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 This work reported the preparation of carbon nanofibers (CNFs), interconnected 

carbon nanofibers (ICNFs), and carbon-manganese oxide composite nanofibers 

(C/MnOx) fabricated by a conventional and a core-shell electrospinning technique, 

respectively, with the combination of heat treatment and CO2-activation process. The 

calcination and activation processes of all samples were performed at the temperature 

of 900℃ in the argon and CO2, respectively. For IC-CNF, the PVP-PAN weight ratios 

were varied as PVP-PAN: 3-7, 2-8, and 1-9 applied in the precursor solutions of the 

single-nozzle polymer-blend electrospinning. Moreover, the core-shell nozzle 

electrospinning was also used for this case. For carbon manganese oxide composite 

core-shell nanofibers, the PAN solution was a core solution, while the PAN mixed with 

metal oxide was a shell solution. By varying the shell solutions, we can get three 

different samples based on the weight ratios of core-shell, i.e. 10-8, 10-9, and 10-10. 

Concerning material characterizations, the field emission scanning electron microscopy 

(FE-SEM) revealed the fiber-fiber interconnection patterns, the manganese oxide 

nanoparticles, and other fiber morphologies. Moreover, the fiber-fiber interconnection 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background and motivation 

 Recently, energy shortage is the hot topic to be considered due to the decreasing 

natural resources, rapidly increasing demands, and environmental issues. Renewable 

energy has become a preferable candidate to deal with this problem. However, 

renewable energies, such as solar power (López-Lapeña and Pallas-Areny, 2018) and 

wind power (Willis et al., 2018) depend very much on natural conditions. For example, 

the sunlight can be obtained only at a daytime, and the wind occurs unstably. Therefore, 

high efficient and reliable energy storage devices are the hearts of the renewable energy 

application (Aneke and Wang, 2016). To date, energy storage devices including 

batteries (Blecua et al., 2017), fuel cells (Abdelkareem et al., 2019), capacitors, and 

supercapacitors (Agyemang et al., 2018) have been interested and developed. Among 

them, supercapacitors have been chosen as one of the promising energy storage devices 

used  in the renewable energy technology because of their high power densities, long 

cycle lives, fast charging/discharging rates, and high stabilities in operation 

(Akinwolemiwa et al., 2017). Beside this, supercapacitors can also be used in the other 

applications like hybrid vehicles and portable electronic devices. Base on their energy 

storage mechanisms, there are two types of supercapacitor: (a) the electrical double 

layer capacitors (EDLCs), which store energy by pure electrostatic attraction        

between by reversible faradaic reaction including surface adsorption/desorption process 
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between electrodes and electrolytes (T.-L. Chen and Elabd, 2017). More literature 

reviews about supercapacitors were summarized in chapter II. Generally, carbon 

materials with high surface areas are used as electrodes of EDLCs, which provide fast 

charging/discharging process resulting in high power density and excellent cycling 

stability. There are various patterns of carboneous materials, such as graphene, 

activated carbon, carbon aerogels, template derived carbons, carbon nanotubes, and 

carbon nanofibers (Zhai et al., 2011). Electrospun carbon nanofibers (CNF) have been 

fabricated by electrospinning followed by carbonization and activation process, and 

they have been considered as electrode material because of certain features including 

nanoscale size, freestanding nature, easily added reinforcement, and simplified process. 

Moreover, CNF can provide a faster ion response because of the reduced ion transport 

paths compared with carbon particles; and it does not need any binder which can block 

the pores and increase the electrode resistance (Inagaki et al., 2012).  

 

Figure 1.1 Regone plot of various energy storage devices [Adapted from (Goodenough 

et al., 2007)]. 

 To improve the specific capacitance of EDLCs, surface area and conductivity 

are important factors. Moreover, the specific capacitance of supercapacitor can be 

enhanced by summing up the EDLCs and pseudo capacitors to get both benefits (T.-L. 



3 
 

Chen and Elabd, 2017). Some transition metal oxides have been reported to be used to 

embed in carbon nanofibers, such as nickel oxide, cobalt oxide, vanadium oxide, 

titanium oxide, copper oxide, ferrite oxide, ruthenium oxide (C. Yuan et al., 2014). 

Among these, ruthenium oxide has a high specific capacitance; however, the cost is still 

expensive that is why the cheaper manganese oxide becomes an interesting materials 

for energy storage devices (Barai et al., 2017). The more details about CNF and 

manganese oxide will be found in chapter II (Literature review). 

In this study, carbon nanofibers (CNF), porous carbon nanofibers (P-CNF), 

interconnected carbon nanofibers (IC-CNF), and carbon/carbon-manganese oxide 

composite nanofibers (C/MnOx) were fabricated by a single-nozzle and core-shell-

nozzle electrospinning technique followed by carbonization and CO2-activation 

process. The precursor solutions for CNF, P-CNF, IC-CNF, and C/MnOx were prepared 

by using polyacrylonitrile (PAN), PAN and paraffin oil, PAN and polyvinylpyrrolidone 

(PVP), and PAN and manganese nitrate dissolving in N, N-dimethylformamide (DMF), 

respectively. The more details of solution preparations and sample fabrications will be 

found in chapter III (Research Methodology). The prepared nanofibers were 

characterized by various techniques including, X-ray diffraction (XRD), scanning 

electron microscopy (SEM), field emission scanning electron microscopy (FE-SEM), 

transmission electron microscopy (TEM), and gas absorption technique (Lin et al., 

2018). Moreover, the electrochemical properties of the samples were also studied.  

  



4 
 

1.2 Objectives of research   

 The general objective of this PhD thesis is to contribute the collective 

knowledge in the preparation, characterization, and electrochemical properties of CNF, 

PCNF, IC-CNF, and CNF/MnOx. In overall, the major scientific and technical 

objectives of the thesis involve: 

1.2.1 To synthesize CNF, PCNF, IC-CNF, and CNF/MnOx by single nozzle 

and core-shell nozzle electrospinning followed by heat treatment 

method.  

1.2.2 To study the effects of the polymeric concentrations on the structures 

and morphologies of the nanofibers. 

1.2.3 To study the electrochemical properties of the nanofibers for energy 

storage application. 

 

1.3 Limitations of the research 

1.3.1 This study focuses on the fabrications of carbon-based nanofibers 

including porous and interconnected carbon nanofibers and CNF 

reinforced with MnOx nanoparticle. 

1.3.2 The samples were calcined at 900 ºC for 2h in inert gas atmosphere and 

directly activated by CO2 for 20 min. 

1.3.3 The morphologies, structures, and electrochemical properties of all 

samples are compared with those of the pure CNF. 

1.3.4 Investigation of the electrochemical properties of the fabricated 

electrodes was studied by cyclic voltammetry (CV), galvanostatic 
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charge/discharge (GCD) and electrochemical impedance spectroscopy 

(EIS).  

1.4 Locations of research 

1.4.1 Advanced Materials Physics Laboratory (AMP), School of Physics, 

Institute of Science, Suranaree University of Technology (SUT), 

Nakhon Ratchasima, 30000 Thailand. 

1.4.2 The Center for Scientific and Technological Equipment (SUT), 

Suranaree University of Technology (SUT), Nakhon Ratchasima, 30000 

Thailand. 

 

1.5 Expected results 

1.5.1 Skill and expertise for synthesis, fabrication and characterization 

techniques for CNF, PCNF, IC-CNF, and CNF/MnOx with the improved 

properties for electrode material of supercapacitors. 

1.5.2 Understanding of the electrochemical properties of the CNF, PCNF, IC-

CNF, and CNF/MnOx 

1.5.3 International publications (ISI). 

 

1.6 Outline of the thesis 

 This thesis is divided into five chapters. The first chapter provides the 

introduction of the thesis. In the next chapter (chapter II), a brief review of information 

concerning with background of CNF, manganese oxides, electrospinning/core-shell 

electrospinning technique, the theory approach concerning with electrochemical 
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properties are also detailed in this chapter. Chapter III presents chemical and 

experimental method of the CNF, PCNF, IC-CNF, and CNF/MnOx. Moreover, this 

chapter also presents the fabrication techniques. Furthermore, the informations of all 

measurements techniques used in this research are also summarized in this chapter. 

Then, the results obtained in this research and discussions of the results are given in 

Chapter IV. Finally, conclusions and suggestions are described, and the future works 

are proposed in Chapter V.



 

CHAPTER II 

LITERATURE REVIEWS 

 

2.1 Supercapacitors 

 Supercapacitors, also known as electrochemical capacitors or ultracapacitors, 

are energy storage devices which have high power density, long cycle life, fast 

charging/discharging rate, and long term operation stability (Y. Huang, F. Cui, et al., 

2018). There are many applications for supercapacitors including portable electronic 

devices, hybrid vehicles, and power backup systems (Sun et al., 2017). Supercapacitor 

comprises of a negative electrode (negatrode), aqueous/non-aqueous electrolyte, 

separator and a positive electrode (positrode) (Akinwolemiwa et al., 2017). Based on 

the energy storage mechanism, supercapacitors can be classified into two types: the 

electrochemical double-layer capacitors (EDLCs) and pseudocapactors (Y. Huang, Y. 

Zhao et al., 2018).  

2.1.1 Electrochemical double layer capacitors (EDLCs) 

 The formation of electrochemical double layer capacitor (EDLCs) consists of 

two-identical electrodes immersed in an aqueous or an organic electrolyte and separated 

by the separator. The electrochemical capacitors have a very similar structure as an 

electrochemical cell but there is no electron transfer across the interface. The energy 

storage mechanism of EDLDs is based on the reversible electrostatic accumulation of 

ions on the surface of electrode and electrolyte (Sarwar et al., 2016). Figure 2.1(a) 

shows a   typical  double-layer capacitor.  Due  to  Coulomb’s  force  positive  charges 
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accumulated on the positive electrode attract an equal number of negative charges 

around the electrode in the electrolyte side. Another double-layer is formed at the 

negative electrode-electrolyte interface to insure the electric neutrality of the system by 

the charges accumulated at electrode and positive charges in the electrolyte near the 

interface. Therefore, two electric double-layers are formed in a complete 

electrochemical double-layer capacitor, one at the negative electrode-electrolyte 

interface and another at the positive electrode-electrolyte interface (Jeong and Kim, 

2018). Generally, EDLCs are known as symmetric supercapacitors, which their 

electrodes are carbon material. High-surface-area carbons, such as activated carbons 

are qualified as electrode materials for EDLCs (Lee et al., 2016). It is noticed that the 

useful surface areas are where the electrolyte ions can access only which can form 

electrode electrolyte double-layers [see Figure 2.1(b)]. Therefore, the pore sizes of 

electrode materials must be optimized to fit the sizes of the electrolyte ions. However, 

if the porosity of electrode material is too high, the electric conductivity electrode will 

be low and it will decrease the power density of the supercapacitor (Dupont and Donne, 

2016). The capacitance, the energy, and the maximum instantaneous power are 

calculated by the following equations, respectively. 

 

C =
εrε0A

d
                        (1) 

 

E =
1

2
CV2                        (2) 
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Pmax =
V2

4R
                          (3) 

where ε0 is the dielectric constant of the vacuum, εr is the dielectric constant of the 

electrolyte, A is the accessible surface area, d is the separation between charge, C is the 

capacitance, V is the cell voltage, R is the internal resistance (González et al., 2016).       

 

2.1.2 Pseudocapacitors 

 The same as EDLCs, a pseudocapacitor also consists of two identical electrodes 

immersed in an aqueous or an organic electrolyte and separated by the separator. 

However, the charge storage of pseudocapacitors is different from EDLCs. 

Pseudocapacitors store energy by a faradaic charge transfer in the electrode layer, which 

occurs through electrochemical reduction-oxidation (redox) reaction (Xiao et al., 

2017). The active materials for pseudocapacitors are metal oxide/hydroxide and 

conductive polymer. Since the faradic electrochemical processes occur both on the 

(a) (b) 

electrolyte 

ion 

Double layer 

Figure 2.1 Scheme of (a) supercapacitor and (b) electric double layer of porous 

electrode, which electric charges are accumulated at the surface of electrode. 



10 
 

surface and in the bulk near the surface, pseudocpacitors usually exhibit larger specific 

capacitance than EDLCs. The behavior of this redox reaction is similar to the 

electrochemical reactions in the rechargeable batteries. The redox reaction in an 

electrode layer must be electrochemically reversible or semi-reversible to ensue 

efficient charge and discharge (Dupont and Donne, 2016). The electrodes of 

pseudocapacitors are usually composed of a reversible electrochemical active material 

and electrochemically inert material like carbon material. In electrochemically 

reversibility, the electroreduction and electrooxidation of a pseudomaterial’s oxidation 

states can occur at almost the same potentials. However, most of redox reactions are 

not totally reversible because of their limited reaction kinetics, particularly if the 

reactions are driven at high rates. The redox reactions must occur within the stability 

region of the electrolyte in order for a pseudocapacitive material to be used for storage 

(Miller, 2017).  

 

2.2 Electrospinning techniques 

 2.2.1 Electrospinning process 

In electrospinning process, the solution of polymer or melt is stretched to form 

fine fibers with thinner diameter (from nanometer to micrometer) and larger surface 

area than the fibers obtained from conventional spinning process by using electrostatic 

force (Alazab et al., 2017). Similar to electrostatic precipitators and pesticide sprayers, 

DC high voltage in the range of several kVs is used to produce strong mutual electric 

repulsive force overcome weaker force of surface tension in the charged polymer liquid 

(You et al., 2017). There are two types of electrospinning setups, i.e. vertical and 

horizontal. Recently sophisticated systems have been developed to operate in room 
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temperature and ambient condition. The three main components of electrospinning 

system comprise a spinneret, a high-voltage power supply, and a grounded collector 

(Soares et al., 2018). Some parameters, which affect the quality of productive 

nanofibers, include processing parameter, such as applied voltage, feed rate/flow rate, 

types of collector, tip to collector distance and ambient parameters like humidity, 

temperature etc. (Gee et al., 2018). In general, there are two types of electrospinning 

including melt electrospinning (Abdal-hay et al., 2018) and solution electrospinning 

(Alazab et al., 2017). Normally, melt electrospinning has rarely been used since it 

cannot provide nanoscale fibers, which are needed in the applications, and it requires 

advanced equipment, high viscosity, and high heating temperature (H. Xu et al., 2018). 

On the other hand, the solution electrospinning is more preferable even there are some 

disadvantages including the toxicity of the solution to the environment. The solution 

electrospinning technique could be developed by adding the photopolymerization in the 

spinning process (X. Zhu et al., 2018).  

2.2.2 Applications of electrospun materials 

There are many literatures reported the applications of electrospun materials. 

First, they can be applied in the medical applications, such as drug delivery and 

regenerative medicine (S. Chen et al., 2018), tissue engineering (Alharbi et al., 2018), 

and bone tissue engineering (G. Cheng et al., 2018). Second, they have been used in 

the environmental applications including the oil-water separation (Bae et al., 2018), 

water filtering (J. Huang et al., 2018), photocatalytic water purification (J. Huang et al., 

2018), membranes (K. Zhang et al., 2018), and air filtering (Z. Cheng et al., 2018). 

Third, they are ultilized in Biopolymer and food productions like the productions of 

food proteins and polysaccharides (Mendes et al., 2017) and food hydrocolloids (C. 
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Zhang et al., 2018). Next, they are found in the sensor applications, including 

gasochromic hydrogen detection (Tavakoli Foroushani et al., 2018), electromagnetic 

wave absorption (Wei et al., 2018), formaldehyde sensor (X. Gao et al., 2018), humidity 

sensor (T. Yuan et al., 2018). Finally, they can be applied in the energy storage 

applications, such as electrode materials for supercapacitors (W.-M. Chang et al., 

2018), materials for lithium-ion battery (Q. Chen et al., 2015), dye-sensitized solar cells 

(X. Zhang et al., 2018), materials for advanced lithium-sulfur batteries (Lu Li et al., 

2018), sodium-ion batteries (Q. Zhu et al., 2017). 

