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Abstract Barium ferrite micro-/nanofibers with special

morphology, nanowires with diameters of 100 nm,

nanoribbons with diameters of 1 lm, and nanotubes with

outer diameter of about 300 nm while inner diameter of

100 nm were successfully prepared via electrospinning

using different solvents (dimethyl formamide (DMF), solu-

tions of deionized water and ethyl alcohol, and solutions of

deionized water and acetic acid, respectively). The barium

ferrite micro-/nanofibers were characterized by scanning

electron microscope (SEM), X-ray diffraction analysis

(XRD), and vibration sample magnetometer (VSM). The

results demonstrate that the pure BaFe12O19 ferrite phase is

successfully formed. And the SEM results show excellent

morphologies. The magnetic hysteresis loops demonstrate

that their magnetic properties are quite different with dif-

ferent morphologies. The specific saturation magnetization

is approximately the same (46.12–49.17 A�m2�kg-1), but

the coercivity of the BaFe12O19 increases from wires

(190.08 kA�m-1), ribbons (224.16 kA�m-1) to tubes

(258.88 kA�m-1).

Keywords Electrostatic spinning; Barium ferrite; Hollow

fiber; Ribbon fiber

1 Introduction

One-dimensional nanomaterials, including nanowires,

nanoribbons, and nanotubes, have many unique properties,

such as optical properties, electrical properties, magnetic

properties, chemical properties, and some other properties,

due to high length–diameter ratio, anisotropy characteris-

tics, and large surface-to-volume ratio. So one-dimensional

materials have become one of the research hot spots in the

field of nanometer materials in recent years [1, 2].

Up to now, several methods have been used to prepare

one-dimensional nanomaterials, such as drawing [3],

solvothermal [4], and electrospinning [5]. Among all of

these techniques, electrospinning, as a promising method to

synthesize nanofibers with large specific surface area and

porous structure, attracted much attention. Moreover, it has

been applied widely, because it is not only simple to

operate and easy to control the operating parameters, but

also can be used to obtain uniformly sized large-scale

nanofibers with consistent submicron range and produce

versatility fibers in a variety of materials (organic materi-

als, inorganic materials, metals, composites, etc.) [6–8],

which are difficult to achieve by other techniques. How-

ever, there are also some defects of traditional electro-

spinning, such as the disordered arrange for products, non-

uniform in shapes and sizes, and lower productivity, and

one of the most serious problems was that the productions

were brittle for inorganic non-metallic materials which will

limit the application. To solve some of these problems, the

electrospun setup was improved. For example, directional

collection device was applied to prepare fibers with

directional arrangement, and fibers with special morphol-

ogy were produced. Zhang et al. [1] prepared organic fibers

with hollow tubular structure by coaxial electrospinning

which can also be used to prepare inorganic hollow fibers,
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and this provides a new way of synthesizing inorganic

hollow fibers. And with the development of electrospin-

ning, nowadays it has been one of the most important

methods in the preparation of a variety of inorganic

materials [9–14], such as ZnO and BaFe12O19.

A considerable amount of researches were focused on

barium ferrites because of their potential applications [15].

So the present work aims to synthesize BaFe12O19 hexagonal

ferrites with special morphology by a combined technique of

electrostatic spinning and high-temperature heating treat-

ment and to investigate the relationship between

microstructure and magnetic properties of the samples [16].

To date, there are a few reports on the influence of

different microstructures on the magnetic properties of

barium ferrites. The materials show that the properties will

change as the morphology of materials changes. Many

factors can affect the morphology of the fibers via elec-

trospinning, i.e., the properties of the solution (viscosity,

concentration, dielectric constant, surface tension, etc.), the

operating parameters (voltage, push speed, distance

between receiving device and injection device), and envi-

ronmental factors (temperature, air humidity, etc.). It is

believed that the study of special microstructure of barium

ferrite is significant and will contribute to expanding the

applications of BaFe12O19 into the new fields of bio-mag-

netics and high-density data storage media. In order to

achieve better magnetic property and wide-ranging appli-

cation, in this work, some barium ferrite of special

microstructure was fabricated using a combined technique

of electrostatic spinning and high-temperature heating

treatment [17]. The samples with different morphologies

were prepared by changing the experimental conditions.

