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Introduction 
Renewable energy has gained increasing attention owing to the growing problem of 
greenhouse gases in recent decades. Several attempts have been made to substitute 
carbon-containing energy sources with more eco-friendly options, such as wind, solar,  
and hydro and etc. However, these alternatives cannot meet the overall demand for 
energy storage. Transportation is one of the most energy-demanding industries; 
therefore, it is important to substitute combustion engines for EVs at the personal 
transportation level in order to decrease emissions (Burke & Zhao, 2015; Radu et al., 2019; 
Stan et al., 2014). Alternative energy sources are constantly being developed to meet  
the overall demands of the energy storage market. Among the chemical and physical  
energy storage systems, three systems are considered as potential alternatives for 
transportation: lithium-ion batteries, fuel cells, and supercapacitors (Winter & Brodd, 
2004). 

Supercapacitors, which are also known as electrochemical double-layer (EDL) capacitors 
or ultracapacitors, possess superior properties to those of conventional capacitors, such 
as a higher energy density over a wide range of power values while exhibiting a long cycle 
life (Conway, 1999; Y. Wang et al., 2016; A. Yu et al., 2017). Supercapacitors were 
discovered by General Electric engineers in 1957, while performing tests with porous 
carbon electrodes in a fuel cell (Becker, 1957). EDL capacitors were commercialised in 
1978 by NEC (Conway, 1999). Currently, EDL capacitor electrodes are used as cast 
electrodes or aqueous slurries. However, in recent years, fibre-based electrodes have 
been increasingly researched. Fibrous electrodes are useful because of their improved 
mechanical properties and relatively low electrode thicknesses (≈20 µm), which are 
several times lower than those of commercial electrodes.  

One of the simplest ways to produce fibrous electrodes is electrospinning, which has 
drawn significant attention for energy storage devices. During the last decade, researchers 
have proposed several polymer/solvent and polymer/solvent/carbon combinations for 
energy storage applications (Guo et al., 2009; He et al., 2018; X. Li et al., 2017). However, 
high EDL capacitance from electrospun nanoporous carbide-derived carbon (CDC) and 
polymer electrodes has not yet been achieved without applying further post carbonization 
processes. The purpose of this study was to develop a thin-layered CDC-based fibrous 
electrode material with the highest possible capacitance and the longest cycle life for 
energy storage applications.  

For this purpose, various combinations of polymer/solvent/carbon, with the addition 
of ionic liquids (ILs), were tested in electrospinning solutions. The fibrous electrode 
preparation process was fully optimised to achieve high capacitance in EDL applications 
with excellent mechanical properties. Furthermore, to improve the electrochemical 
properties of the electrospun electrodes and to find the best combination of CDC and 
electrolyte ions, a variety of organic, inorganic, and ionic-liquid-based electrolytes were 
also tested.  
 

The results of this thesis have been presented additionally to scientific papers at several 
scientific conferences:  
 
Malmberg, S.; Arulepp, M.; Savest, N.; Käärik, M.; Krumme, A.; (2018). Baltic Polymer 
symposium, Jurmala, Latvia.  
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Space Passive Components Days International Symposium, Noordwijk, Netherlands, 9 - 12 
October 2018. EPCI. 
 
Krasonu, I.; Tarasova, E.; Malmberg, S.; Vassiljeva, V.; Krumme, A. (2019). Preparation of 
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Materials Science and Engineering, 500, 012022.10.1088/1757-899X/500/1/012022. 
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Abbreviations 
AC Alternative current 
ACN Acetonitrile 
BET Brunauer–Emmet–Teller 
CB Carbon black 
CDC Carbide-derived carbon 
CE Counter electrode 
CNT Carbon nanotube 
CV Cyclic voltammetry 
DMAc N,N-dimethylacetamide 
DMF Dimethylformamide 
DMSO Dimethyl sulphoxide 
EDL Electrical double-layer 
EIS Electrochemical impedance spectroscopy 
EMIm-BF4 1-ethyl-3-methylimidazolium tetrafluoroborate
EOL End of Life 
ESR Equivalent series resistance 
EV Electrical vehicle 
GC Galvanostatic cycling 
IL Ionic liquid 
MWNT Multi-walled carbon nanotube 
PAN Polyacrylonitrile 
PANi Polyaniline 
PC Propylene carbonate 
PEO Poly(ethylene oxide) 
PI Polyimide 
PMMA Poly(methyl methacrylate) 
PS Polystyrene 
PSD Particle size distribution 
PVA Poly(vinyl alcohol) 
PVDF Poly(vinylidene fluoride) 
Ref Reference electrode 
SEM Scanning electron microscopy 
SWNT Single-walled carbon nanotube 
TGA Thermal gravimetric analysis 
WE Working electrode 
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1 Literature review 
1.1 Introduction 
Nanotechnology has the potential to address global challenges through the design and 
fabrication of functional nanofibers for energy and environmental applications. The key 
fabrication method is electrospinning, which is a versatile technique that allows for the 
preparation of continuous, thin fibres with diameters of a few hundred nanometres (Ding 
& Yu, 2014). Electrostatic attraction of a liquid was first reported by William Gilbert in the 
17th century, and the electrospinning technique was first patented in 1900 by John Francis 
Cooley (Cooley, 1902; Nascimento et al., 2015; Tucker et al., 2012). The advantages of 
electrospun fibres are their high surface area, flexibility, and good mechanical properties, 
thereby rendering them desirable materials for many applications (Ramakrishna, 2005). 
Owing to the unique properties of electrospun fibres, they have also gained attention in 
the energy storage industry.  

