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ABSTRACT: Polyvinylidene fluoride and polyvinylpyrrolidone polymers incorporated with carbon black nanoparticles (50 nm) were
electrospun to fabricate nanofibrous membranes for supercapacitor separators. Different weight percentages (0, 0.25, 0.5, 1, 2, and
4 wt %) of carbon black nanoparticles were dispersed in N,N-dimethylacetamide and acetone prior to the electrospinning processes
at various voltage, pump speed, and tip-to-collector distances. The morphology, thermal, mechanical, hydrophobic, and electrochemi-
cal characterization of nanofibrous membrane were analyzed using different techniques, such as scanning electron microscopy, differ-
ential scanning calorimetry, capacitance bridge, thermogravimetric analysis, dynamic mechanical analyzer, and water contact angle.
Effects of annealing and UV irradiation exposures on the nanofibrous membranes were investigated in detail. Test results revealed
that the physical properties of the nanocomposite separators were significantly enhanced as a function of carbon black inclusions
in the polymeric structures, which may be useful for the applications of supercapacitor separators and other energy storage devices.
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INTRODUCTION

New-generation energy storage devices have been receiving con-
siderable attention recently due to the skyrocketing prices of fossil
fuel and the desire to meet the ever increasing demand of energy.
These devices can be used as backup source devices due to their
long cyclic lives with a high charging-discharging rate, excellent
power density, low electrical resistivity, and large surface area
compared to conventional capacitors and batteries. They have dis-
played remarkable performance in a wide range of applications
such as power backup in some electrical devices and as a power
source for hybrid vehicles."™ Research on novel energy storage
devices has been considered in order to replace batteries, which
have slow discharge rates and a high energy density. Accordingly,
it is important to develop storage devices having high energy den-
sity and high power density.” Supercapacitors are energy storage
devices having intermediate features between batteries and tradi-
tional capacitors. They can be charged and discharged a number
of times without suffering the effects of aging. Supercapacitors
work well under hot and cold temperatures. Under normal condi-
tions, a supercapacitor fades very little after being used for several
years. In supercapacitors, the capacitance performance depends
largely on the electrolyte/electrode and separator. Different types
of materials have been used to fabricate separators/electrodes for
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supercapacitors, such as metal-based oxides and carbonaceous
compositions. Carbon-based compositions such as porous car-
bon, activated carbon fibers, carbon aerogels, carbon nanotubes,
and graphene are the most-often-used substances for supercapaci-
tors.” ' Carbon-based nanocomposites with conducting poly-
mers have high capacitance values and better cyclic performance
in supercapacitors. They also possess high capacitance values due
to their functional groups containing phosphorus, nitrogen, and
oxygen, which are referred to as the pseudocapacitance effect.'®

The search for alternating energy sources is a vital concern and a
challenging issue. Although, wind, solar, fuel cells, and nuclear
energy have been around for several decades, exploiting these
sources on a large-scale requires addressing many obstacles. As a
result, increased attention has been given to the electrospinning
process for fabricating a nanofibrous membrane for application in
a supercapacitor. Electrospinning is a unique process used to fab-
ricate continuous nanosize fibers by using a high-voltage power
supply. Nanowoven webs have received significant attention
because of the prominent characteristics of these electrospun
fibers, such as small diameter ranges, high porosity of the struc-
ture, and high surface area. This process is less expensive and sim-
ple. Owing to these useful properties, many polymers have been
utilized to fabricate fibers that can be employed in a variety of
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applications such as thermal isolation, membrane separation, and
filtration.'"'* These fibrous membranes contain fully intercon-
nected open cavities with sufficient porosity.'?

