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A B S T R A C T

The quest for finding an effective photocatalyst for environmental remediation and treatment strategies is attracting 
considerable attentions from scientists. In this study, a new hybrid material, Cu0.5Mg0.5Fe2O4–TiO2, was designed and 
fabricated using coprecipitation and sol-gel approaches for degrading organic dyes in wastewater. The prepared hybrid 
materials were fully characterized using scanning electron microscopy, X-ray diffraction, Fourier transform infrared 
spectroscopy, and X-ray photoelectron spectroscopy. The results revealed that the Cu0.5Mg0.5Fe2O4–TiO2 hybrid material was 
successfully synthesized with average particle sizes of 40.09 nm for TiO2 and 27.9 nm for Cu0.5Mg0.5Fe2O4. As the calculated 
bandgap energy of the hybrid material was approximately 2.86 eV, it could harvest photon energy in the visible region. 
Results indicate that the Cu0.5Mg0.5Fe2O4–TiO2 also had reasonable magnetic properties with a saturation magnetization 
value of 11.2 emu/g, which is a level of making easy separation from the solution by an external magnet. The resultant 
Cu0.5Mg0.5Fe2O4–TiO2 hybrid material revealed better photocatalytic performance for rhodamine B dye (consistent 
removal rate in the 13.96 × 10−  3 min−  1) compared with free-standing Cu0.5Mg0.5Fe2O4 and TiO2 materials. The recyclability 
and photocatalytic mechanism of Cu0.5Mg0.5Fe2O4–TiO2 are also well discussed.   

1. Introduction

Organic dyes have been widely and effectively utilized in many in-
dustries, including, but not limited to, leather, food, mining, and paper 
manufacturing (Manzoor and Sharma, 2020). However, their use results 
in a wide dispersion of wastewater containing organic dye, which is 
highly hazardous, toxic, nonbiodegradable, and carcinogenic, adversely 
affecting human health and the environment (Robinson et al., 2001; Li 
et al., 2014; Sandoval et al., 2017; Kumar et al., 2019). Among the 

common organic dyes employed in industry, rhodamine B (RhB) is 
considered highly toxic and detrimental to humans and the environ-
ment, even at a small concentration of less than 1 ppm. It is widely used 
as a label compound in many industrial processes (Salleh et al., 2011; 
Merouani et al., 2010; Mostafa Hosseini Asl et al., 2018). Thus, the 
removal of organic dyes in general or RhB in particular from wastewater, 
before it discharges to receiving water bodies, is urgent and must be 
sustained. Many techniques, such as coagulation–flocculation, adsorp-
tion, ion exchange, degradation, photocatalysis, and combinations have 
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Several spinel-ferrite–TiO2 composites have been reported and 
effectively employed as photocatalysts for the degradation of organic 
compounds. Zhang et al. (2010) successfully fabricated a ZnFe2O4/P25 
(TiO2) nanocomposite by physically grinding ZnFe2O4 nanocubes with 
commercial Degussa P25 (TiO2) at ambient temperature. The prepared 
ZnFe2O4/TiO2 nanocomposite showed high photocatalytic performance 
toward rhodamine B with a degradation rate constant of 9.71 × 10− 3 

min− 1 (Zhang et al., 2010). In another study, (Co,Mn)Fe2O4–TiO2 
composite was synthesized by a simple mixing method of commercial 
(Co,Mn)Fe2O4 nanoparticles with a titanium polymeric resin (a pre-
cursor of TiO2 nanoparticles) (Neris et al., 2018). The material obtained 
showed reasonable photocatalytic performance toward Remazol golden 
yellow azo dye with a removal percentage of 90% after 16 h of UV-light 
irradiation. However, most of the reported spinel-based TiO2 photo-
catalysts have a low dye-removal efficiency and are usually active in UV 
light. Thus, it is necessary to find a novel composite with high photo-
catalytic performance, a wide range of light harvesting, and recyclability 
for practical applications. 

Based on an analysis of this gap in the literature, a new type of 
Cu0.5Mg0.5Fe2O4–TiO2 hybrid material was proposed. It was fabricated 
using the coprecipitation method. The resultant Cu0.5Mg0.5Fe2O4–TiO2 
was thoroughly characterized with respect to the morphologies and the 
magnetic and optical properties. In this study, the photocatalytic activity 
of Cu–Mg spinel-ferrite-based materials toward organic dyes was 
investigated for the first time. A plausible photocatalytic mechanism of 
Cu0.5Mg0.5Fe2O4–TiO2 hybrid materials for degrading organic dyes is 
proposed and discussed. 

2. Materials and experiments

2.1. Materials

Ferric chloride hexahydrate (FeCl3 6H2O, 98%), copper chloride 
hydrate (CuCl2 2H2O, 99%), magnesium chloride (MgCl2⋅6H2O, 99%), 
titanium butoxide (Ti(OBu)4), sodium hydroxide (NaOH, 99%), ethanol 
(C2H5OH, 99%), deionized (DI) water, and RhB dye were purchased 
from Sigma Aldrich. All chemicals were used as received, without 
further purification. 

