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Abstract 

CoxMg1-xFe2O4 (where x was 0.0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1) spinel ferrites were synthesized 

by the sol-gel combustion method using citric acid as fuel, following the rules of propellant 

chemistry. Amorphous powders were then calcined at 700 °C for 3 hours. Structural 

analysis by X-Ray diffraction (XRD), FTIR and Raman spectroscopy confirmed the 

formation of a cubic spinel structure where the cation distribution and inversion degree 

depended on the Co2+ and Mg2+ ion content. Accordingly, the lattice parameter varied 

between 8.3703 Å (MgFe2O4) and 8.3919 Å (Co0.9Mg0.1Fe2O4) as did the crystallite size, 

from 34 nm (Co0.1Mg0.9Fe2O4) to 48 nm (Co0.9Mg0.1Fe2O4). Scanning electron microscopy 

(SEM) showed the formation of multigrain agglomerates. Determined values of the 

maximal and remanent magnetization, as well as coercive field, depended on the Co2+ and 

Mg2+ ion content and increased with substitution of diamagnetic Mg2+ ions with magnetic 

Co2+ ions. Most impressive is the increase of the coercive field from 74 Oe for MgFe2O4 to 
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1000 Oe for CoFe2O4, as well as an increase of magnetization in the field of 10 kOe from 

27.4 emu g-1 to 75.7 emu g-1. The determined optical band gaps from UV/Vis DRS 

measurements showed a strong dependence on cation content, morphology, and crystallite 

size, decreasing from 2.09 eV for MgFe2O4 to 1.42 eV for CoFe2O4. The photocatalytic 

efficiency of as-synthesized ferrites was investigated by monitoring photocatalytic 

degradation of Methylene Blue (MB) under natural sunlight, and artificial light source 

emitting visible light. Different conditions of MB degradation such as photocatalyst loading, 

molar concentration of MB, and pH values were investigated. Results have shown that 

under both visible light and natural sunlight, excessive amounts of cobalt retarded the 

photocatalytic process. Co0.9Mg0.1Fe2O4 showed considerable activity (74.5% after 4 hours) 

that is unexpected but possibly connected to structural anomalies. The best photocatalytic 

activity under natural sunlight was achieved by MgFe2O4 (82% after 4 hours), while the 

best photocatalytic activity under visible light was achieved by Co0.1Mg0.9Fe2O4 (79% after 

4 hours).  

 

Keywords: Spinel, Ferrites, Combustion, Structure, Photocatalysis, Magnetic properties; 

 

1. Introduction 

Current research of cubic spinel ferrites with the general formula MFe2O4 (where 

M=Co, Mg, Zn, Mn, etc.) is focused on the preparation of ferrites for a wide range of 

applications as magnetic materials, high frequency transformers, gas sensors, in 

heterogeneous catalysis and photocatalysis, for magnetic drug delivery, data storage [1, 2, 

3, 4], as contrast agents in magnetic resonance imaging [5] and in the thermal activation 

cancer therapy (hyperthermia treatment) [6, 7, 8]. Spinel ferrites are also applied as 

magnetic adsorbents in wastewater treatment. Besides good adsorption capabilities, their 

main advantage is they can be easily located and extracted from a water medium by 

applying an external magnetic field [9, 10, 11].  

The crystal structure of spinel ferrite compounds is cubic close packing of oxygen 

atoms with tetrahedral and octahedral sublattices, with M2+ and Fe3+ at two different 

crystallographic sites, tetrahedral and octahedral oxygen coordination (A and B sites, 

respectively). When the 8 A sites are occupied by M2+ cations and the 16 B sites are 
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occupied by Fe3+ the structure is referred to as normal spinel. If the A sites are completely 

occupied by Fe3+ ions and B sites are randomly occupied by Fe3+ and metal cations M2+ the 

structure is called inverse spinel. However, most spinels have a mixed (partially inverse) 

spinel structure when the cation distribution is mixed and both metal and Fe3+ cations are 

present on octahedral and tetrahedral sites, and an inversion parameter is used to describe 

the degree of inversion [12].  

Magnetic materials, based on their ability to be magnetized and demagnetized, can 

be classified as soft and hard [13]. Magnesium ferrite is a soft magnetic n-type 

semiconducting material, as it loses its magnetization when excluded from the magnetic 

field. Spinel structures can host different types of cations of various ionic sizes without 

causing much structural deformation. Many cations can easily be substituted into the 

tetrahedral and octahedral sites in the spinel structure [14]. Changing cation distribution 

influences the magnetic properties of spinel ferrites [13, 15]. Cobalt ferrite is a well-known 

hard ferrimagnetic material with moderate magnetization and high coercivity [1,16]. Nano-

sized cobalt ferrite is favorable for various applications due to its unusual properties such 

as magnetocrystalline high anisotropy (1.8-3·105 J m-3 at 300 K) [17]. Cobalt ferrite has a 

partially inverse spinel structure with an inversion degree of about 80% [18]. Substitution 

of Co2+ for Mg2+ in nanocrystalline MgFe2O4 resulted in a decrease in the dielectric constant 

[1,19], and an increase in magnetic coercivity due to enhanced magnetocrystalline 

anisotropy [20]. Chirawatkul et al. [21] established that the magnetic properties of CoxMg1-

xFe2O4 nanoparticles strongly depended on the cation distribution.  

