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Spinel ferrite nanocomposites of Ni1–xZnxFe2O4 (x� 0.25 and 0.75) were synthesized by sol-gel auto-combustion and annealed
between 250°C and 1000°C. A single-phase spinel structure was found through X-ray di�raction (XRD). e crystallite size is in
the range of 17.55–66.98 nm, and lattice parameters are in the range of 8.351–8.434 Å. X-ray analysis revealed a slight shift of the
peaks towards shorter angles when the zinc concentration increased from 0.25 to 0.75. XRDmeasurements revealed the metal ion
distribution in the spinel ferrite system. For each sample, XRD data were used to compute structural characteristics such as lattice
spacing, lattice constant, crystallite size, oxygen position parameter, tetrahedral and octahedral ionic radii, and bond lengths.
Energy dispersive spectroscopy (EDS) spectra and �eld emission-electron scanning microscope (FESEM) were used to evaluate
the elemental content and morphology. EDS analysis con�rmed the presence of expected elements in the samples and con�rmed
the high doping rate of more than 180% of Zn ions in Ni ferrite. e evaluated particle sizes were determined to be 79.2 and
118.4 nm for zinc content of 0.25 and 0.75, respectively. e nearly spherical shape of the nanoparticles was shown in the
transmission electron microscope (TEM). e magnetic moment, remanent, coercivity, and saturation magnetization were
calculated by using vibrating sample magnetometer (VSM) results. e saturation magnetization magnitudes showed the in-
¥uence of cation distribution.

1. Introduction

Spinel ferrite has been developed by a huge number of
researchers and scientists in recent decades due to its ver-
satile and unusual structural, spectroscopic, and magnetic
properties [1]. Spinel ferrites have applications in micro-
waves [2], drug delivery [3], gas sensors [4, 5], and electronic
devices [6], all of which are associated with the type of
transition metals in their network [7]. Low porosity, high
density, and speci�ed microstructure are required for their
technological applications [8].

e investigated ferrite nanopowder forms spinel
crystals. It follows the F d3m space group. According
to their lattice environments, the divalent A and trivalent
B cations occupy the octahedral or tetrahedral sites,

respectively. e spinel ferrites are classi�ed into two
types based on the distribution of A2+ and Fe3+ cations on
(A) or [B] sites: normal spinel AB2O4 with the formula
(A2+)A[Fe3+Fe3+]BO2−, and the inverse type B (AB) O4
with the formula (A2+Fe3+)A[A2+Fe3+]BO2− [9]. Figure 1
demonstrates that spinel ferrites crystallize [10], and the
metal ion is trapped in the void between the oxygen ions
because its radius is lower than the oxygen ion radius. e
occupancy of cations along the (A) and [B] sites a�ects the
structural and magnetic properties of spinel ferrites
[11, 12].

In bulk nickel–zinc (Ni–Zn) ferrite systems, the zinc ions
prefer the tetrahedral position, and the nickel ions prefer the
octahedral position. However, it has been shown that a small
percentage of zinc and nickel ions might also be found in the
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nanocrystalline form, occupying the octahedral and tetra-
hedral positions, respectively [13].

Ni–Zn spinel ferrites are remarkably exciting for their
high magnetic permeability, low electrical conductivity, and
good performance at high frequencies [14]. Many methods
were used to manufacture the Ni–Zn nanoferrite, including
the hydrothermal approach [15], coprecipitation [16], sol-gel
[17], microwave combustion [18], and others [19, 20]. One of
the most convenient and effective approaches among these is
the sol-gel approach. -e sol-gel process has been suc-
cessfully used to achieve small and uniform particle size,
chemical homogeneity, high purity, and energy savings [21].
Regarding the microscopic properties, parameters such as
composition, grain size, dopant amount, impurities, pro-
duction process, and heating conditions are significant for
Ni–Zn ferrites [22].

-e purpose of this research was to study the influence of
the composition of nanosized Ni1-xZnxFe2O4 ferrites with
x� 0.25 and 0.75 on crystal structure, cation distribution,
and magnetic characteristics.