Among many polymers, fluorine-containing materials, such as
polyvinylidene fluoride have good mechanical, electrochemical,
and thermal stability properties.'*'” PVAF is a semicrystalline
polymer with different forms and complicated microstructures.
Due to its high electrical and mechanical properties, PVdF has
many significant technological and commercial applications,
including membrane separators, fuel cells, biomedical uses, and
nonlinear optics, and it is also being used in pyroelectric and
piezoelectric materials.'® PVAF contains various phases, the
most common one being the a-phase. The pyroelectric and pie-
zoelectric features of the B-phase of PVAF provide better mate-
rial properties.’” Highly conductive carbon black material is
described as a highly branched and open structure with small
particle size and high porosity. The surface area of carbon black
is commonly considered to be more accessible than other types
of high-surface-area carbon (1500 m* g~ ").'®

Lewandowski et al.'” studied the electrochemical performance
of a totally solid state electric double-layer capacitor using a
polymer electrolyte and an activated carbon powder as electrode
material in which polymer electrolyte serves as separator as well
as electrode material. Sivaraman et al® reported all-solid-
supercapacitor based on chemically synthesized polyaniline
(PANI) and sulfonated polymers having fluorinated ethylene
propylene copolymer grafted with acrylic acid and sulfonated
(FEP-g-AA-SO3H) membrane (separator). Electrospun polymers
such as polyvinylidene fluoride (PVdF) and polyacrylonitrile
(PAN) and many other, can be used as nanofiber mats in sepa-
rator applications in electronic devices.”' These separators pro-
vide nanoporous leading to
conductivity of membrane soaked with liquid electrolyte.”’ A
uniform electrospun PVAF membrane thickness can be achieved
using high polymer concentration and carrying out electrospin-
ning at high voltage. This provides mechanical strength and also
results in charge and discharge capacities that exceed many
commercially available separators.”’ Karabelli et al** prepared
PVAF separators for supercapacitor applications, and studied
the different properties of PVAF separator such as thermal,
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Figure 1. SEM images of carbon black (ELFTEX8) powder at low (left) and high (right) magnifications.

mechanical and ionic conductivity. Polymeric materials are
widely used as separators and as electrodes in batteries and in
ultracapacitors.

High crystallinity of PVdAF generally impedes conductivity.
Therefore, PVP was added in polymeric solution in order to
account for conductivity limitation caused by PVdAF high crys-
tallinity and also it increases electrospinnability of polymeric
solution. Conventional capacitor technology has focused on
minimizing the area of electrode plates and then combining
these plates with thin layers of insulating separator having high
dielectric constant possibly resulting in high capacitance val-
ues.” This methodology has certain limits, as separator film
can be of minimum thickness before it fails and there are also
limits on the dielectric constant of film material.”® Using the
electrospun PVAF and PVP membranes incorporated with car-
bon black not only increase the surface area of separator and
wettability, but also provide the mechanical stability to the sepa-
rator and increase the dielectric constant values of separators, as
well. The main purpose of this study was to fabricate electro-
spun PVAF/PVP-based separators of supercapacitors and investi-
gate their thermal properties, and the effect of annealing and
ultraviolet irradiation on their dielectric constant and surface
wettability.

EXPERIMENTAL

Materials

PVdF and PVP with molecular weights of 180,000 and 120,000 g
mol ™", respectively, were purchased from Sigma-Aldrich and used
without any modification or purification. Carbon black (ELFTEX8)
was purchased from Cabot Company and used as reinforcement
nanoparticles. N,N-dimethylacetamide (DMAC) and acetone, were
purchased from Fisher Scientific and used as a solvent. Figure 1
shows SEM images of the carbon black powder used in this
experiment. The size of the reinforcement nanoparticles was around
60 nm.

Nanofiber Fabrication

Various weight percentages (0, 0.25, 0.5, 1, 2, and 4 wt %) of
carbon black nanopowders were dispersed in the DMAC/acetone
solvent and sonicated for 90 min; then PVdF and 2 wt % of PVP
were added separately to the dispersions. Ratio of 80:20 was
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chosen during the dispersion and dissolution processes. The solu-
tion was constantly stirred at 550 rpm and 60°C for 5 h before
the electrospinning process. The dispersed solution was transferred
to a 10 mL plastic syringe connected to a capillary needle having
an inside diameter of 0.5 mm. The electrospinning parameters of
voltage, distance between tip and collector, and syringe pump
speed were 25 KV (DC), 25 cm, and 2 mL h™", respectively. Elec-
trospun fibers were then collected on an aluminum screen and
dried in an oven at 60 °C for 8 h to remove all residual solvents.

