CHAPTERV
PREPARATION OF POLY(VINYL ALCOHOL)/TIN GLYCOLATE
COMPOSITE FIBERS BY COMBINED SOL-GEL/ELECTROSPINNING
TECHNIQUES AND THEIR CONVERSION TO ULTRAFINE TIN OXIDE
FIBERS

51 Abstract

Ultra-fine composite fibers made from poly(vinyl alcohol) (PVA)tin
glycolate — a moisture stable tin oxide containing compound — were prepared hy a
combined sol-gel processing and electrospinning technique. These fibers were
subsequently converted to ultrafine tin oxide fibers by calcination treatment, with the
aim of producing tin oxide fiber with a high surface area-to mass ratio and a high
specific conductivity value. The acidity of spinning solution plays an important role
to the morphology and size of the obtained fibers. The average diameters of the
obtained composite fibers were in the range of 87-166 nm. It was found that the
ultrafine tin oxide fiber showed the high conductivity value of 1.59 x10sScm-1at
calcinations temperature of 600°C, and the BET surface area was in a range of 71
and 275 malg. Moreover, the effect of calcinations temperature on the phase and the
size ofthe tin oxide fibers were investigated in this study.

(Keywords: Electrospinning; Tin oxide fibers; Tin Glycolate)
5.2 Introduction

Tin oxide (Smoz) in its pure tetragonal rutile crystal structure (e.g.,
cassiterite mineral) exhibits the n-type semiconducting character with a wide direct
energy band gap of 4 eV and an indirect band gap of 2.6 eV [L], Itis recognized as
one of the key functional metal-oxide semiconductors (MOS) owing to its excellent
chemical and electrical properties. Therefore, Snoy2is widely used in optoelectronic
devices [2], gas sensors for detecting leakage, flat panel displays [3], and as catalyst
supports. The important factor for high sensing performance is high surface-area-to-
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volume ratio [4-7], and electrospinning (e-spinning) technique is the one that satisfies
this need since the key advantages of this technique are unique, cost-effective route,
and providing high surface area to volume ratio on fibers, when compared with those
of the corresponding films [8,9], Moreover, the e spinning process can be applied to
materials of diverse origins, such as natural or synthetic polymers as well as sol-gel-
based ceramics. The sol-gel process itselfhas many advantages over other techniques,
some of which are homogeneity, stoichiometric control and purity of the products as
well as the simplicity .of the process [L]. Recently, some inorganic fibers have been
successfully prepared by the combined sol-gel processing and e-spinning technique
8-10]

Dharmaraj eial. [L1]prepared SnCsfibers (100-150 am in diameters) from
the e-spun tin/poly(vinyl acetate) (PVAc) composite fibers after calcinations at 300-
600 C. The sol suspension was prepared from SnClo2H20 and PVAc (14 wt%) in
the 1:0.8 weight ratios. Shukla et al. [12] prepared Sno fibers (45-280 nm in
diameters) using the elctrospun hydroxypropyl cellulose (HPC) fibers as templates.
For this purpose, the sol suspension was mixed between HPC and SnClz22Hz20 in a
weight ratio of 1.75:1 zhang et al. [13] also prepared (2 fibers (100 nm in
average diameters) obtained by e-spinning of a poly(vinyl alcohol)
(PVA)ISnClasH20 solution with & % PVA after annealing at 700°C. These fibers
were also used as a novel gas sensing material.

It is evident that all of 1 these previous reports utilized SnCl22Hz20 or
SnCLi-sH20 as the source of tin and illustrated fairly small surface-area-to-volume-
ratio, though their sensing characteristic was good. Therefore, our aim is to explore
the use of a novel material, moisture stable tin glycolate, directly synthesized from
tin oxide and ethylene glycol [L4], as the tin source for fabrication of e-spun Sn02
fibers, using PVA as the polymer gelator. Moreover, another key goal is to prepare
high surface area Sn02 fibers by the combined sol-gel processing and e spinning
technique for high sensitivity in sensing devices. In the present work the obtained
composite fibers were subsequently converted into ultrafine Sn02 fibers by
calcinations. The obtained fibers were then characterized for their chemical integrity,
crystal structure, surface area, and finally, conductivity.



