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The citrate sol gel reactions occurring in sodium co-doped cobalt ferrite nanoparticles 

(CFO NPs) with the chemical composition NaxCo(1-x)Fe2O4 (where x = 0.25, 0.5, 0.75) 

were synthesized and calcinated at 800
o
C for 3h. The crystalline phase and morphological 

analyses were investigated by using X-ray diffraction (XRD), high resolution scanning and 

transmission electron microscopy (HRSEM/HRTEM), Fourier transform infrared 

spectrometer (FT-IR) and vibrating sample magnetometer (VSM). The X-ray diffraction 

(XRD) pattern confirms a single phase cubic structure of pure and doped (CFO NPs). 

HRSEM and HRTEM results reveal that the prepared nanomagnetic are wall porous 

structures and spherical particles. The coercivity (Hci) varies from 1272.0 Oe to 625.93 Oe 

and the saturation magnetization (Ms) ranges between 81.84 emu/g to 33.06 emu/g. The 

obtained results indicate that the citrate sol gel process is effective, low-cost and 

environment-friendly and play an important role in the synthesis, morphology, crystalline 

structure and magnetic property of spinel Na-CoFe2O4 nanostructure.  
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1. Introduction 
 

Spinel ferrites have a great attention regarding to their effective particle size dependent 

electronic, magnetic, chemical, mechanical and thermal properties [1–2]. Ferrites structures have 

practical applications in information storage systems, magnetic-electric, ferro-fluid technology, 

magnetocaloric refrigeration and magnetic diagnostics [3-5]. These magnetic materials are 

intensively influenced by their starting chemical composition and their microstructure, which are 

more sensitive to the manufacturing process [3]. Spinel ferrites have the general formula AFe2O4 

(where A
2+

 = Co, Ni, Zn, Mg, etc.) and the unit cell contains 32 oxygen atoms in cubic cross-link 

packing with 8 tetrahedral (Td) and 16 octahedral (Oh) occupied sites. Altering the divalent cation 

type and level content in the ferrites, enable us to obtain a large range of different physical and 

magnetic properties [6]. The basic uses of these spinel ferrites depend on the intrinsic properties 

such as Curie temperature, saturation magnetization, coercivity, phase, porosity, particle size, etc. 

Spinel ferrites have electro-magnetic properties owing to their ability to distribute the cations 

among the existing crystallographic lattice sites such as tetrahedral (A) and octahedral (B) sites [7, 

8]. Cobalt ferrite nanostructure was suitable for a various applications in magnetic storage devices, 

electro-magnetic devices, electronic devices and in biomedical contrast imaging applications and 

devices [8-10]. Cobalt Ferrite (CoFe2O4) as one the most practical spinel ferrites is an inverse 

spinel structured, hard ferrite magnetic material with moderate magnetization, high coercivity and 

narrow band gap (~1.8 eV) semiconducting oxide material [10, 11]. So, the introduction of 

different dopants in cobalt ferrite is an interesting strategy to modify its physicochemical 

properties. Synthesis technique, grain size, grain structure, porosity and cation distribution 
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between the crystallites lattice sites are all factors that effectively impact the electrical and 

magnetic properties of (CFO) nanostructures [12]. The new characteristics of the magnetic 

materials such as high magneto resistance, quantum tunneling of the magnetization, and super 

paramagnetism are attributed to the small size and high surface area of magnetic particles [12, 13]. 

Since, the synthetic method is greatly affect the physicochemical properties of  nano-ferrites, 

different methods were applied for the synthesis of (CFO) NPs such as hydrothermal synthesis 

[14], sol–gel method [15, 16], ball milling [17], and chemical precipitation [18]. 

Sol–gel technology introduces a versatile chemical manner for the synthesis of inorganic 

nanoparticles and organic–inorganic nano-composites [19, 20]. Since sol–gel processes can occur 

under extraordinarily low thermal treatment conditions, and due to the fascinating and unique 

combinations of properties and interesting advantages such as high homogeneity and purity, 

controllability of size and shape, and enhanced high surface area, sol–gel technology has 

established increasing applications in a various range of scientific research and industrial fields 

[21]. 