2.2.3     Side-by-side and multi-nozzle electrospinning 

            To spin two or more solutions at the same time, side-by-side and multi-nozzle 

electrospinning have been developed. Niu (Niu, 2012) used side-by-side 

electrospinning system to spin the two different polymer solutions, i.e. PVP solution 

and PAN solution. The schematic diagram of side-by-side electrospinning was 

illustrated in figure 2.2. Simprachim (Sinprachim et al., 2016) used four-nozzle 

electrospinning system to spin PAN solution and PAN-metal-nitrate solutions. The 

fiber-mat product could be obtained much greater than the single-nozzle 

electrospinning system at the same time. The schematic diagram of four-nozzle 

electrospinning system was displayed in Figure 2.3. 
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Figure 2.2 The side-by-side electrospinning system.  

 

  

Figure 2.3 The four-nozzle electrospinning system. 

2.2.4     Core-shell electrospinning 

Figure 2.4 illustrates a basic setup for core-shell electrospinning, which includes 

two syringes and coaxial spinneret. Similar to conventional electrospinning, under high 

voltage the electrospinning liquid is drawn out from spinneret and form a ‘compound 
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Taylor cone’ with a core-shell structure (Gadkari, 2014). The core-shell structure in 

fibers will be built and kept through spinning and collected on the rotating ‘collector’. 

In those processes, core-shell Taylor cone formation will decide the core-shell 

nanofibers forming (Huang et al., 2013). In order to get a nice ‘ compound Taylor cone’ 

with core-shell structure, one has to make an utmost control and balance inject speed 

of inner and outer fluid, which keep the ‘compound Taylor cone’ in dynamic 

stabilization (Babapoor et al., 2017). A too high or too low flow rate of the inner fluid 

is unfavorable. An appropriate injecting speed and rate of inner-outer fluid should be 

considered and investigated carefully to have good core-shell structure fibers (Yu et al., 

2014). 

 

Figure 2.4 The core-shell electrospinning system. 

 

2.2.5     Needleless electrospinning (NLE) 

Similar to conventional, side-by-side, the multi-nozzle, and core-shell 

electrospinning, the electrospinning solution is drawn out from spinneret under high 

Inner solution 

Outer solution 

Spinneret 
Taylor cone 

Rotating 

collector 

High voltage 
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voltage by the repulsive force of electric charge on the surface of the solution and form 

a ‘compound Taylor cone’. On the other hand, the spinning parameter are quite different 

from the conventional one.  For instance, the distance between the Taylor cone and 

collector is very short about 140 mm; the speed of rotating bath is very low about 10 

rpm; and voltage is extremely high in the range of 70-75 kV.   

 

 

 

Figure 2.5 Needleless electrospinning system (adapted from (Hongjian Wang et al., 

2018). 

 

 Nanofibers obtained from this technique meet the requirement of many 

application (Streckova et al., 2018). In NLE, a very high voltage about 28 kV is needed 

to form a Taylor cone and produce the continuously-spinning fiber jet (Hongjian Wang 

et al., 2018). The schematic representation of NLE was presented in Figure 2.5. 
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2.2.6  Polymers and solvents used in electrospinning 

            There are many kinds of polymers having been used in electrospinning. Some 

polymers are water-soluble including polyvinylpyrrolidone (PVP) (Castkova et al., 

2017), polyacrylic acid (PAA), polyvinyl alcohol (PVA) (Bose and Sanyal, 2018), 

poly(vinyl acetate) (PVAc), polyethylene oxide (PEO) (Dobrovolskaya et al., 2018). 

On the other hand, some polymers are not-water-soluble like polyacrylonitrile (PAN) 

(Z.-X. Huang et al., 2018), polyimide (PI) (Lasprilla-Botero et al., 2018), polyamide 

66 (PA66) (Z. Cheng et al., 2018), poly(vinylidene fluoride) (PVDF)(Amini et al., 

2018), polymethacrylate (PMMA) (J. Bai et al., 2018), polyvinylchloride (PVC), 

polylactic acid (PLA) (Coimbra et al., 2019), polyurethanes (PU), polybenzimidazol 

(PBI), polycarbonate (PC), polyethylene-co-vinyl acetate (PEVA), polyaniline (PANI), 

polyethylene dioxythiophene (PEDOT) (Zarrin et al., 2018), polyvinylcarbazole, 

polyethylene terephthalate (PET), polycacrylic acid-polypyrene methanol (PAA-PM), 

polyvinylchloride (PVC), cellulose acetate (CA) (Bae et al., 2018), polyacrylamide, 

(PAAm), collagen (Le Corre-Bordes et al., 2018), polycaprolactone (PCL) (Morikawa, 

2018), poly(2-hydroxyethil methacrylate (HEMA), poly(ethylene-co-vinyl alcohol), 

polyethylene terephthalate (PET), and polyethylene naphthalate (PEN). The solvents 

used to solobe these polymers include dimethyl formamide (DMF) (W.-M. Chang et 

al., 2018), formic acid, dimethyl accetamide, chloroform, tetrahydrofuran, methylene 

chloride, acetic acid (Kwak et al., 2017), dichlormethane, acetone (Kang and Kang, 

2018), ethanol (Isik et al., 2018), methanol (Someshwararao et al., 2018), isopropyl 

alcohol, camphor sulfonic acid, hexafluoro-2-propanol (Fang et al., 2018).  
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2.3 Carbon nanofibers 

2.3.1 Why carbon nanofibers? 

Carbon materials are very attractive candidates for energy storage devices; 

especially supercapacitors due to their certain factors. They include different allotropes, 

various dimensionality (from 0 to 3D), existence in different forms (powders, fibers, 

foams, etc.), good conductivity (Jiandong Liu 2018), high surface area (Y. Bai et al., 

2018), low cost (Alvi and Akhtar, 2016), environmentally friendly (Alvi and Akhtar, 

2016), operation in wide range of temperature (Chesnokov et al., 2016), and abundant 

element (J. Cai et al., 2016). Carbon nanofibers fabricated by combination of 

electrospinning technique and carbonization process have been considered as a 

promising candidate for energy storage application due to the nanoscale tubular 

morphology, which can offer a unique combination of low electrical resistivity and high 

porosity (Agyemang et al., 2018). The specific surface area of carbon nanofibers can 

be improved by activation process which can be classified into chemical activation (Bao 

et al., 2018) and physical activation (Liu et al., 2013). Moreover, it is easy to put 

enforcements. For example, metal oxide can be imbedded into carbon nanofibers by 

just adding the metal source into the solution before doing electrospinning. This is a 

simple and low-cost technique, which can control pore structure, degree of 

graphitization, electrical conductivity and metallic species loading of carbon nanofibers 

(Alegre et al., 2018). 

2.3.2 The structure of CNFs 

Carbon nanofibers (CNFs) are one-dimensional (1D) nanostructured carbon 

materials with nanometer-size diameters. For example, continuous carbon nanofibers 

assembled as a non-woven web of interchanged fibers are fabricated via electrospinning 
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and subsequent thermal treatment. The carbon nanofibers (CNFs) are distinguished 

from conventional carbon fibers (CFs) by smaller-size diameters. The CF diameters are 

in order of several micrometers while CNFs have diameters of 50-300 nm. The unique 

properties include huge surface area, good electrical conductivity, and high chemical 

stability in different solution at wide temperature range (LichaoFeng et al., 2014). There 

are many types of structure of carbon nanofibers including graphite, fullerene, and 

amorphous carbon. The degree of graphitation affects strongly the electrochemical 

properties of carbon nanofibers. The high temperature is used in carbonization process 

to obtain the graphitation structure by the rearranging of carbon atoms (B. Zhang et al., 

2016). The various types of nanostructure of carbon nanofibers are displayed in figure 

2.6. 

 

 

 

 

Figure 2.6 Various structures of carbon nanofibers: (a) multi-walled CNFs, (b) 

graphene platelet, (c) graphene fishbone, (d) graphene ribbon and (e) stacked cut CNFs, 

and (f) amorphous CNF without graphene layers (B. Zhang et al., 2016).  
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2.3.3 The synthesis methods 

Various methods have been employed to synthesize CNFs including traditional 

vapor growth method or plasma enhanced chemical vapor depositing method (J.-Y. 

Choi et al., 2018) and the combination of electrospinning of polymer and carbonization 

method (Dincer et al., 2018). Among these methods, the combination of electrospinning 

for forming fiber mat and the carbonization process for converting material to become 

CNF under an inert gas atmosphere is the most preferable method because of 

uncomplicated process and low cost. In electrospinning method, the polymer solution 

was stretched as continuous fibers by applied electric field. As a result, a mat or web of 

fibers is collected for further heat treatment to obtain carbon nanofibers mat or web. 

Moreover, the web or mat structure of fibers is a good form for electrode materials of 

energy storage devices due to the easy transport of electric charge and accessibility of 

electrolyte ions (W.-M. Chang et al., 2018). There are several materials used for 

commercial carbon nanofibers, such as polymers (PAN, PVA), rayon, and pitch and so 

on. Among these, Polyacrylonitrile (PAN) has been widely used because of its high 

carbon yield and thermal stability. By using PAN via electrospinning method and 

carbonization at certain condition, some factors can be controlled like pore structure, 

degree of graphitization, electrical conductivity (Arbab et al., 2017). 

 2.3.4 Porous carbon nanofibers 

            In the electrochemical applications, the electrical conductivity and the surface 

area have been set as the first priority. Thus, CNF fabricated by electrospinning and 

carbonization process meet the requirement due to their large surface area and high 

electrical conductivity (Busacca et al., 2017). Moreover, the specific area of CNF can 

be improved by activation including Physical (Che Othman et al., 2017) and Chemical 
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activation (Byamba-Ochir et al., 2016) to produce more mesopores and micropores, 

which are useful for increasing specific capacitance (Byamba-Ochir et al., 2016). There 

are many literatures published about how to make porous carbon nanofibers. For 

example, An (An et al., 2016) fabricated mesoporous carbon nanofibers by using 

electrospinning and H2-activation with the specific area of 467.6 m2 g-1. Besides, Bai 

(Bai et al., 2014) fabricated the porous carbon nanofibers by electrospinning followed 

by steam activation and treatment in HNO3/H2SO4 mixture with the specific surface 

area of 583 m2 g-1. Next, Deng (Deng et al., 2017) prepared the honeycomb like 

hierarchical porous carbon nanofiber by electro-blown spinning technique. Another 

example, Dong (Y. Dong et al., 2015) fabricated mesoporous graphitic carbon 

nanofibers by electrospinning and templated method with high specific area of 870 m2 

g-1. Then, Fan (Fan et al., 2016) prepared nitrogen-enriched meso-marcroporous carbon 

fibers network by electrospinning followed by pyrolysis and SiO2 removal processes. 

More example, Zuniga (Zuniga et al., 2016) prepare multichannel hollow structure of 

TiO2/carbon composite nanofibers by forcespinning followed by carbonization process 

with the specific surface area of 123.31 m2 g-1. In addition, Zhang (Zhang et al., 2017) 

prepared nitrogen-doped biomass-derived carbon nanofibers/graphene aerogel via 

hydrothermal self-assembly method and followed by freeze-drying and carbonization. 

Also, Zhang (Lijun Zhang et al., 2016) fabricated three-dimensional nitrogen and boron 

co-doped porous carbon nanofibers by a combination of electrospinning and 

carbonization process.Moreover, Zhang (Lijuan Zhang et al., 2016) prepared 

hierarchical porous carbon nanofibers by electrospinning followed by carbonization 

process with the specific area of 679 m2 g-1. Besides, Zeng (Zeng et al., 2015) prepared 

free-standing mesoporous electrospinning carbon nanofibers web without activation by 
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a combination of electrospinning and carbonization process with specific area of 535 

m2 g-1. Furthermore, Yoo (Yoo et al., 2017) synthesized porous carbon nanofibers with 

bamboo-like carbon nanofibers branches by one-step carbonization process. Next, Yao 

(Yuechao Yao et al., 2017) fabricated nitrogen-enriched hierarchically porous carbon 

nanofibers network by electrospinning followed by heat and acid treatment with 

specific area of 559 m2 g-1. In addition, Yang (K. S. Yang et al., 2015) prepared RuO2-

containing activated carbon nanofibers with hollow cores by one –step electrospinning 

followed by thermal treatment. Lastly, Xu (J. Xu et al., 2018) prepared NiS anchored 

carbon nanofibers by electrospinning combined with calcination and in situ 

sulfurization with the specific area of 376 m2 g-1. 

 2.3.5 Application of CNF  

            Due to their unique properties, carbon nanofibers can be good candidates in 

many applications. Some applications include heat treatment material, catalyst (Al-

Enizi et al., 2018; Chung et al., 2018), composite reinforcement and supporting 

materials for metal nanoparticles (Bajaj et al., 2018), membrane-based separation (Y. 

Bai et al., 2018), and sensors including biosensors (Alim et al., 2018) and screen-

printed electrochemical sensor (Yao Yao et al., 2019). Moreover, they are also used as 

electrode materials for energy storage devices. For example, the energy storage devices 

include Li-ion batteries (Jiandong Liu 2018), Li-S battery (Cao et al., 2018), sodium-

ion batteries (G. Chen et al., 2018), sodium-selenium batteries (Hui Wang et al., 2019), 

sodium-sulfur batteries (Xia et al., 2018), flexible lithium ion batteries (F. Zhao et al., 

2017), lead acid batteries (Blecua et al., 2017), vanadium flow batteries (Xu et al., 

2017), fuel cells (Abdelkareem et al., 2019), Zn-air cells (J. E. Park et al., 2018), Li-air 

battery (Song and Shin, 2014), dye-sanitized solar cells (Ling Li et al., 2018), 
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supercapacitors (Agyemang et al., 2018), symmetric supercapacitors (N. Cai et al., 

2018), asymmetric supercapacitors (Budhiraju et al., 2017), flexible supercapacitors (Y. 

Li et al., 2018), and all-solid-state flexible supercapacitors (Tian et al., 2017). In this 

section, the review concentrates mainly on the literature of CNFs used as the electrode 

material for electrochemical capacitor or supercapacitor. 

