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Abstract:  
To examine the structural and optical properties of nanostructured ferrites, namely those with the formula Co1-

yMnyNdxFe2-xO4 x = 0.00, 0.02, 0.04, 0.06, 0.08, and 0.1 nano ferrites, the citrate gel method was employed. X-

ray diffraction (XRD) revealed a cubic spinel structure with crystallite diameters ranging from 22 nm to 38 nm; 

while scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) revealed the 

granular morphology and elemental composition. Fourier-transform infrared (FTIR) and Raman spectroscopy 

were used to describe molecular vibrations, confirming the formation of spinel structures. Optical properties of 

the samples evaluated by the UV-Visible spectroscopy. Tauc’s plots used to calculated optical band gap energy 

of the samples. The direct band gap energy of the samples found to be range from 1.98 to 2.5 eV.  
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I.Introduction 
Nanoferrites are spinel-structured magnetic materials that have special nanoscale characteristics like 

large surface area, super para magnetism, and adjustable magnetic behaviour.  Their versatility in applications 

such as energy storage, biomedical technology, sensors, and catalysis has led to a great deal of research in material 

science[1,2].  By using synthesis techniques and doping or changing the composition of their cations, their 

characteristics can be accurately adjusted.  Their magnetic performance and thermal stability are affected by these 

changes. Spinal ferrites, a class of ceramic magnetic materials with the general formula AB2O4, are the subject of 

much investigation because of their unique structural, catalytic, and magnetic properties[3].  The spinel crystal 

arrangement is the source of the structure of these materials, while A and B represent different cations, such as 

divalent and trivalent metal ions, respectively.  Within the densely packed cubic lattice of oxygen atoms (O), the 

cations occupy the interstitial tetrahedral and octahedral sites[4,5].  In a typical spinel ferrite, (A) ions usually 

occupy tetrahedral sites, while (B) ions occupy octahedral sites, albeit cation inversion may occur depending on 

the conditions of the material's production[6,7].  

These materials' remarkable magnetic permeability and low eddy current losses make them popular for 

use in inductors, transformers, microwave devices, and magnetic storage.  The functional features of nanoferrites 

are greatly improved by doping them with rare earth or f-block elements, such as Nd, Ce, Y which introduce 

distinctive electronic configurations and localized magnetic moments[8,9].  These dopants enhance thermal 

stability, coercivity, and saturation magnetization, which makes the materials perfect for use in spintronic devices 

and high-density magnetic storage.  Furthermore, rare earth ions produce defect states in the bandgap that increase 

photocatalytic effectiveness and absorption of visible light for the destruction of environmental pollutants.  

Rare-earth cations have larger ionic radii than Fe3+ or Co2+.  When these ions are substituted in the spinel lattice, 

strain is generated and lattice deformation results.  The larger ions disrupt the regular arrangement of the lattice, 

causing changes in bond lengths and angles, which leads to this strain.  Such distortions can affect the material's 

density, crystallinity, and elastic properties[10].  

The induced strain alters the coercivity and magnetic anisotropy of the materials and influences the 

magnetic interactions between cations at octahedral and tetrahedral sites.  The unpaired f-electrons provided by 

rare-earth ions interact with the d-electrons of the transition metal ions in the spinel structure.  This interaction 

changes the overall magnetic moment of the material[11-13].  Depending on the specific rare-earth ion being used, 

the magnetic properties, such as saturation magnetization, coercivity, and Curie temperature, can be altered.  For 

instance, the material might be suitable for high-density magnetic storage if the replacement's enhanced anisotropy 

led to an increase in coercivity[4].  The citrate gel approach is the preferred technique for producing nanoferrites 

with particular properties for use in biomedical, catalytic, and magnetic applications because of these advantages.  
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Because of their large surface area, adjustable characteristics, and increased reactivity, nanomaterials are essential 

for treating water because they effectively remove pollutants such heavy metals, dyes, and pathogens.  

