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ABSTRACT

Si02-PVA and Er3*-doped SiOz-PVA solution have been successfully prepared via sol-gel
method. The main solution was transparent indicating the homogeneous mixture of SiOz and
PVA components. Thin film and nanofiber layer were fabricated using spin coating and
electrospinning technique, respectively. Effect of the SiOz: PVA weight ratio was investigated
to control the optical properties of the sample as well as the fibers diameter and their
morphological appearance. The average diameter of the fiber varied from 79.41 to 122.20
nm depends on the SiOz: PVA weight ratio. It was found that electrospinning of the low
viscosity of the solution leads to the formation of fiber with beads-on-string morphology. The
welght ratio of Si0z: PVA (1:9) provides adequate chain entanglement as it produced dense
fiber collection with fewer defects. All the samples are fully transparent in the VIS and NIR
region, as evidenced by the percentage of transmittance with the range from 76% to 88%.
Photoluminescence study shows that Er3*-doped SiO2-PVA nanofibers exhibit maximum red
emission intensity at 0.4 wt. % of Er3+ doping. Er3* doping did not significantly affect the
diameter of the nanofibers due to relatively low concentration.
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1. INTRODUCTION

Hybrid inorganic-organic materials are of interest as it combines excellent properties of the
organic part such as lightweight, processability and flexibility whereas the inorganic part is
responsible for the good chemical stability with strong mechanical strength, which is ideal for a
wide variety of applications [1-2]. Silica (SiO2)-based is a promising material due to its high
quality, strong thermal resistance, good chemical stability and highly transparent in the UV-VIS-
NIR range [3-4]. Meanwhile, poly (vinyl alcohol) (PVA) polymer is an inexpensive and non-toxic
material with good chemical and physical properties such as chemical resistance, water solubility
and high melting point. Furthermore, a water-soluble polymer reacts with several cross-linking
agents to form a gel. Incorporation of SiO2-PVA as a nanocomposite would offer improved and
unique properties, thus open up new possibilities in numerous applications [5-6]. It is reported
that the mixture of Si0,-PVA material demonstrated high transparency, thermostability and
mechanical strength [7]. Incorporation of rare-earth (RE) ions in the hybrid inorganic-organic
system are beneficial for luminescence properties of the materials as the ions have a wide range
of emission lines from the ultra-violet to near infra-red spectral range [8-10]. Er3+ is one the RE
elements that attracted considerable attention in numerous applications (i.e. laser, lighting and
optical amplifier) due to its emission in the blue, red, green and near-infrared spectral range [11-
13].

*Corresponding Author: suraya_ak@uitm.edu.my


mailto:suraya_ak@uitm.edu.my

Nurul Iznie Razaki, et al. / Optical and Morphological Properties of SiO2-PVA and...

Sol-gel provides a synthetic pathway for the incorporation of organic and inorganic materials.
The sol-gel technique is a low-temperature route with the flexibility of composition and structure
[14-16]. This method allows one to produce thin film or fibers directly from the solution. For the
hybrid case, the properties of hybrid sol-gel derived materials can be tailored by varying the
composition at its micro or nanostructure [17].

One-dimensional nanostructures such as nanofiber, nanowire, nanoparticles, etc. have attracted
considerable attention due to their outstanding properties such as nano-sized, lightweight, high
porosity and large surface area to volume ratio [18-19]. Nanofibers have been extensively studied
for various applications including sensors, catalyst, display, laser, etc. [20-22] and it can be
fabricated by a various technique including drawing, porous template, electrospinning and self-
assembly [23]. Electrospinning is a simple procedure which draws very fine fibers from a viscous
liquid (usually a polymeric solution) under the force of an electrostatic field. The electrospinning
solution requires a concentration high enough to provide entanglements with viscosity low
enough to allow motion induced by the electric field. Due to that, viscosity is one of the key
parameters that affect the properties of the electrospun nanofibers. Usually, the polymer is added
into a less viscous solution (inorganic) to increase the viscosity as well as the polymer
entanglement of the solution [24-26]. Combination of the sol-gel and electrospinning techniques
allows one to fabricate the fibers with tailorable morphology, diameter and composition [27-28].

