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Abstract. The aim of study was to produce a nanocomposite polymer ﬁbrous
part1c1pat10n of the relnforcmg phase in the form of T102/B1203/ 8102 nanopg k of

phase which was as follows: 0%, 4%, 8%, 12% for e
electrical constants of obtained thin folms was perf
absorbance as a function of the wavelength. Using tw. ethod proposed by the author
and the recorded absorbance spectra and spectroscopic etermined the refractive index
n, real n' and imaginary k part of the refractgge index 1on of the wavelength, complex
dielectric permeability ¢, real and imaginary pa  of the dielectric permeability as a function
of the wavelength of the polimeric and composi

cles. The optical and
of UV-Vis spectra of

Introduction

Until the present day, man

(PVP) matr

In their woR'[ 14], Toni E. Newsome and Susan V. Olesik presented a method of producing nano-
scale composite fibres in a polyvinylpyrrolidone matrix, reinforced with nano-scale silica particles,
with diameters of 250 nm. The base of the spinning solution was a mixture of ethanol, methanol and
propanol with a percentage share of, respectively, 90%:5%:5% (the paper’s authors did not provide
information whether the percentage share of the used alcohols was the volume or the mass). The PVP
polymer was added to such a mixture of solvents, and thus three PVP/EtOH/MeOH/PrOH polymer
solutions were obtained. Wherein with relative to the solvent mixture polymer mass concentration of
respectively were 9%, 10% and 11%. The next stage was to prepare a second type of mixtures,
consisting in the abovementioned ethanol, methanol and 1-propanol mixture with nano-scale silica
particles with mass concentrations relative to the used alcohol mixture of, respectively, 20%, 25%
and 30%. The final spinning solutions were obtained through mixing of each type of the first group
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of mixtures, i.e. PVP/EtOH/MeOH/PrOH with the second type, i.e. S10,/EtOH/MeOH/PrOH, each
time employing a mass ratio of 2:3. In order to obtain nano-scale composite fibres, Newsome and
Olesik used the electrospinning method with the applied process parameters of, respectively: distance
and potential difference between electrodes amounting to 10 cm and 10 kV, and the spinning solution
feed rate amounting to 4 1/min. In order to analyse the influence of the mass concentration of a
polymer in a spinning solution on the morphology of the obtained PVP/SiO2 nanofibres, the solutions
of PVP/EtOH/MeOH/PrOH were mixed in a 2:3 ratio with 20% mixture of SiO2
NPs/EtOH/MeOH/PrOH. The morphological analysis of the obtained composite fibre mats was
conducted with the use of SEM topography images of their surface. Research results indicated that
irrespective of the employed polymer concentration in the spinning solution, the obtained nano-scale
fibres featured an even dispersion of nano-scale particles across the whole volume of thg
fibres. However, if in the process of electrospinning the solution containing the smg nt of
polymer was used, it contributed to resulting nano-scale fibres featuring numeroys
in the form of the so-called ‘spherical beads’. There were no such struct
PVP/Si02 nanofibers obtained with the use of the remaining two spinnin

generated due to a too low viscosity of the spinning solution used fogtheir spi . itionally, the
analysis of the diameters of single composite nanofibers of ea on the basis of

spinning solution. An increase of the polymer concent
— from 10% to 11% — resulted in an increase of the
nm to 430 nm. On the basis of the above analyses the
solution containing 10% of PVP as the most ¢
PVP composite fibres/nano-scale SiO: particles( ) tmctural defects, and used them for running
Mho-scale silica particles in the spinning
2 posite fibres. To this end, Newsome and
Olesik mixed a 10% PVP/EtOH/MEOT maer solution in a 2:3 ratio with, successively,

of nano-scale fibres from 380
¢ paper [14] selected a spinning

20%, 25% and 30%. In this c ' C obtained thin fibre mats featured nano-scale fibres
i . Similarly as in the case of an increase of the polymer
mass concentration in y, an increase of the mass share of the used nano-scale
silica particles resul gy 1 e of the diameters of the obtained nano-scale composite fibres,

atrix, containing nano-scale titanium oxide particles, featuring a porous
structure. Th of their work was to devise a carrier for nano-scale TiO; particles, which due to
their large speCific surface area, stemming from their sizes in the nanometric scale, featured very
good photocatalytic characteristics. Attempts of dispersing nano-scale particles in liquids did not
yield the expected results due to the coagulation process of nano-scale particles, which aggregated
and, in turn, decreased the active area of contact of reagents with the surface of nano-scale TiO>
particles, acting as a catalyst. Subsequent efforts of finding a suitable carrier for nano-scale particles,
with a concurrent retention of their active contact area, consisted in the creation of nano-scale
PAN/Ti0; fibres with the application of the electrospinning method using a polymer solution. Nano-
scale composite fibres were spun with three types of solutions. The first type was 5% (mass) PAN
solution in dimethylformamide (DMF), containing, respectively, 0%, 1%, 2% and 3% of nano-scale
titanium oxide particles relative to the mass of the prepared solution. The second spinning solution,
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except for nano-scale TiO: particles (0%, 1%, 2% and 3% of mass), polyacrylonitrile and
dimethylformamide (DMF) with 5% mass polymer concentration relative to the entire mass of the
mixture, also included 3% of mass of water (H20). The third solution featured the same components
as the second one, but the concentration of water in the mixture was increased from 3% to 5%. These
solutions were subjects of the electrospinning process, under constant process parameters, that is:
distance between electrodes amounting to 10 cm and potential difference amounting to 20 kV. The
spinning solution flow rate was set at 0.012 mL/min for the first type of solutions and 0.025 mL/min
for the spinning solutions containing water. A surface topography analysis of the obtained nano-scale
PAN polymer fibres and PAN/Ti102 composite fibres conducted with the use of a scanning electron
microscope indicated that nano-scale fibres obtained from the first type of spinning solutlon i.e. the
one not contalnlng water, featured the smallest diameters. The obtalned results indicatg

mean diameters of 240-305 nm for the solution with 3% share of H,O, :
solution with 5% share of water in the mixture. Also, in these cases, an4 Sicters of

the spinning solution did not yield the expected results, co
paper [16], i.e. an increased porosity of PAN fibres. T, -scale titanium oxide

was observed in the electrospinning process. Despite lack of pdrosity, the obtained nano-scale
fibres, containing nano-scale fibres in the amount of nd 3%jfeatured a high photocatalytic

efficiency.

