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ABSTRACT

Non-thermal plasma (NTP)-assisted catalysis offers a promising avenue with diverse applications,
particularly in air and water treatment. This study aimed to investigate the utilization of NTP discharge
for the synthesis of magnetically active nanoparticles (MANps). We have demonstrated that the NTP
discharge-assisted low-temperature calcination effectively induces surface modification and
crystallization, thereby enhancing magnetic susceptibility. Specifically, a 30 min plasma treatment at
200°C (CF-P-200) facilitated the formation of crystalline particles, a phenomenon that was absent in
materials synthesized without plasma treatment under similar operating conditions. High-resolution
microscopy revealed an average particle size of about 6.7 nm, while EDX analysis unveiled surface
oxygen defects in CF-P-200 compared to materials synthesized by conventional calcination at 600°C
(CF-T-600), resulting in a narrower bandgap (1.9 eV). Magnetization measurements conducted using
vibrating sample magnetometry (VSM) displayed superior magnetic properties of plasma treated
MANDps, with a magnetization (Ms) of 91.80 emu/g and coercivity (Hc) of 888 Oe. These values
outperformed those of materials calcined at 600°C (Ms: 64.53 emu/g, Hc: 1289 Oe), emphasizing the
efficacy of NTP discharge in enhancing magnetic characteristics during material synthesis.
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1. Introduction

The preparation of nanomaterials holds tremendous promise across diverse scientific and technological
domains, including drug delivery, electronics/optics, catalysis, antibacterial agents, and more, owing to
their exceptional properties. Magnetically active nanoparticles (MNPs) have demonstrated significant
potential in various fields due to their magnetic, electronic, physical, and chemical characteristics [1].

Among the MNPs, spinel cobalt ferrite (CoFe,O4) has found widespread applications such as magnetic
hyperthermia [2], drug delivery [3], magnetic resonance imaging [4], recyclable nano catalysts [5], and
biosensors [6]. In comparison to other spinel ferrites, CoFe2O4 NPs exhibit high magneto-crystalline
anisotropy [7], high coercivity, moderate saturation magnetization (MS), excellent chemical stability,
and mechanical hardness at room temperature [8].

The magnetic property of CoFe,O4 particles is influenced by their size, shape, and purity. Thus, the
synthesis step is a crucial for the final product's magnetic characteristics. Various methods for CoFe>O4
synthesis have been reported, including coprecipitation, sol-gel combustion, solvothermal,
microemulsion, mechanical milling, and hydrothermal methods [9]. Among these methods,
coprecipitation is widely used for its ability to form high-purity, homogeneous, and crystalline NPs
without demanding complex equipment or hazardous materials [10].

Previous studies have highlighted the significance of the synthesis method, annealing temperature, and
treatment time in controlling the crystallite size and magnetic properties of CoFe>O4 [11]. Sundararajan
et al. synthesized Coi - x Zn, Fe;O4 nanostructures using the microwave combustion method with L-
arginine as fuel, achieving crystallite sizes of 32-45 nm. These structures, confirmed by XRD and
Rietveld refinement, exhibited varying magnetic properties, with magnetization (Ms) decreasing from
65.84 t0 9.87 emu/g at x=0.1 and increasing from 42.49 to 59.42 emu/g at x=0.2 to 0.5 [12]. In another
study, the same authors synthesised Coi1—~ZnsFe20a using urea, resulting in crystallite sizes of 3.07-11.30
nm and band gaps decreasing from 2.56 to 2.17 eV as the Zn content increased. These ferrites exhibited
soft magnetic properties, with magnetization (Ms) ranging from 14.26 emu/g (pure CoFe>0s) to 29.61
emu/g (Coo.7Zno.3Fe20a4) [13].

However, the traditional high-temperature calcination process, typically conducted in electrically
heated furnaces, poses energy efficiency challenges. The magnetic anisotropy of cobalt ferrite
nanoparticles, synthesized through the combustion reaction, has been studied, revealing a significant
dependence on both reaction temperature and cobalt concentration [14].

