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53 ABSTRACT

Fabrication of electrospun gold nanoparticle inedrporated polyacrylonitrile (PAN)
27 nanofibers via in-situ laser ablation of gold in'electrospinning solution is reported. It was found
29 that spherical gold nanoparticles with an average diameter of 17 nm had been synthesized
successfully. A monocrystalline morphology was shown for the laser ablated gold nanoparticles
34 in the electrospinning solution and-inside the nanocomposite nanofibers. An average diameter in
36 the range of 123 - 317 nm was o\btained for the electrospun nanofibers. The gold nanoparticles
dispersed in PAN nanofibers showed a face centered cubic crystal structure with an average
1 crystallite size of around,8 nm. A smooth surface was observed for the nanofibers. No gold
43 nanoparticles could be obsreved on the surface of the nanofibers. The gold nanoparticles enjoyed
45 a random distribution inside the nanofibers with no considerable agglomeration. No reaction or

interactioncould be.observed between PAN and the gold nanoparticles.
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1. Introduction

Transition metal nanoparticles have attracted a lot of interest because of their specific
properties [1-3] and application in electrical [4], optical [5], magnetic [6], catalytic, chemical and
biochemical sensing technologies [7]. Among transition metal nanoparticles, the noble ones
(especially gold and silver) have been extensively studied for sensor applications [8], thanks to
their unique optical properties including tunable surface plasmon resenances [9], surface-
enhanced Raman scattering (SERS) [10] and highly enhanced. fluorescence intensity [11].
However, when compared with silver, characteristics like shape and size dependent optical
properties known as localized surface plasmon resonance (LSPR), non-linear optical properties
(NLO) and quantized charging effects are more pronounced for gold [11-13]. Gold nanoparticles
are finding use in a range of applications especially nanobiosensor, biomedicine, and
nanophotonics [14, 15]. It must be pointed out that.nano sized materials enjoy much greater
specific surface areas and in the case of neble metals (Au, Ag, and Cu) higher degree of quantum

confinement effect [16, 17].

In general, two approaches erer chemical and physical are employed for the synthesis of
gold nanoparticles. The chemical approach which includes mainly, citrate reduction, the Brust-
Schiffrin method, and electroless deposition requires various auxiliary materials and is rather
difficult to carry,out. In contrast, the physical approaches like radiolysis, thermolysis and laser
ablation are simpler and do not require any harmful auxiliaries. Among the physical approaches,
laser ablation is more common because apart from producing stable dispersions for a long time,
it is relatively fast and can be carried out at ambient temperature. Moreover, it yields higher
purity (thanks to the direct incidence of laser beam on the target) and can be carried out on a

number of targets in different solvents. [18, 19].
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Laser ablation synthesis in solution (LASIS) is an efficient physical method for the synthesis
of noble-metal nanoparticles. To carry out laser ablation, the target is irradiated by.a pulsed:laser
beam. The excitation of the electrons of the target by laser beam causes a temperature rise of the
target surface, to an extent that atoms leave the target and form a bubble above the target surface.
In the next stage, the atoms aggregate to form nanoparticles as theyEave the bubble and
propagate in the media e.g. a polymeric solution (PAN in the case of the present work). In fact,
the final solution can be considered as a dispersion of themnewly.synthetized nanoparticles [12,
20, 21]. Laser ablation method has been introduced by Henglein, Cotton and their coworkers in
early 1990s [22, 23]. However Mafuné et al. developed this ‘method further for producing gold
nanoparticles [24]. A schematic representation.of nanoparticle synthesis through laser ablation
has been shown in Figure 1. LASIS can be carried out with two targets in solution at the same
time which leads to a final dispersion of the,so called multi-particles or alloy nanoparticles. The

conditions of the solution can affect the size and the shape of the ablated particles [20, 25].

Employment of nanoparticles, for different applications, requires embedding and
immobilization in a matrix like polymers. Nanoparticles and nanofilms are examples of zero and
two dimensional nanosstructures, respectively. However, nanowires, nanorods, nanotubes and
nanofibers constitute the one dimensional matrices [14, 26, 27]. As far as electrical conductivity
is concerned, nanofibers can, provide faster electron transport because, nanoparticles can arrange
themselves in one direction much easier than other nanostructures [1]. The high aspect ratio as
well‘as high flexibility and versatility of fibers considered as their merits [4]. Electrospinning has
proved to/ be a simple, versatile and cost-effective approach for produce polymeric

nanofibers[28].
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The literature review on the electrospun nanofibers either incorporated or coated<with gold

nanoparticles (dating back only to 2005) is summarized as follows.