Characterization

The morphology of the nanofibers samples was observed using a
field-emission scanning electron microscope (Oxford Instru-
ments). Before SEM observations, the samples were coated with
gold spatter. The thermal properties of samples were analyzed
using a differential scanning calorimeter (TA Instruments Q400).
Thermal stability of the nanofibers was carried out under a nitro-
gen flow using thermogravimetric analyzer (TA Instruments
Q5000). The rate of temperature increase during the test was
10°C min~' in the temperature range of 50—-1000°C. Dynamic
mechanical properties of the electrospun nanofibers were eval-
uated using a dynamic mechanical analyzer (TA Instruments
Q800) on compression-molded films 25 X 5 X 0.5 mm® in size.
Dynamic tests were conducted between room temperature and
180°C at a heating rate of 5°C min~ ' and a frequency of 1 Hz.

RESULTS AND DISCUSSION

SEM Images

SEM images of the PVAF/PVP nanofibers incorporated with
carbon black nanopowders are shown in Figure 2. As can be
seen, all nanofibers are nanosize with diameters ranging from
100 to 200 nm. A good combination of PVAF/PVP and carbon
black nanopowders is observed in all samples. Some round-
shaped beads were formed during electrospinning, especially in
the 4 wt % carbon black sample, which may have been due to
high carbon loading. Matlab software was employed to analyze
the porous structures of the PVAF/PVP nanofibers. The image
histogram of the samples indicates that all nanofibers surfaces
have approximately 15-20% porous structures.

Thermogravimetric Analysis

Thermogravimetric analysis is a useful tool to evaluate the mass
changes of PVAF/PVP nanofiber samples. TGA was utilized to
investigate the thermal stability of the electrospun fibers. The sam-
ples were heated from 50 to 1,000 °C in a nitrogen atmosphere at a
heating rate of 10°C min~'. Figure 3 shows the TGA thermo-
grams of PVAF/PVP samples with 0, 0.25, 1, 2, and 4 wt % carbon
black nanopowders. According to the results, all nanofibers under-
went single-step degradation between approximately 440 and
450°C. For pure PVdF, generally initial degradation occurs at
400°C.** Addition of carbon black provides initial stability and
PVAF/PVP shows high stability up to 450°C.>>*° Electrospun
nanofiber samples containing carbon black nanopowders under-
went continuous weight loss after 450 °C. Curves of the PVdF/
PVP polymers with varying degrees of carbon black showed a sat-
isfactory thermal stability. The weight loss at higher temperatures
is due to the polymer’s thermal breakdown. The initial decompo-
sition temperature of PVdF/PVP with 4 wt % carbon black con-
tent was at 450 °C. However, no appreciable thermal stability was
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observed in all samples and the weight loss pattern and corre-
sponding temperatures were almost similar to pure PVAF/PVP
sample. As initially expected, carbon black failed to provide appre-
ciable thermal stability. However, some initial thermal stability
was observed in all samples compared to pure PVdE**

Differential Scanning Calorimetry

The samples were sealed in an aluminum pan (TA Instruments),
and measurements were conducted in the temperature range of
120 to 220 °Cwith a heating rate of 5°C min~'. A predetermined
weight of each sample was used in this experiment. The DSC heat
flow and temperature were calibrated using an indium standard.
Figure 4 shows DSC thermograms of the samples, indicating
endothermic peaks in all samples. As can be seen, the melting
temperatures of a, B, and y phases of PVdF are 165-170, 172—
177, and 187-192 °C, respectively.’* >