Nanoferrites are notable among these due to their multifunctionality and magnetic separability[14].  With the use 

of an external magnetic field, magnetic nanoferrites, such as ZnFe2O4 or CoFe2O4, can readily be extracted from 

treated water and can be used to adsorb heavy metals or break down organic contaminants by photocatalysis.  By 

increasing visible light absorption and decreasing electron-hole recombination, rare earth-doped nanoferrites 

significantly boost photocatalytic activity and effectively degrade tough contaminants.  In addition to increasing 

treatment effectiveness, these materials provide reusable and sustainable solutions, which are essential for tackling 

the world's water quality issues. In the present study, synthesized Co1-yMnyNdxFe2-xO4: x = 0.00, 0.02, 0.04, 0.06, 

0.08, and 0.1 nano ferrites by citrate gel auto combustion method. The structural, optical and morphological 

investigations have been done.    

 

II. Experimental analysis 
Nano ferrites preparation  

Co1-yMnyNdxFe2-xO4 spinel ferrite nanoparticles (x=y = 0.00, 0.02, 0.04, 0.06, 0.08, and 0.1) were 

synthesized via the "citrate gel auto-combustion method". This method is widely recognized for its simplicity, 

cost-effectiveness, and ability to produce nanoparticles with uniform combustion and controlled particle size. In 

this synthesis process, stoichiometric concentrations of metal nitrates, including citric acid, manganese nitrate, 

ferric nitrate, neodymium nitrate and cobalt nitrate, were dissolved in deionized water. Citric acid act as a chelating 

agent, forming complexes with metal ions, and also serves as a fuel or combustion agent, which facilitates the 

auto-combustion process. The pH of the stock solution was adjusted to 7 using ammonia solution, ensuring a 

neutral environment. The neutral pH was evidenced by the dark green appearance of the solution. The mixture 

was subjected to continuous stirring at approximately 80 °C on a hot plate, leading to the formation of viscous 

gel.  The gelation process is critical as it allows for uniform distribution of metal ions within the matrix. Upon 

self-ignition, the gel underwent an exothermic rection, transforming into a highly porous ferrite powder due to the 

rapid release of gases during the combustion. Subsequently, the resulting powder was subjected to calcination in 

a muffle furnace at 500oC for four hours to improve the crystallinity and remove any residual organic 

matter[15,16]. The calcinated ferrite powder was then finely ground using a mortar and pestle for one hour to 

achieve a uniform particle size and enhance its magnetic properties. Fig 1. Shows the flow chart of citrate gel auto 

combustion method.    

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 1. Flow chart of Co-Mn-Nd nano ferrites synthesis 

 

Material Characterization Techniques  

Co1-yMnyNdxFe2-xO4 (x,y= 0.00-NdMN-0, 0.02-NdMN-1, 0.04-NdMN-2, 0.06-NdMN-3, 0.08-YbMN-

4, and 0.1-NdMN-5) nanoparticles were subjected to X-ray diffraction utilizing a Bruker D-8 advanced and an X-

ray diffractometer with Cu Kα radiation at 0.15406 nm in order to determine their spinel-phase and cubic nature. 

To analyse the morphology, a field emission scanning electron microscope (FE-SEM, JEOL JSM-6480LV) and 

energy dispersive spectroscopy (EDS) were employed. The materials' spinel phase development can be verified 

using a laser FTIR (FTIR-PerkinElmer L1600). A Shimadzu UV-NIR UV-3600 Plus double beam 

spectrophotometer was used to analyse the spectral band gap of Mn & Nd-substituted CoFe2O4. A VSM has been 

used to assess the magnetism of the prepared sample (VSM-Quantum Design, USA, PPMS-DynaCool-9T). A 

UV–vis spectrophotometer (UVS-2800, USA) was used to detect the degradation of MB, and acid red, the 

absorbance of the irradiated mixture was determined at different times. 
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Materials photocatalytic activity  

The photocatalytic activity of the prepared samples was evaluated using two dyes that are sensitive to 

visible light: Methylene Blue (MB) and Rhodamine Blue (RB). For the experiment, 0.05 g of both MB and acid 

red were carefully weighed and set aside. Similarly, 0.05 g of the catalyst, specifically the ferrite sample, was 

separately measured and dissolved in deionized distilled (DD) water. To ensure uniform dispersion, each dye and 

catalyst were independently dissolved in approximately 50 millilitres of DD water. The solutions were then 

thoroughly mixed using a magnetic stirrer to achieve homogeneity. Before exposing the samples to light 

irradiation, the mixtures were kept in the dark for 20 minutes to establish adsorption equilibrium between the dye 

molecules and the catalyst surface. A 400 W power bulb was utilized as the irradiation source to simulate visible 

light conditions. During the photocatalytic experiment, samples were extracted at specific time intervals using a 

20-gauge syringe. In this case, the time intervals were fixed at every 20 minutes to monitor the degradation process 

systematically.   

