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ABSTRACT

We report on the recognition of crystallite size, morphology, and chemical
composition-controlled cobalt ferrite nanoparticles (NPs) with adaptable physi-
cal properties for multifunctional applications. The stoichiometric and non-
stoichiometric cobalt ferrites (CoFe;O4 & Coq 5Fe; 504) show unique character-
istics due to their different redox states and excellent magnetization. The sam-
ples have been synthesized using the citrate autocombustion technique. X-ray
photoelectron spectroscopy (XPS) is utilized to study the oxidation state of each
element and the chemical stoichiometry composition in the samples. The mag-
netic loop plots show the ferrimagnetic behavior of CoFe,O4 and Co; s5Fe; 504
NPs that are saturated with large values of magnetization depending on the
stoichiometric /non-stoichiometric ratio. The spin states of Co** (3d”), and Co™"
(3d°) ions in the B sites have been proposed to be in both high spin and low spin
states, respectively. On the other hand, Co®" (3d”) in the A site is usually found
in high spin states. Additionally, Fe** (3d®), Fe’* (3d°) in B sites, and Fe®" (3d°)
in A sites are frequently found in high spin states. The shape of M-H loops for
the investigated samples enables their candidature for applications in memory
devices and magnetic sensors.
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The spinel ferrite has a structure that can accom-
modate a variety of cations, some of which may have

1 Introduction

The spinel ferrite nanoparticles NPs have an exten-
sive range of applications in a diversity of fields due
to their good physical properties [1]. They have a
high potential to work as magnetic materials, even
under high frequencies. They can be used in elec-
tronics and microwave appliances due to their high
resistivity [2].

Address correspondence to E-mail: abdalellah7389@gmail.com

https:/ /doi.org/10.1007 /s10854-022-08876-5
Published online: 20 August 2022

numerous oxidation states and be distributed in
diverse ways at the tetrahedral (A), and octahedral
[B] sites [3]. The properties of the ferrite materials
depend on the replacement of different cations on
both sites [4]. On the basis of cation distribution, the
spinel ferrites can be divided into three types:
(a) normal spinel ferrites; (b) inverse spinel ferrites;

@ Springer


http://orcid.org/0000-0002-2638-7560
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-022-08876-5&amp;domain=pdf
https://doi.org/10.1007/s10854-022-08876-5

and (c) random spinel ferrites [5]. The coupling of
unpaired spins of metal ions is the main issue in
understanding the magnetism of ferrite NPs.

If the two metal ions are shared through oxygen
ions, then it can facilitate the coupling of spins via
exchange interaction. Generally, ferrites exhibit fer-
rimagnetism due to the strong A-A ferromagnetic
and A-B antiferromagnetic coupling [6].

In the spinel structure, the oxygen atom is not
always located at the FCC sublattice. Their detailed
positions are deformed as given by the u parameter,
which reflects adjustment of the structure to accom-
modate differences in the radius ratio of the cation in
A and B sites.

Generally, the A site is smaller in size than the B
sites. A site is unable to accommodate available
cations without local distortion of the sites. Thus,
each A site expands by an equal displacement of the
four surrounding oxygen ions, towards and along the
body diagonal of the cube, to form a tetrahedral with
an A — ion having cubic symmetry. However, six
oxygen ions surrounding a B site are shifted in such a
way that this oxygen octahedral shifts by the same
amount, as the first expands. A quantitative measure
of this displacement is the oxygen positional param-
eter u, given by the distance between an oxygen ion
and the face of a cube [7].

Cobalt is a hard magnetic material that has attrac-
ted the attention of the technical community due to
its unique enhanced magnetic properties, which
include high saturation magnetization, radio fre-
quency hyperthermia, high-density audio and video
recording media, and medical diagnostics [8].

Transition metals (TM) occur in numerous oxida-
tion states, which generally have various magnetic
moments depending on their spin states. The spin
state (low-high) depends significantly on crystallo-
graphic configurations, like (A) and [B] sites. Franco
Junior et al. [9] ratified that Co ions of both 2 and 3
oxidation states can coexist, as can Fe ions in the
Fe;0O, ferrites. Additionally, Co>* in the B site favors
a low spin state (LSS) although it gives rise to sur-
prising magnetic properties. This recommends syn-
thesizing samples with structures such as CoFeyOy,
as well as Coq sFe; 504 that are formed of TM with the
desired magnetic properties [10].