Supercapacitors are energy storage devices that provide fast charge–discharge 
capability and are considered to be alternative energy sources to combustion engines 
(Hester & Harrison, 2018). During the last decade, there have been several reports on 
various combinations of fibrous supercapacitor electrodes; however, none have utilized 
high-capacity carbide-derived carbon (CDC) and polymer solutions without applying 
external processing, such as pyrolysis and carbonisation (He et al., 2018; X. Li et al., 2017). 
Therefore, the present work focuses on the development of electrospun, fibrous,  
CDC-based electrodes for electrical double-layer capacitor applications in organic and 
aqueous electrolytes. 

1.2 Supercapacitors 

Rechargeable batteries are considered promising candidates for electric vehicles; 
however, the charge-storage mechanism of existing rechargeable batteries is mainly 
dependent on the intercalation of cations within the crystalline structure of the electrode. 
Intercalations are regulated by the diffusion of cations within the crystalline framework. 
In supercapacitors, energy storage is based on surface reactions in the electrode; 
therefore, they provide a much higher power density than that of batteries (Y. Wang  
et al., 2016). An EDL was first described and modelled by Von Helmholtz in the 19th 
century. The Helmholtz double-layer model comprised two layers of opposite charge that 
form at the electrode–electrolyte interface and are separated by an atomic distance 
(Helmholtz, 1853; L. L. Zhang & Zhao, 2009). The Helmholtz model was further developed 
by Gouy and Chapman while considering the continuous distribution of electrolyte ions in 
the electrolyte solution (Chapman, 1913; Gouy, 1910; L. L. Zhang & Zhao, 2009). In 1991, 
Brian Evans Conway described the difference between the energy storage mechanisms of 
supercapacitors and batteries (Conway, 1999).  

The high capacitance of EDL capacitors is in the order of hundreds of farads to 
kilofarads, which is several orders of magnitude larger than those of traditional 
electrolytic capacitors, whose capacitance is measured in microfarads. With EDL 
capacitors, high capacitance is possible because of the short charge-separation distance 
at the electrode–electrolyte interface and the high surface area of the carbon material 
(Helmholtz, 1853; Ji et al., 2014). The high surface area of the carbon originates from the 
presence of very small pores on the carbon surface (Figure 1A). The porous matrix of 
carbon arises from the activation processes. It is very important that the pore size of the 
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carbon matches the ion size of the electrolyte for sufficient electrolyte ion penetration 
into the carbon pores (Garche et al., 2013).  

The electrochemical device is composed of two electrodes, a separator, and an 
electrolyte (Figure 1B); the electrolyte can be in either the solid or liquid phase. 
A solid-state electrolyte has two functions: conduction of ions and separation of the 
positive and negative electrodes. Liquid electrolyte solutions also conduct ions; however, 
for the separation of positive and negative electrodes, a porous separator sheet is 
required ( Yu et al., 2017). 

Energy storage is created when the polarisation of the electrode ions is absorbed in the 
double-layer area. 

Figure 1. Mechanism of electrical double-layer capacitors (Endo et al., 2001; Frackowiak, 2007; 
Garche et al., 2013; Pohlmann, n.d.). 

In practical applications, supercapacitors are used in the form of a coin-shaped, 
cylindrical, or prismatic cell and are combined in series into larger modules. Full cells are 
filled with organic or aqueous electrolytes and are used in high-power applications; 
however, the cell voltage is limited due to electrolyte decomposition. Organic 
electrolyte-based cells can provide higher working voltages, but the current is limited by 
their low ionic conductivity (Garche et al., 2013; Pohlmann, n.d.).  

Supercapacitors exhibit superior properties such as long cycle life, low resistance, high 
power density, and a wide operating temperature range. Although batteries exhibit a 
higher energy density than that of supercapacitors, their power density does not reach 
the level of EDL capacitors, as shown in Figure 2. Therefore, an increasing number of 
investigations have been performed in the last decade to maximize the energy density of 
supercapacitors. 
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Figure 2. Specific energy vs specific power for energy storage devices (Kumar Panda et al., 2020;  
S. Zhang & Pan, 2015).

1.3 Carbon materials for supercapacitors 

The electrode material is a key element for EDL capacitor performance. Carbon materials 
have exceptional properties such as a high surface area, good electrical conductivity, low 
density, high stability, and relatively low cost. Carbon materials have been widely used as 
electrodes for energy-storage devices. Furthermore, the porosity and morphology of 
carbon materials can be modified by activation processes (Endo et al., 2001; Frackowiak 
& Béguin, 2001; Leis et al., 2001; Li et al., 2019). The different structures of carbon 
materials for supercapacitors are presented in Figure 3.  

Figure 3. Carbon allotropes used in supercapacitors (Giubileo et al., 2018). 