5.3 Experimental Section

5.3.1 Preparation of Tin Glycolate

The method for the preparation of tin glycolate was described
previously [14]. Briefly, a mixture of 15 g of tin (IV) oxide (0.1 mol; 99% purity;
Sigma-Aldrich, USA) and 14.6 g of triethylenetetramine (TETA, 0.03 mol; 98%
purity; Facai Polytech Co., Ltd, Thailand) was stirred vigorously in an excess amount
of ethylene glycol (EG, 100 mL; 100% purity; Merck, USA) and heated to 200°C for
24 h. The resulting solution was placed in vacuo to remove unreacted EG, resulting
in a crude precipitate. The crude white solid product was then washed with
acetonitrile (99% purity; Lahscan (Asia), Thailand), dried in a vacuum desiccator,
and characterized using fourier-transformed infrared spectroscopy (FT-IR) and
thermo gravimetric analysis (TGA).

FT-IR: 2930-2830 c¢m-1 (uC-H), 1077 c¢m1(uC-0), 900-880 cm-1
(uSn-0-C) and 600-550 cm-2( - ); TGA: 63.2% ash yield.

5.3.2 Electrospinning of PVA/Tin Glycolate Solutions and Preparation of

SnOUFibers

PVAItin glycolate solution was first prepared by mixing 0.04 g of tin
glycolate with 20 JLofs M HNOsand 200 pL of water. It should be noted that only
in the case where the effect ofthe acid type was investigated the type of the acid was
changed to either s M CHsCOOH or 8 M HCL. The solution was then added into 5
mL of an aqueous PVA solution (Mw= 72,000 Da and degree of hydrolysis > 98%;
Sigma-Aldrich, USA). The concentration of the base PVA solution was varied
between 6 and 13 wt% and the resulting mixture was constantly stirred for 5 min.
The as-prepared solutions were referred to as the spinning solutions.

A schematic drawing of the e-spinning setup utilized in this work can
be found elsewhere [10]. specifically, each of the spinning solutions was loaded into
a plastic syringe. A blunt 20-gauge stainless-steel hypodermic needle was used as a
nozzle. Both the syringe and the nozzle were tilted -45° from a horizontal baseline to
maintain a constant presence of a droplet at the tip of the nozzle. A Gamma High
Voltage Research UC5-30P dc power supply was used to charge the spinning
solution by connecting the emitting electrode (positive) to the nozzle and the
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grounding one to an aluminum sheet wrapped around a rigid plastic backing, used as
a collection device. The distance between the tip of the nozzle and the collection
device defines a collection distance. For the preparation of the PV A/tin glycolate
composite fibers, the following parameters were varied to investigate their effects on
the morphological appearance of the obtained fibers: the concentration of the
spinning solutions (i.e., 6-13 wt% of the base PVA solutions under a fixed electric
field of 15 kV/10 cm), the type of acid [i.e.,CFbDCOOH (pKa= 4.76), HNOs(pKa= -
1.4) or HC1 (pKa= -7) for the spinning solution from a base PV A solution of 10 wt%
under a fixed electric field of 12.5 kV/15 cm], the applied electrical potential (i.e.,
10-15 kv over a fixed collection distance of 15 cm for the spinning solution from a
base PVA solution of 10 wt%), and the collection distance (i.e., 8-15 cm for the
spinning solution from a base PV A solution of 10 wt% and a fixed applied potential
of 12.5 kV). For these studies, the collection time was fixed at ~5 min and all
experiments were done in climate control room at 25 ¢ which had relative humidity
55 £ 2%. The PV AI/tin glycolate composite fibers that had been prepared from a
spinning solution with a concentration of the base PVA solution of 10 wt% and sM
HNOsunder a fixed electric field of 12.5 kV/15 cm were used to further investigate
the effect of calcination temperature on the morphological appearance, properties and
structures of the post-calcined (2 fibers. The e-spun fibers had been exposed to
ambient moisture (about 55 £ 2% RH) for ~5 h before being calcined in a Carbolite
CFs 1200 furnace over a temperature range of 400 to 1000°C for ~5 h. The heating
program started from room temperature to each specified calcinations temperature at
a heating rate of 0.5°Cmin'y
5.3.3 Characterization

