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Abstract 
 

Multifunctional Energy Storage System using 

Electrospun Nanofiber Structure with Carbon 

Nanotube 

 

Dasom Lee 

Department of Mechanical and Aerospace Engineering 

Seoul National University 

 

  

In this study, carbon nanofibers containing carbon nanotubes(CNTs) was 

fabricated using electrospinning process and the multifunctional structures which 

have a large capacity for energy storage was made with electrospun carbon 

nanofibers. Polyacrylonitrile (PAN) polymer nanofibers containing multi-wall 

carbon nanotubes (MWCNTs) were fabricated by electrospinning technique, and 

it was converted to carbon nanofibers through the stabilization and carbonization 

process using the heat treatment process. In addition, the activation process was 

performed to further improve the specific surface area of carbon nanofibers. 

Through this process, the specific surface area could be improved about several 

thousand times. 
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A multifunctional supercapacitor was fabricated by vacuum bag molding 

process with carbon fiber fabrics and carbon nanofibers made by electrospinning. 

When carbon nanofiber was used as electrodes for structural supercapacitors, 

specific capacitance was increased about 4 times, and when activated carbon 

nanofiber electrodes was used, it was increased about 36 times. Although the 

MWCNT could not affect the specific capacitance for carbon nanofiber (CNF) 

specimens, the specific capacitance of activated carbon nanofiber-MWCNT 

(ACNF-MWCNT) was improved about 3-4 times than that of activated carbon 

nanofiber (ACNF) electrodes. Also, various kinds of separators were used to 

measure the specific capacitances of multifunctional energy storage systems. 

 

In order to evaluate mechanical properties of structural supercapacitors, tensile 

tests and interlaminar property experiments were conducted. Although the carbon 

nanofibers could not affect the tensile strength of the structural supercapacitors, 

the interlaminar fracture toughness of the structural supercapacitors with 

electrospun carbon nanofibers was improved about 20%. The electrospun carbon 

nanofibers inserted in the interfaces of carbon fabrics acted as velcro. 

 

Multifunctionality was calculated based on the structural efficiency and energy 

storage efficiency. As a result, it was found that the multifunctionality with 

activated carbon nanofibers electrodes containing MWCNT was the highest. 

Multifunctionality was calculated differently depending on the criteria of the 

structural and energy storage efficiency. 
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CHAPTER 1. Introduction 
 

 

 

1.1  Overview and problem description 
 

Composite materials, which are widely used in real life, from clay softening 

mixed with ancient clay and straw to reinforced concrete, have been devoted to 

the structural role of increasing mechanical stiffness. [1-3] However, in recent 

years, interest in multifunctionality of composite materials has been increasing 

worldwide in order to miniaturize and lighten the product in many applications. 

Reduction in mass or volume is very important to increase the efficiency of the 

overall system. However, there are limits to reducing the mass or volume of the 

individual elements that make up the system to reduce the overall mass or volume. 

Therefore, one of the ways to solve this problem is to give various functions to 

the elements that make up the system so that it can play various roles at the same 

time. A multifunctional composite material is a composite material, which refers 

to a material that can maintain a conventional mechanical stiffness while at the 

same time acting as a supplementary material, such as a material capable of 

storing and transporting electrical energy. These materials are being actively 

researched in the development of interior and exterior materials for small-sized 
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vehicles such as next-generation electric cars or drone, where energy storage 

capability is important. In addition, it can be applied to air, electric/hybrid 

vehicles, military weapons, and small household appliances. [4-5] Among the 

various functions, there are active researches on structural power composites 

capable of simultaneously performing the function of absorbing mechanical load 

and the function of storing energy. 

 

 
Figure 1. 1 Examples of applications with multifunctional fiber-reinforced 

composite (FRP). [6] 

 

In the case of batteries and accumulators used for energy storage, there is a 

disadvantage that they cannot satisfy both the energy density and the output 

density at the same time. Therefore, there is an increasing interest in 

supercapacitors capable of satisfying both functions at the same time. 

Supercapacitors are dramatically improved capacitors compared to conventional 

dielectric capacitors. They are increasingly attracting attention as energy storage 

devices with improved capacities. Unlike secondary batteries, which utilize 
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chemical reactions between electrodes and electrolytes, supercapacitors have 

high power density and efficiency by using charge storage principle using 

interfacial reaction. The supercapacitor exhibits a specific energy of 3 to 10 

Wh/kg and a specific power output of about 3 kW/kg, and has an eclectic 

characteristic between conventional batteries and dielectric capacitors. In 

addition, unlike the secondary battery, the charging-discharging method of the 

energy of the supercapacitor is a physical process in which charge is adsorbed by 

utilizing the high surface area of the porous electrode without chemical oxidation 

and reduction process. Therefore, that it is easy to produce a more compact 

structure. Currently, various studies are being actively carried out all over the 

world to develop a robust device having characteristics of mechanical strength 

and stiffness.  

 

(a)  (b)  

Figure 1. 2 Schematic illustration of (a) dielectric capacitor and (b) electrical 

double layer supercapacitor (EDLC). 
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Figure 1. 3 Simplified ragone plot of the various kinds of energy storage 

systems. [7] 

 

Supercapacitor has consisted in the separation membrane, and an electrolyte 

that is a moving path of ions between the electrodes to prevent electrode, the 

charge transfer between the electrodes of the charge supply. Feature of 

supercapacitors is that the large surface area of activated carbon and the use of 

short to get a very large capacitance of F (farad) unit with a small distance of the 

dielectric. The supercapacitor having a structure based on the charge collection 

on the surface of the carbon electrode of the two sides put between the 

membranes to produce electrical energy, it is most important to increase the 

surface area of the electrode portion in order to implement higher performance. 

In order to produce a multifunctional composite material, carbon fiber (CF) is a 

candidate for making structural power composites because it has high mechanical 
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strength and stiffness and at the same time has excellent performance as a 

conductor. However, the conventional carbon fiber has a very low specific 

surface area (0.1~0.2m2/g) and cannot provide sufficient electrical energy storage. 

Sufficient physical properties cannot be obtained due to a low specific surface 

area to use the carbon fiber fabric used. Therefore, it is essential to develop an 

efficient and effective method for simultaneous improvement of mechanical and 

electrical performance. 

 

 

Figure 1. 4 Representative architecture of structural supercapacitor. [8] 
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1.2  Literature review 

 

In the fabrication of superconductors with a relatively high power density and 

high energy density among the energy storage devices, increasing the surface area 

of the electrodes is essential for high capacitance capacity. A typical carbon fiber 

fabric has excellent mechanical properties, but capacitors made only of carbon 

fiber have very low capacitances due to their relatively low specific surface area 

(~ 0.2m2/g). [8] Accordingly, various methods for increasing the surface area 

without greatly decreasing the mechanical strength have been studied. 

 

(a)  (b)  

Figure 1. 5 SEM images of (a) as-received carbon fibres and (b) KOH activated 

carbon fibres. [9] 

 

Activated carbon fibers have activated micro pores on the surface of carbon 

fibers, and are mainly used for physical activation method using CO2 or H2O 

vapor and chemical activation methods using KOH and ZnCl2. [10] H. Qian et. 

al. studied the fabrication of structural supercapacitor composites by activating 
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existing carbon fibers through physical & chemical activation using steam, 

carbon dioxide, and potassium hydroxide. [9] The activation process of the 

chemical method is more efficient than the physical method. Through this process, 

the specific surface area of carbon fiber can be increased about 100 times, and 

the electrochemical capacitance can be increased by 50 times. The activation 

process is advantageous in that the electrochemical activity of the fiber surface 

significantly increases without deteriorating the inherent mechanical properties 

of the carbon fiber, but it is difficult to apply it to mass production. 

 

(a)   (b)  

Figure 1. 6 SEM images of (a)CNT-sized and (b) CNT-grafted carbon fibres. [11] 

 

Carbon nanotubes (CNTs) have been actively applied to the study of 

conventional supercapacitors due to their excellent mechanical and electrical 

properties and very wide specific surface area. [12,13] Among them, CNTs are 

used for improving interfacial properties between reinforcing materials and 

matrix materials. [14] Therefore, an advantage can be implemented when using 
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the CNT composite structural supercapacitor to produce enhanced improvement 

in the energy storage efficiency and the composite material interface 

characteristics due to the high specific surface area at the same time. H. Qian, et. 

al. studied the growth of carbon nanotubes on the surface of carbon fiber woven 

fabrics in an in-situ manner and the improvement of the specific surface area of 

the fibers by impregnating carbon fibers with a sizing agent containing carbon 

nanotubes. [11] Through the above method, the specific surface area of carbon 

fiber was improved to about 40 m2/g. Based on the above experimental results, 

E.S. Greenhalgh et. al. could build a structural supercapacitor impregnated with 

epoxy resin (MTM57) using CNT grown specimens and a specimen impregnated 

with a bundling agent, resulting in a multifunctional efficiency of up to 2.5 times. 

