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Abstract 

Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ nanoferrite was successfully synthesized via a citric acid-assisted sol-gel 

method, producing homogeneous and phase-pure spinel nanostructures. XRD confirmed the 

formation of a single-phase cubic spinel structure, while SEM and HRTEM revealed uniformly 

distributed nanoparticles with size ranging from 12 to 36 nm. FTIR spectra verified the 

characteristic spinel ferrite vibration and cation distribution in tetrahedral and octahedral site. 

UV-Vis. analysis showed direct and indirect band gap of 2.14 and 1.63 eV respectively, 

confirming the semiconducting nature of the material. EDS confirmed the elemental 

composition, and VSM measurement indicated ferromagnetic behavior with a saturation 

magnetization of 34.76 emu.g
-1 

and high coercivity of 6.438 kOe. The synthesized nanoferrite 

exhibited excellent photocatalytic activity toward Congo red degradation and maintained stable 

performance over five reuse cycle. These results demonstrate its potential as an efficient, 

magnetically recoverable, and reusable photocatalyst for the remediation of dye-contaminated 

industrial wastewater. 

Key words: spinel, ferrite, sol-gel, congo red, photocatalysis 

1. Introduction 

Spinel ferrite is a class of magnetic oxides with the general formula MFe2O4 (where M is a 

divalent metal ion), characterized by their high electrical resistivity, low eddy current losses, and 

chemical stability. These attributes render them highly desirable for a diverse range of 

technological, industrial, and environmental applications. Due to their tunable magnetic and 

electromagnetic properties allow for precise performance optimization in both high-frequency 

devices and catalytic systems
1,2

. Among these, Ni–Cu–Zn ferrite has garnered extensive attention 
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for their versatile applications in multilayer chip inductors, magnetic sensors, and high-frequency 

devices, owing to their low sintering temperatures and favorable electromagnetic properties 
2
. 

Beyond these applications, the magnetic nature, high surface area, and absorptivity of ferrite 

material, including those containing zinc and cobalt, also make them promising candidate for 

environmental remediation, particularly in photocatalytic degradation processes
3
. Their tunable 

band gap further enhances their utility as photocatalyst, enabling efficient degradation of organic 

pollutant under various light conditions
4,5

. Specifically, ternary ferrite such as Ni-Zn ferrite and 

Ni-Zn-Cu ferrite have demonstrated efficacy in photocatalytic degradation of organic dyes, 

attributable to their optimized band gap (typically <3.0 eV), which facilitate visible-light-driven 

redox reaction
6
. The catalytic activity in this spinel ferrite is further influenced by factor such as 

cation composition, synthesis conditions, and the presence of dopants, which can significantly 

alter their photocatalytic efficiency and stability
7,8

. This performance is intrinsically linked to 

parameter such as crystallite size, degree of crystallinity, and the accessibility of active surface 

sites, all of which directly dictate the generation of reactive radical crucial for effective dye 

degradation. 

Ni²⁺ contributes to the magnetic behavior and structural stability of the spinel lattice, while Cu²⁺ 

can modify the cation distribution, lattice parameters, magnetic interactions, and surface 

reactivity because of its specific site preference and electronic configuration. Zn²⁺ is a non-

magnetic ion with a strong preference for tetrahedral sites and can influence the distribution of 

Fe³⁺ ions between tetrahedral and octahedral sites, thereby modifying the superexchange 

interactions and magnetic properties. The incorporation of these three divalent cations in the 

selected ratio therefore provides a means of tuning the structural, magnetic, and surface 

properties of the ferrite. Furthermore, precise doping allows for the modulation of electronic 

band structures and charge carrier dynamics, thereby optimizing light absorption and reducing 

recombination rates to maximize photocatalytic output
9
. Nickel-doped cobalt ferrite 

nanoparticles, have demonstrated high catalytic efficiency in reducing nitroaromatic compounds 

and photo-oxidatively degrading toxic dyes
10,

. The inherent magnetic properties of  spinel ferrite 

also enable their facile recovery and reuse, an important consideration for practical wastewater 

treatment applications
11

. The impressive photocatalytic activity of modified and engineered 

spinel ferrite, attributed to their favorable band gap energies, allows for efficient absorption of 

UV or visible light, thereby initiating photocatalytic reactions
9
.  Moreover, the incorporation of 
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advanced materials into binary and ternary spinel ferrite nanocomposites has been shown to 

enhance light utilization, reduce electron-hole recombination, and mitigate agglomeration, 

leading to superior photocatalytic performance
12

. Specifically, the narrow band gaps of spinel 

ferrite allow for a broader absorption spectrum, including visible light, which constitutes a 

significant portion of the solar spectrum, thereby increasing their photocatalytic efficiency
13,14

.  

The nanoferrite with the composition Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ are of particular research interest as 

they optimize the magnetic contributions of Ni, sintering facilitation of Cu, and saturation 

magnetization of Zn
15

. This synergistic composition enhances their efficacy in photocatalytic 

applications for environmental remediation. Recent research has shifted toward the nanoscale 

synthesis of these materials to exploit size-dependent phenomena. Furthermore, the 

semiconducting nature of ferrite, coupled with their magnetic recoverability, has opened new 

avenues in photocatalysis, particularly for the degradation of organic pollutants in 

wastewater
16,17

.  