In this work, we report on the preparation and characterization of the SiO2-PVA and Er3+-doped
Si02-PVA in the form of thin film and nanofiber. Effect of the weight ratio of SiO;: PVA and Er3+-
doping on the optical properties of the thin film sample were studied. Surface morphology and
fiber diameter of these electrospun materials were also examined.

2. MATERIALS AND METHODS
2.1 Materials

Tetraethylorthosilicate, TEOS (Si (OCzHs)4, MW=208.33, poly (vinyl alcohol), (PVA, MW=205,000)
and erbium chloride hexahydrate (ErCls.6H,0) and hydrochloric acid, HCl (MW= 36.47) were
purchased from Sigma Aldrich. Ethanol, EtOH (C;HsOH), MW=46.07) was supplied from Kollin
Chemicals. Ultra-pure water, H,0 (MW: 16), was also used in the preparation of the sol-gel
solution.

2.2 Preparation of Si02-PVA and Er3+-Doped SiO2-PVA Solution

Polymeric PVA solution (7 wt. %) was prepared by dissolving the PVA powder with H20. The
solution was then stirred vigorously using magnetic stirrer (Torrey Pines Scientific HS40-2) at
the constant speed of 500 rpm at 60°C. SiO; active solution was obtained by mixing TEOS, H:0,
HCl and EtOH with the molar ratio of 1: 0.01: 2: 37.9 (TEOS: HCl: H,0: EtOH). This ratio was chosen
as it demonstrated dense, homogeneous and transparent SiO,-based thin film [29]. This solution
was stirred for one hour at 65°C under vigorous stirring of 400 rpm. In order to reveal the effect
of the PVA concentration, hybrid SiO;-PVA solution was prepared by mixing the polymeric PVA
and SiO; solution with six different weight ratio as presented in Table 1. Er3* ion solution was
prepared by dissolving a small amount of ErClz.6H;0 salt with a few drops of ultra-pure H-0 (e.g.
0.12 g for 0.6 wt.% of Er3+). The solution was manually stirred using a glass rod to ensure the
dopant was completely dissolved. Then, the diluted Er3+ion solution was introduced in the hybrid
Si0,-PVA as ErCl;.6H;0 aqueous solution. The resultant mixture was stirred at the speed of 400
rpm at room temperature for 16 hours.
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Table 1 Sample ID according to their respective SiOz and PVA weight ratio in a SiO2-PVA mixture solution

No. Sample ID PVA (wt. %) Si02 (wt.%)

1 PVA 100 0

2 Si02 0 100
3 S1P9 90 10
4 S2P8 80 20
5 S3P7 70 30
6 S4P6 60 40
7 S5P5 50 50
8 S6P4 40 60

2.3 Preparation of Thin Film and Nanofiber

The thin film of SiO,-PVA and Er3+-doped SiO,-PVA were deposited on the substrate using a spin
coater, with the spinning speed of 2000 rpm for 10 seconds. For the nanofiber deposition, the
spinnable solution is filled into the 10 mL syringe with a metal needle that was mounted on a
programmable syringe pump which controls the feeding rate of the solution. During the
electrospinning process, a positive 12 kV voltage was applied to the rotating metal collector,
covered with aluminium foil. The distance between the needle tip and the collector was fixed at
10 cm. The flow rate of the electrospinning solution was 0.5 mL/h. The sample was then heated
at 80°C for 10 minutes to dry the sample.

2.4 Sample characterizations

The viscosity of the solution was measured using Viscometer (Brookfield). Glass transition
temperature of the sample was determined using Differential Scanning Calorimetry (DSC)
(NETZSCH, DSC 200 F3) under nitrogen environment. A sample weighing between of 10 - 12 mg
was scanned at a heating rate of 10°C/min from 10°C to 100°C. The optical transparency of the
fabricated sample in 200 -2000 nm range was acquired by Cary 5000 (1.12 Version) UV-VIS-NIR
Spectrophotometer (Perkin Elmer), at room temperature. Deuterium lamp was used as a light
source to illuminate the sample and the scanned rate was 600 nm/min. Refractive index and
thickness of the thin film was measured by prism coupler (SAIRON SPA 4000-R) using 632.8 nm
laser source, based on m-lines technique. The measurement was performed by using Gadolinium
Gallium Garnet (GGG) prism. Presence of electrospun nanofiber with their morphology was
analyzed by field emission scanning electron microscopy (FESEM) imaging (SUPRA40VP). Energy
disperse x-ray (EDX) mapping was employed to perform elemental analyses of the sample. Before
the imaging, the sample was sputter coated with gold to create a conductive surface. An average
fiber diameter was analyzed using Image] software (NIH, USA) by measuring the diameter of at
least 15 single fibers. Emission characteristics of Er3+ ions in visible range was carried out by
Horiba Jobin Yvon Spectrophotometer. The measurement was performed at room temperature,
upon 514.5 nm excitation of Argon laser.

