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Abstract

The current study examined the structural characteristics of two spinel ferrite materials:
cobalt ferrite (CoFe,04) and molybdenum-doped cobalt ferrite (CoFe;.xM0xO4) (CMFO)
with x=0.4. The chemical method successfully created magnetic nanoparticles of
CoFe;0, and CoFe1sM0040s. Atomic force microscopy (AFM), X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM), and energy-dispersive
X-ray spectroscopy (EDX) were used for the structural and morphological
characterization. XRD patterns confirmed the presence of cubic phases in the composites.
Furthermore, the XRD results indicated that the nanoparticles' structures displayed a
mixed phase of CoFe;O, and CoFe1sM00404, With an average crystalline size ranging
from 15.166 to 19.638 nm, including the effect of Mo. According to FESEM images, the
produced ferrite particles were aggregated and fairly round. The CoFe,O. image showed
diameters between 67 and 277 nm, whereas the CoFe16M00.404 image showed diameters
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between 59 and 360 nm. There was an emission line for oxygen (O) and emission lines
for metals (Fe, Mo, and Co) in the EDX spectra. AFM was used for the surface
topography investigation. Nanostructures with average sizes ranging from 123.4 to 94.7
nm were evenly distributed in the AFM images.

1. Introduction

Spinel ferrites have the general chemical formula of MFe;O4 where M represents
divalent ions, commonly known as Fe?*, Mg?*, Co?*, Ni?*, Zn*, and Mn?*. The structural
characteristics of ferrites doped with cobalt (CoFe2xMoxOas) (where x = 0, 0.4) were examined
in this research. Spinel ferrites are a significant family of magnetic materials that have been the
subject of substantial research in the last several decades due to their possible uses in
spintronics, microwave devices, magnetic storage, magnetic refrigeration, biomedicine,
environmental remediation, catalysis, and other related domains [1, 2]. The distribution and
type of cations on the tetrahedral (A) and octahedral (B) sublattices of a generic AB20a spinel
structure strongly determine the electrical and magnetic characteristics of these materials [3].
Several synthetic techniques and tactics for doping different metal cations at either A or B
cation sites have been developed in response to the large-scale uses of ferrites and the
possibilities for modifying their magnetic and electrical characteristics [4]. A significant
change in magnetic entropy was observed due to the demagnetization process, which reflects
alterations in the material’s spin configuration [5, 6]. This system was selected assuming that
electron doping should be induced by partially replacing Fe* ions with Mo®* ions in
CoFe16M00.40s4, increasing the concentration of Fe?* jons at the tetrahedral sites. Therefore,
researching how this replacement impacts the structural features of CoFe.Os and
CoFe1.6M00.404 ferrite would be an intriguing endeavor. The purpose of this research is to learn
more about using ferrite nanocomposites, such as CoFe>04 and CoFe1.6M00.404, to remove air
and water pollutants.

2. Experimental Work
The CoFe>04 and CoFe16Moo.4 O4 nanoparticles were synthesized via a chemical co-
precipitation method using cobalt (II) nitrate hexahydrate [Co(NOs)2:6H20], iron (III) nitrate
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nonahydrate [Fe(NOs)s;-9H20], and molybdenum (VI) oxide [M0Os] as starting materials. Each
compound was accurately weighed (0.5 g) and dissolved separately in deionized water, with
concentrated nitric acid added as needed to facilitate the dissolution of MoQs. The solutions
were then combined in a 500 mL glass beaker and stirred magnetically for 30 minutes at room
temperature. Ethanol was slowly added to the mixture at a 2:1 ethanol-to-metal salt ratio,
followed by continuous stirring until a homogeneous solution was achieved. The mixture was
heated on a hot plate at 60-80 °C to promote solvent evaporation until a gel-like precipitate
formed. This gel was dried in an oven at 100-120°C for 12 hrs and then ground into a fine
powder. The resulting material was calcined in a muffle furnace at 600-800 °C for 3-5 hrs and
allowed to cool gradually inside the furnace. The final powder was reground to ensure
homogeneity and stored in sealed containers to prevent contamination. Characterization
techniques such as X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Energy-
Dispersive X-Ray Spectroscopy (EDX), and Atomic Force Microscopy (AFM) were employed
to assess the crystalline structure, morphology, elemental composition, and surface topography
of the synthesized nanoparticles.

3. Results and Discussion
3.1. Description and Analysis of the XRD Pattern

Two XRD patterns are shown in Fig.1 for the two samples of (CoFe16M00.404) where
x=0.4 (brown line), and CoFe>.xMoxO4 where x=0.0 (black line). The peaks in the pattern
correspond to specific crystal planes, indexed by their Miller indices. Peaks for CoFe;O4
(Cobalt Ferrite) are labelled in red, while peaks for MoOs (Molybdenum Oxide) are labelled in
green. CoFe204 peaks (indexed with their Miller indices) include:(111), (220),(311),(222),
(400), (422), (511), (440), (620), (533), (622), (444), MoOs peaks include (020), (110), (040),
(021).