Activated carbon is one of the oldest and most studied porous carbon materials 
(Sadashiv Bubanale et al., 2017). The basic structural unit of activated carbon is the 
hexagonal structure of graphite, which occurs in the form of numerous small graphite 
platelets. The process of activating carbon was discovered in the early 1800s (Sadashiv 
Bubanale et al., 2017). In today’s energy storage industry, most commercial EDL capacitors 
are based on activated carbon materials owing to their well-known manufacturing 
processes. The properties of activated carbon rely on its simple, large-scale production 
and relatively low cost. Activated carbon is produced from nutshells, wood, starch, 
sucrose, cellulose, corn grain, banana fibre, coffee grounds, and sugar cane bagasse, 
among other materials. Furthermore, the synthesis of activated carbon enables 
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well-controlled properties, suitable pore size distribution, and greatly enhanced 
capacitive characteristics. Carbon can be activated by either physical or chemical 
activation. In the case of physical activation, carbon materials are first pyrolyzed at high 
temperatures (600–900 °C) to remove non-carbon elements, and subsequently treated 
with oxidising atmospheres such as steam, CO2, or a mixture of the two. Activation by 
chemical treatment involves impregnation of the carbon precursor with chemicals such as 
KOH, NaOH, H3PO4, ZnCl2, and H2SO4, which is followed by carbonisation at 450–900 °C 
(Sevilla & Mokaya, 2014; L. Wei & Yushin, 2012a). 

 Activated carbon is commonly used in combination with quaternary ammonium salts 
in acetonitrile or propylene carbonate solutions. The capacitance of activated carbon 
reaches 35–250 F g–1 in organic electrolytes, 60–150 F g–1 in ionic liquids (at high 
temperatures), and 300 F g–1 in aqueous electrolytes (at lower voltages due to water 
decomposition).  

Graphene affords an extremely high electrical conductivity, accessibility to electrolyte 
ions, relatively low costs, an excellent mechanical strength, and a high surface area  
(2699 m2 g–1), rendering it suitable for energy storage devices (Khalid et al., 2018).  
The existence of graphene was first reported by P. R. Wallace in 1947 (Wallace, 1947); 
however, it was rediscovered at the beginning of the 21st century. Graphene is a flat,  
one-layer-thick material comprising sp2- bonded carbons with a fully conjugated structure 
of C–C and C=C bonds. However, graphene often requires molecular-level functionalization 
for most electronic applications. Other forms of graphene such as fullerene, carbon 
nanotubes (CNTs), and graphite exhibit a similar hexagonal ring structure to that of 
graphene; however, various orientations are observed in space, giving each form its own 
unique properties (Khalid et al., 2018). 

Fullerenes consist of carbon balls composed of hexagonal and pentagonal carbon rings. 
The first fullerene was discovered in 1985 by Sir Harold W. Kroto of the United Kingdom 
and Richard E. Smalley and Robert F. Curl, Jr. of the United States (Kroto, 1997). The small 
band gaps inside the carbon rings enable fast charge transfer owing to their high 
conductivity. Using fullerenes as electrode materials enhances the diffusion of ions 
because of their very high surface area and cage-like structure (Ali et al., 2020a). However, 
studies on the large-scale production of these materials are still in progress (Ali et al., 
2020b; Keypour et al., 2013). Finally, it has been concluded that graphene-based electrode 
materials usually suffer from poor control of particle size distribution (PSD) with a lack of 
macropores or large mesopores, which are commonly present in activated carbon or CDC 
materials (L. Wei & Yushin, 2012a). 

CNTs afford good mechanical properties such as high strengths and low weights 
(Zaharaddeen et al., 2016). They are formed when a graphite sheet is curled up into 
cylinders and can either be single-walled (SWNT) or multi-walled (MWNTs) (Pan et al., 
2010). CNT applications have been widely investigated since their discovery in 1995 
(Rinzler et al., 1995). They have been used as electrode materials for supercapacitors, 
achieving specific capacitances of up to 102 F g–1 and 180 F g–1 for MWNTs and SWNTs, 
respectively (Lu & Dai, 2010). However, carbon nanotubes are too expensive for  
large-scale production, and their long-term stability has not yet been achieved (Wei & 
Yushin, 2012b; Weinstein & Dash, 2013).  
  

https://www.britannica.com/biography/Harold-Kroto
https://www.britannica.com/biography/Richard-Smalley
https://www.britannica.com/biography/Robert-F-Curl-Jr
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1.4 Carbide-derived carbon 
The production of carbide-derived carbon (CDC) using high-temperature chlorine gas and 
silicon carbide was first described in a patent by O. Hutchins in 1918 (Hutchins, 1918). 
Larger-scale production was developed in 1956 (Andersen 1956).  

In more detail, CDCs are produced by the extraction of metals from carbide precursors 
at high temperatures. The unique properties of porous CDCs, such as high specific surface 
area and tuneable pore size with a narrow size distribution, make it an ideal material for 
supercapacitor electrodes (Gogotsi, 2006; Arulepp et al., 2010; Presser et al., 2011). 
The advantage of CDC materials is the narrower pore size distribution compared to that 
of activated carbon.  