In the present work, the CoFe,O, and Co; sFe; 504
NPs were prepared by the citrate autocombustion
method. The citrate autocombustion technique,
among all available synthesis methods, is intensively
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utilized for the preparation of homogeneous
nanopowders due to its advantages, i.e., high purity,
crystallinity, great control of stoichiometry, low cost,
high yield, and effectiveness [11]. An attempt is made
to study the effects of the substitution of the excess
cobalt ions at the expense of iron ions on the char-
acteristics and magnetic properties of the investi-
gated samples. At the same time, the non-
stoichiometric of the investigated samples are dis-
cussed. As far as the authors are aware, there is no
published analysis of the factors affecting the mag-
netic properties of Co, sFe; 50, nanomaterial. Indeed,
at present, general research into Co, 5Fe; 50, is still in
its infancy. Therefore, the obtained data from this
research offer a new opportunity for optimizing and
improving the performance of non-stoichiometric
cobalt nanoparticles where the physical properties
are decisive.

2 Experimental work

The nanoparticles of stoichiometric CoFe,O4 and
non-stoichiometric CoqsFe; 504 samples were syn-
thesized via the citrate autocombustion technique
using analytical grade cobalt nitrate, iron nitrate, and
citric acid (C¢HgOy). More details were discussed in
the previous work [12, 13]. An X-ray diffractometer
was used to scrutinize the structure and size of the
crystallites (XRD). Scherrer’s relationship was used to
calculate the average crystallite size, and several
characterization techniques were performed to study
the physical properties of the prepared samples.

3 Results and discussion
3.1 Structural analyses
3.1.1 X-ray Diffraction Analysis

The structures of the non-stoichiometric Co, sFe; 504
and stoichiometric CoFe,O4 nanoparticles are exam-
ined using an X-ray diffraction (XRD) technique. The
XRD pattern is shown in Fig. 1, compared and
indexed with ICDD card no. (01-083-3117) [14]. The
formation of a single-phase cubic spinel structure
with a space group (Fd-3 m) is established.

The lattice parameters (a) are calculated and found
to be equal to 8.382 A and 8.366 A for CoFe,O4 and
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Fig. 1 XRD diffraction
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Co, 5Fe; 504, respectively. The decrease in (a) as the
ratio Co/Fe (> 0.5) increases is consistent with
Vegard’s law [15, 16].

In general, the increase and decrease in lattice
parameter is dependent not only on the radius of
cation content in the sample but also on other factors
such as i) the percentage of oxygen vacancies and
pores present in the composition; (ii) the type of the
metal ions in A site compared with that in B site; and
(iii) some ions prefer B site than A site, while others
prefer A site over B site; additionally, some ions
prefer to accommodate themselves in different ratios
and radii in sites A and B.

In the present case, the composite contains differ-
ent cations such as Fe®>" with ionic radii of 0.49, 0.645
°A in A and B sites, respectively. The Co** has ionic
radii of 0.58A in the A site and 0.745A in the B site,
and the Co®" has ionic radii of 0.545 and 0.61 °A in
the B site [15].

The correlation between the ionic radii and the
theoretical lattice parameter (ay,) is determined using
the following relation [17] and the calculated results
are tabulated in Table 1

o = [(r4 + Ro) +V3(rs + Ro)], (1)

3V3
where r4, 1z are the ionic radii of the A & B sites,
respectively, and R, is the ionic radius of the oxygen
ion (0.138 A). The small deviation that appears
between the a; , and the experimental a ., is due to
cation redistribution.