The CoFe:04 peaks indicate the presence of a spinel structure typical of cobalt ferrite,
confirming the successful synthesis of this compound. The presence of MoOs peaks in the
x=0.4 sample suggests the incorporation of molybdenum into the lattice, which could indicate
a substitutional solid solution or secondary phase formation. The x=0.0 sample (black line)
shows peaks corresponding only to CoFe:0Oas, confirming the pure phase of cobalt ferrite
CoFe:0s without any MoOs. The x=0.4 sample (brown line) displays additional peaks
corresponding to MoOs, indicating the presence of molybdenum in the sample. Individual
diffraction patterns consist of an amorphous halo superimposed with polycrystalline diffraction
rings. This structure is characterized by identifiable diffraction peaks located at 26 of 18.7057¢,
30.4299¢ 35.87059 37.3264° 43.5716°¢ 53.8015¢ 57.4414°,63.0736° and 74.4146° According
to the data from JCPDS card number 22-1086 [7], these values correspond to standard
diffraction peaks attributed to the spinel cobalt ferrite phase. The diffracted lines associated
with this phase include the crystallographic planes (111), (220), (311), (222), (400), (422),
(511), (440), and (533). These lines serve as reference points for electron diffraction patterns.

The XRD pattern peaks provide crucial information about the synthesized materials'
crystallographic planes and phase purity. The sharpness and intensity of the peaks suggest well-
crystallized structures. The fluctuation in peak sharpness is correlated with the extent of
crystallinity. Samples exhibiting sharp peaks demonstrated a more ordered arrangement than
those characterized by broad peaks. The displacement in peak positions arises from structural
modifications resulting from substituting iron ions with molybdenum, consequently leading to
a modification in the lattice parameter and an escalation in lattice strain. This phenomenon is
directly manifested in the magnetic and mechanical properties.
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Figure 1: XRD patterns for CoFe,O4 and CoFe16M00.404 powders prepared by chemical method.

By replacing Fe in CoFe20. with Mo, resulting in CoFe1.6M00.404, the locations of the
peaks exhibit a slight shift toward lower diffraction angles. This phenomenon illustrates the
changes in the lattice parameter due to variations in the ionic radii of the constituent ions. As
pointed out by Liu et al. [8], the ionic radius of Mo is 0.69 A, whereas that of Fe is 0.64 A. The
inequality in the ionic radii leads to lattice strain within the crystal structure. Furthermore, the
degree of crystallinity increases, while the broadening of the line width is only slightly affected.
This result supports the conclusions obtained earlier in our work, and those presented by Liu
et al. [8].

The Bragg equation was employed to determine the interplanar distances dnw within the
crystal layers. The Scherrer equation was used to determine the crystallite size based on the
broadening of the diffraction lines at Full Width at Half Maximum (FWHM) values [9]. All
these results are comprehensively presented in Table 1.

More specifically, the Crystallite Size (C.S.) increases at a Mo ratio of 0.4. This
observation is consistent with the relationship inherent in cubic structures:

a

it = Jrrose (1)
Fig. 2 illustrates how the slope of the straight line passing through the origin was utilized to
determine the lattice constant (a) of both the CoFe>O3 and the Mo-doped samples. In this graph,

. . . 1
the values of dna were plotted on the vertical axis, while the values of Nk the

horizontal axis. The coefficient of determination (R?) is a statistical measure of the accuracy of
the linear regression, where a higher R? value indicates greater reliability. From Fig. 2, the R?
value is nearly equal to 1, suggesting a highly linear relationship between the variables. As
shown in Table 2, the lattice constants of the synthesized cobalt ferrite range from 8.2736 A to
8.3401 A. The lattice constant increased to 8.376 A when molybdenum (Mo) was incorporated
into the compound's structure. This significant rise can be attributed to lattice strain, potentially
resulting from crystal defects or the presence of a secondary phase [10]. Furthermore, the lattice
densities of both the Mo-doped and Co-doped samples were calculated using the Smith and
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Winn formula [11]. These calculations are crucial for understanding the impact of Mo doping
on the structural properties of cobalt ferrite

n My,

pX = NA a3 (2)

where Na is the number of molecules present in the unit cell; all spinel structures contain eight
molecules [12], and Mw is the molecular weight, which is the sum of the atomic weights of all
elements of a compound. In computing the changes in distance between magnetic ions in the
tetrahedral A-site (La) and the octahedral B-site (Lg) from one another, Egs. (3 and 4) were
employed [13, 14]. This was done for easy comparison between these two sites.

