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ARTICLE INFO ABSTRACT

Keywords: In this investigation, Co—, Ni- and Cu-doped ZnO nanoparticles were prepared using precipitation methods. The

Zn0 characterization of the as-prepared nanomaterials was carried out using XRD, FT-IR, DRS, XPS and SEM. The

Metal ion doping ) XRD analysis showed that the insertion of foreign metal ions into the matrix of ZnO caused a slight shift of the

izzfg;ztalym degradation positions of (100), (002) and (101) diffraction peaks of ZnO towards the lower 20, by comparison with pure

Visible light ZnO. The DRS results showed that Co-doped ZnO nanoparticles absorb wavelengths higher than 400 nm. The
estimated band gaps (eV) were 2.48, 3.17 and 3.14 for 10 %Co-ZnO, 10 %Ni-ZnO and 10 %Cu-ZnO respectively.
The XPS results showed the existence of two valence states for Co and Ni (Co*"/Co°* and Ni%**/Ni*") while Cu
exists in the form of Cu?t. The photocatalytic efficiency was evaluated under UV and visible irradiations in
aqueous solution using methyl orange (MO) as an organic pollutant probe molecule. The results showed that,
under visible light, the MO degradation increased significantly by doping ZnO (10 %Co-ZnO: 33.2 %; 10 %Ni-
Zn0: 19.8 % and 10 %Cu-ZnO: 52.5 %) by comparison with undoped ZnO (9.3 %). The important increase in
photocatalytic activity observed for the doped ZnO by comparison with pure ZnO, particularly for 10 %Cu-ZnO,
has been linked to a synergistic effect of both the band gap narrowing and the increase in the lifetime of pho-
togenerated charge carriers.

Wong et al., 2020). It is well known that the heterogeneous photo-
catalysis is based on the irradiation of a semiconductor (e.g: metal oxide,

1. Introduction

The main sources of aquatic pollution come from the discharge of
industrial wastes such as those from the synthetic dyes (azo-dyes) or the
production of pesticides, herbicides, ... These discharged organic com-
pounds are often resistant to the biodegradation, and thereby pose a
threat to humans and the aquatic organisms (Samadi et al., 2016; Wang,
C.C. et al., 2014). One of the most promising environmentally friendly
and low-cost way for the treatment of these wastwaters is their epura-
tion using advanced oxidative processes such as heterogeneous photo-
catalysis under UV and visible light (Abebe et al., 2023a; Abebe et al.,
2023b; Belver et al., 2019; Byrne et al., 2015; Kisch, 2013; Liu et al.,
2020; Mohaghegh et al., 2023; Ohtani et al., 2010; Tsao et al., 2021;
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chalocogenides) by radiation with an energy at least equal to that of the
band gap. The electrons (e7) are then excited from the valence band (VB)
to the conduction band (CB) leaving thus holes (h™) in the VB. The
generated (e /h™) pairs (Jin et al., 2018) can react with adsorbed mol-
ecules (e.g.: water, oxygen, hydroxyl groups) to form oxidizing radicals
like hydroxyl radical (OH®) and superoxide anion (0%) (Moreira et al.,
2017). Afterwards, a succession of reactions is initiated to produce
hydroperoxyl radical, then HyO5 and OH®. These oxidative species as
well as the photogenerated holes are involved in the degradation of the
pollutants (Moreira et al., 2017). On the other hand, it has been reported
in the literature (Colmenares and Xu, 2016; Pichat, 2016) that the
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crystalline structure, the morphology, the solid-state defects, the pH, the
lifetime of the charge carriers, etc affect the photocatalytic effectiveness
of a photocatalyst. However, the inability to absorb visible light and the
fast recombination of photo-generated (e /h™) pairs are the two main
problems to be overcome in order to use metal oxide semiconductors as
photocatalysts in the visible range.

