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Abstract
Magnesium-doped ZnO nanoparticles  (Mg0.1Zn0.9O) were successfully synthesized 
following the solution combustion method. The effect of magnesium on the 
morphology, crystalline phases, and optical properties of the ZnO nanoparticles 
was studied. A relative band gap enhancement has been observed using the density 
functional theory (DFT) calculation through Mg doping from 3.19 eV to 3.24 eV. 
The photocatalytic degradation of 4-nitrophenol (4-NPh) has been investigated 
under UV irradiation in aqueous suspension where 1.5 g of  Mg0.1Zn 0.9O/L removed 
81% of 4-NPh (60 mg/L) under a pH solution of 12 within 120 min.
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Introduction

Industrial water effluents represent a major drawback for the development of 
humanity, as they are potential causes of human health threats and aquatic life 
disturbance [1–3]. Since they are released in large quantities by various sources, 
toxic organic molecules make up a significant portion of industrial water effluents 
which are a great concern for the environment [4–7].

For instance, the charged wastewater with different organic molecules released 
into the environment can stop oxygen from dissolving and sunshine from penetrating, 
both of which are necessary for aquatic life [8–11]. Therefore, the purification of 
effluents is imperative before releasing them into receiving environments.

Nitrophenols are aromatic compounds, consisting of a benzene ring substituted 
by a hydroxyl (phenol) group as well as one or more nitro groups, although the 
term is most often used for mono-nitrate compounds. Nitrophenols are used as 
intermediates in the chemical, pharmaceutical, and armament industries. Hence, 
they are released into the environment through agriculture and wastewater 
discharge and the concentration that could be discharged is limited by USEPA at 
0.01–2.0 μgL−1 [12].

Para-nitrophenol or 4-nitrophenol (4-NPh) is one of the most used phenolic 
compounds in large applications as raw materials or synthetic intermediates for 
dyes, drugs, pesticides, leather preservatives production, etc. [13]. The United 
States Environmental Protection Agency (USEPA) has classified 4-NPh in the first 
category of toxic substances because it is less soluble and stable in water and it 
accumulates in the food chain [14, 15].

The literature has reported many methods for the removal of organic molecules 
from real or model effluents. For instance, the conventional methods, including 
adsorption, coagulation-flocculation, and biological processes, all lead to a 
secondary residue that needs to be eventually managed. On the contrary, the new 
advanced  oxidation processes (AOP), namely the photocatalysis process, show 
their effectiveness in the decomposition of harmful organic molecules into harmless 
products like  CO2 and  H2O [16–22]. These processes are based on the production of 
highly oxidizing species, mainly hydroxyl radicals (·OH), which initiate a series of 
reactions that decomposes toxic molecules into inoffensive substances [8, 23, 24].

The scientific community has made great efforts to specifically customize and 
quickly adjust the characteristics of promising materials like zinc oxide (ZnO) 
due to its attractive photocatalytic activity. Despite having several benefits: high 
excitation binding energy (60  meV), excellent electrical, mechanical, and optical  
properties, simplicity in morphological control, relatively low cost, and non-
toxicity, ZnO’s photocatalytic activity is hindered by the high rate of recombination 
of photogenerated charge carriers, which limits the degradation reactions [25–27]. 
Metal doping is one of the most popular methods to increase the photocatalytic 
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efficiency of ZnO. Indeed, introducing metal ions into its matrix leads to the 
creation of defects that modify the properties (structural, optical, morphological, 
electrical…) of the material which improves its photocatalytic activity [28, 29].

Magnesium is a prime example of the wide variety of metals employed for 
bulk modifications of ZnO. Indeed, Mg modification can significantly enhance the 
photocatalytic performance of ZnO by producing Zn or oxygen vacancies since Mg 
has an approximately identical ionic radius to that of Zn and a small lattice mismatch 
of MgO with ZnO [30, 31]. Furthermore,  Mg2+ has a higher ionization potential 
than  Zn2+, which means that it requires more energy to remove an electron from an 
 Mg2+ ion. This can affect the material’s ability to generate charge carriers upon light 
absorption, which can impact its photocatalytic activity [32].