The morphological appearance and the diameters of the e-spun
PV AI/tin glycolate composite fibers and the as-calcined  ( 2fibers were observed by
a JEOL 5200-2AE scanning electron microscope (SEM). The diameters of the
obtained fibers were measured directly from SEM images, using SEMAphore 4.0
software, from which the average values were calculated ( > 100). TGA was carried
out on a Perkin-Elmer Pyris Diamond TG/DTA over a temperature range of 30-
900°C at a heating rate of 10°C min-zunder nitrogen atmosphere. Chemical integrity
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of the materials was observed on a Nicolet Nexus 670 FT-IR spectroscope over the
wavenumber range of 400-2500 cm'lat a resolution of 4 cm'lusing the KBr pellet
method. The microstructure of the as-calcined  ( 2fibers was investigated by wide-
angle X-ray diffraction (WAXD) on a Rigaku D/MAX-2000 X-ray diffractometer
using CuKd over a scanning range of 20-70° with at a scanning speed of 5° min'l
and a 0.02 scanning step. The Brunauer-Emmett-Teller (BET) surface area of both
the pre- and the post-calcined fibers was measured using a Quantachrome
Quantasorb JR Autosorp-1 gas sorption system (Quantachrome, Boynton Beach, FL).
All of the samples were degassed at 300°C prior to the before measurements. The
electrical conductivity values of the as-calcined SnCszultrafine tin oxide fibers were
measured by a custom-built two-point probe with copper as electrodes, coupled to a
Keithley 6517A voltmeter (Keithley, Model 6517A). The current used was in the
linear Ohmic regime.

54 Results and Discussion

5.4.1 Electrospun PYA/Tin Glycolate Composite Fibers

To investigate the effect of the PVA concentration on the
morphological appearance of the obtained composite fibers, the concentration of the
base PVA solutions was varied at 6, 10 and 13 wt%. The as-prepared PVA/tin
glycolate solutions were spun at a fixed electric field of 15 kV/10 cm. Figure 5.1
shows representative SEM images of the obtained fibers. In general agreement with
our previous work on the preparation of PVA/silatrane composite fibers by e
spinning [10], a combination of smooth and beaded fibers was obtained when the
concentration of the base PV A solution was 6 wt%. The formation of beads was due
to the dominating effect of the surface tension that was responsible for the capillary
instability of the charged jet [1]. At this condition, the diameters of the obtained
fibers were 162 £ 100 nm. Despite the fact that only the fiber segments between
beads were measured for the diameters, the large deviation in the diameters of the
fibers was obviously resulting from the presence of the beads.

When the concentration of the base PVA solution increased to 10 and
13 wt%, only smooth fibers were the dominant features. The diameters of these



fibers were 158 £ 43 and 375 £ 100 nm, respectively. The increase in the chain
entanglements in response to the increase in the concentration, hence the viscosity of
the base PVA solution was the obvious reason for the observed increase in the
diameters of the obtained fibers [1, 15]. At a high concentration, the viscosity of the
spinning solution could be too great, which could lead to non-uniform flow of the
liguid through the opening of the nozzle, resulting in the non uniform ejection of the
jet. The non-uniform ejection could finally lead to the formation of fibers with
uneven diameters and this is the likely explanation for the obviously large deviation
in the diameters of the fibers obtained from the spinning solution that had been
prepared from the 13 wt% PV A solution.

