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Abstract

Substitutions of cations were considered to be the main way for improving the performance of ferrite nanocrystalline
structures. In this paper, non-magnetic and magnetic ions were conducted to substitute cobalt spinel ferrite nanoparticles
CoFe,04 NPs (CFO NPs). The studied Co,_ M Fe,0,; M=Zn, Cu, and Mn; x=0.00, and 0.50) samples were synthesized
through a cost-effective sol—gel technique. The outstanding properties of the samples are addressed using XRD, FTIR, the
inductively coupled plasma optical emission spectrometer (ICP-OES), Raman analyses, HR-TEM, BET surface area analyzer,
the energy-dispersive X-ray analysis spectra (EDX), and vibrating sample magnetometer (VSM). The Rietveld analysis and
FTIR spectroscopic measurements revealed the successful synthesis of the cubic spinel phase. HR-TEM images reveal that
the particles of all samples had spherical shape in the nanometer range. Moreover, the synthesized ZCFO NPs has the highest
specific surface area of 26.87 m%/g than other samples. Interestingly, the determined Debye temperature from both elastic
and infrared data was in a good conformity with each other. Finally, the values of saturation magnetization (M) increased
from 39.128 emu/g for CCFO NPs to 68.419 emu/g for CFO NPs. The observed coercive field increased from 213.93 G for
ZCFO NPs sample to 1914.85 G for CCFO NPs.

1 Introduction applications such as high-performance super-capacitors
[8—10], microwave absorber [11], biosensors [12], photo-
Nanocrystalline spinel ferrites have many interesting struc- catalysts [13], wastewater remediation [14], antennas [15],
tural [1], elastic [2], magnetic [3], thermal [4], electrical transformers cores [16], and in hyperthermia uses [17].
[5], optical [6], and dielectric properties [7]. These attrac- The application of spinel ferrites depends on many

tive properties make them promising materials for many  parameters such as the preparation route and metals’ sub-
stitution at the preferred sub-lattices [18, 19]. The re-dis-
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system of nanocrystalline ferrite, has an extremely critical
impact on managing the properties of this system [20].

Therefore, the replacement with metal ions such as Ni,
Cu, Zn, and/or Mn enhances and controls the properties of
spinel ferrites [6, 21]. Recently, various methods of synthe-
sis are paving the way to fabricate materials with desired
magnetic properties suited for specific applications [22-28].
The sol-gel method represents the more effective and prac-
tical route to promote the purity and homogeneity of the
fabricated ferrite NPs. The sol-gel technique is a unique
low-temperature procedure which includes hydrolysis and
intensification reactions of the metals salts to produce the
required inorganic network [29].

Among spinel ferrites, nanocrystalline cobalt ferrite
nanoparticles (CFO NPs) possess unique physical proper-
ties such as relatively higher coercivity and moderate mag-
netization saturation allowing them for applications in dis-
tinct technologies [17, 30-36]. Like other spinel ferrites,
CFO NPs are strongly affected by replacing metal cations.
Recently, the effect of replacing Co** ions by Zn** ions on
the characteristics of CFO NPs has been studied [37].

XRD and FTIR data clearly revealed the cubic spinel
phase of Co,_,Zn Fe,O, NPs with two absorption bands v,
and v,, which are attributed to the stretching of metal ions
in the tetrahedral and octahedral sites, respectively. In addi-
tion, hardness parameters of the compounds were changed
with grain size variation. Moreover, Mg value has a direct
relation with the particle size, also the coercivity in the range
of (430.4-73.56) Oe.

The elastic parameters and dof ferrite NPs were reduced
after substitution for CFO NPs. In another context, the syn-
thesis and different properties of copper substituted Co—Ni
ferrite (Co, 5Ni, 5_,Cu,Fe,0,) have been also reported [38].
The results showed that the experimental and theoretical
densities (d,) and (d,,) were significantly changed by increas-
ing the concentration of Cu?*ions. Moreover, the values of
Mg were in the range of (40-60) emu/g, while the H values
were in the range of (191-885) Oe. The resistivity of the
samples was enhanced by substitution of Ni ions by Cu ions.
Furthermore, CFO NPs were synthesized using sol—gel auto-
combustion technique and substituted with transition metals
(i.e., CoM,Fe,_,O,; M=Cr, Zn, Cu, and Ni) for heteroge-
neous catalysis [39]. The results indicated that the catalytic
activity of the samples was increased by increasing metal
content.