J. S. Im et al. [17], similarly to Prahsarn, wit{gvgmms.of clectrospinning method, spun nano-scale
composite fibres in a polyacrylonitrile matrix &&nt3 @tanium dioxide particles. However, he
increased the TiO2 mass concentratiog to the mass of the entire solution, with the
final mass composition of PAN:D, solutif _being 1:9:1. In the process of spinning nano-
scale composite fibres, consta employed, among others: distance between
electrodes amounting to 10 cyfy LolTrgeCtween electrodes amounting to 15 kV and spinning

. Im, in the course of conducted research, employed a

P0—-100 nm, with a tendency of reinforcement phase coagulation being
the presence of electrostatic interaction. Positively charged TiO; particles

between the Ngte and the nano-scale fibre collector, which resulted in forcing them inside the fibres.
But this explaffation is erroneous, which is proved by visible agglomerates of nano-scale particles in
composite fibres obtained by the J. S. Im’s research team. If nano-scale particles would feature
monomial positive charges, then according to Coulomb’s law, they should interact electrostatically
with each other with a repulsive force. This fact is contrary to the possibility of particle agglomeration.
If the hypothesis of the authors of the paper [17] is just, then an SEM analysis would indicate the
presence of nano-scale particles inside the entire volume of fibres in a polyacrylonitrile matrix,
wherein nano-scale TiO; particles would not agglomerate, but would be evenly dispersed within the
fibres.

In their paper, J. P. Jeun et al. [18], similarly to J. S.Im in paper [17], employing the
electrospinning method, generated nano-scale polyacrylonitrile fibres containing nano-scale titanium
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oxide particles from PAN/DMEF/TiO2 spinning solution with mass proportions amounting to,
respectively, 1:9:1. Nano-scale TiO» particles were obtained with the employment of sol-gel process,
and their diameters reached 80-300 nm. The employment of a flat collector and constant solution
parameters — among others: solution flow rate amounting to 2 ml/h, distance and the potential
difference between electrodes amounting to, respectively, 6 cm and 15 kV — made it possible to
obtain nano-scale polymer PAN and composite PAN fibres/nano-scale titanium oxide particles.
Fibres generated with the use of 10% polyacrylonitrile solution in dimethylformamide featured a lack
of structural defects and constant diameter values along the entire length of the fibres that amounted
to 100 nm. Addition of 10% mass of nano-scale TiO: particles to the spinning solution resulted in a
ten-fold increase in the diameters of the obtained nano-scale composite PAN/TiO; fibres relative to
pure PAN fibres obtained with the employment of the same process parameters. The spua

described papers [14-16].

Byung Chul Ji et al. [19] spun nano-scale composite PAN/TiO2
electrospinning process parameters: distance and difference of
amounted to, respectively, 15 cm and 15 kV. There was, however, 20 i in j#e paper about

for nano-scale fibres, Ji used nano-scale titanium oxide parti i eters ©f 30 nm, based on
f mixtures containing
titanium oxide with the following PAN/TiO> ratios: *2.5. Surface topography
analysis of the obtained polymer and composite nanofres condudked with the use of a scanning
electron microscope indicated that diameters of fibres o ed out offpure polyacrylonitrile averaged
to 100-500 nm, with the most numerous groupgaayvi fibres with diameters of 300 nm.

A 50% mass share of nano-scale particles re & polymer’s mass did not add to changes in
morphology of the obtained fibres. In this case s of fibres amounted to 100-500 nm,
with the most numerous group of nang eaturing diameters of 300 nm. The employment
of a spinning solution with PAN/T Ited in a considerable rise in the diameters of
the observed nano-scale compo materials, the diameters of fibres reached 200—

700 nm, and the most numergy C v iameters of 600 nm. The employment of a solution
with the highest mass concg sgale titanium oxide particles relative to polymer’s mass,
amounting to as much g Agaused a sgBsequent increase in diameters of the obtained nano-scale

fibres. In this case, dignit Qcd the range of 300-700 nm, and the most numerous were the
fibres with diamgg€ . @ nano-scale composite PAN fibres/nano-scale TiO; particles
j ctural defects in the form of the so-called ‘fusiform beads’, i.e.
Mong their entire length.

from the United States, led by Liwen Ji, conducted an analysis of the

e basis of preparation of spinning solutions was 5% (mass) PAN polymer
solution in d ylformamide, containing nano-scale silica particles in mass concentrations relative
to the polymeamounting to, respectively, 0%, 1%, 2%, and 5%. The diameters of the used particles
amounted to ca. 7 nm, which already at the production stage of spinning solutions generated a strong
tendency of reinforcement phase coagulation, which agglomerated to diameters of 80 nm. The
obtained spinning solutions were subjects of the electrospinning process, under constant process
parameters, among others: solution flow rate amounting to 0.5 ml/h and distance between electrodes
amounting to 15 cm. A variable parameter, amounting to, interchangeably, 14 kV, 16 kV and 18 kV
was the difference of potentials applied between the nozzle and the collector. In the case of all
obtained samples, the diameters of nano-scale fibres reached the range of 100400 nm, with, both,
the concentration of the employed nano-scale silica oxide particles and the potential difference
between electrodes employed during electrospinning process were of substantial influence on the
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presence of structural defects of the spun fibres. With 14 kV voltage, only nano-scale fibres obtained
with the use of pure spinning solution were lacking structural defects in the form of beads. With the
increase in the S10, mass concentration in the spinning solution, both, an increase of diameters of the
obtained nano-scale fibres, as well as an increase of the number of structural defects in the form of
fusiform and spherical beads were observed. A similar tendency to change in the diameters of nano-
scale fibres and an increase in the number of their structural defects were observed with 16 kV range
voltages. However, in this case, the obtained nano-scale fibres featured more homogeneous surface
and constant diameter values along their entire length. Defects in the form of scarce fusiform beads
were present only in the case of fibres obtained from spinning solutions containing a mass volume of
2% and 5% of nano-scale silicon oxide particles relative to polyacrylonitrile’s mass. Similar results
were obtained with the employment of higher voltages applied between the nozzle and fmms

kV and 14 kV.
Liwen Li with Xiangwu Zhang, concurrently with researches prese

particles in the amounts of, respectively, 0%, 1%, 2%, and 5% of
to polymer’s mass [21]. In the paper [21], just one value of th

employed, i.e. 16 kV; at the same time, the spinning solutio nozzI€ was not provided.
Most likely, the selection of these process parameters wa ce of results presented
in the paper [20], in which nano-scale fibres featuring t f structural defects were
obtained when 16 kV voltage was employed. Also, imilarly to researches that Li

along their entire length, and the values range wgig

A year later, L. Ji with Z. L. Medford and g in their paper [22], using 7% (mass) PAN
solution in DMF, containing nano-scale silicon .
5%, 10%, and 20% of mass silica cga ioffrelative to polymer’s mass obtained nano-scale

distance and the potential dif] o ®trodes amounting to, respectively, 15 m and 21 kV.
analysis results of the obtained fibre materials, and the
obtained nano-scale fi
polymer phase and Qg e carbon fibres characterised by high porosity.

particles, and ¥p to even 800 nm for fibres with the highest, 12% concentration of nano-scale particles.
On the surface of the spun nano-scale composite fibres, numerous agglomerates of the used
reinforcement phase were observed, which clearly stems from nanometric diameters of silica particles
that fall within the range of 7—40 nm.

