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ABSTRACT 
 
 

This study outlines the synthesis and characterization of electrospun polymer-based 

nanofibers with carbon black nanoinclusions for separators in supercapacitor applications. 

Supercapacitors, also known as ultracapacitors, are a new generation of storage devices used to 

store an electrical charge with a high power density and having a long life cycle compared to 

other storage devices. Polyvinylidene fluoride (PVdF)/polyvinylpyrrolidone (PVP) incorporated 

with carbon black nanopowders were synthesized via the electrospinning method for 

supercapacitor separators. Morphological characterizations of the PVdF/PVP nanofiber 

separators by scanning electron microscopy (SEM) show that the nanoscale fiber structures have 

a diameter range of 100 to 200 nm. Fourier transform infrared spectroscopy (FTIR), Raman 

spectroscopy, and x-ray diffractometry (XRD) were also employed to study the microstructures, 

crystalline phases, and chemical bondings. Total capacitance values of PVdF/PVP nanofibers 

were enhanced due to the pseudocapacitance effect in the presence of oxygen and nitrogen 

functional groups. Test results revealed that the ionic conductivity, dielectric constant, and 

wetting properties of electrospun nanofibers were improved. This investigation demonstrated 

that the porous nanocomposite fibers have shown increased physical and electrical properties. 

The effect of heat treatment and ultraviolet (UV) irradiation exposure on the PVdF/PVP 

nanofibers demonstrated better dielectric constant values and surface wettability. 

Overall, this study showed that enhanced physical, electrical, and thermal properties are 

useful for supercapacitor separator applications. Supercapacitors will become one of the most 

favorable storage devices in the future, and separators are one of their major components. 
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CHAPTER 1 
 

INTRODUCTION 
 
 

Supercapacitors and electrochemical double-layer capacitors (EDLCs) are commonly 

classified as energy storage devices that are suitable for the rapid storage (charging) and release 

of energy (discharging). The specific energy of supercapacitors is more preferable than that of 

conventional capacitors. They also have a higher specific power compared to batteries; however, 

their specific energy is somewhat lower. The proper design of supercapacitors can cover several 

orders of magnitude for both specific power and specific energy. Proper design can create 

extremely powerful output as an independent energy supply or in combination such as a hybrid 

system [1]. Figure 1.1 shows the unique combination of good specific energy and the great 

power capability of supercapacitors between conventional capacitors and batteries. 

 
 

Figure 1.1: Power capability and specific energy of capacitors, electrochemical capacitors 
(supercapacitors), batteries, and fuel cells [1].  
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Supercapacitors exhibit high reversible charging processes and have longer cycle lives 

with rapid charging and discharging. These specifications have generated the interest of 

researchers due to the promising potential of supercapacitors being used for a wide range of 

industrial applications [2, 3]. Carbon-based materials are well suited for supercapacitors due to 

their high surface area, electrical conductivity, porosity, and high capacitance value. It is clear 

that the performance of carbon-based supercapacitors is closely connected with chemical and 

physical properties of the carbon structure [4].  

1.2  Supercapacitor Construction 

Supercapacitors are built similarly as a battery and include two electrodes immersed in a 

liquid electrode with a separator located between them. Figure 1.2 shows a schematic of 

supercapacitor performance. In such a device, the capacitance value of each part shows the total 

capacitance of the cell. 

 
 

Figure 1.2: Schematic of supercapacitor performance and charging/discharging process [5]. 
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The power and energy of supercapacitors are measured using the following equations [6]:  

 
2

max 4
VP

R
=  (1.1) 

 21
2

E CV=  (1.2) 

where V is the voltage, R is the equivalent series resistance (ESR), and C is the capacitance 

value. Cell voltage is also important for determining the power and specific energy of 

supercapacitors. Aqueous electrolytes, such as alkalis and acids, have a high ionic conductivity 

with a low-cost advantage. The electrical resistivity of non-aqueous electrolytes is higher than 

that of aqueous electrolytes and therefore results in higher internal resistance within the 

capacitors. The internal resistance causes some limitations in the power capability and, 

ultimately, capacitor function [7]. The number of sources that contribute to internal resistance in 

supercapacitors is referred to as ESR and includes [6] the following: 

• Resistance of electrode materials 

• Resistance of electrolytes  

• Resistance of ions moving through the separator 

• Diffusion resistance of ions moving in the pores 

1.3  Energy Storage Principles in Supercapacitors  

There are two main types of supercapacitors based on their mode of energy storage: (a) 

the electrochemical double-layer (EDL) capacitor, and (b) the redox supercapacitor. Redox 

supercapacitors, also known as pseudocapacitors, have Faradaic charge transfer, and the resulting 

capacitance is not electrostatic. In contrast to redox supercapacitors, EDLCs store energy in a 

similar way as traditional capacitors by charge separation [8]. The mechanism of energy storage 

in supercapacitors is faster than that in batteries because of the simple movements of ions 
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between electrodes. Additionally, there are more steps involved in battery storage, such as 

chemical changes and heterogeneous charge-transfer, which reduce the energy-storage      

process [6]. 

Supercapacitors store energy based on two mechanisms. In principal, they have two 

different types of capacitive behavior: pseudocapacitance from surface redox and EDL 

capacitance from electrostatic charge at the electrode interface. These behaviors usually act 

together in a supercapacitor [9].  

1.3.1  EDLC Mechanism 

Conventional capacitors store small amounts of energy due to their geometric constraints 

and limited storage surface areas related to the distance between two electrodes. However, EDL 

supercapacitors can store more energy with large interfacial and short atomic ranges of charge 

distance. Herman von Helmholtz described the concept of EDL and investigated the distribution 

of opposite charges of the interface of colloidal particles, which is illustrated schematically in 

Figure 1.3(a). The Helmholtz model shows that two oppositely charged layers form at the 

electrode interfaces and are separated by an atomic distance. This simple pattern was further 

modified by Gouy and Chapman, who explained the continuous distribution of cations and 

anions in the electrolyte solution with thermal motion and a diffuse layer, as shown in Figure 

1.3(b). Later, Stern used both models and described two regions of ion distribution: an inner area 

called the Stern layer or compact layer, and an outer region, called the diffuse layer, as shown in 

Figure 1.3(c). Ions are strongly absorbed by electrodes at the Stern layer. Figure 1.3(c) shows the 

inner Helmholz plane (IHP) and the outer Helmholtz plane (OHP), which explain two different 

types of ion absorption [9].  
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1.4.1.1 Carbon Black  

Carbon black, which is produced by combustion or thermal decomposition of 

hydrocarbons and characterized by having spherical carbon particles, is generally used as a 

conductive material in many types of batteries and supercapacitors. Highly conductive carbon 

black is described as having a highly branched and open structure, small particle size, and high 

porosity. The specific resistivity of carbon black is typically in the range of 10-1 to 10-2 Ωm. High 

porosity and/or finer carbon blacks have more particles per unit weight and therefore reduce the 

average inter-aggregate gap width due to their greater number [18]. The surface area of carbon 

black is commonly considered to be more accessible than other types of high surface area 

carbon. The surface area of carbon black is greater than 1,500 m2g-1 [19]. 

1.4.1.2 Carbon Aerogel 

Carbon aerogel is a highly porous material produced by the pyrolysis process of organic 

aerogels. By using different conditions involving sol-gel techniques, the characteristic properties 

of aerogels such as pore size, form (shape/size), and density can be controlled. Carbon aerogels 

are preferable materials due to their high surface area (400–1000 m2g-1), high porosity, uniform 

pore sizes, and high density [20]. Li et al. [21] reported that the capacitance of aerogels strongly 

correlates with the surface area of mesopores. They showed pore diameters in the range 3–13 

nanometers with stable and high capacitive behavior. 

1.4.1.3 Glassy Carbon 

Glassy carbon is synthesized by thermal degradation of polymer resins such as furfuryl 

alcohol and phenolic resins. It has relatively low density and little accessible surface area due to 

the innumerable presence of closed pores. Glassy carbon has very low electrical resistivity; 

hence, it is suitable material for high-power supercapacitors. Electrochemical and activation 
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processes can open the isolated porosity of glassy carbons and result in high surface area, which 

is well suited for electrochemical double-layer capacitors [22]. 

1.4.1.4 Carbon Nanotubes 

Carbon nanotubes (CNTs) are produced by the catalytic decomposition of certain 

hydrocarbons. There are two types of CNTs: single-walled nanotubes (SWNTs) and multi-walled 

carbon nanotubes (MWCNs), which are of significant interest for use in supercapacitors and 

other storage-device applications. The tubular and nanoscale morphology of these materials can 

offer an extraordinary combination of high porosity and low electrical resistivity of the structure 

[23-25]. The specific capacitance of CNTs is highly dependent on their purity and morphology. 

Purified nanotubes show specific capacitance from 15 to 80 Fg-1, with surface areas in the range 

of 120 to 400 m2g-1 [26, 27]. Frackowiak et al. [27] increased the Brunauer-Emmett-Teller 

(BET) surface area of MWCNs from 430 to 1035 m2g-1 by using an activation process with 

potassium hydroxide. This activation process also presented a high degree of mesoporosity and 

considerable microporosity. Hughes et al. [28] prepared nanocomposites of CNTs using 

conducting polymers with high capacitance values. 

1.4.1.5 Graphene and Graphene Oxide 

Graphene is a two-dimensional nanosheet of graphite, which has recently received much 

interest as a supercapacitor material due to its superior electrical conductivity and high surface 

area of 2,600 m2g-1. However, the actual surface area of graphene shows a much lower value 

than the theoretical one due to the inescapable aggregation of the nanosheets [29-33]. A sheet of 

graphene oxide is synthesized by the oxidation-exfoliation-reduction of graphite powder, and it 

can be considered as a functionalized graphene with oxygen functional groups. This preparation 

method is easy and low in cost, and has large productivity [34]. Graphene oxide possesses poor 
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conductivity, and thus it is not appropriate to use directly as a supercapacitor material. However, 

a graphene oxide-based nanocomposite with metal oxides and conducting polymers has attracted 

much attention with its good cycling performance and high capacitance values [35-37]. Sheng et 

al. [38] obtained the equivalent series resistance value of graphene oxide electrode to be around 

0.1Ω, which is smaller than graphene hydrogels (0.5 Ω) and graphene thin films (0.15 Ω). 

1.4.2 Metal Oxides 

Many metal oxide thin films, including manganese oxide, tin oxide, ruthenium oxide, 

cobalt oxide, iron oxide, iridium oxide, iron oxide, etc., have been used in supercapacitors. 