In this paper, we are presenting a comparative study
for the effect of replacing Co** ions by non-magnetic ions
(Zn®*) and magnetic ions like Cu®* and Mn>* ions on the
properties of cobalt ferrites CFO NPs (Co,_,M,Fe,0,;
M=Z7n, Cu and Mn; x=0.00, and 0.50), which were pre-
pared by a cost-effective sol-gel method. We offer an
original research paper within the theme of nanostructured
magnetic materials and with fully identified and frequently

characterized in more detailed validation such as XRD,
FTIR, ICP-OES, Raman, HR-TEM, BET, EDX, SEM/EDX
mapping, and VSM to establish a prominent and complete
description of the synthesized materials.

Briefly, for the first time, focusing the attention on the
magnetic is based on spinel Co,_ M, Fe,0, NPs (M=Zn, Cu
and Mn; x=0.00, and 0.50). According to Hund’s rule, the
atomic magnetic moment of Co**, Zn**, Cu?* , and Mn?*
is (3 ug), (0 pg), (1 pg), and (4.5 pg), respectively. Due to
the variant atomic magnetic moment and ionic radii of the
substituted metal ions, we expect that the structural, elastic,
and magnetic properties of CFO NPs will be strongly influ-
enced. Furthermore, the elastic constants of ferrite NPs have
been determined.

Finally, the effect of metals’ substitution on the magnetic
properties of the synthesized ferrite NPs was extensively
studied. The tested samples CoFe,0,, Zn, ;Co sFe,0y,,
Cu, 5Co, sFe,0,, and Mn,, sCo, sFe,0, NPs were symbol-
ized as CFO, ZCFO, CCFO, and MCFO, respectively.

2 Materials and methods
2.1 Materials

The chemicals used in the synthesis process were purchased
from Sigma-Aldrich and were used without further purifica-
tion; chemicals include (Fe(NO3);- 9H,0, Co(NO3),- 6H,0,
ZnSO, TH,0, Cu(NO3),- 6H,0, and Mn(NOs),- 4H,0, cit-
ric acid (C¢HgO5, 99.57%), and ethylene glycol (C,H4O,,
99.8%).

2.2 Methods

Our cobalt ferrites and metals’ substituted cobalt ferrites
were prepared according to the previously reported synthetic
routes [12, 40—44]. Step-by-step formation stages of cobalt
ferrite NPs via the eco-friendly and cost-effective sol—gel
method are shown in Scheme 1.

Firstly, the stoichiometric amount of (Fe(NO,);- 9H,0),
(Mn(NOs),- 4H,0), (Co(NO),: 6H,0), (Cu(NO3),- 6H,0),
and (Zn(SO4),- TH,0) were dissolved in 30 ml of distilled
water, separately. The mixture solution is stirred for 20 min.
Then, citric acid solution was added to the above solution at
60 °C under magnetic stirring. After that, 5 ml of ethylene
glycol drop wisely used as a polymerization agent. The prod-
uct solution was dried at 120 °C to support for gel formation.
Thereafter, the resulting gels were dehydrated and ground to
achieve ferrite’ powder.
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Scheme 1 Synthetic stages of Co,_ M Fe,0, NPs (M = Zn, Cu and Mn; x = 0.00, and 0.50) using sol-gel method

2.3 Spectroscopic characterization of samples

The prepared ferrite NPs were characterized using many
techniques including X-ray diffraction (XRD) spectroscopy
(Shimadzu XRD-6000; Japan), recorded XRD patterns were
obtained at room temperature with 26 ranged from 17° to
90°. The used radiation source was Cu K, with a wavelength
4=0.15408 nm, measurement recorded with a scan rate of
0.8°/min, operating voltage of 50 kV and current of 40 mA.

In order to confirm the preparation of the spinel ferrite
phase, Fourier transform infrared spectroscopy (FTIR; Jasco,
USA) is conducted over a wide range (350-3000 cm™h).
The FT-Raman spectrum was recorded using BRUKER
RFS 27 FT-Raman spectrometer. The stoichiometry of the
pristine ferrite NPs and metals substituted ferrite NPs sam-
ples is examined via employing the energy-dispersive X-ray
analysis spectra (EDX), JEOL JSM-5600 LV, Japan. The
information about the morphological shape and size of the

@ Springer

synthesized samples’ is obtained by a high-resolution scan-
ning electron microscopy (HRSEM), JEOL JSM-5600 LV,
Japan).

Elemental composition analysis was performed using
inductively coupled plasma optical emission spectrometer
(ICP-OES) model Prodigy Prism High Dispersion (Teledyne
Leeman ICP-OES USA). The obtained spectra were ana-
lyzed using a computer program based on the distribution
technique analysis at [CP-OES measurement conditions as
follows: 1.2 kW RF power, 20 L/min coolant gas flow, 0.3 L/
min auxiliary gas flow, and 1 mL/min solution uptake rate.

The mean concentration of elements into our system was
diluted by factor of 10,000 to be inside the range of meas-
urement, and impurities from slandered materials used or
atmosphere and tools of experiment were ignored as their
concentration did not exceed 10 ppm.

