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SUMMARY 
 
 
 

The objective of this work is to electrospin poly(acrylonitrile) (PAN) based 

nanofibers with controlled diameter and to stabilize and carbonize them for 

developing meso-porous carbon for application as electrochemical capacitor 

electrodes.  A sacrificial polymer, poly(styrene-co-acrylonitrile) (SAN) has been used 

to control porosity.  Carbon nanotubes (CNT) have been used to increase electrode 

conductivity and hence power density.  The study has been divided into two parts.  

In part I, electrospinning behavior of PAN and PAN/CNT has been studied. 

The diameter of electrospun PAN fibers was monitored as a function of polymer 

molecular weight, solution concentration, solution flow rate, distance between the 

spinneret and the target, and the applied voltage.  Bead free PAN fibers of 60 nm 

diameter have been electrospun.  Various electrospun fibers have been characterized 

by wide angle X-ray diffraction and by Raman spectroscopy.  Electrospinning process 

has been observed by high speed photography.   

In part II, the electrospun PAN, PAN/SAN, and PAN/SAN/CNT fiber mats 

were stabilized, carbonized, and processed into electrochemical capacitor electrodes.  

The performance of the electrochemical capacitors was tested by the constant current 

charge/discharge and cyclic voltammetry in 6 molar potassium hydroxide aqueous 

solution.  The surface area and pore size distribution of the electrodes were measured 

using N2 adsorption and desorption.  The effect of surface area and pore size 

distribution on the capacitance performance has been studied.  The capacitance 

performance of various carbonized electrospun fibers mats have been compared to 

those of the PAN/SAN/CNT film, carbon nanotube bucky paper, and activated carbon 

pellet.  The capacitance of PAN/SAN/CNT fiber mat over 200 F/g (at a current 



 xviii

density of 1 A/g) and the power density approaching 1 kW/kg have been observed. 

Addition of 1 wt% carbon nanotubes in PAN/SAN, improves the power density by a 

factor of four.  For comparison, the capacitance of single wall carbon nanotube bucky 

paper at a current density of 1 A/g is about 50 F/g. 



 1

CHAPTER 1  

INTRODUCTION 

 

Electrospinning is a fiber forming process that utilizes high voltage to generate 

nanometer diameter fibers.  Important characteristics of electrospun fiber mats are high 

surface area and porosity, which have applications in air filtration, tissue engineering, 

drug delivery, and energy storage materials.  An electrochemical capacitor is an energy 

storage device with long cycle life and fast charge/discharge capability.  To achieve high 

performance, the materials for electrochemical capacitor electrodes require high surface 

area, appropriate porosity, good electrical conductivity, and chemical stability.  The 

traditional electrochemical capacitor electrodes are processed in the form of film, 

activated carbon paste, or carbon fiber fabric.  In recent years, electrospun nanofibers 

have also been used for electrochemical capacitor electrodes due to their high surface 

area and porosity.  In this chapter, background, principles, and the current status of both 

the electrospinning and electrochemical capacitor fields are reviewed.  

 

1.1 Electrospinning 

Electrospinning was first demonstrated in 1902.1  However, current interest in 

electrospinning dates back to early 1990s and the number of publications on the subject is 

rapidly increasing.  Electrospinning is being practiced on natural polymers,2 synthetic 

polymers, 3  biopolymers, 4  polymer solutions, 5  polymer melts, 6  liquid crystalline 

polymers,7 polymer blends,8 and sol-gel ceramic precursors.9  To date, electrospinning 

has been explored to process nanometer to micrometer diameter solid, porous,10 hollow,9 
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or bi-component continuous fibers, 11  microscopic cups, 12  and nanowires. 13  

Electrospinning can also be used to make random as well as highly aligned fibers.14, 15   

Figure 1.1 shows the schematic sketch of the electrospinning setup, which has 

three major parts: a high voltage power supply, a syringe pump, and a grounded target.  A 

droplet forms due to surface tension on the needle tip, when the polymer solution or melt 

is delivered to it.  Application of high electrical voltage gives a positive charge to this 

droplet.  All charges in the droplet have the same polarity (positive charge), therefore an 

electrostatic repulsive force is generated between the adjacent entities in the droplet.  On 

the other hand, an electrostatic attractive force exists between the positively charged 

droplet and the grounded target.  Besides the electrostatic repulsive force and electrostatic 

attractive force, surface tension exists on the droplet, which holds the droplet on the 

needle tip (Figure 1.2). 16   When the applied voltage is low, the surface tension is 

sufficient to counterbalance the electrostatic repulsive force and electrostatic attractive 

force, and the droplet hangs on the needle tip.  With increasing voltage, both electrostatic 

repulsive and electrostatic attractive forces increase, which are sufficient to overcome the 

surface tension.  An electrified jet is thus pulled out from needle tip.  The jet undergoes 

bending, looping, spiraling, and finally reaches the target.  During this travel, the jet is 

stretched and elongated by the electrostatic repulsive or electrostatic attractive force, 

resulting in fine fibers.   
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Figure 1.1. Schematic sketch of the electrospinning setup. 

 

 

 

 

 

 

 

 

 

Figure 1.2. Schematic sketch of the forces applied onto a positively charged droplet. 
(From ref. 16.) 
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1.1.1 Electrospinning process 

The electrospinning process involves two major stages: (1) Taylor cone formation 

and jet initiation; (2) Bending instability and elongation of the jet. 

 

Taylor cone formation and jet initiation 

A conical shape forms when applied electrostatic repulsive force is balanced with 

or exceeds the surface tension (Figure 1.3).  This conical shape was named as “Taylor 

cone”, and was first analyzed by Taylor (1964).17  Taylor determined the semi-angle of 

this conical shape to be 49.3° for water droplet by equating the electrical force to the 

surface tension.  Since then, the semi-angle of the Taylor cone has also been studied by 

other researchers.  In other work, the semi-angles of Taylor cone for water and sunflower 

oil were reported to be 49 ± 2°and 49.5 ± 2°, respectively.18  When electrospinning 

aqueous poly(ethylene oxide) (PEO) solution, Taylor cone with semi-angle of 33.5° was 

observed.19  Taylor cone of less than 30° semi-angle was reported when electrospinning 

PEO in ethanol/water (40/60) mixture.20  Though different values of semi-angle of Taylor 

cone have been reported in the literature, no explanation for the observation of different 

Taylor cone semi-angles has been provided.  Critical voltage Vc needed for the ejection 

of the jet from the Taylor cone is given by the following equation:21 

 

 

where, H is the distance between the tip of the needle (or capillary) and the grounded 

target, L is the length of the needle (or capillary), R is the  radius of the needle, and γ is 

the surface tension of the solution.  
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Figure 1.3. Schematic sketch of the Taylor cone. 

 

Based on this equation, the critical voltage for electrospinning poly(acrylonitrile) 

(PAN)/dimethylformamide (DMF) solution is calculated as a function of the distance 

between the needle tip and the target or the radius of the needle and are plotted in Figures 

1.4 and 1.5, respectively (where, L is 5 cm and γ for PAN/DMF solution is 37 mN/m).   
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Figure 1.4. Critical voltage as a function of distance between the needle tip and the target 
(L is 5 cm, R is 0.042 cm, and γ for PAN/DMF solution is 37 mN/m).  
 
 
 

 

 

 

 

 

 

 

 

 
 
Figure 1.5. Critical voltage as a function of radius of the needle (L is 5 cm, H is 10 cm, 
and γ for PAN/DMF solution is 37 mN/m).  
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Bending instability and elongation of the jet  

After initiating from the apex of the “Taylor cone”, the electrically charged jet 

first travels in a straight line for a few centimeters then it undergoes bending and looping 

due to the jet instability.  Figure 1.6 gives the high speed photograph of electrospinning 

process of PEO in ethanol/water (60/40) mixture,22 showing a rapidly whipping single jet.  

Theoretical analysis of the jet whipping process in terms of charge density on the jet and 

its interaction with the external field has also been carried out.23  

 

 

 

 

 

 

 

 

Figure 1.6. High speed photograph of electrospinning process of PEO in ethanol/water 
(60/40) with camera exposure time of 0.25 ms. (From ref. 22.) 
 
 

1.1.2 Control of fiber diameter and morphology 

            Experimental studies show that three major groups of parameters affect fiber 

diameter and morphology: (1) Solution properties such as viscosity (polymer 

concentration and/or molecular weight), surface tension, electrical conductivity, dielectric 

constant, and solvent evaporation rate; (2) Processing factors such as voltage, distance 

between the needle tip and the target, and solution flow rate; (3) Environmental factors 

 



 8

such as humidity and temperature.  In this section, the effects of these factors on 

electrospun fiber diameter and morphology are discussed. 

 

Solution properties 

         Solution viscosity, which is affected by concentration, molecular weight, or the 

solvent characteristics, has the most significant effect on electrospun fiber morphology 

and diameter.  The correlation between solution rheology and electrospun fiber 

morphology has been widely studied.24, 25, 26  At low viscosity, “electrospraying” occurs 

where the jet breaks up into droplets; at high viscosity, electrospinning occurs where 

continuous fibers form.  It has been reported that chain entanglement concentration was 

the critical concentration for electrospinning continuous fibers.27  Below entanglement 

concentration, particles were obtained; above entanglement concentration, continuous 

fibers were obtained.  Fiber diameter increased with concentration.25, 28, 29, 30  Polymer 

molecular weight also determines chain entanglements in solution, therefore, it can affect 

the fiber morphology and diameter.  For poly(vinyl alcohol) (PVA) aqueous solution with 

the same concentration, beaded fibers were obtained when electrospinning low molecular 

weight (Mw 9000-10,000 g/mol) PVA,  while uniform bead free fibers were obtained 

when electrospinning high molecular weight (Mw 13,000-23,000 g/mol) PVA.31    

          Surface tension tends to minimize the surface area of the jet by forming beads on 

the fiber.  Therefore, bead formation can be minimized by lowering surface tension of the 

solution.  The surface tension can be lowered by using a low surface tension solvent24 or 

by the addition of surfactant.32  For example, the addition of 40 g ethanol into 57 g water 

lowered the surface tension of PEO/water solution from 76 to 51 mN/m and fibers with 
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fewer beads were obtained.24  A high critical voltage was needed for electrospinning 

PVA/water solution since water had surface tension of 73 mN/m.32  With the addition of 

a small amount of surfactant (Triton X-100) into water, the surface tension decreased, 

which lowered the critical voltage for electrospinning, and PVA fibers were subsequently 

obtained.  

           Good solution electrical conductivity increases the electrostatic repulsive force, 

which can strongly stretch the fiber jet, thus preventing bead formation and resulting in 

small diameter fibers.  The good electrical conductivity of solution can come either from 

the solvent or by the addition of salt.  For example, poly(styrene) (PS) solutions could not 

be electrospun into fibers when using decalin, 1, 4-dioxane, and ethylbenzene as 

solvents.33  These solvents had very low electrical conductivity.  However, by using 

solvents with high electrical conductivity such as DMF, ethylacetate, methylethylketone 

(MEK), and tetrahydrofuran (THF), PS fibers were obtained.  With the addition of 2 wt% 

organic salt tetrabutylammonium chloride (TBAC) into poly(methyl 

methacrylate)(PMMA)/DMF solution, the fibers with fewer beads were thus obtained.34  

With the addition of 4 wt% poly(electrolyte), poly(allylamine hydrochloride) (PAH) or 

poly(acrylic acid sodium salt) (PAA) into the PEO/water solution, the conductivity was 

improved by a factor of three, and fibers diameter decreased from 0.36 to 0.15 µm.35 

             Solvent evaporation rate plays an important role on fiber morphology.  By using 

volatile solvent, porous fibers can be obtained.  For example, the pores with size of 100 

nm in width and 250 nm in length were observed on the surface of poly-L-lactide fibers 

when electrospun from dichloromethane.10  Porous PS nanofibers with pore size in the 

range of 20 nm to 1 µm were obtained when electrospun from THF. 36   By using 
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chloroform as solvent, poly(carbonate) (PC)/multi wall carbon nanotube (MWNT) 

nanofibers with elliptical shaped surface pores with size of 100 nm in width and 250 nm 

in length were obtained.37  Porous cellulose triacetate (CTA) fibers with circular shape 

pores in the range of 50–100 nm were electrospun from methylene chloride.38  The 

mechanism of pore formation during electrospinning is complicated.  Phase separation 

due to fast solvent evaporation may be responsible for the pore formation.10  During 

electrospinning, the volatile solvent evaporates fast, which causes original miscible 

polymer solution to separate into two phases: polymer-rich and solvent-rich phases.  

Once the fiber solidifies, the polymer-rich phase forms the fiber matrix while solvent-rich 

phase gives rise to the pores. 

 

Processing factors 

            The effect of processing parameters such as applied voltage, flow rate, and the 

distance between the spinneret and the target on fiber diameter and morphology has also 

been studied.39, 40   It was observed that fiber diameter of electrospun poly(sulfone) fibers 

showed a slight decrease from 344 ± 51 nm to 323 ± 22 nm when voltage was changed 

from 10 to 20 kV at a distance of 10 cm,41 however, this change in diameter was within 

experimental error and therefore could be ignored.  In other work, it was reported that 

fiber diameter decreased from about 20 to 10 µm with increasing voltage from 5 to 12 kV 

keeping other electrospinning conditions constant when electrospinning PS fibers.36  

Voltage also affects the shape and distribution of the defects.  In the electrospun 

polycarbonate fibers, the defects changed from global mushroom to spindle shape due to 

the stronger stretching force with increasing voltage.42  The effects of the tip to target 
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distance and solution flow rate on fiber morphology were also studied.40  In this study, 

the morphologies of electrospun PVA did not change significantly when the tip to target 

distance was changed from 8 to 15 cm.  However, solution flow rate slightly changed 

fiber morphology.  With increasing flow rate, more beads were observed on the fibers.  

            Environmental factors such as temperature and humidity also affect fiber 

morphology.  DMF is a non-volatile solvent and usually generates solid fibers.  A novel 

approach to electrospin porous PAN fibers from DMF was recently reported where,43 by 

immersing the collecting target into a bath of liquid nitrogen, porous PAN fibers were 

obtained through thermally induced phase separation.  During this electrospinning 

process, when the fiber jet hit the liquid nitrogen bath, the solvent was frozen, and phase 

separation occurred, resulting in polymer-rich and solvent-rich regions.  The solvent was 

subsequently removed in vacuum, and porous PAN fibers with surface area of 9.5 m2/g 

were obtained.  The effect of humidity on the morphology of electrospun PS/THF fibers 

was also studied. 44   When humidity was less than 25 %, no pores were visible in the 

fibers.  With increasing humidity level, the number of pores increased significantly and 

the pore size ranged from 50 to 280 nm.  Breath figure theory45 was used to explain this 

phenomenon.  Breath figures form when evaporative cooling occurs as a result of rapid 

solvent evaporation during jet travel.  The jet surface cools down and the moisture from 

air condenses on the fiber surface.  When the fiber dries, the water droplet regions form 

pores.  

 

 1.1.3 Applications of electrospun fiber mats 
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Due to the large specific surface area and porous structure, electrospun fibers are 

used for filtration, wound dressing, tissue engineering and reinforcement. 4, 19, 46, 47  The 

nanofibers are used for filtration media with high filtration efficiency, which have already 

been commercialized by eSpin Technologies, Inc.48 and by Donaldson Company, Inc.49  

The electrospun fiber mat can be used as scaffold for cell growth in tissue engineering by 

mimicking the physical structure of extracellular matrix (ECM).50, 51  In recent years, 

carbon nanofibers obtained by heat treatment of electrospun poly(amic acid) (PAA),52 

PAN,53 and poly(benzimidazol) (PBI)54 nanofibers were evaluated for electrochemical 

capacitor electrodes.   

 

1.2 Electrochemical capacitor 

1.2.1 Principles of electrochemical capacitor 

            Electrochemical capacitor, also known as double layer capacitor, is an energy 

storage device, which has long cycle life, higher power density than the battery, and 

higher energy density than the ordinary capacitor (Figure 1.7).55  It bridges the gap 

between the capacitor and the battery, and has wide applications as main or backup 

power supply. 

            An electrochemical capacitor consists of two electrodes, electrolyte, and an 

insulating separator (Figure 1.8).  When an electrochemical capacitor is charged, one 

electrode is positively polarized and another is negatively polarized.  The electrolyte 

dissociates into positive and negative ions, which can combine with solvent molecules to 

form “solvated ions”.  The solvated ions move close to the electrodes with opposite 

polarity, accumulate at the interface between the electrode and the electrolyte, and form a 
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double layer structure as shown in Figure 1.8.  The thickness of the double layer is 

usually in the range of 5-10 Å.  Thus the electrochemical capacitor is also called as 

“double layer capacitor”.  When the electrochemical capacitor is discharged, the 

electrolyte ions leave the electrodes, combine together and neutralize, energy is thus 

released.   

 

 

 

             

 

 

 

 

 

 
 
 
 
 
Figure 1.7. Comparison of specific power and energy densities of various energy storage 
devices. (From ref. 55.) 
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Figure 1.8. Schematic sketch of an activated carbon based double layer capacitor. (From 
Ref. 56.) 
 
 

            The performance of an electrochemical capacitor can be evaluated by the 

following parameters: capacitance, power density, and energy density.  For a cell 

consisting of two electrodes, the total capacitance is determined by the capacitance of 

each electrode as below:    

                                                   1/C = 1/C1 + 1/C2 

where C1 and C2  are capacitances of  two electrodes. 

            The maximum power density of an electrochemical capacitor is given by:    

                                                    Pmax = V2/4R 

where P is power density, V is the maximum voltage, which is determined by the 

decomposition voltage of the electrolyte (for organic electrolyte the decomposition 
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voltage is in the range of 2~3 V, and for aqueous electrolyte the decomposition voltage is 

about 1 V), and R is the equivalent series resistance.  

             The maximum energy density of an electrochemical capacitor is given by:   

                                                    Wmax = ½ CV2 

where W is energy density, C is capacitance, V is the maximum voltage, which is 

determined by the decomposition voltage of the electrolyte.  For an electrochemical 

capacitor with capacitance of 200 F/g and the decomposition voltage of 1 V, the energy 

density is calculated to be 100 J/g. 

 

1.2.2 Electrochemical capacitor testing 

            The performance of an electrochemical capacitor can be characterized by 

galvanostatic and cyclic voltammetry methods.  When using the galvanostatic method 

(constant current charge/discharge, CC), the electrochemical capacitor is charged and 

discharged at a constant current within a potential range of 0 to Vmax (Vmax is the 

decomposition voltage of the electrolyte), and the voltage (V) is recorded as a function of 

time (t).  Figure 1.9 shows a typical CC charge/discharge cycle.   

When using the cyclic voltammetry (CV) method, the voltage (V) is swept 

between two voltages (V1 and V2) at a constant scan rate (s).57  The resulting current (I) is 

recorded as a function of time (t).  The current is plotted as a function of voltage in 

Figure 1.10.  For an ideal double layer capacitor, the current is independent of potential 

and shows a rectangular plot.  However, if redox reactions occur, the rectangular shape is 

distorted, showing a reduction and an oxidation peaks.   
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 Figure 1.9. Typical charge/discharge cycle in constant current charge/discharge method. 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Typical I vs. V cyclic voltammetry response of (a) an ideal double layer 
capacitor and (b) a double layer capacitor with redox reaction. 
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1.2.3 Electrode materials 

Three groups of materials are typically used for electrochemical capacitor 

electrodes: metal oxides, conducting polymers, and porous carbon.  In this section, the 

literature on these materials based electrochemical capacitor electrodes is briefly 

reviewed. 

 

1.2.3.1 Metal oxide based electrochemical capacitor electrodes 

            Metal oxides such as RuO2 or IrO2 can be processed into electrochemical 

capacitor electrodes.  The typical cyclic voltammogram exhibits a shape close to 

rectangular as shown in Figure 1.11.58  However, this plot does not come from a pure 

double layer charge/discharge; rather, it comes from a sequence of redox reactions 

occurring in metal oxide.  In metal oxide based electrochemical capacitor, the redox 

reactions during charge/discharge process are reversible, and anodic and cathodic 

voltammograms are almost mirror images of each another, resulting in a shape close to 

rectangular.  The high capacitance can be obtained when using metal oxides as 

electrochemical capacitor electrodes.  It was reported that specific capacitance of RuO2 

based electrochemical capacitor reached 720 F/g using H2SO4 electrolyte.59  The NiO 

based electrochemical capacitor had capacitance about 120 F/g using KOH electrolyte.60  

The specific capacitance of SrRuO3 based electrochemical capacitor was about 360 F/g 

using KOH electrolyte.61   
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Figure 1.11. Cyclic voltammetry profiles for RuO2 in 0.1 M H2SO4 aqueous solution. 
(From ref. 56.) 
 