 

III. Results and Discussions 
XRD analysis  

X-ray diffraction technique is a prime significant technique for analysing the phase and crystalline nature 

of the materials. Fig. 2 indicates the X-ray diffraction pattern of the synthesized Co1-yMnyNdxFe2-xO4 x=y = 0.02, 

0.04, 0.06, 0.08, and 0.1 nano ferrites. X-ray diffraction pattern of the synthesized ferrites samples indicated a 

single-phase cubic spinel structure and the absence of secondary phase[17,18]. The XRD pattern planes well 

matched indexed include the 111, 220,311, 222, 400, 422, 511, and 440. The x-ray diffraction pattern planes well 

matched with JCPDS card number 001-1121; the measured XRD peaks indexed with a cubic spinel structure.  
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Fig.2 X-ray diffraction pattern of Co1-yMnyNdxFe2-xO4 x = 0.02, 0.04, 0.06, 0.08, and 0.1 nano ferrites 

 

The prepared Nd & Mn substituted cobalt based nano ferrites exhibit a crystalline nature with Fd3m 

space group and FCC structure, highlighting the samples asymmetry and stability[19]. Additionally, the XRD 

pattern of the prepared samples indicates the absence of secondary phase or contaminants. From the broad and 

high intensity peaks, the average crystalline size of the samples was calculated by the following Debye-Scherrer 

equation[20].   

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑠𝑖𝑧𝑒 (𝐷) =
0.94𝜆

𝛽𝐶𝑂𝑆𝜃
 

 

The lattice parameter of the samples was calculated by following equation. 𝐿𝑎𝑡𝑡𝑖𝑐𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑎 =

𝑑√ℎ2 + 𝑘2 + 𝑙2 . where d indicates interplanar distance and h, k, and l indicates miller indices. The average 

crystalline size and lattice parameter of Co1-yMnyNdxFe2-xO4 nano ferrites with x = 0.02, 0.04, 0.06, 0.08, and 0.1 

vary, as shown in Fig. 3. The average crystalline size of the Co-Mn-Nd nano ferrites was found to be in the range 

of 22-38 nm, while the lattice parameter of the samples ranged from 8.366 to 8.381 Å. The crystalline size of the 

samples initially decreased up to a concentration x=y=0.04. Later it increased to a higher value around 37 nm 

before gradually decreasing again 22 nm. The similar trend was observed in the lattice constant of the synthesized 

samples. This variation of the synthesized spinel ferrites indicates that the unit cell size has been altered by the 

structural changes like ionic substitution, lattice strain or preparation. Substituting metal cations with different 

ionic radii may alter both properties. The following equation was used to calculate the unit cell volume of the 

samples. 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 (𝑣) = 𝑎3.  
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Fig.3 Variation of crystalline size and Lattice 

parameter of Co1-yMnyNdxFe2-xO4 x = 0.0, 0.02, 0.04, 

0.06, 0.08, and 0.1 nano ferrites 

Fig.4 Volume of unit cell and X-ray density of Co1-

yMnyNdxFe2-xO4 x = 0.0, 0.02, 0.04, 0.06, 0.08, and 

0.1 nano ferrites 

 

Table 1. XRD parameters of Co1-yMnyNdxFe2-xO4 x = 0.0, 0.02, 0.04, 0.06, 0.08, and 0.1 nano ferrites  

 

The calculated unit cell volume varied between 585.88 to 588.89 Å, suggesting that the addition of Nd 

to the host material caused minor changes. These variations in lattice parameter and unit cell volume can be due 

to substitutional insertion of Nd and Mn, strain effects, or small crystal lattice distortion. Fig. 4 indicates the 

variation of volume of unit cell and X-ray density of the prepared Co1-yMnyNdxFe2-xO4 x = 0.0, 0.02, 0.04, 0.06, 

0.08, and 0.1 nano ferrites.   

