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Abstract

Nickel-doped Cobalt ferrites nanoparticles (NPs) with chemical formula Co (NiFe,O4 (were, x= 0, 0.5, and 1) were
synthesized at low temperature (200°C) using sol-gel autocombustion technique. Citric acid as a chelating agent used
with the mixture of nickel nitrate and ferric nitrate solutions in a ratio of (3:1) to balance the oxidizing agent to
reducer ratio. The obtained ferrite NPs were calcined at deferent temperatures (200, 400, 600, and 800°C) for 4h in
the air to remove the water content, unwanted impurities and to obtain a single-phase spinel structure with better
crystallinity. Structural characteristics of the calcined ferrite NPs were confirm by the analysis of the X-ray
diffraction (XRD) technique. XRD analysis shows the single-phase cubic spinel nanocrystalline structure. The
crystallite size calculated from FWHM of the strongest peak (311) is in the range of (27-44 nm) for Co;«NisFe,O4
ferrite NPs. While, the CogsNijsFe,O, NPs have crystallite size larger than that of NiFe,O,4, but smaller than
CoFe,04 NPs. The lattice constant, X-ray density, and other structural parameters calculated from XRD data are in
good agreement with the literature values. SEM images show NPs with spherical shape and homogenous
morphology with particle size in the range of (25-47 nm), reflecting the highly crystalline nature of these
nanoparticles. The average grain size of the samples obtained from SEM images is larger than the crystallite size
calculated using XRD measurement, furthermore the distribution of the grains for Cobalt ferrite better than that of
Nickel and Co-Ni ferrites. The particle size and grain size of the Co;_(NiFe,O, ferrite NPs that calculated using
XRD and SEM techniques are compatible with each other in the same range
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Introduction

Ferrite nanoparticles (FNPs) an important branch within the group of magnetic nanoparticles (MNPs) and have
received unlimited interest from researchers due to their unique properties and wide applications in electric and
magnetic systems, high density information storage systems, magnetic cores, microwave devices absorbers,
magnetic fluids, gas sensors, ferro-fluids, catalysts, and medical diagnostics, [1-10]. FNPs are composed of metal
oxides with a cubic spinel structure and the general formula is AB,O4, (M = Co, Mg, Mn, Ni, etc.). The metal
cations A and B are located in two different crystalline sites known as the tetrahedral and octahedral sites
respectively. Two cation metals are located at tetrahedral and octahedral sites to oxygen molecules. The unit cell of
ferrite is contained 64 tetrahedral and 32 octahedral locations available for A and B cations, while only 8 tetrahedral
and 24 octahedral sites are occupied by cations [11-12]. The arrangement of each type of the metal cations over the
two sites depends on the ionic affinity of both sites, which in turn depends on the stability energy, the radius of the
ions, and the method of preparation as well as the experimental conditions used in the preparation process [13-15].
The distribution of cations on the tetrahedral and octahedral sites has a significant effect on the physical and
chemical properties of FNPs [16].

Cobalt ferrite (CoFe,0,) is a spinel ferrite having cubic crystalline structure and known as a hard magnetic material
with high coercivity and medium magnetization, which in turn makes it useful in the manufacture of high-density
digital recording discs and audio/videotape [17]. On the other hand, cobalt ferrite has a high magnetocrystalline
anisotropy, which makes it difficult to obtain high magnetic permeability [18]. Whereas, nickel ferrite is a soft
magnetic material with low magnetic anisotropy, which provides a suitable and effective method to reduce the
anisotropy of cobalt ferrite through the partial substitution of the Co** jon with a Ni** ion as in the formula Co.
«NigFe,04 [19-20].Many methods have been used to syntheses spinel ferrite nanoparticles such as hydrothermal
method, sol-gel, co-precipitation, gel-assistant hydrothermal route, wet chemical co-precipitation technique, self-
propagating. While the ferrite synthesized by the traditional ceramic method is used for specific applications as gas
sensors due to the high-temperature processing of ferrite treatment in this method, which makes it a highly dense and
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a small surface area [21-27].