Chemical deposition methods have been employed to grow metal oxides on a substrate. These 

techniques are inexpensive to synthesize for a variety of materials, even for complex chemical 

compositions [39]. 

1.4.2.1 Ruthenium Oxide 

Ruthenium oxide (RuO2) in either amorphous or crystalline forms is a proper electrode 

material that exhibits a high capacitance value, which is due to pseudocapacitance from the 

surface reaction between Ru and H ions [40]. Hu et al. [41] reported the advantages of 

amorphous RuO2, including good electrochemical reversibility, high specific capacitance, and 

high conductivity. 

1.4.2.2 Manganese Oxide  

Manganese oxide (MnO2) provides lower toxicity and cost than ruthenium oxide in 

supercapacitors. Thin films prepared by the sol-gel method displayed a higher specific 

capacitance when compared with other electro-deposition processes. Most MnO2-based devices 

show reduced specific capacitance values in low charge/discharging cycles [42].  
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1.4.2.3 Cobalt Oxide  

Cobalt oxides (Co3O4) are suitable materials for supercapacitors due to their 

pseudocapacitance properties and maximum specific capacitance obtained at 291 Fg-1 [43]. 

Cobalt oxide electrodes have exhibited good efficiency, good corrosion stability, and long-term 

performance [44]. 

1.4.2.4 Nickel Oxide  

Nickel oxide (NiO) thin films have been prepared by techniques such as sol-gel, 

electrochemical, and spray depositions [45]. He et al. [46] prepared nickel- and cobalt-mixed 

oxide with carbon nanotube thin films and estimated that the specific capacitances of NiO and 

graphite were 135 and 195 Fg-1, respectively. The mixture of cobalt and nickel oxides onto a 

CNT substrate improved the specific capacitance significantly to 840 Fg-1.  

1.4.2.5 Vanadium Oxide  

Amorphous vanadium oxides (V2O5) have been enthusiastically considered for 

supercapacitor materials. Wee et al. [47] synthesized electrospun V2O5 nanofibers and measured 

a maximum capacitance of 190 and 250 Fg-1 in potassium chloride (KCL) and lithium 

perchlorate (LiClO4) electrolytes, respectively. Hydrous and amorphous vanadium oxide thin 

film was prepared electrochemically onto a carbon nanotube substrate with a porous structure 

and showed a specific capacitance of 910 Fg-1 in an organic electrolyte [48].  

1.5  Electrospinning of Nanomaterials 

Electrospinning is a simple method used to produce woven and non-woven 

micro/nanoscale fibers from polymeric solutions. This technique has received much attention in 

the fabrication of electronic components and devices.  
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1.5.1  Electrospinning History 

The electrospinning process appeared in 1934 and was patented by Formhals as a new 

method to fabricate fibers [49]. After a few decades, in 1969, Taylor [50] further developed the 

process, and then in 1971, the impact of experimental parameters on fiber properties was 

established by Baumgarten [51]. In the early 1990s, the term “electrospinning” was applied to a 

wide range of polymer porous fibers and at the beginning of twenty-first century became a 

popular process [52]. 

1.5.2  Methods and Principles of Electrospinning 

A typical electrospinning system consists of a syringe, pump, power supply, and 

collector. Here, a blend of a volatile solvent and solute material is injected into the syringe and 

pumped through a nozzle. A high-voltage or high-electric field is used to overcome the surface 

tension of the polymeric solution. When the intensity of the electric field is increased beyond a 

certain limit, known as the threshold intensity, the hemispherical surface of the polymer solution 

at the tip of the capillary tube begins to elongate into a structure known as the Taylor cone. 

Electrospun fibers form from the plastic stretching of a jet of polymeric solution while the 

solvent evaporates, and the polymer solidifies at micro/nano levels. The structure of nanofibers is 

determined by many operating parameters such as surface tension, solution concentration, 

conductivity, viscosity, flow rate, applied voltage, and distance between capillary tube and 

collector [53]. 

1.5.3  Other Types of Electrospinning 

The electrospinning technique is similar to the commercial process of making microscale 

fibers except that electrostatic repulsion is used as the drawing force between surface charges 
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parameters, molecular weight and polymer concentration can have a significant effect on the 

formation of fibers/beads and can play a vital role during the electrospinning process [62, 63].  

In this study, N, N-dimethylacetamide (DMAC) and acetone were mixed in weight 

percentage proportions of 70 and 30 wt%, respectively. Then 0, 0.25, 0.5, 1, 2, and 4 wt% of 

carbon black nanopowders were dispersed in the DMAC/acetone solvent. Polyvinylidene 

fluoride (PVdF) and 2 wt% of polyvinylpyrrolidone (PVP) were added separately to the 

dispersion. A ratio of 80:20 was chosen for the solute materials and solvent. The electrospinning 

parameters of voltage, distance between tip and collector, and syringe pump speed were 25 kV 

DC, 25 cm, and 2 ml/hr, respectively. 

1.7  Improving Surface Wettability by Adding PVP 

 The higher hydrophobicity of membranes limits their applications; generally, membranes 

with hydrophilic features are required in membrane applications. The modification of PVdF 

membranes was investigated in numerous studies in order to fabricate one with a hydrophilic 

surface. Mixing the PVdF with hydrophilic polymers and grafting hydrophilic chains onto the 

surface were used to achieve this goal [64, 65]. PVdF is a highly hydrophobic polymer, which 

needs to be blended with appropriate hydrophilic polymers in order to improve its grafting ability 

without altering other properties [66]. Contact angles of the PVdF fiber samples with carbon 

black nanoinclusions were determined with a goniometer. Figure 1.10 shows these angles as well 

as the shape of the water droplets on the surface of the PVdF fiber films. Table 1.1 lists the water 

contact angles values of the PVdF nanofibers. Although these values were slightly decreased by 

adding carbon black nanopowders to the PVdF fibers, all samples exhibited hydrophobic 

surfaces. 
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(a)       (b) 

 

     
(c)       (d) 

 

     
(e)       (f) 

Figure 1.10: Water contact angles: (a) pure PVdF fiber, and incorporated with (b) 0.25 wt%,  
(c) 0.5 wt%, (d) 1 wt%, (e) 2 wt%, and (f) 4 wt% carbon black nanopowders. 

 
Table 1.1: Contact angles of PVdF fiber samples. 

 
Nanofiber Sample Water Contact Angle (°) 

PVdF (Pure) 141.56 
PVdF + 0.25 wt% Carbon Black 137.26 
PVdF + 0.5 wt% Carbon Black 137.89 
PVdF + 1 wt% Carbon Black 118.62 
PVdF + 2 wt% Carbon Black 136.26 
PVdF + 4 wt% Carbon Black 137.04 
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Wettability is an important attribute for separators in supercapacitors; thus, polymers with 

good wetting properties should be added to reduce contact angles. In order to overcome this 

problem, polyvinylpyrrolidone was chosen as a material to mix with PVdF because it has 

excellent wetting properties and high surface tension. 

PVP is one of the most important synthetic polymers with good adhesion properties, low 

chemical toxicity, and suitable water solubility. It also has a great wettability characteristic 

because of its high surface tension [67]. The appropriate solvents using for dissolving PVP for 

the electrospinning process are tetramethylammonium chloride, dimethylformamide, 

dichloromethane, or a mixture of them with water and ethanol [68-71]. PVP can also be added to 

some metallic and nonmetallic oxides to prepare composite nanofibers via mixing with 2-

propanol to form a stable solution [72]. 

PVP with 1, 2, and 4 weight percentages were added into the PVdF matrix and embedded 

with carbon black nanopowders to fabricate the electrospun nanofibers. PVdF and 1 wt% PVP 

were mixed well with carbon black nanopowders in the DMAC/acetone solvent. The contact 

angle of PVdF/1 wt% PVP including 1 wt% carbon black was measured with a goniometer and 

shown to be 95.09°, which is better than the same sample without adding PVP. Then, 2 wt% 

PVP was added to the mixture of PVdF and carbon black in different percentages. The water 

contact angles of PVdF/2 wt% PVP nanofibers were decreased in comparison to the PVdF 

samples (Table 1.2). 

Increasing the PVP content to 2 wt% showed a lower contact angle value in contrast to 1 

wt% of PVP. The addition of 1 wt% of carbon black into PVdF/2 wt% PVP fiber improved the 

wetting property of the surface and showed a contact angle of 81.02°, whereas PVdF/1 wt% PVP 

with 1 wt% carbon black displayed a contact angle of 95.09°. 
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Table 1.2: Contact angles of PVdF/2 wt% PVP nanofiber samples. 
 

Nanofiber Sample Water Contact Angle (°) 
PVdF/2 wt% PVP (Pure) 112.29 
PVdF/2 wt% PVP + 0.25 wt% Carbon Black 110.85 
PVdF/2 wt% PVP + 0.5 wt% Carbon Black 95.31 
PVdF/2 wt% PVP + 1 wt% Carbon Black 81.02 
PVdF/2 wt% PVP + 2 wt% Carbon Black 80.51 
PVdF/2 wt% PVP + 4 wt% Carbon Black 78.51 

 
As the final step, 4 wt% of PVP was blended with PVdF with different carbon black 

nanopowders. First, carbon black was dispersed into the DMAC/acetone mixture and sonicated; 

then PVdF and 4 wt% of PVP were added. The solution was stirred before the electrospinning 

process. PVdF, PVP, and carbon black did not mix together well as a blended solution. Figure 

1.11 shows the solution after 24 hours mixing. Its appearance is due to the different solvents used 

for dissolving PVdF and PVP. The higher content of PVP was not dissolved in the mixture of 

DMAC/acetone. 

 

 
 

Figure 1.11: Mixed solution of PVdF/carbon black with 4 wt% PVP.  
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Based on the experiments and results, 2 wt% PVP was chosen in this study. PVdF 

nanofiber samples were electrospun with 2 wt% PVP to improve the wetting properties of the 

supercapacitor separators. 

