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Abstract 

Mg-ion batteries are rechargeable aqueous metal-ion batteries (RAMBs) and eco-friendly energy storage devices. Herein, we 
have fabricated T-MgMn2O4, and T- MgNd0.02Co0.18Mn1.78O4 spinel cathode materials via modifying the sol-gel route. This 
eco-friendly modified method is low cost, high stability, and low toxicity which is carried out by gamma radiation in the Co60 
gamma cell source with a dose rate of 1.2 kGy/h. This method presented good advantages such as lower temperature 
compared to the solid-state reactions, better homogeneity, improved reactivity, and new compositions, and better control of 
stoichiometry, particle size, and purity. The structure and morphology of the as-prepared materials were investigated by X-ray 
diffraction (XRD), electron spin resonance (ESR), Raman, and scanning electron microscope (SEM). The electrochemical 
properties of the as-prepared materials were discussed. Finally, the charge-transfer resistance (Rct), and the discharge specific 
capacity at current density 1mA/g for T-MgMn2O4 and T- MgNd0.02Co0.18Mn1.78O4 were 369.8 Ω, 299 mAh/g, and 196.7 Ω, 
209 respectively. The capacity fading is reduced by doping with a small concentration of (Nd, and Co) as compared to the 
pure MgMn2O4 cathodes; construction is suitable for Mg-ion battery applications. A small quantity of rare earth metal 
elements could improve the stability of the Tetragonal Spinel MgMn2O4 Cathode Material. Moreover, the improvement of the 
electrochemical performance of the prepared cathodes nanocomposite by gamma-irradiated arises from the enlargement of the 
effective electrochemical area along with the enhancement of electrochemical impedance. 
 

Keywords: Rechargeable Aqueous Mg-ion Batteries; Tetragonal-Spinel Cathode Materials; Modified Sol-gel route; XRD; Raman 

spectroscopy; Electrochemical Properties

1. Introduction 

Renewable energy plays a vital role in our lives as 

energy, in general, is the basis for human survival [1]. 

The electrochemical energy storage devices and 

secondary metal ion batteries can be used for 

renewable energy effectively [2]. Environmental 

Economics and Energy (EEE) recommends using 

multivalent-metal ion storage batteries (i.e. Mg2+, 

Zn2+, and Al3+ Batteries) rather than Lithium-Ion 

Batteries (LIB’s), due to having large efficient 

electrical energy storage systems [3], high level of 

safety in electrolytes [4]. Non-lithium battery systems 

(such as sodium-ion and metal-air batteries and 

Rechargeable Mg batteries) are presently used for 

future applications as in hybrid electric vehicles 

(HEV) or electric vehicles (EV), and portable 

electronic (laptops and smartphones)[5]. Magnesium 

Batteries have led us to take a radically different 

approach [6]. However, alkaline earth metals, similar 

passivation films tend to be formed through which 

cations diffuse slowly or not at the base [7]. Mg is the 

fourth most common element on earth (next to iron, 

oxygen, and silicon), and it is the third most abundant 

element dissolved in seawater [8]. Also, Mg is a 

light, abundance in the earth's crust, environmentally 

friendly, non-toxic, bivalent t, and relatively cheap 

metal whose high negative reduction potential is -

2.356 V (vs. SHE), and its, high specific volumetric 

potential capacity is ca. 2200 mAh g-1 (3833 mAh 

cm3)[8]. Therefore, Magnesium is based on 

secondary batteries. Rechargeable Mg-ion batteries 

have numerous challenges such as the development 
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of anodically stable, ion-conducting electrolyte 

solutions, good stability of electrolytes without lack, 

low kinetics of slow magnesium-ion diffusion into 

electrodes [9]. Moreover,  the secondary rechargeable 

Mg-ion batteries have another advantage such as the 

evolution of the passivation layer, low specific 

energy, and high operating voltages of positive 

electrode hosts (cathode) without reducing in 

power[10]. Moreover, rechargeable multivalent-metal 

ion storage batteries (such as Mg2+, Ca2+, and Zn2+) 

are novel to replace Li+ because of double the amount 

of charge stored per intercalated ion. In general, a 

metal-ion battery cell consists of an anode, 

electrolyte, and cathode; the anode in plate metal 

form permits energy gains in energy storage. 

However, the novel cathode material (or positive 

electrode material) must have good structural stability 

to improve the power and energy density, cell 

capacity, and battery life cycle [11]. The materials 

that are typically used for fabricating the anode are 

metallic Magnesium, graphitic carbon, hard carbon, 

synthetic graphite, Magnesium titanate, tin-based 

alloys, and silicon-based materials. The materials 

used for making cathode are an oxide of Magnesium 

manganese, Magnesium cobalt oxide, FeS2, V2O5, 

Magnesium nickel, cobalt manganese oxide, 

Magnesium ion phosphate, and electronic conducting 

polymers .The materials used as electrolytes include 

organic and aqueous solutions .Apart from these 

main components, there are other components such as 

a binder, flame retardant, gel precursor and 

electrolyte solvent [12]. Because of the safety 

concerns and high cost, spinel MgMn2O4 and olivine 

MgFePO4 have become appealing for transportation 

applications due to the low cost and environmental 

courtesy of Mn and Fe, good structural and chemical 

stabilities, and high charge-discharge rate capability. 