The combustion reaction synthesis of ferrite powders is as other methods was used to prepare ceramic powders
yields nanometric particles (< 100 nm) with high surface areas. The sol-gel autocombustion method is used to
syntheses a range of mixed metal ferrite nanoparticles without decomposing the intermediate. The reason for using
the autocombustion method is that it maintains the proportions of the components at the final product and thus assists
the process of controlling the nanoparticles size of the product. In addition, this method possesses a number of
advantages over other methods such as excellent mixing of starting materials, chemical homogeneity and purity of
the final product, mixing at the molecular level and tendency of decomposing species to form extended networks,
which in turn lowers the crystallization temperature [28]. The present work is concerned with the synthesis of nickel-
substituted cobalt ferrite nanoparticles with the chemical formula Co;«NisFe,O,4 (where x= 0, 0.5, and 1.0) via the
sol-gel autocombustion method. The use of this method can produce a single-phase structure of ferrite nanoparticles.
The structural and morphological properties of the ferrite nanoparticles can studied by using XRD and SEM analyses

Experimental

The Ni-Co ferrite nanoparticles having a composition of Co;_(NisFe,O4 (x=0.0, 0.5, 1.0) synthesized via the sol-gel
auto combustion method. All the materials used in the preparation were AR grade with [J purity (= 99 %) bought
from Sigma Aldrich. In the synthesis process, Iron nitrate Fe (NO3);-9H,0, cobalt nitrate Co (NO;),-3H,0, and
nickel nitrate Ni (NOs),-6H,0 were used as oxidizing agents while citric acid used as fuel.

The metal nitrates and citric acid are weight in the required proportions; an appropriate amount of distilled water
used to dissolve each compound separately by using a magnetic stirrer. After obtaining a clear solution for each
compound, the metal nitrates mixed with a molar ratio for (Co+Ni) / Fe equal to (1:2) and then mixing the solution
of metal nitrates and citric acid in a molar ratio of (1:1). Then, the final solution kept with constant stirring at 80 °C
on a magnetic stirrer. Ammonia solution was added dropwise to maintain pH = 7 with constant stirring. This mixture
heated at 90 °C in order to convert into a gel.

This gel gradually heated by raising the temperature to about 200°C in order to ignite the gel and turn it into a fine
loose powder, whereasthe resultant powder were collected and grounded. Depending on the decomposition pattern
TG/DTA, all the resultant fine powders were calcined at deferent temperatures (200, 400, 600, and 800°C) in a
muffle furnace for 4 hour in order to get the nanocrystalline ferrite powders. This gel gradually heated by raising the
temperature to about 200°C in order to ignite the gel and turn it into a fine loose powder, whereasthe resultant
powder were collected and grounded. Depending on the decomposition pattern TG/DTA, all the resultant fine
powders were calcined at deferent temperatures (200, 400, 600, and 800°C) in a muffle furnace for 4 h in order to
get the nanocrystalline ferrite powders to have a single-phase spinel structure with better crystallinity. Figure 1
shows a flow chart of the synthesis procedure leading to the formation of Co-Ni ferrite nanoparticles. A chemical
reaction (Co4NiFe,O,) stated as [29].

0,591 (W0:)2 +0,5C0 (N0s ) +2Fe (905); + (200%) (CalHz0s)——-NigaCog sFeo0y = (403) 0y + (B00) Ha0 + 4N,
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Figure 1: Flow chart of sol-gel autocombustion technique for Co-Ni spinel ferrite nanopowders.
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ResultandDiscussion