The sol-gel auto-combustion technique is widely preferred for synthesizing high-quality spinel 

ferrite due to its exceptional ability to ensure precise stoichiometric control, facilitate 

homogeneous precursor distribution, and produce nanostructured powders with superior 

purity
18,19

. This process relies on a self-propagating exothermic reaction between metal nitrates 

and organic fuels such as citric acid or diethanolamine, which ensures the efficient formation of a 

viscous gel that decomposes into fine, phase-pure ferrite particles
21

,
22

. Compared to traditional 

ceramic processing, which often requires high-temperature calcination and prolonged sintering to 

achieve the desired phase, sol-gel auto-combustion significantly lowers the energy barrier for 

spinel phase formation
23

. Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ nanoparticles were successfully synthesized by 

Awati et al. via this route, achieving high crystallinity through controlled calcination at 

temperatures of 400–700 °C
21

. While alternative methods such as aqueous co-precipitation is 

often augmented by ultrasonic irradiation to promote nucleation and restrict particle size are 

viable
24,25

, sol-gel combustion remains uniquely advantageous for achieving the high structural 

homogeneity required for efficient photocatalytic performance. Furthermore, specialized 

processing like Rapid Thermal Annealing is generally reserved for distinct applications such as 

thin-film fabrication, where precise, rapid control over grain size and phase development is 

paramount
26

. 

2. Materials and Methods  
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All reagents were procured from Sigma-Aldrich and used without further purification to maintain 

experimental consistency. Analytical reagent (AR) grade copper nitrate trihydrate 

[Cu(NO₃)₂·3H₂O], zinc nitrate hexahydrate [Zn(NO₃)₂·6H₂O], nickel nitrate hexahydrate 

[Ni(NO₃)₂·6H₂O], and iron nitrate nonahydrate [Fe(NO₃)₃·9H₂O] were used as precursor salts 

without further purification. Citric acid was utilized as a chelating agent. The liquor ammonia 

used to adjuste to pH adjustment. Milli-Q water was used throughout the synthesis process.  

 

2.1 Synthesis Procedure 

Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ nanoferrite were synthesized via a self-propagating auto-combustion 

method, a robust technique ensuring precise stoichiometric control and homogeneous mixing of 

precursor, effectively yielding fine, high-quality ferrite powder.
19

 Stoichiometric amounts of 

1.163 g Ni(NO₃)₂·6H₂O, 0.483 g Cu(NO₃)₂·3H₂O, 1.190 g Zn(NO₃)₂·6H₂O, and 8.080 g 

Fe(NO₃)₃·9H₂O were dissolved in Milli-Q water and mixed to obtain a total precursor volume of 

100 mL and stirred at 70 °C for 15 min to obtain clear and homogeneous solution.  These 

solutions were then combined to form a single precursor mixture and further stirred at 100°C for 

40 min to ensure the uniform distribution of metal ions. An aqueous citric acid solution 5.76 g 

(C₆H₈O₇) was subsequently added to the mixed nitrate solution under continuous stirring to 

promote chelation and complex formation. The pH of the solution was carefully adjusted to 

approximately neutral (pH ≈ 7) by the slow dropwise addition of liquor ammonia, a critical step 

to enhance metal cation binding to citrate ions and facilitate the formation of stable complex 

precursor, thereby preventing the premature precipitation of metal hydroxide .The resulting 

homogeneous solution was maintained at 100°C under continuous stirring until gradual solvent 

evaporation led to the formation of a viscous gel.
20

  Upon further heating, the gel underwent 

spontaneous foaming followed by auto-ignition, initiating a rapid self-sustaining combustion 

reaction. The auto-combustion process concluded rapidly, yielding a fine, fluffy brown precursor 

powder. The as-combusted powders were subsequently subjected to calcination at 200
0
C for 2 

hours. This thermal processing is essential to eliminate residual organic species, facilitate the 

removal of intermediate phase, and promote the maturation of a well-ordered spinel lattice. 

Precise control over these thermal parameters effectively enhances the crystallinity and phase 

purity of the Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ nanoferrite, thereby ensuring optimal structural and magnetic 

performance
27

.  
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3. Results and Discussions 

3.1 Characterization of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

A comprehensive structural characterization of the synthesized Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ nanoferrite 

was carried out using X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, 

scanning electron microscopy (SEM), high-resolution transmission electron microscopy 

(HRTEM), and energy-dispersive X-ray spectroscopy (EDS). These complementary techniques 

were employed to investigate the crystal structure, phase purity, lattice vibrations, local cation 

distribution, morphology, particle size, crystallinity, and elemental composition of the 

synthesized nanoferrite. The combined analyses provide a comprehensive understanding of the 

structural characteristics of the material and establish the correlation between its microstructure 

and the observed magnetic and photocatalytic properties. 

 

3.2. X-ray Diffraction Study 

The X-ray diffraction was carried out using Philips x-ray diffractometer with the help of CuKα 

radiations (λ=1.5405Ǻ). X-ray diffraction (XRD) patterns (Fig, 1) of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ show 

characteristic peaks corresponding to the (220), (311), (400), (422), (511), and (440) planes of 

the cubic spinel structure21. Studies indicate that the materials are generally single-phase, 

although higher calcination temperatures are often required to achieve full crystallinity24. A 

typical fingerprint peak of spinel ferrite, the prominent (311) reflection, verifies the production 

of a well-crystallized spinel phase.
25

 The XRD pattern (Fig, 1) confirms the successful formation 

of a well-crystallized, single-phase cubic spinel structure, exhibiting reflections consistent with 

the standard JCPDS card No. 39-1277. The absence of secondary impurity peaks across the 

diffraction profile provides robust evidence of high phase purity, verifying the structural integrity 

of the synthesized . Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ nanoferrite within the detection limits of XRD 
32

.  
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Fig. 1: XRD pattern of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

 

The moderate peak broadening suggests nanoscale crystallite size and possible lattice strain 

effects, which are commonly observed in nanocrystalline ferrite synthesized via chemical 

routes
31

. The observed diffraction pattern therefore confirms the successful synthesis of 

Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ with cubic Fd-3m symmetry. 