Photocatalysis is a water purification method leading to pollutant mineralization 

and production of inorganic compounds such as CO2 and H2O [22, 23]. Scientific focus in 

this field of catalysis is on engineering efficient photocatalysts with narrower band gaps to 

enable better light harvesting in the visible light domain, especially when using sunlight as 

the energy source because its spectral maximum lies in the visible region. Spinel ferrites 

have a relatively narrow band gap (ca. 2.0 eV) so they can absorb both visible and 

ultraviolet radiation and are suitable materials for investigating the possible application as 

photocatalysts [4, 24, 25]. The added advantage of the use of spinel ferrites as 

photocatalysts is their magnetic nature, enabling easy separation and removal of the 

catalyst from the mixture in the reactor [11, 26]. Photocatalysis is proved to be dependent 

Jo
urn

al 
Pre-

pro
of



4 

 

upon the nature of photocatalyst and pollutant, but is also greatly influenced by particle 

and grain size, agglomeration degree, the geometry of the reactor, ambient conditions, etc 

[4, 20, 23, 26, 28]. 

In the present work we prepared and characterized spinel ferrites with the general 

formula CoxMg1-xFe2O4 by substituting Mg2+ ions with Co2+ (0 ≤ x ≤ 1) using a simple sol-gel 

method.   The aim was to analyze how the different cation content and distribution 

resulting from the preparation procedure (citrate combustion followed by calcination) 

influence the microstructure, magnetic and photocatalytic properties in the visible light 

region in both natural sunlight and using an artificial light source in order to achieve an 

optimal composition and morphology for efficient photocatalytic activity. 

 

2. Experimental 

Spinel magnesium cobalt ferrites were synthesized by a sol-gel combustion method 

using citric acid (Sigma Aldrich, ACS) as a reducing agent and nitrate ions as oxidizers. The 

chemicals used were Mg(NO3)2 ·6H2O (Sigma Aldrich, puriss, p. a.), Co(NO3)2·6H2O (Sigma 

Aldrich, puriss, p. a.), and Fe(NO3)3 ·9H2O (Sigma Aldrich, puriss, p. a.). All chemicals used in 

synthesis were used without further purification. The obtained brown/black powders were 

calcined for 3 hours at 700 ° C with 1 h heating time.  

Diffraction data were acquired over the scattering angle from 10 to 90° with a step 

of 0.05 s with an acquisition rate of 1 ° min-1 using a Rigaku Ultima IV diffractometer in 

Bragg-Bretano geometry. Irradiation used was Ni-filtered Cu K� radiation with the 

wavelength of 1.54178 Å. Structural refinements were performed using the Rietveld 

method and the GSAS II package [29]. 

Raman spectra were recorded using a 532 nm laser on an XploRA (Horiba Jobin 

Yvon) spectrometer at room temperature in the Raman shift region of 100-1000 cm-1. The 

power at sample was 2.5 mW.  

Scanning electron microscopy (SEM) was used for morphological and 

microstructure analysis on a TESCAN Electron Microscope VEGA TS 5130 MM. Fourier 

transform infrared (FTIR) spectra were recorded on a FT-IR Nicolet 6700 ATR device in the 

range 400-2000 cm-1, with a resolution of 4 cm-1. UV/Vis diffuse reflectance spectra of the 
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obtained powders were measured on a Shimadzu UV-2600 with an ISR2600 Plus 

integrating sphere attachment in the measuring range 200-1200 nm. 

Magnetic hysteresis curves were measured using the Vibrating-Sample 

Magnetometer (VSM) model PAR/EG&G 4500. Samples in powder form were pressed in a 

gelatin ampoule which was tightly fastened to the sample rod, in order to avoid the rotation 

of the powder. Measurements were performed at room temperature, with maximum 

magnetic field of 10 000 Oe (1 T). Constant magnetic field sweep rate of 1000 Oe/min was 

used and for each measured curve 1000 data points were collected. The driving frequency 

of the sample and integration time were 82 Hz and 100 ms, respectively. 

Photocatalytic degradation of aqueous solutions of Methylene Blue (Methylene Blue, 

MB, Sigma-Aldrich) was investigated under visible light irradiation using a halogen lamp 

(70 mW cm-2). 10 mg of the prepared photocatalysts were dispersed in 50 ml of MB 

aqueous solution with a concentration of 10 mg L-1 in a reaction cell. Photocatalytic 

degradation of MB was also carried out under direct natural sunlight in July and August 

2019 between 11 am to 3 pm when the temperature was between 30 and 33 °C and light 

intensity was 800-1100 W/m2, measured with Voltcraft solar radiation measuring 

instrument PL-110SM. To distinguish the degradation effect from adsorption, prior to 

illumination the suspension was left in the dark for 60 minutes for the 

adsorption/desorption equilibrium to occur. At given time intervals, 3 mL aliquots were 

sampled and centrifuged (6000 rpm, 5 min) to remove photocatalyst powders. Changes in 

concentrations of the MB solution were recorded at the wavelength of 663 nm by using a 

Shimadzu UV-2600 spectrophotometer in the interval of 200-800 nm. We further studied 

photocatalytic degradation of as-synthesized spinel ferrites for different pH values (2-10) 

of the pollutant (MB) solution, and also the influence of different concentrations of 

pollutant and doses of photocatalyst on photocatalytic degradation of MB. 

