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Abstract

BaTiOs (BT) nanotubes (NTs) were synthesized using a co-axial electrospinning process. BT
precursor/P\VVP-ethanol and heavy mineral oil were used as the shell solution and core liquid,
respectively. The rheological studies indicated that NTs could be formed by a stable jet at a
range of viscosities of the shell solution. Due to the shear thinning behavior of the shell
solutions, their actual viscosity values at the time of jet formation will be lower than the
viscosity of the core liquid. The morphology of the obtained NTs was strongly influenced by
the viscosity of the shell solution. By increasing the concentration of BT precursor, the
morphology of the BT NTs was changed from porous to more dense structure. XRD analysis
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revealed that the crystallization of BT NTs occurs at 550 - 630 °C calcining temperature range.

Raman spectra confirmed the presence of tetragonal phase at early stage of crystallization.

Keywords: co-axial electrospinning, nanotubes, viscosity, crystalline structure, BaTiOs

1. Introduction

Barium titanate (BT) is an extensively studied ferroelectric perovskite type ceramic materials.
It is well known for its high dielectric constant, piezoelectric behavior as well as its other
properties such as, catalysis, optical and photoluminescence. Due to these properties, BT has
found a wide range of applications for using in capacitors [1], transducers [2], actuators [3, 4]
flexible sensors [5] electro-optic sensors [6, 7], photocatalysts [8], microwave absorbers [9]
and ferroelectric memories [10]. Over the past few decades, nanostructured BT has been under
extensive investigation because of the size effects on the ferroelectric and piezoelectric
properties as well as the effects of the morphology and shape [11, 12]. Among the different
morphologies of nanostructures, considerable attention has been drawn to the one-dimensional
(1D) BT such as nano-fibers, nano-rods, nano-wires and nanotubes (NTs). This is mainly due
to the effect of shape and morphology in 1D form on its different properties especially when
the size goes down to nanometer scale [13-15]. As a type of 1D nanomaterials, tubular
nanostructures (NTs) or hollow nanofibers are having fundamental and technological interest
in a variety of areas. NTs are able to provide a high surface area to maximize the surface activity
and increase the interfacial reactions. These characteristics are beneficial for surface-related
applications, e.g., chemical sensors, photocatalysis, electromagnetic wave absorbing and
dielectric materials [16-19].

Based on literature, different routes were utilized to fabricate BT NTs. Most of these methods

are based on bottom-top approaches such as hydrothermal syntheses or liquid phase deposition



(LPD) which could be template-assisted [19-24] or even template free [25, 26]. The other
method is the electrospinning, which is mainly a top-down approach. This method has been
widely used to produce micro or nanofibers of both polymeric [27-29] and ceramic materials
[30-34]. Electrospinning can also be modified and employed to fabricate different kinds of
nanofibers with various structures and morphologies such as, porous [35, 36], ribbon [37],
helical [38], core/shell [39-41] and hollow [42-44]. Electrospinning is the most efficient and
straightforward method to produce inorganic hollow nanofibers (NTs). Compared to
hydrothermal synthesis, the electrospinning possesses the advantages of larger variety of
process parameter to obtain different kinds of nanofibers and nanotubes with a wide range of
diameters and lengths. In addition, the production yield is much higher compared to the
hydrothermal synthesis. There are several reports on synthesizing BT nanofibers by
electrospinning technique for use in different applications [33, 45-49]. Previously, at Empa,
electrospinning has been successfully utilized to produce BT [50] and other different ceramic
nanofibers [31, 32, 51-54]. However, there are not many reports on fabrication of BT NTs by
electrospinning specially using co-axial technique. Lee et al. [18], prepared hollow porous BT
nanofibers by electrospinning method using single capillary. Dan Li et al. [42], and Loscertales
et al. [43] employed the co-axial electrospinning to produce ceramic NTs. Two solutions with
different viscosities are electrospun at the same time, parameters have to be adjusted to form a
stable jet. It is well known that the formation of the hollow nanofiber (NTs) and their
morphology are strongly dependent on the viscosity of the shell and core solutions. It has been
reported that both shell and core liquids must have a minimum viscosity and strength to form
a stable core/shell jet [55]. However, a main question still remains: How does the viscosity
values of the core and shell solutions affect the formation of stable core/shell fibers during the
co-axial electrospinning? In the other words, it is of interest to answer how much the viscosity
ratio of the shell to the core solutions should be. Although, there are several reports on