The present work investigated the synthesis and characterization of Magnesium 
doped ZnO using the combustion method. Then it studied the factors influencing the 
photodegradation efficiency of 4-nitrophenol under UV light: the pH solution, the 
initial concentration of 4-NPh, and the catalyst amount. In addition, this work aimed 
to compare theoretical and experimental results in terms of electronic properties to 
investigate their effect on the photocatalytic process performance.

Experimental methods

Synthesis of samples

Comparing the combustion synthesis to conventional synthesis methods, it presents 
a potential alternative for obtaining a wide range of materials with various physical 
properties (refractory, optical, electronic, magnetic, catalytic …) [33, 34]. First, this 
process starts with the preparation of a gel formed by the evaporation of the mixture 
solution of zinc nitrate hexahydrate (Zn(NO3)2·6H2O), cobalt nitrate hexahydrate 
(Mg(NO3)2·6H2O) and urea  (NH2CONH2) in distilled water using a magnetic stirrer 
at 150 °C until the total evaporation of water. Then the gel is placed in the oven for 
30 min at 500 °C. Finally, the obtained catalyst  Zn0.9Mg0.1O is ground after cooling 
at room temperature.

The synthesis of  Mg0.1Zn0.9O is conducted following the stochiometric reaction 
(Eq. 1):

The final catalyst  Zn0.9Mg0.1O is denoted ZnO–Mg in the current work.

Experimental conditions for photocatalytic runs

The photocatalytic activity of the synthesized ZnO–Mg was assessed for 4-NPh 
degradation under UV light. Batch tests were performed by preparing 100 mL of 
4-NPh solution, then 0.1 g of  Mg0.1Zn0.9O photocatalyst was added to the solution. 
The adsorption–desorption equilibrium was first ensured by keeping the mixture of 
the catalyst and 4-NPh solution in dark for 1  h before starting the photocatalytic 

(1)Zn (NO3)26H2O + Mg(NO3)2H2O + CH4N2O → Mg0.1Zn0.9O
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degradation test. Then, samples were collected each 10  min after irradiation 
with UV light, then suspended particles were removed by filtration for residual 
concentration measurement. The concentration of 4-NPh was determined using 
spectrophotometry technique at its maximum absorbance wavelength (λ = 340 nm) 
by a UV–Visible spectrophotometer (J.P.SELECTA, S.A.VR-2000) with a 1  cm 
path length spectrometric quartz cell.

The effect of the catalyst mass (0.5; 1; 1.5 g  L−1), pH (2; 4; 6; 8; 10; 12), and 
concentration of 4-NPh (20; 40; 60  mg  L−1) on the photodegradation yield was 
investigated. To calculate the degradation of 4-nitrophenol, Eq. 2 was used:

Here  C0 and  Ct are the concentrations of 4-NPh before and after the photocatalysis 
test, respectively.

All experiments were conducted in a cylindrical photoreactor made of stain-
less steel. Its schematic representation is illustrated in Fig. S1 (See the supplemen-
tary file). To reach the solution saturation with oxygen, the air was bubbled by an 
air pump. To ensure the homogeneity of the catalyst particles in the solution, it was 
stirred at 300 rpm. To have homogeneous radiation during the experiments, the reac-
tor was equipped with four UV lamps which emit mainly at 365 nm (15W, Philips).

Characterization techniques

Mg0.1Zn0.9O nanoparticles were characterized by X-ray diffraction (XRD) using 
a diffractometer (X’PERT PRO from Panalytical) with Cu  Kα radiation at 30  kV 
and 450 W in the range of 2θ = 5°–80°. To calculate the Brunauer–Emmett–Teller 
surface area  (SBET) the nitrogen  (N2) adsorption/desorption method was used 
(Micromeritics ASAP2420). To examine the catalysts’ morphology, scanning 
electron microscopy (SEM) coupled with Energy Dispersed Spectroscopy (EDS) 
and transmission electron microscopy (TEM-STEM) were used. The UV–visible 
spectrophotometer equipped with an integrating sphere (PerkinElmer Lambda 1050) 
using  BaSO4 as a reference was used to obtain the UV diffuse reflectance spectra 
(DRS) in the range 200–800 nm.