2.2. Synthesis of materials 

2.2.1. Cu0.5Mg0.5Fe2O4 nanoparticles 
The synthesis process of the Cu0.5Mg0.5Fe2O4 nanoparticles was 

adopted from previous research, i.e., chemical coprecipitation, as shown 
in Scheme 1 (Tran et al., 2020). The optimized molar ratio of (Cu2+ +

Mg2+:Fe3+) was determined to be 1:2. In the typical procedure, 1.015 g 
of CuCl2⋅2H2O (0.005 mol), 0.585 g of MgCl2 6H2O (0.005 mol), and 
5.41 g of FeCl3 6H2O (0.02 mol) were gradually added to a 100-mL glass 
beaker containing 50 mL of DI water. The mixture was vigorously stirred 
using a magnetic agitator for 15 min. Then, NaOH (5 M) solution was 
added drop-wise to the mixture until the pH solution reached a value of 
9–10. The mixture was heated to 80 ◦C and maintained at this temper-
ature for 1 h with continuous stirring. The mixture was then naturally 
cooled to room temperature (25 ◦C), and then the precipitate was 
filtered and washed thoroughly with DI water followed by ethanol 
washing. The cleaned precipitate was dried at 150 ◦C for 8 h and then 
calcined at 900 ◦C for 3 h to obtain Cu0.5Mg0.5Fe2O4 spinel ferrite. The 
product was stored in a vacuum for further synthesis and 
characterization. 

2.2.2. Synthesis of Cu0.5Mg0.5Fe2O4–TiO2 hybrid material 
The Cu0.5Mg0.5Fe2O4–TiO2 hybrid material was prepared as shown 

in Scheme 1. Typically, 2 mL of Ti(OBu)4 was dissolved in 20 mL of 
ethanol and then 20 mL of DI water. Subsequently, 0.5 g of 
Cu0.5Mg0.5Fe2O4 nanoparticles was gradually added to the Ti–precursor 
solution, heated to 50 ◦C, and subjected to magnetic stirring for 2 h. The 

been successfully employed to treat RhB-containing wastewater (Bulut 
et al., 2008; Li et al., 2015; Chen et al., 2013). Of these, photo-
degradation (photocatalysis) has been demonstrated to be an affordable 
and effective approach for RhB-containing-wastewater remediation 
because of its reusability, high activity, and cost-effectiveness (Bhosale 
and La, 2018). 

A photocatalyst is a type of semiconductor material that can absorb 
the photon energy from sunlight to generate electron–hole pairs, which 
are responsible for the degradation of organic dyes (Xu et al., 2019). 
However, most commercial photocatalysts (such as TiO2) have a high 
bandgap energy (>3.1 eV) and can only harvest photon energy in the 
ultraviolet region, which hinders their use in many practical applica-
tions (Zhu et al., 2019; Piña-Pérez et al., 2017). Thus, tailoring the 
bandgap energy, as well as functionalizing the photocatalysts, which 
enables them to absorb a wider range of light energy from the sunlight 
spectrum, have received extensive attentions from scientists worldwide 
in recent years (Li et al., 2011; La et al., 2020). In addition, material 
recyclability plays an important role in terms of feasibility and 
cost-effectiveness for practical wastewater treatment applications. As 
the majority of photocatalysts have the highest photocatalytic perfor-
mance in powder form (especially at nano size), it is crucial for materials 
with such properties to be easily collected after each treatment cycle. 
One of the most common techniques for this purpose is the development 
of magnetic photocatalysts, which can collect the material from treated 
wastewater using an external magnetic field (Cho et al., 2008; Jacob 
et al., 2011; Dom et al., 2011; Seffati et al., 2019). 

Of these magnetic materials, spinel ferrites have the highest mag-
netic properties (superparamagnetic), enabling them to be recovered 
easily by the application of external magnets (Baig and Varma, 2013; 
Nasir Baig et al., 2015). Spinel ferrite nanostructures typically have a 
chemical formula, AFe2O4, where Fe3+ is positioned at octahedral sites 
and A is metallic ions, such as Cu2+, Mn2+, Co2+, Ni2+, and Zn2+, which 
are usually located in tetrahedral sites in the ferrite structure (Debnath 
and Das, 2020). There are three common spinel ferrite structures 
depending on the position of the metal ions: normal structure (A2+ 

located at the tetrahedral sites and Fe3+ at the octahedral sites), inverse 
structure (A2+ at octahedral sites and Fe3+ at both sites), and mixed 
structure (A2+ and Fe3+ at both sites) (Tran et al., 2020). Recently, a new 
trend in the proportional replacement of A2+ in the cubic spinel ferrite 
structure with other divalent metal ions has attracted increasing atten-
tion because of these interesting properties. Many metal-binary spinel 
ferrites have been successfully synthesized in the past few years, such as 
Co1−  2xNixMnxFe2−  yCeyO4 (Almessiere et al., 2020), CuCexFe2−  xO4 

(Elayakumar et al., 2019), NiFe2−  xVxO4 (0.0 ≤ x ≤ 0.3) (Slimani et al., 
2019a), Co0.5Zn0.5RexFe2−  xO4 (Almessiere et al., 2019), and CaxMgx-