 

3. Results and discussion 

3.1 XRD analysis 

Rietveld refinement of the XRD diffractograms measured for CoxMg1-xFe2O4 spinel 

ferrites (0 ≤ x ≤ 1), shown in Figure 1, enabled the determination of unit cell parameters, 
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atomic positions, and inversion degree (the degree of inversion is defined as the 

percentage of Fe3+ ions occupying the tetrahedral (A) positions in the cubic lattice [30]). 

Traces of hematite (α-Fe2O3) were only noted in MgFe2O4, and this has previously been 

noted for this ferrite [30]. The crystallite size was determined using the Sherrer equation. A 

summary of the obtained parameters is given in Table 1, while detailed parameters are 

given in Table 1s (Supplemental data). The crystallite size increased with increase in cobalt 

mole percentage from 34 nm (Co0.1Mg0.9Fe2O4) to 48 nm (Co0.9Mg0.1Fe2O4), which is 

expected due to higher ionic radii and has been noted before for Co2+ ion doping [31]. The 

determined inversion degree varied between 0.56 and 0.91 depending on the Co2+ ion and 

Mg2+ content and their distribution on tetrahedral and octahedral sites, together with Fe3+ 

ions. The lattice parameter also varied according to the content and distribution of ions and 

was between 8.3703 Å (MgFe2O4) and 8.3919 Å (Co0.9Mg0.1Fe2O4).   

In synthesized MgFe2O4 powder, Mg2+ and Fe3+ ions are located on both octahedral 

(B) and tetrahedral (A) sites, though more Mg2+ ions are on B sites. According to 

Chirawatkul et al. [21] no site preference can be assumed for Mg2+ as a non-magnetic 

cation, so it is likely for MgFe2O4 to be a partially inverse spinel, though according to Sun et 

al. [32] Mg2+ has a “burning” preference for B sites. The percentage of total Mg2+ occupying 

the tetrahedral site has varied from 10-29%, though Henderson et al. determined 50% [12] 

and in literature the inversion degree for MgFe2O4 varies from 0.1 to 1 [21]. In our case, the 

inversion degree was 0.79, thus with 21% Mg2+ cations on A sites. The determined lattice 

constant value falls within the range of previously determined values for magnesium ferrite 

[33].  

For synthesized CoFe2O4 powder the inversion degree was the same as for MgFe2O4 

(0.79) only in this case it is Co2+ ions (0.21 on tetrahedral sites). Chirawatkul et al. [21] 

concluded in accordance with the crystal field theory that Co2+ ions would be more stable 

on octahedral sites, as the most stable configuration of the 7 electrons in the 3d orbital 

would be ��� 
� ��

�. Venturini et al. [34] achieved the switching of the spinel inversion degree 

by excess cations of either iron or cobalt. They also concluded that the synthesis 

parameters of the sol gel combustion process have a strong and significant influence on 
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cation positioning, as their determined degree of inversion for the nominal CoFe2O4 

composition was 0.25. 

When Co2+ ions are introduced into MgFe2O4, they compete with Mg2+ for both A and 

B sites [1]. Mg2+ substituted CoFe2O4 or Co2+ substituted MgFe2O4 have been investigated 

before. Sundararajan et al. [25] noted a diffraction peak shift to lower diffraction angles 

with Mg2+ addition up to x = 0.5. According to Chirawatkul et al. [21] the value of the lattice 

constant (a) increased with an increase in Co2+ content in the Mg-Co ferrite mixtures 

obtained by the sol-gel combustion process, though Druc et al. [1] noted the opposite for 

Mg-Co ferrite mixtures obtained also by sol-gel combustion and subsequent calcination at 

900 oC. In our samples, when the amount of cobalt is low (0.1 and 0.3) cobalt cations 

occupy only octahedral (B) sites, the inversion degree is high (0.91 and 0.88, respectively). 

We can also observe an increase in the lattice constant with the addition of Co2+ (x = 0.1 

and 0.3), as shown in Table 1, and a slight (311) peak shift towards lower values. 