[15] 

 

(a)  
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(b)  

Figure 1. 7 Structural supercapacitors fabricated with (a) carbon aerogels 

(CAGs) [17] and (b) CuO metal nanowires. [18] 
 

Carbon aerogels (CAGs) are known to have a specific surface area close to 

1000 m2/g, with nano-sized carbon particles with small pores connected in a 

three-dimensional network structure. [16] Carbon aerogels are not only lighter in 

weight, but also have a wider surface area and a higher electrical conductivity, 

which is widely used in research on conventional supercapacitors. However, 

since CAG is difficult to use alone due to its low mechanical properties, studies 

using CAG in combination with other materials are mainly carried out. The 
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application of CAG can be divided into whether to use CAG mainly or additive. 

As an additive, CAG can be seen to be attached to a carbon fiber fabric made of 

the same carbon and superimposed with a glass fiber fabric. In contrast, when 

CAG is used as the main base material, smaller metal nanoparticles are adhered 

to the CAG, or a metal surround by the aerogel particles. In addition, studies are 

underway to help achieve higher electrical conductivity by providing the role of 

a thin film that connects CAG particles using graphene. H. Qian, et. al. has been 

able to increase the specific surface area up to about 150 m2/g by growing CAG 

on the surface of carbon fiber, and the electrochemical capacitance has also 

increased by several hundred times by the above method. [17] Along with the 

improvement of the electrochemical performance, the shear strength and the 

shear modulus of the composite material were also improved by the growth of 

CAG. These results demonstrate that it is possible to achieve high ionic 

conductivity while maintaining excellent mechanical properties of carbon fiber. 

In addition to the CNT and CAG growth methods, researches have recently been 

carried out to increase the specific surface area of carbon fibers and increase 

energy storage efficiency by growing metal oxide nanowires such as copper 

oxide and zinc oxide on carbon fiber fabrics. [18,19] The growth of metal oxide 

nanowires not only increases the electrochemical properties of the entire system, 

but also increases the in-plane shear properties through interactions between the 

grown nanowire and the matrix based on the fiber. Thus, the growth of 

nanoparticles and wires is an effective and efficient way to implement structural 
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power composites. 

 

However, these methods have the disadvantage that the thermal or chemical 

vapor deposition method is very expensive and the method is very complex and 

inefficient. In addition, the production process involves risks to the environment 

or to the human body. Therefore, the performance of the multifunctional 

composite can be improved through a more efficient and effective method, and 

the above method can realize various conditions such as the lifetime and 

flexibility of the supercapacitor, and the ability to maintain the capacitance from 

external deformation. It is time to study the development of multifunctional 

energy devices that can be applied to future industries through processes capable 

of mass production. 

 

 

1.3  Objective of research 

 
In this study, a three dimensional carbon aerogel structure with carbon nanotube 

(CNT) is fabricated by applying electrospinning process to make multi-functional 

structural material capable of large capacitance. An electrospinning method is a 

method of producing continuous fibers having a diameter of nanometer by 

applying a fiber material into a micro-sized nozzle and applying an electric field. 

When a high-voltage electric field is applied to the base material as a raw material, 
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an electric repulsive force is generated inside the raw material, and the molecules 

are aggregated and differentiated into a nano-sized silicate form. The stronger the 

electric field, the finer the fibers are made with a diameter of 10 to 1000 

nanometers. Carbon nanotubes have strong mechanical properties and can store 

charges effectively. Therefore, carbon nanotubes can be used as supercapacitor 

electrodes if they are added to nanofibers having a high surface area ratio relative 

to volume to produce a three-dimensional structure and it can increase the surface 

area of the electrode. In this study, it is aimed to fabricate a three-dimensional 

structure in which carbon nanotubes have uniform orientation in the fiber through 

the electrospinning process and can increase the mechanical stiffness by using 

them. In addition, we will make a multi-functional structural material capable of 

large-capacity storage using the three-dimensional carbon nanotube-carbon 

aerogel structure thus fabricated. 

The ultimate goal of this study is to fabricate multifunctional structural 

materials with both mechanical and electrical energy storage functions. In this 

study, we fabricated carbon nanofibers containing CNTs by applying 

electrospinning process and fabricated multifunctional structural materials 

capable of large capacitance by applying them. Electrospinning is a method of 

producing continuous fibers with a diameter of nanometer by applying a fiber 

material into a micro-sized hole and applying an electric field. [20] When a high 

voltage electric field is applied to a base material, which is a raw material, an 

electric repulsive force is generated inside the raw material, and the molecules 
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are bundled and divided into a nano-sized thread shape. The stronger the electric 

field, the finer the fiber, so the fibers are fabricated with a diameter of 10 to 1000 

nanometers. Carbon nanotubes have the advantage of having strong mechanical 

properties and at the same time capable of storing electric charges. Therefore, 

when they are pulled together with nanofibers having a high surface area ratio 

relative to a volume, they can be used as an electrode of a supercapacitor and at 

the same time, can widen the surface area. In this study, it is aimed to fabricate a 

carbon nanofiber structure that can increase the mechanical stiffness by making 

the carbon nanotube have a certain direction in the fiber through the 

electrospinning process. In addition, an electrode for a supercapacitor will be 

implemented using the carbon nanofiber-carbon nanotube structure thus 

fabricated. For this purpose, a suitable polymer material that can realize both 

mechanical and electrical performance should be selected. In addition, we will 

actually fabricate the supercapacitor structure using the electrode structure and 

polymer dielectric materials fabricated through proper fabrication process and 

evaluate the mechanical and electrical performance. 
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Figure 1. 8 Research objectives 
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CHAPTER 2. Structural supercapacitors 
with carbon nanofibers (CNFs) 

 

 

 

2.1  Materials 

 

In this study, polyacrylonitrile (PAN) material was selected to fabricate nano-

sized carbon fiber. Polyacrylonitrile is a material that is used as a precursor for 

producing carbon fibers. Polyacylonitrile (PAN) was purchased from Sigma-

aldrich, Korea. N,N-dimethylformamide (DMF) was purchased from Dajung 

chemicals & metals, Korea. Multi-walled carbon nanotube (MWCNT, 95+% C 

purity & -COOH surface treated) was obtained from Nanocyl. 

 

 
Figure 2. 1 Formula of polyacrylonitrile (PAN). 
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Plain carbon fabric and glass fabric (MUHAN COMPOSITES, Korea) were 

used as a reinforcement and separator of structural supercapacitor, respectively, 

and the each of specification are shown as Table 2. 1. 

 

Table 2. 1 Specification of (a) carbon fabric and (b) glass fabric 

(a)  

Product 

 

Weaving  

Methods 

 

 

Width  

(mm) 

 

Wrap 

 

Fill Weight 

 (g/m2) 

 

Thickness  

(mm) 

C-120 
Plain 1000/1500 Carbon 

3K 

Carbon 

3K 
200 

0.22 

 

(b) 

Product 

 

Weaving 

Methods 

 

 

Width 

(m/m) 

 

Warp 

(count/inch2) 

 

Weft 

(count/inch2) 

Weight 

(g/m2) 

 

Thickness 

(mm) 

108 Plain 1070 42 42(52) 77(84) 0.08 
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Figure 2. 2 Formula of polyethylene glycol diglycidylethe (PEGDGE). 

 

Polyethylene glycol diglycidylether (PEGDGE) was used as an electrolyte and 

triethylenetetramine (TETA) was used as a crosslinker to construct the structural 

supercapacitor. An ionic liquid of 10wt% 1-ethyl-3-methylimidazolium bis 

(trifluoromethylsulfonyl) imide (EMITFSI) was added to increase the ionic 

conductivity. PEGDGE, TETA, and EMITFSI were all purchased from Sigma-

Aldrich, Korea. 
 

  

2.2  CNF mat preparation 

 

2.2.1 Electrospinning process 

 

In this study, PAN resin was dissolved in N, N-dimethylformamide (DMF) and 

used to fabricate electrospun fiber. DMF containing 10 wt% polyacrylonitrile 

resin at room temperature was melted by using a stirrer for 3 to 4 hours to prepare 
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an electrospinning solution, and then a nanofiber mat was produced by 

electrospinning. The experimental conditions during the production of nanofibers 

through the electrospinning process was maintained at a distance of between 

12kV applied voltage, the polymer discharge flow rate 1ml/h, the collector plate 

and the nozzle 15cm. A drum collector was used as a collecting plate for 

electrospinning to fabricate a wide area carbon nanofiber mat. The diameter of 

the drum collector used was 90 mm and the length in the direction of the rotation 

axis was 200 mm. In order to prevent breakage of the fiber, the rotating speed of 

the current collecting plate was kept as low as 300 rpm. 
 

