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Post-Synthesis Microwave Plasma Treatment Effect on Magnetization 
and Morphology of Manganese-Iron Oxide Nanoparticles

The influence of microwave (MW) plasma on magnetization and morphology of sol-gel synthesized MnFe2O4 ferrite 
nanoparticles is investigated in this study. Manganese (II) nitrate hexahydrate, ferric (III) nitrate nanohydrate and citric acid 
were used to synthesize ferrite nanoparticles via a facile sol-gel route. These ferrite nanostructures were heat-treated at 700ºC 
and then given MW plasma treatment for 10 min. The pristine MnFe2O4 and plasma treated MnFe2O4 showed almost similar 
structural formation with a slight increase in crystallinity on plasma treatment. However, XRD peak intensity slightly increased 
after plasma treatment, reflecting better crystallinity of the nanostructures. The size of the particle increased from 35 nm to 
39 nm on plasma treatment. It was challenging to deduce the surface morphology of the nanoparticles since both samples were 
composed of a mixture of big and small clusters. Clusters that had been treated with plasma were larger in size than pristine ones. 
The band gap energy of the pristine MnFe2O4 sample was about 5.92 eV, which increased to 6.01 eV after treatment with MW 
plasma. The saturation magnetization of MnFe2O4 sample was noted about 0.78 emu/g before plasma treatment and 0.68 emu/g 
after MW plasma treatment.
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1. Introduction

The ferrite nanoparticles are known for their large surface 
area to volume ratio and strong magnetization character. These 
nanoparticles are generally called transition metal oxides and 
have spinel structures. The magnetization of ferrite nanoparticles 
depends on the size, shape, surface morphology, and distribution 
of the crystallites [1-4]. Manganese ferrite nanoparticles show 
low magnetic losses and high permeability [5]. These nanoparti-
cles find their applications in memory chips, magnetic recording 
devices, radiofrequency devices, antennas, microwave devices, 
transformer cores, telecommunication devices and electronics 
[6-9]. The synthesis of ferrites at lower temperatures saves 
energy and reduces the process cost. The possible synthesis 
methods include micro-emulsion, chemical co-precipitation, 
sol-gel, plasma-assisted CVD, hydrothermal techniques, etc 
[8]. The sol-gel technique has great potential for producing 
nanostructures of defined shapes and crystallinity. However, 
it leaves some oxides and unreacted gel in the final product. 
These impurities in the product may limit its applications. The 

majority of the spinel ferrites do not exhibit the properties 
generally needed for the fabrication of nanoscale devices for 
different applications. These materials show chemically inert 
nature and have low surface energies if they are not properly 
washed, calcined, and activated. The low surface energy re-
stricts the functional groups from interacting with the material  
surface [9]. 

The nano-ferrite materials, synthesized through convention-
al methods, lack the key properties needed for their applications 
in major industries. Modifying the surface properties of ferrite 
nanoparticles after synthesis is an important way of making 
them clinically relevant materials. However, most conventional 
methods are energy-intensive and deteriorate the surface proper-
ties during treatment. Alternatively, plasmas discharges are also 
applied to generate the high energy reactive species for tailoring 
the specific surface properties and chemistry of such materials. 
In microwave plasma-driven synthesis of nanomaterials, the 
synthesis reaction is exposed to a low-pressure gas discharge 
under controlled conditions. Microwave plasma irradiation 
speeds up the synthesis reaction by increasing the molecular 
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vibrations and decreasing the activation energy. The MW plasma 
oscillates the electrons in the discharge gas, which collide with 
neutral atoms or molecules and produce further electrons along 
with ions and other reactive species. When combined with MW 
plasma, the sol-gel method can alter the crystallinity, size and 
surface properties of the nanostructures [10-12]. 