When the amount of cobalt and magnesium is the same (0.5), the inversion degree 

decreases to 0.56, most cobalt ions are on A sites (0.44) and most magnesium ions are on B 

sites (0.49), the lattice constant decreases and the (311) peak has shifted to slightly higher 

values. When the amount of cobalt is higher (0.7 and 0.9), magnesium ions are located only 

on B sites, cobalt ions are on both sites, while the inversion degree varies and is 0.75 for 

x=0.7 and 0.6 for x=0.9. The lattice constant increases with an increase in cobalt content, 

while the (311) peak shifts to lower values. Overall the lattice constant value is the highest 

for x=0.9 and the (311) peak is at the lowest value of 2θ, showing that the cation 

distribution besides the cation content influences these parameters.  
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Figure 1. XRD diffractograms of CoxMg1-xFe2O4 spinel ferrite powders (0 ≤ x ≤ 1) 

 

Table 1. Lattice parameter, inversion degree, crystallite size and direct band gap 

determined for CoxMg1-xFe2O4 spinel ferrites (0 ≤ x ≤ 1) 

 

Sample Lattice 

parameter a (Å) 

Inversion 

degree  

Crystallite 

size (nm) 

Direct band gap 

(eV) 

MgFe2O4 8.3703(8) 0.79 36 2.09 

Co0.1Mg0.9Fe2O4 8.3829(6) 0.91 34 1.96 

Co0.3Mg0.7Fe2O4 8.3847(5) 0.88 38 1.80 

Co0.5Mg0.5Fe2O4 8.3750(5) 0.56 42 1.58 

Co0.7Mg0.3Fe2O4 8.3779(5) 0.75 41 1.44 
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Co0.9Mg0.1Fe2O4 8.3919(4) 0.60 48 1.39 

CoFe2O4 8.3878(5) 0.79 41 1.42 

 

 The crystallite size varied with the content of cobalt and magnesium ions, with the 

highest value obtained for Co0.9Mg0.1Fe2O4 (48 nm) and the lowest for Co0.1Mg0.9Fe2O4 (34 

nm).  

 

3.2. Raman spectra analysis 

Analyses of Raman spectra of CoxMg1-xFe2O4 spinel ferrite powders (0 ≤ x ≤ 1) 

(Figure 2) show the presence of modes characteristic for cubic spinel ferrites (the five 

Raman active modes A1g + Eg + 3T2g according to factor group analysis [30, 35]) with a 

partially or completely inverse spinel structure [36, 37, 38, 39]. The peak intensities 

depended strongly on the distribution of Mg2+, Co2+ and Fe3+ ions. In the Raman spectra of 

spinel ferrites, the A1g peak originates from symmetric breathing modes of the AO4 unit, 

also known as the tetrahedral breath modes, wherein our case A could be M (Mg2+ or Co2+) 

or Fe3+ ions [40, 41, 42]. The T2g (2) and T2g (3) modes originate from ion vibrations of 

octahedra, where the T2g (2) mode originates from asymmetric stretching vibrations of 

(Fe/M)–O bonds, while T2g (3) originates from asymmetric bending vibrations of (Fe/M)–O 

bonds [43]. The Eg mode corresponds to symmetric bending vibrations of (Fe/M)–O bonds, 

while the T2g (1) is related to translational AO4 tetrahedral vibrations [40, 41, 44]. 

Additional modes, besides the five Raman active modes that follow from the group 

symmetry theory, are often present in spinel ferrites in the form of asymmetry in Raman 

peaks. This can be seen in the Raman spectra of our CoxMg1-xFe2O4 spinel ferrites (Figure 

2). The basic reason for this is the redistribution of Fe3+ and bivalent metal ions (Co2+ and 

Mg2+) on tetrahedral and octahedral sites. Asymmetry of the A1g peak, expressed as a 

shoulder effect, is marked as A1g (2) in Figure 2.  
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Figure 2. Raman spectra of CoxMg1-xFe2O4 spinel ferrite powders (x =0, 0.3, 0.5, 0.7 and 1) 

 

There are different views in literature on the origin of A1g (1) and A1g (2) peaks, 

especially concerning MgFe2O4. One view is that the occurrence of the A1g (2) shoulder is 

due to redistribution of cations on tetrahedral sites, i. e. due to the presence of an inverse 

or mixed spinel structure. Some authors [45, 46] attribute the Mg ̶ O bond to the A1g (1) 

peak, while others attribute it to the A1g (2) peak [47]. The same can be said of partially 

inverse and mixed spinel CoFe2O4 where there are also different interpretations of the 

origin of A1g (1) and A1g (2) modes (Fe  ̶ O or Co  ̶ O bonds). The prevailing opinion is that 

the A1g (2) mode at ∼ 610 - 640 cm-1 originates from vibrations of Co ̶ O bonds inside CoO4 

tetrahedron, while the mode at higher Raman shift value originated from Fe ̶ O bonds inside 

FeO4 tetrahedron [48, 49] and our results confirm this assumption. 

Analysis of the Raman spectra of our CoxMg1-xFe2O4 spinel ferrites (Figure 2) shows 

that there is a noticeable red shift of all peaks except T2g (3) with an increase in Co2+ 

content and decrease in Mg2+ content. Similar behavior was noted by Mund et al. [50]. This 

red shift can be explained by the lengthening of the M2+ ̶ O ionic bond and increase of the 
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reduced mass for that bond, due to the larger radius and mass of the Co2+ ion compared to 