 

1.2.3.2 Electrically conducting polymer based electrochemical capacitor electrodes 

            Electrically conducting polymers such as poly(aniline) and poly(pyrrole) have 

been used for making electrochemical capacitor electrodes.  The cyclic voltammogram of 

conducting polymer based electrochemical capacitor deviates from rectangular shape and 

shows an oxidation and reduction peak (Figure 1.12).62  Due to the redox reactions, 

conducting polymer based electrochemical capacitors have high capacitance.  An 

electrochemical capacitor with specific capacitance value of 775 F/g was obtained by 

electrochemically depositing poly (aniline) nanowires on stainless steel using H2SO4 

electrolyte.63  A high performance poly(pyrrole) based electrochemical capacitor was 

prepared by electrodepositing on Ti foil using oxalic acid and pyrrole mixture electrolyte, 

which had specific capacitance as high as 480 F/g.64   High power density can also be 
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obtained by using conducting polymers as electrodes due to their low resistance.  The 

power density of poly(3, 4-ethylenedioxythiophene) based electrochemical capacitor 

reached as high as 2.5 kW/kg at current density of 1 mA/cm2 using LiClO4 acetonitrile 

solution electrolyte. 65   However, faradaic reactions occur during charge/discharge 

processes, which shorten the cycle life.    

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.12. The cyclic voltammetry of electrochemical capacitor using poly(aniline). 
(From ref. 63.)  
 

 
1.2.3.3 Carbon based electrochemical capacitor electrodes 

Carbon materials are good candidates for electrochemical capacitor electrodes.  

To achieve high electrochemical capacitor performance, carbon needs to meet the 

following requirements:56 
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• High surface area (1000 ~ 2000 m2/g) with appropriate pore size that can 

accommodate electrolyte ions 

• Good electrical conductivity 

• Minimized ohmic resistance 

• Mechanical stability 

• Good wettability by the electrolyte 

Carbon materials including activated carbon and carbon nanotubes have been 

processed into electrochemical capacitor electrodes, and the relevant literature is briefly 

reviewed below. 

 

Activated carbon electrodes 

Carbon precursors such as pitch,66 coal,67 cotton,68 and PAN69 can be converted 

into activated carbon via heat treatment.  For example, PAN is converted into porous 

carbon using stabilization, carbonization, and activation process.  For stabilization, PAN 

is heat treated in air in the temperature range of 200 to 300 °C.  During this step, PAN 

partially cyclizes and forms ladder structure.  The stabilized PAN is then carbonized in an 

inert atmosphere at temperature ranging from 700 to 3000 °C.   

Activation is an important step in creating porosity and modifying surface 

chemistry of the activated carbon.  After activation, porous carbon with surface area as 

high as 1000~2000 m2/g can be obtained.  Depending on the activation agent used, 

activation process can be classified into physical or chemical activation.  In physical 

activation, oxidative gases such as steam70 or CO2
71

 are used; in chemical activation, 

chemical agents such as ZnCl2,72 KOH,73 or K2CO3
74

 are used.   
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Effect of surface area and porosity on activated carbon based electrochemical 

capacitor electrodes has been studied.  It was reported that the capacitance is not linearly 

proportional to surface area.75, 76, 77, 78  Two major reasons are considered responsible for 

this observation.  First, double layer capacity (capacitance per unit area) varies depending 

on precursor and processing approaches, and secondly, the accessibility of pores by the 

electrolyte ions needs to be considered.  The performance of activated carbon based 

electrochemical capacitor electrodes in aqueous and organic electrolytes was also 

studied.66  It showed that the activated carbon materials exhibited different 

electrochemical performance in different electrolytes.  The activated carbon with large 

pore size (> 3 nm) exhibited high capacitance in both aqueous and organic electrolytes.  

The activated carbon with medium pore size (~ 2 nm) showed high capacitance in 

aqueous electrolyte, but low capacitance in organic electrolyte.  The activated carbon 

with relatively small pore size (< 1.5 nm) showed low capacitance in both aqueous and 

organic electrolytes.  Based on these studies, it was concluded that the pores with size 

less than the solvated electrolyte ions are not useful.  However, this argument was 

recently challenged by an observation of an anomalous increase of capacitance with pore 

size less than 1 nm in carbide derived carbon.79  The distortion of electrolyte ion shell in 

small pores decreased the distance between the ion centers to the electrode surface, which 

decreased the double layer thickness and therefore improved the capacitance. 

 

Carbon nanotube electrodes 

Carbon nanotubes are good candidates for electrochemical capacitor electrodes 

due to their high electrical conductivity, chemical stability, low density, and large surface 
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area.  The performance of carbon nanotube based electrochemical capacitor electrodes 

depends on carbon nanotube type,80 morphology,57 and functional groups81 etc.   

Electrochemical capacitors processed by using MWNT and single wall carbon 

nanotube (SWNT) were reported.80  MWNT based electrochemical capacitor had specific 

capacitance of 80 F/g in KOH, which was more than two times the value for SWNT 

based electrochemical capacitor.  Locally aligned carbon nanotube films were also used 

to process high power density electrochemical capacitors. 82  The high packing density 

and ordered structures of carbon nanotubes resulted in specific power density as high as 

30 kW/kg.  The specific capacitance of SWNT based electrochemical capacitor reached as 

high as 280 F/g when using acetonitrile electrolyte containing 0.1 M tetra-n-butylammonium 

hexafluorophosphate as electrolyte.83  The performance of the electrochemical capacitor 

processed from oxidized carbon nanotube 84 was reported and showed that the 

morphologies and structure of individual carbon nanotube were modified by annealing, 

which improved the specific capacitance from 25 to 50 F/g.  MWNT based 

electrochemical capacitor with specific capacitance as high as 113 F/g was obtained when 

using H2SO4 electrolyte.85 

 

Pseudocapacitance 

In an ideal double layer capacitor, energy is stored in a double layer and no charge 

transfer occurs across the interface between the electrode and the electrolyte.  However, it 

is possible that some redox reactions still happen.  The capacitance arising from these 

faradaic reactions is called “pseudocapcitance”.  Therefore the double layer capacitance 

is not only from electrostatic charge but also arises from quick faradaic charge transfer 

reactions, which is given as below:   
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                                                          Ctotal = Cdl + Cf 

where Ctotal is total capacitance, Cdl is electrical double layer capacitance, Cf is 

pseudocapacitance. 

 By introducing functional groups onto carbon material, depositing conducting 

polymers or by inserting electroactive particles of transition metals, pseudocapacitance 

can be enhanced.  Poly(pyrrole) coated MWNTs were processed as electrochemical 

capacitor electrodes, 86 and the specific capacitance reached as high as 192 F/g.  

Modification of the carbon aerogel by ruthenium oxide particles improved the specific 

capacitance of electrochemical capacitor from 95 to 200 F/g.87  The specific capacitance 

of pyrrole treated-functionalized SWNT bucky paper based electrodes was reported to be 

350 F/g.88 

 

PAN based electrochemical capacitor electrodes 

PAN is a carbon precursor, which can be converted into activated carbon by heat 

treatment.  The electrochemical capacitor electrodes were processed using PAN film or 

fiber as precursor.  PAN/SWNT film based electrochemical capacitor electrodes have 

been reported by our research group.89  Carbon nanotubes formed bundled structure in 

PAN matrix, which could resist the shrinkage of PAN during heating and also improved 

the electrical conductivity.  The PAN/SWNT (60/40) film was stabilized, carbonized, 

activated, and processed into electrochemical capacitor electrodes, which exhibited 

specific capacitance as high as 380 F/g using KOH electrolyte.  The PAN/SAN (styrene-

co-acrylonitrile)/SWNT film based electrochemical capacitors were also processed by 

stabilization and carbonization.90  With the addition of sacrificial component, SAN, the 
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pores with size ranging from 1-200 nm were obtained in the carbonized film, and the 

double layer capacity reached as high as 205 µF/cm2 in KOH.  The electrochemical 

capacitor electrodes were processed by one step pyrolysis of PAN/MWNT film,91 which 

exhibited capacitance value of 100 F/g in H2SO4.  Activated carbon based 

electrochemical capacitor processed from PAN with a capacitance value of 160 F/g in 

H2SO4 was reported.92   The carbon nanofibers processed from electrospun PAN fibers 

were also used for electrochemical capacitor electrodes, which exhibited specific 

capacitance as high as 170 F/g.53 

 

1.3 Objectives of this study 

Two key objectives of this study are: 

• To study the effect of various factors such as polymer solution concentration, 

solvents characteristics, polymer molecular weight, voltage, distance between the 

needle tip and the target, and solution flow rate on the diameter and morphology 

of electrospun PAN.  

• To study the electrochemical performance of the electrospun PAN, 

PAN/SAN, and PAN/SAN/CNT nanofibers.  In this study SAN is used as the 

sacrificial component to provide porosity control and CNTs are added to enhance 

conductivity and hence power density. 
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CHAPTER 2  

ELECTROSPINNING OF POLY(ACRYLONITRILE) AND POLY 

(ACRYLONITRILE) / CARBON NANOTUBE NANOFIBERS 

                          

2.1 Introduction 

Due to the large surface area and porosity, carbon nanofibers are attractive for 

hydrogen storage,1, 2 electrochemical capacitor electrodes, 3, 4 catalysis,5, 6 and polymer 

reinforcement.7  Electrospinning can be used to process nanometer diameter fibers.  

Poly(acrylonitrile) (PAN) is a carbon precursor and is used in this study to process 

electrochemical capacitor electrodes.  The diameter of PAN nanofibers determines the 

surface area, which ultimately influences the performance of the materials made from 

the resulting carbon nanofibers.  To achieve an effective fiber diameter control, a 

systematic electrospinning study of PAN as a function of solution concentration, 

electric field, solution flow rate, and solvent properties is reported in this chapter.  

Processing conditions have been developed for electrospinning small diameter bead 

free PAN fibers.  Electrospinning behavior of PAN/carbon nanotube (CNT) 

dispersions was also studied.  The electrospun fibers were characterized by wide 

angle X-ray diffraction (WAXD) and Raman spectroscopy.  The electrospinning 

process was also observed by high speed photography.   

 

2.2 Experimental 

2.2.1 Sample preparation  
 

Poly(acrylonitrile-co-methyl acrylate) copolymer (molecular weight 100,000 

g/mol, containing about 4 wt% methacrylate copolymer) and poly(acrylonitrile) 

homopolymer (molecular weight 250,000 and 700,000 g/mol) obtained from Exlan 
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Corp. of Japan were dried at 95 °C in vacuum for 48 hrs, and dissolved in desired 

solvent.  N, N–dimethylformamide (DMF), dimethyl sulfoxide (DMSO), 

nitromethane, and ZnCl2 were purchased from Aldrich (Milwaukee, WI).   

PAN/single wall carbon nanotube (SWNT) and PAN/multi wall carbon 

nanotube (MWNT) dispersions were prepared.  To make PAN/SWNT (95/5) 

dispersion, about 0.12 g SWNT (HiPCOTM SWNT, containing 35 wt% catalytic 

impurities was received from Carbon Nanotechnologies Inc., Houston, TX) was first 

dispersed in 300 ml DMF and sonicated in a bath sonicator (Cole–Parmer 8891R-

DTH, 80 W, 43 kHz, Vernon Hills, IL) for 24 hrs.  To this SWNT/DMF dispersion, 

about 2.28 g PAN copolymer powder was added and dissolved by high speed stirring 

until homogenous dispersion was obtained.  Then the excess DMF was removed by 

heating and stirring until the total solid content was about 12 wt%.  Following the 

same procedure, 20 ml PAN/SWNT (99.9/0.1) dispersion with 12 wt% solid content 

was prepared with the addition of 2.39 g PAN copolymer powder and 2.4 mg SWNT.  

To make PAN/MWNT (70/30) dispersion, 600 mg MWNT (Iljin Nanotech Co. Ltd, 

Seoul, Korea) was first dispersed in 300 ml DMF in a bath sonicator for 24 hrs and 

was subsequently sonicated by a horn sonicator (Model 2020, Misonix Inc., 

Farmingdale, NY) for 30 min.  To this MWNT/DMF dispersion, 1.4 g PAN 

copolymer powder was added and dissolved by high speed stirring until homogenous 

dispersion was obtained.  Then the excess DMF was removed by heating and stirring 

until the total solid content was about 10 wt%.   

To prepare PAN/ZnCl2 (99/1) solution, about 0.50 g PAN copolymer powder 

and 0.005 g ZnCl2 were first dissolved into 10 ml DMF.  The total solid content of 

PAN and ZnCl2 was about 5.1 wt%.  Following the same procedure, the PAN/ZnCl2 

(99/1) solutions with solid content of 9.6 wt% and 16.1 wt% and the PAN/ZnCl2 (95/5) 
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solutions with solid content of 5.1 wt%, 9.6 wt%, and 16.1 wt% were also prepared.  

The PAN/ZnCl2 solution was subsequently homogenized using a bio-homogenizer 

(Biospec products Inc., M133/1281-0, ESGE, Switzerland) for 5 min.  The 

homogenized solution was filtered using a poly(tetrafluoroethylene) (PTFE) syringe 

filter with pore size of 0.2 µm (Cole Parmer Vernon Hills, Illinois).   

In a horizontal electrospinning setup, PAN solutions or PAN/CNT dispersions 

were loaded into a syringe and delivered to the tip of the 18 gauge (0.84 mm diameter) 

stainless steel needle using a syringe pump (KDS 100, KD Scientific Inc., Holliston, 

MA).  A high voltage research power supply (model GPR-3060D, Gamma High 

Voltage Research Inc., Ormond Beach, FL) was applied to the solution via the needle.  

The electrospun fiber mats were collected on the aluminum foil wrapped on the 

grounded steel sheet target.   

A PAN/SWNT (99.9/0.1) composite film for Raman spectroscopy study was 

prepared from PAN/SWNT (99.9/0.1) dispersion in DMF with solids content of 12 

wt%. The dispersion was poured in a petri dish and the solvent was evaporated in air 

at room temperature for one week.  Three films were prepared for WAXD study, 

which were designated as Film-A, Film-B, and Film-C.  Film-A was made by 

dissolving PAN powder in DMF, Film-B was made by re-dissolving electrospun PAN 

fiber in DMF, and Film-C was processed from PAN /ZnCl2 (weight ratio 95/5) 

solution in DMF. In all cases DMF was removed by evaporation in air at room 

temperature for one week.   

 

2.2.2 Characterization 

Viscosity of PAN/DMF solutions was measured on the Hakke RS150 

rheometer (Karlsruhe, Germany) using a bob and cup arrangement at room 
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temperature (the inner diameter of the cup is 5.5 cm, the gap between the bob and cup 

is 0.5 cm).  Surface tension was measured by the surface tensiomat (Fisher Scientific, 

Model 21, Pittsburg, PA) at room temperature.   

Scanning Electron Microscopy (SEM) was done on gold sputter coated mats 

using LEO 1530 (Osaka, Japan) thermally assisted FEG scanning electron microscope.  

The SEM images were used for the fiber diameter determination.  A JEM 2000EX 

(200 kV) (Tokyo, Japan) instrument was used for high resolution transmission 

electron microscopy (TEM).  A Leica DMRX Optical Microscope (Leica 

Microsystems) equipped with a Sony Digital Photo Camera DKC-5000 was used for 

polarizing optical microscopy.  The Raman spectra were collected on Holoprobe 

Research Raman microscope (Kaiser Optical Systems, Inc., Ann Arbor, MI) using 

785 nm excitation wave length.  Fourier transform infrared (FTIR) analysis of 

electrospun PAN and PAN/ZnCl2 fiber mats was conducted on a Spectrum One FTIR 

spectrometer (PerkinElmer, Shelton, CT). 

Wide angle X-Ray diffraction (WAXD) studies were conducted on a Rigaku 

2D SAXS/WAXS diffraction system using a Rigaku R-AXIS IV++ detection system 

(Rigaku Micromax-007, 45 kV, 66 mA, The Woodlands, TX).  The diffraction 

patterns were analyzed using Areamax V1.00 and MDI Jade 6.1 software.  The crystal 

size of various samples was calculated using Scherrer equation:8  

                                                     

 

Where Dhkl is crystal size perpendicular to the hkl plane, k = 0.9, λ is wavelength of 

the radiation (λCuKα = 1.5418 Å), B is FWHM (full width at half maximum of the hkl 

diffraction), and θ is the position of diffraction peak. 

)cos/( θλ BkDhkl =
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High speed photographs were taken using a Photron CCD camera (Model: 

FASTCAM-X 1280 PSI) with a speed of 1000 frames per second (FPS).  In order to 

obtain a sharp image on the micron-scale field of view, a pulsed Cu-vapor laser 

(Oxford Lasers, Shirley, MA), which emits green-yellow (510/578 nm) flash pulses 

with pulse duration of about 25 ns, was used.  The schematic sketch of the setup for 

high speed photography is given in Figure 2.1.  The photography region was a small 

region near the needle.  For each electrospinning process, three regions as indicated 

by A, B, and C in Figure 2.1 were photographed by manually moving the camera 

along the fiber jet.  The semi-angle of the Taylor cone for each electrospinning 

process was measured and the average value was reported based on five 

measurements. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.1. Schematic sketch of the electrospinning setup showing the high speed 
photography regions of (A) starting point of the jet, near the needle tip, (B) second 
electrospinning region along the jet, and (C) third electrospinning region along the jet 
(the regions of A, B, and C were obtained by manually moving the camera away from 
the needle tip). 
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2.3 Results and Discussion 

2.3.1 Rheology 

The viscosity data for PAN copolymer solutions (MW 100,000 g/mol) as a 

function of shear rate is plotted in Figure 2.2.  Zero shear viscosity was determined at 

each concentration, and the specific viscosity ηsp was calculated using the following 

equation: 

 

where ηs and η0 are the zero shear viscosities of solution and solvent, respectively.         

The specific viscosities for various molecular weight PANs are plotted as a function 

of concentration in Figure 2.3.  ηsp scales as C1.3 and C4.4 for PAN of 100,000 g/mol 

molecular weight, as C0.45, C1.7, and C3.6 for PAN of 250,000 g/mol molecular weight, 

and as C0.68, C2.1, and C3.9 for PAN of 700,000 g/mol molecular weight.  According to 

de Gennes’s scaling concept, the polymer in a good solvent can be classified into four 

regimes with the following exponents: dilute (η~C1), semidilute unentangled (η~C1.25), 

semidilute entangled (η~C4.8), and concentrated regime (η~C3.6).9  The entanglement 

concentration is the critical concentration between the semidilute unentangled and the 

semidilute entangled regime.  The scaling relationship has also been experimentally 

studied.  It has been reported that η~C1.1~1.4 for semidilute unentangled 10  and 

η~C4.25~4.5 for semidiluted entangled regimes. 11  In general, the scaling exponents 

vary depending on the polymer, polymer conformation, and the interaction between 

the polymer and the solvent.  Factors such as branching10 or solubility12, 13 result in 

different exponents.  In the present study, the PAN copolymer solutions of 100,000 

g/mol molecular weight with ηsp~C1.3 and ηsp~C4.4 are in the semidilute unentangled 

and semidilute entangled regimes, respectively, and the PAN homopolymer solutions 

of 250,000 g/mol molecular weight with ηsp~C0.45, C1.7 and C3.6 and of 700,000 g/mol 

00ssp )/ηη(ηη −=
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molecular weight with ηsp~C0.68, C2.1, and C3.9 are in the dilute, semidilute 

unentangled, and semidilute entangled regimes, respectively.  The entanglement 

concentrations for PAN of 100,000, 250,000, and 700,000 g/mol molecular weights 

are determined to be about 5.1, 3.1, and 1.5 wt%, respectively.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 2.2. The viscosity of PAN copolymer solutions (MW 100,000 g/mol) as a 
function of shear rate at various concentrations of (a) 0.5 wt%, (b) 1.1 wt%, (c) 2.1 
wt%, (d) 3.1 wt%, (e) 5.1 wt%, (f) 9.6 wt%, (g) 13.8 wt%, (h) 16.1 wt%, (i) 17.5 wt%, 
(j) 19.0 wt%, (k) 19.7 wt%, (l) 20.3 wt%, (m) 21.2 wt%, and (n) 22.1 wt%. 
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Figure 2.3. The specific viscosity as a function of concentration for (a) PAN 
copolymer of 100,000 g/mol molecular weight, (b) PAN homopolymer of 250,000 
g/mol molecular weight, and (c) PAN homopolymer of 700,000 g/mol molecular 
weight. 
 
 
 
2.3.2 Systematic study of electrospinning of PAN as a function of solution properties 

and processing factors 

Average value of fiber diameter based on 40 measurements for each spinning 

condition for 100,000 g/mol molecular weight PAN are reported in Tables 2.1 to 2.3.  