 

FE-SEM and EDS of Nd-Mn-Co nano ferrites 

Field emission scanning electron microscope (FESEM) is crucial to nano science, particularly, for the 

analyse the characterization of spinel nano ferrites. These powerful images technique provides thorough insights 

into the surface morphology of nano materials, enabling researcher to investigate particles sizes, shapes and 

aggregation. This Knowlagent is significance since these parameters directly affect the functional and physical 

properties of nano ferrites. Fig. 5 illustrates the FESEM images of Co1-yMnyNdxFe2-xO4 nano ferrites with x =y= 

0.0, 0.02, 0.04, 0.06, 0.08, and 0.1. All the synthesized samples FE-SEM images show spherical and cluster type. 

FESEM images of the samples of the grains are arranged in agglomeration[21–23]. This behaviour is caused by 

higher interparticle magnetic interactions and grain formation, which are commonly observed in doped ferrites.  

 

S.no Name of the 
composition 

Peak 

position(2ɵ) 

(degree) 

FWHM(β) Avg 
crystalline 

size(nm) 

Lattice 
parameter(A0) 

Volume of 
unit cell(A0) 

X-ray  
density 

(g/mm3) 

1  

NdMN-1 35.490 0.274 28.69 8.367 585.886 5.35 

2  

NdMN-2 35.428 0.354 22.25 8.381 588.895 5.36 

 

3 

 

NdMN-3 35.487 0.203 38.75 8.368 586.059 5.43 

 

4 

 

NdMN-4 
35.490 0.339 23.21 8.367 585.886 5.47 

 
5 

 
NdMN-5 

35.495 0.354 22.22 8.366 585.655 5.51 
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Fig.5 FE-SEM images of Co1-yMnyNdxFe2-xO4 x = 0.0, 0.02, 0.04, 0.06, 0.08, and 0.1 nano ferrites  

 
Energy dispersive spectroscopy is a significant tool for determining the elemental and atomic content of 

the materials. The synthesized Co1-yMnyNdxFe2-xO4 x = 0.0, 0.02, 0.04, 0.06, 0.08, and 0.1 nano ferrites are 

analysed using EDS, indicated in Fig. 6. The EDAX spectrum of the samples provide comprehensive elemental 

insights, which are essential for comprehending and improving these materials. The resultant EDS graphs show 

both qualitative and quantitative data of the spinel nano ferrites. The spectrum graphs confirm the presence of Fe, 

O, Mn, Co, and Nd elements according to stoichiometric ratio. The EDS spectrum further confirms the successful 

incorporation of Co, Mn, Nd and Fe in the ferrite’s samples. The Nd and Mn metal intensities increases as the 

doping concentration increases, indicating successful substitution. Additionally, the presence of Co, Fe, Mn and 

Nd of the spectrum suggests that the composition remains stable with Mn and Nd doping.  
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Fig. 6 EDS graphs of Co1-yMnyDyxFe2-xO4 x = 0.0, 0.02, 0.04, 0.06, 0.08, and 0.1 nano ferrites  

 
FTIR spectrum of Nd-Mn-Co nano ferrites  

The FTIR spectroscopy is an analytical tool used to determine the functional groups present in the 

synthesized materials. Additionally, it provides insight into the molecular interactions within the materials. The 

FTIR spectrum also reveals the vibrational modes of chemical bonds in the fingerprint region, offering valuable 

information about the bonding nature, crystallinity, and structure of the nano materials particularly nano ferrites.  

Fig 7 indicates the FTIR spectrum of the prepared Co1-yMnyNdxFe2-xO4 where x, y = 0.0, 0.02, 0.04, 0.06, 0.08, 

and 0.1 nano ferrites. The vibrations spectrum exhibits two distinct FTIR bands associated with octahedral and 

tetrahedral sites within the 400 to 600 cm-1 wavenumber domains. These sites play a significant role in the 

structural characterization of nano materials. The FTIR bands observed around 400 to 500 cm-1 domains 

associated to the stretching vibrations of metal oxygen bonds (M-O linkage) at octahedral sites. Another FTIR 

band, appearing at 500 to 600 cm-1 wavenumber domain corresponds to the stretching symmetrical vibrations 

metal cations with oxygen bond linkage of tetrahedral sites[24].  The presence of both octahedral and tetrahedral 

bands in the synthesised samples confirms the formation of a spinel structure.  
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Fig. 7 FTIR spectrum of Co1-yMnyNdxFe2-xO4 x = 0.0, 0.02, 0.04, 0.06, 0.08, and 0.1 nano ferrites  

