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Abstract. In the present study, the structural, functional, morphological and magnetic 

characteristics of copper substituted cobalt ferrite nanoparticles were investigated. The samples 

of Co1-xCuxFe2O4 at x = 0.06, 0.08 and 0.1 M were prepared by Sol-gel auto combustion route. 

X-ray diffraction technique was used to confirm the phase formation and structural analysis 

which matches with the JCPDS Data. The average crystallite size was found to be ~25, ~19 and 

~18 nm for x = 0.06, 0.08 and 0.1 respectively. The Micro Raman Spectroscopy revealed the 

stretching vibrations at 274 cm-1, 660 cm−1, and 466 cm−1, which are characteristic of Spinel 

Ferrites. From the FTIR analysis, the band observed at 3457cm-1 and 1650 cm-1 is assigned to 

hydrogen bonded O-H group and ionic stretching of C-H bond. The band assigned at 1105 cm-1 

is due to Co – O and Cu - O or Fe – O vibrations. The existence of water adsorption band and 

metal oxygen band confirms the existence of Co and Cu in the synthesized sample. The surface 

morphology of samples was imaged by the field emission scanning electron microscope. The 

substitution of Cu2+ in the parent systems caused a significant reduction in particle size. The 

compositional analysis was done, which confirmed that the concentration of copper was 

increased in the samples. The samples were subjected to magnetic characterization because 

magnetic behavior is also affected by substitution of Copper in Cobalt ferrite. Magnetic 

hysteresis study at room temperature confirmed the reduction in saturation magnetization (MS 

=14.25 to 8.33 emu/g.) and reduction in coercivity (HC = 602.64 to 380.94 Oe) when size is 

reduced.  As the concentration of Cu into CoFe2O4 matrix increases, particle size decreases and 

the saturation magnetization decreases. 

1. Introduction 

Spinel ferrites have attracted very much attention because of their electronic, catalytic and magnetic 

properties. Magnetic properties of spinel ferrites are controlled by their crystallite size and hence during 

the preparation process of magnetic nanoparticles, the parameters such as particle size, sintering 

temperature, doping ratio, chemical ratio of components are given importance. Cobalt ferrite, a hard 

magnetic ferrite is most abundant and important magnetic nanoparticles with large magnetic anisotropy,  

and moderate saturation magnetization, makes it suitable for applications in magnetic recording [1], 

magneto-optical devices[2], magnetic resonance imaging[3], ferrofluid technology [4], drug delivery 

[5], biosensors [6]. They can be used in medical applications such as, hyperthermia, magnetic resonance 

imaging (MRI) and drug delivery. Copper ferrite is a spinel ferrite which exist both in tetragonal and 

cubic structure. The tetrahedral phase of copper ferrite has an inverse spinel structure which changes to 

a spinel cubic structure when subjected to a temperature above 360⁰C.  Cobalt ferrite has an inverse 

spinel structure and copper ferrite has a spinel structure at temperatures greater than 360⁰C. Hence, when 

copper is doped in cobalt ferrite, copper gets in between the remaining unfilled tetrahedral and 
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octahedral sites.  Therefore, Cu-doping in CoFe2O₄ can give some mixed spinel structures depending 

upon the concentration of the constituent species [7]. The copper substitution further improves the 

properties by reducing the saturation magnetization and coercivity which in turn reduces the eddy 

current loss and thereby making it suitable for many more applications. The synthesis of copper 

substituted cobalt ferrite includes sonochemical reactions, microwave plasma, microemulsion [8],  

sol-gel synthesis [9], hydrothermal synthesis [10], solvothermal [11], co-precipitation [12], 

electrochemical [13], and combustion methods [14]. 

2. Experimental Technique 

2.1. Preparation of Cu substituted Cobalt Ferrite Nanoparticles 

In the present work copper substituted cobalt ferrites are prepared by sol-gel technique. The precursors 

are cobalt nitrate, citric acid monohydrate, copper nitrate and ferric nitrate. A suitable molar 

concentration of all these powders are dissolved in 100ml of distilled water separately and mixed 

together to prepare Co(1-x)Cu(x)Fe2O4 with x = 0.06, 0.08 and 0.1 M. The pH is maintained at 8 by adding 

ammonium hydroxide and its continuously stirred at 70-80 oC until a brown fluffy gel is obtained. Then 

the gel is annealed at 800⁰C for 2 hours to obtain a black powder and is grinded to get the powder. 