Hence, in this work we have investigated the sol gel synthesis, structural and magnetic 

characterizations of sodium doped cobalt ferrite nanostructures with the chemical composition 

NaxCo1-xFe2O4 (where x = 0.00, 0.25, 0.5 and 0.75), calcined at 800
o
Cfor 3hs. The nanostructures 

produced were characterized by the following techniques: X-ray diffraction (XRD), high 

resolution transmission and scanning electron microscopy (RHTEM/HRSEM), Fourier transform 

infrared (FT-IR) and vibrating sample magnetometer (VSM). 

 
 
2. Experimental work 
 

2.1 Raw materials and preparation 

Sodium co-doped cobalt ferrite nanoparticles (Na-CFO) having the formula NaxCo1-xFe2O4 

(where x = 0.00, 0.25, 0.5, 0.75) were synthesized by citrate-gel method. The used precursors were 

cobalt nitrate (Co(No3)2∙6H2O), iron (ш) nitrate (Fe(NO3)3.9H2O), sodium nitrate (NaNO3) and 

citric acid (C6H8O7∙H2O). A stoichiometric amount of all metal nitrates were dissolved in distilled 

water/ citric acid and mixed together under vigorous magnetic stirring, to obtain a homogeneous 

solution. The addition of citric acid as a catalyst helps in the segregation and homogeneous 

distribution of the magnetic metal ions [22]. Then, the resultant solutions were slowly evaporated 

at 200
o
C until a gel - xerogel formed in air, to remove solvent molecules from the mixture. During 

this process, the initial deep brown color of the solution changed to a highly viscous gel. Finally, 

calcination at 800
o
C for 3h, of xerogel for pure and doped leads to the formation of dense 

nanopowder of Na-CFO. 

 

 

2.2 Characterization of Na-CFO nanoparticles 

The structural characterization of synthesized Na-CFO nanoparticles was carried out by X-

ray Bruker-D8 advance diffractometer (XRD)  using monochromatized CuK radiation of 

wavelength (λ)  = 1.54056 Å operated at  40 kV and 40 mA. Scans were performed with a detector 

step size of 0.02° over an angular range of 2 starting from 10 to 80
o
. The magnetic nanoparticles 

average sizes were calculated using Scherrer’s equation [23]: 

  
                      D =

0.9 λ

βcosθ
                                                                           (1) 

 

where D is the average grain size along the direction vertical to the certain crystal plane referring 

to grain size, λ is the X-ray wavelength ( = 1.54056 Å),  β  is the peak width in radians, measured 

at half of the maximum intensity, and θ is the Bragg diffraction angle, d-spacing is calculated by 

using Bragg’s Law. The surface morphology of the as-prepared samples was investigated using 

high resolution scanning electron microscope (HRSEM), (JEM-1230). Samples were coated with 

gold at 10 mA for 2 min prior to SEM analysis.  High resolution transmission electron microscope 

(HRTEM), JEOL, JEM-2100. Fourier transform infrared (FTIR) spectra of the as-prepared 
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samples were recorded with a FT-IR spectrometer (Nicolet Impact-400 FT-IR spectrophotometer) 

in the range of 200– 4000 cm
-1

. The dried samples were ground into very fine powder and then 

blended with KBr before pressing the mixture into ultra-thin pellets. The room temperature 

magnetic hysteresis loops of the prepared nanomagnetic samples were measured by vibrating 

sample magnetometer (VSM) Model: Lake shore 7410.  

