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ABSTRACT
The need to work on a low-dimensional and large specific surface is the modern 
need for the technology to serve scientific purposes. In this view, M-type Ba-based 
hexaferrite with rare earth doping has been synthesized in nano-fibrous form 
using the electrospinning method, by fixing the processing parameters such as 
voltage, flow rate, working distance, and differently concentrated doped hexa-
ferrite, i.e.,  BaYxFe12-xO19, where x = 0, 0.3, and 0.5. An examination for the struc-
tural, microstructural, and magnetic behavior with the help of the X-ray diffrac-
tion technique (XRD), Fourier transform infrared spectroscopy (FTIR), vibrating 
sample magnetometer (VSM), and field emission scanning electron microscopy 
(FESEM) has been performed. All doped and un-doped fiber samples have a hex-
agonal phase having space group named P63/mmc as established through XRD 
results. FTIR results also confirm the chemical structure and stretching vibrations 
between the metal–oxygen complexes of all the samples. FESEM results have 
revealed no apparent change in the fiber diameter with doping concentration. The 
fiber specimen having x = 0.3 gives highest saturation and remnant magnetiza-
tion of about 70.19 emu/g and 36.47 emu/g, correspondingly, followed by x = 0.0. 
Therefore, the fabricated materials with such excellent magnetic traits can become 
promising candidates in multifunctional applications, like recording media and 
the formation of permanent magnets.
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1 Introduction

Because of the high coercivity  (Hc), barium hexafer-
rite  (BaFe12O19), the M-type hexaferrites, can gener-
ally be regarded as a hard magnetic matter [1]. These 
hexaferrites were employed in several technological 
fields, including high-density recording, telecommu-
nication, magneto-optical recording, and permanent 
magnets [2, 3].  BaFe12O19 (BFO) also has poor electrical 
conductivity along with prominent values of dielec-
tric constant at higher frequencies, making it suitable 
for the microwave circuit applications [1]. Further-
more, due to their useful traits (i.e., electrical, optical, 
structural, multiferroic), several hexaferrites with dia-
magnetically substituted Fe positions demonstrated 
the numerous intriguing practical uses [4–12]. Later, 
substituted hexaferrites with enhanced traits were also 
described in the literature [13–17] by replacing  Fe3+ 
ions with various cations or combinations of cations 
at various crystallographic locations. Furthermore, 
barium hexaferrites replaced with diamagnetic cations 
have recently been found to have significant multi-
ferroic traits and spontaneous polarization at ambi-
ent conditions. M-type hexaferrites fabricated using a 
modified ceramic synthesis method have magnetoelec-
tric properties superior to well-known  BiFeO3(BFO) 
orthoferrite multiferroic at room temperature [18–23].
However, these materials may be prepared relatively 
easily due to environmental stability and affordable 
production costs. To demonstrate the microwave 
device applications, the hexaferrites exclusively imple-
mented the higher cut-off frequencies as opposed to 
the spinel-structured ferrites [24]. Sol–gel auto-com-
bustion [25, 26], sol–gel precursor coating [27, 28], wet 
milling [29], electrospinning [30], chemical co-precipi-
tation [31], co-precipitation [32], sol–gel-aided electro-
spinning [33], carbon combustion [34], sonochemical 
method [35], as well as ball milling [36] are just a few 
of the recent synthesis methods that have been used 
to synthesize hexaferrite [37–41]. Although, as per 
best of the authors’ understanding, most recent works 
concentrate on powders. The size and density of these 
hexagonal single-crystal ferrites limit their potential as 
microwave absorbers and shielding materials. Previ-
ous research has advocated the development of mag-
netic absorbing materials with smaller dimensions and 
greater specific surface areas to address this limita-
tion and boost their absorbing capabilities per unit 
mass [42–44]. Fibers often have a substantially higher 
magnetic permeability than non-fibrous materials 

