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This study explores the influence of cerium (Ce3+) substitution on the structural, 

morphological, and magnetic properties of CuFe2O4 nanoparticles. Nano-

crystalline Ce-doped copper ferrites, represented by the formula CuCexFe2-xO4 

(where x ranges from 0.0 to 1.0 in increments of 0.2), were synthesized via the 

Sol-gel auto-combustion method. Comprehensive characterization of the samples 

was conducted using X-ray diffraction (XRD), Fourier-transform infrared 

spectroscopy (FTIR), field emission scanning electron microscopy, transmission 

electron microscopy, energy-dispersive X-ray spectroscopy (EDS), and X-ray 

photoelectron spectroscopy (XPS). XRD analysis revealed a single tetragonal 

ferrite phase for undoped CuFe2O4, which transitioned to mixed phases with 

increasing Ce3+ concentrations. FTIR spectra identified two prominent 

absorption bands between 400 and 600 cm-1, indicative of the ferrite structure. 

Variations in selected area electron diffraction (SAED) patterns were noted as a 

function of Ce3+ content. EDS and XPS analyses confirmed the stoichiometry 

and oxidation states of the elements, respectively. Notably, the magnetization 

measurements revealed a decrease in magnetization, attributed to the formation 

of a CeO2 secondary phase and the substitution of Fe3+ ions at the octahedral B-

site with Ce ions. This research provides valuable insights into the modulation of 

ferrite nanoparticles' properties through cerium doping, with potential 
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implications for their application in various technological fields.  

Keywords: Sol-gel, Magnetic materials, Secondary Phase, Nanoparticles, XPS.  

 

 

1. Introduction 

Spinel ferrite nanoparticles exhibit broad applicability in a variety of domains, including 

optoelectronics, sensing, and catalysis [(Bhalla et al., 2021)]. Additionally, spinel ferrite-based 

thin films exhibit potential applications in fields such as energy storage and random access 

memory [(Sagu et al., 2017)]. The significance of magnetic spinel ferrite nanoparticles in 

modern day technologies is demonstrated by their use in industrial electronic devices, water 

treatment, and biomedical applications [(Tahir Farid et al., 2018),(Kefeni et al., 2017),(Amiri 

et al., 2019)].  

Jahn-Teller distortion makes ferromagnetic material-based copper ferrite nanoparticles an 

attractive candidate for further study [(Abdellatif et al., 2017),(Latiff et al., 2019)]. Due to their 

unique properties, these nanoparticles have attracted a lot of attention in the research 

community during the past two decades. Such features result from the combined effects of a 

small fraction of atoms in each crystalline core and a large fraction of atoms on the surface of 

the nanoparticles [(Rahimi-Nasrabadi et al., 2016)]. This peculiar combination has stimulated 

researchers to explore deeply into the characteristics and possible uses of copper ferrite 

nanoparticles. 

In particular modifying the crystal chemistry of nanocrystalline magnetic materials has drawn 

a lot of attention. Several researchers reported the doping of different rare earth cations in 

spinel structure [(Meng et al., 2009),(Panda et al., 2003),(Bhowmik & Ranganathan, 

2001),(Mahmoud & Sattar, 2004)].This interest has grown in recent years, notably in the 

context of rare earth (RE3+) ion substitution inside copper ferrite nanoparticles. This evolving 

area of research has great potential for a number of cutting-edge technologies, which makes it 

an area of interest for academic research and innovation [(Panneer Muthuselvam & Bhowmik, 

2010),(Bhosale et al., 1996),(Gadkari et al., 2009),(Kupferling et al., 2005),(Gadkari et al., 

2010)]. Syntheses of ferrite nanoparticles are of great interest in the study and tailoring of 

specific magnetic properties. The magnetic behavior of nanocrystalline spinel ferrite is 

sensitive to the types of cation and their distribution amongst the two interstitial sites (A- and 

B- sites) of spinel lattice [(Borah & Ravi, 2021),(Andersen et al., 2018)]. Based on the ionic 

radius the RE3+ ions can be categorized into two types’ viz. materials with radius closer to Fe 

and radius greater than Fe [(Rahimi-Nasrabadi et al., 2016)].  