 

2.4 MnOx 

 Manganese oxides have been considered as promise materials for energy 

storage devices to replace the high capacitive RuO2 because of their inexpensive cost, 

environmental safety, and high specific capacitance (Ahuja et al., 2018). MnOx has 

characteristic of pseudocapacitive materials, which stores energy by reversibly redox 

reaction including exchanging electric charge with electrolyte and changing the 

oxidation states (Barai et al., 2017). The crystallinity of MnOx affects very much on the 

surface area and the conductivity, i.e. the more crystallinity, the higher conductivity, but 

the lower surface area. The preparation conditions affect the morphology, composition 

and structure to form different types of MnO2 including 𝛼 − MnO2   (Sankar et al., 

2018), 𝛽 − MnO𝑥  (R.-B. Li et al., 2018),  𝛾 − MnO𝑥  (Ranganatha and 

Munichandraiah, 2018), 𝜆 − MnO2  (Tang et al., 2018), and 𝛿 − MnO2 (Q. Gao et al., 

2018). Moreover, the preparation conditions also cause the different morphologies 

including nanoparticles (Aswathy et al., 2018), nanospheres (Chai et al., 2018), 

nanoneedles (Davoglio et al., 2018) nanowires (Byles et al., 2018), nanosheets (Amir 

et al., 2018), nanorods (Ahn et al., 2018), nanoribbon (Ahuja et al., 2018) etc. Various 

techniques have been used to synthesize manganese oxides including hydrothermal, 

sol-gel, reduction reaction, co- precipitation, and cathodic and anodic deposition (Y. 
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Chen et al., 2013). There are many literatures reported the manganese oxides with the 

applications in energy storage devices. Bai (X. Bai et al., 2018) synthesized hierarchical 

multidimensional MnO2 by hydrothermal method with the specific capacitance of 

311.52 F g-1 at the current density of 0.3 A g-1 in 1 M Na2SO4. Aswathy (Aswathy et 

al., 2018) prepared Mn3O4 nanoparticles on the surface of activated graphited paper by 

template-free hydrothermal method with the specific capacitance of 471 F g-1 at the 

current density of 1 m A cm-2 in 1 M Na2SO4. Bi (Bi et al., 2018) fabricated NiO/MnO2 

composite by one-pot microwave method with the specific capacitance of 102.78 mA 

h g-1 at the current density of 1 A g-1 in 6 M KOH. Chai (Chai et al., 2018) synthesized 

the hollow 𝛿 −MnO2 by in situ redox etching reaction suing MoS2 nanospheres as a 

template with the specific capacitance of 394 F g-1 at the current density of 1 A g-1 in 1 

M Na2SO4. Cheng (Y. Cheng et al., 2018) synthesized Mn3O4 by mediation of fatty 

acids with the specific capacitance of 304 F g-1 at the scan rate of 1 20 mVs-1 in 1 M 

Na2SO4. Chi (Chi et al., 2018) prepared manganese oxide/graphene hydrogel composite 

by electrodepositing with the specific capacitance of 352.9 F g-1 at the current density 

of 1 A g-1 in 1 M Na2SO4. Davoglio (Davoglio et al., 2018) fabricated α − MnO2 

nanoneeles by microwave-assisted method with the specific capacitance of 289 F g-1 at 

the current density of 0.5 A g-1 in 1 M Na2SO4. Ensafi (Ensafi et al., 2018) prepared 

graphene/polyaniline-benzimidzole/graphene/MnO2 quaternary composite by 

polymerization and hydrothermal method with the specific capacitance of 675 F g-1 at 

the current density of 50 A g-1 in 0.5 M H2SO4. Gao (Q. Gao et al., 2018) synthesized 

Fe doped δ − MnO2 nanoneedles by hydrothermal method with the specific 

capacitance of 627.3 F g-1 at the current density of 1 A g-1 in 3 M KOH. Ghasemi 

(Ghasemi et al., 2018) synthesized MnO2/RGO nanohybrid sonochemical method and 
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electrostatic co-precipitation procedure with the specific capacitance of 375 F g-1 at the 

current density of 1 A g-1 in 0.5 M Na2SO4. Raj (Gnana Sundara Raj et al., 2018) 

prepared Mn2SnO4 by simple one-pot sonochemical method with the specific 

capacitance of 144 F g-1 at the current density of 3 mA cm-1 in 1 M Na2SO4. Jia (Jia et 

al., 2018) fabricated porous carbon/MnO2 nanowires by hydrothermal method with the 

specific capacitance of 338 F g-1 at the current density of 1 A g-1 in 1 M Na2SO4. Kadam 

(Kadam et al., 2018) synthesized flower like Mn-Co mixed metal oxide by 

electrodeposition method with the specific capacitance of 679 F g-1 at the scan rate 5 

mV s-1 in 1 M NaOH. Al-Hemaid (Kogularasu et al., 2018) prepared MnFe2O4 nano-

agglomerates by template-synthesis approach with the specific capacitance of 1283 F 

g-1 at the scan rate of 5 mV s-1 in 1 M KOH. Lei (Lei et al., 2018) fabricated Mn-doped 

nitrogen-containing carbon by leather processing with the specific capacitance of 

272.62 F g-1 at the current density of 1 A g-1 in 1 M KOH. Li (R.-B. Li et al., 2018) 

synthesized hierarchical mesoporous beta-manganese dioxide nanoflower by self-

assembly method with the specific capacitance of 500 F g-1 at the current density of 1 

A g-1 in 0.5 M Na2SO4. 

 

2.5 Carbon composite nanofibers  

            2.5.1    Structure of carbon composite nanofibers  

            Carbon composite nanofibers (CCNF) is carbon nanofibers containing different 

phase fillers. The structure of CCNF is decided by the shape of CNF matrix. The 

diameter of the composite nanofibers is about hundreds of nanometer and their lengths 

can reach several micrometers (L. Chen et al., 2018). 
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2.5.2    The synthesis methods 

 As reported earlier that the objective of carbon composite nanofibers is to 

improve its properties and favored over the cheaper price. To date, the synthesis 

methods of CCNF have been the subject of intense investigation, especially for an 

application of electrode material for energy storage devices. It is well known that, the 

materials for electrochemical capacitor electrode are divided into three main types: 

carbon based (CNT, CNF, Graphene, etc.), transition metal oxide/hydroxide (RuO2, 

MnO2, Ni(OH)2, etc.) and conducting polymers (polyaniline (PANI), polypyrrole 

(PPy), etc. (Budhiraju et al., 2017). The composite of these materials with CNF have 

been intensively investigated. The general preparation approaches of CNF matrix are 

chemical vapor deposition growth and electrospinning as described in section 2.6.2. 

Various methods for preparing the metal oxide/hydroxide nanoparticles, which acted as 

the composite materials are similar in section 2.4. The performance of composite fibers 

is strongly governed by dispersion of nanoparticles in the CNF matrix. Thus, the 

dispersion is a key role in the synthesis of CCNF. It was found that CNF with large 

surface area can act as a support for dispersion of metal oxide/hydroxide nanoparticles, 

and thus improving the conductivity of electrode material. Moreover, surface treatment 

is a method to help the dispersion of metal oxide/hydroxide in CNF matrix (Sinprachim 

et al., 2016). 

2.5.3    Applications of carbon composite nanofibers in supercapacitors 

 Generally, carbon-based composite material are able to be used in various fields 

of applications as reported in section 2.3.5. Based on their advantages including 

different allotropes, various dimensionality, different forms, good conductivity, high 

surface area, low cost, environmental safety, operation in wide range of temperature, 
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abundant element, CNF still have low energy density. Therefore, CNF have been used 

as the based materials to composite with the speudocapacitive materials, such as metal 

oxides/hydroxides and conducting polymers in order to obtain the maximum potentials. 

The synthesis methods, testing condition and specific capacitances of carbon-based 

composite nanofibers in the applications of supercapacitors were summarized in Table 

2.1.  

Table 2.1 The synthesis methods, testing condition and specific capacitances of carbon-

based composite nanofibers. (Continued) 

Materials Synthesis method Testing conditions Specific 

capacitance 

Reference 

CNF-CNT-

PANI 

Electrospinning 

and carbonization 

1 A g-1, 1 M 

H2SO4, (0-1.0 V) 

1119 F g-1 (Agyemang 

et al., 2018) 

CNF Electrospinning 

and carbonization 

1 mV s-1, 3M 

LiOH, (-1 – 0 V) 

277 F g-1 (Bhoyate et 

al., 2018) 

NiMoO4/ 

Hollow CNF 

electrospinning 1 A g-1, 6 M KOH 

(0 – 0.5 V) 

1438 F g-1 (Budhiraju 

et al., 2017) 

Inter-bonded 

CNF 

Pyrolysis 

technique 

1 A g-1, 6 M KOH, 

(-0.9 – 0.1 V) 

241 F g-1 (J. Cai et 

al., 2016) 

RGO-

AgNP/N-

CNF 

Modified 

Hummers, 

Electrospinning 

and carbonization 

0.5 A g-1 188 F g-1 (N. Cai et 

al., 2018) 
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Table 2.1 The synthesis methods, testing condition and specific capacitances of carbon-

based composite nanofibers. (Continued) 

Materials Synthesis method Testing 

conditions 

Specific 

capacitance 

Reference 

PANI-CNT-

CNF 

Plasmas modification, 

electrospinning and 

carbonization 

 1 A g-1, (0 – 1 V) 

1 M H2SO4,  

304 F g-1 (W.-M. 

Chang et 

al., 2016) 

Ultrathin 

CNF 

Centrifuged 

electrospinning and 

carbonization 

1 A g-1, 1 M 

H2SO4, (-1 – 1 

V) 

243 F g-1 (W.-M. 

Chang et 

al., 2018) 

GO-CNF UV-induced photo 

polymerization, 

electrospinning and 

thermal treatment 

1 A g-1, 6 M 

KOH, (0 – 1 V) 

140.1 F g-1 (Chee et 

al., 2017) 

CNF-PPy-

rGO 

Electrospinning, 

carbonization, 

electrochemical 

deposition 

2 mV s-1, 3 M 

KCL, (-0.2 – 0.8 

V) 

336.2 F g-1 (L. Chen 

et al., 

2018) 

Cross-liked 

CNF 

Electrospinning, 

carbonization, 

1 A g-1, 6 M 

KOH, (-0.8 – 0 

V) 

222.9 F g-1 (Jianping 

Ding et 

al., 2018) 
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Table 2.1 The synthesis methods, testing condition and specific capacitances of carbon-

based composite nanofibers. (Continued) 

Materials Synthesis method Testing 

conditions 

Specific 

capacitance 

Reference 

CNF/G Electrospinning, 

spraying, heat 

treatment 

1 A g-1, 6 M 

KOH, (-0.9 – 

0.1 V) 

180 F g-1 (Q. Dong et 

al., 2013) 

mesoporous 

CNF 

 0.7 A g-1, (0.1 

– 0.8 V) 

303 F g-1 (Y. Dong et 

al., 2015) 

CNF/CuFe2O4 Electrospinning 

and carbonization 

10 mV s-1, 1 

M KOH, (0 – 

0.35 V) 

191 F g-1 (Nilmoung 

et al., 2016) 

AgOx-

MnOx/CNF 

Electrospinning 

and carbonization 

0.5 A g-1, 6 M 

KOH, (-1 – 0 

V) 

204 F g-1 (Sinprachim 

et al., 2016) 

Porous CNF Electrospinning 

and corrosion 

1 A g-1, 1 mol    

L-1 H2SO4, (0 

– 1 V) 

272 F g-1 (Y. Li et al., 

2018) 

H-CeO2@GC hydrothermal 1 A g-1, 6 M 

KOH (0 – 

0.55 V) 

501 F g-1 (W. Wu et 

al., 2019) 
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Table 2.1 The synthesis methods, testing condition and specific capacitances of carbon-

based composite nanofibers. (Continued) 

Materials Synthesis 

method 

Testing 

conditions 

Specific 

capacitance 

Reference 

Carbon membrane Liquid-liquid 

phase separation 

and solvent 

evaporation 

0.5 A g-1, 6 

mol L-1 

KOH, (-1 – 0 

V) 

247 F g-1 (Y. Wu et al., 

2019) 

Inner PCNF Electrospinning, 

oxidative 

polymerization 

1 A g-1, 6 M 

KOH, (-1 – 0 

V) 

328 F g-1 (Xie et al., 

2017) 

OMCN@NiCo2O2 Assembly, 

solvothremal 

1 A g-1, 6 M 

KOH, (0 – 

0.6 V) 

1631 F g-1 (Y. Yang et 

al., 2019) 

 

 



 
 

CHAPTER III 

EXPERIMENTAL PROCEDURE 

 

 Chapter III describes the experimental method of the research, which can be 

generally categorized into the following three main sections: 

(1) Sample preparation techniques: synthesis of CNF, P-CNF, IC-CNF, and 

C/MnOx by a single-nozzle and core-shell-nozzle electrospinning 

technique followed by carbonization and CO2-activation process. 

(2) Material characterizations: X-ray diffraction (XRD), scanning electron 

microscopy (SEM), field emission scanning electron microscopy (FE-

SEM), transmission electron microscopy (TEM), Raman, and gas 

absorption technique. 

(3) Electrochemical measurements: Cyclic voltammetry (CV), 

Galvanostatic charge-discharge (GCD) and electrochemical impedance 

spectroscopy (EIS). 

This chapter will give a brief introduction of these techniques, facilities, and the 

background theories.
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3.1 Fabrication of CNF, P-CNF, IC-CNF, and C-MnOx  

3.1.1 The precursor preparation  

In this study, polyacrylonitrile (PAN), polyvinylpyrolidone (PVP), N, N-

dimethylformamide (DMF), paraffin oil, and manganese nitrate [Mn(NO3)2] were used 

as the starting materials. PAN was the main material to form carbon, PVP was the agent 

to form fiber-fiber interconnection, paraffin oil was the agent to produce porosity in the 

fiber, and manganese nitrate was the main source for manganese oxide nanoparticles. 

For CNF, the precursor solution was prepared by dissolving PAN with the 

weight percentage of 10 wt% in DMF. For P-CNF, the precursor solution, which has 

been used as the shell solution, was prepared by dissolving PAN with the weight 

percentage of 8 wt% in DMF and paraffin oil was used as the core solution.  

 For IC-CNF, two different methods were used including core-shell and blend-

solution electrospinning. For core-shell electrospinning, PAN or PVP was dissolved in 

DMF with the weight percentage of 10 wt% of PAN or PVP compared with DMF. For 

PAN/PVP blend electrospinning, the solutions were prepared by dissolving 10 wt% of 

both PAN and PVP in DMF in different mass ratios. Three different precursors could 

be obtained by the mass ratios of PVP and PAN were 1:9, 2:8, and 3:7. 

 For C/MnOx, the PAN and PAN mixed with metal source were dissolved in 

DMF separately by 20 wt% of metal source was compared to PAN content and the total 

content (metal and PAN) was 10 wt% compare to DMF. The PAN solution was used as 

a core solution while the PAN mixed with metal source was used as a shell solution to 

ensure that the particles could stay on the outmost surface maximally. The weight 

percentage of the metal-PAN shell solution was varied in three conditions including 10 
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wt%, 9 wt%, and 8 wt% while the weight percentage of PAN-core solution was 

maintained constantly of 10 wt%.  After being strongly stirred at room temperature for 

2h, the solutions were followed by ultrasonicating for 1h at room temperature and 

subsequently continued stirring until the solutions became homogeneous, which were 

ready for doing electrospinning process. The materials used in this research are shown 

in Table 3.1.         

Table 3.1 List of materials used as starting materials for CNF, P-CNF, IC-CNF, and 

C/MnOx preparation, quoting their source and purity. 

Materials Sources Purity/MW 

Polyacrylonitrile Sigma-Aldrich 150, 000 

polyvinylpyrolidone Sigma-Aldrich 1,300,000 

N, N-dimethylformamide  SIAL 99.8% 

Paraffin oil Sigma-Aldrich 99.9% 

Manganese (II) nitrate PRS Panreac 251.01 

   

 

3.1.2 Fabrication of the as-spun nanofibers 

      The homogeneous precursor solutions were loaded into the 10-ml-plastic 

syringes and inserted into the homemade electrospinning/core-shell electrospinning 

system (see Figure 3.2). Therefore, we obtained different as-spun mats, which were 
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PAN, PAN-paraffin oil, PVP-PAN_1-9, PVP-PAN_2-8, PVP-PAN_3-7, core-shell 

PVP-PAN, core-shell PAN-PVP, PAN-PAN_Mn(NO3)2_10-10, PAN-

PAN_Mn(NO3)2_10-9, and PAN-PAN_Mn(NO3)2_10-8. The feeding rate of the pump 

was in the range of 0.5-0.6 ml h-1, and the applied voltage was set between 5 and 7 kV. 

The distance between the spinnerets and the rotating drum collector was 10 cm. The as-

spun nanofibers were collected from the grounded collector and kept in an incubator at 

60°C for overnight before doing further calcinations. 

   3.1.3   Calcination of the electrospun nanofibers  

            Three main steps were applied in the calcination process including stabilization, 

carbonization, and activation (Nilmoung et al., 2016). The as-spun samples were 

stabilized in the temperature of 230°C by the furnace (MTI GSL-1100X, USA) for 2h 

under the air atmosphere to form infusible ladder polymer, which preventing the fibers 

from melting at the carbonization process (Y. Choi et al., 2014). Then, the argon (400 

ml min-1) was used instead of air in the tube and the temperature was increased up to 

900°C with the heating rate 5°C min-1 and hold for 2h. The inner gas (argon in this case) 

was used to guarantee that there was no oxygen molecule, which could burn the fiber 

at high temperature. Finally, the activation process by the flow of CO2 was performed 

directly at the last 20 min of the last step and the furnace tube was cooled down naturally 

with argon atmosphere. The CO2-activation could increase the surface area of the 

sample by more pores were created by the interaction between CO2 and carbon surface 

(Y.-C. Chang et al., 2017). The calcined samples were obtained as paper sheets and 

divided into three groups. The first group consisted of activated carbon nanofibers 

derived from pure PAN, porous activated carbon nanofibers derived from PAN-paraffin 

oil. The second group consisted of activated carbon nanofibers derived from PVP-PAN 
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blend with different ratio, i.e. PVP-PAN_1-9, PVP-PAN_2-8, and PVP-PAN_3-7. The 

second group also consisted of activated carbon nanofibers derived from core-shell 

PVP-PAN, which PVP solution was used as a core and PAN solution was used as a shell 

solution, core-shell PAN-PVP, which PAN solution was used as a core and PVP was 

used as a shell solution. The last group consisted of three samples. The first sample is 

activated carbon/manganese oxide composite nanofibers derived from PAN/PAN-

Mn(NO3)2_10-10, which 10 wt% of PAN was used as a core solution and 10 wt% of 

PAN-Mn(NO3)2 was used as a shell solution. The second sample was activated 

carbon/manganese oxide composite nanofibers derived from PAN/PAN-Mn(NO3)2_10-

9, which 10 wt% of PAN was used as a core solution and 9 wt% of PAN-Mn(NO3)2 was 

used as a shell solution. The last sample was activated carbon/manganese oxide 

composite nanofibers derived from PAN/PAN-Mn(NO3)2_10-8, which 10 wt% of PAN 

was used as a core solution and 8 wt% of PAN-Mn(NO3)2 was used as a shell solution. 