Subject literature contains no references of the influence of nano-scale bismuth oxide (Bi20O3)
particles as a reinforcement phase for polymer fibres. Nevertheless, due to their characteristics —
covering among others and especially: optical constants (high refraction coefficient of light and high
value of permittivity), wide energy separation and photoluminescence and photoconductivity
capacities — this oxide may successfully replace widely used titanium oxide and serve the purpose
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of building such devices, like fuel cells, gas sensors, optical layers for optoelectronics, photovoltaic
cells, high-temperature superconductors and functional ceramics [24-27].

A wide-spectrum literature study conducted within the scope of this paper, covering the field of
optical characteristics of the polymer and composite nanofibres obtained by electrospinning method
proved that, as of now, there have been no attempts to devise a method for determination of optical
constants for this type of materials. Up to the present, researches on optical characteristics of nano-
scale polymer or composite fibres concentrated on merely a description of characteristics of
absorbance/transmittance spectra as a function of wavelength, which were obtained for the analysed
fibres using UV-Vis spectroscope [28—32]. Additionally, based on the obtained spectra A(4), the
widths of energy separations were determined for thin spun strata consisting in nano- scale fibres [32—
36]. On 1 November 2017, a single paper was published, coverlng the analysis of optiagmanstants

including surface coarseness of the fabric.

a b

e v\ 20 /
PZT Film / Gen-Osc |// nm PZT Coupling Layer

Si0

2

500 ym Si Substrate 500 ym Si Substrate

geometry and condition of surface coarseness of the examined fibrous
ing the Effective Mean Approximation (EMA) and AFM topographical
order to determine the stratified model, being a resultant of a porous and
; . The obtained results used during researches with the use of the ellipsometric
chnique in the final outcome allowed for determination of actual and imaginary
portion n and P€rmittivity € of the examined PZT fibres.

The method of determination of optical constants for electrospun nano-scale fibres described in
the paper [37] requires complex and expensive research equipment, e.g. atomic force microscope and
ellipsometric spectroscope. In addition, this method is time-consuming and measurements of the
fabric surface condition and running modelling of individual strata, resulting from the fibrous mat
morphology, clearly influence the increase in the possibility of measurement errors and a decrease in
accuracy of final results for optical constants for the analysed fibres.
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Materials and Methods

In order to prepare the spinning solution, the following were used: polymer, polyacrylonitrile
(PAN purity of 99%, Mw = 150 000 g/mol). The reinforcing phase was successively comprised of
nanoparticles of SiO2 (99% purity, particle size of 12 nm), nanoparticles of TiO; (purity 99%, particle
size of 10-20 nm) and nanoparticles of Bi,O3 (purity 99%, particle size of 90-200 nm). The solvent
was N,N-dimethylformamide (99.8% purity). The final products were solutions of
DMEF/PAN/nanoparticles (sequentially TiO>, Bi 203, SiO2) at a concentration of 5% by weight,
sequentially: 0, 4, 8 and 12% concentration of nanoparticles by weight. In order to break the
agglomerates of the reinforcing phase, a measured amount of nanoparticles was added to N,N-
Dimethylformamide, and so the prepared solutions were subjected to sonification for 1 h,

sterile syringe. Polymer nanofibres were obtained using the electrospinning
using the device FLOW - Nanotechnology Solutions Electrospinner 2.2.0-

the spinning solution towards the collector will be injpfated after the cal value of current is
exceeded, and then, under the influence of the appli i between electrodes, the
spinning solution’s liquid is stretched to the form of a th{@ibre. Whep the stream diameter decreases,

to the form of polymer fibre, which subsequen
parameters of the electrospinning process were }

collector’s surface. The employed
able 1.

1.

2 polymer matrix reinforced with nanoparticles of TiO; with
2%, respectively,

3 polymer matrix reinforced with nanoparticles of Bi2O with

4 the polymer matrix reinforced with nanoparticles of Si0; with

materials are made for two different configurations of the distance
.5 cm and 20 cm, respectively, which allowed to expand the study area

¢ electrospinning process parameters used during obtained nanofibers.

Fixed parameters of the electrospinning process

Parameter Value
The flow rate of the solution, p [ml/h] 0.7
Potential difference between the electrodes, U [kV] 19
The duration of the process, t [min] 7

Variable parameters of the electrospinning process

Parameter Value
Distance between the electrodes, di [cm] 20
Distance between the electrodes, d, [cm] 12.5
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Fig. 2. a) station for generation of nano-scale polymer and composite fibres: FLOW —
Nanotechnology Solutions Electro spinner 2.2.0-500; b, ¢) in succession, flat and drum collector,
which allow to obtain: d) nano-scale fibres with random arrangement; and ¢) nano-scale oriented

fibres (own research).
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In order to identify the composition and morphology of the reinforcing phase, an X-ray analysis
and a structural analysis of the applied ceramic nanopowders were carried out. The X-ray studies of
the analysed materials were carried out on the X-ray X’Pert Pro diffractometer of the Analytical
Company. The measurement was performed with the step wise method (in steps of 0.026 degrees and
a step time equal to 30 seconds) in Bragg-Brentano geometry using the axis of the beam deflected of
the detector PIXcel 3D. Filtered radiation of the lamp with the cobalt anode (AKa = 0.17909 nm),
supplied with a voltage of 40 kV at a current of glowing of 30 mA, was used. When solving the
obtained diffractograms, a dedicated database of PAN - ICSD files was used. The resulting polymer
composite nanofibres were subjected to quantitative and qualitative analysis using EDX X-ray
microanalysis, and imaging of the surface topography using the scanning electron microscope Zeiss
Supra 35, with the X-ray spectrometer Trident XM4 supplied by EDAX. Based umah

to ellipsometry analysis.
The study involved selected fibres produced with a greater distanc,

Ellipsometry measurements of the prepared samples, w
substrates, were carried out using the Sentech SE 850 E ometegin the wavelength range of 240-
2500 nm. The device was controlled by the Sga ¢. The measurements of y and A
were carried out at a constant falling light ang RS, The value of the thickness of the obtained
polymer and the composite mats was less than 1\ [ cuarantees that the results of the carried
out ellipsometric and UV/VIS analysgg : by high accuracy and low error.