Due to variations in ionic radii, deformation in the spinel structure was observed. The 

substitution of Ce3+ at B- sites (octahedral) is bound to change the super exchange interaction 

and tune the magnetic properties of CuFe2O4[(Akhtar et al., 2021)]. The potential field of the 

surrounding ions barely affects the 4f orbital of the rare earth cerium (III) ion, as it's shielded 

by the 5S2 and 5P6 orbitals. Spinel ferrites can be doped with rare earth ions to enhance their 

electric and magnetic properties, also the occurrence of 4f-3d couplings determines the 

magneto crystalline anisotropy in ferrites [(Yang et al., 2007),(Shinde et al., 2012)]. 

In the present investigation we reported the sol-gel auto-combustion synthesis, structural, 

morphological and magnetic properties of Ce3+ substituted CuFe2O4: CuCexFe2-xO4 (x = 0.0 to 
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1.0 with steps of 0.2). 

 

2. Experimental technique  

Analytical grade metal cations of copper, cerium and ferric nitrate without further purification 

were used as starting material. The stoichiometric proportion of Cu(NO3)2•3H2O, Fe 

(NO3)3•9H2O and Ce(NO3)3•6H2O is used as starting material, citric acid (C6H8O7) was used 

as fuel for combustion process. Ammonia (NH3) was added to maintain the pH of the solution. 

Cerium (III) substituted copper ferrite nanostructure with chemical formula CuCexFe2-xO4 (x 

= 0.0 to 1.0 with steps of 0.2) was fabricated by sol-gel auto-combustion method. Required 

weighed amount of starting reagents was taken to achieve the metal nitrate (M2+/M3+) molar 

ratio as 1:2. The metal nitrate to citric acid ratio was taken as 1:3 indicating fuel rich solutions. 

The mixture in their respective stoichiometric of metal nitrates and fuel was dissolved in 

deionized water. The ammonia solution slowly added to maintain the pH of the solution at 8. 

The viscous gel was obtained by continuous stirring and heating of the solution. Further after 

formation of viscous gel solution was ignited to form the lose powder by combustion. 

The thermal behavior of ferrite nano particles was evaluated via thermogravimetric analysis 

(TGA) using a Perkin Elmer TG/DTA Diamond model. Using Cu-K radiation ( = 1.5406 

Å) on a PHILIPS diffractometer with -2 geometry, X-ray powder diffraction (XRD) 

investigation showed the development of crystalline phases at room temperature. Scherrer’s 

formula was used to calculate the average crystallite size from the X-ray diffraction data. 

Furthermore, Fourier transform infrared spectroscopy was performed at wave numbers 

between 400 and 4000 cm-1 in a KBr medium. Field emission scanning electron microscopy 

using model JSM-7600F revealed the surface morphology and chemical composition (EDS) 

of samples. The chemical state and elemental composition of elements was confirmed by X-

ray photoelectron spectroscopy (XPS) using model AXIS supra. The pulse field hysteresis 

loop technique was used to perform the magnetic measurements at room temperature. 

 

3. Results and discussion 

3.1 Thermal Analysis 

Thermo-chemical behavior of as-prepared cerium copper ferrite nanoparticles with chemical 

composition CuCeFeO4 in the temperature range of ambient to 825 C with heating rate of 5 

C/min were examined by TG/DTA and presented in Fig.1. 



1619 Akshay B. Ghumare et al. A Comprehensive Study on the Correlation Between...                                                                                               
 

Nanotechnology Perceptions Vol. 20 No.7 (2024) 

0 100 200 300 400 500 600 700 800 900

95

96

97

98

99

100

Temperature

W
ei

g
h
t 

lo
ss

 (
%

)

0

5

10

15

20

25

30

35

40

M
ic

ro
v
o

lt E
n

d
o

 D
o

w
n

 (
v
)

 

Figure 1: TG/DTA for as-prepared CuCeFeO4 

In the heat treatment of ferrite various processes like dehydration and decomposition of 

residual nitrate takes place. TGA curve represents different regions of weight loss, which are 

further confirmed by the occurrence of peaks on the DTA curve. In present case there are two 

endothermic peaks are observed. The first one is around 50-100oc and second one is around 

200-400oc. The first peak is due to dehydration of absorbing water in sample and second one 

is due to decomposition of organic compounds and nitrates. The weight loss is found to be 

4.153% at 303.71oc which is due to dehydroxylation of ferrite materials. In DTA only one 

endothermic peak is observed at around 200-400 C which is due to evaporation of water and 

decomposition of organic compounds and nitrates. No additional weight loss was observed at 

temperatures above the decomposition temperature (500C), which reveals the proper 

formation of cerium doped copper ferrite nanoparticles. 