CDC fabrication is typically used as chlorination at high temperatures. The chlorination 
of metal or non-metal precursors is described by the following reaction:  

MC + xCl2  MCl2x + C 

In this reaction, the carbon layer is formed by inward growth, usually while retaining 
the original shape and volume of the precursor. If the remaining reaction products, such 
as residual chlorides, are trapped in the pores, they can be removed by treatments such 
as hydrogenation or vacuum annealing. In general, hydrogenation is carried out after 
chlorination with a temperature equal to or lower than the synthesis temperature. 
(Presser et al., 2011). For the synthesis of CDC materials, various metal and metalloid 
precursors, such as TiC, SiC, ZrC, WC, VC, Al4C3 and Mo2C have been used (Ariyanto et al., 
2019; Dash et al., 2005; Gudavalli & Dhakal, 2018; Maletin et al., 2004; Leis et al., 2001, 
2002, 2010; Yushin et al., 2006). 

The characteristics of the synthesised CDC materials are dependent on the chlorination 
temperature and carbide precursor, which allow for tuning of the pore sizes to 0.6–2 nm 
(Gogotsi, 2006; Gudavalli & Dhakal, 2018). The model (Zhan et al., 2017) and the structure 
of the CDC particle, as determined by transmission electron microscopy (TEM) image, are 
presented in Figure 4. The surface area of CDC can reach up to 2200 m2 g–1 (Leis et al., 
2002; Gogotsi et al., 2003; Maletin et al., 2004).  

Figure 4. A) Model of the CDC structure (Zhan et al., 2017) and B) TEM image of  TiC-CDC  
(Leis et al., 2002).  
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The porosity of the CDC is determined by the carbide structure, and the structure of 
the formed CDC is strongly influenced by the distribution of carbon atoms in the carbide 
lattice (Presser et al., 2011).  

Furthermore, to improve the EDL properties of CDC materials, post-modification 
processes similar to those of activated carbon are employed (Käärik et al., 2018). 
In addition, chemical activation by KOH is the most common activation process for CDC. 
Unfortunately, with chemical activation, relatively high oxygen content occurs inside the 
material compared to physical processes such as CO2, steam activation, and a mixture of 
both. The high oxygen content leads to additional functional groups on the carbon 
surface, and, in turn, unfavourable Faradaic reactions can occur in parallel with 
the EDL. The benefits of using CO2 and H2O steam are the cleaner production, 
cost-efficiency, and endothermic nature of their reactions, which allows for better process 
control. Previously, E. Tee et al. showed that gas-phase activation doubles the 
Brunauer–Emmett–Teller (BET) surface area and increases the pore size of SiC CDC 
(Tee et al., 2015). The theoretical capacitance for two-electrode configurations of CDC 
materials ranges from 60 to 320 F g–1 (Inamuddi et al., 2019; Vatamanu et al., 2013; Käärik 
et al., 2018, 2020).  Furthermore, recently Käärik et al. presented mathematical 
model for characterizing and predicting physical parameters of porous carbon using 
experiment-derived structure descriptors (Käärik et al., 2018).  

1.5 Polymers 
Polymers for electrospinning can be categorised into natural and synthetic polymers 
(Zahmatkeshan et al., 2018). Natural polymers such as collagen, gelatine, and silk are 
preferred over synthetic polymers in medical and biological applications because of their 
low immunogenicity and higher biocompatibility (Li et al., 2019). Synthetic polymers are 
more beneficial than natural polymers because of their superior mechanical properties 
(Zahmatkeshan et al., 2018). In general, over 100 different types of polymers have been 
electrospun into nanofibers (Xue et al., 2019).  

Poly(ethylene oxide) (PEO, C2nH4n2On+1) is the most commonly used water-soluble 
polymer. However, of the water-insoluble polymers, polyacrylonitrile (PAN, (C3H3N)n), 
which is soluble in dimethyl sulphoxide (DMSO, C2H6OS) and dimethylformamide (DMF, 
C3H7NO), is mainly used. PAN is gaining increasing interest because of its potential as a 
precursor material for electrospun carbon materials for a variety of applications 
(Wortmann et al., 2019). 

Figure 5. Molecular structure of PAN (Saufi & Ismail, 2002). 

PAN is a semicrystalline polymer with a relatively high glass-transition temperature of 
100 °C (Sada et al., 2014). The molecular weight of PAN used for electrospinning was 
150 000 g mol–1. Regarding its stability against chemical reagents, the nitrile group of PAN 
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has relatively low reactivity, and thermal oxidation causes the degradation of PAN to 
carbon fibres (Sada et al., 2014). 

As mentioned above, the most important function of PAN as a raw material is to act as 
a precursor for carbon fibres (Huang, 2009; Liu & Kumar, 2012; Sada et al., 2014).  
PAN-based carbon nanofibers have remarkable properties such as high tensile strength, 
low density (less than 2.0 g cm–3), high thermal- and chemical stability, good electrical- 
and thermal conductivity, and creep resistance. The preparation of PAN-based carbon 
nanofibers includes four steps: fibre formation by electrospinning, thermal stabilisation at 
high temperatures (180–300 °C) under an oxidative atmosphere, carbonisation in an inert 
atmosphere (350–1700 °C) to remove non-carbon particles, and graphitisation at 2000 °C 
to create a graphitic structure. Currently, 90% of commercial nanofibers are produced 
from PAN (Sada et al., 2014). PAN-based carbon fibres are used in several applications 
such as military aircraft, automobiles, and high-grade sporting goods (Sada et al., 2014).  