Among the various metal oxide semiconductors used as photo-
catalysts, pure or modified ZnO nanomaterials has been widely studied
for water and wastewater treatment (Abebe et al., 2023a; Abebe et al.,
2023b; Deepthi et al., 2023; Santos et al., 2023; Abebe et al., 2022; Igbal
et al., 2021; Samadi et al., 2016). In fact, ZnO exhibits suitable optical
and electronic properties, high redox potential, non-toxicity, and low-
cost (Deng et al., 2020). It received a special attention due to its envi-
ronmental friendliness, thermal and chemical stability, etc (Deng et al.,
2020). However, due to its wide band gap (Eg = 3.1-3.32 eV) (Daou
et al,, 2017; Wang et al., 2019), the photo-response of ZnO photo-
catalysts under solar radiation still very weak (Wang, Z. et al., 2014;
Kisch et al., 2013). To overcome these drawbacks, numerous researches
including dye sensitization, doping ZnO with metals ions and non-
metals, and modifying its surface have been published (Abebe et al.,
2023a; Abebe et al., 2023b; Kedir et al., 2023; Abebe et al., 2022;
Aadnan et al., 2022; Samadi et al., 2016; Li and Wu, 2015). On the other
hand, synthesis heterostructures by integrating two or more materials at
the nanoscal level such as p-n junctions, n-n heterostructures, p-p het-
erostructures, Schottky junctions, Janus structures, type II hetero-
structures, and Z-scheme heterostructures have been reported (Igbal
et al., 2021; Tsao et al., 2021; Liu et al., 2020; Yuan et al., 2014; Pang
et al., 2014). On the other hand, doping of ZnO with metal ions can
cause a reduction in the bandgap by generating intermediate energy
levels (IEL) and makes it a visible-light-active photocatalyst (Aadnan
et al., 2022; Lv et al., 2019; Ravichandran et al., 2018; Thi and Lee,
2017). It has been reported that the interaction between s-d and p-d
orbitals by doping ZnO with metal ions significantly alters the optical
properties of ZnO (Baylan and Altintas Yildirim, 2019). In this topic, the
present work tends to bring some clarifications about the effect of the
nature of the metal ion on the structural, optical, morphological, and
photocatalytic properties of the synthesized metal-doped ZnO nano-
materials. In general, the commonly used transition-metal as dopant
elements have often non-full d or f orbitals (Peng et al., 2013). Herein,
the The used transition metals (Co: 3d74sz, Ni: 3d®4s? and Cu: 3d'%4s!)
belong to the fourth period of the periodic table. The substitution of
Zn?" in ZnO crystal lattice by metal ions may improve the optical
properties of the doped ZnO. This has been explained by the formation of
intermediate energy levels (IEL) and/or by the narrowing of the band
gap (Aadnan et al., 2022; Yang et al., 2016). Indeed, when the IEL are
just below the conduction band minimum (CBM), the excited electrons
are quenched but the holes are not. However, if the IEL are just above the
valence band maximum (VBM), an opposite situation takes place
(Aadnan et al., 2022; Yang et al., 2016). In a previous paper, Aadnan
et al. (2022) have studied the influence of the Mn loading on the
physicochemical and photocatalytic properties of ZnO. The results
highlighted that a substitution of Zn?* by Mn?*/Mn®" in ZnO occurred,
and the best photocatalytic activity towards methyl orange (MO)
degradation in the presence of Mn-ZnO nanomaterials is obtained by
using 10 wt% of Mn. Therefore, the major goal of the present investi-
gation is to report the influence of the modification of ZnO by doping it
with 10 wt% of Co, Ni and Cu on its structural, optical and photo-
catalytic properties. The synthesis of the nanoparticles was made using
precipitation methods. The prepared nanomaterials were calcined at
500 °C for 3 h and characterized using X-ray diffraction (XRD), Fourier-
transform infrared (FT-IR) spectroscopy, UV-Vis diffuse reflectance
spectroscopy (DRS), scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS). The UV and visible light photo-
catalytic capabilities of the prepared nanomaterials were evaluated
using methyl orange, as a typical azo dye, in an aqueous solution. As it is
well known, MO is widely used in chemical, textile and paper industries
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(Selvaraj et al., 2021). This type of dye is harmful to the environment
because it contains -N = N- bond in association with aromatic structures
containing (-OH) and (-SOsH) functional groups. The combination of
these various functional groups makes the azo dye molecules more
recalcitrant to remove from the industrial liquid effluents (Selvaraj
et al., 2021).

2. Materials and methods
2.1. Chemicals

All chemicals are analytical grade and were used in this work
without purification. Zn(CH3COO)3-2H;0 (Scharlau Chemie, Spain;
purity = 99 %), CoCly-6H20 (Sigma Aldrich Chemicals, USA, purity >
99.99 %), NiClp-6H20 (Lobachemie reagents, India; purity > 97 %), Cu
(CH3C00),-H50 (Sigma Aldrich Chemicals, USA, purity: 99 %), Methyl
orange (C14H;14N3NaOs3S; Fisher Scientific International Company, USA;
purity > 95 %) and Sodium hydroxide (Fisher Scientific International
Company, USA; purity > 98 %). Deionized water was used in all
experiments.

