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A B S T R A C T   

In the present investigation, we have reported solar photo active, cost effective and magnetically recoverable 
magnesium substituted copper ferrites successfully prepared by simple co-precipitation method. The prepared 
materials were characterized for structural and microstructural analysis using PXRD, SEM, EDS, FT-IR and 
UV–Visible spectroscopy. It was observed that, when copper introduces into magnesium ferrite system light 
absorption shifted to visible region, this is due to formation of metastable energy levels just below the conduction 
band of magnesium ferrites. As a result an MgCuFe2O4 catalyst exhibits excellent efficiency under solar light 
irradiation. These catalysts are stable for longer period even after many runs and magnetically separable. Based 
on the analysis result these nanomaterials can be used as potential environmental and energy applications under 
natural sunlight irradiation.   

Introduction 

In the last several decades, industrial expansion has resulted in an 
increase in the environmental problem of organic waste and trash 
accumulation both pollutes the environment and endangers human 
health. A green method called photocatalysis can be utilized to remove 
organic contaminants that our highly industrialized civilization has 
produced [1–4]. Numerous studies have suggested that different organic 
contaminants can be entirely destroyed through photocatalysis when UV 
light is used in conjunction with metal oxide semiconductor nano-
structures [5–7]. It is common knowledge that solar energy is a 
renewable resource; yet, because photodegradation processes require 
UV light, there are currently no industrially applicable sizes where it is 
viable or advantageous for the environment. This is because the visible 
light portion of the solar spectrum contains 45 % of the energy, but the 
UV area only makes up around 4 % of the whole solar spectrum. As a 
result, creating highly effective visible light photocatalysts for envi-
ronmental cleanup has been a busy study topic [8–12]. TiO2 has been 

extensively studied and is currently a benchmark material for photo-
catalytic processes. Unfortunately, high-energy ultraviolet (UV) radia-
tion with wavelengths shorter than 388 nm is the only type of UV 
radiation that can excite TiO2 semiconductors due to the wide band gap. 
The development of innovative visible light-responsive photocatalysts 
with small band gaps, whose absorption wavelength range is expanded 
into the visible region, is required to increase the efficiency of solar light 
utilization. Applications for environmental cleanup are actively being 
researched in such endeavors [13,39,40]. 

The most significant magnetic materials are ferrites, which also 
exhibit intriguing photocatalytic capabilities for the evolution of 
hydrogen or oxygen from water [14–18]. These materials’ resistance to 
photo-corrosion in aqueous solutions and their small band gaps about 2 
eV, which permit the absorption of a significant portion of visible light, 
are desirable qualities for photocatalysts. The main factor in the creation 
of the narrow band structure is the iron d-orbital. However, they had 
little activity as single-phase photocatalysts. MgFe2O4 has garnered a lot 
of attention and is one of the most significant functional magnetic 
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materials among the ferrites because of its distinctive qualities of low 
cost, environmental friendliness, and abundant Mg [19]. The activity of 
MgFe2O4 as a single-phase photocatalyst was not very high, despite the 
material having favorable photo-absorption characteristics. Changing 
the identity of the divalent M2+ cations will alter the characteristics of 
magnesium ferrite. Metal substitutions can increase the effectiveness of 
photoinduced charge separation in MgFe2O4, leading to improved 
photocatalytic activity. 

The creation of a cadmium-substituted ZnFe2O4 photocatalyst and its 
outstanding performance in the photocatalytic degradation of MB 
exposed to natural sun light were covered in the previously reported 
paper [20]. The reason that photodegradation processes require UV light 
has limited the usefulness and environmental advantages of solar energy 
on industrially relevant scales, despite the fact that this renewable en-
ergy source is well known. Designing magnetically separable, high- 
performance visible light photocatalysts has therefore become a very 
interesting and active research field for environmental cleanup. Given 
that magnesium ferrite is sensitive to visible light, it is possible to in-
crease the efficiency of degradation under visible light by properly 
modulating the structure. Copper as a dopant are significant for the 
photodegradation of organic dyes because they are a carrier of oxygen, 
the inclusion of Cu and Fe in one compound improves the photocatalytic 
degradation performance as compared to single Fe2O3 and CuO metal 
oxides [37,38]. 

