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ARTICLE INFO ABSTRACT
Keywords: Heterogeneous photocatalysis has been considered one of the most effective and efficient tech-
Photocatalysis niques to remove organic contaminants from wastewater. The present work was designed to
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examine the photocatalytic performance of metal (Cu and Ni) doped ZnO nanocomposites in
methyl orange (MO) dye degradation under UV light illumination. The wurtzite hexagonal
structure was observed for both undoped/doped ZnO and a crystalline size ranging between 8.84
+0.71 to 12.91 + 0.84 nm by X-ray diffraction (XRD) analysis. The scanning electron microscope
(SEM) and energy dispersive X-ray (EDX) revealed the irregular spherical shape with particle
diameter (34.43 + 6.03 to 26.43 + 4.14 nm) and ensured the purity of the individual elemental
composition respectively. The chemical bonds (O-H group) and binding energy (1021.8 eV) were
identified by Fourier transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS) re-
sults respectively. The bandgap energy was decreased from 3.44 to 3.16 eV when Ni dopant was
added to the ZnO lattice. The comparative photocatalytic activity was observed in undoped and
doped nanocomposites and found to be 76.31%, 81.95%, 89.30%, and 83.39% for ZnO, Cu/ZnO,
Ni/ZnO, and Cu/Ni/ZnO photocatalysts, respectively, for a particular dose (0.210 g) and dye
concentration (10 mg L™1) after 180 min illumination of UV light. The photocatalytic perfor-
mance was increased up to 94.40% with the increase of pH (12.0) whereas reduced (35.12%)
with an increase in initial dye concentration (40 mg L™1) using Ni/ZnO nanocomposite. The Ni/
ZnO nanocomposite showed excellent reusability and was found 81% after four consecutive cy-
cles. The best-fitted reaction kinetics was followed by pseudo-first-order and found reaction rate
constant (0.0117 min~!) using Ni/ZnO nanocomposite. The enhanced photodegradation effi-
ciency was observed due to decreases in bandgap energy and the crystalline size of the photo-
catalyst. Therefore, Ni/ZnO nanocomposite could be used as an emerging photocatalyst to
degrade bio-persistent organic dye compounds from textile wastewater.
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1. Introduction

Toxic liquid effluent discharge into the water bodies from textile industries causes a serious threat to human beings, livestock, and
the aquatic ecosystem. Typically, the textile wastewater contains high suspended solids, high dissolved solids, heavy metals, organic
dyes, solvents, microfibers, etc., which may be harmful, mutagenic, teratogenic, and carcinogenic [1-3]. Generally, the most widely
used coloring compound in textile industries was the methyl orange (MO) dye which contains stable benzene rings, azo groups
(-N=N-), and ethylated amino groups in their molecular structure. Due to hightly water-soluble in dye compounds, it was very
difficult and expensive to remove these from wastewater using conventional treatment methods like chemical, physical, and biological
ones [4,5]. Several drawbacks have been formulated in conventional processes like time-consuming, secondary sludge production,
filtration requirement, higher chemical consumption, high energy consumption, incomplete conversion, low tolerance against toxic
matters, high operating cost, and inability to remove organic dye pollutants [3,6-8]. Therefore, it was urgently required to remove
certain types of dye compounds from effluents using an effective, economic, and eco-friendly method.

In this regard, advanced oxidation processes (AOPs) were known as a boon and green technology for the removal of organic dyes
and phenolic compounds effectively without producing any harmful byproducts [9-12]. The semiconductor materials were mostly
used in the photocatalytic process for the removal of dye compounds in presence of solar or UV light illumination [13]. In the following
mechanism, the photogenerated molecular reaction occurs on the catalyst surface during photocatalysis and generates holes and
electrons in valence and conduction bands respectively. Then the conduction band electron reduced with pure Oy to produce su-
peroxide anion radicals (O2° ) whereas the valence band hole oxidized with HO to form hydroxyls radical (°OH) respectively. These
strong oxidative radicals (°OH, and O,°") were being utilized to degrade recalcitrant organic pollutants into less harmful products like
carbon dioxide (CO,), water (H20), and other minerals [5,7,14,15]. Recently, various metal oxides-based semiconductor materials like
ZnO [16,17], V205 [18], CuO [19], TiO3 [20,21], WO3 [22], Feo03 [23], SnO3 [24], Aly03 [25], ZrO, [26], etc., have been employed in
photocatalytic process. Though TiO, was an effective catalyst for the removal of dye compounds in the presence of UV/Visible light
irradiation. The major drawback of the TiO catalyst was the higher cost that limits its application on a commercial scale. Thus, it was
extremely important to create an affordable catalyst for the removal of recalcitrant compounds that have increased adsorption,
efficient degradation, and superior light harvesting properties [27]. Therefore, ZnO has been considered as a promising photocatalyst
because of its low cost, abundance, chemical stability, affordability, non-toxicity, eco-friendly, long shelf-life, high electron mobility,
and quantum yields properties [3,27,28]. Typically, it was an n-type semiconductor material belonging to the II-IV group that has a
wide bandgap (~3.4 eV) compared with TiOy (~3.20 eV) [29]. Furthermore, the ZnO can exist in three different phases namely
hexagonal wurtzite, cubic sphalerite, and cubic rock salt. The hexagonal wurtzite phase was one of the most stable phases at ambient
temperature and consisted of interpenetrating face-centered cubic (FCC) lattices of Zn and O [30]. Numerous approaches have been
employed to synthesize ZnO nanoparticles (NPs) and sol-gel in addition to the heat treatment method was considered faster and
simpler than other methods and has good control over stoichiometry at their molecular level [7,31,32]. Besides, the ZnO semi-
conductor has proven as the most superior photocatalyst that can be prepared in various shapes and sizes including nanorods,
nanobowls, nanospheres, nanofilms, nanoparticles, nanodisks, nanotubes, nanoneedles, nanosheets, nanowires, nanowhiskers, etc.
[33-35].