Kim et al. [29] were the first to report the electrospinning of poly (ethylene oxide) nanofibers
incorporated with gold nanoparticles. In this work, a dispersion of ready to use gold
nanoparticles in poly (ethylene oxide) solution was electrospun. In 2006, Wang et al. [27]
electrospun PVP nanofibers incorporated with gold nanoparticles (avera@ diameter = 20 nm).
These nanoparticles were synthesized in an aqueous solution in which HAuCI, was reduced by
trisodium citrate. To prepare the electrospinning solutiony.the synthesized gold nanoparticles
were added to the PVP solution in ethanol. No information on the application of these two

products has been given in the corresponding references. y

The works employing in-situ chemical synthesis of gold nanoparticles on the surface of

nanofibers are summarized as follows:

In 2006, Han et al. [30] coated a gold salt incorporated electrospun poly(methyl
methacrylate) fibrous mats with a layer of conductive gold film through a self-catalyzed
reduction mechanism, using I\TaBH4 as reducing agent. The average size of the gold
nanoparticles deposited on the surface of nanofibers has been reported to be up to 100 nm. Also
in 2006, Dong et/al. [2]).synthesized gold nanoparticles on electrospun poly(4-vinylpyridine)
nanofibers by dipping.the/nanofibers in a NaCl, solution with subsequent reduction by NaBHj.
No information/as been made available on the application of these nanofibers as well. In 2010
Marx et al. [31] reported the electrospinning of a PAN solution containing HAuCl,. The
electrospun. fibers were first reduced by immersion in NaBH, solution, and then gold
nanoparticles (93 nm) was deposited through electroless technique, by dipping the fibers into an

aqueous solution containing hydroxylamine hydrochloride and HAuUCI,. This product was used
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as an electrode in biosensors for detecting glucose and fructose. In 2011 Fang et al. [32]
synthesized gold nanoparticles on the surface of cross-linked polyethyleneimine/polyvinyl
alcohol hybrid nanofibers through reaction with HAuCl,. As a result, immobilization. of Au
nanoparticles occurred when free amine groups of polyethyleneimine 4eacted with AuCI*.
Applications of this product include catalysis, sensing, and biomedical sciences. In 2015, Liu et
al. [14] electrospun 4-(dimethylamino) benzaldehyde (reductant) incorporated PAN nanofibers
and then synthesized gold nanoparticles (6 nm) on the fiber surface by‘chemical reduction of
Au(lll). They demonstrated that this product showed “great potential in the field of

electrocatalysis and chemo/biosensors.

The works employing in-situ chemical synthesis of gofd nanoparticles in electrospinning

solution are as follows:

In 2007, Baie et al. [11] electrospun,poly. (vinyl alcohol) nanofibers containing gold
nanoparticles with size in the range of 10 - 1L:am. They used trisodium citrate to reduce HAuCl,
in poly (vinyl alcohol) solution whichuled to the formation of gold nanoparticles. Again, the
application of this product has notbeendisclosed. In 2015, Serbezeanu et al. [33] electrospun the
mixture of HAuCI, andsPolyimide/in DMF solution. In order to reduce Au** (HAuCI,) to Au°
(size in the range of#8-20 nm); the nanofibers were treated at 200°C. It is claimed that these

nanofibers (with‘tunable optical properties) can find applications as catalysts.

Considering/the above mentioned literature review, in the present work, it was decided to
laser ablate gold in polyacrylonitrile (PAN) solution in DMF, with the aim of obtaining a stable
dispersion of gold nanoparticles directly, suitable for electrospinning with no need to add any
dispersing agent or using sonication. It is reminded that the dispersions of this kind keep their

stability for months. The gold nanoparticles incorporated electrospun PAN nanofibers were
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characterized in the second stage of the work. It must be pointed out that in—situ laser ablation of
gold (a physical approach) in electrospinning solution, constitutes the novelty .of the present

work.