3. RESULTS AND DISCUSSION

31 Effect of Si0,: PVA Weight Ratio on the Optical and Morphological Properties of
Hybrid SiO2-PVA Thin Film and Nanofiber

Figure 1 showed the physical appearance of the fabricated thin film on the substrate. All samples

exhibit similar appearance which is colorless and transparent, suggesting good compatibility of
PVA and SiO; on a nanoscopic scale [7].
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Figure 1. Fabricated thin film of sample S4P6.

Glass transition temperature, T4 of PVA and its hybrid (S1P9 and S7P3) is provided in Table 2. It
is shown that pure PVA sample exhibited T, at 64°C. It is expected that incorporation of SiO- to
the PVA increased the glass transition of the hybrid. However, the Tg of the PVA-SiO; sample is
found to be slightly lower than pure PVA. Based on previous study, the presence of SiO; has
reduced the onset temperature of PVA, which is believed due to disruption in intermolecular
interactions in the PVA [31].

Table 2 Glass transition temperature, Tg of PVA and its hybrid sample

Sample Glass transition temperature, (Tg) (°C)
PVA 64.0
S1P9 63.5
S7P3 56.2

Degree of transparency of SiO; and SiO,-PVA film samples as a function of incident wavelength
was studied in the range of 200-2000 nm, as shown in Figure 2. All the samples are fully
transparent in the VIS and NIR region, as evidenced by the percentage of transmittance with the
range from 76% to 88%.
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Figure 2. Transmittance spectra of SiOz and hybrid SiOz-PVA samples, acquired in the UV-VIS-NIR
wavelength range.

It is seen that the transparency of the samples increases with the increment of the wavelength
with a similar pattern of the spectrum. Pure SiO; sample demonstrates the highest transmittance
transparency, which is around (86-88%). The transparency is reduced with the incorporation of
the PVA component in the SiO; matrix. Uniform ripples found in the transmission spectra of the
S2P8 and S3P7 sample indicates uniform and smooth surface of the thin film. Interference effects
give rise to the transmittance spectrum with successive maxima and minima indicating the
uniformity of the film thickness [32-33]. In general, transmission measurement involves with the
characterization of the optical behavior of the sample as a function of wavelength by comparing
the intensity of light a sample (I) to the intensity of light before it passes over the sample (1,).
Appearance of the irregular ripples in the transmittance spectrum of the SiO;, S1P9, S4P6 and
different curve pattern of the S5P5 samples might be attributed to rough surface or presence of
small particles on the top of the film during measurement. Presence of a small drop at the
wavelength range of 1350 nm to 1400 nm is believed due to the intermolecular interaction
between Si-O-Si linkages absorption vibration [34]. The Si-O-Si bonding is attributed to
characteristics of SiO», confirming the presence of SiO; glass network. Furthermore, the presence
of Si-0-Si bonding indicates that incorporating PVA to the inorganic precursor does not interrupt
formation of SiOz network in the hybrids [31], as shown in Figure 3.
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Figure 3. Schematic of Si02-PVA network structure [35].

For refractive index measurement, one pure PVA and two-hybrid SiO,-PVA thin film samples
(S4P6 and S6P4) were chosen for index comparison purpose. Table 3 shows the refractive index
and thickness of the corresponding samples, measured with the prism coupler based on m-lines
technique. It is observed that pure PVA film exhibits the highest refractive index, which is 1.56
and decreases with an increasing composition of SiO; in the hybrid matrix. Decreased in the
refractive index could be attributed by low optical density as well as the packing density of the
films [36].