However, one of the biggest obstacles of ZnO NPs in photocatalysis was the large bandgap (~3.40 eV) that inhibited the photo-
catalytic activity to the absorption of only the UV region. Furthermore, the visible light harvesting reponse of ZnO NPs is comparatively
lower than that of TiOy NPs [27,36]. To overcome these challenges, several strategies like coupling with semiconductors, surface
modification, crystallinity improvement, sensitizing enrichment, and doping/co-doping with metals, and non-metals have been
developed. The doping of transition metals (Cu, Ni, Co, Cr, Fe, Al) into ZnO lattice can lead to changes in their structural, morpho-
logical, optical, magnetic, and electrical properties [37,38]. Additionally, It promoted the absorption of visible light and prevented the
rapid recombination of photogenerated electron-hole pairs by creating defective states in the bandgap [28,39]. In this case, the charge
carriers were trapped in the defect sites and thus improved the interfacial charge transfer. The Cu and Ni metals have been used as
effective modifiers for several visible light-responsive photocatalysts [36,40]. Besides, it reduced the bandgap energy of ZnO and
changed the absorption edge, and consequently enhanced the photocatalytic performance of ZnO [38]. It can be seen that the ionic
radius of Cu®" (0.73 A) and Ni%" (0.69 A) were almost similar that can easily incorporated into ZnO crystal as a deep acceptor in
conjunction with neighboring oxygen vacancy. Therefore, it was commonly accepted that the doping of transition metal cations into
the ZnO surface might be changed the coordination structure of Zn in the lattice [41]. According to the literature, the doping of Cu (3
wt%) in ZnO lattice improved the photocatalytic performance over the MO dye solution (20 mg L™1) and found photodegradation
efficiency (39%) for a constant catalyst loading (1 mg mL ™) under UV light illumination [42]. Similar behavior was observed for the
removal of crystal violet dye using Cu-doped ZnO nanocomposite. The authors claimed that the photodegradation efficiency increased
with the increase in pH [43]. Another researcher reported the impact of Cu-doped SnO; on the degradation of congo red under UV light
illumination. The experimental result demonstrated higher degradation efficiency (91.32%) of using Cu-doped SnO, than the bare
SnO; NPs [44]. [45] reported a more pronounced effect of Ag dopant on the photocatalytic activity than that of undoped ZnO NPs
under UV light exposure [45]. The decreased bandgap up to 11.43% was observed by doping Cu and Ag metal into the ZnO lattice [46].
However, the impact of Cu dopant on photocatalytic degradation was rarely evaluated and to the best of our knowledge, very few
studies were reported using metal-doped ZnO nanocomposites for assessing the photocatalytic performance of dye degradation. In this
context, the study offered a preliminary roadmap for the efficient and long-term management of dye-containing wastewater.

Therefore, the primary objective of the current study was to assess the photocatalytic performance of metals (Cu or Ni) doped ZnO
nanocomposites to methyl orange (MO) dye degradation under the illumination of UV light. To fulfill the above objective, the authors
have used a facile sol-gel technique to synthesize ZnO, Cu/ZnO, Ni/ZnO, and Cu/Ni/ZnO nanocomposites. The crystal structure,
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morphology, chemical bonding, binding energy with chemical state, and optical properties of all nanocomposite samples were tested
to realize the photocatalytic behavior of the nanocomposites. The comparative photocatalytic performance of nanocomposites was
assessed under UV light illumination. The influence of various operating factors like catalyst dose, pH, and the initial dye concentration
were evaluated. The reaction kinetics and the possible reaction mechanism based on dye degradation were also examined.

2. Materials and methods
2.1. Chemicals and reagents

The chemicals and reagents included zinc acetate dehydrate ((CH3COO)2Zn-2H,0) (Research lab, India, 98%), ethanol (CoHsOH)
(Merck, Germany, 99.5%), copper (II) nitrate trihydrate (Cu(NO3)2-3H20) (Merck, India, 99%), sodium hydroxide (NaOH) (Merck,
Germany, 98%), nitric acid (HNO3) (Merck, Germany, 65%), nickel nitrate hexahydrate (Ni(NOg3)2-6H20) (Merck, Germany, 95%),
and acetone (C3HgO) (Merck, India, 99.5%). All chemicals were analytical grade and required no further purification. Methyl orange
(C14H14N3NaO3S) (USA, dye content 85%) was utilized as a model dye to assess the photodegradation activity and purchased from
Sigma-Aldrich. Ultrapure water was used as a solvent for preparing the solution throughout every experiment.

2.2. Synthesis of undoped and doped ZnO nanocomposites

The glassware and apparatus were cleaned using ultrapure water, and acetone and dried (70°) in a micro-oven for 15 min. The zinc
oxide (Zn0O) was synthesized via sol-gel followed by the heat treatment technique. Generally, the synthesis process consisted of three
steps including gel preparation, drying, and calcination. To synthesize metal-doped ZnO, the major precursors of all respective dopants
(Cu or Ni) were mixed into the solution before the thermal treatment process. Initially, 8.78 g (0.2 M) of zinc acetate dehydrate was
added with 100 mL of absolute ethanol and stirred continuously for 60 min in a beaker (250 mL) at ambient conditions [28,38]. In the
following reactions, 100 mL of NaOH (0.2 M) was mixed with the solution and again stirred for 60 min to obtain zinc ions containing
salt solution. Then the resulting white gel was kept in a closed chamber for 24 h followed by aging. Afterward, the white gel was
allowed to centrifuge several times using ultrapure water at 5000 rpm for 15 min to remove residues. In the end, the resulting gel was
held in an oven and dried for 120 min at each temperatures of 100 °C, and 110 °C for removing water and other volatile substances to
the highest yield [47]. The solid white particle of ZnO was annealed at 400° for 1 h in a heating furnace (Thermo Scientific) and cooled
naturally. The obtained sample was identified as being pure ZnO NPs. For the preparation of Cu/Zn0O and Ni/ZnO nanocomposites, a
similar procedure was adopted. In Cu/ZnO nanocomposite, initially, 20 mL of copper nitrate trihydrate (Cu(NO3)2-3H20) (0.076 g) as
precursor salt solution was prepared with ultrapure water and added drop-wise to the zinc acetate dehydrate, ethanol, and sodium
hydroxide solution mixture with vigorous stirring (20 min) to maintain Cu (4 wt%) [13]. Similarly, for Ni/ZnO nanocomposite, 10 mL
of nickel nitrate hexahydrate (Ni(NO3),-6H20) (0.058 g) solution was prepared with ultrapure water and added to the zinc acetate
dehydrate, ethanol, and sodium hydroxide solution mixture with continuous stirring (20 min) to maintain Ni (2 wt%) [4]. For the
preparation of Cu/Ni/ZnO nanocomposite, an equal volume of (Cu(NO3),-3H20) (0.076 g), and (Ni(NO3),-6H20) (0.058 g) was mixed
drop-by-drop while continuous stirring to the aforementioned solution mixture [48]. Therefore, the remaining steps including drying
and calcination was exactly similar to the ZnO NPs synthesis. The amount of metal dopant in the ZnO crystal structure was maintained
relatively lower (4 wt% of Cu, and 2 wt% of Ni) for enhancing electrical, magnetic, and optical properties. The higher percentage of
dopant can lead the potential changes in the properties through the formation of secondary phases and thus consequently reduces the
effectiveness of doping [48]. The schematic diagram of synthesized ZnO-based nanocomposites is shown in Fig. S1 (Supplementary
data).