Mg2+ (Table 1s). The opposite behavior of the T2g (3) mode attributed to asymmetric 

bending vibrations on octahedral sites has also been noted when nickel ferrite was doped 

with magnesium ions [40]. Analysis of the measured X-ray diffractogram of CoFe2O4 has 

shown that a partially inverse spinel structure was obtained (Table 1), with Co2+ ions 

present on both octahedral and tetrahedral sites. Taking this into account and the Raman 

spectra obtained for CoxMg1-xFe2O4 samples we can conclude that the A1g (2) peak noted at 

about 610 cm-1 originates from the presence of Co2+ ions on octahedral sites. In CoFe2O4 the 

T2g (2) peak (related to the ion vibrations of octahedra) is significantly more expressed 

than the A1g (2) peak, in the sample. The contribution of the presence of Fe3+ ions on 

octahedral sites should also be taken into account in the case of T2g (2). Rietveld analysis of 

X-ray diffraction spectra of CoxMg1-xFe2O4 showed that reduction of x from 1 to 0.5 

(increase in Mg2+ content) is accompanied by the redistribution of cobalt between 

tetrahedral (A) and octahedral (B) sites. When x changes from 1 to 0.7 cobalt (Co2+) ions 

move from octahedral to tetrahedral sites, as magnesium ions prefer octahedral sites for 

low concentrations of Mg2+. The preference of Mg2+ ions for octahedral sites, compared to 

Co2+ and Fe3+ ions, is mentioned by Ehi-Erimosele et al. [51]. In our Raman spectra, this is 

marked by the relative increase of the A1g (2) mode (A sites for cobalt ions) and decrease of 

the intensity of the T2g (3) mode (dominant contribution of asymmetric bending vibrations 

of Co ̶ O bonds in the octahedra), with the decrease of x value to 0.7. At x = 0.5 we can note 

the appearance of the shifted T2g (3) peak due to the increased presence of asymmetric 

bending vibrations of Mg ̶ O bonds in the octahedra. The A1g (1) peak gradually decreases 

due to the transition of Fe3+ ions from A to B sites, due to the mentioned redistribution of 

Co2+ ions. The T2g (2) peak remains quite intensive, as it originates from the contribution of 

all ion types to asymmetric stretching vibrations in octahedral sites. Further decrease of x 

below 0.5 leads to a reduction of the concentration of cobalt ions on tetrahedral sites, with 

a simultaneous increase of iron and magnesium ions on these sites. Due to this, the A1g 

changes form and position, slowly approaching the characteristic look for MgFe2O4. In the 

Raman spectrum of MgFe2O4, compared to C0.3Mg 0.7Fe2O4, the significant decrease in the 

T2g (2) intensity with the respect of A1g mode intensity is noticed. It is in accordance with 

the general observation that in MgFe2O4 spectra the T2g (2) mode is less expressed 
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compared to the A1g peak than in NiFe2O4 or CoFe2O4, at least for spectra of nanoparticle 

systems obtained using the 532 nm laser excitation wavelength, as noted in [40, 51], 

though Raman spectra of MgFe2O4 ferrites depend on the synthesis method, particle size, 

degree of inversion of the spinel structure and the laser excitation wavelength. 

 

3.3. SEM analysis 

SEM images of the CoxMg1-xFe2O4 spinel ferrite powders (0 ≤ x ≤ 1) are shown in 

Figure 3.  

 

Figure 3. SEM images of CoxMg1-xFe2O4 spinel ferrite powders (0 ≤ x ≤ 1) 

The presence of agglomerates is noticeable in all CoxMg1-xFe2O4 spinel ferrite (0 ≤ x ≤ 1) 

powders. Multigrain agglomerates have been observed for magnesium cobalt ferrite 

mixtures before [51]. This has been attributed to magnetic dipole interactions between 

ferrite particles [20] or interfacial surface tension phenomenon [25]. As the Co2+ content 

increases, the agglomerates visible by scanning electron microscopy are composed of 
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compacted particles that are almost melted together, as can be noted especially for 

Co0.7Mg0.3Fe2O4 and Co0.9Mg0.1Fe2O4 samples. Assi et al. [52] noted densely connected 

grains in CoFe2O4 due to interactions between magnetic nanoparticles and also interfacial 

surface tension. They also noted that samples with more magnesium were less 

agglomerated which can be due to the replacement of magnetic cobalt ions with 

diamagnetic magnesium ions.  

 

3.4 FTIR spectra analysis 

FTIR spectra measured for the synthesized CoxMg1-xFe2O4 spinel ferrite powders (0 ≤ x ≤ 1) 

are shown in Figure 4. No organic phases nor nitrate groups were noted. Only peaks 

originating from the cubic spinel structure can be noted in the range 400-830 cm-1. Two 

peaks were noted for all mixtures. For CoFe2O4 they were at ν	 = 550 cm�	 and 

ν� = 418 cm�	 thus confirming the formation of M  ̶ O (M=Co, Fe) bonds at tetrahedral (A) 

and octahedral (B) sites, respectively in accordance with literature data [1, 20]. The shift of 

the ν1 band with the change of cobalt content is caused by the substitution of iron and 

magnesium ions with cobalt ions on the tetrahedral sites. The heavier Co2+ ions substitute 

the proportional amount of Mg2+ ions resulting in an increase in the wavenumber of peaks, 

as noted before [1, 50].  
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Figure 4. FTIR spectra of CoxMg1-xFe2O4 spinel ferrite powders (0 ≤ x ≤ 1) 