Thermal Decomposition

The thermal decomposition, stability, and the temperature of phase formation study of Co-Ni ferrite powders with
chemical composition of CogsNig sFe,O4 (dried at 120 °C) is carried out by TGA-DTA. Figure (2) illustrates the
relative weight variations associated with the entropy variations during the heating of the nano powders under air.
Therefore, there is no weight increase observed, thus no oxidation process takes place under air for the prepared
powder. Data is collected from the heating process at temperatures in the range of (25-1000 °C) with heating rate
of 10 °C/min. The TGA curve shows 16% weight loss up to 180 °C, which corresponds to the evaporation of water
molecules and volatile organic species as shown in Figure 2. A rapid decomposition has occurred between 180 to
300 °C due to the decomposition of polymeric species with a weight loss of 40%. Further decomposition is not
observed beyond 300 °C, which specifies that the material is thermally stable in the temperature range of 300 —
1000 °C. DTA curve shows a broad endotherm in the temperature range of 100 — 300 °C with a small and narrow
exothermic at 200 °C. The broad endotherm corresponds to the absorption of external heat to decompose the
material, while a narrow exothermic represents crystallization of the complex organometallic compound. A broad
exothermal observed between 400 — 700 °C attributes to the release of energy that can be used for the phase
formation. The thermal decomposition and thermal stability from TGA-DTA curve can be well correlated to the

XRD data for the investigations of phase transformation of samples annealed between 400 — 800 °C.
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Figure 2: TGA-DTA, decomposition pattern of CoysNi) sFe,O4 (dried at 120 °C) ferrite gel.

X-ray Diffraction Study (XRD)

The X-ray diffraction (XRD) patterns of CoFe,O., NiFe,O,4 and Co 5NijsFe,O4 ferrite nanopowders prepared by sol-
gel method andthen calcined at temperatures (22, 400, 600 and 800 °C) under atmospheric conditions for six hours
holding time are shown in Figures 2, 3 and 4 respectively. The prominent Bragg reflections can be indexed as (111),
(220), (311), (222), (400), (422), (511) and (440) planes of face centered cubic spinel type structure for all prepared

ferrites.

Figure 3 illustrates that all peaks for cobalt ferrite calcined at different temperatures closely resemble the standard
crystalline structure of CoFe204 from (ICDD-221086), which belongs to face-centered cubic spinel-type (Fd-3m)
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and there are no characteristic peaks indicating the presence of unexpected oxides or other impurities in the XRD
patterns. The sample calcined at 800°C exhibits the highest intensity in comparison with the other samples.

In figure 4 and 5, the formation of NiFe,O, and CosNigsFe,O4 spinel nanostructures is also confirmed as the
revealed diffraction peaks match both in intensity and the position of peaks in their standard diffraction pattern.
However, there are two small peaks appear in the positions 44.5° and 52° for the powder samples as burned at 200°C,
which are belongs to the Fe,O; (maghemite) phase, and these two peaks will disappear with additional calcination of

the samples at 400, 600 and 800°C.
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Fig. 3: X-ray diffraction patterns of the CoFe,O4ferrite Fig. 4: X-ray diffraction patterns of the NiFe,O, ferrite
NPs as-burnt and calcination at different temperatures. NPs as-burnt and calcination at different temperatures.

7 Feddy * Coo s i sFe Oy
T =l
=
i =]
=] —
I ’;1 g gi ¥
=l = o+
o T ,lx. | J . i h T=800°C
4
L
] T A TH0CC
4
I a
NP W, S S S
ame o .I.I'.- B S i.__lﬁsbymlt
15 25 35 45 55 63 73
28 (degrea)

Fig. 5: X-ray diffraction pattern of CoysNijsFe,04 ferrite NPs as burnt and calcination at different temperatures.

The presenceof maghemite is anticipated asannealing the samples at temperatures higher than 180°C will caused
rapid oxidation of Fe*? to Fe** which promotes formation of maghemite. The highest intensity of main peak (311) is
appeared at 800°C.

Figure 6, shows the XRD patterns of the Co,_Ni Fe,O, ferrite nanopowders calcined at 800°C with different x
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values (x=0, 0.5 and 1). All pattern peaks are closely resembled the standard crystalline structure of Co-Ni ferrite
from the International Centre for Diffraction Data (ICDD). In addition, the peak position of the XRD patterns does
not alter after partial the substitution of Ni into the CoFe20O4. This is due to the comparatively same scattering factor
of Co and Ni, as they are neighboring element in the periodic table and hence atomic positions are unchanged. This
also gives the small reflection for 0.5 substitution of Ni. The small shift in the XRD patterns is observed at higher 20
angle, when the Ni content in the product increases. This can be explained by the fact that the ionic radius (0.72 °A)
of Ni*? ions is smaller than that (0. 74 °A) of Co*? ions.
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Fig. 6: X-ray diffraction pattern of Co;_,NiFe,O, ferrite NPs calcined at 800C and with x= 0, 0.5 and 1.