The lattice parameter is an important structural parameter that describes the dimensions of the 

unit cell. For a cubic crystal system, the interplanar spacing (d) and lattice parameter (a) are 

related through the Miller indices according to the following equation: 

                         (1) 

where a is the lattice parameter, d is the interplanar spacing, and h, k, and l are the Miller indices 

of the corresponding diffraction plane. The interplanar spacing can be determined using Bragg‟s 

law: 

                      (2) 

where n is the diffraction order, λ is the wavelength of the X-rays incident on the crystal and θ is 

the Bragg diffraction angle. The calculated lattice parameter of the Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

nanoferrite was found to be 8.3633 Å. This value is that of the unit-cell dimension of the material 

prepared and is compatible with the structure analysis of the cubic ferrite system. The lattice 

parameter can be used as a guide in determining the crystal structure and comparing the material 

to those of reported spinel ferrite. This is a characteristic value for the spinel phase and can differ 

slightly, depending on the synthesis conditions and composition, ranging from 8.370-8.389 Å in 

substituted systems
15

, to 8.42867 Å in related ferrite structures
37

. X-ray diffraction analysis is 
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considered as a basic tool for confirming the formation of the cubic spinel phase and 

determination of the accurate lattice parameters and calculation of average crystallite size which 

together give the structural integrity of the synthesized nanoferrite 
25,27

.  

The characteristic XRD diffraction peak broadening was used to calculate the average crystallite 

size according to the Debye-Scherrer equation: 

                         (3) 

where D is the average crystallite size, K is the shape factor (typically around 0.9), λ is the 

wavelength of the X-rays, β is the full width at half-maximum (FWHM) of the diffraction peak, 

and is the Bragg angle. The average crystallite size was determined using measured diffraction 

peak parameters, and found to be 15.17 nm. This crystallite size is very small, suggesting that the 

prepared ferrite has a fine crystalline structure. The calculated size of the coherent diffraction 

domain should not be taken as the particle or grain size directly, as it is an approximation based 

on the Scherrer equation.   

Extensive literature shows that wet chemical synthesis routes can produce Ni-Cu-Zn ferrite with 

a precise control of nanometre size dimensions of crystallites. The crystallite sizes of the samples 

prepared by the ultrasonic irradiation method are less than 40 nm 
25

, and those prepared by the 

microwave and conventional sintering methods are in the range of 33–39 nm 
34

. Moreover, the 

crystallite size can be reduced to as small as 17.75–20.15 nm,
28

 and crystallite morphology 

analyses by SEM for similar compositions are often found to be in the range of 69–88 nm.
35

 The 

results confirm the effectiveness of wet chemical approach in controlling the grain growth to 

nanoscale. Other sol-gel studies, however, have indicated that much smaller grain sizes are 

obtained, for instance the films calcined at 600°C have an average grain size of ~ 20 nm
36. 

The 

variation underscores the importance of the role of calcination temperature and precursor 

chemistry on the initiation and development of the grains and should be taken in the context of 

the synthesis route used in this report. 

The theoretical X-ray density (Dₓ) was calculated using the crystallographic unit-cell parameters 

and the molar mass of the ferrite according to the following equation: 

                     (4) 

Z is the number of formula units per unit cell, M is the molar mass of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄, Nₐ is 

Avogadro's constant and a is the lattice parameter in centimetres. The unit cell of a cubic spinel 

is a spinel (Z = 8). The X-ray density calculated was 2.9569 g cm
-3

. It is a theoretical parameter 
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that is helpful when comparing with the experimentally determined bulk density and is helpful 

for estimating the porosity of the prepared sample. In addition, the bulk density (Dᵦ) was 

calculated using the mass of the pelletized samples and their geometric volume, which also gives 

an indication of the packing. The reported values depend on the composition, form of the sample, 

and its preparation method: For Ni₀.₅Zn₀.₅Fe₂O₄ nanoparticles, the value was reported to be 1.46 

g/cm³; and for bulk Ni–Zn ferrite, the value was reported to be 4.68–5.80 g/cm³ 
53,54

. The 

significance of the influence of porosity and the measurement method on the density values for 

porous Ni–Zn ferrite powders is also indicated by the reported values of the density of 0.76–0.78 

g.cm
–3

, as compared to the conventional Ni–Zn ferrite that has a density of ~2.3 g.cm
–3 

 

The unit-cell parameters and the molar mass of the ferrite were used to calculate the theoretical 

X-ray density (Dₓ) using the following equation:: 

             (5) 

An important physical parameter that describes the fraction of the bulk volume related to voids is 

called as porosity. The X-ray density and bulk density values were used to determine the 

estimated fractional porosity (P): 

                    (6) 

The porosity percentage was obtained using: 

                                (7) 

The value of the porosity was 0.3142 or 31.42% from the reported values of density. This value 

is a difference between the theoretical crystallographic density and bulk density. This difference 

may be due to the interparticle void, pores and packing effect in the prepared material. Compared 

to this, ceramic processed Ni–Zn ferrite with Al content have been reported with bulk densities 

of 4.79–4.96 g cm
⁻3 

and X-ray densities of 5.31–5.37 g cm
⁻3

, which shows how the density of the 

ferrite can be influenced by both composition and densification.  

