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Abstract

The electrospinning technique has been successfully employed for the fabrication of porous BaMnO; nanofibers, followed
by different thermal treatment. The samples were studied by X-ray diffraction (XRD), scanning electron microscopy/energy-
dispersive spectroscopy (SEM/EDX), Fourier transform infrared (FT-IR) spectroscopy, and diffuse reflectance spectroscopy
(DRS). The XRD pattern shows that the organics were completely removed in sample calcined at 800 °C and the hexagonal
BaMnO; nanofibers were obtained. The microstructural parameters such as crystallite size and lattice strain contributions
to line broadening were estimated using Williamson—Hall (W-H) analysis. The morphology and average diameters of the
prepared nanofibers were estimated from the SEM images. The SEM images of the calcined samples show porous structure.
The optical properties were studied using UV—-Vis diffuse reflectance spectroscopy (DRS) and photoluminescence (PL)
spectra. The optical bandgap of the calcined nanofibers decreased with an increase in calcination temperature from 700 to
800 °C. The PL spectrum shows that BaMnO; nanofibers increased the radiative centers. We thus conclude that BaMnO;

nanofiber shows luminescent property.

1 Introduction

In recent years, considerable amount of work has been
devoted to the fabrication of one-dimensional (1D) nanofib-
ers [1-7]. Among various techniques for the fabrication of
nanofibers, the electrospinning technique allows the produc-
tion of nanofibers with diameters down to 100 nm which can
be controlled by tuning spinnable solution. In this method,
the fibrous web can be produced via uniaxial stretching of
a polymeric solution. In the last decade, multiferroic nano-
structures have received a great deal of interest for their
potential applications in multiple-state memory devices,
ferromagnetic resonance devices, piezoelectric devices,
and broadband magnetic field sensors [8—10]. Among all
multiferroic nanostructures, considerable attention has been
focused on the development of multiferroic nanofibers. Xie
et al. [11] fabricated multiferroic single-phase nanofibers
such as PZT-CFO, PZTNFO, and BiFeO; (BFO) compos-
ite nanofibers along with theoretical analysis and structural
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study. Baji et al. [12] reported the ferroelectricity and fer-
roelectric domain structures of multiferroic bismuth ferrite
fibers. Strontium hexaferrite (SrFe;,0,9) nanofibers with
high saturation magnetization were investigated by Gu et al.
[13]. Vijayakumar et al. [14] reported the dielectric studies,
linear and non-linear optical properties of ZnO/BaO com-
posite nanofibers. The motivation of present work is fabri-
cation and characterization study of the barium manganate,
BaMnO;, nanofibers. BaMnO; is a class of well-known
perovskite-based material that displays n-type semiconduc-
tor behavior [15-17].

To the best of author’s knowledge, there is no report to
focus on the microstructure analysis and optical proper-
ties of BaMnO; nanofiber, prepared at different calcination
temperatures. So, this research aims microstructure analysis
and optical evaluation of BaMnOj; nanofibers. The produced
BaMnO; nanofibers were further characterized using XRD,
SEM, EDX, FT-IR, DRS, and PL.