2.3. Catalyst characterization

The structural studies were analyzed using XRD patterns (RINT2200, Rigaku, Japan) in the 20 range of 20-80° with a scan rate of
0.02°/S at the surrounding temperature. The diffractograms were recorded with a Cu-Ka radiation tube at control configurations of
wavelength (A: 0.15406 nm), voltage (45 kV), and current (100 mA) respectively. Debye-Scherrer formula was applied to calculate the
average crystalline size of all samples. The tetragonal formula was used to measure the lattice parameters based on miller indices. The
study of binding energy and the new chemical state of all sample surfaces were performed by XPS (PerkinElmer, PHI 5600 XPS MA,
USA), at a base pressure (4.0 x 10-8 Pa) in the analysis chamber. The excitation energy of Al Ka X-ray source (hv = 1486.6 eV and 200
W) has been applied. Initially, the sample was positioned at an angle (0 = 45°) between the surface and the input lens of the analyzers.
The calibration of the analyzer’s energy has been tested with Au 4f7/2 core levels peak at 84.0 eV with a resolution of 0.125eV. The
morphology and the individual elemental composition of samples were tested by SEM and EDX (ZEISS Gemini SEM 500, UK) analysis
respectively. The sample specimens were prepared over aluminum stubs utilizing carbon tape with double adhesive. The micro and
nano-level images were taken under controlled conditions (magnification: 130-200 kx; working distance: 6.6-6.9; and working
voltage: 5.0 kV). The chemical bonds within the samples were determined by FTIR (NICOLET iS20, Germany) in the range of 4000 to
400 cm ™! using the KBr pellet technique. The absorption edge of the incident radiation was demonstrated in terms of wavelength. The
optical absorption spectrum was measured using a double-beam spectrophotometer (Evolution-201, Thermo-Fisher-Scientific, UK)
between 200 and 800 nm. Kubelka-Munk formula and Tau’c plots were used to calculate the bandgap energy which is demonstrated by
plotting (F(R) X hv)? vs. hv.
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2.4. Photocatalytic experimentation

The photocatalytic performance was tested for the removal of MO dye under the illumination of UV light using photocatalysts like
ZnO, Cu/ZnO, Ni/ZnO, and Cu/Ni/ZnO nanocomposites. A self-designed reactor consisted of four UV lights (80 W) with a parallel
arrangement and was applied in a suspension photoreactor as an illumination source to ensure maximum light intensity. The pho-
toreactor was made of a wooden box to prevent any stray radiation and the inside was covered with aluminum foil to improve
reflection [41]. In the following step, the catalyst doses (0.060-0.210 g) were dissolved in 120 mL of dye-containing aqueous solution
(10 mg L™Y) of natural pH (8.7). To ensure the adsorption/desorption equilibrium of MO dye on the catalyst surface, the dye solution
with the catalyst was stirred continuously for 20 min before UV light illumination. Afterward, the photocatalytic reaction was
introduced at 180 min of UV light illumination. For additional photocatalytic studies, the effects of three factors catalyst dose, pH, and
initial dye concentration were investigated. Nitric acid (HNOs), and sodium hydroxide (NaOH) were mixed into the solution to change
the pH. A syringe was used to take off the solution (around 6 mL) from the reactor at predetermined intervals of 30, 60, 90, 120, 150,
and 180 min. The specimens were filtrated using micro-filter paper (0.45 pm) and the change in concentration was analyzed by a
spectrophotometer. The calibration curve (Fig. S2) of dye concentration was evaluated between the standard concentration of MO and
recorded UV absorbance at the wavelength of 464 nm. The experimental setup of the photocatalytic reactor with labeling is shown in
Fig. S3.

The photocatalytic efficiency of MO dye was calculated as stated in Eq. (1), where C, and C; (mg L™?) indicate the initial and final
concentration of MO dye after photoreaction, respectively.

Dye degradation efficiency, (%) = (C, — C;) / Co, x 100 (@D)
3. Results and discussion
3.1. Photocatalysts characterization

The incorporation of Ni or Cu into the ZnO nanocomposites has been explained by the formation of chemical bonds and the
electronic structure. The samples valence-band and core-level XPS spectra is shown in Fig. 1. As shown in Fig. 1, the binding energies of
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Zn 2p3/3, and O 1s were found to be 1021.8 and ~ 529.5 eV, respectively, based on intensive lines of all samples. Comparing the
binding energies of these lines indicated similar XPS core levels of matrix elements of the ZnO wurtzite (hexagonal) structure [49]. A
very weak peak was positioned at ~853.8 eV which corresponds to the Ni 2p states in the Nigy,/ZnOggos, Ctige,/Nise,/Zn0g40,, While the
peak at ~932.6 eV in the spectrum corresponds to Cu 2p of sample Cu49,/ZnOgeo,, and Cuse,/Niae/Zn0g4y, respectively, (Fig. 1a).
Additionally, the intensity of Ni or Cu metal was also observed very weak due to the lower amount of doping concentration. The
individual scan of Ni metal was confirmed and the deconvoluted peaks were consistent with XRD studies. Fig. 1b depicted the
comparative study of XPS spectra for the composition and chemical bond configuration of different percentages of Ni or Cu. The
high-resolution spectrum (Fig. 1b) indicated the binding energy of Zn 2ps» for Zn?* states in ZnO around 1021.6 eV which was closely
matching with the standard data of ZnO. The binding energy was slightly shifted to the lower binding energy due to the incorporation
of Ni (2%) and Cu (4%) into the ZnO structure. Based on the metal reactivity series, the Zn was most reactive compared to Ni and Cu
metals. There was no probability of replacing Zn with Ni or Cu rather than Zn, and therefore, the O1s showed a little peak shift towards
higher binding energy (Fig. 1c). As shown in Fig. 1d, the Ni and Cu peak shifted towards the lower binding energy and oxidation state
than compared to the pure compounds of these metals. So there was a possibility of sharing the oxygen of ZnO with both Ni and Cu.
From, XPS results, the authors considered a partial charge distribution that occurred due to the presence of Cu and Ni in ZnO. The
deconvoluted XPS spectra for Ni and Cu 2p in (a) ZnOggy,/Nigy, (b) ZnOg49,/Cuige,/Nigg,, and (c) ZnOgeo,/Cugo, are shown in Fig. S4.