Computational methods

The first principle calculations were conducted using the full-potential linearized 
augmented-plane wave (FP-LAPW) method based on the density of state (DFT) 
in the WIEN2K software package [35]. The Tran-Blaha modified Becke-Johnson 
exchange potential (TB-mBJ) approximation, was developed to investigate the 
exchange–correlation effect. The self-consistent calculations are used to be 
converged when the total energy of the system is set within  10–5 Ry. The wave 
functions cut-off magnitude was set at  RMT ×  Kmax = 9, in the interstitial spaces, 
where  RMT represents the lowest atomic muffin-tin sphere radius and  Kmax represents 
the largest K vector in the plane wave extension. The cutoff energy was set at − 6.0 

(2)Degradation % =
c
o
− c

t

c
o

× 100
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Ry. The valence wave functions inside the muffin-tin spheres were expanded up to 
 lmax = 10, while the charge density was Fourier expanded up to  Gmax = 12 (a.u.)−1. 
About 700 k-points based on a 3 × 2 × 1 Monkhorst–Pack (MP) are used in the first 
Brillouin [36].

Results and discussions

Characterization of the photocatalyst

X‑ray diffraction patterns

To study the impact of magnesium on zinc oxide lattice and to identify the crys-
tal structures of pristine ZnO and ZnO–Mg, XRD analysis was carried out. Fig. 1A 
reveals the presence of high intensity peaks, suggesting the good crystallinity of the 

Fig. 1  A The XRD analysis of pristine ZnO (blue curve) and ZnO doped with Mg (red curve). The inset 
shows a magnification between the angles 2Θ 34° and 34.8°, B the plot for 4sinθ versus βhkl cosθ of ZnO, 
and C the plot for 4sinθ versus βhkl cosθ of ZnO–Mg. (Color figure online)
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two synthesized materials. In addition, all peaks are perfectly indexed to the crystal 
structure of wurtzite-type ZnO according to JCPDS N° 36-1451. It is also noticed a 
similarity between the blue and red curves of the two materials ZnO and ZnO doped 
with Mg, respectively, with the absence of Mg peaks for the doped product. The 
inset in the figure represents a magnification between the angles 2ϴ 34° and 34.8°. 
Moreover, a very slight shifting of the peaks of the doped material compared to the 
pure ZnO material is remarked, proving then a modification in the crystal lattice due 
to the replacement of Zn by Mg. This hypothesis was consolidated by increasing the 
lattice parameters of the Mg-doped product.

Table 1 contains the parameters a, b, and c, the volume of the lattice, as well as 
the crystallite size, estimated from the Williamson–Hall formula (Eq. 3).

Here λ is the X-ray wavelength, β the observed peaks’ full-width-at-half-maximum, 
θ the incident angle and � is the anisotropic strain.

Fig.  1B and C illustrate 4sinθ versus βhkl  cosθ which was used to estimate the 
crystallite size of the prepared samples from the linear fit of data (Eq. 3).

Fig. S2 shows a 3D visualization of the ZnO crystal structure depicted using 
the structural analysis software VESTA. The experimental structure of ZnO can be 
described as a series of plans, with each  Zn2+ being surrounded by an alternately 
positioned tetrahedra of oxygen atoms along the c-axis.

Diffuse reflectance spectra

The optical properties of pure ZnO and ZnO–Mg nanoparticles were studied 
by diffuse reflection. Fig.  2 shows the UV–vis spectra of both materials, where a 
broad and intense absorption at about 386 nm is detected. The decrease in optical 
absorbance may be due to various factors such as defects in grain structure, particle 
size, and lack of oxygen. Moreover, extrapolating the plot of the Kubelka–Munk 
(αhν)n = k(hν −  Eg) curve to zero results in the determination of the band gap energy. 
Where n is the frequency of the incident radiation,  Eg is the band gap energy, α is 
the sample optical absorbance, and hν is the photon energy. As presented in the inset 
of Fig. 2, the band gaps are estimated to be 3.24 and 3.31 eV which corresponds to 
ZnO pristine and ZnO–Mg, respectively. This relative increase of  Eg confirms the 
modification of the crystal lattice of ZnO by Mg.

