% after 75 min. Fig. 7(b) shows that all the samples
exhibited excellent efficiency. However, AZSN was chosen for the rest of
the photocatalytic investigation because ZnO:Al and ZnO:Al/ZnS sam-
ples have been investigated in previous studies [27,36,37]. In addition,
AZSN exhibited the highest photocatalytic performance.

The photodegradation kinetic rate constant (k) of MB dye was esti-
mated from the slopes of the plots of In (C;/Cy) vs. time of irradiation
(Fig. 7(c)), using the first-order model from Eq. (12) [20]:

In—=kt 12)

where C;, C, and k are the initial concentration, the concentration of the
dye during the process, and the rate constant, respectively. k values were
found to be 0.06844 min " for the AZ and 0.07638 min ™" for AZSN with
correlation coefficients R2~0.94 and 0.97 for AZ and AZSN, respec-
tively. Higher R? and k degradation rates obtained were for the AZSN
trilayer thin film, confirming its superior decolorization ability.

Fig. 7(d) illustrates the stability and reusability of the AZSN catalyst
for MB degradation under visible irradiation for 50 min. The experiment
was performed five times with a small reduction in the photocatalytic
performance, with almost 90% decomposition after the 5th process. This
clearly shows that the photodegradation of MB was slightly reduced
(~6%), which is believed to provide long-term stability in real time for
practical industrial photocatalytic applications. Thus, the investigated
AZSN photocatalyst sample exhibited a high MB stability.

3.6.3. Effect of pH

Solution pH plays an important role in the photocatalytic process
[61] because it controls the reactions during the decolorization of
organic dyes [62]. Optimization of the pH is necessary to achieve opti-
mum degradation efficiency. To evaluate the effect of pH on dye
degradation, all experiments were carried out using the AZSN film
catalyst for 60 min under visible light irradiation. The pH values were
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OH"™ ions compared to the acidic medium as well as the production of
100 98.7 97.5 99.‘9 95.0 more OH radicals by combining with holes (h*) generated by the elec-
& tronic (e”) catalyst excited by irradiation. Furthermore, this may be
associated with the cationic nature of the MB dye solution [63].

3.6.4. Photocatalytic degradation under natural solar light irradiation
In the second photocatalytic process step, MB, CV, and CR dyes were

A

°\° 60 selected as targets to assess their photocatalytic degradation ability

N, 44.9 under natural sunlight irradiation. In addition, the maximum absor-

c bance of the dyes was scanned in the visible range (300-800 nm), as
40 - shown in Fig. 9 (e), it was at A = 664, 583, and 498 nm, ascribed to the

MB, CV, and CR organic dyes, respectively. Changes in the maximum
absorbance were observed in order to estimate the photocatalytic
20 - degradation rate. The same conditions were used in the first step of the
photocatalytic experiments under visible light. Fig. 9(a—c) show the
UV-vis spectra and photodegradation rate (Fig. 9(d)) of the three dyes:
0- MB, CV, and CR. The absorption peaks at Ay« for the three organic dyes

I'ZI 8 10 gradually decrease with time. It observed when the illumination time
p

Fig. 8. The rate degradation of different pH values of MB with AZSN catalyst.

Table 2
degradation efficiency (1), reaction time, rate constant (k), and R2 values of AZ,
AZS, and AZSN for the organic dyes under light irradiation.

adjusted using NaOH and HCl, as shown in Fig. 8. This clearly shows that

- - 1 i irradiati 2 % i
the dye discoloration was lower at lower pH values. When the pH of the Sample Z;g:mc ;r::lanon ?E;Cigrff;am’ \ljalue ) Elr;n;)
MB aqueous solution was increased from 6, the photodegradation effi- —
ciency of the AZSN catalyst increased. In the pH range of 6-10 the value AZSN - MB Visible 0.07638 097 9599 50