Consequently, there is a growing interest in utilizing various plasmas for material preparation to enhance
size and structure control, leading to improved catalytic properties. Non-thermal plasma (NTP), a
partially ionized gas with highly reactive species such as ions, electrons and radicals. These active
species yield catalysts with unique characteristics compared to those prepared using traditional thermal
methods [15]. NTP, includes various types such as microwave discharges (MW), radiofrequency
discharges (RF), direct current and alternating current glow discharges (GD), dielectric barrier
discharges (DBD), and corona discharges [16].

This study reports the utilization of NTP discharge, specifically DBD plasma, to synthesis materials at
low temperature, resulting in noteworthy magnetic properties and reduced band gaps. Cobalt ferrite
(CoFe»0s4) nanoparticles were synthesized by (i) calcination at 600 °C (CF-C-600), and (7i) plasma
treatment at 200 °C (CF-P-200). The resultant samples underwent comprehensive characterization
through magnetic measurements, UV, SEM, TEM, and XRD analyses. Magnetic properties were
examined using a vibrating sample magnetometer (VSM). The adoption of DBD plasma for material
synthesis not only showcases potential breakthroughs in materials science but also holds significant
promise for the development of advanced materials with versatile applications across diverse industries.

2. Experimental



2.1. Material synthesis

Analytical-grade chemicals were purchased from Sisco Research Laboratory, India, and used without
further purification. The co-precipitation method was used to prepare cobalt (II) hydroxide and iron
(ITIT) hydroxide. 2 mmol of ferric nitrate (Fe(NO;3);.9H,O) and 1 mmol of cobalt nitrate (Co
(NO3)2.6H,0) were dissolved in 200 ml of distilled water under continuous stirring. To that, 10 ml of
5% NaOH solution was added dropwise with constant mixing. The resulting precipitate was centrifuged
and washed using distilled water then dried overnight at 60°C in a hot air oven [17]. The dried
precipitate was treated by the following procedures: (i) calcined under air at 600°C for 5 h (CF-C-600),
and (i) treated by plasma discharge at 200°C for 30 min (CF-P-200).

2.2. Plasma reactor and experimental setup

A detailed description of the quartz tubular reactor and plasma discharge ignition conditions were
reported elsewhere [18]. A cylindrical quartz reactor is consisting of 60 cm length, outer diameter (OD)
of 2.5 cm, wall thickness of 0.3 cm, and an inner diameter (ID) of 1.9 cm. A high-voltage electrode
made of stainless steel with 1.2 cm OD was centered in the middle of the quartz tube, which leads to
0.35 cm discharge gap. The discharge length was fixed at 10 cm by wrapping stainless steel mesh around
the quartz tube. The step-up transformer was used to generate the plasma discharge (Jayanti
Transformer, Chennai, India). Electrical parameters were determined using two high-voltage probes
with a 1:100 attenuation ratio (Zeal Manufacturing Service Limited, Pune, India), which were connected
to an oscilloscope (Keysight, 70 MHz 2 Ga s) in accordance with Fig.1. The applied and discharge
voltage, within the reactor, was determined utilizing the Lissajous method [19].
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Fig.1. General schematic diagram of the experimental setup.
2.3. Plasma assisted material synthesis

About 0.5 g of prepared material (cobalt (II) hydroxide and iron (III) hydroxide) was loaded in the
middle of the quartz reactor (Fig. 1). To ensure most of the material is exposed to plasma discharge, the
material was dispersed in quartz wool, sandwiched, and placed in the reactor. For the material synthesis,
ultra-pure gases (5% H2/Nz, 99.999%, Rana Industrial, Chennai) was employed. The total gas flow rate
was fixed at 100 mL/min using calibrated mass flow controllers (MFC, KOFLOC, Japan) unless
otherwise mentioned. Before igniting plasma discharge the furnace was pre-set at 200°C, and
maintained for 30 min. Subsequently, the plasma was ignited using input voltage of 16 kV and frequency
of 50 Hz (the corresponding power is 2.5 W) and conditions sustained for 30 min, and the material
labelled as CF-P-200. It is noteworthy to mention that, to prevent any electrical interference, the furnace



was turned off during the plasma treatment. Despite this precaution, a temperature difference of
approximately £10°C was observed before and after the plasma treatment.