L, =¥

- (3)
V3

Lg = Ta 4)
The lattice constant (a), lattice volume (V), lattice density (p), and the ion jump lengths (La
and Lg) were successfully calculated and presented in Table 2. The ionic radii discrepancies
are the reason for the sensitivity of the ion jump lengths (Lg and La) to the quantity of
molybdenum exchanged for iron in the spinel ferrite lattice. This assumption was made based
on the observed fluctuations, which support the proposed hypothesis.
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prepared by the chemical method.

Figure 2: The relation between dna and
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Table 1: XRD parameters for CoFe;0. and CoFe; sM0o.404 powders prepared by chemical method.

Vol.24, No.3, PP.137-146

Samples | 20 (Deg.) FWHM (Deg.) da (A) | C.S (nm) hkl Phase
18.7057 0.5364 4.7399 15.0 (111) CoFe,0s4
30.4299 0.4215 2.9351 19.5 (220) CoFe,0s4
35.8705 0.4981 2.5014 16.8 (311) CoFe,0s4
37.3264 0.6513 2.4072 12.9 (222) CoFe.04

X=0.0 435716 0.5747 2.0755 14.9 (400) CoFe.04
53.8015 0.4598 1.7025 19.4 (422) CoFe.04
57.4414 0.6514 1.6030 13.9 (511) CoFe.0s4
63.0736 0.7280 1.4727 12.8 (440) CoFe,0s4
74.4146 0.8812 1.2739 11.3 (533) CoFe,0s4
12.9885 0.4215 6.8106 19.0 (020) MoOs;
18.4483 0.4406 4.8055 18.3 (111) CoFe,0s4
25.7088 0.6130 3.4624 13.3 (040) MoOs;
30.3448 0.3470 2.9432 23.7 (220) CoFe.04
35.7280 0.3690 2.5111 226 (311) CoFe.04
37.3180 0.3832 2.4077 21.9 (222) CoFe;04

X=0.4 43.3333 0.4112 2.0864 20.8 (400) CoFe;04
53.7357 0.4406 1.7045 20.2 (422) CoFe,0s4
57.3180 0.4540 1.6061 20.0 (511) CoFe,0s4
62.9502 0.4865 1.4753 19.2 (440) CoFe,0s4
71.3602 0.5182 1.3207 18.9 (620) CoFe,0s4
74.3870 0.5280 1.2743 18.9 (533) CoFe;04
75.3832 0.5432 1.2599 185 (622) CoFe;04

Table 2: Lattice constant (a), lattice volume (V), lattice density (px), and ion jJump lengths (La, Lg)
for CoFe;0, and CoFe16M00404 powders prepared by the chemical method.

X a (A V(A3 p(g/cm?®) La Ls
0 8.2736 | 566.348 5.504 3583 | 7.165
0.4 8.3328 | 578.593 5.755 3.608 | 7.216

3.2. Field Emission Scanning Electron Microscopy (FESEM)
A detailed physical characterization of the CoFe2Os and CoFe16M00404 powder
samples was effectively accomplished using FESEM. The images obtained from this analysis
are shown in Fig. 3. It was necessary to use two different magnification factors for each sample
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in addition to acquiring high-resolution photographs: x25,000 and x200,000. The cobalt ferrite
sample (CoFe,0s, x=0) exhibited a fairly large porosity in morphology. The nanoparticles (NPs)
that constitute this design were relatively small, with nearly spherical geometries, and ranged
in size from 67 to 277 nanometers, forming the fundamental structural framework [15].

It was observed that the properties of the samples changed with molybdenum.
Externally, the particles were covered with very small particles, forming patterns that develop
into large, irregular, multifaceted, pentahedral structures. In some ways, these structures
resemble geological formations or formations of armies in a battle. Oehlerking et al. noted that
the particle size of the materials formed increases with higher molybdenum concentrations
[16]. The study revealed a strong relationship between the concentration of molybdenum and
the surface morphology of CoFe1sMo0.40. powder samples, highlighting its significance.

The incorporation of molybdenum into the composite leads to changes in the nucleation
and growth mechanisms of the nanoparticles. These changes can be observed in the progression
from porous structures to those with diminutive, spherical nanoparticles, and eventually to
larger, angular polyhedra. Understanding these morphological differences is crucial for
tailoring the material's features to specific applications, such as magnetic materials or catalysis
[17]. This enables the material to meet the specialized needs of certain applications by
improving its ability to fine-tune its properties accordingly.