Next, we investigated the effect of the type of acid on the
morphological appearance of the composite fibers obtained from the spinning
solution that had been prepared from the 10 wt% PV A solution under a fixed electric
field of 12.5 kV/15 cm. Representative SEM images ofthe obtained fibers are shown
in Figure 5.2. The fibers that were obtained from the spinning solution that had been
prepared without the addition of acid (i.e., the water system) were used as the
controlled condition. The results clearly showed that the acidity of the spinning
solution played an important role in determining the morphology of the obtained
fibers. Specifically, for the water system, a combination of smooth and beaded fibers
was obtained. The number of beaded fibers was found to decrease with an increase in
the acidity of the spinning solution, i.e., for the spinning solution containing
CHsCOOH. For the spinning solution containing a stronger acid, i.e., FTNos,
predominantly smooth fibers were obtained. Further increasing the acidity of the
spinning solution, especially, for the one containing HCL, beaded fibers reappeared.
Such a variation in the acidity, also implying the pH and the total number of ionic
species, of the spinning solution influenced the sol-gel reaction of the tin glycolate,
the viscosity of the solution, the conductivity of the solution, and thus, the electrical
forces acting on the ejected jet.

The effect of the applied electrical potential on the morphology of the
obtained fibers was the next to be investigated. Here, the electrical potential in the
range of 10 to 15 kV was applied to the spinning solution that had been prepared
from the 10 wt% PV A solution and sM HNCEover a fixed collection distance of 15



cm. Representative SEM images of the obtained fibers are shown in Figure 5.3.
While only the fibers that was obtained at the applied electrical potential of 12.5 kv
were smooth, a combination of smooth and beaded fibers were obtained when
applied electrical potential was either 10 or 15 kv. Ata given collection distance, an
increase in the applied electrical potential used to charge the spinning solution
generally resulted in the observed decrease in both the number and the size of the
beads. The increase in the applied electrical potential was responsible for the increase
in the electrical forces imposed on a droplet ofthe spinning solution at the tip of the
nozzle as well as the subsequent, ejected jet [15,16]. Moreover, the increase in the
applied electrical potential could also result in an increase in the electrostatic force,
causing the diameters of e-spun fibers to increase. The increases in both the speed of
the jet segment and the mass flow rate, in turn cause the onset of the bending
instability to occur closer to the collection device [15,16]. Without a strict control
over the flow rate of the spinning solution through the nozzle, the size of the pendant
droplet could grow over time, despite a constant ejection of the jet from the apex of
the droplet cone. The ejection of the overgrown droplet could present either as a
discrete droplet or as a part of the jet, which for the latter, under the action of the
electrical forces, would become elongated, and this could be the reason for the
reappearance of the beaded fibers when the applied electrical potential increased
from 12.5to 15 kv,

The effect of the collection distance on the morphology of the
obtained fibers was the next to be investigated. Here, the electrical potential of 12.5
KV was applied to the spinning solution that had been prepared from the 10 wtd%
PVA solution and sM HNOs over a collection distance range of s to 15 cm.
Representative SEM images of the obtained fibers are shown in Figure 5.4, Evidently,
a combination of smooth and beaded fibers was observed at the shortest collection
distance studied (i.e., at s cm). The number of the beaded fibers decreased sharply as
the collection distance increased to 10 cm, with only the smooth fibers being the
dominant feature at the highest collection distance  died (i.e., at 15 cm). The
likelihood for the formation of beaded fibers at the shortest collection distance
investigated (i.e., s cm) should be attributed to the short time as well as the short path
distance that the ejected jet traveled to the collector in response to the greatest



electrical forces exerting on it. Such a short time and a short distance may not be
enough forthe beads, if being present, to be fully elongated prior to the deposition on
the collector. As the collection distance increased further, despite the consistently
lower electrical forces acting on the jet, the longer time and the longer distance for
the traveling jet should be the reason for the fully stretching of the beads to finally
obtain the smooth fibers on the collector. With regards to the size of the obtained
fibers, it is evident that the diameters decreased monotonically from 227 + 85 to 147
t 33 nm asincreasing the collection distance from s to 15 cm, respectively.
5.4.2 Preparation of Tin Oxide Fibers
5.4.2.1 Effectoftype ofacid on compositefiber after calcinations