Fig. 2 depicted the XRD patterns of all samples to determine the crystal phase, crystallinity, and phase purity. As shown in Fig. 2a,
the 260 peaks of 31.70°, 34.38°, 36.16°, 47.46°, 56.52°, 62.81°, 66.35°, 67.91°, 69.11°, 72.64°, and 76.96° which correspond to {100},
{002}, {101}, {102}, {110}, {103}, {200}, {112}, {201}, {004}, and {202} (JCPDS file card 36-1451) diffraction planes of hexagonal
wurtzite phase of ZnO [28]. Almost similar trends of XRD patterns were found due to the addition of metal (Cu or Ni) into ZnO
photocatalysts (Fig. 2b-d). No significant diffraction peaks of any other were observed that indicate higher phase purity of nano-
composites. Additionally, these samples preserved all Bragg reflection planes due to the improvement of ZnO with Cu and Ni metals
that indicate the integral of crystal structure. This was observed because of its almost close ionic radius of cu?t (0.73 f\), and Ni%*
(0.69 A) to Zn®* (0.74 10\) which determined the easy incorporation of metal into the ZnO crystal lattice [30]. However, the XRD result
revealed the coexistence of diffraction planes that ensured the successful compositing of metal dopant into the ZnO crystal surface with
no effect on the overall crystal structure [38]. The Eq. (2) represented the Debye Scherrer formula, where the wavelength of X-ray
radiation was 2, the diffraction angle of Bragg was 6, the width at half maximum (FWHM) peak was f, and the Scherer constant was K
(0.89), respectively. The crystalline size (average) was calculated and found to be 12.91 + 0.84, 9.24 + 0.46, 8.84 + 0.71, and 9.54 +
0.67 nm for ZnO, Cu/ZnO, Ni/ZnO, and Cu/Ni/ZnO nanocomposites, respectively (Table 1). However, the crystallite sizes of pho-
tocatalysts decreased slightly with the addition of metal dopants into the ZnO structure. The possible reason might be the incorporation
of foreign impurities of Cu?*, and Ni?* in the ZnO lattice that reduced the subsequent growth rate and nucleation of ZnO [50,51]. The
crystal lattice parameters (a and c) were calculated by using Eq. (3), where miller indices were h, k, and 1, and lattice spacing of
inter-planar distance was d. The values of the measured lattice parameter were discovered to be a = 3.2534 A and ¢ = 5.6351 A for the
pure ZnO NPs and a = 3.2460 A and ¢ = 5.6224 A for the Cu/Ni/ZnO nanocomposite. As we can seen the lattice parameters (a and c),
unit cell volume, and dislocation densities were slightly decreased in metal dopant nanocomposites than that of the pure ZnO lattice
structure. This was formed due to the substitutional incorporation of Cu®" and Ni%" ions with lower ionic radius into the Zn?* site [50].
By comparing the obtained values with the standard lattice volume, we can suggested that the volume of dopant-assisted nano-
composites was almost closer to that of pure ZnO. Thus, it indicated the most stable lattice [39]. The unit cell volume was calculated
using V = 0.866a%c and found to be the decreased order with the addition of metal dopant into the ZnO lattice. This can be explained by
the shift of peak to the lower theta values and increased in the inter-planar distance (d-spacing) [52]. The dislocation densities were
measured by using 1/d? and are summarized in Table 1.

90000 (d) Cu/Ni/iZnO
80000
— 70000 y S— J W N
2 (c) Ni/ZnO
S 60000 -
=
5 50000 -
s U‘J{ A |
> 40000 I (b) Cu/ZnO
0
£ 30000 -
[0 l l
E 20000 S I=
3EE L@z o _
10000{ *~ = 8 é §§§§§g
0 A A Ao = =
30 40 50 60 70 80
20 (degrees)

Fig. 2. XRD spectra of synthesized photocatalysts; (a) ZnO, (b) Cu/ZnO, (c) Ni/ZnO, and (d) Cu/Ni/ZnO.



Table 1
An overview of the theoretical-physicochemical characteristics of synthesized ZnO based photocatalysts.
Samples Method Structure Crystalline size Diameter Dislocation Lacttice Lattice Volume of unit ~ EDX mapping Bandgap
phase (nm) (nm) density (nm) 2 spacing, dnia parameters [?N) cell, (A)° (eV)
@ a c Zn O (mass Cu Ni (mass
(mass %) (mass %)
%) %)
ZnO Sol-gel Hexagonal 12.91 + 0.84 26.43 + 0.0059 2.8176 3.2534 5.6351  45.9146 82.88 17.12 - 3.44
4.14
Cu/ZnO Sol-gel Hexagonal 9.24 + 0.46 33.46 + 0.0117 2.8024 3.2359  5.6047  45.1776 82.45 16.41 1.14 - 3.30
5.57
Ni/ZnO Sol-gel Hexagonal 8.84 £0.71 34.43 £ 0.0127 2.8109 3.2412  5.6217  45.0757 72.09 27.71 - 0.20 3.16
6.03
Cu/Ni/ Sol-gel Hexagonal 9.54 + 0.67 30.99 + 0.0109 2.8112 3.2460 5.6224  45.6020 81.45 15.98 1.97 0.60 3.35
ZnO 4.58
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The surface morphologies of all ZnO-based samples were performed using SEM analysis as depicted in Fig. 3. As shown in Fig. 3a, a
relatively smooth surface, porous bulk structure, and perfectly spherical shape nanoparticles with uniformly distributed over the entire
surface were observed. The morphology of metal (Cu or Ni) doped ZnO nanocomposites was comparatively distinct from that of
undoped ZnO NPs (Fig. 3(c, e, and g)). It can be seen that higher smoothness, rigidness, highly aggregated, and more porous surface
area was found in dopant-assisted ZnO nanocomposites. The well-dispersed aggregated can be beneficial in photocatalysis improved
the adsorption of dye molecules on the catalyst surface and supported the entrance of light in the photodegradation process [4]. Similar
results were observed in the literature [38]. Based on the SEM image, the average diameter was determined to be 22-30, 27-38, 28-40,
and 26-36 nm for ZnO, Cu/ZnO, Ni/ZnO, and Cu/Ni/ZnO nanocomposites, respectively. The collected particles’ crystallinity and
diameter were discovered to be found comparatively consistent with XRD results (Table 1). It was reported that such kind of heter-
ojunction enhanced active sites by trapping charge carriers, inhibiting electron-hole recombinant rate, and consequently improved the
photodegradation efficiency of dye [28]. The individual elemental compositions of all samples were analyzed using EDX spectra. Fig. 3
(b, d, f, and h) depicted the EDX spectra of all synthesized samples. The EDX spectra ensured the presence of identified elements such as
Zn, O, Cu, and Ni that represented homogeneous distribution into the ZnO surface. The mass percentages of all synthesized samples are
provided in Table 1. It was observed from the EDX pattern that the percentage composition by mass of Zn, O, Cu, and Ni in the
as-synthesized sample was 81.45%, 15.98%, 1.97%, and 0.60%, respectively. It was found that the % of Zn and O elements decreased
with the addition of metal dopant onto the ZnO surface. Additionally, the mass percentages obtained by EDX analysis were in rational
agreement with the expected values. Furthermore, these spectra confirmed the purity of all nanocomposites.