(3)�
hkl

cos � =
k�

D
+ 4 � sin �

Table 1  Retiveled affinment and crystallite size

Photocatalyst a = b (Å) c (Å) c/a V (Å3) Crystallite 
size (nm)

ZnO 3.2534 (3) 5.2126 (5) 1.6022 47.784 (8) 45
ZnO/Mg 3.2501 (2) 5.2089 (4) 1.6026 47.652 (7) 36
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XPS investigations

To investigate the oxidation state and elemental composition of the synthesized 
ZnO–Mg, Casa software was used for the deconvolution and overlapping of the 
peaks based on the Gaussian fitting. Fig. S3 indicates the presence of O (1 s), Zn 
(2p), and Mg (2p) characteristic peaks. The peaks of C(1 s) (292 and 287.3 eV) 
were used as a calibration reference. On the hand, the peaks O(1 s) look sym-
metrical with a binding energy of 531.6 and 530.2  eV attributed to the lattice 
oxygen of the prepared sample ZnO–Mg. The peaks of Zn 2p3/2 and Zn 2p1/2 
at 1022.4 and 1045.5 eV refer to the presence of  Zn2+ in ZnO–Mg. Besides, the 
spin energy separation between them which is equal to 22.6 proves the presence 
of Zn species in the sample at the  Zn2+ chemical state. The Mg 2p symmetric 
peak at 51.7 eV indicates  the existence of Mg atoms in the MgO state and its 
position at 49.8 eV can be attributed to the existence of  Mg2+ replacing  Zn2+.

Morphology and elemental composition

The effect of Mg doping on the morphology of the final product was examined 
by SEM analysis. Fig. S4 shows the micrographs of ZnO–Mg with different 
magnifications. It is noticed that the material is composed of an aggregation of 
nanometric spheres with high homogeneity. The ZnO–Mg particles’ nanometric 
size is expected to be advantageous for photocatalytic activity.

Fig. 2  UV–visible DRS and the plot of (αhν)2 versus hν of ZnO–Mg



1132 Reaction Kinetics, Mechanisms and Catalysis (2023) 136:1125–1142

1 3

TEM analysis

To further explore the morphology, crystallinity, and chemical composition of the 
ZnO–Mg sample, TEM measurements coupled with EDX analysis were carried 
out. The TEM images of ZnO–Mg NPs as well as the elemental mappings shown 
in Fig. S5 indicate the spherical tendency of ZnO–Mg nanoparticles. The elemental 
mapping shows the good dispersion of Zn and Mg, proving consequently the 
successful synthesis of ZnO doped with Mg.

Surface area analysis

Several factors related to the semiconductor could influence photocatalytic 
efficiency, including morphology, specific surface, defects, and surface hydroxyl 
groups [37, 38]. The Barett–Joyner–Halenda method was used to measure the 
specific surfaces and the distribution of pores in ZnO and Mg-doped ZnO to further 
assess the mechanism of photocatalytic degradation (Fig.  4S). According to the 
Brunauer–Deming–Deming–Teller classification, the  N2 adsorption–desorption 
isotherms are type III for both materials [39]. A type H3 hysteresis loop can be 
observed at P/P0 values between 0.9 and 1, revealing the existence of mesoporous in 
ZnO and ZnO doped with Mg.

The pore size distributions of ZnO–Mg and pure ZnO are shown in the insets of 
Figs. S6SA and S6B. The ZnO sample has both large and smaller mesopores with 
pore sizes of 25 and 3.0  nm, respectively. While the ZnO–Mg sample has larger 
mesopores with a pore peak centered at 65 nm and smaller ones with a pore peak 
centered at 2.5  nm. The hollow interiors of the ZnO microspheres are connected 
to the bigger mesopores. While the smaller mesopores illustrate the field between 
the nanospheres. The ZnO-Mg particles were found to have a higher specific 
surface area of 10.36  m2/g while this of ZnO is 7.77  m2/g, which can promote better 
photodegradation compared to pure ZnO.