The results exhibited some amazing alterations in structure,

morphology and magnetic properties with the change of

microstructures [2].

2 Experimental

Appropriate amount (a molar ratio of Fe/Ba is 11.5:1.0) of

barium nitrate (Ba(NO3)2, analytical reagent (AR)), and

ferric nitrate (Fe(NO3)3�9H2O, AR), were dissolved in

20.0 ml dimethyl formamide (DMF), solutions of deion-

ized water and ethyl alcohol was mixed with a volume ratio

of 1:4, and solutions of deionized water and acetic acid

were also mixed. And then after adding appropriate amount

of polyvinylpyrrolidone (PVP) (molecular weight =

1,300,000), the precursor solution was stirred until it

became homogeneous transparent brown solution. After

laid for about 2 h to eliminate air bubbles in the solution,

the stable sol was obtained.

In a typical electrospinning process, the spinneret con-

taining the precursor solution had an inner diameter of

about 1 mm. A distance of 15 cm and voltage of 13 kV

were maintained between the tip of the spinneret and the

collector. After electrospinning, these precursor fibers were

first dried in the drying oven in air atmosphere at 80 �C and

then calcined at 800 �C for 2 h in a box furnace in air to

obtain the fibers with different morphologies [16, 17].

X-ray diffraction (XRD, Rigaku D/max-rB) patterns

were collected on a diffractometer with Cu Ka radiation

(k = 0.154 nm). The morphologies of the samples were

investigated by scanning electron microscopy (SEM, SU-

70). The magnetic hysteresis loops of the magnets were

measured at room temperature using a vibrating sample

magnetometer (VSM, JDAW-2000C&D) in applied maxi-

mum magnetic field up to 1.2 T [16, 17].

3 Results and discussion

3.1 Morphological and structural characteristics of

products

Figure 1 shows the XRD patterns of barium ferrite with

different special microstructures. All the strong diffraction

peaks in Fig. 1 can be perfectly indexed as the magneto-

plumbite structure for BaFe12O19. No other characteristic

peaks for impurity are observed in all the three types of

fibers. So it can be deduced that the BaFe12O19 ferrite

phase is successfully formed.

SEM images of the precursor fibers and barium ferrite

fibers with different morphologies are shown in Fig. 2. It

can be seen that before calcinations, the surfaces of fibers

are all smooth, and after calcinations at 800 �C, the fibers

remain intact and keep the original morphology, respec-

tively. It also shows that the fibers are indeed composed of

many interconnected grains with\100 nm in size. During

the thermal treatment, PVP was removed, resulting in a

rough surface and a decrease in diameter [18, 19].

Fig. 1 XRD patterns of BaFe12O19 ferrites with different morphologies
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Figure 2a, b shows that before calcination, the average

diameter of the wires is about 250 nm as obtained via this

method, but after calcination, it is about 100 nm. Fig-

ure 2c, d shows that before calcination, the width of the

ribbons is ranging from 4 to 5 lm, but after calcination, it

is about 1 lm. When the solution viscosity of the solution

is high, solvent evaporation rate drops. As a result, the

fibers collected on the collector are humid and will be

evened out on the impact force which is produced when

other fibers drop down on the collector, so when the

solution is mixed with deionized water and ethyl alcohol

with a volume ratio of 1:4 and the viscosity is high, the

morphology will be zebraic. As shown in Fig. 2e, f, for the

tubes, before calcination, the average diameter of the fibers

is about 600 nm, and the hollow structure cannot be

observed, but after calcination the hollow structure can be

observed clearly; especially, it can be found that the outer

diameter is about 300 nm while the inner diameter is

100 nm. The phase separation happens in the polymeric

precursor solution as the solution evaporates rapidly.