2. Experimental Procedures

-e sol-gel auto-combustion technique was used to syn-
thesize Ni1-xZnxFe2O4 powders (x� 0.25 and 0.75). -e
analytical grade metal nitrates Ni(NO3)2.6H2O,
Fe(NO3)3.9H2O, and Zn(NO3)2.6H2O from BIOCHEM
Chemopharma are used as the starting precursor materials.
-e stoichiometric amount of raw materials with citric acid
(metal nitrate to citrate ratio was 1 : 2.2) was dissolved with
minimum Milli-Q water and mixed under ultrasonic for
10minutes. -e temperature was then raised to 90°C,
resulting in the formation of the brown viscous gel. It was
placed in an oven at 200°C and auto-combustion occurred to
form a fluffy powder.-e fluffy powder was ultrasonicated in
ethanol for 30 minutes to improve the obtained powder
properties [23]. -e produced powders were dried overnight
at 80°C. Finally, the samples were annealed at temperatures
of 250, 500, 750, and 1000°C by 10°C/min for 4 hours.

-e crystalline structure of the samples was examined by
Panalytical’s X’Pert Pro X-ray diffractometer (XRD). -e

morphology and microstructural evolution of the produced
powder particles were carried out through the transmission
electron microscope (TEM), ZEISS MODEL EM10C-
100KV, and the field emission scanning electronmicroscope
(FESEM), ZEISS MODEL SIGMA VP. Energy dispersive
spectroscopy (EDS) was used to investigate the elemental
composition. -e Fourier transform infrared spectroscopy
(FTIR) spectra were obtained in the range of 400–900 cm−1

using a Perkin Elmer Model, USA. -e measurements of
magnetic properties were carried out via a vibrating sample
magnetometer (VSM, LBKFB model-Meghnatis Daghigh
Kavir Company).

3. Results and Discussion

3.1. X-ray Diffractometer (XRD). Powder XRD patterns of
the Ni1-xZnxFe2O4 samples annealed at 250, 500, 750, and
1000°C are shown in Figure 2(a) for x � 0.25 and
Figure 2(b) for x � 0.75. -e peaks that appear in the graph
indicated that the single-phase cubic spinel ferrites were
formed at 750°C and 1000°C. At annealing temperatures of
500°C and below, the secondary phase of the Fe2O3 im-
purity was verified [24].

-e maximum intensity of the peak was found in the
(311) plane which indicated that in the direction of the (311)
plane of diffraction, the nanoparticle grains were domi-
nating. -e oxidation during annealing and thermal de-
composition was considered to have resulted in the
formation of Fe2O3 [25]. By using Scherrer’s equation as
mentioned below, the crystallite size (D) of the samples was
calculated [26]as

DSch �
Kλ

β cos θ
, (1)

where K is the shape function that equals 0.9, λ is the X-ray
wavelength of 0.1545 nm, and β is the full width at half
maximum of the (311) peak and is the diffraction angle.

-e lattice parameter (average of all peaks) (aavg), bulk
density (ρb), X-ray density (ρx), and porosity (%P) of the
samples were evaluated based on the following relations
[27], and the results are listed in Table 1.

Tetrahedral site

Octahedral site

a b

c

Figure 1:-e cubic spinel structure.-e oxygen locations are shown in red, while the tetrahedral and octahedral cation sites are indicated in
green and blue, respectively.
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where dhkl is the interplanner spacing, and (h, k, l) are the
Miller indices.

ρb �
mass of the sample
volume of the pallet

,

ρx �
8Mw

NAa
3,

%P � 1 −
ρb

ρx

  × 100,

(3)

where Mw is the molecular weight, NA is Avogadro’s
number, and 8 is the number of formula units in a cell.

-e Nelson–Riley (NR) plot provided the precise value
of the lattice parameter (a). -is approach was utilized to
reduce mistakes induced by aberration of 2θ variation.
Figure 3 shows a plot of lattice parameter (a) against F (θ)
that was plotted and linearly fit. It is possible to obtain the
corrected value of the lattice parameter stated in Table 1 by
taking the intercept on the (a) axis [28].

F(θ) �
1
2

cos2θ
sin θ

+
cos2θ
θ

 . (4)

-e size of crystallites has also been approximated by
using Williamson and Hall (WH) plots to separate size and
strain broadening [29]. -is approach relies on the widening
of diffraction lines caused by crystallite size and internal
strain.