2.4. Material synthesis by calcination

As synthesized material (cobalt (II) hydroxide and iron (III) hydroxide) was calcined at 600°C under
5% Hy/N> (100 mL/min total flow). The tubular furnace temperature was raised with the ramp of
10°C/min and maintained at 600°C for 5 h. Then, the furnace was cooled down to room temperature.
The synthesised material was labelled as CF-C-600.

2.4. Material characterization

The crystal structure was analysed using a PANalytical Xpert3 X-ray diffractometer (XRD, 40 kV, 40
mA, Cu-Ka (1.54 A) radiation, scan rate of 1°/min and a time of 0.5 s/step). Particle size was
determined through High-Resolution Transmission Electron Microscopy (HR-TEM, JEOL Japan JEM-
2100 Plus instrument). The secondary electron (SE) imaging mode was used to obtain detailed surface
and compositional information. The images were captured in dark-field (DF) modes to enhance contrast
and provide different perspectives on the sample's structure. The particle morphology was analysed
using field-emission scanning electron microscopy (FE-SEM, Thermo Scientific Apreo S, USA), and
the composition was assessed using energy-dispersive spectroscopy (EDS). The measurements were
conducted at room temperature under high vacuum conditions, with an acceleration voltage of 20 kV.
Imaging was performed using a secondary electron detector. Surface elemental composition and the
electronic state of surface elements were examined using X-ray Photoelectron Spectroscopy (XPS, PHI
Versaprobe I1I/Physical Electronics system). Data collection was performed at room temperature using
monochromatic Al-Ka radiation (1486.6 e¢V) as the X-ray source. The analysis was conducted in the
high-vacuum mode with a base pressure of approximately 10 ~ Torr. Survey scans were recorded over
a binding energy range of 0-1100 eV at a pass energy of 117.4 eV, with a step size of 0.1 eV. The
Ultraviolet-Visible (UV-Vis) spectrophotometer (SHIMADZU, UV 3600 PLUS) was employed to
measure material absorbance and understand its optical properties. Magnetic properties of the material
were measured using a Vibrating Sample Magnetometer (VSM, Lake Shore) at 300 K. The magnetic
hysteresis loops were recorded in a magnetic field range of £10,000 Oe. The measurements were
performed with a sensitivity of 10"-6 emu and a maximum field change rate of 100 Oe/s.

3. Results and discussion

The crystal structure of nanoparticles plays a pivotal role in determining their physical, chemical, and
magnetic properties. To gain insights into the crystal structure of the synthesized CoFe,O4nano particle,
X-Ray Diffraction (XRD) analysis was utilized. As illustrated in Fig. 2 (a), the XRD pattern of CF-P-
200 and CF-C-600 samples unequivocally confirmed the presence of the pure cubic spinel CoFe;O4
phase, consistent with JCPDS card No. 22.1086. The diffraction pattern revealed well-matched peaks
corresponding to characteristic reflections suchas (1 11),(220),(311),(222),(400),(422),(51
1), (4 4 0), and (5 3 3) at respective 20 positions. These reflections confirm the formation of CoFe;O4
with a cubic spinel structure, specifically characterized by the Fd-3m space group. The Fd-3m space
group indicates a face-cantered cubic structure with a high degree of symmetry [12]. In this structure,
cobalt ions typically occupy the octahedral sites, while iron ions are distributed between the octahedral
and tetrahedral sites of the spinel lattice [13]. The distinct planes and peaks verified the formation of
the spinel structure. It is reasonable to infer that 30 min plasma treatment efficiently converted cobalt
and iron hydroxide to cobalt ferrite (CoFe>O4) [20].

