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Abstract

The M doped BaFe,0, (M- Co, Ni and Mn) nanoparticles were synthesized through auto combustion
method by using n-heptane as a surfactant. And also the weight percentage (wt%) of metals such as
cobalt, nickel and manganese (10 wt%, 8 wt% and 6 wt%) in BaFe,0, was optimized. The prominent

orientation (212) and (311) of M doped BaFe,0, is confirmed from XRD especially in 10 wt% of

respective metals. The addition of metal doped in barium ferrite specific vibration on 770 and 445 cm™

in FTIR spectra indicated the formation of M doped BaFe,0,. The influence of n-heptane as a surfactant
on morphological change occurred in different metal doped was visualized from FESEM and TEM
images. The different morphologies such as spherical, hexagonal platelets and small rectangular bar
shaped were observed only by the inclusion of barium ferrite at surfactant medium. The analysis of EDX
spectrum reflected the atomic percentage of elemental presence in the samples of M doped barium
ferrite. Magnetic properties of these samples were studied by VSM. It revealed that 28.41 emu/g
saturation magnetization (Ms) with 1655.64 Oe coercivity (Hc) and also induced ferromagnetic
behaviour. The variation of dielectric constant indicated from dielectric study.

1 Introduction

Spinel ferrite is one of the types of complex oxides having general formula MFe,0,, where M represents
metal cation. The application of spinel ferrite is originated from particular properties like structural,
magnetic and dielectric properties. The permeant magnetization of ferrite turns the attention of
researchers towards the best utilization like supercapacitor, photocatalysis and sensor [1-3]. The spinel
structure closely connected to magnetic properties and its general structure is AB,0, form, where A is
represented as divalent and B as trivalent cations. The occupation of elements in the respective position
of tetrahedral sites and octahedral sites in the spinel structure is playing a significant role. Here, Ba%* as A
sites are tetrahedral and Fe3* as B sites are octahedral coordinated by oxygen atoms [4]. They can be
effectively adjusted by using divalent ions such as Co, Ni, Mn, Zn, Ti and Sr [5-7]. The cobalt, nickel,
manganese and barium ferrites come under low-cost materials that have good magnetic and dielectric
properties. Spinel ferrite has soft magnetic properties with high electrical resistivity. The other advantage
of these materials is mainly due to its excellent chemical stability and high mechanical durability. These
ferrites even promote some advantage for chemical resistance, electrical resistivity and strong magnetic
field. There are several methods for synthesizing the magnetic spinel ferrite such as co-precipitation, sol-
gel, auto-combustion method, electrochemical method, hydrothermal method and micro emulsion [8—13].

The preparation of M doped BaFe204 nanoparticles (M- Co, Ni and Mn) is done by auto-combustion
method using n-Heptane as surfactant. The identification of best weight percentage of metals based on
reducing the particle size and formation of good morphology is also reported. In this study, there are three
different metals (M) have ferromagnetic behaviour along with iron and various atomic radius may impact
on magnetic, dielectric properties was discussed. The role of surfactants is to control the size and
morphology change of materials. The surfactants are split into three categories such as cationic, anionic
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and non-ionic surfactants [14]. Especially, cationic surfactants are used for controlling the size and
agglomeration of atoms. Few examples are cetyltrimethylammonium bromide (CTAB), n-Heptane, amine
[15]. Here, n-heptane is used as a surfactant for all samples (0.08 M). The formation of M doped BaFe,0,
nanoparticles is confirmed from X-ray diffraction (XRD) and FT-IR spectrum. The different morphological
changes have occurred while doping the metals in barium ferrite which is observed from SEM and TEM.
The formation of different morphological changes like thin crystalline platelets, spherical and spindle
shaped are identified. The elemental presence has been done in EDX analysis. The magnetic and
dielectric properties of metal doped samples are observed in VSM and dielectric studies.

2 Experimental Method

The chemicals used for the preparation were of analytic grade of barium nitrate (Ba(NO3),.6H,0), cobalt
nitrate (Co(NO3),.6H,0), nickel nitrate (Ni(NO3),.6H,0), manganese nitrate (Mn(NO3),.6H,0), n-heptane
(H3C(CH,)5CHj), ferric nitrate (Fe(NO3)3.9H,0) and urea (CO(NH,),) as raw materials.