All samples were renamed as CNF, P-CNF, C_1-9, C_2-8, C_3-7, CS-PVP, CS-PAN, 

C-Mn_10-10, C-Mn_10-9, C-Mn_1-8, respectively, which were ready for doing 

characterizations. Figure 3.1 displayed the whole procedure of fabrication of all 

samples including solution preparation, electrospinning, calcination and activation. The 

flowchart diagram showing the overview of the experimental procedure performed in 

this work was illustrated in Figure 3.3. 



35 

 

 Figure 3.1 Procedure of preparation of all samples. 

 

Figure 3.2 The homemade single/core-shell electrospinning machine. 
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Figure 3.3 The flowchart displaying the fabrication and characterization of all samples. 

Polymer source 

PAN + DMF 

PVP+DMF 

Stirring for 2h 

Ultrasonication for 1h 

For C/MnOx, PAN + DMF and manganese + DMF were mixed together and stirried 

for 2 h 

MnOx source 

Manganese nitrate + DMF 

Stirring for 2h 

Ultrasonication for 1h 

 

The as-spun samples were obtained by electrospinning techniques (0.5-0.6 mL h-1, 

5-7 kV, 10 cm) 

The as-spun samples were dried at 60°C for 24h 

The as-spun dried samples were stabilized at 230°C for 2h in air  

The stabilized samples were caronized at 900°C for 2h in argon followed by 

CO2-activation at the last 20 mins.  

The final products were characterized by TGA, SEM, FE-SEM, TEM, XRD, 

Raman, BET. 

The electrochemical properties were studied by CV, GCD, and EIS methods 

TGA and SEM 
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3.2 Material characterization  

 In this research, the phase composition and microstructure of all samples were 

characterized by XRD, SEM and TEM techniques. The quality of carbon material was 

studied by Raman technique. The surface area and pore size distribution of the 

nanoparticles was investigated by Gas absorption techniques. The electrochemical 

properties were studied on a potentiostat galvanostat (PGSTAT302N) via CV, GCD 

and EIS techniques. The several characterization techniques were used and brief 

concepts were given as follows: 

3.2.1 Thermogravimetric analyzer (TGA) 

 Thermogravimetric analyzer (TGA) is a powerful technique used to study the 

decomposition temperatures and the thermal stability of materials by measuring the 

weight loss while the temperature increases  (Al Garawi et al., 2017). The measurement 

usually takes place in the inert gas atmosphere, such as nitrogen or argon to prevent the 

sample from the oxidation. Generally, DTA or DSC (Differential Thermal Analysis or 

Differential Scanning Calorimetry) are performed simultaneously with TGA 

(Korhammer et al., 2018). There are some factors influenced the result of the 

experiment like time step, nucleation rate, sample mass, water vapor pressure, and 

heating rate (Lan et al., 2018). 

 In this study, the weight loss versus the temperature of PAN and PAN composite 

were measured by TGA techniques. Moreover, this technique also provides the 

temperatures for doing stabilization and carbonization. The experiment was carried out 

in nitrogen atmosphere from room temperature up to 1000°C with the mass of each 

sample about 3 mg and heating rate of 10°C/min using TGA-DSC (METTLER 

TOLEDO STARe). 
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3.2.2  Scanning electron microscopy (SEM) 

 Scanning electron microscopy (SEM) is the powerful technique used to observe 

the morphologies of the samples by using the electron beams with the applications in 

Biology and Materials Science (Hayakawa and Matsuoka, 2016). The signals obtained 

from the secondary electrons, backscattered electrons, and characteristic X-ray generate 

the images of the sample, where they meet the primary electron beams. Normally, the 

secondary electrons are the major signals to create the images of the sample. The 

samples used in the study have to be a conductive materials, otherwise a gold-coating 

process is performed on the sample before the experiment to improve the conductivity 

of the samples (Liv et al., 2014). There are of many kinds of SEM, which their 

specialties focus on different manners. They include Environmental SEM, High-

Resolution SEM, Hellion Ion Microscopy (HIM), and Cryo-SEM. In the environmental 

SEM (also known as Low-vacuum SEM), the microscope column and the sample 

chamber should stay under a low vacuum to prevent scattering between the electron 

beams and gas molecules. Usually in SEM, the minimal area of the electron beams can 

determine the resolution of the image. However, this area is getting bigger by the 

interaction volume resulting from the electron beam scattering. Therefore, to improve 

the resolution, Hellion ion is used to replace electron, which the ion emission created 

by selecting only one ion for imaging among the three. The gas field ionization source 

contain an ultra-high brightness, so a very small beam is needed to determined aperture 

and it can go deeper into the specimen (de Souza and Attias, 2018). Figure 3.4 illustrates 

the schematic representation of SEM of a sample and the scattering of primary electron 

by the sample. In this work, the scanning electron microscopy (FE-SEM INCAx-act 

51-ADD0088, SUT) was used (see Figure 3.5).  
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Figure 3.4 (a) Schematic representation of SEM of a sample and (b) the scattering of 

primary electron by the sample. High-energy backscattered electrons are generated in 

the membrane (BSEM) and the sample (BSEs). Low-energy secondary electrons are 

generated in membrane (SEM and SEBM) and sample (SES) (Liv et al., 2014).  

 

Figure 3.5 Scanning electron microscope (FE-SEM INCAx-act 51-ADD0088, SUT). 
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3.2.3  Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is  a powerful tool used to study the 

morphologies and defect characterization in the sample. Similar to process of the slide 

projector, electron beam to go through the slide and some electrons can pass through 

and inject on the screen to produce the image. In TEM technique, electron beam is 

produced and focused on a very thin sample and go through it. The detector catch the 

passed-through electron beam and generate the image (Callahan et al., 2018). There are 

serval ways to obtain the images using a fluorescent screen, photographic film, or CCD 

camera. Since the electron have to go through the sample, the sample preparation is the 

key step in this technique. The diffraction contrast technique can also be performed in 

TEM to study the crystal defects including dislocation lines (Hasanzadeh et al., 2018). 

Normally the sample-for-TEM preparation is prepared by dispersing the sample in 

ethanol. The solution is dropped on a copper grid and dried for several hours before 

doing characterization.  

          Generally, the main components of TEM are electron beam source, lenses, 

sample holder, and electron detector. Bases on the sample characteristic, different 

types of TEM have been designed for specific purpose. Some samples require high 

energy to obtain high resolution image, however, other samples cannot work with the 

high energy which could destroy the sample. So the special TEM, which operate at the 

low energy have been developed (Geelen et al., 2015). Figure 3.6 shows the schematic 

outline of TEM.  

        In this work, all prepared samples were measured with the energy of 200 keV 

by using FEI-TEM- TECNAI G220, SUT, as displayed in Figure 3.7. The Bright field 
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TEM images, high-resolution (HRTEM) TEM images and corresponding selected areas 

of electron diffraction (SAED) patterns of the samples were also recorded in this work. 

 

 

 

Figure 3.6 The schematic outline of TEM (adapted from Atomic World (http://www.hk-

phy.org/atomic_world/tem/tem02_e.html)). 
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Figure 3.7 Transmission Electron Microscopes (FEI TEM- TECNAI G220, SUT). 

3.2.4 X-ray diffraction (XRD) 

 X-ray diffraction (XRD) is a powerful technique used to determine the 

crystalline materials, to define the structures and orientations of single crystals or 

grains, to determine the average spacing between layers or rows of atom, and to confirm 

the sample purity and texture. Basically, the XRD components comprise of X-ray 

source, sample holder, and signal detector. The X-ray arm and the detector arm can 

rotate around the sample to shine and detect X-ray from different angle for obtaining 

the spectrum of angles, intensity, and peak width, which are the main data to analyze 
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the sample. The phases of the unknown compound in the sample are determined by 

comparing the spectra obtaining from the experiment and the reference data (Dejoie et 

al., 2018). For more details, the structures getting from the data of experiment are 

predicted by four steps: (i) preconditioning including background subtraction and 

optimization of profile parameters, (ii) generation of trial structures (iii) simulation of 

the XRD pattern for a given trial structure, and (iv) fitting the experiment structure with 

the simulation structure (Gao et al., 2017). The X-ray principle is summarized as 

following. The X-ray beam incident on a crystalline solid will be diffracted by the 

crystallographic planes as illustrated in Figure 3.7. The constructive and destructive 

interferences occur if a phase difference is nλ (in phase) and nλ/2 (out of phase). Two 

in-phase incident waves, beam 1 and beam 2, are deflected by two crystal planes (A and 

B). The deflected waves will not be in phase except when the following relationship 

(Bragg equation) is satisfied. 

 

                                                      2dsinθ = nλ                                                                  (3.1) 

 

 Where d is the spacing between the parallel crystal planes, θ is the angle of 

incident beam, λ is the wavelength of the incident X-ray beam and n is an integer. In 

order to keep these beams in phase, their path difference (SQ + QT = 2d sin θ) has to 

equal one or multiple X-ray wavelengths (nλ). The diffractometer records changes of 

diffraction intensity with 2θ. A number of intensity peaks located at different 2θ provide 

a ‘fingerprint’ for a crystalline solid. Identification of crystalline substance and 

crystalline phases in a specimen is achieved by comparing the specimen diffraction 

spectrum with spectra of known crystalline substances.  
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Figure 3.8 Bragg’s law (adapted from VEQTER (http://www.veqter.co.uk/residual-

stress-measurement/x-ray-diffraction).  

 

In this study, the phases and structure analysis of the samples were determined 

by X-ray diffraction (XRD; D2 Advance Bruker) with Cu Kα at λ = 0.15406 nm as 

shown in Figure 3.8. The XRD pattern were recorded in the 2θ of 15°-80° with the time 

step of 0.5 and the step size of 0.02. The crystalline phase identification was carried out 

by comparison with the Joint Committee on Powder Diffraction Standards (JCPDS) 

diffraction files. The crystallite size of the nanocrystalline samples was measured from 

the line broadening analysis of the diffraction peak by using the Debye-Scherer 

equation: 

 

                                                               D = 
kλ

βcosθ
                                                     (3.2) 
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where D is the crystallite size (nm), k is the spherical shape factor (0.9), λ is the X-ray 

wavelength, θ is the diffraction angle, and β is the full width at half maximum (FWHM) 

intensity. 

 

 

Figure 3.9 X-ray diffractometer (XRD; Bruker D2, Germany, SUT). 

 

3.2.5 Gas adsorption techniques  

 The gas absorption technique is a powerful tool to measure the specific surface 

area and the pore characteristics of the samples by measuring the amount of N2, which 

was adsorbed by the samples with the respect to the relative pressure. The measurement 

is performed at the very low temperature in nitrogen liquid at 77K. Normally, the 

sample was degassed at certain temperature to remove the moisture on the sample 

before doing measurement (Lapham and Lapham, 2017). The adsorption/desorption 

isotherm is obtained by measuring the pressure and applying the gas law. The 
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adsorption/desorption isotherm provides information about the pore characteristic of 

the sample including the surface area, pore volume, and pore size. 

 The adsorption/desorption isotherm can have different shape depending on the 

adsorbent, adsorbate and the adsorbent adsorbate interaction. According to the 

International Union of Pure and Applied Chemistry (IUPAC) classification, the 

adsorption/desorption isotherm is divided into six types. 

 

 

Figure 3.10 The IUPAC classification of adsorption isotherms (Sangwichien, 2002). 

 

 There are three types of pore based on the size including micropores (pore size 

< 2 nm), mesopores (pore size between 2 to 50 nm), and macropores (pore size > 50 

nm). As presented in figure 3.9, type I represents the typical isotherm of micro-porous 

adsorbent. Type II and III represent the adsorption isotherm on marcroporous and no-

porous adsorbents. Type IV and V represent the mesoporous adsorbents. Type VI 

occurs for some materials with relatively strong forces, usually when the temperature 
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is near the melting point for the adsorbed gas (P. B. Balbuena, and Gubbins, K. E. , 

1993; Sangwichien, 2002). 

 The Brunauer Emmett Teller (BET) technique is used mainly to observe the 

specific surface area of materials by analyzing the absorption isotherm of nitrogen gas 

compared to a reference cell (Brunauer et al., 1938). For BET method, the phenomenon 

of adsorption can be expressed with the following equation. 

 

                                                 
1

W[(
P0
P

)-1]
 = 

1

WmC
+ 

C - 1

WmC
(

P

P0
)                                             (3.5) 

 

 where W is the total volume of adsorbed gas. Wm is the volume of adsorbed gas 

in a unimolecular layer covering the surface. PA is saturation pressure. P is pressure. C 

is dimensionless constant that approximately equal 

                                                     C=exp(E1-EL)/RT                                                 (3.6) 

Here E1 is the heat of adsorption of the gas on the surface for first monolayer and EL is 

the heat of liquefaction of the gas. By decreasing in relative pressure, desorption 

nitrogen was observed. The specific surface area can be calculated by 

 

                                                         aBET = 
WmσNA

mV0
                                                   (3.7) 

 

 where Wm arises from the slop and the intercept of plot between the relative 

pressure and 1/W[(P/P0) – 1] , σ  is the area of the surface occupied by individual gas 

molecules, NA is the Avogadro number, m is the sample mass and V0 is the molar 

volume of gas (Pajarre and Koukkari, 2018).  
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  The Barrett-Joyner-Halenda (BJH) method is a procedure for calculating pore 

size distributions, especially for mesopore and smaller macropore, from experimental 

isotherms using the Kelvin model of pore filling (Barrett et al., 1951). For the 

adsorption/desorption isotherm depending on the shape of mesopore, the Kelvin 

equation represents the relationship between mesopore size and critical condensation 

pressure. The Kelvin equation is used to calculated pore size distribution from 

desorption isotherm (K. Liu et al., 2018). Core radius (r) can be calculated by the Kelvin 

equation as follows: 

 

                                                       ln
P

P0
 = - 

2γVL

RT

1

𝑟
                                                           (3.8) 

 

 where γ is surface tension, VL is molar volume of liquid adsorptive, R is gas 

constant and T is absolution temperature. If γ and VL of nitrogen at liquid nitrogen 

temperature (77 K) are applied, the following equation can be obtained. 

 

                                                      r = 0.953 / ln (P0 / P)                                           (3.9) 

 

 In this work, the specific surface area (Sp) and porosity of the nanoparticles were 

measured by using the N2 adsorption technique. By using computer interfaced BEL 

SORP-mini-II instruments as revealed in Figure 3.10, all samples were thoroughly 

degassed at 150°C for 6 h. The specific surface area was calculated by using the BET 

method. The pore size distributions were obtained from the analysis of the adsorption 

branch of the isotherm by the BJH method. 
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Figure 3.11 The photo of BET, BEL SORP MINI II JAPAN. 

3.2.6  Raman spectroscopy 

 Raman spectroscopy is a powerful technique used to characterize the structural 

fingerprints of carboneous materials based on the inelastic scattering of monochromatic 

light from a laser beam (Bokobza et al., 2014). It is the nondestructive technique the 

samples can be reused by other experiments. By measuring the shift of frequency of the 

laser comparing to the original frequency, which is reemitted after absorbing, we can 

plot the spectrum providing the information about the materials. Every ban in the 

Raman spectrum corresponds to a specific vibrational frequency of a bond within the 
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molecule. For example, for carboneous materials, the Raman shifts occur at two 

different wavelength bands namely the graphitic Band (G band) occurring at ~1600   

cm-1 and the disordered band (D band) occurring at ~1350 cm-1 (Brolly et al., 2016). 