The SEM images of electrospun PAN (100,000 g/mol) copolymer solutions in the 

concentration range of 0.5 to 21 wt% are given in Figure 2.4.  At low concentration 

(0.5~3.1 wt%), nanoscopic to microscopic particles were obtained (typical size of 400 

to 800 nm).  Above the entanglement concentration (5.1 wt%), the beaded (30 to ~300 

nm diameter) and bead-free fibers (~350 nm to 2.0 µm) were obtained (Tables 2.1 to 

2.3, Figure 2.4).  For all the three PANs, the continuous fibers were obtained above 

their entanglement concentrations.  This is consistent with Long et al’s work on the 
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electrospun poly(ethylene terephthalate-co-ethylene isophthalate) copolymer (PET-

co-PEI).10 

 

Table 2.1. Diameter of electrospun PAN copolymer (MW 100,000 g/mol) fiber at 
various polymer concentrations and voltages (the distance between the needle tip and 
the target is 10 cm and flow rate is 1 ml/hr). 

Fiber diameter (nm) C 

(wt%) 13 kV 16 kV 22 kV 25 kV 27 kV 

5.1 50 ± 10 50 ± 10 50 ± 10 60 ± 10 80 ± 20 

9.6 100 ± 10 80 ± 20 70 ± 10 100 ± 20 100 ± 20 

13.8 160 ± 10 120 ± 20 150 ± 20 130 ± 30 130 ± 40 

16.1 190 ± 20 230 ± 30 170 ± 40 240 ± 40 240 ± 40 

17.5 350 ± 20 400 ± 90 370 ± 40 380 ± 20 450 ± 80 

19.0 450 ± 80 500 ± 120 590 ± 100 400 ± 60 600 ± 90 

19.7 770 ± 60 800 ± 150 660 ± 40 760 ± 80 800 ± 130 

20.3 900 ± 130 1200 ± 60 1100 ± 150 1000 ± 120 1200 ± 110 

* bead-free fibers are in bold 

 

Table 2.2. Diameter of electrospun PAN copolymer (MW 100,000 g/mol) fiber at 
various flow rates and solution concentrations (voltage is 22 kV and the distance 
between the needle tip and the target is 10 cm). 

Fiber diameter (nm) Flow  

rate 

(ml/h) 

5.1 

wt% 

9.6 

wt% 

13.8 

wt% 

16.1 

wt% 

17.5 

wt% 

19.0 

wt% 

19.7 

wt% 

20.3 

wt% 

0.5 
30 ± 

 20 

50 ±  

20 

80 ±  

20 

150 ±  

30 

200 ± 

40 

350 ± 

70 

400 ± 

60 

600 ± 

90 

1 
50 ±  

10 

70 ±  

10 

150 ±  

20 

170 ± 

40 

370 ± 

40 

590 ± 

100 

660 ± 

40 

1100 ± 

150 

4 
150 ±  

40 

400 ± 

 49 

460 ± 

 60 

500 ± 

80 

700 ± 

60 

800 ± 

90 

900 ± 

70 

1350 ± 

110 

6 
300 ±  

60 

900 ±  

70 

1000 ± 

80 

1200 ± 

150 

1500 ± 

100 

1650 ± 

110 

1800 ± 

110 

2000 ± 

110 

* bead-free fibers are in bold 
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Table 2.3. Diameter of electrospun PAN copolymer (MW 100,000 g/mol) fiber at 
various electric field (Ed) (electric field varied by changing distance) and solution 
concentrations (flow rate 1 ml/hr). 

Fiber diameter (nm) Electric  

field(Ed) 

(V/cm) 

5.1  

wt% 

9.6  

wt% 

13.8 

 wt% 

16.1 

 wt% 

17.5  

wt% 

19.0 

 wt% 

19.7  

wt% 

20.3  

wt% 

4400 
30 ± 

10 

60 ± 

20 

90 ± 

20 

120 ± 

20 

300 ± 

60 

400 ± 

90 

490 ± 

80 

700 ± 

100 

2200 
50 ± 

10 

70 ± 

10 

150 ± 

20 

170 ± 

40 

370 ± 

40 

590 ± 

100 

660 ± 

40 

1100 ±

150 

1467 
60 ± 

20 

80 ± 

20 

120 ± 

30 

280 ± 

50 

570 ± 

70 

650 ± 

80 

800 ± 

90 

1100 ±

100 

1100 
70 ± 

20 

100 ± 

20 

200 ± 

20 

380 ± 

60 

700 ± 

100 

800 ± 

100 

940 ± 

80 

1200 ±

130 

* bead-free fibers are in bold 
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Figure 2.4. Scanning electron micrographs of electrospun PAN copolymer fibers 
(MW 100,000 g/mol) at various concentrations of (a) 0.5 wt%, (b) 1.1 wt%, (c) 2.1 
wt%, (d) 3.1 wt%, (e) 5.1 wt%, (f) 9.6 wt%, (g) 13.8  wt%, (h) 16.1  wt%,  (i) 17.5 
wt%, (j) 19.0 wt%, (k) 19.7 wt%, and (l) 20.3  wt % (voltage is 22 kV, flow rate is 
1ml/hr, the distance between the needle tip and the target is 10 cm). 
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Figure 2.4. Continued. 

 

            In current work, the fiber diameter exhibits two distinct power law 

dependences on the polymer concentration (C) in the semidilute entangled regime 

(Figure 2.5).  The fiber diameter scales with concentration as C1.2 and C7.5 for PAN of 

100,000 g/mol molecular weight, as C0.88 and C3.5 for PAN of 250,000 g/mol 

molecular weight, and as C0.99 and C2.5 for PAN of 700,000 g/mol molecular weight.  

However for a given polymer system, only one power law has been reported in the 

literature.  The diameter scaled as C0.5 for poly(ethylene oxide) (PEO),14 as C3.0 for 

PET-co-PEI10 and poly(urethane) (PU), 15  as C3.3 for fibrinogen, 16  as C2.6 for 

polyamide 6 (PA-6),17 as C3.1 for poly(methyl methacrylate)(PMMA)11 (Table 2.4).  

However for poly(vinyl pyrrolidone) (PVP) diameter scaled as C1.8 and with further 

increase in the concentration an upturn in the diameter was observed,18 suggesting a 

second power law with the significantly higher exponent of C7.0.   
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During electrospinning process, a single jet ejecting from the Taylor cone can 

possibly split or break up into subjets or droplets if the polymer chain entanglement is 

not strong enough.  The subjets most likely result in beaded fibers.  During 

electrospinning of higher concentration solutions, the jet would not split due to the 

sufficient chain entanglement, and this single jet gets to target to form larger diameter 

fibers.  Therefore, the different chain entanglement densities ultimately determine 

whether the fiber forms from a subjet or a single jet, resulting in different fiber 

diameter dependence on the solution concentration. 

The two PAN homopolymers (molecular weight 250,000 and 700,000 g/mol), 

have very comparable fiber diameter dependence on the concentration, while the PAN 

copolymer (molecular weight 100,000 g/mole) exhibits a much stronger diameter 

dependence on concentration in the high concentration range.  This study does not 

answer the question, whether the differences in the diameter dependence are a result 

of the use of copolymer in the low molecular weight PAN, or these differences are 

simply a result of differences in molecular weight.  
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Figure 2.5. The fiber diameter as a function of the concentration for (a) PAN 
copolymer of 100,000 g/mol molecular weight, (b) PAN homopolymer of 250,000 
g/mol molecular weight, and (c) PAN homopolymer of 700,000 g/mol molecular 
weight (the distance between the needle tip and the target is 10 cm, flow rate 1 ml/hr, 
and voltage is 22 kV). 
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Table 2.4.  Summary of the power law relationship between the fiber diameter and the 
concentration reported in the literature and in this work. 

Polymer Exponent  a (d ~ Ca) 

PEO14 0.5 

PET-co-PEI10 3.0 

PU15 3.0 

Fibrinogen16 3.3 

PA-617 2.6 

PMMA (Mw 365,700 g/mol)11 3.1 

PVP18 1.8, 7.0 

PAN (100,000 g/mol)* 1.2, 7.5 

PAN (250,000 g/mol)* 0.88, 3.5 

PAN (700,000 g/mol)* 0.99, 2.5 

* Data from this work. 

 

The electric field (Ed) was varied by changing the distance (5 to 20 cm) 

between the needle tip and the target, while keeping the voltage constant at 22 kV.  

The fiber diameter (PAN MW 100,000 g/mol) as a function of Ed is given in Figure 

2.6.  For low concentrations and at high electric field, the diameter is as low as 30 nm, 

while at high concentration and at low electric field, the diameters above 1 µm have 

been observed.  For all the concentrations at a given flow rate, the diameter decreased 

with increasing the electric field.  The electric field (Ev) was also varied by increasing 

voltage from 13 kV to 27 kV, while keeping the distance constant at 10 cm.  The fiber 

diameter is plotted as a function of EV in Figure 2.7.  Contrary to Figure 2.6, the fiber 

diameter doesn’t exhibit significant dependence on EV.  This observation is consistent 

with the electrospinning of polysulfone 19 and nylon.20  It was observed that the fiber 

diameter of polysulfone showed a slight decrease from 344 ± 51 nm to 323 ± 22nm 

when voltage was changed from 10 kV to 20 kV at a distance of 10 cm.19  However, 
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this change in diameter was within experimental error and therefore can be ignored.  

The fiber diameter of electrospun nylon also did not show monotonic decrease with 

increasing voltage.20  Increase in voltage does not have a significant effect on the 

diameter, while change in the distance at constant voltage affects the fiber diameter 

even though the electric field values (Ed and EV) are the same.  Under the same 

electric field (Ed and EV), the electric field distribution may be different.  Current was 

also observed to be different in the electrospinning of poly (ethylene oxide) (PEO) 

even though the electric fields, Ed and EV, were equal.21  The difference in electric 

field distribution and current may be responsible for different diameter dependence on 

Ed and EV. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. The fiber diameter as a function of electric field (Ed) for PAN copolymer 
solutions at various concentrations of (a) 5.1 wt%, (b) 9.6 wt%, (c) 13.8 wt%, (d) 16.1 
wt%, (e) 17.5 wt%, (f) 19.0 wt%, (g) 19.7 wt%, and (h) 20.3 wt% (PAN copolymer, 
MW 100,000 g/mol, voltage is 22 kV, and flow rate is 1 ml/hr). 
 



 47

0

200

400

600

800

1000

1200

1400

1000 1500 2000 2500 3000

Electric field (EV, V/cm)

Fi
be

r d
ia

m
et

er
 (n

m
)

ab
c
d
e
f

g

h

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. The fiber diameter as a function of electric field (EV) for PAN copolymer 
solutions at various concentrations of (a) 5.1 wt%, (b) 9.6 wt%, (c) 13.8 wt%, (d) 16.1 
wt%, (e) 17.5 wt%, (f) 19.0 wt%, (g) 19.7 wt%, and (h) 20.3 wt% (PAN MW 100,000 
g/mol, the distance between the needle tip and the target is 10 cm, flow rate is 1 
ml/hr). 
 

 

The fiber diameter (d) as a function of flow rate (Q) for various concentrations 

is plotted in Figure 2.8.  Fiber diameter increases with flow rate.  At low 

concentrations, diameter scales with Q1.2.  Diameter dependence on concentration 

decreases with increasing concentration and at the highest concentration, diameter 

scales as Q0.4 (Figure 2.9).   
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Figure 2.8. The fiber diameter as a function of flow rate for PAN copolymer solutions 
with various concentrations (PAN MW 100,000 g/mol, the distance between the 
needle tip and the target is 10 cm, and voltage is 22 kV). 
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Figure 2.9. The exponent of the fiber diameter vs. flow rate as a function of 
concentration (PAN copolymer, MW 100,000 g/mol, the distance between the needle 
tip and the target is 10 cm, and voltage is 22 kV). 
 
 
 
2.3.3 Electrospun PAN fibers processed from different solvents    

The effects of solvent properties on fiber diameter and morphology were 

studied by electrospinning PAN in three different solvents, DMF, DMSO, and 

nitromethane/water (volume ratio of 94/6) 22 mixture.  Both DMF and DMSO are 

good solvents for PAN and result in transparent solutions.  PAN can also be dissolved 

in nitromethane/water (94/6) mixture but the solution appeared cloudy.  It should be 

noted that both nitromethane and water are non solvents for PAN, however, their 

mixture (94/6) can dissolve PAN.  To explain this phenomenon, the distance between 

the solvent and the solute (Rij) is calculated, which can be used to characterize the 

solubility of polymer in solvent.  The lower Rij
2 value indicates better solubility of 

polymer in solvent.  Based on the three dimensional solubility parameters of polymer 

and solvents, Rij
2 can be calculated by using the following equation:23 
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 where δd1, δp1, and δh1 are three dimensional solubility parameters for solvent and δd2, 

δp2, and δh2 for polymer.  When using solvent mixture, the three dimensional 

solubility parameters can be calculated by using the following equation:23 

 

where δi and Φi are the solubility parameter and volume ratio for each component 

respectively.  

The δd, δp, and δh values for PAN and solvents are listed in Table 2.5.  The low 

Rij
2 value for PAN/DMF is consistent with good solubility of PAN in DMF.  The Rij

2 

value of PAN/water is very high, indicating the poor solubility of PAN in water.  

Though Rij
2 value of PAN/nitroemthane/water is comparable to that of PAN/DMF, 

nitromethane still cannot dissolve PAN.  The Rij
2 value of PAN/(nitromethane/water) 

solution was plotted as a function of nitromethane volume ratio in Figure 2.10.  It 

shows that with increasing volume ratio of nitromethane, the Rij
2 value first decreases 

rapidly, then reaches the lowest point when nitromethane volume ratio is between 94 

and 96, with further increasing nitromethane ratio, Rij
2 increases.  The low Rij

2 value 

in this region indicates the relatively better solubility of PAN in nitromethane/water 

mixture. 

 

Table 2.5. Solubility parameters and Rij
2 values of PAN and solvents 

 δd(MPa)1/2 δP(MPa)1/2 δh(MPa)1/2 Rij
2 (MPa) 

PAN23 18.2 16.2 6.8  

DMF24 17.4 13.7 11.3 29.4 

Nitromethane24 15.8 18.8 5.1 32.9 

Water24 15.6 16.0 42.3 1291.1 
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Figure 2.10. Rij
2 of PAN in nitromethane/water as a function of volume ratio of 

nitromethane. 
 

 

Figure 2.11 gives SEM images of the particles and fibers electrospun from  

PAN/(nitromethane/water) solution.  At low solution concentration, the irregular cup 

structures with typical dimensions of 800 nm were obtained.  Compared to PMMA 

cups with wall thickness of about 200 nm,25 PAN cups have much thinner walls with 

thickness of about 20 nm (Figure 2.12).  With increasing solution concentration, 

porous fibers were obtained with pore size ranging from 30 to 60 nm.  The pores 

appear to be mostly on the surface and through the cross section (Figure 2.13).  The 

long dimension of these pores was aligned along the fiber axis, which may be caused 

by the jet stretching during electrospinning.  
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Figure 2.11. Scanning electron micrographs of PAN cups and fibers electrospun from 
PAN/(nitromethane/ water)(94/6) solutions at following polymer concentrations of (a) 
0.19 wt% PAN, (b) 0.38 wt% PAN, (c) 0.75 wt% PAN, (d) 1.5 wt% PAN, (e) 3 wt% 
PAN, and (f) 6 wt% PAN (PAN copolymer, MW 100,000 g/mol, flow rate is 1 ml/hr, 
the distance between the needle tip and the target is 10 cm, and voltage is 22 kV). 
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Figure 2.12. Scanning electron micrographs of (a) PMMA cup (From ref. 25.) and (b) 
PAN cup (PAN copolymer with MW 100,000 g/mol, 0.38 wt% 
PAN/(nitromethane/water) solution, flow rate is 1 ml/hr, the distance between the 
needle tip and the target is 10 cm, and voltage is 22 kV). 

 

 

 

 

 

 

  

 

 

 

Figure 2.13. Scanning electron micrographs of (a) surface and (b) cross section of 
porous PAN fibers (PAN copolymer with MW 100,000 g/mol, 6 wt% PAN in 
(nitromethane/water) solution, flow rate is 1 ml/hr, the distance between the needle tip 
and the target is 10 cm, and voltage is 22 kV). 
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With same concentration solutions (6 wt%), the porous fibers electrospun 

from PAN/(nitromethane/water) have a diameter of about 600 nm, while the solid 

fibers electrospun from PAN/DMF solution have a diameter of about 60 nm.  It has 

been widely reported that the solution viscosity10 or dielectric constant of solvent26 

play an important role on fiber diameter, however, these factors are not responsible 

for the diameter difference in this study.  The viscosity of PAN/(nitromethane/water) 

solution could not be measured due to the fast evaporation rate of nitromethane.  

However, considering the poor solubility of PAN in nitromethane/water, it is expected 

that PAN/(nitromethane/water) should have lower viscosity than PAN/DMF solution, 

which is expected to result in smaller diameter when electrospun from 

PAN/(nitromethane/water) solution.  Secondly, both nitromethane and water have 

higher dielectric constants than DMF (the dielectric constants of DMF,25 

nitromethane,25 and water, 27  are 38, 39, and 78, respectively).  High dielectric 

constant increases the charge density carried by the jet.  Therefore smaller diameter 

fibers are expected when nitromethane/water was used for electrospinning. 

Apart from the effects of viscosity and dielectric constant on the fiber diameter, 

solvent evaporation rate was also considered for the diameter difference.  When 

electrospinning PAN/(nitromethane/water) solution, nitromethane evaporates fast (the 

evaporation rate of nitromethane is 1.4 (butyl acetate = 1)),25  and the jet solidifies at 

the early stage during its travel from the needle tip to the target.  Once the jet 

solidifies, its elongation is restricted, resulting in relatively larger diameter fibers.  

However, when electrospinning PAN/DMF solution, the slow evaporation of DMF 

(the evaporation rate of DMF is 0.2 (butyl acetate = 1)) 25 allows the stretching of the 

fiber jet through the whole travel process, resulting in small fiber diameter.  Large 

diameter porous fibers were also reported in the literature when using volatile solvent 
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for electrospinning.  The porous poly-L-lactide (PLLA) fibers 28 with diameter of 1 

µm were observed when electrospun from dichloromethane.  The porous poly 

(styrene) (PS) fibers29 with diameter of 10 µm were also reported when electrospun 

from THF solvent. 

 

2.3.4 Electrospinning of small diameter bead free PAN nanofibers  

When electrospinning polymer solution at low concentration, beads or beads-

on-string generally occur.30, 31  Bead formation is due to jet instability driven by the 

surface tension. 32 , 33  When electrospinning high concentration solution, the 

viscoelastic force is sufficient to resist electrostatic repulsive force and prevents jet 

breakup, resulting in bead free fibers.  It was reported that fluid elasticity plays an 

important role in fiber formation.34   The high elasticity can suppress jet instability, 

resulting in bead free fibers.  The bead formation can also be prevented by increasing 

net charge density (charge/volume) 35 carried by the jet, which is achieved by using 

high dielectric constant solvent36 or by the addition of salt.35  

The drawability of the polymer solutions and melts is governed by the 

viscosity (η) to the surface tension (γ) ratio.37   The values of η, γ, and η/γ for 

PAN/DMF (MW 100,000 g/mol) solutions with various concentrations are listed in 

Table 2.6.  It shows that with increasing concentration, viscosity increases while 

surface tension does not change significantly, resulting in high η/γ values.  The high 

η/γ value is associated with bead free fiber formation.  Use of low surface tension 

solvents resulting in comparable viscosity provides better drawability and hence bead 

free smaller diameter fibers are expected at low concentration.  High polymer 

concentration results in high viscosity producing bead free fibers.  Therefore, the 
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elimination of beads with increasing concentration is commonly reported in 

electrospinning.10, 17, 35   

 

Table 2.6. Drawability of PAN copolymer (MW 100,000 g/mol) at various 
concentrations 

Concentration C 

(wt%) 

Zero shear 

viscosity  η0 

(Pa· s) 

Surface tension γ 

(N/m) 

Drawability η0/γ 

(s/m) 

0.5 0.002 0.037 0.05 

3.1 0.012 0.037 0.32 

13.8 0.88 0.039 23 

19.0 6.34 0.039 163 

 
 
 
Increase in bead frequency was reported with increasing electrospinning 

voltage in poly (carbonate),38 in poly(ethylene oxide) (PEO),14 and in hydroxypropyl 

cellulose (HPC).39  On the other hand, a decrease in bead frequency was reported with 

increasing electrospinning voltage in poly(hydroxybutyrate-co-valerate) (PHBV) 40 

and in poly(ε-caprolactone). 41   In the current study, no significant effect of 

electrospinning voltage was observed on bead frequency (Figure 2.14).  
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Figure 2.14. Scanning electron micrographs of PAN fibers electrospun at voltage of (a) 
10 kV, (b) 22 kV, and (c) 27 kV (PAN copolymer, MW 100,000 g/mol, 9.6 wt% 
PAN/DMF solution, flow rate is 1 ml/hr, the distance between the needle tip and the 
target is 10 cm). 
 
