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Abstract: In this paper, we report on the fabrication and characterization of poly(sulfone amide)/graphene (PSA/G)
nonwoven based nanocomposite mat assembled via electrospinning technique. Different types of nanocomposite mats were
electrospun by varying the weight percentage of graphene in the polymer solution. The surface morphologies, chemical
structural, thermal, and electrical properties of the nanocomposites were evaluated systematically. The morphology of the
PSA/G nanocomposites exhibited that mesh-like ultrafine nanofibers were densely aligned. Thermal stability and electrical
properties of the PSA/G composites could be improved obviously with the addition of graphene. And the thickness
uniformity of the nanocomposite mat was improved by using an electrospinning system. Our experimental results suggested
that the PSA/G nanocomposites have potential to serve in many different applications, especially in the area of electronic

components.
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Introduction

Electrospinning is a versatile and straightforward method
to produce the one-dimensional (1D, fibers) and two
dimensional (2D, nonwoven fabric) structured materials at
the nanoscale [1-6]. These electrospun nanofibrous materials
have attracted increasing interests owing to their unique
properties and numerous applications in areas of filtration
media [7,8], life science [9,10], medicine [11,12] and
electronic industries [13]. Scientists are trying to improve the
physicochemical properties of the electrospun nanomaterials
via composite method to make them more suitable in the
field of nano science and technology [14-17]. Nanocomposites
with various polymer matrices have shown excellent
characteristics with small loading [18,19].

The two-dimensional monolayer carbon material graphene
and its derivate has recently become a hot issue of scientific
interest due to their remarkable properties [20-22]. The
performance of the electrospun nanofiber or nanofibrous
nonwoven could be enhanced with the addition of graphene.
Therefore, graphene based polymer (polymer/graphene)
nanocomposites have also attracted both academic and
industrial interests in recent years. A large number of studies
showed that polymer/graphene nanocomposites have superior
mechanical, thermal, gas barrier, electrical and flame-retardant
properties compared to the neat polymer [23-25]. It was also
reported that the improvement in mechanical and electrical
properties of graphene based polymer nanocomposites are
much better in comparison to that of clay or other carbon
filler-based polymer nanocomposites [26-29].

Recently, functionalized graphene-polymer nanocomposite
is prepared with some polymers such as polystyrene,
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polyvinyl acetate, polyvinyl alcohol (PVA), and poly(methyl
methacrylate) [30,31]. Poly(sulfone amide) (PSA), is one of
the spinnable polymer known for their excellent thermal
properties such as heat resistance, flame retardant, thermal
stability and etc., it has been applied to develop protective
products used in aerospace, high-temperature environments
and civil fields [32,33]. The electrospun PSA nanofibers not
only have nanostructure but also preserved the superior
properties, such as crystallization, thermal performance and
mechanical properties [34]. However, there is no research
about PSA/G nanocomposite has been reported. The field of
potential applications of graphene-polymer nanocomposite
could be tremendously expanded by developing PSA/G
nanocomposites with improved thermal and electrical
properties, such as electrodes and separators, batteries and
supercapacitors.

For the electronic components applications, the electrospun
fiber mats are capable of improving battery power, increasing
energy density of capacitors, and fuel cell and solar cell
efficiency [35-37]. The electrospun fiber mats are widely
used as commercial separator for Li-ion batteries. Only the
mats with perfect performance can meet the necessary of
application. The uneven thickness of separator will influence
on the impedance properties and the distribution of current
densities, which will reduce the properties of Li-ion batteries.
Therefore, a electrospinning system was employed for the
PSA/G nanocomposite fabrication, in order to obtain
membranes with uniform thickness in the paper.

We present the fabrication of the PSA/G nanocomposite
using electrospinning technique in this study. Five PSA/G
composites with different graphene concentrations (i.e., 0.1 %,
0.3 %, 0.5 %, 0.7 %, 0.9 %) were prepared to investigate the
effects of graphene on the thermal and electrical properties.
Meanwhile, the neat PSA nanofiber mat also prepared as a
control standard reference. Furthermore, three-dimensional
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electric field of the electrospinning system was simulated
with finite element method (FEM) to understand the effects
of electric field distribution on the thickness of PSA/G
nanocomposites.

Experimental

Materials and Chemicals

The PSA (C,,H;4,0,N,S, degree of polymerization > 396,
average molecular weight is 150000-200000, 12 wt%,
Shanghai Tanlon Fiber Co., Ltd., China) and N,N-dimethyl-
acetamide (DMAc, analytical grade, CH;CON(CHy;),,
molecular weight is 87.12, Sinopharm Chemical Reagent
Co., Ltd., China) was used as received. Graphene powder
(<20 um, Xinhe New Materials Co., Ltd., China) was used
as received.