The Co doped BaFe,0, nanoparticles were prepared by using the auto-combustion method. Barium
nitrate (20 wt%), cobalt nitrate (10 wt%) and ferric nitrate (70 wt%) were dissolved in 50 ml of distilled
water. Subsequently, 0.08 M of n-heptane was dissolved in 50 ml distilled water. Urea was taken as a 25%
from the total weight dissolved in distilled water. These solutions were mixed together at constant stirring
for 3 h. A colloid solution was formed and it was heated up to 150 ° C until the self-combustion was
ignited in room temperature. The brown as-burnt sample was obtained as yield which was calcinated at
900 ° C [16]. The same preparation procedure was adopted for synthesis of Co doped BaFe,0, samples
using other two different weight percentage such as 8 and 6 wt% of cobalt. The samples were named as
sample (a1) for 10 wt% of Co doped BaFe,0,, sample (a2) for 8 wt% of Co doped BaFe,0, and sample
(a3) for 6 wt% of Co doped BaFe,0,.

The same procedure was carried out for synthesis of nickel doped barium ferrite nanoparticles. Barium
nitrate (20 wt%), nickel nitrate (10 wt%) and ferric nitrate (70 wt%) was dissolved in 50 ml of distilled
water. Subsequently, 0.08 M of n-heptane was dissolved in 50 ml distilled water. Urea was taken as a 25%
from the total weight dissolved in distilled water. The same method of preparation as mentioned above
was executed for synthesis under different weight percentage of nickel (10, 8 and 6 wt%) in BaFe,0,4. The
samples were named as sample (b1) for 10 wt% of Ni doped BaFe,0,, sample (b2) for 8 wt% of Ni doped
BaFe,0, and sample (b3) for 6 wt% of Ni doped BaFe,0,.

The Mn doped BaFe,0, nanoparticles were prepared by using the auto-combustion method. Barium
nitrate (20 wt%), cobalt nitrate (10 wt%) and ferric nitrate (70 wt%) were dissolved in 50 ml of distilled
water. The above-mentioned procedure was carried out for the synthesis of manganese doped barium
ferrite nanoparticles under Mn as different weight percentage such as 10, 8 and 6 wt%. The samples were
named as sample (c1) for 10 wt% of Mn doped BaFe,0,, sample (c2) for 8 wt% of Mn doped BaFe,0,
and sample (c3) for 6 wt% of Mn doped BaFe,0,.
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3. Results And Discussion
3.1 X-ray Diffraction Analysis

Figure 1(a1-a3) shows the X-ray diffraction patterns of Co doped barium ferrite nanoparticles with three
different weight percentages such as sample (a1), sample (a2) and sample (a3) using n-Heptane which is
sintered at 900 ° C. The XRD pattern of sample (a1) represents the miller indices such as (212), (511),
(412),(311), (321), (411), (422), (332), (024) and (440). The main peak (212) and (311) indicates the
formation of Co doped BaFe,0, well matched with the standard JCPDS card no. 70-2468 and 22-1086
[17]. The respective miller indices are (212), (511), (412), (422), (331), (024), (440) of sample (a2).
Similarly, the miller indices (212), (511), (412), (422), (024) for sample (a3) indicate the formation of
BaFe,0, (JCPDS card no. 70-2468) [18]. The miller indices of (311) is absent at of less wt% of cobalt. In
sample (a3), (440) miller indices are not found due to further decreases of wt% of cobalt nitrate. The
(311) main peak is not present for both sample (a2) and sample (a3) of cobalt ferrite phase, but this peak
is present in sample (a1). This result clearly indicates that wt% of Co dopant alters the phase of barium
ferrite nanoparticles as well as it is assured that optimum level of Co is needed to act as dopant. The
average crystalline size is calculated as 32 nm of sample (a1) by using Debye-Scherrer’s formula [19].

Figure 1(b1-b3) shows the powder X-ray diffraction patterns of Ni doped BaFe,0, nanoparticles with
three different wt% of Ni such as sample (b1), sample (b2) and sample (b3). The respective peaks which
correspond to miller indices such as (212), (511), (412), (311), (422), (024) and (440) planes of nickel
doped barium ferrite as per JCPDS 70-2468 and 86-2267 [20] are observed. The peak at (212) and (311)
represents formation of nickel doped barium ferrite. The average crystalline size of sample (b1) is
measured as 31 nm. In sample (b2), barium ferrite phase (212), (511), (412), (422), (024) and (440) are
only found. The similar formation of barium ferrite miller indices such as (212), (511), (412), (422), (331),
(024) and (440) are found in sample (b3). The (311) main peak for cobalt ferrite phase is not found in
sample (b2) and sample (b3) due to the lower wt% percentage of cobalt in barium ferrite nanoparticles.