The broad endothermic peak at 166—167 °C indicates the presence
of the a-phase for all samples. The PVAF nanofibers mainly con-
tain the a-phase. Adding carbon black to PVdAF samples shows the
presence of the B-phase, due to the small endothermic peaks at
174-175°C. The carbon content in PVAF nanofibers may stabilize
the B-phase in the structure. The glass transition temperature of
the PVAF/PVP nanofibers samples was measured by using the
DSC results. Universal V4.5A software from TA Instruments was
used to detect the melting temperatures of nanofibers, as shown
in Table I. As can be seen, these temperatures were slightly
enhanced by increasing the carbon black contents in the polymer
matrix. The maximum melting temperature for PVdE/PVP +
4 wt % Carbon black was 169.34°C. Adding carbon black also
enhanced the melting temperature of the PVdF/PVP nanofibers.
This was probably due to the presence of carboxyl and hydroxyl
groups on the carbon black, which may have caused the plasticiza-
tion effect or changing the microstructure of the PVdF matrix
after being incorporated with carbon black nanopowders.”” At
higher loadings of carbon black, the increased interfacial interac-
tions between C/C and C/polymer led to the formation of the
interconnected structure in the polymer composites.*®

Crystallinity Degree of Nanofibers. Differential scanning calo-
rimetry measurements were carried out to investigate changes in
the thermal properties, the enthalpy (heat) of fusion, and crystalli-
zation. The heat of fusion (AHj) was obtained from the area under
the melting thermogram. The percentage (%) crystallinity (X,) of

the sample can be given by

. .. AHf
%Crystallinity = ———— X100 (1)
Hy(erys.)

where AHyis the heat of fusion of the sample, and AHj (rys) is the
heat of fusion of 100% crystalline PVdF taken at 104.7 ] g~'.>* The
content of PVP and carbon black powders was diminutive in the
samples, and both had an amorphous structure.’>*® Accordingly,
for PVAF samples, the crystallinity percentage was calculated by
dividing the recorded AHyby the weight fraction of PVdF in the
investigated sample. However, carbon black and PVP have amor-
phous structures, and the addition of small fractions of both
would have little effect on the crystallinity of the PVAF polymer.
The wide endothermic peaks at 166-167 °C in the DSC results
demonstrate the presence of the a-phase for PVAF/PVP samples.
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Figure 2. SEM images: (a) electrospun PVAF/PVP fibers, and incorporated with (b) 0.25 wt %, (c) 0.5 wt %, (d) 1 wt %, (e) 2 wt %, and (f) 4% carbon

black.

Crystallinity of the a-phase of nanofibers samples are shown in
Table II. Crystallinity of the a-phase in electrospun PVAF/PVP
increased from 52.44 to 67.91 by adding 1 wt % of carbon black.
After adding the higher content of carbon black nanopowders
(4 wt %) to the polymer matrix, crystallinity was decreased to
54.59. However, the crystallinity values of 2 and 4 wt % carbon
black were still higher than pure PVAF/PVP.
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As can be seen, the crystallinity of PVAF/PVP nanofibers
increased from 52.44 to 67.91% by adding 1 wt % of carbon
black. After adding a higher content of carbon black nanopow-
ders (4 wt %) to the polymer matrix, crystallinity was decreased
to 54.59%. However, the crystallinity values with 2 and 4 wt %
of carbon black were still higher than pure PVdF/PVP. Reduc-
tion in crystallinity of the a-phase in the samples having a
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higher content of carbon black nanopowders might be the result
of the existence of the B-phase in the structure. The small endo-
thermic peak around 175°C confirms the presence of the
B-phase in PVAF/PVP with 2 and 4 wt % carbon black nano-
powder samples, which results in decreasing the crystallinity of
the a-phase.