 

3.5 UV/Vis spectra analysis 

The Tauc model for a direct system [53] was used to determine the optical band 

gaps of CoxMg1-xFe2O4 spinel ferrite powders (0 ≤ x ≤ 1): α × hν = A (hν - Eg)m, where hν is 

the absorbed photon energy, A denotes a constant linked with the density of electronic 

states above and below the band gap, Eg is the determined band gap, while m takes 

different values depending on the type of transition from the valence to the conduction 

band. In the case of a direct transition m = ½ , which is the case for magnesium or cobalt 

cubic spinel ferrites [54]. The equivalent absorption coefficient (α) was calculated from the 

measured diffuse reflectance spectra using the Kubelka-Munk function. The optical band 

gap Eg was determined as shown in Figure 5 and the obtained values are given in Table 1. It 
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is noticeable that the band gap value decreases with an increase in cobalt content and a 

reduction in magnesium content. This has been noted before by Sundararajan et al. [25]. 

Low values of the optical band gap (between 1.4 and 2.0 eV) have previously been 

determined for nanostructured CoFe2O4 [54]. The band gap of pure magnesium ferrite is 

slightly lower (2.09 eV) than some literature values (2.18 eV [3]). Interfacial defects as a 

result of the formation of additional sub-band energy levels in agglomerated spinel 

nanoparticles can be the cause of overall lower optical band gap values determined in 

nanostructured spinel ferrites compared to the bulk samples [25].  

 

 

Figure 5. Estimation of optical band gap values for direct transition from Tauc plots of 

diffuse reflectance spectra of CoxMg1-xFe2O4 spinel ferrite powders (0 ≤ x ≤ 1) 

 

 It is interesting to note that the lowest optical band gap value was determined for 

Co0.9Mg0.1Fe2O4 (1.39 eV), with slightly higher values for CoFe2O4 (1.42 eV)  and 

Co0.7Mg0.3Fe2O4 (1.44 eV). This could be linked with the sample morphology and crystallite 

size as a result of differences in the synthesis method as previously noted for CoFe2O4 [16, 
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55], besides the cation content (magnesium to cobalt molar ratio) and distribution. 

Sundararajan et al. [25] calculated the band edge positions for Co1-xMgxFe2O4 (0 ≤ x ≤ 0.5) 

spinel nanoparticles, and showed that addition of x=0.1 of magnesium (Co0.9Mg0.1Fe2O4) 

shifted the valence band (VB) potential edge to be less positive and the conduction band 

(CB) potential edge to be more negative compared to pure CoFe2O4. Further increase of 

magnesium content gradually increases the VB edge to more positive values and the CB 

edge moves from less negative to positive values.  

 

3.6 Magnetic properties 

Measured magnetic hysteresis loops at room temperature are shown in Figure 6, 

where monotonous development of the loops with Mg-Co substitution can be observed. 

The increase of magnetization, as well as broadness of the hysteresis loops, occurs with the 

substitution of diamagnetic Mg2+ ions with cobalt Co2+ ions. 

 

Figure 6. Magnetic hysteresis curves at room temperature for different concentrations of 

Co (Mg) in CoxMg1-xFe2O4 

Jo
urn

al 
Pre-

pro
of



17 

 

 

Figure 7. Hysteresis curve parameters for different concentrations of Co (Mg) in CoxMg1-

xFe2O4 

 

Table 2. Magnetization M in the field of 10 kOe (in both units Bohr’s magneton per formula 

unit and emu/g), remanent magnetization MR and coercive field HC for CoxMg1-xFe2O4 spinel 

ferrites (0 ≤ x ≤ 1) 

 

x M in 10 kOe              
(µB per f.u.) 

M in 10 kOe      
(emu/g) 

MR                       
(µB per f.u.) 

HC                                

(Oe) 

0.0 0.981 27.38 0.208 74.0 

0.1 1.119 30.72 0.328 182.5 

0.3 1.422 37.75 0.581 407.5 

0.5 1.770 45.50 0.802 600.0 

0.7 2.316 57.69 1.035 785.0 

0.9 3.082 74.47 1.222 732.5 

1.0 3.179 75.68 1.488 1000.0 

 

Parameters extracted from the hysteresis loops are shown graphically in Figure 7.  

and listed in Table 2. Obtained results exhibit almost linear dependence of remanent 
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magnetization, coercive field and magnetization in the field of 10 kOe on the concentration 

of x. The slightly larger deviation for the sample with x=0.9 is in agreement with other 

anomalies observed for this concentration (microstructure, crystallite size, optical band 

gap). Magnetic parameters for pure Co and Mg ferrites are in good agreement with existing 

data, for example, saturation magnetic moments listed in [56] are 1.1 µB for MgFe2O4 and 