Furthermore, shape and size of the synthesized fer-
rites NPs were investigated by HR-TEM analysis on
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(JEOL-JEM-100 CX). Brunauer-Emmett-Teller (BET)
method [10, 45-47] was used to describe the experimen-
tal specific surface area [48]. Surface area measurements
were carried out via the surface area analyzer (Nova 3200
Nitrogen Physisorption Apparatus USA) with liquid N, as
an adsorbate at — 196 °C. The magnetization measurements
have been performed at room temperature using a vibrating
sample magnetometer (VSM of Lakeshore 7400) from — 20
to +20 kG.

2.4 Data analysis

Rietveld refinement technique was used to analyze the XRD
data on Full Prof Suite software. While, the mean size of
crystallites (D) and the strain (¢) for Co,_ M Fe,O, NPs;
M=Zn, Cu and Mn; x=0.00, and 0.50 were calculated by
utilizing Williamson-Hall (W-H) method [49]. While the
experimental lattice constant (a,, ), X-ray density (p, ), bulk
density (p,), the porosity percentage (P%), specific surface
area (S; mz/g), and bond lengths of (R,) and (Ry) were
determined using the data obtained from Rietveld analyses
[50-54].

3 Results and discussion
3.1 Structural study

Indeed, both bond stretching or bending are possible results
of absorbing IR waves by different chemical compounds
[55]. Accordingly, functional groups and molecular structure
of the prepared metal-substituted cobalt ferrite NPs were
analyzed using FTIR. FTIR spectra of Co,_ M Fe,0, NPs
(M =Zn, Cu and Mn; x=0.00, and 0.50) are shown in Fig. 1.
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Fig.1 The recorded FTIR spectra of the prepared Co,_ M Fe,O, NPs
(M =Zn, Cu and Mn; x=0.00, and 0.50)

Table1 The values of v, and v, and force constants for
Co,_M, Fe,0, NPs (M=Zn, Cu and Mn; x=0.00, and 0.50)

Ferrite NPs 2, (cm™) F,(Nm™) 2,(cm™) F,(Nm™)
CFO 590.68 255.57 392.44 142.38
ZCFO 569.44 237.52 375.92 130.65
CCFO 588.32 253.53 380.64 133.95
MCFO 576.52 243.47 399.52 147.57

Two FTIR-active bands are common for spinel ferrites,
known as v, and v, covering the range of (550-600 cm™")
and (350-450 cm™"), respectively. These two bands are
attributed to oxygen bonds and metal ions in both A- and
B-sites, respectively [56]. The values of v, and v, are pre-
sented in Table 1.

Table 1 reveals that active bands’ positions shifts are cor-
responding to Co®* cations and substituted metals’ re-distri-
bution over the sub-lattices [57]. The variation in v, and v,
active vibration bands was due to the length of oxygen-metal
ions bond, as it has long length in B-sites and short length
in A-sites [58, 59].

In addition, Fig. 1 shows that the cubic spinel phase of the
prepared samples has successfully been formed even after
replacing cobalt ions of CFO ferrite by Zn, Cu, and Mn ions
[60-63]. The characteristic bond of CFO NPs’ formation
appeared at 1104 cm™.

Moreover, nitrate groups’ stretching vibration was
recorded at a wave number of about 1388 cm™, i.e., the
nitrate ions were present in the prepared samples. Addition-
ally, the observed peaks at the wave number of 2350 cm™!
confirmed the existence of carbonyl groups [63]. Using
FTIR data, the force constants were described as follows
(Eq. 1) [64]:

Fyo(Nm™) =42°C*vi ey

where F and F represent constants of both tetrahedral and
octahedral sites, C is light velocity =2.99 x 10® m/s and p is
Fe** and 0%~ ions’ reduced mass which equals 2.060x 10726
kg

The variance of F, and F, for the prepared Co,_,M,Fe,0,
NPs (M =Zn, Cu and Mn; x=0.00, and 0.50) is shown in
Table 1. From Table 1, one can observe that F, > F,, which
may have an inverse relation with bond lengths [65, 66]. The
constants of force (Fand F,)) depend on Co** and substituted
metals ions’ ionic radii which vary according to their loca-
tion at A- and B-sites [2].

