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K E Y W O R D S 

Nanocrystalline CoyZn1-yHozFe2-zO4 (where y = 0.0, 0.25, 0.5, 0.75, 1.00 and z=0.0, 

0.03, 0.06, 0.08, 0.1) ferrites were prepared by sol-gel auto combustion method 

at pH of 8. Samples were obtained by annealing at relatively low temperature 

600 C for 4 h and characterized by thermo gravimetric/differential thermal 

analysis (TG/DTA) all the samples were annealed at 600 C for 4 h. The prepared 

samples were investigated by X-ray diffraction (XRD), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and Fourier 

transform infrared (FT-IR) spectroscopy. Particle size measured from XRD and 

TEM are in good agreement with each other. The TEM study reveals the fine 

particle nature of the ferrites with little agglomerations. The cation distribution 

suggests that Zn2+ ion mainly on tetrahedral-A sites, Ho3+ ions shows strong 

preference towards octahedral-B site, Co2+ and Fe3+ ions are randomly 

distributed at the tetrahedral-A and octahedral-B site. FT-IR study confirmed 

two main absorption bonds in the frequency range 400-600 cm-1, assigned due 

to the tetrahedral-A and octahedral-B stretching vibrations. 

Nanocrystalline ferrite 

Sol-gel auto combustion 

X-ray diffraction cation distribution 
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Introduction  

Nanocrystalline ferrites play an important 

role in modern industrial society. Spinel ferrites 

are technologically attractive due to their 

promising magnetic properties such as ferro 

fluids, magnetic drug delivery, high density 

information storage, etc. [1]. Spinel ferrites with a 

chemical formula M1-yM'yFe2-zREzO4, where M, M' 

are divalent metals and RE is a rare earth metals 

respectively can be an attractive material to tailor 

the structural, electrical and magnetic properties. 

Application of these kinds of mixed oxides 

depends on the specific nature of substituting ion, 

sintering temperature, preparations method etc. 

Generally, rare earth (RE) ions are lies in two 

categories, one which ionic radius close to iron 

and second is the ionic radius larger then iron. RE 

ions have unpaired 4f electrons have a role to 

originate magnetic anisotropy due to their orbital 

shape. The magneto crystalline anisotropy in 

ferrite is related to 4f-3d coupling between 

transition metal and rare earth ions, therefore 

doping of rare earth ions into spinel ferrite can be 

improved by their electric and magnetic 

properties [2,3]. Zinc ferrite (ZnFe2O4) is a spinel 

oxide that possesses excellent magnetic and 

electrical properties as well as excellent chemical 

and thermal stabilities. ZnFe2O4 oxide has 

received much attention due to its potential 

applications in detecting gases [4], as an 

adsorbent material for hot-gas desulfurization 

[5], in biomedicine [6], for its magnetic, optical 

and electrical behaviors [7–11] and catalytic 

application [12,13]. Recently, zinc ferrite has 

been used as an efficient heterogeneous Fenton 

catalyst in degrading organic pollutants from an 

aqueous solution [14-16]. Among the ferrite 

family, CoFe2O4 possess excellent magnetic 

properties, particularly due to the occupation of 

Co2+ ions at octahedral B-site and its large 

magnetocryslline anisotropy. At the same time, it 

is observed that RE-Ho3+ ions significantly 

improve the structural and magnetic properties 

of spinel ferrite [17]. In the present work, reports 

a study on the effects of Co2+/Ho3+ substitution on 

the structural properties of ZnFe2O4 ferrite 

system. 

Experimental 

Materials and method  

Synthesis of nanoparticles 

Nanocrystalline powder with a chemical 

formula CoyZn1-yHozFe2-zO4 (y=0.0, 0.25, 0.5, 0.75, 

1.00 and z=0.0, 0.03, 0.06, 0.08, 0.1) ferrites were 

prepared by sol-gel auto combustion method. 