Figure 1(c1-c3) represents the powder X-ray diffraction patterns of Mn doped BaFe,0, nanoparticles of
sample (c1), sample (c2) and sample (c3). The reflection peaks are obtained as (212), (511), (412), (311),
(321), (411), (422), (332), (024), (511) and (440) planes of sample (c1) as per JCPDS (70-2468 and 89-
4836). The peak at (212) and (311) indicates the formation of manganese doped barium ferrite
nanoparticles. The peaks apart from main peak such as (332) and (411) show the impurity presence as
Mn,04 [21]. The average crystalline size is calculated for the sample (c1) as 33 nm. The formation of
barium ferrite miller indices such as (212), (511), (412), (422), (024) and (440) is found in sample (c2).
The similar formation of barium ferrite with miller indices such as (212), (412), (332) and (024) is found
in sample (c3). The (311) main peak for manganese ferrite phase is not found in sample (c2) and sample
(c3) due to the lower wt% of manganese in barium ferrite nanoparticles.

3.2 FTIR Analysis
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In this analysis, the FTIR spectra of Co has been taken from different weight percentages (10wt%, 8wt%
and 6wt%) in barium ferrite nanoparticles. The spectra are recorded from 2000 to 400 cm™ " as shown in
Fig. 2(a1-a3). The main vibration peaks are 445.40 cm™', 626.66 cm™ ', 773.76 cm™',975.48 cm™ " and
1030.48 cm™'. The strong vibrational band observed at 773.76 cm™', 626.66 cm™ ' and 445.40 cm™
indicate metal-oxygen vibration between Co-0, Ba-O and Fe-0. In sample (a2), the main peaks are
observed as 434.59 cm™1,528.77 cm™',830.53 cm™ ! and 966.45 cm™ ! which shows mostly the metallic
vibrations [22]. The peaks at 430.51 cm™ ', 578.56 cm™ ', 862.36 cm™ ' and 926.02 cm™ " are found. In
samples (a2-a3) vibrational bands at 773 cm™ ' for Ba-O are also observed. It is well matched with XRD
pattern, because sample (a1) shows the Ba-O, Co-O and Fe-O vibrations as well as formation of Co doped
BaFe,0, exhibits in XRD. In samples (a2-a3) BaFe,0, is only obtained, so it is well matched with XRD.

The Ni doped BaFe,0, with different wt% of Ni is subjected to FTIR study and it is shown in Fig. 2(b1-b3).

The assigned peak at 454.19 cm™ ' for sample (b1), 448.60 cm™ ' for sample (b2) and 443.44 cm™ for
sample (b3) are identified the metallic ions (Fe, Ni) vibrations. The peaks around 770 cm™" and 1032 cm~
1 represent the vibration of Ba-O found at sample (b1). In sample (b2-b3) there is a shift from 770 cm™’
to 765 cm™ ! and 1032 cm™ ' to 1248 cm™ 'peaks. The respective changes are also observed in XRD
pattern.

The FT-IR spectra of the prepared sample (c1), sample (c2) and sample (c3) are recorded and respective
vibrations are shown in Fig. 2(c1-c3). The peaks are 452.04 cm™',621.93 cm™',772.47 cm™ ' and
1046.45 cm™ ! for sample (a1) which are strong vibrational band indicated the Ba-0, Mn-O and Fe-O ions.

in Fig. 2 represent the vibration of Ba-0 [23].

The absorption peak around 773.12 cm™ ' and 1037.51 cm”~
The peaks around at 620 cm™ ' and 445 cm™ " belong to the vibration of Fe-O as observed from the
respective peaks. The curve (c2) indicates the Ba-O vibration at 771.32 cm™ ' [24]. The similar vibration of
768.06 cm™ ! appeared in sample (c3). The result exhibits phase deviation and is matched with XRD

analysis.

3.3 FESEM Analysis

Field Emission Scanning Electron Microscope (FESEM) image of Co doped BaFe,0, for n-Heptane as
surfactants are shown in Fig. 3(a1). The XRD and FTIR study reveals that higher weight percentage of
cobalt (10 wt%) has formed the respective Co doped BaFe,0, nanoparticles. FESEM clearly shows the
effect of surfactants over metal doped barium ferrite which forms thin platelets due to n-heptane as
surfactant. The major formation of thin platelets is identified in the sample (a1). In sample (b1), the
morphology changes from thin platelets to spherical and elongates sphere-shaped particles due to the
role of n-heptane [25]. The morphology of Ni doped BaFe,0, clearly shows the effect of surfactant to

produce the specific change in morphology. Similarly, the spindle shaped morphology as major part is
found in sample (c1) due to the effect of Mn as well as n-heptane surfactant in Mn-BaFe,0, nanoparticle.