 
 

The solvent with high dielectric constant can increase the net charge density 

carried by the fiber jet and thus prevent bead formation.  It was reported that the beads 

in the electrospun poly (ε-caprolactone) (PCL) fibers greatly decreased when DMF 

(dielectric constant is 37) was added into the methylene choloride (dielectric constant 

is 9).42  Poly (styrene) (PS) solution had better spinnability when high dielectric 

constant solvents such as DMF or THF were used.43   In this study, DMSO was used 

to dissolve PAN for electrospinning fibers as it has higher dielectric constant than 

DMF (The dielectric constants for DMSO and DMF are 47 and 37, respectively).44  
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Figure 2.15 gives the SEM images of the fiber mats electrospun from PAN/DMF and 

PAN/DMSO solutions keeping other electrospinning conditions constant.  It shows 

that PAN fibers electrospun from DMSO have fewer beads with larger diameter than 

the fibers electrospun from DMF.  The decrease in bead concentration may be 

attributed to the high dielectric constant of DMSO.  During the electrospinning 

process, the slow evaporation of DMSO causes the wet fibers to fuse together 

effectively resulting in larger diameter fiber.  The fusion of fibers was also observed 

when high boiling point solvent-m-cresol, was used to electrospin polyamide-6.17 

 

 

 

 

 

 

 
 
 
 
Figure 2.15. Scanning electron micrographs of PAN fibers electrospun with solvent of 
(a) DMF and (b) DMSO (PAN copolymer, MW 100,000 g/mol, concentration is 9.6 
wt%, flow rate is 1 ml/hr, the distance between the needle tip and the target is 10 cm, 
and voltage is 22 kV). 

 

The addition of salt in polymer solution can greatly decrease the beads in the 

fibers.45, 46   In this study, ZnCl2 was added into PAN solutions.  1 and 5 wt% ZnCl2 

with respect to PAN can be completely dissolved in PAN/DMF solution, but became 

insoluble at higher ZnCl2 concentrations.  Therefore PAN/DMF solutions with 1 and 

5 wt% ZnCl2 were used for electrospinning while keeping other electrospinning 

conditions constant.  Figure 2.16 gives the SEM images of PAN fiber mats 
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electrospun from salt containing PAN/DMF solutions.  With the addition of ZnCl2, 

the beads decreased significantly without any influence on fiber diameter.  The 

addition of salt increases the net charge density carried by the jet,3535 thus enhancing 

the electrical repulsive force and electrostatic attractive force. This results in fiber 

stretching, preventing the bead formation.   

When electrospinning PAN/ZnCl2 solution at low concentration, ordered 

clustered structures were observed as shown in Figure 2.17.  At high concentration, 

ordered structures disappeared and the fibers were found to have random orientation 

(Figure 2.16 (e), (f), (g), (h)).  The possible mechanism of ordered structure formation 

is sketched in Figure 2.18.47  With addition of salt, the charge density carried by the 

jet increases, resulting in stronger electrostatic repulsive force between the adjacent 

fibers.  This repulsive force can move the small diameter fibers, resulting in 

arrangement of these fibers into ordered structure. However, this repulsive force is not 

strong enough to move the large diameter fibers, resulting in random structure.  
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Figure 2.16. Scanning electron micrographs of fiber mats electrospun from salt 
containing PAN/DMF solutions with concentration of (a) 5.1 wt PAN, (b) 5.1 wt% 
PAN/ZnCl2 (99/1), (c) 5.1 wt% PAN/ZnCl2 (99/5), (d) 9.6 wt%  PAN, (e) 9.6 wt% 
PAN ZnCl2 (99/1), (f) 9.6 wt% PAN ZnCl2 (99/5), (g) 16.1 wt% PAN, (h) 16.1 wt% 
PAN ZnCl2 (99/1), and (i) 16.1 wt% PAN ZnCl2 (99/5) (PAN copolymer, MW 
100,000 g/mol, flow rate is 1 ml/hr, the distance between the needle tip and the target 
is 10 cm, and voltage is 22 kV). 
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Figure 2.17. Scanning electron micrographs of ordered structure of (a) 5.1 wt% 
PAN/ZnCl2 (99/1) and (b) 5.1 wt% PAN/ZnCl2 (95/5)(PAN copolymer, MW 100,000 
g/mol, DMF is solvent, flow rate is 1 ml/hr, the distance between the needle tip and 
the target is 10 cm, and voltage is 22 kV). 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 2.18. Schematic sketch of the formation of ordered structure. (From ref. 47.)  
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The inhomogenity and impurity in the polymer solution cause the flow 

instability during electrospinning, resulting in beaded fibers.  Even though this issue 

has not been directly addressed in the literature, it has been reported that more beads 

and irregular structures were observed in electrospun poly(vinyl alcohol) PVA/silica 

fibers than in pure PVA fibers,48 indicating that the inhomogenity in the solution may 

cause bead formation.  The impurities in the solution would act as defect sites in the 

jet during electrospinning.  The jet can easily break up at these defect sites while 

stretching, resulting in beaded fibers.  In order to remove impurities and make 

homogeneous solution, PAN/ZnCl2/DMF solutions were homogenized and filtered 

before electrospinning.  Meanwhile, use of large diameter needle can make solution 

flow smoothly, which also prevents bead formation.  Figure 2.19 shows SEM images 

of PAN fiber mats processed through addition of salt, homogenization, filtration, and 

use of large diameter needle.   
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Figure 2.19. Scanning electron micrographs of PAN fibers (a) PAN(18 gauge needle), 
(b) PAN/ZnCl2 (99/1) (18 gauge needle), (c) Homogenized PAN/ZnCl2 (99/1) (18 
gauge needle) (d) Filtered & homogenized PAN/ZnCl2 (99/1) (18 gauge needle); (e) 
Filtered, homogenized, and processed by 14 gauge needle; (f) High magnification of 
(e) (PAN copolymer, MW 100,000 g/mol, 5.1 wt% PAN/DMF solution, flow rate is 1 
ml/hr, the distance between the needle tip and the target is 10 cm, and voltage is 22 
kV). 
 

 

10 µm 

e 

10 µm 300 nm 

 f 

300 nm 

10 µm 

c 

10 µm 

d 

10 µm 10 µm 

10 µm 

 b 

10 µm 10 µm 

a 



 64

600 1600 2600 3600

Wave number (cm-1)

 T
ra

ns
m

itt
an

ce
 

PAN powder

PAN fiber mat

2930
CH2

2240
C≡N

1730
C=O

1100~1300
C-O-C

1450 CH2 

asymmetric

1054
C-CN

1350
CH2 symmetric

2.3.5 FTIR of electrospun PAN and PAN/ZnCl2 fiber mats 

2.3.5.1 FTIR of PAN powder and electrospun PAN fiber mat 

Figure 2.20 shows FTIR spectra of PAN copolymer powder and electrospun 

fiber mat.  The characteristic peaks of PAN are labeled in the spectra.   Compared to 

PAN powder, no peak shift is observed in the electrospun fiber mat, indicating that 

electrospinning does not change PAN polymer chain conformation.  

 

 

Figure 2.20. FTIR spectra of PAN powder and PAN fiber mat (PAN copolymer with 
MW 100,000 g/mol, 16.1 wt% PAN in DMF, flow rate is 1 ml/hr, the distance 
between the needle tip and the target is 10 cm, and voltage is 22 kV) 
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2.3.5.2 PAN-ZnCl2 interaction and characterization 

When electrospinning bead free small diameter PAN fibers, ZnCl2 was added 

into the PAN solution to increase the charge density of the solution.  The added salt 

interacts with the polymer and forms a zinc ion-nitrile complex.49  Work by Hoskins 

et al49 showed FTIR evidence of complex formation between the zinc ions and the 

nitrile groups of the polymer in aqueous solution by splitting of nitrile peak.  However, 

the concentration of ZnCl2 used to prepare solution was quite high (40-60 wt %).  In a 

later study, Edwards and co workers50  used Raman spectroscopy to quantify the 

amount of nitrile groups engaged in the complex formation with zinc ions in aqueous 

solutions. At 60 wt % ZnCl2 (in aqueous solution), only 25% of total nitrile were 

found to be complexed with zinc ions, while the remaining stayed as free nitrile. The 

mole ratio of salt to polymer in this solution was 0.084 mols ZnCl2 to 0.019 mols 

acrylonitrile units, hence moles of salt are in significant excess compared to polymer.  

In this study, the FTIR spectra of electrospun PAN/ZnCl2 fiber mats do not 

show any change in the nitrile peak (~2240 cm-1) (Figure 2.21).  Two possible reasons 

are (1) ZnCl2 concentration is not high enough for complex formation (the mole ratio 

of salt to polymer was 0.0058 mols ZnCl2 to 0.302 mols acrylonitrile units) and (2) a 

complex between nitrile and ZnCl2 may have formed, however, the degree of 

complexation is so small that it can not be detected by FTIR.  Cho et al51 studied the 

properties of PAN fiber processed from DMF/ZnCl2.  Any shift in the nitrile peak 

which could indicate complex formation was not observed, however, ZnCl2 

concentration used in this study was very low (0.00068 wt %). 
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Figure 2.21. FTIR spectra of electrospun PAN and PAN/ZnCl2 fiber mats (PAN 
copolymer with MW 100,000 g/mol, 16.1 wt% PAN in DMF, flow rate is 1 ml/hr, the 
distance between the needle tip and the target is 10 cm, and voltage is 22 kV) 
. 

 

Instead of shift of nitrile peak, an additional peak (~ 1644 cm-1) was observed 

in FTIR spectra with addition of ZnCl2 (Figure 2.22).  With increasing ZnCl2 

concentration, the peak intensity increases.  In this work, the solutions for 

electrospinning were prepared using DMF as solvent.  Phadke et al52 studied the 

interaction between PAN, salt and solvent using DMF as solvent and a variety of salts 

including LiCl, ZnCl2 and AlCl3.  All three salts formed complex with both DMF and 

PAN, however, results indicate that the strength of interaction of zinc ion is higher for 

carbonyl of DMF than nitrile of PAN.  Hence in our case, strong interaction between 

zinc ions and carbonyl of DMF impeding complex formation between zinc ion and 

nitrile of PAN is also expected.  The additional peak observed at 1644 cm-1 may come 

from the complexation between zinc ions and carbonyl of DMF.  In fact, this peak 
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disappears after vacuum drying electrospun PAN/ZnCl2 fiber mat at 90°C for 24 hrs, 

further confirming the interaction between zinc ions and residual DMF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22. FTIR spectra of PAN/ZnCl2 fiber mats( 1600~2600 cm-1) (PAN 
copolymer with MW 100,000 g/mol, 16.1 wt% PAN in DMF, flow rate is 1 ml/hr, the 
distance between the needle tip and the target is 10 cm, and voltage is 22 kV). 
 

 

2.3.6 WAXD study of electrospun PAN fiber mats 

Wide angle X-ray diffraction (WAXD) was conducted on various PAN fiber 

mats electrospun under different conditions to study the crystal size and crystallinity.  

In this section, the crystal size and crystallinity of electrospun PAN fiber mat is 

compared to those of solution cast PAN films.  The effect of the addition of ZnCl2 in 

the electrospinning solution on crystal size and crystallinity of PAN fiber mat and 

film is also studied.  WAXD data of PAN fiber mats processed under varying 

electrospinning parameters are given in Appendix A. 
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2.3.6.1 WAXD study of electrospun PAN fiber mat and films 

WAXD was conducted on electrospun PAN fiber with 200 nm diameter, 

solution cast film (Film-A, PAN polymer film), and solution cast Film-B (redissolved 

electrospun PAN fiber mat).  The integrated intensity is plotted as a function of 2θ in 

Figure 2.23 and the results are given in Table 2.7.  It shows that the diffraction peak 

of electrospun fiber mat at 16.9° is much broader than that of the films.  Compared to 

the solution cast films, the crystal size of electrospun PAN fiber mat is much smaller.  

The small crystal size for the electrospun PAN fiber mats indicate that the crystal 

structures are poorly developed during electrospinning.  The rapid solvent evaporation 

hinders the growth of crystals during electrospinning.  For solution cast films, 

relatively slow solvent evaporation allows sufficient time for crystal growth, resulting 

in larger crystal size.  Other studies on electrospun PAN fibers 53  have also shown a 

broad peak at 2θ of 17.2° and the absence of diffraction peak at 2θ of 29.8°.  A broad 

diffraction peak and a lack of higher order diffraction peaks have also been observed 

in electrospun poly(ethylene oxide) fibers when compared to the powder.14 

 
 
Table 2.7.  WAXD results of electropun PAN fiber mat and films. 

Sample 
2 θ 

(°) 

d spacing 

(Å) 

Crystal size 

(Å) 

Crystallnity

(%) 

PAN fiber mat* 16.9 5.2 29 57 

Film-A 16.9 5.2 58 62 

Film-B 16.9 5.2 64 54 

* PAN copolymer, MW 100,000 g/mol, concentration is 16.1 wt%, solvent is DMF, 
flow rate is 1ml/hr, the distance between the needle tip and the target is 10 cm, and 
voltage is 22 kV. 
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Figure 2.23. Plots of integrated intensity as a function of 2θ for (a) electrospun fiber 
mat (PAN copolymer, MW 100,000 g/mol, concentration is 16.1 wt%, solvent is 
DMF, flow rate is 1ml/hr, the distance between the needle tip and the target is 10 cm, 
and voltage is 22 kV), (b) Film-A, and (c) Film-B.  
 
 
 
 
2.3.6.2 WAXD study of PAN/ZnCl2 fiber mats and films 

          The PAN nanofibers with diameter of 200 nm were electrospun from 

PAN/DMF solutions containing 1 and 5 wt% ZnCl2.  WAXD was conducted on ZnCl2 

powder, ZnCl2/DMF solution, electrospun PAN and PAN/ZnCl2 (99/1 and 95/5) fiber 

mats, as well as PAN and PAN/ZnCl2 (95/5) cast films (Film-A and Film-C).  The 

integrated intensity is plotted as a function of 2θ in Figure 2.24 and the results are 

summarized in Table 2.8.  For ZnCl2 powder, peaks characteristics of zinc chloride 

crystals are present.  After dissolving in DMF, ZnCl2 crystal peaks have disappeared, 

and only an amorphous halo was observed.  When ZnCl2 is dissolved in DMF, it 

dissociates into Zn2+ and Cl- ions, and no longer exists as crystals, which are otherwise 
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present in the solid state.  For both PAN/ZnCl2 fiber mats and film, no ZnCl2 peaks 

are present.  For electrospun PAN fiber mats, with addition of ZnCl2, crystallinity 

decreases from 57 % to 36 %.   It is possible that either Zn2+ or Cl- ions associate with 

PAN polymer chains in solution state, which may hinder the crystallization of PAN 

upon solvent evaporation.  However, since the concentration of ZnCl2 is very low, the 

complex structure between PAN and Zn2+ could not be detected from FTIR spectra. 

 

Table 2.8.  WAXD results of PAN and PAN/ZnCl2 fiber mats and films. 

Sample 
2 θ 

(°) 

d spacing 

(Å) 

Crystal size 

(Å) 

Crystallinity

(%) 

PAN fiber mat* 16.9 5.2 29 57 

PAN/ZnCl2 (99/1) 

fiber mat* 
16.7 5.3 26 38 

PAN/ZnCl2 (95/5) 

fiber mat* 
16.7 5.3 28 36 

Film-A 16.9 5.2 58 62 

Film-C 16.9 5.2 56 50 

* Electrospinning conditions: PAN copolymer, MW 100,000 g/mol, solvent is DMF, 
solid content is 16.1 wt%, flow rate is 1 ml/hr, the distance between the needle tip and 
the target is 10 cm, and voltage is 22 kV. 
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Figure 2.24. Plots of integrated intensity as a function of 2θ for (a) ZnCl2 powder, (b) 
1 wt% ZnCl2/DMF solution in a glass capillary, (c) PAN fiber mat, (d) PAN/ZnCl2 
(99/1) fiber mat, (e) PAN/ZnCl2 (95/5) fiber mat, (f) PAN film, and (g) PAN/ZnCl2 
(95/5) film (PAN copolymer, MW 100,000 g/mol, concentration is 16.1 wt%, solvent 
is DMF, flow rate is 1ml/hr, the distance between the needle tip and the target is 10 
cm, and voltage is 22 kV). 
 
 
2.3.7 Electrospinning of PAN/CNT nanofibers 

2.3.7.1 Morphology of PAN/CNT nanofibers 

PAN/SWNT and PAN/MWNT dispersions were electrospun into the fiber 

mats.  Figure 2.25 shows the SEM images of electropun PAN/CNT fiber mats.  At 

low CNT concentration, the fiber surface is smooth.  At high CNT concentration, 

fiber surface appears rather corrugated.  
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Figure 2.25. Scanning electron micrographs of (a) PAN/SWNT (99.9/0.1) fiber mat, 
(b) PAN/SWNT (95/5) fiber mat, and (c) PAN/MWNT (70/30) fiber mat (PAN 
copolymer with MW of 100,000 g/mol, the solid contents for PAN/SWNT and 
PAN/MWNT dispersions are 12 wt% and 10 wt%, respectively.  Flow rate is 1 ml/hr, 
the distance between the needle tip and the target is 10 cm, and voltage is 22 kV). 

 
 
 
SWNT or MWNT can be incorporated into PAN matrix where a nanotube 

core and polymer shell structure forms.  The electrospun PAN/SWNT (99.9/0.1) fiber 

mat was observed by high resolution transmission electron microscopy (TEM).  The 

TEM image shows that SWNT bundle with diameter of 20~30 nm wrapped by PAN 

is aligned along the fiber axis (Figure 2.26).  
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Figure 2.26. Transmission electron micrograph of electrospun PAN/SWNT (99.9/0.1) 
nanofiber (The solid content of dispersion is 12 wt%, flow rate is 1 ml/hr, the distance 
between the needle tip and the target is 10 cm, and voltage is 22 kV) (Micrograph 
courtesy of Dr. Tetsuya Uchida) 
 
 

2.3.7.2 Raman spectra of electrospun PAN/SWNT nanofibers 

Raman spectroscopy was conducted on electrospun PAN/SWNT fiber mats to 

study the interaction between SWNT and PAN.  Raman spectroscopy is a 

nondestructive technique that can be used to characterize SWNT and its interaction 

with other molecules.  Four characteristic peaks show up in Raman spectrum when 

SWNT is present (Figure 2.27): low frequency Radial Breathing Modes (100~300 cm-

1, RBM band), the tangential G band (~1600 cm-1 and derived from the graphite like 

in plane mode), the disorder induced D band (~1300 cm-1), and the G' band (~2600 

cm-1, also considered as overtone of D band).54  Under the effect of pressure55 and 

temperature,56  the G and G' band position shift, and this can be used to monitor the 

deformation of carbon nanotubes.  Under a tensile strain, both G and G' bands shift to 

a lower wave number; upon compression or pressure, they shift to a higher wave 

number.57 
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Figure 2.27. Raman spectra of electrospun PAN/SWNT(99.9/0.1) and PAN fiber mat 
(PAN copolymer, the solid content of dispersion is 12 wt%, MW 100,000 g/mol, flow 
rate is 1 ml/hr, the distance between the needle tip and the target is 10 cm, and voltage 
is 22 kV). 

 
 
 
When SWNTs are embedded in a polymer matrix, they are compressed.  The 

compressive force can be indicated by the up shift of G and G' band positions.  In this 

work, Raman spectroscopy was conducted on SWNT powder (HiPCO), PAN/SWNT 

(99.9/0.1) composite film, and electrospun fiber mats.  Their spectra are given in 

Figure 2.28.  Four characteristic peaks of SWNT were observed in all the samples.  