1C3 thin strata, the spectroscopic ellipsometry

technique is widely used. This analysis of changes in the polarisation of light
beam following its reflectio Psurface. The results of optical analyses are precise
and reliable only when th perfectly flat and parallel, i.e. when it is perfectly even
If a stratum is coarse pmetric spectrum brings information of not only optical
characteristics of thg le, but also of the surface condition, thus the obtained optical

constants values ¢ 3 . rder to avoid measurement errors connected with stratum’s
coarseness, thod . icdl stratified optical model is used, in which — besides the stratum
re is additionally a homogenous stratum representing the resultant

Er—&n_ Zfa Ea—&r (1)

Ert2ep Eqt+2&r’

Where €., €, and f, represent, in succession, permittivity coefficients and volume concentration of
the reinforcement phase a in the matrix material h, whereas ¢, is a resultant (macroscopic, determined
with the use of spectroscopic ellipsometry) permittivity coefficient of the analysed porous/coarse
stratum. In other words — determination of optical constants of the analysed stratum with the use of
ellipsometric spectroscopy is, in fact, a matching of theoretical parameters of the above-mentioned
stratified model, so that the modelling results would coincide with the spectra determined
experimentally. This means, that if optical characteristics of a newly developed coarse stratum are to
be analysed, e.g. in the form of a thin fibrous mat consisting of nano-scale polymer or composite
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fibres generated in the process of electrospinning, its optical parameters must be known beforehand
in order to enter them in ellipsometric analyses of the suitable theoretical stratified model. Such a
model should consist in a stratum assigned to the used polymer, another stratum corresponding to
nano-scale structures used as the reinforcement phase for the obtained composite material and the
third homogenous stratum representing stratum’s coarseness condition, optical characteristics of
which are resultants of optical constants of the material the analysed stratum is made of (i.e. polymer
used as a matrix and nano-scale structures fulfilling the role of the reinforcement phase) and the
surrounding (gas, e.g. air) which is present in pores of the fibrous mat. The necessity to employ the
stratified model induces considerable rise in consumption of time needed for the analyses, and cause
this type of calculations to be erroneous, stemming from the accuracy of the developed theoretical
model, i.e. accuracy of selection of optical constants of the stratum being a resultant o :
surface coarseness, as well as the reinforcement phases added to polymer matrix.

The method presented in this paper is a modified Swanepoel method, which, ag

possible to determine, both, the refraction coefficient of light (complex,
portion), permittivity coefficient (complex, and actual and imaginary po

ellipsometry technique speeds up considerably and facilitate
newly developed thin strata in the form of fibrous m isti o-scale polymer and
composite fibres, including semiconducting or diel
employment of the presented method, the knowledge ofptical consfants of all phases constituting a
composite and of fibrous mat’s coarseness condition wed, as the data on the optical
characteristics provided by absorbance spect gnetic radiation of the analysed

220 spectrometer. In or lyse optipl characteristics, the nano-scale fibres were deposited in
the electrospinning specially prepared glass substrate, in this case — microscopic

e substrate. Subsequently, on the basis of the resultant absorption spectra, the
ers were determined: complex refraction coefficient of light n, banded refractive
index n, real ””and imaginary k part of the refractive index as a function of the wavelength, complex
dielectric permeability ¢, as well as the real and imaginary part & and &; of the dielectric permeability
as a function of the radiation energy.

The optical analyses results, obtained on the basis of the registered absorbance spectra as a function
of wavelength and with the use of a modified Swanepoel method were compared with the results of
optical analyses conducted with the use of standard ellipsometry, in order to verify the correctness of
the proposed method. Thickness value of the generated polymer and composite mats were less than
1 um, and thus the necessary condition with the use of Swanepoel method was satisfied, meaning the
thickness of the analysed stratum must be considerably smaller than the thickness of a substrate the
nano-scale fibres were deposited on. Satisfying the above condition serves as a confirmation that the
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obtained results of ellipsometric and UV-VIS analyses were characterised by a high rate of accuracy
and small measurement error.

Results and Discusion
XRD analysis of nanoparticles

On the diffractogram registered for the sample with nanoparticles of TiO2 (Fig.3), diffraction lines
derived from the crystalline planes, characteristic of a rutile tetragonal structure with the space group
P 42/m n m (98-008-2083 card) and the nanocrystal anatas with the space group [ 41/a m d (98-015-
4604 card), were confirmed. For nanoparticles of Bi2Os, the diffraction lines indicating the tetragonal
structure of B-Bi2O3, with the space group P-4 21 ¢ (98-005-2732 card), were obtained ase of

liquid, which is the effect of diffraction beams of x-ray radiation on the amorpho
The angular position of the diffraction line was, according to data containegly
database, the amorphous structure of SiO» (Fig. 5).
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Fig. 4. XRD spectra of Bi2O3 nanoparticles.
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SEM and EDS analysis of nanofibers

In order to analyse the morphology and the structure g 1 er nanofibres used to
produce the composite fibrous materials, surface topogr plied using the scanning
electron microscope. An analysis of the morphology agl the structuge of PAN nanofibres, obtained
from a solution of PAN/DMF with a concentration of

1g. 6). The fifty-time measurement
easured diameters ranged from 60 to
f °d in the range of 120 to 140 nm, which
yeter of the sample (Fig. 6 - the histogram).

PAN, d,
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Numer of observation
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Diameter of fibers [nm]

histogram showing the distribution of the measured diameters.

The study of the structure PAN nanofibre reinforced with nanoparticles of TiO2, carried out using
an SEM microscope, showed that the obtained composite fibres, unlike PAN fibres without
reinforcement, are characterised by numerous structural defects, usually occurring on their surface
(Fig. 6). In addition, with an increase in the concentration of the used reinforcing phases in the
produced nanocomposites, an increase in the amount and the type of defects, as the heterogeneity of
the fibres’ morphology, was identified. X-ray microanalysis on the microareas showed that the
observed defects in the nanofibres’ structure in most of the analysed cases slowed down due to the
local conglomeration of nanoparticles of TiO>.which follows probably due to the presence of strong
interparticle interactions between particles of the used ceramics powder. The largest number of
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defects in the structure of composite PAN/T102 nanofibres was observed for samples with the highest
concentration of the strengthening phase, produced with a 20 cm distance between the nozzle and the
collector. The measured diameter values of the composite nanofibres reinforced with titanium oxide
included values in the range from 120 to 260 nm, with the largest group, representing 36% of all of
the fibres of this sample, as nanofibres with diameters of 180-200 nm (Fig. 7 - the histogram).

‘ \ ~r e \ PAN/12% TiO, nanoparticles, d,

Al

Numer of observation
s
=)
S

a
T
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Mag - S000KX  EHT - 500KV 1 100 200  3.00

WD~ 6mm Signal A = InLens. — !
Fig. 7. SEM image of the morphology of PAN/T10; nanofibres wj #On by weight

of nanoparticles produced at a distance of d; = 20 cm, with i erates of the

of the morphology of composite PAN/Bi,03 n alysis of EDX spectra showed no
defects in the obtained surface structures in thi@f aoglomerates of the strengthening phase.
However, with an increase in the concentration 1 anoparticles in a polymer to 12%, the
formation of the so-called spindle-s be seen (Fig. 8), which are structural defects of
composite nanofibres, produced the nozzle and the collector that is equal to 20

cm. The fifty-time diameter hat the diameters of the fibres from the bismuth
oxide particles are in the ragfe 1 nm, and the fibre diameter ranging from 140 to 160
nm and from 180 to 20Q ¥t 40% obtained group of the nanofibres (Fig. 8 - the
histogram). Defects of in the Zorm of spindle beads and of a spherical shape belong to

[39].