Dynamic Mechanical Analyzer

The dynamic mechanical spectrum of polyvinylidene fluoride has
been extensively studied.”” The dynamic mechanical properties of
PVAE/PVP samples were studied on films 25 X 5 X 0.5 mm’ in
size. Dynamic response tests were carried out from room temper-
ature to 180°C at a heating rate of 5°C min~'. The storage mod-
ulus (E’), loss modulus (E’), and tan & of PVdE/PVP nanofibers
with different carbon black percentages were determined. Figures
5-8 show the DMA curves of the E’, E/, and tan § of the PVdF/
PVP with 0, 1, 2, and 4 wt % of carbon black, respectively. These
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Table I. Melting Temperatures of PVdF/PVP Nanofibers

Melting
Nanofiber sample temperature (°C)
PVdF/PVP (Pure) 161.47
PVdF/PVP + 0.25 wt % carbon black 161.64
PVdF/PVP + 0.5 wt % carbon black 163.03
PVdF/PVP + 1 wt % carbon black 163.28
PVdF/PVP + 2 wt % carbon black 163.58
PVdF/PVP + 4 wt % carbon black 169.34

curves illustrate that the storage modulus decreases by increasing
the temperature for all the samples; however, the reduction is not
linear. It can be seen that after around 150°C, the loss modulus
of the samples with carbon black displayed a higher variation
from the storage modulus especially at 4 wt % of carbon black.
Figure 9 demonstrates that the storage modulus and loss modu-
lus of all samples have a reduction by increasing the temperature;
however the sample with 1 wt % carbon black showed the higher
values up to 140-150°C. In the PVAF/PVP sample with 4 wt %
of carbon black, the loss modulus increased after 160 °C. Tan 8 is
the ratio of the loss modulus to the storage modulus which indi-
cates the elasticity of the component. In addition, tan & results of
PVAF/PVP samples showed remarkable improvement by adding
1 wt % of carbon black but increasing the carbon black content
decreased the values drastically; however, PVAF/PVP nanofiber in
presence of 4 wt % carbon black displayed better result compare
to pure PVAE/PVP sample. A high tan 3 value demonstrates high
nonelastic strain while low value indicates more elastic one.”®
The curves of the PVAF/PVP electrospun nanofibers show the
higher value of tan & for 1 wt % carbon black among all samples
which exhibits the lower elastic strain; however, pure PVdF/PVP
displayed the best elastic strain. The polymer network might be
reinforced by adding carbon black up to 1 wt % that hinders the
chain mobility of the PVdE, resulting in the reduction of the elas-
ticity. Moreover, the addition of the 4 wt % carbon black
decreases the tan & value which denotes enhancing of the elastic
properties of the membranes in elevated temperatures.

Effect of Annealing on Dielectric Constant Values

The dielectric constant values of PVAF/PVP nanofibers as a
function of carbon black were determined at different annealing
temperatures. Samples with different carbon black percentages
were annealed to 90, 120, and 150 °C. Capacitance values were
measured using an aluminum parallel-plate capacitor and power

Table II. Crystallinity of a-Phase PVdF/PVP Nanofibers

Nanofiber sample Crystallinity (%)

PVdF/PVP (Pure) 52.44
PVdF/PVP + 0.25 wt % carbon black 56.74
PVdF/PVP + 0.5 wt % carbon black 62.02
PVdF/PVP + 1 wt % carbon black 67.91
PVdF/PVP + 2 wt % carbon black 5415
PVdF/PVP + 4 wt % carbon black 54.59
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Figure 5. DMA curves of storage modulus, loss modulus, and tan & of
PVAF/PVP nanofiber. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

supply. The dielectric constant €, can be obtained from the
measured capacitance C by using the formula below™:

Cd

= rq (2)

€

where A is the cross-section area, d is the layer thickness, and
€, is the vacuum dielectric constant. Figure 10 shows the dielec-
tric constant values of PVAF/PVP nanocomposite fibers without
and with annealing at 90, 120, and 150°C. Results show that
the addition of carbon black in PVAF/PVP nanofibers in all
annealing conditions results in higher dielectric constants.

The measured dielectric constants of the nanocomposite fibers
without annealing remarkably increased from 1.59 to 3.97 when
the carbon black concentration reached 4 wt % in the PVdF/
PVP nanocomposites. The annealed samples at 90 °C show bet-
ter results compared to the PVAF/PVP nanofibers without
annealing, as shown in Table III.