Photocatalytic activity under UV light

It is well known that the efficiency of photocatalytic degradation of 4-NPh is 
influenced by different parameters such as pH, catalyst amount, and solution 
concentration. To examine the effect of pH, the photocatalyst mass was fixed at 
1 g/L, and a series of 60 mg/L of 4-NPh solution were prepared, with different pH 
from 2 to 12 (Fig. S7). Fig. S7A displays the results of the effect of the initial pH 
solution of 4-NPh on the degradation efficiency using ZnO–Mg. The variation of 
the photocatalytic activity as a function of the pH shows that the efficiency of the 
degradation goes from 30 to 78% by increasing the pH from 2 to 12. Moreover, the 
pH of the point of zero charge  (pHpzc) of ZnO has been found to be around 8.7 (Fig. 
S7D). At pH levels below to  pHpzc value, the presence of free electrons from the N 
and O atoms of 4-NPh molecules and the positive surplus charges on the catalyst 
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surface (caused by the particular adsorption of  H+) enhance the migration of toxic 
molecules to the catalyst’s surface. As a result, more acidic pH levels are preferred 
for the optimum photodegradation responses.

The effect of the initial 4-NPh concentration on the photocatalytic activity 
of Mg-doped ZnO was assessed as well. Indeed, the concentration of 4-NPh is 
varied between 20 and 60 mg/L under the conditions: 1 g/L of ZnO-Mg catalyst, 
pH = 5.08, and temperature of 25 ± 4  °C. According to Fig. S7B, the increase of 
4-NPh concentration resulted in an enhancement of the photocatalytic activity. 
The concentration increases of 4-NPh from 20 to 40  mg/L led to an increase of 
4-NPh degradation from 52 to 60% and achieved 75% of 4-NPh degradation for a 
concentration of 60 mg/L. As the 4-NPh concentration rises, additional pollutants 
are attracted to the catalyst surface, where they are to interact with hydroxyl radicals. 
In this instance, the 4-NPh molecules possibly have directly reacted with hydroxyl 
radicals with a nanosecond lifetime.

Fig. S7C shows the effect of the photocatalyst mass on the degradation of 4-NPh. 
The photocatalyst mass was varied from 0.5  g/L to 1.5  g/L and other parameters 
were fixed ([4-NPh] = 60  mg/L, pH = 5.08, T = 25 ± 4  °C). The increase in the 
catalyst amount has enhanced the photocatalytic efficiency which reached its highest 
value at 1.5 g/L with a yield of 76%. As the catalyst concentration increases, more 
active ZnO-Mg sites are available to absorb photons and produce electron/hole pairs, 
and therefore the photodegradation rate increases.

Fig. 3 presents the photocatalytic activity efficiency of ZnO and Mg-doped ZnO 
under UV light irradiation and optimum parameters. To test the stability of 4-NPh, 
a solution of 4-NPh was exposed to UV light without photocatalyst addition (pho-
tolysis). The results indicated that the concentration of 4-NPh remained constant, 
suggesting that the 4-NPh is stable under UV light irradiation. The adsorption 

Fig. 3   Adsorption and photodegradation tests of 4-NPh using ZnO-Mg under UV light illumination and 
optimum parameters (catalyst mass = 1.5 g/L, 4-NPh concentration = 60 mg/L and pH = 12)
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capacity of the catalyst was studied before starting the photocatalytic degrading pro-
cess. The results showed that Mg-doped ZnO has a poor adsorption capacity that 
does not exceed 6% in 120 min. Thereafter, ZnO alone provided a low photocata-
lytic activity for 4-NPh degradation under UV light illumination and reached 35% 
of 4-NPh (60 mg/L) during 120 min. On the contrary, Mg-doped ZnO showed an 
enhancement of photocatalytic activity under UV light that reached 81% of 4-NPh 
(60 mg/L) in 120 min. Hence, the Mg-doped ZnO presented a higher photocatalytic 
efficiency (+ 47%) compared to ZnO alone. The enhancement of the photocatalytic 
activity with Mg doping is probably due to the increase in the specific surface and 
the reduction of photogenerated charges recombination. Some results were found 
by Etacheri et al., where the photocatalytic activity of ZnO was improved with Mg 
doping, which could be due to the enhanced textural properties and efficient elec-
tron–hole separation [40, 41]. 