2.2. Characterisation Technique 

The samples were subjected to Powder X-ray diffraction analysis using Shimadzu XRD 6000 

diffractometer with CuKα radiation of wavelength 1.541 Å. The functional group was analyzed by FTIR 

using Perkin-Elmer spectrometer by KBr pellet technique in the range of 4000-400 cm-1. The structure 

and its corresponding vibrational modes were confirmed using Micro-Raman Spectroscopy (Renishaw 

Raman Microscope (RE04)). The morphology analysis of the prepared samples was assessed by 

Scanning Electron microscopy using JEOL (JSM 6390). Magnetic properties of the samples were 

analyzed by VSM (Lakeshore VSM 7410 equipped with an electromagnet) at room temperature with 

the maximum applied field of 15kOe. 

3. Results and Discussion 

3.1. Structural Analysis 

The structural analysis of Co1−xCuxFe2O4 (x= 0.06, 0.08 and 0.1) is carried out by XRD (Figure 1). The 

diffraction peaks corresponding to the planes (2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1), (4 4 0) 

confirms the cubic spinel structure having space group Fd3m (JCPDS card no.22-1086(CoFe2O4) and 

25-0283 (CuFe2O4)). The microstructural analysis is calculated for the most prominent peak (311). And 

the average crystallite size is calculated by Debye Scherrer formula: 

     𝐷 =  
0.89 𝜆

𝛽 cos 𝜃
    (1) 

Where λ is the wavelength of the incident Cu-Kα line of X-ray (λ -1.5418Å), β is the full width at half 

maximum in radians of the maximum intensity peak and θ is the angle at which the maximum peak 

occurs. From the micro structural analysis (table 1), the average crystallite size was found to decreases 

from 25 to 18 nm when the concentration of Cu increased from 0.06, 0.08 and 0.1. The decrease in the 

grain size with the increase in the Cu2+ concentration is due to the formation of Cu-O-Fe on the surface 

of the substituted nanoparticle that prevents further grain growth [15]. The strain and dislocation density 

is found to be varied accordingly. The lattice constant of Co1−xCuxFe2O4 is calculated by the relation 

[16] 

     𝑎 =  𝑑ℎ𝑘𝑙  (ℎ2 + 𝑘2 + 𝑙2)
1

2   (2) 

Where (h, k, l) are the Miller indices.  It is noted that the lattice constant increases with the increase in 

the Cu2+ concentration from 0.06 0.08 and 0.1 (table 1) and it is attributed to the occupying nature of 

Cu2+ in the position of Fe3+ ion and the ionic radii of copper is 0.70Å is greater than the ionic radii  of 

Fe3+  which is 0.67 Å. Normally the substitution of bigger ionic radii results in the peak shift and in our 
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case it is found so. [17, 18] Similar types of observations are noted for an increase in the annealing 

temperature [19]. Also, the lattice constant is found to be 8.428Å which are greater than 8.375Å, the 

value for bulk spinel ferrite nanoparticle. The calculated volume of the cell was less compared to the 

bulk [590.99A°3] which is due to the nanosizing effect in Copper substituted cobalt ferrite. 

The X-ray density (ρx) is calculated by the relation [20]  

     𝜌𝑥 =  
8𝑀

𝑁𝑎3    (3) 

Where M, the molecular mass of the compound, N, the Avogadro number (6.0225 × 1023 particles/mole) 

and ‘a’, the lattice constant. In the present case, X-ray density decreases with increase in the lattice 

constant which is attributed to the atomic weight of Co which is lower than Fe [21]. A similar type of 

observations is noted by Pandit et al for Mg-Zn ferrite system prepared at different molar concentrations 

[22]. Also, X-ray density is found to be higher than their bulk counterpart is due to the formation of 

pores during the synthesis process and ionic radii [23, 24]. The tetrahedral and octahedral ionic radii  

(rA, rB) of cubic spinel structure [25] is given by the equation 

     𝑟𝐴 = (𝑢 − 
1

4
) 𝑎 √3 −  𝑟 (𝑂−2) Å   (4) 

     𝑟𝐵 = (
5

8
− 𝑢)  𝑎 − 𝑟(𝑂−2) Å                (5) 

r(O2
-)  is the radius of oxygen ion (1.35 Å);The mean ionic radius at tetrahedral site A (rA) is found to 

increase slowly than the octahedral site B (rB) which is attributed to the cation redistribution. These types 

of observations are noted by other investigators for their Co-Zn system [26]. The bond length (dAX) and 

(dBX) at tetrahedral and octahedral sites is given by 

     𝑑𝐴𝑋 = (𝑢 − 
1

4
 ) 𝑎 √3 Å    (6) 