Table 2 explains that R, and Ry values were at the range
of 1.8986-1.9145 A and 2.0434-2.0606 A, respectively.
Bond lengths’ variation can be attributed to the disparity in
the ionic radii of metals replacing cobalt in the nanocrystal-
line samples [67].
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Table 2 The average crystallite

: . ; . Ferrite NPs Dy,_y  Straine Lattice  X-ray density Bulk density Percent-  Bond lengths
size, strain, experimental lattice (nm) param- P P age ( A)
parameter, X-ray density, eter (gx em™3) (g em™) porosity
Bulk density, and porosity of a. (A) P %) A Ry
Co,_M,Fe,O, NPs (M =Zn, P
Cu and Mn; x=0.00, and 0.50) CFO 25.1036 —0.0004 8371  4.8280 4.6891 2.87 1.8986 2.0434
ZCFO 11.7872 —0.00080 8.441 4.7736 3.0255 36.62 1.9145 2.0606
CCFO 14.0410 —0.00140 8.385 4.8515 4.4664 7.93 1.9018 2.0468
MCFO 33.5058 —0.00061 8.414 4.7137 4.1401 12.16 1.9084 2.0540
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Fig.2 X-ray diffraction patterns of (a) CFO, (b) ZCFO, (c) CCFO,
and (d) MCFO NPs

Crystalline structure and phase formation of metals-sub-
stituting CFO NPs have been analyzed using XRD. Figure 2
reveals the XRD patterns of the synthesized Co,_ M, Fe,O,
NPs (M =Zn, Cu, and Mn; x=0.00, and 0.50). Main peaks
were observed at 26 of 18.28°, 30.12°, 35.54°, 37.12°,
43.13°,53.41°, 56.89°, 62.62°, and 73.75°, corresponding to
the metals substituted CFO NPs and specified with the space
group of Fd3m. These results well matched the spinel cubic
phase of CFO ferrites, JCPDS (Card No. 22-1086) [68].

Usually, diffraction peaks’ shift to the lower or higher
angles occurs because of the changes with lattice constants.
The peak observed at 20 = 35.54° and (311) plane orienta-
tion was shifted to the lower angles of diffraction for cation-
substituted CFO NPs (Fig. 3).

This shift can be explained according to unit cell exten-
sion and lattice constant enhancement as shown in Table 2.
Lattice constant’s variation for CFO NPs and other samples
can be due to ionic radii variation of substituted metals and
preferred site occupancy, where r(Zn?"), r(Cu®"), r(Mn?"),
and r(Co>*) were taken as follows: (tetra: 0.60 and octa:0.74
10\), (tetra.: 0.57 and oct.:0.73 A), (tetra: 0.58 and octa: 0.72
10%), and (tetra: 0.58 and octa: 0.745 10\), respectively [69].

@ Springer

Fig.3 XRD patterns at 260 = 35.54° for (311) plan of Co,_,M, Fe,0O,
NPs MM =Zn, Cu, and Mn; x=0.00, and 0.50)

These results were in a good agreement with the previously
published data [19, 70, 71].

Herein, to reveal various aspects such as structure of the
metals substituted cobalt ferrite samples, the Rietveld refine-
ments were carried out (Figure S1; provided in the supple-
mentary material).

The observed intensities, the calculated intensities, and
the difference between observed and calculated intensities
are presented as red, black, and blue lines, respectively.
Fd3m space group’s allowed Braggs positions were repre-
sented as vertical lines.

All recorded peaks enabled Bragg 26 positions. From
occupancy variance, we have seen that Co>* ion occupy both
A-site and B-site. Therefore, we can assume that the CFO
NPs is in a random spinel composition. The investigation
for site occupancy to standard CFO NPs reveals that 10% of
A-site has been occupied by the Co®* ions and the remaining
90% A-sites by Fe>* ions.

So, the chemical formula for CFO NPs is (Fe 9oCoy ;)
[Fe, 10C0g90lO4, the occupied A- and B-sites were rep-
resented by the cations in the round and square brackets,
respectively [72],
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Whereas for ZCFO NPs, the cation distribution has
been estimated from the knowledge that Co®* ions have
a trend to occupy both A- and B-sites. In contrast, the
Zn** ions are preferred to occupy the A-site. The site
occupancy examination for standard ZCFO NPs exposes
that 9% A-site has been occupied by the Co®* ions, 41%
A-site has been occupied by the Fe** ions and the remain-
ing 50% A-site occupied by Zn>* ions. Therefore, the
chemical description for this sample is (Feg 4,Coq g9Zn 50)
[Fe; 50C00.4110, [18].

Furthermore, Co®" ions, Cu®" ions, and Fe** ions occu-
pied both A- and B-sites as revealed by Rietveld analysis for
CCFO NPs [38, 73]. The site occupancy analysis of MCFO
sample reveals that the tetrahedral site has been occupied by
the ions Co, Mn, and Fe with the ratios 5%, 40%, and 55%,
respectively. Hence, the chemical formula for this sample
is (Fey 55C0q 0sMny 49) [Fe; 45C0g 4sMng 11O, This result
agrees well with the reference [70].