The visible-light-induced copper-substituted magnesium ferrites 
(Mg1-xCuxFe2O4, x  = 0.0, 0.25, 0.5 and 0.75) in the current work were 
made using a straightforward chemical co-precipitation method. 
Mg0.25Cu0.75Fe2O4 demonstrated the large photo activity when the 
photocatalytic activity of Mg1-xCuxFe2O4 was investigated in the 
degradation of Rose Bengal (RB) under direct sun light exposure. To the 
best of our knowledge, Mg1-xCuxFe2O4 system is the promising materials 
for energy and environmental applications. 

Experimental section 

Materials 

Copper nitrate (Cu(NO3)2⋅6H2O), magnesium nitrate (Mg 
(NO3)26H2O), ferric nitrate (Fe (NO)39H2O), and (NaOH) sodium hy-
droxide were employed as starting materials. The chemical Rose Bengal 
served as the target for degradation. The analytical grade of each 
chemical and solvent was used without additional purification. 

Catalyst preparation 

Cu-substituted chemical co-precipitation method used to create 
MgFe2O4 nanostructures with various Cu concentrations [21]. Each 
starting ingredient was weighed, dissolved in double-distilled deionized 
water, and then combined in accordance with the formula Mg1-xCux-

Fe2O4 (where x  = 0.0, 0.25, 0.5, and 0.75). As a precipitating agent, 
drops of sodium hydroxide (GR, 28–30 %) from 3.0 M were gradually 
added to the salt solution. As the NaOH solution was added drop by 
drop, the pH of the mixture was continuously checked. Until a pH of 13 
was reached, magnetic stirrer was used to mix the solution continuously. 
Oleic acid added drop by drop to the solution mixture as the surfactant 
in the prescribed amount (2–3 drops for a total reacting solution of 75 
mL). After stirring the liquid precipitate for 60 min, it was heated to a 
reaction temperature of 80 ◦C. The prepared sample was cleaned of 
undesired contaminants and excess surfactant by cooling the product to 
room temperature and washing it twice with double-distilled water and 
ethanol. The stoichiometric amount of the reactants were added from 
the beginning to control the Cu content (x) in magnesium ferrite. 

Characterization techniques 

X-ray diffraction techniques with Cu K α-radiation were used to 

investigate the structure and composition of the Mg1-xCuxFe2O4 ferrite 
samples. To analyse the morphology of the Mg-Cu ferrite samples, 
scanning electron microscopy was used with operating at 5.0 kV with 
model JSM-6700 LV. To identify the chemical compositions Energy 
dispersive spectroscopy was used. The light response of the prepared 
ferrites were investigated using UV–visible spectroscopy with a Shi-
madzu UV-1650 PL model. FTIR was used to determine the impurities/ 
moisture content in the Mg-Cu samples. 

Photoactivity studies 

The degradation of model organic pollutant Rose Bengal (RB) was 
used to assess the photoactivity of the synthesized Mg1-xCuxFe2O4 
samples. A known volume (50 mL) of Rose Bengal aqueous solution with 
a concentration of 10mgL-1 and 0.05 g of Mg1-xCuxFe2O4 nanoparticles 
were used in each experiment. First the obtained solution was magnet-
ically stirred in the dark for about 30 min to obtain the adsorption/ 
desorption equilibrium. After then, the reaction solution was irradiated 
to direct sun light outside. To keep the mixture suspended during irra-
diation, stirring was continued. The reaction mixture was sampled on a 
regular basis, the Mg1-xCuxFe2O4 nanoparticle catalysts were removed 
using magnetic separation, and the Mg1-xCuxFe2O4 were then reused for 
future runs. Using a UV–Vis spectrophotometer to measure absorbance 
in the 200–800 nm wavelength range, the concentration of each dete-
riorated solution was tracked over time. As a reference sample, distilled 
water was employed. After each catalytic run, the Mg1-xCuxFe2O4 was 
washed and dried to allow for more photoreaction cycles, and the 
recyclability of Mg1-xCuxFe2O4 was also examined. 