Several aprotic solvents can be used for the electrospinning of PAN-based fibres: DMF, 
DMSO, N,N-dimethylacetamide (DMAc, C4H9NO), and dimethyl sulphone (C6H12O2S). 
Compared with other possible production methods such as vapour growth, arc discharge, 
laser ablation, and chemical vapour deposition, electrospinning can easily generate 
nanofibers with diameters ranging from 10 nm to several millimetres by applying an 
electrostatic force to the polymer solution. PAN-based nanofibers can also be combined 
with composite materials incorporating CNTs (Song et al., 2013), metal salts (Park et al., 
2005), metal complexes (Parekh et al., 2018), and metal oxides (Drew et al., 2005). 

1.6 Electrolytes for supercapacitors 

Electrolytes are important components in supercapacitor applications and play a crucial 
role in transferring charges between positively and negatively charged electrodes  
(Pal et al., 2019). Electrolytes are categorised into various classes, such as organic, 
aqueous, ionic liquids, solid-state or quasi-solid-state, and redox-active; more specifically, 
their categorisation is depicted in Figure 6 (Pal et al., 2019; Zhong et al., 2015).  
The selection of the electrolyte plays a key role in further supercapacitor performance.  
In addition to its impact on the operating voltage, the electrolyte has a significant 
influence on the power density, cycling stability, operating temperature, equivalent series 
resistance (ESR), lifetime, and self-discharge of the capacitor (Wang, 2017). In addition, 
aqueous-electrolyte-based EDL capacitors have high conductivity and -capacitance; 
however, they possess low energy density and cycling stability (Zhong et al., 2015). In the 
case of organic- and IL-electrolyte-based supercapacitors, the operating voltage is 
significantly higher than that of aqueous electrolytes; however, they suffer from low ionic 
conductivity and high toxicity (Zhong et al., 2015). 

Overall, an ideal electrolyte for EDL applications should exhibit important 
characteristics: high electrochemical stability, broad electrochemical potential range, 
wide working-temperature range, high ionic conductivity, high polarity, low viscosity, 
environmental friendliness, low flammability, and low cost (Pal et al., 2019; F. Wang, 
2017). However, in reality, no single electrolyte can meet all these performance 
requirements. Besides the cycle life (or lifetime), energy density and power density are 
the two most crucial properties in the evaluation of electrochemical energy devices and 
are also strongly influenced by the selection of the electrolyte (Zhong et al., 2015). 
Because both the energy and power densities of a supercapacitor depend on the square 
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of the cell voltage (see equations 1 and 2), the development of electrolytes proceeds in 
the direction of increasing operating voltage (Suresh et al., 2017; Zhong et al., 2015).  

𝐸𝐸 = 𝐶𝐶𝐶𝐶2

2
, (1) 

where C is the capacitance and U is the cell voltage. 

𝑃𝑃 = 𝐸𝐸
𝑡𝑡
, (2)

where E is the energy and t is the time (Wu and Cao, 2018). 

Figure 6. Categorization of electrolytes (Zhong et al., 2015). 

Aqueous electrolytes are appealing because of their low cost and simple manipulation 
(no need for a controlled environment). Typically, three types of aqueous electrolytes are 
used: acidic (H2SO4, etc), neutral salt (Na2SO4, etc), and alkaline (KOH, etc) (Béguin et al., 
2014; Frackowiak, 2007; Ibukun & Jeong*, 2019; Zhong et al., 2015). The specific 
capacitance of carbon in aqueous electrolytes ranges from 100–300 F g–1 and is highly 
influenced by the size of the electrolyte ions inserted into the pores of carbon (Ibukun & 
Jeong*, 2019). Depending on the electrolyte type, the ionic radius of the electrolyte can 
vary significantly, especially in the case of hydrated ions. In addition, the hydrated ionic 
radius of H+ in H2SO4 is the smallest (2.80 Å), and that of K+ in KOH is the largest (3.31 Å) 
(Jeong 2019). The major disadvantage of aqueous electrolytes is their narrow 
electrochemical stability window of 0 – 1.23 V as a result of water decomposition (Balducci 
et al., 2007; Inamuddin et al., 2019; Stan et al., 2014; Vatamanu et al., 2013).  

Organic electrolytes mostly consist of quaternary ammonium salts mixed with organic 
solvents such as acetonitrile (ACN) or polycarbonate (PC) (Arulepp et al., 2004; Brazis 
et al., 2010; Libich et al., 2018; Ue et al., 1994). Acetonitrile-based electrolytes are known 
to have higher conductivity and lower viscosity than PC-based electrolytes (Balducci et al., 
2007). Although PC-based electrolytes have lower levels of toxicity and higher flash points, 
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ACN-based electrolytes are preferred because they have a much higher power density 
(Arulepp et al., 2004; Béguin et al., 2014). Furthermore, because of the wider operating 
voltage (maximum operative voltage between 2.5–3.0 V) compared to aqueous 
electrolytes, organic electrolytes are mostly used in commercial products (Brazis et al., 
2010; Libich et al., 2018). The capacitance range for carbon materials in organic 
electrolytes is 50–190 F g–1 (Béguin et al., 2014; Käärik et al., 2020). The major disadvantage 
of organic electrolytes is the complex manipulation process required to protect them from 
moisture.  