 

Figure 2. 3 Schematic diagram of electrospinning process. 

 

In order to fabricate carbon nanotubes containing carbon nanotubes, a multi-

walled carbon nanotube (MWCNT) was added to the DMF solution, and the 

mixture was dispersed for 3 hours using a tip-type ultrasonicator. And used as 
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electrospinning solution. The CNT used in this study is a thin walled multiwalled 

carbon nanotube (MWCNT) with a mean diameter of 1nm, a length of 1.5μm and 

a carbon content of 95% or more. Further, particles uniformly dispersed in the 

polymer solution were subjected to surface treatment with -COOH. In this study, 

the amount of MWCNT added to the solution was fixed at 1 wt% with respect to 

the mass of the PAN polymer resin. 

 

 

Figure 2. 4 Electrospun PAN nanofiber sheet. 

 

 

2.2.2 Stabilization, carbonization, and activation process 

 

The conversion process from PAN precursor fiber to carbon fiber is divided 

into two stages: stabilization reaction and carbonization. Stabilization reaction is 
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carried out under an oxidizing atmosphere is an essential step for the fiber to 

impart heat resistance. This reaction takes place various reactions such as the 

cyclization, dehydrogenation and oxidation reactions to form a ladder structure 

having a heat resistance by such a reaction. The temperature of the stabilization 

reaction is a very important factor, generally in the range of 180 to 300 ° C. The 

dehydrogenation and cyclization reactions included in the stabilization reaction 

are important for forming a ladder structure that provides heat resistance during 

the carbonization process at high temperatures. As shown in Figure 2. 5, 

dehydrogenation requires oxygen to proceed, the reaction does not occur under 

an inert atmosphere. [21,22] 

 

(a)  
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(b)  

Figure 2. 5 (a) Stabilization reaction of carbon fiber including dehydrogenation 

and cyclization and (b) carbonation reation for remove other components. [21] 
 

After the stabilization reaction step, a carbonation (heat treatment) step is 

performed to remove the non-carbon components and form a turbostatic carbon 

structure. The carbonization reaction is a process in which the aromatic ring 

grows and polymerization proceeds by heat treatment at a high temperature of 

700 to 3,000 °C. Stabilized precursor fibers convert the carbon content over 95% 

through this reaction. The carbonization process proceeds in two stages. The first 

step is the pyrolysis process by raising the temperature up to 600 ° C. In this 

region, the precursor structure is unstable and the mass transfer is slow, so the 

heating rate is usually below 5 °C. The second stage is the process of raising the 

temperature to the final carbonization temperature at a high heating rate, at which 

PAN is structurally stable and is not likely to be damaged at high heating rates. 

[21,22] 
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Figure 2. 6 Thermal treatment profile for fabrication of carbon nanofibers. 

 

In this study, a horizontal tube furnace (AJEON, Korea) was used for 

conversion of polymer nanofibers produced by electrospinning to carbon fibers. 

A quartz tube with an outer diameter of 100 mm was heated with a KT A-1 C.F.B 

heater and connected to a gas port to form an N2 gas environment. Since the 

maximum operating temperature was limited to 1050 ℃ for the furnace 

manufactured in this study, the stabilization temperature was fixed at 250 ℃. The 

carbonization process temperature was changed to 700, 800, 900, 1000 ℃ and 

the carbon nanofiber structural specimen was prepared for each case. In order to 

compare the effects of CNTs, the specimens used in the experiments were 

prepared for MWCNT and for those not. Figure 2. 6 shows the heat treatment 

process for conversion to carbon nanofibers. Through the heat treatments, the 
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sheet made of nanofibers is converted into black carbon nanofibers. Unlike the 

PAN nanofiber structure, which is a polymer, it has a brittle characteristic.  

 

 

Figure 2. 7 Schematic illustration of change in nanofiber surface through the 

activation process. 

 

In order to improve the specific surface area of the carbon nanofibers prepared 

by the electrospinning method, an activation process was performed. Carbon 

activation process makes small, low-volume micro-pores that increase the 

surface area useful for many applications like chemical adsorption and energy 

storage. Activated carbon (AC) could be prepared by physical activation 

(gasification of a char in oxidizing gases) or chemical activation (carbonization 

of carbonaceous materials impregnated with chemical reagents). [10] In this 

study, the specific surface area of structural supercapacitor electrode could be 

increased through physical activation process using CO2 gas. The reaction 
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temperature of the gas was 1000°C and the flow rate of the gas was 600mL/min. 

Activation process was carried out for the specimens containing MWCNT and 

the specimens without MWCNT. In order to confirm the activation process time 

and the specific surface area of the carbon nanofibers, the process time was 

divided into 30 minutes and 60 minutes.  

 

 

2.3  Characterization of CNF 

 

2.3.1 SEM & TEM observation 

 

Scanning Electron Microscopy (FE-SEM, HITACHI S-5000, Japan) was used 

to observe the shape of the nanofibers produced by the electrospinning method. 

When the carbon nanofibers are converted to carbon nanofibers through the heat 

treatment process, some of the elements of the PAN polymer are removed and 

the diameters of the nanofibers decrease. In order to observe the decrease in 

diameter, the mean diameters before and after heat treatment were measured and 

plotted for each case with and without MWCNT. The mean diameter was 

measured to be about 350 nm when MWCNT was not added before carbonization, 

and about 300 nm when MWCNT was added. After carbonization, the mean 

diameter was 250 nm when MWCNT was not added, and the mean diameter was 

200 nm when MWCNT was added. The mean diameter of fibers decreased after 
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the carbonization process, and the specimen with MWCNT had a smaller average 

diameter. This is expected to be due to the improved electrical conductivity of 

the solution for the MWCNT particle-dispersed solution. As the diameter of the 

fiber decreases, the diameter of the specimen with MWCNT decreases by about 

1%. 
 

(a)  (b)  

(c)  (d)  

Figure 2. 8 SEM images of (a,c) electrospun and (b,d) carbonized of PAN 

nanofibers with and without of MWCNT, respectively. 
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Figure 2. 9 Average diameters of electrospun nanofibers. 

 

 

Figure 2. 10 TEM images of electrospun PAN nanofibers including with MWCNT 

inside the nanofibers. 
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In order to confirm the presence of MWCNT in the fiber, the inside of the 

nanofiber was observed using Transmission Electron Microscopy (HR-TEM, 

JEM-3010, JEOL, Japan). TEM images show that MWCNTs are present inside 

the fibers. Considering that the difference between MWCNT and PAN fiber 

diameters is several tens to hundreds of times, several strands of MWCNTs are 

arranged side by side. 

 

 

2.3.2 XRD & TGA analysis 

 

XRD analysis was performed on the specimens converted to carbon nanofibers 

through heat treatment. As shown in Figure 2. 11, it can be seen that the PAN 

nanofiber specimen produced by the electrospinning method shows peaks at 2θ 

values of 17° and 28~29°. Both the above peak is an X-ray diffraction of the 

signal by the PAN (100), (110) crystal structure, respectively. [23] However, in 

the case of the heat treated specimens, the signal of the (100) crystal structure 

disappeared and a very broad peak appears in the region of 2θ value between 25° 

to 26°. 
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(a)  

(b)  

Figure 2. 11 XRD graph of electrospun (a) PAN and (b) PAN-MWCNT 

carbonized nanofibers with different carbonization temperatures. 
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Figure 2. 12 XRD graph of electrospun PAN and PAN-MWCNT nanofiber with 

carbonization process at 1000°C. 

 

 

Table 2. 2 Average interplanar spacing and crystallite size of carbonized PAN and 

PAN-MWCNT. 
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This is a signal due to the (002) crystallographic planar structure, which is the 

typical crystal plane of the graphite crystals generated by the heat treatment 

process. [23,24] The above signals are generated both when MWCNT is added 

and when MWCNT is not added. When MWCNT is added, the height of the peak 

is larger and more pronounced, so it can be deduced that the crystal structure is 

more generated. XRD measurement signals according to the carbonization 

process temperature in all specimens are shown in the graph below. As a result 

of measurement, both specimens showed broad peaks at 2θ values of 25 ~ 26 °. 

In addition, the peak size increases and the shape changes sharply as the 

carbonization process temperature increases in both the specimen with and 

without MWCNT. 

In order to confirm the effect of MWCNT in the carbonization process, XRD 

measurement results for a carbonization process of 1000 ° are shown in Figure 2. 