Fig. 1. Comparative XRD patterns of Mg1-xCuxFe2O4 photocatalysts.  
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Results and discussion 

Structural and morphological characterization 

Fig. 1 displays the Mg1-xCuxFe2O4 sample powder XRD patterns. 
Each instance clearly displays the distinctive (440), (511), (422), 
(400), (311), and (220) reflections of the basic cubic spinel phase. 
Which shows that the observed products have a Fd3m (SG no.227) cubic 
spinel ferrite structure, all the diffracted peaks are tallied into a single 
cubic lattice and the positions and relative intensities of the peaks 
correspond well with JCPDS card no. 71–1232. All of the samples were 
examined similarly, and as no impurities found, it may be concluded 
that none of the prepared samples had any additional structures’ 
diffraction peaks. Scherrer’s relation was applied to determine the 
average crystallite size (D) of Mg-Cu ferrites using the full width at half 
maximum (FWHM) of the X-ray diffraction peaks. Regarding composi-
tions x = 0.0, 0.25, 0.5, and 0.75, respectively, the typical crystallite 
diameters were discovered to be 26, 24, 25 and 28 nm. 

The lattice parameter was calculated using the formula (1/dhkl
2 = (h2 

+ k2 + l2)/a2) in accordance with the Fd3m cubic spinel ferrite structure 
from the strongest (311) reflection. It should be noted that the stepwise 
introduction of Cu2+ ions result in a detectable drop in the lattice 
parameter a from 0.8406, 0.8390, 0.8380, and 0.8365 nm with regard to 
x = 0.0, 0.25, 0.5 and 0.75, this can be due to the difference in ionic 
radius of Cu2+ (0.130 nm) and Mg2+ (0.142 nm). 

Fig. 2 displays the scanning electron microscopic images of the 

samples with x = 0.0 and x = 0.75 as they were prepared. The outcomes 
show that a small variation in Cu content causes a small change in the 
morphology of the samples. The sample’s surface morphology at x =
0.75 exhibits a finely organized morphology. Both examples, however, 
demonstrate that some small particles can agglomerate to generate 
larger particles. 

Fig. 3 (a) and (b) shows the EDS spectrum of artificial photocatalysts. 
Mg, Fe, Cu, and O atoms were the samples’ main chemical constituents. 
In the samples with x = 0.0 and 0.75, the majority of the photocatalysts 
had 15.72 At% Mg and 35.25 At% Fe, respectively, as well as 6.4 At% 
Mg, 10.45 At% Cu, and 40 At% Fe. The compositional homogeneity and 
production of the Mg1-xCuxFe2O4 nanocatalysts synthesized by copre-
cipitation technique were confirmed by the EDS results, which were 
consistent within experimental stoichiometric ratio with little experi-
mental error. The high photocatalytic effectiveness and large amount of 
Cu in sample x = 0.75 as compared to x = 0.0 suggest proper prepara-
tion. The substantial amount of Fe, meanwhile, enables the photo-
catalyst to recover better and has strong magnetic properties. 

Optical absorption studies 

UV–visible absorption studies were conducted to gather crucial data 
regarding the impact of Cu content on the optical characteristics of Mg- 
Cu ferrites. The samples’ UV–vis spectra are displayed in Fig. 4. The 
visible light absorption of Mg1-xCuxFe2O4 (x = 0.0, 0.25, 0.5 & 0.75) was 
boosted and the absorption edge of samples has a considerable red shift, 
as shown in Fig. 4 with the replacing Cu content. 