However, their limited energy is a drawback. Mn 

dissolution due to the disproportionation of Mn3+ into 

Mn4+ and Mn2+ is the major issue that has plagued 

spinel MgMn2O4 over the years [13].  The spinel 

crystal structure is recognized and promising as a 

positive electrode (cathode) material in the battery 

market, especially its relatively cheap, high operating 

voltage and good kinetics, three-dimensional (3D) 

pathway. Additionally, the spinel crystal structure is 

considered novel cathode structure material due to its 

safe, rapid diffusion of ions, environmentally benign, 

and structural stability [13]. The spinel Mg Mn2O4 

cathode material has a cubic or tetragonal structure 

based on the preparation temperature and doping.  

The tetragonal phase (T- Mg Mn2O4) structure is a 

promising cathode material, due to high theoretical 

capacity (~ 272 mAh g-1), high mobility of Mg 2+ 

cation in an electrolyte, the existence of high spin 

Mn3+ ion in MgMn2O4 leading to the Jahn-Teller 

effect [14].Therefore, this paper aims to novel 

synthesized by using gamma irradiation to obtain a 

gel product instead of heat treatment for tetragonal-

spinel cathode electrodes. We report a simple 

synthesis method that we employed to design and 

fabricate tetragonal-spinel (T-MgMn2O4) and (T- 

MgNd0.02Co0.18Mn1.78O4) via a modified sol-gel route 

[15] by using metal acetates as the raw materials and 

citric acid as the complexing agent. The structural 

and morphology of tetragonal-spinel cathode 

materials are explored by XRD, ESR, Raman, and 

SEM. We also considered the electrochemical 

properties and mechanisms of the reactions in an 

aqueous electrolyte at a 0.5 mV/s potential scan rate 

in the potential range (from -0.8 to 1.2 V). Finally, 

specific capacity, electrochemical impedance (EIS), 

and its equivalent circuit have been determined.  

  

2. Materials and Methodology 

2.1. Materials 

All chemicals used in this study are of high purity 

such as Magnesium Acetate Tetrahydrate 

((CH3.COO)2. Mg.4H2O, Mw = 214.45, LOBA 

Chemie, 98%), Manganese II Acetate Tetrahydrate 

((CH3COO)2 Mn.4H2O, Mw = 245.09, LOBA 

Chemie, 98.5%), Cobalt Acetate 

((CH3COO)2Co.4H2O, Mw = 249.08, Nice 

Chemicals Pvt. Ltd) and Neodymium III Nitrate 

Hexahydrate ( Nd(NO3)3.6H2O, Mw = 438.34, 

LABORT FINE CHEM Pvt. Ltd) precursors. Citric 

Acid E.P. Monohydrate (C6H8O7.H2O, Alpha 

Chemika) was used as a chelating agent. 

3.2. Synthesis of tetragonal spinel cathode 

materials 

A stoichiometric amount of magnesium acetate 

and manganese acetate with the molar ratio of (Mg+: 

Mn+=1:2) were dissolved in double distilled 

deionized (DI) water as the solvent with constant 

stirring. The molar fractions of citric acid:  total metal 

ions=1:1; WMR (32%) from the ammonium solution 

was operated to regulate the sol-gel solution pH to 7. 

The required amount of citric acid was added to the 

above mixed with a stirring speed of 250 rpm and a 

temperature of 80 °C. Full gel structures were formed 
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after the mixture was poured into sealed glass bottles 

and exposed to a total gamma radiation dose of 25 

kGy at a dose rate is approximately 1.2 kGy/ h. The 

scheme for preparation is shown in figure1. The 

irradiation process was conducted on the 60Co 

facility of National Center for Radiation Research 

and Technology (NCRRT), (made in Russia) 

Egyptian Atomic Energy Authority, Cairo, Egypt. 

Achieved gels were dried at 120 °C for 12 hours in a 

hot air oven to evaporate water from the gel. Then the 

calcination processes were carried out at 300 °C for 6 

hours, the resultant pioneer was grounded using 

mortar and pestle. Finally, the calcined powdered was 

subjected to heat-treatment in a muffle furnace at 

800, 850, 800 °C for 6, 8, 12 hours, respectively, and 

a heating rate of 1 °C/min to get the final black color 

product MgMn2O4 (T-MMO) and 

MgNd0.02Co0.18Mn1.78O4 (T-MNCMO).  