     𝑑𝐵𝑋 = ( 
5

8
− 𝑢)  𝑎 Å         (7) 

Where a is the lattice constant; u is the oxygen ion parameter, for ideal spinel ferrite u=3/8. The increase 

in lattice constant will reflect an increase in the tetrahedral (dAx) and octahedral bond length (dBx). The 

hopping length LA and LB at tetrahedral and octahedral sites is given by [25]  

     𝐿𝐴 = 𝑎 (
√3

4
)  Å     (8)  

     𝐿𝐵 = 𝑎 (
√2

4
)  Å     (9) 

The structural parameters are tabulated in tables 1 and 2. It is noted that LA and LB increases with the 

decrease of grain size which is associated with an increase in the lattice constant. Also LA ˃ LB; which 

shows that electron hopping is less probable between ions at tetrahedral and octahedral site than that 

between octahedral and octahedral sites. The tetrahedral edge (dA×E), shared and unshared octahedral 

edge (dB×E and dB×EU) is calculated using the formula. 

     𝑑𝐴𝑋𝐸 = 𝑎 √2 (2𝑢 −  
1

2
)   (10) 

     𝑑𝐵𝑋𝐸 = 𝑎 √2 (1 −  2𝑢)    (11) 

     

     𝑑𝐵𝑋𝐸𝑈 =  𝑎 [4𝑢2 − 3𝑢 +
11

16
] 

1

2   (12) 

It is noted that the evaluated value of rA, rB, dAx, dBx, dA×E, dB×E, dB×EU increases with the decrease of 

grain size and it is due to the cation redistribution. In the present case, the prepared samples shows 

ferrimagnetism. The magnetic moment of anti-parallel spins between Fe3+ ions at tetrahedral sites and 

Co2+ or Cu2+ ions at octahedral sites results in ferrimagnetism of nanoparticles. From the structural 

analysis it is observed that the grain size decreased as the concentration of dopant increased and 

corresponding changes are observed in the strain, the lattice constant, hopping length, octahedral and 

tetrahedral bond length etc. 
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Figure 1. XRD pattern of Co1-xCuxFe2O4 

(x = 0.06, 0.08 and 0.1) 

 

Table 1. Microstructural Parameters of Co1−xCuxFe2O4 (x= 0.06, 0.08 and 0.1) 

Cu 

Conc. 

(M) 

Crystallite 

size 

(nm) 

Micro- 

strain 

 

Lattice 

Constant 

(A˚) 

X-ray 

density 

(gm cm−3) 

rA  

(Å) 

rB 

(Å) 

0.06 26 

 

0.00141 

 

8.3024 

 

5.4426 

 

0.4838 0.6258 

0.08 20 

 

0.00184 

 

8.4707 

 

5.1247 

 

0.5219 

 

0.6668 

0.1 18 

 

0.00195 

 

8.5117 

 

5.0509 

 

0.5313 

 

0.6768 

 

Table 2. Hopping length (dA) and (dB), tetrahedral edge (dA×E), shared (dB×E) and 

unshared octahedral edge (dB×EU) for Co1−xCuxFe2O4 (x= 0.06, 0.08 and 0.1) 

 

Cu 

Conc. 

(M) 

LA 

(Å) 

LB 

(Å) 

dAX 

(Å) 

dBX 

(Å) 

dAXE 

(Å) 

dBXE 

(Å) 

dBXEU 

(Å) 

0.06 3.590 2.9353 1.8838 2.0270 3.7676 2.7944 2.9370 

0.08 3.6679 2.9948 1.9219 2.0681 3.8439 2.8510 2.9965 

0.1 3.6857 3.0093 1.9313 2.0781 3.8626 2.8649 3.011 

 

3.2. Raman Analysis 

The atomic structure of Co1-xCuxFe2O4 (x = 0.06, 0.08 and 0.1) is analysed by Raman spectroscopy [27, 

28] in the range 0-1100 cm-1. The observed Raman peaks seem to be asymmetric or even dissociated. 