30 40 50 60 70
20(degree)

Table 1 Experimental lattice parameter (a), tolerance factor (T),
Crystallite size (L), and X-ray density (Dx)

Samples Acxp A aw.A) T L (nm) D, (gm/cm3)
CoFe,0y4 8.382 8.385 0.99 37.73  5.295
Co, sFe; 504 8.366 8.435 1.01 23.00 5.367

The average crystallite size of the sample (L) is
calculated using the basic Debye-Scherer’s equation
[18] as mentioned in the previous work [19, 20], and
the results are tabulated in Table 1. The broadening of
the maximum intense peak corresponding to the
(311) plane indicates that the investigated NPs crys-
tallize in a nanosized scale. For CoFe,O4 and Co 5.
Fe, 504, the ratio of the cations in the A/B sites are %
and 1.5/1.5, respectively. It is clear that L drops from
3773 nm to 23.00 nm as the ratio (Co**/Fe’")
increases from 0.5 to 1. This is more likely related to
the excess of nucleation centers. In other words, more
crystals with smaller sizes are produced due to
increasing nucleation rates on account of growth
rates [21].

Additionally, this ratio in the case of Coq sFe; 504 is
greater than the theoretical/nominal one per for-
mula. As a result, the occupancy of Fe in the B site is
less than the theoretical value predicted by the for-
mula. This finding ratifies the presence of the struc-
tural disorder in the spinel sublattices.
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The oxygen positional parameter or anion param-
eter (1), which is the distance between the oxygen ion
and the face of the cube edge along the cube diagonal
of the spinel lattice, is calculated from the following
equation [22].

u= [(rA + Ro)/(aexpﬁﬂ +31 (2)

It depends mainly on many factors such as the
preparation environment, chemical composition, and
the heating procedure used [21]. The average calcu-
lated values of “u” are 0.377 A and ~ 0.381 A for
CoFe,;0,4 and Co4 5C01.504, respectively. The obtained
‘u” parameter for a non-stoichiometric sample is
greater than the standard one. This demonstrates that
the Co; sFe; 504 sample shows a comparatively small
deviation from the authentic spinel ferrite.

The increase in u parameter could be due to the
origin shifting at the A sites with an increase in the
number of Fe (> 1) ions. This causes a small deviation
from the FCC ideal case [7].

The Goldschmidt tolerance factor (T) for the syn-
thesized powders is calculated using the following
equation [23].

1 /ra+Ro 1 Ro
T_\/§<73+RO>+\5<VB+RO>’ ©)
where rp and rg are the ionic radii of the A and B
sites, respectively, and R is the oxygen anion’s ionic
radius. The tolerance factor is found to be ~ 1, which
indicates that the prepared sample has a cubic spinel
ferrite structure.

The theoretical density (D,) is calculated as men-
tioned in the previous work [12, 24], and the calcu-
lated data are presented in Table 1. The increase in
the value of the D, for the prepared sample com-
pared to that of CoFe,O, is due to the difference in
the atomic weight between Co®" (58.933) and Fe®*
(55.845).

3.1.2  Scanning Electron Microscopy Analysis (SEM)

Scanning electron microscope (SEM) images of
CoFe;O, and Coj s5Fe; 504 NPs are shown in Fig. 2
a-b. The grain shape of the investigated sample is
roughly regular in shape and highly agglomerated.
The average grain size is nearly equal to 32.5,
34.92 nm for CoFe,O, and Co; sFe; 504, respectively.
There are several parameters affecting the grain size
of the prepared samples such as variation of the pH
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of the reaction [25], the total Fe/Co mole ratio [26],
the rate of the reaction, and the sintering conditions
[27]. The data agree well with the obtained data from
XRD.

3.1.3 High-resolution transmission electron
microscopy analysis (HRTEM)

HRTEM images and their selected area electron
diffraction (SAED) ratify the construction of CoFe,O4
and Co, sFe; 504 NPs with an average particle size of
39.37 nm as shown in Fig. 3. The NPs of CoFe,O4
have an almost regular size and spherical shape with
limited hexagonal shape particles. Additionally,
these NPs tended to agglomerate due to their mag-
netic nature. It is observed that the morphologies of
cobalt with a stoichiometric ratio are more or less
similar.

The image of Co;sFe; 50, displays a hexagonal
structure due to the distortion taking place from the
cubic structure into a rhombohedral one. The toler-
ance factor is found to be 1.01. Thus, a small distor-
tion occurs, leading to a lower symmetry structure.
The SAED pattern reveals concentric rings that ratify
the polycrystalline nature of the studied samples.