We have chosen this novel method for many 

reasons as mentioned below: first, this field (gamma 

or electron beam) is used in many peaceful areas such 

as: 

A- Preparation materials (like modified sol-gel 

method, Polymerization for several polymers) 

B- Effect of radiation on the structure and some 

properties of some materials,  

C- Crosslinking for co-polymers (like LDPE and 

HDPE, etc..) 

D- Reduction for several materials (like silver nitrate 

to obtain Ag Np, reduction for graphene oxide to 

obtain r GO, etc..).Second, this method of preparation 

is environmentally friendly, low cost, high stability, 

and has low toxicity over large-scale commercial 

applications. Finally, the resulting materials from our 

novel gamma irradiation gelation step in preparation 

have a large surface area and high homogeneity. This 

method presented good advantages such as lower 

temperature compared to the solid-state reactions, 

better homogeneity, improved reactivity, and new 

compositions, and better control of stoichiometry, 

particle size, and purity. Therefore, this novel method 

has opened new directions for molecular architecture 

in the synthesis of perovskites. 

 

3. Material Characterizations 

The crystal structural analysis was carried out 

using X-ray diffraction (XRD) in a Shimadzu -2000 

instrument with Cu Kα radiation (λ = 1.5406A°) as 

the source at 40 kV and 10°/min scanning rate 

between 2θ =4°-90° diffraction angle. The 

morphology of the products was investigated using a 

JEOL-T20, scanning electron microscope (SEM).  

The vibrational modes of molecules were determined 

using Raman spectroscopy by Jobin–Yvon model 

U1000, between 4 and 1200 cm-1 at room 

temperature, a double monochromatic has been used 

with argon-ion laser line radiation used as a source of 

light, which has wavelength ~ 514.5 nm and using a 

low excitation power of 10 mW. The free radicals 

created (ESR signals) were detected at room 

temperature by an X-band EMX spectrometer 

(Bruker, Germany) using a standard rectangular 

cavity of ER 4102. All experiments are carried out at 

room temperature (23℃). 

 

 
Figure 1 the synthesis of T-MMO and T-MNCMO 

by the modified the sol-gel route 

 

3.3. Cathode electrode fabrication and 

electrochemical measurements 

To make the electrodes for electrochemical 

studies, the working electrodes were fabricated via a 

combination of active material (T-MgMn2O4) and (T- 

MgNd0.02Co0.18Mn1.78O4) with conductive carbon 

black or acetylene black (graphite) and 

polyvinylidene fluoride (PVDF) as a binder with a 

weight ratio of 80:10:10, respectively. Subsequently, 

mixed smoothly dissolve in NMP with stirred 

vigorously for 6 h to form a slurry.  The overhead 

mixture of 15 μm was pipetted gradually and drop-

casted coated onto pre-cleaned Al paper (2.02.0 cm2); 

coating thickness was adjusted to ≈ 300 μm. The 

coated electrode was dried at 100 ℃ for 24 hrs under 

a vacuum oven to remove the remaining solvent.  

Electrochemical analysis for the above-prepared 

working electrodes was tested in a three electrodes 

cell with 1M of magnesium sulfate dissolved in water 

(MgSO4 aqueous solution) as the electrolyte, the Pt- 

wire as a counter electrode, the Ag/Ag Cl as a 

reference electrode. Electrochemical measurements 
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were carried out using a Biologic SP-300 analyzer 

German electrochemical workstation. Biologic EC-

lab analytical with attached galvanostat/ potentiostat/ 

EIS modules was used for cyclic voltammetry (CV) 

and galvanostatic charge/discharge (GCD) and 

electrochemical impedance spectroscopy (EIS) 

measurements. Cyclic voltammetry (CV) was carried 

out at a scan rate of 0.5 mV/ s with a voltage window 

of (from -0.8 to 1.2 V), and at different scan rates 

(200, 150, 100, 70,50,30,10 mV/ s); the galvanostatic 

charge-discharge (GCD) studies were done for a 

current density of 10 mA g-1 for a voltage range of (0 

- 1 V). Electrochemical Impedance Spectroscopy 

(EIS) study was recorded with frequencies ranging 

from 100 mHz to 200 kHz at an ac amplitude voltage 

of 10mV. These electrochemical investigations were 

carried out at room temperature (23℃). 

 

4. Results and Discussion 

4.1. Structure, morphology analysis of the as-

prepared nanocomposites 

4.1.1. XRD analysis 

The X-ray diffraction patterns of MgMn2O4 and 

MgNd0.02Co0.18Mn1.78O4 are shown in Figure 2. Every 

one of the diffraction features was indexed to the 

tetragonal crystal structure, which fitted by the 

"Fityk1.3.1 program" albeit with a small secondary 

phase. The patterns show that the tetragonal spinel 

structure has been profitably achieved for the 

prepared nanocomposites with a space group of 

I41/amd (141), cell parameters (a=b=5.727 Å, and 

c=9.284 Å), cell volume 304.5 Å3, and the calculated 

density is 4.322 g/cm3 in agreement with ICSD (no. 