1.8 Objective of Study 

To date, there have been no studies on separators within supercapacitor applications. The 

goal of this study was to fabricate electrospun PVdF-based nanofibers incorporated with 

different carbon black loadings by using the electrospinning technique. The produced nanofibers 

were characterized with different analysis methods: transmission electron microscopy (TMS), 

scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), Raman 

spectroscopy, and X-ray diffractometry (XRD). Then, the physical and electrical properties of 

ionic conductivity, dielectric constant, and wettability of electrospun nanofibers were 

investigated. Thermal and electrochemical properties of the PVdF-based nanofibers were 

determined by using thermogravimetric analysis (TGA), differential scanning calorimetry 

(DSC), and dynamic mechanical analyzer (DMA). In addition, the effect of annealing and 

ultraviolet (UV) irradiation exposure on dielectric constant values and surface wettability of the 

nanofibers was characterized. Table 1.3 shows how PVdF/PVP can be used to improve the 

physical, electrical, and thermal properties of electrospun nanofibers. 
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Table 1.3: Use of PVdF/PVP to improve physical, electrical, and thermal properties  
of electrospun nanofiber separators. 

 
Fabricating electrospun PVdF/PVP nanocomposite fibers 

Enhancing ionic conductivity of nanofibers 

Improving dielectric constant values 

Increasing surface wetting properties  

Investigating chemical bonding by using FTIR and Raman spectroscopy 

Characterizing microstructure using SEM, TEM, and XRD 

Improving thermal properties 

Performing thermal characterizations using TGA, DSC, and DMA 

Improving electrochemical nature of nanofibers in liquid electrolyte 
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CHAPTER 2 
 

CHARACTERIZATION OF PVdF/PVP-BASED ELECTROSPUN MEMBRANES AS 
SEPARATORS FOR SUPERCAPACITOR APPLICATIONS 

 
 

2.1 Abstract 

Porous polymer nanofiber composites of polyvinylidene fluoride/polyvinylpyrrolidone 

incorporated with carbon black nanopowders were synthesized via the electrospinning process 

and characterized for the separator application in the supercapacitor. Supercapacitors (also 

known as “ultracapacitors”) offer great potential as new storage devices with high power 

densities and a long life cycle compared to conventional storage devices. Supercapacitors fulfill 

higher power demands in storage backup systems in general and in portable electronic devices in 

particular. In this research, electrospun PVdF and PVP nanofiber separators embedded with 

carbon black nanopowders were fabricated and characterized. Carbon black nanoparticles with 

different weight percentages (0, 0.25, 0.5, 1, 2, and 4 wt%) were added to a mixture of 

dimethylacetamide/acetone and sonicated. Then PVdF and PVP were added, and the solution 

was heated on a hot plate to make a polymeric solution for electrospinning. The morphology of 

the electrospun nanofibers was characterized by scanning electron microscopy and transmission 

electron microscopy. Fourier transform infrared spectroscopy was carried out on the PVdF/PVP 

films to identify changes in the crystalline phase during the process. The annealed nanofibers 

samples were also examined by X-ray diffractometry. These investigations demonstrated that the 

physical and electrical properties were significantly improved and are useful for supercapacitor 

separators. The total capacitance values of the PVdF/PVP nanofibers were enhanced due to the 

pseudocapacitance effect in the presence of oxygen and nitrogen functional groups. 
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Supercapacitors will become one of the most suitable storage devices in the near future, and 

separators are one of the major components of them. 

Keywords: Electrospun Nanofibers, PVdF, Carbon Black Nanopowders, Characterization, 

Supercapacitor Separators 

2.2. Introduction 

2.2.1 General Background 

Supercapacitors, ultrasupercapacitors, and electrochemical double-layer capacitors are 

the most promising energy storage devices with long cyclic functions and high power densities. 

They have attracted considerable attention because of their low electrical resistivity, large 

surface area, and superb charging-discharging rate compared to conventional storage devices. 

They have displayed excellent performance in a wide range of applications such as power 

backup in some electrical devices and a power source for hybrid vehicles [1-7]. Previous studies 

have focused on increasing the energy density of supercapacitors by finding suitable materials 

for the separator/electrode and lowering the overall cost [8]. A large variety of materials, such as 

metal oxides or materials with carboneous compositions such as porous carbon, activated carbon 

fibers, carbon aerogels, carbon nanotubes, and graphene, are the most frequently used substances 

in supercapacitors [5-11]. Carbon-based nanocomposites with conducting polymers have high 

capacitance values and better cyclic performance in supercapacitors. They possess high 

capacitance values due to their functional groups containing phosphorus, nitrogen, and oxygen, 

which are referred to as the pseudocapacitance effect [12]. 

Electrospinning is an effective technique for producing woven and non-woven 

micro/nanoscale fibers from a polymeric solution. Polymeric separators fabricated by the 

electrospinning possess a unique texture with micro and/or nanosize fiber arrangements, 
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flexibility, and high surface area and porosity. This can be a promising material for various types 

of separators. Typically, electrospinning consists of a syringe, syringe pump, high voltage power 

supply, and collector. The process parameters can be optimized to prepare separators having 

extraordinary properties. The resultant fibers generally have large surface area, flexibility and 

uniform porosity [13, 14]. Fibers produced by this method can be used for many industrial 

applications, such as sensors, filtration, biomedical, reinforcement of composite, solar cells, fuel 

cells, batteries, supercapacitors, and membrane technology [15, 16]. 

The main focus of this study was the fabrication and characterization of nanofiber 

separators for supercapacitors, providing a nanoporous structure resulting in a conductive 

membrane that can be soaked with liquid electrolyte. Polyvinylidene fluoride polymer was used 

in this study. Among many polymers, PVdF has shown better results due to its high 

electrochemical stability and particularly excellent electrical properties, which can be useful for 

supercapacitor applications, although the flexibility of PVdF is not sufficient due to the high 

crystallinity of its structure and may eventually, cause some difficulties [17]. PVdF is well 

known for its polymorphism and, depending on its processing conditions, can display five 

different polymorphs. PVdF possesses several phases, the most stable and prevalent being the α-

phase (non-polar phase). The important pyroelectric and piezoelectric features of the β-phase 

(polar phase) of PVdF provide better material properties [18]. The most common technique for 

transitioning from the non-polar α-phase to the polar β-phase is with thermal treatment [19]. 

Electric double-layer (EDL) capacitors prepared with electrospun nonwoven PVdF- 

polyhexafluoropropylene (PHFP) membrane separators have exhibited excellent cycling 

efficiency and specific capacity [20].  
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Carbon black nanopowders are generally used as conductive materials in many types of 

batteries and supercapacitors. Highly conductive carbon black is described as a highly branched 

and open structure having a small particle size and high porosity. The specific resistivity of 

carbon black is typically in the range of 10-1 to 10-2 Ωcm. High porosity and/or finer carbon 

blacks have more particles per unit weight and, hence, reduce the average inter-aggregate gap 

width due to their greater number [21]. The surface area of carbon blacks is commonly 

considered to be more accessible than other types of high surface area carbon [22]. The purpose 

of this study was to fabricate and characterize PVdF/PVP separators incorporated with carbon 

black nanoinclusions for supercapacitors using the electrospinning technique.  

2.3.  Experimental Procedure  

2.3.1  Materials 

PVdF and PVP with molecular weights of 180,000 g/mole and 120,000 g/mole, 

respectively, were purchased from Sigma-Aldrich and used without any modification or 

purification. Carbon black (ELFTEX8) was purchased from the Cabot Company and used as 

reinforcement nanoparticles. N, N-dimethylacetamide and acetone were purchased from Fisher 

Scientific and together used as the solvent. Figure 2.1 shows SEM and TEM images of carbon 

black powders used in this experiment. As can be seen, they are mainly aggregated and need to 

be dispersed well prior to the electrospinning process. TEM images further confirm that the 

carbon black particles are attached together. The particles have nearly spherical shapes, and the 

average size is less than 50 nm. Agglomerated carbon black powders are observed in the TEM 

images. 
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(a)      (b) 

 

  
(c)      (d) 

 
Figure 2.1: (a) SEM image of carbon black powder at low magnification, (b) SEM image of 

carbon black powder at high magnification, (c) and (d) TEM images of carbon black powder. 
 

2.3.2 Preparation of Electrospun Fibers 

Carbon black nanopowders with different weight percentages (0, 0.25, 0.5, 1, 2, and 

4 wt%) were dispersed in a DMAC/acetone solvent and sonicated for 90 minutes. Then PVdF 

and 2 wt% of PVP were added separately to the dispersions. Ratio of 80:20 was chosen during 

the dispersion and dissolution processes. The solution was constantly stirred at 550 rpm and 

60°C for five hours before electrospinning. 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 
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electrospinning parameters of voltage, distance between tip and collector, and syringe pump 

speed were 25 kV DC, 25 cm, and 2 ml/hr, respectively. Electrospun fibers were then collected 

on an aluminum screen and dried in an oven at 60°C for eight hours to remove all residual 

solvents. Electrospun PVdF/PVP fibers were annealed at 90°C for three hours. 

2.4 Results and Discussion 

2.4.1 SEM Investigation 

The morphology and size distribution of electrospun PVdF/PVP nanofibers were 

characterized using a field-emission (FE)-SEM instrument (Oxford Instruments, INCA system) 

equipped with energy-dispersive X-ray (EDX) spectroscopy at an accelerating voltage of 5 and 

15 kV. Before SEM observations, the samples were coated with gold spatter. The SEM images 

of PVdF/PVP nanofibers incorporated with carbon black nanopowders shown in Figure 2.2 

indicate that all PVdF nanofibers are nanosize, and fiber diameters are in the range of 100 to 200 

nm. A good combination of PVdF/PVP and carbon black nanopowders is observed in all 

samples. However, some round-shaped beads were formed during electrospinning, especially in 

the 4 wt% carbon black, which may be due to the high carbon loadings in the polymeric solution. 

EDX spectroscopy was applied to determine the composition of fibers and beads in the 

structure. Figure 2.3 shows the EDX spectroscopy results of beads and fibers, indicating that 

both consist of carbon (C) and oxygen (O) elements, and the EDX scan on the surface of the 

beads and fibers shows that the carbon concentration in the beads is higher than the carbon 

concentration in the fibers. However, the fibers presented a higher fluorine (F) concentration. 

Surface EDX elemental data also provided information on the distribution of C, F and O atoms 

in the fibers and beads. The loading percentage may create some beads during the 

electrospinning process.  
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(a)      (b) 

 

  
(c)      (d) 

 

  
(e)      (f) 

 
Figure 2.2: SEM images: (a) electrospun PVdF/PVP fibers, and incorporated with  

(b) 0.25 wt%, (c) 0.5 wt%, (d) 1 wt%, (e) 2 wt%, and (f) 4 wt% carbon black. 
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Figure 2.3: EDX results of fibers and beads of PVdF/PVP with 4 wt% carbon black.  
 