Fig. 4 indicated the FTIR spectrum of ZnO, Cu/Zn0O, Ni/ZnO, and Cu/Ni/ZnO samples to show different chemical bonds. The strong
peak at 3430-3445 cm ™! represented the stretching and bending vibration of O-H groups with adsorbed water molecules. The small
and weak absorption peaks at 2920-2930 cm ! were assigned to the vibration and symmetric modes of the Ni-O-C and G-H bond [4,
34]. The peaks observed at around 2356-2365 cm ™! were ascribed to the adsorbed CO, on the surface of the photocatalysts. The
absorption peaks at 1630-1640 em ™}, 1540-1550 cm Y, 1432-1438 cm ™! were assigned to the COO-metal bond, C-OH vibrations
(twisting, wagging), and C-O stretching, respectively [4]. The peak at around 1030-1050 cm ™" can be ascribed to the stretching vi-
brations of H-O-H molecules, and normal polymeric O-H bonds in the Zn-O or Cu/Ni-Zn—O lattice. The band located at 800 cm ™! was
associated with C—C stretching vibration [50]. The observed peak in the range of 430-670 cm ™! equivalented to the stretching vi-
bration of metal-oxygen that confirmed the formation of Zn-O, Ni-ZnO, and Cu-ZnO modes. Hence, the authors believed that metal
ions have successfully incorporated into the crystal lattice of ZnO. This bond formation was observed due to the interaction between
the free electrons on the surface of ZnO NPs with some unpaired electrons of metal dopants [38]. The amount of O-H bonds in
photocatalysts’ surfaces plays a key role by providing an electron to the valence band and thus formed a highly reactive hydroxyl
radical (°OH) that leads to the mineralization of organic dye compounds [53].

To evaluate the optical characteristics of all samples, the absorbance-diffuse reflectance spectra, and bandgap energy measure-
ments were tested at surrounding temperatures and the results are displayed in Fig. S5. The absorption edge was observed in the range
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Fig. 4. FT-IR spectra of synthesized photocatalysts; (a) ZnO, (b) Cu/ZnO, (c) Ni/ZnO, and (d) Cu/Ni/ZnO.

of wavelengths (350-400 nm) that indicated the intrinsic band transition [28]. The more significant red shift in the absorption in the
UV region with respect to the inter-band transition of ZnO NPs was found in dopant-assisted nanocomposites that confirmed the
generation of larger charge carriers (Fig. S5a). Besides, the broad absorption was seen due to interfacial charge transfer and d-d
transition of metal ions [50]. The Ni/ZnO nanocomposite showed the maximum broad shift in the absorption spectrum towards the
visible region [28]. In reflectance spectra, it was observed that the reflectance percentage was greatly increased with the incorporation
of Cu or Ni metal into the ZnO crystal lattice which revealed greater intensity of absorption at the corresponding edge. It can be seen
that the % of reflectance in the visible region was increased with the addition of metal dopant and was found to be 32%, 50%, 57%, and
55% for ZnO, Cu/ZnO, Ni/ZnO, and Cu/Ni/ZnO nanocomposites, respectively. This finding was observed due to losses of absorption
and lower scattering of nanocomposites [39]. It was reported that the optical absorption edge and absorption intensity of the pho-
tocatalyst significantly influenced photocatalytic activity [52]. The bandgap energy (Eg) of all samples was measured from the ab-
sorption spectra using a Kubelka-Munk function and Tau’c plot that provided a relation between the absorbance coefficient () of the
catalyst and the incident photon energy (hv) [54]. The results were obtained by Eq. (4), where bandgap energy E,, constant was K,
frequency of the incident radiation was v, and Plank’s constant was h. The value of n generally depended on the nature of transition
and used n = 1/2, and 2.0 for direct and indirect transition, respectively. The estimated E of all nanocomposites were found to be 3.44
eV, 3.30 eV, 3.16 eV, and 3.35 eV for ZnO, Cu/Zn0O, Ni/ZnO, and Cu/Ni/ZnO nanocomposites, respectively. The E; of all samples were
determined using Tauc plot is shown in Fig. S6. Based on the literature search, the E; of NiO was approximately 3.8 eV, while the band
gap of CuO was around 1.23 eV [55]. This was significantly red-shifted from the bulk ZnO NPs (3.44 eV) which can be elucidated in the
quantum size effect and small confinement of electrons in the energy levels [2,56]. The lowest E; was observed in Ni/ZnO nano-
composite and it can be explained based on ionic radius. The ionic radius of Zn%* (0.74 A) and Ni?* (0.69 10\) revealed the wide range of
solubility of Ni into ZnO NPs [56]. Therefore, it suggested that Ni?* ion worked as defect sites in the valence band to decreased the
band gap. Furthermore, it was observed due to the formation of sp—d exchange interactivity and electronic transition level with a metal
dopant to the host’s conduction band (ZnO) photocatalyst [51]. Due to the lower electronegativity of Ni dopant than Zn, it leads to the
creation of Ni impurity levels within the ZnO structure [55]. The Ni impurity levels act as intermediate energy levels that can facilitate
the transition of electrons from the valence band to the conduction band, effectively reducing the E; of the material [57]. It was re-
ported that the lower Eg-containing nanocomposite exhibited favorable visible light absorption, and thus enhanced photocatalytic
performance [53].

ahv=K (hv — E,)" (C))
3.2. Photocatalytic studies

The photocatalytic performance was studied for the removal of MO dye in aqueous suspension using ZnO, Cu/ZnO, Ni/ZnO, and
Cu/Ni/ZnO nanocomposites in presence of 180 min illumination of UV light. The nanocomposites were initially placed in the reactor at
the range of 0.060 g-0.210 g with a constant dye solution (10 mg L™} at natural pH (8.7). The photoreactivity was influenced by
several operating parameters like dosage of photocatalyst, pH of the solution, and the initial dye concentration was also evaluated.

3.2.1. Impact of different photocatalysts

The comparative photocatalytic performance of ZnO, Cu/ZnO, Ni/ZnO, and Cu/Ni/ZnO photocatalysts for the removal of MO dye
in an aqueous suspension was studied under 180 min illumination of UV light and the outcomes are displayed in Fig. 5. Generally, the
experiments were carried out both in UV light and dark conditions. It can be seen that no significant dye degradation (less than 8%)
was noted without the use of a photocatalyst after 180 min illumination of UV light. Additionally, the photocatalysts adsorbed a small
amount of dye (11%) without the light source before the illumination of the light. It was evident that photocatalysts plays a significant
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role in the photocatalytic process. The photodegradation efficiency of MO dye was 76.31%, 81.95%, 89.30%, and 83.39% for ZnO, Cu/
Zn0, Ni/ZnO0, and Cu/Ni/ZnO photocatalysts, respectively, for a particular dose (0.210 g) at pH (8.7) after 180 min illumination of UV
light (Fig. a—d). It can be found that the photodegradation efficiency was increased with the increase in the concentration of photo-
catalysts (0.060 g-0.210 g) and then decreases in the suspension reactor. Furthermore, it was evident that a Ni-doped ZnO photo-
catalyst degraded MO dye at a significantly faster rate than pure ZnO NPs [58]. The lowest and the maximum photodegradation
efficiency was found in undoped ZnO NPs, and 2 wt% Ni-doped ZnO nanocomposite, respectively that indicated the photogenerated
electron-hole charge carriers were strongly inhibited by using nanocomposites [53]. The order of the photocatalytic degradation of dye
was ZnO < Cu/ZnO < Ni/ZnO < Cu/Ni/ZnO which revealed the order of decreased particle size with bandgap energy. The obtained
lower crystal sizes were measured from XRD results (Table 1) also enhanced the photocatalytic activity of the photocatalysts. The
formation of functional groups like Zn—O-Ni and Zn-O-Cu bonds on the ZnO surface enhanced the photocatalytic performance [58].
The lower bandgap allowed the photocatalyst to enhance the photogenerated charge carriers and light absorption [53]. Besides, the
transition metal (Cu and Ni) doped ZnO nanocomposite has generated more oxygen vacancy that lead to higher electron-hole
recombination and thus consequently enhanced the effectiveness of photocatalytic dye degradation [59]. Furthermore, it was
observed that the color of MO dye changed from orangish-yellow to colorless with the increase of the photocatalyst in the suspension
reactor. These findings might be seen due to the available active sites and effective absorption of light that generated abundant
oxidative radicals to increase MO dye degradation [56]. Based on the literature, the doping of metal in ZnO enriched the valence band
(VB) significantly in terms of the Fermi level that may lead to increased electron transport and higher photocatalytic degradation [58].
Therefore, a series of highly reactive species like hydroxyl radical (°OH), superior electrostatic interactions, hydrogen peroxide, and
superoxide anion radicals (O3 ) were involved in an organic MO dye pollutant degradation [54].