Polymeric precursor solution concentration gradient forms

along the radial in the jet processing since the solubilities

of the solutions are different. With the continuous

volatilization of solvent, hollow fibers are formed sponta-

neously [20].

3.2 Magnetic property of BaFe12O19 ferrite fibers

VSM technique was employed to investigate the dynamical

magnetic properties of the BaFe12O19 fibers. The hysteresis

loop measurement was made to determine the magnetic

parameters such as the specific saturation magnetization

(Ms), remanent magnetization (Mr) and coercivity (Hc).

Figure 3 shows typical hysteresis curves of BaFe12O19

fibers measured at room temperature. In the hysteresis

curves, the ordinate represents the intensity of magnetiza-

tion (M), and the abscissa represents the magnetic field

intensity (H). And the specific Ms, Mr, and Hc values of the

BaFe12O19 ferrite fibers with different morphologies are

shown in Table 1, indicating that the coercivity of tubes is

258.88 kA�m-1. This value is larger than that of the

BaFe12O19 wires (190.08 kA�m-1) and ribbons

(224.16 kA�m-1). This curve also shows that the saturated

Fig. 2 Surface SEM images of BaFe12O19 ferrites: a precursor wires, b wires calcined at 800 �C, c precursor ribbons, d ribbons calcined at

800 �C, e precursor tubes, and f tubes calcined at 800 �C

Fig. 3 Hysteresis loops of BaFe12O19 ferrites measured at room

temperature
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magnetization (Ms) of the BaFe12O19 tubes at room tem-

perature is 49.170 A�m2�kg-1. This value is larger than that

of BaFe12O19 wires (47.120 A�m2�kg-1) and ribbons

(46.124 A�m2�kg-1). And the remanent magnetization (Mr)

of the BaFe12O19 tubes at room temperature is

24.79 A�m2�kg-1. This value is larger than that of

BaFe12O19 wires (19.23 A�m2�kg-1) but less than that of

ribbons (25.37 A�m2�kg-1). While the specific saturation

magnetization exhibits a behavior different from the

specific saturation magnetization (Ms), remanent magneti-

zation (Mr) and coercivity (Hc) [19].

Previous study showed that magnetic parameters of

BaFe12O19 were concerned with the purity of the samples,

the grain sizes, shape, and the arrangement of grains [21].

In this study, BaFe12O19 fibers were produced. In the

BaFe12O19 wires, the small diameter limits the growth of

the crystals along radial direction, so crystals can only

grow along the fibers axial direction. As a result, the bar-

ium ferrite wires are composed of rod-like grains with

\100 nm in size, stacking disorderly, rather than hexago-

nal flake crystals. So the microstructure presents one-di-

mensional, and it would enhance the anisotropy and

improve the coercive force [22]. In the zebraic fibers, the

microstructure presents two-dimensional, and in the tube

fibers, the microstructure presents three-dimensional. So

these structures would reduce the anisotropy to some

extent. Furthermore, the magnetic parameters (Mr, Hc)

would reduce in principle. But when the samples were

tested, they distribute disorderly, so this could reduce the

anisotropy. Finally, it makes the magnetic parameters

remain unchanged according to the common rule.

4 Conclusion

In this study, barium ferrite micro-/nanofibers with special

feature, wires, ribbons, and tubes, were successfully prepared

via the electrospinning technique. The fibers form a major

phase of barium ferrite. The SEM images show that, before

calcinations, the surface of all the three types of fibers is

smooth, and after calcinations at 800 �C, the fibers remain

intact and keep the original morphology respectively. It also

shows that the fibers are indeed composed of many inter-

connected grains with\100 nm in size. After calcination, the

hollow structure can be observed clearly, the outer diameter is

about 300 nm, and the inner diameter is about 100 nm. The

ratio of the hollow diameter to the fiber diameter is estimated

to be about 1/3. The values of specific saturation magneti-

zation (Ms), remanentmagnetization (Mr), and coercivity (Hc)

are different as the morphology changes.
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