2 Experimental procedure
Poly(vinylpyrrolidone) (PVP, M, =1,300,000), bar-

ium acetate [Ba(CH;COO),], and manganese acetate
[C,HcMnO,-4H,0] were purchased from Merck and
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Sigma-Aldrich Co. without further purification. Ethanol
and acetic acid were used as solvent. To prepare BaMnO;
nanofibers, 0.0025 mol of Ba(CH;COO), and 0.0025 mol of
Mn(CH;COO0),-4H,0 were added into 3 mL of acetic acid
under vigorous stirring. Subsequently, 1 g of PVP was dis-
solved in 6.75 mL ethanol and stirred for 45 min. The two
solutions were then mixed together under vigorous stirring
for 15 h to form a viscous solution. The prepared solutions
were loaded into plastic syringes with a constant feed rate
of 0.5 ml/h by applying 12 kV at an electrode distance of
12 cm. The as-prepared nanofibers were dried in the oven
for 1 h at 70 °C. Finally, the fibers were calcined at different
temperatures (500 °C, 700 °C and 800 °C) for 2 h to elimi-
nate the organics. The samples calcined at 500 °C, 700 °C
and 800 °C are denoted by a, b, and c, respectively. Calcina-
tion was carried out using Exciton furnace (Exciton Co. Ltd.,
Iran, http://www.exciton.ir) and the electrospinning process
was performed using Electroris (eSpinner NF CO-N/VI,
Iran, http://www.anstco.com) with a high voltage, 1-35 kV,
and a syringe pump within a controllable range, from 0.1
to 100 mL/h. The obtained nanofibers are characterized by
various techniques.

The phase composition of the BaMnO; nanofibers was
characterized by X-ray diffraction using a Cu-Ka radiation
(A=1.5406 A), recorded by INEL EQUINOX 3000 X-ray
Diffraction System, operated at 40 kV and 35 mA. The sur-
face morphology of the prepared nanofibers was studied by
scanning electron microscope using Seron Technology-AIS
2100. The elemental analysis of the BaMnOj; nanofibers was
recorded by means of energy-dispersive X-ray (EDX) (Tes-
can Vega-II XMU SEM). The infrared spectra were collected
using an ALPHA II, Bruker FT-IR spectrometer in the range

400-4000 cm™". Diffuse reflectance spectra were measured
by Scinco S-4100 UV-visible spectrophotometer. In the end,
photoluminescence measurements were performed by means
of Cary Eclipse Fluorescence spectrophotometer with exci-
tation wavelength of 250 nm at room temperature.

3 Results and discussion
3.1 Structure and morphological analysis

Figure la—c shows the XRD diffraction pattern of the
BaMnO; nanofibers calcined at different temperatures
500 °C, 700 °C and 800 °C, respectively. It is evident from
the XRD pattern that barium manganese phase is not formed
at 500 °C and a mixture of the BaCO; and MnO, phases
was observed. By increasing the calcination temperature, the
peak intensity of BaCO; and MnO, phases decreased and a
single phase of BaMnOj; nanofibers appeared at 800 °C with
high intensity. Well-defined diffraction peaks correspond-
ing to (101), (110), (002), (201), (102), (112), (211), (202),
(300), (103), (212), and (220) planes match well with the
hexagonal phase of BaMnO; according to the JCPDS card
no. 26-0168 with space group: P 63/m mc. The diffraction
peaks become intense with an increase in the calcination
temperature, induced by the crystallite growth. The patterns
that resulted from Rietveld refinement with Maud and Full-
prof software for BaMnO; nanofibers calcined at 700 °C and
800 °C are shown in Fig. 2. The Rietveld analysis has been
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Fig.2 Rietveld refinement patterns of X-ray diffraction for BaMnO;
nanofibers calcined at 700 and 800 °C. The black, red and blue pat-
terns show the observed, calculated and the differences between the
intensities observed and the intensities calculated of X-ray diffraction
pattern

Microstructure parameters such as average crystallite size
and lattice strain were estimated using Williamson—Hall analy-
sis (W-H) [18] given by

Py cos0 = (kA/D) + 4e sinf ()

Table 1T Microstructural parameters of the calcined BaMnO; nanofibers

where f,,, shows the total X-ray peak broadening due to
crystallite size and lattice strain contributions. The instru-
mental-corrected broadening, f,,, was calculated as

2
Bhkl -

(@)

The dislocation density (dislocation line length per unit
volume), 8, was estimated using

2 2
[(ﬁhkl)Measured - (ﬁhkl)lnstrumental]

1

== 3)

