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Abstract
We report structural, morphological and elastic properties of  NiXZn1-XFe2O4 (x = 0.28, 0.30, 0.32, 0.34, 0.36, 0.38, 0.40) 
ferrimagnetic oxides prepared using oxalate chemistry. The Rietveld refinement of the X-ray diffraction patterns confirm 
the formation of spinel cubic structure. The experimental and theoretical lattice constant is found to decrease with increas-
ing  Ni2+ content. The FTIR spectra exhibit two main fundamental absorption bands, one for the tetrahedral site around 
575 to 580  cm-1 and the other for the octahedral site around 411–413  cm-1. The magnitude of elastic moduli is found to be 
independent with increasing  Ni2+ content. The morphological analysis showed the formation of small and homogeneous 
particles, which is possible using an oxalate precursor. The elemental analysis confirmed the presence of Ni, Zn, Fe, and O 
as per their stoichiometric amounts. The structural, morphological and elastic properties are described with an interplay of 
oxalate precursor synthesis route of the ferrite development.
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Introduction

In recent years, spinel ferrites have attracted wide attention 
due to their diverse fields of application such as CO hydro-
genation, optoelectronic devices, biomedical, and wastewa-
ter treatment.1–4 Especially for high-frequency applications, 
spinel ferrites are the potential candidates due to their chem-
ical and mechanical robustness, high resistivity, moderate 

saturation magnetization, moderate permeability, high Curie 
temperature, and low power losses at high frequency.5 
Amongst the various ferrites, nickel ferrite  (NiFe2O4) is 
a versatile oxide with an inverse spinel structure that has 
low eddy currents losses, high electrical resistivity, high μi, 
and high Ms. They are almost complimentary for applica-
tions such as multilayer chip inductor (MLCI) components 
and surface mount devices (SMD).6 Similarly, zinc ferrite 
 (ZnFe2O4) also has a diverse array of applications such as 
gas sensors, photocatalyst, casting, and bio-products.7–9 
The combination of these two ferrites  (NiXZn1-XFe2O4) is a 
mixed spinel ferrite and has fascinating magnetic properties 
such as high saturation magnetization, high initial perme-
ability, and high Curie temperature, along with high resis-
tivity and low power losses at high frequency. The general 
formula of spinel lattice is  AB2O4 in which  Zn2+ ions are 
located on the tetrahedral A site,  Ni2+ ions on octahedral B 
site and  Fe3+ ions involve both tetrahedral and octahedral 
sites. The distribution of different cations over tetrahedral 
and octahedral sites mainly depends on preparation methods, 
parameters and approaches.5 The proper choice of cations 
and their distribution among the tetrahedral and octahedral 
sites of spinel lattice determines the electric and magnetic 
properties of ferrites. The ferrites are commonly synthesized 
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by conventional solid-state reactions using well-mixed 
powders of component oxides and other salts to increase 
the reactivity of the component oxides. The conventional 
ceramic method for the preparation of high-performance 
ferrites, though successful for large-scale production, has 
several limitations such as a long heating times, high sinter-
ing temperature, loss of fine particle nature, and poor con-
trol of particle size.6,7 In the state-of-the-art, to overcome 
these limitations, different soft chemistry approaches such 
as coprecipitation, sol-gel method, hydrothermal method, 
combustion method, microemulsion, and oxalate precur-
sors are employed.10–13 These synthesis routes of develop-
ing ferrite materials have greater control over stoichiometry, 
homogeneity, and phase purity at a relatively lower tem-
perature.14–18 Amongst the aforementioned routes, a robust 
synthesis approach to develop the complex spinel ferrites is 
the oxalate precursor method and is preferred due to its low 
decomposition temperature, nanomaterial yield, and inher-
ent simplicity.19 The route utilizes simple metal acetates and 
oxalate precursors in an aqueous solution, thus eliminating 
the need for organometallic precursors.

In the present work, we demonstrate an oxalate precursor 
route for developing nanocrystalline Ni-Zn ferrite with the 
general formula  NiXZn1-XFe2O4 (x =0.28, 0.30, 0.32, 0.34, 
0.36, 0.38 and 0.40) and study structural, morphological and 
elastic properties.