3.1.4 Energy-dispersive X-ray spectroscopy analysis
(EDAX)

Figure 4 a-b demonstrates EDXA for the prepared
samples. It confirms the presence of Fe, Co, and O
ions in the examined sample. The low intensity peak
at ~ 0.25 keV is associated with the carbon (CKa)
impurity characteristic line. This impurity is likely to
have been introduced from the carbon-coated shields
onto the pole pieces. The consistency between the
obtained EDXA results and the expected chemical
composition is appropriate as indicated in the inter-
nal table of the tested sample. The composition of the
single phases Co/Fe = 0.5 and Co/Fe =1 obtained
with EDXA analysis agrees well with their starting
elements. The surface crystal defects of the
nanoparticle may be responsible for the discrepancy
between the atomic ratio values reported by EDXA
and the expected value.

3.1.5 Raman spectroscopy analysis (RSA)

RSA analysis can be used to determine the
microstructure of materials down to the nanosized
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Fig. 2 a, b: SEM images for a CoFe,O4 b Co, sFe; 504 ferrite nanoparticles. Insets: the histogram represents the size distribution for both
samples
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Fig. 3 a, b HRTEM with the SAED patterns for the a CoFe,O4 b Co, sFe; 50, and histogram represents the size distribution
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Fig. 4 a, b The EDXA spectrum for a CoFe,O4 and b Co, sFe; 50,4

region. According to factor group analysis, there are
42 phonon modes (39 optical modes and 3 acoustic
modes) [28]. The modes are A, (R), T1g, Eg (R), 3T,
(R2Ey,), 2Az,, 2T5,, and 4Ty, (IR) where (R) desig-
nates Raman active and (IR) designate infrared active
vibrational species, while the remainder are quiet
modes. As a result, only five modes Ay, Eg, and 3T,
should be found in the RS of spinel ferrites, as shown
in Fig. 5 [29].

The five Raman active modes (A, 1E,, 3T3,) of
CoFe;O, and Co, sFe; 50,4 are observed in the figure.
The maxima appear and the assignment of these
phonon modes are carried out in accordance with the
literature reports [30]. In the testified structure sam-
ples, the modes above 600 cm™' usually correspond
to symmetric stretching of an oxygen atom with
respect to the metal ion in the A site AO, group.

30

CoFe,0,

Intensity (counts)

T T . T
200 300 400 500 600 700 800
Raman Shift (cm™)
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550
(b) Co, sFe, s0,
Element Weight% Atomic % NetInt. Error %
OK 24.46 53.76 171.83 7.57
FeK 35.52 22.37 182.82 3.9
CoK 40.01 23.87 169.53 4.05

counts

Thus, the three peaks at 606.1, 640, 665.4 cm~! and
611.1, 636.7, 691.1 cm™! signify A1g symmetry for
CoFe;O4 and Co;sFe; 504, respectively. The other
low-frequency phonon modes are due to metal ions
involved in the octahedral void (BOy), i.e., E; and
3T,,. These modes correspond to the symmetric and
antisymmetric bending of oxygen atoms at the octa-
hedral void in the (metal-oxygen) M-O bond [31].
For CoFe,O, and Co;sFe;504 three modes were
obtained at approximately 189.1, 474.5, 540.3 cm ™',
and 226, 4719, 572.7 cm™}, respectively, which
belong to the symmetry type T, Also, it can be
observed that the modes 245.4, 295.0 cm™!, and
294.6 cm™! for CoFe,O4 and Coq sFe; 50, belong to
the same symmetry, E;. In general, the presence of
vacancies, interstitial cations, and defects may result
in the activation of new phonon modes in the non-

60
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Fig. 5 a, b The Raman spectrum of CoFe,0O4 and Co, sFe; sO, samples
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stoichiometric Co; sFe; 504 not detected in stoichio-
metric CoFe,O4 samples. The cation distribution and
its effect on the Raman spectrum of spinel have been
extensively reviewed by Lazzeri et al. [32] and Wijs
et al. [33]. Both studies have demonstrated the use-
fulness of Raman data in interpreting the cation
redistribution in the spinel system.