Ni1−  2xFe2O4 (Slimani et al., 2019c). 
Such spinel ferrites can be fabricated using many approaches, 

including hydrothermal, combustion, ball-milling, solid-state reaction, 
sol-gel, and coprecipitation methods (Roy and Bera, 2006; Asadi et al., 
2020; Slimani et al., 2019b; Hannachi et al., 2015). Among these 
metal-binary spinel ferrites, Cu0.5Mg0.5Fe2O4 is a semiconducting ma-
terial with remarkable magnetic properties and excellent thermal and 
chemical stability. It can be utilized in various sensor, adsorption, 
photocatalysis, and electronics applications (Zhou et al., 2015; Zaki 
et al., 2015). For example, Cu0.5Mg0.5Fe2O4 was successfully fabricated 
using coprecipitation methods, and the resultant spinel ferrite exhibited 
the highest adsorption behavior toward lead ions, with a maximum 
capacity of 57.7 mg/g (Tran et al., 2020). 

Even with a low bandgap energy of approximately 1.7 eV and a 
suitable electronic structure, it is promising for effective application as a 
visible-active photocatalyst. However, Cu0.5Mg0.5Fe2O4 has only been 
investigated in the context of photocatalysis. It should also be noted that 
the combination of more than one semiconducting material to form 
heterogeneous photocatalysts is necessary to enable the photocatalysts 
to harvest photon energy in a wide range of light regions (Arifin et al., 
2019). 
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precipitates were filtered, thoroughly washed, dried, and calcined at 
450 ◦C for 2 h in air. For comparison, TiO2 nanoparticles were fabri-
cated under the same reaction conditions as the Ti(OBu)4 precursor. 

2.3. Characterization 

The structure and crystallinity were analyzed by X-ray diffraction 
(XRD, X′Pert PRO PANalytical) with a 0.15405-nm Cu-Kα radiation 
source. The morphology and particle size of the samples were obtained 
and the elemental analysis was performed using scanning electron mi-
croscopy energy dispersive X-ray spectroscopy (SEM-EDX, Hitachi S- 
4600). Fourier transform infrared spectroscopy (FTIR, TENSOR II, 
Bruker) was used to investigate the surface functional groups of the 
prepared nanostructured samples. Optical absorption spectra were 
measured using a UV–vis spectrophotometer (Jasco V730). Magnetiza-
tion measurements were performed using a vibrating sample magne-
tometer at room temperature. The electron–hole pair recombination 
rates were determined using a luminescence spectrophotometer. Liquid 
chromatography–mass spectrometry (LC-MS)/MS spectra were 
measured using a QTOF SCIEX X500R instrument (USA) with a Turbo V 
source and a separation column of 2.0 mm × 50 mm × 3 µm (Gemini 
C18 110 Ao, USA). The total organic carbon was determined using Multi 
N/C 2100s (Analytik Jena, Germany). Raman spectra were obtained 
using a Horiba XploRA Plus instrument (Japan). 

2.4. Evaluation of photocatalytic activity 

The photocatalytic performances of Cu0.5Mg0.5Fe2O4, TiO2, and 
Cu0.5Mg0.5Fe2O4–TiO2 were evaluated for the degradation of the RhB 
dye as a simulated pollutant under visible light using a 350-W xenon 
lamp, which simulated sunlight irradiation with wavelengths from UV to 
IR, including the visible region. The photocatalytic performance was 
tested using a multitube photocatalytic reactor. The distance between 
the light source and the reactor was 20 cm. In a typical photocatalytic 
test, 20 mg of the photocatalyst was added to 20 mL of a 10-ppm RhB 
solution. Before the photocatalytic degradation experiment commenced, 
the solutions were kept in the dark for 2 h to establish an absorp-
tion–desorption equilibrium. The solution was removed at certain times, 
and an external magnet was used to collect the photocatalysts. The 
photocatalytic degradation process was monitored by measuring the 
characteristic absorption peak at 552 nm using a UV–vis 
spectrophotometer. 

2.5. Recyclability 

The stability and reusability of the Cu0.5Mg0.5Fe2O4–TiO2 photo-
catalyst were examined as follows: Firstly, 20 mg of photocatalyst was 
added to 20 mL of 10-ppm RhB and kept in the dark for 2 h before 
irradiation. After 3 h of light irradiation, the mixture was removed, and 
the photocatalyst was collected using an external magnet. The photo-
catalyst was washed and dried thoroughly before the next experimental 
cycle. The experimental procedure was repeated for five cycles to 

evaluate recyclability. The removal percentage of RhB after each cycle 
was monitored using a UV–vis spectrophotometer. 