β cos θ �
λ

DWH
+ ε(4 sin θ), (5)

where β is measured for different XRD lines corresponding
to different planes, θ is the Bragg angle, ε is the strain, and
DWH is the crystallite size. (5) represents a straight line
between 4 sinθ (x-axis) and β cosθ (y-axis).-e value ofDWH
is obtained by the intercept (λ/DWH) of the line [30], and the
values are listed in Table 1. Figures 4(a) and 4(b) show the
linear fitting WH plots of Ni0.75Zn0.25Fe2O4 and
Ni0.25Zn0.75Fe2O4, respectively.

-e size of the crystallites increased as the temperature
increased (≥500°C). At a temperature of 1000°C, the crystallite
size reached 43.46 nm and 45.08 nm for Ni0.75Zn0.25Fe2O4 and

20

In
te

ns
ity

 (a
.u

)

(1
11

) (2
20

)

(3
11

)
(2

22
)

(4
00

)

(4
22

)

(5
11

)

(4
40

)

30 40 50
2θ (degree)

250°C

500°C

750°C

1000°C

*Fe2O3

60 70

* * * *

*

(a)

20

In
te

ns
ity

 (a
.u

)

(1
11

) (2
20

)

(3
11

)
(2

22
)

(4
00

)

(4
22

) (5
11

)

(4
40

)

30 40 50
2θ (degree)

250°C

500°C

750°C

1000°C

*Fe2O3

60 70

*

* *

(b)

Figure 2: X-ray diffraction patterns of synthesized: (a) Ni0.75Zn0.25Fe2O4 and (b) Ni0.25Zn0.75Fe2O4 at different annealing temperatures.

Table 1: 2-eta for maximum intensity, 2θ, d-spacing, d, average lattice parameter, aavg, lattice parameter from NR plot, aNR, unit cell
volume, V, crystal sizes from Scherrer’s method, DSch, crystal size from WH plot, DWH, X-ray density, ρx (g/cm3), and porosity, %P, of the
samples at different annealing temperatures.

Structural parameters
250°C 500°C 750°C 1000°C

0.25 0.75 0.25 0.75 0.25 0.75 0.25 0.75
2θ (°) 35.45 35.45 35.55 35.25 35.55 35.35 35.55 35.35
d-spacing (Å) 2.530 2.530 2.523 2.544 2.523 2.537 2.523 2.537
aavg (Å) 8.382 8.391 8.373 8.427 8.369 8.416 8.366 8.413
aN-R (Å) 8.364 8.385 8.351 8.413 8.362 8.424 8.372 8.434
V (Å3) 588.90 590.80 587.01 598.44 586.17 596.10 585.54 595.46
ρx (g/cm3) 5.325 5.384 5.342 5.315 5.350 5.335 5.355 5.340
% P 70.59 79.48 68.91 79.68 65.51 75.05 64.26 77.47
DSch (nm) 26.70 25.90 19.58 17.55 27.99 30.87 43.95 45.58
DWH (nm) 26.26 18.51 18.79 22.40 45.31 47.16 66.98 62.18
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Ni0.25Zn0.75Fe2O4, respectively. -is is because of the re-
crystallization of nanoparticles that reduced their lattice strain
broadening. -e coalescence and coarsening processes cause
the grain to grow, and the small grains are merged together
[25]. Consequently, it clearly shows that the size of the
crystallites can change by changing the annealing temperature
of the sample.

From Figure 5, it is illustrated that the crystallite size
(DSch) decreased with an increase in annealing temperature
to 500°C, which can be referred to as an impurity phase
decrease. Increasing the annealing temperature from 500°C

to 1000°C tends to increase the crystallite size from 19.58 to
43.95 nm for Ni0.75Zn0.25Fe2O4 and from 17.55 to 45.58 nm
for Ni0.25Zn0.75Fe2O4.

Figure 6 illustrates that, when the Zn concentration
increases, the peak positions shift towards lower angles.
-ese results showed a larger Zn2+ cation and larger Fe2+
ions that can replace a smaller Ni2+ cation [31].

-e lattice parameter increases when the Zn concen-
tration is raised from 0.25 to 0.75 as shown in Table 1.-is is
also because the Zn2+ ion has a greater ionic radius than the
Ni2+ ion. In the spinel crystal structure, tetrahedral and
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Figure 3: Nelson–Riley plot for Ni1-xZnxFe2O4 ferrites for (a) x� 0.25 and (b) 0.75 at different annealing temperatures.
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Figure 4: W–H plot for Ni1-xZnxFe2O4 ferrites at different annealing temperatures of (a) x� 0.25 and (b) 0.75.
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octahedral sites are preferred by larger Zn2+ ions and smaller
Ni2+ ions, respectively. -is evidence indicates that some Zn
ions are transferred to Ni sites. Simultaneously, as Zn
concentration increased, so did sample lattice volume, which
makes sense given the difference in ionic radii [32–34].