PSA/G Solution Preparation

The preparation process of the PSA/G solution was shown
in Figure 1. A certain amount of graphene was dispersed in
the DMAC solution using ultrasonic vibration by using a
bath for 30 min at 40. The PSA/G solution was prepared by
adding the mixture solution of graphene and DMAC into
12 wt% PSA solution solubilized with DMAC under continuous
stirring for 10 hours at the room temperature. Detailed
description of the mixing of graphene in electrospinning
solutions were illustrated in Table 1.

Graphene(G) powder g
+

Ulrasound for 0.5 h

- .

G/DMAC suspension

5 + Stiring for 10 h
DMAC solution E —

B G/PSA solution
12 wt% PSA solution

Figure 1. The preparation process of the PSA/G solution.

Table 1. Different concentrations of graphene (G) in the PSA
solutions

Graphene 12 wt% PSA  Graphene DMAC
concentration (%) solution (g) (mg) (2)
0 40 0 8
0.1 40 4.8 7.9952
0.3 40 14.4 7.9856
0.5 40 24.0 7.9760
0.7 40 33.6 7.9664
0.9 40 432 7.9568
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Figure 2. Schematic illustration of the fabrication of PSA/
graphene nanocomposites by dynamic electrospinning system.
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PSA/G Composites Fabrication

The schematic illustration of the fabrication of PSA/
graphene nanocomposites by dynamic electrospinning system
used in this study is shown in Figure 2. The dynamic
electrospinning system includes a dynamic spinneret, a high
voltage power supply, and a rotating roller collector. The
dynamic spinneret consists of a needle and a 3-mm thick
plastic plate made of polytetrafluoroethylene (PTFE) (no
shown in Figure 2). Needle was fixed with the PTFE plate,
and a motor drives the PTFE plate moving left and right
during the electrospinning process. The stainless-steel
needle was blunt-tip type with an outer diameter of 0.9 mm,
inner diameter of 0.6 mm, and length of 13 mm. The PSA/G
solution was extruded from a syringe via a propulsion
module through a 2-mm inner diameter plastic pipe to a 2-
mm outer diameter plastic pipe inlet to supply solution for
the spinning. An extruding speed of spinning solution used
is set to be 1.5 m//h. The high voltage power supply (RS60P-
20 W, Gamma High Voltage Research, USA) with operating
voltage ranging from 0 to 50 kV, and 30 kV was applied to
the spinneret and the collector in this study. The distance
between the needle and the receiver was set to be 10 cm. An
aluminum roller receiver with a certain rotating speed was
employed to collect the electrospun PSA/G nanocomposites.
All the electrospinning experiments were conducted under
the condition of 25 °C 60+5 % RH of humidity.

Characterization

SEM

The morphology of PSA/G composites was observed
under a scanning electron microscope (SEM) (SU8010,
Hitachi, Japan) with an accelerated voltage of 2 kV. The
surfaces of the samples were coated with a sputter coater
(S450, Hitachi, Japan) equipped with a gold target to
increase electrical conductivity of the samples. The fiber
diameters typically are measured from images obtained from
a scanning electron microscope (SEM) by using the Imagel
software. Fiber diameters are selected 50 random fibers to
achieve testing, and are reported by a mean value (average
value) with the standard deviation (a measure of variability).

FTIR Analysis

Tests on chemical composition and molecular structure of
the PSA/G composite were performed by the Spectrum-two
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FTIR (Spectrum Two, Perkin Elmer, USA) under the
circumstances: attenuated total reflection, scanning times for
16, data interval of 2 cm’, resolution ratio of 16 c¢m™,
sample dimensions of 1 cmx1 cm.

Volume Resistivity Analysis

The electrical properties were measured using KEYSIGHT
34461A Dight Multimeter. The test conditions were configured
with a clamping length of 10 mm, drawing speed is 10 mm/
min and the pre-tensioning force of 0.1 ¢cN. Each sample was
measured five times, and then the arithmetic mean was
calculated.

TGA Analysis

The thermal stability of PSA/G composites were characterized
by thermal gravimetric analyzer (TGA) using a TGA-4000
thermal gravimetric analyzer (TGA4000, Perkin Elmer,
USA). The TGA experiment was carried out in a nitrogen
atmosphere with a gas flow of 19.8 m//min. The samples,
with a weight of 5-8 mg, were heated from room temperature
to 700°C at a heating rate 10°C/min under a nitrogen

Fibers and Polymers 2018, Vol.19,No.2 359

atmosphere. Five samples for each group were measured.
Fiber Mats Thickness
A micrometer is used to measure the thickness of
nanocomposites mat. The thickness was measured every
1 cm along the roller axis.