3. Results and discussion

3.1. XRD analysis of the catalysts

The crystalline structures of the Cu0.5Mg0.5Fe2O4 nanoparticles, 
TiO2, and Cu0.5Mg0.5Fe2O4–TiO2 hybrid material hybrid nanoparticles 
were analyzed using XRD, as shown in Fig. 1a. The XRD pattern of 
Cu0.5Mg0.5Fe2O4 shows diffraction peaks at 2θ = 30.6◦, 35.5◦, 43.2◦, 
53.9◦, 57.5◦

, and 62.7◦, corresponding to the (220), (311), (400), (422), 
(511), and (440) crystal planes, respectively (Tran et al., 2020). These 
diffraction peaks are indexed to the cubic crystal system with the Fd-3m 
space group, which well agrees with the standard patterns of both 
CuFe2O4 (JCPDS 01-077-0010) and MgFe2O4 (JCPDS01-089-3084). The 
XRD pattern of TiO2 displayed diffraction peaks at 2θ = 25.8◦, 38.2◦, 
48.4◦, 53.5◦, 54.8◦, 63.1◦, 68.8◦, and 70.7◦, which were assigned to the 
(101), (112), (200), (105), (211), (204), (116), and (220) planes of the 
anatase phase (JCPDS 01-071-1167). The characteristic diffraction 
peaks of Cu0.5Mg0.5Fe2O4 (S) and TiO2 (A) also appeared in the XRD 
pattern of the Cu0.5Mg0.5Fe2O4–TiO2 hybrid material, indicating the 
successful fabrication of the Cu0.5Mg0.5Fe2O4–TiO2 hybrid material. 
Fig. 1b shows the EDX spectra of Cu0.5Mg0.5Fe2O4 and Cu0.5Mg0.5Fe2O4 
–TiO2. This also indicates that all elements of Cu, Mg, Fe, Ti, and O
appear in the EDX spectra of the nanoparticles. Furthermore, the per-
centages of these elements are consistent with the stoichiometry ratios 
of Cu0.5Mg0.5Fe2O4 and Cu0.5Mg0.5Fe2O4–TiO2. 

3.2. SEM studies 

The morphologies of the Cu0.5Mg0.5Fe2O4, TiO2, and Cu0.5Mg0.5-

Fe2O4–TiO2 hybrid materials were observed by SEM and transmission 
electron microscopy (TEM) (Fig. 2). Fig. 2a and b shows that, while TiO2 
has a spherical shape with a diameter in the 10–20-nm range, 
Cu0.5Mg0.5Fe2O4 has a cube-like shape with an average particle size of 
approximately 30 nm. The SEM and TEM images of the Cu0.5Mg0.5-

Fe2O4–TiO2 (Fig. 2c and d, respectively) reveal the hybrid morphologies 
of both TiO2 and Cu0.5Mg0.5Fe2O4. These particles tend to aggregate, 
which might result from the high static affinities of the surfaces of the 
TiO2 and Cu0.5Mg0.5Fe2O4 particles. The particle size distributions of the 
TiO2, Cu0.5Mg0.5Fe2O4, and Cu0.5Mg0.5Fe2O4–TiO2 hybrid materials 
were initially determined by ImageJ software. As obtained from the SEM 
images, they were 17.76, 27.45, and 96.69 nm, respectively (Supple-
mentary material, Fig. S1). To determine the average particle size of the 
TiO2, Cu0.5Mg0.5Fe2O4, and Cu0.5Mg0.5Fe2O4–TiO2 from the XRD pat-
terns, the Debye–Scherrer formula (D = k λ/(B cos θ), where k, λ, B, and 
θ are the Scherrer constant (0.89), X-ray wavelength (0.1504 nm), width 
of the peak at half maximum intensity (radian), and angle of diffraction, 
respectively, were employed. The results show that the average di-
ameters of the Cu0.5Mg0.5Fe2O4 and TiO2 nanoparticles were 29.5 and 
16.4 nm, respectively. These sizes agree well with the SEM observations. 

Scheme 1. Schematic diagram of the experimental setup for the synthesis of the Cu0.5Mg0.5Fe2O4–TiO2 hybrid material.  
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Moreover, in the Cu0.5Mg0.5Fe2O4–TiO2 hybrid material, while the 
average diameter determined by the Debye–Scherrer formula of 
Cu0.5Mg0.5Fe2O4 (27.9 nm) is similar to that of the free-standing 
Cu0.5Mg0.5Fe2O4 (29.5 nm), the average size of the TiO2 in the hybrid 
material significantly increased to 40.09 nm compared with 16.4 nm for 
the free-standing TiO2. This could be caused by the presence of 
Cu0.5Mg0.5Fe2O4 as nucleation and growth sites for the larger TiO2 

crystals. 

3.3. FT-IR, Raman, and magnetization analysis of the catalysts 

The chemical natures of TiO2, Cu0.5Mg0.5Fe2O4, and Cu0.5Mg0.5-

Fe2O4–TiO2 were studied using FTIR spectroscopy, as shown in Fig. 3a. 
The absorption peaks around 3400 and 1600 cm− 1 were observed in the 

Fig. 1. XRD pattern (a) and EDX analysis (b) of the samples.  