For the structural examination of the samples and their
cation distribution, the Rietveld refinement was used with
the Fullprof software as illustrated in Figure 7. Nickel, zinc,
and iron cations occupy specific Wyckoff locations 8a and
16d in cubic spinel ferrites, at (1/8, 1/8, 1/8) and (1/2, 1/2, 1/
2), respectively [35]. -e F d3m space group was used to
improve the patterns of all the samples. In Figure 7, the
experimental data are shown by a red open circle whereas
the computed intensities are denoted by a solid black line.
-e bottom line shows the difference in calculated and
observed intensities. A short vertical line denoted the al-
lowable Bragg locations for the F d3m space group. Only
Bragg 2θ locations are allowed for the fitting peaks in the
structure.

-e oxygen coordinates were treated as free parameters
for refinement throughout the fitting whereas all other
atomic fractional positions were treated as fixed. Other free
parameters include lattice constants, isothermal parameters,
occupancies, scaling factors, and form parameters. -e
pseudo-Voigt function was used to improve the patterns.

In order to get minimum values of reliability parameters
such as profile factor (Rp), weighted residual factor (Rwp), and
expected residual factor (Rexp), the XRD patterns were refined
until the goodness-of-fit index (χ2) approached unity.

Table 2 shows the Rietveld-derived cation distribution
and lists the values of the determined reliability parameters
and goodness-of-fit index.

Due to the random distribution of Ni, Zn, and Fe ions
across tetrahedral and octahedral interstitial sites, the
structure seems to be in a mixed spinel phase. Cations in the
current ferrite system, such as Ni, Zn, and Fe, might have the

ability to reside in two or more valence states in their
distribution.

To simplify the cation distribution, the Ni and Zn ions
are considered to remain entirely in the divalent state in the
cation distribution whereas the Fe ions are assumed to
remain exclusively in the trivalent state in the distribution
[36].

-e theoretical ionic radius of a tetrahedral site (rA) and
an octahedral site (rB) might be determined by using the
following relationships based on the cations distribution
[37].

rA � CNir Ni2+
  + CZnr Zn2+

  + CFer Fe3+
 ,

rB �
1
2

CNir Ni2+
  + CZnr Zn2+

  + CFer Fe3+
 .

(6)

CNi, CZn, and CFe denote the fractional concentration of
Ni2+, Zn2+, and Fe3+, respectively, at various sites taken
according to cation distribution. In addition, r denotes ionic
radii for appropriate ions Ni2+, Zn2+, and Fe3+. -e result is
tabulated in Table 3. From Table 3, it is obvious that the rA
decreases while rB increases as the lattice parameter grows.
-is variation is caused by a shift in the occupation of the (A)
and (B) sites. Zinc ions (large ions) are decreased in the (A)
site and increased in the (B) site for x� 0.75 as compared to
the sample of x� 0.25.

Chemical composition, preparation environment, and
heating process all influence the oxygen ion parameter (u).
-e computed “u” values for all synthesized ferrites are
shown in Table 3, by using the relation [38].

u � rA + ro( 
1

a
�
3

√ +
1
4

 . (7)

-e parameter “u” has a value of around 0.375 in the case
of a perfect spinel structure. However, there were some
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variations from the ideal value for the examined samples
indicating that there was deformation in the lattice.

-e following equation [39] was used to compute the
theoretical lattice constants for all of the samples in this study:

ath �
8

3
�
3

√ rA + ro(  +
�
3

√
rB + ro(  . (8)

Table 3 contains the theoretical lattice characteristics for
the samples. -e theoretical lattice increased from 8.353 Å
(x� 0.25) to 8.379 Å (x� 0.75). -eoretical values vary
similarly to empirically determined lattice parameters.

According to the following relationships [28], the dis-
tance between magnetic ions (hopping length) at the tet-
rahedral site (LA) and the octahedral site (LB) might be
calculated.

LA � a

�
3

√

4
,

LB � a

�
2

√

4
.