            In this work the Raman spectrum were recorded at the room temperature by 

BRUKER RAM II VERTEX 70, 𝜆=532 nm. The sprectra were obtained over the range 

of 500-3500 cm-1. 

 

 

Figure 3.12 The photo of BRUKER RAM II VERTEX 70. 
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3.3 Electrochemical measurements 

 The three-electrode configuration in aqueous electrolyte was use to study the 

electrochemical behaviors of the prepared electrodes by using an autolab potentiostat 

galvanostat (PGSTAT 302N) as shown in Figure. 3.10. Three popular techniques for 

measuring electrochemical properties of the samples are cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS), and galvanostatic charge/discharge 

(GCD) techniques. Figure 3.10 gives a schematic view of a cell connected to an 

electrochemical workstation. The three-electrode system consists of the active 

materials, a platinum wire (Pt) and silver/silver chloride (Ag/AgCl) electrodes used as 

working, counter, and reference electrodes, respectively. Basically, the current flows 

thought the CE and the WE, and the voltage is measured (or controlled) between RE 

and WE (Pongprayoon et al., 2017).  

 

Figure 3.13 Experimental set up of electrochemical measurements, which consist of 

personal computer, potentiostat/galvanostat, and electrochemical cell. 

Potentiostat galvanostat 

(PGSTAT 302N) 

Electrochemical cell 

Working electrode 

Counter electrode 

Reference electrode 
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 Nova 1.11 was used to control all instrument and analyze the data obtained from 

the experiment. Figure 3.13 illustrates the view of the Nava software (version 1.11).  

 

Figure 3.14 The view of the Nova-1.11 software analyzing CV curve. 

 

 

3.3.1 Cyclic voltammetry  

 Cyclic voltammetry (CV) is one of electrochemical techniques used to reveal 

the electrochemical characteristic of the materials by measuring the current, which 

responds to the various potentials. This technique can provide detailed information on 

the specific capacitance, potential window, and redox reactions (R.-X. He and Zha, 

2017). The plot of the current crossing through the working electrode and counter 

electrode yields a CV curve as shown in Figure 3.14, which presents three different 

types of CV curves including ideal capacitor, resistive capacitor, and pseudo capacitor. 

The CV curve of ideal capacitor has the form of rectangular, which implies that the 

capacitance would keep constant at various scan rate, while the resistive capacitor has 
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a form of parallelogram, and the pseudo capacitor has redox peaks which caused by the 

faradaic reaction of pseudo materials. Multipeaks will be found in case the sample 

contains many oxidation states or the sample is the composition of many pseudo 

materials.  

 

Figure 3.15 Cyclic voltammogram of three different electrochemical capacitors: ideal, 

resistive, faradaic capacitors (Adapted from https://en.wikipedia.org/wiki/ Pseudo-

capacitance). 

 

 Reversibility is the important parameter in all electrochemical systems. Cyclic 

voltammetry can also provide an indication of the degree of reversibility of an 

electrochemical reaction. By looking at the voltammograms, we can see whether the 

reaction is reversible or not. There are three types of the electron transfer process 

including reversible, irreversible and quasi-reversible. In a reversible system, the 

electrode process is defined as electrochemically reversible when the rate of the 

electron transfer is higher than the rate of the mass transport. The electron transfers with 

rapidly rate in both forward and reverse scan. The current ratio between the reverse 
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peaks (cathodic peaks, Ip,c) and the forward peaks (anodic peaks, Ip,a) is constant and 

equal to 1.0 and proportional to the concentrations of the active species. The peak 

current (ip) at room temperature is given by the Randles-Sevcik equation (Brownson 

and Banks, 2014; Nithya et al., 2013): 

                                          ip
rev

= 2.687×10
-5

 n3/2 ACD1/2ν1/2                                     (3.9) 

 

 where n, A, C, D and ν are the number of electron transferred/molecule, the 

electrode surface area (cm2), the concentration (mol/cm3), the diffusion coefficient 

(cm2/s), and the potential scan rate (V/s), respectively. The anodic (Ep,a) and cathodic 

peak potentials (Ep,c) are independent of the scan rate. The separation between the 

potentials of the forward and reverse peaks (called peak-to-peak separation), ΔEp, at 

room temperature, at all scan rates is equal to 

 

                                                    ΔE = Ep,a- Ep,c= 
0.059

n
V                                       (3.10) 

 

 In an irreversible process, the electron transfer is lower than that of the mass 

transport and the rate electron transfer in the reverse scan is very slow. The peak current 

and the peak potential, respectively are given by 

 

                                       ip
irrev

 = 0.4958 nFACD1/2 (
αnaF

RT
)

1/2

ν1/2                              (3.11) 

 

                                     Ep= E0-
RT

αnaF
[0.78-ln

K0

D1/2 + ln(
αnaFν

RT
)
1/2

]                              (3.12) 
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 where α and na are the transfer coefficient and the number of electrons involved 

in the charge transfer step, respectively, F is faradays constant (96,500 C/mol), α is 

transfer coefficient, R is gas constant (8.3145 J/mol K) and T is temperature (K). In 

irreversible process, the cathodic and anodic peak potentials are dependent of the scan 

rate. A quasi-reversible process is common that in electron transfer processes one 

observes that at low scan rates the process behaves reversibly, whereas at high scan 

rates the process behaves irreversibly (such behavior is more easily seen for processes 

that are not complicated by coupled reactions). Processes occurring in the transition 

zone between reversible and irreversible behavior are called quasi-reversible. A quasi-

reversible process occurs when the rate of the electron transfer is of the same order of 

magnitude as the mass transport. The voltammograms of a quasi-reversible system 

exhibit a larger separation in peak potentials compared to a reversible system (Randviir, 

2018). 

In cyclic voltammetry, the specific area of the electrode is proportional to the 

enclosed area of the CV curve and it can be calculated by the following equation 

(Budhiraju et al., 2017): 

                                                         CCV = 
1

ν m ∆V
∫ IdV                                          (3.13) 

 

where I is the response current (A), v is the potential scan rate (mV s-1), m is the 

mass of the electroactive materials in the electrodes (g), and ΔV is the potential window 

(V).  
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 In this work, the cyclic voltammetry  measurement was performed at a potential 

window in the range of -1 V to 0 V and different scan rates of 2, 5, 10, 20, 50, 100, 200, 

and 500 mV s-1 were applied in 6 M KOH at room temperature. 

3.3.2 Galvanostatic charge/discharge 

 The charging–discharging (GCD) technique is used to determine the kinetics 

and mechanism of electrode reactions by measuring the discharge time at the certain 

current density. Generally, this technique is also one of the most reliable approaches to 

determine specific capacitance, energy density, power density, and cycle life of a 

supercapacitor. The process of GCD measurements is based on the measuring the 

charge/discharge time at a certain current density, which this charge/discharge time can 

provide the data to calculate specific capacitance and other properties.  

            In this work, the GCD curves at different current densities of 0.5, 1, 2, 5, and 

10 A g-1 were tested to investigate the capacitance performances of the electrodes. The 

specific capacitance CCD, energy density (E), and the power density (P) can be 

calculated by the following equation (W. Wu et al., 2019): 

                                                          CCD = 
I. ∆t

m ∆V
                                                    (3.15) 

                                                         E = 
CCD. ∆V2

2 ×3.6
                                                    (3.16) 

                                                           P = 
E ×3600

∆t
                                                   (3.17) 

  

where I is the current (A), ∆t is the discharge time (s), m is the active mass (g), 

∆V is the potential window, and CCD is the specific capacitance from charge/discharge 



57 

technique (F g-1), E is the energy density (Wh. kg-1), and P is the power density (W     

kg-1) 

3.3.3 Electrochemical impedance spectroscopy (EIS) 

 Electrochemical impedance spectroscopy (EIS) is a powerful technique used to 

characterize the properties of electrode-electrolyte interfaces related to metal corrosion 

and electrodeposition for energy storage devices which EIS can provide the specific 

capacitance and equivalent resistance (Cougnon et al., 2015). In the operation, the 

small-amplitude of sinusoidal potential is applied to the cell electrode to measure the 

response current to get the impedance of the system. The apply-sinusoidal potential and 

the responding current (∆I(ω)) are given as (Z. Zhao et al., 2017): 

 

                                                         ∆I(ω) = ∆I ej(ωt+ϕ)                                          (3.18) 

 

where I is the current amplitude. ω = 2πf is the angular frequency, and Φ is phase 

shift between current response and the potential. The electrochemical impedance Z (ω) 

is defined as 

 

                                                 Z(ω) = 
ΔV

ΔI
 = |Z(ω)|e-jϕ = Z' + jZ''                                (3.19) 

 

 where Z′ and Z′′ are the real part and the imaginary part of the impedance, 

respectively defined as 

 

                                                           Z'
2
 + Z''

2
 = |Z(ω)|2                                             (3.20) 
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 The impedance responses recorded by the EIS instrument are normally shown 

as Nyquist plots that illustrate the relationship between imaginary part impedance (-Z′′) 

and real part impedance (Z′) based on the equivalent circuit having the components of 

equivalent series resistance (Rs), charge-transfer resistance (Rct), constant phase 

element (CPE) and Warburg impedance (W). The intercept in the Z' axis at a high 

frequency refers to Rs which stands for Ohmic resistance of the electrolyte, internal 

resistance of the electrode material and contact resistance at the electrode/current 

collector interface. The semicircle diameter at high frequency region corresponds to 

charge transfer resistance (Rct) in which caused by faradic reaction. The slope of the 

linear curve at low frequency is called the Warburg resistance (W) and was used to 

describe the frequency dependent of ion diffusion into the bulk of the electrode surface 

(Budhiraju et al., 2017). For none-ideal cell or cell with lack of surface homogeneity, 

the constant phase element (CPE or Q) is used. The parameter ‘n’ obtained from CPE 

is used to observed the quality of the electrode material (n=1, 0 and 0.5 < n < 1) indicates 

the ideal capacitors, the insulators, and the moderate capacitor behavior, respectively. 

To observe these parameters, analysis of EIS data can used by modeling or fitting of 

impedance spectra with an equivalent circuit (EC). Depending on the shape of the EIS 

spectrum, the EC model is usually composed of resistors (R), conductors (L), and 

capacitors (C) connected in series or in parallel. After an EC is designed, it can be used 

to fit the EIS spectra with a software program (Yadav et al., 2016). In this work, the 

EIS measurement was collected with a frequency range of 0.1 HZ to 100 kHz.  
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

 Chapter IV exhibits the experimental results and their discussions, which could 

be classified into three sections related to the types of the samples including (i) carbon 

nanofibers (CNF) and porous carbon nanofibers (P-CNF), (ii) interconnected carbon 

nanofibers (IC-CNF), and (iii) carbon/manganese oxide core-shell composite 

nanofibers (C/MnOx). For each group of study, the crystal structures and phase 

compositions of the synthesized nanoparticles could be determined by using X-ray 

diffraction (XRD) results. The morphologies of the nanoparticles were investigated by 

scanning electron microscope (SEM) and transmission electron microscope (TEM). 

The qualities of carbon materials were characterized by Raman technique. The specific 

surface area and pore distribution were evaluated by Brunauer–Emmett–Teller (BET) 

method and Barrett-Joyner-Halenda (BJH) method, respectively. The electrochemical 

behaviors of different electrode materials were studied by cyclic voltammetry (CV), 

galvanostatic charge–discharge, and electrochemical impedance spectroscopy (EIS) 

method, respectively. 
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4.1 CNF and P-CNF 

 4.1.1 Structure and morphology characterization 

   4.1.1.1 Thermogravimetric analysis (TGA) of PAN nanofibers 

  The DSC of the as-spun-PAN nanofibers was obtained under a nitrogen 

atmosphere with the flowing rate of 100 ml min-1. The temperature ranged from 25°C  

to 1200°C  with the heating rate of 10°C  min-1. As displayed in Figure 4.1(b), the curve 

appeared with its main exothermic peak at ~280°C. This suggests the decomposition 

temperature of the sample (Delgado-Mellado et al., 2018). Figure 4.1(a) illustrated the 

weight loss of the as-spun-PAN sample studied by using TGA. The weight loss of the 

as-spun sample started above 280°C and maximized at ~500°C and continued till 

~1120°C where the weight loss at this temperature is ~98% . The degradation occurred 

in three steps. First, the tiny weight loss below 100°C concerned the removal of 

humidity and solvent. Second, the weight loss at mild temperature ~200−300°C can 

be explained as the infusible ladder polymer forming before calcination. The main 

weight loss occurs at 300°C till 460°C and continue till 1120°C. This indicates the 

pyrolysis of polymer structure of the fibers which is consistent with the DSC results 

(Hsieh et al., 2018). 
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  Figure 4.1 TGA (a) and DSC (b) of as-spun-PAN nanofibers.  
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4.1.1.2  X-ray diffraction (XRD) analysis of CNF  

        The XRD spectrum of the CNF as presented in Figure 4.2 was measured 

with Cu K𝛼 wavelength of 1.54 Å between 2𝜃 from 10° to 80°, with step time 0.2 and 

step size 0.02. The broad-peak pattern shows the characteristic of amorphous carbon in 

the sample (Jingjing Ding et al., 2018). Besides, the diffraction peaks at around 2𝜃 =

26°, 42°, and 44° indicate the formation of graphite structure, which can be indexed to 

(002), (100) and (101) planes and the value of d-spacing parameters of 3.4, 2.1, and 2.0 

Ȧ, respectively (JCPDS card no. 12-0212) (S. Yang et al., 2012). No other characteristic 

peaks were detected. 

 

Figure 4.2 The XRD pattern of CNF with the standard. 
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4.1.1.3  SEM analysis of CNF and P-CNF 

                  The morphologies of the samples were revealed by the high magnification 

SEM images. Figure 3 revealed the SEM images of electrospun carbon nanofibers (a-

c) and electrospun porous carbon nanofibers (d-f). In general, all samples displayed a 

few rough surfaces of long-uniform and randomly-arranged nanofibers. For CNF, the 

average diameter of 400 ± 26 nm were measured, which most of the fiber diameters 

were in the ranges between 350-450 nm as exposed by the histogram plot (subset Figure 

4.3(a)). On the other hand, the P-CNF has a smaller average diameter of 146 ± 23 nm, 

which most of the fiber diameters were in the ranges between 100-200 nm as presented 

by the histogram plot (subset Figure 4.3(d)). The macropores were observed in P-CNF 

with the average size of46±10 nm as exposed in Figure 4.3(e), which most of the pores 

were in the ranges between 40-60 nm as revealed by the histogram plot (subset Figure 

4.3(e)). A lot of micropores were noticed as a major pores in PCNFs and their properties 

will be determined by the gas adsorption/desorption technique. Moreover, a lot of 

macropores were also observed in the P-CNF where these types of pore can increase 

specific capacitance of the material because of the enhancement of surface area which 

is utilized as the active sites for electrolyte ions (M. Chen et al., 2017). These porous 

structure of the samples might be caused by two main reasons: (i) the pores may be 

created by the melting of the paraffin oil at the high temperature during the 

carbonization process, and (ii) the reaction of CO2 on the surface of carbon nanofibers 

during the activation process (Y. Liu et al., 2018). 
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Figure 4.3 The SEM images of CNF (a), (b), and (c), and P-CNF (d), (e), and (f) at 

different magnifications. 
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4.1.1.4  Gas adsorption analysis  

                  The specific surface areas and pore characters of all samples were 

determined by measuring N2 adsorption/desorption. As presented in Figure 4.4(a), the 

isotherm curve of CNFs had a character of type III isotherm, which was nonporous type 

and it had weak interaction between the sample surface and the adsorbate. However, 

the isotherm curve of P-CNF had a character of combining of type I and type IV 

isotherm, which were micropore and mesopore respectively. In type I and type IV, the 

interaction between the sample surfaces and the adsorbates were relatively strong (P. 

B. Balbuena and Gubbins, 1993). Figure 4.4(b) exhibited the pore-size distributions of 

the samples determined by using both BJH and MP methods. CNFs had mean pore 

diameter of 14 nm, which was the diameter of mesompore while PCNFs had mean pore 

diameter of 1.8 nm, which was the diameter of micropore. Between the two samples, 

P-CNF had much higher specific surface area of 677m2 g-1. Unfortunately, the value of 

specific areas getting from BET technique for this materials, which have micropores 

(pore size less than 2 nm) and small mesopore had errors. This was because the 

measured isotherm was a weighted average over the adsorption because of the effects 

of pore size, pore shape, active adsorption sites, and blocked and networked pores (P. 