2.2. Procedures

2.2.1. Preparation of undoped and doped ZnO

In the present investigation, ZnO and 10 %M-ZnO nanomaterials
(M = Co, Ni and Cu) have been elaborated using precipitation methods
following the same procedures reported by Aadnan et al. (2022) and El
Mragui et al. (2019b). Briefly, ZnO nanoparticles were synthesized by
dissolving Zinc acetate (24.3 g) in distilled water (100 mL). After that, a
molar solution of NaOH (20 mL) was added dropwise to the solution at
70 °C while maintaining a constant agitation. The obtained precipitate
was filtered, washed three times using distilled water, and dried over-
night in an oven at 100 °C. Regarding the preparation of 10 %M—ZnO
nanomaterials, an aqueous suspension of ZnO was prepared following
the same procedure described above. Simultaneously, the required
amounts of the CoCl, (3.17 g), NiCl, (3.18 g) and Cu(CH3COO),-H20
(2.51 g) were dissolved separately in deionized water under constant
stirring to which molar sodium hydroxide solutions were added drop-
wise at 70 °C. Then, the solutions were continuously stirred for 90 min.
The obtained solutions were added dropwise to the solutions of ZnO
while respecting the desired weight percent (10 wt%) of the doping
elements. The resulting suspensions containing 10 %M—ZnO were left
under stirring for 2 h, then filtered and washed with deionized water and
dried overnight in an oven at 100 °C. All of the obtained nanomaterials
were ground and calcined at 500 °C for 3 h.

2.2.2. Characterization of materials

X-ray diffraction (XRD) (X’PERT MPD_PRO Malvern Panalytical Ltd.,
UK). Fourier-transform infra-red (FT-IR) spectrometer (JASCO 4100
Jasco International, Japan), diffuse reflectance spectroscopy (DRS)
(JASCO V-570 Jasco International, Japan), X-ray photoelectron spec-
troscopy (XPS) (Kratos AXIS Ultra HAS Japan) and scanning electron
microscopy (Quanta 200 from FEI Company, Hillsboro, USA) were used
for the structural, optical, chemical states and morphological charac-
terization of the synthesized samples.

2.2.3. Photocatalytic degradation experiments

The photocatalytic effectiveness of the prepared photocatalysts was
studied using methyl orange at room temperature (about 26 °C) under
UV-A and visible lights. The UV-A and visible lights radiations were
provided using a low-pressure lamp (40 W, VL-340.BL) and a commer-
cial Feit White Compact Fluorescent lamp (23 W, cool daylight, 6500 K),
respectively. The lamps were positioned at about 10 cm above a Batch
reactor (250 mL) containing a MO aqueous solution (10~> M) and 0.5 g/
L of photocatalyst. The pH of the solution was adjusted to 4 by 0.1 mol/L
of HCl. Prior to lighting the lamps, the solution containing catalyst and
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the pollutant was stirred in the dark for 30 min to reach adsorption/
desorption equilibrium. For experiments under visible light, the UV
radiations (. < 400 nm) were cut-off by placing an aqueous solution
containing 0.73 M of NaNO; (Aadnan et al., 2022) between the visible
lamp and the reactor. At preset time intervals, samples were taken using
a syringe and filtered through a 0.45 pm Millipore filter. The MO
removal percentage was calculated from dye concentration monitored
using a UV-vis spectrophotometer (Shimadzu 2100) at the wavelength
of maximum absorbance of MO (Amax = 464 nm). The MO removal and
the apparent pseudo-first-order rate constant (k) from the Lang-
muir-Hinshelwood kinetic model were calculated using Equations (1)
and (2) (Aadnan et al., 2022), respectively:

Ln(Cy/C,) = kg X t 1)
Ln(Cy/C,) = kyp X t ()

where Cy and C; are the MO concentrations at the initial and t time of
reaction, respectively, and k,;, is the apparent rate constant.

2.2.4. Identification of the active species

The radical-quenching experiments were carried out using electron
(e") scavenger (K2S20g: 102 M) (Ajmal et al., 2014), hydroxyl radical
(OH®) scavenger (isopropyl alcohol:102 M) (Qiu et al., 2019) and hole
(h™ scavenger (KI:lO'2 M) (Jin et al., 2018).