12 as a graph. Similar to the previous results, it was found that the diffraction 

signal for the (002) crystal structure was higher when MWCNT was added, 

despite the same carbonization temperature. It can be assumed that the crystal 

structure of graphite is formed with MWCNT as nuclei in the nanofiber. [25] In 

order to analyze the crystal structure with the diffraction signals measured by 

XRD, the average interplanar spacing d (002) and the crystallite size parameter 

Lc are calculated by Bragg Equation (2.1) and Scherrer Equation (2.2). [23] Table 

2. 2 shows the results. 
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θ is the scattering angle, λ is the X-ray wavelength, and β is the full-width at half 

maximum (FWHM) value. In the case of specimens containing MWCNT, the 

interplanar spacing d (002) was greatly reduced, and the size Lc of the crystal 

structure was greatly increased. This means that at high carbonization 

temperatures, the structure of the graphite layer becomes denser and the crystals 

develop and form a more ordered structure. [23] Therefore, as mentioned above, 

MWCNT acts as a nucleus that further promotes the development of the graphite 

layer at the same temperature. 
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(a)  

(b)  

Figure 2. 13 TGA graph of electrospun (a) PAN and (b) PAN-MWCNT 

carbonized nanofibers with different carbonization temperatures. 
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Figure 2. 14 TGA graph of electrospun PAN and PAN-MWCNT nanofiber with 

carbonization process at 1000°C. 

 

Thermogravimetric analysis (TGA) was used to investigate the carbon content 

of the fabricated carbon nanofibers. The TGA analysis was carried out in a N2 

gas environment at a rate of 10 °C/min from room temperature to 900 °C. In the 

case of neat PAN specimens not subjected to the heat treatment process, the loss 

of mass is small at low temperatures, and the thermal decomposition starts at 

about 300 °C, near the fusion temperature. When the temperature rises to 900 ° 

C, the mass loss is about to 80%. However, in the case of specimens subjected to 

the heat treatment process, a slight mass loss occurred at about 500 ° C, but even 

after the temperature rise to 900 °C, the mass remained at least 80%. 
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Figure 2. 13 shows the weight loss graph for each carbonization temperature 

with and without MWCNT. In general, when the carbonization temperature is 

increased, the mass loss tends to decrease after the temperature rises. However, 

as with the XRD results, the mass reduction is lower when MWCNT is added, 

despite the heat treatment at the same carbonization temperature. This is because 

graphitization occurs more easily when MWCNT is added and hydrogen(H), 

oxygen(O), nitrogen(N) and, other elements are removed well as described above. 

 

 

2.3.3 Surface area of CNF 

 

Brunauer-Emmett-Teller (BET) measurements were performed to determine 

the specific surface area increase of carbon nanofiber structures through 

carbonization and activation processes. The principle of BET measurement is as 

follows. Due to the change in the gas temperature in a certain vessel, the gas is 

adsorbed and desorbed on the solid surface, which is caused by a change in gas 

pressure in the vessel. From this pressure measurement, the adsorbed gas volume 

can be calculated, the number of molecules can be calculated, and the surface 

area of the desired solid can be calculated. [26] The specific surface area of the 

carbon fiber used in this experiment is 0.31 m2/g, and the specific surface area of 

carbon nanofiber (CNF) and carbon nanofiber (CNF-MWCNT) containing 

MWCNT after carbonization is 15.29 m2/g and 16.43 m2/g, respectively. The 

specific surface area increased about 50 times as compared with the conventional 
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carbon fiber fabric. The difference in specific surface area between carbon 

nanofibers containing MWCNT particles and carbon nanofibers not containing 

MWCNT particles is almost the same. For activated carbon nanofibers (ACNF) 

and activated carbon nanotubes containing MWCNT (ACNF-MWCNT), the 

specific surface area is 810.75 m2/g and 1946.9 m2/g, respectively. 
 

Table 2. 3 BET surface area and pore characteristic of different kinds of electrode 

with electrospun nanofibers. 

 

 

 

The specific surface area increased by several thousand times compared to the 

nanofiber without activation. However, unlike the previous case, when the 

activation process was carried out, the specific surface area of the specimen 

containing MWCNT particles was more than twice that of the control group. As 

a result, the carbon nanofibers have a porous structure through the activation 

process, thus the carbon nanotube particles present in the carbon nanofibers are 

exposed to the outside. Therefore, the MWCNT particles not only helped the 
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carbonization process of the nanofiber during the heat treatment process, but also 

increased the specific surface area.  

 

Table 2. 4 BET surface area and pore characteristic of activated PAN and PAN-

MWCNT electrospun carbon nanofibers with various kinds of activation times. 

 

 

 

In order to investigate the influence of the process time on the specific surface 

area in the activation process, BET measurements were performed on the 

specimens in two cases where the process time was 30 minutes and 60 minutes. 

As a result of the measurement, the specific surface area of the activated carbon 

nanofibers increased more than twice as the process time increased. However, as 

the process time increased, the ratio of micropore decreased compared to that of 

mesopore. This is probably due to the fact that as the activation process 

progresses, surface decomposition occurs in the early micropore. Therefore, in 

order to increase the process efficiency and the number of micropore, the 

activation process time was fixed to 30 minutes in this study. 
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Figure 2. 15 Six main types of gas physisorption isotherms, according to the 

IUPAC classification. [27] 

 

The shape of the gas adsorption graph in the surface area measurement process 

is also related to the pore size of the solid surface. The pore size of the porous 

material is divided into three cases according to the classification of IUPAC: less 

than 2 nm as microporous, from 2 nm to 50 nm as mesoporous, and greater than 

50 nm as macroporous. [28] As shown in Figure 2. 15 adsorption isotherms can 

be classified into six major types: microporous (Type Ⅰ), nonporous (Type Ⅱ). 

Nonporous and the materials which have the weak interaction between the 

adsorbate and adsorbent (type Ⅲ), mesoporous (Type Ⅳ), porous and the 

materials that have the weak interaction between the adsorbate and adsorbent 
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(type Ⅴ), and macroporous (Type Ⅵ). 
 

(a)  

(b)  

Figure 2. 16 Adsorption isotherm of (a) CF, CNF, CNF-MWCNT, ACNF, and 

ANCF-MWCNT electrodes and (b) magnified graph for CF, CNF, and CNF-

MWCNT. 
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Figure 2. 17 Adsorption isotherm of ACNF and ACNF-MWCNT electrode with 

different activation time. 

 

Figure 2. 16 shows that the adsorption isotherm of ACNF and ACNF-

MWCNT are both microporous materials, Type Ⅰ, and the adsorption isotherm of 

CF, CNF, and CNF-MWCNT are all nonporous materials. However, the 

hysteresis of adsorption of CNF and CNF-MWCNT means that they have the 

weak interaction between the adsorbate and adsorbent, Type Ⅲ. This is due to 

the surface damage caused by the removal of other elements than carbon during 

the carbonization process. In addition, in the case of the activated specimen, the 

adsorption amount of gas in the specimen containing was higher than MWCNT 

not containing specimen. (Figure 2. 17) This is because the gas is adsorbed on 
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the large surface of the MWCNT exposed through the porous surface during the 

activation process. As the activation process time is increased, the specific 

surface area of the solid is increased, and the adsorption amount of the gas is also 

increased. 
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CHAPTER 3. Electrochemical 
characterization of structural 

supercapacitors 
 

 

 

3.1    Fabrication of structural supercapacitors 

 

In order to fabricate a supercapacitor structure using the separators, electrolyte 

s and electrodes using electrospun carbon nanofiber structures, a composite 

material must be manufactured by an appropriate process. In the case of 

thermosetting resins such as epoxy, it is easy to make a fiber-reinforced plastic 

composite because of its low viscosity, but it has low ion conductivity and cannot 

be suitable as an electrolyte. In order to function as electrolyte of a supercapacitor 

which has a capability of storing energy, it is necessary to add a substance such 

as an ionic liquid (IL) which can impart ionic conductivity. 
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Figure 3. 1 Schematic diagram of vacuum bag molding process. 

 

Vacuum bag molding process was used to fabricate composites using 

electrospun carbon nanofiber structure, separator, polymer resin, and IL. Vacuum 

bag process is a method in which a release film is placed on an open mold, the 

stacked specimen is laid up and sealed with vacuum bagging film, and then 

vacuum is applied using appropriate materials. Since the lower mold is a rigid 

structure and the upper surface is a vacuum bagging film, it is possible to form a 

high-performance, high-strength product by increasing the fiber content and the 

compactness of the material. It may be heated in an oven while maintaining a 

vacuum to promote curing of the polymer in the composite material. Vacuum bag 

processes are mainly used to form composite parts which were used as aircraft 

parts, spacecraft, and etc. [29] 

In order to fabricate a supercapacitor structure using carbon nanofiber 

electrodes fabricated by the electrospinning process, a composite material must 

be manufactured using an appropriate manufacturing process. The manufacturing 
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process used in this experiment is a vacuum bag molding process, which can 

fabricate high performance and high strength products. The manufacturing 

process is shown in Figure 3. 1. The release agent was coated on the aluminum 

mold and the breather and release film was laid up with a tape on the corner of 

the mold. The breather and release film was used as a bleed fabric to adsorb 

excess resin from wet lay-ups and assistant for self-relasing from the mold, 

respectively. The vacuum bagging film was covered on the mold and sealed with 

a sealant tape. 