Interestingly, the diffraction peaks exhibited increased sharpness and narrowing with high calcination
temperature. The crystallite size (D) was estimated from the intense peak, particularly (3 1 1), for both
plasma-treated and calcined samples using the Debye Scherrer formula (Equation 1).

__ 0.89x4
- BxcosO

Equation 1



where A is the wavelength of Cu-ka radiation (A = 1.54 A), B and 0 are Full width at Half Maximum
(FWHM) and diffraction angle, respectively [21]. Significantly, the crystallite size increased from 12.4
nm (CF-P-200) to 21.8 nm (CF-C-600). The XRD data strongly support the conclusion that plasma
treatment at 200°C for 30 min resulted in a smaller crystallite size compared to samples calcined at
600°C. Moreover, the CF-P-200 sample exhibited broader peaks compared to the CF-C-600 sample,
indicating the nanocrystal phase. This suggests that the reduced crystallite size could enhance optical
and catalytic properties.
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Fig. 2. (a) XRD patterns of plasma treated at 200 °C (CF-P-200) and calcined at 600°C (CF-C-600),
(b) Rietveld refined XRD patterns CF-P-200, and (c) CF-C-600. Plasma treatment conditions: 16
kV, and 50 Hz.

Rietveld refinement analyses were performed for plasma treated (CF-P-200) and calcined (CF-C-600)
samples using FULLPROF program and reported in Fig. 2 (b) and (c), respectively [22]. The
refinements were performed for the Fd-3m space group. The measured XRD patterns of the plasma-
treated and calcined samples were in line with the calculated patterns, and no new phases were observed.
The bottom curve suggests that the observed patterns matched with the inverse spinel structure [23].

The surface morphology and particle size of the material were characterized using HR-TEM, and the
results are presented in Fig. 3. The CF-C-600 sample exhibits a nearly hexagonal shape [24] with an
average particle size of 24.1 nm. This value is consistent with the average crystallite size calculated
using Debye-Scherrer formula (21.8 nm). However, in the plasma-treated sample, a noticeable
reduction in particle size is evident, with an average particle of 6.7 nm, which is about 3.5 times smaller
than calcined sample. This small particle size of CoFe,O4 may be correlated with the surface defects
induced during plasma treatment. These defects encompass vacancies, dangling bonds, and structural
rearrangements at the atomic or molecular scale [25]. When surface defects are created, they weaken
the bonds that hold particles together. Consequently, small particles are formed [26,39]. While the
crystallinity is not fully achieved within a 30-min plasma treatment, the process results in the formation
of small nanoparticles. Therefore, it can be inferred that adjusting plasma treatment conditions, such as
time, plasma input power, and gas composition, could enhance crystallinity while maintaining a small
particle size.



Average particle size - 6.7nm
‘ (a)

Particle size(nm)

Average particle size - 24.1nm

Particle size(nm)

Fig. 3. HR-TEM images of (a) CF-P-200 and (b) CF-C-600.

The results reveal the uniform formation of hexagonal particles, suggesting the potential for CoFe;O4
nanoparticles to possess high magnetic properties [27]. In conclusion, the plasma treatment significantly
influences the formation of CoFe;O4 nanoparticles. Consequently, the study emphasises the efficacy of
plasma treatment at low temperatures in modifying and optimizing the magnetic characteristics of the
material.

Furthermore, to compare the surface topography of spinel CoFe;O4 nanoparticles SEM/EDX
spectroscopy was used and the images are reported in Fig. 4. It is evident from both images that large
particles are present on the surface owing to agglomeration. This clustering is likely the result of
magnetic interactions among ferrite nanoparticles stemming from their inherent magnetic properties.
Additionally, the bonding of primary particles due to weak surface forces like van der Waals interactions
contributes to this agglomeration phenomenon. Notably, the sample treated with plasma demonstrates
larger particle dimensions compared to samples subjected to thermal calcination [28,29].

zoo 000 x Standard 20.00kV 8.0 102mm ETD 3.00 ps

Fig. 4. FE-SEM images of (a) CF-P-200 and (b) CF-C-600.