Table 3 Refractive index and film thickness of the pure PVA and hybrid SiO2-PVA sample

No. Sample ID Refractive index, n Film thickness, pm
1 PVA 1.56 3.21
2 S4P6 1.52 3.49
3 S6P4 1.48 3.08

Figure 4 (a) depicts the FESEM image of the pure PVA (7 wt. %) fibers. The as-spun fibers were
homogeneously dispersed with an average diameter of 238.25 * 48.28 nm. The fibers were
randomly oriented and they demonstrate smooth morphology without any appearance of beads
on the fiber string. The sample is also free from any contaminations or impurities as, as confirmed
by EDX spectrum (Figure 4(b)).
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Figure 4. (a) FESEM images of the electrospun fiber of pure PVA (7 wt.%), scanned at the magnification of
10.00 K X and (b) EDX mapping of the sample showing the presence of Carbon (C) and Oxygen (0O)
elements.

Figure 5 shows the FESEM image of the as-spun hybrid SiO2-PVA fibers with six weight ratios of
SiO2: PVA. The collected fibers were randomly oriented with length up to several centimeters
long. Several thick fibers were observed due to merging of two or more thin fibers during the
electrospinning process. It can be seen that as SiO; incorporated into the polymeric PVA solution,
properties of the electrospun fibers such as morphology and diameter changed. The electrospun
fibers of the S1P9 sample demonstrate uniform fiber size with minimal presence of beads on the
fiber string. Meanwhile, a lot of beads with various shapes are observed in the S3P7, S4P6 and
S5P5 electrospun fibers collection.

It is known that the viscosity of the electrospinning solution is one of the key parameters that
affect the properties of the resultant electrospun fiber. The viscosity of the pure PVA and hybrid
SiO2: PVA solutions are shown in Table 4. It is expected that the viscosity of the solution is
decreased as the fraction of SiO; is increased. This phenomenon could be explained by an
enhancement of agglomeration of polysilica species in the concentrated silica sol [37-38]. At this
proportion range, it is believed that cross-linking between the PVA and SiO; during the
preparation process is responsible for the increase in viscosity of the hybrid solution. As reported
by Pirzada et al., the increase cannot be attributed to the SiO; network only, since TEOS alone
does not demonstrate such a high viscosity. Thus, it is possible that cross-linking of PVA by the
silanol groups caused an increase in the viscosity of the solution due to higher effective molecular
weight [31]. However, for the S2P8 solution, the viscosity is increased drastically from 264 cPs to
433 cPs. Furthermore, this solution tends to transform to gel within 2 hours to one-day period.
This abnormal condition is found at this weight ratio and the solution is cloudy when compared
to S1P9. It is believed that the strong attractive interaction between particles at a particular
concentration result in the highest agglomeration for sample S2P8.
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Figure 5. FESEM image of the as-spun fiber of (a) S1P9 (b) S2P8 (c) S3P7 (d) S4P6 (e) S5P5 and (f) S6P4,
scanned at the magnification of 5 K X. Arrows show formation of beads on the fiber string.

Table 4 Viscosity of pure PVA and hybrid SiO2-PVA solution with their average diameter of the
electrospun fiber

No. Samples Nomenclature Viscosity (cPs) Average diameter of the fiber (nm)
1 S1P9 264 122.20 +47.63
2 S2P8 433 143.74 + 49.14
3 S3P7 155 108.34 + 45.42
4 S4P6 105 82.90 + 26.51
5 S5P5 60 100.85 + 32.05
6 S6P4 31 79.41 + 33.05

In general, an increment of the viscosity of the electrospinning solution resulted in higher
entanglements of the polymer chain which then produced thicker fiber. This is attributed to the
high resistance of the stretched polymeric solution during the electrospinning process [19], [24].
In this study, as shown in Table 4, the average diameter of the hybrid SiO,-PVA nanofibers
decreased with the increment of SiO; component in the matrix, except for the sample of S2P8 and
S5P5. The diameter of the electrospun fiber ranges from 79.41+33.05 nm at low viscosity (31cPs)
to 143.74449.14 nm at higher viscosity (433cPs). S2P8 sample demonstrates thicker fiber due to
the high viscosity of the solution. As for S5P5 sample, the average diameter of the fiber is slightly
increased due to the presence of thick fibers and large beads on the fiber string. The formation of
beaded fibers from the solutions with lower viscosity could be attributed to a breakup of the jet
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while travelling in the air by surface tension [39]. It is reported that the formation of beads whose
size is bigger than fiber can lead to low mechanical properties of the fibers [40-41]. Furthermore,
it is observed that the collected fibers of the low viscosity of the solution demonstrate large
variation in fiber diameter. This is believed due to bending instability associated with the
electrified spinning jet, that caused an unstable jet trajectory towards the metal collector during
the electrospinning process [19], [24]. Besides that, ambient conditions during the
electrospinning process such as humidity and temperature of the laboratory could also be the
contribution to the inconsistency of fiber diameter.