The objective of this study was to synthesize MnFe2O4 
nanoferrite by using a facile sol-gel route and to remove the 
impurities, dried gel and oxides from the sample by giving it 
low-pressure microwave plasma treatment. Manganese nitrate 
and ferric nitrate were used as starting materials for the synthesis 
of nano-ferrite. The as-synthesized ferrite nanoparticles were 
dried in an oven and calcined at 700ºC for 6 hours to induce good 
magnetic properties. The calcined product was treated with MW 
plasma of oxygen for 10 minutes in a low-pressure chamber. 
The pristine and MW plasma treated MnFe2O4 samples were 
analyzed for their morphology, magnetic response, particle size 
and chemical composition.

2. Materials and methods

2.1. Synthesis of ferrite nanoparticles

A simple sol-gel technique was used to produce manganese-
iron oxide ferrite nanoparticles. Analytical grade ferric nitrate 
nanohydrate and manganese nitrate hexahydrate were taken as 
starting materials. The glassware was washed with deionized 
water before use to avoid contamination. To make a solution, Mn 
and Fe salts were mixed in a 1:2 ratio and dissolved in deionized 
water. The solution was stirred on a magnetic hot plate at 80ºC 
for 1 hour. Thereafter, citric acid was added dropwise to grow 
the sol from the mixture. On further heating, the sol changed 
to gel, which could settle down under continuous heating. The 
obtained material was heated in oven for 24 hours at 90ºC and 
ground into fine powder. The ground powder was dried again 
in an oven for 4 hours at 90ºC and then calcined at 700ºC for 
6 hours to induce strong magnetic characteristics. 

2.2. Plasma treatment of ferrite nanoparticles

The calcined MnFe2O4 ferrite samples were treated with 
MW plasma for 10 minutes in a low-pressure chamber. The 
low-pressure oxygen plasma is an economical practical and 
environmental friendly method of cleaning and etching metallic 
and nonmetallic materials. The oxygen plasma was produced in 
a vacuum-tight chamber by delivering power from a MW source 
of 1200 W capacity. The MW plasma was consisted of a micro-
wave source, plasma chamber, shielding box, vacuum pump, 
thermocouples, vacuum gauge, sample holder, gas supply and 
microwave power controller. The MW plasma setup, used for the 
treatment of MnFe2O4 ferrite, is shown schematically in Fig. 1. 
The ferrite sample was taken in a boat and placed in the plasma 
chamber. The chamber was shielded, grounded and vacuumized 

with a rotary vacuum pump. The precursor gas was flushed into 
the chamber and the process pressure was maintained at 8 mbar 
throughout the treatment process. The microwave power was 
provided to the gas to break its molecules into atoms, electrons, 
ions, free radicals and electromagnetic radiations. The reactive 
species interacted with the sample and altered its physical, mag-
netic and structural properties.

The final product was characterized for particle size, surface 
morphology, magnetic field strength and structural changes. 
Scanning electron microscopy of the samples was performed 
to study the morphology of the ferrite nanoparticles before and 
after plasma treatment. Vibrating sample magnetometer was used 
to produce hysteresis lops to study magnetic properties. X-ray 
diffraction spectra were created to find out the particle and Miller 
indices of the product. A 550 Universal Interface, coupled with 
a magnetic field sensor, was employed to determine the magnetic 
field strength of the pristine and plasma-treated MnFe2O4.

Fig. 1. A low-pressure MW plasma setup used for the modification of 
MnFe2O4 ferrite nanoparticles