Experimental Details

NiXZn1-XFe2O4 (x =0.28, 0.30, 0.32, 0.34, 0.36, 0.38 and 
0.40) was synthesized in two different steps: i) preparation of 
 Fe2+ acetate and ii) ferrite precipitation using oxalate chem-
istry. The chemicals used in a typical synthesis were acetic 
acid  (CH3COOH), nickel acetate (Ni(CH3CO2)2·4H2O), zinc 
acetate (Zn(O2CCH3)2·2H2O), iron metal powder (<10 μm) 
and ammonium oxalate monohydrate ((NH4)2C2O4·H2O). 
All reactants were reagent-grade quality obtained from 
Sigma Aldrich and were used as received.

Initially, ferrous acetate (II) was prepared by adding 
acetic acid and distilled water to the required amount of 
iron metal powder with continuous heating until the iron 
metal powder was completely dissolved. To avoid the oxi-
dation of Fe(II) to Fe(III), the whole reaction was carried 
out in a  CO2 atmosphere. In the stoichiometric balance, the 
required amounts of Ni-acetate and Zn-acetate solutions 
were prepared separately. All three acetates were filled 
into individual burettes (with stopper) and adjusted to the 
stand in such a way that acetates were added dropwise into 
a beaker containing warm ammonium oxalate solution. The 
reaction mixture was maintained at 60°C with constant 
stirring until the acetates were consumed completely. This 
ultimately yielded complex oxalate precipitate, which was 

then filtered, washed and dried at room temperature. The 
as-prepared samples were calcined at 350ºC for 3 h to get 
ferrite compositions as  NiXZn1-XFe2O4 (x =0.28, 0.30, 0.32, 
0.34, 0.36, 0.38 and 0.40). Final sintering was carried out 
in an air atmosphere at 1000ºC for 4 h and naturally cooled 
down to room temperature (Scheme 1, See supplementary 
Fig. S1). The detailed discussion on material characteriza-
tion techniques is made in the supplementary section (see 
supplementary data file), which highlights the new results 
in the present communication.

Results and Discussion

Phase Identification Using XRD and Rietveld 
Analyses

The crystal structure of developed ferrite samples was con-
firmed by grazing incidence x-ray diffraction (XRD). Figure 
S2 (see supplementary Fig. S2) and Fig. 1 show XRD pat-
terns of the calcined (350ºC, 3 h) and sintered (1000ºC, 4 h) 
 NiXZn1-XFe2O4 ferrite system, respectively. Both the materi-
als show the characteristic reflections of cubic spinel ferrites 
with the most intense [311] reflection which confirms the 
formation of cubic spinel structure without any sign of the 
secondary phase. After decomposition at 350ºC, the peaks 
are of typical Ni-Zn ferrites. With increasing sintering tem-
perature, the intensity grows due to better crystallinity. This 
is due to the penetration process, where crystallites come 
together and start to grow at favorable conditions (high tem-
perature).20 During the thermal treatment, the solid-vapor 
surface of crystals is replaced by a solid-solid interface via 
diffusion to reduce the overall surface energy which leads 
to the expansion of volume. Also, at a higher temperature, 
the nucleation rate is low and the growth rate is high, which 
gives a high degree of crystallinity. The crystallite size was 
calculated using the following Scherrer equation and lies 
in the range of 28–32 nm for all compositions. There is no 
remarkable trend in crystallite size with increasing  Ni2+ 
content.

where k is constant and depends upon the shape of crystallite 
size = 0.9, B is the full width at half maximum of intensity 
for the (311) peak, λ is the wavelength of  Cukα radiation 
(1.5406 Å), θ is the diffraction angle and D is the crystallite 
size.

The experimental (aexp) lattice constant was determined 
from the Rietveld refinement of the X-ray data and the theo-
retical (ath) lattice constant was calculated from the follow-
ing relation and tabulated in Table I.

(1)D
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=
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where Ro is the radius of oxygen ion= 1.38 Å, rA and rB 
are ionic radii of tetrahedral [A] and octahedral [B] sites of 
the spinel lattice, respectively. It is noted that aexp and ath 
decrease with increasing  Ni2+ ion content. This decrease 
in the lattice constant can be attributed to ionic size dif-
ferences. The difference in aexp and ath can be attributed 
to the deviation from the cation distribution and is related 
to the presence of divalent iron ions  Fe2+ and other crystal 
imperfections. The present system compromises two kinds 
of cation distribution, namely, for i)  NiFe2O4 (inverse spinel) 
and ii)  ZnFe2O4 (normal spinel). As per the spinel-type for 
the present Ni-Zn mixed ferrite system, there is the possi-
bility of deviation in the cation occupancy at both A and B 
sites, respectively. Therefore, the difference in aexp and ath 
can be attributed to the deviation from the cation distribution 
of the spinel lattice. Furthermore, the presence of  Fe2+ ions, 
especially for Ni-Zn ferrite, is very common.

