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The use of reverse micelles as nanoscale hydrophilic voids of microemulsions in the
manufacture of ferrites has been recognized since the 1960s, but there has been very little
attention on the structural and magnetic properties with respect to surfactant concentration.
This paper investigates the influence of surfactant sodium dodecyl sulphate (SDS)
concentrations on cobalt ferrite (CoFe,O,4) nanoparticles prepared by reverse micelles at
annealing temperatures 250°C and 500°C. Samples with varied cobalt to SDS ratios (Co:
SDS = 1: 0.33, 1: 0.5, 1: 0.66) were subjected to XRD, TGA, TEM, FTIR and VSM
Studies. All the samples exhibited single-phase spinel structures with crystalline diameters
ranging from 10 to 18 nm. As the SDS concentration increased the crystallite size
decreased. The TEM images showed the particle size in the range of 7.6 -17.7 nm. VSM
investigations show the ferromagnetic behavior of the sample. The observed increase in
coercivity with respect to annealing temperature for the same concentration reflects the
single-domain nature of the nano particles. This underscores the crucial role of annealing
conditions in customizing cobalt ferrite nanoparticles as a suitable application in
longitudinal magnetic recording media.
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1. Introduction

Ferrite magnetic nanoparticles have always remained as one of the most intensively
researched and studied materials for its wide applications, including ferrofluid technology,
magnetic refrigeration, magnetic resonance imaging (MRI), high-density recording, spintronics,
anti-tumor drug delivery, magnetic hyperthermia, and others [1-4]. Cobalt ferrite nanoparticles
have garnered a lot of interest because of their mixed spinel structure, which contains divalent
cobalt cations and trivalent ferric cations at A and B sites in the lattice [5]. Cobalt ferrite
(CoFe,0,) possesses remarkable physical and mechanical properties, as well as being
exceptionally chemically stable and electrically insulating [6,7]. These exceptional characteristics
make cobalt ferrite a viable contender for a broad range of medical applications [8].

The goal of various methods for synthesizing ferrite nanoparticles is to match their
features, such as particle size and distribution, shape, degree of agglomeration, and particle
composition, to specific applications. Controlling these qualities allows you to improve the
performance of nanoparticles in a variety of applications, including magnetic data storage,
biological imaging, catalysis, and environmental cleanup. Sol-gel [9], co-precipitation [10],
microemulsion [11], and other popular methods that are used, have their advantages and
limitations.
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As each feature is tied to the characteristic length scale, particle size is an important
parameter in changing the properties. Bottom-up techniques employ chemical processes to create
nanoparticles from atomic or molecular precursors, allowing the precursor particles to grow. The
key to getting the correct chemical and physical qualities is to stop or slow the growth of particles
to the desired size. Improved particle size control, dispersity, homogeneity, and low energy usage
are further advantages of reverse micellar synthesis over previous bulk and wet techniques [12].

Reverse micelle method was used to prepare nano particles of cobalt ferrite at varying
concentrations of SDS. In this method, different reactants are added to two separate
microemulsions consisting of the following- surfactant, cosurfactant, oil-phase liquid, and water
(aqueous solution). The surfactant acts as a separating layer, which is referred as an interface, and
is a medium between the polar water and non-polar oil phases. In the reverse micelle method, the
surfactant forms a spherical shell microstructure between these two phases, in which a small
amount of water is dispersed in the oil phase. The micelle size is controllable by adjusting the
volume of surfactant and water. Inside the micelle, the presence of water is vital in the formation
of nanoparticles, acting as a confined reaction environment. Reverse micelle which are of small
size, limits the diffusion of reactants, and determines the way in which the size and shape of the
nanoparticle is formed [13-18].

2. Materials and preparatory methods

Cobalt nitrate hexahydrate [Co (NO3),.6H,O], Iron nitrate hexahydrate [Fe (NO;),.6H,0],
Sodium dodecyl sulphate salt (SDS), n-Hexane (99%), 1-Butanol of analytical grade HIMEDIA
was utilized without any additional purification. The precursor solution is obtained by dissolving
the metal nitrates in the required proportions distinctly in the relevant amount of deionized water,
then mixing and stirring for an hour, which is then used for the following processing technique.

[ | H,O ‘ + ‘ SDS ‘+| n-Hexane |+‘ I-butanol ﬂ

I |
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Fig. 1. Schematic representation of reverse micelle synthesis of Cobalt Ferrite nanoparticle.