EDX results of the electrospun PVdF/PVP nanocomposite fibers and beads provided in 

Table 2.1 confirm the agglomeration of carbon particles.  

Table 2.1: EDX results of electrospun PVdF/PVP nanocomposite fibers and beads. 

Element Fiber Composition (%) Bead Composition (%) 

Carbon (C) 65.54 73.84 

Oxygen (O) 2.10 3.13 

Fluoride (F) 32.36 23.03 
 
2.4.2  FTIR and Raman Spectroscopy Results 

In this study, the chemical structures of electrospun PVdF/PVP nanofibers were 

characterized by FTIR to specify the spectral regions. The FTIR spectra of PVdF/PVP nanofibers 

incorporated with carbon black powders were recorded using a Thermal Nicolet Avatar 360 IR 

spectrometer in the range of 4,000 to 400 cm−1. Results of pure PVdF, PVP, and carbon black 

materials are shown in Figure 2.4.  

  

Fiber

Bead
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(a) 
 

(b) 
 

Figure 2.4: FTIR spectrum: (a) pure PVP and PVdF, and (b) carbon black 
 
In the FTIR spectra of pure PVdF, the corresponding crystalline α-phase peak was 

observed at 490 cm-1, representing the wagging and bending vibrations of the CF2 group [23]. 

Other peaks of the crystalline α-phase were also detected at 615 and 763 cm−1. The absorption 
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band at 763 cm−1 is related to a rocking vibration [24]. The band at 615 cm−1 shows a mixed 

mode of C-C-C skeletal vibration and CF2 vibration [24, 25]. A characteristic β-phase peak at 

840 cm−1 is assigned to a mixed mode of CH2/CF2 stretching vibrations [25, 26]. The band at 745 

cm−1 is defined as a rocking mode. The very strong band appearing at 1,184 cm−1 is mainly 

formed by the CF2 symmetric stretching mode [26]. The CH2 group is described in two 

frequencies between 2,800 and 3,100 cm−1. Peaks at 1,435, 2,978 and 3,016 cm−1 confirm 

stretching of the CH2 group [24]. The symmetric and asymmetric stretching vibrations of the 

CH2 group are located at 3,016 cm−1 and 2,978 cm−1, respectively. Asymmetric vibrations are 

generally stronger than symmetric vibrations since the asymmetric situation leads to minor 

changes in dipole moment [24, 26]. 

The FTIR spectrum of PVP displayed strong peaks at 1,286 and 1,447 cm−1, which are 

attributed to the bending vibrations of the hydroxyl group. The band at 2,900 cm−1 is due to the 

C-H stretching vibration [27]. The C=O vibration groups show a prominent peak at 1,663 cm−1 

[28]. The infrared peak at 760 cm−1 is attributed to C-C bending. The broad peak of O-H 

stretching is observed at 3,500 cm−1 [27]. 

The FTIR spectra of carbon black show band overlapping, which is attributed to carboxyl 

C and aromatic C between 1,700 and 1,500 cm−1. The presence of the phenolic hydroxyl group is 

considered to be in the range of 1,000 to 1,200 cm−1. Carbon black appears at the low absorbance 

of O-H stretching vibrations around 3,400 to 3,450 cm−1, probably from the phenolic groups 

[29]. Figure 2.5 illustrates the FTIR spectra of PVdF/PVP nanofibers by adding different 

percentages of carbon black nanopowders. 
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Figure 2.5: FTIR spectra of PVdF/PVP nanofibers as a function of different percentages  

of carbon black nanoinclusions. 
 

All nanofiber samples showed CF2 and CH2 groups from 490 to 1435 cm-1 and C=O 

vibration groups at 1,663 cm-1 related to PVdF and PVP spectrums, respectively. The presence of 

0.5, 1, and 2 wt% of carbon black resulted in sharp peaks of C≡N and C≡C bondings at 2,300 to 

2,400 cm-1. CH2 group stretching was identified in the range of 2,978 to 3,016 cm−1 to all 

PVdF/PVP nanofibers; however, a prominent peak was shown for the 4 wt% of carbon black. A 

strong peak at 3,500 to 3,700 cm-1 in the 4 wt% of carbon black samples is attributed to the O-H 

group. Surface functional groups—O-containing and N-containing groups—in the samples can 

considerably enhance the total capacitance values through additional Faradaic reactions called 

the pseudocapacitance effect [30-34]. 

Raman spectra were recorded by employing a HORIBA Scientific Xplora spectrometer in 

the range of 400 to 4,000 cm-1. A laser operating at 542 nm radiation was used as the excitation 
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symmetric stretching vibration of the C-C bond [38]. The weak bonding at 490 and 1,280 cm-1 

corresponds to the γ-phase of PVdF, whereas the peak at 893 cm-1 is attributed to the α-phase. 

The strong band at 1,440 is a mixture of α-phase and γ-phase crystals [39]. The presence of PVP 

in the PVdF matrix shows strong peaks at 2,980 and 3,020 cm-1, which are attributed to the 

asymmetric stretching of CH2 chains [40]. 

2.4.3  XRD Analysis 

X-ray results were collected with a Philips X’Pert system (Cu Kα radiation, λ = 

1.5418 Ǻ). Figure 2.7 shows the wide-angle X-ray diffractometry (WAXD) diagram of annealed 

pure PVdF/PVP and annealed PVdF/PVP with 4 wt% carbon black fibers. 

 

 
 

Figure 2.7: WAXD pattern of annealed pure PVdF/PVP and annealed PVdF/PVP  
with 4 wt% carbon black nanofibers. 

 



42 

No peaks were detected in the pure PVdF/PVP samples without annealing. As can be seen, the 

diffraction patterns of the PVdF/PVP electrospun fibers displayed two peaks at 2 theta around 

18º and 20º, corresponding to α-phase and β-phase crystals, respectively [41-43]. The small peak 

around 27º is observed only for the α-phase [43]. Adding 4 wt% of carbon black exhibited a 

single peak around 21º, corresponding to (110) and (200) reflection of the β-phase crystal of 

PVdF, and the α-phase showed low intensity [44]. 

In addition, PVdF/PVP fibers with 4 wt% carbon black showed higher intensities of the 

β-phase peak than pure PVdF/PVP, and 2 theta of this form also slightly shifted to higher angles. 

The addition of carbon black resulted in further enhancement of the β-phase content of PVdF. 

Moreover, the XRD spectra in both samples displayed an amorphous structure of the fibers.  

2.5  Conclusions 

Electrospun nanofibers of PVdF/PVP incorporated with different percentages of carbon 

black nanopowders were characterized and analyzed in detail. SEM images showed all 

PVdF/PVP nanofibers to be at nanosize (between 100 and 200 nm). EDX elemental data also 

provided information on the distribution of C, F, and O atoms in the fibers and beads, which 

indicates a high concentration of carbon atoms in the beads. FTIR results displayed some 

functional oxygen and nitrogen groups in samples that can considerably enhance the total 

capacitance values through additional Faradaic reactions called the pseudocapacitance effect. 

Raman spectroscopy spectra displayed different forms of PVdF. Wide X-ray diffractometry 

diagrams of annealed PVdF/PVP samples confirmed the presence of α-phase and β-phase 

crystals. However, the addition of carbon black was found to further enhance the β-phase content 

of PVdF. 
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CHAPTER 3 
 

ENHANCING IONIC CONDUCTIVITIES AND DIELECTRIC CONSTANT OF 
ELECTROSPUN PVdF/PVP NANOFIBERS BY CARBON BLACK NANOPOWDERS 

FOR SUPERCAPACITOR APPLICATIONS 
 
 

3.1 Abstract 

Supercapacitors are a new generation of storage devices used to store electrical charges 

with high power densities and a long life cycle compared to conventional capacitors and other 

storage devices. The current development towards miniaturized portable electronic devices has 

significantly increased the demand for ultrathin, flexible supercapacitors that have enormous 

potential for energy storage in power electronics that have a much higher energy density. 

Supercapacitors are the most important electrochemical storage devices. They display high 

power and an extraordinary cycle life, and are currently used in an increasing number of 

applications. This study reports the fabrication and characterization of electrospun 

polyvinylidene fluoride and polyvinylpyrrolidone nanofiber separators embedded with carbon 

black nanopowders. Different weight percentages (0, 0.25, 0.5, 1, 2, and 4 wt%) of carbon black 

nanopowders were dispersed in dimethylacetamide and ethanol using sonication and high-speed 

agitations, and then PVdF and PVP powders were added to the dispersions prior to the mixing 

process. The morphological characterization by scanning electron microscopy, dielectric 

constants, ionic conductivity, and surface hydrophobic properties of the PVdF/PVP nanofiber 

separators were analyzed in detail. Test results revealed that the physical properties of the 

nanocomposite separators were significantly enhanced as a function of carbon black inclusions, 

which may be useful for supercapacitor separators. Supercapacitors will become one of the most 

favorable storage devices in the future, and separators are one of their major components. 
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3.2  Introduction 

3.2.1  General Background 

Supercapacitors or electrochemical capacitors have been considered as alternative energy 

storage devices. They can be utilized as backup source devices due to their high power levels, 

large specific surface area, low electrical resistivity, high charging-discharging rate, and long 

cyclic lives compared to conventional capacitors and conventional batteries. They have 

demonstrated great potential in a wide range of applications such as power backup for mobile 

phones or laptops, and a power source for hybrid vehicles [1-7]. Research on novel energy 

storage devices has attracted substantional attention recently. Traditional batteries have slow 

discharge rates and a high energy density; therefore, it is important to develop storage devices 

having high energy density and high power density [8]. Electrochemical supercapacitors possess 

high power density and reasonably good energy density [8]. Currently, researchers have focused 

their attention on increasing the energy density of supercapacitors by finding suitable materials 

for the separator/electrode and lowering the overall cost [8]. Many researchers have fabricated 

separators/electrodes for supercapacitors using a wide variety of materials, such as metal-

based oxides, graphene, carbon nanotubes, carbonized wood, etc. Some researchers have used 

carbonaceous compositions and metal oxides, and incorporated them with various polymers for 

separator applications [3-10]. Carbon-based nanocomposites with conducting polymers 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 is referred to as the pseudocapacitance effect [11]. 
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Electrospinning is a promising technique used to fabricate nano/micro membrane 

separators in a very short period of time with minimum investment. Polymeric separators 

fabricated by the electrospinning possess a unique texture with micro and/or nanosize fiber 

arrangements, flexibility, and high surface area and porosity. This can be a promising material 

for various types of separators. The main focus here is the fabrication of a separator with high 

ionic conductivity and electrochemical stability. Among many polymers, PVdF has presented 

better results due to its high electrochemical stability and particularly excellent electrical 

properties, which can be useful in supercapacitor applications, although the flexibility of PVdF is 

not sufficient due to its high crystalline structure and may eventually cause some difficulties 

[12]. PVdF contains various phases, the most common being the α-phase. The pyroelectric and 

piezoelectric features of the β-phase of PVdF provide better material properties [13]. The 

purpose of this study was to fabricate separators for supercapacitors using the electrospinning 

technique and investigate their ionic, dielectric, and surface properties. 