Based on the presented results, it can be concluded that 1:9 ratio of hybrid SiO;: PVA provides
smooth morphology of the electrospun fibers with dense fiber distribution and minimal beads
formation. Furthermore, the sample exhibit high transparency that is beneficial for optical
application. For this reason, it was decided to use this ratio to continue with the experimental
work on the effect of Er3+ doping on the properties of the hybrid SiO,: PVA nanocomposite.

3.2  Effect of Er3+* Doping on the Optical and Morphological Properties of SiO2-PVA Thin
Film and Nanofiber

In order to study the effect of RE dopant, the various concentration of ErCls.6H,0 aqueous
solution was added into the hybrid Si0,-PVA (S1P9) solution, as previously described. This
proportion of Si02:PVA was chosen because it provides adequate chain entanglement as
evidenced by uniform fiber dispersion with less formation of beads on fiber string. Generally, a
polymer material that has a Ty < room temperature is not feasible to be used as in several
photonics application since at that temperature, it will develop some sort of “rubbery” effect
which in turn will affect its performance. In this study, T; measurement of the sample is carried
out to ensure the compatibility of the RE-doped SiO,-PVA in optical application as the dopant
could alter the optical properties of the material. Table 5 shows the glass transition temperature
(Tg) for three different concentrations of Er3+ (0.2 wt. %, 0.4 wt. % and 0.6 wt. %) with fixed ratio
of Si02: PVA (1:9). It can be seen that by varying the Er3+ doping from 0,2 to 0.6 wt.%, the T of the
sample showed insignificant change in the value. As the Tgis above 60°C, which is higher than the
room temperature, it can be conclude that at this doping range, this material is a good candidate
for photonics application.

Table 5 Glass transition temperature of the hybrid SiO2-PVA (S1P9) sample with different Er3+ doping

concentration
Er3+ doping in (SiO2: PVA) (1:9) (wt. %) Glass transition temperature, (Tg) (°C)
0.2 62.5
0.4 63.7
0.6 63.5

Transmission spectra of Er3+-doped Si0;-PVA samples are shown in Figure 6. The transmission
spectra reveal that the thin film demonstrates high transparency in the UV-VIS-NIR wavelength
range. Sample with 0.2% and 0.6% of Er3+ doping shows high transmittance spectra (~85%) and
slightly dropped to 78% for the sample having 0.4% of Er3+. This might be due to thicker film
formation during the spin coating process that leads to lower transparency.

Emission characteristic of the hybrid Si0,-PVA doped with various Er3* concentration is studied.
As seen in Figure 7, all the samples demonstrate red emission line which assigned to *Fq/2 = *l15,2
Ers+ ion transitions [42-43]. As the Er3* ion concentration increases from 0.2% to 0.4%, the
emission intensity also increase. However, when the concentration is further increased to 0.6%,
the intensity is decreased and slightly shifted to lower energy. This is due to the nature of the RE
dopant itself which tend to precipitate above certain dopant concentration, which will
consequently lead to the formation of optically inactive Er3+ ions clusters. As a result, the
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clustered ions interact and transfer the energy among each other, thus decrease the luminescence
efficiency via cross-relaxation [13].
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Figure 6. Transmission spectra of the hybrid SiO2-PVA (S1P9) doped with various Er3+
concentration in the UV-VIS-NIR range.
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Figure 7. Red emission spectra of the hybrid SiO2-PVA (S1P9) doped with various concentration of Er3+
under 514.5 nm excitation.