In general, the XRD derived parameters give information about the unit-cell dimensions 

and nanoscale crystalline domains of the prepared nanoferrite Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄..  

 

3.3 FTIR Study 

The Fourier Transform Infrared (FTIR) spectrum (Fig. 2) confirmed the formation of the cubic 

spinel ferrite structure and the identification of intrinsic metal–oxygen bonding vibrations in 
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Ni   Cu   Zn   Fe O . The recorded FTIR spectrum of the sample shows two bands of 

characteristic absorption in the low wavenumber region in the range 400-4000 cm-
1
     The 

features are intrinsic metal–oxygen stretching vibrations at tetrahedral and octahedral sites, 

which clearly indicates the successful synthesis of a single-phase spinel ferrite
27

. 

 

 

 

 

 

 

 

 

Fig. 2: FTIR Spectrum of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

Specifically, the high frequency band around 580 cm
-1 

is assigned to the stretching of metal– 

Oxygen bonds at tetrahedral (Td) sites, while the low frequency band around 400 to 450 cm
-1 

is 

assigned to the stretching of metal– Oxygen bonds at octahedral (Oh) sites
27

. The band positions 

and their frequency difference is also related to the cation distribution in the lattice, with Zn
2+

 

being coordinated in tetrahedral sites and Ni
2+

 and Cu
2+

 being coordinated in octahedral sites
27

. 

In terms of the extrinsic features, a weak and broad band at ∼1600 cm
-1 

corresponds to the 

bending vibration of surface-adsorbed water molecules
24

, while a broad band at ∼2300-2400 cm
-

1 
is due to the adsorption of atmospheric CO2 during measurement. These are typical features of 

wet-chemically made ferrite, and are not the presence of impurity phases
 27

. The absence of any 

other absorption bands corresponding to the secondary iron oxides or the metal oxides further 

supports the high phase purity of the synthesized ferrite 
31.

 

3.4  SEM Study  

The SEM–EDS elemental mapping (Fig. 3 a) reveals the distribution of nickel (Ni), copper (Cu), 

and zinc (Zn) throughout the sample Field-emission scanning electron microscopy (FE-SEM) 

(Fig. 3 b ) micrographs reveal granular, nearly spherical to irregular nanograins clustered into 

agglomerates with non-uniform surface texture
31

. This agglomeration is attributed to intrinsic 

magnetic dipole–dipole interactions and high surface energy effects characteristic of 
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nanostructured spinel ferrite      The absence of secondary morphologies or abnormal grain 

growth confirms the high phase purity, structural homogeneity, and compositional verification of 

the synthesized ferrite 
31

. These particle size distributions and agglomeration characteristics play 

a critical role in dictating the material's magnetic and  catalytic performance 
32

. 

 

 

Fig. 3 a : SEM–EDS elemental mapping of the sample showing the spatial distribution of nickel 

(Ni), copper (Cu), and zinc (Zn). 

 

Fig. 3 b : SEM Images of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

At higher magnifications ( Fig. 3 b), quantitative particle size distribution analysis yields a 

narrow, near-Gaussian distribution (Fig. 4) with a mean particle diameter of       nm and a 

standard This size range is typical for high-quality spinel ferrite produced via wet-chemical or 

sol–gel routes, demonstrating precise synthesis control and uniform nucleation and growth 

kinetics   . Such structural and morphological uniformity ensures reproducible magnetic and 

catalytic activity for advanced applications   . 
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Fig. 4: SEM - Gaussian curve of particle size Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

3.5  Elemental Mapping (EDS Analysis)  

The synthesized sample Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄  was confirmed by energy-dispersive X-ray 

spectroscopy (EDS) analysis, which showed no impurities in the sample
15

. The homogeneity of 

distribution of these constituent elements in the analyzed regions was also confirmed by 

complementary elemental mapping, which revealed a high uniformity in the distribution of 

elements in the analyzed areas;
31

. Moreover, this uniform elemental distribution throughout the 

sample confirms the sample has a spinel structure and that no phase segregation has occurred
38

. 

Such elemental uniformity is ideal for maintaining uniform physical and chemical properties 

throughout the material, especially if the material is used as a catalyst that is required to have  

uniform active sites . 

 

 

. 
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Fig. 5: EDS spectra of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

The energy dispersive X-ray spectroscopy (EDS) mapping (Fig. 5) verifies the elemental 

compositions, showing that Ni, Cu, Zn, Fe and O are present in the synthesized ferrite matrix 
15

. 