Carbon fiber fabrics were used together with electrospun carbon nanofiber mat 

to increase the surface area of the electrodes and provide enough mechanical 

properties. The structure of the supercapacitor constructed in this experiment is 

shown in Figure 3. 2. Carbon fiber fabric was used as a backbone which could 

guarantee the good mechanical properties, and electrospun carbon nanofiber was 

laid beneath the carbon fiber fabric as a electrode of supercapacitor. Two layer of 

glass fabric was used as a separator that could separate the electrode, and the 

sandwiched electrode was symmetry on the other side. 
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Figure 3. 2 Architecture of structural supercapacitor with electrospun carbon 

nanofiber mat. 

 

The electrolyte used in this experiment were polyethylene glycol 

diglycidylether (PEGDGE) as a polymer base material, triethylenetetramine 

(TETA) as a crosslinker and 10 wt% of 1-ethyl-3-methylimidazolium bis 

(trifluoromethylsulfonyl) imide (EMITFSI) as a ionic liquid. [17] The ionic 

liquid is the form in which the salt dissolved in a solvent. The ionic liquid was 

added to the polymer having a relatively low ionic conductivity to increase the 

ionic conductivity and serve as an electrolyte for electric energy storage device. 

A vacuum environment was established in the mold in order to the fabric was 

fully impregnated with the electrolyte, and it was cured at 80 ° C for 24 hours, 

and cured at room temperature for after 48 hours. 
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(a)  (b)   

Figure 3. 3 Vacuum bag molding process conducted in the experiment. 

 

 

Figure 3. 4 Structural supercapacitor with electrospun nanofiber mats and 

copper tape which was used as an electrical connector. 
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3.2    Cyclic voltammetry for CNF electrodes 

 

A cyclic voltammetry technique was used to measure the electrode 

performance of carbon nanofibers fabricated by electrospinning. Cyclic 

voltammetry is an analysis method that can while the cyclic electric potential to 

the working electrode at a potential electrolytic oxidation / reduction reaction, by 

measuring the current on these calculated thermodynamic and kinetic parameters 

of an electrochemical reaction occurring at the electrode surface. [30] The 

current-potential curve obtained from a cyclic voltammetry is called a cyclic 

voltammogram (CV). Therefore, this method can be applied to the capacitance 

analysis of electric double-layer capacitors (EDLC) using electrodes capable of 

charge accumulation at high specific surface area. In order to measure the 

electrode performance using the cyclic voltammetry method, the potential 

difference between two points should be measured. The electrode to be measured 

is called the working electrode, and the other electrode is called the reference 

electrode. The two electrodes are connected to form a two-electrode cell to 

measure the potential difference. [31] However, the two-electrode cell causes an 

error due to the potential drop due to the resistance of the electrolyte solution. To 

minimize the error, use a three-electrode cell with a counter electrode. Since the 

current flows between the working electrode and the counter electrode, the error 

can be minimized. [31] In this experiment, a three-electrode method was used. 

Ag/AgCl electrode and Pt electrode were used as reference electrode and counter 
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electrode, respectively. A 6M potassium chloride (KCl) solution was used as the 

electrolyte. The scan range (potential window) was set from -0.2V to + 0.2V and 

the scan rate was set to 5, 10, 20, 50, and 100mV/s. 

 

(a)   

(b)   

Figure 3. 5 (a) A circuit of three electrode cell for cyclic voltammetry [31] and 

(b) actual photograph of three electrode cell with 3M KCl and electrospun 

carbon nanofiber for cyclic voltammetry experiments. 
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Figure 3. 6 Cyclic voltammogram for CF, CNF, CNF-MWCNT, ACNF, and ACNF-

MWCNT electrodes at 10mV/s of scan rate. 

 

 

Figure 3. 7 Specific capacitance of various kinds of electrodes derived from 

CV curves. 
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Figure 3. 6 is a hysteresis graph of the electrode in a 3M KCl solution by CV 

measurement at a scan rate of 10 mV / s. Specific current densities could be 

converted to specific capacitances by dividing by the scan rate. Since each 

electrode is shown as a symmetry and rectangular shape, it has a pure capacitive 

behavior, and it is a carbon-based electrode, so there is no redox peak. [17] As 

shown in Fig. 3. 6, when the activated carbon nanofibers are used as the 

electrodes, the specific current density and the capacitance value are increased. 

In the cyclic voltammogram of Figure 3. 7, the specific capacitance of the 

specimen can be calculated using the following equation. 
 C = ∆ =  () (3.1) 

 

m is the mass of the specimens, U2 and U1 are the maximum and minimum values 

of scan voltage, respectively, k is the scan rate and S is the area of the hysteresis. 

In calculating the specific capacitance of Carbon fiber fabric and the carbon 

nanofiber electrospun mat, when using the carbon nanofiber electrospun mat, the 

specific capacitance increase by about 20 times compared to the carbon fiber mat. 

The activated carbon nanofiber electrode had capacitance more than several 

hundred times higher than commercial carbon fiber fabric, and it was measured 

to be 30 times higher than that of carbonized electrospun nanofiber electrode. 

This is consistent with the results of the diameter of the fibers reduced from micro 

to nano-units and the high specific surface area due to the porous fiber structure 
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obtained through the activation process. 

(a) (b)  

 

(c)  (d)  

Figure 3. 8 Cyclic voltammogram of (a) CNF, (b) CNF-MWCNT, (c) ACNF, and (d) 

ACNF-MWCNT with various kinds of scan rates. 
 

Figure 3. 8 shows the CV hysteresis for each electrode for various scan rates. 

A symmetric and rectangular shape of CV hysteresis was preserved across a 

whole range of scan rate to 100mV/s. The specific capacitances of carbon-based 

electrodes was decreased as the scan rate was increased because of recognized 

phenomena associated with ionic resistance, micro-pore blocking, or ion 
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depletion. [17] 

 

 

3.3 Specific capacitance of structural supercapacitors 

 

In ideal case, capacitors which are used to store electrical energy will repeat to 

charge and discharge electrical energy without additional energy loss. However, 

in the case of actual capacitors, there is a resistance due to the materials of the 

electrodes and electrolyte of the capacitors and it could be a critical reason of 

energy loss. Therefore, in conventional capacitors, an equivalent circuit can be 

specified to calculate the actual energy storage capacity considering various 

resistance values, and it can be applied not only to conventional capacitors but 

also to supercapacitors. 

Figure 3. 9 is the simplest model, the first-order equivalent circuit model. The 

first-order model consists of four major components: a capacitance C, a series 

resistor Rs, a parallel resistor Rp, and a series inductor L. Rs is also referred to as 

equivalent series resistance (ESR), which was caused by the electrical resistance 

of the electrode and the ionic resistance of the electrolyte. Rp is generated by the 

electrical resistance of two electrodes constituting the supercapacitor or electrical 

contact under electrochemical reaction. Since Rp is connected to the capacitor in 

parallel, it causes leakage current in the charging process. Therefore, self-

discharge occurs after charging to cause energy loss phenomenon. Ideal 
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supercapacitors should have a low Rs value and a high Rp value. Inductor L is 

caused by the physical construction of a capacitor, but in most cases its value is 

very small, so it can be ignored. [32]  

 

(a)  

(b)  

Figure 3. 9 (a) First-order equivalent circuit model for supercapacitors (a) with 

and (b) without inductor L. 

 

Therefore, the equivalent circuit model of the supercapacitor was used to 

measure the electrical energy storage performance of the structural 

supercapacitor fabricated by the vacuum bag molding method. A charge-

discharge response experiment was conducted to measure the charge and 

discharge current by applying a voltage for a certain period of time. In this study, 

a voltage of 1V was applied for 60s to measure the current through the structural 
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supercapacitor. After that, the measured current curves were fitted by the formula 

which is for calculating the charge transient responses through the current-time 

response of the equivalent circuit of the supercapacitor, and the specific 

capacitance (mass-normalized, Cg, areal-nomalized, Ca) of the whole system was 

calculated with derived coefficients.[17] 

 () =  ( )⁄ +  (1 − ( )⁄ ) (3.2)  = ()  (3.3) 

 

 

3.3.1 Surface are effect 

 

Figure 3. 10 shows that the current derived from the charge-discharge process 

of a structural supercapacitor fabricated with CF fabric, CNF, CNF-MWCNT, 

ACNF and ACNF-MWCNT. After curve-fitting the graph using current 

modeling equation, the coefficients such as Rs, Rp, and  the specific could be 

calculated. The specific capacitance was increased in the case using CNF and 

ACNF about 4 times and 36 times, respectively, compared to the case using 

carbon fiber fabric. (Figure 3. 11) When electrospun carbon nanofibers are used, 

the specific surface area is greatly increased as compared with the conventional 
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carbon fiber fabric. Therefore, this is the reason for increase of reaction between 

the ions existing in the electrolyte and the surface of the electrode.  