The analytical grade reagent of cobalt nitrate (Co 

(NO3)2.6H2O), zinc nitrate (Zn (NO3)2.6H2O), 

ferric nitrate (Fe (NO3)2.9H2O) and holmium 

nitrate (Ho (NO3)2.6H2O), citric acid 

(C6H8O7.H2O), were used as starting materials. 

Metal nitrate dissolved in stoichiometric 

proportion in deionized distilled water, then 

citric acid solution was added in 1:2 molar ratio, 

the pH of resulting solution adjusted up to 8, pH 

by adding aqueous ammonia, then the mixed 

solution heated on hot plate with continuously 

stirring at 90 C, finally as a result of auto 

combustion, brown colored ash obtained.  

Characterization of nanoparticles  

The dried powder was characterized via 

TG/DTA at heating rate of 10 C/min in air 

atmosphere to determine the crystallization 

temperature. A part of the powder was X-ray 

diffraction method examined on a Rikagu 

Miniflax II, X-ray diffractometer using Cu-K 

radiation (=1.5405Å) radiation. Surface 

morphology of the powder samples were studies 

by using scanning electron micrograph (SEM) 

(Modes-JEOL-JSM-5600N) Transmission 

electron microscopy (TEM) images of the 

samples (Model Phillips CM 200), the Fourier 

transform infrared (FT-IR) spectroscopy of all 

samples were recorded at room temperature 

using Perkin Elmer infrared Spectrophotometer. 

Results and discussions 

TG/DTA 
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TG and DTA curves of a typical sample 

Co0.5Zn0.5Ho0.06Fe1.94O4 in the temperature 

range of 20 to 600 C are shown in Figure 1 

with an increase in temperature. Two stages 

of weight loss are observed in TGA curve. 

The weight loss for the Ist stage is attributed 

due to water vaporization. The exothermic 

peaks in DTA curve at 356 C, IInd stage can 

be attributed to the starting of spinel ferrite 

crystallization [18], above 500  C 

temperature there is no weight loss was 

observed and the crystallization process 

was completed, all samples were calcinated 

at average temperature of ferrite formation 

at 500 °C.  

Elemental analysis 

The elemental analysis was carried out to 

determined elemental composition by EDAX 

analysis. The obtained results are 

graphically represented by Figure 2, 

indicates the theoretical percentages and 

observed percentages of elements does not 

match perfectly, because of errors’ in 

preparation techniques and solid state 

reactions are not stoichiometric reactions. 

Figure 1. The typical TG/ DTA 

curve of composition Co0.50 

Zn0.5Ho0.06Fe1.94O4 

 
  

Figure 2. The percentage of 
element of CoyZn1-yHozFe2-zO4 
(y=0.0, 0.25, 0.5, 0.75, 1.00) and  
(z=0.0, 0.03, 0.06, 0.08, 0.1) 
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X-ray analysis  

Figure 3 illustrate x-ray diffraction patterns 

(XRD) of CoyZn1-yHozFe2-zO4 (y=0.0, 0.25, 0.5, 

0.75, 1.00 and z=0.0, 0.03, 0.06, 0.08, 0.1). All the 

samples show good crystallization, with well-

defined diffraction lines. The presence of the 

strong diffraction peaks corresponding to the 

planes (220), (311), (222), (400), (422), 

(511/333), (400), indicates the presence of 

cubic spinel phase. The peaks are indexed by 

using JCPS data ZnFe2O4 (89-1012), CoFe2O4 

(JCPDS.22-1080), and Ho doped ferrite. The 

weak peak JCPDS corresponding to 2θ 

(indicated by brownish circle in Figure 3) is 

attributed to secondary phase at the grain 

boundaries and appears for z≥0.08 and their 

intensity increased with the increase of 

holmium concentration. The crystal lattice is 

distorted when the defect concentration z is 

high, that further gives rise to the foundation of 

the new phase compound. As a result, there was 

a limit for replacement of Fe3+ with Ho3+, 

therefore, redundant Ho3+ ions formed the 

HoFeO3 on the grain boundaries [17-19]. 