Compared to SWNT powder, the G and G' band of electrospun PAN/SWNT fiber mat 

and film shift to higher wave numbers, suggesting compressive strain on SWNT 

bundles during electrospinning or film casting (Figure 2.29 and Figure 2.30, Table 

2.9).  Electrospun composite fiber mat shows a higher G or G' band up shift as 

compared to the composite film.  During electrospinning, the rapid solvent 
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evaporation causes the fast solidification and shrinkage of polymer, which can apply a 

strong compressive force onto the SWNT bundle, resulting in up shift of the G or G' 

bands.  The up shift of G and G' bands was also reported in electrospun poly (methyl 

methacrylate)/SWNT nanofibers. 58  Raman spectroscopy was also conducted on 

PAN/SWNT fiber mats electropun at different votlages.  Figure 2.31 gives their 

spectra and the results are summarized in Table 2.9.  Compared to SWNT powder and 

PAN/SWNT film, the G band and G' band in all fiber mats show up shift regardless of 

voltage (Figure 2.32 and Figure 2.33).  However, the up shift wave number of the G 

and G' bands does not show a trend with increasing of voltage. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.28. Raman spectra of (a) SWNT powder, (b) PAN/SWNT (99.9/0.1) film, 
and (c) electrospun PAN/SWNT fiber mat (99.9/0.1) (PAN copolymer, MW 100,000 
g/mol, the solid content of dispersion is 12 wt%, flow rate is 1 ml/hr, the distance 
between the needle tip and the target is 10 cm, and voltage is 19 kV). 
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Figure 2.29. G band position of SWNT powder, PAN/SWNT (99.9/0.1) composite 
film and nanofibers (PAN copolymer, MW 100,000 g/mol, the solid content of 
dispersion is 12 wt%, flow rate is 1 ml/hr, the distance between the needle tip and the 
target is 10 cm, and voltage is 19 kV). 
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Figure 2.30. G' band position of (a) SWNT powder, (b) PAN/SWNT (99.9/0.1) film, 
and (c) electrospun PAN/SWNT (99.9/0.1) fiber mat (PAN copolymer, MW 100,000 
g/mol, the solid content of dispersion is 12 wt%, flow rate is 1 ml/hr, the distance 
between the needle tip and the target is 10 cm, and voltage is 19 kV). 

. 
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Figure 2.31. Raman spectra of electrospun PAN/SWNT (99.9/0.1) fiber mats at 
different voltage of (a) 13 kV, (b) 16 kV, (c) 19 kV, (d) 22 kV, (e) 25 kV, and (f) 27 
kV (PAN copolymer, MW 100,000 g/mol, the solid content of dispersion is 12 wt%, 
flow rate is 1 ml/hr, the distance between the needle tip and the target is 10 cm).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 79

0

0.2

0.4

0.6

0.8

1

1610 1630 1650

Wavenumber (cm-1)

N
or

m
al

iz
ed

 in
te

ns
ity

13 KV
16 KV
19 KV
22 KV
25 KV
27 KV

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.32. G band position of PAN/SWNT (99.9/0.1) fiber mats electropun at 
different voltages (PAN copolymer, MW 100,000 g/mol, the solid content of 
dispersion is about 12 wt%, flow rate is 1 ml/hr, the distance between the needle tip 
and the target is 10 cm). 
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Figure 2.33. G' band position of PAN/SWNT (99.9/0.1) fiber mats electropun at 
different voltages (PAN copolymer, MW 100,000 g/mol, the solid content of 
dispersion is 12 wt%, flow rate is 1 ml/hr, the distance between the needle tip and the 
target is 10 cm). 
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Table 2.9. G and G' band position of SWNT powder, PAN/SWNT (99.9/0.1) 
composite film and fiber mats electrospun at different voltages. 

Sample 
G band position 

(cm-1) 

G' band position 

(cm-1) 

SWNT powder 1590 2577 

PAN/SWNT film 1592 2579 

13 kV 1597 2586 

16 kV 1596 2592 

19 kV 1595 2589 

22 kV 1592 2588 

25 kV 1597 2593 

Electrospun 

PAN/SWNT 

fiber mat* 

27 kV 1595 2587 

* PAN copolymer, MW 100,000 g/mol, solid content of dispersion is 12 wt%, flow 
rate is 1 ml/hr, the distance between the needle tip and the target is 10 cm. 
 
 
 
2.3.8 High speed photography of the electrospinning process  

 High speed photography was used to record the electrospinning process of 

PAN solutions and PAN/carbon nanotube dispersions.  Figure 2.34 to 2.36 show 

various photography regions (A, B, and C as described in Figure 2.1) for the 

electrospinning process of PAN solutions at different concentrations.  The three stages 

in the electrospinning process, namely Taylor cone formation, jet initiation, and jet 

whipping were observed.  When the jet initiates from the Taylor cone, it first goes for 

a straight distance and then undergoes whipping and bending.  Similar observations 

have also been reported in the literature.59, 60    

When electrospinning low concentration PAN/DMF solution (1 wt%), the jet 

is straight for a short distance then bends with occurrence of jet breaking up (Figure 

2.34 (a)).  Insufficient polymer chain entanglements in the low concentration solution 
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may be responsible for jet break up.  Electrospinning at 9 and 16 wt% polymer 

concentration, resulted in a single continuous jet without break up (Figure 2.35 (b) 

and Figure 2.36 (b)).  At high solution concentration, the jet whipped very frequently 

at the final stage, therefore, only the first two positions (A and B) could be imaged for 

PAN solutions with concentration of 9 and 16 wt%.   

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.34. High speed photographs of electrospinning process of 1 wt% PAN/DMF 
solution of (a) region A, (b) region B, and (c) region C (PAN copolymer, MW 
100,000 g/mol, flow rate is 1 ml/hr, the distance between the needle tip and the target 
is 10 cm, and voltage is 22 kV). 
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Figure 2.35. High speed photographs of electrospinning process of 9 wt% PAN/DMF 
solution of (a) region A and (b) region B (PAN copolymer, MW 100,000 g/mol, flow 
rate is 1 ml/hr, the distance between the needle tip and the target is 10 cm, and voltage 
is 22 kV). 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 2.36. High speed photographs of electrospinning process of 16 wt% 
PAN/DMF solution of (a) region A and (b) region B (PAN copolymer, MW 100,000 
g/mol, flow rate is 1 ml/hr, the distance between the needle tip and the target is 10 cm, 
and voltage is 22 kV). 
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The semi-angles of the Taylor cones were measured as shown in Figure 2.37  

and the results are listed in Table 2.10.  The shapes of the Taylor cones observed in 

Figure 2.37 (a), (b), (c), (d), (e), (g), and (h) are similar to those reported in the 

literature,61, 62  while a different shape of Taylor cone was shown in Figure 2.37 (f), 

which was also observed in other work. 63  The semi-angle of Taylor cone of 

PAN/SWNT is the highest, with a value of about 73°.  For PAN solutions, the semi-

angle of Taylor cone slightly increased with solution concentration.  Semi-angle was 

reported to be 49° for water64 and 33.5° for poly(ethylene oxide).62  No explanation 

for the observation of different Taylor cone semi-angles has been provided in the 

literature.  The variation of electric field and solution viscoelasticity may be the 

possible reasons for variation in Taylor cone angle.  

 

Table 2.10. Semi-angle of Taylor cone of electrospinning of PAN solutions and 
PAN/CNT dispersions. 

Solution or dispersion 
Taylor cone semi angle 

(°) 

Theoretical 49 

( a) 13 kV 29 ± 4 

 (b) 22 kV 30 ± 3 

(c) 25 kV 31 ± 3 1 wt % PAN 

(d) 27 kV 39 ± 3 

(e ) 9 wt% PAN(22 kV) 37 ± 2 

(f) 16 wt% PAN(22 kV) 58 ± 3 

(g) 12 wt% PAN/SWNT (95/5)(22 kV) 73 ± 3 

 (h) 10 wt% PAN/MWNT (70/30)(22 kV) 37 ± 2 

(Flow rate is 1 ml/hr, the distance between the needle tip and the target is 10 cm). 
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Figure 2.37. Semi-angle of Taylor cone of (a) 1 wt% PAN solution (13 kV), (b) 1 
wt% PAN solution (22 kV), (c) 1 wt% PAN solution (25 kV), (d) 1 wt% PAN 
solution (27 kV), (e) 9 wt% PAN solution (22 kV), (f) 16 wt% PAN solution (22 kV), 
(g) 12 wt% PAN/SWNT dispersion (22 kV), and (h) 10 wt% PAN/MWNT dispersion 
(22 kV) (For all the electrospinning processes, flow rate is 1 ml/hr, the distance 
between the needle tip and the target is 10 cm) 
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Figure 2.38 shows the high speed photographs of 1 wt% PAN solution 

electrospun at different voltages.  Several secondary jets were observed to emanate 

from the primary jet to form branching.  It is also noted that the branches appear only 

at bent section, while no branches were observed at straight section of the jet.  At 

higher PAN concentrations (9 and 16 wt%), no branching was observed.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.38.  High speed photographs of PAN/DMF solution (1 wt%) electrospun at 
different voltages of (a) 13 kV, (b) 22 kV, (c) 25 kV, and (d) 27 kV (PAN copolymer, 
MW 100,000 g/mol, flow rate is 1 ml/hr, the distance between the needle tip and the 
target is 10 cm). 
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Jet branching was also observed when electrospinning PAN/CNT dispersions.  

Figure 2.39 and 2.40 give high speed photographs of electrospinning process of 

PAN/SWNT (95/5) and PAN/MWNT (70/30) dispersions, respectively.  For both 

electrospinning processes, short and long branches were observed at straight and bent 

sections of the jet, respectively.  Compared to PAN/SWNT, the branching density of 

PAN/MWNT jet is much higher.    

Branching appears in both PAN and PAN/CNT fiber jets, however, at 

different locations.  The high speed photographs show that all the fiber jets have two 

sections: straight and bent sections.  Branching occurs only at bent sections of the jet, 

when electrospinning a low concentration PAN solution (Figure 2.38). On the other 

hand, branching was observed at both straight and bent sections, when electrospinning 

PAN/CNT dispersions (Figure 2.39 and Figure 2.40).    

 

 

 

 

 

 

 

 
Figure 2.39. High speed photographs of electrospinning of PAN/SWNT (95/5) for (a) 
region A, (b) region B, and (c) region C (solid content of PAN/SWNT in DMF 
dispersion is about 12 wt%, flow rate is 1 ml/hr, the distance between the needle tip 
and the target is 10 cm, and voltage is 22 kV). 
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Figure 2.40. High speed photographs of electrospinning of PAN/MWNT (70/30) for 
(a) region A, (b) region B, and (c) region C (concentration of PAN/MWNT in DMF 
dispersion is about 10 wt%, flow rate is 1 ml/hr, the distance between the needle tip 
and the target is 10 cm, and voltage is 22 kV). 
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Jet branching was reported in poly(2-hydroxyethyl methacrylate) (HEMA) 

when electrospun from ethanol and formic acid mixture65 and in poly(caprolacton) 

when electrospun from acetone. 66   In this work, the “charge redistribution” was 

proposed to explain the origination of jet branching. It was stated that during 

electrospinning, jet shape and the charge density can possibly be changed by the jet 

elongation and rapid solvent evaporation.  The balance between the surface tension 

and electrical forces may be shifted, resulting in unstable charge distribution.  To 

stabilize the jet, secondary jets are ejected from the surface of the primary jet, 

resulting in branching.   

 

2.4 Conclusions 

 Key conclusions of this study are summarized below: 

• PAN fiber diameter is significantly affected by solution flow rate or 

distance between the needle tip and the target, while it was relatively 

insensitive to change in voltage at a given distance or flow rate.  

• The solution concentration plays an important role in controlling fiber 

diameter and morphology.  Electrospinning of PAN solution in the semidilute 

unentangled regime resulted in microscopic and nanoscopic particles, while 

the continuous fibers were obtained when solution was in the semidilute 

entangled regime. The PAN fiber diameter (d) exhibited two distinct power 

law dependences on the concentration (C) in the semidilute entangled regime 

(d~C1.2 and C7.5 for PAN of 100, 000 g/mol molecular weight; d~C0.88 and C3.5 

for PAN of 250,000 g/mol molecular weight, and d~C0.99 and C2.5 for PAN of 

700,000 g/mol molecular weight).       
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• Addition of ZnCl2 in the PAN/DMF solution results in significant 

decrease in the beads on the fiber.  Using this approach, nearly bead free fibers 

of 60 nm diameter were obtained.   

• The PAN crystallite size in all the electrospun fiber mats was about 3 nm, 

while in solution cast films was in the range of 5 to 6 nm.  Electrospinning 

process hinders polymer crystallization.    

• Compared to SWNT powder and PAN/SWNT film, an up-shift of G and 

G' bands was observed in Raman spectra of electrospun PAN/SWNT fiber 

mats, suggesting stronger compressive force on SWNT bundles during 

electrospinning than observed in cast films.   

• High speed photography was used to study the electrospinning process.    

Branching was observed when electrospinning low concentration PAN 

solution or PAN/CNT dispersions.   
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CHAPTER 3   

ELECTROCHEMICAL CAPACITOR BEHAVIOR OF CARBON 

NANOFIBERS 

 

3.1 Introduction 

In this chapter stabilization and carbonization studies of various fiber mats as 

well as their characterization as electrochemical capacitor electrode are reported.  The 

effects of fiber diameter, CO2 activation, the presence of sacrificial component, 

poly(styrene-co-acrylonitrile)(SAN), and addition of carbon nanotubes on capacitor 

performance are investigated.  The capacitance performance is correlated with surface 

area and pore size distribution.  The role of sacrificial component SAN is to increase 

mesoporosity.  PAN and SAN are immiscible polymers with different thermal 

stability.  During carbonization, PAN is converted into carbon, while SAN burns out, 

leaving the pores in the fibers.  Therefore, the addition of SAN is expected to result in 

increased porosity.  This should result in high capacitance at high current density. 

Power density of an electrochemical capacitor depends on the internal resistance of 

the electrode and the electrolyte as well as the contact resistance between the 

electrode and the current collector. 1  Carbon nanotubes have high electrical 

conductivity and can significantly improve electrical conductivity when they are 

incorporated into the polymer matrix.  Single wall carbon nanotubes (SWNTs) and 

multi wall carbon nanotubes (MWNTs) have been added in PAN and PAN/SAN, to 

improve the electrical conductivity and hence power density.   
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3.2 Experimental 

3.2.1 Characterization of carbon nanotubes 

SWNT (containing 6 wt% impurity, received from Carbon Nanotechnologies 

Inc., Houston, TX), DWNT (double wall carbon nanotubes from Nanocyl Co., 

Belgium), and MWNT (from Iljin Nanotech Co., Ltd, Seoul, Korea) were used in this 

study.   

 

3.2.2 Processing of various fiber mats and films 

Solution of PAN (containing less than 5 % itaconic acid and methacrylate 

copolymer, from Enichem Solution Corp) and SAN (25 wt% acrylonitrile and 75 wt% 

styrene random copolymer, MW 165,000 g/mole, from ACROS Organics, New 

Jersey) in dimethylformamide (DMF, Fisher Scientific, Pittsburgh, PA) was prepared 

in the desired PAN/SAN ratio (90/10, 80/20, 70/30, and 50/50) in 30 ml DMF.  All 

PAN/SAN fiber mats were electrospun at a polymer concentration of 18 wt%, at 22 

kV, using an 18 gauge needle, at a needle tip to target distance of 10 cm, and the flow 

rate was 1 ml/h.  

To make PAN/SAN/SWNT(80/20/1 wt%)  dispersion, about 24 mg SWNT 

was first dispersed in 300 ml DMF and sonicated in a bath sonicator (Cole–Parmer 

8891R-DTH, 80 W, 43 kHz, Vernon Hills, IL) for 24 hrs.  To this SWNT/DMF 

dispersion, 1.9 g PAN and 0.48 g SAN powder (the ratio of PAN to SAN was 80/20) 

were added and dissolved by high speed stirring until the homogenous dispersion was 

obtained.  Then the excess DMF was removed by heating and stirring, and about 20 

ml dispersion with solid content of 12 wt% was obtained.  Following the same 

procedure, 20 ml PAN/SAN/SWNT (80/20/3 wt%) dispersion with solid content of 12 

wt% was prepared by adding 72 mg SWNT, 1.86 g PAN, and 0.47 g SAN into DMF. 
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To make PAN/MWNT (95/5) dispersion, about 100 mg MWNT was first 

dispersed in 300 ml DMF by sonicating in a bath sonicator for 24 hrs followed by 

horn sonication (Model 2020, Misonix Inc., Farmingdale, NY) for 30 min.  To this 

MWNT/DMF dispersion, 1.9 g PAN powder was added and dissolved by high speed 

stirring until the homogenous dispersion was obtained.  Then the excess DMF was 

removed by heating and stirring, and 20 ml PAN/MWNT dispersion with solid 

content of 10 wt% was obtained.  Following the same procedure, 20 ml PAN/MWNT 

dispersions in the 90/10, 80/20, and 70/30 weight ratio with 10 wt% solid content 

were prepared. 

The PAN and PAN/SAN solutions as well as PAN/carbon nanotube 

dispersions were electrospun as described in Chapter 2.  For all the fiber mats used for 

processing electrochemical capacitors, the electrospinning conditions were kept 

constant: the solution flow rate was 1 ml/hr, the distance between the needle tip and 

the target was 10 cm, and the voltage was 22 kV. 

In order to prepare PAN/SAN (70/30) film, the 10 ml PAN/SAN (70/30) 

solution with concentration of 5 wt% was poured into a petri dish and evaporated in 

air at room temperature for one week. 

 

3.2.3 SWNT and DWNT bucky papers 

SWNT bucky paper (HiPCOTM) was supplied by Carbon Nanotechnologies, 

Inc. (CNI, Houston, TX) with the thickness of 70 µm.  To prepare DWNT bucky 

paper, 50 mg DWNT was dispersed into 150 ml DMF, and then sonicated in a bath 

sonicator (Cole–Parmer 8891R-DTH, 80 W, 43 kHz, Vernon Hills, IL) for 24 hrs 

followed by filtration through poly(tetrafluoroethylene) (PTFE) filter paper (1.0 µm 

pore size, Pall Gelman Laboratory, East Hills, NY) under water pump pressure.  The 
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resulting bucky paper was peeled off from the filter paper and vacuum dried at 70 °C 

for four days.  The thickness of this DWNT bucky paper was about 60 µm.   

 

3.2.4 Activated carbon pellet 

800 mg activated carbon powder M20 (Spectracorp, Lawrence, MA) and 200 

mg poly(vinylidene fluoride) (PVDF) purchased from Aldrich (Milwaukee, WI) were 

dispersed into 10 ml DMF by stirring.  This paste was pressed into 1 mm thick disc 

using laboratory press (Model 3912, Fred S. Carver Inc., Menomonee Falls, WI).  The 

resulting pellets were vacuum dried at 70 °C for four days.  The thickness of the dried 

activated carbon pellet was about 0.68 mm. 

 

3.2.5 Heat treatment of electrospun fiber mats 

Various fiber mats were stabilized in a box furnace (51668-HR Box Furnace 

1200C, Blue M Electric, Asheville, NC) at a heating rate of 1 °C/min up to 250 °C 

and held at that temperature for 2 hrs in air.  The stabilized fiber mats were 

subsequently carbonized at a heating rate of 5 °C/min up to 900 °C and held at that 

temperature for 30 min under argon flow.  The carbonized PAN fiber mats were thus 

obtained.  To activate the fiber mats, the carbonized PAN fiber mats were further held 

at 900 °C for 30 min under CO2 flow. 

    

3.2.6 Characterization of fiber mats 

Fiber mats were gold-coated and observed by scanning electron microscopy 

(SEM) (LEO 1530, Osaka, Japan) at 15 kV.  Energy Dispersive X-Ray Spectroscopy 

(EDX) of the carbonized PAN fiber mats and activated PAN fiber mats was 

conducted on LEO 1530 at 10 kV.  Thermogravimetric analysis (TGA) of PAN and 
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SAN powder was conducted on a TGA model (TA instruments, New Castle, DE) at a 

heating rate of 5 °C/min from 25 to 800 °C in N2.  The contact angles between various 

carbon materials and 6M KOH solutions were measured on VCA Optima contact 

angle analysis system (AST Products, Inc., Billerica, MA).  In plane dc electrical 

conductivity was measured by four-probe method. 

 

3.2.7 Capacitance and impedance measurement 

The capacitance, power density and energy density measurements of the 

electrochemical capacitors were conducted on Solartron 1470 cell test station 

(Solartron Analytical, Houston, TX) using 6 M KOH aqueous electrolyte.  The 

schematic sketch of the two-electrode cell is given in Figure 3.1.  Two circular shape 

electrodes with diameter of 1.27 cm separated by microporous membrane with pore 

size of 0.117 µm × 0.042 µm (Celgard 3400, Celgard Inc., Charlotte, NC) were 

sandwiched between nickel current collectors.  In the constant current (CC) 

charge/discharge measurement, the cell was charged and discharged between 0 and 

0.8 V at a current of 0.5, 1, 5, and 10 mA.  All the constant current charge/discharge 

plots are documented in Appendix C.  In the cyclic voltammetry (CV) measurement, 

scan rates of 5, 10, 20, and 50 mV/s were used.   