The changes in metal doped BaFe,0, caused for a morphological transition from thin platelets to
spherical shaped particle along with spindle shape particles were identified.

Page 5/18



3.4 EDX Analysis

The EDX spectrum of sample (a1), sample (b1) and sample (c1) of M doped barium ferrite nanoparticles
clearly depicts the presence of elemental composition in each sample. The elemental composition in
terms of atomic percentage and weight percentage is shown in Fig. 4(a1) which indicates the levels of
elemental presence in Co doped BaFe,0,. It reveals the major presence of Ba, Fe, Co and O elements in
the sample (a1). The atomic percentages of the elements are Ba as 6.42, Fe as 30.52, Co as 4.2, 0 as
59.12. The Fig. 4(b1) shows the elemental composition which are indicating the levels of elemental
presence in Ni doped BaFe,0,. It reveals the major presence of Ba, Fe, Ni and O elements in the samples.
The atomic percentages of the elements are Ba as 7.26, Fe as 29.15, Ni as 4.5, 0 as 59.39. Similarly, the
elemental composition of Mn doped BaFe,0, as shown in Fig. 4(c1). The atomic percentages of the
elements are Ba as 7.56, Fe as 29.12, Mn as 3.79, O as 59.51 these values are maintained good
stoichiometry.

3.5 TEM Analysis

Figure 5 shows the transmission electron microscope image of sample (a1), sample (b1) and sample (c1)
of M doped barium ferrite (M: Co, Ni & Mn) nanoparticles. The TEM image exhibits in-depth magnification
of the above-prepared samples. The shapes of nanoparticles are in slightly agglomerated state of sample
(a@1) and it shows that the spherical nanoparticles are stuck over the thin crystalline platelets and it is
shown in the Fig. 5(a1). The elongated spherical shaped particles are observed in sample (b1). Itis
formed due to the effect of surfactant as n-heptane and Ni dopant as shown in Fig. 5(b1). Further, doping
of next metal as manganese shows a deformation of thin platelets into spindle shape which coexists of
hexagonal shaped particle, oval shaped particle and sphere. These shaped particles are clubbed together
and formed spindle like structure. The formations of spindle like structure are shown in Fig. 5(c1). The
image of 0.08 M of n-heptane in M doped barium ferrite nano-powder as created a significant change in
morphology from the thin platelets, elongated spherical shape and spindle shaped particles [26]. The
TEM image of sample (a1) gives the average length of the platelets that is 35 nm and breath of the
platelet is 21 nm in Co doped BaFe,0, nanoparticles. Similarly, the average diameter of spherical
particles is around 39 nm for Ni doped BaFe,0, nanoparticles (sample (b1)). The average diameter of the
spherical shaped is appeared as 42 nm for Mn doped BaFe,0, nanoparticles (sample (c1)). The insert
fig. in Fig. 5(a1, b1 and c1) shows the selected area electron diffraction (SAED) patterns which indicate
that the M doped BaFe,0, nanoparticles are crystalline in nature. The diffraction planes of the
corresponding main peaks as observed in the XRD are well matched with the concentric circles of the
SAED pattern.

3.6 VSM Analysis

Magnetic properties of the prepared samples were analysed by vibrating sample magnetometer with
maximum applied field of + 15 kOe at room temperature. Hysteresis curves of M doped barium ferrite
nanoparticles (M: Co, Ni and Mn) with n-heptane such as sample (a1), sample (b1) and sample (c1) are
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shown in Fig. 6. The saturation magnetization of M doped barium ferrite depends on various parameters
such as particle size, morphology of particle, magnetic anisotropy and components present in all
samples. The obtained saturation magnetization (M) value of sample (a1) is 28.41 emu/g and its
coercivity (H.) value is 1655.64 Oe. Similarly, value of My is 26.29 emu/g and 25.41 emu/g for sample
(b1) and sample (c1). H; value of sample (b1) and sample (c1) is 2275.29 Oe and 1562.95 Oe
respectively. The higher level of saturation magnetization attains in sample (a1) and maximum value of
coercivity is obtained in sample (b1). Same weight percentage of different metals doped barium ferrite
exhibits variation in Ms and Hc value due to the level of Ba?* Co?* Ni?* Mn?* is occupied by Fe?* in the
respective tetrahedral site. So, the well-defined formation of M doped BaFe,0, in Co and Ni enriches the
magnetic property [23]. This result reveals that the saturation magnetization is increased due to decrease
in particle size. It also confirms that particle size creates a high impact on the saturation magnetization
and coercivity values. The particle size leads to a change in morphology which is more responsible for
the change in domain walls [27]. The domain walls are increasing according to different metals doped in
barium ferrite nanoparticles. The saturation magnetization and coercivity value is inversely proportional
to the particle size. Magnetic properties of M doped barium ferrite nanoparticles with n-heptane satisfy
the proportionality between saturation magnetization and particle size. The sample (a1) exhibits
maximum level of Ms value and higher level of Hc value is shown in sample (b1).