ILs are organic salts composed of asymmetric cations, which are usually bulkier than 
anions. ILs occur in liquid form over a broad range of temperatures, including room 
temperature and below. As electrolytes, they operate under a wide working potential, 
ranging from 2 to 6 V (Mishra et al., 2020). Despite their wide potential window, ILs are 
expensive, and because of their relatively high viscosity, they tend to outperform at low 
capacitance and high resistance. However, recent developments have shown that the high 
viscosity of ILs can be mitigated by using ILs in solution with organic electrolytes (Mishra 
et al., 2020). Similar to organic electrolytes, IL-based electrolytes are also extremely 
sensitive to moisture, which can drastically affect their stability and conductivity 
(Pohlmann et al., 2013; Shahzad et al., 2019; L. Yu & Chen, 2019).  

1.7 Electrospinning 

Electrospinning is a versatile and efficient process for producing continuous nanofibers 
with diameters ranging from submicron to nanometre by applying a high-potential electric 
field (Karakaş, n.d.). The advantages of electrospun nanofibers are high flexibility, higher 
surface area compared to regular fibres, and outstanding mechanical properties (Ding & 
Yu, 2014; Karakaş, n.d.; Ramakrishna et al., 2006). With electrospinning, it is possible to 
produce nanofibers of different materials in various fibrous assemblies (Ramakrishna 
et al., 2006). Electrospinning is highly attractive both at the lab scale and at the industry 
level owing to the simplicity of its setup (Karakaş, n.d.; Ramakrishna et al., 2006). In the 
electrospinning process, a variety of nanofibers can be fabricated for applications in 
energy storage (Malmberg et al., 2020; A. Yu et al., 2017), healthcare (Babitha et al., 2017), 
biotechnology (Doyle et al., 2013), and environmental engineering (Doyle et al., 2013). 

Electrospinning and electrospraying processes are based on the same physical and 
electrical mechanisms. However, the main difference is that continuous fibres are formed 
in electrospinning, whereas small droplets are produced by electrospraying (Karakaş, 
n.d.). The electrospinning setup at the lab scale consists of a syringe, syringe pump, power 
supply, and current collector, where the current collector can either be static or rotating.
One electrode of power supply is connected to the needle tip of the syringe containing
the polymer solution, and the second electrode is attached to the rotating and grounded
collector. When a DC voltage is applied, the charge repulsion on the fluid surface causes
a force directly opposite to the surface tension of the fluid itself. After the increase of the
electric field, the hemispherical surface of the fluid at the tip of the syringe elongates and
assumes a conical shape known as the “Taylor cone”. Afterwards, a charged fluid jet is
ejected from the tip of the cone. Solvent evaporation takes place on the rotating collector,
and fibre formation occurs on the conducting substrate (Aussawasathien, 2006; Karakaş,
n.d.; Y. Wang et al., 2016). The electrospinning process (Figure 5) is influenced by several
parameters, such as applied voltage, distance between the syringe tip and collector,
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solution pumping rate, temperature, solution viscosity, and polymer molecular weight 
(Korycka et al., 2018).  

When the viscosity of the solution is too low, electrospray can occur, causing polymer 
particles to form instead of fibres. Furthermore, the formation of the beaded fibres tends 
to occur more often in the case of low solution viscosity (‘Electrospinning Archives’, n.d.). 

The applied voltage has a significant influence on the jet stability and fibre morphology, 
and the solution conductivity is influenced by the polymer type, solvent, and availability 
of ionisable salts. With an increase in the electrical conductivity of the solution, a significant 
decrease in the fibre diameter of the electrospun nanofibers occurs (‘Electrospinning 
Archives’, n.d.; Karakaş, n.d.). 

Furthermore, the electrospinning process is affected by the distance between the 
syringe tip and collector. The distance has a significant influence on the deposition time, 
evaporation rate, and instability interval. It has been shown that a sufficient distance is 
needed to allow time to stretch and dry the electrospinning solution before its deposition 
onto the substrate, since beads or liquid films would appear if the distance is too short or 
too long (‘Electrospinning Archives’, n.d.; Junoh et al., 2015; Karakaş, n.d.). 

Figure 7. (Left center) Scheme of electrospinning process (Junoh et al., 2015). (Right) Formation of 
a Taylor cone (Electrospinning - CEST - Laboratory Equipment, n.d.). 

1.7.1 Grinding of carbon materials 
For EDL fibrous electrode fabrication, it is important to use carbon with a small particle 
size (<1 µm). The grinding process of carbon materials improves the formation of 
conductive networks among carbon particles, binders, and current collectors. The initial 
particle size of the TiC-based CDC is approximately 1–5 µm. Prolonged milling and sieving 
are options for producing micron-sized TiC powders (Dyatkin et al., 2016). Various grinding 
methods exist for carbon materials, such as jet-milling, ball-milling (Dyatkin et al., 2016), 
planetary ball-milling (Lyu et al., 2017), and others.  