By enhancing the annealing temperatures from 120 to 150°C,
the dielectric constants increased slightly. PVAE/PVP with
4 wt % carbon black content annealed at 150°C showed the
highest value of 6.28. Improvement of the dielectric constants
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Figure 6. DMA curves of storage modulus, loss modulus, and tan & of

PVAF/PVP nanofiber with 1 wt % carbon black. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. DMA curves of storage modulus, loss modulus, and tan & of
PVAF/PVP nanofiber with 2 wt % carbon black. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

of the samples after annealing may have been due to the higher
content of the B-phase (polar phase) in the structure because
thermal treatment is one of the most common methods for
transitioning from the nonpolar «-phase to the polar B-
phase.'”*” The highest improvement was obtained after adding
0.5 wt % carbon black into the structure at all annealing
temperatures.

Effect of UV Exposure on Wettability

Polymerization and photo-polymerization are defined as the
reaction of monomers to improve polymeric structures by UV
light-induced initiation and then using the polymerization pro-
cess. Energy radiation from UV light may excite the surface of
fibers.*! UV-induced surface modification has many advantages
over other methods due to its low cost and simplicity. It is
most important that UV-induced modification occurs mainly
on the surface of membranes.*>*> One of the most promising
techniques to modify a membrane’s surface is with the grafting
method, which depends on the covalent bonding interaction of
grafted chains. High-energy irradiation is controlled by poly-
merization with grafting of a single monomer or mixture of
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Figure 8. DMA curves of storage modulus, loss modulus, and tan & of
PVAF/PVP nanofiber with 4 wt % carbon black. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. DMA curves, (a) storage modulus and (b) loss modulus of pure
PVAF/PVP nanofiber, and incorporated with 1, 2, and 4 wt % carbon
black. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

two monomers.*"*> Radical grafting with UV exposure to the
surface of a PVAF membrane can render a hydrophilic feature
with a highly wettable surface. It also improves the fouling
resistance of PVAF membranes due to the increase of surface
hydrophilicity.*® Surface modification of PVAF is usually
attained by grafting a functional layer or coating on the mem-
brane surface.”’ The wettability of PVAF/PVP electrospun with
different carbon black nanopowders content was examined as a
function of UV irradiation time.

== Without annealing
=@~ Annealed at 90 C

== Annealed at 120 C
=== Annealed at 150 C

Dielectric Constant

0 0.5 1 15 2 25 3 35 4
Carbon Black Concentration (%)

Figure 10. Dielectric constant values of PVdF/PVP fibers as a function of
carbon black concentrations without and with annealing at 90, 120, and
150°C. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Table III. Dielectric Constants of Electrospun PVAF/PVP Nanofibers after
Annealing at 90, 120, and 150 °C and Improvement Percentages
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Table IV. Water Contact Angle Values of Electrospun PVdF/PVP
Nanofibers as a Function of Carbon Black Concentrations before and after
UV Exposure

Carbon black Improvement
Annealing concentration  Dielectric  after UV exposure Carbon black Water contact
temperature (°C)  (wt %) constant annealing (%) time concentration (wt %) angle (9
90 0 1.91 20 0 day 0 112
0.25 2.58 31 0.25 111
0.5 4.81 96 0.5 95
1 5.20 58 1 81
2 5.69 57 2 80
4 6.03 52 4 78
120 0 2.18 37 5 days 0 102
0.25 3.10 57 0.25 96
0.5 518 109 0.5 85
1 531 61 1 75
2 5.84 62 2 72
4 6.20 56 4 67
150 0 2.56 61 10 days 0 98
0.25 3.32 68 0.25 93
0.5 5.26 114 0.5 79
1 5.67 72 1 68
2 5.87 63 2 63
4 6.28 58 4 58
15 days 0 97
The nanofiber samples were exposed to UV light as a function 0.25 85
of irradiation time. Various times, from 5 to 20 days, were cho- 0.5 75
sen for exposure to UV light. The PVAF/PVP nanofibers sam- 1 63
ples with 0, 0.25, 0.5, 1, 2, and 4 wt % of carbon black 2 55
nanopowders were placed in a UV chamber for 5, 10, 15, and 4 46
20 days (Figure 11). 20 days 0 92
The contact angle values of samples were determined with a goni- 0.25 79
ometer after each time period. Table IV shows the water contact 0.5 65
angles of the PVAE/PVP nanofibers at different exposure times. 1 56
These angles decreased by increasing the UV exposure time from 5 > 48
to 20 days. After 20 days, all samples showed a hydrophilic surface, 4 37