of the same volume. Due to higher specific surface 
area, the M-type barium ferrite nano-fibers develops 
a decreased specific gravity. Its large specific surface 
area also aids in the absorption of electromagnetic 
radiation. Electrospinning is a state-of-the-art, highly 
efficient method for producing nano-fibers with high 
specific surface areas, porous architectures, and con-
sistent diameters [45]. Given the strong connection 
between the chemical composition, ion arrangement 
within the crystal unit, and the electromagnetic fea-
tures along with ferromagnetic resonance of pure BFO 
M-type ferrite, diverse ion doping approaches have 
been explored to customize these traits [46]. Because 
of decent electrical and magnetic traits of rare earth 
ions, including  La3+,  Gd3+,  Sm3+,  Y3+,  Pr3+,  Ce3+,  Bi3+, 
and  Ti4+, early study found that the magnetic behav-
iors of BFO may be modified by swapping  Ba2+/Fe3+ 
by these ions [47–50]. For instance, many researchers 
have used different methods to synthesize materi-
als, such as  Ba1-xLaxFe12O19 [47, 48],  Ba1-xSmxFe12O19 
[51],  BaBixLaxYxFe12-3xO19 [52],  BaTixFe12-(4/3)xO19 
[49],  Ba1-xCoxFe12O19 [53],  BaBixLaxFe12-2xO19 [54], and 
 BaBixLaxYxFe12-3xO19 [50].

By this point, much research has been carried out 
on the  BaFe12O19 hexaferrites’ magnetic characteris-
tics [55–58]. Several researchers have examined Ba 
hexaferrites with Y substitutions [50, 52, 59, 60]. How-
ever, no investigation on structural, morphological, 
and magnetic behavior of Electrospun nano-fibrous 
 BaYxFe12-xO19, where x = 0.0, 0.3, and 0.5 hexaferrites 
is available in the literature. Therefore, here, we report 
a systematic study of electrospun  Y3+-doped BFO in 
nano-fiber form for the structural, magnetic, and mor-
phological traits.

2 �Experimental

2.1 �Materials�and�methods

The sol of all the samples has been first prepared using 
the citrate precursor method to prepare nano-fibers. 
This sol has been mixed with PVP solution for form-
ing  BaFe12-xYxO19/PVP. Aqueous solutions of ferric 
nitrate nonahydrate (Fe(NO3)3 9  H2O), barium nitrate 
(Ba(NO3)2), and yttrium acetate (Y(CH3COO)3) were 
prepared in deionized water (each with volume of 
40 ml). Further, aqueous citric acid was prepared and 
aforementioned solutions were added on continuous 
stirring to  Ba2+ and  Fe3+ (citric acid to nitrate molar 
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ratio is 1:1). Later ammonium hydroxide was utilized 
to maintain pH level of around 7.0. The mixture was 
then set on a hot plate and cooked for 4 h at 60 °C. 
Eventually, the gelation occurred as the water evapo-
rated. The gel was dissolved in a clear solution of poly-
mer (22.5 wt%) comprising 3.0-g polyvinylpyrrolidone 
(PVP) for electrospinning. After 12 h of magnetic 
agitation, this liquid was transferred to a polypro-
pylene capillary fitted through stainless steel spin-
neret. The spinneret was wired to the system’s high-
voltage source. The input power was kept at roughly 
19.0 kV throughout the electrospinning process, and 
the separation between the collector and spinneret 
was optimized at 10.0 cm in order to accumulate the 
nano-fibers. Furthermore, the flow rate remained con-
stant at 0.5 ml/hr throughout the process. After being 
retrieved, the  BaFe12-xYxO19/PVP fibers were dried and 
then calcined at 650 °C for 2 h each to achieve the final 
 BaFe12-xYxO19 nano-fibers. The dried fibers were then 
characterized for their structural, morphological, and 
magnetic traits.

2.2 �Characterization�procedures

The XRD technique with Cu-K
�
 source (MiniFlex II, 

Rigaku) has been used for structural analysis, and the 
FTIR study has been performed with an FTIR spectro-
photometer. The morphology has been reported using 
FESEM (Carl Zeiss Supra 55 model). Furthermore, the 
VSM (EZ9, MicroSense model) has been utilized to 
analyze the magnetic behaviors.

3 �Results�and�discussion

3.1 �Structural�study

XRD graphs for  BaFe12-xYxO19 nano-fibers with varied 
 Y3+ ion contents and calcined at 650 °C for 2 h are given 
in Fig. 1. It is evident by XRD plots that  Y3+ cations 
were well incorporated in  BaFe12O19 for every doping 
concentrations of  Y3+ ions as all the peaks resembles 
well with the PDF No. 43-0002. The impurity peaks 
corresponding to secondary phases of �-Fe2O4 were 
observed when  Y3+ ion content increased from 0.3 to 
0.5.