The sample at x = 0.75 displayed the biggest red shift and the 
strongest overall light response in the visible region when compared to 
other samples. The MgFe2O4 with Cu as a replacement was therefore 
visible light sensitive. A narrowing of the band gap may explain the 
increased absorption of visible light. It’s possible that the excitation of 
an electron from the O-2p level into the Fe-3d state is what causes Mg-Cu 
ferrite to absorb light in the visible spectrum [22]. 

The band gap between O-2p level and Fe-3d level in magnesium 
ferrite was found that 2.3 eV, whereas with increase in the copper 
concentration the energy band gap of O-2p and Fe-3d level decreases as 
2.05, 1.98 and 1.8 eV with respect to x  = 0.25, 0.5 and 0.75 as depicted 
in the Fig. 5. Copper substitution could form a dopant energy level 
within the energy gap of MgFe2O4. The electronic transitions from the 
VB to the dopant level or from the dopant level to the CB could effec-
tively lower the electron-hole pair recombination rate, which shifts the 
broad absorption band toward the visible light region [20]. As a result of 
formation of metastable energy levels make Mg-Cu ferrites utilize more 
percent of sunlight. Therefore, Mg-Cu ferrites a better photocatalytic 
capability under natural sunlight was expected. 

Band gap studies 

Using the general relation, the optical band gap (Eg) of Mg1-x Cux-

Fe2O4 catalysts was calculated from the absorbance spectra, where a 
sharp increase in the absorption was seen attributed to the band-band 
transition. By applying the fundamental connections to the absorption 
data, the Mg1-xCuxFe2O4 nanoparticle catalysts’ absorption coefficient 
has been calculated [23–25].  

I = I0eαt(1)                                                                                            

A = log(I0/I)(2)                                                                                     

and  

α = 2.303(A/t)(3)                                                                                  

where, t is the sample’s thickness and A is the absorption for the Mg1- 

xCuxFe2O4 samples. Tauc plots were used to display (αhν)1/n verses 
photon energy (hν) for several values of n (n = 1/2, 3/2, 2, and 3) in Fig. 2. SEM micrographs of Mg1-xCuxFe2O4 samples, (a = 0.0, b = 0.75).  
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order to find out the band gap of synthesized photocatalysts [26]. The 
Mg1-xCuxFe2O4 ferrite nanoparticles had the best linear fit when n = 1/ 
2, indicating a direct permitted optical transition. Fig. 5 displayed the 
Tauc plot. Using software for linear regression, a straight line fit with a 
very small standard deviation was obtained for the (αhν)1/n vs. hν plot. 
The optical absorption edge’s value can be found from the line’s inter-
cept at α = 0. Fig. 5 illustrates how the optical band gap changes as 
composition x changes. It was found that the band gap narrows as the 
copper concentration rises. With Cu2+ ion concentration increase, the 
estimated energy gaps of Mg-Cu ferrites steadily decrease from roughly 
2.3 to 2.05, 1.98, and 1.8 eV. 

The band gap of magnesium ferrite was estimated 2.3 eV. This band 
gap value was similar to the value reported in the literature [27]. With 
the substitution of Cu, the energy gap of MgFe2O4 was redshifted. 

Additionally, it is clear that when the amount of copper substitution 
increases, the redshift also increases. Changes in the electrical structure 
of MgFe2O4 and the quantum size effect are the two main factors that 
may affect band gap energies. 

In our co-precipitation nanoparticulated samples, since the size of 
the agglomerated particles was larger than the exciton Bohr radius of 
bulk ferrite nanoparticles, the sample has a weak quantum confinement 
as referred in Wu et.al, [28] the interface of nanoparticles obviously 
contains many oxygen vacancies and may be a source of trapped exciton 
states that form a series of metastable energy levels within the energy 
gap, resulting in the red shift of the apparent optical band gap [22,29]. 