(9)

-e computed LA and LB are shown in Table 3. -e
hopping lengths, LA and LB, rise as the concentration of Zn2+
ions in nickel ferrite increases. In other words, as the Zn
concentration grows so does the distance between the
magnetic ions. -is result and the similar results of the
tetrahedral and octahedral bond lengths dAx and dBx, tet-
rahedral edge, shared, and unshared octahedral edges (dAxE,
dBxE, and dBxEU) might be explained also by the fact that the
component ions have different ionic radii [40].
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Figure 6: Variation of the (311) diffraction peak of Ni0.75Zn0.25Fe2O4 and Ni0.25Zn0.75Fe2O4 at the temperature of (a) 500°C, (b) 750°C, and
(c) 1000°C.
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dAx � a
�
3

√
u −

1
4

 ,

dBx � a

��������������

3u
2

− 2u + 0.375


,

dAxE � a
�
2

√
2u −

1
4

 ,

dBxE � a
�
2

√
(1 − 2u),

dBxEU � a 4u
2

− 3u +
11
16

 
1/2

.

(10)

-e interionic distances and angles clearly describe the
crystalline structure and have a significant influence on the
magnetic interactions between ions [41]. Figure 8 depicts the
cation-cation distances marked by the letters b, c, d, e, and f
as well as the cation-anion distances denoted by the letters p,
q, r, and s, and the corresponding bond angles are repre-
sented by θ1, θ2, θ3, θ4, and θ5.

-e following formulas [42] are used to compute the
values of all interionic distances and are tabulated in
Table 4.
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Figure 7:-e Rietveld refinements of Ni0.75Zn0.25Fe2O4 and Ni0.25Zn0.75Fe2O4 annealed at 750°C.-e diagrams in the second row show the
polyhedral structure of the samples.

Table 2: Rietveld-derived cation distribution, profile factor (Rp), weighted residual factor (Rwp), expected residual factor (Rexp), and
goodness of fit (χ2) of Ni1-xZnxFe2O4 samples annealed at 750°C.

Zinc content, x
Cation distribution

Rp Rwp Rexp χ2
A site B site

0.25 (Ni0.052Zn0.145Fe0.802) [Ni0.698Zn0.105Fe1.198] 22.90 30.00 25.49 1.39
0.75 (Ni0.095Zn0.052Fe0.853) [Ni0.155Zn0.698Fe1.147] 25.00 29.80 24.96 1.42

Table 3: Structural parameters of Ni1-xZnxFe2O4 ferrite (x� 0.25 and x� 0.75) annealed at 750°C, after Rietveld refinement (all in angstrom).

x rA rB u ath LA LB dAx dBx dAxE dBxE dBxEU
0.25 0.503 0.665 0.3799 8.353 3.622 2.957 1.883 1.836 6.032 2.840 2.958
0.75 0.498 0.678 0.3789 8.379 3.642 2.974 1.878 1.841 6.040 2.882 2.975
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p � a
5
8

− u ,

q � a
�
3

√
u −

1
4

 ,

r � a
��
11

√
u −

1
4

 ,

s � a
�
3

√ 1
3

u +
1
8
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b �
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√
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 a,

c �

��
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√

8
 a,

d �

�
3

√

4
 a,

e �
3

�
3

√

8
 a,

f �

�
6

√

4
 a.

(11)

With the exception of q and r, all interionic distances
increase with Zn concentration which corresponds to an
increase in unit cell volume. -e cation-cation distances
increase with Zn concentration at both (A) and [B] sites
because of the higher atomic radii of Zn2+ that replace
the smaller ionic radii of Ni2+. Furthermore, it is seen in
Table 4 that with Zn+2 doping, the distances between
cation-cation and cation-anion increase. As a result, the
Ni0.25Zn0.75Fe2O4 has a lower super-exchange strength
than the Ni0.75Zn0.25Fe2O4.

By using the obtained values of the interionic distances,
the bond angles θ1, θ2, θ3, θ4, and θ5 have been determined

using the expressions [42], and Table 5 shows all of these
values.

θ1 � Cos− 1 p
2

+ q
2

− c
2

2pq
 ,

θ2 � Cos− 1 p
2

+ r
2

− e
2

2pr
 ,

θ3 � Cos− 1 2p
2

− b
2

2p
2 ,

θ4 � Cos− 1 p
2

+ s
2

− f
2

2ps
 ,

θ5 � Cos− 1 r
2

+ q
2

− d
2

2rq
 .