For better understanding, the Rietveld refinement 
of hexaferrites having a hexagonal phase and space 
group P63/mmc was performed via Fullprof suite soft-
ware. The refined patterns are given in Fig. 2. It has 

been noted that for x = 0.3, all the peaks are assigned, 
which shows the absence of impurity phases. The lat-
tice parameters (a & c) and atomic positions are pre-
sented in Table 1 which represents the variation in “a 
and c.” The table shows that these parameters reduce 
with increasing concentration of  Y3+. R-weighted 
profile  (Rwp) and goodness of fit (χ2) are also repre-
sented in Table 1. For all samples, the goodness of fit 
is approaching 1, which validates the excellent fit-
ting results. This variation in cell volume and lattice 
parameters is a result of incorporation of  Y3+ ions with 
different ionic radii onto  Fe3+ lattice site causing lattice 
distortion. However, the ratio of c and a (i.e., c/a) is 
less than 3.98, which confirms the existence of hexago-
nal phase for all the produced hexaferrite-based fibers.

3.2 �Morphology

A FESEM view of  BaFe12-xYxO19/PVP (where x = 0.0, 
0.30,0 .50) nano-fibers is shown in Fig. 3. The fiber-like 
morphology is obtained as a result of the electrospin-
ning synthesis. The cross-section of each nano-fiber 
has been observed to be uniformly smooth. The diam-
eter of the fibers has been measured with the help of 
software named ImageJ. The random orientation of 
the continuous fiber was used to collect them and 
their average diameter was 103 ± 30 nm, 101 ± 10 nm, 
and 102 ± 10 nm for x = 0.00, 0.3, and 0.5, correspond-
ingly. Therefore, no such variation has been observed 
in the diameter of the nano-fibers for doped and un-
doped samples. This may be due to the processing 

Fig. 1  XRD patterns of prepared hexaferrite-based nano-fibers
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parameters of the electrospinning process, such as 
voltage and flow rate, which were initially set fixed.

3.3 �FTIR�studies

FTIR spectroscopy can be used to identify changes 
in chemical composition and structure and existence 
of phases, during the combustion process of calcined 
powders. Figure 4 represents FTIR spectra within 
400–4000  cm−1 for the composition  BaFe12-XYXO12 
(x = 0.0, 0.3, and 0.5) nano-fibers [61]. The observed 
bands at approximately 3426 and 1654  cm−1 confirms 
the presence of carboxyl and hydroxyl functional 
groups of citric acid, respectively [62]. The nitrates 
residue corresponds to the occurrence of absorption 
peaks at 1406  cm−1. The octa- and tetrahedral stretch-
ing vibrations of metal–oxygen ions are responsible for 
the two main absorption frequency bands seen in FTIR 
evaluation of samples at the interstitial locations [61]. 

Absorption bands observed below 600  cm−1 depict the 
bending and stretching assignments for Fe–O to Fe–O4 
(tetrahedral) and Fe–O to Fe–O6 (octahedral). Ba–O 
stretching at 892  cm−1 and Fe–O stretching by Fe–O4 
at 594  cm−1 have been assigned, providing strong evi-
dences for the formation of barium hexaferrites [63]. 
At high Y doping content, the higher wavelength shifts 
from 614 to 674  cm−1, because at this concentration, 
few of  Y3+ ions prefer to go to the tetrahedral sub-
lattices and most of few  Fe3+ ions try to occupy the 
octrahedral sub-lattices, repsctively.

3.4 �Magnetic�properties

Figure 5 represents the ferromagnetic hysteresis loop 
at room temperature of M–H measurements enforc-
ing magnetic field up to ± 15KOe. It can be observed 
that incorporation of  Y3+ ions into the crystal lattice of 
 BaFe12-XYXO19 enhanced the saturation magnetization 

Fig. 2  Refined XRD patterns of prepared hexaferrite-based nano-fibers
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 (Ms), giving the highest value of  Ms for doping con-
centration of 0.03 (Table 2). The similar trend was 
observed for remnant magnetization  (Mr) as shown 
in Table 2.  BaFe12O19 structures have five different 
sites with varying distribution of  Fe3+, i.e., 3 octahe-
dral, 1 trigonal–bipyramidal, and 1 tetrahedral site. 
The large cations of  Ba2+ usually reside in oxygen lat-
tice within unit cell [64, 65]. The fiber-like morpholo-
gies have noticeable impact on magnetic behaviors of 
the material. It has been already studied that M-type 
barium ferrite nano-fibers possess elevated specific 
surface area, contributing to reduced specific gravity 
and facilitating electromagnetic radiation absorption 
[45, 66].