Maps of the elemental distribution reveal a homogeneous spatial distribution of all these 

constituent elements, typical of a very homogeneous chemical composition, and the successful 

incorporation of all metallic species in the spinel lattice
27

. The Au signal is probably due to a 

conductive coating that was applied to the sample before SEM–EDS analysis. The Al signal may 

arise from the aluminium sample mounting accessories used during the analysis and the Na 

signal may come from minor surface contamination during sampling mounting or handling 

materials. These are, therefore, extrinsic signals and not dopants or constituents of the 

synthesized ferrite. Furthermore, no interference peak due to elemental signals is observed, 

indicating that the phase purity and accuracy of the 
24

 stoichiometric compositions obtained is 

crucial for the preparation of a structurally stable synthesized ferrite. Elemental distribution maps 

show the uniform distribution of these constituent elements within each of the areas investigated, 

indicating the very homogeneous chemical composition of these areas, and the successful 

incorporation of each of the metallic species into the spinel lattice 
27

. Most importantly, 

elemental segregation or clustering of elements will be verified if it is absent, which is a desired 

compositional uniformity across the material. Furthermore, the lack of other elemental signals is 

not only an indication of the high phase purity of the obtained sample, but also provides evidence 

of the correct stoichiometric control necessary for maintaining the functional and structural 

performance 
27

. Thermodynamically, tetrahedral sites (A) are preferred for the occupation by 

Zn²⁺ ions and octahedral sites (B) are the preferred sites for Ni²⁺ and Cu²⁺ ions, as seen with the 
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Ni–Cu–Zn ferrite
27,29

. The selective substitution of non-magnetic Zn²⁺ at A-sites has a significant 

effect on the magnetic superexchange interactions between A and B sublattices, modulating the 

magnetic parameters and optimizing the availability of catalytically active sites. The uniformity 

observed in the elemental mapping also indicates good incorporation into the spinel lattice, in 

line with the high phase purity as well as high structural homogeneity confirmed by X-ray 

diffraction (XRD) analysis. 

3.6 HR-TEM 

The HR-TEM micrograph ( Fig. 6 (a) )  reveals the presence of nearly spherical to irregularly 

shaped nanoparticles and the noticeable agglomeration. The dense packing of these particles is 

likely due to magnetic dipole–dipole interactions and high surface energy, which are typical of 

spinel ferrite nanostructures.
25

. Furthermore, the contrast variation in the micrograph indicates 

the existence of nanocrystalline domains in aggregated clusters. The estimated particle sizes 

from TEM analysis falls within the range of 12.8–35.2 nm with an average size of 23.9 nm, a 

median size of 23.5 nm and right-skewness due to minor agglomeration and minor particle size 

distribution corresponding to bigger particle sizes. 

   

Fig. 6 (a)  HR-TEM                   Fig. 6 (b) SAED Pattern image of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 
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The SAED pattern (Fig. 6(b)) contains a set of concentric diffraction rings formed by the bright 

spots, characteristic of the polycrystalline nature of the sample. The nanoparticles are domains of 

randomly oriented nanocrystals, not single-crystalline domains
21

, as suggested by the ring 

pattern. The diffraction rings can be identified as the characteristic planes of the cubic spinel 

ferrite structure; most commonly (220), (311), (400), (422), (511), and (440) reflections as in. 

 

Fig. 7: HR-TEM Particle size distribution histogram of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

 

the standard JCPDS data for spinel ferrite
33

. From the appearance of sharp and well-defined 

rings, it is confirmed that the synthesized material has a high crystallinity. 

The formation of high quality, polycrystalline spinel ferrite nanoparticles are confirmed using the 

TEM and SAED analyses. The presence of a unimodal particle size distribution, together with a 

diffraction pattern of sharp and well resolved diffraction rings, clearly indicates the high phase 

purity and structural homogeneity of the material 
16, 21

. Structural uniformity is important for 

optimizing the material's performance in magnetic and catalytic applications and these well-

controlled morphological and crystalline characteristics are essential for this
25

.The particle size 

distribution histogram shows a distinct unimodal and nearly Gaussian distribution (Fig.7) 

indicating a homogeneous formation of the nanocrystalline ferrite phase. This symmetrical 

distribution indicates well controlled nucleation and growth process which results in high 

structural uniformity and low polydispersity effects with respect to the material's structural and 

surface properties.  

The size of the particles is distributed mainly in the size range of 15 to 35 nm and the highest 

frequency is in the middle of this range of 24 to 26 nm, The fitted normal curve is symmetric, 
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highlighting the effectiveness of the synthesis protocol to keep the synthesis conditions at a more 

or less constant level, which results in a very narrow particle size distribution 
16

. This is an 

important aspect of the limited polydispersity because it reduces variations in the surface and 

structural energies that might hinder uniform functional response, leading to the uniform 

magnetic and catalytic performance required for these spinel ferrite nanostructures
25. 

In addition, 

the small size of the particles gives a high surface-to-volume ratio that improves surface-

dependent phenomena, like adsorption and photocatalytic activity
21

.The values of skewness and 

secondary peaks are negligible and suggest that there are no major secondary growth phases or 

aggregation induced size anomalies. Overall, the distribution indicates the successful synthesis of 

nanometer-size uniformly sized nanoferrite having well-controlled morphological characteristics, 

which is a prerequisite for obtaining reproducible optical properties and photocalytic properties 

38
. 