The surface elemental compositions of the materials were examined through EDX spectroscopy, and
the results are reported in



Fig. 5 and summarized in Table 1. It was noted that the elemental composition remained consistent
across the samples.
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Fig. 5. EDX analysis of (a) CF-P-200 and (b) CF-C-600.

Table 1. Chemical composition of CoFe;04nanoparticles prepared by different process.

Atomic (%)

Elements CF-P-200 CF-C-600

@] 61.19 62.21

Fe 25.54 25.21

Co 13.27 12.58
Total 100 100
Fe/Co 1.92 2.00

As shown in Table 1, both CF-P-200 and CF-C-600 samples displayed nearly identical elemental
compositions. However, the plasma-assisted synthesized material exhibited a surface with a lower
oxygen content and a higher concentration of metals. Specifically, the Fe**:Co*? ratio for the plasma-
treated material was 1.92, and this value is in good agreement, within the experimental uncertainty, with
the expected 2:1 ratio [30]. On the other hand, the Fe**:Co*? ratio for the calcined sample confirms the
presence of the spinel structure. These findings underscore the fact that a 30-min plasma treatment at
and 200°C is adequate for achieving nanoparticles with a spinel structure.

Fig. 6 shows the X-ray photoelectron spectra for the surface of CoFe,O4, prepared through plasma
treatment. The low-resolution spectrum is reported in Fig 6 (a), revealing the presence of all constituent
elements. Deconvoluted high-resolution spectra are reported in Fig. 6 (b-d). For O 1s (Fig. 6 (b)), two
distinct peaks emerge at approximately 529.7 eV (Oy) and 531.1 eV (On), corresponding to O-M-O and



vacancy oxygen on the surface, respectively [31]. No other oxygen state associated with adsorbed water
or OH ions on the surface are present, indicating that 30 min plasma treatment has efficiently converted
metal hydroxide into metal oxides.
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Fig. 6. XPS spectra of CF-P-200, (a) full scan, (b) surface oxygen, (c) Fe 2p and (d) Co 2p.

In Fig. 6(c), the Fe 2p spectrum is reported, revealing three distinct peaks. The broad peak, centred at
709.5 eV, can be deconvoluted into two Fe 2p3/2 peaks, which are attributed to multiple Fe*" and Fe**
oxidation states, respectively. Additionally, supporting the existence of Fe*", a satellite peak at 715.5 eV
is observed [35,32]. These observations corroborate the EDX results reported in Table 1, indicating that
iron (Fe) predominantly exists in the +3-oxidation state, thereby contributing to the formation of spinel
ferrite structures. In the Fe 2p spectrum, peaks corresponding to both Fe** and Fe*" are observed, with
Fe*" predominantly located in octahedral (B-sites) positions and, to some extent, in tetrahedral (A-sites)
positions [33].

Deconvoluted high-resolution spectra of the Co 2p series are reported in Fig. 6(d). The Co 2p3/2 and
Co 2p1/2 peaks manifest at 779.1 eV (B-site, octahedral occupancy) and 795.1 eV (A-site, tetrahedral
occupancy), respectively. Accompanying these is a slightly more intense satellite peak at 786.2 eV,
suggesting that the predominant population of high-spin Co?" cations is situated in the octahedral sites
(B-site) on the surface of CoFe,O4. This observation unequivocally confirms the coexistence of Co**
and Co®" cation valence states within the spinel crystal structure of ferrite at both octahedral and
tetrahedral sites [34,35]. The XPS analysis of CoFe204 also reveals a cation distribution indication of
an inverse spinel structure. This mixed valence state distribution of cobalt, coupled with the prevalence
of Fe**, supports the formation of spinel ferrite structures, which in turn contribute to their stability and
magnetic characteristics [36, 13].