3.3. Impact of pH

Among various operating conditions, the pH of the dye solution plays a key factor in evaluating the photodegradation reaction in an
aqueous medium. To explore the impacts of pH on the photocatalytic process, tests were carried out at pH 3.0, 8.7, 10.0, 12.0, and
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Fig. 5. Photocatalytic performance of MO dye under the illumination of UV light; (a) ZnO, (b) Cu/ZnO, (c) Ni/ZnO, and (d) Cu/Ni/ZnO (Exper-
imental condition: dose of photocatalyst: 0.060-0.210 g, pH: 8.7, initial MO dye conc.: 10 mg L),
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14.0, and all experimental conditions were kept fixed (catalyst dose: 0.210 g of Ni/ZnO nanocomposite, dye concentration: 10 mg L
and UV light illumination: 180 min). Initially, the impact of high and low pH was evaluated in absence of a photocatalyst and there
were no significant changes in MO dye concentration observed after 180 min illumination of UV light. The obtained results of pH on
MO dye degradation using Ni/ZnO nanocomposite are shown in Fig. 6. It can be seen that with the increase of pH from 8.0 to 12.0, the
photocatalytic activity of dye was increased followed by acidic and neutral pH. The photodegradation efficiencies were observed
around 89.30%, 91.99%, and 94.40% for pH 8.7, 10.0, and 12.0, respectively. The pronounced influence of pH on MO dye degradation
was obtained with the order of pH 3.0 < 8.7<10.0<12.0>14.0. The experimental results exhibited maximum degradation efficiency in
the alkaline medium followed by the neutral and acidic medium. This observation was found due to the availability of more OH ions
in the solution that generated higher °OH radicals by coupling with positive holes of the semiconductor [60]. The rate of °OH radical
formation was decreased at pH 14.0 due to Coulomb repulsion between the OH and the negatively charged surface of the photo-
catalyst and thus leading to lower photodegradation efficiency [56].

The surface charge property of a photocatalyst plays an important role in photocatalytic reactions which directly affects its pho-
toactivity. The photocatalysts surface charge was zero at this point was known as point zero charge (pHpzc) [36]. It can be seen that the
pHpzc of ZnO NPs was 9.0 [61]. At pH > pHpyc, the catalyst surface was positively charged and a protonation reaction occurred while a
deprotonation reaction occurred at pH < pHpyc that made the surface negatively charged [36]. Methyl orange was an anionic dye, and
the positively charged particles improved the transfer of photogenerated electrons that might react with an adsorbed O3 molecule to
form superoxide anion radicals (O5° ). Similarly, this process could also suppressed the photogenerated electron-hole recombination
and produced more hydroxyl radical (°OH) through the reaction with water. Therefore, these charge carriers could be enhanced
photocatalytic performance. In such alkaline conditions, the adsorption of MO dye became stronger due to the attractive coulombic
between the photocatalyst surface and dye solution [38]. Excess of OH /OH" ions can suppress the chain reaction of radicals’ species,
and thus indicated lower photocatalytic performance.

3.4. Impact of dye concentration

The photocatalytic performance of dye was strongly influenced by initial dye concentration. More than 90% of dye degradation was
obtained using Ni/ZnO nanocomposite while keeping all other operating conditions (dye concentration: 10 mg L™, pH: 12.0, catalyst
dose: 0.210 g, and the illumination of UV light: 180 min). Therefore, the photocatalytic tests were evaluated at higher initial dye
concentrations like 20 and 40 mg L™! and the resulting results are displayed in Fig. 7. The efficiency of dye photodegradation was
determined to be 94.47%, 63.34%, and 35.12% for 10, 20, and 40 mg L respectively, after 180 min of UV light illumination
indicated the removal performance was decreased with the addition of initial dye concentration in suspension reactor. This was
observed due to the adsorption on the available active sites of the catalyst surface by MO dye molecules and the solution turned more
concentrated colored and therefore reduced the formation of °OH radicals [56]. However, the competitive adsorption of OH and O,
on the same sites was decreased leading to the lower formation of °OH and O5° radicals and consequently reduced the photo-
degradation rate [62]. Furthermore, the length of photon penetration was reduced with the addition of initial dye concentration
consequently fewer photons will reach the catalyst surface to trap the pollutants and thus leading to lower photodegradation efficiency
[28,56].

3.5. Reusability and stability of photocatalyst

The stability of the photocatalyst was a key factor for the application of a structural photocatalytic reactor. To study the reusability
and stability of Ni/ZnO photocatalyst, four consecutive cycles were tested with respect to the above-mentioned conditions. In the
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Fig. 6. Impact of pH on MO dye removal (Experimental condition: 0.210 g of Ni/ZnO photocatalyst, dye concentration: 10 mg L™, pH: 3.0, 8.7,
10.0, 12.0 and 14.0).
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Fig. 7. Impact of initial dye concentration on MO dye removal; (Experimental condition: 0.210 g of Ni/ZnO photocatalyst, dye conc.: 10-40 mg L,
pH: 12.0).

following step, the recollected catalyst was filtrated and subsequently redistributed in the MO dye-containing solution for the sub-
sequent UV light illumination cycle. It was found that the photodegradation efficiency was not reduced significantly after four suc-
cessive cycles. The obtaining photodegradation efficiency was to be 94.4%, 92.71%, 86.36%, and 81.29% for 1st, 2nd, 3rd, and 4th
cycles, respectively, revealed the photostability of Ni/ZnO photocatalyst. This was developed as a result of the intermediate products
adsorption to the catalysts active sites, and the weight loss of the catalyst [17]. This outcome suggested that the Ni/ZnO photocatalyst
was recyclable and has photostability for the photocatalytic MO degradation process.