 
 
3. Results and discussion 
 

3.1 X-ray Diffraction (XRD) 

Fig. 1 shows the XRD patterns of pure CoFe2O4 (CFO) and NaxCo(1-x)Fe2O4 (where x= 

0.25, 0.5 and 0.75) nanoparticles prepared using sol gel process and calcined at 800
o
C for 3h. The 

resulted XRD patterns revealed the high crystallinity degree of the formed nanoparticles samples 

and confirmed the spinel CFO phase according to (JCPDS, Card no. 22-1086), indicating that 

single phase spinel cubic structure with space group Fd3m are successfully formed for pure and 

doped (CFO). Also, no impurity phase has been identified with incorporation Na ions in CFO any 

of the samples. The XRD peaks can be indexed to (111), (220), (311), (400), (422), (511) and 

(440) crystal planes as the fundamental of the cubic CoFe2O4 nanoparticles. In addition, the intense 

of the (311) peak increases indicating the higher crystallinity degree while the intensity of the 

(111), (222) and (422) peaks weakens with the incorporation of Na ions. The average crystallite 

size of the prepared samples (D) was calculated for the most intense peaks of each sample by 

Sherrer’s formula [23]. The estimated crystallite size was found to be about 29 nm, 27.5 nm, 26 

nm and 28 nm for (CFO), (Na0.25Co0.75Fe2O4), (Na0.5Co0.5Fe2O4) and (Na0.75Co0.25Fe2O4), 

respectively. Where, the upper limit of crystallite size is very significant for successful spinning 

[24]. There is a small shift in the position of the peak (311) and relative decrease in the intensity of 

all the peaks, corresponding to the incorporation of Na
1+

 ions in pure (CFO) network, this is may 

be imputed to the decrease of the total molecular weight of the prepared nanomagnetic samples by 

the introduction of the lighter Na
1+

 ions than Co
3+

 ions in (CFO) nanparticles [25].The values of 

average crystallite sizes (D), lattice parameter (a) (experimental and theoretical) the surface area 

and strain of the prepared magnetic samples are shown in table (1). From the table it is appeared 

that, the increase in the lattice constant (a) is due to the difference in ionic radii of Na
1+

 (1.02 A
o
) 

as compared to Co
3+

 (0.72 A
o
) [25, 26]. Therefore when the larger Na

1+
 ions were replaced with 

the smaller Co
3+

 ions in octahedral sites and cause the increase in the lattice parameter (a), causes 

strain of unit cell dimensions, that way increasing the lattice parameter [26]. Estimated values of 

average crystallite sizes (D in nm) lattice parameters (a in A
o
) and strain are tabulated in Table 1. 

 

 
 

Fig.1. The XRD patterns for NaxCo(1-x)Fe2O4 with x = 0.0, 0.25, 0.5 and 0.75, calined at 800
o
C. 
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Table 1. Shows the values of  crystallite size (D) and lattice parameter (a) with the substitution 

 of  Na
1+

 ions into CFO. 

 
Sample Crystallite 

size (D) 

(nm) 

d-

spacing 

(A
o
) 

Exp.Lattice 

parameter  

(a) (A
o
) 

theoretical 

lattice 

parameter 

Molecular 

weight 

(M)(a.m.u) 

X-ray 

Density 

(Dx) 

g/cm
3
 

Specific 

surface area 

(m
2
/g) 

 

Strain 

(ε) 

CoFe2O4 29 2.53210 8.39803 8.39470 234.621 5.262 39.319 0.201 

Na0.25Co0.75Fe2O4 28 2.53509 8.40794 8.39773 225.635 5.043 41.026 0.215 

Na0.5Co0.5Fe2O4 26.3 2.54240 8.44219 8.42195 216.649 4.800 47.529 0.270 

Na0.75Co0.25Fe2O4 28.3 2.53966 8.42310 8.41286 207.663 4.616 45.930 0.216 

 
 

3.2 Scanning and transmission electron microscopy (HRSEM-HRTEM): 

Fig. 2 shows the HRSEM (a-c) and HRTEM (d, e) images of the prepared NaxCo(1-x)Fe2O4 