The lattice constants are determined by 

using Bragg law as a function of Co2+-Ho3+ 

content addition in Zn ferrites and the values of 

lattice constant are shown in Table 1. It is 

observed that the lattice constant decreased 

with increasing Co2+ constant. This probably 

due to variation of ionic size of Co2+ (0.72Å) is 

lower than that of Zn2+ (0.82Å). There is not 

much of influence on the lattice constant with 

the substitution of Ho3+ ions. This is attributed 

to fact of the concentration of Ho3+ ions that are 

so small that do not influence the lattice 

constant and as the Ho3+ is high it formed the 

secondary phase. The lattice constants were 

found within the range of the lattice constants of 

ZnFe2O4 and CoFe2O4. Average particle sizes 

‘DXRD’ was calculated according to the Debye 

Scherrer Equation [20]:      

𝐷𝑋𝑅𝐷 =
𝑘𝜆

𝛽 𝑐𝑜𝑠 𝜃
                                                             (1) 

Where, DXRD is the dimension of the 

crystallites, λ the wavelength of the X-ray 

radiation,  the Bragg angle, k is a shape factor 

taken to be 0.94 and  the peak width measured 

at half of the maximum intense. The average 

particles size was obtained by Scherrer’s 

formula and is listed in Table 1, which is found 

to be in the range of 25-30 nm. 

Figure 3. X-ray diffraction patterns of 

CoyZn1-yHozFe2-zO4 (y=0.0, 0.25, 0.5, 

0.75, 1.00 and  

(z=0.0, 0.03, 0.06, 0.08, 0.1) 
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X-ray densities (dx) of all the investigated 

samples were calculated from X-ray diffraction 

analysis and by using the relation [21]: 

𝑑𝑥 =
8𝑀

𝑁𝑎3                                                          (2) 

Where, ‘8’ is the number of molecules per 

unit cell, ‘M’ is the molecular weight of sample, 

‘N’ is the Avogadro’s number and ‘a’ is lattice 

constant. The x-ray density shows increasing 

trend from 5.4163 to 5.6169 Å, with the increase 

of Ho3+-Co2+ contents. This behavior is mainly 

depends upon the molecular weight and lattice 

constant of the samples. The Bulk density ‘dB’ 

was determined by the Archimedes principle 

using toluene and according to the formula: 

dB = (Ws/Wt) ρt                                                           (3) 

Where, Ws denotes weights of the specimen 

in air, Wt is the apparent weight loss in toluene 

and ρt is the density of toluene= 0.857 g/cc. The 

Bulks density of samples varies from 2.77-3.17 

with the substitution of Ho3+-Co2+ ions. 

Percentage porosity (P %) of the investigated 

ferrite samples is determined by employing the 

relations [21]: 

𝑃 = (
𝑑𝑋−𝑑𝐵

𝑑𝑋
) × 100                                          (4) 

 Where, dx and dB are the X-ray density and 

bulk density respectively. The percentage 

porosity observed from 42.65 to 50.24% with 

Ho3+-Co2+ doping concentration y and z. The 

values of the percentage porosity are given in 

Table 1. Hopping lengths (LA, LB) between 

magnetic ions (the distance between the ions) in 

the tetrahedral (A) site and  octahedral [B] site 

can be calculated using the relation discussed 

elsewhere [22]. The values of hopping length 

are given in Table 1. This shows that hopping 

length decreased with increasing Co2+-Ho3+ 

concentration. 

Table  1. Composition, secondary phase, lattice constant (‘an’ observed and theoretical), X-ray 
density (dx), bulk density (dB), Percentage Porosity (P), Particle size (DXRD and DTEM), and Hopping 
lengths (LA and LB) of CoyZn1-yHozFe2-zO4. (y=0.0, 0.25, 0.5, 0.75, 1.00) and (z=0.0, 0.03, 0.06, 0.08, 
0.1) 

Compositions Phase 
a(obs.)   