3. Results and discussion 

3.1. XRD analysis of ferrite nanoparticles

Nanomaterials have properties that vary from their bulk 
counterparts. These properties are of considerable importance for 
their applications in textile, medical, optical, electronic, defense, 
food, cosmetology, chemicals, catalyst and packing industries. 
Complete characterization of the nanomaterials is required for 
each application. In this study, the crystal structure, crystallinity 
and phases of conventionally calcined and microwave plasma 
treated ferrite nanoparticles were evaluated using XRD patterns. 
Fig. 2 shows XRD patterns of both untreated and plasma-treated 
MnFe2O4 samples. The diffraction peaks matched well the  
JCPDS card number 74-2403. The matched data confirmed 
the FCC structure of MnFe2O4 nanoparticles. XRD peaks of Mn-
Fe2O4 ferrite revealed (220), (311), (400), (422) and (511) planes 
in structure. Although both pristine and plasma-treated MnFe2O4 
samples exhibited similar phases and planes, the peak intensity 
showed a slight increment after plasma treatment. An increase 
in peak intensity reflects an improvement in crystallinity of  
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the nanostructures. Scherrer’s formula was employed to calculate 
the crystallite size of MnFe2O4 nanoparticles.

 0.89
cos

L 
 

 	 (1)

Where, θ is Bragg angle, L is the grain size, λ is the wavelength 
of X-rays and β is the full width at half maxima. The plasma 
produced some oxidative species like O3, H2O2, HO2

–, and OH–, 
which interacted with the ferrite nanoparticles. The particle size 
increased after plasma treatment due to oxidation and then the 
aggregation of the nanoparticles. The particle size of pristine 
MnFe2O4 sample was around 35 nm, which grew to 39 nm after 
10 minutes of MW plasma exposure. The lattice constant of the 
untreated and MW plasma-treated MnFe2O4 samples was meas-
ured at about 8.3544 Å and 8.4885 Å, respectively. TABLE 1 
shows that the lattice constant and crystallite volume slightly 
increased on plasma treatment.

Table 1
The particle size, lattice constant and volume of the ferrite  

nanoparticles

Sample Crystallite size 
(nm)

Lattice constant 
(Å)

Volume 
(A3)

Untreated 35 8.3544 571.66
Plasma treated 39 8.4885 613.11

Jacob et al. [13] synthesized nickel ferrite nanoparticles 
using both sole-gel and co-precipitation techniques. They inves-
tigated the magnetic and morphological properties of the Mn-
Fe2O4 nanoparticles using different intrusive and non-intrusive 
techniques. The sole-gel technique produced more crystalline 
nanoparticles as compared to the co-precipitation technique. 
Particles were spherical in shape and exhibited narrow size 
distribution. The nanoparticles, synthesized via co-precipitation 
technique, exhibited unpredictable shapes, wide size distribution 
and small sizes. Sankaranarayanan et al. [14] synthesized ferrite 
nanoparticles by sol-gel and co-precipitation strategies at differ-
ent temperatures. The sole-get technique produced nanoparticles 
of improved permittivity and structural properties. Kesavamoor-
thi et al. [15] produced ferrite nanoparticles by sol-gel strategy. 

They calcined the particles at 600°C for 2 hours. XRD analysis 
revealed octahedral and tetrahedral shapes of the metal oxide 
nanoparticles. Venkatesh et al. [8] synthesized the ferrite nano-
platelets using the microwave-driven combustion method. Triso-
dium citrate was used as a precursor. The synthesized samples 
were identified as phase-pure ferrite nanoplatelets with average 
particle sizes in the range of 40-50 nm. The samples exhibited 
a soft ferromagnetic nature with high saturation magnetization. 
Isfahani, et al. [16] synthesized ferrite nanoparticles by a delicate 
mechanochemical route technique. The nano-ferrites synthesized 
via the mechanochemical route were composed of nanocrystal-
line structures with an average crystallite size of around 30 nm 
to 40 nm. The crystallite size in the presented work agrees well 
with the published literature.