3.2 X-ray Powder Diffraction 

Crystalline phase formation confirmed by X-ray powder diffraction (XRD) pattern on 

PHILIPS diffractometer with -2 geometry using Cu-K radiations ( = 1.5406 Å) at room 

temperature, are shown in Figure 2. 
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Figure 2: X-ray Diffraction Pattern for CuCexFe2-xO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) 

A single tetragonal ferrite phase (For x = 0.0) appeared for copper ferrite nanoparticles, with 

no intermediate phase evident. Well-defined and broader diffraction peaks, all corresponding 

to characteristic crystallographic planes like (101), (112), (200), (103), (211), (202), (004) 

(220) (312), (105), (303), (321), (224), (400), (420) and (404) of the spinel structure was 

observed. All the diffraction peaks are well assigned to tetragonal structure of copper ferrite 

(JCPDS PDF# 34-0425). The diffraction peak broadening exhibits the nanocrystalline nature 

of the materials. 
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Figure 3: X-ray Diffraction Pattern indicating different Phases of CuCeFeO4 
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During the early stage of cerium ion substitution in copper ferrite (x = 0.2 to 1.0 with steps of 

0.2), a partial conversion to mixed phase from tetragonal phase occurred because Ce3+ ions 

with a larger radius (0.101 nm) replaces Fe3+ ions with a smaller radius (0.064 nm) in the 

octahedral site, which could create an internal stress to make the lattice distorted. Inset of Fig.2 

indicates the formation of mixed phases due to Ce3+ ion substitution. XRD merely reveals a 

decrease of the intensity and an associated broadening of the Bragg peaks of the copper ferrite, 

which indicates formation of the disordered state. With increasing Ce3+ ion concentration, 

qualitative changes are observed in diffraction patterns of the samples and which may be due 

to the presence of a new phase, i.e., CeO2. It is seen that, new sharp peaks (denoted by * in 

Fig.2) (111), (200), (220), and (311) observed, which corresponds to CeO2 phase. The intensity 

of these peaks increased continuously with Ce3+ concentration, whereas the relative peak 

intensity corresponding to the planes (112), (103), (211), (202), (004), (220), (321) and (224) 

decreased. Similar results were reported by Subbiah Karthick et al. [(Subbiah et al., 2017)] for 

Ce doped nickel ferrite. For Ce3+ concentration with x = 1.0, X-ray diffraction data (Figure. 3) 

suggests the coexistence of three crystal phases in the sample, one of which closely 

corresponds to CeO2 (JCPDS PDF# 34-0394), the second phase could be due to the formation 

of FeO (JCPDS PDF# 75-1550) and third phase corresponds to CuO (JCPDS PDF# 48-1548). 

This possibility of formation of three different phases was confirmed by XPS data analysis. 

 

Figure4: Variation of crystallite size with Ce3+ ion concentration for CuCexFe2-xO4 (x = 0.0, 

0.2, 0.4, 0.6, 0.8 and 1.0) 

According to the Scherrer formula [(Cullity, 1978)], an average crystallite size of about 15 nm 

is derived from the full width at half maximum of the most intense peaks. Figure 4. shows the 

variation of crystallite size and observed that the crystallite size decreases with Ce3+ 

concentration. 

3.3 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectra of ferrite system CuCexFe2-xO4 (x = 0.0, 0.2, 0.4, 

0.6, 0.8 and 1.0) are shown in Fig.5. FTIR was recorded at room temperature in a KBr medium 

at wave numbers ranging from 400 to 4000 cm-1 exhibit two major absorption bands in the 

range 400 and 600 cm-1. 
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Figure 5: Fourier Transform Infrared spectra for CuCexFe2-xO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 

1.0) 

According to Waldron [(Jandl & Deslandes, 1981)] the vibration of unit cell of the spinel can 

be constructed in the tetrahedral (A) sites and octahedral (B) site. So, the absorption band (υ1) 

is caused by scratching vibrations of the tetrahedral metal–oxygen bond and absorption band 

(υ2) is caused by metal–oxygen vibrations in octahedral sites. From Fig.5 it is evident that the 

change in band position is exempted because of the difference in the Fe3+–O2− distances for 

the tetrahedral and octahedral complexes. Due to doping of Ce3+ ions, small shift in absorption 

band υ2 was observed which indicates that the occupancy of Ce3+ on octahedral B site. 