In the case of ferrite, the conduction/hoping mechanism 
is mainly explained based on the hoping of  Fe2+ and  Fe3+ 
ions. The present ferrites are sintered at 1000°C, which 
makes the formation of Zn vacancies possible and thereby 
increases the presence of  Fe2+ to compensate for the loss 
of Zn content.21

The difference between both  aexp and  ath was observed 
by Kazi et al. 22 for Cu-Zn ferrites and is attributed to the 
presence of some ferrous ions on octahedral sites with 
larger radii than  Fe3+.
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Scheme 1  Schematic of an experimental procedure to form the oxalate ferrite complex.

Fig. 1  XRD pattern of the sintered (1000ºC, 4 h)  NiXZn1-XFe2O4 fer-
rite system.

Table I  The experimental (aexp) 
and theoretical (ath) lattice 
constants of sintered samples.

X aexp atheo

0.28 8.411 8.387
0.30 8.410 8.383
0.32 8.408 8.378
0.34 8.406 8.375
0.36 8.404 8.372
0.38 8.402 8.367
0.40 8.400 8.364
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The following Table II describes the parameters obtained 
from Rietveld refinement of all developed ferrite systems to 
get exact contribution of doped atoms in the system. In this 
refinement, the cell parameter, position of oxygen atoms, 
and occupancy was varied. Figure 2 shows a refined X-ray 
diffraction pattern of  Ni0.4Zn0.6Fe2O4, typical for the entire 
series of samples. The continuous line through the observed 
data points (Iobs) indicates the calculated intensity (Icalc). The 
tick marks indicate the Bragg positions and the continuous 
line in blue indicates the difference curve (Iobs–Icalc). The 
value of cell parameter obtained for sample x = 0.28 is in 
close agreement with that reported 23

Fourier Transform Infrared Spectroscopic Analysis

In combination with X-ray diffraction patterns, Fourier 
transform infrared spectroscopy (FTIR) was used to analyze 
the matrix composition of the developed ferrite. Figure 3 
shows the FTIR spectra of the developed  NiXZn1-XFe2O4 
system. Two absorption bands corresponding to the vibra-
tion of tetrahedral and octahedral complexes at 580  cm-1 and 
411  cm-1 were observed, displaying the formation of spinel 

ferrite structure. This confirms the XRD analysis, where the 
materials show all the characteristic reflections of cubic spi-
nel ferrites. The absorption band ν1 was caused by stretching 
of tetrahedral metal ion and oxygen bonding, whereas ν2 was 
caused by the vibration of oxygen in the direction perpen-
dicular to the axis joining tetrahedral ion and oxygen ion. 
Waldron 24 attributed the absorption band ν1 to the intrinsic 
vibration of tetrahedral groups corresponding to the highest 
restoring force and band ν2 to octahedral groups which are 
due to bond bending vibrations.

The difference in the position of two bands ν1 and ν2 
could be related to the difference in  Fe3+ and  O2- distance 
for the A site and the B site. In general, the distance of the 
Fe-O bond at the A site is 0.189 nm, whereas, for the B site, 
it is 0.199 nm.25 In the present study, the absorption bands 
of the developed Ni-Zn ferrite system were found in the 

Table II  Parameters obtained from the Rietveld analysis of X-ray diffraction data of  NixZn1-xFe2O4 samples (x = 0.28–0.40) in space group 
Fd-3m (No. 227). The atoms occupy the positions 8a (1/8,1/8,1/8); 16d (1/2, ½, ½); and 32e (x,x,x).

x 0.28 0.30 0.32 0.34 0.36 0.38 0.40

System Ni0.28Zn0.72 
 Fe2O4

Ni0.30Zn0.70   
Fe2O4

Ni0.32Zn0.68 
 Fe2O4

Ni0.34Zn0.66 
 Fe2O4

Ni0.36Zn0.64   
Fe2O4

Ni0.38Zn0.62   
Fe2O4

Ni0.40Zn0.60 
 Fe2O4

A-site (8a) Zn0.72Fe0.28 Zn0.70Fe0.30 Zn0.68Fe0.32 Zn0.66Fe0.34 Zn0.64Fe0.36 Zn0.62Fe0.38 Zn0.60Fe0.40