From the previous effect, it was found that type of acid plays
an important role on the morphology of PVA/tin glycolate composite fibers. Next,
the composite fibers obtained from the spinning solution that has been prepared from
the 10 wt% PVA solution under the applied electric field of 12.5 kV/15 ¢cm were
chosen to further investigate the effect oftype ofacid (i.e., sM CHsCOOH, sM HCL,
and sM HNO3) on morphology after calcination at 600°C. Representative SEM
images of the obtained fibers are shown in Figure 5.5. Upon calcination, both of the
composite fibers obtained from the spinning solution that has heen prepared from sM
CH3COOH and sM HC1 provided bigger size of fibers, i.e., 1470 £ ss nm, 1249 £ 41
nm, respectively, (see Figures 5.5 a and b) because many beads along fibers were
fused together at high temperature. On the other hand, the fibrous nature of the
original composite fibers was retained, but the as-calcined fibers prepared from the
spinning solution containing sM HNOsshrank considerably (see Figure 5c) because
of the decomposition of the organic PVA contentwithin the fibers [9]. The diameter
of the as-calcined fibers decreases to 121 £26 nm.

5.4.2.2 Effectofcalcinations temperature

Based on all of the spinning conditions investigated, the
PVA/tin glycolate composite fibers that had heen prepared from the spiraling
solution with the concentration of the base PV A solution of 10 wt% and eM nnos
under the applied electric field of 12.5 kV/15 cm were chosen to further investigate
the effect of the calcination temperature on morphology, structure and properties of
the post-calcined fibers. The calcination temperature was varied between 400 and



1000°c. Figure 5.6 shows representative SEM images of the neat PV A/tin glycolate
composite fibers as well as the post-calcined products. As previously described, the
neat composite fibers that had been prepared from the chosen spinning condition
were smooth, with the diameters being 172 £ 21 nm. After calcination, the shrinkage
of the fibers along hoth the fiber and the radial directions was evident, with the
extent of such shrinkage becoming more pronounced with an increase in the
calcination temperature. Specifically, the diameters of the as-calcined fibers
decreased to 166 + 46 nm at the calcination temperature of 400°C, which continued
to decrease to 87 + 18 nm at 1000°C.

The chemical integrities of the neat PVAI/tin glycolate
composite fibers and the post calcined products were further investigated by FT-IR,
as graphically shown in Figure 7. According to the FT-IR spectrum of the neat
composite fibers, the absorption peaks at 1440 ¢cm-1(CH2bending) and 858 ¢cm-1(CH-
rocking) characteristic to PV A [17] were evident. These peaks were, however, absent
from the spectra of the as-calcined products, indicating the complete removal of the
PVA template. It was shown that according to the TGA result with a heat scanning
rate of 10 °Cmin" under a nitrogen atmosphere PV A in the form of solvent-cast films
lost about 80% of its mass when the temperature reached 400°C [L7]. As shown in
Figure 5.7, a new absorption peak centering around 600-630 cm"1, characteristic to
the vibration of Sn-0 bond, was observed in all of the FT-IR spectra of the as-
calcined products. Clearly, the intensity of this peak for the products was much more
pronounced as increasing the calcinations temperature. As a conclusion, the PV Altin
glycolate composite fibers were successfully transformed into o 2fibers.

WAXD was used to further investigate the microstructure of
the post-calcined products and the results are shown in Figure 58. All ofthe WAXD
patterns indicated that the as-calcined products were crystalline in nature. All of the
fibers that had been calcined at the calcination temperatures of 400, 600, and 800°C
showed the diffraction peaks characteristic to the tetragonal rutile (2 crystals. At
1000°, the peaks were much more pronounced with additional peaks being
observed. According to the JCPDS card No. 21-1250, the positions of these peaks
indicated that the  ( 2crystals in the obtained fibers existed in the pure tetragonal
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rutile phase as in the cassiterite mineral. Moreover, the crystallite size of all the post-
calcined products are evaluated from the FWHM of the XRD reflections using
Scherer’s equation [18]; in which D = K (kip cos 0) where K = 0.89 (constant), k =
0.154 nm ( X-ray wavelength) of Cu-Ka radiation), p = the full width of half
maximum for the diffraction peak and 0 = scattering angle. In the present work, the
average crystallite size of the SnCszis calculated from SnCs2 (101) reflection peak
from the XRD pattern. The values of the calcined tin oxide fibers at 400, 600, 800,
and 1000°C were 3.91, 5.38, 9.49, and 82.53, nm respectively. The results clearly
showed that both the extent and the size of the crystals increased with an increase in
the calcination tem perature [7,19-22], The BET surface area of both the neat PV A/tin
glycolate composite fibers and the post-calcined fibers was also determined. The
surface area of the composite fiberswas determined to be about 17 m2g 1 while those
of the as-calcined fibers at 400 and 600°C were about 121 and 275 m2g*' due to the
presence of PVA in the neat PVAI/tin glycolate composite fibers not completely
decomposed at this temperature [9], However, as calcinations temperatures increased
higher to 800 and 1000°C, as-calcined fibers were found to exhibit a decrease in the
surface areas to 186 and 71  29'L respectively. The monotonous decrease in the BET
surface area of the SnCs2fibers with an increase in the calcination temperature was
obviously a result of the observed increase in the hypothetical increase in the size of
the cassiterite crystals.