To provide further insights into the 4-NPh photodegradation using ZnO–Mg, 
radical and hole scavengers’ experiments were carried out by investigating the deg-
radation efficiency with and without the presence of the catalyst or the scavenger. 
For this purpose, silver nitrate (SN), chloroform (Chl), tert-butanol (t-ButOH), and 
Ethylene diamine tetra-acetic acid (EDTA-2Na) were used as scavengers of  e−,  O2

·−, 
 OH· and  h+, respectively [42]. All the experiments were conducted under the same 
conditions with the addition of the appropriate scavenger. The results are presented 
in Fig. 4A indicate that the addition of SN and EDTA-2Na does not influence much 
the photodegradation efficiency of 4-NPh, whereas, the addition of t-ButOH and Chl 
significantly decreases its photodegradation, which indicates that the hydroxyl and 
superoxide radicals are the main reactive species involved in the photodegradation 
process of 4-NPh using ZnO–Mg.

Fig.   4B illustrates the results of the recycling tests of the Mg-doped ZnO 
photocatalyst used for the photodegradation of a 4-NPh solution under UV radiation 
for 120  min. The photodegradation rate of 4-NPh using ZnO–Mg photocatalyst 

Fig. 4  A Influence of active species scavengers on 4-NPh degradation and B 4-NPh conversion percent-
ages during 4 consecutive cycles over ZnO–Mg (catalyst mass = 1.5 g/L, [4-NPh] = 60 mg/L, pH = 12, 
T = 25 °C ± 4 °C, contact time = 120 min)
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showed a slight decrease after each cycle, indicating that ZnO–Mg retains its 
stability after four cycles of photocatalytic tests.

To assess the toxicity of 4-NPh before and after degradation, the corn ker-
nels were chosen to study their germination. Thus, corn kernels were put in three 
solutions with the same volume: (i) distilled water, (ii) untreated 4-NPh solution 
(60 mg/L), and (iii) treated 4-NPh solution (60 mg/L) using ZnO–Mg photocatalyst. 
The germination rate of corn kernels in untreated 4-NPh solution, treated 4-NPh 
solution, and distilled water are shown in Fig. 5A. Due to the toxicity of the solu-
tion, the inhibitory effect has a direct impact on the number of germinated grains. 
The germination in distilled water solution was pretty standard after 6 days and 
reached 100%, as expected. However, the germination was only 30% on the sixth 
day in the untreated 4-NPh solution, demonstrating that the high toxicity of this 
solution prevents corn kernels from germinating. On the sixth day, the germination 
rate of corn kernels in the 4-NPh solution treated with the ZnO-Mg photocatalyst 
reached 87% and the image illustrated in Fig. 5B shows the majority of seeds are 
germinated. This outcome demonstrates that following the photodegradation test by 
the ZnO–Mg photocatalyst, the toxicity of the 4-NPh solution was highly reduced.

After investigating the effect of the key parameters on the photodegradation of 
4-NPh and studying the kinetic, scavenging, reuse, and germination tests, the mech-
anism that might have occurred was proposed (Fig. S8). Indeed, when ZnO–Mg 
is exposed to UV irradiation, the photons will excite electrons and then will move 
from the valence band (VB) to the conduction band (CB) which will create elec-
tron–hole pairs. Whenever the separation of electrons from the catalyst is efficient 
and the mitigation of charge carrier recombination is low, the photocatalytic activity 

Fig. 5  A Germination rate (%) of corn kernels in treated 4-NPh solution, untreated 4-NPh solution and 
distilled water during 6 days; B Image of corn kernels immersed in treated 4-NPh solution (after 6 days, 
T = 25 °C ± 4 °C)
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is higher. Holes will react with hydroxyl molecules to generate hydroxyl radicals 
 (OH·), while electrons with oxygen produce superoxide radicals  (O2

·−), both  OH· 
and  O2

·− will react with 4-NPh to decompose it to  CO2 and  H2O [43].