Results and Discussion

Morphology

The electron microscopy images of the graphene sheets
are shown in Figure 3, which confirm the layer-like
morphology of the graphene powder. Figure 4 shows the
representative SEM images of the electrospun nanocom-
posites from PSA/G solution and neat PSA solution. The
SEM images of neat PSA are depicted in Figure 4(a) to (c)
for comparison. As illustrated in Figure 4(a), the electrospun
PSA fibers form a highly interconnected mat, the surfaces of
fibers are relatively smooth and the fibers are randomly
oriented. However, due to jet instabilities, some coarse fiber

Figure 4. (a-c) SEM images of PSA nanofibers at different magnification, (d-f) SEM images of 0.7 % P SA/G nanofibers at different

magnification.
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can be observed in Figure 4(a) to (c). The same characteristics
were observed for PSA/G nanofibers, Figure 4(d) to (f). It
can be seen from Figure 4(f) that the graphene dispersed on
the surface of fiber mat in the form of particles or sheet.
From the magnified graphene particles, it could be found
that most of the particles graphene are aggregated. Meanwhile,
we also found that graphene reunion phenomenon more
obvious with the addition of graphene, indicating that
graphene powders are hardly to be uniformly dispersed after
mixing with PSA solution by high speed stirring and
ultrasonicating. The existential form of graphene in PSA/G
composites is adhered to the nanofiber surface instead of
dispersion within the PSA. The main reason was that the size
of the graphene sheet (as shown in Figure 4) is rather large
compared with the diameter of nanofibers (150-450 nm), the
graphene nanosheet is unlikely in the inner part of the
nanofibers. Therefore, we can conclude that graphene powders
are dispersed on the surface of composites fiber mat in the
form of particles.

The average diameter of nanofibers is calculated from
SEM and shown in Figure 5. The average diameter of
nanofibers with and without graphene basically decreased
with increasing the concentration of graphene. The fiber
diameter distribution for PSA nanofibers lies in the range of
150-450 nm with an average diameter of 300 nm, whereas
for 0.7 % PSA/G nanofibers the fiber diameters are in the
range of 100-200 nm with an average diameter of 150 nm.
The standard deviation of the nanofibers also decreased with
the increasing of graphene as shown in Figure 5. This
decrease in the average diameter and standard deviation of
PSA nanofibers in comparison to PSA/G nanofibers can be
attributed to the presence of graphene sheets in the fibers,
which give rise to the increased electrical conductivity,
which probably help to reduce the jet instability in
electrospinning process.
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Figure 5. The diameter of nanofiber with various concentration of
graphene. The length of the error bar represents the standard
deviations of the fiber diameter.
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Figure 6. FTIR spectra of graphene (G), PSA and 0.9 % PSA/G.

Chemical Structural

Fourier transform infrared (FTIR) spectroscopy was
performed on the graphene powder, PSA nanofiber mats and
PSA/G nanocomposite in order to verify the presence of
fingerprint of functional groups of the graphene nanosheets.
As shown in Figure 6, no peaks shown in the spectra of G,
and the spectrum of 0.9% PSA/G do not have much
difference with that of pure PSA, which provide the evident
of the purity of the graphene powder. In the spectrum of PSA
and PSA/G the presence of vibration peaks at 3362 cm™
which is due to the stretching vibration of N-H. The symmetric
and antisymmetric stretching vibration absorptions of sulfone
-SO, were at 1305 cm™. Moreover, the peaks at 1656 cm™
and 1589 cm™ correspond to the out-of-plane vibration of
the C=0 and C=C stretching vibration, respectively. In
addition, the opposite-substituted peak of benzene appeared
at 834 cm™, and thus the exiting of PSA could be determined
[38].
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Figure 7. Volume resistivity of PSA nanofibers with and without
graphene at different compositions.
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Electrical Properties

Volume ratio resistance of the as-prepared PSA and PSA/
G nanofiber mat with relatively same thickness (-190 pm)
was measured using digital multimeter at room temperature.
The volume ratio resistance results were illustrated in Figure
7. The volume ratio for PSA nanofiber mat was 1.1795
MQ-mm, and the volume ratio for PSA/G nanocomposite
decrease from 0.5287 MQ-mm to 0.0722 MQ-mm. The
value of volume ratio resistance is a sharp decrease due to
the addition of graphene, indicating that the addition of
graphene could enhance the electrical properties of polysulfone
amide. As can be seen 0.9 % PSA/G showed about 16 times
higher conductivity in comparison to PSA.