As a semiconducting material, the specific conductivity of the
post-calcined fibers is of great interest. The results of the measurements are
summarized in Table 5.1, along with those of the neat PV A/tin glycolate composite
fibers and the tin glycolate precursor itself. Clearly, all of the as-calcined fibers
exhibited the property values in the range of 3.46 x 102to 1.59 x 103 Scm'lon
average, with the value for the fibers that had been calcined at 600 c being the
greatest. These values certainly fall within the semiconductor regime, indicating that
these ultrafine SnCs2 fibers have a high potential for use as a 2D semiconductor,
Interestingly however, the specific conductivity values reported here for these fibers
were much greater than those generally reported for the conventional  ( 2films (i.e.,
101- 102Scm ™) [23-25]. In addition, the decrease in the conductivity value should be



a result of the observed decrease in the surface area of the crystals as increasing the
calcination temperatures [26]. Comparatively, such values for the neat PVA/tin
glycolate composite fibers and the tin glycolate precursor were much lower at 4.82 x

10-2and 2.24 x 10-1Scm'L respectively, on average.

5.5 Conclusions

Ultrafine tin oxide fibers with diameters in the range of 87-166 nm have
been successfully prepared by calcining the sol-gel derived electrospun PVA/tin
glycolate composite fibers (based on the e-spinning of PVA (10 wt%)/tin glycolate
— moisture stable tin containing-compound — solution under the applied electric
field of 12.5 kV/15 cm). The diameters of the composite fibers increased with an
increase in the concentration of the base PVA solution. The acidity of the solvent
plays an important role to the morphology of fibers. HNOs is not only a good
candidate to be a catalyst for the sol-gel processing of tin glycolate, but also provides
small size of SnCs2 fibers after calcination. The applied electrical potential has
significant impact to the size and the surface morphology of the fiber. The fiber
diameter and the bead formation were decreased with increasing collection distance.
The average diameter of the post calcined fibers decreases from 166 + 46 nm to 87 £
18 nm with increasing the calcinations temperature from 400 to 1000°C, respectively.
The FT-IR results confirmed the presence of the Sn-0 bond of the tin oxide fiber, as
well as the WAXD, postulating the tetragonal rutile tin oxide fiber. Moreover, raising
the heat treatment temperature from 600 to 1000°C causes the decrease in surface
areas and specific conductivity. The ultrafine tin oxide fiber showed the high
conductivity value of 1.59 xiosScm-1and the highest BET surface area of 275 m2g

at the 600°C calcinations temperature.
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Table 5.1 The specific conductivity oftin glycolate, neat PV A/ltin glycolate fibers

and post-calcined fibers at different calcination temperatures.

Sample

Tin glycolate

NeatPVA/tin glycolate fibers
Post-calcined fibers at400°c
Post-calcined fibers at 600°c
Post-calcined fibers at 800°c