synthesizing ceramic NTs using co-axial electrospinning, but very few of them have
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systematically studied the impact of the viscosity of the solutions on the formation and
morphology of NTs. Therefore, the main aim of this research is to investigate the effect of
viscosities of core and shell solutions on the formation and morphology of BT NTs. Effects of
calcining temperature on the morphology and crystalline structure of obtained BT NTswere

also studied in details.

2. Experimental procedure

2. 1. Solutions preparation

BT NTs were prepared by simultaneously electrospinning (co-spinning) of two liquids through
a coaxial spinnert. Barium acetate (Ba(CH3COO)2, Merck, Germany), acetic acid (CHzCOOH,
>09%, Sigma-Aldrich, USA), titanium isopropoxide (C12H2804Ti, 97%, ABCR GmbH &
Co.KG, Germany), were employed to prepare the BT precursor for using in the shell solution.
To achieve stoichiometric BT, 1:1 molar ratio of barium acetate and titanium isopropoxide was
used. Typically, 2.391 g of barium acetate was fully dissolved in 7.86 g acetic acid at 70 °C for
one hour. The solution was then cooled down to 5 °C. After that, 2.655 g of titanium
isopropoxide was added dropwise under stirring and kept for 15 h at room temperature. To
control the viscosity, a solution of polyvinylpyrrolidone (PVP, Mw = 1,300,000, Sigma-
Aldrich, USA) in ethanol (Merck, Germany) was added to the BT precursor solution.
PVP/Ethanol solution with different concentrations (7.8,10 and 12 wt%) were prepared and
added in different volume ratios (40 to 70 vol%) to adjust the viscosity. Olive oil (commercial
type), linseed oil (Sigma Aldrich, USA) and heavy mineral oil (Sigma Aldrich, USA), were

used as the core liquid.



2.2. Electrospinning Procedure

The Electrospinning machine, NEU-Pro (NaBond Technologies Co., Limited - China), was
used to synthesize NTs. The shell solution and oil were loaded in two plastic syringes which
are connected to a co-axial spinneret by teflon tubes. The co-axial spinneret was consisting of
a smaller (inner) capillary (internal diameter = 0.24 mm) that fits concentrically inside the
bigger (outer) capillary (internal diameter = 1.43 mm). The two liquids were injected
simultaneously by a precise controlable syringe pump with different feeding rates. The
electrospun fibers were collected by a rotating drum covered with an aluminum foil. The
electrospinning parameters are given in the Table 1 and the whole process to obtain BT NTs is

illustrated schematically in Fig. 1.

2.3. Calcining process

Before calcining, the oil was extracted by immersing the fibers in octane (Sigma-Aldrich,
product of Germany) for 24 hours. After oil removing and drying at 80 °C for 24 h, the green
NTs were calcined with a heating and cooling rate of 2 °C/min at different temperatures

between 500 and 1150 °C for two hours.

2. 4. Characterizations

The rheological behavior of shell and core liquids was measured with a Modular Compact
Rheometer (MCR 302, Anton Paar GmbH, Austria), using a controlled shear rate program in
the range of 1 to 1000 (sec™) at a constant temperature of 25 °C.

The microstructure and morphology of the samples were examined by using a scanning
electron microscope (SEM) (Tescan Vega3, Czech Republic) and a transmission electron

microscope (TEM) (JEOL — JEM 2200FS, Japan).