The average crystallite size and lattice strain are shown
by D and ¢, respectively. The dislocation density was found
to decrease with increase in calcination temperature as the
crystalline quality of BaMnO; nanofibers was increased. In
the W-H approach, the lattice strain is assumed to be iso-
tropic in all crystallographic directions. Figure 3b—c shows
the measured values of f,,;; cosf as a function of 4siné for
BaMnO; nanofibers calcined at 700 °C and 800 °C, respec-
tively. The slope and y-intercepts of the fitted line represent
the strain and crystallite size value, respectively. The scat-
tered data around the linear fit show the presence of the
defects such as dislocations or the highly distorted environ-
ment in nanofiber structure. With increase in the calcination
temperature, the lattice strain decreased due to the reduced
surface defects and the enhanced crystallinity of nanofib-
ers. Microstructure parameters are given in Table 1. The
calculated average crystallite size of the BaMnO; nanofibers
increased with calcination temperature due to an increase in
the nucleation rate of the particles and the crystallite growth.

Figure 4a—c shows the surface morphology and the diam-
eter distribution of the as-prepared and calcined BaMnO;
nanofibers using SEM analysis. The SEM images indicate
the formation of smooth and regular electrospun samples
and porous structure of the calcined nanofibers. The parti-
cle size distribution analysis shows fiber diameters ranging
from 350 to 850 nm for as-prepared and calcined nanofibers,
respectively. The number of porous BaMnO; nanofibers with
diameter between 1000 and 1100 nm increased by increasing
the calcination temperature to 800 °C due to increase in the
nucleation rate of the particles. But the variations of nanofib-
ers diameters were not significant as shown in a separate
graph in Fig. 4. The surface morphology and the diameters
of nanofibers can be controlled by thermal degradation of

Sample (calcination Lattice parameters (nm)

Average crystalline size, D (nm)

Average internal strain, ¢~ Dislocation density,

temperature, °C) Sch
c cherrer

(BlAxtand) x 1073 5 (1/D*)x 10" lin/
2

(W-H) model

m
700 5.655117 4.770646 21.65 13.26 -1.52 5.68
800 5.673939 4.797863 25.51 20.67 -0.11 2.34
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Fig.3 The W-H plot of BaMnOj; nanofibers calcined at a 700 °C and
b 800 °C. The equation of the straight line is shown in the panel of
image

PVP. The grain growth in BaMnOj; nanofiber after decom-
position of PVP is a thermal activation process, from which
atoms diffuse to stable positions. So, the grain growth and
coalesce increase the fiber diameter owing to increased dif-
fusion rate due to the elevated calcination temperature. Thus,
the diameter of the produced nanofibers became larger and
a grainy structure was formed on the surface of fibrous web.
So, one can conclude that increase in the fiber diameter of
BaMnO; nanofibers can be attributed to the thermal activa-
tion process. A similar observation has been reported by
other persons [19, 20]. Figure 5 shows the elemental com-
position of BaMnO; nanofibers calcined at 800 °C using the
EDS method. The EDX spectrum indicates that Mn, Ba, and
O are the main elemental species in BaMnO; nanofibers.
The room-temperature FT-IR spectra of the as-prepared
and calcined BaMnOj; nanofibers are shown in Fig. 6. The

@ Springer

vibration mode at 3416-3437 cm™! can be assigned to the
stretching vibration of hydroxyl group (v5—) (OH or H,O)
[21]. The absorption bands around 2923-2955 cm™! are
due to carbon-hydrogen (v-—) bond stretching [15]. Band
stretching of the C=0 groups in the FT-IR spectra of the as-
prepared sample appears in the spectral region 1662 cm™"
[21]. The frequency band near 1421 cm ~! corresponds to
the presence of C—H stretch [15]. The observed absorption
bands in the range 1385-1444 cm™! and 826-859 cm™!
for calcined nanofibers can be assigned to the asymmetric
stretching of (BaCO,)(CO;)~% [21], which decreases with
increase in the calcination temperature. The peak located at
1024 cm™! is due to the C—O vibration mode. The absorption
bands observed in the range 520—-650 cm™' correspond to
the stretching vibration of M—O bonds in BaMnOj; [22]. The
peak located at 489 cm™! can be attributed to the Mn—O-Mn
bending vibration mode [22]. The absorption bands in the
range 489-759 cm™! can be assigned to the vibration mode
of Mn with O M-O0) [15, 21]. It is obvious from Fig. 6 that
the absorption band intensity of PVP has been decreased at
800 °C.