00-072-1336 )by using a software “POWD 

MULT”[16]. The main 2θ values at 18°, 29ο, 32°, 

36ο, 38ο, 44ο, and 60° can be indexed as (101), 

(112), (103), (211), (004), (220), and (224) 

respectively, reflections of (T-MgMn2O4); which is in 

good agreement with the informed results in[17].  

The structure of T-MgMn2O4 is arranged at 

interconnected chains of edge-sharing MnO6 

octahedral, cross-linked by corner-sharing single 

MgO4 tetrahedral [18]. A cation migration is detected 

in T-MgMn2O4, in which Mg2+ and Mn3+ exchange 

positions due to their comparable ionic radii (0.63 Å 

for tetrahedral Mg2+ and 0.72 for octahedral Mn3+, 

respectively)[19]. Thus, The Jahn-Teller effect of 

Mn3+ in spinel magnesium manganese oxide 

(MgMn2O4) has been prompted a tetragonal structure. 

The site inversion understands the disproportionation 

reaction obtained below in Kröger–Vink 

symbolization: 

 

Mg×Mg(Tet) + 2Mn×Mn(Oct) →Mn•Mg(Tet) + 

Mg'Mn(Oct) + Mn×Mn(Oct) 

 

The small concentration from Co and Nd doping 

has no influence on the crystal structure of the host T- 

MgMn2O4 material, but some peaks shift on the way 

to higher angles, and smaller lattice parameters. Also, 

we can calculate the crystallite size (D) and the 

microstrain (ε) of the nanocomposites using the 

following relation [20]: 

 

β cos θ /  λ = k / D + 4ε sin θ / λ                                 1 

 

where λ is the wavelength of incident radiation, k 

is a dimensionless shape factor that assumes a typical 

value of ~0.9, and β is the full width at half 

maximum (FWHM) of the diffraction peaks. The 

amount of strain is given by the slope of the straight 

line, while the crystallite size is given by the intercept 

on the β cosθ/λ axis. Moreover, the specific surface 

area (S) of the T- MgMn2O4 nanostructures prepared 

can be calculated by using the relation given below 

[21]: 

 S =  6*103/ D dx        2 

where dx is the X-ray density and D is the 

crystallite sizes. The calculated crystal structure 

parameters crystallite sizes, microstrain, and specific 

surface area are reported in Table 1. It is clear from 

the calculation that a crystal size of less than 100 nm 

has been reached. This provides shorten transport 

lengths for the electrons in the matrix, which also 

promotes cation mobility in the electrolyte. 

Moreover, the small concentration from Co and Nd 

doping increases the surface area of the cathode 

electrode material which is an important feature for 

the energy and power density in the metal ion-battery 

system [22]. 
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Figure 2(a) The X-ray diffraction patterns of T- 

MgMn2O4 and TMgNd0.02Co0.18Mn1.78O4, spinel 

structure (inset figure), and (c) XRD fitting 

byFityk1.3.1 program for T-

MgNd0.02Co0.18Mn1.78O4. 

 

Table 1 the values of crystallite sizes, 

microstrain, and specific surface area for T-

MgMn2O4, and T- MgNd0.02Co0.18Mn1.78O4cathode 

material samples 

 

 

4.1.2. Morphology Study 

 

The morphology was studied using a scanning 

electron microscope (SEM). Figure 3 shows the 

formation of crystalline MgMn2O4 and 

MgNd0.02Co0.18Mn1.78O4 spinel samples. Slight 

changes in porosity due to calcination appear on the 

surface of the prepared samples. The calcination 

temperature was over 800 ° C which could be 

responsible for creating holes and pores which are 

caused by a large amount of gases emitted through 

the prepared process [23]. Also, it easily indicates the 

development of the clusters and fragile network 

structure, because the cathode material samples were 

prepared by the sol-gel technique. The bulk of the 

crystal shows the diamond configuration of the spinel 

framework however, the surface exhibits a diamond 

configuration with visible contrast at the center 

octahedral sites and the absence of contrast at the 

tetrahedral sites. Contrasting particles of MgMn2O4 

possessing octahedral shapes with sharp edges and 

flush surfaces, particles of MgNd0.02Co0.18Mn1.78O4 

have a more skirted shape with grooved surfaces. 

With the lowest Nd content, the particle still 

possesses some characteristics of octahedral shape 

but tends to grow into a rounded shape [24]. 