Crystalline phase composition of BT NTs were analyzed using a X-ray diffractometer (XRD)
(PANalytical X Pert Pro MPD, Netherlands) over 26 range of 10-80° (Cu k) and step size of
0.004°. For additional Rietveld refinement, synchrotron radiation X-ray powder diffraction was
performed (see Supplemental Information). Raman spectroscopy (Witec alpha 300 R
spectrometer, Germany) was carried out on green and different calcined samples using a 488
nm laser beam at the power of 5.144 mW.

Thermogravimetry analysis (TGA) coupled with differential scanning calorimetry (DSC) was
performed on green fibers with heating rate of 2 °C/min under air atmosphere from 50 to 1000
°C using a NETZSCH STA 449F3 (Netzsch, Germany). To investigate the DSC peaks, thermal
analysis with the same conditions was also done on a sample of electrospun BT nanofibers
(NFs) prepared according to the another work [50]. For the preparation of NFs, the co-axial

spinneret was not used.

3. Results and Discussion

3.1. Effect of rheological behavior

Fig. 2, represents the viscosity values versus shear rate of three types of oils and shell solutions
with different volume percent of three kinds of PVP/Ethanol solutions (7.8, 10 and 12 wt% of
PVP). Oils show Newtonian flow behaviour in the applied shear rate range. Moreover, the
viscosity of olive and linseed oils is much lower than the heavy mineral oil. Using olive or
linseed oil as a core liquid result in jet breakup. This could be attributed to their low viscosity.
The jet breakup of the core has been reported before in several studies [55-57]. In fact, the core
liguid must have a certain minimum viscosity to be stable during stretching along with the shell
solution. According to Loscertales et al. [57] in hydrophilic/hydrophobic core/shell solution
systems, due to the lower viscosity and higher surface tension, the hydrophilic inner fluid tends

to break-up. Liet al. [58] reported if a core liquid with low viscosity is used, the resultant fibers
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migh be beaded. Using the heavy mineral oil the co-axial jet was found to be more stable. The
mineral oil has higher viscosity (0.129 Pa.s) and the results are in good agreement with the
literature. Therefore, the heavy mineral oil was selected as the core liquid. According to Fig.
2, all the shell solutions represent a slight shear thinning behaviour at higher shear rates. Among
these solutions, based on their viscosity values relative to the viscosity of the heavy mineral oil,
seven solutions were selected (as listed in Table 2) for electrospinning and further evaluations.

To prepare the core/shell nanofibers with continuous and uniform diameters the viscosity ratio
of the shell solution to the core liquid must be properly controlled so that, the core and shell
liquids can be stretched and elongated at the same magnitude throughout the spinning process.
Since the shell solution acts as a guide and surrounds the core liquid, it must be sufficiently
viscous. The viscosity of shell solution is directly governed by the molecular weight of PVP
and its concentration (or more precisely, the extent of polymer chains entanglements). Using
the shell solution comprising 50 vol% of 7.8 wt% PVP solution (sol 1), the jet was unstable
and no mat was formed during the co-axial electrospinning. However, using this solution, BT
NFs could be successfully prepared by single capillary electrospinning [50]. Generally, during
a co-spinning process, the elongation of the shell is mainly created by electrostatic repulsions
between the surface charges. Rapid stretching of the shell causes a strong viscous stress, which
is then passed onto the core liquid. The shear force stretches the oil phase and elongates it with
the shell through mechanisms such as viscous dragging and/or contact friction [58]. Therefore,
the viscosity of the shell solution is required to be such that the viscous stress imparted by the
shell on the core is sufficient to overcome the interfacial tension between them. This allows the
formation of a compound Taylor cone and then a stable jet [56]. The mechanical strength of
the shell solution is also important for preparing robust NTs. With increasing the viscosity, the
jet become more stable. The shell solution with the highest viscosity (sol 9) was not spinable.
Based on our experiments, it was realized that the viscosity of the shell solution should not be

too high.