2. Experimental
2.1 Materials
~
PAN powder (M, = 7 x 10° g/mol, M,, = 106 g/mol), acrylonitrile (94 wt %), methyl
methacrylate (4 wt %), and methacrylic acid (2 wt %) was provided by Iran Polyacryl Company.
DMF was purchased from Merck, Germany. The gold plate used as the target of the laser
ablation had a purity of 99.99%. All materials were used as received.
2.2 Preparation of PAN solutions y
PAN solutions were prepared by adding 6, 7,8 and 9 w/v % PAN powder to DMF and stirred
for 12h at room temperature to ensurescomplete dissolution. 5, 10 and 50 ml of the prepared
solutions were chosen for the laser ablationof gold.
2.3 Synthesis of gold nanoparticles by laser ablation of gold in PAN solution
A beam of a Cd:Nd:YAG_ laser (Shafaparto QPm60, Iran, A = 1064 nm, t = 5ns, RR =
10 Hz, 600 mJ energy per pulse) was employed for the laser ablation of the gold target. The spot
size of the focused beam at the. target surface was 1 mm?. The ablation time for all the samples
was 30 min. In order to obtain three different concentrations of gold nanoparticle in the final
electrospinning selutions;.three different volumes namely, 5, 10 and 50 ml of PAN solutions
with different PAN:concentrations (6, 7, 8 and 9 w/v %) were chosen for ablation. In this way, a

total.ef,12 electrospinning solutions were prepared.

2.4 Determination of gold nanoparticle concentration in electrospinning solutions
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The concentration of gold nanoparticles in the 12 electrospinning solutions. was
determined by using inductively coupled plasma optical emission spectroscopy (ICP-OES)
(Perkin Elmer Optima 7300 DV, USA). The required optical properties namely, maximum
wavelength and maximum absorption for concentration measurements¢were determined by
Lambda 25 spectrophotometer (Perkin Elmer, USA). The range of the wavelength was 200—
1100 nm. ~
2.5 Measurement of electrical conductivity, viscosity and surface tension of electrospinning
solutions

The electrical conductivity, viscosity and surface tension of electrospinning solutions
were measured by electrical conductivity meter’ (Hoorteb &SSANA SL-901, Iran), viscometer
(Brookfield DV-II, USA) and surface {tension measuring device (Dataphysics 11DCAT,
Germany), respectively.

2.6 Characterization of the morphology.of gold nanoparticles in electrospinning solutions

The morphology of the naneparticles was observed by transmission electron microscopy
(TEM, Philips CN30 150 and 200 kV, Netherlands) and Dynamic light scattering (DLS) (Orduan
Technologies VASCO Flex TM,\France).

2.7 Electrospinning

The electrospinning set up consisted of a high voltage supply (up to 30 kV DC output), a
pump (MS-2200 DAIWHA, South Korea) with feeding capacity of 0-60 ml/h, and a 1 ml
syringe with a‘blunt/tipped needle (internal diameter = 0.5 mm). The blunt needle tip was
connected to the positive electrode and the aluminum foil collector was connected to negative
electrode. The electrospun PAN nanofibrous web incorporated with gold nanoparticles was

collected on aluminum foil.
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2.8 Characterization of the electrospun nanofibers

Scanning electron microscope (SEM, Philips XL 30, Holland and Zeis,. DSM-162A,
Germany) and field emission scanning electron microscope (FESEM, TescandMIRA2TESCAN-
XMU, Czech Republic) were used to study the morphology of the electraspun nanofibers. The
SEM micrographs were used for the measurement of the average diameter of nanofibers (replica
= 100) with the help of Digimizer 4.3.5 software (MedCalc Software, Belgium). The distribution
of gold nanoparticles inside the nanofibers were observed by transmission electron microscopy
(TEM, Philips CN30 150 and 200 kV, Netherlands). To analyze any reaction or interaction
between PAN and gold nanoparticles, FTIR (BOMEM-MB Series, Hartmann & Braun, Canada)
was employed. To carry out micro structural analysis, XRD (Asenware AW-XDM300, UK) was

used.