 

 

Figure 3 the scanning electron microscope (SEM) 

of (a) T- MgMn2O4, and (b) T-

MgNd0.02Co0.18Mn1.78O4 spinel samples 

 

4.2. Vibrational analysis of the as-prepared 

nanocomposites 

4.2.1. Raman Spectra analysis 

 

Raman spectrum of T-MgMn2O4 and T-

MgNd0.02Co0.18Mn1.78O4 spinel samples in the 

wavenumber range from 200 to 1000 cm-1 is 

illustrated in Figure 4. The tetragonally disfigured 

spinel of MgMn2O4 oxides is dominated by the Mg 

ions in the locations of the tetrahedral plan. The 

stationary collaborative Jahn–Teller distortion is for 

Mn3+ ions in the octahedral positions as a result of the 

tetragonal elongation of the two apical Mn–O bonds. 

On the other hand, the crystal structure of MgMn2O4 

spinel at a calcination temperature above 600  

belongs to the I41/adm space group. Also, the Factor 

group analysis can be achieved with the assistance of 

the correlation technique [25], which provides 10 

allowed Raman phonon modes with (Γ = 

2A1g+3B1g+B2g+4Eg). Generally, spinel manganese 

oxides materials have energies in the range of ~ 600–

650 cm-1 which attribute vibrations relating to the 

motion of oxygen exclusive to the octahedral unit 

MnO6. Particularly in MgMn2O4 spinel, peak 1 is the 

strongest one in the phonon mode at 661.05 cm-1 for 

Mn3O4 which belongs to A1g symmetry[26]. Also, it 

is remarked that a distinct broad peak 2 is located 

nearby 514.98 cm-1 and has a low intensity for all 

spectra. Moreover, Peak 2 belongs to B2g mode and 

outcomes permit the direct function of the tetrahedral 

cation in this ordinary mode ascription. Besides at 

inferior energies, peak 3 has been investigated at 

378.3 cm-1 which signifies Eg (1) model in which the 

irregular shape of Mn3O4 anticipated the occurrence 

of a complementary element. Peak 4 denotes Mn3O4 

at 312.66 cm-1 which belongs to B1g (1) and its 

intensity diminishes in MgMn2O4, which has a minor 

intensity for all spectra[25]. Correspondingly, it 

appears that this peak is exactly influenced by the Mg 

ion, including reinforcement and a good correlation 

by reducing ionic radii, which may be originated 

Sample Crystalline 

size, D 

(nm) 

Strain Specific 

surface 

area, S 
(m2/g) 

T-MgMn2O4 47.36 1.26× 10-3 29.3 

T- 

MgNd0.02Co0.18Mn1.78O4 

84.9 7.37× 10-4 16.35 

(a) 
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between the peak energy and the Mg–O bond 

lengths[12]. 

The extra Raman mode was at an elevated 

frequency and modified loosely in parallel with the 

A1g essential mode in the entire composition. This 

characteristic opposes the ascription of the extra 

Raman line to a vibration mode of the impurity 

phase. This electronic feature is similarly dependable 

for a baseline that is not smooth and can be denoted 

by a very broad peak. The fitting spectra were 

approved; this investigation structure is expected to 

be of the Lorentzian formula and the baseline was 

being supplemented in a small range of wavenumbers 

in the range 200 - 250 cm-1 since only this ‘wing’ of 

the Rayleigh peak, is distinguished in our trials. 

There are no differences in the Raman spectra of 

the ordered spinel structure and the 3-D distribution 

of phases in doping MgMn2O4 spinel material with 

Co and Nd elements. But, there are changes in the 

intensity of vibrational peaks which due to the doping 

effect[14]. However, the shift in wavenumber to 

lower sides occurred in A1g and B2g modes, and also 

the FWHM was increased. The main reason for these 

lower shifts in wavenumbers is the increase in the 

effective mass of the Mn(Nd)-O bond due to the 

larger atomic weight of Nd than Mn. Furthermore, 

the increase in FWHM is due to the disorder at the 

site of the oxygen octahedral[27]. The Raman 

parameters such as vibrational modes, FWHM, 

height, and area are tabulated in table 2. 

Figure 4 Raman spectrum of (a) T-MgMn2O4 and 

diffraction pattern (inset figure), and (b) T-

MgNd0.02Co0.18Mn1.78O4 spinel samples 

Table 2 the values of Raman vibrational modes, FWHM, height, and area for T-MMO, and T-MNCMO 

cathode material samples obtained by Nelder-Mead simplex fitting method using Fityk program 

Samples Vibrational modes Peak Position (cm-1) Height Area FWHM 

T-MgMn2O4 A1g 661 17.9 1112.4 39.5 

B2g 514.9 9.04 207.7 24.6 

Eg 378.3 7.05 356.4 14 
 B1g (1) 312 5.6 110.4 12.5 

T-MgNd0.02Co0.18Mn1.78O4 A1g 651.8 26.08 2267.1 55.3 

B2g 461 5.6 189.9 33.5 

Eg 377 12 171.2 15.4 

 B1g (1) 295 9.5 112.2 12.8 

4.2.2. Electron Spin Resonance (ESR) analysis 

 