3.2.2  Electrospinning 

Electrospinning is an effective method to produce woven and non-woven 

micro/nanoscale fibers from a polymeric solution. The process parameters can be optimized to 

prepare separators having extraordinary properties. The resultant fibers generally have a large 

surface area, flexibility, and uniform porosity [14, 15]. Some conventional fiber-spinning 

methods, such as melt spinning, dry spinning, and gel spinning, are capable of producing fibers 

with diameters in the range of micrometers, but the electrospinning technique produces non-

woven polymeric fibers in the micro to nanometer range. It also presents a high surface area 

compared to conventional fiber-forming methods [16]. 
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3.3  Experimental Procedure 

3.3.1  Materials 

PVdF and PVP with molecular weights of 180,000 g/mole and 120,000 g/mole, 

respectively, were purchased from Sigma-Aldrich and used without any modification or 

purification. Carbon black (ELFTEX8) was purchased from the Cabot Company and used as 

reinforcement nanoparticles (15–60 nm). N, N-dimethylacetamide and acetone, were purchased 

from Fisher Scientific and used as solvents. Figure 3.2 shows SEM images of the carbon black 

powder. As can be seen, the particles are mainly aggregated and need to be dispersed prior to the 

electrospinning process. 

   
 

Figure 3.2: SEM images of carbon black (ELFTEX8) powder 
at low (left) and high (right) magnifications. 

 
3.3.2  Methods 

3.3.2.1 Fabrication of Nanocomposite Fibers 

Different 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 minutes; then PVdF and 2 

wt% of PVP were added separately to the dispersions. Ratio of 80:20 was chosen during the 

dispersion and dissolution processes. The solution was constantly stirred at 550 rpm and 60°C 

for five hours before the electrospinning process. Special care was taken to ensure a 
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homogeneous blend of the mixture. 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/hr, respectively. Electrospun fibers were then collected on an aluminum 

screen and dried in an oven at 60°C for eight hours to remove all residual solvents. Figure 3.3 

shows SEM images of PVdF/PVP nanofibers incorporated with carbon black nanopowders, 

indicating that all PVdF nanofibers are nanosize, with an average thickness of between 100 and 

200 nm. However, some beads were formed during the electrospinning of 4 wt% carbon black, 

as shown in Figure 3.3(f), which may have been due to the mixture’s high carbon content. A 

good combination of PVdF/PVP and carbon black nanopowders is observed in all samples. 

  
(a)      (b) 

  
(c)      (d) 



53 

  
(e)      (f) 

 
Figure 3.3: SEM images: (a) electrospun PVdF/PVP fibers, and incorporated with  

(b) 0.25 wt%, (c) 0.5 wt%, (d) 1 wt%, (e) 2 wt%, and (f) 4 wt% carbon black. 
 

3.3.2.2 Capacitance Measurements 

The dielectric constant values of the PVdF/ PVP nanocomposite fibers as a function of 

carbon black were calculated using a parallel-plate capacitor. An Andeen Hagerling 2550A Ultra 

Precision capacitance bridge was used to measure the capacitance of the parallel-plate capacitor. 

Figure 3.4 represents a schematic of the dielectric constant measurement following the ASTM D 

150 test. The dielectric constant εr can be obtained from the measured capacitance C with the 

help of electrodes of a known cross-section area A, layer thickness d, and vacuum dielectric 

constant εo (8.85 x 10-12 pF/m), using the following equation [14]: 

 
0

.
r

C d
A

ε
ε

=   (3.1) 

 
Figure 3.4: Schematic view of capacitance measurement of dielectric materials  

using ASTM D 150 test. 
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The metal parallel-plate capacitor was composed of 0.5-cm-thick aluminum. PVdF/PVP 

nanocomposite fibers samples containing different weight percents of carbon black were placed 

between the aluminum conductor plates, which were tightly held together by hard and rigid 

plastic clips to ensure a complete contact between them and the fiber samples. After the setup 

was completed, the conductor plates were connected to the capacitance bridge, which also served 

as a DC power supply. As the current flowed, the aluminum plates connected to the positive and 

negative electrodes of the capacitance bridges were negatively and positively charged, 

respectively, creating a potential difference between the plates. 

3.3.2.3 Water Contact Angle Measurements 

The water contact angle values of the PVdF/PVP samples as a function of carbon black 

concentration were determined with an optical contact angle goniometer, purchased from KSV 

Instruments Ltd. (Model #CAM 100). This compact, video-based instrument is used to measure 

contact angles between 1° and 180° with an accuracy of ±1°. Computer software provided by 

KSV Instruments Ltd. precisely measured and also took pictures of the contact angles. Samples 

were washed with deionized water and dried in a vacuum overnight. Then they were placed on 

the goniometer stage, and a droplet of water was gently dropped on the sample from a syringe 

attached to the goniometer. 

3.3.2.4 Ionic Conductivity Measurements 

Electrochemical impedance spectroscopy (EIS) is an important tool for defining the 

electrical properties of materials. A Gamry instrument (Reference 600, Potentiostat/ 

Galvanostat/ZRA) was utilized to characterize the ionic conductivity of the PVdF and PVP 

electrospun nanofibers. An aqueous solution of 6M KOH, which is a common electrolyte for 

liquid supercapacitors [2, 3, 16], was used during the ionic conductivity measurements. The 
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conductivity values of the polymeric fibers were calculated using the resistance obtained from a 

slope of the I-V plot, a known area of the film (A), and the measured thickness of the film (L) 

[18] using the following equation: 

 
L

RA
σ =  (3.2) 

where R represents resistance obtained from the slope of the I-V plot. 

3.4  Results and Discussion 

3.4.1  Capacitance Measurement Tests 

Dielectric materials are used in almost all electrical equipment. They have low 

conduction and the capability of storing an electric charge. The dielectric properties of polymers 

are very important in many industrial applications, such as cable insulation, encapsulants for 

electronic components, and wiring board materials. Dielectric materials can store an electric 

charge in different forms depending on their structure [14, 19]. Higher filler material loadings 

will generally increase the dielectric constant values to a notable limit, so that the material can be 

used for various industrial applications. However, some properties of composites, such as 

thermal, electrical, and mechanical, may degrade due to higher filler loadings. Accordingly, the 

weight percentage of carbon black nanopowders was limited to 4 wt% in the present studies. 

Figure 3.5 shows the dielectric constant values of the obtained PVdF/PVP nanocomposite 

fibers as a function of carbon black concentration. As can be seen, the addition of carbon black 

in PVdF/PVP nanofibers results in higher dielectric constants. Generally, the dielectric properties 

of a polymer depend on temperature, frequency, structure, and composition of the polymer and 

filler materials. 
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Figure 3.5: Dielectric constant values of PVdF/PVP fibers as a function of  

carbon black concentrations. 
 

The measured dielectric constants of the nanocomposite fibers remarkably increased from 

1.59 to 3.97, when the carbon black concentration reached 4 wt% in the PVdF/PVP 

nanocomposites. As observed in Figure 3.5, the dielectric constant values of PVdF/PVP samples 

were significantly increased by adding 1 wt% of carbon black in the fibers. By increasing the 

carbon black weight percentage to 4 wt% in the PVdF/PVP fibers, the dielectric constant values 

were slightly enhanced to 3.97. 

This drastic improvement in dielectric constant values of PVdF/PVP fibers is attributed to 

the charge carrier concentration of carbon black embedded into the polymer structures [18]. The 

addition of carbon black to a polymer will certainly increase the charge carrier concentration, 

thereby increasing the polarizability of the electrospun fibers [14]. The relationship between the 

dielectric constant  and the molecular polarizability   is given by [20] 
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where  is the concentration of molecules, and  is the permittivity of free space. According to 

this relation, the dielectric constant must increase by increasing the polarizability. 

3.4.2 Surface Hydrophobicity 

Contact angle measurements were conducted on the PVdF/PVP nanocomposite samples 

in order to determine the effects of carbon black nanopowders on the surface properties of the 

fibrous separators. Hydrophobicity and hydrophilicity are terms related to the behavior of solid 

surfaces when placed in contact with water droplets. A hydrophobic surface is one on which a 

droplet of water forms a contact angle greater than 90o, whereas a hydrophilic surface is one on 

which a droplet of water forms a contact angle less than 90o [21]. Polymer surfaces with contact 

angles between 150o and 180o are called super-hydrophobic. This phenomenon is also known as 

the “lotus effect,” which exhibits self-cleaning and anti-contamination features [22]. 

The hydrophobicity or wettability of a separator plays an important role in the 

performance of a supercapacior because a separator with high wettability can retain the 

electrolyte solutions and facilitate the diffusion of electrolytes. Table 3.1 shows the contact 

angles of PVdF/PVP fibers at different carbon black loadings.  

 
Table 3.1: Water contact angle values of electrospun PVdF/PVP nanocomposite fibers as a 

function of carbon black concentrations. 
 

Carbon Black Concentration (wt%) Water Contact Angle (o) 
0 112 
0.25 111 
0.5 95 
1 81 
2 80 
4 78 

 

Contact angles values of the PVdF/PVP fibers were slightly decreased by adding carbon 

black nanopowders. However, nanocomposite fibers indicated hydrophobic behaviors when the 
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carbon black concentration reached 0.5 wt%. Then, increasing the carbon black percentages in 

the PVdF/PVP fibers exhibited hydrophilic behaviors, which may be more suitable for 

supercapacitor separators. The addition of 4 wt% of carbon black into PVdF/PVP fibers 

improved the wetting property of the surface and showed a contact angle of 78.51°. 

 PVP has higher wettability characteristics than PVdF because the surface tension of PVP 

(68 mN/m) fibers is much higher than that of PVdF (33.2 mN/m). Therefore, it is obvious that a 

combination of PVdF and PVP can provide better properties for supercapacitor separators. The 

membrane should soak quickly and completely in typical aqueous electrolytes to transport ions, 

but should not dissolve in the electrolytes and change the physical and chemical properties 

during charging and discharging. 