3. Results and discussion

3.1 Characterization of the electrospinning.solutions

In order to characterize the electrespinning solutions, the size, shape and concentration of
gold nanoparticles in the solutionswas well as the viscosity, surface tension and electrical

conductivity of the selutions were measured.

Figure 2 shows the optical absorption spectra of the 5 ml (a), 10 ml (b) and 50 ml (c) of
the dispersionsof gold-nanoparticles in PAN solution (8% w/v). As can be seen, all the three
samples show an absorption plasmonic peak at 526 nm. The wavelength of the plasmonic peak
depends on the material, concentration, size and shape of nanoparticles [34]. So, it is concluded
that the plasmonic peak at 526 nm proves the existence of gold nanoparticles. Moreover, the

shape of the curves implies a similar average size and shape of the gold nanoparticles in all the

Page 8 of 31



Page 9 of 31

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MRX2-101776.R1

three solutions. The only difference is due to the concentration of gold nanoparticles which is
shown by the height of the peaks. According to the calculations using the intensity of the peaks
and the data provided by ICP, the concentration of gold nanoparticles in the salutions a, b, and c
were calculated to be 295.8, 165.5 and 108.2 mg/l. Expressing these coneentrations in terms of

percentage gives about 0.03, 0.02% and 0.01 % (w/v) for samples a, b, @and c, respectively.

Figure 3 shows the TEM image and the corresponding STAED pattern of the
electrospinning solution with gold nanoparticle concentration of 0.02% w/v (PAN solution 8%
w/v). As it can be seen, the gold nanoparticles have a spherical shape with an average size of 17
nm (Figure 4a). As already explained, Digimizer software was employed to calculate the average
size of the nanoparticles. It must be pointed out that generally*[he depth of the shade (contrast) of
the TEM image of nanoparticles depends on the atomic number of the elements as well as their
packing density. A higher depth shows a higher atomic number as well as a higher packing
density. Moreover, the SAED pattern shows a monocrystalline structure for the gold
nanoparticles in the solution. Basically, monocrystalline structures are formed from an orderly
arrangement of crystallite neton<, whereas a randomly arranged order of crystallites is defined

as polycrystalline structure [35; 36].

Figure 4b shows the:DLS spectra of the electrospinning solution with gold nanoparticle
concentration 0f'0.02% w/v (PAN solution 8% wi/v). An average diameter of 47 nm is reported
for the nanoparticles. {Compared to the TEM image, the higher average particle size by DLS is
related to the much higher number of particles considered for measurement, which can be
considered as-a'more meaningful value. Moreover, the bigger nanoparticle size could be related

to the.halo formed around the nanoparticles during DLS analysis.
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Table 1 shows the average diameter (replica = 100) of the electrospun nanofibers versus
the concentration of PAN and gold nanoparticles, viscosity, electrical conductivity and surface

tension of the corresponding electrospinning solutions.

As expected, increasing the concentration of PAN as well as gold nanoparticles increases
the viscosity of the solutions. However, as far as the surface tension of the solutions is
concerned, in spite of a very small decreasing trend in surface tension With\increasing amount of
PAN and gold nanoparticles, the differences are practically insignificant. Table 1 also shows that
in spite of a decreasing trend with a slow slope, the effectef increasing PAN concentration on
the electrical conductivity of the solutions is negligible. However, the impact of increasing gold
nanoparticle concentration on the electrical conductivity of the solutions is considerable
(increasing trend). These data will be used later to explain the dependence of the average
diameter of the electrospun gold naneparticle incorporated PAN nanofibers on the three above

mentioned electrospinning material variables.
3.2 Morphological analysis of the electrospun nanofibers

Figure 5 shows a typical ?EM Image of the electrospun Au (0.01% w/v)/PAN (6 and 7%
w/v) fibers under different electrespinning conditions. As can be seen, in spite of trying different
conditions of electrospinning, with PAN concentrations of 6 and 7% in the electrospinning
solutions, no praper nanofibers could be electrospun. Figure 6 shows the SEM images of Au
(0.01% w/v)/IPAN (8% and 9% w/v) nanofibers. The electrospinning conditions were; voltage =
11 kV, nozzle—collector distance =15 cm and feed rate=0.075 ml/h. These optimum
electrospinning conditions were also applied to the rest of the electrospinning trials carried out in
this work:"However, as can be seen, from the two concentrations of 8 and 9%, only the 8% one