3.1.6  X-ray photoelectron spectroscopy (Xps)

After analyzing the synthesized ferrite with EDAX
data, the chemical composition of the ferrite is veri-
fied, and Co, Fe, and other elements are detected. For
further study, XPS was performed to determine the
oxidation state of each element and the chemical
stoichiometry of the samples. The system properties
change based on the oxidation state of the unpaired
electrons.

The XPS wide scan spectra of CoFe,O4 and Coy 5.
Fe; 504 nanoparticles are shown in Fig. 6. The bind-
ing energy values are used to find out the elements
present in the sample. As shown in Fig. 6, the crystals
contain Fe, Co, and O elements, and no other impu-
rity elements are detected in the spectrum up to
1000 eV.

The high-resolution narrow scan XPS spectra of Fe
2p, Co 2p, and O 1s peaks of the CoFe,O, and
Coy5Fe1 504 specimens are shown in Fig. 7 a—f,
respectively. It can be observed that the 2p state
energy level of the element is split into two energy
levels, 2p3/> and 2p;,, energy levels, respectively,
which is due to the spin orbit interactions. XPS can

200000

CoFe,0,
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140000

120000

Counts/s
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80000

60000

40000

20000 -

o T T T T T T
1400 1200 1000 800 600 400 200 0

Binding Energy (eV)

Fig. 6 The XPS spectrum of CoFe,0,4 and Co; sFe; 504 samples

also be used to detect two lattice positions in the
spinel ferrite lattice [34].

Figure 7 a, d shows the Fe 2p core electron spec-
trum of the samples. The spectrum yields two
asymmetric photoelectron peaks in the Fe 2p region,
namely, Fe 2p;,, peaks at 723.02 eV and 725.86 eV
and the Fe 2p;,, peaks at 710.49 eV and 713.88 eV,
which reveal the presence of two non-equivalent
bonds of Fe ions in the investigated sample. This
indicates the presence of two kinds of lattice sites for
the Fe ion occupancy in the investigated compound
[35]. There are two faint satellite peaks at 718.25 eV
and 732.22 eV, which are caused by the electronic
transition caused by the charge transfer of Fe ions
during the formation of ferrite [36]. According to
these characteristics, the existence of Fe** ions in the
investigated sample is confirmed. The presence of
Fe®" can be ruled out since no peaks are observed at
about 708 eV and 709 eV [37, 38].

The doublets of Fe 2p;,, at 710.49 eV and Fe 2p; >
at 723.02 eV are due to the contributions from Fe’*
ions in the B sites, while the doublets of Fe 2p;,, at
713.26 eV and Fe 2p;,, at 725.86 eV are due to the
contributions from Fe®* ions in the A site [39].

The XPS spectra of Co 2p3,, of the prepared sam-
ples are shown in Fig. 7 b, e. Inspection of the mea-
sured Co 2p;,, shows two main doublets with peak
positions at 779.59 eV and 781.75 eV. These are
ascribed to Co?* ions in the B site, and Co** ions in
the A site, respectively. Another peak position at
785.52 eV is observed, indicating the presence of
Co’" ions in the B site. The B site is occupied by the
majority of high spin Co®" cations [40, 41]. The low

Co, .Fe, .0,

L4 1200 13 EL] LTL &0 29 L}

Bindins Energy (eV})
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Fig. 7 a—f The XPS spectrum for Fe 2p, Co 2p, and O 1 s for both CoFe,0, and Co, sFe; sO4 nanoparticles

spin Co" cation gives rise to a weaker satellite peak
owing to the presence of unpaired valence electrons
in the Co>* orbital [40].

Figure 7 c, f shows the core level spectrum of O 1 s
in the investigated samples. The main beak of the
samples has 529.51 eV binding energy [33]. A second
higher binding energy peak is found at 530.99 eV.
From the above results, it is found that the sample
can be represented by

(FeSJr) [C°§§5C08ﬁ5Fe3+] O,
(Cog5Fess) [CophaCopaeFei | Os,

where cations in parentheses () locate in the A site
and those within square bracket [] in the B sites.