ESR spectroscopy was used to detect unpaired 

electrons (free radicals) in the prepared samples and 

to analyze paramagnetic species. The ESR spectra for 

T-MMO and T-MNCMO cathode material samples 

are shown in Figure 5. A quantitative ESR analysis of 

magnesium-manganese spinel phase was created by 

Lorentzian function method. In general, Mn2+ (total 

spin S = 5/2) and Mn4+ (S = 3/2) and (μ = 3.87 μB) 

are paramagnetic species, and hence ESR-active, 

while diamagnetic Mn3+ (S = 2) is not active and so 

“silent” in electron spin resonance (ESR). From 

Figure (5a) it can be noticed that direct tetragonal 

spinel signals credited to Mn 3+ ions have non the 

Jahn–Teller effect (JTE), while, Mg2+ ions are on the 

octahedral sites and Mn3+ ions on the tetrahedral 

ones. This can be attributed to the charge balance 

presence or an equal number of Mn ions on 

octahedral sites. In other words, the ESR signals are 

either decreased in intensity or inactive due to the 

very low tetragonal distortion of the related Mn 3+ 

octahedral distortion. 

From Figure (5b) in it can be observed that the 

ESR spectrum has paramagnetic behavior and the 

lone pair of electron states is identified due to a small 

value of the magnetic moment supported by Mn4+ 

ions which are compared with expected for a spin S = 

3/2. However, the sharp signal position for 

uncorrelated spins Mn4+−Mn4+ is dipolar interactions. 

But, the obtained broadening signal of Mn4+−Mn3+ is 

correlated due to the charge state of the manganese 

localizes and the electronic structure of prepared 

cathode material samples [28] which is confirmed by 

the Raman spectra of our samples. From the 

Lorentzian line based on the Zeeman Effect, The g 

value can be determined. The fitting procedures are 

peak center, linewidth or full width at half maximum 

(FWHM), peak height, g‖ ,  g┴ values, and the number 

of spins are about 3473.1 G, 44.8,  19608 G, 1.99405,  

2.00988, and 2.07058 1020 respectively for T-

MgNd0.02Co0.18Mn1.78O4 cathode material sample. 

The obtained results from ESR analysis about the 
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electronic structure of T-MMO and T-MNCMO 

cathode material compounds are confirmed by the 

Raman spectra analysis. Finally, ESR technique 

proved that T-MgMn2O4 and T-

MgNd0.02Co0.18Mn1.78O4 compounds are promising as 

cathode materials, and also, as high-voltage spinel-

type materials for magnesium-ion battery [29]. 
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Figure 5 the ESR spectra for (a) T- MgMn2O4, 

and (b) TMgNd0.02Co0.18Mn1.78O4cathode material 

samples 
4.3. Electrochemical properties of the as-prepared 

nanocomposites cathode 

4.3.1. Electrochemical Impedance 

Spectroscopic(EIS) analysis 

 

EIS is an important tool to study the impedance 

that occurs during the intercalation /de-intercalation 

of Mg2+ ion during the redox process, as well as the 

electrical properties of the cathode material for metal-

ion battery [30]. The Nyquist plot of T-MgMn2O4 

and T-MgNd0.02Co0.18Mn1.78O4 compounds is shown 

in figure 6. From the figure it is clear to see two 

distinct regions: (a) semicircular arc (the ionic 

conductivity) in the high-frequency region and (b) 

straight line (the electronic conductivity) in the low-

frequency region. The diameter of the semi-circle has 

reflected the value of the charge-transfer resistance 

(Rct), which is associated with the formation of a 

passivation film on the surface of the cathode 

materials [31]. Besides, the linear portion in the low-

frequency region is designated to Warburg 

impedance (W), which is ascribed to the diffusion of 

Mg ions into the bulk of the electrode materials. The 

calculated parameters of electrochemical impedance 

spectra based on the equivalent circuit are tabulated 

in Table 3. The resistance of solution (RS) and the 

resistance of electrolyte interface (RSEI) are potential-

independent and have small differences due to the 

stability between the electrolyte and the surface 

electrodes. Battery discharging with a higher current 

value is due to diminishing the charge transfer 

resistance (Rct), whereas the capacity fades during 

cycling due to the increase in the charge-transfer 

resistance (Rct) value [18],[32]. The electrical 

properties of cathode materials are ascribed by the 

Bode plot. The Bode plot is the plot between (log 

frequency) and (log Z) of T-MgMn2O4 and T-

MgNd0.02Co0.18Mn1.78O4 compounds as shown in 

figure 7a. The relationship between phase Z and the 

frequency of T-MgMn2O4 and T-

MgNd0.02Co0.18Mn1.78O4 compounds is shown in 

figure 7b. This figure indicates the stability and 

efficiency of the cathode materials for Mg-ion 

battery. 
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Table 3 The calculated parameters for electrochemical impedance such as the charge-transfer resistance 

(Rct), Warburg impedance (W), The resistance of solution (RS), the resistance of solid electrolyte interface 

(RSEI), capacitance of solid electrolyte interface, and double-layer capacitance of electrochemical 

impedance spectra based on the equivalent circuit. 
 