3.6. Comparison and validation of dye degradation

The comparison of photocatalytic performance of undoped ZnO, Cu/ZnO, Ni/ZnO, and Cu/Ni/ZnO nanocomposites are shown in
Fig. S7. As shown in Fig. S7, the Ni/ZnO nanocomposite demonstrated highest photocatalytic performance than other photocatalysts
due to the large concentration and well dispersity of Ni metal into the ZnO surface [38]. The possible reason for the highest activity
might be the incorporation of metallic Ni particles into the ZnO lattice and distributed onto the ZnO surface. FESEM images exhibited
higher irregular, dispersity, and porous morphology of Ni/ZnO photocatalysts than that of other photocatalysts. It was reported that
the good dispersity of metal (Ni) on the ZnO photocatalyst surface showed higher photocatalytic activity [63]. It was observed that the
particle size was greatly decreased with the addition of metal dopant into the ZnO lattice and the lowest crystal/particle size was
observed in Ni/ZnO photocatalyst. It was seen that the smaller particle size and the shifting of their absorbance to the visible region
resulted in an enhancement of their photodegradation efficiency [64]. There was no shift in the Zn—-O bond after Ni doping and the
presence of more °OH radicals was the key factor for higher photocatalytic performance. The absorption spectrum shifted towards the
longer wavelength due to their crystal structure and quantum confinement effect that indicated strong light absorption capacity. XPS
analysis determined the binding energy 1021.6 eV for Zn 2ps/ of Zn?" states in ZnO which was closely monitored with the standard
data of ZnO. As we incorporated Ni (2%) and Cu (4%), the binding energy of ZnO slightly shifted to the lower binding energy.

A comparison of our experimental findings with other published works in the literature is shown in Table 2. Vaiano et al. [51]
reported the Cu-doped ZnO photocatalyst prepared by the chemical-precipitation method for the photodegradation of As(III) to As(V)
under UV light illumination. A 1.08 mol% doping of Cu decreased the average crystallite size (33-32 nm) and bandgap energy
(3.2-2.92 eV) and exhibited a low photodegradation efficiency (52.0%) even after 120 min of light exposure [51]. As shown in Table 2
[4], synthesized Ni-doped ZnO by using the sol-gel method for the removal of acid blue 1 (AB1) dye under UV light. The authors
asserted that the spherical structure of ZnO NPs almost changed to homogenous hexagonal NPs with the addition of Ni dopant. The
impacts of operating conditions like catalyst dose, pH, and initial dye concentration on dye were studied based on dye degradation.
They reported the highest dye degradation by using Ni/ZnO photocatalyst [4]. The Cu-doped ZnO nanorod was successfully prepared
with a chemical growth method for the treatment of MB dye under the illumination of UV light. A slight change in crystal lattice was
observed after Cu doping, as well as bandgap energy, decreased up to 10.4%. The photodegradation efficiency was found to be 60.0%
after 180 min illumination of UV light [65]. Uma et al. [56] investigated the Ni-doped ZnO NPs by electrically synthesized route for the
application of indigo carmine dye degradation. The average crystalline size of Ni/ZnO NPs was 78.3 nm and exhibited the highest
absorption at 340 nm. The authors claimed the efficiency of indigo dye degradation was found to be 84.8% after 90 min illumination of
UV light [56]. As shown in Table 2, earlier reported works supported our results of obtaining the highest removal of dye using Ni/ZnO
photocatalyst. However, the removal was higher than the reported works which might be the reason for using different uses ratios of Ni
during synthesis. Therefore, it can be concluded that the Ni/ZnO photocatalyst might be superior compared to other photocatalysts for
the treatment of organic dye dye-containing wastewater from textile effluents.
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Table 2
Performance of the current works’s photodegradation in comparison to other published studies.
Dye Photo  Photocatalyst Synthesis Synthesis reagents and Doping Catalyst ~Modified Particle size, Light source Experimental  Illumination Photodegradation Ref.
compound catalyst dose technique reaction conditions conc. surface bandgap, nm conditions time, min efficiency, %
area, and A value
(m*/g)
Methylene Cu/ 3g/L Precipitation Cu(CH3COO0), ZnC4HeO4, 1.08 6.6 2.92 eV, 32-33 10 W Visible pH: 7.0, dye 120 52.0 [51]
blue ZnO method calcined at 600 °C for 2h. mol% (300-900 LED strip vol.: 100 mL,
nm) dye conc.,:
10.0 mg L!
Acid Blue 1 Ni/ZnO 1.07 g/L Sol-gel method (Ni (NO3),-6H,0), (Zn 1.12wt N/A 2.97 eV, 19.19-24.79 6 WHglamp pH: 7.77, dye 180 90.23 [4]
(CH3C00),-2H,0), the gel % (368 nm) vol.: 100 mL,
was dried at 80 °C for 18 h. dye conc.,:
10.0 mg 7!
Methylene Cu/ 5-20 g/L Chemical growth (Cu (OAc)),, (ZnC4HeO4), 1.00 wt N/A 3.46-3.10 N/A 10 WUV pH: 6.79, dye 180 60.0 [65]
blue ZnO method the solution was kept in % ev, lamp vol.: 100 mL,
oven at 95 °C for 6 h. (250-600 dye conc.,:
nm) 10.0 mg L™*
Methylene Ni/ZnO 0.2 g/L Precipitation (Ni(NO3),-6H,0), (Zn 5.0 mol 8.12 N/A, (365  20.0-30.0 300 W Hg pH: 6.8, dye 60 98.0 [61]
blue method (NO3)2-6H,0), calcining % nm) lamp vol.: 50 mL, dye
the precursor at 500 °C for conc.,: 10.0 mg
2 h in air. Lt
Indigo Ni/ZnO 0.02 g/L Electrochemical  (Ni(NOs3),-6H50), 0.5wt% 10.0 3.1eV 78.3 UV light pH: 10.0, dye 90 84.84 [56]
carmine method NaHCO3, calcined at (340 nm) vol.: N/A, dye
500 °C for 2 h. conc.,: N/A
Methyl Cu/ 0.1 g/L One-step ZnS0,4, and CuSO4 werethe 1.0wt% N/A (350-400 30-150 Sunlight pH: N/A, dye 200 88.0 [371
orange ZnO hydrothermal precursor, and the mixture nm) illumination vol.: 50 mL, dye
method underwent a 4 h conc.,: N/A
hydrothermal treatment at
180 °C.
Methylene Cu/ 0.025 g/L Co-precipitation  (Zn (CH3COO),-2H,0),and 5.0 wt% N/A 3.48 eV 19.60-132.02 UV light N/A 60 72.13 [30]
blue ZnO method (Cu(CH3C00),-H,0) were (356-364 illumination
taken as precursor, and nm)
annealing at 600 °C for 3 h.
Methyl Ni/ZnO 0.210 g/L Sol-gel method (Ni(NO3),-6H,0), 2.0wt% N/A 3.44-3.16 12.91-8.84 80 WUV pH: 12.0, dye 180 94.47 Present
orange ((CH3C00),Zn-2H,0), ev, nm lamp vol.: 120 mL, work
annealed at 400° for 1 h in (350-400 dye conc.,:
a muffle furnace. nm) 10.0 mg L1