3.7  Optical Characterization 

The UV–Visible absorption spectrum (Fig. 8 (a)) shows a broad absorbance profile starting from 

the ultraviolet and increasing gradually and reaching a peak around 480 to 500 nm falling 

gradually towards the near-infrared region. The metallic cations and oxygen anions (O²⁻ → Fe³⁺) 

exhibit the same charge transfer transition as is characteristic of spinel ferrite
29

, and is the reason 

for the broad absorption band in the visible region. The shape of the curves does not show any 

typical excitonic peaks, which suggests the formation of nanocrystalline particles with size-

induced band broadening effects
51 

To determine the optical band gap, UV-Visible spectroscopy is used to make a Tauc plot 
30

. The 

analysis allows for accurate calculations of the direct (Fig. 8 (b)) and indirect band gap (Fig. 8 

(b)) and thus provides an insightful electronic band structure of the material, which is relevant 

for advanced use in optoelectronic and photocatalytic applications
39

. The Tauc plot analysis of 

the Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ sample confirms the semiconducting nature of the prepared material and 

also provides significant information about the electronic transitions in the sample which is 

necessary for efficient harvesting of visible light for solar energy. Zinc Ferrite nanoparticles with 

similar structures have been reported to exhibit an indirect band gap transition at about 650 nm, 

which is in good agreement with the density functional theory calculations
49

. The measured band 

gap value of 2.26 eV for the pure zinc ferrite nanoparticles, which then shows a sharp decrease 

with increasing nickel concentration, is consistent with other nickel substituted zinc ferrite 
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systems
50

. This sensitivity is also supported by compositional studies of NiCdAlFeO ferrite, 

which revealed a decrease in the band gap energies from 2.587 eV to 2.166 eV as the content of 

Ni increased
29

, and related systems such as NiFe₂O₄, Mn-doped NiFe₂O₄ and Zn-doped NiFe₂O₄ 

with about 1.984 eV, 1.954 eV and 1.973 eV as Ni content increased 
51

. These variations reflect 

the ability to control optical characteristics of the composition to precisely optimize the 

photocatalytic activity of the hybrid materials in the visible light region and the efficiency of 

charge transfer
37

 This implies that the band gap can be tuned in the range of the characteristic 

band gap of these ferrites, making them an excellent material for light-harvesting and 

photocatalytic applications.
41 

         Fig. 8 (a): UV-DRS Spectra of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

            Fig. 8 (b): Direct Band Gap: 1.45 eV         Fig. 8 (c): Indirect Band Gap: 1.63 eV 

 

The high absorption in the visible region implies better capability of harvesting photons, 

desirable for photocatalytic and optoelectronic applications
.
 In addition, the longer absorption tail 
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to the higher wavelengths could be related to the defect states and localized energy level defects 

produced during synthesis, which could lead to an enhanced activity for visible light
30

. In 

general, these spectral characteristics with the high value of visible-light absorption and the 

tunable band gap further validate the synthesis of high-quality ferrite nanostructures. The 

structural integrity along with these attributes ensure electronic framework required for efficient 

charge transfer and makes these nanoparticles excellent light-harvesting and visible light driven 

photocatalytic degradation candidates of organic pollutants
40

. From UV-Visible absorption 

spectra, the optical band gap of NiCuZn ferrite nanoparticles was calculated using the Tauc 

relation
30,

 which showed that the bands are direct and indirect band gap with value of 1.45 eV 

and 1.63 eV, respectively. The observed decrease in the optical band gap relative to the bulk 

ferrite is attributed mainly to a combination of size-dependent quantum confinement effects and 

of the redistribution of the cations between tetrahedral and octahedral sites, and the appearance 

of defect-induced localized states in the forbidden band region
25.

 The band gap narrowing leads 

to better photocatalytic activity under visible light irradiations and charge transfer efficiency.
30 

The narrow indirect band gap helps to lower the threshold energy required for an electric 

transition, which facilitates the formation of a photogenerated electron–hole pair under the 

visible-light irradiation, and promotes efficient charge-carrier separation, and suppresses charge-

carrier recombination
31

. This is beneficial for the photocatalytic degradation of organic pollutants 

under visible-light irradiation and other optoelectronic  applications.
48 

3.8  Magnetic Characterization   

The magnetic property of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ can change depending on the synthesis conditions 

of grain size and the distribution of cations between the tetrahedral (A) and octahedral (B) 

positions. Many different values of saturation magnetization (Ms) are found in the literature. The 

Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ powders prepared by the above-mentioned method had a value of 72.4 

emu/g, while the same composition in the thin films, prepared by the sol-gel and RTA method at 

600 °C, was found to have a value of ~ 300 emu/g (or ~ 228.877 emu/cm³ in related sol-gel film 

studies). The coercivity is very low, and these ferrites are termed as soft magnetic ferrite. 

Specifically, the value of 9.7 Oe has been reported.
33

 This low coercivity is very desirable for use 

in materials that have a high magnetic permeability and low magnetic hysteresis loss like 

sensitive electronic components, inductor and transformer cores for energy efficiency 

applications. The presence of dopants also affects the magnetic properties. The average grain 
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size and the magnetic moments
23 

are decreased by Ti substitution (Ni₀.₄Cu₀.₂Zn₀.₄Fe₂-xTiₓO₄). 

The magnetic properties obtained from the magnetic hysteresis loop (Fig. 9)  were saturation 

magnetization (Ms) = 34.76 emu g
-1

, remanent magnetization (Mr) = 17.40 emu g
-1

 and 

coercivity (Hc) = 6.438 kOe, which gave important data about the magnetic ordering and domain 

properties.  