3.7 µB for CoFe2O4 formula units. Accordingly, magnetic parameters obtained for CoFe2O4 in 

this work lie in the range of values obtained for CoFe2O4 nanoparticles synthesized using 

conventional and microwave heating [16, 55]. This increase of the magnetic moment is the 

consequence of the additional unpaired electrons sitting on Co2+ ions that are introduced 

into the ferrite lattice instead of the Mg2+ ions. The coercive field increases with cobalt 

content, which can be understood as a consequence of stronger spin-orbit coupling usual 

for cobalt ions leading to larger anisotropy and therefore to the harder reversal of their 

magnetic moments, causing stronger pinning of the domain walls, i.e. more difficult change 

of magnetic domain structure. The same reasoning applies to the remanence of the studied 

series. Observed large magnetization of the material would make it suitable for the removal 

from the solution using moderate magnetic fields produced by widely accessible 

permanent magnets like Nd-Fe-B. This removal would be more efficient with increased 

content of cobalt in the ferrite. Investigations of the separation efficiency of magnetic spinel 

ferrites have shown that they are highly stable and reusable [26, 31, 55],  

 

3.7 Photocatalytic degradation of methylene blue dye 

3.7.1 Effect of composition 

Photocatalytic degradation by powders with different mole percentages of cobalt in 

CoxMg1-xFe2O4 under the halogen lamp irradiation is shown in Figure 8. MgFe2O4 has a 

better activity (63.4%) than CoFe2O4 (47%), which can be explained with the already 

established quality of magnesium ferrite as a photocatalyst [2], and a lesser degree of 

agglomeration of MgFe2O4 compared to other synthesized powders. Introducing cobalt ions 

into the crystal structure in small cobalt to magnesium molar ratios enhances the 

photocatalytic degradation of magnesium ferrite (x=0.1 (78.8%), x=0.3 (74.8%)). The best 

photocatalytic degradation efficiency under visible light was shown by Co0.1Mg0.9Fe2O4. 

After 240 min, the degradation of MB dye was almost 80% for Co0.1Mg0.9Fe2O4, respectively. 
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Pure CoFe2O4 degraded only 47% of the dye during 240 minutes. Similar results were 

obtained by Gan et al. [57] In their investigation, 50 mg of CoFe2O4 degraded 34% of 200 ml 

methylene blue dye concentration of 10 mg L-1 .  

Co0.9Mg0.1Fe2O4 showed considerable activity (74.5%) which is unexpected but 

might be connected to the structural anomalies which appeared in this particular material 

and which are evident in magnetic and structural investigations.  

 

Figure 8. Photocatalytic degradation efficiency of MB (10 mg L-1) in aqueous solution using 

spinel CoxMg1-xFe2O4 (x=0.0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0) under visible light irradiation 

 

The results obtained for photocatalytic activity of CoxMg1-xFe2O4 spinel ferrites 

under natural sunlight are shown in figure 9.  
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Figure 9. Photocatalytic degradation efficiency of MB aqueous solution (10 mg L-1) using 

spinel CoxMg1-xFe2O4 (x=0.0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0) under natural sunlight irradiation 

 

The best photocatalytic activity under natural sunlight (Fig 9.) was shown by MgFe2O4 

(82% after 240 minutes). Excessive amounts of cobalt in the spinel structure slowed down 

the photocatalytic process, which is consistent with previously reported results. [20, 58]. This 

may be due to the change of morphology of the calcined powders, which formed harder and 

more compacted agglomerates with the increase of the cobalt mole percentage in the 

composition of the spinel structure. Reaction rate constants along with related errors 

extracted from the kinetic curves calculated with the first-order kinetics model are 

presented in Table 3. Godlyn Abraham et al. [20] and Assi et al. [52] also determined that 

Co doping of MgFe2O4 enhances the photocatalytic activity and but excessive amounts slow 

the process. The same thing was observed by Lynda et al. [59] in the case of doping 

MgFe2O4 with zinc cations. 

Table 3. Reaction rate constants extracted from the kinetic curves calculated with the first-

order kinetics model 

X Natural sunlight Visible light 
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k (∙10-3 min-1) k (∙10-3 min-1) 

0 6.6±0.4 3.7±0.3 
0.1 5.0±0.4 5.6±0.4 
0.3 4.2±0.3 5.0±0.4 
0.5 4.3±0.3 4.0±0.2 
0.7 3.9±0.2 4.3±0.2 
0.9 3.9±0.2 5.1±0.3 
1.0 3.2±0.2 2.4±0.1 

 

3.7.2 Effect of catalyst loading 

Optimum catalyst loading is crucial in optimizing a photocatalytic process due to the 

economic aspect of minimizing waste and achieving maximal efficiency. In order to 

understand the correlation between catalyst loading and photodegradation efficiency, in 

this work we investigated the degradation of 10 mg L-1 MB aqueous solution using spinel 

Co0.1Mg0.9Fe2O4 under visible light irradiation with different catalyst loading – 10, 30 and 

50 mg per 50 ml of dye solution (Figure 10). The optimum weight of catalyst loading was 

30 mg per 50 ml of dye solution. Further increase in catalyst loading resulted in a decrease 

in the reaction rate as shown in Figure 10. Similar results were obtained by Padmapriya et 

al. where photocatalytic degradation efficiency of mixed Ni-Zn spinels also increased with 

catalyst dosage up to 30 mg per 100 mL-1, after which efficiency decreased [60]. This is 

caused by active sites on the catalyst surface and penetration of light into the suspension. 