(where x= 0.0, 0.5 and 0.75) nanoparticles calcined at 800
o
C,which appear the common 

morphology of composite ceramics. As could be observed in Fig. 2(a,b), the surface morphology 

of CFO doped with (0.0, 0.5) content of Na
1+

 ions, the samples exhibited a mix of curved flake-

shaped condensed structure with some nanospheres on the flake surfaces and nanorods linking 

between them and distributed on their surfaces of nano-scale, which is similar to that reported in 

Ref.[27]. The HR-SEM image of the sample Na0.75Co0.25Fe2O4 is shown in the Fig.2 (c). As seen, 

the flake-shaped structure and the clusters of smaller particles were altered to a spongy-shaped 

structure with a high porosity as we expected from the XRD examination which enhance the 

properties of such a magnetic material. The surface morphology of the prepared CFO doped with 

Na ions were due to aggregation of nano-magnetic and gathering in flakes or sheets and nano-rod 

like morphology. Indeed, the flakes or sheet and nano-rod-like morphology was confirmed by HR-

TEM observations, as in Fig. 2(d, e). Fig. 2 (d, e) presents the results of CFO doped with (0.5, 

0.75) content of Na
1+

 ions. The images reveal that the prepared nanoparticles were spherical shape 

and with relative agglomeration. The clear agglomeration is attributed to the existence of dipolar 

field in crystallites (magnetic nature) of Na-CFO (NPs). It is obvious the uniform particle size 

distribution and almost all nanoparticles were with average particle size 25 nm. The produced 

values are in good agreement with the crystallite size obtained from the XRD patterns.  
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Fig. 2 (a–c): HRSEM and (d, e) HRTEM images for NaxCo(1-x)Fe2O4 for (a) x=0.0,  

(b, d) x=0.5 and (c, e) x=0.75, calcined at 800
o
C for 3h. 

 

 

3.3 Fourier Transform Infrared Spectroscopy (FTIR) analysis 

Fourier transform infrared (FT-IR) analysis was applied to investigate the presence of 

functional groups (the metal-oxygen bonding) and impurity on the surface of the prepared 

samples, where the IR absorption bands of solids matrices are usually ascribed to the vibration of 

ions in the crystal lattice [28]. FTIR spectra of the prepared nanomagnetic samples are shown in 

Fig. 3. It is clear from Fig. 3, there is a broad band at around 3447 cm
-1

 referring the structural O-H 

and the band at 1615 cm
-1

 attributed to the deformation mode of OH groups in the internal 

structure of pure and doped CFO nanoparticles [28, 29]. There is some weak absorption peaks at 

2918, 2847, 1727 and 1433cm
-1

 in the FTIR spectra were ascribed to the stretching vibration mode 

of C–H bond from the residual solvents [30]. The CFO-based nanoparticles have the absorption 

band at 1196 cm
-1

 that shifted to the lower wavelength values with incorporation Na ions at, may 

be due to the vibrations of the bond between Oxygen ion and octahedral metal ion Mocta↔O [31]. 

The absorption bands located at 400–700 cm
-1

 are attributed to the vibrations of the ions of the 

crystal lattice in spinel ferrites. The two significant absorption bands, at around 575 cm
-1

 and 467 

cm
-1

 for pure (CFO) and shifted to the lower wavelength (565 cm
-1

) with incorporation of Na ions 

in (CFO) matrix, that are the common features of spinel ferrites [32, 33]. The absorption band at 

500-600 cm
-1

 was attributed to stretching vibrations of Fe
3+

-O
2-

 tetrahedral site, which were 
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appeared in most of the ferrites matrices [34]. The main strong absorption bands in the range 400-

700 cm
-1

 reveal the formation of single phase spinel structure are assigned to the stretching 

vibrations mode of the spinel unit cell in the tetrahedral (A) site and the metal–oxygen vibrations 

in the octahedral (B) site [35]. Also, the obtained result is in agreement with that of Waldron and 

Kurtan, ascribed the high frequency bands to the tetrahedral group (around 600-700 cm
−1

) and low 

frequency band to the octahedral group (around 350-450 cm
−1

) [35, 36].   