From the XRD results, various structural parameters were calculated using standard relation as follows:

Using the values of Bragg’s angle 26 and interplanar spacing (d ), the values of lattice constant (a) of nickel-Cobalt
ferrite nano-particles was calculated using the following relation [31],

a=dVRZFRZHZ A oo (1)

where the parameters &, k and [ are represents the miler indices. The interplanar spacing d is calculated by using the
Bragg law of XRD, as:

nA=2dsin6.................... 2)

where, (n)is the order of diffraction, () is the wavelength of the X-ray employed are equals to 1.54056A for the
Cu-ko, source and (0)is Bragg’s angle.

The crystallite size (f) of the Co-Ni ferrite nanoparticles was calculated from the main peak (311) in the XRD
patterns using the Debbye-Scherer’s equation [32],

kA
t= ﬁwsenm ................. 3)

where, kis Scherer’s constant and equals to (0.89) for spinel ferrite, (f)is the full width at half maximum (FWHM) of
the peak (311) recorded XRD pattern, taken in radians. A semi-empirical relationship using to estimate the surface
area of these nanoparticles by the following equation [33],

SSA = %) (M) oo, (4)

The dislocation density (3) of nickel ferrite nanoparticles was calculated using the equation given by,

S=tlz line /m> ovveoeeeeeeeee )

The lattice strain (¢) was calculated using formula (34),

The X-ray density (d,) of the ferrite nanoparticles was calculated using the equation given by,
de=8M/a’Ny (g/lem’)........(7)
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Where, (M ) is the molecular weight of the composition, (V,)is the Avogadro number and (a)is the lattice constant.
(La) and (Lp) is determined from the following relations [35]:
Lo=0.25aV 3, Lg=025avV2 ...... (8)
Where, (La) and (Lg) denoted to the hopping length for A- and B —sites, respectively.
All X-ray characteristic parameters of the Co; «NisFe,O4 spinel ferrite nanoparticles calcined at deferent

temperatures (as-burnt, 400, 600 and 800 °C) are listed in the table (1), and were calculated using the standard
relations shown in equations (1-8), Respectively.

X-ray parameters as a function of calcination temperatures

The XRD parameters of the Co;_NiFe,O, ferrite nanoparticles calcined at different temperatures (as burnt 200, 400,
600 and 800°C). Figure (6) show that the crystallite size (t) of the Co- and Ni- ferrites are increases in the range of
(2944 nm) and (27-39 nm) with increasing the calcination temperatures, respectively. In addition, the lattice
constant (a) of the Co- and Ni- ferrites increases in the range of (8.364-8.374 A) and from (8.325-8.336 A)
respectively, these are consistent with the previous results report [36]. As the calcination temperature increases, the
peaks become sharp reflects improved crystallite size and crystallinity, while the variations of the lattice constant are
due too the different ionic radii, Ni*? (tetrahedral 0.58; octahedral 0.69 A) and Co*? (tetrahedral 0.58; octahedral
0.74A) [37].

Table 1: X-ray parameters; t (crystallite size), a (lattice constant), dx (x-ray density), L, Lg
(hopping length for tetrahedral and octahedral sites respectively), € (Lattice strain), SSA

(Specific Surface Area), and § (dislocation density) for Co-Ni ferrites at deferent temperatu

Calcination 28 Crystallite| lattice Xray |hopping hopping dislnca.tmn Lattice Specific
: : (degree) : = density - surface
Spinel ferrite  [temperaturg i size cnstant | density |Length| Length strain

("C) Pealc t(nm) | a(°a) [d(g/em™) [La CAY Ly (A 5x 101 £x 107 area 554

(311} (nm) ("A) (= J|La ("A) Le(°A) (lma.'mij (m¥g)