De-convolution of spectrum shows that each peak can be presented like a doublet, a characteristic of the 

inverse spinel structure [29]. In the present case the Raman bands (figure 2) shows a shift towards the 
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lower wave number side. The two most intense Raman peaks observed at 274 cm-1, 466 cm−1, and  

660 cm−1. The peaks observed at 274cm−1 and 466 cm−1 are the characteristic modes of spinel ferrite. At 

the lower wavenumber range Raman mode at 660cm-1 shows a shoulder like structure. This band is 

allocated to A1g (1) and A1g (2) modes and the low wavenumber modes are allocated to the Eg and T2g 

modes. The mode at 466 cm−1 is assigned as the vibrations of the octahedral sublattices (Cu+2, Fe+3 at 

B), whereas the high energy phonon mode at 660 cm−1 originates from vibrations of the tetrahedral 

sublattices (Fe+3 at A) [30]. The redistribution of cation doping can be noted by comparing the relative 

intensities of the A1g (1) and A1g (2) modes. The decrease in intensity and the peak at 660 cm−1 shifting 

towards lower wave number is due to the higher atomic mass of Cu than Co ion. The changes in the 

distribution of divalent and trivalent cation is due to the higher degree of cation disorders induced by 

the incorporation of Cu2+ ions and particle size effect.   

 

 

Figure 2. Raman Spectra of Co1-xCuxFe2O4 

(x = 0.06, 0.08 and 0.1). 

3.3. Functional Group Analysis 

Figure 3 shows the FTIR spectra of Co1−xCuxFe2O4 (x = 0.06, 0.08 and 0.1 M). In ferrites, each atom is 

covalently bonded to the nearest neighbour with same bond energies [31]. The metal ion vibrations at 

tetrahedral and octahedral sites are observed around 600 cm-1 and 400 cm-1. The vibrational mode of 

tetrahedral clusters is higher due to the intrinsic vibration which has highest restoring force than the  

in-plane bending vibrations at octahedral sites. The difference in the band position is due to the 

difference in the distance between Fe3+ to O2- at tetrahedral and octahedral complexes [32]. It is noted 

that Fe-O distance at A site is 0.198 nm which is smaller than B site is 0.199nm [33]. In the present case, 

M↔O vibrations are observed around 570cm-1. Also, a small shift in the frequency is observed when 

copper concentration increases which indicate the substitution of copper in the cobalt ferrite lattices 

[34]. The band observed at 3457cm-1 and 1650 cm-1 is assigned to hydrogen bonded O-H group and 

ionic stretching of C-H bond. The band assigned at 1105 cm-1 is due to Co – O and Cu - O or Fe – O 

vibrations [35]. The existence of metal oxygen band at lower frequency confirms the existence of Co 

and Cu in the synthesized sample [36]. 
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Figure 3. FTIR Spectra of Co1-xCuxFe2O4 (x = 0.06, 0.08 and 0.1). 

3.4. Morphological and Compositional Analysis 

 

 

 

  

Figure 4. FESEM images of 

Co1-XCuXFe2O4 at X = 0.06 

 Figure 5. FESEM images of 

Co1-XCuXFe2O4 at X = 0.08 

Figure 6. FESEM images of 

Co1-XCuXFe2O4 at X = 0.1 

 

 

  

Figure 7. EDS Spectrum of 

Co1-XCuXFe2O4 at X = 0.06 

 Figure 8. EDS Spectrum of 

Co1-XCuXFe2O4 at X = 0.08 

Figure 9. EDS Spectrum of 

Co1-XCuXFe2O4 at X = 0.1 
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Figure 10. Atomic weight(%) of Co1−xCuxFe2O4 (x= 0.06, 0.08 and 0.1) 

 

Figure 4 to 6 shows the FESEM images of Co1−xCuxFe2O4 (x= 0.06, 0.08 and 0.1 M) nanoparticles. The 

definite shape of the particles are not visible properly and only the agglomerated particles are observed. 

Figure 7 to 9 shows that the EDS spectra of Co1−xCuxFe2O4 (x= 0.06, 0.08 and 0.1 M) nanoparticles. 

The compositional analysis shows the increase in the atomic weight (%) of Cu when the copper 

concentration increases. It is noted that the other elements such as Co and Fe are also increased with the 

increase in the copper concentration (figure 10). 

3.5. VSM Analysis 

Magnetic hysteresis measurements for ratios 0.06, 0.08 and 0.1 M (Co1−xCuxFe2O4) were taken.  

From the Hysteresis, it is clear that as the particle size increases, the saturation  Magnetization (MS), 

Retentivity(MR) and Coercive field (HC)increases. Figure 11 show the magnetization (emu / g) Vs 

magnetic induction (B) for Co1−xCuxFe2O4 (x = 0.06, 0.08 and 0.1M) at room temperature. The hysteresis 

curve shows the variation of magnetic parameters with the increase in the copper concentration. The 

coercivity (Hc), remanence magnetization (Mr) and the saturation magnetization (Ms) are tabulated in 

table 3. In the case of ferromagnetic material, the magnetization will not pass through the origin and the 

hysteresis curve shows the ferromagnetic behavior of the copper substituted cobalt ferrite nanoparticle. 