The SEM images in Fig. 3, represents the effects of the viscosity of the shell solutions on the
morphology and the size distribution (outer diameter: OD) of the electrospun green hollow
fibers obtained from solutions 3, 4, 6, 7 and 8. Using the Sol 3 (with much less viscosity than
the mineral oil), despite some hollow fibers can be observed (the inset in the Fig. 3a), but the
fibers have beaded structure. Additionally, fibers with the ribbon like morphology can be
distinguished. This kind of morphology could be the result of the lack of strength of the shell
solution. With increasing the viscosity (using Sol 4), the beaded structure disappeared, the NTs
morphology became uniform and the average OD increased (Fig. 3b). The larger standard
deviation of the mean OD of the electrospun fibers obtained from Sol 3 is related to their beaded
and ribbon like morphology. As expected, a larger outer diameter of the NTs can be achieved
by an increase in the viscosity (Fig. 3c, d and e). Changing the outer diameter (OD) of the
as-prepared hollow fibers as a function of the viscosity of the shell solutions is depicted in the
Fig. 4. The dashed line shows the viscosity of the heavy mineral oil. The range shown by arrows
indicates the viscosity range, which the co-axial jet and hollow fibers could be formed.
According to these results, the hollow fibers could be formed at a relatively wide range of the
shell solution viscosity (from the solutions with lower viscosities than the mineral oil to those
with higher viscosities). It has been already reported that the viscosity of shell solution should
be higher than the core liquid as a requirement [59]. However, in the current work, the NTs
could be formed at a range of viscosities. In electrospinning process, high shear rates on the
solution during the ejection of the solution from the nozzle to the jet formation can be expected.
Considering the shear thinning behavior of shell solutions (Fig. 2), the viscosity of the shell
solution will be always lower in comparison to the core oil. This assumption is in a good

agreement with a previous experiments in the co-extrusion process of core — shell fibers [60].



3.2. Morphological evaluations and effects of calcining temperature

Fig. 5 and Fig. 6 show the morphology of BT NTs obtained from sol 4, 7 and 8, calcined at 850
and 1000 °C, respectively. At 850 °C, all the calcined samples show hollow morphology
without any collapse or porosity. By decreasing the vol% of PVP solution in the shell solution
(i.e. higher concentration of BT precursor), the OD of NTs increases. As shown before in Table
2, even though there is no remarkable difference between the amount of PVP in the sol 4 and
8, the diameter of calcined BT NT;s obtained from sol 8 is much higher than the NTs obtained
from sol 4. This indicates that the vol% of PVP solution has a major role on the diameter of
calcined BT NTs. This is probably due to the presence of more material in the jet at higher
concentration. Other researchers have already reported this effect. He et al. [61], reported an
increase in the fiber diameter with higher shell solution concentration whilst, the concentration
of the core solution was kept constant. By increasing calcining temperature to 1000 °C (Fig.
6), the average OD of NTs reduces which indicates there is more shrinkage at higher calcining
temperatures. Moreover, significant changes occurs in the morphology of NTs. It can be seen
that BT NT; obtained from sol 4 and 7 become highly porous when the calcining temperature
increases to 1000 °C. This porous morphology could be the result of the Ostwald ripening of
porosities on the surface of NTs at higher calcining temperatures. By increasing the calcining
temperature, small porosities on the surface of BT NTs can connect to each other through the
Ostwald ripening effect and form bigger porosities. It was found that with increasing the vol%
of PVP solution the porous structure will be more pronounced. When the higher vol% of the
lower concentration (wt%) PVP solution was used (i.e. Sol 3), the hollow structure collapsed
after annealing at 1000 °C. However, in the case of BT NTs obtained from Sol 8, no porous
structure is observed at 1000 °C. It seems that the increasing of the concentration of metallic
precursor in the shell solution could lead to reduce the formation of porosities and collapse of NTs. It

might be due to the presence of more ceramic precursor as well as the increase of the wall



thickness of the NTs.