As-burat | 35.780 | 29.330 | 8364 3.325 | 3822 | 2937 11.457 3.82 3813

400 35774 | 36.240 | B389 3317 | 3.624 | 2939 7614 312 31.14

CoFe0y 600 35779 | 40.228 | 8372 3.311 3,623 | 2.960 6.179 281 28.08

800 35763 | 4453536 | 8374 5307 3626 | 2961 5.083 235 2549

Asbumt | 33.716

bd

7423 | B.313 3.396 3605 2943 13.208 412 4053

400 35682 | 32237 | 83218 3390 | 3606 2044 9622 351 3453
NiFei04 600 35688 | 33863 | 8332 3383 [ 3608 2948 1775 ER L 31.08
800 35683 | 38994 | 5336 3374 [ 3610 | 2947 6377 2.90 28.63

ConsNinsFex0s| 800 | 35758 | 41130 | 8353 | 5345 |3617] 2053 | 5000 | 275 | 2720

The increase of the lattice constant with calcination temperatures led to a decrease in the lattice compaction, and
as aresult, we obtained a decrease in the x-ray density and the dislocation density with the increasing the
calcination temperature as illustrated in Figure 7. X-ray density and dislocation density values are in the table
(1), while it was notedthat nickel ferrite has higher values of x-ray density and dislocation density than that of
cobalt ferrite and this is due to the lower lattice parameters of nickel ferrite
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Fig. 6: Crystallite size and lattice constant versus calcined Fig. 7: X-ray density and dislocation density versus
temperatures for Co- and Ni-ferrite nano particles calcined temperatures for Co- and Ni-ferrite nano particles

Figure (8) shows that the hopping lengths of octahedral is larger than that of tetrahedral for Ni- and Co-ferrites,
while the octahedral and tetrahedral hopping lengths of the Co-ferrite are greater than that of Ni-ferrite and they
increases with increasing the calcination temperatures. All these differences in the hopping length, which
depend on the temperature and the type of ferrite, are due to the different ionic radii, Ni*? (tetrahedral 0.58;
octahedral 0.69 A) and Co*? (tetrahedral 0.58; octahedral 0.74A).
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Fig. 8: Hopping length L, and Lg versus calcined temperatures for Co- and Ni-ferrite nano particles.

The lattice strain is induced during the calcination process. Figure (9) shows that the lattice strain decreases with
increasing the calcination temperature for the Co- and Ni-ferrites due to the increase in crystallite size during the
calcination process, which in turn leads to a decrease in the lattice strain with increasing temperatures. As a
result of the fact that the crystallite size of nickel ferrite is smaller than that of cobalt ferrite, the lattice strain of
nickel ferrite is greater than that of cobalt ferrite.
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X-ray parameters as a function of Ni-ion Concentration
The substitution of the smaller Ni+? (0.72 °A) instead of the Co*? (0.74 °A) in Co;4NisFe,0, ferrite calcined at

temperature of 800°C will greatly affect the XRD parameters, and the figures (10)-(13) are combined with Table (1)
that shows this in detail.

Variation of crystallite size, lattice constant, and Hopping lengths parameters with Ni-ion concentration are shown in
Figures (10) and (11). At a fixed Calcination temperature 800°C, these parameters are decreases with increasing Ni-
ion concentration due to the difference in the ionic radii in tetrahedral and octahedral sites while, the value of these
parameters ate listed in table (1).
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Fig. 10: Crystallite size and lattice constant versus Ni-ionFig.11: Hopping length L, and Ly versus Ni-ion
concentration of Co,_,Ni,Fe,0, calcined at 800°C .concentration of Co,_Ni,Fe,O, calcined at 800 °C.