Thermal Stability

Thermal stability of electrospun PSA and PSA/G nanofiber
mats and bulk G were measured using TGA in nitrogen
atmosphere. The TG and TGA curves of graphene, PSA and
the PSA/G composites are illustrated in Figure 8. From the
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Figure 8. TG curves (a) and the DTG curves (b) of PSA nanofibers
with and without graphene at different compositions.
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TG curve (Figure 8(a)), it can be observed that pure PSA can
be divided into roughly four intervals [39]. The first stage is
in the range of 95-105°C, which comes mainly from the
volatilization of combined water between polymer molecules
and various additives when room temperature is up to
100 °C. The second phase is 200-300 °C, there is suppressed
(and shifted at higher temperature) by adding graphene
around 240 °C. The third is 400-500 °C, which loss may be
the increasing high-polymer macromolecule chain movement
rate until fracture, with small molecular substances releasing
in the form of gas formation. The fourth is carbon stable
stage (600-700 °C). There is not much effect of weightlessness
when rising temperature as a result of that most polymer
materials have carbide [40]. When graphene was added to
the PSA, the residual rates of the nanocomposites were
larger than that of pure PSA, as shown in Figure 8(b).
Moreover, with addition of the graphene, the temperature of
the third stage is higher than pure PSA. This shows that the
incorporation of small amount of graphene in PSA improve
its thermal stability, which can be attributed to the presence
of interfacial bonding.

Thickness of the Nanocomposites Mats

The thickness uniformity of the electrospun nanocomposites
is rather important in practical applications. The uneven
thickness of separator will influence on the impedance
properties and the distribution of current densities for the
batteries application. The thickness uniformity of the
electrospun PSA/G nanocomposite was investigated by
measuring the thickness of nanocomposites along the axis
direction of the collector after spinning for 180 min. In this
study, the thickness was measured by five points (i.e., x=0,
x=50, x=100, x=150, x=200) along x-axis direction (graphene
concentration 0.5 %). As presented in Figure 9, rather
uniform composite fiber mat was obtained by using the
dynamic electrospinning system, even at the edge of the
mats. As we all know, the electrospun fiber mat was thick in

240 |

220 =

Thickness (um)

160

140 L " L " L s 1 L I
0 50 100 150 200

X-axis (mm)

Figure 9. The thickness of the fiber web after 180 min spinning.
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Figure 10. The electric field distributions for the dynamic electrospinning system with a working distance of 10 cm and an applied voltage
of 30 kV when the needle at two difference positions; (a) at the central position of the collector and (b) at the edge position of the collector.

the middle position because of the jet whipping and
instability, and the thickness uniformity can be improved by
designing the electric distribution of the electrospinning
system [41,42]. To understand the effect of electric field
distribution on the fiber mats thickness, the 3D electric fields
of the dynamic electrospinning system were analyzed by
COMSOL Multiphysics” software using the finite element
method (FEM). Before the simulation, the physical geometries
of the electrospinning setups (e.g., needle and collector)
were established and set according to their practical dimensions
and locations.

Figure 10 shows the electric field distributions of the
dynamic electrospinning system when the needle at two
different positions. The arrows indicate the direction of the
electric field, and their length is proportional to the strength
at that position. As shown in Figure 10(a), the electric field
distribution is symmetrical along the needle when the needle
at the central position of the roller collector, the electric field
intensity at central position is higher than that at two side
positions. When the needle moved to the edge side of the
collector, the electric field at the other side is much smaller
than that at the needle side. The edge of the collector has an
aggregation effect to electric field, the arrows representing
the direction of the electric field is converging toward the
edge of the roller as shown in Figure 10(b). Regardless of
the needle in anywhere, there is a sharp decrease of electric
field intensity from the spinneret to the collector. The fiber
mat electrospun by electrospinning will be thicker at the
central part than that at edge part when the needle at the
central position because of the whipping of the jet. When the
needle is moved to the edge side, the edge of the roller will
help to collect and assemble the fibers due to the higher
electric field intensity of the collector edge. Thus, in this
dynamic electrospinning system, the movement of the
needle along roller collector will help to achieve a more
uniform fiber mat.

Conclusion

In conclusion, we have demonstrated that the addition of
graphene can improve the thermal and electrical properties
of poly(sulfone amide) through the preparation of PSA/G
nanocomposites via a dynamic electrospinning system.
Three-dimensional electric field of the electrospinning
system was simulated with finite element method (FEM), it
reveals that the electric field distribution can affect the
thickness of PSA/G nanocomposites, swinging the needle
along the roller collector in the electrospinning can obtain
more uniform PSA/G nanocomposites. With significant
thermal and electrical prosperity and uniform thickness, the
PSA/G nanocomposite mat can be effectively applied in
electric component industrial fields.
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