3. Results and discussion
3.1. Characterization

3.1.1. XRD analysis

The XRD spectra of Co-, Ni-, and Cu-doped ZnO (Fig. S1) display
peaks belonging to the hexagonal wurtzite ZnO phase (JCPDS file N°:
01-075-0576) along with low intensity peaks revealing the presence of
Co304 (JCPDS file N°: 43-1003), NiO (JCPDS file N°: 01-071-1179), and
CuO (JCPDS file N°:048-1548; Abebe et al., 2023b), respectively.
Moreover, compared with undoped ZnO, the positions of the (100),
(002) and (101) diffraction peaks of the Co—, Ni- and Cu-doped ZnO
materials shifted towards the lower 26 (Fig. 1). Analogous behavior was
reported for Mn-ZnO (Aadnan et al., 2022). This suggests that a
replacement of Zn%* by the doping elements was happened causing an
increase in the lattice parameters due to the difference in the ionic radii
of Zn?* (0.74 ;\) (Aadnan et al., 2022; Basnet et al., 2021), Co?t 0.72 A)
(Kabbur et al., 2018), Ni%* (0.69 A) (Mugundan et al., 2015) and Cu®*
(0.73 10\) (Sivakumar et al., 2022), as showed in Table 1. Several authors
such as Aadnan et al. (2022), Basnet et al. (2021) and Kumar et al.
(2016) have reported that doping ZnO with Mn caused a significant shift
of XRD peaks towards higher or lower 26. They linked this behavior to
the lattice distortion of the ZnO provoked by the heterogeneous distri-
bution of Mn?* into the crystal structure (Basnet et al., 2021; Kumar
et al., 2016).

3.1.2. FT-IR analysis

Fig. 2 shows that all the spectra of the analyzed samples exhibit two
strong overlapped bands appearing at about 450 and 500 cm ™! which
can be attributed to ZnO wurtzite (El Mragui et al., 2019a) and (Zn,
metal)-O stretching modes (Kumar and Pandey, 2016; Soni et al., 2013).
The band at 500 cm™! may be also associated with oxygen deficiency
and/or oxygen vacancy defect complex in ZnO (Yan et al., 2016). From
the FT-IR spectra of Fig. 2 (inset), it is observed that the intensity of the
band at 450 cm ™! decreases while that at 500 cm ™! increases by doping
ZnO suggesting that the incorporation of doping metal ions favors the
creation of oxygen vacancy defects (Yan et al. (2016). A Similar obser-
vation has been reported for Mn-ZnO (Aadnan et al., 2022) for which the
band at 500 cm ! increased when the weight percent of Mn increased in
the sample from 1 to 10 %, meanwhile the band at 450 cm ™! decreased.
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Fig. 1. XRD patterns of pure and doped-ZnO nanomaterials.

Table 1
Lattice parameters of undoped and doped ZnO nanomaterials.

Lattice parameters

Sample 20(°) dpjq (nm) a (nm) ¢ (nm)
ZnO 34.530 0.25954 0.2997 0.5191
10 %Co-ZnO 34.360 0.26079 0.3011 0.5216
10 %Ni-ZnO 34.370 0.26071 0.3010 0.5214
10 %Cu-ZnO 34.380 0.26064 0.3010 0.5213

Other FT-IR bands at about 1440 and 1540 cm™! are also observed
(Fig. 2) and attributed to the residual acetate groups stemming from zinc
acetate precursor (Daou et al., 2017). The bands at about 3440 and
1640 cm ™! observed in all spectra (Fig. 2) are due to the stretching and
bending vibrations, respectively of the O-H in the HyO adsorbed on the
surface of the solids (Daou et al., 2017). On the other hand, the spectrum
of 10 %Co-ZnO shows two very weak bands at 680 and 597 cm ™! which
are due to the vibration of 0-Co-O (in Co304) and Co>*-O (Harish Kumar
et al., 2017; Kumar and Pandey, 2016; Fouad et al., 2011), respectively.
These results confirm the presence of Co>* in the solids in metal oxide
form, and confirm the XRD results.

3.1.3. UV-Vis diffuse reflectance spectroscopy (DRS)

The optical properties of the synthesized photocatalysts were probed
by DRS. As observed in Fig. 3, the spectra of the analyzed nanomaterials
exhibit strong absorption in ultraviolet region (A < 370 nm). This in-
dicates that all of these materials can absorb wavelengths below 370 nm.
However, Fig. 3 shows that between 370 and 400 nm, the absorbency
decreases sharply for ZnO (—48 %) and for 10 %Ni-ZnO (—63 %) when
the wavelength increases up to 400 nm while that of the solids
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Fig. 3. Diffuse reflectance spectra and Tauc’s plots (figure inset) of doped and undoped ZnO nanomaterials.