Samples Rct , 

Ω 

W, 

Ω.s-1/2 

Rs, 

Ω 

RSEI, 

Ω 

CPESEI, 

F.s/A 

CPE dl, 

F.s/A 

T-MgMn2O4 369.8 1.059 5.64 0.69 5.17×10-12 1.054×10-3 

T-MgNd0.02Co0.18Mn1.78O4 137.7 119.9 0.022 8.38 2.23×10-7 4.41×10-3 

 

4.3.2. Cyclic Voltammetry and cycling stability 

Studies of T-MgMn2O4 and T-MgNd0.02Co0.18Mn1.78O4  

cathode materials in aqueous solution 

 

In order to investigate the charge-discharge 

process, we performed a cyclic voltammetry test for 

the two as-synthesized cathode materials using a 

three-electrodes test cell in an aqueous electrolyte 

solution (1 M MgSO4), the test voltage window was 

(-1 to 1 V) and at different scan rates (200, 150, 100, 

70, 50, 30, 10 mV/s) as shown in Figures 8. It can be 

seen that the anodic current peak position is slightly 

shifted to a higher value of current with an increase in 

the scan rate due to electrode polarization, and the 

conductivity of the electrode materials, which 

indicates that the electrochemical kinetics of the 

electrode material has been greatly improved [33]. 

Using a very low scan rate at 0.5 m V/s a cyclic 

voltammetry experiment was performed and the CV 

plot of T-MgMn2O4 and T-MgNd0.02Co0.18Mn1.78O4 

cathode materials is given in Figure 9. The low scan 

rate CV curve for T-MgNd0.02Co0.18Mn1.78O4 

increases slightly in the peak current values 

compared to T-MgMn2O4, which indicates the 

periodic activation of the electrode material [33]. 

Doping with Co and Nd elements plays a critical role 

in the redox process because the rare-earth elements 

(e.g. La, Nd) stabilize the structure [34]. For the T-

MgMn2O4 cathode material, two anodic small peaks 

(Epa) are observed at (0.95, and 0.14V) and two 

cathodic peaks (Epc) at (0.75, and -0.12 V). While for 

MgNd0.02Co0.18Mn1.78O4 cathode material, there are 

two broad anodic peaks (Epa) at (1.13, and 0.12V) 

and one cathodic peak (Epc) at (-0.23V) which is 

shifted to lower voltage after doing [35]. These redox 

peaks are noticed due to the stepwise co-intercalation 

of Mn2+/Mg2+ into the spinel for divalent intercalation 

in the manganese-based host for rechargeable 

aqueous metal-ion batteries (RAMBs)[36], [37]. The 

trend of CV plateau is indicated by the stable 

electrochemical reversibility of the cathode material 

and the electrochemical reactions during the 

discharge/charge process can be expressed by the 

following equations [30]: 

 

MgMn2O4 ↔ Mg2+ + Mn2O4 

 

The charge-discharge studies are carried out based 

on the best cyclic voltammetry results, the specific 

charge-discharge capacity against the potential of T-

MgMn2O4, and T-MgNd0.02Co0.18Mn1.78O4 cathode 

materials is given in Figure 10. It can be seen that the 

highest discharge capacities are 299 mAh/g, and 209 

mAh/g at a current density of 1 mA/g for T-

MgMn2O4 and T-MgNd0.02Co0.18Mn1.78O4 cathode 

materials, respectively. The discharge capacity is in 

the reverse order for electrical conductivity. This is 

noticeably due to the reduction in active manganese 

ions in the case of doped compounds. The reduction 

in discharge capacity is due to the strong ionic 

interactions and the redistribution of the charged 

cation in the host material by doping [38]. The 

irreversibility of about 2% in the first cycle may be 

due to the formation of nanocomposite produced by 

gamma radiation into the fabricated electrodes 

increasing the available surface area with additional 

active sites for faradaic reactions, and fewer 

obstructions in the electron transfer process which 

indicates the remarkable electrochemical stability of 

this system. This demonstrates that the irradiated 

nanocomposites are well attached to the electrode 

surface and have not detached from the surface 

during the repeated charge-discharge process [39].  