3.4.3 Ionic Conductivity Tests 

Generally, encapsulation of a polymer matrix with conducting elements can also increase 

the ionic conductivity [23, 24]. Figure 3.6 shows the ionic conductivity values of PVdF/PVP 

nanocomposite fibers as a function of carbon black nanoparticles. As can be seen, the ionic 

conductivity of the carbon black-based PVdF/PVP nanocomposite fiber samples increased 

76.86% at 4 wt% carbon black loading. The calculated ionic conductivity values of PVdF/PVP 

nanofibers are given in Table 3.2. 

Test results clearly indicate that the incorporation of carbon black raises the ionic 

conductivity, which may considerably increase the functionality of supercapacitor separators. 

The measured ionic conductivity value for the PVdF/PVP fibers without the addition of carbon 

black was 2.42 × 10-4 S cm-1, which increased to 4.28 × 10-4 S cm-1 by adding 4 wt% of carbon 

black to the fibers. Increasing the ionic conductivity with a higher carbon black percentage is 

also confirmed with a higher value of capacitance in the presence of 4 wt% carbon black 
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compared to PVdF/PVP fibers without the addition of carbon black. The high ionic conductivity 

may be attributed to the interconnected pores by carbon black nanopowders and the molecular 

structure of PVdF. Porous separators with an accessible transportation path will provide better 

movement for ions between anode and cathode electrodes. Due to their nanoscale size, 

conducting polymer nanostructures are expected to improve performance and shorten the 

diffusion path length for transporting ions. 

 
 

Figure 3.6: Linear sweep voltammogram curves for PVdF/PVP nanocomposite fibers  
as a function of carbon black concentrations. 

 
 

Table 3.2: Ionic conductivity values of electrospun PVdF/PVP nanocomposite fibers 
as a function of carbon black concentrations. 

 
Carbon Black Concentration (wt%) Ionic Conductivity (S/m)×10-4 

0 2.42 ± 0.04 
0.25 2.90 ± 0.03 
0.5 3.56 ± 0.04 
1 3.87 ± 0.05 
2 4.05 ± 0.03 
4 4.28 ± 0.05 
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3.5 Conclusions 

The electrospinning method was employed to fabricate various polymeric PVdF/PVP 

separators incorporated with different percentages of carbon black nanoparticles for 

supercapacitors with high porosity, surface area, and ionic conductivity. Following 

electrospinning, they were characterized using SEM, the capacitance bridge, the water contact 

angle, and GAMRY/EIS. The PVdF/PVP nanofibers were all nanosize (between 100 and 200 

nm). The ionic conductivity of the PVdF/PVP electrospun membranes reached 4.28 × 10-4 S cm-1 

by adding 4 wt% of carbon black. The dielectric constant values of the fibers were significantly 

increased in the presence of carbon black nanopowders, which may have been the result of the 

charge-carrying nanoinclusions embedded into the polymer structure. The wettability of the 

PVdF/PVP nanofibers improved by adding carbon black nanoparticles in the polymer structure. 

The present study clearly shows that electrospun nanocomposite fibers have excellent physical 

and chemical properties, which may be effectively utilized for the fabrication of supercapacitor 

separators. 
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CHAPTER 4 
 

THERMAL AND ELECTROMECHANICAL CHARACTERIZATION OF PVdF/PVP 
NANOFIBROUS MEMBRANE AS SEPARATOR FOR SUPERCAPACITORS 

 
 

4.1  Abstract 

Energy storage and its management have become a challenging issue due to energy 

shortages and sky rocketing prices of oil. There is an immense concern of the public and research 

community on the adverse impact of traditional energy sources on the environment and human 

health, invigorating unabated research for alternative energy sources. Supercapacitors are 

considered alternative energy storage devices. They display high power and an extraordinary 

cycle life, large specific surface area, low electrical resistivity, and high charge-discharge rate. 

They are currently used in an increasing number of applications compared to conventional 

capacitors and conventional batteries. In this study, a blend of polyvinylidene fluoride and 

polyvinylpyrrolidone incorporated with carbon black (ELFTEX8) was used to fabricate a 

nanofibrous membrane for supercapacitors. The morphology and thermal and electrocmechanical 

characterization of nanofibrous membrane was investigated. This study shows that the 

fabrication of a blend of PVP and PVdF nanofibrous membranes via electrospinning provides a 

promising process for fabricating advanced membranes for supercapacitors applications. 

Keywords: Energy Storage Devices, Electrospinning, Electromechanical Characterization, 

Annealing, Nanofibrous Membrane 

4.2 Introduction 

New-generation energy storage devices have been receiving considerable 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 
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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 displayed 

remarkable performance in a wide range of applications such as power backup in some electrical 

devices and as a power source for hybrid vehicles [1-6]. 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 

density and high power density [7]. Supercapacitors are energy storage devices having 

intermediate features between batteries and traditional 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 conditions, 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 supercapacitors, such as metal-based oxides and carbonaceous 

compositions. Carbon-based compositions such as porous carbon, activated carbon fibers, carbon 

aerogels, carbon nanotubes, and graphene are the most-often-used substances for supercapacitors 

[6-10]. Carbon-based nanocomposites with conducting polymers 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 [10]. 

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 
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membrane for application in a supercapacitor. Electrospinning is a unique process used to 

fabricate 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 structure, and high surface area. This 

process is less expensive and simple. Owing to these useful properties, many polymers have been 

utilized to fabricate fibers that can be employed in a variety of applications such as thermal 

isolation, membrane separation, and filtration [11, 12]. These fibrous membranes contain fully 

interconnected open cavities with sufficient porosity [13]. 

Among many polymers, fluorine-containing materials such as polyvinylidene fluoride 

have good mechanical, electrochemical, and thermal stability properties [14, 15]. PVdF 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 [16]. PVdF contains various 

phases, the most common one being the α-phase. The pyroelectric and piezoelectric features of 

the β-phase of PVdF provide better material properties [17]. 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 [18]. The main purpose of this study was to fabricate 

electrospun PVdF/PVP-based separators of supercapacitors and investigate their thermal 

properties, and the effect of annealing and ultraviolet irradiation on their dielectric constant and 

surface wettability. 
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4.3  Experimental Procedure 

4.3.1  Materials 

PVdF and PVP with molecular weights of 180,000 g/mole and 120,000 g/mole, 

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 and acetone, were purchased from Fisher 

Scientific and together used as a solvent. Figure 4.1 shows SEM images of the carbon black 

powder used in this experiment. The size of the reinforcement nanoparticles was around 60 nm. 

 
 

Figure 4.1: SEM images of carbon black (ELFTEX8) powder  
at low (left) and high (right) magnifications. 

 
4.3.2  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 minutes; then PVdF and 2 

wt% of PVP were added separately to the dispersions. Ratio of 80:20 was chosen during the 

dispersion and dissolution processes. The solution was constantly stirred at 550 rpm and 60°C 

for five hours 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 
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speed were 25 KV (DC), 25 cm, and 2 ml/hr, respectively. Electrospun fibers were then collected 

on an aluminum screen and dried in an oven at 60°C for eight hours to remove all residual 

solvents. 

4.3.3 Characterization 

The morphology of the nanofibers samples was observed using a field-emission scanning 

electron microscope (Oxford Instruments). 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 

nitrogen 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 evaluated using a dynamic 

mechanical analyzer (TA Instruments Q800) on compression-molded films 25 × 5 × 0.5 mm3 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. 

4.4 Results and Discussion 

4.4.1 SEM Images 

SEM images of the PVdF/PVP nanofibers incorporated with carbon black nanopowders 

are shown in Figure 4.2. As can be seen, all nanofibers are nanosize with diameters ranging from 

100 to 200 nm. A good combination of PVdF/PVP and carbon black nanopowders is observed in 

all samples.  
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(a)      (b) 

 

  
(c)      (d) 

 

  
(e)      (f) 

 
Figure 4.2: SEM images: (a) electrospun PVdF/PVP fibers, and incorporated with 

(b) 0.25 wt%, (c) 0.5 wt%, (d) 1 wt%, (e) 2 wt%, and (f) 4% carbon black. 
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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 PVdF/PVP nanofibers. The image histogram of 

the samples indicates that all nanofibers surfaces have approximately 15–20% porous structures.  

4.4.2  Thermogravimetric Analysis  

Thermogravimetric analysis is a useful tool to evaluate the mass changes of PVdF/PVP 

nanofiber samples. TGA was utilized to investigate the thermal stability of the electrospun fibers. 

The samples were heated from 50°C to 1,000°C in a nitrogen atmosphere at a heating rate of 

10°C/min. Figure 4.3 shows the TGA thermograms of PVdF/ PVP samples with 0, 0.25, 1, 2, 

and 4 wt% carbon black nanopowders. According to the results, all nanofibers underwent single-

step degradation between approximately 440°C and 450°C. PVdF/PVP shows high stability up to 

450°C [19-23]. Electrospun nanofiber samples containing carbon black nanopowders underwent 

continuous weight loss at all temperatures up to 440°C. Curves of the PVDF/PVP polymers with 

varying degrees of carbon black showed a satisfactory thermal stability. The weight loss at 

higher temperatures is due to the polymer’s thermal breakdown. The decomposition temperature 

of PVdF/PVP with 4 wt% carbon black content was 440°C. The addition of 4 wt% carbon black 

not only improved the thermal stability but also decreased the weight loss temperature; however, 

this was almost similar to the PVdF/PVP value. 
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Figure 4.3: TGA thermogram: PVdF/PVP, and incorporated with  
0.25 wt%, 1 wt%, 2 wt%, and 4 wt% carbon black. 

 
4.4.3  Differential Scanning Calorimetry  

The samples were sealed in an aluminum pan (TA Instruments), and measurements were 

conducted in the temperature range of 120°C to 220°C with a heating rate of 5°C/ min. A pre-

determined weight of each sample was used in this experiment. The DSC heat flow and 

temperature were calibrated using an indium standard. Figure 4.4 shows DSC thermograms of 

the samples, indicating endothermic peaks in all samples. As can be seen, the melting 

temperatures of , β, and γ phases of PVdF are 165–170°C, 172–177°C and 187–192°C 

respectively [24-26]. 
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The broad endothermic peak at 166–167°C indicates the presence of the -phase for all 

samples. The PVdF nanofibers mainly contain the -phase. Adding carbon black to PVdF 

samples shows the presence of the β-phase, due to the small endothermic peaks at 174–175°C. 