containing Co and Cu, it only loses 4 and 27 % respectively. These results
indicate that Co— and Cu-doped ZnO can absorb efficiently UV-A light up
to 400 nm. Their absorbance in this spectral domain is in the order: Co-
ZnO > Cu-ZnO > ZnO > Ni-ZnO. Furthermore, the spectrum of Co-ZnO
exhibits an absorption tail in the visible light region (A > 400 nm) unlike
ZnO. Analogous results were reported for Mn-ZnO nanomaterials
(Aadnan et al., 2022). This result confirms that the undoped ZnO does
not absorb above 400 nm and, the optical features clearly depend on the
type of the doping metal ion. The optical comportment of Co-ZnO
observed between 400 and 500 nm suggests a potential modification
of the photocatalytic effectiveness of these photocatalysts under visible

light. The calculation of the band-gap energies (Eg) has been made by
plotting (ahv)" = A(hv-Eg), where A is a proportionality constant, o is
the linear absorption constant, h is the Planck’s constant, and n = 2 and
0.5 for direct and indirect band-gap transition respectively (Shahsavandi
et al., 2022; Naseeb et al., 2021; El Mragui et al., 2019a; Budigi et al.,
2015). The inset of Fig. 3 shows the plots of (ahv)? versus hv assuming a
direct band-gap transition for all samples (El Mragui et al., 2019a;
Budigi et al., 2015). The extrapolation of the linear region of the curves
to o = O (the intercept of the extrapolation of the linear part of the curve
with the hv axis) gives the Eg values. The obtained Eg values (Table 2)
clearly show that doping ZnO strongly affects the band gap energy.
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Table 2
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Band gap energy and MO photodegradation under UV and visible light irradiation in the presence of the doped and undoped ZnO nanomaterials. Co(MO) = 10° M,

Mphotocatalyst = 0.5 g/L, pH = 4.

Sample Eg (eV) UV light Visible light

MO removal (%) Rate constant kg, (min~") R’ MO removal (%) Rate constant kg, (min~Y) R
ZnO 3.09 74.3(330)* 0.0035 0.973 9.3(330)° 0.0006 0.801"
10 %Co-ZnO 2.48 26.7(330)* 0.0029 0.831' 33.2(450)* 0.0042 0.949'
10 %Ni-ZnO 3.17 18.8(330)> 0.0018 0.821" 19.8(390)* 0.0047 0.917"
10 %Cu-ZnO 3.14 45.6(390)° 0.0022 0.971" 52.5(450)” 0.0021 0.975'

! Coefficient of regression.

2 Values in brackets indicate the time (min) at which the MO removal was recorded.

Indeed, the Eg value decreases by doping ZnO with Co while it increases
when Cu and Ni were used.

3.1.4. XPS analysis

The valences of the metal ions on the surfaces of the prepared
nanomaterials were analyzed by XPS. The full scan spectra (Fig. S2)
clearly show the presence of Zn, O, Co, Ni, Cu, C, and the Na in the
samples. Na comes from NaOH used as precipitation agent. In Fig. S3,
the Zn2p doublet peaks at 1021 eV and 1044.1 eV are identical to the
binding energies of Zn2p1/2 and Zn2p3/2 respectively, thereby veri-
fying the presence of Zn?t in the composite (Tkachenko et al., 2023).
Fig. S4 shows the high resolution Ols spectra obtained for all studied
samples. The deconvolution of the O1s spectra evidenced the presence of
three peaks for all samples at about 529.8, 531.0 and 531.8 eV which are
due to the 0% ions in wurtzite structure of hexagonal Zn?" ion array, to
the oxygen vacancies (VO0) in the oxygen-deficient regions within the
ZnO matrix, and to the adsorption of various kinds of O, (Tkachenko
etal., 2023; Aadnan et al., 2022; Gao et al., 2016), respectively. Figs. S4
shows also that the area of the peak of oxygen vacancies (VO) (at about

(@) ..

—— Experimental data

Co2p:10%Co-Zn0O —— Fitting spectrum
—— Fitting spectrum
—— Fitting spectrum
8000 Co2p,, —— Fitting spectrum
—— Fitting spectrum
— — Background
7800 —— Envelope Co2p |,
=)
< 7500
2]
o
o
7400 -
7200 4
7000 T T T 1
770 780 790 800 810

Binding Energy (eV)

(©) ...