3.1.7 Atomic force microscopy (Afm)

AFM is utilized to examine the material’s surface
topography. The 2D and 3D AFM images of the
CoFe;O,4 and Co; 5Fe; 504 NPs are shown in Fig. 8 a,
b. The images reveal that the surface texture of both
samples is wavy. In comparison to the valley, the
hilly terrain is more rugged. The roughness of the
sample under investigation can be quantitatively
estimated by the root mean square roughness (Ryms)
which is given by the standard deviation of the data

@ Springer

from the AFM image, and determined using the
standard deviation as follows [42]:

N =2

Ryms = Wiy’;@a (4)
where Z, represents the height of the n™ data, Z is the
mean height of Z, in AFM topography, and N is the
number of data. The root mean square roughness is
found to be 12.3 nm, while the roughness average is
8.59 nm.

3.2 Magnetic measurements

The magnetic character of cobalt NPs is better
understood via VSM measurements, as shown in
Fig. 9. The magnetic behavior of ferrimagnetic and
ferromagnetic materials is very similar. In the strict
definition of ferromagnetism, a material is ferro-
magnetic only if all of its magnetic ions are aligned
and add a positive contribution to the net magneti-
zation. However, if the number of spins is unequal
(as in the present case), then the materials will be
ferrimagnetic. Ferrimagnetism is observed only in
compounds with complex crystal structures, such as
ferrites. In the present samples, the spins on the Fe®*
sites cancel, because half of them are up and half are
down. However, the three unpaired electrons of the
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Surface (uym®) 3.15 1.93
130425 (nm) Volume (um*} 0.259 0.0745
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Fig. 8 The 2D and 3D AFM images for a Co, sFe; s04 b CoFe,O4 NPs ¢, d More information about surface, volume, depth, and width

for Co, sFe; 504

Co?" ions are all aligned the same way in the crystal,
so the compound is ferrimagnetic [43].

The magnetic loop plots approve the ferrimagnetic
behavior of CoFe,O4, and CoqsFe; 504 NPs that are
saturated with large values of magnetization
depending on the stoichiometric/non-stoichiometric
ratio for the (A cations /B cations).

The saturation magnetization M; of CoFe,O, and
Co; 5Fe; 504 NPs can be detected by an approxima-
tion of the Stoner-Wohlfarth theory by extrapolating
the plot of M (emu/g) versus 1/H” to approach zero
[44, 45]. In this manner, the M, value is equal to 66.8
& 48.15emu/g for CoFe,Os and Co;sFe;s0y,
respectively. The obtained values and the experi-
mental ones are very comparable to each other. This
demonstrates that £ 20 kOe is a more suitable field to
saturate the examined samples.

From the magnetic loops, the coercivity (Hc), sat-
uration magnetization (Mg), remnant magnetization
(Mr), squareness (Mr/Ms), and experimental mag-
netic moment (1) are calculated and summarized in
Table 2.

Generally, the occupancy in A as well as B sites,
spin/charge states, and content of transition metals
play a significant role in the magnetic properties of
the testified samples.

In ferrimagnetic materials that follow Neel’s two-
sublattice model, there can be three types of exchange
interactions among the cations distributed in A sites
and B sites sublattices, signified by A-A, A-B, and B-
B interactions [46]. The A-B interaction is the highest
one. The net magnetic moment for a spinel com-
pound is taken as

M =Mz — M. (5)

As shown from the table, CoFe,O, exhibits maxi-
mum magnetic parameters. This behavior can be
attributed to the cation concentration at the B site,
which influenced the exchange interactions between
A and B site cations and positively led to a higher
maximum magnetization. On the other hand, for the
Co, 5Fe; 504 sample, the increase of Co (> 1) with
lower magnetic moment on the expanse of Fe (< 2)
with large magnetic moment decreases the magnetic
parameters of the system.

For the testified sample, M depends on the number
of unpaired spins of the Co & Fe ions, their charge,
the spin states of the transition metal ions as well as
the distribution of cobalt, and iron ions between A
and B sites, as mentioned in the previous work [47].
The number of unpaired spins for all used ions in
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Fig. 9 The magnetic Hysteresis loops for CoFe,O4 and Co, sFe; 504, and fitting plot between M versus 1/H?
Table 2 Values of the :
magnetic parameters obtained Samples M (emuw/g) M, (emu/g) H, (Oe) M,/M; Energy loss (erg./g) size  ng exp
from hysteresis 1
o AyStetesis Jo0p CoFe,0s  66.847 31.114 1641 0.465 337.11 3773 2.808
Co;sFe; 504 48.142 23.094 1415 0479 204.69 23 2.035

high spin as well as low spin configurations is
detected in Fig. 10 [48, 49].