B. Balbuena, and Gubbins, K. E. , 1993; Mahle, 2002). Other parameters were listed in 

Table 4.1. 
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Figure 4.4 (a) N2 adsorption and desorption isotherm of the samples. (b) Micropore 

distributions of the samples and (insert) mesopore and marcropore distribution of the 

samples. 
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Table 4.1 The textural parameter CNFs and PCNFs obtained by BET, BJH, and MP 

methods. 

Sample 

 
S BET  
[m2g−1] 

Dm 
 [nm] 

Vtot 
[cm3g−1] 

Vmi 
[cm3g−1] 

Vme 
[cm3g−1] 

CNFs 

 

20 14.03 0.07 0.01 0.08 

PCNFs 

 

677 1.86 0.31 0.29 0.01 

 

 

4.1.2  Electrochemical properties of CNF and P-CNF 

                   The electrochemical properties of CNF and P-CNF were studied by the 

cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical 

impedance spectroscopy (EIS). The experiments were conducted in the three-electrode 

configuration system in 6 M KOH aqueous electrolyte. The working electrodes were 

prepared by sandwiching the samples between the nickel foams and pressing at very 

low pressure for 1 min, subsequently, they were soaked in the electrolyte overnight 

before doing measurements. In CV measurement, the potential windows were chosen 

from -1 to 0 V and the scan rate in the range of 2, 5, 10, 20, 50, 100, 200, 500 mV s-1. 

The CD testing was measured with the same voltage window as CV measurement at 

the current densities in the range of 0.5, 1, 2, 5, and 10 A g-1. The impedance behavior 

of electrode was tested in a frequency range between 0.1 and 105 Hz. 

 

4.1.2.1  Cyclic voltammetry (CV) measurement 

                   The capacitive behaviors of the electrodes were determined by plotting the 

CV curve at 500 mV s-1 and 2 mV s-1. As displayed in Figure 4.5(a), at high scan rate 

the curves of both CNF and P-CNF behaved nearly as a rectangular curve of an ideal 

capacitor without any redox peaks, which indicated that the double layer capacitive 
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processes mainly stored the charges of the electrode. Moreover, the CV curve of Ni 

foam was also plotted to make a comparison. As a result, the loop of Ni foam CV curve 

is too small comparing with the loops of the CV curves of samples. Figure 4.5(b) 

indicated the CV curves of the samples, which also behaved nearly as a rectangular 

curve. It was noteworthy that the samples started to display resistive behaviors at the 

operating potential -0.1 V, which was the cathodic current from the decomposition of 

the aqueous electrolyte (L. Chen et al., 2013). These phenomena indicated over 

potential region that implied the limitation of CNF. However, in both cases, the loops 

of CV curves of CNFs seem bigger than the loops of CV curves of P-CNF. This implied 

that the specific capacitance of CNFs was greater than the specific capacitance of 

PCNFs. Figure 4.5(c) presented the plot of specific capacitances of the samples versus 

scan rates. For CNF, as the scan rates increased, the specific capacitance also increased 

with the scan rates from 2 to 20 mV s-1. Then, the specific capacitance reached a 

maximum value between 20 and 50 mV s-1, and the decrease of specific capacitances 

were found above 100 mV s-1 indicating the diffusion of electrolyte ions was limited 

because of the time constraint and only the outer surface provided charge accumulation 

(S.-J. Park et al., 2012; Pech et al., 2010). Moreover, this limitation was possibly 

proposed as the double layer growth and blocked the ions before they accessed the full 

region in the micropore. However, for P-CNF, as the scan rate increased, the specific 

capacitance always decreased. 
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Figure 4.5  The CV curves of both samples at scan rate (a) 500 mV s-1 and (b)                      

2 mV s-1; the plot of specific capacitance as a function of scan rates (c) and current 

densities (d). 

 

4.1.2.2  Galvanostatic charge/discharge (GCD) measurement  

                   The linear voltage-time profile of GCD measurement of both samples at the 

current density of 10 A g-1 and 0.5 A g-1 were presented by Figure 4.6(a) and (b), 

respectively. Between these two samples, CNF electrode displayed the longest duration 

of ions charging/discharging at each current density. Figure 4.5(d) displayed that the 

(a) (b) 

(c) (d) 
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specific capacitances of all samples decreased with an increase of current density. In 

that, the specific capacitances of CNF were greater than the specific capacitances of P-

CNF with all current densities. A comparison of power and energy density of all 

electrode is represented by the well-known Regone plot as displayed in Figure 4.6(c). 

The CNF electrode can store maximum energy of ~32 mW h g-1 at a high power density 

of ~249 mW g-1, which demonstrates faster charging/discharging where P-CNF 

electrode can store maximum energy of ~19mW h g-1 at a high power density of ~247 

mW g-1. However, Figure 4.6(d) exposed that P-CNF electrode had a greater cycling 

stability of ~99.5% remaining after 1000 cycles where CNF electrode has only ~95.9% 

remaining after 1000 cycles. This implied that the micropores in the fibers could affect 

the specific capacitance. 
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Figure 4.6 The GDC curves of both samples at the current density of 0.5 A g-1 and (b) 

10 A g-1; (c) Regone plots of both samples, and (d) capacity retention.  

 

 

 

 

4.1.2.3  Electrochemical impedance spectroscopy (EIS) measurement  

                   EIS experiment was performed in the frequency range of 0.1 Hz to 100 kHz 

at amplitude of 0.1 V to understand more about electrochemical performance of all 

samples. EIS data are generally presented as a Nyquist plot, which is a plot of imaginary 

part (-Z”) versus the real part (Z’). As revealed in Figure 4.6(a), there were three regions 
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(c) (d) 



72 

to be considered in Nyquist plot including high frequency region, mid-frequency 

region, and low frequency region. In the high frequency region, the intercept of the real 

axis indicated the bulk resistance (Rs), which was the total resistance of pore-electrolyte 

resistance, bulk resistance, and a contact resistance causing by the electrode and current 

collector surface (X. He et al., 2017). By fitting the semicircles of the measured data, 

the Rs values of CNF and P-CNF were estimated to be 300.53 m Ω, and 456.00 m Ω, 

respectively. At the middle frequency, the diameter of semicircle corresponded to the 

charge transfer resistance (Rct) which was caused by Faradaic reaction (Xiao et al., 

2017). As seen in Figure 4.7(b), some big-diameter semicircles were observed at this 

region, which interpreted that all electrodes exhibited little characteristics of Faradaic 

reaction. Last, in the low frequency region, almost straight lines with an angle about 

20° along the vertical axis were observed for CNF and wider angle was observed for P-

CNF. The slopes of the curves corresponded the Warburg impedances which 

represented the electrolyte diffusion in the electrode material (Sun et al., 2017). It was 

noticed that the CNF electrode showed the smaller vertical slope compared with the 

vertical axis, which indicated that this electrode materials had lower Warburg 

impedance. The value of Rct, Rs, and N values of all samples were displayed in Table 

4.2. 

Table 4.2 The textural parameter of CNFs and PCNFs obtained by BET, BJH, and MP 

methods. 

Sample 

 
R s [m Ω] Rct  [m Ω] N value 

 

CNFs 

 

300.53 298.29 0.99431 

PCNFs 

 

456.00 137.90 0.99663 
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Figure 4.7 The Nyquist impedance plots at a frequency range of 0.1 Hz-100 kHz in 6 

M KOH electrolyte solution of CNF and P-CNF electrodes. 

0.1 Hz 
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4.2 Interconnected carbon nanofibers IC-CNF 

 4.2.1 Structure and morphology characterization 

  4.2.1.1 Thermogravimetric analysis (TGA) of PAN_3-7, PAN_2-8, 

PAN_1-9, CS-PVP, and CS-PAN nanofibers  

        Figure 4.8(a) displayed the DSC curves of the samples, which the 

experiments were measured under the nitrogen atmosphere with the flow rate of 100 

ml min-1, the heating rate of 10 °C min-1, and the temperature range from 25 °C to 1000 

°C. The as-spun PAN_3-7, PAN_2-8, and PAN_1-9 curves appeared with its main 

exothermic peak at about 293 ℃ while the as-spun CS-PAN and CS-PVP appeared at 

about 295°C.   

              The weight losses of all samples were determined by the study of TGA 

analysis. In general, for as-spun PAN and composite PAN nanofibers, the degradation 

occurred through three main steps. The first step in region I was related to the removal 

of humidity at below 100°C. Second in region II, at the temperature about 200-300°C, 

the weight loss was related to the infusible ladder polymer forming before 

carbonization. For this step, the as-spun CS-PVP and CS-PAN had higher stabilization 

temperature, which implied that these samples were more stable than the others (Youe 

et al., 2016). The last step in region III was related to the pyrolysis of the polymer 

structure of the fibers at the temperature about 400−600°C (Yoo et al., 2017). As shown 

in Figure 4.8(b), the weight loss of the as-spun samples started above 290°C and 

maximized at about 500°C, which the weight loss in this temperature were in the range 

between 73% and 65%, and occurred continuously until the temperature of 1000°C. 

The total weight loss was measured about 88, 80, 85, 88, and 88% at 1000°C for 
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PAN_3-7, PAN_2-8, PAN_1-9, CS-PVP, and CS-PAN as-spun nanofibers, respectively. 

The cause of shift temperature of weight loss from the lower to the higher temperature 

comparing to pure PAN sample was caused by the PVP content embedding in the 

sample. 
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Figure 4.8 The TGA (a) and DSC (b) curves of PAN_3-7, PAN_2-8, PAN_1-9, CS-

PVP, and CS-PAN nanofibers. 

 

(b) 

I II III 

(a) 
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  4.2.1.2 X-ray Diffraction (XRD) analysis of C_3-7, C_2-8, C_1-9, CS-

PVP, and CS-PAN 

 Figure 4.9 displayed the XRD patterns of all samples measured by Cu Kα 

with wavelength of 1.54 Ȧ, 2θ from 10  to 80°, step size 0.02 and step time 0.2. The 

broad-peak pattern showed the characteristic of amorphous carbon in the sample 

(Jingjing Ding et al., 2018). The sharp peaks of hexagonal graphite appeared in the 

samples at the values of 2θ of about 26° and 42°, which were corresponding to the plane 

(002) and (100) with the d-spacing value of 3.37 and 2.13 Ȧ, respectively (JCPDS card 

No. 12-0212). The broad peaks around 14°, which were the peaks of plane (002) with 

the d-spacing value of 6.18 Ȧ were the peaks of hexagonal-diamond carbon observed 

clearly in C_3-7, C_2-8, and C_1-9 (JCPDS card No. 79-1470).  
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Figure 4.9 The XRD patterns of C_3-7, C_2-8, C_1-9, CS-PVP, and CS-PAN and the 

references patterns. 
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   4.2.1.3 Raman analysis of C_3-7, C_2-8, C_1-9, CS-PVP, and CS-PAN 

   The Raman analysis was used to determine the carbon quality of all 

samples with the wave number in the range between 500 and 3500 cm-1. By using a 

Lorentzian multi-peaks fitting, the band positions were observed (Carotenuto et al., 

2016). As presented in Figure 4.10, there were two main peaks ~1330-1346 cm-1 (D-

Band) and ~1582-1596 cm-1 (G-Band) occurred in the curves of all samples, which 

related to the scattering on disordered amorphous carbon cluster (sp3 bonded carbon 

atoms) and the stretching of C-C bonds in the hexagonal ring of graphite structure (sp2 

bonded carbon atom) (H. Chen et al., 2014). Another peak was observed around 2704 

cm-1 (G’-band, which was a two-phonon band taken to be 2 ×1352cm-1) (Yan et al., 

2014). The biggest ID/IG ratio of 0.99 for CS-PVP was obtained from the fitting, which 

implied that this sample had the phase of amorphous structures. On the other hand, the 

smallest ID/IG ratio of 0.97 for C_3-7, C_2-8, and C_1-9 showed the high graphite 

structure in the fibers. 

.  
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Figure 4.10 The Raman spectra of C_3-7, C_2-8, C_1-9, CS-PVP, CS-PAN, and the 

references patterns. 
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  4.2.1.4  Scanning electron spectroscopy (SEM) analysis of C_3-7, C_2-8, 

C_1-9, CS-PVP, and CS-PAN 

         Figure 4.11(a), (b), (c), and (d) exposed the FE-SEM images of CNF, C_1-

9, C_2-8, and C_3-7, respectively, at the magnification of 5 kX, which exhibited a few 

rough surfaces of long uniform and randomly arranged nanofibers. None of the 

interconnected fibers were observed in these cases. On the other hand, the 

interconnected-fiber patterns were observed in the sample CS-PAN and CS-PVP as 

presented in Figure 4.11(e) and (f) at magnification of 5 kX. These patterns were caused 

by the melting of PVP content during the calcination as stated in the previous section 

(Niu, 2012). By using the software ImageJ and Microsoft Excel, the diameters and the 

average diameters of nanofibers could be measured and calculated, respectively. CNF 

exhibited the biggest average diameters of about 412 nm and most of the fibers were 

in the ranges of 400 nm to 500 nm (inset in Figure 4.11(a)). The average diameters of 

the PAN-PVP blends changed with the difference of PVP-PAN ratios. At the ratio 1:9 

of PVP compared with PAN, the fibers had the biggest average diameter of about 254 

nm while the smallest average diameter was obtained from the sample with the ratio 

2:8. Most of the fibers were in the ranges of 200 nm to 280 nm (inset in Figure 4.11(b)-

(d)). The same as above case, there were also no interconnection patterns in these cases. 

However, the images of CS-PAN and CS-PVP exhibited the fiber-fiber interconnection 

patterns and the fiber diameters were calculated about 236 nm and 268 nm for CS-PAN 

and CS-PVP, respectively, and most of the fibers were in the ranges of 200 nm to 300 

nm (inset in Figure 4.11(e) and (f)). 
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Figure 4.11 The SEM images of (a) CNF, (b) C_3-7, (c) C_2-8, (d) C_1-9, CS-PVP, 

and (e) CS-PAN. 
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  4.2.1.5  N2 adsorption/desorption analysis of C_1-9, CS-PVP, and CS-PAN 

         The pore characters and specific areas of all calcined samples were 

determined by measuring N2 adsorption/desorption. Generally, the pore can be 

classified into three groups depending on the size of the pore, which are microspores, 

mesopores, and macropores in the range of less than 2 nm, from 2 to 50 nm, and bigger 

than 50 nm, respectively (P. B. Balbuena, and Gubbins, K. E. , 1993). Figure 4.12(a) 

revealed the isotherm curves of the samples, which generally displayed small hysteresis 

loops of type IV isotherm, which is mesopore and parts of type II isotherm, which is 

marcrospore. For type II and type IV isotherms, the interaction between sample surface 

and adsorbate are relatively strong. The pore size distributions of the samples were 

obtained by using MP and BJH method for microspores and mesoporous, respectively, 

which were displayed in Figure 4.12(b). C_1-9, CS-PAN, and CS-PVP had microspores 

with average sizes of about 1.7-1.9 nm. From BET analysis, C_3-7 had the greatest 

specific area of 1206 m2 g-1. The large specific surface areas were very useful for 

providing many electrochemical reaction sites for electrolyte ions to obtain high 

electrochemical performance, which were consistent with the electrochemical property 

results, which we will discuss. The values of specific area and other parameters of all 

samples were summarized in table 4.3.  
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Table 4.3 Average diameters of all nanofibers and textural parameters of the samples 

obtained by BET, BJH, and MP methods. 

Sample SBET (m2 g-1) Dm (nm) Vm (cm-3 g-1) 

C_1-9 677 1.91 156 

C_2-8 773 2.02 1775 

C_3-7 1206 52.98 277 

CS-PAN 538 1.83 124 

CS-PVP 581 1.90 134 
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Figure 4.12 (a) N2 adsorption and desorption isotherm; (b) micropore distribution and 

(insert) mesopore and marcropore distribution of C_1-9, CS-PVP, and CS-PAN. 