Cu2p:10%Cu-Zn0
Experimental data
‘ E;ckgrou;:t Shake-up J
ing spectrum W
8000 - Cuzp,, f "J",?'\j‘
r‘\ ,(
| Cu2p,, /
M
5 75004 \ \ f
2 | | Shakeup f M
7] \ M
5 ( \» " ) | '»"V
7000 { | L \»‘I“
| ‘1’5‘,“‘;"}\[{‘ ‘_WW;A{, ¥
skl
W ".YHJ'
6500 —

T T T T T T T 1
925 930 935 940 945 950 955 960 9265
Binding Energy (eV)

531.0 eV) increased markedly for the doped ZnO materials by compar-
ison with pure ZnO (8.5 % (Aadnan et al., 2022)). This result highlights
that the number of oxygen vacancies increases by doping ZnO and de-
pends on the nature of the doping element. Therefore, the sample 10 %
Cu-ZnO (Fig. S4c) exhibits the highest percentage of VO (66.8 %) fol-
lowed by Ni-ZnO (Fig. S4b: 57 % of V0) and Co-ZnO (Fig. S4a: 35.3 % of
VO0). The XPS spectrum of Co2p presented in Fig. 4a shows four peaks at
780, 785.4,795.9 and 802.8 eV. Those at 780 and 785.4 eV are related to
Co2p3/2 of Co(OH), and Co304 (Yang et al., 2010), and those at 795.9
and 802.8 eV are associated with Co2p1/2 of Co(OH); and/or Co304
(Yang et al., 2010). The peak at 780 eV may be dissociated into two
peaks centered at 779.8 (Co2p3/2 of Co(OH),) and 781 eV (Co2p3/2 of
Co304) respectively (Kim et al., 2017). Therefore, these results high-
lighted two oxidation states of Co (Co?* and Co>*) (El Mragui et al.,
2021). These results corroborate those obtained by XRD and FT-IR an-
alyses. Fig. 4b shows the Ni2p core-level spectrum of Ni-doped ZnO
nanomaterial. Its deconvolution reveals the presence of five binding
energy positions at around 853, 855, 860, 872 and 879.6 eV. Those at
around 855 and 872 eV correspond to Ni2p3/2 and Ni2pl/2 signals
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Fig. 4. High-resolution XPS spectra of Co2p (a), Ni2p (b) and Cu2p (c) in the synthesized 10%Co-ZnO, 10%Ni-ZnO and 10%Cu-ZnO nanomaterials, respectively.
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respectively, which match exactly with the reported values of NiO
(Tkachenko et al. 2023). They are accompanied by satellites at around
860 and 879.6 eV which highlights the presence of Ni in the form of
oxide and hydroxide phases (Abdel-wahab et al., 2016). The presence of
the peak at 855 eV reveals the existence of Ni>" (in NiyO3 phase) along
with Ni2* (in NiO phase) as reported by Chen et al. (2012) and Yan et al.
(2011). These results highlight that Ni exists in the solid under two
oxidation states Ni?* and Ni>*. The spectrum of Cu2p (Fig. 4c) shows
two peaks at 953 eV and 932.9 eV which may be assigned to Cu?"2p1/2
and Cu2+2p3/ 2 respectively (Khan et al., 2020). In addition, two shake-
up peaks appearing on the spectrum demonstrate the formation of CuO
in accordance with the XRD and FT-IR results. Analogous results were
reported by Khan et al. (2020) and Shinde et al. (2014) who reported
that the presence of these shake-up peaks suggests the existence of an
unfilled orbital d (3d”) and confirms the presence of Ccu®*t in the sample.

3.1.5. SEM observations

Fig. 5 shows the SEM images of Co—, Ni- and Cu-doped ZnO nano-
materials. All the images of this figure show that the samples are made of
highly agglomerated particles with irregular rounded shapes. On the
other hand, the average particle size, estimated by the granulometric
method, of the doped ZnO nanoparticles increased slightly to about 180
nm (Fig. S5) by comparison with ZnO nanoparticles whose average
particle size was estimated at about 100 nm (Aadnan et al., 2022). This
suggests that doping ZnO could promote the crystalline growth of ZnO
particle.

0 Highvac. [€1x11,000
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3.2. Photocatalytic activity

The evaluation of the photocatalytic activity of the prepared pho-
tocatalysts was done using methyl orange discoloration reaction under
both UV-A and visible light irradiation. The blank experiments carried
out in the absence of the photocatalysts for 6 h showed that about 3 % of
the MO was photodegraded (Fig. S6), indicating the necessary presence
of both the photocatalyst and light to initiate the photocatalytic
discoloration reaction.