Further study of the morphology and microstructure of calcined BT NTs was carried out by
TEM. Fig. 7, shows the TEM images of calcined (at 1000 °C) BT NTs obtained from sol 4 and
7, respectively. The porous morphology with non-uniform wall thicknesses is obvious in these
images, which confirm the SEM images in Fig. 6(a, b). Figs. 8 and 9 present the TEM images
along with the selected area electron diffraction (SAED) patterns and high resolution
(HRTEM) images of lattice fringes of BT NTs obtained from sol 8 and calcined at 850 and
1000 °C, respectively. As it is seen, using the lower volume percent (40 vol%) of PVVP solution,
the morphology of BT NTs has altered with more dense and uniform structure. The wall
thicknesses of BT NTs calcined at both 850 and 1000 °C are uniform, about 41 and 38 nm,
respectively. The SAED patterns reveal the polycrystalline structure of individual grains of BT
NTs obtained at both calcining temperatures. Moreover, the increase in grain size can be easily
distinguished at the higher calcining temperature (Fig. 9b) in comparison to the lower

temperature (Fig. 8b).

3.3. Simultaneous Thermal Analysis of electrospun BT NTs

Fig. 10, represents the DSC-TG curves of the electrospun green BT NFs and NTs (after oil
removing in octane and drying). With increasing temperature, the mass loss of green NT; starts
sharply at 220 °C and then at 345 °C gradually continues up to 670 °C. In comparison, onset
of the mass loss for NFs can be detected at 260 °C. Similar to the NTs, at around 350°C the
mass loss rate decreases until 700°C. The difference between the total mass loss of NTs (about
70%) and NFs (about 58%) is due to the difference in concentration of PVP in the dried
electrospunn fiber mats. For green NTs, there are three obvious exothermic DSC peaks in the
temperature range of 200 to 400 °C while for NFs, there is just one sharp exothermic peak at

this temperature range. The sharp peak at 220 °C correlates with the ignition and decomposition
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of residual octane in green NTs. The second peak at 320 °C corresponds to the decomposition
of PVP and barium acetate [46, 62]. This DSC peak is also present in the green NFs. The third
peak at 400 °C is related to the decomposition of residual mineral oil. The exothermic peak,
which starts at around 525 °C and ends at 630 °C is related to the crystallization of BaTiOa.
Based on the TG experiments, there is no obvious weight loss after 650 °C. Therefore, it can be
concluded that the decomposition of organic groups from the organometallic precursor
(titanium isopropoxide) and its intermediate compounds (titanium isopropoxide acetate) is

completed at around 650 °C [63].

3.4. Crystalline Structure

The XRD patterns of green and calcined BT NT; at different temperatures are presented in Fig.
11. As expected, the green NTs exhibit amorphous structure. For the samples calcined at
500 °C, none of the Bragg diffractions of BT are observed and the visible peaks might be for
oxalate hydrate of barium titanium oxide or barium carbonates induced by unreacted
intermediate phase. [64-66]. With increasing calcining temperature to 550 °C, the diffraction
peaks of BT start to appear. At 600 °C, all the diffraction peaks of BT are appeared and it
becomes the dominant phase. Increasing the calcination temperature to 630 °C, the diffraction
peak at 26° (corresponds to BaCOs) disappeared and BT diffraction peaks become more
pronounced. Correlating the XRD and TG-DSC data demonstrates that the crystallization of BT
ocurs within 550-630 °C temprature range.

Increasing the calcination temperature to 950 °C, does not cause any changes in the shape of
the peaks and the sample becomes more crystalline. A further nominal increase in the
calcination temperature to 975 °C, the peak splitting shows up. Usually, the splitting of (200)
planes to (002) and (200) (around 26 = 45°) which is a result of the distortion of the unit cell,