Post-calcined fibers at 1000°¢c

The specific conductivity ( cm'l)
224 X1 +4.36x 10
482 X102+ 3.98 X 104
5.67 X \& t 3.02 X 10
1.59 X 1C?7£5.76 X 10
8.05 X 1C?7+ 3.26 X 104
346 X &1t 2.97 X 105
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Figure 5.1 SEM images of pre-calcined as-spun fibers from spinning solutions

containing (a) 6, (b) 10, and (c) 13 wt% PV A solution, using the applied electrostatic
field strength of 15 kv/locm.
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Figure 5.2  Selected scanning electron microscope images illustrating the
morphological appearance of electrospun fibers from poly(vinyl alcohol) (10
wt% )/tin glycolate solution under 12.5 kv/L15cm in various types of media of (a) H20,
(b) 8M CH3COOH, (c) 8M HCYL and (d) 8M HNO3. The diameters of these fibers

were 238 £153, 199+ 97,177 84, and 143 + 23 nm, respectively.
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Figure 53  Selected scanning electron microscope images illustrating the
morphological appearance of electrospun fibers from poly(vinyl alcohol) (10
t%)/8M HNCVtin glycolate solution underthe various electrical potentials of (a) 10,
(b) 12.5, and (c) 15 kv that were applied over a fixed collection distance of 15 cm.
The diameters of these fibers were 241 + 104, 143 + 23, and 194 72 nm,
respectively.
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Figure 54  Selected scanning electron microscope images illustrating the
morphological appearance of electrospun fibers from poly(vinyl alcohol) (10
wt%)/8M HNCh/tin glycolate solution under a fixed applied electrical potential of
12.5 kv that was applied over various collection distance of (a) 8, (b) 10, and (c) 15
cm. The diameters of these fibers were 227 + 85, 179 + 45, and 147 + 33 nm,
respectively.
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Figure 55  Selected scanning electron microscope images illustrating the
morphological appearance oftin oxide fibers obtained from the calcinations at 600°C
of electrospun poly(vinyl alcohol) (PVA)/tin glycolate composite fibers prepared
from PVA (10 wtse)/tin glycolate solution under the applied electric field of 125
kV/15 ¢m at various type ofacid (a) 8M CH3COOH (b) 8M HCI, (c) 8M HNO3, The
diameters of these fibers were 1470+ 88, 12492 41, and 121 + 126 nm, respectively.
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Figure 5.6  Selected scanning electron microscope images illustrating the
morphological appearance of (a) precalcined electrospun poly(vinyl alcohol)
(PVA)/tin glycolate composite fibers prepared from PVA (10 wt%)/8M HNCVtin
glycolate solution under the applied electric field of 12.5 kV/15 cm and tin oxide
fibers that were obtained from the calcination at various temperatures of (b) 400°C,
(c) 600°C, (d) 800°C, and (e) 1000°. The diameters of these fibers were 172 + 21,

166 + 46, 121 + 26, 109+ 24, and 87 + 18 nm, respectively.



Absorbance

14 1
1.2 -

(e)
1.0
08 { (@
064 (o
41 v =8
24 ‘o M
0.02500 2000 1500 1000 500

Wavenumber (cm 1)

Figure 5.1 Fourier-transformed infrared spectroscopy spectra of (a) precalcined
electrospun poly(vinyl alcohol) (PVA)/BM FENCVtin glycolate composite fibers
prepared from PVA (10wt%)/tin glycolate solution under the applied electric field of
12,5 kV/15 cm and tin fibers obtained from the calcinations at various temperatures

of (b) 400°c, (¢) 600°c, (d) 800°c, and (e) 1000°c.
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Figure 58 Wide-angle X-ray diffraction patterns of tin oxide fibers obtained from
the calcination of electrospun poly(vinyl alcohol) (PVA)/tin glycolate composite
fibers prepared from PVA (10 wt%)/8M HNC>s/tin glycolate solution under the
applied electric field of 12.5 kV/15 cm at various temperatures of (a) 400°C, (b)
600°c, (c) 800°c, and (¢) 1000°c.



	CHAPTER V PREPARATION OF POLY(VINYL ALCOHOL)/TIN GLYCOLATE COMPOSITE FIBERS BY COMBINED SOL-GEL/ELECTROSPINNING TECHNIQUES AND THEIR CONVERSION TO ULTRAFINE TIN OXIDEFIBERS
	5.1 Abstract
	5.2 Introduction
	5.3 Experimental Section
	5.4 Results and Discussion
	5.5 Conclusions
	5.6 Acknowledgements
	5.7 References