We created two micro-emulsion systems using the reverse micelle approach (Fig. 1) by
mixing the following — SDS, water, 1-butanol, and n-hexane in the appropriate ratios. After one
hour, we observed a stable micelle formed with a clear, transparent. In one of the micro-emulsion
systems, we dissolved the precursor solution, also we added SM NaOH (reagent) solution to the
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other micro-emulsion. The two resulting microemulsions were combined and magnetically swirled
for an hour. Within the reverse micelle nanoreactors, cobalt ferrite is precipitated. Then to
eliminate the water content, we dried the resultant substance for a period of 6 hours at 90 °C in a
hot air oven[19-20]. For further investigation, the dried powder (as-prepared sample) was
homogeneously mixed in the agate mortar for 10 minutes using a pestle. To test the impact of
SDS, samples with varied cobalt to SDS ratios (Co: SDS = 1: 0.33, 1: 0.5, 1: 1) were used.

3. Results and discussions

The sample (Co-to-SDS ratio of 1:0.5) was subjected to an XRD study to ascertain
whether the intended material was obtained. Peaks of 111, 311, 400 and 440 observed in the XRD
pattern (Fig. 2) shows the commencement of ferrite formation, and the noise present in the XRD
pattern suggests a need for improvement of the crystallization process through further heat
treatment. The presence of wider peaks denotes the particles are very fine and the noisy pattern
represents the amorphous nature present in the sample. To increase the crystallinity further heat
treatment is necessary [21,22].

Reverse Miscelle Method-As prepared powder
1500 -] Co;SDS=1:05
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Fig. 2. Cobalt ferrite(as-prepared) XRD pattern.

To identify the temperatures at which the crystallization is completed and ferrite formed,
DTA and TGA studies were conducted on the samples.
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Fig. 3. TGA & DTA pattern of as-prepared cobalt ferrite.
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To generate breakdown profiles, the material underwent heating in a nitrogen atmosphere
starting from 32°C and reaching 1000°C at a rate of 10°C/min. The sharp weight loss of the
sample from 32°C to 250°C in the curve of TGA is associated with the endothermic peak at 67°C,
and it gradually decreases till 700°C, and there is found to be no further loss of weight after 700°C.
The endothermic peak below 100°C is attributed to the removal of the solvent. Exothermic peak
observed at 240°C is attributed to the removal of the surfactant and the OH group. While
exothermic peak observed at 570°C is because of the crystallization of the amorphous to a cubic
phase of CoFe,04[23].

Fig. 4 (a to c), shows the FTIR spectrum of all samples in 4000-400 cm™' range. As per our
observation, the band around 593 cm™ is due to the stretching vibrations of the (M ( -O) bond at
the tetrahedral site [24]. Due to the limitations of the instrument, the octahedral site (M .-O)
bond is not seen properly.
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Fig. 4. (a-c) FTIR spectra of Cobalt Ferrite samples with different SDS concentration.

The absorption band observed around 3430 cm™ and 1600 cm ™ are the result of vibrations
of (O-H) stretching mode and (H-O-H) bending mode [25,26].These bands are found to decrease
in intensity after heating in all three as-prepared samples . We also note that aliphatic (C-H)
species stretching mode results in the weak band at 2910 cm™. The absorption band at 1060 cm™ is
assigned to -S=0 stretching vibrational modes of sulphonic acid group present in SDS [27,28].

Notably, no significant shift in wave number corresponding to the tetrahedral site points
out to the possibility of no change in cation distribution with variation in SDS content. The FTIR
spectra analysis shows that cobalt ferrite nanoparticles may be synthesized using the reverse
micelle approach with various SDS concentrations and proving that heating has an effect on the
prepared samples.
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Fig. 5a, and 6a show the X-ray diffraction (XRD) for the synthesized samples of cobalt
ferrite nanoparticle with ratio Co: SDS=1:0.33, 1:0.5, and 1:0.66 at annealing temperatures of
25000C and 50000C , and observed that all the peaks represent spinel ferrite structure (JCPDS
PDF #221086) [29]. The peaks are observed to be more intense and narrower as the annealing
temperature is increased. The increase in annealing temperature may have improved the
crystallinity. We also used FullProf software based on the Fd 3m space group to analyze the XRD
data by the Rietveld refinement method.
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Fig. 5. (a) Cobalt Ferrite XRD pattern with varying concentration of SDS at 250 °C. (b) Rietveld
refinement pattern of Cobalt Ferrite with varying concentration of SDS at 250 °C.

(311}

S00°C : 1 l

I 1 0.66
|
M\JM'MMW
)
£ 5 500°C J
o
.g 90 | 0.5 LA | i 1 0.5
g’ "-;" MWKJWM'
80—
g 5 s
g T0o ‘_{:' El _ §
8 = - =
“] §,, ‘ '?. e 0.33
504 0.33 P TR L S L Pt g | e
40 T T T T T T 1 J ) : V ‘ ) V )
20 30 40 50 &0 70 a0 10 20 30 40 50 60 70 30
2u(degrees) 20 (deqrees)
(a) (b)

Fig. 6. (a) Cobalt Ferrite XRD pattern with different SDS concentration at 500 °C. (b) Rietveld refinement
pattern of Cobalt Ferrite with varying concentration of SDS at 500 °C.