is considered as the identifier for the tetragonal phase of BT. At 1000 and 1150 °C, splitting is
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more clear and reflections become sharper demonstrating the crystalinity enhancement. The
lack of observable peak splitting in the samples calcined up to 950 °C cannot be considered as
an evidence of the cubic BT. Because, the difficulties with the observation of the tetragonal
phase in nanograins by XRD can be explained by peak broadening effect due to the low c/a
ratio in the tetragonal BT. The tetragonal phase of BT has P4mm symmetry with a tetragonality
(c/a ratio) close to one. Therefore, the differences in cell parameters between cubic and
tetragonal phases are small in comparison with other sources of broadening in the XRD pattern.
Particularly, when the crystallite size is in the nanoscale, any small splitting can be obscured
by peak broadening effect. Therefore, it is usually difficult to distinguish the tetragonal from
the cubic phase using the X-ray powder diffraction measurements [67-69]. Using even the
synchrotron radiation performed on samples calcined at 950, 975 and 1000 °C, no peak splitting
was observed for sample calcined at 950 °C (Supplemental information Fig. S1). However, our
calculations using Rietveld refinements revealed small tetragonality at lower temperatures.
Fig. 12 is showing the effect of calcining temperature on the tetragonality of BT NTs and the
average crystallite size (calculated by Scherrer equation). As the calcining temperature
increases from 750 °C to 950 °C, the crystallite size increases from about 22 to 31 nm and
tetragonality increases from 1.0017 to 1.0041. This increase in crystallite size is attributed to
the grain growth with increasing the calcining temperature. From 950 to 975 °C, the crystallite
size increases significantly to 63 nm and the c/a ratioincreases to 1.0075. A further increase in
the crystallite size (from 63 to 87 nm), and a further increase in c/a ratio to 1.0097 can be
observed when increasing calcination temperature from 975 to 1000 °C. This increasing of
grain size might be due to the beginning of the sintering stage at 950 °C [31]. Calcination at
1150 °C, caused the crystallite size of 95 nm, which is mainly due to the grain coarsening whilst
the tetragonality is about 1.010. Similar results have been found by Smith et al. [67] and
Hoshina et al. [70]. They showed a decrease of the c/a axis ratio of tetragonal BT with a

decrease of the particle size to nanometer dimensions.
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Raman spectroscopy was employed to gain more insight about the effect of calcining
temperature on the crystalline structure of BT NTs. Fig. 13, shows Raman spectra of as-spun
(green NTs) and different calcined BT NTs. To be able to identify the Raman active modes, the
spectra of green and calcined fibers up to 650 °C are shown separately as an inset. It is obvious
that there is no Raman characteristic peak of BT in as-spun green fibers. For calcined BT NT;,
the relevant peaks of tetragonal BT can be observed even at the early stage of crystallization
(i.e. at 550 °C). The tetragonal BT in the PAmm symmetry has eight Raman active modes
represented by 4E(TO + LO) + 3A1(TO + LO) + B1(TO + LO). All calcined BT NTs samples
show the characteristic bands of the tetragonal structure at about 263, 305, 520 and 720 cm™.
The most important characteristic peaks of tetragonal BT are the bands at 305 cm™ (which
indicates the asymmetry within tetragonal distortion of TiOg octahedral) and 720 cm™. For
cubic structure, even though the symmetry group does not predict Raman active modes, two
broad bands at about 250 and 520 cm™ could be observed [71, 72]. The weak band at 185 cm’
1 (A1(TO)) and a negative dip at 180 cm™ (E(TO), E(LO)) could be also assigned to tetragonal
BT [73]. Based on Fig. 13, it is obvious that calcining temperature affects the intensity of the
characteristic bands, significantly. It is also seen that the intensity of spectra of samples
calcined at temperatures less than 950 °C is much lower compared to those of calcined at this
temperature and higher (975 and 1000 °C).

A significant increase in peak intensity occurs at calcination temperature of 1000 °C. The
increase of the Raman band intensity with increasing the calcination temperature could be
related to the increase of the tetragonality (as it was shown before in Fig. 12). Raman spectra
revealed the existence of some other crystalline phases, which cannot be observed by XRD or
even synchrotron patterns. In the spectrum of the sample calcined at 1000 °C, a peak shoulder
is appeared at around 469 cm-1 (indicated by arrow in Fig. 13). This can be explained by the
present of rhombohedral phase [71, 72]. The small Raman band at 640 cm™ (indicated by H in Fig.