The optical characteristics of the sample were assessed through UV-DRS analysis, and the material's
energy band gap was determined, and reported in Fig. 7. The absorption coefficient (o) was determined
using Equation 2. The energy band gap (E,) of the CoFe;Os spinel material was calculated using the
Kubelka-Munk model expressed in Equation 3.
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Equation 2

Here, F(R) is the Kubelka—Munk function, a is the absorption coefficient, and R is the reflectance.
ahv = A(hv - Eg)n Equation 3

In Equation 3, hv, a, A, and n represent the photon energy, absorption coefficient, material parameters,
and transition parameter, respectively, with n=2 denoting indirect transitions. Multiple Wood-Tauc plots

were generated by plotting (ahv)? versus photon energy (hv) to ascertain the optical band gap energy
E, [37,38].

The findings unveiled a band gap energy of 1.9 eV for CF-P-200, while the CF-C-600 displayed a band
gap energy of 2.1 eV. The lower band gap energy exhibited by plasma assisted synthesised nanoparticles
may stem from quantum confinement effects. At the nanoscale, electrons in semiconductors experience
confinement, leading to an augmented energy difference between filled and empty states, effectively
widening the band gap. However, the observed low band gap in plasma-treated nanoparticles could be
attributed to the presence of oxygen vacancy. These vacancies introduce in-gap donor states, thereby
reducing the energy gap between the Conduction Band (CB) and Valence Band (VB) [39]. From the
particle size distribution and their respective band gap energies, it has been observed that for the plasma
treated material, the band gap and particle size decrease due to the surface defects induced during
plasma treatment. These observations underscore the effectiveness of employing plasma discharge at
lower temperatures for the synthesis of optically active materials. Utilizing low temperatures in material

synthesis not only enhances energy efficiency but also offers advantages compared to high-temperature
calcination methods.

1.6 - (a)
5 1.2
&
8
=
]
-E o 300
2 0.8%
ﬁ % 200

Emo
04] | E=19eV
1.0 15 20 25 3.0 3.5 40 45 50
Energy (eV)
200 400 600 800 1000 1200

Wavelength (nm)



1.6 - (b)
= 1.2
&
g
=
<
= ~
™ =
$ 08
ﬁ Ezoo

§'l()(l
,=2.1eV
0.44 g
1.0 1.5 2.0 25 3.0 35 40 45 50
Energy (eV)
200 400 600 800 1000 1200

Wavelength (nm)
Fig. 7. UV-DRS absorbance of (a) CF-P-200, and (b) CF-C-600. The insert reports the Wood-Tauc
plots and band gap calculation.

Magnetic measurements of CoFe>O4 nanoparticles were performed using the VSM, and the results of
magnetic hysteresis measurement at room temperature are shown in Fig. 8. Various studies have
investigated the magnetic properties of metal oxide nanoparticles synthesized via different methods.
Sundararajan et al. examined Coi—CusFe:04 and noted a decrease in magnetic properties with
increasing Cu?* concentration due to cation redistribution, super exchange interaction changes, and
lattice defects [23]. Kanithana et al. synthesised Mg?* substituted NiFe.Oa, and reported fluctuations in
coercivity, saturation magnetization, and remanence attributed to cation rearrangements and surface
imperfections [40]. In another study, Sundararajan et al. synthesized Co:-MgFe>O4 nanoparticles,
where coercivity initially increased then decreased with Mg?" concentration, while remanence and
saturation magnetization generally decreased, attributed to cation redistribution, surface defects, lattice
distortions, and magnetic super exchange interactions [22]. Roniboss et al. synthesized MAL,O4 (M=
Zn and Co) nanoparticles, finding differing coercivity values and remanent magnetization dependent
on factors like cationic redistribution, anisotropy, crystallite size, and shape, highlighting the complexity
of magnetic properties in these materials [41]. In all these reported works, the synthesized materials
were calcined between 500 and 700°C for 1 to 3 h [36]. From the literature it is observed that the method
of synthesis, composition of elements effects the magnetization.

As reported in Fig. 8, it is evident that both plasma-treated and calcined samples exhibited
ferromagnetism. The saturation magnetization (Ms), retentivity (Mr), coercivity (HC), and magnetic
anisotropy (K) values were determined and reported in Table. 2. We observed that subjecting the sample
to plasma treatment (CF-P-200) resulted in higher magnetization and lower coercivity (Hc) as compared
to the calcined sample CF-C-600 [42].