From Rietveld fitted XRD patterns, the present samples
have kept on cubic spinel phase. However, small peak was
observed in CCFO NPs at 26 ~33.25° corresponding to
the tetragonal structure of CCFO NPs. Jahn—Teller’ effect
caused this tetragonal distortion of Cu** ions which occu-
pied B-sites of the copper cobalt ferrite in a high content
[38, 70, 72-75].

From reflection broadening, both crystallite size and
micro-strain can be defined by the elegant Williamson—Hall
(W-H) method. As explained in Figure S2 (provided in
the supplementary material), W-H plots of the prepared
Co,_M,Fe, 0, NPs (M=Zn, Cu and Mn; x=0.00, and
0.50) were used to determine the average size of crystallites,
Dy,_p, and the micro-strain for the tested samples. Accord-
ing to our calculations and as depicted in Table 2, the crys-
tallite size ranges from 11.787 nm to 33.505 nm depending
on the cations [49]. In the same context, the investigated
samples exhibited compressive strain [76].

The values of X-rays’ density, bulk density, and porosity
(P) of the prepared Co,_,M,Fe,O, NPs (M =Zn, Cu and
Mn; x=0.00, and 0.50) are shown in Figure S3 (provided
in the supplementary material). Figure S3 clearly revealed
that porosity behaves on contrary to the bulk density.
Besides p,values were lied in the range of (4.7137-4.8280
g/cm®), which were found to be bigger than the values of p,
(3.0255-4.6891 g/cm?).

This observation can be explained by enormous pores that
are unique to present samples (2.87-36.62)%. These pores’
formation was attributed to the liberation of huge gases’ vol-
umes during the preparation process [77]. The variation in
ferrites’ porosities can be linked to copper ions’ density that
equals (8.96 g/cm?), which is larger than that of cobalt ions
(8.86 g/cm3), zinc ions (7.14 g/cm3), and manganese ions
(7.43 g/cm®). Similar results have been reported previously
[42, 43, 78].

Phase investigation of the prepared samples was per-
formed using Raman analyses. The metallic cations of
cobalt ferrite samples have the possibility of occupying two
positions forming either octahedron or tetrahedron by bind-
ing with six O, anions or four O, anions, respectively [79].
This structure gives many modes, among them, 5 modes are
Raman-active as follows (Alg+ 1Eg+3T2g) [79].

Raman spectra of the prepared samples are shown in
Fig. 4. It can be revealed that, T2g (1) mode appeared at
192 cm™!, e.g., mode was recorded at 298.5 cm™, T2g (2)
mode was observed at 454.6 cm™', and T2g (3) mode was
recorded at 541.4 cm-1, which can be attributed to the vibra-
tion of the spinel structure [80].

Indeed, T2g modes are likely due to asymmetric stretch-
ing of O, anions, e.g. mode occurs due to bending of O, ani-
ons. In CFO sample, cobalt and iron ions occupy its octahe-
dral site, while its tetrahedral site is busy with iron ions only.
As a result of the variance in cobalt and iron’s ionic radii,
the bond distances of both Fe—O and Co-O are redistributed
between both sites and caused a doublet-like structure [81].

Fe-O and M-O (M =Zn, Mn and Cu) stretching vibra-
tions were observed at 607 cm™' and 678 cm™' correspond-
ing to Alg (2) and Alg (1) modes, respectively [81]. Almost
the same Raman peaks were observed by the prepared transi-
tion metal-substituted cobalt ferrite samples. However, some
changes in the intensity and small peak shift were recorded
which were attributed to the relatively larger atomic mass
of Mn, Zn, and Cu ions compared with Co ions and the high
cation disorder induced by their substitution [79].

The EDX analysis provides many ways to track sam-
ples’ composition, purity, and elements’ mapping. Figure 5
shows the EDX spectra of the prepared Co,_,M Fe,O, NPs
(M =Zn, Cu and Mn; x=0.00, and 0.50).
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Fig.4 Raman spectra of the prepared Co,_ M, Fe,0, NPs (M=Zn,
Cu, and Mn; x=0.00, and 0.50)
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Fig.5 EDX elemental measurements and SEM/EDX mapping for a CFO, b ZCFO, ¢ CCFO, and d MCFO NPs

It is clearly observed that, Zn, Cu, Mn, Co, O, and Fe ele- carbon ratios that appear in the spectra can be attributed to
ments were existed with various stoichiometric ratios. The  using the citric acid and/or ethylene glycol [76, 82].
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Fig.5 (continued)

EDX data confirmed that production of pure nanostruc-
tured Co;_ M Fe,O, NPs (M =Zn, Cu, and Mn; x=0.00,
and 0.50) without any impurities except for ZCFO sam-
ple, where we found a small fraction of sulfur ions that

were attributed to residues of the sulfate group [83]. These
results alongside with XRD and FTIR results confirm the
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successful preparation of spinel cubic phase structure of
metals substituted CFO NPs.