3.4 Morphological analysis 
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Figure 6: Field Emission Scanning Electron Microscopy (FESEM) Images for CuCexFe2-xO4 

(a) x = 0.0, (b) x = 0.6 and (c) x = 1.0 

The particle size and morphology of typical samples with x = 0.0, 0.6 and 1.0 is shown in Fig.6 

and 7. SEM micrographs reveal that the particles of all samples have a similar morphology but 

different sizes (Figure 6). The particle size calculated from SEM images was found to be in 

close agreement with that obtained from XRD and variation with Ce3+ ion concentration is 

shown in Fig.4. 

 

Figure 7: Transmission Electron Microscopy Images for CuCexFe2-xO4 (a) x = 0.0, (d) x = 
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0.6 and (g) x = 1.0 

The morphology of typical samples of CuCexFe2-xO4 with x = 0.0, 0.6 and 1.0 was further 

investigated by transmission electron microscopy technique (TEM). The ring-like pattern in 

the selected area electron diffraction (SAED) (Fig.7 b) indicates that the CuFe2O4 

nanoparticles and the most distinct concentric diffraction rings, which is consistent with the 

XRD results shown in Fig.2. As the Ce3+ concentration increases the changes in SAED 

diffraction rings was observed evaluating the mixed structure of ferrite samples.  

The particle size of these samples was estimated by measuring the diameter of the particles 

from Gaussian fitting of Histograms. Fig.7 (c, f, i) represents the particle size distribution 

Gaussian fitting of Histograms, and average particle size is determined. The average particle 

size (10 nm) determined from Gaussian fitting is in close agreement with the particle size 

calculated from XRD and SEM analysis. 

3.5 Energy Dispersive X-ray Spectroscopy (EDS) 

The compositional stoichiometry of the CuCexFe2-xO4 (for x= 0.0 and 1.0) was investigated 

using EDS image analysis on various regions of the prepared samples, is shown in Fig.8. 

Composition determined by EDS is compared to the relative amount of metal cations ions used 

to make the particles of CuCexFe2-xO4. The percentage of iron is always found to be quite 

constant. Hence, the composition of Cu, Ce, Fe and O elements is similar to the composition 

of the mixture used for the synthesis. 

 

 

 

 

 

 

x = 0.0 
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Figure 8: EDS Images for CuCexFe2-xO4 (For x = 0.0 and 1.0) 

3.6 X-ray Photoelectron Spectroscopy (XPS) 
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Figure 9: XPS spectra for CuFe2O4 

To gain the information regarding chemical composition and the oxidation state of element, 

X-Ray Photoelectron Spectroscopy (XPS) were performed on CuCexFe2-xO4 (For x = 0.0 and 

1.0). Figure.9 shows XPS spectra for CuFe2O4, XPS survey scan illustrate the characteristic 

peaks for O 1s (530.8 ev), Fe 2p (710 eV) and Cu 2p (935 eV) (Fig.9.a). High resolution 

narrow scan for Fe 2p in CuFe2O4 reveals Fe 2p3/2 and Fe 2p1/2 binding energy peaks at 710.0 

and 723 eV, respectively (Fig.9.d). The observed binding energy values are characteristic of 

Fe in its +3 oxidation state. Likewise, the high-resolution narrow scan for Cu 2p in CuFe2O4 

displays energy peaks of 2p2/3 and 2p1/2 at 933.14 and 953.15 eV respectively (Fig.9.c), clearly 

indicating that copper is in its +2 oxidation state. Further, the CuFe2O4 show a single peak for 

oxygen O1 s at binding energy 529.8 eV, belongs to the oxygen -2 oxidation states. 
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Figure 10: XPS spectra for CuCeFeO4 

Figure.10 shows XPS spectra for Ce3+ doped CuFe2O4. XPS survey scan illustrate the 

characteristic peaks for O 1s (530.8 ev), Fe 2p (710 eV), Ce 3d (882.53) and Cu 2p (935 eV) 

(Fig.10.a). High resolution narrow scan for oxygen in CuFe2O4 reveals O1 s at binding energy 

529.8 eV (Fig.10.b), belongs to the oxygen -2 oxidation states. Likewise, the high-resolution 

narrow scan for Cu 2p in CuFe2O4 displays energy peaks of 2p2/3 and 2p1/2 at 933.14 and 953.15 

eV respectively (Fig.10.c), clearly indicating that copper is in its +2 oxidation state. Further, 
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the CuFe2O4 show a peak for Fe 2p3/2 at binding energy 710.0 eV (Fig.10.d). The observed 

binding energy values are characteristic of Fe in its +2 oxidation state. 