PAN/12% Bi,0; nanoparticles, d,
10 S '

™~
8 v

Numer of observation
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Diameter of fibers [nm]
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Y Y
400 6.00 BDO 1000 1200 1400 1500 HSDO 21!
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\1; 5000KX LI = 5.00kV
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Fig. 8. SEM image of the morphology of PAN/B1203 particle with 12% concentration by weight of
nanoparticles produced at a distance of di = 20 cm, with the indicated agglomerates of nanoparticles
on the fibres’ surface, EDX spectre of the obtained fibres and a histogram showing the distribution
of the measured diameters.



14 Functional Thin Films and Special Coatings

An analysis of SEM images of the topography of the surface of fibrous mats, carried out with
composite PAN nanofibres reinforced with nanoparticles of SiO», revealed the presence of a
significant number of defects in the structure of the obtained nanofibres (Fig. 9). These fibres are
characterised by the greatest number of defects in comparison to other produced composite nanofibres
reinforced with powders of TiO; and Bi2Os. For all of the applied concentrations of the strengthening
phase and the distances between the electrodes, in the case of composite nanofibres of PAN/Si0,,
both local conglomerates of nanoparticles on the surface of the fibres were observed, which was
confirmed through an analysis of the EDX spectra (Fig. 9) and the defects in the form of spindle
beads, which can be assessed by comparing the obtained composite nanofibres with nanofibres
obtained from a pure polymer. The formation of numerous defects in the structure of the composite
nanofibres reinforced with a powder of Si0; probably results, just like in the case of the 1a

that smaller particles of SiO», the average value of which
characterised by a much larger area of up to approx. 2 ti

PAN/12% Si0, nanoparticles, d,

100 150 200 250 300 350
Diameter of fibers [nm]

T T T T T 1
4.00 5.00 6.00 7.00 8.00 9.00 10

the distribution of the measured diameters.

The most frequently used distances between the nozzle and the collector, used during
electrospinning of PAN nanofibres reinforced with ceramic nanoparticles of titanium oxide and
silicon oxide, while applying a potential difference in the range of 15-21 kV, are between 10, 12 and
15 cm. The composite nanoparticles obtained based on the conditions were characterised with a
diameter of 300 and 800 nm [14, 15, 11]. In order to better understand the relationship between the
applicable distance between the electrodes and the diameter of the obtained fibres, we used two
different distances between the nozzle and the collector, amounting to 12.5 and 20 cm, and the
diameter measurement of such obtained fibres was carried out based on SEM analysis of the surface
topography of the obtained fibrous mats (Fig. 9).



Solid State Phenomena Vol. 293 15

220 Y T ff— T L T ."'...Hr i T
7T T e R e N [ o E s R 2 [t et T = e e o 2
7171 R | B do. I AN N
190_- ...................................... _- ..... B R e T o PR L S v TR ]
e N I . SO |noinncnsnae i, g s
e I T T T e ny :
Frv il Wone iR NN L e R S S e g L
A e I [ L3 [ :
140_- ................................. ] e :
B30 nnenel | lsesiasssis s Y 2
e T e o R ] N e e £ ansedlng - ... ...
T T R T : ..... . ...

100 T
220 -

210
200 .
190 : i ¥ ey O, Aneee

180 - : 1 . g flen i

8% of TiO,
4% of TiO,

8% of TiO,

The diameter of fibers [nm)]

G phase of Bi2Os, to 190 nm, to a concentration equal to 12%. The use
the nozzle and the collector contributed to an increase of the diameters

concentration By weight of nanoparticles at 12%. In addition, in the case of PAN/SiO2 composite
nanofibres, increase in their diameter accompanying the percentage participation of nanoparticles was
observed, which was already observed when the remaining ceramic nanopowders were used. A
change in the weight concentration of nanoparticles of SiO; from 4% to 12%, while a fibre with a
distance of 12.5 cm equal to electrodes was produced, was associated with an increase in the diameter
of the fibres, on average, by approx. 12 nm every 4% (the fibre diameter increased from 186 nm to
210 nm). Using a larger distance equal to 20 cm contributed to an increase in the diameter of
nanofibres from a value of 141, for 4% concentration of silicon oxide, through 155 nm for fibres of
8% concentration of the reinforcing phase, up to 177 nm for the largest concentration of 12%. Using
this distance increased the weight concentration of SiO; nanoparticles by 4%, causing an average
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increase in the diameter of the obtained composite nanofibres by 13 nm. The observation revealed
that using the reinforcing phase in the form of the ceramic nanopowders of TiOz, Bi2O3 and SiO»
added to the polyacrylonitrile significantly influenced the diameter of the composite nanofibres,
compared to those obtained with the non-reinforced polymer. This is confirmed by the fact that in the
case of both of the used distances between the electrodes, an increase in the reinforcing phase is
accompanied by an increase in the diameter of the obtained composite fibres.

An increase in the thickness of the fibres, accompanied by a reduction of the distance between the
nozzle and the collector during the process of electrospinning, both for nanofibres obtained from the
non-doped PAN polymer and the composite PAN nanofibres reinforced with ceramic particles of
Ti02, Bi203 and Si0O», is probably caused by less power of the force acting on the induced electrical
loads in the spinning solution, when the distance between the electrodes is equal to 12.5 ¢
to the force speed that influences the induced loads at a distance of 20 cm.

The electrostatic force resulting in stretching of the polymer stream is inversel
distance between the loads gathering on the surface of the collector and th

and thus by a longer time of stretching the polymer strea
in the case of using a larger distance, is responsible for es with lower diameters.

The obtained composite PAN/SiO> nanofibres, whi aintainin@ a 20-cm distance between the
electrodes, are characterised by an approx. 30% smaller
which is associated with a much larger surfag
reinforced with silicon oxide, are a promising & material that can be used to produce carbon

anodes, which are used in lithium-ion batteries, & Bsequent treatment by carbonisation and
chemical removal of the reinforcing pjh to increase the porosity of such obtained carbon
fibre.