Table3 ICP-OES elemental analyses
(M =Zn, Cu and Mn; x=0.00, and 0.50)

for Co,_MFe, O, NPs

ICP-OES

Element CFO ZCFO CCFO MCFO  Average RSD
(PPM) x 10°

Fe 45.87  38.1 47.11 52.02 +0.56

Co 26.9 11.05 13.04 14.07 +0.54

C — _ _ _ _

Zn - 11.03 - - +0.65

S - 1.92 - - +1.3

Cu - - 11.08 - +0.43

Mn - - - 11.02 + 047

The ICP-OES was used to examine the elemental compo-
sition of metals M** ions substituted CFO NPs as illustrated
in Table 3 [84]. This table confirmed the presence of Mn,
Zn, Fe, Cu, and Co cations. Moreover, it is clear that metals
concentration was increased at the expense of Co** ions in
the prepared samples [85]. These results well matched our
EDX analysis [86].

On the other hand, Fig. 6 presents the HR-TEM images
of all samples. The spherical shape of particles was obvi-
ous; also, the images illustrated that the particles were in
the nanometer range.

The pure CFO ferrite had a uniform shape and a size
of around 27.0 nm. Then, the particle size was sharply
decreased for ZCFO NPs reaches about 10.0 nm and
increased to reach 15.0 nm for CCFO NPs.

Furthermore, the NPs looked like to be much larger
and were more agglomerated for MCFO NPs (~ 33.0 nm)

190 nm

Fig.6 TEM images of the prepared Co,_,M, Fe,0, NPs (M=Zn, Cu and Mn; x=0.00, and 0.50)
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[43]. These results were in a great conformity with those
estimated from the XRD analysis [86—88].

Ferrites’ electrical and magnetic properties are specific
surface area and grain size dependant, as the chemical and
physical phenomena controlled by surface porosity and
electrons conduction occur at ferrites’ surface. To further
investigate the adsorption mechanism of Co,_,M, Fe,0,
NPs; (M =Zn, Cu and Mn; x=0.00, and 0.50), the analysis
was performed utilizing BET procedure for all samples.

The nitrogen adsorption—desorption isotherms of
Co,_M Fe,O, NPs; (M=Zn, Cu and Mn; x=0.00, and
0.50)are given in Fig. 7. The isotherms are presented in
Fig. 7 and revealing class IV behavior, as expected for a
mesoporous material [89].

Similar behavior in our previous work was detected [40,
90]. Moreover, it is obvious from this figure that the ZCFO
NPs had the highest specific surface area of 26.87 m?/g
and this outcome data were in good match with the surface
area value of metal oxides [91].
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Also, the specific surface area (S) of MCFO reaches 24.40
m?g~!, which is higher than of those obtained for CFO NPs
(7.31 m*g™"), and CCFONPs (5.01 m?g™1). The higher value
of the specific surface area for ZCFO NPs is attributed to the
small crystallite size and huge porosity. Similar behavior is
showed in previous research [12, 24, 40, 92].

3.2 Elastic properties

Stiffness constants’ (C,; and C,) values can be determined
by utilizing X-ray and FTIR data [65, 93-96]. Figure 8 illus-
trates that constants of stiffness, C,; and C,,, have decreased
by the substitution process in CFO NPs owing to increment
of the lattice constant.

The stiffness constants are influenced by the force con-
stants depending on the lengths of the bond created between
the atoms [97]. The values of stiffness constant, C,,
decreased from 237.70 GPa for CFO NPs to 218.09 GPa for
ZCFO NPs, as well as C,, decreased from 1.5312 GPa for
CFO NPs to 0.9742 GPa for ZCFO NPs.
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Fig.7 BET Raman spectra of the prepared Co,_ M Fe,0, NPs (M =Zn, Cu and Mn; x=0.00, and 0.50)
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Fig.8 The stiffness constants, C;; and C,, for Co,_ M Fe,O, NPs
(M =Zn, Cu, and Mn; x=0.00, and 0.50)

In addition, bulk modulus (B), rigidity modulus (G), and
Young’s modulus (E) can be calculated by the stiffness con-
stants as follows (Egs. 2—4) [60].

1
B = 5 [C]l + 2C]2] (2)

E= [C1y = Cpa] [Cy +2Cy)
[Cll +C12]

3

E
= e+l @

The variation in elastic moduli B, E, and G for CFO NPs and
Co, sM, sFe,0, NPs; M=Zn, Cu, and Mn is presented in
Fig. 9. It was clearly confirmed that all moduli were cation-
dependent. Figure 9 illustrates that the value of bulk modu-
lus B decreases from 80.25 GPa for CFO NPs t073.34 GPa
for ZCFO NPs. In addition, the moduli E and G showed
similar behaviors.