Electronic structure properties

Fig. 6A, B illustrates the band structure of pure ZnO and Mg-doped ZnO (MZO). 
Thus, the calculated band gap of pure ZnO and MZO is 3.19  eV and 3.24  eV, 
respectively. It is practically the same as the experimental value (3.18 eV) [44]. 
This discrepancy has little effect on the analysis of the relative values of the elec-
tronic structures and optical properties of pure ZnO and MZO films.

The valence band for pure ZnO is from − 5.52 to 0 eV and the conduction band 
starts at 3.19 eV. As seen in Fig. 6, the CB and VB shift toward the lower energy 
regions for the doped ZnO. For the pure ZnO, the conduction band minimum 
(CBM) and valence band maximum (VBM) lie at the Г, implying a direct bandgap 
of 3.19 eV which is in good agreement with the experimental optical bandgap.

As a comparison, the density of states (DOS) of ZnO and MZO is also calculated 
in Fig. 7 A and B. In the case of the pure ZnO, the VB region is formed by the Zn:3d 
states and a small contribution from the  O2 state, and the conduction band consists 
mainly of the O:2p states. For MZO films, the VB region is formed by the O:2p and 
Zn:3d states and a small contribution of Manganese states particularly Mg:3 s, the 
CB consists mainly of the O:2p states and a small proportion of Zn:3d. For pure 
ZnO, the number of down-spin electrons is the same as the number of up-spin elec-
trons while the spin polarization phenomenon was not observed. On other hand, due 
to the difference between the number of both spins as shown in Fig. 7B, the spin 
polarization in both bands is observed for MZO. It is noticed that the band struc-
ture of MZO shows a metallic behavior with the majority-spin and the minority-spin 
bands being metallic. This provides a half-metallic (HM) gap, which is an important 
parameter to determine the application in spintronic devices.

Fig. 6  The band structures along high-symmetry lines within the first Brillouin zone of ZnO and ZnO/
Mg with TB-mBJ approximation
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Comparison with the literature

By reviewing the literature, it is found that many articles have dealt with the 
photodegradation of 4-NPh  in an aqueous solution [45–56]. Table  2 presents a 
comparative study of the photodegradation efficiency under UV light of 4-Nph using 
several photocatalysts. The prepared ZnO-Mg exhibits a remarkable degradation 
rate  (75%)  of 4-Nph, considering the removal time (120  min) and the initial 
concentration of the pollutant (60 mg/L) compared to the photocatalysts cited in the 
literature. Moreover, the significant difference in the reported efficiencies may be 
due to the variation of synthesis methods, doping agents, light nature, catalyst mass, 
solution pH, and the initial concentrations of 4-NPh.

Conclusion

In the present work, photocatalytic degradation of 4-NPh has been studied using 
various semiconductor metal oxide catalysts. The impact of Mg doping on ZnO 
electronic properties was assessed using first-principles calculations based on den-
sity functional theory and compared with those of pure ZnO. The results indicated 
that 4-NPh was successfully degraded by  Mg0.1Zn0.9O photocatalyst in an aqueous 
solution under UV irradiation. Furthermore, it was confirmed that the catalyst mass, 
the initial concentration of 4-NPh, and the pH solution obviously affected the degra-
dation efficiency of  Mg0.1Zn0.9O. Indeed, the photocatalytic efficiency has increased 
with the increase of catalyst mass while it decreased with the increase of the ini-
tial concentration of 4-NPh. Hence, 81% of 4-NPh (60 mg/L) was removed using 
1.5 g of  Mg0.1Zn 0.9O/L within 120 min under pH solution 12. These findings are 
of great interest and contribution to the photocatalysis field and the development of 
advanced processes for wastewater purification.

Fig. 7  The densities of states of ZnO and ZnO/Mg with TB-mBJ approximation
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