Fig. 3. Energy-dispersive spectra’s of x = 0.0 (a) and x = 0.75 (b) samples.  
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Photocatalytic activity 

As per the experimental findings of investigations on UV–visible 
absorption, the current Mg-Cu ferrite samples possess the essential 
property for photocatalytic destruction of organic molecules. For the 
investigation of catalytic performance, Rose Bengal (RB) was typically 
chosen as the model organic pollutant. First, two different types of 
studies have been studied to verify the photodegradation capability of 
Mg-Cu ferrite samples. One is the blank experiment, which showed that, 
in the absence of catalysts and under solar illumination, very little RB 
was directly photolyzed. 

In addition, Mg1-xCuxFe2O4 was employed as the starting solution (t 
= 0 min) in the adsorption–desorption equilibrium solution of the RB. 
The drops in dye concentration due to adsorption and direct photolysis 
should be subtracted in order to obtain the true photodegradation yield 
caused by photocatalysis in the presence of catalysts. After the adsorp-
tion equilibrium was reached, the drop brought on by adsorption could 
be subtracted. Therefore, photodegradation yield was defined as [30]: 

photodegradation yield =
Co − Ca − Cb

Co
× 100  

where Co is the dye’s initial concentration, Ca is its concentration after 
being photodegraded, and Cb is its concentration after being directly 
exposed to light. 

Fig. 6 displays the rates of Rose Bengal (RB) photodegradation on 

Fig. 4. UV–visible spectra of Mg1-xCuxFe2O4 photocatalysts.  

Fig. 5. Plot of (αhν)2 as a function of photon energy (hν) for Mg1-xCuxFe2O4 compositions.  
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Mg1-xCuxFe2O4 catalysts under exposure to natural sunlight at various 
time intervals. Fig. 6 illustrates that although Cu-substituted MgFe2O4 
nanoparticles are more effective at eliminating the RB than MgFe2O4, RB 
did not appear to decay clearly without a catalyst. With increasing Cu 
content, the photoactivity of Mg1-xCuxFe2O4 (x = 0.0, 0.25, 0.5, 0.75) 
were enhanced gradually. The photodegradation activity of the Cu- 
substituted MgFe2O4 samples increases with an increase in the Copper 
substitution level. It was observed that Mg-Cu catalysts with a Cu con-
tent of x = 0.75 show the highest photocatalytic activity. 

The photocatalytic activity of Mg1-xCuxFe2O4 (x = 0.0, 0.25, 0.5, and 
0.75) steadily increased with increasing Cu content. The samples of Cu- 
substituted MgFe2O4 exhibit an increase in photocatalytic activity with 
increasing Cu substitution levels. The maximum photocatalytic activity 
is demonstrated by Mg-Cu catalysts with Cu contents of x = 0.75, as can 
be seen. 

As seen in Fig. 6, the photocatalyst at x = 0.75 has a better efficiency 
in comparison with other samples (x = 0.0, 0.25, and 0.5) due to its 
greater capacity to absorb visible light. In comparison with other ferrite 
samples (band gaps 2.3 to 1.98 eV), the catalyst at x = 0.75 has a small 
band gap energy (1.8 eV), because a new energy band appeared just 
below the conduction band. This new energy band was primarily 
derived from the electronic states of the introduced copper ion (i.e., 
energy level of introduced copper), which led to a decrease in the rate of 
electron-hole recombination. The total number of electrons entering the 
conduction band increases due to the reduced energy band gap, result-
ing in a comparatively high electron density in the conduction band. 
Consequently, in the valence band, the number of holes also increases. In 
order to create OH• Radicals, these electrons and holes interact with 
surface-bound H2O or OH–. Since OH• free radicals were the primary 
active species during the photocatalytic degradation process, this en-
courages the creation of more of them [31–33]. 