This variance can be attributed to that the bonds for
inter-atomic which are created between different atoms in

81
30.8
80 2385 |
79
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230
78
g K} F
S nt 5 04 5
p-: o 225 ; e
76 / g
\ / 30.2
\ ¥
75 220 /
v - B
—— E
74 30.0
-«
215
73

CFO ZCFO CCFO MCFO

Fig.9 The elastic moduli for Co,_M Fe,O, NPs (M=Zn, Cu, and
Mn; x=0.00, and 0.50)

@ Springer

the system are weakened utilizing the substituted metals.
Additionally, the values of elastic moduli depend on porosi-
ties of the ferrite samples [98].

The elastic moduli for ferrites NPs are depended on den-
sities and subsequently on Poisson ratio. Our samples are
porous; therefore, the elastic modulus of non-porous NPs
will be greater than those estimated in our samples [96, 99].
Hence, the velocities of transverse (VS) and longitudinal (V,)
wave can be written as (Egs. 5-8) [2]:

Vs = [GO/px] 2 (5)

V= [Cn/n)" ©)

where G, is rigidity modulus with correct zero porosity.
According to V, and V,, we obtain the mean velocity V,, and
the Debye temperature 0, [100-102]:

> 1\
_ |2, 1
=) "

1
h|[3Nap.q |3
0. =— d 8
b k[47rM X Vi ®

where g is number of atoms in the unit cell (in cubic spinel
system equals 7).

Further, we can determine the Debye temperature (6;)
using the wave number of FTIR bands [97, 100]. Fig-
ure 10 illustrates the variation of Debye temperature for
Co,_ M, Fe,O, NPs (M=Zn, Cu and Mn; x=0.00, and
0.50). It is seen from this figure that the (6) and (6;) are
in a good conformity with each other. We observed that the
Debye temperature obeys a similar behavior to that of B and
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=) —
" (=]
® 600 | 680
| e85
590 - —e— 0p
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580 - k : - 675
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Fig. 10 The variation of Debye temperature estimated form elastic
(6p) and infrared (¢ data for Co,_ M, Fe,O, NPs (M=Zn, Cu and
Mn; x=0.00, and 0.50)
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Fig. 11 Magnetization-field =~ (M-H)  hysteresis  loops  for
Co,_M, Fe,0, NPs (M=Zn, Cu, and Mn; x=0.00, and 0.50)

Table 4 Saturation magnetization (M), remenence magnetization
(M), coercivity (H_), remenence ratio (M /M) of Co,_ M Fe,O, NPs;
(M =Zn, Cu, and Mn; x=0.00, and 0.50)

Ferrite NPs Mg Mr H, M /My
(emu/g) (emu/g) G

CFO 68.419 34.014 1617.30 0.4972

ZCFO 45.687 6.149 213.93 0.1346

CCFO 39.128 20.476 1914.80 0.5233

MCFO 63.584 25.657 819.30 0.4034

G moduli, which confirms the compatibility between the
reported elastic parameters and the porosity [2].

3.3 Magnetic properties

Metal ions’ substitution in CFO NPs has a significant impact
on the magnetic behavior of the tested samples as shown by
the hysteresis loops (Fig. 11). The magnetization saturation
and coercivity values are determined and summarized in
Table 4 [103, 104].

A typical S-shaped curve for ZCFO NPs has been
observed indicating super paramagnetic character. Ferri-
magnetism to paramagnetism transformation was attributed
to the anti-parallel alignment’s reduction of two distinct
magnetic ions (Fe’>* and Co**) at A- and B-sites with the
substituted Zn** ion [105].

In other words, the Zn?* (0 yp) ions have more tended to
occupy A-sites while the Fe** ions migrate from A-sites to
B-sites. Therefore, as Zn>* ion contents in CFO NPs sam-
ple increase, the occupancy of Fe** ions is declined in the
A-sites and is increased in the B-sites.

The observed saturation magnetization (M) is drastically
decreased from 68.419 emu/g for CFO NPs sample to 45.687
emu/g for ZCFO NPs sample, which in good agreement with
earlier research [106].

In the case of Cu®* ions substituted Co®* ions, the cop-
per ions have strongly preferred octahedral site occupancy
leading to the reduction of the super-exchange interaction
between the A- and B-sites. More precisely, when Cu®* ions
substituted Co?" ions, the Fe*™ and Co?* ions migrated from
B-site to A-site lead to reducing the magnetization of the
B-site and subsequently the net magnetization was reduced
[74].

According to consulting Hund’s rule, we replace the
Cu*(1 pp) in the place of Fe**(5 ug) and Co®*(3 ) ions in
B-sites, which leads to reducing the net magnetic moment
of CCFO NPs sample (39.128 emu/g). Similar results are
previously reported in reference [107].