Three of these octahedral sites in the crystal struc-
ture of  Fe3+ correspond to spin-up states, while 
the other two correspond to spin-down states. 
The polar opposite spins are coupled together by 
 O2− ion exchange contact [64]. The magnetic moment 
of  BaFe12O19 is caused by  Fe3+ ion, possessing a mag-
netic moment of 5μB. As a result,  BaFe12O19 achieve 
20μB of net magnetic moment [54]. Non-magnetic 
 Y3+ ions can theoretically fill spin-down sites within 
 BaFe12O19 by substitution. This results in fewer  Fe3+ 

ions being in their spin-down state and more being in 
their spin-up state. The system’s net magnetic moment 
increases as a result of the redistribution. As a result, 
when x = 0.30, there is an increase in saturation mag-
netization and retentivity. Since  Y3+ ions (non-mag-
netic) have already occupied the spin-down states, 
therefore any additional doping happens in the spin-
up states. As a result, the saturation magnetization and 
retentivity drop and the net magnetic moment also 
decreases.

4 �Conclusion

BaYxFe12-xO19 (where x = 0.0, 0.3,0 .5) hexaferrite-based 
nano-fibers were synthesized using electrospinning syn-
thesis route. The processing reaction parameters that 
play a crucial part in the generation of fibers in electro-
spinning were optimized at fixed values, such as flow 
rate = 0.5 ml/hr, input voltage 19 kV, and needle tip-to-
collector distance = 10 cm. A hexagonal phase with some 
impurities has been observed in the XRD results for all 
the prepared nano-fibers. The prepared nano-fibers with 
101 ± 10 nm diameter shows ferrimagnetic phenomenon 

Table 1  Refined parameters 
of XRD data for prepared 
hexaferrite-based nano-fibers

Sample x = 0.0 x = 0.3 x = 0.5

a (Å) 5.888 5.886 5.885
c (Å) 23.189 23.184 23.182
Ba 0.66/0.33/0.25 0.66/0.33/0.25 0.66/0.33/0.25
Fe1 0.0/0.0/0.0 0.0/0.0/0.0 0.0/0.0/0.0
Fe2 0.0/0.0/0.259 0.0/0.0/0.260 0.0/0.0/0.260
Fe3 0.33/0.66/0.0272 0.33/0.66/0.0268 0.33/0.66/0.0267
Y4 – 0.33/0.66/0.186 0.33/0.66/0.185
Fe4 0.33/0.66/0.189 0.33/0.66/0.186 0.33/0.66/0.185
Y5 – 0.168/0.336/0.890 0.168/0.336/0.891
Fe5 0.168/0.336/0.892 0.168/0.336/0.890 0.168/0.336/0.891
OI 0.0/0.0/0.151 0.0/0.0/0.150 0.0/0.0/0.150
OII 0.33/0.66/0.943 0.33/0.66/0.943 0.33/0.66/0.942
OIII 0.183/0.367/0.250 0.183/0.367/0.251 0.183/0.367/0.252
OIV 0.156/0.312/0.052 0.156/0.312/0.050 0.156/0.312/0.051
OV 0.50/0.00/0.150 0.50/0.00/0.150 0.50/0.00/0.151
V(Å3) 803.92 803.20 802.86
Rwp 31.4 30.1 28.6
χ2 1.60 1.91 1.72
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with maximum  Ms and  Hc of 70.19 emu/g and 36.47 Oe. 
The produced barium hexaferrite magnetic nanoparti-
cles are dispersed over the nano-fibers, which therefore 
increases the surface area of the nanoparticles. This 
increased surface area elevated the strong magnetic 
interactions with the polymer matrix. This modifies the 

physiochemical traits of prepared nano-fibers with an 
enhancement in the magnetic properties as compared to 
that of un-doped hexaferrite. The high magnetic nature 
of the doped BFO nano-fibers makes it beneficial in the 
development of magnetic memory, permanent magnets, 
and magnetic recording.

Fig. 3  FESEM images for prepared hexaferrite-based nano-fibers
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Fig. 4  FTIR spectra of prepared hexaferrite-based nano-fibers
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fibers

Table 2  Magnetic results for coercivity, retentivity, and satura-
tion magnetization for hexaferrite-based nano-fibers

x Saturation magnetiza-
tion (emu/g)

Retentivity 
(emu/g)

Coer-
civity 
(kOe)

0.0 32.55 17.91 2.77
0.3 70.19 36.47 3.27
0.5 51.63 27.70 3.90
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