As it was demonstrated by Cl#8 yith collaborators [41], the polymer nanofibres of
PAN are very good for m Nt ¥ of TiO2 with photovoltaic properties, providing

esgrving the large contact area of the catalyst with the
reagents, thus resultin
distance, used by thgag een the nozzle and the collector equal to 20 cm contributed to
obtaining compogyft res with diameters smaller by approx. 40%, relative to those
aller than the diameters of composite nanofibres obtained by Ji
eak Lee [15], and thus to a significant increase in the specific surface

In additioNglwrthe next stage of the study carried out by the authors, it is planned to examine the
effects of the @kperimentally applied distance between electrodes, larger than the one used herein, i.e.
20 cm, on the diameter of the fibres obtained by maintaining the same parameters of solutions and
the same flow rate.

Optical Analysis
Elipsometry analysis

Evaluation of thickness of the generated fibrous strata was conducted with the use of ellipsometric
analysis (Tab. 2). The PAN polymer mats reinforced with nano-scale Bi2O3 particles featured the
largest mean thickness of fibre strata, amounting to 382 nm. In the case of nano-scale TiO; particles
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employed as the reinforcement phase, the thickness reached 296 nm and was by 10 nm larger than
the thickness of a stratum obtained from nano-scale PAN fibres. The smallest fabric thickness in the
case of the obtained composite fibres was observed for nano-scale SiO> powder, and it amounted to
262 nm, and was smaller than the thickness of a stratum obtained from pure polyacrylonitrile (Tab.
2).

Using ellipsometric analysis, measurements of coefficients of refraction of light as a function of
wavelength and in the range of 250-2500 nm were conducted for the fibrous strata of nano-scale PAN
polymer and PAN composite fibres, reinforced with nano-scale TiO2, Bi2O3 and SiO; ceramic
particles (Fig. 11).

The smallest value of optical permeability, amounting to 1.34 featured a stratum made of PAN
polymer fibres (Tab. 3), with a value provided by the manufacturer, Sigma Aldrich, wa,
PAN composite strata/nano-scale composite particles, the obtained values of the optja
coefficient were higher than the refraction coefficient obtained for fibres made o
admixtures.

Table 2. Results of ellipsometric measurements of the thickness of the
with distances between the electrodes amountin

Type of nanofibers
PAN nanofibers

Composite nanofibers PAN/ 4% TiO»
PAN/ 8% TiO2
PAN/12% TiOz

PAN/ 4% B12,03 383

380

382

263

272

250

ass concentration of 4% to polymer fibres spurred an
increase of the refracti up to 1.55, and a subsequent increase in the content of
nano-scale TiO; filligs increase in the optical density (considered here as a capacity of

1on coefficient of light from 1.34 for a pure polymer up to 1.46. The increase of
oy of nano-scale bismuth oxide particles in nano-scale PAN composite fibres/nano-
scale BiO3 pgfticles up to the value of 8% and 12% conditioned another increase of the refraction
coefficient of light for the obtained nano-scale composites up to, respectively, 1.55 and 1.8. The
smallest increase in optical permeability relative to remaining composite strata was obtained with the
use of nano-scale SiO; particles. The employed concentration of nano-scale silicon oxide particles,
amounting to 4% mass relative to polymer’s mass conditioned an increase of the refraction coefficient
of light by 0.02 relative to the determined coefficient for a pure polymer, whereas for 8% content of
nano-scale SiO» particles the optical permeability equalled 1.39. The highest value of the refraction
coefficient of light — in the case of nano-scale SiO: particles — was obtained for 12% mass
concentration of the reinforcement phase, which in this case equalled 1.5.
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Fig. 11. Results of ellipsometric measurements of coeffii ction of light for the obtained
fibrous strata, generated with distances between electi\gles amountdhg to 20 cm (values given for
waveleng
Table 3. Results of ellipsometric measurement ients of refraction of light for the obtained

fibrous strata, generated with distance$§ ectrodes amounting to 20 cm
(values g3 lengths of 1800 nm).

Refractive index n
1.34
Composite nanofibers 1.55
1.68
/12% TiO» 1.73
PN/ 4% Bi203 1.46
PAN/ 8% Bi203 1.55
PAN/ 12% Bi203 1.8
PAN/ 4% SiO, 1.36
PAN/ 8% SiO; 1.39
PAN/ 12% SiO» 1.5

For all of the groups of the produced composites reinforced with ceramic powders, an increase in
the refractive index accompanying an increase in the participation of the mass concentration of the
reinforcing phase was observed. The lowest increase in the n, obtained for composite PAN nanofibres
reinforced with nanoparticles of Si0Oz, is due to the relatively low value of refractive index of the used
ceramic reinforcement that varies in the range of the visible waves a + 1.45. Both, the used polymer
and the particles of Si0O,, have a similar 7, i.e. the mechanism of interaction of electromagnetic
radiation with these materials and the composites obtained with their participation is similar, as
evidenced by the results of studies of the optical properties. The refractive index values obtained for
composites of PAN reinforced with titanium oxide and bismuth oxide are similar. This is due to the
relatively small difference between the refractive index, for TiO2 approx. 2.6 and for Bi2O3 approx.
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2.5 respectively, suggesting much larger n of the composites produced with their participation
compared to materials reinforced with nanoparticles of SiOx.

The dependence of the dielectric transmittance in the function of the frequency of the incident
radiation on the sample can be presented in the following form [42]:

ue? [ wi—w? i Yo ] 2
mey L(w3—w?2)2+y2w? (wi-w?)2+y2w2]’

e=1+

where: n is the concentration of the atoms in the sample, e and m are the loads and mass of the
electron, & is the electrical transmittance of vacuum, y is the damping coefficient, wo and ® are
respectively the frequency of the electron’s own vibrations and electromagnetic radiatiogeahe above

stored as:

. ue? w3 —w?
=1+ 5 ,
meo (w3-w?) +y2w?

2 2_ 2
no__ Hue Wo—w

" meg (w3-w?)2+y2w?

)

(6)

The above equations show th refraction coefficient of the studied centre, the
higher its dialectic transmitta Valuese (Tab.8) were provided for a wavelength of
1800 nm corresponding, of the light refraction coefficient, to stabilisation of the

dielectric constant for b

of nano-scale silicon oxide particles favoured the following increase £ by 0.1

relative to tf ittivity of a pure polymer.
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Table 8. Results of ellipsometric measurements of an actual portion of dielectric constant for the
obtained fibrous strata, generated with distances between electrodes amounting to 20 cm (values
given for wavelengths of 1800 nm).