3.2 Optical study

UV-Vis diffuse reflectance spectrum of the BaMnO,
nanofibers calcined at 700 and 800 °C is shown in Fig. 7.
The optical bandgap can be estimated from the maximum
of the first derivative and intercept of the second derivative
of the absorbance data versus energy axis. As can be seen
in Fig. 7, the optical bandgap of the BaMnO; nanofibers
decreased from 2.99 to 2.98 eV as the calcination tempera-
ture increased, due to increase in the nucleation rate of the
particles within the nanofibers.

Figure 8 shows the photoluminescence (PL) spectrum
of BaMnO; nanofiber under 250-nm excitation. Although
BaMnO; does not show room-temperature PL emission
and is not a luminescent material [15, 23], interestingly,
BaMnOj; nanofiber revealed photoluminescence emis-
sion peaks in the ultraviolet and visible ranges. BaMnO;
nanofiber shows intense emission in the visible region. The
strong line at 295 nm can be related to the localized states
in the bandgap. PL spectrum also shows the broad emis-
sion bands with weak intensity emission due to the defects
such as oxygen vacancies available in the lattice structure
of BaMnO; nanofiber. Oxygen vacancies introduce a series
of states within bandgap, which provide excitation. Lumi-
nescence emission is usually associated with the presence
of structural disorder and formation of electronic levels in
the bandgap that act as recombination center for the elec-
tron—gap pair. According to the previous reports [24—-26],
the visible blue emission peak observed in the PL spec-
trum of BaMnOj; nanofibers could be due to 3P2 to 3D,
band transition of barium atom and the green emission
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Fig.5 Energy-dispersive X-ray spectrometer (EDX) spectrum for
BaMnO; nanofibers calcined at 800 °C

bands can be ascribed to the 3P8 to *D, band transition.
The reason why the fabricated BaMnO; nanofiber showed
pronounced enhancement of the photoluminescence inten-
sity can be related to a series of factors such as synthesis
process (electrospinning), grain size distribution within
the fibrous web and also small crystal size (in our case
about 13 nm). Presence of structural defects including dis-
tortions, tensions and oxygen vacancies which are formed
in the nanofiber structure during the preparation or after
thermal treatments could be the other reason why BaMnO,
nanofiber showed radiative centers and promoted excita-
tion. So, we came to a conclusion from the PL spectrum
that BaMnO; nanofiber shows luminescent property with
emission peaks in the visible region which can be a useful
candidate in optical application.

4 Conclusion

In summary, porous BaMnOj nanofibers were success-
fully synthesized by a simple electrospinning technique,
followed by different thermal treatment. The effect of cal-
cination temperature on the crystal structure, morphology
and also optical properties of the produced nanofibers
has been studied by X-ray diffraction analysis, scanning
electron microscopy, Fourier transform infrared spec-
troscopy, UV-Vis diffuse reflectance spectroscopy, and
the PL spectrum. X-ray diffraction pattern shows single
hexagonal phase of BaMnO; with good crystallinity at
800 °C. SEM results indicate the formation of smooth
and regular electrospun nanofibers and porous structure
for samples after thermal treatment. The optical study
shows that bandgap of the BaMnO; nanofibers decreases
with increase in the calcination temperature. Interestingly,
BaMnOj; nanofiber revealed photoluminescent peaks in
the ultraviolet and visible ranges.
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Fig.7 The absorbance spectrum and the first and second derivatives of the absorbance data versus energy for BaMnO; nanofibers calcined at a
700 °C and b 800 °C. The first and the second derivatives of the absorbance data are shown in the images (c) and (d)
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