 

 
 

Fig. 3. FT-IR spectra of (A) CFO and (B) Nax Co(1-x)Fe2O4 nanoparticles for (a) 0.25, 

(b) 0.5, and (c) 0.75, calcined at 800
o
C. 

 

 
3.4 Magnetic measurements 

The typical hysteresis loops of NaxCo(1-x)Fe2O4 (x = 0.25, 0.5, 0.75) calcined at 800
o
C for 

3h, were shown in Fig. 4. Fig. 4 indicates the dependences of magnetization (M) values on the 

applied field (H), M -H loops of the prepared samples CoFe2O4and Na doped CoFe2O4 measured 

at room temperature, which are distinguishing of ferromagnetic behavior. The saturation 

magnetization value (Ms) is 81.846 emu/g for the as-prepared pure CoFe2O4, as tabulated in table 

2. The values of saturation magnetization (Ms) decreased from 81.84 emu/g to 33.06 emu/g with 

increasing the Na2O concentration in CFO matrix due to the gradual rearrangement in the internal 

structure (i.e., crystallinity and particle scale) and might be the occupancy of lesser magnetic Na
1+

 

ions in the tetrahedral A-sites [37]. The introducing of nonmagnetic Na ions in magnetic Co ions 

lowers the magnetization values. The values of the coercivity (HCi) rapidly changed from 1272.0 

Oe, 707.27 Oe, 163.4 Oe and 625.93 Oe with incorporation of Na2O dopant at x = 0.0, 0.25, 0.5 

and 0.75, which is due to the replacement of Co
3+

 ions causing grain growth in Na-CFO 

nanoparticles decreasing the coercivity as a whole. All doped samples display the small (Hci) 

values because pure CoFe2O4 is considered a typical soft magnetic material. The remanent 

magnetization (Mr) values in the range from 36.875 to 9.6679 emu/g. The hysteresis loop results 

for Na-CFO show that the introduction of nonmagnetic Na ions really plays key role for changing 

the (Ms) values of the samples. 
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Table 2. Magnetic properties, Saturation magnetization (Ms), Coercivity (Hc) and  

Remnant magnetization (Mr) of obtained Na-CFO nanoparticles. 

 
Sample  Ms (emu) Mr(emu/g) Hci (G) Squareness 

(Mr/Ms) 

CoFe2O4 81.846 36.875 1272 0.35989 

Na0.25Co0.75Fe2O4 65.951 6.6951 163.40 0.10151 

Na0.5Co0.5Fe2O4 61.404 20.155 706.45 0.32824 

Na0.75Co0.25Fe2O4 33.061 9.6679 627.24 0.29243 

 

 

 
 

Fig. 4. Magnetic hysteresis loops of the samples CFO and Nax Co(1-x)Fe2O4 nanoparticles  

(x= 0.25, 0.5, and 0.75), calcined at 800
o
C. 

 
 
4. Conclusions 
 

The aim of this work is to construct magnetic nanoparticles based on CoFe2O4 and doped 

with Na ions with modified magnetization, morphology and good chemical stability were 

successfully prepared using citrate sol gel process and calcined at 800oC for 3h in air.  

The CoFe2O4 nanoparticles were select as the studying base because it has the highest 

magnetization.  X-ray diffraction (XRD) analyses confirm the formation of the cubic phase spinel 

structure without any impurity phase and the calculated crystallite sizes of the prepared Na-CFO 

are in the range of 29-28 nm.  

The nanomagnetic samples show hysteresis loop which indicates the soft and hard phases 

are well exchange coupled under the effect of Na ions. The Na-CFO coercivity varies from 1272.0 

Oe to 625.93 Oe and the saturation magnetization ranges from 81.84 emu/g to 33.06 emu/g with 

increasing the Na2O concentration in CFO matrix. 
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