 

 

Fig. 9: VSM spectra of  Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

The saturation magnetization values observed are also remarkable, and this is normal for 

magnetic material with very small particle size, but the excellent shape of the ferrimagnetic 

hysteresis loop (no unwanted secondary magnetic phases) suggests a high magnetic homogeneity 

and no secondary magnetic phases that affect the material. This simple calculation of the Mr/Ms 

ratio further supports the presence of stable single domain or pseudo single domain particles that 

is indicative of the structural consistency of the synthesised NiCuZnFe₂O₄ photocatalyst with the 

sufficient saturation magnetization with which the particles can be easily separated from the 

reaction medium by the use of an external magnetic field. The material has a relatively high 

coercivity and the response to the magnetic field is adequate to ensure a rapid and efficient 

recovery.
55

 

 

4.0 Photocatalytic degradation study of Congo Red (CR) dye 

The extensive discharge of synthetic dyes from the textile, leather, paper, and printing industries 

has become a significant source of water pollution, creating serious environmental and health 

problems,
16

 with one of the most commonly used dyes being the benzidine-based Congo Red 
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(CR) dye for cotton and paper. Due to its complicated molecular structure, high molecular 

weight, azo (–N=N–) linkages, Congo Red has very high chemical stability and natural 

resistance to degradation and is a difficult material to treat by traditional environmental 

remediation methods. In addition, CR is known to be carcinogenic, mutagenic and toxic, and is 

therefore a highly significant environmental problem related to the removal of it from 

wastewater.
43

 

Nanostructured spinel ferrite (MFe₂O₄) has proven to be quite promising photocatalysts that are 

also magnetic, chemically stable and have low toxicity and absorb visible light. For 

photocatalytic applications, the optical band gap (Eg) is one of the important parameters. The 

data for the composition Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ is limited in the sources provided but other Ni 

ferrite that are close to the composition are Ni-Cu-Zn ferrite and substituted Ni ferrite which 

have a range of band gap of 1.1–3.5 eV 
30

. The band gaps of the Ni-Zn ferrite doped with Cu 

were found to vary from 2.80 to 3.50 eV
27,

 . The composition of NiFe₂O₄ can be precisely 

controlled to obtain specific optical responses, e.g., Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄. Moreover, the band gap 

range of 1.1 - 3.5 eV 
33,

 is very suitable for visible-light photocatalysis. High removal 

efficiencies have been exhibited by the related Ni-Cu-Zn ferrite. Under visible light
77

, the 

ZnO/NiFe₂O4 nanocomposite was able to degrade 92% of MB in 40 minutes. Nickel substituted 

Zn ferrite are also found to be better than zinc ferrite
22

. The degradation process is frequently 

pseudo-first order. One such example is NiFe₂O₄ nanoparticles, which have shown photocatalytic 

efficiency of 89% in the degradation of Methylene Blue and 92% in Methyl Orange dye in just 1 

minute using the UV-C/H₂O₂ system, with reaction rate constants between 2.065 and 2.417 min
-1 

57.
 From an application point of view, magnetic recoverability is considered to be a key benefit of 

such ferrite catalysts. The NiFe₂O₄ photocatalysts are known to exhibit high stability, with a 

photocatalyst efficiency loss of just 6.0% after seven successive cycles 
57

. Other research articles 

on Ni ferrite substituted with Nd also reported excellent recyclability and durability.
40

 The 

photocatalytic degradation process of Congo Red dye by the efficient and reusable nanoferrite 

Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ was explored in the presence of visible light. The present method is 

designed to provide sustainable and eco-friendly solution for dye contaminated wastewater 

treatment in compliance with green chemistry.
52
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4.1 Photocatalytic performance of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ nanoferrite 

The UV-Vis absorption spectra of Congo Red solution in the presence of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

catalyst under natural sunlight showed a gradual decrease in the characteristic absorption peak at 

~497 nm 
44

 with increasing irradiation time (Fig. 10a) The absorbance decreased to nearly zero 

after 350 min, indicating substantial degradation of the dye. The continuous reduction of the azo 

dye absorption band confirms the photocatalytic destruction of the chromophoric structure 

responsible for the color of Congo Red.
44

 The absence of significant peak shifts suggests that the 

degradation proceeded mainly through the breakdown of dye molecules rather than the formation 

of stable-colored intermediates. 

 

. 
 

 

Fig.10 (a) : UV–Vis absorption spectra of 20 ppm Congo Red dye recorded at different  

irradiation time in the presence of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ (1 g.L⁻¹) spinel ferrite catalyst under 

natural sunlight condition. 

The photocatalytic degradation profile was investigated, as shown Fig.10 (b) of Congo Red dye 

percentage photocatalytic degradation vs time under natural sunlight shows a progressive 

increase in degradation percentage with increasing irradiation time. The degradation increases 

almost linearly and reaches approximately 97–98% after 350 min of irradiation. This behavior 

indicates the gradual removal of Congo Red from the solution in the presence of the 

Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ spinel ferrite catalyst. The observed photocatalytic activity suggests that the 

synthesized ferrite is a promising material for dye degradation under natural sunlight.
42 
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Fig.10 (b) : Time-dependent photocatalytic degradation of Congo Red dye under sunlight 

irradiation, expressed as percentage dye degradation versus irradiation time (min). 

 

Under sunlight conditions, the photocatalytic degradation behavior of Congo Red dye was 

investigated, as shown in the A/A₀ versus time curve Figure 10 (c). The apparent degradation 

rate constant was found to be 0.0103 min⁻¹.
57

 The linear fitting of ln(A₀/A) versus irradiation 

time yielded an R² value of 0.6966, indicating a moderate correlation with the pseudo-first-order 

model. The photocatalytic degradation activity under sunlight is mainly due to the efficient 

generation of electron – hole pairs in the Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ catalyst after the absorption of 

visible-light photons 
 42 

. 