and values of the contact angles were less than 90°. The high
energy of irradiation after 20 days UV exposure caused surface
grafting of the PVAF nanofibers. Figure 12 shows the changing of
surface wettability of PVdF/PVP nanocomposites based on UV
irradiation.

As can be seen, PVAF/PVP fiber with 4 wt % of carbon black
content after 20 days UV exposure displayed the most improved

Figure 11. PVAF/PVP electrospun nanofibers with 0, 0.25, 0.5, 1, 2, and
4 wt % of carbon black (right to left). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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wetting surface among other samples, with a contact angle of
37°. The contact angle measurements of the PVdF/PVP nanofib-
ers by adding 1-4 wt % carbon black were slightly reduced for
all UV exposure times.

Specific Capacitance Measurements

A Gamry instrument (Reference 600, Potentiostat/Galvanostat/
ZRA) was utilized to characterize the specific capacitance of the
electrospun nanofibers by using cyclic voltammetry. The PVdF/
PVP samples with 0, 1, 2, and 4 wt % carbon black nanopow-
ders were tested. An aqueous solution of 6M KOH, a common
electrolyte for liquid supercapacitors,*®>°
experiment. The specific capacitance values are listed in Table
V.The specific capacitance values of the PVAF/PVP nanofibers
increased significantly by adding carbon black nanopowders
from 0.233 to 2.544 Fg '. No major difference was seen
between the values where 2 and 4 wt % carbon black was

was used in this

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43707
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CIENCE

Water Contact Value (°)
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== Before Exposure
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6= 15 days UV Exposure
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3 3.5 4
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Figure 12. Surface wettability of PVdF/PVP nanocomposite fibers as a function of carbon black concentrations after different UV exposure times. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table V. Specific Capacitances of PVAF/PVP Nanofibers

Specific
Nanofiber sample capacitance (Fg™%)
PVdF/PVP (Pure) 0.233
PVdF/PVP + 1 wt % carbon black 1.560
PVdF/PVP + 2 wt % carbon black 2.146
PVdF/PVP + 4 wt % carbon black 2.544

added. Improving the specific capacitance may be due to the
high conductivity of carbon black. A similar study was done by
Ortega et al.,** reported specific capacitance of around 41 Fg™
for gel polymer electrodes (GPE) containing PVdE.

CONCLUSIONS

PVdF-based polymeric nanocomposite fibers incorporated with
different weight percentages of carbon black nanoparticles were
fabricated via the electrospinning process. The sizes of all PVdF/
PVP nanofibers were between 100 and 200 nm. The DSC results
show the endothermic peaks, melting temperatures, and crystal-
linity of nanofibers with different percentages of carbon black
nanoparticles. The TGA results demonstrate that the addition of
carbon black into the polymer matrix does not appreciably
improve the thermal stability and the weight loss pattern and
corresponding temperatures are almost similar to PVAE/PVP
nanofibers. The DMA results indicate that the storage modulus
and loss modulus values of nanocomposite fibers with different
carbon black content were remarkably increased compared to
the pure PVAF/PVP samples. The dielectric constant values of
the fibers were considerably improved by annealing the samples
to 150°C. Energy radiation using the UV light enhanced the
surface wetting properties of the samples. The specific capaci-
tance of the PVAF/PVP electrospun membranes reached to a
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maximum level by adding 4 wt % of carbon black nanopar-
ticles. This study exhibited that the electrospun nanofibers have
superior thermal, mechanical and other physical properties,
which may be useful for the applications of supercapacitor sepa-
rators and other energy storage devices.
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