Specific capacitance, power density, and energy density were calculated by 

using the following equations: 2 

 

                                        

                                     PD = IV(t)/(mA+mB) 

 

 

)
m
1

m
1(

dV(t)/dt
IC

BA
sp +=

∫
=

+=
t

0t
BA )mIV(t)dt/(mED



 100

External 
circuit 

Electrode B 

Separator 

Electrode A 

Current collector

Current collector 

  Electrolyte 

where Csp is specific capacitance; PD is power density; ED is energy density; V(t) is  

potential; I is current; mA and mB are the masses of the two electrodes. 

Current density (current per unit mass) can be represented by: 

                  Current density = )
m
1

m
1I(

BA

+ = Csp· (dV(t)/dt) = Csp · s 

where s is the scan rate. 

The impedance analysis of the electrochemical capacitors was conducted on 

Solartron 1255B Frequency Response Analyzer (Solartron, Houston, TX).  A 0.05 V 

AC perturbation was used in the impedance measurements over a frequency range of 

100 kHz to 50 mHz. 

 

 

 

 

 

 

 

 

 

Figure 3.1. Schematic sketch of the electrochemical capacitor test cell. 
 
 
 
3.2.8 Surface area and pore size measurement 

To measure the surface area and porosity, samples were degassed at 90 °C for 

16 hrs at a pressure of 1 × 10-4 Pa.  The isothermal N2 gas adsorption and desorption 

studies at 77 K were carried out on ASAP 2020 (Micromeritics Instrument Corporation, 

Norcross, GA).  The quantity of gas (V) absorbed or released at 77 K was measured as 
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a function of gas pressure (P).  The pore size distribution was evaluated by using the 

density functional theory (DFT).3  The specific surface area was evaluated by using 

Brunauer–Emmett–Teller (BET)4 and DFT3 theories.  All the isothermal adsorption 

and desorption plots are documented in Appendix B. 

 

3.3 Results and Discussion 

3.3.1 Characterization of various carbon nanotubes 

The TEM images of various carbon nanotubes given in Figure 3.2, show that  

the SWNT forms about 30 nm diameter bundles, while DWNT and MWNT mostly 

exist individually with diameter of 5 and 20 nm, respectively.  The TGA plots given 

in Figure 3.3 show that SWNT, DWNT, and MWNT degrade at about 500, 440, and 

600 °C in air, respectively.  The Raman spectra (Figure 3.4) show that the disorder 

band (D band, about 1300 cm-1) of MWNT is the highest among three kinds of carbon 

nanotubes, indicating highly defective graphitic structure.   

 
 
 
 
 

 

 

 

 

 

 

 

Figure 3.2. Transmission electron micrographs of (a) SWNT, (b) DWNT, and (c) 
MWNT. (From ref. 5.)   
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Figure 3.3. Thermogravimetric analysis plots of (a) SWNT, (b) DWNT, and (c) 
MWNT at a heating rate of 10 °C/min in air. (From ref. 5.)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 3.4. Raman spectra of various carbon nanotubes. (From ref. 5.)  
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3.3.2 Effect of fiber diameter on electrochemical capacitor performance 

Fiber diameter affects surface area and pore size distribution, which ultimately 

influences the electrochemical capacitor performance.  In this work, the effect of fiber 

diameter on electrochemical capacitor performance was studied.  The electrospun 

fibers mats with diameters of 100, 200, and 400 nm were stabilized, carbonized, and 

processed into electrochemical capacitor electrodes.  The fiber mats show about 30 % 

area shrinkage after carbonization without significant change in fiber diameter.  The 

fiber mat of 100 nm diameter has many beads and is densely packed, while the fiber 

mats of 200 and 400 nm diameters have relatively loose packing (Figure 3.5).  The 

density for each carbonized PAN fiber mat was determined by dividing the sample 

weight by the sample volume (sample volume = fiber mat area × thickness).  The 

carbon residue for each fiber mat was also determined by weighing the fiber mat 

before and after carbonization.  The results are given in Table 3.1  

 

Table 3.1. Carbon residue and density of the carbonized PAN fiber mats. 

Fiber diameter 

(nm) 

Carbon residue  

(wt%) 

Density 

(g/cm3) 

100 49.7 0.41 ± 0.08 

200 44.8 0.37 ± 0.05 

400 46.3 0.37 ± 0.04 
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Figure 3.5. Scanning electron micrographs of carbonized PAN fibers with diameter of 
(a) 100 nm, (b), 200 nm, and (c) 400 nm. 

 

 
The BET surface area and DFT volume of the pristine PAN and carbonized 

PAN fiber mats were measured, and the results are given in Table 3.2 and 3.3, 

respectively.  It shows that the surface area of pristine PAN fiber mat is quite low 

without stabilization and carbonization.  After carbonization, the surface area 

significantly increases.  For all the carbonized PAN fiber mats, BET surface area 

values are significantly higher than their DFT surface area values.  Higher BET 

surface area was also reported in other research work.6, 7, 8  The difference in BET and 

DFT surface area are due to their different assumptions for calculating the surface 

area.  In BET model, it assumes that the surface is covered by multilayer gas 

molecules, while DFT theory reveals the pore structures filled by the gas molecules.3  

Therefore, BET surface area is different from DFT surface area.  The theoretical 
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specific surface area of a fiber can also be calculated assuming a cylindrical solid 

fiber with smooth surface by using the following equation: 

S = 4/(ρd) 

where S is the specific surface area, ρ is density, and d is fiber diameter.   For all the 

samples, the theoretical surface area is much lower than BET or DFT surface area.  

When calculating theoretical surface area, the fiber is assumed to be solid.  In reality, 

after carbonization, the surface of the fiber become rough and small pores reside 

inside the fiber, resulting in much higher BET and DFT surface areas. 

 

Table 3.2. Surface area and pore volume of 200 nm diameter pristine PAN fiber mat 
without stabilization and carbonization. 

Sample 200 nm diameter 

SBET 

(m2/g) 
11 

SDFT 

(m2/g) 
6 

Vmicro 0.001 

Vmeso 0.026 

Vmacro 0.018 

DFT pore 

volume (cm3/g) 

Vtotal 0.045 
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Table 3.3. Specific capacitance, surface area, pore volume, and double layer capacity 
of the carbonized PAN fiber mats of different fiber diameters.  

Sample 
100 nm 

diameter 

200 nm 

diameter 

400 nm 

diameter 

Theoretical surface area of  

carbon fiber 

(m2/g)* 

24 

 

12 6 

SBET 

(m2/g) 
494 268 140 

SDFT 

(m2/g) 
42 39 20 

Vmicro 0.025 0.021 0.015 

Vmeso 0.011 0.005 0.038 

Vmacro 0.004 0.008 0.009 

DFT pore volume 

(cm3/g) 

Vtotal 0.040 0.034 0.062 

Specific capacitance (F/g, 1 mA 

charge/discharge, at 0.1 V) 
58 165 115 

BET double layer capacity (µF/cm2) 12 62 82 

*For surface area calculation, ρ for carbon fiber was assumed to be 1.7 g/cm3. 
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The pore size distribution of the pristine PAN and carbonized PAN fiber mats 

is given in Figure 3.6.  It shows that pristine PAN fiber mat has very small micropores, 

resulting in low surface area.  With carbonization, micropore volume increases.  The 

micropores are dominant in the carbonized PAN nanofibers with diameters of 100 and 

200 nm, while mesopores become dominant in the carbonized PAN nanofibers with 

400 nm diameter.  The micropores mostly reside inside or on the surface of the 

carbonized PAN nanofibers, while the macropores are present between the entangled 

nanofibers.  In the carbonized PAN nanofibers with diameter of 100 nm, the dense 

packing (Figure 3.5 (a)) results in small macropores.  On the other hand, 200 and 400 

nm diameter fiber mats (Figure 3.5 (b) and (c)) result in relatively larger macropores. 

The specific capacitance of the carbonized PAN fiber mats is plotted as a 

function of current density in Figure 3.7.  For all the fiber mats, the capacitance 

decreases with increasing current density due to the difficulty of the electrolyte ions 

accessing  small pores at high current density.  At low charge/discharge current 

density, the electrolyte ions move slowly and have sufficient time to access most of 

small pores, resulting in high capacitance.  At high charge/discharge current density, 

the electrolyte ions move rather fast and do not have sufficient time to access all the 

small pores, resulting in low capacitance. 
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Figure 3.6. Pore size distribution of carbonized PAN nanofibers with diameter of (a) 
100 nm, (b) 200 nm, and (c) 400 nm, and (d) pore size distribution of 200 nm 
diameter pristine PAN fiber mat without stabilization and carbonization. 
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Figure 3.7. Specific capacitance as a function of current density for various 
electrospun fibers. 100 nm PAN (1.90 mg-1.63 mg), 200 nm PAN (1.34 mg-2.01 mg), 
and 400 nm PAN (0.71 mg-0.48 mg). The numbers in brackets represent the masses 
of the electrodes used for capacitance testing. 

 

 
 
Figure 3.7 also shows that the carbonized PAN fiber mat of 100 nm diameter 

has lower capacitance than those of 200 and 400 nm diameter fiber mats.  Macropores 

are reported to play an important role in electrochemical capacitor performance.8  The 

high macropore volume in the carbonized PAN nanofibers with diameter of 200 and 

400 nm in the current work may be responsible for their high capacitance 

performance. 

 
 
3.3.3 Solid or porous PAN nanofibers based electrochemical capacitors 

In this section, the electrochemical performance of solid and porous PAN 

nanofibers based electrochemical capacitors was compared.  The solid PAN/ZnCl2 

nanofibers with diameter of 60 nm (Figure 2.19 (e)) and porous PAN nanofibers with 
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diameter of 600 nm (Figures 2.11 (f)) were stabilized, carbonized, and processed into 

electrochemical capacitor electrodes.  The SEM images of these nanofibers after 

carbonization are given in Figure 3.8, showing that the shallow pores are present on 

the surface of the carbonized porous fibers. 

 
 
 
 
 

 

 

 

 

 

Figure 3.8. Scanning electron micrographs of carbonized (a) 60 nm PAN/ZnCl2 fibers 
and (b) 600 nm porous PAN fibers. 

 
 
 
The specific capacitance of the carbonized solid or porous PAN nanofibers is 

plotted as a function of current density in Figure 3.9.  It shows that 600 nm PAN 

porous nanofibers have comparable capacitance with 60 nm PAN/ZnCl2 solid 

nanofibers.  The pore size distribution of these two fiber mats is plotted in Figure 3.10 

and their surface area and DFT pore volume are given in Table 3.4.  Figure 3.10 

shows that both solid and porous nanofibers exhibit similar pore size distribution with 

micropore domination.  Compared to the porous PAN nanofibers, the solid 

PAN/ZnCl2 nanofibers have slightly larger surface area because of their small fiber 

diameter and presence of ZnCl2.  ZnCl2 can act as chemical activation agent, which 

would increase the surface area.9  The similar pore size distribution and pore volume 
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nanofibers of significantly different diameters.  

 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 3.9. Specific capacitance as a function of current density for 60 nm solid 
fiber(0.42 mg-0.67 mg) and 600 nm porous fiber(0.94 mg-0.84 mg). 
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Figure 3.10. Pore size distribution of carbonized (a) 60 nm solid PAN/ZnCl2 fibers 
and (b) 600 nm porous PAN fibers 
 
 
Table 3.4. Specific capacitance, surface area, pore volume, and double layer capacity 
of carbonized solid and porous PAN fibers. 

Sample 

60 nm 

PAN/ZnCl2 

solid nanofibers 

600 nm PAN 

porous 

nanofibers 

Theoretical surface area of  carbon fiber 

(m2/g)* 
39 4 

SBET 

(m2/g) 645 583 

SDFT 

(m2/g) 150 155 

Vmicro 0.089 0.091 

Vmeso 0.015 0.018 

Vmacro 0.004 0.001 
DFT pore volume (cm3/g) 

Vtotal 0.108 0.110 

Specific capacitance (F/g, 1 mA 

charge/discharge, at 0.1 V) 
95 160 

BET double layer capacity (µF/cm2) 15 27 

* For carbon fiber, ρ was assumed to be 1.7 g/cm3. 
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3.3.4 Effect of activation on performance of PAN fiber mat based electrochemical 

capacitor  

With activation by CO2, steam, or chemical agents, the surface chemistry and 

porosity of graphite change, 10 , 11  which may affect electrochemical capacitor 

performance.  In this work, PAN nanofibers of 200 nm diameter were stabilized, and 

further carbonized or activated by CO2, and their electrochemical performance was 

compared.  Figure 3.11 shows the SEM images of the carbonized PAN and the 

activated PAN fiber mats.  After activation, the surface of nanofibers becomes coarse, 

which may come from the etching effect of CO2.    

 

 

 

 

 

 

 

 

Figure 3.11. Scanning electron micrographs of (a) carbonized PAN and (b) activated 
PAN fiber mats. 
 
 
 

The pore size distribution of the activated PAN fiber mat is plotted in Figure 

3.12.  The specific capacitance, surface area and pore volume of the carbonized PAN 

fiber mat and the activated PAN fiber mat are given in Table 3.5.  It shows that 

micropores are dominant in both carbonized and activated PAN fiber mats.  With 

activation, BET surface area, micropore and mesopore volumes increase.  
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Figure 3.12. Pore size distribution of activated PAN fiber mat. 
 

 

Table 3.5. Specific capacitance, surface area, pore volume, and double layer capacity 
of carbonized and activated PAN fiber mats. 

Sample Carbonized PAN Activated PAN 

SBET 

(m2/g) 
268 730 

SDFT 

(m2/g) 
39 142 

Vmicro 0.021 0.081 

Vmeso 0.005 0.017 

Vmacro 0.008 0.004 
DFT pore volume (cm3/g) 

Vtotal 0.034 0.102 

Specific capacitance (F/g, 1 mA 

charge/discharge, at 0.1 V) 
165 165 

BET double layer capacity (µF/cm2) 62 23 
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The specific capacitance of the carbonized PAN and the activated PAN fiber 

mat is plotted as a function of current density in Figure 3.13.  When the activated 

PAN fiber mat was charged/discharged from low to high current density, its specific 

capacitance is higher than that of the carbonized PAN fiber mat by 35 F/g at low 

current density, while the specific capacitance becomes lower than that of the 

carbonized PAN with increasing current density.  On the other hand, when the 

activated PAN fiber mat was charged/discharged from high to low current density, the 

trend was reversed.  The capacitance of the activated PAN is lower than that of the 

carbonized PAN at low current density but higher at high current density.   

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.13. Specific capacitance as a function of current density for (a) carbonized 
PAN(1.34mg-2.01 mg), (b) activated PAN(0.80 mg-0.85 mg), and (c) activated 
PAN(0.23 mg-0.26 mg). Arrows indicate testing direction. 

 

 

0

50

100

150

200

250

0 20 40 60 80

Current density (A/g)

S
pe

ci
fic

 c
ap

ac
ita

nc
e 

(F
/g

)

Carbonized PAN

Activated PAN: low to
high current density
Activated PAN: high to
low current density

a

b 

c



 116

The high micropore volume in the activated PAN fiber mat may be 

responsible for its high capacitance at low current density; however, it cannot explain 

why the activated PAN has lower capacitance at high current density since it also has 

higher mesopore volume.  The large pores, such as mesopores can help to maintain 

high capacitance at high current density.12  Therefore, it is expected that the activated 

PAN should still have higher capacitance than the carbonized PAN at high current 

density.  Instead, lower capacitance was obtained in the activated PAN, which 

suggests that other factor such as pseudocapacitance may be responsible for this 

phenomenon.  To study the pseudocapacitance, the carbonized PAN and the activated 

PAN fiber mats were tested by cyclic voltammetry, and their specific capacitance is 

plotted as a function of voltage in Figure 3.14.  A deformed rectangular shape is 

obtained for both samples, indicating the presence of a certain pseudocapacitance. 1, 7 

Current density data obtained at different scan rates at a given voltage (0.1 V) for the 

carbonized PAN and activated PAN fiber mats is also plotted as a function of scan 

rate in Figure 3.15.  It shows that the plot of the activated PAN deviates from linearity 

more significantly than that of the carbonized PAN, indicating surface functional 

groups or distributive capacitance behavior.1, 7 

The presence of functional groups can also be confirmed by the elemental 

analysis of the fiber mats.  Table 3.6 shows that carbon, nitrogen, and oxygen are 

present in both carbonized PAN and activated PAN fiber mats.  The oxygen content 

in the activated PAN fiber mat is slightly higher than that in the carbonized PAN fiber 

mat.  The oxygen containing groups can enhance the capacitance by improving the 

wettability of the electrodes or by introducing redox reactions.13, 14   

In order to test the stability of the functional groups in the fiber mats, the cycle 

life of the carbonized and the activated PAN fiber mats was tested and the results are 
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given in Figure 3.16.  For comparison, the cycle life of SWNT bucky paper is also 

included.  For an electrochemical capacitor without any redox reactions, the 

capacitance should be stable for large number of charge/discharge cycles.15  However, 

the capacitance of the carbonized or the activated PAN fiber mat decreases rapidly 

with cycle times compared to SWNT bucky paper, suggesting irreversible redox 

reactions. The capacitance of the activated PAN fiber mat decreases even more 

dramatically than that of the carbonized PAN fiber mat.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. Specific capacitance as a function of voltage in cyclic voltammetry for (a) 
carbonized PAN and (b) activated PAN fiber mat.  
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Figure 3.14. Continued. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.15. Current density as a function of scan rate for (a) carbonized PAN and (b) 
activated PAN (R2 is the correlation coefficient,  low R2 value indicates significant 
deviation from linearity).   
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Table 3.6. Elemental analysis of carbonized PAN and activated PAN fiber mats.  

Sample 

Carbon 

atomic 

percentage 

(%) 

Nitrogen 

atomic 

percentage 

(%) 

Oxygen 

atomic 

percentage 

(%) 

Carbonized PAN 

(1 st measurement) 
82.4 10.2 7.4 

Carbonized PAN 

( 2 nd measurement) 
84.5 8.3 7.2 

Average 83.5 9.3 7.3 

Activated PAN 

(1 st measurement) 
81.8 9.5 8.7 

Activated PAN 

(2 nd measurement) 
81.2 9.7 9.1 

Average 81.5 9.6 8.9 

 
 
 
Constant current charge/discharge testing was typically carried out from low 

to high current density (Figure 3.13).  In this process, when data was obtained at high 

current density, sample has already experienced 50 or more charge/discharge cycles. 

In this process, some of the functional groups may be already consumed due to 

irreversible redox reactions at low current density.  Therefore, the contribution of 

pseudocapacitance to the total capacitance decreases, resulting in lower capacitance at 

high current density. Similarly, when the activated PAN fiber mat was 

charged/discharged from high to low current density, the reverse trend was observed. 
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Figure 3.16. Specific capacitance as a function of charge/discharge cycle for 
carbonized PAN fiber mat (0.63 mg-0.47 mg), activated PAN fiber mat (0.37 mg-0.51 
mg), and SWNT bucky paper (4.41-4.45 mg) at a charge/discharge current of 1 mA 
using 6M KOH electrolyte. 
 
 
3.3.5 Carbonized PAN/SAN fiber mat based electrochemical capacitors  

Micropores are dominant in both carbonized and activated PAN nanofibers 

(Table 3.5), which results in the capacitance at low current density; however, they 

cannot maintain high capacitance at high current density.  On the other hand, 

mesopores can accommodate the electrolyte ions even when they have fast movement, 

which helps to maintain high capacitance at high current density.  It was reported that 

mesoporous carbon exhibited high capacitance compared to microporous carbon at 

high current density.16  The high capacitance was also maintained at high current 

density in poly(vinylidene chloride) based electrochemical capacitor with large pore 

volume.12  
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To provide better pore size control, PAN/SAN blends were electrospun into 

fiber mats and subsequently stabilized, carbonized.  The pore formation process in the 

electrospun PAN/SAN nanofibers during carbonization is illustrated in Figure 3.17.  

TGA study indicates that PAN and SAN have different thermal stability, where SAN 

totally burns out while PAN leaves carbon residue when heated above 500 °C in 

nitrogen (Figure 3.18).  Hence by burning out SAN domains in the electrospun 

PAN/SAN fibers, high porosity can be achieved. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.17. Schematic sketch of pore formation. (From ref. 17.) 
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Figure 3.18. Thermogravimetric analysis plots of PAN and SAN at a heating rate of 5 
°C/min in nitrogen. 
 
 
 
3.3.5.1 Effect of PAN/SAN ratio on electrochemical capacitor performance   

PAN and SAN form immiscible blend and their solutions in the PAN/SAN 

ratio of 90/10, 80/20, 70/30, and 50/50 appeared cloudy when dissolved at 18 wt% 

polymer (PAN + SAN in the desired PAN/SAN ratio) concentration in DMF.  The 

SEM images of the carbonized PAN/SAN fiber mats are given in Figure 3.19.  For 

comparison, the SEM image of the carbonized PAN/SAN (90/10) film 18  is also 

included.  No visible pores are observed in the carbonized PAN/SAN (90/10) fibers.  