Fig. 2. SEM images of (a) TiO2, (b) Cu0.5Mg0.5Fe2O4, and (c, d) Cu0.5Mg0.5Fe2O4–TiO2 hybrid material.  
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FTIR spectra of TiO2, Cu0.5Mg0.5Fe2O4, and Cu0.5Mg0.5Fe2O4–TiO2, and 
they are assigned to the sketching vibration of the O–H group from 
adsorbed water or humidity on the surface of the materials. In the spinel 
ferrite structure, the metal ions are situated in two different sublattices, 
designated as tetrahedral (A-site) and octahedral (B-site) (Mohit et al., 
2014). In the FTIR spectrum of Cu0.5Mg0.5Fe2O4, the higher absorption 
bands were absorbed at 576 and 433 cm− 1, corresponding to the 
intrinsic stretching vibrations of the metal–oxygen bond at the tetra-
hedral site Mtetra–O and the octahedral site Mocta–O. This confirms the 
formation of the spinel structure, and the results are consistent with 
those reported by Ahmed et al. (2012). The FTIR spectrum of TiO2 shows 
a broad band at 643 cm− 1, which is attributed to the Ti–O–Ti stretching 
mode. The absorption bands of TiO2 and Cu0.5Mg0.5Fe2O4 in the range of 
385–650 cm− 1 were also observed in the FTIR spectrum of Cu0.5Mg0.5-

Fe2O4–TiO2. This demonstrates the successful formation of the 
Cu0.5Mg0.5Fe2O4–TiO2 hybrid material (Hafeez et al., 2018). 

The phase compositions of the TiO2, Cu0.5Mg0.5Fe2O4, and 
Cu0.5Mg0.5Fe2O4–TiO2 hybrid materials were further investigated using 
Raman spectroscopy (Supplementary material, Fig. S2). The character-
istic peaks appearing at 196, 336, 484, 538, and 698 cm− 1 in the Raman 
spectrum of the Cu0.5Mg0.5Fe2O4 samples were assigned to the vibration 
modes of T1g, E2g, T2g, F2g, and A1g, respectively, of the typical spinel 
ferrite (Hafeez et al., 2018). In the Raman spectrum of TiO2, the typical 
Eg vibration mode appeared at 142.9, 195.1, and 395 cm− 1, an A1g or 
B1g mode appeared at 512.5 cm− 1, and the peak at 638 cm− 1 is assigned 
to the A1g vibration mode, confirming that the TiO2 nanoparticles are in 
an anatase form (Golshan et al., 2018). All the observed peaks in the 
Raman spectrum of the hybrid material are assigned to the anatase TiO2, 
which could result from the coverage of TiO2 nanoparticles on the sur-
face of the Cu0.5Mg0.5Fe2O4 particles. 

The magnetic properties of the prepared materials were investigated 
using hysteresis loops, which show the variation in magnetization (M, 
emu/g) and magnetic field (H, Oe) (Fig. 3b). The saturation magneti-
zations of Cu0.5Mg0.5Fe2O4 and Cu0.5Mg0.5Fe2O4–TiO2 are based on 
what is shown in the figure: 23.1 and 11.2 emu/g, respectively. The 
lower saturation magnetization value of Cu0.5Mg0.5Fe2O4–TiO2 
compared with that of Cu0.5Mg0.5Fe2O4 results from the presence of 
nonmagnetic TiO2 in the hybrid materials. The coercivity (Hc) of both 
Cu0.5Mg0.5Fe2O4 and Cu0.5Mg0.5Fe2O4–TiO2 remained at 83 Oe. 

However, with a saturation magnetization value of 11.2 emu/g, 
Cu0.5Mg0.5Fe2O4–TiO2 is easily separated from the solution using an 
external magnet. This is one of the key properties that makes possible 
the practical application of the materials (Golshan et al., 2018). The 
nitrogen adsorption isotherm and pore size distribution (inset) of the 
Cu0.5Mg0.5Fe2O4–TiO2 hybrid materials are shown in Supplementary 
material, Fig. S3. The results reveals that the Brunauer–Emmett–Teller 
surface area, pore volume, and average pore width of the Cu0.5Mg0.5-

Fe2O4–TiO2 were found to be 27.08 m2/g, 0.072 cm3/g, and 10.11 nm, 
respectively. 

3.4. XPS analysis 

The chemical and electronic compositions of the Cu0.5Mg0.5-

Fe2O4–TiO2 hybrid material were analyzed by XPS, and the results are 
shown in Fig. 4. The surface XPS profile (Fig. 4a) reveals the presence of 
Fe, Cu, Mg, Ti, and O in the stoichiometry ratio of Cu0.5Mg0.5-

Fe2O4–TiO2. Two characteristic peaks are observed at binding energies 
of 723.88 and 710.28 eV, corresponding to Fe 2p1/2 and Fe 2p3/2, 
respectively, from Fe3+ at the octahedral site (Fig. 4b) (Ren et al., 2017; 
Nakhate and Yadav, 2017; Qin et al., 2018). The peak at 1302.38 eV is 
related to Mg 1s (Fig. 4c), which reveals the oxidation state of Mg2+ in 
Cu0.5Mg0.c5Fe2O4–TiO2 (Kang et al., 2015; Shen et al., 2013). The 
characteristic peaks at 952.28 and 932.68 eV for the Cu 2p1/2 and Cu 
2p3/2, respectively, are assigned to Cu2+ on the octahedral site (Fig. 4d) 
(Reitz et al., 2012). The core-level XPS profile of the Ti 2p reveals two 
characteristic peaks at 464.08 and 458.28 eV, which are related to Ti 
2p1/2 and Ti 2p3/2, respectively, from the Ti4+ oxidation state in pristine 
TiO2. The peak located at 529.58 eV with a broad shoulder related to O 
1s can be attributed to the reduction state of oxygen in the lattice of 
Cu0.5Mg0.5Fe2O4 and in TiO2. 