 

 

Figure 3. 10 Charge-discharge response of structural supercapacitor with 

various kinds of electrodes. 
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Table 3. 1 Electrochemical properties of structural supercapacitors with different 

kinds of electrodes. 

 

 

As shown in the Table 3. 1, when the structural supercapacitor was fabricated 

using electrospun carbon nanofiber, the value of equivalent series resistance 

(ESR, Rs) was decreases. A number of factors like the active area, porosity and 

electrical resistance of electrode could affect ESR. [17] That is, the high specific 

surface area of the electrospun carbon nanofiber electrode causes an increase in 

the active area, so resulting in a decrease in the ESR. When CNF and ACNF were 

used as electrodes for structural supercapacitors, the energy and power densities 

were increased due to the decrease of resistance value. However, the increase of 

the specific surface area and the increase of the specific capacitance were not 

directly proportional to each other because of the resistance (Rp) value at the 

interface between the copper tape used as the electrical connector and the carbon 

nanofiber structure. 
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Figure 3. 11 Area- and mass-normalized capacitance of structural 

supercapacitors with various kinds of electrodes. 
 

The specific capacitance of structural capacitor which used CNF-MWCNT 

electrode was nearly the same as CNF electrode used one. However, when the 

ACNF-MWCNT electrode was used for the structural capacitor, the ESR value 

tended to decrease about half compared with that of ACNF electrode used, and 

which resulted in an improvement of the specific capacitance about 3-4 times. In 

the activation process for carbonized electrospun nanofibers, the surface of the 

MWCNT inside the nanofibers was exposed to the outside due to the formation 

of pores through the decomposition of the nanofiber surface, and thus the reactive 

sites with the ions in the electrolyte were increased.  
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3.3.2 Separator effect 

 

In order to evaluate the electrical energy storage ability of the structural 

supercapacitors based on the type of separator, PET film, filter paper and glass 

fabric were used as separators for structural supercapacitors in this experiment. 

Electrospun carbon nanofiber mat with carbon fiber fabric was used for 

electrodes. 

 

 

Figure 3. 12 Charge-discharge response of structural supercapacitor with 

various kinds of separator. 
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Table 3. 2 Electrochemical properties of structural supercapacitors with different 

kinds of separators. 

 

 

 

Figure 3. 13 Area- and mass-normalized capacitance of structural 

supercapacitors with various kinds of separators. 
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Charge-discharge measurement shows that the structural supercapacitor in 

which glass fabric was used as a separator had specific capacitances of about 60 

times and 300 times higher than that of PET film and filter paper used, 

respectively (Figure 3. 13, Table 3. 2) In order words, as the pore size of the 

separator increases, the number of ions that could pass through the pores 

increases, which leads to an increase in ion conductivity, thus increasing the 

specific capacitance of supercapacitors. It can be also confirmed that the ESR 

value of the supercapacitors decreased as the pore size of the separator increased 

as shown in the Table 3. 2. Even if the same material of separator was used, the 

ion conductivity was decreased when the separator thickness was increased. 

Therefore, it caused the increasing of the ESR value the decreasing of the specific 

capacitance. When four layers of glass fabrics were used as the separator, the 

ESR value was almost doubled compared with the two layer of glass fabrics were 

used, so it led to the increase of the specific capacitance. However, if the pore 

size of the separator is very large, the carbon fiber could penetrate through the 

separator and it act like a resistor. Therefore, it is important to find an optimum 

value.  
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3.4    Self-discharge of multifunctional supercapacitors 

 

In the case of an ideal supercapacitor in an equivalent circuit such as Figure 3. 

9, it has a very low Rs value and a high Rp value. However, in the case of 

multifunctional supercapacitors using CNF or ACNF as electrodes, it has a 

relatively low Rp value as shown in the table 3. 1 and 3. 2. This low value of Rp 

creates a bypass of the current in the circuit, which causes the loss of the storage 

voltage, that is, it is the reason of the self-discharge phenomenon.  

 

(a)  (b)  

Figure 3. 14 The examples of (a) a leakage current during constant voltage 

applied and (b) voltage drop at open-circuit condition because of self-discharge 

of EDLC. 
 

Self-discharge is a characteristic of capacitors and related to electrode area, 

porosity and thickness of the membrane. In the case of EDLC which mainly uses 

activation carbon as an electrode, self-discharge is caused by particles that were 
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released from the carbon electrode and lead to be short-circuited with the 

electrode on the opposite side due to migration or convection through the 

separator. Therefore, even if the capacitor is charged to a specific potential, the 

particles released from the electrode surface act as an impurity in the electrolyte, 

resulting in the loss of the charge, and then this loss leads to a self-discharge 

phenomenon which results in a decrease in dislocation of charges. In order to 

compensate for these potential loss, an external current must be supplied and this 

value is called a leakage current. This leakage current is a major cause of 

degradation of the supercapacitor. The smaller the electrode area and the porosity 

of the separator, the better the self-discharge phenomenon.  

The leakage current was measured to investigate the energy holding ability of 

a multifunctional supercapacitor fabricated using electrospun carbon nanofiber. 

Activation carbon nanofiber and glass fabric were used as the electrode and 

separator, respectively. Figure 3. 15 shows the value of the current measured by 

applying a voltage of 1 V to the structural supercapacitor for 1800 s. When two 

glass fabrics were used as the separator, the value of the leakage current was very 

high. Polymer membranes used as a separator of general EDLC have a low 

porosity about 0.1μm ~ 1μm, but are not suitable for use as a separator of 

multifunctional supercapacitor because they could not guarantee sufficient 

mechanical properties. However, if a glass fabric which is electrically 

nonconductive was used as a separator, mechanical stiffness could be guaranteed, 

but since the size of the pores is very large compared to polymer membranes, it 
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is not possible to prevent the penetration of particles separated from the carbon 

electrode through the pores, which causes a low Rp value and leakage current. 

Therefore, when the thickness of the separator was increased by using four glass 

fabrics to prevent the phenomenon, the leakage current value could be greatly 

reduced because it could prevent the penetration of the carbon particle impurities. 

However, as the thickness of the separator was increased, the permeability and 

mobility of the ions were decreased, so that the maximum value of the current 

tends to decrease.  

 

 
Figure 3. 15 The leakage current of the structural supercapacitors with 

various thickness of glass fabric separators. 

 

The self-discharge of the multifunctional supercapacitor was measured to 

verity the energy storage loss due to the low Rp value. Figure 3. 16 shows the 

decrease of the voltage of the multifunctional supercapacitors which was charged 
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for 600 s at a voltage of 1 V at open circuit condition for 600 s. When the two 

glass fabrics were used as separators, the low value of Rp lead to the large value 

of leakage current, so the stored electric energy was consumed in a short time 

because of the self-discharge. However, when the thickness of the separator was 

increased, the self-discharge phenomenon was improved, and the electric energy 

was maintained about 50% or more even after 10 minutes.  

 

 
Figure 3. 16 The self-discharge phenomenon of charged structural 

supercapacitors with various kinds of glass fabric separators. 

 

Figure 3. 17 shows the current of the multifunctional supercapacitor which was 

charged for 30 minutes at a voltage of 1 V and discharged immediately and after 

5 minutes. When two glass fabric separators were used, the amount of charge 

stored in electrodes was increased due to high ion mobility. However, the stored 

charge after 5 minutes was greatly decreased due to the self-discharge 
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phenomenon. On the other hand, as the thickness of the separator was increased, 

the self-discharge phenomenon could be improved, so the loss of charge could be 

reduced. However, the mobility of ions was decreased, so the initial amount of 

stored charge was decreased.  

 
Figure 3. 17 The loss of stored charge in the electrodes of the 

supercapacitors with various thickness of glass fabric separators. 

 

When glass fabric was used for a separator of multifunctional supercapacitors, 

increasing the thickness of separator to compensate for large porosity of glass 

fabric could improve the self-discharge phenomenon, but it could reduce the 

electrical energy storage capacity of the entire system. However, when thin 

separator was used to increase the electric energy storage capacity, the self-

discharge phenomenon could not be prevented and the energy storage capacity 

would be lowered. In other words, there is a ‘trade-off’ relationship between 

mechanical properties and electrical energy storage properties. 
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CHAPTER 4. Mechanical 
characterization of structural 

supercapacitors  
 

 

 

4.1 Specimen preparation 

 

In order to evaluate the multi-functionality of the structural supercapacitor 

fabricated through this study, it is necessary to evaluate mechanical stiffness as 

well as electrical energy storage performance. In order to increase the energy 

storage efficiency by increasing the specific surface area, carbon nanofiber was 

inserted into the existing carbon fiber fabric. Therefore, to investigate the effect 

of the carbon nanofiber structure on the interface of the carbon fiber reinforced 

composite material, the experiments for tensile properties and Mode I 

interlaminar fracture toughness were performed.  