The unit cell volume (V), X-ray density (dy), specific surface area (S) and Crystallite size
(D) by the Scherer equation [30] are calculated by the following expression:

V=a (1)
<=y )
§=-" (3)
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kA
b= Bcos 6 (4)

where Z =8, M, N, A are the number of molecules per unit cell, molecular weight for each sample,
Avogadro’s number, k is the Scherer factor (0.9), f is the full width half maximum (FWHM), and
A =1.5406 ° A is the wavelength of X-rays used for recording the diffraction patterns.

Table 1 values agree with previously declared studies of cobalt ferrite, which approve the
formation of spinel structure with good densification [31]. Crystallite size obtained from the
FWHM of a diffraction peak may include the effects of micro strain and instrumental broadening.
Separation of the size and strain components can be done using the Williamson-Hall plots (W-H
plots) [32,33]. The crystallite size estimated from the W-H plot as displayed in Table 1 looks to be
more precise because of making the strain component zero. Also, the Table 1 values corroborated
that with the increase in SDS concentration the crystallite size decreases. Surfactant concentration
may be a hindering factor resulting in a reduced agglomeration by controlling the interaction
between the nanoparticle.

Table 1. Lattice constant values (in A) and crystallite size with different Co : SDS ratio at 250 °C and 500 °C

of cobalt ferrite.
Annealing Co: SDS | dy Lattice constant Crystallite size D | Unit cell | Specific  Surface
temperature | ratio (gem™) | ‘@’ (A) (nm) volume V (A’) |areaS (A?)
(°C) Experi | Rietveld | Dseperer | Dwenn Experi | Rietv | Experi | Rietveld
mental plot mental | eld mental
12.29 12.99 586 576 91.8
1:0.33 5.315 8.3705 | 8.3671 86.8
250 11.74 12.73 586 587 96.1
1:0.5 5.314 8.3709 | 8.3758 88.6
10.28 10.19 586 583 109.7
1:0.66 5.315 8.3702 | 8.3641 110.7
17.65 20.45 587 589 63.9
1:0.33 5.310 8.3725 | 8.3751 55.2
500 13.33 18.39 587 579 84.7
1:0.5 5.311 8.3722 | 8.3768 61.4
13.14 18.07 587 586 85.9
1:0.66 5.311 8.3723 | 8.3646 62.5

Fig. 7, 8, and 9 (a to ¢) shows Transmission electron micrographs (TEM) of cobalt ferrite
with varying Co: SDS ratio at different annealing temperatures. Fine and uniform particles were
observed using TEM pictures.

Fig. 7. TEM (a-c) with inset of histograms (particle size) samples with Co: SDS =1:0.33.




Fig. 9. TEM (a-c) with inset of histograms (particle size) samples with Co: SDS =1:0.66.

The particle size (average) was calculated for a sample using images of TEM. The particle
size distribution chart was created with Gaussian function and we computed the mean particle size
to arrive at the results shown in Fig. 7, 8, and 9. The histogram of the distribution is displayed for
each sample at 250°C and 500°C. The annealing process is observed to increase average particle
size (Table 2) as it reduces lattice defects and strains, leading to the merging of crystallites [34—

36].

Table 2. Cobalt ferrite particle size with different Co : SDS ratio at different annealing temperatures.

Co: SDS ratio

Annealing temperature

Particle size (nm)

as-prepared 11.5

1:0.33 250 12.0
500 17.7

1:0.5 as-prepared 10.0
250 11.5

500 14.5

1:0.66 as-prepared 7.6
250 10.4

500 13.5
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Between SDS concentration and particle size, there is an inverse correlation observed,
indicating that excess SDS causes positive entropy due to SDS adsorption. This leads to a
compensatory measure to reduce entropy, causing a decrease in particle size. This observation is
consistent with previous studies [17, 37]. The nearly proportionate relationship between the
average particle size (TEM) and estimated crystallite size (XRD) indicates the single domain
nature of all the samples [38, 39].

Fig. 10a and b shows the magnetic hysteresis loops (room temperature) of cobalt ferrites
with different Co to SDS ratios at annealing temperatures of 250°C and 500°C . As previously
reported, the samples demonstrate ferromagnetic behavior with lower particle sizes. [35].
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Fig. 10. Cobalt ferrite hysteresis loops with different SDS concentration at 250 °C and 500 C.

The magnetic properties, Ms, Mr, Hc, K , Mr/Ms are shown in Table 3. All samples had a
squareness ratio (R) of remanence to saturation magnetization (Mr/Ms) substantially below 0.5,
that demonstrates that particles have a strong magnetic interaction [34].