FESEM images of the Er3+-doped SiO,-PVA (S1P9) electrospun nanofiber is shown in Figure 8 (al-
cl). It is observed that the deposited fibers were cross-linked and randomly oriented on the
substrate. The electrospun hybrid fiber with 0.2 wt. % of Er3+ demonstrates straight fibers with the
formation of some beads on the string. At 0.4 wt. % doping, the deposited fibers show non-uniform
fiber diameter distribution and presence of some curl fiber is observed. For the sample with 0.6 wt.
% (Er3+), the fiber diameter is obviously not uniform along each of the strands where there is high
tendency to “bulge” and the distribution of the medium sizes and large sizes fiber seems to be equally
likely to occur. The degree of entanglements is also higher for this concentration. The hybrid SiO»-
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PVA (S1P9) fibers doped with 0.2 wt. %, 0.4 wt. % and 0.6 wt.% of Er3+ exhibited average diameter
0of 122.95 #+ 34.84 nm, 126.51 * 25.94 nm and 129.0 *+ 25.89 nm, respectively. It is observed that as
the Er3* concentration in the hybrid SiO;-PVA is increased, there is a slight increase in the diameter
of the fiber. Er3+ doping did not significantly affect the diameter of the hybrid fibers due to relatively
low concentration.

1 15 2 25 3 35 Bl 45
50 cts Cursor: 0.000

® g N
; 'n%’up_. ;

1 15 2 25 3 35 R 45
50 cts Cursor: 0.000

50 cts Cursor: 0.000

Figure 8. FESEM Images of the hybrid SiO2-PVA Nanofiber doped with various Er3* concentration (a1) 0.2
(b1) 0.4 and (c1) 0.6 (wt. %). EDX spectrum of the 0.2, 0.4 and 0.6 wt. % doped SiO2-PVA sample is depicted
by (a2), (b2) and (c2), respectively. The scanned area is presented by the inset image.

EDX spectrum of the samples (Figure 8 (a2-c2)) reveals the elemental composition within an area of
the scanned nanofiber. Table 5 shows the fraction of each element in the hybrid Er3+-doped Si0;-PVA
(S1P9) nanofiber. It is confirmed that the resulting nanofiber contains the preferred elements of C,
0, Si and Er that produce Er3+- doped SiO2-PVA nanofiber.
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Table 6 Elemental composition of Er3*-doped SiO2-PVA (S1P9) nanofibers

Atomic %
Element 0.2% of Er3+ 0.4% of Er3+ 0.6% of Er3+
CK 73.44 76.25 74.67
OK 12.86 19.61 17.34
SiK 13.45 3.34 7.06
Er M 0.25 0.79 0.93
Total 100.00 100.00 100.00

From Table 6, it can be seen that carbon (C) element takes on a major proportion of the overall
composition of the hybrid nanofiber. This is expected since the C group which came from the PVA
[(C2H40)4], is indeed the host for the overall solution with the ratio of 1:9 (SiO;: PVA). In the case
of Er3+ element, the least percentage of contribution of the element among others because the
dopant added in the sample was very small in quantity. The fact that the small amount of Er3+ is
detectable in the fiber strands indicates the compatibility of the resulting materials in producing
a spinnable solution. On the other hand, Si element that supposed to be in minor quantity since
the SiO; solution mixture ratio is 1, ended up having an atomic percentage larger than expected.
This is because the Si atomic % may not be contributed solely by electrospun fibers, but also the
substrate on which the fiber is deposited. In EDX, the electron bombardment caused the layers
of deposited fibers to be cracked; thereby exposing the silicon substrate underneath and those
interactions will contribute in percentage amount of Si in EDX spectra.

4. CONCLUSION

In summary, this work describes the preparation and characterization of the hybrid SiO,-PVA and
Ers+-doped SiO2-PVA materials by the sol-gel technique. Electrospinning of the hybrid solution
with lower viscosity caused a formation of fibers with bead-on-string morphology. The optimum
weight ratio of SiO2: PVA for the electrospinning process was identified as 1:9 as it exhibited good
spinnability. Small dopants concentration may not have a major influence on the overall size of
the fiber but the tendency of the dopants to cluster at higher concentration may cause the bulging
effect on some of the strands. The decrement of the red emission of Er3* ions at 0.6 wt. % doping
is likely a result of the ion clustering effect.
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