 

 

(b) 

(a) 
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 4.2.3  Electrochemical properties of C_3-7, C_2-8, C_1-9, CS-PVP, and CS-

PAN 

 The electrochemical properties of CNF and P-CNF were studied by the cyclic 

voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical 

impedance spectroscopy (EIS). The experiments were conducted in the three-electrode 

configuration system in 6 M KOH aqueous electrolyte. The working electrodes were 

prepared by sandwiching the samples between the nickel foams and pressing at very 

low pressure for 1 min, subsequently they were soaked in the electrolyte overnight 

before doing measurements. In CV measurement, the potential windows were chosen 

from -1 to 0 V and the scan rates in the range of 2, 5, 10, 20, 50, 100, 200, 500 mV s-1. 

The CD testing was measured with the same voltage window as CV measurement at 

the current densities in the range of 0.5, 1, 2, 5, and 10 A g-1. The impedance behavior 

of electrode was tested in a frequency range between 0.1 and 105 Hz. 

  4.2.3.1 Cyclic voltammetry (CV) measurement 

        The capacitive behaviors of the electrodes were determined by plotting the 

CV curve at 500 mV s-1 and 2 mV s-1. As presented in Figure 4.13(a), at high scan rate 

the curves of all samples behaved nearly as a rectangular curve of an ideal capacitor 

without any redox peaks, which indicated that the double layer capacitive processes 

mainly stored the charges of the electrode. At this scan rate, the CV-curve loop of C_3-

7 had the biggest loop, which implied that this sample had the greatest specific 

capacitance at this scan rate. Figure 4.13(b) revealed the CV curves of the samples at 

the scan rate of 5 mV s-1, which also behaved nearly as a rectangular curve. It is 

noteworthy that the samples started to display resistive behaviors at the operating 

potential -0.1 V, which is the cathodic current from the decomposition of the aqueous 
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electrolyte (L. Chen et al., 2013). This phenomena indicated over potential region that 

implies the limitation of CNF. In this case, the CV-curve loop of C_1-9 had the biggest 

loop comparing to other samples, which suggested that this sample had the greatest 

specific capacitance at this scan rate. Figure 4.13(c) exhibited the plots of specific 

capacitances of the samples versus scan rates. As the scan rate increased, the specific 

capacitances of the samples also increased with the scan rate from 2 to 20 mV s-1, then 

reached a maximum value between 20 and 50 mV s-1. Moreover, the decrease of 

specific capacitances were found above 100 mV s-1 indicating the diffusion of 

electrolyte ions was limited because of the time constraint and only the outer surface 

provided charge accumulation (S.-J. Park et al., 2012; Pech et al., 2010). Furthermore, 

this limitation was possibly proposed as the double layer growth, which blocked the 

ions before they accessed the full region in the micropore.  
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Figure 4.13 The CV curves at the scan rate of (a) 500 mV/s and (b) scan rate 5 mV/s; 

the plots of specific capacitances vs (c) scan rate and (d) current density of C_3-7, C_2-

8, C_1-9, CS-PVP, and CS-PAN. 
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  4.2.3.2 Galvanostatic charge/discharge (GCD) measurement 

        The linear voltage-time profile of GCD measurement of both samples at the 

current density of 10 A g-1 and 0.5 A g-1 were displayed in Figure 4.14(a) and (b), 

respectively. At the current density of 10 A g-1, C_1-9 and CS-PAN had the long 

discharge curves whereas at the current density of 0.5 A g-1, C_3-7 had the longest 

discharge duration. Generally, the longest discharge time represents the greatest 

specific capacitance. Figure 4.13(d) indicated that the specific capacitances of all 

samples decreased with an increase of current density. A comparison of power and 

energy densities of all electrodes was represented by the well-known Regone plot as in 

Figure 4.14(c). Concerning about the energy density, the C_3-7 electrode was 

considered as the greatest electrode, which can store maximum energy of ~26 mW h  

g-1 at a high power density of ~250mW g-1. Concerning about power density, CS-PAN 

had the maximum power density of 4810 mW g-1 at the energy density of ~18 mW h 

g-1, which demonstrated faster charging/discharging. However, Figure 4.4(d) presented 

that C_2-8 electrode had a greater cycling stability of ~99% remaining after 1000 

cycles, where CS-PVP and CS-PAN electrode had only ~96%, C_1-9 electrode had 

only ~97%, and C_3-7 had ~92% remaining after 1000 cycles. 
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Figure 4.14 The discharge curves at the current density of (a) 10 A g-1 and (b) 0.5 A     

g-1. The Regone plots (c) and (d) capacity retentions of C_3-7, C_2-8, C_1-9, CS-PVP, 

and CS-PAN. 
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  4.2.3.3 Electrochemical impedance spectroscopy (EIS) measurement 

        EIS experiment was performed in the frequency range of 0.1 Hz to 100 kHz 

at amplitude of 0.1 V to understand more about electrochemical performance of all 

samples. EIS data are generally presented as a Nyquist plot which is the plot of 

imaginary part (-Z”) versus the real part (Z’). As exposed in Figure 4.15(a), there were 

three regions to be considered in Nyquist plot including high frequency region, mid-

frequency region, and low frequency region. In the high frequency region, the intercept 

of the real axis indicated the bulk resistance (Rs), which was the total resistance of pore-

electrolyte resistance, bulk resistance, and a contact resistance causing by the electrode 

and current collector surface (X. He et al., 2017). By fitting the semicircles of the 

measured data, the Rs values of C_3-7, C_2-8, C_1-9, CS-PVP, and CS-PAN were 

estimated to be 553.39 m Ω, 556.45 m Ω, 791.04 m Ω, 726.26 m Ω, and 887.14 m Ω, 

respectively. At the middle frequency, the diameter of semicircle corresponded to the 

charge transfer resistance (Rct), which was caused by Faradaic reaction (Xiao et al., 

2017). As seen in Figure 4.15(b), some big-diameter semicircles were observed at this 

region, which interpreted that all electrodes exhibited little characteristics of Faradaic 

reaction. Last, in the low frequency region, almost straight lines with an angle about 

20° along the vertical axis were observed for C_2-8 and wider angle was observed for 

other samples. The slopes of the curves corresponded the Warburg impedances, which 

represented the electrolyte diffusion in the electrode material (Sun et al., 2017). It was 

noticed that the C_2-8 electrode showed the smaller vertical slope compared with the 

vertical axis, which indicated that this electrode materials had lower Warburg 

impedance than the other electrodes. The value of Rct, Rs, and n values of all samples 

were displayed in Table 4.4. 
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Table 4.4  The values of Rs and Rct of C_3-7, C_2-8, C_1-9, CS-PVP, and CS-PAN. 

Sample 

 
R s [m Ω] Rct  [m Ω] n value 

 

C_3-7   553.39         66.37          0.99451 

C_2-8 

C_1-9 

556.45 

791.04 

        196.82 

        183.25 

         0.99673 

         0.99665 

CS-PVP   726.26         330.54          0.99439 

CS-PAN   887.14          215.82          0.99529 
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Figure 4.15 The Nyquist plot (a) and (b) enlargement of Nyquist plot of C_3-7, C_2-8, 

C_1-9, CS-PVP, and CS-PAN. 
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4.3  Carbon-manganese oxide composite nanofibers (C-MnOx) 

 4.3.1  Structure and morphology characterization 

    4.3.1.1 Thermogravimetric analysis (TGA) of PAN-Mn_10-8, PAN-

Mn_10-9, and PAN-Mn_10-10 

             Figure 4.15(b) displayed the DSC curves of all samples, which the 

experiments were measured under the nitrogen atmosphere with the flow rate of 100 

ml min-1, the heating rate of 10°C min-1, and the temperature range from 35°C to 

1000°C. The as-spun C-Mn_10-8, C-Mn_10-9, C-Mn_10-10 appeared at about 268°C, 

269°C, and 242°C, respectively. The peak shift observing in the as-spun C-Mn_10-8 

implied that the embedding of Mn(NO3)2 enhanced the cyclization reaction of nitride 

groups resulting in a lower decomposition temperature. 

           The weight losses of all samples were determined by the study of TGA 

analysis. In general, for as-spun composite PAN nanofibers, the degradation occurred 

through three main steps. The first step in region (I) was related to the removal of 

humidity at below 100°C. Second in region (II), at the temperature about 200-300°C, 

the weight loss was related to the infusible ladder polymer forming before 

carbonization. The last step in region (III) was related to the pyrolysis of the polymer 

structure of the fibers at the temperature about 400−600°C (Yoo et al., 2017). As 

displayed in Figure 4.16(b), the weight losses of the as-spun samples started above 268 

°C, maximized at about 400°C and occurred continuously until the temperature of 

1000°C. The total weight loss was measured about 81%, 87%, and 78% for the as spun 

C-Mn_10-8, C-Mn_10-9, and C-Mn_10-10, respectively, at 1000°C.  
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Figure 4.16 The DSC (a) and TGA (b) of PAN-MnO_10-8, PAN-MnO_10-9, and PAN-

MnO_10-10. 
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   4.3.1.2 X-ray diffraction (XRD) measurement of C-Mn_10-8, C-Mn_10-9, 

and C-Mn_10-10 

            Figure 4.17 displayed the XRD patterns of all samples measured by Cu Kα 

with wavelength of 1.54 Ȧ between 2θ from 10° to 80°, step size 0.02 and step time 

0.2. In general, the broad-peak patterns show the characteristic of amorphous carbon in 

the sample, which occur at around 10−12°, 27−29°, and 43−44° (Jingjing Ding et al., 

2018). The sharp peaks of hexagonal graphite appeared in the samples at the values of 

2θ of about 26° and 42°, which were corresponding to the plane (002) and (100) with 

the d-spacing value of 3.37 and 2.13 Ȧ, respectively (JCPDS card No. 12-0212). The 

broad peaks around 14°, which were the peaks of plane (002) with the d-spacing value 

of 6.18 Ȧ were the peak of hexagonal-diamond carbon observed clearly in C-Mn_10-8 

and C-Mn_10-9 (JCPDS card No. 79-1470). The sharp peaks of manganese oxide 

(MnO) were observed clearly in the sample C-Mn_10-10 at the two-theta of 35, 40, 58, 

69, and 73° , which correspond to the plane (111), (200), (220), (311),and (222) with 

the d-spacing values of 2.58, 2.23, 1.58, 1.34, 1.29, and 1.11 Ȧ, respectively (JCPDS 

card No. 72-1533) . The results showed the multi-phase composition of carbon phase 

and manganese oxide phase, which were consistent with the SEM result. Each phase 

had different advantage for electrochemical properties i.e. the carbon phase was 

excellent for EDLCs behavior and manganese oxide phase was excellent for 

pseudocapacitive behavior, which will be discussed in details in the following section. 
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Figure 4.17 The XRD spectra of C-Mn_10-8, C-Mn_10-9, and C-Mn_10-10. 
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   4.3.1.3 Raman spectroscopy analysis of C-Mn_10-8, C-Mn_10-9, and C-

Mn_10-10 

  The Raman analysis was used to determine the carbon quality of all samples 

with the wave number in the range between 500 and 3500 cm-1. By using a Lorentzian 

multi-peaks fitting the band positions were observed (Carotenuto et al., 2016). As 

presented in Figure 4.18, there were two main peaks ~1330-1346 cm-1 (D-Band) and 

~1582-1596 cm-1 (G-Band) occurred in the curves of all samples, which related to the 

scattering on disordered amorphous carbon cluster (sp3 bonded carbon atoms) and the 

stretching of C-C bonds in the hexagonal ring of graphite structure (sp2 bonded carbon 

atom) (H. Chen et al., 2014). Another peak was observed around 2704 cm-1 (G’-band, 

which was a two-phonon band taken to be 2×1352 cm-1) (Yan et al., 2014). The biggest 

ID/IG ratio of 1.00 for C-Mn_10-8 was obtained from the fitting, which implied that this 

sample had the phase of amorphous structures. On the other hand, the smaller ID/IG ratio 

of 0.98 for C-Mn_10-9 and C-Mn_10-10 showed the high graphite structure in the 

fibers. 
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Figure 4.18  The Raman spectra of C-Mn_10-8, C-Mn_10-9, and C-Mn_10-10. 
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   4.3.1.4  Scanning electron microscopy (SEM) analysis of C-Mn_10-8, C-

Mn_10-9, and C-Mn_10-10 

          Figure 4.19(a), (b), and (c) exposed the FE-SEM of C-Mn_10-8, C-

Mn_10-9, and C-Mn_10-10, respectively, at the magnifications of 50 kX, which 

exhibited a few rough surfaces of long uniform and randomly arranged nanofibers. 

None of the interconnected fibers were observed in these cases. The average fiber 

diameter of these samples decreases in the range of about 228 nm and 308 nm where 

C-Mn_10-10 had the smallest average diameter. The changes of diameter sizes in 

composite nanofibers were caused by different net charged density and the repulsive 

force created by the metallic precursor embedding in the fibers (Tavanai et al., 2009). 

In addition to these, the manganese oxide nanoparticles had the average sizes in the 

range of about 28-54 nm with the shape of sphere. The average sizes of particles and 

average diameters of all samples were summarized in table 1. 

  To ensure the core-shell structures of carbon nanofibers and manganese 

oxides nanoparticle the fibers-cross-sectional images were performed by FE-SEM. As 

revealed in Figure 4.20(a), the cross-sectional image of C-Mn_10-8 revealed the core-

shell structure of the fibers, which the manganese oxide nanoparticles stayed on the 

outside surface of the carbon nanofibers. Plus, the enlargement of this image was 

performed as shown in Figure 4.20(b) to exhibit that there was no particle staying on 

the inside of the fibers. Another image was taken for C-Mn_10-8 as exposed in Figure 

4.20(c) to provide more evidence that there was absolutely no particle inside the fibers. 

Figure 4.20(d) displayed the image of C-Mn_10-9, which exhibited that the manganese 

oxide nanoparticles were outside on the surface of the fiber. Similar to the two samples 

above, Figure 4.20(f) indicated the image of cross-sectional fibers, which illustrated 
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manganese oxide nanoparticles sit outside on the surface of fibers, and Figure 4.20(f), 

which is the enlargement of image of C-Mn_10-10, conformed absence of manganese 

oxide nanoparticle on the cross section of the fibers.   

 

Table 4.5 Average diameters of all nanofibers and particle size of MnOx embedded in 

nanofibers. 