The present work shows that Ms value increases with rising annealing temperature and
particle size as per previous studies [40].

In this work, sample containing larger SDS concentration of 1:0.66 has the largest Ms
value but reports the lowest Hc value at both the annealing temperature. This decrease in Hc value
at higher concentration of SDS could be the result of higher surface disorder caused by smaller
particle size [27]. The high coercivity values reported by this paper, make them a good candidate
for longitudinal magnetic recording media applications [41].

Table 3. Magnetic parameters of cobalt ferrite from hysteresis loop with ratio Co.: SDS at different
annealing temperatures.

Annealing Co: Wave Saturation Retentivity | Coercivity | Squareness | Magnetic
temperature | SDS number magnetization | M, (emu/g) | H,(Oe) ratio M,/M; | anisotropy
(°C) ratio vi(em™) | M; (emu/ g) K
xlOé(erg/cms)
250 1:0.33 | 592 43.10 12.70 836 0.290 0.09926
1:0.5 592 41.20 13.87 1099 0.336 0.08608
1:0.66 | 592 46.16 11.31 658 0.245 0.11864
500 1:0.33 | 593 57.68 29.19 2617 0.500 0.13686
1:0.5 593 55.77 21.19 1379 0.379 0.10491
1:0.66 | 593 61.11 23.61 1113 0.386 0.13887
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Fig. 11. Cobalt ferrite samples M-H experimental data fitting with varying SDS concentration
at 250°C and 500 C.

To understand magnetization behavior, Law of Approach to Saturation Magnetization
model [42-44] has been fitted to magnetic curves and Fig 11a and 11b shows the fitting for the
samples. The anisotropy constant was calculated from the fitting method and listed in Table 3.

The magnetization curve depicts that the saturation remains unachieved even though an
external magnetic field up to 1.6T has been applied. The tiny particle sizes of the produced
samples could be the cause of this. As the size of the particle reduces, the surface anisotropy
becomes predominant, thermal effects will become dominant at room temperature in such a case as
well, and due to this, saturation cannot be achieved at room temperature. With an increase in
particle size, saturation effects are noted, this is also visible from rise in M, and a fall in H, values.
Table 3 shows a positive and direct correlation between the anisotropy value and the annealing
temperature.

Table 4. Cobalt ferrite samples anisotropy constant synthesized at 250 °C and 500 °C by various
synthesis method.

Synthesis Annealing Temperature | Anisotropy constant(K;) | Reference
°C x 10° erg/cm’
Sol-gel 350 0.050
500 2.750 [33]
Co-precipitation method | 600 3.860 [36]
Citrate Method 200 0.138
400 0.843 [45]
600 2.210
Co-precipitation method | 200 0.100
400 0.388 [45]
600 1.010

The magnetic anisotropy values of this study are smaller compared to the findings for
Cobalt ferrite in Table 4, which may be because of the superior saturation magnetization observed
for a smaller particle size and is also supported by low squareness ratios. Cobalt ferrite exhibits a
more amorphous nature at low SDS concentrations, whereas at 1:0.66 SDS concentrations, better
crystallinity of cobalt ferrite without any amorphous nature is the cause of the increase in magnetic
anisotropy and saturation magnetization. As per XRD Pattern, the crystallinity of cobalt ferrite is
lower at 250°C annealing temperature, which accounts for the low saturation magnetization,
retentivity, and coercivity values reported above.
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4. Conclusion

The purpose of this preliminary investigation was to establish the optimal amount of SDS
surfactant needed to synthesize crystalline cobalt ferrite and to evaluate its influence on the
structural and magnetic characteristics. The interplanar spacing (d-values) and lattice constants of
the cobalt ferrites were compatible with the reported values, according to XRD investigations. The
average particle size determined from TEM images increased with increasing temperature and
reduced with rise in the content of SDS.

Additionally examined were the produced cobalt ferrite’s magnetic properties. Higher
coercivity values obtained in this study could imply the presence of a single-domain nature in the
material, which can be linked to better spin alignment. The squareness ratios of all samples were
less than 0.5, indicating strong magnetic interaction between particles. High magnetization (Ms )
and coercivity (He ) values from M-H-loop make these materials a potential candidate for use as
longitudinal magnetic recording media.

Our research emphasizes the importance of surfactant SDS in influencing and controlling
the structural and magnetic properties of synthesized cobalt ferrite nanoparticles. All our results
show that by careful adjustment of the synthesis conditions we can identify the ideal SDS
concentration and a right annealing temperature for synthesizing the above said crystalline
nanoparticles. This study's findings could have far-reaching ramifications for the design and
production of other functional nanomaterials with desired features.
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