(12)

Table 5 shows that, for Ni0.25Zn0.75Fe2O4, the values of
bond angles θ1, θ2, and θ5 rise while the values of the bond
angles θ3 and θ4 drop. -e bond angles θ1, θ2, and θ5 are
connected to A-B and A-A interactions which indicates that
the strengthening of these interactions is confirmed by the
increase in values of these bond angles with doping as the
interaction strength is directly proportionate to the bond
angle but inversely related to the bond length [41]. -e
super-exchange strength is increased when the A–B inter-
action increases. As well, a reduction in the values of θ3 and
θ4 which is connected to B–B interactions indicates that
these interactions are weakening [41].
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Figure 8: -e interionic distances and interaction angles.

Table 4: Calculated values of interionic distances of Ni1-xZnxFe2O4 ferrite (x� 0.25 and x� 0.75) annealed at 750°C.

x
Cation-anion distances Cation-cation distances

p (Å) q (Å) r (Å) s (Å) b (Å) c (Å) d (Å) e (Å) f (Å)
0.25 2.049 1.883 3.606 3.646 2.957 3.468 3.622 5.433 5.122
0.75 2.070 1.878 3.595 3.661 2.974 3.487 3.642 5.464 5.151

Table 5: Calculated values of bond angles of Ni1-xZnxFe2O4 ferrite
(x� 0.25 and x� 0.75) annealed at 750°C.

x θ1 (°) θ2 (o) θ3 (o) θ4 (o) θ5 (o)
0.25 123.67 146.43 92.35 125.81 75.38
0.75 124.02 148.10 91.81 125.68 76.36
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3.2. Field Emission Scanning Electron Microscope (FESEM).
-e Ni0.75Zn0.25Fe2O4 and Ni0.25Zn0.75Fe2O4 microstruc-
tures were tested by the use of FESEM as demonstrated in
Figures 9(a) and 9(b), respectively. Moreover, the insets
show the distribution of particle size determined from
FESEM results by fitting with the normal distribution for the
samples that were annealed at 750°C. It is observed from
Figures 9(a) and 9(b) that the particles come in a variety of
sizes and shapes. -e structures of the synthesized spinel
ferrite are significantly affected by the concentration of Ni2+
and Zn2+ ions which caused the distinction in the FESEM
images [43]. -e particles exhibit a tendency to agglomerate.
-e agglomeration behavior of the particles can be related to
the interaction of the magnetic dipole-dipole [9, 44]. -e Zn
substitution in Ni ferrite has the greatest impact on the
microstructure, and the grain size rises.

According to the FESEM particle size distribution from
Figures 9(a) and 9(b), the estimated average ferrite nano-
particle sizes were determined to be 79.2 and 118.4 nm for
x� 0.25 and 0.75, respectively. Similar results were reported
earlier [45]. -e average size determined by XRD is less than
the average size obtained from FESEM images. -e dif-
fraction signals of greater diameters are more powerful than
those of smaller diameters if the nanoparticles are not fully
monodispersed. -is is why the size specified by XRD must
always be smaller than the size specified by FESEM [7].

3.3. Energy Dispersive Spectroscopy (EDS). -e elemental
analysis of Ni1-xZnxFe2O4 nanoparticles at x� 0.25 and 0.75
was verified by EDS spectra, and the results are tabulated in
Table 6. Figures 10(a) and 10(b) show the existence of el-
ements utilized in the synthesizing process such as nickel,
zinc, iron, and oxygen atoms. Except for these elements,
there are no additional impurity components in the samples
that result in defect-free and homogeneous produced
samples. -e ultrasonication in the manufacturing process
caused the doping rate of Zn ions in Ni ferrite to become
more than 180% (for x� 0.75) relative to earlier work [46].