The structural parameters illustrated in figures (12) and (13); X-ray density, dislocation density, Lattice strain and
specific surface area are increases with increasing Ni-ion concentration in Co;4NiFe,O, ferrite calcined at fixed
temperature of 800°C. Because of the lattice constant decreasing with increasing Ni- ion concentration in ferrite
calcined at 800°C, the lattice strain will increase because the surface area for interaction becomes smaller increasing
the lattice strain. Whereas, replacing the Co-ions with smaller Ni-ions in cobalt ferrite structure leads to the
formation of a compact crystal, which causes an increase in the x-ray density. The dislocation density and specific
surface area are inversely proportional to the crystallite size, so replacing cobalt ferrite with smaller ions will lead to
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concentration of Co;_,NiJFe,04 calcined 800 °C. of Co;_NiFe,Oy4 calcined at 800 °C.

Electron Scanning Microscope (SEM)

Morphology of the synthesized CoFe,0,4, NiFe,O,4, and CogsNigsFe,O4 spinel ferrite nanopowders by sol-gel
autocombustion method was investigate using scanning electron microscope (SEM). The scanning electron
microscopic images of all the prepared powders were illustrate in Figure (14).

The formation of particles that have an almost homogeneous distribution with semi-spherical form and some of them
are in the agglomerated form in CoFe,0,4, NiFe,0,4, and Cog sNigsFe,Onanopowders is very clear in SEM images
provided in Figure (14). The microscopic images confirm that the nanoparticles formed in NiFe,O, ferrite are
smaller than the nanoparticles in CoFe,0,4 ferrite, while the particles formed in NijysCogsFe,O4 ferrite are of
intermediate sizes. The sizes of the particles in the CoFe,04, NiFe,O,4, and CogsNigsFe,O, powders varied in the
range of (45-53 nm), (39-47 nm), and (41-48nm), respectively. The size variation observed for the particles is in
good agreementwith their average crystallite sizes determined from XRD spectra (as shown in table 2). Therefore,
the CoFe,0O, NPs formed at a considerably faster growth rate than the NiFe,O, NPs prepared at the calcination
temperature of 800 °C for 3 hours used in the present work.

Table 2: average particle size (tsgyv) and average crystallite
size (txrp) for CoFe, 04, CoysNiysFe,O4 andNiFe,0,4 calcined
at temperature 800 °C for 3 h.

Ferrite Average particle size Average
(tsgm) Nm Crystallite size
(txrp) NM
CoFe,04 45-53 4245
Co,.5Nig sFe;0y4 4148 4042
NiFe,;O, 39-47 3941
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SEM MAG: 200 kx Det: InBeam SEM MAG: 200 kx Det: InBeam | MIRA3 TESCAN|

WD: 5.00 mm BI: 7.00 WD: 5.09 mm BI: 7.00 200 nm

View field: 1.04 ym Date(m/dly): 03/10/21 View field: 1.04 ym  Date(m/dly): 03/10/21

Figure 15 (a): SEM images of CoFe,0y, ferrite  Figure 15 (b): SEM images of C00.5Ni0.5Fe204 ferrite nanopowders
for calcined samples at 800°C. nanopowders for calcined samples at 800°C.

SEM MAG: 200 kx | Det: InBeam 11 MIRA3 TESCAN

WD: 5.12 mm Bl: 7.00 200 nm
View fleld: 1.04 ym |Date(m/d/y): 03/10/21

Figure 15 (c): SEM images of NiFe,0,, ferrite
Nano-powders for calcined samples at 800°C.

Conclusions

Cobalt-Nickel ferrite nanopowders with chemical formula of Col-xNixFe,O4 (where, x= 0.0, 0.5, 1.0) were
successfully synthesized using sol-gel auto combustion method and calcined at temperatures (as-burnt, 400, 600,
800°C). The effect of calcination temperature on crystallinity, phase composition and morphology was investigate by
various characterization methods, i.e., XRD and SEM respectively. XRD displayed that all samples exhibited the
characteristic behavior of cubic spinel ferrite nanoparticle. The crystallite size, lattice parameter, x-ray density,
dislocation density, lattice strain, specific surface area and hopping lengths were found to be dependent on the Ni-ion
concentration and calcination temperatures. SEM images clearly showed that the crystallite size (depends on the
XRD) and particle size (depends on the SEM) increases as the calcination increases, while they decreases as the Ni-
ion concentration increases.
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