3.2.1. UV-A light

Fig. 6a presents the MO removal as a function of irradiation time
obtained under UV-A in the presence of the synthesized photocatalysts.
From the results presented in Fig. 6a and Table 2, ZnO exhibits 74.3 % as
a MO conversion after 330 min of irradiation. Doping ZnO with Co, Ni or
Cu has a negative effect on the photocatalytic efficiency. The activity
order obtained under UV-A irradiation for the used photocatalysts is
ZnO > 10 %Cu-ZnO > 10 %Co-ZnO > 10 %Ni-ZnO. The obtained results
are comparable to those reported previously by Aadnan et al. (2020)
regarding the photocatalytic degradation of MO in the presence of ZnO-
chitosan. In addition, El Mragui et al. (2019¢) reported that doping TiO2
with 1 wt% of Fe improved the photocatalytic degradation of carba-
mazepine on TiOy while doping it with 1 wt% of Co decreased the MO
conversion under UV-A irradiation. On the other hand, data shown in
Fig. 6a were fitted to the pseudo-first-order kinetic model by the linear
method described by the Eq. (2). The obtained kinetic curves (Fig. S7a)
suggests that the photocatalytic discoloration reactions of MO are
pseudo-first-order reactions during the first 3 h of irradiation in

b: 10% Ni-ZnO |
‘-4"11“ ' r

Fig. 5. SEM images of 10%Co-ZnO (a), 10%Ni-ZnO (b) and 10%Cu-ZnO (c).
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agreement with Langmuir-Hinshelwood mechanism (Rauf et al., 2011).
The constants of the apparent rate calculated from the slopes of the
linear plot of Ln(Cy/Cy) versus irradiation time and the coefficient of
regression are shown in Table 2. From these results, it is noted that the
kinetic degradation of MO in the presence of ZnO is slightly faster than
that on 10 %Co-ZnO (1.2 times), 10 %Cu-ZnO (1.9 times) and 10 %Ni-
ZnO (1.6 times).

3.2.2. Visible light

Fig. 6b presents the curves representing the evolution of the MO
conversion vs irradiation time. Table 2 presents the obtained final MO
conversions. These results highlight that under visible light irradiation,

the MO removal in the presence of undoped ZnO (9.3 %) significantly
decreases (about 8 times) by comparison with UV light irradiation (74.3
%). This is expected since the absorbency of ZnO drastically decreased in
the visible spectral domain. Also, the obtained band gap of ZnO (3.09
eV) suggested that ZnO does not absorb irradiation for A > 400 nm.
Meanwhile, the MO conversion obtained for all doped ZnO nano-
materials is higher than undoped ZnO. These results agree with those
reported recently for Mn-ZnO photocatalyst which showed a better MO
conversion (95.8 %) by comparison with pristine ZnO (Aadnan et al.,
2022). It has been reported that the defect concentrations of oxygen
vacancies play a major role in photocatalytic processes (Samadi et al.,
2016; Mahmood et al., 2011). These defects actively contribute to the
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Fig. 7. MO conversion obtained for doped ZnO nanomaterials under visible light irradiation in the presence of various scavengers. Co(MO) = 10 M, Mphotocatalyst =
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separation of charge carriers and increase the lifetime photo-induced
electrons and holes. On the other hand, the MO removal reached 33.2
% on 10 %Co-ZnO sample which exhibited a marked band gap nar-
rowing (Eg = 2.48 eV) as compared with pure ZnO. Some authors re-
ported that the photocatalytic activity of Co-ZnO nanomaterials is linked
to both the concentration of oxygen vacancies and defects (Kuriakose
et al., 2014; Rajbongshi and Samdarshi, 2014; Thennarasu and Sivas-
amy, 2013). Also, the photocatalytic effectiveness of Co-ZnO photo-
catalysts depended on the doping concentration of Co (He et al., 2012).
In contrast, doping ZnO with Cu improves the MO conversion (52.5 %)
despite the fact that the optical studies indicated its inability to absorb
visible wavelengths (Eg = 3.14 eV). Mittal et al. (2014) reported that the
insertion of Cu®" in the crystal lattice of ZnO causes a modification of the
absorption and emission spectrum in the visible domain which is a result
of the induction of localized Cu3d states in ZnO band gap (Polat et al.,
2014). These authors indicated that the transition band between Cu3d
and Zn4s is responsible for the absorption of visible-light in Cu-doped
ZnO (Gao et al., 2014), enhancing thus the photosensitivity of the
solid in the visible domain. The behaviors of the tested nanomaterials
suggest that the decrease of the band gap of a photocatalyst is not the
unique parameter which affects the MO photocatalytic degradation. In
fact, various factors can affect the photocatalytic activity such as the
creation of traps of charge carriers, the oxygen vacancies, the creation of
impurity energy levels, the crystalline structure, the size of the crystal-
lites, and the morphology of the photocatalyst (Aftab et al., 2022; El
Mragui et al., 2021; Colmenares and Xu, 2016; Pichat, 2016; Ajmal
et al., 2014; Gao et al., 2014). On the other hand, we recently reported
that the insertion of Mn?*/Mn®" into the crystal lattice of ZnO (Aadnan
et al., 2022) and Co?*/Co®" into the crystal lattice of TiOy (El Mragui
et al., 2021) markedly increased the photocatalytic performance of ZnO
and TiO respectively. This generates acceptor levels in the band gap of
ZnO and TiO, by creating impurity energy levels just below the CBM. In
the present paper, it was observed that doping ZnO with metal ions
increased the MO photocatalytic degradation. A combination of several
factors is probably responsible for this increase. Indeed, the important
increases in photocatalytic activity observed for the doped ZnO by
comparison with pure ZnO, particularly for 10 %Cu-ZnO, could be the
result of the increase in the lifetime of photogenerated (e /h™) pairs.
Analogous results were reported for 10 %Mn-ZnO studied under the