Ball-milling is an efficient approach for reducing the particle size of solids to the 
nanoscale and is widely used in large-scale production processes owing to its low cost, 
flexibility, and effectiveness (Lyu et al., 2017). In a planetary mill, the vessels are placed 
on a rotating disk and rotate around their own axes. The size of the vessels is an important 
parameter for the efficiency of the process, as a higher distance allows for a higher kinetic 
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energy and thus stronger impacts (Piras et al., 2019). The ball-milling process and its 
methodology are presented in Figure 4. The conditions of the milling process have a 
significant influence on the surface area and pore structure of the obtained carbon 
material (Welham et al., 2002).  

Figure 8. Principle of the ball-milling method (Lyu et al., 2017). 

1.7.2 Electrospinning of conductive and filler materials 
Electrospun fibres can be functionalized by applying additives and nanosized fillers to the 
electrospinning solution. Solution-based electrospinning is preferred for the electrospinning 
of filler materials because greater amounts of filler can be injected by wet electrospinning 
compared to melt spinning, and dispersion can be achieved in a variety of ways for wet 
processes (Ahn et al., 2020). CNTs are often used as filler materials in PAN-based 
nanofibers (Heikkila & Harlin, 2009; Wan et al., 2007; Ye et al., 2004). Generally, CNTs are 
used as reinforcement components; however, they can also be used to modify the 
electrical properties of the produced nanomaterials (Jeong et al., 2006; Seoul et al., 2003). 

The use of filler materials in the electrospinning solution may influence the fibre-forming 
process. In addition, fillers can act as charge carriers in the electrospinning solution, 
causing an increase in the conductivity of the solution, which in turn increases the charge 
density of the jet and enhances instability during the electrospinning process (Heikkila & 
Harlin, 2009). Overall, the increase in solution conductivity is reflected in two opposite 
ways: first, it can cause an increase in the solution flow rate, which leads to a larger fibre 
diameter; and second, an increase in the net charge density may occur, leading to 
instabilities, enhancing the whipping stability, and decreasing the fibre diameter (Heikkila 
& Harlin, 2009; Qin et al., 2007; Zheng et al., 2014). 

The effects of fillers and additives on fibre properties vary from system to system 
depending on the polymer, solvent, and additive (Heikkila & Harlin, 2009). 

Additionally, carbon black (CB) is used to form conductive nanofibers. CB is a 
polycrystalline material in which spherical carbon particles are obtained by the incomplete 
combustion or pyrolysis of hydrocarbons entangled in grape-like clusters. CB has the 
advantages of high dispersibility, good processability in mixtures, and low cost (Ahn et al., 
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2020; Donnet, 1993). Several studies have focused on the electrospinning of CB fillers 
using different types of polymer matrices; however, produced fibres tend to have poor 
mechanical properties due to fibre agglomerates, even if they exhibit high conductivity. 
Therefore, it is necessary to develop composite nanofibers with high tensile strength and 
high electrical conductivity (Ahn et al., 2020). 

Additionally, CNT and CB filler materials have also been studied using activated carbon 
or graphene particles in the electrospinning solution. Graphene-based electrospun 
nanofibers have enhanced mechanical, electrical, and morphological properties with 
increased diameter and/or porosity. Several studies have demonstrated the successful 
use of graphene and activated carbon as filler materials for nanofibers (Javed et al., 2019; 
Tõnurist et al., 2014).  

1.7.3 Electrospun supercapacitors 
High porosity, low density, and facile incorporation of various components into a single 
nanofiber can be achieved by electrospinning; therefore, it is an attractive means to 
produce nanomaterials with high reproducibility and simplicity for energy storage 
applications (Miao & Liu, 2019, p. 2). The latest developments in electrospun electrodes 
can be categorised into three groups based on their charge-storage mechanism: EDL 
capacitive materials, pseudocapacitive materials, and hybrid materials (Miao & Liu, 2019). 

Carbon nanofibers with good mechanical, thermal, and electrical properties are 
suitable for energy storage applications. In the case of CNTs, the main precursor materials 
are PAN, polyimide (PI), poly(vinylidene fluoride) (PVDF), poly(vinyl alcohol) (PVA), and 
cellulose, which can be converted into carbon nanofibers by carbonisation at high 
temperatures. To enhance their properties for energy storage applications, poly(methyl 
methacrylate) (PMMA) and polystyrene (PS) are used as sacrificial phases and removed 
after heat treatment to increase the surface area of the microporous and mesoporous 
structures of the produced nanofibers (Mao et al., 2013; Miao & Liu, 2019). Additionally, 
other activation processes through various gaseous species, such as carbon dioxide, 
carbon monoxide, and methane, can be carried out during the high-temperature 
carbonisation of carbon nanofibers to enhance their properties. In general, carbon 
nanofibers exhibit a surface area of 1000–2000 m2 g–1 and pore size distribution in the 
range of 2–5 nm, with a gravimetric capacitance of 100–120 F g–1 in organic electrolytes 
(K. Wei & Kim, 2014). 