B-site (16d) Ni0.28Fe1.72 Ni0.30Fe1.70 Ni0.32Fe1.68 Ni0.34Fe1.66 Ni0.36Fe1.64 Ni0.38Fe1.62 Ni0.4Fe1.60

O (x) 0.2575(5) 0.2579(5) 0.2586(4) 0.2590(4) 0.2581(4) 0.2566(4) 0.2581(4)
a (Å) 8.4112(5) 8.4102(5) 8.4084(5) 8.4066(4) 8.4040(4) 8.4022(4) 8.400(4)
V (Å3) 595.07(5) 594.86(5) 594.48(5) 594.11(4) 593.557(5) 593.18(5) 592.92(5)
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Fig. 2  Rietveld refined X-ray diffraction pattern of  Ni0.4Zn0.6Fe2O4.

Fig. 3  FTIR spectra of  NiXZn1-XFe2O4 ferrite system.
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aforementioned range. The force constants corresponding 
to the tetrahedral and octahedral complexes are calculated by 
using the following formulae 26 and the results are tabulated 
in Table III.

where K0 = force constant of the octahedral site, Kt = force 
constant of the tetrahedral site, M1= molecular weight of the 
tetrahedral site, M2 = molecular weight of the octahedral 
site, ν1 = corresponding center frequency on the tetrahedral 
site, ν2 = corresponding center frequency on the octahedral 
site.

Elastic Properties

The elastic moduli which are frequently employed in engi-
neering practice include Young’s modulus, shear modu-
lus, bulk modulus, and Poisson's ratio. In industry, elastic 
data are used to determine the strength of materials. When 
considering an application of any polycrystalline material 
(spinel ferrite in the present case) subjected to mechani-
cal stresses, knowledge of its magnetic, electric/dielectric 
response and elastic properties aids in determining the mate-
rial's suitability for the specific applications viz. high-speed 
digital tapes, operating devices, magnetic drug delivery, 
magnetic fluid, and high-density information storage.27–29 
Knowledge of elastic constants elucidates the nature of 

(3)K
t
= 7.62 ×M

1
× �2

1
× 10

−7

(4)K
o
= 10.62 ×

M
2

2
× �2

2
× 10

−7

interatomic and interionic forces in solids from the stand-
point of fundamental study. In all total, there are 36 elastic 
moduli available for the rheological studies of any material. 
However, in the case of isotropic and homogeneous mate-
rials such as spinel ferrites, the number reduces to barely 
3. The obtained values of these elastic moduli are listed in 
Table III, which are calculated using the following formulae.

It is observed that the magnitude of elastic moduli is 
almost constant with increasing  Ni2+ content in the present 
ferrite system. The elastic moduli can be greatly influenced 
by the presence of porosity, a second phase, and impurities. 
The porosity is a dominating factor in determining the elastic 
moduli, as it determines the overall strength of the synthe-
sized material. An increase in porosity leads to a decrease in 
the density of the material. These, in turn, vary the magni-
tude of elastic moduli and vice versa. In the present case, the 
density of the synthesized material is very high (revealed in 
x-ray density) and the pore fraction is minimum (SEM) (See 
Table IV). Therefore, the elastic moduli of the present ferri-
tes show fairly constant values with increasing  Ni2+ content.

(5)L =
K

a

(6)G = �
x
×
(

V
T

)2

(7)B = L −

(

4

3

)

G

(8)E = (1 + �)2G

Table III  Data on vibrational 
bands (ν1 and ν2), force 
constants (Kt and K0) and 
longitudinal modulus (L), shear 
modulus (G), Bulk modulus (B), 
Young's modulus (E) for the 
present ferrite system

X ν1 ν2 Kt K0 L G B E

0.28 575.56 412.72 158.3 101.74 154.897 51.6325 86.0541 129.0812
0.30 576.1 412.43 158.11 101.65 154.806 51.6022 86.0036 129.0054
0.32 577.73 412.24 158.52 101.61 155.119 51.7062 86.177 129.2655
0.34 578.5 411.9 158.33 101.49 154.991 51.6636 86.1061 129.1591
0.36 578.99 411.52 158.24 101.36 154.911 51.637 86.0617 129.0925
0.38 579.13 411.47 157.83 101.38 154.774 51.5914 85.9856 128.9784
0.40 581.31 411.27 158.53 101.34 155.219 51.7397 86.2328 129.3491