Tensile tests were performed according to ASTM D882 to determine the 

tensile properties of the specimens. To investigate the effect of CNF or ACNF on 

the tensile strength of a multifunctional supercapacitor, tensile test was conducted 
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with electrospun nanofiber mat which was inserted between the interfaces of the 

carbon fiber fabric. In this experiment, the lamination form for tensile test was 

same as that of multifunctional supercapacitor. The layup for tensile testing 

consisted of two carbon fabric outside, which sandwiched two glass fabric at the 

midplane of the carbon fabrics. The size of the specimen was 80 mm x 20 mm x 

1mm. 

 

(a)  

(b)  

Figure 4. 1 (a) Schematic diagram for DCB test specimen which was used in this 

experiments and (b) Mode Ⅰ fracture toughness test with DCB specimens. 
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The double cantilever beam (DCB) test was carried out in accordance with 

ASTM D5528 to investigate the strengthening effect of interfacial strength of 

carbon nanofibers in Mode Ⅰ fracture condition. The thickness of the specimen 

used in this experiment is 3mm, the length is 200mm, and the width is 20mm. 10 

carbon fiber fabrics were laminated, and the interface strength was evaluated by 

inserting carbon nanofiber structures into the center of the lamination surface. 

The initial crack length was set to 50 mm by inserting a teflon film at the initial 

stage in order to generate the initial crack. The piano hinges were bonded to the 

both side of surfaces at initial points of the specimens with an acrylic adhesive 

under the pressure and the adhesive was cured during 24hr at room temperature. 

Cured specimens were clamped in the jaws of the universal testing machines 

(LLOYD LR 50K) through the hinges, and loaded at a rate of 5mm/min with a 

5kN load cell. During the test, the crack length was recoreded by visual 

equipment.  

Strain energy release rate, G, was calculated by the Modified Beam Theory 

(MBT) in the ASTM standard [33]: 
  = (|∆|) (4.1) 

 

where: 

P = load, 

δ= load point displacement, 



 
CHAPTER 4                                                               68 
                                                                                         
 

b = specimen width, and 

a = delamination length. 

 

∆ was determined experimentally by generating a leasts squares plot of the cube 

root of compliance, C1/3, as a function of delamination length, a. The compliance, 

C, is the ratio of the load point displacement to the applied load, δ/P. 

 

Figure 4. 2 Linear curve-fitting example of plot of the cube root of compliance 

as a function of delamination length. 

 

 

4.2 Tensile properties of structural supercapacitors with CNF 

 

Figure 4. 3 shows the results of tensile test of multifunctional supercapacitor 

structures according to ASTM D882 standard. In order to investigate the effect 

of the inserted electrospun carbon nanofiber on the mechanical properties of 

multifunctional supercapacitors, the lamination of the specimens was same as 

that of multifunctional supercapacitors. When CNF and ACNF were inserted, the 

tensile modulus and strength were not significantly affected as shown in Figure 
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4. 3. The tensile properties are fiber-dependent, so CNF mat which has a low 

mechanical properties could not affect on the tensile properties. However, the 

tensile modulus and strength with CNF-MWCNT and ACNF-MWCNT was 

slightly improved compared to the specimens without MWCNT.  

 

 
Figure 4. 3 Tensile properties of structural supercapacitors with inserted 

electrospun carbon nanofiber mat. 
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4.3 Mode Ⅰ interlaminar fracture toughness of structural 

supercapacitors with CNF 

 

According to the theory of linear fracture mechanics, a fracture toughness, GIc, 

for the crack extension can be obtained by substituting to load P in the equation 

of MBT theory to the critical load Pc which is the maximum load when the 

delamination extends from the initial point. [34] 
 

 

Figure 4. 4 A load-displacement curves of DCB test for non-interleaved and 

interleaved CNF and CNF-MWCNT. 
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Figure 4. 5 A Fracture resistance curve (R-curve) for non-interleaved and 

interleaved CNF and CNF-MWCNT. 

 

Table 4. 1 Critical load and energy release rate values of non-interleaved and 

interleaved CNF and CNF-MWCNT specimens. 
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Figure 4. 4 is a load-displacement graph of DCB test specimens. The critical 

load, Pc, value of the carbon nanofiber mat inserted specimen was higher than 

that of the conventional carbon fiber fabric. However, when the activated carbon 

nanofiber mat was inserted, the critical load value was decreased. Figure 4. 5 

shows the resistance curve (R curve) of the fracture toughness GIc plotted against 

the delamination length. As shown in the Table 4. 1, fracture toughness of the 

CNF structure increased by 22.6% at the composite interface, and CNF-MWCNT 

insertion increased the fracture toughness value by 23.8%. This is because carbon 

nanofibers between carbon fiber fabrics improve interfacial strength because they 

cause interlocking effects such as "hooks and loops" in Velcro. [35] The use of 

nanofibers can prevent the stress concentration caused by the incompatibility of 

the properties of the carbon fiber fabric and the polymer resin. In addition, the 

interfacial bonding effect can improve the interfacial strength of the composite 

material without further increase in volume and mass. [34]  

On the other hand, when the activated carbon nanofiber mat was inserted, the 

mechanical properties of the carbon nanofiber were decreased due to the defect 

on the surface of the nanofiber, and thus it is difficult to achieve sufficient 

interlocking effect. Therefore, the fracture toughness of ACNF and ACNF-

MWCNT inserted specimens were lower compared with CNF and CNF-

MWCNT inserted. In addition, the fracture toughness were increased with 

MWCNT which was a similar result with tensile test.  
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(a)  (b)  

(c)  (d)  

(e)  

Figure 4. 6 SEM images of the fracture surfaces of interlaminar fracture 

toughness test specimens with (a) CF, (b) CNF, (c) CNF-MWCNT, (d) ACNF and 

(e) ACNF-MWCNT. 
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Figure 4. 6 are SEM images that is the fracture surfaces of the specimen of the 

interlaminar fracture toughness test. With carbon fiber fabric, the fracture surface 

was relatively clean with no debris, but when the electrospun carbon nanofiber 

mat was inserted, it is observed that the fracture surface was irregular with a lot 

of debris. The nanofibers inserted between the laminated surfaces act like a 

‘velcro’ between the resins and carbon fiber fabric and it interrupted the progress 

of the cracks.  

Therefore, when a structural supercapacitor is fabricated using carbon 

nanofibers, the specific surface area is improved more effectively and the specific 

capacitance of the structure can be increased. Carbon nanofibers are also effective 

in making multifunctional composites because they have a positive effect on 

strengthening the interfacial strength of carbon fiber reinforced composites. 
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CHAPTER 5. Multifunctionality of 
structural supercapacitors with CNF 

 

 

 

5.1  Background 

 

Since the mechanical stiffness and the energy storage capacity are in a trade-

off relationship, there has to be a criterion to judge the multifunctionality of the 

system in order to consider both of the characteristics. If the mass of the structural 

element and the energy storage element are ms and me, respectively, the total mass 

M of the conventional system is 

 

M = ms + me  (5.1) [36] 

 

In a system containing a structural energy storage component, the mass of 

structural elements, energy storage elements, and multifunctional elements are 

denoted as ms
*, me

*, and mmf
*, respectively, the total mass M* is  

 

M* = ms
* + me

* + mmf
* (5.2) 
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New system should maintain the overall mechanical and energy storage capacity 

of the conventional design while reducing overall system mass. Therefore, 

 Γ∗ + Γ  ∗ = Γ  (5.3) Ε∗ + E  ∗ = E  (5.4) 

 

where Γ and E are the mass-normalized energy density and specific stiffness, 

respectively.  

Combining Eq. (5.1), (5.2), (5.3) and (5.4) defines 

 ( −  ∗) = (  +   − 1) ∗  (5.5) 

 

Multifunctional energy storage system should be a mass-saving system. 

Therefore, 

 

M* < M (5.6)   +   > 1 (5.7) 

 

Through the equation (5.7), the energy storage efficiency ηe and structural 
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efficiency ηs was defined as 

   =    (5.8)  =    (5.9) 

 

Thus, multifunctional efficiency ηmf could be defined as  

   ≡  +  > 1 (5.10)  

 

Since the multifunctional energy storage system has a trade-off relationship 

between mechanical and energy storage performance, the energy storage 

efficiency and structural efficiency in the respect of the conventional systems are 

both less than 1. However, according to equation (5.10), if the sum of each 

efficiency is 1 or more, the system could be judged as a multifunctional system. 