 

Raman spectrum of Nd-Mn-Co nano ferrites  

Raman spectroscopy is a significant method to examining the vibrational and structural characterization 

of nano materials, particularly nano ferrites. The materials phase composition, cation distribution, and lattice 

constant of the nano ferrites could be thoroughly explained by it. The characteristic Raman active vibrational 

modes of nano ferrites, which often exhibit spinel structures, correlate to the stretching and bending of metal 

oxygen bonds in tetrahedral and octahedral sites. Additionally, it can distinguish between distinct ferrite phases 

and identify impurities or secondary phases. The Co1-yMnyNdxFe2-xO4 where x, y = 0.0, 0.02, 0.04, 0.06, 0.08, and 

0.1 spinel nano ferrites shown in Fig.8, exhibit Raman spectrum with strong bands in the lower wavenumber 

region, which are suggestive of vibrational modes related to the lattice dynamics of spinel ferrites. These bands 

indicate the stretching and bending vibrations of metal-oxygen bonds, which are commonly seen in spinel 

structures[25]. The symmetrical stretching and asymmetric bending vibrations of tetrahedral (A-site) and 

octahedral (B-site) environments, respectively, are responsible for the peaks located between 200 to 800 cm-1. 

The observed intensity variations and minor shifts across the samples suggest changes in local structural symmetry 

or cation distribution due to different compositions. Five Raman bands observed in the spectrum, attributed to the 

A2g, Eg, and 3T2g modes, are predicted by group theory representation for the spinel structure, which belongs to 

the Fd3m space group. Nd and Mn doped probably modifies bond lengths and cation occupancy, which impacts 

the lattice symmetry and shifts vibrational frequencies.  
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Fig.8 Raman spectrum of Co1-yMnyNdxFe2-xO4 x = 0.0, 0.02, 0.04, 0.06, 0.08, and 0.1 nano ferrites  
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Optical spectroscopic features of Nd series 

A material's reaction to electromagnetic radiation or incoming light is a fascinating phenomenon given 

the prevalence of modern applications. In this optical studies Nd and Mn substituted cobalt based nano ferrites 

was investigated for various applications.  Tauc's and Urbach's relations were used to assist in the absorbance-

based analysis [24]. The thickness and absorbance values are used to calculate the optical absorption coefficient, 

or "α." The "α" has been calculated using the relation below as  

 

α = 2.303 ∗
Absorbance

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
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Fig.10 UV-Optical spectra of Neodymium and Manganese doped cobalt nano ferrites 

 

Fig. 10 shows the absorbance varies with the UV light wavelength impinge on the Nd & Mn-doped cobalt 

NFs under study. The thickness based optical absorbance variation with wavelength was recorded. Due to insertion 

of the dopant Nd into the ferrite composition, the optical characteristics of the samples have changed. It is evident 

that the dopant concentration affects the cut-off edge. Among the series of samples with varying dopant 

concentrations, the cut-off for the pure sample Nd-0 was determined to be the highest (542 nm). It could happen 

as a result of the nano ferrites' altered structure when the dopant is substituted into the base matrix. The octahedral 

sites are preferred by rare earth oxides such as La, Tm, and Nd, and they can occasionally occupy both the Oh and 

Th sites of the base ferrite. The cut-off wavelength or cut-off frequency varies with a decreasing trend between 

542 and 518 nm.  

 

Table 2. Optical parameters of Co1-yMnyNdxFe2-xO4 x = y= 0.02, 0.04, 0.06, 0.08, and 0.1 nano ferrites 
Sample code Cut-off 

wavelength 

(nm) 

Indirect 

band 

gap(eV) 

Direct band 

gap(eV) 

Urbach 

energy 

(eV) 

Refractive 

index (n) 

Dielectric 

constant 

NdMN-1 542 2.10 1.98 0.75 2.24 5.01 

NdMN-2 534 2.22 2.16 0.78 2.32 5.38 

NdMN-3 530 2.34 2.30 0.85 2.40 5.76 

NdMN-4 525 2.42 2.40 0.90 2.44 5.95 

NdMN-5 518 2.58 2.50 0.96 2.48 6.15 
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             Fig.11 Taucs relation for indirect band gap of Neodymium and Manganese doped cobalt nano ferrites  

 

The Tauc’s technique is a good estimate for determining the direct and indirect band gap of the material. 