Table IV  Data on longitudinal 
wave velocity (VL) and 
transverse wave velocity (VT), 
mean wave velocity (Vm), 
Poisson's ratio (σ), X-ray 
density ( �

x
) and actual density 

( �
a
) and pore fraction (p)

X VL VT σ �
x

�
a

p

0.28 5407.8 3122.7 0.2505 5.3729 5.2994 0.0136
0.30 5538.3 3197.6 0.2499 5.3761 5.0796 0.0551
0.32 5557.2 3208.5 0.2499 5.3838 5.0294 0.0658
0.34 5439.1 3140.3 0.2500 5.3862 5.1999 0.0346
0.36 5443.2 3142.7 0.2499 5.3886 5.1995 0.0351
0.38 5493.1 3171.5 0.2499 5.3949 5.1796 0.0380
0.40 5495.7 3173.0 0.2499 5.3988 5.1197 0.0517
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Microstructural and Elemental Analysis

Figure 4 illustrates the SEM images of selected compositions 
with different magnifications, which displayed the formation 
of small particles. Unlike the combustion route of ferrite syn-
thesis, the formation of small and homogeneous particles is 
possible using an oxalate precursor. The aggregation is con-
siderably limited, due to the dropwise addition of precursors 
moieties in the reaction solvent and thereby formation of fer-
rite material molecule-by-molecule. The magnified images of 
sample x = 0.32 are in the fitness of an argument made above.

From the obtained micrographs, average grain size (Dav) 
has been calculated using the following formula 30:

(9)D
av
=

1.5L

MN

where L is the total test line length; M is the magnification; 
N is the total number of intercepts.

From Table V, it is clear that the average grain size lies 
between 0.9 to 1.2 μm for all the ferrite samples sintered at 
1050°C. It is also evident that the grains were not separated 
by a large margin, suggesting that the intra-granular poros-
ity is minimal. Further, the grain size does not show any 
particular trend with increasing  Ni2+content.

Fig. 4  SEM images of  NiXZn1-XFe2O4 ferrite system, with x = 0.28, 0.32, and 0.36.

Table V  Average grain size 
values of the ferrites with x = 
0.28, 0.32, and 0.36.

X average grain 
size, Davg 
(μm)

0.28 0.9
0.32 1.2
0.36 1.0
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Fig. 5  EDAX spectra of devel-
oped ferrites with x = 0.28. 
0.32, 0.36 and 0.40.
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Figure 5 illustrates the EDAX spectra of selected com-
positions (x = 0.28. 0.32, 0.36 and 0.40). The elemental 
composition that resulted from EDAX analysis shows the 
presence of Ni, Zn, Fe and O according to atomic ratios 
taken in the initial precursors for respective samples. Apart 
from the native/constituent elements, other minor peaks are 
also observed in some compositions which might be due to 
impurities in the starting materials. Similar observations of 
the C substrate peak and other minor peaks are also observed 
in the case of MnFe2O4 ferrite by Zipare et al. 31

Conclusions

A robust synthesis approach for complex spinal ferrite mate-
rials using oxalate precursor chemistry is discussed. Simple 
metal acetates and oxalate precursor in aqueous solution 
are used to develop the nanocrystalline  NiXZn1-XFe2O4(x = 
0.28, 0.30, 0.32, 0.34, 0.36, 0.38, 0.40) ferrites. Initially, 
 Fe2+ acetate is prepared to precipitate ferrite using oxalate 
chemistry. XRD analysis of calcined (350ºC, 3 h) and sin-
tered (1000ºC, 10 h)  NiXZn1-XFe2O4 ferrite displayed all the 
characteristic reflections of cubic spinel ferrites with most 
intense (311) reflection, without any sign of a secondary 
phase. It was observed that both experimental and theoreti-
cal lattice parameter values were found to decrease with 
increasing the  Ni2+ ion content. FTIR spectra designate two 
main absorption bands, one for the tetrahedral site around 
575 to 580  cm-1and the other for the octahedral site around 
411 to 413  cm-1. The force constants Kt and K0 for the two 
sites were calculated with an increase in  Ni2+ content. The 
magnitude of elastic moduli is found to be independent 
(fairly constant) with increasing  Ni2+ content. The morpho-
logical analysis (SEM) showed the formation of small and 
homogeneous particles, which is possible using an oxalate 
precursor. The elemental analysis confirmed the presence of 
Ni, Zn, Fe and O with respect to their stoichiometric amount. 
The present study widens the research spread of synthesizing 
complex spinel ferrites.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11664- 022- 09582-y.
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