3.2. SEM analysis of ferrite nanoparticles

The surface morphology of pristine and plasma-modified 
manganese ferrite nanoparticles was studied from SEM micro-
graphs. SEM illustration of both samples is provided in Fig. 3. 
It was difficult to define the morphology since samples were 
formed of a mixture of clearly differentiable small and large 
clusters. All clusters exhibited undefined geometry. In plasma-
treated MnFe2O4, the larger clusters were small in number than 
the pristine MnFe2O4. However, the size of treated MnFe2O4 
clusters was significantly larger than the pristine MnFe2O4 clus-
ters. An increase in cluster size of plasma-treated MnFe2O4 might 
be due to the aggregation of smaller clusters into larger clusters 
during treatment. The microwave plasma treatment raised the 
sample temperature upto 300ºC. The morphology and structure 
of nanoparticles changed slightly due to their oxidation under 
a combined effect of heating and plasma reactive species. The 
plasma exposure also cleared the sample from the burnt gel, 
carbon and other unwanted products. The MnFe2O4 particles 
recrystallized without undergoing major phase changes due to 
the weakening of the surface bonds during plasma exposure.

Also, the plasma treated clusters exhibited a porous surface. 
The porous areas are highlighted in circles in Fig. 3. The SEM 
images of pristine and MW plasma treated MnFe2O4 samples 

Fig. 2. XRD spectra of pristine and MW plasma-treated MnFe2O4 nanoparticles
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are showin in Figs 3(a) and 3(b), respectively. These plasma 
species transferred the energy to surface atoms. These surface 
atoms excite and leave the surface due to the occurrence of the 
sputtering phenomenon during plasma exposure. The pore size 
may increase with an increase in plasma input energy. More 
energetic plasma species mean great damage at the surface will 
happen. Another reason for the appearance of pores on the sur-
face is the removal of impurities from the sample. It was also 
observed in XRD patterns where peak intensity was slightly 
increased after plasma treatment. Frolova and Derhachov [17] 
reported agglomerated of nanoparticles exposed to plasma due 
to magnetic dipole interaction between the nanoparticles. The 
head produced during plasma-sample interaction may also have 

caused agglomeration. Agglomeration on heating is a typical 
characteristic of spinel ferrites [18]. Plasma treatment is also 
a type of low-temperature calcination, which becomes more ef-
fective under the interaction of plasma species with the sample. 

3.3. UV-visible analysis

UV-visible analysis provides insight into the optical prop-
erties of the materials. It also provides information about sub-
band gap defect states, especially for nanostructures of ferrites.  
Fig. 4 shows UV-visible spectra of pristine and MW plasma-

Fig. 3. SEM illustration of (a) pristine and (b) MW plasma treated MnFe2O4 nanoparticles

Fig. 4. UV-visible pattern of pristine and MW plasma treated MnFe2O4 
nanoparticles

treated MnFe2O4 nanoparticles. An absorption peak of pristine 
MnFe2O4 ferrite sample was found around 209 nm. The MW 
plasma-treated MnFe2O4 sample showed an adsorption peak 
around 206 nm. These absorption peaks revealed low absorbance 
by the tested ferrite samples in the visible and infrared regions 
of the solar spectrum. The adsorption peak of the plasma treated 
sample appeared 3 points earlier on horizontal axis, which might 
be due to plasma heating during treatment. The band gap energy 
of the pristine MnFe2O4 sample was about 5.92 eV, which in-
creased to 6.01 eV after MW plasma treatment. Generally, band 
gap energy declines with a rise in particle size. In this case, both 
band gap energy and particle size were increased slightly after 
plasma treatment. A larger band gap indicates that more energy 
would be required to excite the electrons to the conduction band 
from the valance band of an atom.

3.4. Magnetic properties of ferrite nanoparticles 

Magnetic properties of pristine and MW plasma-treated 
MnFe2O4 samples were accessed by generating their hysteresis 
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loops. Fig. 5 shows the hysteresis loops, where both pristine and 
MW plasma treated samples showed ferromagnetic behavior. The 
observed hysteresis loops reflect the formation of nanoparticles 
of MnFe2O4 ferrite. The crystallize size increased after treating 
the samples with MW plasma. The magnetic domain size grows 
in lockstep with the crystallite size. The growing atomic spins, 
aligned with the applied magnetic field, created strong magneti-
zation [19]. Since plasma treatment is a type of low-temperature 
calcination, it becomes more effective during contact of plasma 
species with MnFe2O4 sample. As revealed earlier, the particle 
size was slightly increased on plasma treatment. In response, 
the magnetization of the sample was also increased. At lower 
temperatures, different factors may affect the magnetic proper-
ties of the spinel ferrites. These factors are the presence of dead 
layers in sample, size confinements, spin transitions and thermal 
dependence of magnetic properties [19-21]. 