13), and a very weak peak at 153 cm™, indicate the present of high temperature hexagonal phase of

13



BT. These peaks are observed at samples calcined at 550 to 750 °C and disappeared at higher calcination
temperatures.. The coexistence of the metastable hexagonal phase with stable tetragonal phase of BT at
room temperature has been previously reported by Yashima et al. [68] and Gajovi¢ et al. [74]. The
hexagonal to tetragonal phase transition in BT is reconstructive. This type of transformation is
characterized by slow kinetics. Therefore, it is expected that with increasing the calcination temperature

and increase of tetragonal phase, the amount of hexagonal decreases.

4. Conclusion

The above results and discussion can be concluded as follows:
e The viscosities of both shell and core solutions have a major effect on the spinability and
formation of core-shell fibers. The viscosity of core liquid should not be too low. To create
uniform core-shell fibers by co-axial electrospinning, the shell solution must have enough
viscosity and strength, which can be adjusted by controlling the vol% and concentration of
PVP/Ethanol solution.
e Based onthe presented results and previous experiences, it is expected that the actual value
of the viscosity of the shell solution at the time of jet formation should be lower than the
viscosity of the heavy mineral oil.
e To achieve BT NT;s with desired morphology and diameter size, a precise combination of
viscosity and concentration of the BT precursor in the shell solution should be selected. To
obtain the BT NTs with almost non-porous morphology at high temperature (i.e. 1000 °C),
the use of higher concentration of BT precursor is suggested.
e Crystallization of BT NTs occurs in tetragonal structure at a temperature range between

550 and 630 °C. With increasing the calcining temperature, the tetragonality increases.
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Table 1: Co-axial electrospinning parameters used in the present work.

Table 2: List of solutions with different compositions and viscosities, which were used as the

shell solution for co-axial electrospinning.

Fig. 1: Schematic illustration of co-axial electrospinning and subsequent processes to achieve
BT NTs.

Fig. 2: Viscosity values of different oils (core liquid) and shell solutions with different volume
percent of PVP/Ethanol solutions with three different concentrations.

Fig. 3: SEM images of morphology and output diameter distribution of electrospun green NTs
(after oil removing and drying) using different shell solutions (a) Sol 3 (b) Sol 4 (c) Sol 6 (d)
Sol 7 (e) Sol 8.

Fig. 4: Change in the average outer diameter of electrospun green hollow fibers versus the
viscosity of the shell solutions. The dashed line shows the viscosity of the core liquid (heavy
mineral oil). The arrows indicates the viscosity range in which that the co-axial jet and hollow

fibers were formed by the electrospinning.
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Fig. 5: SEM images of morphology as well as output diameter distribution of calcined BT NTs
obtained from (a): Sol 4 (b): Sol 7 and (c): Sol 8 at calcining temperature of 850 °C.

Fig. 6: SEM images of morphology as well as output diameter distribution of calcined BT NTs
obtained from (a): Sol 4 (b): Sol 7 and (c): Sol 8 at calcining temperature of 1000 °C.

Fig. 7: TEM images of BT NT; obtained from (a) sol 4 and (b) sol 7 at calcining temperature
of 1000 °C showing the morphology of highly porous NTs with nonuniform wall thickness.
Fig. 8: (a, b) TEM images of BT NT obtained from sol 8 and calcined at 850 °C showing the
morphology of hollow structure with relatively uniform wall thickness (about 41 nm); (c):
SAED patterns of different planes of cubic phase of BT; (d) HRTEM of BT NTs which shows
lattice fringes.

Fig. 9: (a, b) TEM morphological images of BT NT obtained from sol 8 and calcined at 1000
°C showing wall thickness (about 38 nm); (c): SAED patterns showing some planes of
tetragonal phase of BT; (d): HRTEM image of the intersection of two grains which shows
lattice fringes.