3.7 Dielectric study

The dielectric constant and dielectric loss is measured for the M doped barium ferrite nanoparticles with
n-heptane such as sample (a1), sample (b1) and sample (c1) in the frequency range between 50Hz and
TMHz. The calculated dielectric constants for samples (a1-c1) show the decreasing trend on increase
frequency in all doped levels of metals. Then it reaches the constant value at certain higher frequency.
The variation in dielectric loss is also observed for the above-mentioned samples. The reverse behaviour
of dielectric constant is observed on calculating dielectric loss. The curves are drawn between dielectric
constant (¢) and log frequency (Hz) as shown in Fig. 7(a1-c1). The variation of dielectric constant for
sample (a1) is from 116.54 to 6.7. Similarly, the dielectric constant variation is observed as 96.28 to 6.6
for the sample (b1) and 55.12 to 6.6 for the sample (c1). It clearly shows that the different metal has
different level of dielectric constant. The maximum value of the dielectric constant is 116.54 for sample
(a1). The similar behaviour is experienced at all ranges of frequency for the samples (a1-c1). According
to Koop's, the decrease in dielectric constant in high frequency is observed due to the formation of well
conducting grains, which is separated by the less conducting grain boundaries [28]. The variation of
dielectric constant and dielectric loss is due to size and shape of barium ferrites. The observed change in
the dielectric constant can be explained on the basis of hopping conduction between Fe®* and Fe?* pairs
of ions [29]. High polarization dipoles are oriented at a low frequency range of these ions and the
dielectric constant value reaches to an optimum value [30]. Similarly, the variation of dielectric loss (D)
with respect to log frequency (Hz) is shown in Fig. 8.8 (a1-c1). The dielectric loss is predicted in the range
of 4.82 t0 0.18 for sample (a1), 4.42 to 0.20 for sample (b1) and 3.30 to 0.19 for sample (c1). This
change also indicated the normal behaviour of ferrites.

Page 7/18



4 Conclusion

The M doped barium ferrite nanoparticle (M: Co, Ni and Mn) with magnetic and morphological properties
was obtained by using auto combustion process. The different dopants such as cobalt, nickel and
manganese exhibited different particle size, morphology and saturation magnetization values. The
particle size of M doped BaFe,0, nanoparticles was changed according to atomic radius of different
metals which acts as dopants. The good crystallinity was retained by M doped BaFe,0, nanoparticles for
all samples against XRD pattern. The shape of M doped barium ferrite nanoparticles formed thin
platelets, spherical and spindle shape with low agglomeration for samples. The Co doped BaFe,0,4
nanoparticles obtained higher saturation magnetization as 28.41 emu/g (Ms) and Ni doped BaFe,0,
nanoparticles obtained higher coercivity value (2275.49 Oe).
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Figure 1

XRD pattern of M doped BaFe204 nanoparticles with different wt% (10, 8 and 6 wt%) such as (a1-a3) for
Cobalt, (b1-b3) for Nickel and (c1-c3) for Manganese.
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Figure 2

FTIR spectrum of M doped BaFe204 nanoparticles with different wt% (10, 8 and 6 wt%) such as (a1-a3)
for Cobalt, (b1-b3) for Nickel and (c1-c3) for Manganese.
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Figure 3

FESEM image of M doped BaFe204 nanoparticles with different metals such as (a1) for Cobalt, (b1) for
Nickel and (c1) for Manganese.
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Figure 4

EDAX spectrum of M doped BaFe204 nanoparticles with different metals such as (a1) for Cobalt, (b1) for
Nickel and (c1) for Manganese.
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Figure 5

TEM images of M doped BaFe204 nanoparticles with different metals such as (a1) for Cobalt, (b1) for
Nickel and (c1) for Manganese.
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Figure 6

Hysteresis loop of M doped BaFe204 nanoparticles with different metals such as (a1) for Cobalt, (b1) for
Nickel and (c1) for Manganese.
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Figure 7

Dielectric constant of M doped BaFe204 nanoparticles with different metals such as (a1) for Cobalt, (b1)
for Nickel and (c1) for Manganese.
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Figure 8

Dielectric loss of M doped BaFe204 nanoparticles with different metals such as (a) for Cobalt, (b) for
Nickel and (c) for Manganese.
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