Type of nanofibers Dielectric constant €
PAN nanofibers 1.67
PAN/ 4% TiO, 2.16
PAN/ 8% TiO» 2.64
PAN/12% TiO, 2.81
PAN/ 4% Bi,03 1.94
Composite nanofibers PAN/ 8% Bi203 2.19
PAN/ 12% Bi203
PAN/ 4% SiO»
PAN/ 8% SiO»

PAN/ 12% SiO2

with nano-scale TiO; particles by 4% mass concentrati
2.16, and a subsequent increase of nano-scale titanium
and 12% favoured a considerable increase in dielectr
increase up to a value equalling 2.64 and 2.81 @i

s mass concentration up to 8%
hich, in turn, conditioned its

w
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Figure 12. Dependence of permittivity as a function of wavelength for the generated fibrous strata.
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The maximum value of permittivity of the analysed fibrous strata was obtained for nano-scale
PAN composite fibres reinforced with nano-scale Bi2O3 particles. Their addition to a polymer, with
12% mass amount resulted in almost double the increase of dielectric constant relative to a value
determined for a fabric made of pure polymer, reaching values of 3.07. Usage of nano-scale Bi2O3
particles with the lowest mass concentration in a polymer featured results similar to those obtained in
the case of the employment of nano-scale SiO; particles with the maximum mass concentration
(Fig. 52). Whereas for a fibrous stratum, reinforced with nano-scale bismuth oxide particles with a
mass concentration of 8%, the determined value of permittivity constant was similar to the one
obtained for fibres reinforced with titanium oxide with concentration equalling 4% and amounted to
2.19 (Fig. 12).

The conducted analyses of relative permittivity values of the generated fibrous mats commaide with
theoretical assumptions, stemming from the dependence of n = £'/2 and the obtaigdl ellip
research results for optical permeability of these materials. The increase in the mg (W of
the used nano-scale particles is accompanied by an increase in the coefficient 1
and thus with the increase of permittivity evident for every group of gener:
fibres.

UV-Vis analysis

polymer fibres, generated from 5% polyacrylonitril
absorption edge was observed for radiation close to the @traviolet bald, i.e. below 350 nm (Fig. 13).
Wherein, the absorption maximum corresponded with a length #f 320 nm, which coincides with
absorption spectrum obtained for pure polyac
most likely caused by electron transfers of and m — m'type, characteristic for organic
compounds in a band close to ultraviolet. Abs
PAN/TiO2 composite mats also featugagma sharp afgorption edge for this type of a material in a band
close to ultraviolet, but the absorpg ima, irr@ectively of the mass concentration of the used
nano-scale titanium oxide part Aebed tho’radiation quanta of a wavelength of 320 nm
i ano-scale polyacrylonitrile fibres reinforced with
eg relative to absorption edges registered both for a pure
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4% to 12% of mass content of nano-scale TiO» 1 ite fibres resulted in bathochromic
shift of sharp absorption edge of nano-scale PANGit . ale TiO; particle towards visible light,

(Fig. 14). Alse,
scale PAN/Bi,03

d that mass content of nano-scale ceramic particles in polymer matrix
the level of the observed absorption maxima, which oscillated at 1. The

artlcles featured bathochromic shifts — relative to a spectrum obtained for
es of pure polyacrylonltrlle — of sharp absorptlon edge towards Vlslble hght

observed in the band of visible light falling below wavelengths of 450 nm [47]. Moreover, for all
fibrous mats consisting in nano-scale PAN composite fibres with 4%, 8% and 12% mass content of
nano-scale bismuth oxide particles, the absorption maximum was shifted towards visible light,
relative to maxima obtained for PAN/TiO; fibres and matched electromagnetic wavelengths of 330
nm (Fig. 13). This may evidence potentially better application possibilities of this type of nano-scale
fibres, serving as photocatalytic materials in comparison to the now commonly generated and
analysed nano-scale fibres with titanium oxide particles in their matrix.

Absorbance spectra as a function of electromagnetic radiation wavelength registered for thin
fibrous strata, consisting in nano-scale PAN composite fibres with silicon oxide particles with 4%,
8% and 12% mass concentration relative to polymer indicated that materials of this type are less prone
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to absorb electromagnetic radiation in comparison to nano-scale PAN fibres not containing nano-
scale particles (Fig. 15).

For all PAN/nano-scale SiO; particle fibrous mats, absorption maxima were observed, falling to
ultraviolet radiation band with wavelengths of 328 nm, wherein radiation absorption degree oscillated
up to 0.76 for nano-scale composite fibres containing the smallest mass concentrations of nano-scale
silica particles, amounting to 4%, through absorbance at the level of 0.83 for nano-scale PAN/8%
S10; fibres, up to ca. 1 for nano-scale fibres featuring maximum concentration of nano-scale silica
particles (Fig. 15).
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Also, in this ¢ bathOchromic shifts of the sharp absorption edge of nano-scale
composite fibres o fibres generated with 5% polyacrylonitrile solution in
g tion edge falling below 230 nm, which is characteristic for pure

phenomenon is probably spurred by structural defects of nano-scale
ant of formation of incomplete Si-O-Si quadrilateral networks, which
— 1n this case, probably, corresponding to the so-called ‘paramagnetic

1 aosorption in the visible light and infrared band, observed for all types of generated
nano-scale (Fig. 13—15) is probably caused by, both, the nanometric diameters of fibres
constituting th®analysed fibrous mats, and the nanometric thickness of the very mats. The very high
porosity of the analysed strata, stemming from their fibrous structure, additionally favours light
absorption.
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On the basis of the determined resultant abgarption sp e generated nano-scale polymer
and composite fibres, and using a modified gocl method, the following parameters were
determined: value of the complex complex ref , n, real part of refractive index n‘ as a
function of the wavelength, extinctigay coeffici a function of the wavelength, complex

dielectric constant, and real and img#has W diclectric constant &, and ¢; as a function of the

I
og— = —log (T), (7
where [, is radiati an absorbing sample, and [ is radiation intensity after passing
through a samp
Using the regist sorbarlke spectrum as a function of wavelength and the above equation, it is

fitance as a function of wavelength:
s and an equation:

T(1) = 10740 (8)

where his t ck constant, and v is the frequency of radiation reaching a sample, it is possible to
immediately iffroduce interdependencies with the coefficient of the analysed materials’ absorption
as a function of electromagnetic radiation wavelength:

a(A) =1In (ﬁ) , (10)

Using equation no. (10) and the relation between the absorption coefficient and the absorbance
coefficient:
4tk(A)

a() = A

(11)
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A formulation for the extinction coefficient as a function of wavelengths 1s obtained:
k(1) = —/1 In—— 10_Aw . (12)

When plotting the determined interdependence of transmittance (equation no. 8) as a function of
radiation wavelength reaching the sample, it may be observed that the spectrum is characterised by
interferences for higher values of transmittance.