yielded proper electrospun nanofibers with an average diameter of 317 nm. To obtain lower
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diameters, the electrical conductivity of the electrospinning solutions was increased by
increasing the concentration of gold nanoparticles to 0.02% in the electrospinning, solutions with
PAN concentrations of 6, 7, 8 and 9%. The SEM images of the resulting electrespun nanofibers
are shown in Figure 7(a, b, ¢, and d). As can be seen electrospinning of PAN. solutions (8% and
9%) containing 0.02% gold nanoparticles led to the formation of rather uniform nanofibers with
an average diameter of 123 nm and 176 nm, respectively. It 4s worth- mentioning that the
diameter of 8% sample showed a lower standard deviation. The 8% sample showed less beads as

well.

In a further effort to make the solutions containing 6% and 7% PAN electrospinnable,
the amount of gold nanoparticle was raised to 0.03%. Figur% 8 shows the SEM images of the
electrospun nanofibers with an average nanofiber diameter of 140 nm and 244 nm for PAN
concentrations of 6% and 7%, respectively. ‘As can be seen, raising the gold nanoparticle
concentration to 0.03% made the electrospinning of uniform and almost bead-free nanofibers

from only 7% PAN concentration.passible.

Considering the insignificant difference between the surface tension of the

electrospinning solutions itis‘concluded that:

- With constant gold nanoparticle concentrations of 0.02% and 0.03% w/v, increasing PAN
concentration, leads to.higher average diameter of nanofibers as expected [37]. This is related to
higher viscosity/as a result'of higher PAN concentration. Higher viscosities raise the resistance

against the electric field which tries to draw the electrospun nanofibers [38]

- With constant PAN concentration (8% w/v), increasing gold concentration leads to lower

average diameter for the electrospun nanofibers as expected [39]. This decrease is related to the
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higher electrical conductivity of the electrospinning solution with larger amount of. gold
nanoparticles which enjoy high electrical conductivity. In fact, higher conductivity leads to lower
average nanofiber diameter as expected. Higher electrical conductivity eases the drawing.of the

air-born nano filaments in the electrospinning field [40].

-Available reports on the electrospinning of PAN solutions containing metals (Ag, Cu, etc.) or
metal oxide (MgO, Al,O3, SiO,, etc.) nanoparticles reveal that a minimum\PAN concentration of
12% has been required to electrospin uniform nanofibers [28, 41-43], whereas, as observed in
this work, incorporating gold nanoparticles makes the electrospinning of PAN solutions with

PAN concentration as low as 6% possible.

@
- High average diameter of 244 nm, in spite of high electrical conductivity of the corresponding

electrospinning solution shows the dominanece of.viscosity over electrical conductivity for the

above mentioned cases.

-High average diameter of the 317 nm, in spite of the low viscosity of the corresponding

electrospinning solution, shows the dominance of low conductivity over viscosity.
N
3.3 Characterization of the electrospun nanofibers

To characterize _therelectrospun nanofibers, the PAN/Au sample from the dispersion of
gold nanoparticles (0.02% wi/v) in 8% w/v PAN solution (electrospinning conditions: voltage =
11 kV, nozzle — collector distance =15 cm and feed rate = 0.075 ml/h) was chosen to represent
all the 5 electrospun nanofibers. This sample was the most uniform and enjoyed the lowest

average fiber. diameter.

The corresponding XRD analysis is shown in Figure 9, depicting the patterns of pure

PANas well as gold nanoparticle incorporated PAN nanofibers. As can be seen, the XRD
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patterns show gold nanoparticle crystals with characteristic peaks at 26 = 38, 44, 65, 78 degrees
dispersed in a rather semi crystalline PAN matrix. According to JCPDS card No. 00-002-1095,
these characteristic peaks show a face centered cubic (fcc) crystal structure for the gold
nanoparticles dispersed in PAN matrix. Using Scherrer equation [44] gives an average crystallite
size of around 8 nm. For further analysis on gold nanoparticle crystals, the¢<SAED pattern in