 

 

Fig.10 (c) Pseudo-first-order kinetic plot of (ln(A0/At)) versus irradiation time (min) for the 

photocatalytic degradation of the dye. 



JOURNAL OF ISAS VOLUME 5, ISSUE 2, OCTOBER 2026 

42 

. 

4.2 Effect of pH on the Degradation Time of Congo Red Dye 

The effect of pH on the photocatalytic degradation process was systematically studied in the pH 

range of 2–12.
53.

 The results of the experiments ( Fig. 11 )  showed that the pH of the  

reaction medium is a crucial parameter that can influence the degradation efficiency by 

influencing the interfacial interactions between the spinel ferrite catalyst 

 

 

 

Fig. 11: Effect of pH on degradation time for 20 ppm Congo Red dye using Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

(1 g L⁻¹) spinel ferrite catalyst under natural sunlight conditions. 

 

 

 and Congo Red dye. The degradation time increases slowly with increasing pH (above 6), but 

increases rapidly in acidic conditions pH 2–4,. The trend is controlled by the surface charge of 

the catalyst, and the ionization state of the dye. In acidic conditions the catalyst surface 

undergoes a positive charge making the anionic Congo Red molecules attracted strongly to the 

surface, thus leading to the adsorption and degradation of the molecules. On the other hand, 

under alkaline conditions electrostatic repulsion between the catalyst and the dye prevents the 

interaction and decreases the efficiency of degradation 
53, 17.

  

4.3 Scavenger Study  

In the scavenger study (Fig. 12 ) , when isopropyl alcohol was added, the degradation of Congo 
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Fig. 12: Scavenger inhibition analysis of Congo Red dye in the presence of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

spinel ferrite catalyst. 

 

Red was greatly reduced, strongly supporting the hypothesis that the most significant species 
16

 

which are reacting is the hydroxyl radical (⋅OH). To unravel the mechanism of the photocatalytic 

degradation, radical scavenging experiments were conducted by using isopropanol (IPA), 

benzoquinone (BQ) and EDTA (ethylenediaminetetraacetic acid) as the radical scavengers for 

the hydroxyl radicals (•OH), the superoxide radicals (•O₂⁻) and the photogenerated holes 

(h⁺(VB)) respectively.
53

 The marked loss of degradation efficiency when the selected scavengers 

(Fig. 12) were added provides a convincing proof that the degradation pathway is mainly 

initiated via hydroxyl radicals (•OH), superoxide radicals (•O₂⁻) and photogenerated holes 

(h⁺(VB)) which play a crucial role in the mineralization mechanism. These species are produced 

by the interaction of the photogenerated charge carriers, the dissolved oxygen and the water 

molecules.
42,46

 

4.4 Reusability Study – Degradation Time of Congo Red Dye  

The recyclability of the catalyst was evaluated through successive degradation cycles. The 

catalyst exhibited excellent structural stability and reusability over five consecutive cycles, with 

only a slight increase in degradation time observed.
11,16
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Fig.13. Reusability study of 20 ppm Congo Red dye in the presence of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ (1 g 

L⁻¹) spinel ferrite catalyst. 

 

Each cycle of photocatalytic degradation was followed by separation of the catalyst from the 

reaction mixture using first of all a centrifugation method.
57

 After the catalyst was recovered, it 

was then subjected to magnetic separation with an external permanent magnet to ensure the 

removal of any magnetic nanoferrite particles, and reduce catalyst loss during recovery. The 

separated catalyst was washed 2-3 times with Milli-Q water to wash away the adsorbed reaction 

products and dye molecules. The washed catalyst was dried in a hot-air oven at 80 °C until 

constant weight was reached, cooled at room temperature and then utilized in the next 

degradation run.
11

 The recovered catalyst was used to a new dye solution at the same conditions 

for each recycling experiment. The same centrifugation, magnetic recovery, washing, drying and 

reusing process were performed after each degradation cycle. The Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ 

nanoferrite displayed both good separation and recovery of fine particles of the catalyst and 

reusability, to make it useful as a recoverable photocatalyst.
16 

 

Magnetic nature of the catalyst enables easy separation and recovery from the reaction medium. 

More importantly, it is stable in the catalytic activity after five reuses, which shows high 

potential as a cost-effective sustainable material for wastewater treatment and other 

environmental applications. 
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Conclusions  

The synthesis of Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ nanoferrite via citric acid-assisted sol–gel method was 

accomplished, and the obtained product was shown to be efficient photocatalyst for degradation 

of Congo red dye in natural sunlight. The nanosized cubic spinel ferrite with an adequate optical 

and magnetic property was obtained by the XRD, SEM, HRTEM, FTIR, EDS, UV–Vis, and 

VSM analyses. The photocatalytic activity varied considerably with pH, and under acidic 

conditions, it was higher because of the favorable interaction of the surface charge and anionic 

Congo red. Scavenger studies revealed the participation of •OH, •O₂⁻ and h⁺(VB) species in the 

photocatalytic degradation mechanism. The results indicated that Ni₀.₄Cu₀.₂Zn₀.₄Fe₂O₄ was a 

potential reusable photocatalyst for treating dye-contaminated wastewater for sustainable 

applications. 
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