However, the spin states of Co®" (3d”), Co>* (3d°)
ions in the B site have been proposed to be in both
high spin [50, 51] and low spin states, respectively
[52].

Co** (3d”) in the A site is typically found in a high
spin state [53, 54]. On other hand, Fe3* (3d%) in the B
site and Fe’* (3d”) in A sites are frequently found in
high spin states [55]. According to the previous dis-
cussion, the calculated magnetic moment for the
CoFe,Oy spinel ferrite equals 2.808 which is higher
than the 2.035 emu/g calculated for Co, sFe; 504.

@ Springer

The magnetic moment per molecule in the Bohr
magneton (Table 3.2) for each sample is calculated
using the following equation:

M x M;
5585 '

where M is the molecular weight of the sample. The
obtained values are less than the theoretical value.
The small differences in the values are due to the
slight change in cation distribution of both [A] and
[B] sites [56]. Moreover, it may relate to the surface
spins canting, in which spins are tilted by a narrow
angle about their axis.

(6)

ng =
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Fig. 10 The low spin and high spin configuration for tetrahedral and octahedral sites

The reduction in the magnetization with an
increase in the Co/Fe ratio = 1 is anticipated. Since
the “extra” Co will incorporate at the B sublattice,
leading to a decline in its magnetic moment. The
magnetization of the system may be further
decreased due to a large number of point defects
existing in the spinel structure due to the non-stoi-
chiometry. In the Co;sFe;504 oxygen vacancies
should be present. These vacancies disrupt the super-
exchange interaction between magnetic ions, conse-
quently decreasing the magnetization of the sample’s
NPs.

In contrast, iron and cobalt are distributed between
the A and B sites according to the stoichiometric ratio
(1Fe / 2Fe Co = 0.5). The magnetic moment of the A
site will decrease. Consequently, the difference
between the two sites (A-B) will increase, which
leads to an increase in magnetization of the system.

Furthermore, the SQR (M,./M,) values are found in
the range of 0.465-0.479 which can be ascribed to
surface spin disorder effects as well as to the

formation of a multi-magnetic domain. The results
verify that the particle size can control Hc. Moreover,
Hc¢ is very sensitive to the NPs size, distribution
characteristics, morphology, surface spin, and inter-
particle interaction.

4 Conclusion

XRD for the investigated samples confirmed the for-
mation of a single-phase cubic spinel structure with a
space group (Fd-3 m).

HRTEM images and their selected area electron
diffraction (SAED) ratified the construction of
CoFe;O4 and Co, s5Fe; 504 NPs with an average par-
ticle size of 39.37 nm. XPS results provided the cation
chemical states of Fe?", Fe®* and Co**, Co>™, as well
as their occupation ratio between A and B sites. The
magnetic change is related to the radius of the ion,
the size of the particle, and the exchange effect
existing in the crystal lattice.

@ Springer



The calculated magnetic moment for the CoFe,O4
spinel ferrite equals 2.808, which is greater compared
to the calculated magnetic moment of Co; sFe; 504.

The SQR (M, /M) values are found in the range of
0.465-0.479, which can be ascribed to surface spin
disorder effects as well as to the formation of a multi-
magnetic domain.

5 Future work

The numerous uses of Mgy g5 Ko3Fe,04/GO spinel
nanoferrite particles will be the main issue for future
work. The main advantages of the synthesized sam-
ple are ease of separation, high adsorption, low cost,
and recyclable with notable efficiency. Thus, it is
suggested as a promising candidate for wastewater
treatment [57, 58].

The cheap and non-toxic Mgpgs KosFexO./GO
spinel nanoferrite particles can be employed as an
anode for lithium-ion batteries (LIBs). It is able to
demonstrate superior electrochemical performance in
terms of specific capacity, cycle performance, and
rate capability [59].

In addition, potassium ferrite is a good candidate
for biomedical application, as iron and potassium are
biocompatible and non-toxic materials [60].
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