3.4. Transmission Electron Microscopy (TEM).
Figures 11(a) and 11(b) illustrate the TEM micrograph for
Ni0.75Zn0.25Fe2O4 and Ni0.25Zn0.75Fe2O4 nanoparticles,

respectively. -e majority of the particles are nearly
spherical and agglomerated. -e agglomeration of nano-
crystals that appear in TEM images might be returned to the
aggregate tendency in order to obtain a lower energy state as
a result of the decrease of a particular surface area by de-
creasing particle interfaces [47] or may be due to the syn-
thesis technique [43]. -e results of the TEM demonstrated
that the particle sizes were not uniformly distributed.
-erefore, it is possible to deduce that nucleation happened
in a single event which results in a nucleus size distribution
[48]. -e mean particle size calculated from the TEM mi-
crograph was 58.22 nm for x� 0.25 and 96.16 nm for
x� 0.75. It indicates that the grain size increases with the Zn
concentration as also shown in FESEM results.

3.5. Fourier Transform Infrared Spectroscopy (FTIR). -e
infrared spectroscopy (IR) spectra measured at room tem-
perature at frequencies between 400 and 900 cm−1 are il-
lustrated in Figure 12. -e spectra reflected typical features
of spinel ferrite with the bands attributable to stretching
vibrations caused by interactions between the oxygen atom
and the cations at the tetrahedral and octahedral sites
[49, 50]. Twomain absorption bands are commonly detected
in ferrites. -e higher frequency absorption band (υ1) at
around 550∼600 cm−1 corresponds to tetrahedral metal-
–oxygen (M–O) stretching vibration and the octahedral
M–O stretching vibration appeared at (υ2) band of
∼400 cm−1 [38, 51]. -e long bond length of M-O ions at the
tetrahedral and short bond length at the octahedral sites are
responsible for the difference in frequency between the
characteristic vibrations υ1 and υ2 [52].

(a) (b)

Figure 9: FESEM images and particle size distribution of Ni1-xZnxFe2O4 (a) x� 0.25 and (b) 0.75 annealed at 750°C.

Table 6: Elemental composition of Ni1-xZnxFe2O4 nanoparticles
annealed at 750°C.

Elements
x� 0.25 x� 0.75

%Wt %
Atomic

%Wt %
AtomicExpected EDS Expected EDS

Fe 47.32 49.7 30.76 46.65 46.0 29.10
O 27.11 25.5 55.10 26.73 24.8 54.74
Ni 18.64 17.4 10.23 6.13 6.5 3.91
Zn 6.93 7.4 3.91 20.49 22.7 12.25
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(a) (b)

Figure 11: TEM images of (a) Ni0.75Zn0.25Fe2O4 and (b) Ni0.25Zn0.75Fe2O4 annealed at 750°C.
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Figure 12: FTIR spectra of Ni1-xZnxFe2O4 annealed at 750°C with different Zn concentrations: x� 0.25 and 0.75.
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Figure 10: -e EDS spectrum of (a) Ni0.75Zn0.25Fe2O4 and (b) Ni0.25Zn0.75Fe2O4 nanoparticles annealed at 750°C.
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-e intensity and position of the peaks of these modes
change depending on the concentration of nickel and zinc
under the influence of changes in the effects of the crystalline
field and strain in the lattice [53].

With increasing Zn ion concentration, band position
υ1 shifts to the lower wavenumber side, and band position
υ2 shifts towards the higher wavenumber side as shown in
Figure 12. When Zn2+ is doped into NiFe2O4, Fe3+ moves
from the tetrahedral to the octahedral site, and it reduces
the frequency of tetrahedral vibration [38]. -is is be-
cause zinc has a higher atomic weight than nickel and
iron. -e effective atomic weight at tetrahedral sites in-
creases as Zn concentrations rise. According to the in-
verse relationship between frequency and the group
weights, this group’s related band shifts toward a lower
frequency range.

3.6. Vibrating Sample Magnetometer (VSM). A VSM was
used to estimate the magnetic characteristics of the
samples by applying a magnetic field of 14 kOe which
indicates that the samples exhibited magnetic behavior.
Magnetizations (M) against magnetic field (H) plots
(hysteresis loop) of prepared Ni-Zn samples are dem-
onstrated in Figure 13. -e magnitudes of the saturation
magnetization (Ms), remanent magnetization (Mr), loop
squareness ratio (Mr/Ms), coercivity (Hc), and magnetic
moment (nB) were determined from hysteresis loops and
tabulated in Table 7.