Lastly high-resolution narrow scan for Ce 3d in CuFe2O4 displays energy peaks of 3d5/2 and 

3d3/2 at 882.33, 889 and 898.62 eV and 916, 924.27 and 933 eV respectively (Fig.10.e), 

confirming that cerium is in its +4 oxidation state. The XPS analysis is in confirmation with 

XRD analysis 

3.7 Magnetic Measurements 

The knowledge of saturation magnetization (Ms) of CuCexFe2-xO4 (with x = 0.0 to 1.0) 

measured at room temperature measured from hysteresis loop was as shown in Fig.11. 
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Figure 11: Variation of saturation magnetization (Ms) with applied filed for Ce3+ doped 

copper ferrite 

The analysis of magnetization data, as illustrated in Figure 12, demonstrates a discernible 

decline in magnetic properties with the substitution of Ce3+ ions in CuFe2O4 nanoparticles. 

This reduction in saturation magnetization can be primarily attributed to the inherent magnetic 

moment of the doped Ce3+ ions, which is quantified at 2.54 µB. This value is notably lower 

than that of Fe3+ ions, which possess a magnetic moment of 5.9 µB. The observed decrease in 

magnetization with escalating Ce3+ content further compounds this effect, a phenomenon that 

can be explained by the progressive transformation of Fe3+ ions located at octahedral sites into 

Fe2+ ions at tetrahedral sites within the ferrite structure. 

This ionic conversion is significant because the magnetic moment associated with Fe3+ ions 

surpass that of Fe2+ ions. Therefore, as the proportion of Ce3+ substitution increases, leading 

to a greater conversion of Fe3+ to Fe2+ ions, there is a consequent decline in the overall 

magnetization of the ferrite material. This outcome underscores the intricate relationship 

between ionic substitution and magnetic properties in ferrite nanoparticles, highlighting the 

delicate balance between enhancing certain material characteristics through doping and the 

potential trade-offs in magnetic performance. The detailed examination of these dynamics 

provides a comprehensive understanding of the effects of Ce3+ doping on the magnetic 
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behavior of CuFe2O4, offering insights into the material's suitability and potential 

optimizations for various technological applications where magnetic properties are paramount. 

[(Shirsath et al., 2011), (Rai et al., 2013)].  Also Ce ion replaces the Fe3+ ions at octahedral B-

site which results decrease in magnetization due to the presence of CeO2 secondary phase 

[(Paunović et al., 2012), (Li et al., 2010)] which is confirmed from XRD and XPS analysis. 

The Bohr magneton (nB) was calculated using the relation [(Smit, 1971)]  

B
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The magneton number decreases with Ce ions substitution increases. The variation of nB with 

Ce concentration was shown in Fig.12. 
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Figure 12: Variation of saturation magnetization (Ms) and magneton number (nB) for Ce3+ 

doped copper ferrite 

 

4. Conclusions  

This study conclusively demonstrates the significant impact of cerium (Ce3+) doping on the 

structural, morphological, and magnetic properties of CuFe2O4 nanoparticles. The synthesis of 

nano-crystalline Ce-doped copper ferrites through the Sol-gel auto-combustion method and 

their subsequent characterization via techniques such as XRD, FTIR, FESEM, TEM, EDS, 

and XPS have elucidated the transition from a single tetragonal ferrite phase to mixed phases 

with increasing Ce3+ concentration. This phase transition is attributed to the substitution of 

Fe3+ ions by Ce3+ ions at the octahedral sites, as evidenced by changes in the FTIR absorption 

bands and XRD patterns. The observed decrease in magnetization is linked to the formation 

of a CeO2 secondary phase and the aforementioned ionic substitution. The consistency 

between the calculated particle sizes from SEM images and XRD analysis, along with the 

compositional verification through EDS, underscores the precision of the synthesis and 

characterization processes. This research underscores the potential of cerium doping in 

tailoring the properties of ferrite nanoparticles for enhanced functionality in technological 
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applications, despite the noted reduction in magnetization which may limit certain uses but 

could be advantageous in others, depending on the specific requirements of the application. 
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