The variation of (hαυ) 0.5 with the photon incidence energy is seen in Fig. 11. The indirect-band gap energy can 

be thought of as the curve where the point crosses the X-axis. The band gap (E indirect) value of the Nd & Mn 

doped cobalt NFs in the current work is 2.10 eV. Additionally, it rose in a systematic way as Nd was doped into 

the base matrix. The Nd-5 sample had the highest value, 2.58 eV. The conversion of structural variations as a 

result of the addition of Nd content could be the cause. For both direct and indirect bandgaps, the Taucs connection 

can be displayed as follows. 

(hαυ)1/𝑘 = C(hυ − Eg) 
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Fig.12. Taucs relation for direct energy band gap of Neodymium and Manganese doped cobalt nano ferrites 

 

The variation in (hαυ)2 with photon incidence energy is shown in Fig. 12. The direct-band gap energy, 

which is more suited for ferrite compositions, may be shown by the curves where the point cuts the X-axis. The 

current study's series of Nd & Mn -doped cobalt-based NFs revealed a band gap (E direct) value of 1.98 eV. 

Additionally, it rose in a systematic way as Nd was doped into the base matrix[26,27]. The Nd-5 samples had the 

highest value, 2.50 eV. The conversion of structural variations as a result of adding Nd content could be the cause. 
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Urbach Energy (EUrbach) calculation: 

Urbach energy is an associated parameter with randomness of the materials. It also depends on the absorption 

coefficient as shown in the following relation 

ln(𝛼) = ln(𝛼0) + (
ℎ𝑣

𝐸𝑈𝑟𝑏𝑎𝑐ℎ

) 

 

The order of randomness created in the material as a result of dopant addition is measured by the ΔE scale. The 

absorption coefficient's change with photon energy, which yields the Urbach energy value, is shown in Fig. 13. 

With a step of 0.02, it changed linearly from 0 to 0.1 as a function of dopant concentration in the current method. 

The change of ΔE between 0.75eV and 0.96V provides further evidence that the dopants increase the degree of 

unpredictability in the structure of the base ferrite composition.  
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                          Fig.13 Urbach Energy (EUrbach) calculation of Neodymium doped Co-Mn nano ferrites 

 

Refractive index (μ) 

Using the direct band gap energy value, the refractive index was calculated from Tauc's relation. The parameter is 

the only determinant of the application-oriented approach and optical stability. The Neodymium doped NFs' 

refractive index rose linearly with the dopant. It showed a linear increase and ranged from 2.24-2.48. The square 

of the refractive index is the optical dielectric constant.   

 

IV.Conclusions 

 Mn and Nd doped cobalt based nano ferrites were successfully synthesized using the citrate gel method, 

forming a well-defined cubic spinel phase. 

  The structural characterization using X-ray diffraction (XRD) confirmed the formation of a cubic spinel 

structure, with crystallite sizes ranging between 22 nm and 38 nm.  

 The lattice parameter and unit cell volume showed slight variations due to the incorporation of Mn and Nd, 

indicating structural distortions.  

 Field emission scanning electron microscopy (FESEM) revealed a spherical and clustered morphology, while 

energy dispersive spectroscopy (EDS) verified the elemental composition and confirmed the successful 

incorporation of the dopants. 

 Fourier-transform infrared (FTIR) and Raman spectroscopy provided insights into the vibrational properties 

and confirmed the presence of both tetrahedral and octahedral sites in the spinel structure.  

 Optical studies using UV-Visible spectroscopy demonstrated that the direct band gap energy of the materials 

ranged between 1.98 eV and 2.50 eV, with a systematic increase observed as the dopant concentration 

increased. 

  The structural analysis confirmed lattice distortions due to doping, while optical characterization showed a 

tunable band gap with increasing dopant concentration. 
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