The coercivity which is the measure of applied field at zero magnetization and remanence magnetization 

which is the magnetization retains by the material is shown listed in the stable [37]. In general, coercivity 

increases with a decrease in grain size. The narrow hysteresis loop shows ranging from 380 to 602 shows 

that it can be demagnetized easily [38]. From the table 3, it is noted that the coercivity and retentivity 

decrease with the increase in the concentration of Cu2+ ion from 0.06 to 0.1M which is attributed to the 

substitution of Cu2+ ion by Co2+ ion. The exchange interaction between the substituted ion and existing 

ion results in decrease in saturation magnetization. As the electron spins at A (tetrahedral) sites and B 

(octahedral) sites are antiparallel and nullify each other. But the spins within A and B sites are parallel 

and hence the total magnetization of the material is attributed to the magnetic effect of B sites.  When 

the nonmagnetic Cu2+ ion is substituted for Fe3+ ion in the A site, the total unpaired electrons in the B 

site increases which result in increased saturation magnetization. The substitution of nonmagnetic 

Cu2+ion in the position of B site results in decrease in saturation magnetization which reduces the 

interaction between A and B sites [39, 40]. The superexchange interaction between A-A, B-B and A-B 

sites is depends on the chemical composition. The preferential site of Cu2+ is A site  than in the B site 

and hence the Co2+ from A site slowly shifted results in weakening of B-B interaction and this results in 

a decrease in the saturation magnetisation when the copper concentration increases [41]. The remanence 

ratio Mr/Ms also varies with the copper concentration (0.06, 0.08 and 0.1 M) with initially increases and 

then decreases. 
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Table 3. Magnetic Parameters of Co1−xCuxFe2O4 (x= 0.06, 0.08 and 0.1 M)  

 

 

 

 

 

 

 

4. Conclusion 

Copper Substituted Cobalt Ferrite nanoparticles were synthesized by Sol-Gel auto combustion technique 

varying the citric acid to metal nitrate by volumetric ratio. The microstructural analysis confirms cubic 

spinel phase structure of the prepared samples and the average crystallite size decreases from 25nm to 

18nm with an increase in the ratio of metal nitrate to citric acid from 1:2 to 1:4. The most profound 

decrease was found when the volumetric ratio changes from 1:2 to 1:3. In the case of Copper substituted 

CoFe2O4, the Raman bands showed a shift towards the lower wavenumber, which are Raman active 

bands in Fe3O4 all the tetrahedral and octahedral sites are occupied by Fe ions while in CoFe2O4 the 

octahedral sites are occupied either by Co or Fe ions. Intensity decrease of  

660 cm−1 tetrahedral Raman band and all the peaks are shifted towards the lower wavenumber side due 

to a higher atomic mass of Cu compared to the Co ion. As in spinel ferrite, the distribution of divalent 

and trivalent cations can be changed due to the migration of metal ions from tetrahedral to octahedral 

sites and vice versa. These changes could be due to a high degree of cation disorder induced by 

incorporation of Cu2+ ion or a particle size effect. From the FTIR analysis, the band observed at 3457cm-

1 and 1650 cm-1 is assigned to hydrogen bonded O-H group and ionic stretching of C-H bond. The band 

assigned at 1105 cm-1 is due to Co – O and Cu - O or Fe – O vibrations. The presence of Co and Cu 

confirms by the metal oxygen band at lower frequency. The morphological and compositional analysis 

was done which confirmed the increase in copper concentration in the sample. The magnetic studies 

revealed that as the ratio of metal nitrates increases, the coercivity, saturation magnetization, and 

remanence  decreases following a hysteresis path. So, by the above characterization technique, we were 

successfully able to confirm the substitution of Copper in the tetrahedral sites of Cobalt Ferrite. The 

project also yielded effective results in using transition metals as substituted metal nitrates for 

controlling the size of the nanoparticle. 

 

Figure 11. VSM analysis of Co1−xCuxFe2O4 (x= 0.06, 0.08 and 0.1) 

Cu 

Conc. 

(M) 

Coercivity 

(Oe) 

Mr  

(emu/g) 

Ms  

(emu/g) 

Mr / MS 

0.06 602.64 5.942 14.25 0.41 

0.08 450.91 5.710 13.67 0.42 

0.1 380.94 3.260 8.23 0.40 
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