Figure. 16 will be considered later. ~

In order to investigate the distribution of gold nanoparticles en“the surface and inside of
the electrospun nanofibers, FESEM as well as TEM analysis:\werecarried out. Figures 10 and 11
show the corresponding FESEM and TEM images. The.FESEM image shows an even surface
for the nanofibers with no sign of gold nanoparticles on it, ir’nplying that the gold nanoparticles
are tactfully held inside the nanofibers. This is proved by the TEM images which show a random
distribution of the gold nanoparticles.nside the fibers. This is a sign of a homogenous dispersion
of gold nanoparticles in the PAN solutions.;As already stated in the introduction part, producing
stable dispersions is a merit of laser ablation. Measuring the size of nanoparticles (n = 60) from
the TEM images shows an average diameter of around 19 nm with minimum and maximum size
of 8 nm and 34 nm, respectively. Comparing the obtained statistics with those obtained from the
TEM image of the correspending electrospinning solution (Average = around 17 nm, Min = 7.5
nm, Max = 34nm) shows that gold nanoparticles have not gone through any considerable

agglomeration during electrospinning.

Figure 11 also shows the corresponding SAED pattern of the electrospun nanofibers. As
candoe seen, the pattern is very similar to that of gold nanoparticles in PAN solution (Figure 3)
with a_darker background which is related to the solidification of PAN molecules in the

nanofibers. However, as far as the morphology is concerned, it is concluded that the gold



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MRX2-101776.R1

Nnanoparticles inside the nanofibers have kept their original monocrystalline structuresin the
electrospinning solution. As already explained monocrystalline structures are formed from an

orderly arrangement of crystallite network.

The FTIR spectras of electrospun pure PAN and PAN/Au nanofibers are shown in Figure
12. As can be seen, the spectrum of gold nanoparticle incorporated PAN.nanofibers shows all the
characteristic peaks of PAN [45, 46] with no additional ones. Itfis concl?ded that as expected,
considering the very high unreactivity of gold, no reaction or interaction has occurred between
PAN and the gold nanoparticles. The higher intensity of:peaks at.wavelengths of 1666 nm and
2245 nm for PAN/Au nanofibers may be a result of higher absorption of infrared due to lower
electrostatic interaction between C=N groups of PAN which in turn can be related to the

presence of monocrystalline gold nanoparticles within the polymeric chains.

4. Conclusions

Gold nanoparticles with‘average diameter of 17 nm were synthesized successfully in-situ,
by laser ablation in the solution of PANkin dimethyl formamide. Absorbtion plasmonic peak at
526 nm proved the existence o?‘spherical gold nanoparticles. The SAED pattern indicated a
monocrystalline morphology for the laser ablated gold nanoparticles in the electrospinning
solution and in thecelectrospun nanofibers. Gold nanoparticle incorporated nanofibers with an
average diameter in the range of 123 - 317 nm were successfully electrospun. The XRD analysis
proved that the average crystallite size of gold nanoparticles was around 8 nm. The crystallites
show a/face centered cubic unit cell. FESEM images demonstrated a smooth surface for the
nanofibers with no sign of any gold nanoparticles laying on the surface of the nanofibers. The
absence. of gold nonoparticles on the surface of nanofibers was further confirmed by TEM

imagesrwhich also showed a clear and random distribution of the gold nanoparticles inside the
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PAN naofiberous matrix. Comparison of the average size of nanoparticle in the electrospinning
solution with those in nanofibers showed that no considerable agglomeration has occurred during
electrospinning. Absence of any reaction or interaction between PAN and the geld nanoparticles
was revealed by FTIR analysis. Further work on the application of these nanofibers as a
precursor for the fabrication of glucose sensors has been carried out which will be reported in

another communication. ~
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32 Figure 1. Schematic representation of nanoparticle synthesis through laser ablation
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20 — HT:150kV Camera Length: 175mm
80 nm