[36] Therefore, the above equation is the basis for judging the multifunctionality 

of the total system. 
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5.2  Multifunctionality of structural supercapacitors with 

CNF 

 

In order to calculate the multifunctionality based on equation (5.10), the 

criteria for energy storage efficiency and structural efficiency of the conventional 

system are required. However, it is vague and difficult to define these criteria, so 

the multifunctionality of the overall system could be calculated differently 

depending on the criteria.  

 

(a)  
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(b)  

Figure 5. 1 Multifunctionality of structural supercapacitors based on (a) 

interlaminar fracture toughness and (b) tensile modulus without the criteria. 

 

Figure 5. 1 shows the graphs represented with mechanical property and the 

energy storage property as x-axis and y-axis, respectively. From the lower left to 

the upper right of the graph, the multifunctionality of the entire system is higher. 

Mode Ⅰ fracture Toughness and tensile modulus were used as the criteria of the 

mechanical property, the multifunctional supercapacitor which was made with 

ACNF-MWCNT electrodes had the highest multifunctionality.  
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(a)  

(b)  

Figure 5. 2 Multifunctionality of structural supercapacitors based on (a) 

interlaminar fracture toughness and (b) tensile modulus with the criteria. 
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Figure 5. 2 shows the multifunctionality of the structural supercapacitors with 

CNFs. The capacitance of the structural supercapacitor was used as energy 

storage efficiency. The fracture toughness efficiency and tensile modulus 

efficiency of each specimen were used as structural efficiencies. At this time, the 

specimen made with CF was used as a standard of mechanical property and the 

capacitance criterion for the energy storage efficiency was 1F. When Mode Ⅰ 

fracture toughness was used for a structural efficiency, all structural 

supercapacitors could be multifunctional systems because the multifunctionality 

of every case were more than 1. When the electrospun carbon nanofiber mat was 

inserted between the carbon fabric interfaces, the fracture toughness was 

increased because the nanofiber mat acts as a velcro. However, when the tensile 

modulus was used for a structural efficiency, only the structural supercapacitor 

with ACNF-MWCNT was a multifunctional system. Since the multifunctionality 

of the entire system could be changed depending on the criteria, it is important to 

provide specific criteria. 
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Summary and Conclusions 
 

 

A multifunctional composite material is a composite material, which refers to 

a material that can maintain a conventional mechanical stiffness while at the same 

time acting as a supplementary material, such as a material capable of storing and 

transporting electrical energy. Among the various functions, there are active 

researches on structural power composites capable of simultaneously performing 

the function of absorbing mechanical load and the function of storing energy. In 

order to produce a multifunctional composite material, carbon fiber (CF) is a 

candidate for making structural power composites because it has high mechanical 

strength and stiffness and at the same time has excellent performance as a 

conductor. However, the conventional carbon fiber has a very low specific 

surface area and cannot provide sufficient electrical energy storage. Sufficient 

physical properties cannot be obtained due to a low specific surface area to use 

the carbon fiber fabric used.  

In this study, carbon nanofibers containing CNTs was fabricated using 

electrospinning process and the multifunctional structural materials which has a 

large capacity for energy storage was made with electrospun carbon nanofibers. 

The polyacrylonitrile (PAN) polymer nanofibers was successfully produced by 

electrospinning method, and PAN nanofibers containing MWCNT was also 
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fabricated. PAN polymer nanofibers fabricated by electrospinning method were 

converted to carbon nanofibers through stabilization and carbonization process 

using heat treatment process. The specific surface area of carbon nanofibers mat 

was measured to be about 50 times higher than that of conventional carbon fiber 

fabric. In addition, to improve the specific surface area of carbon nanofibers, the 

activation process using CO2 was performed. Through this process, the specific 

surface area could be improved by several thousand times.  

A multifunctional supercapacitor was fabricated by vacuum bag molding 

process using carbon fiber fabrics and carbon nanofibers made by electrospinning. 

CF, CNF, CNF-MWCNT, ACNF, and ACNF-MWCNT were used to fabricate 

structural supercapacitors. The specific capacitance was increased by about 4 

times when CNF electrode was used and 36 times by ACNF electrode. Although 

the MWCNT could not affect the specific capacitance for CNF specimens, the 

specific capacitance of ACNF-MWCNT was improved about 3-4 times than that 

of ACNF electrodes. In addition, the specific capacitances of structural 

supercapacitors were measured with various types of separators, the capacitance 

was increased as the thickness of the separator became thinner and the porosity 

of that became larger.  

In order to evaluate mechanical properties of structural supercapacitors, tensile 

tests and interlaminar property experiments were conducted. Although the carbon 

nanofibers could not affect the tensile strength of the structural supercapacitors, 

the interlaminar fracture toughness of the structural supercapacitors with 
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electrospun carbon nanofibers was improved about 20%. The electrospun carbon 

nanofibers inserted in the interfaces of carbon fabrics acted as velcro. In addition, 

tensile and interfacial properties of the multifunctional supercapacitors with 

electrospun carbon nanofibers and MWCNT were further improved.  

Based on measured mechanical strength and energy storage capacity, only the 

structural supercapacitors fabricated with ACNF-MWCNT could be a 

multifunctional system with the tensile strength. On the other hand, all the 

structural supercapacitors were multifunctional system based on the interlaminar 

fracture toughness.
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전기방사를 이용한 탄소나노섬유 제작 및 

이를 이용한 다기능성 에너지 저장 시스템 

개발 
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초        록 

 

 

본 연구에서는 전기방사(Electrospinning) 공정을 이용하여 탄소나노

튜브(carbon nanotube, CNT)를 함유한 탄소나노섬유를 제작하고 이

를 적용하여 대용량 축전이 가능한 다기능성 구조재를 제작하는 연구

를 수행하였다. 전기방사 공법을 이용하여 다중벽 탄소나노튜브

(multi-wall carbon nanotube, MWCNT)를 함유한 폴리아크릴로니
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트릴(PAN) 고분자 나노 섬유를 제작하였으며, 열처리 공정을 이용한 

안정화 및 탄소화 과정을 통하여 전기방사 공법을 이용하여 제작된 

PAN 고분자 나노 섬유를 탄소나노섬유로 전환하였다. 추가로 탄소나

노섬유의 비표면적을 향상시키기 위하여 활성화 과정을 수행하였으며, 

이 과정을 통하여 비표면적을 수 천 배 이상 향상시킬 수 있었다.  

전기방사 공법을 통해 제작된 탄소나노섬유와 종래의 탄소섬유 직물

을 함께 이용하여 진공백 성형공정을 통해 다기능성 에너지 저장장치

를 제작하였다. 탄소나노섬유 전극을 사용한 경우 비전기용량이 약 4 

배 정도 증가하였으며, 활성탄소나노섬유 전극을 사용한 경우 36배 

정도로 크게 증가하는 것을 확인할 수 있었다. 탄소나노섬유 전극를 

이용한 에너지 저장장치의 경우 MWCNT의 함유 여부가 전기에너지 

저장 용량에 영향을 미치지 않았지만, 활성화 과정을 거친 탄소나노

섬유를 전극으로 이용한 시편의 경우 MWCNT를 함유한 시편에서 

비전기용량이 약 3-4배 정도 추가로 향상하는 것을 확인할 수 있었

다. 전극 외에도 다양한 종류의 분리막을 이용하여 다기능성 에너지 

저장장치의 비전기용량을 측정하였다. 

다기능성 에너지 저장장치의 기계적 강성을 평가하기 위하여 인장 시

험과 계면 강도 평가 시험을 수행하였다. 인장 시험에서 탄소나노섬

유 함유 여부가 시편의 인장 강도에 영향을 미치지 않았지만, 계면 

강도 평가 시험에서 탄소나노섬유를 함유한 시편에서 약 20% 이상
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의 계면 강도 향상 결과를 볼 수 있었다. 이는 탄소나노섬유가 탄소

섬유 층간 계면 사이에서 벨크로와 같은 역할을 하여 크랙의 진행을 

방해하기 때문이다.  

측정된 기계적 강도 및 에너지 저장 능력을 바탕으로 다기능성

(multifunctionality)을 계산한 결과, MWCNT를 함유한 활성탄소나

노섬유를 전극으로 이용한 시편의 경우가 다기능성이 가장 높았으며, 

이는 기준을 정하는 방식에 의해 다르게 계산됨을 확인 할 수 있었다. 

 

 

주  요  어 : 다기능성 슈퍼커패시터, 전기방사, 탄소나노섬유, 탄소

나노튜브, 진공백 성형공정, 다기능성 
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