3.5. Optical properties 

Fig. 5a shows the diffuse reflectance UV–vis spectra of the TiO2, 
Cu0.5Mg0.5Fe2O4, and Cu0.5Mg0.5Fe2O4–TiO2 hybrid materials. The 
figure shows that, while TiO2 is only absorbed strongly in the UV region 
(<420 nm), Cu0.5Mg0.5Fe2O4 has a wide range of absorption from the 
UV to the visible region (200–850 nm). The Cu0.5Mg0.5Fe2O4–TiO2 

Fig. 3. (a) FTIR spectra of TiO2, Cu0.5Mg0.5Fe2O4, and Cu0.5Mg0.5Fe2O4–TiO2 and (b) magnetic hysteresis loops of Cu0.5Mg0.5Fe2O4 nanoparticles and Cu0.5Mg0.5-

Fe2O4–TiO2 hybrid material. 
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hybrid material, a combination of free-standing TiO2 and Cu0.5Mg0.5-

Fe2O4, absorbed more light energy in both near-UV light and visible 
light. This wider absorption wavelength range of the hybrid material 
greatly favors photocatalytic applications. The optical absorption 
strength depends on the difference between the photon energy and 
bandgap, as shown in the following equation: 

(αhυ)1/n
= A

(
hυ − Eg

)
(1)  

Here, h is Planck’s constant (6626.10− 34 Js), υ is the light speed 
(3.108 ms− 1), α is the absorption coefficient, Eg is the bandgap energy, 
and A is the absorption intensity. Based on this equation, (αhυ)2 versus 
hυ was plotted to determine the bandgap energy (Tauc method), and the 
results are shown in Fig. 5b. From the Tauc plot, the bandgap energies of 
Cu0.5Mg0.5Fe2O4, Cu0.5Mg0.5Fe2O4–TiO2, and TiO2 were calculated to be 
1.65, 2.86, and 3.25 eV, respectively. This indicates that the successful 

Fig. 4. (a) XPS survey spectrum of the Cu0.5Mg0.5Fe2O4–TiO2 hybrid material and the core-level XPS profiles of (b) Fe 2p, (c) Mg 1s, (d) Cu 2p, (e) Ti 2p, and (f) O 1s.  
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incorporation of Cu0.5Mg0.5Fe2O4 and TiO2 makes possible a new 
semiconductor with a bandgap energy in the visible region. 

3.6. Photoluminescence study 

For an effective photocatalyst, charge recombination must be mini-
mized because electrons and holes directly participate in photocatalytic 
reduction. The recombination of photo-induced electrons and holes re-
leases energy in the form of photoluminescence (PL). Hence, PL spec-
trum analysis is a powerful technique for studying the charge 
recombination of semiconductors. The PL spectra of TiO2, Cu0.5Mg0.5-

Fe2O4, and Cu0.5Mg0.5Fe2O4–TiO2 are shown in Fig. 6. A broad peak at 
around 500–550 nm was observed for TiO2, Cu0.5Mg0.5Fe2O4, and 
Cu0.5Mg0.5Fe2O4–TiO2. The PL spectrum of Cu0.5Mg0.5Fe2O4–TiO2 
highlights a lower PL intensity than that of TiO2 and Cu0.5Mg0.5Fe2O4. 
This indicates that, after TiO2 was leaded on Cu0.5Mg0.5Fe2O4, the 
recombination of photo-induced electron–hole pairs was significantly 
reduced (Arifin et al., 2019). 

4. Photocatalytic study

The photocatalytic activities of the as-prepared samples were
investigated through the degradation of RhB under simulated sunlight 
irradiation. Prior to light irradiation, a certain amount of photocatalyst 

was introduced into the RhB solution and stirred in the dark for 2 h to 
establish an absorption–desorption equilibrium. The absorption 
behavior of TiO2 and Cu0.5Mg0.5Fe2O4–TiO2 was negligible. Fig. 7a and 
b shows the change in RhB concentration upon light irradiation with and 
without the presence of the Cu0.5Mg0.5Fe2O4–TiO2 photocatalyst. It is 
clear that, in the presence of the photocatalyst, the RhB concentration 
significantly decreased. After 180 min, most of the RhB was degraded. 
Fig. 7c shows the photocatalytic performance of TiO2, Cu0.5Mg0.5Fe2O4, 
and Cu0.5Mg0.5Fe2O4–TiO2 toward the RhB dyes. In the absence of the 
photocatalyst, almost no RhB was degraded. However, when the pho-
tocatalysts were present, the RhB degraded significantly. It is evident 
that the photocatalytic performance of TiO2 was better than that of 
Cu0.5Mg0.5Fe2O4 but worse than that of the Cu0.5Mg0.5Fe2O4–TiO2 
hybrid material. While the RhB removal efficiencies of TiO2 and 
Cu0.5Mg0.5Fe2O4 were 52.7% and 21.5%, respectively, the removal ef-
ficiency of Cu0.5Mg0.5Fe2O4–TiO2 was almost 100% after 180 min of 
simulated sunlight irradiation. This strongly suggests that the TiO2 and 
Cu0.5Mg0.5Fe2O4 composite significantly improves the photocatalytic 
performance. 