Sample Fiber size (nm) Particle size (nm) 

C-Mn_10-8    308 ±30 54±07 

C-Mn_10-9     293±22 46±06 

C-Mn_10-10     228±30 28±03 
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Figure 4.19 The FE-SEM of (a) C-Mn_10-8, (b) C-Mn_10-9, and (c) C-Mn_10-10 at 

the magnification of 5 kX and (d) C-Mn_10-8, (e) C-Mn_10-9, and C-Mn_10-10 at the 

magnification of 50 kX. 
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Figure 4.20 The FE-SEM images of cross-sectional fibers of (a) and (c) C-Mn_10-8, 

(b) the enlargement of C-Mn_10-8, (d) C-Mn_10-9, (e) C-Mn_10-10, and (f) the 

enlargement of C-Mn_10-10. 
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   4.3.1.5  N2-adsorption/desorption analysis of C-Mn_10-8 

                   The pore character and specific area of all calcined samples were 

determined by measuring N2 adsorption/desorption. Generally, the pore can be 

classified into three groups depending on the size of the pore which are microspores, 

mesopores, and macropores in the range of less than 2 nm, from 2 to 50 nm, and bigger 

than 50 nm, respectively (P. B. Balbuena, and Gubbins, K. E. , 1993). Figure 4.21(a) 

displayed the isotherm curves of the C-Mn_10-8, which displayed small hysteresis 

loops, which typically are type-IV isotherm and parts of type-II isotherm which are 

mesopores and macropores, respectively. For type-II and type-IV isotherm, the 

interaction between sample surface and adsorbate are relatively strong. The pore size 

distributions of the samples were obtained by using MP and BJH for microspores and 

mesoporous, respectively, which were shown in Figure 4.21(b). C-Mn_10-8 had 

mesopores and macropores with average sizes of about 3 nm, the specific area about 

701 m2 g-1, and the average volume of about 161 cm3 g-1, which the results were 

consistent with the above FE-SEM results. The large specific surface areas were very 

useful for providing many electrochemical reaction sites for electrolyte ions to obtain 

high electrochemical performance, which were consistent with the electrochemical 

property results, which we will discuss.  
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Figure 4.21 The isotherm curve (a), MP plot (b), and BJH (inset (b)) of C-Mn_10-8. 
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 4.3.2  Electrochemical properties of C-Mn_10-8, C-Mn-10-9, C-Mn_10-10 

 The electrochemical properties of C-Mn_10-8, C-Mn-10-9, C-Mn_10-10 were 

studied by the cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and 

electrochemical impedance spectroscopy (EIS). The experiments were conducted in the 

three-electrode configuration system in 6 M KOH aqueous electrolyte. The working 

electrodes were prepared by sandwiching the samples between the nickel foams and 

pressing at very low pressure for 1 min, subsequently they were soaked in the 

electrolyte overnight before doing measurements. In CV measurement, the potential 

windows were chosen from -1 to 0 V and the scan rate in the range of 2, 5, 10, 20, 50, 

100, 200, 500 mV s-1. The CD testing was measured with the same voltage window as 

CV measurement at the current densities in the range of 0.5, 1, 2, 5, and 10 A g-1. The 

impedance behavior of electrode was tested in a frequency range between 0.1 and 105 

Hz.  
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  4.3.2.1 Cyclic voltammetry (CV) analysis    

                     The capacitive behaviors of the electrodes were determined by plotting the 

CV curve at 500 mV s-1 and 2 mV s-1. As presented in Figure 4.22(a), at high scan rate 

of 500 mV s-1, the curves of all samples behaved nearly as a rectangular curve of an 

ideal capacitor without any redox peaks, which indicated that the double layer 

capacitive processes mainly stored the charges of the electrode. At this scan rate, the 

CV-curve loop of C-Mn_10-10 had the biggest loop, which implied that this sample 

had the greatest specific capacitance at this scan rate. Figure 4.22(b) displayed the CV 

curves of the samples at the scan rate of 5 mV s-1, which also behaved nearly as a 

rectangular curve. Moreover, the redox peaks of manganese oxide nanoparticles were 

observed for all samples. The oxidation-reaction peaks occurred around the potentials 

of -0.5 V and -0.6 V for manganese oxide changing its oxidation state from Mn+2 to 

Mn3+ and from Mn3+ to Mn4+, respectively, while the reduction-reaction peaks occurred 

around the potential of -0.5 V represented the changing of oxidation states for Mn4+ to 

Mn3+ or/and Mn2+ (Sinprachim et al., 2016). It is noteworthy that the samples started 

to display resistive behaviors at the operating potential -0.1 V, which is the cathodic 

current from the decomposition of the aqueous electrolyte (L. Chen et al., 2013). This 

phenomena indicated over potential region that implies the limitation of CNF. For this 

scan rate, the CV-curve loop of C-Mn_10-8 had the biggest loop comparing to other 

samples, which suggested that this sample had the greatest specific capacitance at this 

scan rate. Figure 4.22(c) exhibited the plots of specific capacitances of the samples 

versus scan rates. As the scan rate increased, the specific capacitances of the samples 

also increased with the scan rate from 2 to 20 mV s-1, then reached a maximum value 

between 20 and 50 mV s-1 and the decrease of specific capacitances were found above 
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100 mV s-1 indicating the diffusion of electrolyte ions was limited due to the time 

constraint and only the outer surface provided charge accumulation (S.-J. Park et al., 

2012; Pech et al., 2010). Moreover, this limitation was possibly proposed as the double 

layer growth and blocked the ions before they accessed the full region in the micropore. 
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Figure 4.22 The CV curves at the scan rate of (a) 5 mV s-1 and (b) 500 mV s-1; (c) the 

plots of specific capacitances versus scan rate, and (d) the plots of specific capacitances 

versus current density of the samples.  
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                     4.3.2.2 Galvanostatic charge/discharge (GDC) analysis    

                     The linear voltage-time profile of GCD measurement of both samples at 

the current density of 10 A g-1 and 0.5 A g-1 were revealed by Figure 4.23(a) and (b), 

respectively. At both current densities, C-Mn_10-10 had the long discharge curves, 

which, generally, the longest discharge time represents the greatest specific 

capacitance. Figure 4.22(d) displayed that the specific capacitances of all samples 

decreased with an increasing of current density. It is worth noted that C-Mn_10-10 had 

the great specific capacitances for all current densities. A comparison of power and 

energy densities of all electrodes is represented by the well-known Regone plot as in 

Figure 4.23(c). Concerning the energy density, the C-Mn_10-10 electrode was 

considered as the greatest electrode which can store maximum energy of ~27 mW h   

g-1 at a high power density of ~249mW g-1. In addition, the C-Mn_10-10 had the 

maximum power density of 4846 mW g-1 at the energy density of ~17 mW h g-1, which 

demonstrated faster charging/discharging. As shown in Figure 4.23(d), the capacitance 

retention of all samples was great, which remained ~95% except C-Mn_10-10, which 

remained ~97% after 1000 cycles.  
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Figure 4.23 The CD curves at the current density of (a) 10 A g-1 and (b) 0.5 A g-1; (c) 

the Regone plots and (d) capacity retention. 
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  4.2.2.3 Electrochemical impedance spectroscopy (EIS) measurement 

  EIS experiment was performed in the frequency range of 0.1 Hz to 100 

kHz at amplitude of 0.1 V to understand more about electrochemical performance of 

all samples. EIS data are generally presented as a Nyquist plot which is a plot of 

imaginary part (-Z”) versus the real part (Z’). As displayed in Figure 4.24(a), there were 

three regions to be considered in Nyquist plot including high frequency region, mid-

frequency region, and low frequency region. In the high frequency region, the intercept 

of the real axis indicated the bulk resistance (Rs), which was the total resistance of pore-

electrolyte resistance, bulk resistance, and a contact resistance causing by the electrode 

and current collector surface (X. He et al., 2017). By fitting the semicircles of the 

measured data, the series resistances (Rs) and charge transfer resistances of C-Mn_10-

8, C-Mn_10-9, and C-Mn_10-10 were estimated. In comparison, C-Mn_10-8 showed 

the smallest value Rs of 282.14 mΩ. At the middle frequency, the diameter of semicircle 

corresponded to the charge transfer resistance (Rct) which was caused by Faradaic 

reaction (Xiao et al., 2017). As seen in Figure 4.24(b), some big-diameter semicircles 

were observed at this region, which interpreted that all electrodes exhibited little 

characteristics of Faradaic reaction. By fitting the measured data, the Rct of C-Mn_10-

10 showed the smallest value of 204.12 mΩ. Last, in the low frequency region, almost 

straight lines with an angle about 20° along the vertical axis were observed for C-

Mn_10-10 and wider angle was observed for other samples. The slopes of the curves 

corresponded the Warburg impedances which represented the electrolyte diffusion in 

the electrode material (Sun et al., 2017). It was noticed that the C-Mn_10-10 electrode 

showed the smaller vertical slope compared with the vertical axis, which indicated that 
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this electrode materials had lower Warburg impedance than the other electrodes. The 

value of Rct, Rs, and N values of all samples were displayed in Table 4.6. 

Table 4.6 The values of charge transfer resistances, equivalent series resistances, and 

N values of the samples. 

Sample Rct (mΩ) Rs (mΩ) N value 

C-Mn_10-8 316.4 282.14 0.99283 

C-Mn_10-9 236.82 441.51 0.99558 

C-Mn_10-10 204.12 411.55 0.99568 
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Figure 4.24 The Nyquist plot (a) and enlargement of Nyquist plot (b) of all samples.  
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CHAPTER V 

CONCLUSIONS AND SUGGESTIONS 

 

 In this study, carbon nanofibers (CNF), porous carbon nanofibers (P-CNF), 

interconnected carbon nanofibers (IC-CNF), and carbon-manganese oxide core-shell 

composite nanofibers were successfully fabricated by a single-nozzle and core-shell 

electrospinning technique followed by carbonization and CO2-activation process. The 

thermal properties of the as spun samples were studied by Thermogravimetric analyzer 

(TGA). The structures and morphologies of all the samples were characterized by XRD, 

SEM, Raman, and Gas absorption techniques. The electrochemical properties were 

studied by CV, GCD and EIS techniques. The conclusion were made on the samples, 

which could be classified into three sections related to the types of the samples 

including (i) carbon nanofibers (CNF) and porous carbon nanofibers (P-CNF), (ii) 

interconnected carbon nanofibers (IC-CNF), and (iii) carbon/manganese oxide core-

shell composite nanofibers (C/MnOx). The conclusions based on the experimental 

results for each group and all samples were summarized as follows: 

 

5.1 The structure and morphology characterization 

 The XRD patterns of all samples showed the phases of amorphous carbon and 

hexagonal graphite (JCPDS card No. 12-0212). In addition to these phases, C/MnOx 

displayed the patterns of manganese oxide (Mn2+ and Mn3+) (JCPDS card No. 72-1533). 
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For sample in IC-CNF group, the sample C_3-7, C_2-8, and C_1-9 revealed the highest 

graphite structures base on the Raman analysis with ID/IG-value of 0.97. One of core-

shell blend, CS-PAN had higher graphite structure based on the Raman analysis with 

the ID/IG-value of 0.98. Among all samples in C/MnOx group, C-Mn_10-9 and C-

Mn_10-10 illustrated the higher graphite structure based on the Raman analysis with 

the ID/IG-value of 0.98 where C-Mn_10-8 had ID/IG-value of 1.00. Therefore, the carbon 

nanofibers getting from the PVP-PAN bled showed the highest graphite structure. 

 Concerning the morphology, CNF based on gas adsorption/desorption 

technique possessed the characteristic of none-porous structure where P-CNF had the 

characteristic of microporous and mesoporous structure with the higher specific area of 

677 m2 g-1 and smaller pore diameter of 1.86 nm. Among the samples made from PVP-

PAN blends, C_3-7 illustrated the highest specific area of 1206 m2 g-1 with the 

characteristic of macropores with the average diameter of 52.98 nm. However, in the 

samples made from core-shell solution, CS-PVP contained the higher specific area of 

581 m2 g-1 with average diameter of 1.9 nm. In the last group, C-Mn_10-8 showed the 

characteristic of mesopore and marcropore with the specific surface area of 701 m2 g-1 

with the average diameter of 3 nm.  The CNF had the biggest average diameter of 412 

± 27 nm while the mixture of PVP in the precursor solution could decreased the average 

diameter of the fibers. For instance, C_2-8 had the smallest average diameter of 188 ± 

13 nm among CNF derived from PVP-PAN blend. Moreover, the decreases of average 

diameters were also observed in the CS-PVP and CS-PAN. For example, CS-PVP 

exhibited the smaller average diameter of 237 ± 33 nm. It is worth noted that only CNF 

fabricated by core-shell electrospinning technique followed by carbonization process 

displayed the structure of fiber-fiber interconnection. In summary, the presence of PVP 
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in the precursor solution could decrease the average diameter of the fibers, and the 

fibers obtained from the PVP-PAN blend did not show the fiber-fibers structure. In the 

C-MnOx composite group, the decreases of average diameters were also observed. 

Thus, the smallest average diameter of 228 ± 30 nm was observed in C-Mn_10-10. In 

additions, this sample also presented the smallest average particle size of 28 ± 03 nm. 

The core-shell structures of CNF and manganese oxide nanoparticles were exposed by 

the cross-sectional image of the fibers. In conclusion, the change of PAN concentration 

of the shell solution could vary the average diameter and particle sizes, i.e. the higher 

concentration, the bigger average diameter or particle size.   

 

5.2 The electrochemical properties 

 The summary of the effects of charge storage mechanism, specific capacitance, 

and energy density on electrochemical properties of CNF, P-CNF, IC-CNF, and C-

MnOx composite nanofiber were presented in this section. There are two main types of 

charge storage mechanism: (i) the electric double layer capacitors (EDLCs) and (ii) the 

pseudocapacitive behavior. It was observed that the carbon-based nanofibers stored 

energy via the accumulation of charge at the electrode-electrolyte interface while the 

manganese oxide nanoparticle stored energy via redox reaction. The redox reaction of 

manganese oxide nanoparticles was studied by the CV technique in the 6 M KOH 

aqueous electrolyte with the potential window between -1 V and 0 V at the scan rates 

from 2 to 500 mV s-1. The study revealed that all MnOx-based samples displayed the 

speudocapacitive behaviors. The redox peaks observed in the CV curves were caused 

by the redox transition of the nanoparticle between different valence states. The rapid 

and faradic reactions on the electrode-electrolyte electrode were the main causes of the 
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specific capacitances of the pseuodelectrodes. There were no redox peaks in the CV 

curves of CNF, C_3-7, C_2-8, C_1-9, CS-PVP, and CS-PAN. Hence, these samples 

exhibited the EDLCs behaviors. However, the C-Mn_10-8, C-Mn_10-9, and C-Mn_10-

10 displayed the oxidation-reaction peaks occurred around the potentials of -0.5 V and 

-0.6 V for manganese oxide changing its oxidation states from Mn+2 to Mn3+ and from 

Mn3+ to Mn4+, respectively. Alternatively, the reduction-reaction peaks occurred around 

the potential of -0.5 V represented the change of oxidation states for Mn4+ to Mn3+ 

or/and Mn2+.  

For the specific capacitances of all samples were calculated from the 

discharging curves. Among carbon-based samples, excluding MnOx, C_1-9 exhibited 

the highest specific capacitance of 180 F g-1 at the current density of 0.5 A g-1. Besides, 

all MnOx-composite nanofibers exhibited the higher specific capacitances than the pure 

carbon-based samples. For instance, C-Mn_10-10 presented the highest specific 

capacitance of 214 F g-1 at the current density of 0.5 A g-1. This suggested that the 

composite both carbon materials and pseudo materials provided better electrochemical 

performance. This improvement was the cause of the combination of EDLCs and 

pseudo behaviors of CNF and MnOx nanoparticles. Particularly, EDLCs materials could 

provide high power density due to the good conductivity and high surface area while 

pseudomaterials could provide higher energy densities. Therefore, the synergistic effect 

between Carbon and pseudomaterials could maximize the use of individual benefit to 

reach the excellent electrochemical properties. All samples revealed the great cycle 

stability of more than 90 % after 1000 cycles. For example, the specific capacitance of 

C-Mn_10-10 remained ~97% after 1000 cycles, and P-CNF remained ~99% after 1000 

cycles. This excellent cycle stability was caused by the charge storage mechanism of 
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carbon materials which stored the energy by the accumulation of ions at the electrolyte-

electrode interface. This mechanism could prevent the electrode from the changing of 

pore volume during charging/discharging process.   

Finally, the energy density of all samples were calculated at the current density 

of 0.5 A g-1 and compared with the CNF. As a result, all samples had lower energy 

densities than CNF except C-Mn_10-10. For instance, the extremely decrease was 

observed in P-CNF and C-Mn_10-8 about 27% and 29%, respectively. In addition, the 

tiny decreases were observed in C_3-7, C_2-8, C_1-9, CS-PVP, CS-PAN, and C-

Mn_10-9 about 2, 9, 5, 10, 8, 3, and 4%, respectively. In contrast, the increase was 

observed in C-Mn_10-10 about 4%. These results suggested that the micropores in P-

CNF could not enhance the energy density. Moreover, the presence of PVP content in 

the precursor solutions did not improve the energy density. However, the presence of 

manganese oxide nanoparticles in the CNF could increase the energy density based on 

the synergistic effect of EDLCs and pseudocapacitive behaviors. 

 

5.3 Suggestions 

  Further works should be done to improve and clarify the structure and 

mechanism of electrochemical reaction by the following:  

 (1) The TEM technique should be used to explore the manganese oxide 

nanoparticles in the carbon nanofibers. 

 (2) The oxidation state of the manganese oxide should be studied by XANE 

technique. 
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 (3) Investigation of atomic/electronic structure, such as the change of redox 

valence of the C-MnOx electrodes using in situ X-ray absorption spectroscopy (XAS) 

during the charging/discharging process is important to understand in more details. 

(4) The fitting between the Nyquist plot and the equivalent circuit could provide 

more information about the electrode including the Warburg impedance. 
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