0 32 UNWON-Y "8 PN

905912 (£20Z) 6 UoA1joH



Md.R. Al-Mamun et al. Heliyon 9 (2023) e16506

3.7. Kinetic studies

The quantitative analysis of the reaction kinetics model of MO dye removal was done by fitting all models including zero-order,
first-order, and second-order models to the experimental data. The rate constants with respect to the regression coefficient were
measured by plotting In(Co/Ct) vs. time and the results are shown in Fig. 8. The pure ZnO NPs showed relatively lower photocatalytic
activity with k values of 0.0071 min ! after 180 min of UV light illumination, while the k values for other nanocomposites were found
to be Cu/ZnO (0.0089 min’l), Ni/ZnO (0.0117 min’l), and Cu/Ni/ZnO (0.0091 min’l), respectively. Additionally, the regression
coefficients (R%) were observed at 0.96, 0.96, 0.97, and 0.97 for ZnO, Cu/ZnO, Ni/ZnO, and Cu/Ni/ZnO catalysts, respectively, after
180 min illumination of UV light which indicates the first-order reaction was fitted best for MO dye degradation. It was observed that
the photodegradation efficiency was increased with the increasing amount of catalyst in the suspension reactor and reached the
maximum value of catalyst loading of 0.210 g. This can be explained in terms of the entrance of light into the solution and the
availability of active sites on photocatalysts’ surfaces [38]. The maximum k value was observed in Ni (2 wt%) doped ZnO nano-
composites due to synergistic effects and available active sites to trap the charge carriers and thus improved the photocatalytic effi-
ciency. The possible reason might be the design of the structure that increased the separation of photogenerated charge carriers and
optical absorption in the visible region [28]. It has to be noted that the rate constant of Ni/ZnO composites was almost 1.31 and 1.28
times higher than Cu/ZnO, and Cu/Ni/ZnO nanocomposites respectively. This result revealed the huge enhancement in the degra-
dation rate of ZnO after doping with Ni. Data analysis was used to examine several models in order to study the kinetics of MO dye
degradation, and experimental data is shown in Fig. S8-S9.
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3.8. Photocatalytic reaction mechanism of Ni/ZnO nanocomposite

The possible photocatalysis mechanism based on dye degradation is illustrated in Fig. 9. The principle of photocatalysis was the
adsorption of dye molecules on the catalyst surface while it was illuminated by UV light. An electron (e ) from the valence band (VB)
can be illuminated to the conduction band (CB) with the continuous formation of a hole (h™) in the VB when the photon energy was
equal to or exceeds the bandgap energy of a photocatalyst semiconductor, [38]. The incorporation of transition metal (Ni) into ZnO
created more photogenerated electron-hole traps from the CB/VB of ZnO which fastens the charge carriers and thereby restrained the
recombination of photoinduced electrons and holes. The half-filled electronic configuration was enhanced by transferring electrons in
the CB of ZnO into Ni dopant. The Ni dopant acts as a trap of electrons and enhanced the lifetime of photogenerated charge carriers,
and thereby improved the photocatalytic activity [54,66]. The photogenerated holes can react with water or hydrogen peroxide to
produce hydroxyl radical (°OH). Simultaneously, the absorbed oxygen molecules were reduced by the electrons in the CB and forms a
superoxide radical anion (02°"). The generated reactive oxygen species (ROS) were strong powerful oxidants that can oxidize dye and
other organics into mineralized products like carbon dioxide (CO,), water (H20), and other degradation products [39,66]. The
photocatalytic degradation process can be summarized by a series of reactions (Egs. (5)-(10)) which are as follows:

ZnO + hv = ZnO (ecy + hip) 5)
ZnO (eg, + hip) + O/OH /H,0 — °OH + 0%~ 6)
Ni?* 4 ey, (CB) — NiT (electron trap) )
Ni* + 0, > Ni** + 0,°” (electron release) (€)]
h{ (VB) + OH /H,0 — °OH 9)
°OH/ 0»°" + MO dye — Degradation products + CO, + H,O (10)

In this case, the mainly responsible for the photocatalytic removal of MO dye were the photogenerated electrons and holes. The
photodegradation efficiency can be improved by enhancing the charge separation that created defect levels in Ni/ZnO structure. The
defect levels inhibited the recombinant photogenerated electron and holes and subsequently increased the photocatalytic effectiveness
[67]. Additionally, the photocatalytic activity depended on the bandgap and light utilization capacity of the hybrid Ni/ZnO nano-
structure [34].

4. Conclusion

A facile sol-gel route was applied to construct metal (Cu or Ni) doped ZnO photocatalysts and characterized using XPS, XRD, SEM
with EDX, FTIR, and UV-Vis/DRS spectroscopy analysis. The binding energy with a new chemical state was obtained at 1021.8 eV for
ZnO by XPS analysis. XRD and FTIR confirmed the formation of the hexagonal phase with the smaller crystalline size (8.84 4+ 0.71 nm)
for Ni/ZnO and changes in functional groups were observed. The irregular spherical morphology with decreasing particle diameter
(34.43 + 6.03 to 26.43 + 4.14 nm) of metal-doped photocatalyst and the elemental composition of nanocomposites were demon-
strated from SEM and EDX analyses. UV-Vis/DRS spectra of metal-doped ZnO nanocomposites showed a redshift in the light ab-
sorption than pure ZnO NPs. Moreover, the bandgap energy was decreased with the incorporation of metal dopant into ZnO crystal in
the range of 3.44 to 3.16 eV. The Ni (2 wt%) doped ZnO nanocomposite exhibited maximum photodegradation efficiency (94.47%) of
MO dye (10 mg L™!) after 180 min of UV light illumination. The nanocomposite exhibited excellent reusability and found 81.29%
efficiency after four consecutive circles. Furthermore, the photodegradation was followed by first-order, and kinetic rate constant
values were increased from 0.0009 to 0.117 min ! with the addition of Ni into the ZnO lattice. The improvement of photocatalytic
activity was obtained due to the lattice distortion of Ni dopant to suppress recombinant photogenerated electron-hole, porous surface,
a red shift in the light absorption, and the synergistic effect of Ni metal on the ZnO surface. Therefore, it can be suggested that the new
Ni/ZnO photocatalyst can be applied for the removal of organic dyes from textile effluents.

Fig. 9. Schematic reaction mechanism of MO dye degradation using Ni/ZnO photocatalys.
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