With further increasing SAN content, pores with dimensions of 20 to 50 nm are 

observed in the carbonized PAN/SAN fibers.  On the other hand, rather large pores 

with dimension of several microns are observed in the carbonized PAN/SAN (90/10) 

film.  The different pore size in the carbonized PAN/SAN fiber mats and PAN/SAN 

(90/10) film is due to difference in SAN domain size, which may be caused by 
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300 nm 

different solvent evaporation rate in electrospinning and film casting process.  In 

electrospinning, solvent evaporates more rapidly due to the jet thinning and increasing 

of jet surface area, which causes formation of small SAN domain. On the other hand, 

in film casting, slower solvent evaporation allows enough time for SAN to form large 

domain.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19. Scanning electron micrographs of carbonized PAN/SAN fiber mats in the 
PAN/SAN ratios of (a) 90/10, (b) 80/20, (c) 70/30, (d) 50/50 fiber mats, and (e) 90/10 
film. ((e) From ref.18.)  

 

b

300 nm 

ba

300 nm

dc

300 nm

d

300 nm 

10 µm

e



 124

The specific capacitance, surface area, and pore volume of the carbonized 

PAN and PAN/SAN fiber mats are given in Table 3.7.  For comparison, the results of 

activated carbon reported in the literature are also included.19, 20  The BET surface 

area values of the carbonized PAN and PAN/SAN fiber mats are below 400 m2/g, 

which are much lower than that of the activated carbon (1000~3000 m2/g).21  The high 

capacitance and relatively low BET surface area of the carbonized PAN and 

PAN/SAN fiber mats result in high double-layer capacity values (double layer 

capacity = specific capacitance/surface area). 

The pore size distribution of the carbonized PAN/SAN fiber mats is given in 

Figure 3.20.  Compared to the carbonized PAN fiber mat, mesopore and macropore 

volumes of carbonized PAN/SAN fiber mats are much higher.  The pore volume of 

the carbonized PAN/SAN fiber mats is plotted as a function of SAN content in Figure 

3.21.  The results indicate that SAN forms domains of size corresponding to the 

mesopores, which upon carbonization change the pore size distribution from micro- to 

mesopore domination.  The carbonized PAN (Table 3.5) and PAN/SAN (90/10) fiber 

mats (Table 3.7) have similar pore volume, surface area, and capacitance, while with 

different pore size distributions.  In the carbonized PAN fiber mat, micropores are 

dominant, while in the carbonized PAN/SAN (90/10) fiber mat, mesopores are 

dominant.  The micropore or mesopore domination in these two fiber mats result in 

their different electrochemical behaviors, which will be discussed in section 3.3.5.2.  
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Table 3.7. Specific capacitance, surface area, pore volume, and double layer capacity 
of carbonized PAN/SAN fiber mats, and activated carbon reported in the literature. 

Sample 
PAN/SAN 

(90/10) 

PAN/SAN 

(80/20) 

PAN/SAN 

(70/30) 

PAN/SAN 

(50/50) 

Activated 

carbon19 

Activated 

carbon20 

SBET 

(m2/g) 
252 306 374 367 2130 3150 

SDFT 

(m2/g) 
14 41 48 59 / / 

Vmicro 0.005 0.025 0.024 0.029 / / 

Vmeso 0.027 0.068 0.059 0.067 / / 

Vmacro 0.005 0.033 0.014 0.026 / / 

DFT 

pore 

volume 

(cm3/g) 

Vtotal 0.037 0.126 0.097 0.122 / / 

Specific 

capacitance (F/g, 

1 mA 

charge/discharge, 

at 0.1 V) 

170 210 190 175 100 312 

BET double 

layer capacity 

(µF/cm2) 

68 69 51 48 4.7 9.9 
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Figure 3.20. Pore size distribution of the carbonized PAN/SAN fiber mats in the 
PAN/SAN ratio of (a) 90/10, (b) 80/20, (c) 70/30, and (d) 50/50. 
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Figure 3.21. Pore volume as a function of SAN weight content. 
 
 
 
3.3.5.2 Capacitance of carbonized PAN/SAN fiber mats as a function of current 

density  

Figure 3.22 shows the specific capacitance of the carbonized PAN and 

PAN/SAN fiber mats as a function of current density.  The results of steam activated 

electrospun PAN nanofibers reported in the literature are also included in this figure.22  

The carbonized PAN and PAN/SAN fiber mats processed in this study exhibit a 

capacitance of about 200 F/g at a current density of 1 to 2 A/g, while at this current 

density the capacitance value of steam activated PAN based nanofibers reported in the 

literature is below 100 F/g.  The specific capacitance of PAN/SAN (80/20 and 50/50 

ratio) fiber mats decreases rather rapidly with increasing current density, even though 

mesopore volume in these fiber mats is quite high.  This behavior was confirmed on 

two different fiber mats carbonized in different batches.  Figure 3.23 shows data for 

both batches, showing good reproducibility.  
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Figure 3.22. The specific capacitance as a function of current density for steam 
activated PAN (From ref. 22.), carbonized PAN(1.34 mg-2.01 mg), carbonized 
PAN/SAN(90/10) (3.72 mg-1.36 mg), carbonized PAN/SAN (80/20) (1.07 mg-1.0 
mg), carbonized PAN/SAN (70/30)(3.44 mg-4.05 mg), and carbonized PAN/SAN 
(50/50) (0.77mg-1.04 mg) fiber mats from current studies. 
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Figure 3.23. Specific capacitance as a function of current density for carbonized 
PAN/SAN fiber mats in the ratio of (a) 80/20 (trial 1(1.07 mg-1.00 mg) and trial 2 
(6.35 mg-1.21 mg)) and (b) 50/50 (trial 1(0.77 mg-1.04 mg) and trial 2(0.81 mg-0.91 
mg)). 
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3.3.6 Comparison between fiber mat and film based capacitors 

The capacitance performance of carbonized PAN/SAN films (80/2018 and 

70/30) and PAN/SAN/SWNT (63/30/7) films18 was compared with fiber mats.  Figure 

3.24 shows the SEM images of the carbonized PAN/SAN and PAN/SAN/SWNT 

films.  Carbonized PAN/SAN fiber mat contains pore size of typically below 50 nm 

(Figure 3.19), while the carbonized PAN/SAN films exhibit much larger pores with 

typical dimensions ranging from 2 to 10 µm.  The specific capacitance, surface area, 

and pore volumes of the carbonized fiber mats and films are given in Table 3.8.  

Compared to the carbonized PAN/SAN (80/20 and 70/30) fiber mats, the carbonized 

PAN/SAN (80/20 and 70/30) films have larger pores, smaller surface area, and lower 

capacitance.   

The pore size distribution of the carbonized PAN/SAN/SWNT (63/30/7) film 

is shown in Figure 3.25.  Even though the electrospun PAN/SAN (70/30) fiber mat 

and PAN/SAN/SWNT (63/30/7) film have the same SAN content (30%), they have 

different pore size distribution after carbonization.  The carbonized PAN/SAN (70/30) 

fiber mat has high micropore volume (0.024 cm3/g), while the carbonized 

PAN/SAN/SWNT film exhibits relatively high mesopore volume (0.157 cm3/g).  The 

high micropore volume in the carbonized PAN/SAN (70/30) fiber mat is responsible 

for the high capacitance at 1 mA charge/discharge.  Meanwhile, compared to the 

PAN/SAN/SWNT film, the relatively loose structure of the electrospun PAN/SAN 

fiber mat can absorb more electrolytes in the open space between the nanofibers, 

which further improves the capacitance.  Therefore, the specific capacitance of the 

carbonized PAN/SAN (70/30) fiber mat is higher than that of the carbonized 

PAN/SAN/SWNT (63/7/30) film by 84 F/g  
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Figure 3.24. Scanning electron micrographs of carbonized PAN/SAN films in the 
PAN/SAN ratio of (a) 80/20, (from ref.18.) (b) 70/30, and (c) PAN/SAN/SWNT 
(63/30/7) film. (From ref.18)  
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Table 3.8.  Specific capacitance, surface area, pore volume and double layer capacity 
of the carbonized fiber mats and films.  

Sample 

PAN/SAN

(80/20) 

film** 

PAN/SAN

(80/20) 

fiber mat 

PAN/SAN

(70/30)  

film 

PAN/SAN 

(70/30)  

fiber mat 

PAN/SAN/SWNT

(63/30/7) 

film** 

Pore size*  2-10 µm 20-50 nm 2-10 µm 20-50 nm / 

SBET 

(m2/g) 
/ 306 / 374 87 

SDFT 

(m2/g) 
/ 41 / 48 48 

Vmicro 
/ 

0.025 / 0.024 0.011 

Vmeso 
/ 

0.068 / 0.059 0.157 

Vmacro 
/ 

0.033 / 0.014 0.070 

DFT 

pore 

volume 

(cm3/g) 

Vtotal 
/ 

0.126 / 0.097 0.238 

Specific 

capacitance (F/g, 

1 mA 

charge/discharge, 

at 0.1 V) 

10 

 

 

210 

 

 

10 

 

 

190 

 

 

106 

BET double 

layer capacity 

(µF/cm2) 

/ 

 

69 

 

/ 

 

51 

 

122 

* Pore size was determined by SEM images.  
** From ref.18. 
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Figure 3.25. Pore size distribution of carbonized PAN/SAN/SWNT (63/30/7) film. 
(From ref.18.). 
 
 

3.3.7 Carbonized PAN/carbon nanotube fiber mat based electrochemical capacitors  

3.3.7.1 Carbonized PAN/SAN/SWNT fiber mat based electrochemical capacitors  

1 or 3 wt% SWNT was added into PAN/SAN (80/20) electrospinning solution.  

The dispersions were electrospun into the fiber mats, subsequently stabilized and 

carbonized to develop electrochemical capacitor electrodes.  Figure 3.26 and Figure 

3.27 show the SEM images of the electrospun PAN/SAN/SWNT fiber mats before 

and after carbonization, respectively.  Compared to the electrospun PAN/SAN (80/20) 

nanofibers, the surface of the electrospun PAN/SAN/SWNT fibers is rough.  After 

carbonization, SWNT bundles with diameter of 50 to 60 nm are observed to protrude 

out of the fibers.   
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Figure 3.26. Scanning electron micrographs of (a) PAN/SAN/SWNT (80/20/1 wt%) 
and (b) PAN/SAN/SWNT (80/20/3 wt%) fiber mats. 
 

 

 

 

 

 

 

 
 
 
 
 
 
 

Figure 3.27. Scanning electron micrographs of carbonized (a) PAN/SAN/SWNT 
(80/20/1 wt%) and (b) PAN/SAN/SWNT (80/20/3 wt%) fiber mats. 
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The specific capacitance of the carbonized PAN/SAN and PAN/SAN/SWNT 

fiber mats is plotted as a function of current density in Figure 3.28.  It shows that both 

carbonized PAN/SAN and PAN/SAN/SWNT fiber mats have comparable capacitance 

at low current density, but with increasing current density, the capacitance of the 

carbonized PAN/SAN/SWNT is higher than that of the carbonized PAN/SAN fiber 

mat.  Figure 3.29 shows the Ragone plots of the carbonized PAN/SAN (80/20) and 

PAN/SAN/SWNT (80/20/1 wt % and 80/20/3 wt%) fiber mats at 1 mA 

charge/discharge.  With the addition of 1 wt% SWNT into PAN/SAN, the power 

density is enhanced by a factor of four from 180 to 850 W/kg, and the energy density 

is improved from 5000 to 8500 J/kg.  With further increasing in SWNT concentration, 

the power density increases only slightly from 850 to 950 W/kg, and the energy 

density is enhanced from 8500 to 8700 J/kg.  Figure 3.30 shows the Ragone plots of 

the carbonized PAN/SAN/SWNT (80/20/3 wt%) fiber mat charged/discharged at 

different currents.  It shows that at 20 mA charge/discharge current, the power density 

is 7000 W/kg.   
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Figure 3.28. Specific capacitance as a function of current density for carbonized 
PAN/SAN(80/20) (1.07 mg-1.00 mg), carbonized PAN/SAN/SWNT (80/20/1wt%) 
(0.40 mg-0.39 mg), and carbonized PAN/SAN/SWNT (80/20/3 wt%)  (0.44 mg-0.44 
mg) fiber mats. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Figure 3.29. Ragone plots of carbonized fiber mats at 1 mA charge/discharge. 
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Figure 3.30. Ragone plots of carbonized PAN/SAN/SWNT (80/20/3 wt%) fiber mat 
charged/discharged at different currents. 

 
 
 
The direct current (dc) electrical conductivity of the carbonized PAN/SAN and 

PAN/SAN/SWNT fiber mats was determined by four probe conductivity method, and 

the results are given in Table 3.9.  With the addition of 1 and 3 wt% SWNT into 

PAN/SAN, the electrical conductivity is improved by almost a factor of two and three, 

respectively.   

 

Table 3.9. In plane DC conductivity of the carbonized PAN/SAN and 
PAN/SAN/SWNT fiber mats. 

Sample 
Conductivity 

(S/m) 

Carbonized PAN/SAN(80/20) fiber mat 4.3 

 Carbonized PAN/SAN/SWNT(80/20/1 wt%) fiber mat 9.7 

Carbonized PAN/SAN/SWNT(80/20/3 wt%) fiber mat 12.2 
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The impedance of the carbonized PAN/SAN and PAN/SAN/SWNT fiber mats 

in 6 M KOH was measured and the results are shown in Figure 3.31.  At high low 

frequency region, the straight line indicates the diffusion accessibility of electrolyte 

ions, which is affected by the electrode thickness 23 ; at low frequency region, a 

semicircle is intercepts with the impedance real axis at RΩ and (RΩ + RF).  RΩ 

represents the ohmic solution resistance and should be constant for a given electrolyte.  

RF represents the sum of the bulk of the electrodes and the contact resistance between 

the electrode and the current collector.22, 24  For all three samples, RΩ is about 1 Ω, 

which is consistent with the reported resistance value of KOH.25  In all three samples, 

the contact resistance between the electrode and current collector should be identical.  

Therefore, the decrease in RF suggests a decrease in the electrode resistance.  With 

addition of SWNT, the RF value of the electrodes decreases, resulting in higher power 

density.  Since the carbonized PAN/SAN/SWNT (80/20/1 wt%) and (80/20/3 wt%) 

have similar resistance, their power density values are quite comparable. 
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Figure 3.31. Impedance plots of (a) carbonized PAN/SAN (80/20), (b) carbonized 
PAN/SAN/SWNT (80/20/1 wt%), and (c) carbonized PAN/SAN/SWNT (80/20/3 
wt%) fiber mats. 
 
 
 
3.3.7.2 Carbonized PAN/MWNT fiber mat based electrochemical capacitors 

Figure 3.32 shows the SEM images of electrospun PAN/MWNT fiber mats 

before carbonization.  At low MWNT concentration, fiber surface is smooth.  With 

increasing MWNT concentration, the fiber surface becomes rough with aggregates 

and irregularities.  For PAN/MWNT fiber mats in the ratio of 80/20 and 70/30, some 

MWNTs are observed to protrude out of the fiber surface.  Figure 3.33 gives the SEM 

images of the carbonized PAN/MWNT fiber mats.  With increasing MWNT 

concentration, more and more MWNTs are observed to protrude out of the nanofibers.   
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Figure 3.32. Scanning electron micrographs of electrospun PAN/MWNT fiber mats 
before carbonization in the PAN/MWNT ratios of (a) 95/5, (b) 90/10, (c) 80/20, and 
(d) 70/30. 
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Figure 3.33. Scanning electron micrographs of carbonized PAN/MWNT fiber mats in 
the PAN/MWNT ratio of (a) 95/5, (b) 90/10, (c) 80/20, and (d) 70/30. 

 

 

The pore size distribution of the carbonized PAN/MWNT fiber mats and 

MWNT powder are given in Figure 3.34.  Their specific capacitance, surface area and 

pore volume are given in Table 3.10.  Compared to the carbonized PAN fiber mat, 

micro-, meso-, macropore and total pore volume of carbonized PAN/MWNT fiber 

mats are significantly higher.  The micro- and mesopore volume percentages are 

plotted as a function of MWNT content in Figure 3.35.  With the addition of MWNT, 

the micropore percentage decreases while mesopore percentage increases, which 

indicates that the role of MWNT is to change the pore size distribution from micro to 

mesopore domination.   
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Table 3.10. Specific capacitance, surface area, pore volume and double layer capacity 
of the carbonized PAN/MWNT fiber mats and MWNT powder. 

Sample 
PAN/MWNT

(95/5) 

PAN/MWNT

(90/10) 

PAN/MWNT

(80/20) 

PAN/MWNT 

(70/30) 

MWNT 

powder 

SBET 

(m2/g) 447 343 340 274 162 

SDFT 

(m2/g) 93 132 66 90 78 

Vmicro 0.053 0.069 0.033 0.023 0.015 

Vmeso 0.055 0.105 0.076 0.234 0.283 

Vmacro 0.064 0.158 0.073 0.096 0.355 

DFT 

pore 

volume 

(cm3/g) 

Vtotal 0.172 0.332 0.182 0.353 0.653 

Specific 

capacitance  

(F/g, 1 mA 

charge/discharge, 

at 0.1 V) 

140 

 

 

108 

 

 

73 

 

 

18 / 

BET double 

layer capacity 

(µF/cm2) 

31.3 31.5 21.5 6.6 / 
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Figure 3.34.  Pore size distribution of carbonized PAN/MWNT fiber mats in the ratio 
of (a) 95/5, (b) 90/10, (c) 80/20, (d) 70/30, and (e) MWNT powder. 
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Figure 3.35.  Pore volume percentage as a function of MWNT content. 
 
 
 

Figure 3.36 shows the specific capacitance of carbonized PAN/MWNT fiber 

mats as a function of current density.  The carbonized PAN/MWNT (95/5) fiber mat 

has highest capacitance, while other carbonized PAN/MWNT fiber mats with ratio of 

90/10, 80/20, and 70/30 exhibit lower capacitance than the carbonized PAN/MWNT 

(95/5) or PAN fiber mats.  With increasing MWNT concentration, the capacitance of 

the carbonized PAN/MWNT fiber mat rather decreases.   
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Figure 3.36. Specific capacitance as a function of current density for carbonized PAN 
(1.34 mg-2.01 mg), carbonized PAN/MWNT(95/5)(0.42 mg-0.46 mg), carbonized 
PAN/MWNT (90/10)(0.80 mg-0.92 mg), carbonized PAN/MWNT(80/20)(1.84 mg-
2.17 mg), carbonized PAN/MWNT(70/30)(0.90 mg-0.80 mg) fiber mats. 

 
 

The electrolyte wettability plays an important role in electrochemical capacitor 

performance.  It was reported that the surface modification of the activated carbon 

aerogel by a surfactant enhanced the electrolyte wettability and improved the 

capacitance by a factor of two.15  Oxidation of MWNT improved the electrode 

wettability by H2SO4 electrolyte, and thus, enhanced the capacitance by a factor of 

two.26  Surface treated activated carbon was also developed for the electrochemical 

capacitor. 27   With surface modification, the electrolyte wettability was greatly 

improved, resulting in the lower internal resistance, and the capacitance was improved 

by 20 F/g. 

In this work, the contact angles between the carbonized PAN/MWNT fiber 

mats and 6 M KOH were measured.  Figure 3.37 shows the micrographs and Table 

3.11 summarizes the contact angle results.  For low MWNT concentration, carbonized 
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PAN/MWNT fiber mat can be completely wetted by KOH; while at high MWNT 

concentration, the fiber mats become hydrophobic.  The poor wettability of 

PAN/MWNT fiber mats may be due to the protruding MWNTs out of fibers as they 

are hydrophobic.  For carbonized PAN/MWNT (95/5) fiber mat, even though its 

micro- and mesopore volumes are not the highest, it can be completely wetted by the 

electrolyte, resulting in higher capacitance than other carbonized PAN/MWNT fiber 

mats.   

Poor electrolyte wettability of the carbonized PAN/MWNT fiber mats at high 

MWNT concentration is also a possible reason for their low power density.  The 

power density of carbonized PAN/MWNT fiber mats as a function of MWNT 

concentration is given in Figure 3.38, and the Ragone plots are shown in Figure 3.39.  

The carbonized PAN/MWNT fiber mats have higher power density than the 

carbonized PAN fiber mat, while the power density does not show a trend with 

increasing MWNT concentration.  With increasing MWNT concentration, the 

electrolyte wettability of the carbonized PAN/MWNT fiber mats decreases (Table 

3.11).  It was reported that the electrolyte affinity of the activated carbon was 

improved by using a surfactant, which resulted in decreased resistance. 27, 28  With 

increasing MWNT concentration, the electrolyte wettability becomes worse, which 

decreases the conductivity of the electrodes; therefore, the power density does not 

show a trend with MWNT concentration.   