Con s

WO: 5.75 mm L1 WD: 5.75 mm

SEMHV: 150kV  Spm SEM HV: 150KV 200 nem
Datelryan 22

3.3. Elemental Analysis
To obtain the proportional quantitative analysis of the samples, Energy-Dispersive X-
ray Spectroscopy (EDX) was employed on nanoparticles of CoFe2O3 and CoFe16M00.404.
These nanoparticles were synthesized using the specified synthesis process, both with and
without molybdenum. The EDX patterns showed new spectral lines derived from the emission
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spectra of specific elements in the sample, as depicted in Fig. 4 [18]. The spectra revealed that
CoFe203 nanoparticles encompassed peaks of various metallic elements, including Iron (Fe),
molybdenum (Mo), cobalt (Co), and oxygen (O) [19]. Additionally, peaks corresponding to
gold (Au) were present due to a thin layer of gold deposited on the sample surface to obtain
high-resolution details via FESEM imaging [20, 21]. This behavior could be attributed to the
different oxidation tendencies of the metals. Complete details of the EDX analysis, including
information on molybdenum and other elements, are provided in Table 3.

Figure 4: EDX patterns for CoFe,O4 and CoFe16M0040s powders prepared by chemical method.

Table 3: Elemental analysis for CoFe,04 and CoFe1sM00.404 powders prepared by chemical

method.

X Element Wt.% Atomic %
N 0.36 1.14
O 28.87 57.87

0 Fe 48.55 28.95
Co 22.22 12.04
N 0.47 1.295
0 15.63 38.19

0.4 Fe 45.94 35.195
Mo 6 3
Co 31.96 22.32

3.4. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) was utilized to analyze the synthesized nanoparticles
to establish specific details of their surface morphology. Fig. 5 presents three-dimensional
AFM images and the respective particle size distribution histograms, which indicate significant
changes in surface topographical characteristics with the introduction of molybdenum [22]. For
the sample with x=0, the AFM image revealed uniformly deposited particles on the surface
[23]. The average diameter of these nanoparticles was 123.4 nm, indicating that the size
distribution is fairly monodisperse. The actual low surface roughness of 8.7 nm depicts a
relatively smooth surface texture [24].
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The presence of Mo (in the x=0.4 sample) resulted in a decrease in the average particle
diameter to 94.7 nm. This reduction may be attributed to the influence of Mo on the nucleation
and growth processes during nanoparticle formation. However, a decrease in surface roughness
at this Mo ratio was recorded, indicating a transition from a smoother to a more rugged surface
[25,26]. At this Mo ratio, the particle size distribution is split into two distinct modes [27, 28,
29]. Based on data analysis, the log-normal (LOGN) distribution profile observed here exhibits
a hysteresis-like behavior, indicating the presence of two distinct nanoparticle populations with
different size ranges. This bimodal distribution is likely attributed to variations in synthesis
parameters or the emergence of multiple crystalline phases during the formation process.

Understanding these morphological differences is essential for tailoring the material’s
properties to specific applications, such as in magnetic materials or catalysis. The alterations
in surface roughness and the distribution of grain morphology, as evidenced by AFM analyses,
significantly influence the efficacy of both magnetic and catalytic applications. For instance,
in the context of magnetic applications involving CoFe16M00.404, a decrease in grain size leads
to an augmentation of the effective surface area, thereby enhancing the operational capabilities
of the material in magnetic storage systems. In catalytic contexts, a uniform distribution of
particle sizes, coupled with increased pore volume, significantly improves the catalytic
efficiency of chemical reactions, rendering it advantageous for applications aimed at
facilitating the oxidation of pollutants present in both aqueous and atmospheric environments.
Table 4 shows AFM results for CoFe,O4 and CoFe1sM00.404 powders prepared by the
chemical method.

Yonbtof s
RERERERRR]

N of ey
CJR [ A O O |

Figure 5: AFM éhdypér‘tic-le size distribution for CoFe,0, and CoFe;16M00404 powders prepared
by the chemical method.

Table 4: AFM results for CoFe;0, and CoFe16M00404 powders prepared by chemical method.

X Average Diameter (nm) RMS Roughness (nm)
0.0 123.4 8.7
0.4 94.7 8.1

4. Conclusions

The chemical synthesis of iron nitrate and cobalt in the presence of ammonium
molybdate exhibited a direct correlation between the molybdenum concentration (x value) and
particle size, with larger particles corresponding to higher x values. This study specifically
examined the structural modifications induced by molybdenum substitution in the synthesized
nanoparticles. Findings indicate that an increased ratio of ammonium molybdate to iron nitrate
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during synthesis significantly enhanced water purification efficiency. This improvement is
likely attributed to alterations in nanoparticle surface properties and enhanced catalytic activity.
Additionally, the incorporation of molybdenum into the lattice structure improved oxidation
resistance, contributing to the stability and functionality of the nanoparticles in purification
processes. The ability of molybdenum-modified nanoparticles to interact more effectively with
contaminants suggests their potential for optimizing water treatment methodologies. These
results underscore the importance of fine-tuning the molybdenum-to-iron ratio in nanoparticle
synthesis to achieve superior yields for biomedical applications.
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