Active sites on the surface of the photocatalyst would increase with increasing catalyst 

loading. However, above optimum catalyst loading, light penetration in the solution 

decreases due to the screening effect of excess catalyst particles [61]. 

Kinetic curves drawn with the first-order kinetics model are shown in Figure 10. It 

can be concluded that moderate loading of the photocatalysts is optimal for this CoxMg1-

xFe2O4 spinel ferrites-methylene blue dye system. 
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Figure 10. C/C0 vs. time plot for different catalyst loading (initial MB concentration was 10 

mg L-1, visible light irradiation) analyzed for Co0.1Mg0.9Fe2O4 

  

3.7.3 Effect of dye concentration 

In order to study the effect of initial dye concentration on the photocatalytic activity 

for Co0.1Mg0.9Fe2O4 catalyst (50 mg) a set of experiments was carried out in order to find 

the optimal dye concentration by increasing the dye concentration from 5 to 20 mg L-1 

(Figure 11) under natural sunlight.  

Reaction rate constants were calculated from the slopes of the kinetic curves and 

they are shown as an inset in Figure 11. A faster reaction is attributed to the lower 

concentrations (5 mg L-1 and 10 mg L-1) which means that they are desirable for a faster 

and more efficient reaction. This result is also predicted and expected because of the nature 

of (MB) dye. It is a substance that absorbs both UV and visible light and it simply reduces 

the extent of the radiation needed for the reaction of generating electron-hole pairs to 

initialize. Also, considering the fact that photocatalysis means adsorption of hydroxyl 

groups onto the photocatalyst surface and consequent hydroxyl radical formation, the 

abundance of MB molecules and their adsorption lowers the number of adsorption active 

sites and therefore decreases the rate of the reaction [62]. 

Jo
urn

al 
Pre-

pro
of



23 

 

 

Figure 11. -ln(C/C0) vs. time plot for photodegradation of MB with different concentrations 

from 5–20 mg L-1 under direct natural sunlight irradiation 

 

3.7.4 Effect of medium pH 

The pH value of the medium in which photocatalytic degradation takes place is also 

one of the crucial factors affecting the photocatalytic degradation of pollutants. The pH 

value determines the ionization state of the semiconductor surface and can affect the 

agglomeration of the photocatalyst material. In low pH electronic holes are the 

predominant oxygen species, while hydroxyl radicals are predominant in high pH [63]. 

Degradation of MB aqueous solution at different pH values (2, 4, 7, 9, 10 and 11) was 

investigated for Co0.1Mg0.9Fe2O4 (50 mg, 10 mg L-1 MB) under visible light. Corresponding 

kinetic curves calculated using first-order kinetics are displayed in Figure 12 and extracted 

reaction rates are shown as an inset in Figure 12. While degradation is negligible in acidic 

conditions, with the increase of pH there is a noticeable increment in photocatalytic 

activity. Higher pH values lead to effective photocatalytic degradation. This phenomenon 

can be explained with the abundance of hydroxyl radicals that participate in the oxidation 

of organic pollutants causing a higher rate of the reaction [64].  
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Figure 12. Influence of medium pH on degradation kinetics of methylene blue dye of 

Co0.1Mg0.9Fe2O4 (50 mg vs. 50 ml of 10 mg L-1 MB solution; visible light) 

Conclusion 

Mixed cobalt magnesium cubic spinel ferrites (CoxMg1-xFe2O4 where 0≤x≤1) were 

synthesized by a sol-gel combustion method. All synthesized powders consisted of 

multigrain agglomerates becoming more consolidated as the cobalt content increased. 

Structural analysis by X-ray diffraction, FTIR and Raman spectroscopy confirmed the 

formation of a partially inverse or inverse cubic spinel structure. The direct band gap of the 

materials decreased with an increase in the cobalt content (from 2.09 to 1.42 eV). 

Magnetization and coercivity increased with the cobalt content, which is the consequence 

of introducing additional unpaired electrons and stronger spin-orbit coupling of cobalt 

ions. The magnetic nature of the synthesized material is advantageous as the photocatalytic 

material can be efficiently removed. Photocatalytic measurements showed that 

photocatalytic efficiency did not differ substantially under natural sunlight or using an 

artificial visible light source, therefore solar energy could be used as a cheap energy source 

for water cleansing in a photocatalytic system. Co0.1Mg0.9Fe2O4 with the smallest mole 

percentage of cobalt showed the highest photocatalytic activity under visible light (79% of 

degradation after 4 hours of illumination). The optimum catalyst loading was determined 
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as 30 mg L-1, for low concentrations of the pollutant (5 mg L-1) aided by the increase of 

medium pH (10). Co-Mg ferrite systems could be further explored and optimized for the 

degradation of other pollutants. 
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Highlights 

• Sol-gel synthesis of nano semiconductors is simple, low-cost and 
efficient  

• Mg-Co ferrite spinels can be used as catalysts in photocatalytic 
water purification 

• Efficency depends on particle size, band gap, agglomeration, 
pH, catalyst loading 
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