23 Figure 3. TEM image, nanoparticle size distributionsand the corresponding SAED pattern of the
24 laser ablated gold nanoparticles (0.02 % wi/v) in PAN solution*(8% wi/v)
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Figure 4. Particle size distribution of gold nanoparticles.in the electrospinning solution with gold
nanoparticle concentration of 0.02 % w/v (PAN solution 8%W/v) (a) TEM images, (b) DLS
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23 Figure 5. A typical SEM image of the electrospunPAN/Au sample from the dispersion of gold
24 nanoparticles (0.01% w/v) in PAN solution (6 and 7 % wi#v) under different electrospinning
conditions
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Figure 6. SEM images of the electrospun PAN/Au sample from.the dispersion of gold
nanoparticles (0.01% w/v) in different concentrations of PAN solution;, (a) 8% w/v, (b) 9% wi/v
and, electrospinning conditions: voltage = 11 kV, nozzle — collector/distance =15 cm, feed rate
=0.075 ml/h
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30 Figure 7. SEM images of the electrospun, PAN/Au sample from the dispersion of gold
31 nanoparticles (0.02% w/v) in different coneentrations of PAN solution, (a) 6% w/v, (b) 7% wi/v,
(c) 8% w/v and (d) 9% wil/v , €lectrospinning:conditions: voltage = 11 kV, nozzle — collector
distance =15 cm, feed rate = 0.075 »ml/h
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Figure 8. SEM images of the electrospun PAN/Au sample, from the dispersion of gold
nanoparticles (0.03% w/v) in different concentrations of PAN solutien;(a) 6% w/v, (b) 7% w/v,
electrospinning conditions: voltage = 11 kV, nozzle — collector distance =15 cm, feed rate =
0.075 ml/h
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33 Figure 9. XRD patterns of electrospun (a) PAN nanofibers 12% w/v, (b) PAN/Au nanofibers
35 from the dispersion of gold nanoparticles.(0.02% w/v) in PAN solution 8% w/v, electrospinning
36 conditions: voltage =11 kV, noz\zle — collector distance =15 cm, feed rate = 0.075 ml/h
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Figure 10. FESEM image of the electrospun PAN/Au/sample from the dispersion of gold
nanoparticles (0.02% wi/v) in PAN solution 8%, w/v, electrospinning conditions: voltage = 11
kV, nozzle — collector distance =15 cm, feed rate =0.075 ml/h

Page 28 of 31



Page 29 of 31 AUTHOR SUBMITTED MANUSCRIPT - MRX2-101776.R1

oNOYTULT D WN =

HT:200kV Camera Length: 175mm

23 Figure 11. TEM images of the electrospun PAN/AuU nanofibers from the dispersion of gold
24 nanoparticles (0.02% wi/v) in PAN solution 8% w/v, electrospinning conditions: voltage = 11
25 kV, nozzle — collector distance =15 cm, feed rate =0:075 'ml/h
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Figure 12. FTIR spectra of electrospun (a) PANwnanofibers 12% wi/v, (b) PAN/Au nanofibers
from the dispersion of gold nanoparticles (0.02% w/v) in PAN solution 8% w/v, electrospinning
conditions: voltage =11 kV, nozzle*= collector.distance =15 cm, feed rate = 0.075 mi/h
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Table 1. Average diameter of the electrospun PAN/Au nanofibers (replica = 100) and the
corresponding viscosity, electrical conductivity and surface tension of PAN/Au electrospinning
solutions (replica = 5)

oNOYTULT D WN =

11 Average PAN Au Viscosity Electrical Surface
12 diameter of  concentration  nanoparticles (cP) conductivity, tension
13 nanofibers (% Wiv) concentration (1s) (mN.m™)
(nm) (% wiv) ~

0.01 75 (6.5) 11942) 38.04 (0.03)
0.01 115 (4) 1156 (3.5)  37.49 (0.03)
0.01 166 (7) 111.2(5)  36.64 (0.03)
0.01 270(5) 107.1(2.5)  36.78 (0.03)
0.02 W7 (@  156.7(25)  37.77 (0.03)
0.02 154:(4.5) 151.4 (4)  36.94 (0.03)
0.02 223 (5) 1493 (35)  36.29 (0.03)
0.02 318 (6) 1423(2)  36.56 (0.03)
0.03 264 (6) 212.6 (55)  37.54(0.03)
0.03 349 (4) 204/5(3)  37.03(0.03)

19 -
21 317 (35)

23 -

27 -

% 123 (26)
176 (35)
32 140 (23)
34 244 (36)

N
w
1
~ (ep] © o ~ [ep} (o] oo ~ (o]

36 (The numbers in the brackets.show.the standard deviation)