Mechanism of photocatalytic degradation 

Based on the results and literature reports [34,35] a possible mech-
anism of photodegradation over Mg1-xCuxFe2O4 nanoparticles were 
discussed as depicted in the Scheme 1. In comparison, pure magnesium 
ferrite hardly excited by visible light due to large energy band gap (2.3 
eV), as a result low efficiency in photodegradation. The modification of 
magnesium ferrite by substituting copper results in high visible light 
absorption due to the new energy levels are formed within conduction 
band of MgFe2O4. These energy levels are just below the conduction 

band edge. Upon exposed to natural sun light irradiation electrons are 
excited from valence band to energy levels of Mg1-xCuxFe2O4 system 
(conduction band) as shown in Scheme 1, simultaneously same amount 
of holes are generated at the valence band. Meantime, it is highly 
possible for the generated photo-electrons to jump from high energy 
level conduction band of MgFe2O4 to low energy levels of Mg1-xCux-

Fe2O4 system. As a result, recombination of photogenerated electrons 
and holes can be minimized. 

The photo-induced holes produce OH• radical species by directly 
reacting with organic dyes or interact with surface bound H2O or OH‾. 
These free radicals act as a strong oxidant for the removal of organic 
pollutants from water. At the same time, the photogenerated electrons 
react with adsorbed molecular oxygen to produce O•

2‾. As generated O•

2‾ combines with H+ to produce HO•
2, further this active species reacts 

with trapped electrons to produce OH• radical. The as generated OH•, 
HO•

2, O•
2‾ and holes are highly reactive species which could oxidize the 

organic pollutants present in the water. On the basis of the above 
analysis, photo-catalytic reactions expressed as follows [36–38],  

Mg1-xCuxFe2O4 + hν → Mg1-xCuxFe2O4 (e-
cb + h+vb) → Mg1-xCuxFe2O4 +

Energy(4)                                                                                              

Mg1-xCuxFe2O4 (h+vb) + H2O → H+ + OH•(5)                                            

Mg1-xCuxFe2O4 (h+vb) + OH‾→ OH•(6)                                                      

Mg1-xCuxFe2O4 (e-
cb) + O2 → O•

2‾(7)                                                      

O•
2‾ + H+ →HO•

2(8)                                                                             

2e-
cb + HO•

2 + H+ →OH• + OH‾(9)                                                         

OH•, HO•
2, O•

2‾, h+vb + Organic pollutants → Degradation product(10)          

Recyclability 

By reactivating the utilized catalysts four times, the reusability of the 
catalyst was investigated. The Mg1-xCuxFe2O4 photocatalysts perform 
well in magnetic separation using MgFe2O4 due to its good magnetic 
characteristics (see the inset of Fig. 7 for more information), and the 
catalyst can be reused four times. It has been noted that even after 
recycling four times, the rate of the RB’s photocatalytic reaction over the 
Mg0.25 Cu0.75 Fe2O4 sample nearly stays the same. These findings sup-
port the notion that the Mg-Cu ferrites created during the current 
investigation were very efficient visible-light-induced photocatalysts for 
the RB molecules’ degradation. 

Conclusion 

The study offered a useful method for making copper-substituted 
magnesium ferrite photocatalysts driven by solar light. The band gap 
of Mg1-xCuxFe2O4 (x = 0.0, 0.25, 0.5, 0.75) ferrites steadily reduce with 
an increase in Cu content, and the lower band gap of ferrites results in an 
improved photocatalytic activity for RB degradation when exposed to 
solar light. Particularly, when compared to pure MgFe2O4, the 
Mg0.25Cu0.75Fe2O4 sample demonstrates much better photocatalytic 
activity. This study’s strategy for creating multicomponent magnetic 
ferrite materials with desirable visible-light photocatalytic activity was 
shown to be very beneficial. In terms of their inherent qualities, such as 
high chemical stability and great resistance to acid and alkali, it is 
believed that such a novel class of the photocatalysts were promising 
materials for practical application in the field of visible light induced 
photodegradation of organic pollutants. 
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