Figure 13 demonstrates the magnetic behavior of the
Ni0.75Zn0.25Fe2O4 and Ni0.25Zn0.75Fe2O4 ferrite nanoparticles.
-e ferrimagnetic behavior of soft magnetic material was
observed in the samples [54]; that is, nonpermanent magnetic
materials which are due to their small Mr and Hc values are
very easily magnetized and demagnetized at low field values.
-is shows the narrow magnetic hysteresis loop that has been
completely formed. Cationic magnetic moments are

produced at tetrahedral and octahedral sites by the super-
exchange interaction between metal cations which are re-
sponsible for the magnetic properties [55]. -ere are several
factors that the magnetic behavior of spinel ferrites depends
on such as synthesis method, grain size, chemical composi-
tion, and the cation distribution [56, 57].

It was seen that all the magnetic parameters were de-
creased with the decrease of Zn concentration in the Ni
ferrite matrix as shown in Table 7. -is decrease in magnetic
parameters was caused primarily by the substitution of
magnetic Ni ions with nonmagnetic Zn ions [44].

Magnetization is caused by the formation of magnetic
moments. -e distribution of magnetic ions in the spinel
structure determines the net magnetic moment. -e mag-
netic moment in a Bhor magneton is calculated by the
following relation [58], and the results are presented in
Table 7.

nB �
MwMs

5585
. (13)

-e cation distribution between (A) and [B] sites
affects magnetism. At 0 K, when both sides’ spins are
antiferromagnetically coupled, each formula unit has a net
magnetic moment. Following Néel’s ferrimagnetism
model, the magnetic moments of ions on (A) and [B] sites
are oriented antiparallel to one another, and their spins
are collinear. -e theoretical magnetic moment per for-
mula unit nB(x) is defined as follows [59]:

nB(x) � MB(x) − MA(x), (14)

where MB (x) and MA (x) are the sublattice magnetic mo-
ments for the [B] and (A) sites, respectively.

-eoretical magnetic moment values were computed as a
function of Zn concentration by using the ionic magnetic
moments and the cation distribution.-e findings are stated
in Table 7.
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Figure 13: (a) Ni1-xZnxFe2O4 hysteresis loop at room temperature. (b) Expanded hysteresis loops.
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-e saturation magnetization of Ni0.75Zn0.25Fe2O4 and
Ni0.25Zn0.75Fe2O4 are 73.7 and 36.4 emu/g, respectively. -e
highMs of Ni0.75Zn0.25Fe2O4 is because of the substitution of
Zn into NiFe2O4. Fe3+ ions of (A) site migrate to [B] sites,
resulting in the change in the magnetic moment, decreasing
at site (A), and increasing at site [B], therefore raising the
overall magnetization [60].-emagnetic saturation is low in
Ni0.25Zn0.75Fe2O4 due to the nonmagnetic nature of Zn2+.
Due to the negative B–B cross-interaction, the moments of
the site [B] are unable to align antiparallel to themselves [61].
-is behavior might possibly be explained by the presence of
a high number of Zn2+ ions in the tetrahedral sites which
weakens the magnetic moment of this site, increases the spin
canting effect, and results in a significant decrease in the total
magnetization [43].-e coercivity, retentivity, and magnetic
moment of the samples change in a similar way to saturation
magnetization. Small values of the loop squareness ratio
(below 0.5) refer to the existence of single-domain particles
in the samples [62].

4. Conclusions

-e sol-gel auto-combustion was utilized to manufacture a
cubic spinel structure of Ni1-xZnxFe2O4 nanoparticles with
x� 0.25 and 0.75. -e crystal size increased as the annealing
temperature was raised. Zn doping increased the lattice
parameter because Zn2+ has larger ionic radii than Ni2+.
According to the cation distribution study, it was found that
the substituted Zn2+ was distributed throughout the A and B
sites resulting in the mixed spinel structure. -e FESEM and
TEM images showed that as the Zn concentration rises, the
grain size grows larger. -e purity of the produced Ni-Zn
nanoferrites and a high rate, more than 180%, of doped zinc
ions were verified by an EDS analysis. In FTIR spectra, the
presence of two strong absorption bands around
550∼600 cm−1 (υ1) and ∼400 cm−1 (υ2) revealed the for-
mation of ferrite samples, and υ1 shifted to a lower frequency
whereas υ2 shifted to a higher frequency with increasing Zn
content. -e Ni0.75Zn0.25Fe2O4 sample exhibited the highest
values of Ms, Mr, Hc, and nB due to cation distribution.
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