(Å) 

a(Theo.)      

(Å) 

Dx 

(Å) 

dB 

(g/cm3) 

  P 

 (%) 

DXRD 

(nm) 

DTEM 

(nm) 

  LA 

 (Å) 

 LB 

 (Å) 

Co0.0Zn1.0Ho0.0Fe2O4. - 8.393 8.478 5.416  2.801 48.2 25.49 26.2 3.634 2.967 

Co0.25 

Zn0.75Ho0.03Fe1.97O4. 

- 8.375 8.483 5.488  3.147 42.6 29.58 30.1 3.626 2.961 

Co0.50 

Zn0.5Ho0.06Fe1.94O4 

- 

8.362 8.489 5.550  3.178 42.7 25.35 

26.8 

3.621 2.956 

Co0.75 

Zn0.25Ho0.08Fe1.92O4 

HoFeO3 

8.351 8.492 5.585  2.779 50.2 29.59 

27.5 

3.616 2.952 

Co1.0 Zn0Ho0.1Fe1.90O4 HoFeO3 
8.342 8.495 5.616  2.864 49.0 27.71 

28.1 
3.612 2.949 

 

Cation distribution  

The cation distributions were obtained from 

the analysis of intensity of X-rays diffraction 

patterns. In this method, the observed intensity 

ratio was compared with the calculated 

intensity ratio. Bertaut method [23] was used to 

determine the cation distributions. In this 

method selects a few pairs of reflections in 

accordance to the expression: 

𝐼ℎ𝑘𝑙
𝑜𝑏𝑠

𝐼
ℎ′𝑘′𝑙′
𝑜𝑏𝑠 =

𝐼ℎ𝑘𝑙
𝑐𝑎𝑙

𝐼
ℎ′𝑘′𝑙′
𝑐𝑎𝑙                                            (5) 

Where, 𝐼ℎ𝑘𝑙
𝑜𝑏𝑠 are 𝐼ℎ𝑘𝑙

𝑐𝑎𝑙 the observed and 

calculated intensities for the reflection (hkl) 

respectively. 

The best information on the cation 

distribution are achieved by comparing the 

calculated and observed intensity ratios for 

reflections, whose intensities are nearly 
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independent of the oxygen parameters. In the 

present system the reflections of (400), (400), 

(420) and (422) were used to calculate the 

intensity ratio. These planes are assumed to be 

sensitive to the cation distributions. The 

temperature of absorption factors is not taken 

into account in our calculations as they do not 

affect the intensity calculation. the agreement 

factor ‘R’ best simulated structure which 

matches the actual structure of the sample will 

lead to a minimum value of ‘R’ and the 

corresponding cation distribution is obtained 

for each (hkl) and reflection pair considered: 

𝑅 =
𝐼ℎ𝑘𝑙

𝑜𝑏𝑠

𝐼
ℎ′𝑘′𝑙′
𝑜𝑏𝑠 −

𝐼ℎ𝑘𝑙
𝑐𝑎𝑙

𝐼
ℎ′𝑘′𝑙′
𝑐𝑎𝑙                          (6) 

The calculation of the relative integrated 

intensity (Ihkl) of a given diffraction line from 

powder specimens as observed in a 

diffractometer with a flat-plate sample holder. 