 

Cyclability is a phenomenon that reflects the 

specific capacity growth with increasing cycle 

numbers. The cycling stability is a momentous 

parameter for practical applications [40]. The 

cyclability pattern (the relationship between cycle 

number and capacitive retention (cr %)) for T-

MgMn2O4 and T-MgNd0.02Co0.18Mn1.78O4 cathode 

materials is given in Figure 11. It can be seen that T-

MgNd0.02Co0.18Mn1.78O4 cathode material showed 

high reversible capacitive retention with nearly 99% 

and the coulombic coefficient was still high up to 

99.8% after 50 cycles at a current of 1 mA/g; this is 

indicating to good cycling stability. This 

improvement in the cyclability is observed in T-

MgNd0.02Co0.18Mn1.78O4 cathode materials due to the 

structural stability of Nd, and Co doping in T-

MgMn2O4. It should be noted that this periodic 

activation process of the cathode electrode in an 

aqueous electrolyte is predominant during cycling 

because of the longer discharge/charge reaction time 

giving more reversible active sites, resulting in 
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increased specific capacity with increasing cycle 

numbers. Based on the earlier analysis, a significant 

improvement of the electrochemical performance of 

the prepared cathodes nanocomposite by gamma-

irradiated arises from the enlargement of the effective 

electrochemical area along with the enhancement of 

electrochemical impedance. Second, the porous 

structure can offer enough space for ionic transport, 

and a shorter ionic diffusion path, prompting a good 

capability rate. In addition, the interconnected porous 

structure can offer more paths for the conduction of 

electrons, and the nanostructured surface exploits the 

transport of electrolytes and provides a wide surface 

area for charge-transfer reactions [41]. 
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Figure 8 The cyclic voltammetry curves of (a) T-

MgMn2O4, and (b)T-MgNd0.02Co0.18Mn1.78O4 

cathode materials using a three-electrodes test cell 

in an aqueous electrolyte solution (1 M MgSO4), 

the test voltage window was (-1 to 1 V) and at 

different scan rates (200, 150, 100, 70, 50, 30, 10 

mV/s) 

The relationship between charge time and power 

for T-MgMn2O4 and T-MgNd0.02Co0.18Mn1.78O4 is 

shown in Figure 12. The value of power in the case 

of Nd and Co-doped MgMn2O4 is lower than the case 

for MgMn2O4 at the same charge time. Nd4+ ions 

possess larger 4d electron orbitals than the 3d orbitals 

of Mn2+, overlapping with O2- 2p orbitals may result 

in enhanced conductivity leading to enriched high 

evaluate performances of Nd and Co-doped 

MgMn2O4. However, the relationship between power 

and potential for T-MgMn2O4 and T- 

MgNd0.02Co0.18Mn1.78O4 is given in Figure 13. The 

value of power in the case of Nd and Co-doped 

MgMn2O4 is lower than the case for MgMn2O4 at the 

same applied voltage for charge and discharge time. 

A well-mannered rate capability for cathode materials 

is substantial in high power products such as 

EVs/HEVs meanwhile such apparatus regularly 

alterations between constant speed mode (moderate 

current output) and accelerating mode (large current 

output). 
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Figure 9 CV plots of T-MgMn2O4 and T-

MgNd0.02Co0.18Mn1.78O4 cathode materials at very 
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T-MgNd0.02Co0.18Mn1.78O4 cathode materials at a 

current density of 1 m A/g 
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 Figure 11 the cyclability pattern for T-MgMn2O4 

and T-MgNd0.02Co0.18Mn1.78O4 cathode materials 
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Figure 12 the relationship between charge time 

and power for T-MgMn2O4 and T-

MgNd0.02Co0.18Mn1.78O4 
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Conclusion 

In the present paper, I am reporting, for the first 

time, the synthesis of T-MgMn2O4, and T- 

MgNd0.02Co0.18Mn1.78O4 spinel cathode materials by 

modified sol-gel route (citrate -gel method); Gelation 

step was carried out by gamma radiation in the 

Cobalt-60 gamma cell source (made in Russia) 

installed at the National Centre for Radiation 

Research and Technology, Cairo, Egypt (with dose 

rate 1.2 kGy/h). This method of preparation is 

environmentally friendly, low cost, high stability, and 

has low toxicity over large-scale commercial 

applications. I am also describing structural and 

electrochemical properties for prepared MgMn2O4 

and Mg Nd0.02 Co0.18 Mn1.78 O4 cathode materials. The 

potential applications of these multifunctional 

cathode electrode materials were concluded as 

conformist substances in Mg-ion battery 

technologies.  Especially in this article, the 

improvement of the specific capacity of this 

multifunctional cathode electrode material MgMn2O4 

has been depicted by doping 3d transition elements 

like Co and small concentration from 4d rare earth 

elements like Nd. Doped 3d orbitals and 4d orbitals, 

radius overlapping with O 2p orbitals have been 

suggested to be major appliances for improved 

electronic conductivity. These results accessible have 

revealed the ability of 3d and 4d transition metals 

doping to develop high-rate electrochemical 

performances of spinel-structured MgMn2O4 cathode 

materials. Summing up the results, it can be 

concluded that, this approach may cover the 

technique for the workable application of spinel-

structured transition metal oxides as cathode 

materials for the new generation of high-power Mg-

ion batteries. 
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