The carbon content in PVdF nanofibers may stabilize the β-phase in the structure. The glass 

transition temperature of the PVdF/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 4.1. As can be seen, these temperatures were 

slightly enhanced by increasing the carbon black contents in the polymer matrix. The maximum 

melting temperature for PVdF/PVP + 4 wt% Carbon black was 169.34°C. 

Table 4.1: Melting temperatures of PVdF/PVP nanofibers 
 

Nanofiber Sample Melting 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 

 
4.4.3.1 Crystallinity Degree of Nanofibers 

Differential scanning calorimetry measurements were carried out to investigate changes 

in the thermal properties, the enthalpy (heat) of fusion, and crystallization. The heat of fusion 

(ΔHf) was obtained from the area under the melting thermogram. Crystallinity (Xc) in the sample 

was obtained by [27] 

 
( .)

% 100f

f crys

H
Crystallinity

H
Δ

= ×
Δ

 (4.1) 
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where ΔHf is the heat of fusion of the sample, and ΔHf(crys) is the heat of fusion of 100% 

crystalline PVdF taken at 104.7 Jg-1 [27]. The content of PVP and carbon black powders was 

diminutive in the samples, and both had an amorphous structure [28, 29]. Accordingly, for PVdF 

samples, the crystallinity percentage was calculated by dividing the recorded ΔHf by the weight 

fraction of PVdF in the investigated sample. However, carbon black and PVP have amorphous 

structures, and the addition of small fractions of both would have little effect on the crystallinity 

of the PVdF polymer. The wide endothermic peaks at 166–167°C in the DSC results demonstrate 

the presence of the -phase for PVdF/PVP samples. Crystallinity of the -phase of nanofibers 

samples are shown in Table 4.2. Crystallinity of the -phase in electrospun PVdF/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, crystallinty was decreased to 54.59. 

However, the crystallinity values of 2 and 4 wt% carbon black were still higher than pure 

PVdF/PVP. 

 
Table 4.2: Crystallinity of -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 54.15 
PVdF/PVP +4 wt% Carbon Black 54.59 

 
 As can be seen, the crystallinity of PVdF/PVP nanofibers increased from 52.44% 

to 67.91% by adding 1 wt% of carbon black.  After adding a higher content of carbon black 

nanopowders (4 wt%) to the polymer matrix, crystallinity was decreased to 54.59%. However, 

the crystallinity values with 2 wt% and 4 wt% of carbon black were still higher than pure 
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PVdF/PVP. Reduction in crystallinity of the -phase in the samples having a higher content of 

carbon black nanopowders might be the result of the existence of the β-phase in the structure. 

The small endothermic peak around 175°C confirms the presence of the β-phase in PVdF/PVP 

with 2 and 4 wt% carbon black nanopowder samples, which results in decreasing the crystallinity 

of the -phase. 

4.4.4 Dynamic Mechanical Analyzer 

The dynamic mechanical spectrum of polyvinylidene fluoride has been extensively 

studied [30]. The dynamic mechanical properties of PVdF/PVP samples were studied on films 25 

× 5 × 0.5 mm3 in size. Dynamic response tests were carried out from room temperature to 180ºC 

at a heating rate of 5ºC/min. The storage modulus (G´), loss modulus (G´´), and tan δ of 

PVdF/PVP nanofibers with different carbon black percentages were determined. Figures 4.5 to 

4.8 show the DMA curves of the G´, G´´, , and tan δ of the PVdF/PVP with 0, 1, 2, and 4 wt% of 

carbon black, respectively. These 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 150ºC, the loss modulus of the samples with carbon black displayed a higher 

variation from the storage modulus especially at 4 wt% of carbon black. In the PVdF/PVP 

sample with 4 wt% of carbon black, the loss modulus increased after 150ºC. 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 plasticization 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 interactions between C/C and C/polymer led to the formation of the interconnected 

structure in the polymer composites [31]. 
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4.4.5  Effect of Annealing on Dielectric Constant Values 

The dielectric constant values of PVdF/PVP nanofibers as a function of carbon black 

were determined at different annealing temperatures. Samples with different carbon black 

percentages were annealed to 90°C, 120°C, and 150°C. Capacitance values were measured using 

an aluminum parallel-plate capacitor and power supply. The dielectric constant εr can be 

obtained from the measured capacitance C by using the formula below [32]: 

 
0

.
r

C d
A

ε
ε

=   (4.2) 

where A is the cross-section area, d is the layer thickness, and εo is the vacuum dielectric 

constant. Figure 4.9 shows the dielectric constant values of PVdF/PVP nanocomposite fibers 

without and with annealing at 90°C, 120°C, and 150°C. Results show that the addition of carbon 

black in PVdF/PVP nanofibers in all annealing conditions results in higher dielectric constants. 

 
 

Figure 4.9: Dielectric constant values of PVdF/PVP fibers as a function of carbon black 
concentrations without and with annealing at 90°C, 120°C, and 150°C. 
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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 better results compared to 

the PVdF/PVP nanofibers without annealing, as shown in Table 4.3. 

Table 4.3: Dielectric constants of electrospun PVdF/PVP nanofibers after annealing  
at 90°C, 120°C and 150°C and improvement percentages. 

 
Annealing 

Temperature (Cº) 
Carbon Black 

Concentration (wt%)
Dielectric 
Constant 

Improvement after 
Annealing (%) 

90 

0 1.91 20 
0.25  2.58 31 
0.5  4.81 96 
1  5.20 58 
2  5.69 57 
4  6.03 52 

120 

0 2.18 37 
0.25  3.10 57 
0.5  5.13 109 
1  5.31 61 
2  5.84 62 
4  6.20 56 

150 

0 2.56 61 
0.25  3.32 68 
0.5  5.26 114 
1  5.67 72 
2  5.87 63 
4  6.28 58 

 
By enhancing the annealing temperatures from 120°C to 150°C, the dielectric constants 

increased slightly. PVdF/PVP with 4 wt% carbon black content annealed at 150°C showed the 

highest value of 6.28. Improvement of the dielectric constants of the samples after annealing may 

have been due to the higher content of the β-phase (polar phase) in the structure because thermal 

treatment is one of the most common methods for transitioning from the non-polar α-phase to the 

polar β-phase [33, 34]. The highest improvement was obtained after adding 0.5 wt% carbon 

black into the structure at all annealing temperatures. 
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4.4.6 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 

process. Energy radiation from UV light may excite the surface of fibers [35]. 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 

[36, 37]. 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 polymerization with grafting of a single monomer or mixture 

of two monomers [38, 39]. Radical grafting with UV exposure to the surface of a PVDF 

membrane can render a hydrophilic feature with a highly wettable surface. It also improves the 

fouling resistance of PVDF membranes due to the increase of surface hydrophilicity [40]. 

Surface modification of PVDF is usually attained by grafting a functional layer or coating on the 

membrane surface [41]. The wettability of PVDF/PVP electrospun with different carbon black 

nanopowders content was examined as a function of UV irradiation time. 

The nanofiber samples were exposed to UV light as a function of irradiation time. 

Various times, from 5 to 20 days, were chosen for exposure to UV light. The PVdF/PVP 

nanofibers samples with 0, 0.25, 0.5, 1, 2, and 4 wt% of carbon black nanopowders were placed 

in a UV chamber for 5, 10, 15, and 20 days (Figure 4.10).  
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Figure 4.10: PVdF/PVP electrospun nanofibers with 0, 0.25, 0.5, 1, 2, and 4 wt%  
of carbon black (right to left) 

 
The contact angle values of samples were determined with a goniometer after each time 

period. Table 4.4 shows the water contact angles of the PVdF/PVP nanofibers at different 

exposure times. These angles decreased by increasing the UV exposure time from 5 to 20 days. 

After 20 days, all samples showed a hydrophilic surface, and values of the contact angles were 

less than 90o. The high energy of irradiation after 20 days UV exposure caused surface grafting 

of the PVdF nanofibers. Figure 4.11 shows the changing of surface wettability of PVdF/PVP 

nanocomposites based on UV irradiation.  

As can be seen, PVdF/PVP fiber with 4 wt% of carbon black content after 20 days UV 

exposure displayed the most improved wetting surface among other samples, with a contact 

angle of 37°. The contact angle measurements of the PVdF/PVP nanofibers by adding 1 to 4 

wt% carbon black were slightly reduced for all UV exposure times. 
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Table 4.4: Water contact angle values of electrospun PVdF/PVP nanofibers as a function of 
carbon black concentrations before and after UV exposure. 

 
UV Exposure Time Carbon Black Concentration (wt%) Water Contact Angle (°) 

0 day 

0 112 
0.25  111 
0.5  95 
1  81 
2  80 
4  78 

5 days 

0 102 
0.25  96 
0.5  85 
1  75 
2  72 
4  67 

10 days 

0 98 
0.25  93 
0.5  79 
1  68 
2  63 
4  58 

15 days 

0 97 
0.25  85 
0.5  75 
1  63 
2  55 
4  46 

20 days 

0 92 
0.25  79 
0.5  65 
1  56 
2  48 
4  37 
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Figure 4.11: Surface wettability of PVdF/PVP nanocomposite fibers as a function  
of carbon black concentrations after different UV exposure times. 

 
4.4.7  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 nanopowders were tested. An 

aqueous solution of 6M KOH, a common electrolyte for liquid supercapacitors [42, 43], was 

used in this experiment. The specific capacitance values are listed in Table 4.5. The specific 

capacitance values of the PVdF/PVP nanofibers increased significantly by adding carbon black 

nanopowders—from 0.233 to 2.544 Fg-1. No major difference was seen between the values 

where 2 and 4 wt% carbon black was added. Improving the specific capacitance may be due to 

the high conductivity of carbon black.  
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Table 4.5: Specific capacitances of PVdF/PVP nanofibers. 
 