The following formula is valid: 

𝐼ℎ𝑘𝑙 = [𝐹]ℎ𝑘𝑙
2 𝑃. 𝐿𝑃                                                  (7) 

Where, F is the structure factor, P is 

multiplicity factor, LP is the Lorentz–

polarization factor and  

𝐿𝑃 =
1+𝐶𝑜𝑠22𝜃

𝑆𝑖𝑛2𝜃𝐶𝑜𝑠𝜃
                                         (8) 

The atomic scattering factors for various ions 

are taken from the literature [20]. The cation 

distribution for the presently investigated 

spinel ferrite system CoyZn1-yHozFe2-zO4 (y=0.0, 

0.25, 0.5, 0.75, 1.00) and (z=0.0, 0.03, 0.06, 0.08, 

0.1) was obtained from the X-ray diffraction 

technique and are presented in Table 2. The 

cation distribution for each concentration and 

the site preferences of the cations distributes 

among tetrahedral (A) site and octahedral [B] 

site showing the fraction of Fe3+ ions on either 

site. The ZnFe2O4 has a normal cubic spinel 

structure where Zn2+ ions are mainly residing at 

(A) sites and Fe3+ ions distributed among the [B] 

sites. The cation distribution is presented in 

Table 2. Indicate that Ho3+ ions occupy the 

octahedral [B] sites, which is consist with their 

preference to octahedral [B] sites. Further, this 

occupation increased with Ho3+ content, the 

fraction of Fe3+ ions octahedral sites decreases 

linearly and on the other hand Co2+ 

concentration increases. 

Table 2. Composition, Cation distribution, Intensity ratio (calculate and observe) and agreement 

factor (R) of CoyZn1-yHozFe2-zO4. (y=0.0, 0.25, 0.5, 0.75, 1.00) and (z=0.0, 0.03, 0.06, 0.08, 0.1) 

Compositions 

Cation  distribution 
Intensity Ratio 

400/440 

Intensity 

Ratio 

440/422 

 Agree

ment        

factor 

(R) 

     (A Site)               [B site] Cal Obs Cal Obs   

Co0.0Zn1.0Ho0.0Fe2O4. (Zn1)A                            [Fe2]B 0.347 0.436 3.63 4.996 0.088 1.364 

Co0.25Zn0.75Ho0.03Fe1.97

O4 

(Zn0.75Fe0.25)A    [Co0.25Ho0.03Fe1.72]B 0.382 0.444 4.04 4.937 0.061 0.897 

Co0.50 

Zn0.5Ho0.06Fe1.94O4 

(Co0.05Zn0.5Fe0.45)A  [Co0.45Ho0.06Fe1.49]B 0.422 0.509 4.44 4.403 0.087 -

0.037 

Co0.75 

Zn0.25Ho0.08Fe1.92O4 

(Co0.1Zn0.25Fe0.65)A  [Co0.65Ho0.08Fe1.27]B 0.459 0.487 4.79 4.543 0.028 -

0.247 

Co1.0 Zn0Ho0.1Fe1.90O4 ( Co0.15Fe0.85)A   

[Co0.85  

Ho0.1Fe1.05]B 0.496 0.490 5.28 4.414 -0.006 -

0.874 
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Fourier transformed infrared spectroscopy 
(FT-IR)  

Fourier transformed infrared spectra of as 

obtained ferrite nanoparticles measured in 

the frequency range of 200-800 cm-1 is shown 

in Figure 5. The two absorption bands υ1 and 

υ2 are observed at a lower frequency range 

corresponding to 557 to 599 and 410 to 454 

cm-1 wave number respectively. These bands 

are important characteristics peaks of spinel 

ferrites [24,25]. The force constants 

corresponding to the tetrahedral and 

octahedral complexes are calculated by using 

the standard formulae given below [26].  

𝐾𝑇 = 7.62 × 𝑚1 × 𝜐1
2 × 10−2                        (9) 

𝐾𝑂 = 10.62 ×
𝑚2

2
× 𝜐2

2 × 10−2                       (10) 

Where, KT is the force constant of 

tetrahedral (A) site and KO is the force 

constant of octahedral [B] site, M1 molecular 

weight of tetrahedral (A) site, M2 molecular 

weight of octahedral [B] site, υ1 and υ2 are 

corresponding center frequency on 

tetrahedral site and octahedral site 

respectively. The force constant KT and KO 

values are tabulated in Table 3. 