The location of interference maxima and minima of the T(4) function is connected with the actual
portion of the complex refraction coefficient of light:

n=n'+ik,

the substrate used is thus satisfied for samples generated and analysed
Based on the determined spectrum10~4® | the following step will

transmittance 10~4®, and 1074@_ . through execution of
in which subsequent function maxima and minima occur (Fi

limit values 1074®W .~ and 1074W . and using the int

1/2 1/2
1074 e —107AD 024 10-4A),_ .
n= {an 10=AQ) 0y 1074y + 7!’2 + [(an 10-4A),, an] } > (14)
where n, is the refraction coefficient of the usd is possible to determine the complex
refraction coefficient of light for the analysed o onal nano-scale polymer and composite
structures.
Moreover, on the basis of the inte
Ve, (15)

it is possible to detergi®at h e coniplex coefficient of dielectric constant, which is:

1
in? MpZ+l 1074 =104 np?41 /2
+2 24 (20 mn ) —m?] L (16)
' 2 " To- A(/Dmax 10-4@),, 2 p

AD+TA) +RA) =1, (17)

it is possible to determine the actual portion of the refraction coefficient of light for the analysed
nano-scale polymer and composite fibres. The real part of refractive index is then:

2yY/
! _ 4R(A) 2 R(A) +1
n) = {[R(/l) [_“ T(/l)] } TR -1 (18)

Using relations between real n'(1) and imaginary k(1) part of the refractive index, the values of
&-(A) and &;(A) are:
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& (1) = n'(D* - k(D?, (19)
gD =21 k). (20)

In the final outcome, equations were derived, which describe interdependencies of the real €,.(1) and
imaginary ¢;(4) part of the complex permittivity:

1 2
) ar®m 11 1117%2 _r+1| 1 1 7?
&) = {{[R(A) - 1]2 4n’1 i T(D) } R(A) - 1} 411)L n T(/'l)] ’ (21

4R(A)

1 1
ROD -1 —Aln—o.

R(A) -1\ l4m TA)

1
1 12 /Z_R(/l)+1
TA)

£(1) = 2 {

—|[Eam
41T

Based on the above transformations and resultant electromagnetic radiation ab$®

permittivity (Fig. 15-18). Moreover, complex values of n and & ined fgPall types of
generated nano-scale fibres, which are presented in Tables 9 and

Table 9. Results of analyses of coefficients of refraction obtairfed fibrous strata
generated with the distance between electrodes amo ith the use of the
presented meth®d.

Type of nanofibers fractive index n
PAN nanofibers 1.54
Composite nanofibers PAN/ 4% TiC 1.67
1.71
1.75
1.68
1.74
12% Bi203 1.78
PAN/ 4% Si0O; 1.46
PAN/ 8% Si10: 1.55
PAN/ 12% SiO> 1.57
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Table 10. Results of analyses of dielectric constant for the obtained fibrous strata generated with the
distance between electrodes amounting to 20 cm, and with the use of the presented method.

Type of nanofibers Dielectric constant €
PAN nanofibers 2.38
Composite nanofibers PAN/ 4% TiO2 2.79
PAN/ 8% TiO2 291
PAN/12% TiO» 3.05

PAN/ 4% B1,03 2.84

PAN/ 8% B1,03 3.04

PAN/ 12% B1203

PAN/ 4% Si0:

PAN/ 8% S10;

PAN/ 12% Si02

amounted to 1.51. The similarity of values o efficient of light provided by the
manufacturer and determined experimentally ped method may, already at this stage,
prove its correctness and application potential. TRgASlighPiscrepancy of the results, relative to the

on coefficient of light for the generated PAN composites, reinforced with
th oxides were similar to each other, which matches the results obtained with the

with titanium oxide particles, the values of coefficients of refraction of light amounted to,
respectively, 1.67, 1.71 and 1.75, and their values increased concurrently with the presence of nano-
scale ceramic powder in the polymer matrix. For nano-scale PAN fibres containing bismuth oxide,
the same tendency was observed for an increase of the values of coefficients of refraction of light,
accompanying a greater mass concentration of Bi,O3 in polyacrylonitrile. In this case, the values n
increase from 1.68, through 1.74, and up to 1.78, respectively for PAN/4%, 8% and 12% Bi,0s
fibrous strata.

From the considerations discussed above, during a theoretical description of the presented method
it is evidenced that together with an increase of the refraction coefficient of light for the analysed
medium, its permittivity also increases. Determined on the basis of the presented considerations and
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resultant spectraA(A), the complex values of the permittivity of the generated nano-scale PAN
polymer fibres and nano-scale PAN/nano-scale TiO2, Bi2Os and SiO; particle composite fibres
(Tab. 10) match the theoretical assumptions, stemming from an interdependency of n = £'/2. With
an increase of concentrations of the used nano-scale ceramic particles in a polymer matrix, there was
an increase in coefficients of refraction of light for the analysed media, and thus an increase of the
determined values of permittivity.
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Fig. 16 shows comparison of interdependengi
refractive index determined through the usage & pscopic € lipsometry by Richard Galos’ team
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imaginary k(1) part of the refractive igdex, det vith the use of a method presented in this

fibres. As it may be seen, interdependencies
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The comparison of interdependencies presented in Figure 16-19 makes it clear that characteristics
of the real n'(1) and imaginary k(1) part of the refractive index, determined with the use of
spectroscopic ellipsometry method by Richard Galos’ team are similar to the results obtained with
the use of the method presented in this paper; this, in combination with the factual similarity of optical
characteristics of PZT and materials that are subject of analysis in this paper, may clearly prove the
correctness of the presented method for determination of optical constants of nano-scale polymer and
composite fibres, based only on absorbance spectra as a function of radiation wavelength, determined
with the use of UV-Vis spectrometer.
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Summary

On the basis of results of own research, covering optimisation of production process and analysis of
morphology, structure and optical characteristics of nano-scale PAN polymer and PAN composite
fibres/nano-scale TiO», B1203, SiO> particles, the following conclusions were formulated:

1. The diameter and concentration of nano-scale ceramic particles in a spinning solution have a
considerable influence on the morphology of nano-scale composite fibres generated with their
use. The usage of spinning solutions, featuring an increasing mass concentration of the
reinforcement phase, within the range of 4-12% relative to the polymer mass, favours an increase
of the diameters of the generated one-dimensional nano-scale composite structures. Additionally,
the employment of nano-scale ceramic particles with diameters not exceeding 50 nm results in

and agglomerates of nano-scale particles.
2. Itis possible to design optical characteristics of one-dimensional nano-scale

constants and forbidden band are greater than the
smaller than values characteristic for the used oxid

3. Itis possible to determine optical constants (i.e. co
the refractive index as a function of wavelength, ima part of the refractive index as a

‘ aginary part of dielectric constant

ang-dimensional nano-scale polymer or

wavelength reaching a sample, ed with the use of a UV-Vis spectrometer. On the

basis of the obtained UV-ViggRectr: agrhor’s method based on a modified Swanepoel

a comparison of the
method proves the

esults obtained with the use of the classic ellipsometric
° considerations. The presented method may potentially
id and easy determination of the optical constants of nano-scale
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