The kinetics of the photocatalytic reaction were determined using a 
pseudo-first-order kinetics model Ln(C/Co) = − kt, where Co is the initial 
concentration of the RhB solution (mg/L), C is the concentration of MB 
at time t (mg/L), and slope k is the apparent reaction rate constant 
(min− 1). The results are presented in Fig. 7d. The values of the photo-
degradation rate constant (k) of TiO2, Cu0.5Mg0.5Fe2O4, and 
Cu0.5Mg0.5Fe2O4–TiO2 were 3.24 × 10− 3, 1.06 × 10− 3, and 
13.96 × 10− 3 min− 1, respectively (Table 1). The rate constants of 
Cu0.5Mg0.5Fe2O4–TiO2 are 4.3 and 13.1 times higher than those of the 
free-standing TiO2 and Cu0.5Mg0.5Fe2O4, respectively. These results 
demonstrate that the Cu0.5Mg0.5Fe2O4-TiO2 hybrid materials remark-
ably improved the photocatalytic activity of both TiO2 and 
Cu0.5Mg0.5Fe2O4. 

The similar spinel-ferrite-based TiO2 photocatalytic performances 
toward organic dyes are listed in Table 2. Compared with similar ma-
terials, the Cu0.5Mg0.5Fe2O4–TiO2 hybrid material shows superior pho-
tocatalytic performance for the photodegradation of RhB under 
simulated sunlight irradiation. 

The stability and reusability of the Cu0.5Mg0.5Fe2O4–TiO2 photo-
catalyst were studied for five cycles of RhB degradation under simulated 
sunlight irradiation, as shown in Fig. 8. The photocatalyst was recovered 
using an external magnetic field after each cycle of the photocatalytic 
reaction. The figure clearly shows that the removal efficiency of RhB 

Fig. 5. (a) UV–vis absorption spectra and (b) Tauc plot of the TiO2, Cu0.5Mg0.5Fe2O4, and Cu0.5Mg0.5Fe2O4–TiO2 hybrid materials.  

Fig. 6. PL spectra of TiO2 and Cu0.5Mg0.5Fe2O4–TiO2.  
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when using the Cu0.5Mg0.5Fe2O4–TiO2 photocatalyst declined minimally 
after five cycles of photocatalytic reaction with a reduction of only 6.8%. 
This indicates that the synthesized Cu0.5Mg0.5Fe2O4–TiO2 hybrid mate-
rial has high photocatalytic activity and retains good stability and 
reusability, which is very promising for treating wastewater containing 
dyes. 

The intermediates during the photodegradation of RhB over the 
Cu0.5Mg0.5Fe2O4–TiO2 photocatalyst were monitored by LC–MS/MS, as 
shown in Supplementary material, Fig. S4. The m/z peak values at 
approximately 443, 415, 399, 387, 371, and 343 (M+) were assigned to 

RhB, N,N-diethyl-N-ethylrhodamine, N,N-diethyl-rhodamine, N-ethyl- 
N-ethylrhodamine, N-ethylrhodamine, and rhodamine, respectively, in
which RhB is a precursor and the other five compounds are in-
termediates (Liu et al., 2017). After N-deethylation, the C–N bonds are
cleaved into small molecules of phenol and benzoic acid (Du et al.,
2016). These small aromatic molecules further experience a
ring-opening process before mineralizing to form CO2 and H2O envi-
ronmentally friendly products (Natarajan et al., 2013). The minerali-
zation of small aromatic compounds to form CO2 and H2O was
confirmed by total organic carbon analysis (Supplementary material,
Fig. S5).

To investigate the role of free radicals (O*− 2, *OH, and h+) gener-
ated during the photodegradation of RhB by the Cu0.5Mg0.5Fe2O4–TiO2 
photocatalyst, trapping experiments were carried out with 1,4-benzo-
quinone (BQ) for O∗−

2 scavenging, isopropyl alcohol (IPA) for *OH 
scavenging, and ammonium oxalate (AO) for h+ scavenging (Jadhav 
et al., 2020) (Fig. 9). The presence of the radical-trapping agent signif-
icantly reduced the degradation percentage of RhB. The removal per-
centages of RhB by the Cu0.5Mg0.5Fe2O4–TiO2 photocatalyst were 

Fig. 7. Effect of treatment time on the RhB removal performance with (a) no photocatalyst and (b) Cu0.5Mg0.5Fe2O4–TiO2 photocatalyst, and (c) photocatalytic 
performance and (d) kinetics simulation curve of the as-prepared samples for RhB degradation under simulated irradiation conditions. 

Table 1 
Apparent reaction rate constant (k) and photodegradation efficiency of the 
samples for RhB initial concentration of 10 ppm.  