Nanofiber Sample Specific Capacitance (Fg-1) 
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 

 
4.5  Conclusions 

PVdF-based polymer nanocomposites incorporated with different percentages of carbon 

black nanopowders were fabricated by the electrospinning process. The sizes of all PVdF/PVP 

nanofibers were between 100 and 200 nm. Thermal stability and thermal properties including 

glass transition temperatures of the PVDF/PVP membranes were studied using TGA and DSC, 

respectively. DSC results show the endothermic peaks, melting temperatures, and crystallinity of 

nanofibers with different percentages of carbon black nanopowders. TGA results illustrate that 

the addition of carbon black into the polymeric matrix can improve the thermal stability of 

PVdF/PVP nanofibers. The DMA indicated that the storage modulus and loss modulus values of 

nanocomposite fibers with different carbon black content were remarkably increased compared 

to the pure PVdF/PVP sample. The dielectric constant values of the fibers were considerably 

increased by annealing the samples to 150°C. Energy radiation using UV light enhanced the 

surface wetting properties of the samples. The specific capacitance of the PVdF/PVP electrospun 

membranes reached 2.544 Fg-1 by adding 4 wt% of carbon black. This study showed that 

electrospun nanofibers have superb thermal and physical properties, which are efficient for 

producing supercapacitor separators. 
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CHAPTER 5 
 

GENERAL CONCLUSIONS 
 
 

For this study, the electrospinning method was employed to fabricate various polymeric 

PVdF/PVP separators incorporated with different percentages of carbon black nanoparticles for 

supercapacitor applications. These separators have high porosity, high surface area, high surface 

area-to-volume ratio, and high ionic conductivity. SEM images showed that all PVdF/PVP 

nanofibers are nanosize (between 100 and 200 nm). 

The PVdF/PVP nanofibers with different carbon black nanopartilcles were characterized 

and analyzed in details. EDX elemental data also provided information on the distribution of C, 

F, and O atoms in the fibers and beads, which indicated a high concentration of carbon atoms in 

the beads. FTIR results displayed some functional oxygen and nitrogen groups in samples, which 

can considerably enhance the total capacitance values through additional Faradaic reactions 

known as the pseudocapacitance effect. Raman spectroscopy spectra displayed a different form 

of PVdF. Wide X-ray diffractometry diagrams of annealed PVdF/PVP samples confirmed the 

presence of α-phase and β-phase crystals. However, the addition of carbon black was found to 

further enhance the β-phase content of PVdF. 

The ionic conductivity of PVdF/PVP electrospun membranes reached 4.28 × 10-4 S cm-1 

by adding 4 wt% of carbon black. The dielectric constant values of the fibers were significantly 

increased in the presence of carbon black nanopowders, which may be due to the higher charge 

carrier’s concentration of nanoinclusions embedded into the polymer matrix. Wettability of 

PVdF/PVP nanofibers improved by adding carbon black nanoparticles to the polymer structure. 

Thermal stability and thermal properties including glass transition temperatures of the 

PVDF/PVP membranes were studied using TGA and DSC, respectively. DSC results showed 
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endothermic peaks, melting temperatures, and crystallinity of nanofibers with different 

percentages of carbon black nanopowders. TGA results illustrated that the addition of carbon 

black into the polymeric matrix can improve the thermal stability of PVdF/PVP nanofibers. The 

DMA indicated that the storage modulus and loss modulus values of nanocomposite fibers with 

different carbon black content were remarkably increased compared to the PVdF/PVP sample. 

The dielectric constant values of the fibers were considerably increased by annealing the samples 

to 150°C. Energy radiation using UV light enhanced the surface wetting properties of the 

samples. The specific capacitance of the PVdF/PVP electrospun membranes reached 2.544 Fg-1 

by adding 4 wt% of carbon black. 

Chemical performance of the separator membrane is an important role in supercapacitor 

functions. Capacitive behaviors of the cell will decrease if the separator dissolves in the 

electrolyte and the mats would not be useful as a supercapacitor membrane. This study showed 

better physical, thermal, and chemical properties of the PVdF-based polymer separator compared 

to commercial separators. The electrospun porous fiber mat of the PVdF-based separator 

improved ion conductivity, thereby enhancing supercapacitor efficiency. The samples displayed 

better chemical and thermal stability, higher capacitance resulting in increasing the dielectric 

constant value, and superior wetting properties of the surface in comparison to conventional 

supercapacitor separators such as Celgard® and Gore-Tex® membranes. The electrospun PVdF-

based polymeric separators may be effectively utilized for the fabrication of supercapacitor 

separators. 
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CHAPTER 6 
 

FUTURE WORK 
 
 

 Future experiments could be performed to investigate the effect of UV irradiation 

exposure times on dielectric constant values (see Figure A-44), which, to date, has not been 

studied. PVdF-based polymers with different carbon compositions could be created and used to 

observe their performance as a separator. Also, electrospun nanofibers could be tested in various 

liquid electrolytes, such as sulfuric acid and nitric acid, in order to measure their electrochemical 

properties. 

  

  



91 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX 
  



92 

APPENDIX 
 
 

This appendix contains figures of the materials, characterization equipment, analysis 

graphs, and some SEM images used in this study. 

   
                    (a)                                       (b)                                                     (c) 

 
Figure A-1: Materials used in this study: (a) PVdF, (b) PVP, (c) DMAC and acetone. 

 

 
 

Figure A-2: Goniometer used for water contact angle measurements.  
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(a)       (b) 

 

    
(c)       (d) 

 

    
(e)       (f) 

 
Figure A-3: Water contact angles of nanofibers before UV exposure: (a) PVdF/PVP, and 

incorporated with (b) 0.25 wt%, (c) 0.5 wt%, (d) 1 wt%, (e) 2 wt%, and (f) 4 wt% carbon black. 
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(a)       (b) 

 

  
(c)       (d) 

 
 

  
(e)       (f) 

 
Figure A-4: Water contact angles of nanofibers after 5 days UV exposure: (a) PVdF/PVP, and 

incorporated with (b) 0.25 wt%, (c) 0.5 wt%, (d) 1 wt%, (e) 2 wt%, and (f) 4 wt%  
carbon black . 
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(a)       (b) 

 

  
(c)       (d) 

 

  
(e)       (f) 

 
Figure A-5: Water contact angles of nanofibers after 10 days UV exposure: (a) PVdF/PVP, and 

incorporated with (b) 0.25 wt%, (c) 0.5 wt%, (d) 1 wt%, (e) 2 wt%, and (f) 4 wt% 
carbon black. 
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(a)       (b) 

 

  
(c)       (d) 

 

  
(e)       (f) 

 
Figure A-6: Water contact angles of nanofibers after 15 days UV exposure: (a) PVdF/PVP, and 

incorporated with (b) 0.25 wt%, (c) 0.5 wt%, (d) 1 wt%, (e) 2 wt%, and (f) 4 wt%  
carbon black. 
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(a)       (b) 

 

  
(c)       (d) 

 

  
(e)       (f) 

 
Figure A-7: Water contact angles of nanofibers after 20 days UV exposure: (a) PVdF/PVP, and 

incorporated with (b) 0.25 wt%, (c) 0.5 wt%, (d) 1 wt%, (e) 2 wt%, and (f) 4 wt%  
carbon black. 
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Figure A-8: Matlab image analyzing histograms of PVdF/PVP. 
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Figure A-9: Matlab image analyzing histograms of PVdF/PVP with 0.25 wt% carbon black. 
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Figure A-10: Matlab image analyzing histograms of PVdF/PVP with 0.5 wt% carbon black. 
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Figure A-11: Matlab image analyzing histograms of PVdF/PVP with 1 wt% carbon black. 
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Figure A-12: Matlab image analyzing histograms of PVdF/PVP with 2 wt% carbon black. 
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Figure A-13: Matlab image analyzing histograms of PVdF/PVP with 4 wt% carbon black. 
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Figure A-15: Thermogravimetric analysis (TGA) machine. 

 
 

 
Figure A-16: Differential scanning calorimetry (DSC) machine. 
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Figure A-17: Dynamic mechanical analysis (DMA) machine. 
 

   
                      (a)                                                                               (b) 

Figure A-18: DMA samples: (a) nanofiber used for DMA test, (b) nanofibers after test. 
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Figure A-19: Raman spectroscopy machine. 
 
 
 

 
 

Figure A-20: Fourier transform infrared spectroscopy (FTIR) machine. 
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                                                     (a)                                                                          (b) 
 

Figure A-21: (a) Gamry setup for measuring specific capacitance, (b) nanofiber sample used to 
measure specific capacitance. 

 
 

 
 

Figure A-22: SEM image of PVdF/PVP nanofiber. 
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Figure A-23: SEM image of PVdF/PVP nanofiber. 
 

 
 

Figure A-24: SEM image of PVdF/PVP nanofiber.  
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Figure A-25: SEM image of PVdF/PVP + 0.25 wt% carbon black nanofiber. 
  

 
 

Figure A-26: SEM image of PVdF/PVP + 0.25 wt% carbon black nanofiber.  
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Figure A-27: SEM image of PVdF/PVP + 0.25 wt% carbon black nanofiber. 
  

 
 

Figure A-28: SEM image of PVdF/PVP + 0.25 wt% carbon black nanofiber. 
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Figure A-29: SEM image of PVdF/PVP + 0.5 wt% carbon black nanofiber. 
 

 
 

Figure A-30: SEM image of PVdF/PVP + 0.5 wt% carbon black nanofiber. 
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Figure A-31: SEM image of PVdF/PVP + 0.5 wt% carbon black nanofiber. 
  

 
 

Figure A-32: SEM image of PVdF/PVP + 1 wt% carbon black nanofiber. 
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Figure A-33: SEM image of PVdF/PVP + 1 wt% carbon black nanofiber. 
  

 
 

Figure A-34: SEM image of PVdF/PVP + 1 wt% carbon black nanofiber.  
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Figure A-35: SEM image of PVdF/PVP + 1 wt% carbon black nanofiber. 
  

 
 

Figure A-36: SEM image of PVdF/PVP + 2 wt% carbon black nanofiber. 
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Figure A-37: SEM image of PVdF/PVP + 2 wt% carbon black nanofiber. 
  

 
 

Figure A-38: SEM image of PVdF/PVP + 2 wt% carbon black nanofiber. 
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Figure A-39: SEM image of PVdF/PVP + 4 wt% carbon black nanofiber.  
 

 
 

Figure A-40: SEM image of PVdF/PVP + 4 wt% carbon black nanofiber.  
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Figure A-41: SEM image of PVdF/PVP + 4 wt% carbon black nanofiber.  
 

 
 

Figure A-42: SEM image of PVdF/PVP + 4 wt% carbon black nanofiber.  
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Figure A-43: SEM image of PVdF/PVP + 4 wt% carbon black nanofiber.  
 

 
 

Figure A-44: Dielectric constant values of PVdF/PVP fibers as a function of carbon black 
concentrations after different UV exposure times. 
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