Fig. 10: DSC-TGA thermograms of the electrospun BT NT; after oil removing in octane and
drying (shell solution: sol 3) and nanofibers (NFs).

Fig. 11: XRD patterns of green and calcined BT NT; at different temperatures.

Fig. 12: Crystallite sizes and tetragonality values versus calcination temperature of electrospun
BT NT; (using Sol 8 as the shell solution).

Fig. 13: Raman spectra of BT green (before calcining) and calcined NTs. The inset is spectra
of green and calcined fibers up to 650 °C. The arrow denotes the band that could be assigned

to rhombohedral phase. H indicates the band characteristic of hexagonal phase.
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Fig. 2: Viscosity values of different oils (core liquid) and shell solutions with different volume

percent of PVP/Ethanol solutions with three different concentrations.
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mineral oil). The arrows indicates the viscosity range in which that the co-axial jet and hollow

fibers were formed by the electrospinning.

27



(%) 3unoo

Fig. 5: SEM images of morphology as well as output diameter distribution of calcined BT NTs
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obtained from (a): Sol 4 (b): Sol 7 and (c): Sol 8 at calcining temperature of 850 °C.
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Fig. 7: TEM images of BT NT; obtained from (a) sol 4 and (b) sol 7 at calcining temperature

of 1000 °C showing the morphology of highly porous NTs with nonuniform wall thickness.

P 1/nm Camera Length: 200 mm
-

Accelerating Voltage: 200

Fig. 8: (a, b) TEM images of BT NT obtained from sol 8 and calcined at 850 °C showing the

morphology of hollow structure with relatively uniform wall thickness (about 41 nm); (c):

30



SAED patterns of different planes of cubic phase of BT; (d) HRTEM of BT NTs which shows

lattice fringes.

Length: 200 mm

Accelerating Voltage: 200

Fig. 9: (a, b) TEM morphological images of BT NT obtained from sol 8 and calcined at 1000
°C showing wall thickness (about 38 nm); (c): SAED patterns showing some planes of
tetragonal phase of BT; (d): HRTEM image of the intersection of two grains which shows

lattice fringes.
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Fig. 10: DSC-TGA thermograms of the electrospun BT NT; after oil removing in octane and

drying (shell solution: sol 3) and nanofibers (NFs).
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Fig. 12: Crystallite sizes and tetragonality values versus calcination temperature of electrospun

BT NT; (using Sol 8 as the shell solution).
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Fig. 13: Raman spectra of BT green (before calcining) and calcined NTs. The inset is spectra
of green and calcined fibers up to 650 °C. The arrow denotes the band that could be assigned

to rhombohedral phase. H indicates the band characteristic of hexagonal phase.

Table 1: Co-axial electrospinning parameters used in the present work.

Feeding rate (ml/h)

Applied voltage  Nozzle to drum Drum speed Nozzle scan rate Temperature
(kv) distance (cm) S Gt (rpm) (mml/sec) (°C)
solution liquid
17 10 0.3 0.1 10 2 23-25

Table 2: List of solutions with different composition and viscosities, which were used as the

shell solution for co-axial electrospinning.

Visvosity ratio of

Shell solution ~ PVP/Ethanol  vol% of PVP Amount of PVP Viicc:ity (P?'S') shell to core
No. (W%%) solution in Shgl\lrtizl)utlon (a Sl gzzl_’l)ra e solutions
(at shear rate:10 1/s)

Sol 1 7.8 50 3.01 0.062 0.48

Sol 3 7.8 70 4.21 0.074 0.57

Sol 4 10 50 3.75 0.107 0.82

Sol 6 10 65 4.88 0.129 =1

Sol 7 10 70 5.25 0.146 1.12
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Sol 8 12 40 3.47 0.158 1.22
Sol 9 12 50 4.46 0.188 1.49
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