Fig. 5. VSM profiles of pristine and MW plasma-treated MnFe2O4 
nanoparticles

TABLE 2 shows coercivity and saturation magnetization 
measured from the hysteresis loops. The pristine MnFe2O4 ferrite 
sample exhibited relatively higher saturation magnetization as 
compared to MW plasma-treated MnFe2O4 sample. The small 
saturation magnetization of MW plasma-treated sample shows 
well-ordered parameter behavior of ferromagnet materials 
[20]. The saturation magnetization of pristine and MW plasma-
treated MnFe2O4 was about 0.78 and 0.68 emu/g, respectively. 
The coercivity of MW plasma-treated MnFe2O4 also exhibited 
a decreasing trend. The coercivity of pristine MnFe2O4 was about 
0.3 kOe, which decreased to 0.1 kOe after MW plasma treatment.

Table 2

Magnetic parameters of pristine and MW plasma treated MnFe2O4 
nanoparticles

Sample Ms (emu/g) Mr (emu/g) Rs = Mr /Ms H (kOe)
Before Treatment 0.78 0.5 0.64 0.3
After Treatment 0.68 0.4 0.58 0.1

The magnetic field strength of MnFe2O4 nanoparticles is 
reported in Fig. 6. The magnetic field strength was measured 
using a 550 Universal Interface coupled with a magnetic field 
sensor. It is a quantitative method of measuring the weakness 
or strength of the magnetic field of a magnet. The magnetic 
field strength increased after plasma treatment of ferrite nano-
particles. The amount of atomic spins, aligned with the applied 
magnetic field, increased with plasma treatment. In response, 
the ferrite sample exhibited a high magnetic field strength. The 
field strength did not depend over time and showed consistent 
behavior with the passage of time. Since magnetic field strength 
measurements were made in an open atmosphere, some down-
ward spikes appeared in the plots. These spikes might be due to 
interference of dust particles or vibrations experienced by the 
sensor during measurements [21].

Fig. 6. Magnetic field strength of untreated and MW plasma treated 
ferrite nanoparticles

4. Conclusions

Manganese MnFe2O4 ferrites were synthesized by fol-
lowing a facile sol-gel route. Post-synthesis microwave plasma 
treatment was given to these ferrite nanoparticles. Although both 
pristine and MW plasma-treated MnFe2O4 samples exhibited 
similar phases and planes, XRD peak intensities of plasma-
treated MnFe2O4 were slightly higher when compared with 
pristine MnFe2O4 sample. The particle size was increased after 
plasma treatment due to oxidation followed by agglomeration of 
the nanoparticles. The pristine MnFe2O4 samples have an average 
particle size of 35 nm, which grew to 39 nm after 10 minutes 
of plasma treatment. The lattice parameter of pristine and MW 
plasma-treated MnFe2O4 samples was about 8.3544 Å and 
8.4885 Å, respectively. The shape of the nanoparticles was dif-
ficult to determine since both pristine and plasma-treated samples 
contained big clusters intermingled with smaller clusters. The 
band gap energy of pristine MnFe2O4 was about 5.92 eV, which 
increased to 6.01 eV after MW plasma exposure. The saturation 
magnetization of the pristine MnFe2O4 sample was 0.78 emu/g, 
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which was reduced to 0.68 emu/g on MW plasma treatment. 
Similarly, coercivity decreased from 0.3 kOe to 0.1 kOe after 
MW plasma therapy of MnFe2O4 nanoferrite.
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