same operating conditions (Aadnan et al., 2022). Therefore, the high
photocatalytic activity obtained for the doped ZnO samples as compared
with ZnO may be the result of a synergistic effect of both the high visible
light absorbency and the low recombination rate of the photo-induced
charge carriers. The apparent rate constants ki, (Fig. S7b and
Table 2), calculated from the equation (2), show that the catalyzed
degradation reactions of the MO in the presence of the doped-ZnO
nanomaterials are all pseudo-first-order reactions. All of these results
showed that the MO conversion has been improved by doping ZnO with
Co (3.6 times), Ni (2.2 times) and Cu (5.6 times). Besides, it was found
that the MO degradation on 10 %Co-ZnO, 10 %Ni-ZnO and 10 %Cu-ZnO
is about 7, 7.8 and 3.5 times faster than that of pure ZnO respectively.

3.2.3. Mechanism of the photocatalytic degradation of MO under visible
light irradiation

In order to identify what degree of importance played by each of the
active species involved in the degradation of MO for the synthesized
doped ZnO nanomaterials, some active species’ (e, OH® and h™)
quenching experiments were carried out under visible light, and the
obtained results were compared with those obtained in the absence of
any quenchers. Fig. 7 shows that the addition of K»S;0g as electrons’
trapper, increases significantly the MO conversion for all doped ZnO. In
contrast, the addition of isopropyl alcohol and KI as hydroxyl radicals
and holes scavengers, respectively decreases the MO conversion,
particularly for hydroxyl radicals. This behavior suggests that OH® play
the major role while h™ play the minor role in the MO discoloration.

4. Conclusions

Herein, the obtained results showed that the synthesized ZnO
nanomaterials were successfully doped, at a 10 wt% level, with Co?t,
Ni%* and Cu?* metal ions. The XRD results showed the presence of ZnO
(hexagonal wurtzite) along with Co3z04, NiO and CuO in the solids. On
the other hand, an increase in the lattice parameters due to the differ-
ence in the ionic radii of Zn** Co®", Ni>" and Cu®>" was observed. This is
aresult of a lattice distortion of the ZnO structure due to the replacement
of Zn?* by Co%*, Ni?>* and Cu?*. The DRS results suggested a modifi-
cation has occurred regarding the optical properties of modified ZnO
nanoparticles. The obtained band gaps of 10 %Co-ZnO, 10 %Ni-ZnO and
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10 %Cu-ZnO were 2.48 eV, 3.17 eV and 3.14 eV respectively. It has been
observed that the doping ions enhanced the photocatalytic capability of
ZnO to degrade MO under visible light. The results showed that the
obtained MO conversion were 33.2 %, 19.8 % and 52.5 % for 10 %Co-
Zn0, 10 %Ni-ZnO, and 10 %Cu-ZnO respectively. As the visible photo-
catalytic performance of doped ZnO nanoparticles changes, when
compared with bare ZnO, due to several factors, a combination of both
the high visible light absorbency and the low recombination rate of
photogenerated charge carriers (e /h") is probably responsible for the
improvement of the photocatalytic degradation of MO.
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