Catalysts k (10− 3 min− 1) Photodegradation efficiency (%) 

TiO2 3.24  52.7 
Cu0.5Mg0.5Fe2O4 1.06  21.5 
Cu0.5Mg0.5Fe2O4–TiO2 13.96  98.4  
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26.41%, 19.34%, and 86.61% in the presence of BQ, IPA, and AO, 
respectively. This indicates that *OH is the main active species partici-
pating in the photodegradation of RhB dye by the Cu0.5Mg0.5Fe2O4–TiO2 
photocatalyst. 

Based on the above results and discussion, the possible mechanisms 
of the photodegradation activity of the Cu0.5Mg0.5Fe2O4–TiO2 hybrid 
material can be proposed as follows (Fig. 10): 

Cu0.5Mg0.5Fe2O4 − TiO2 + hv→Cu0.5Mg0.5Fe2O4 − TiO2
(
e−CB + h+

VB

)
(2)  

e−CB +O2→O− ∗
2 (3)  

O− ∗
2 +H2O→OH∗ +OOH− (4)  

h+
VB +H2O→OH∗ +H+ (5)  

OH∗ +RhB→CO2 +H2O (6)  

When the Cu0.5Mg0.5Fe2O4–TiO2 hybrid material was irradiated under 
simulated sunlight, electron–hole pairs were generated from the 
Cu0.5Mg0.5Fe2O4 and TiO2 semiconductors. The photogenerated elec-
trons were transferred from the conductive band of Cu0.5Mg0.5Fe2O4 to 
the conductive band of TiO2 through the interface and reduced O2 in 
water to O− ∗

2 . Conversely, the photogenerated holes in TiO2 were 
transferred to the valence band of Cu0.5Mg0.5Fe2O4 and participated in 
the redox reactions by forming OH* radicals and oxidizing RhB to CO2 
and H2O. 

5. Conclusions

A Cu0.5Mg0.5Fe2O4–TiO2 hybrid material was successfully fabricated
using coprecipitation and sol-gel approaches. The prepared Cu0.5Mg0.5-

Fe2O4–TiO2 hybrid material shows good integration of the TiO2 and 
Cu0.5Mg0.5Fe2O4 nanoparticles with a bandgap energy of approximately 
2.86 eV, which enabled the material to harvest the photon energy in the 
visible regions for photocatalytic application. Furthermore, combining 
the Cu0.5Mg0.5Fe2O4 and TiO2 semiconductors significantly increased 
the charge separation, which in turn enhanced the photocatalytic per-
formance. This was evident from the superior photocatalytic perfor-
mance of the Cu0.5Mg0.5Fe2O4–TiO2 hybrid material compared with that 
of free-standing Cu0.5Mg0.5Fe2O4 and TiO2 materials with an RhB 
degradation rate constant of as much as 13.96 × 10− 3 min− 1

. The 
Cu0.5Mg0.5Fe2O4–TiO2 also exhibited high recyclability with a removal 
efficiency of only 6.8% after five cycles of photocatalytic reaction to RhB 
dye. With high photocatalytic performance, recyclability, and easy 
removal using an external magnet, the Cu0.5Mg0.5Fe2O4–TiO2 hybrid 
material can be employed as an effective photocatalyst for environ-
mental remediation and treatment strategies. Further study on the 
photocatalytic performance of the Cu0.5Mg0.5Fe2O4–TiO2 hybrid mate-
rial for the photodegradation of other organic dyes as well as real dye- 
containing wastewater is essential. 
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Table 2 
Comparison of photocatalytic performance of several spinel-ferrite-based TiO2 composites for organic dye degradation.  

Catalyst Light sources Dyes Degradation rate constant Refs. 

ZnFe2O4–TiO2 UV–vis region Rhodamine B 9.71 × 10− 3 (Zhang et al., 2010) 
(Co,Mn)Fe2O4–TiO2 UV–vis region Remazol golden yellow azo dye 90%, 16 h (Neris et al., 2018) 
CuFe2O4/TiO2 Visible Methylene blue 11.3 × 10− 3 (Arifin et al., 2019) 
TiO2/NiFe2O4 Visible Methyl orange 1.7 × 10− 3 (Šutka et al., 2016) 
Co0.5Zn0.25Ni0.25Fe2O4–TiO2 Solar Methyl orange 95%, 6 h (Ciocarlan et al., 2018) 
Co0.5Zn0.25Cu0.25Fe2O4–TiO2 Solar Methyl orange 50%, 6 h (Ciocarlan et al., 2018) 
Co0.5Zn0.25Mg0.25Fe2O4–TiO2 Solar Methyl orange 71%, 6 h (Ciocarlan et al., 2018) 
Co0.5Zn0.25Mn0.25Fe2O4–TiO2 Solar Methyl orange 72%, 6 h (Ciocarlan et al., 2018) 
Cu0.5Mg0.5Fe2O4–TiO2 Simulated sunlight Rhodamine B 13.96 × 10− 3 (98.4%, 3 h) This work  

Fig. 8. Recyclability of Cu0.5Mg0.5Fe2O4–TiO2 photocatalyst for RhB 
degradation. 

Fig. 9. Photodegradation of RhB by hybrid materials in the presence of various 
radical trapping agents: 1,4-benzoquinone (BQ), isopropyl alcohol (IPA), and 
ammonium oxalate (AO). 
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