 

 

 

 

 



 147

b 

a 

c

d e 

Table 3.11. Contact angle between various carbonized fiber mats and 6 M KOH 
electrolyte. 

Sample 
Contact angle 

(°) 

Carbonized PAN fiber mat < 10 

Carbonized PAN/MWNT (95/5) fiber mat < 10 

Carbonized PAN/MWNT (90/10) fiber mat 87 ± 4 

Carbonized PAN/MWNT (80/20) fiber mat 132 ± 3 

Carbonized PAN/MWNT (70/30) fiber mat 142 ± 4 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.37. Micrographs of contact angle between 6 M KOH and (a) carbonized 
PAN fiber mat and carbonized PAN/MWNT fiber mats in the PAN/MWNT ratio of 
(b) 95/5, (c) 90/10, (d) 80/20, and (e) 70/30. 
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Figure 3.38. Power density as a function of CNT concentration for carbonized 
PAN/MWNT, carbonized PAN/SAN/SWNT(80/20/3 wt%) (data indicated by symbol   
    ) fiber mats at 1 mA charge/discharge current. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.39. Ragone plots of carbonized PAN and PAN/MWNT fiber mats. 
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3.3.8 Comparison of carbonized fiber mat with other carbon materials.  

The capacitance of carbonized PAN/SAN (70/30) fiber mat is compared with 

that of activated carbon pellet and carbon nanotube (SWNT and DWNT) bucky paper 

in Figure 3.40.  The carbonized PAN/SAN (70/30) fiber mat exhibits a capacitance 

value of about 190 F/g, while SWNT, DWNT, and activated carbon have much lower 

capacitance values of 48, 35, and 30 F/g, respectively.  The SWNT capacitance is 

consistent with the value reported by An et al.,29 while the activated carbon has much 

lower capacitance than the reported values.  It was reported that the capacitance value 

of the activated carbon with addition of graphite ranged from 270 to 380 F/g.30  The 

capacitance value of the activated carbon electrodes using 5 wt% poly(vinylidene 

fluoride)(PVDF) as binder ranged from 80 to 125 F/g.31  It was also reported that the 

capacitance value reached 123 F/g in the activated carbon electrodes using 

poly(vinylidene fluoride-hexafluoropropylene) (PVdF-HFP) gel electrolyte as binder, 

and the content of binder materials affected the capacitance.32  In these literature 

reports, the surface area and pore size distribution of the activated carbon are different 

from the one used in the current work; secondly, the composition of the electrode 

materials such as addition of graphite31 and content of binder material32 also 

influences the capacitance.  Therefore, different capacitance values were reported. 
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Figure 3.40. Specific capacitance as a function of current density for carbonized 
PAN/SAN(70/30) fiber mat(3.44 mg-4.05 mg), SWNT bucky paper(1.90 mg-1.93 
mg), DWNT bucky paper(8.20 mg-9.61 mg), and activated carbon(13.2 mg-13.33 
mg).  

 

The pore size distribution of carbon nanotube bucky papers and activated 

carbon is given in Figure 3.41.  Their specific capacitance, surface area and pore 

volume are given in Table 3.12.  The activated carbon shows the largest surface area 

and highest micropore volume, while it exhibits the lowest capacitance value.  On the 

other hand, the carbonized PAN/SAN (70/30) fiber mat has the lowest surface area 

and micropore volume, while it has the highest capacitance value.  The high 

micropore volume in SWNT, DWNT bucky papers, and activated carbon doesn’t 

result in high capacitance.   
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Table 3.12. Specific capacitance, surface area, pore volume and double layer capacity 
of various carbon samples. 

Sample 

Carbonized 

PAN/SAN 

(70/30) 

fiber mat 

SWNT 

bucky 

paper 

DWNT 

bucky 

paper 

Activated 

carbon 

SBET 

(m2/g) 374 546 496 1553 

SDFT 

(m2/g) 48 297 246 609 

Vmicro 0.024 0.106 0.043 0.328 

Vmeso 0.059 0.518 0.811 0.121 

Vmacro 0.014 0.062 0.110 0.002 

DFT pore volume 

(cm3/g) 

Vtotal 0.097 0.686 0.964 0.451 

Specific capacitance (F/g, 1 mA 

charge/discharge, at 0.1 V) 
190 48 35 20 

BET double layer capacity 

(µF/cm2) 
51 8.8 7.1 1.2 
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Figure 3.41. Pore size distribution of (a) SWNT, (b) DWNT, and (c) activated carbon 
pellet. 
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The 6 M KOH aqueous solution contact angle with the activated carbon, 

carbonized PAN/SAN fiber mat, and bucky papers were also measured.  Figure 3.42 

shows the micrographs and results are given in Table 3.13.  The contact angle 

between KOH and SWNT bucky paper, DWNT bucky paper, or activated carbon is 

above 100°, indicating that these samples do not have good affinity with the 

electrolyte.  On the other hand, the carbonized PAN/SAN (70/30) fiber mat is 

completely wetted by the electrolyte (contact angle < 10°).  The good electrolyte 

wettability of the carbonized PAN/SAN fiber mat may be responsible for its high 

capacitance. 

 

Table 3.13. Contact angle between various carbon materials and 6 M KOH. 

Sample 
Contact angle 

(°) 

Carbonized PAN/SAN (70/30) fiber mat < 10 

SWNT bucky paper 101 ± 3 

DWNT bucky paper 106 ± 7 

Activated carbon 131 ± 2 
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Figure 3.42. Micrographs of contact angle between 6 M KOH and (a) carbonized 
PAN/SAN (70/30) fiber mat, (b) SWNT bucky paper, (c) DWNT bucky paper, and (d) 
activated carbon. 
 
 
 
3.4 Conclusions 

The key conclusions of this study are: 

• CO2 activation increased micro and mesopores in PAN fiber mats, 

which improved the capacitance at low current density. However, the 

capacitance at high current density decreased dramatically. 

• To maintain high capacitance at high current density, a sacrificial 

component SAN was added into PAN.  This resulted in mesopore 

domination with high capacitance at high current density. 

• Carbon nanotubes were added into PAN and PAN/SAN to improve 

power density.  The power density was enhanced by a factor of four 

with the addition of 1 wt% SWNT. Power density of 

a 

dc 

b
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PAN/SAN/SWNT composite as high as 7 kW/kg was measured on a 

carbonized PAN/SAN/SWNT sample. 

•  Compared to the activated carbon or carbon nanotube bucky papers, 

carbonized PAN/SAN fiber mats exhibited significant higher 

capacitance.  This was in part attributed to good electrolyte wettability. 
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CHAPTER 4  

CONCLUSIONS AND RECOMMENDATIONS 

 

4.1 Conclusions 
 

 Morphology and diameter of electrospun polyacrylonitrile fibers have been 

studied as a function of polymer molecular weight, solution concentration, solution flow 

rate, distance between the spinneret and the target, and applied voltage.  The key 

conclusions of this study are:   

• In the semidilute unentangled regime, the microscopic or nanoscopic particles 

were obtained.  In the semidilute entangled regime, continuous fibers were 

obtained, whose diameter exhibited two power law scaling relationship with 

concentration. 

• The diameter of the electrospun PAN fibers increased with solution flow rate and 

decreased when electric field was increased by changing the working distance, 

however it did not change significantly when the electric field was varied by 

changing the voltage at a given working distance. Fiber diameter increased with 

the polymer concentration and ranged from 30 nm to 3.0 µm.  

• Conditions for electrospinning small diameter bead free PAN fibers were 

developed.  Nearly bead free fibers with 60 nm diameter were obtained by using 

ZnCl2 containing PAN/DMF solutions.    

• Branching was observed on the fiber jet when electrospinning low concentration 

PAN solution or PAN/CNT dispersions. 



 159

• The PAN crystal size calculated from the ~17° 2θ peak was about 3 nm in all 

electrospun fibers and was in the range of 5 to 6 nm in all films.  This suggests 

inhibited crystallization during electrospinning.  

Electrospun PAN, PAN/SAN, and PAN/SAN/CNT fiber mats were stabilized, 

carbonized, and processed into electrochemical capacitor electrodes. The capacitance 

performance was tested by constant current charge/discharge method or by cyclic 

voltammetry in 6 M KOH aqueous solution.  The key conclusions of this study are:  

• With the addition of sacrificial component, poly(styrene-co-acrylonitrile)(SAN), 

mesopore volume increased, resulting in high capacitance at high current density.  

• The capacitance of carbonized electrospun PAN/SAN/CNT fiber mats is up to 

100 F/g higher than that of the carbonized PAN/SAN/CNT films, and up to 150 

F/g higher than that for the carbon nanotube bucky paper.  

• With the addition of 1 wt% single wall carbon nanotube (SWNT) into PAN/SAN, 

power density increased by a factor of four. 

 

4.2 Recommendations for future work 

 Current work suggests that electrospun PAN/SAN/CNT fiber mats are good 

candidates for processing electrochemical capacitors. To further optimize capacitance 

performance, following study is suggested:  

•   Hollow carbon nanofibers: the central canal of the hollow carbon nanofibers 

can provide more space to store electrolyte ions, thus resulting in improved 

capacitance performance. To obtain hollow carbon nanofibers, bicomponent 

electrospinning is suggested to process PAN shell with sacrificial component 
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(such as SAN) as the core. In the process of carbonization, core composed of the 

sacrificial component will be burned out and the shell will be converted to carbon, 

resulting in a hollow carbon nanofiber.  

• Porous PAN nanofibers: current study showed that porous PAN nanofibers can 

be obtained using nitromethane/water as solvent.  It has also been reported in the 

literature that porous PAN nanofibers can be obtained by electrospinning 

PAN/DMF solution into a cryogenic liquid. 1  Therefore by controlling 

electrospinning factors such as environment (such as temperature, solvent 

evaporation rate, etc.), solution phase behavior, the porosity in PAN nano fibers 

can be controlled. This should prove to be useful in further optimizing 

capacitance performance.  

• Conducting polymer nanofibers:  electrically conducting polymers such as 

poly(p-phenylene vinylene)(PPV)2 and poly(aniline)3, 4 can be electrospun into 

nanofibers, which have high surface area, porosity, and good electrical 

conductivity.  The conducting polymer nanofibers based electrochemical 

capacitors are expected to have high capacitance and power density.  
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APPENDIX A  

WIDE ANGLE X-RAY DIFFRACTION (WAXD) OF 

ELECTROSPUN POLY(ACRYLONITRILE) NANOFIBERS 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1. Plots of integrated intensity as a function of 2θ for electrospun PAN fibers 
with diameter of  (a) 50 nm, (b) 70 nm, (c) 200 nm, (d) 600 nm, and (e) 1.1 µm. 
(Solution flow rate is 1 ml/h, the distance between the needle tip and the target is 10 
cm, and the voltage is 22 kV.) 
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Table A.1. WAXD results of electrospun PAN fiber mats with different fiber diamters. 

Fiber diameter 

(nm) 

2 θ 

(°) 

d spacing 

(Å)  

Crystal size 

(Å) 

Crystallinity 

(%) 

50 16.7 5.3 27 53 

70 16.7 5.3 26 45 

200 16.9 5.2 29 57 

600 16.6 5.3 27 49 

1100 17.1 5.2 35 45 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure A.2. Plots of integrated intensity as a function of 2θ for PAN fiber mat 
electrospun at voltage of (a) 13 kV, (b) 22 kV, and (c) 25 kV.  (Concentration of 
PAN/DMF is 19 wt%, the solution flow rate is 1 ml/hr, the distance between the 
needle tip and the target is 10 cm.) 
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Table A.2. WAXD results of PAN fiber mats electrospun from different voltages. 

Voltage 

(kV) 

2 θ 

(°) 

d spacing 

(Å) 

Crystal size  

(Å) 

Crystallinity

(%) 

13 16.7 5.3 28 43 

22 16.6 5.3 27 49 

25  17.0 5.2 28 40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A.3. Plots of integrated intensity as a function of 2θ for PAN fiber mats 
electrospun from (a) DMF, (b) DMSO, and (c) nitromethane/water (94/6). (6 wt% 
PAN solution, solution flow rate is 1 ml/h, the distance between the needle tip and the 
target is 10 cm, and the voltage is 22 kV.) 
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Table A.3. WAXD results of PAN fiber mats electrospun from different solvents. 

Solvent 
2 θ 

(°) 

d spacing 

(Å)  

Crystal 

size  (Å) 

Crystallinity

(%) 

DMF 16.7 5.3 27 53 

DMSO 16.7 5.3 27 51 

Nitromethane/water 

(94/6) 
17.1 5.2 30 56 

 
 

 

 

 

 

 

 

 

 

 

 

Figure A.4. Plots of integrated intensity as a function of 2θ for (a) electrospun PAN 
fibers with 70 nm diameter, (b) PAN fibers of 70 nm diameter annealed at 150 ºC for 
60 minutes, (c) electrospun PAN fibers of 1.1 µm diameter, and (d) PAN fibers of 1.1 
µm diameter annealed at 150 ºC for 60 minutes. 
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Table A.4. WAXD results of orgininal and annealed PAN fiber mats. 

Sample 
2 θ 

(°) 

d spacing 

(Å)  

Crystal size  

(Å) 

Crystallinity

(%) 

Electrospun PAN fibers 

with 70 nm diameter 
16.7 5.3 26 45 

Annealed PAN fibers 

with 70 nm diameter 
16.7 5.3 26 44 

Electrospun PAN fibers 

with 1.1 µm diameter 
17.1 5.2 35 45 

Annealed PAN fibers 

with 1.1 µm diameter 
16.8 5.2 34 46 
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APPENDIX B  

ISOTHERMAL NITROGEN ADSORPTION AND DESORPTION 

PLOTS 

 

The isothermal adsorption and desorption plots reveal the characteristics of 

porous materials.  According to IUPAC definition, six types of isothermal plots are 

classified as shown in Figure B.1.1  In Type I, micropores are present.  Type II is the 

characteristic of macroporous or nonporous materials.  Type III or V appears when 

adsorptive gas molecules have more affinity with each other than with materials.  In 

Type IV, the hystersis loop is associated with capillary condensation taking place in 

mesoporous materials.  Type VI represents stepwise multilayer adsorption on a 

uniform non-porous surface.  Isothermal adsorption/desorption plots of various 

samples studied in this thesis are documented in Figures B.2 to B.7.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.1. Typical isothermal nitrogen adsorption/desorption plots observed in 
porous materials. (From ref. 1.) 
 



 168

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.2. Isothermal plots of carbonized PAN fibers with diameter of (a) 100 nm, 
(b) 200 nm, and (c) 400 nm, and (d) isothermal plot of 200 nm diameter pristine fiber 
mat without stabilization and carbonization. 
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Figure B.3. Isothermal plots of (a) 60 nm PAN/ZnCl2 fibers and (b) 600 nm porous 
PAN fibers. 
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Figure B.4. Isothermal plot of activated PAN fiber mat. 
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Figure B.5. Isothermal plots of (a) carbonized PAN/SAN (90/10), (b) carbonized 
PAN/SAN (80/20), (c) carbonized PAN/SAN (70/30), and (d) carbonized PAN/SAN 
(50/50). 
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Figure B.6. Isothermal plots of (a) carbonized PAN/MWNT (95/5) fiber mat, (b) 
carbonized PAN/MWNT (90/10) fiber mat, (c) carbonized PAN/MWNT (80/20) fiber 
mat, (d) carbonized PAN/MWNT (70/30) fiber mat, and (e) MWNT powder. 
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Figure B.7.  Isothermal plots of (a) SWNT bucky paper, (b) DWNT bucky paper, and 
(c) activated carbon. 
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APPENDIX C  

CONSTANT CURRENT CHARGE/DISCHARGE VOLTAGE-TIME 

PLOTS   

 

The constant current charge/discharge method is commonly used for evaluating 

electrochemical capacitor performance.  In this method, the current is kept constant, while the 

voltage is recorded as a function of time.  When an electrochemical capacitor is charged, the 

voltage increases with time; when an electrochemical capacitor is discharged, the voltage 

decreases.  Based on the voltage-time plots, the specific capacitance, power density, and  

 

 

 

 

 

 

 

 

 

 

 

 
Figure C.1.  A typical constant current charge/discharge plot of an electrochemical capacitor. 
(From ref. 3). 
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energy density can be evaluated.1  For an ideal double layer capacitor, the voltage should 

exhibit a linear relationship with time; however, the plot would deviate from the straight line if 

pseudocapacitance is present or show an ohmic drop if the internal resistance is present.2  The 

voltage-time plot in Figure C.1 shows three regions: an ohmic drop (a sudden drop of voltage), 

a double layer capacitor region where voltage linearly depends on time, and a 

pseudocapacitance region where voltage-time curve deviates from the straight line.3  Voltage-

time plots of various samples studied in this thesis are documented in Figures C.2 to C.8. 
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Figure C.2. Voltage-time plots of carbonized PAN fiber mats at two current densities for 
(a) 100 nm PAN fiber(0.6 A/g), (b) 100 nm PAN fiber(11.4 A/g), (c) 200 nm PAN
fiber(1.2 A/g), (d) 200 nm PAN fiber(62.2 A/g), (e) 400 nm PAN fiber(1.7 A/g), and (f) 
400 nm PAN fiber(69.8 A/g). (The numbers in the brackets indicate the current density.) 



 176

 

 

 

 

 

 

 

 

 

Figure C.2. Continued. 
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Figure C.3. Voltage-time plots at two current densities for (a) 60 nm solid PAN/ZnCl2 
nanofibers (1.9 A/g), (b) 60 nm solid PAN/ZnCl2 nanofibers (19.4 A/g), (c) 600 nm porous 
PAN nanofibers (1.1 A/g), and (d) 600 nm porous PAN nanofibers (11.3 A/g). 
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Figure C.4.  Voltage-time plots of activated PAN fiber mat at two current densities of (a) 1.2 
A/g and (d) 24.3 A/g. 
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Figure C.5. Voltage-time plots at two current densities for (a) carbonized 
PAN/SAN(90/10)(1.0 A/g), (b) carbonized PAN/SAN(90/10)(50.2 A/g), (c) carbonized 
PAN/SAN (80/20)(0.9 A/g), (d) carbonized PAN/SAN(80/20)(49.2 A/g), (e) carbonized 
PAN/SAN (70/30)(0.5 A/g), (f) carbonized PAN/SAN (70/30)(26.9 A/g), (g) carbonized 
PAN/SAN (50/50)(2.3 A/g), and (h) carbonized PAN/SAN (50/50)(113.0 A/g) fiber mats. 
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Figure C.5.  Continued. 
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Figure C.6. Voltage-time plots at two current densities for (a) carbonized PAN/SAN/SWNT 
(80/20/1 wt%) (5.1 A/g), (b) carbonized PAN/SAN/SWNT (80/20/1 wt%) (50.6 A/g), (c) 
carbonized PAN/SAN/SWNT (80/20/3 wt%) fiber mat(2.3 A/g), and (d) carbonized 
PAN/SAN/SWNT(80/20/3 wt%) fiber mat(90.9 A/g). 
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Figure C.7. Voltage-time plots at two current densities for (a) carbonized PAN/MWNT (95/5) 
(2.2 A/g), (b) carbonized PAN/MWNT (95/5) fiber mat(223.2 A/g), (c) carbonized 
PAN/MWNT(90/10) (1.2 A/g), (d) carbonized PAN/MWNT(90/10) (116.1 A/g), (e) 
carbonized PAN/MWNT(80/20) (0.5 A/g), (f) carbonized PAN/MWNT(80/20)(50.2 A/g), (g) 
carbonized PAN/MWNT (70/30)(1.2 A/g), and (h) carbonized PAN/MWNT (70/30)(118.1 A/g) 
fiber mats. 
 
 
 

 

 

-150 -100 -50 0 50 100 150
0.0

0.2

0.4

0.6

0.8

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
0.0

0.2

0.4

0.6

0.8

-150 -100 -50 0 50 100 150

Vo
lta

ge
 (V

)

0.0

0.2

0.4

0.6

0.8

Time (s)

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
0.0

0.2

0.4

0.6

0.8

a b 

c  d 



 183

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.7. Continued. 
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Figure C.8.  Voltage-time plots at two current densities for (a) SWNT bucky paper (0.5 A/g), 
(b) SWNT bucky paper(20.9 A/g), (c) DWNT bucky paper(0.2 A/g), (d) DWNT bucky 
paper(2.2 A/g), (e) activated carbon(0.2 A/g), and (f) activated carbon(1.5 A/g). 
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Figure C.8.  Continued 
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