£ MB degradati bieher than th idic pH — 2 under visibl AZ MB Visible 0.06844 0.93 93.26 50
of MB degra ation was higher t ar}t at at acidic p = 2 under visible AZS MB Visible 0.05230 0.94 9316 50
irradiation. Compared to the basic, neutral, and acidic regions, the AZSN MB sunlight 0.02588 0.98 90.12 90
sample exhibited better photodegradation activity in the neutral and AZSN  CV sunlight 0.01057 0.96 85.48 90

AZSN  CR sunlight 0.00425 0.63 65.42 90

alkaline regions. This may be attributed to the greater availability of
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Fig. 9. a—c UV-visible spectra rate curves under sunlight irradiation of a MB, b CV, and ¢ CR using AZSN as catalysts, d Degradation efficiency of dyes (MB, CV, and
CR) under sunlight irradiation using AZSN as a catalyst, and e UV-Vis spectra of MB, CV, and CR.
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was 90 min under sunlight irradiation, the photocatalytic decomposition
rates were 90%, 85%, and 65% for MB, CV, and CR, respectively, and it
was 83% for MB over just 60 min. CR is a difficult decolorized dye
compared to MB or CV. This can be attributed to the presence of many
benzene rings in their structure and the presence of two azo bonds, N=N,
which have a high bond energy of 4.33 eV [20,59]. Similarly, this can
explain the photodegradation efficiency of only 75.76% over 4 h of
exposure to sunlight irradiation, which was very slow compared to 1.5h
of n = 65%. Even the first-order kinetic value (k) of CR was 0.00425
min~! with a small correlation coefficient (R> = 0.63), which was the
lowest value in this case. The kinetic rate (K) and R? values are listed in
Table 2.

Table 2% degradation efficiency (1), reaction time, rate constant (k),
and R2 values of AZ, AZS, and AZSN for the organic dyes under light
irradiation.

Fig. 9 a-c UV-visible spectra rate curves under sunlight irradiation of
a MB, b CV, and ¢ CR using AZSN as catalysts, d Degradation efficiency
of dyes (MB, CV, and CR) under sunlight irradiation using AZSN as a
catalyst, and e UV-Vis spectra of MB, CV, and CR.

4. Conclusion

This study demonstrated a simple cost-effective spin coating (sol-gel)
and spray pyrolysis method to synthesize Al-doped ZnO, which was then
coated with ZnS and NiO, respectively, as upper layers. XRD and sup-
plemental FTIR analyses confirmed the successful preparation, revealing
the existence of only ZnO, ZnS, and NiO phases. Morphological SEM
analysis indicated that the deposition of different nanocrystalline films
above one another could deteriorate the adherence of the upper layer,
which can influence its homogenous shapes. AFM analysis of the films
showed acceptable surface roughness for the photocatalyst samples,
making it larger than the smoothed volume ratio. The EDS mapping
analysis demonstrated the existence of an Al trace in the sample. The
optical characteristics of thin films have been reported that the E; value
of ZnO:Al monolayer of 3.26 eV is decreased to 3.15 eV after AI-ZnO/
ZnS coupling, whereas the trilayer ZnO:Al/ZnS/NiO exhibits an addi-
tional absorption value of 3.52 eV due to the NiO layer. The results
indicate that ZnO:Al/ZnS/NiO exhibits a high photodegradation effi-
ciency (~96%) against MB within 50 min under visible light, improving
its stability and reusability in real time in industrial applications, with a
very slight reduction observed after the fifth cycle. Furthermore, when
we replaced visible light source with solar radiation, which is a free
renewable source of energy, the catalytic photodegradation activities of
Zn0:Al/ZnS/NiO for 90 min showed degradation rates of 90%, 85%, and
65% against MB, CV, and CR, respectively. This work is suggested to
open the door for cost-effective synthesis of doped and coupled multi-
layer thin films to obtain more absorption bands, rough, and stable
photocatalyst properties for efficient water treatment applications using
plentiful sunlight.
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