The magnetic anisotropy (K) is influenced by factors such as degree of crystallinity of nanoparticles,
surface area-to-volume ratio, and alterations in inter-particle interactions. The high Ms, and Hc values,
and the lower Mr value, are linked to increased magnetic anisotropy of the particles, which prevents
magnetic moments from aligning efficiently in an applied field [43]. The ease with which the direction
of magnetization reorients to the nearest axis after the removal of the magnetic field is measured by the
rectangular ratio (Rs) [42]. The particles interact through magnetostatic interactions, as indicated by Rs
value being less than 0.5 [17]. The magnetostatic interactions are responsible for the agglomeration of
CoFe,04 nanoparticles, as observed in SEM images.
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Fig. 8. Magnetic hysteresis at room temperature for sample plasma-treated at 200 °C (CF-P-200)
and calcined at 600 °C (CF-C-600).

Table. 2. Saturation magnetization, coercivity, remanence, magnetic anisotropy constant, and
rectangular ratio data obtained from magnetic hysteresis loop for plasma-treated and calcined

samples.
Sample Saturation Retentivity Coercivity Magnetic Rectangular
magnetization Ms M, (emu/g) Hc (Oe) anisotropy K x  ratio Rs M,/M;
(emu/g) 10* (ergs/cm?)

CF-P- 91.80 31.65 888 8.49 0.34

200
CF-C- 64.53 25.25 1289 8.66 0.39

600

This method not only demonstrates energy efficiency but also offers distinct advantages compared to
high-temperature methods

Table 3 reports the saturation magnetization (Ms) values for CoFe,O4 synthesized by various methods
and calcination temperatures. Low Ms values have been achieved either by high-temperature (160-
1150°C) calcination or prolonged treatment (3 to 20 h). However, similar saturation magnetization has
been accomplished by low-temperature (200°C) plasma treatment for a very short duration (30 min).
Thus, it can be concluded that using low-temperature plasma discharge to synthesize magnetically
active materials is effective. This method not only demonstrates energy efficiency but also offers distinct
advantages compared to high-temperature methods

Table 3. Comparison of Saturation Magnetisation (Ms) of CoFe;O,4 material synthesised by
various method.
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Saturation

Material Synthesis method Temperature | Time magnetization Reference
(Ms)
CoFex04 Hydrothermal 160°C 20 h 58.96 emu/g 44

Sol gel combustion

CoFex04 method 1150°C 4h 95.40 emu/g 45
CoFe,04 | Co-precipitation method 1000°C 4h 168 emu/g 46
CoFe,04 Solvothermal method 160°C 12h 51.8 emu/g 47
CoFe,0, | Rosemary-assisted sol- 750°C 3h 50 emuw/g 48
gel method
CoFe,0, Co-precipitation/Non- 200°C 39 91.8 emu/g In this
thermal plasma min work

4. Conclusions

Plasma treatment has demonstrated a favourable influence on the magnetic attributes of CoFe;Os. This
positive transformation is primarily attributed to the alteration of surface composition and morphology
facilitated by plasma treatment. The efficacy of this technique lies in its capacity to enhance critical
magnetic properties of CoFe>Os, including magnetic anisotropy, coercivity, and saturation
magnetization.

The outcomes derived from applying plasma treatment to cobalt and iron hydroxide materials lay the
foundation for extended inquiry in magnetic material synthesis. Exploring the potential of plasma
treatment opens the door to creating novel magnetic materials with even enhanced properties. For
instance, certain attributes observed in a sample subjected to a 600°C, 5 h calcination process can
potentially be replicated through a 200°C plasma treatment in 30 min.

These advancements hold substantial promise across diverse applications, including magnetic data
storage, sensors, photocatalysis, and biomedical devices. The ongoing exploration of plasma-treated
CoFe,04 magnetic materials presents an exciting avenue for future breakthroughs and technological
advancements.
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