Finally, in the case substituted Co** by Mn?* ions and
according to consulting Hund’s rule, the atomic magnetic
moment of the, Fe**(5 ug), Co**(3 pg), and Mn>*(4.5 pp).
From the above turned out to be that magnetization of Mn?*
ions is higher than Co** ions, additionally the distribution
of cationic has a prevailing effect on the total magnetiza-
tion. The Mn>* has been strongly preferred to occupy A-site,
which leads to increasing the magnetization of A-sites.

Spinel system’s net magnetic moment is the difference
between the magnetic moments of B- and A-sites. Conse-
quently, the substitution Co?* by Mn?* ions reduces the net
magnetization for the MCFO NPs sample (63.584 emu/g), in
good agreement with the previous studies [108, 109].

The magnetic parameters of spinel ferrites NPs are highly
affected by the numerous factors such as porosity, homo-
geneity, morphology, density, and distribution of cations
at lattice sites [7]. The determined values of the remanent
magnetization for ZCFO NPs, CCFO NPs, and MCFO
NPs are approximately 6.149, 20.476, and 25.657 emu/g,
respectively.

These results are smaller than that acquired for CFO NPs
(34.014 emu/g). Moreover, the determined coercive field for
CCFO NPs (H, = 1914.85 G) is higher than that acquired
for other samples, where the value of coercive, H_, for CFO
NPs , ZCFO NPs , and MCFO NPs is 1617.30 G, 213.93 G,
and 819.34 G, respectively.

Additionally, spinel ferrite NPs’ coercivity depends on
many parameters such as internal strains, particle size, lattice
imperfections, magneto-crystalline anisotropy, dislocations,
and secondary phases [110].

The remanent magnetization ratio (M,/M,) decreases
from 0.5233 for CCFO NPs sample to 0.1346 for ZCFO NPs
sample. This result refers to the reduction of the anisotropic
behavior within the studied ferrite samples [24].

Our results highly support the application of metals sub-
stituted CFO NPs in the areas of photo-catalysis and bio-
medicine [111, 112]. The B-sites have a significant role in
the catalytic producer, due to the presence of large distances
from the each other whereas the A-sites catalytically inac-
tive. The substitution of the Fe** ions with the Zn**, Cu?*,
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and Mn?" ions caused defects in the lattice of the spinel fer-
rite system. The presence of defects improved the efficiency
of photo-catalytic degradation [113].

4 Conclusion

Facile and eco-friendly sol-gel method was used to prepare
metals substituted cobalt ferrite CFO NPs (Co,_ M, Fe,0O,
NPs; M=Zn, Cu ,and Mn; x=0.00, and 0.50). X-ray diffrac-
tion and infrared spectra indicated the presence of cubic spi-
nel phase. The isotherms for Co, sM,, sFe,0, NPs; M=Zn,
Cu, and Mn reveal class IV behavior, as expected for a
mesoporous material. The specific surface area of ZCFO
NPs is 26.87 m*g~! which is higher than those obtained for
MCFO NPs (24.40 m%g~!), CFO NPs (7.31 m?g™!), and
CCFO NPs (5.01 m?g™") which attributed to the small crys-
tallite size and huge porosity. The stiffness constants and
elastic moduli are decreased with replacement Zn**(0 pg),
Cu?*(1 ug), Mn?*(4.5 ) ions to Co?* ions (3 pg) in the host
CFO NPs. Despite the convergence of the values of ionic
radii of the substituted ions, however, the magnetization is
strongly influenced due to the difference of the magnetic
moment of the substituted ions. The recorded hysteresis
loops confirmed that replacing cobalt ions with Zn**, Cu®*,
and Mn?" ions has an extreme effect on the magnetic proper-
ties of CFO NPs. The metallic cations of cobalt ferrite sam-
ples have the possibility of occupying two positions form-
ing either octahedron or tetrahedron by binding with six O,
anions or four O, anions, respectively. EDX data confirmed
the production of pure nanostructured ferrites without any
impurities. [CP-OES confirmed the presence of Mn, Zn, Fe,
Cu, and Co cations. Moreover, it is clear that metals’ con-
centration was increased at the expense of Co®* ions in the
prepared samples. HR-TEM images of the prepared ferrite
NPs reveal the spherical shape in the nanometer range. We
think that the observed high surface area and reasonable sat-
uration magnetization and coercivity values of our samples
make them promising materials in screen-printed electrodes,
biomedical, and photo-catalytic applications. Some of the
challenges need to overcome in the future are understand-
ing the procedures of the generation of these nanomaterials
and scaling-up engineering investment required to the vari-
ous purposes. Regulating equipment, agglomeration of the
nanomaterials, and composite structural design are usually
the principal obstetrical for scaling-up engineering.
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