SEM analysis 

SEM micrographs were used to obtain 

further structural information. The 

micrographs show good spherical shaped 

particles in the material. The micrographs also 

indicate nearly uniform distribution of 

particles, better grain boundaries were 

observed at Ho3+/Co2+ ions. The scanning 

electron micrograph for the typical samples 

Co0.5Zn0.5Ho0.06Fe1.94O4 and 

Co0.75Zn0.25Ho0.08Fe1.92O4 are shown in Figure 5 

(a) and (b).  

Figure 4. FT-IR pattern of CoyZn1-

yHoz Fe2-zO4 (y=0.0, 0.25, 0.5, 0.75, 
1.00 and (z=0.0, 0.03, 0.06, 0.08, 
0.1) 

 
 

Table 3. Composition values, wave number (υ1, υ2), force constant (K0 and Kt) of CoyZn1-yHozFe2-

zO4. (y=0.0, 0.25, 0.5, 0.75, 1.00 and z=0.0, 0.03, 0.06, 0.08, 0.1) 

Compositions υ1 (cm- 1) υ2 (cm-1) K0 (dyne/cm) Kt (dyne/cm) 

Co0.0Zn1Ho0.0Fe2O4 557.43 424.34 113914 190654 

Co0.25 Zn0.75Ho0.03Fe1.97O4 571.92 435.91 118730 199875 

Co0.50 Zn0.5Ho0.06Fe1.94O4 568.04 428.22 113174 192022 

Co0.75 Zn0.25Ho0.08Fe1.92O4 571.72 410.91 102853 176843 

Co1.0 Zn0Ho0.1Fe1.90O4 599.87 454.24 123947 211910 
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Figure 5. (a) SEM 
image of 
Co0.5Zn0.5Ho0.06Fe1.94O4 
(b) SEM image of 
Co0.75Zn0.25Ho0.08Fe1.92O4

. 

 

 
 

Figure 6. (a) TEM 
image of 
Co0.5Zn0.5Ho0.06Fe1.94O4, 
(b) TEM image of 
Co0.75Zn0.25Ho0.08Fe1.92O4 

 

TEM analysis  

The size and morphology of the 

synthesized nanoparticles of 

Co0.5Zn0.5Ho0.06Fe1.94O4 and 

Co0.75Zn0.25Ho0.08Fe1.92O4 were observed by 

transmission electron microscopy (TEM) and 

is present in Figures 6 (a and b). The particles 

size is lies in the range of 26-30 nm. The 

calculated crystalline size (DXRD) is in good 

agreement with that observed from 

transmission electron microscopy. 

Conclusion 

A simple sol–gel auto combustion process 

using citric acid was employed to synthesize the 

CoyZn1-yHozFe2-zO4 (y=0.0, 0.25, 0.5, 0.75, 1.00) 

and (z=0.0, 0.03, 0.06, 0.08, 0.10) ferrite 

nanoparticles. Average crystalline size 

calculated from XRD data was found in nano 

range. The unit cell parameter ‘a’ decreases 

linearly with increases Co2+-Ho3+ concentration. 

All the samples doped with Ho3+ ion contained 

mainly ferrite spinal phase in combination of a 

small amount of a foreign HoFeO3 phase 

observed. The scanning electron microscopy 

micrographs show the agglomerated grainy 

structure. Cation distribution estimated from 

Bertaut method indicates that Co and Ho ions 

show marked preference towards octahedral B-

site, whereas Zn ions occupy tetrahedral A-site 

only. Fe ions are distributed randomly over both 

the available sites. FT-IR study confirms two 

main metal-oxygen bands at ~600 cm-1 and 

~430 cm-1 corresponding to the vibrations of 

the tetrahedral and octahedral M-O bond 

respectively. The particle size measured by both 

XRD and TEM are in very good agreement with 

each other and that the size distribution of the 

prepared nanoparticles is small.  
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