CNTs are often used to increase specific capacitance and energy. By applying 
mechanical reinforcement materials to carbon nanofiber/CNT composites, the properties 
of such electrode materials become suitable for energy storage applications. Guo et al. 
showed that hybrid carbon nanofibers containing CNTs produced by electrospinning, 
followed by carbonisation and activation using mixed hydrogenperoxide/water steam at 
650 °C, reached a capacitance of up to 310 F g–1 in aqueous 1.0 M H2SO4 electrolyte (Guo 
et al., 2009). Additionally, CNT-activated carbon materials can also be used as filler or 
capacitive components in nanofibers for energy storage applications. However, there are 
only a few studies on the use of activated carbon in combination with electrospun  
fibres. Tõnurist et al. successfully proposed a multistep electrode preparation method by 
electrospinning commercial activated carbon for energy storage applications (Tõnurist  
et al., 2014). 

Composite electrode materials with carbon nanofibers are also composed of 
conductive polymers, of which polyaniline (PANi) is the most promising. However, one of 
the main disadvantages of PANi-based fibres in supercapacitor applications is their poor 



23 

cyclability, which is generally mitigated by the addition of CNTs, graphene, and carbon 
aerogels to electrode materials (Miao & Liu, 2019). Yan et al. reported a composite 
PANi/carbon nanofiber electrode with a specific capacitance of up to 638 F g–1 in an 
aqueous 1.0 M H2SO4 electrolyte (Yan et al., 2011).  

In addition to carbon composite materials and conductive polymers, electrode 
materials from nanofibers can also be composed of metal oxides containing Ni, Co, Cu, 
and Ag. The capacitance level of metal-doped, nanofiber-based electrode materials can 
reach very high values; for example, that of carbon nanofiber–Co can reach 911 F g–1 in 
aqueous 1.0 M H2SO4 electrolyte. However, such composite electrode materials are 
relatively expensive owing to their large production scale (Miao & Liu, 2019).  

1.8 Electrochemical evaluation methods for supercapacitors 
An electrochemical double-layer is established whenever an ionically conducting phase, 
electrolyte solution, and electronically conducting phase, metal, or carbonaceous surface, 
are brought into contact (Bärtsch et al., n.d.; Ge et al., 2020). To evaluate the performance 
of the solid/electrolyte interface system, three classical electrochemical evaluation 
methods are commonly used: cyclic voltammetry (CV), electrochemical impedance 
spectroscopy (EIS), and galvanostatic cycling (GC).  

CV is a technique that measures the current that develops in an electrochemical cell 
under conditions in which the voltage is in excess of that predicted (Rajendran, 2016). 
The CV method is generally used to investigate the reduction and oxidation processes of 
molecular species. In addition, CV enables the investigation of chemical reactions, which 
includes catalysis (Elgrishi et al., 2018). By applying a constant voltage scan rate dU/dt, an 
ideal capacitor should provide a constant current in the CV (Bärtsch et al., n.d.). 

The output of the electrochemical test method strongly depends on the unit cell 
configuration, which is divided into two categories: three- or two-electrode configurations 
(Stoller & Ruoff, 2010). A three-electrode configuration is commonly used to evaluate the 
performance of an electrode material or electrolyte and consists of a working electrode, 
reference electrode, and counter electrode. It is important to note that in a three-electrode 
configuration, only the working electrode is analysed. In a two-electrode configuration, 
the each electrode is analysed (Stoller & Ruoff, 2010). Examples of CV measurements with 
three- and two-electrode configurations are shown in Figure 9. 

Figure 9. Examples of two- and three- electrode cell configurations: A) current vs. potential and B) 
potential vs. time performance (Shao et al., 2018). 
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EIS is a relatively powerful technique for characterising materials and interfaces and is 
capable of measuring impedance over a wide range of frequencies (between 10–6 Hz and 
109 Hz). EIS helps to determine the electrical properties of heterogeneous systems, such 
as membrane–electrolyte or composite membrane systems. It enables the electrical 
contribution of each sublayer to be estimated separately using impedance plots and 
equivalent circuits as models, where the different parts of the circuit are related to the 
structural transport properties. EIS measurement data are analysed by the complex plane 
method using a Nyquist plot (–Zimg vs Zreal) (Asaka, 1990; Benavente, 2005; Benavente 
et al., 1998). For porous electrode materials, Nyquist plots typically consist of three 
regions: a small, depressed semicircle at higher alternating current (AC) frequencies (RAB); 
a porous region with a nearly –45° slope (RBC); and a double-layer capacitance region with 
a slope of −90° (RC in Figure 10). The semicircle describes the electrolyte resistance, which 
consists of the contact resistance of the carbon/metal collector and the electrolyte 
resistance in the separator. The porous region describes double-layer charging in 
mesopores, and the double-layer region describes the charging of the carbon micropores 
(Mei et al., 2018). An example of a Nyquist plot is shown in Figure 10. 

Figure 10. Nyquist plot of typical EDL device (Mei et al., 2018). 

Galvanostatic cycling is the accepted measurement method for determining the 
capacitance of commercial supercapacitors and is thus more closely related to how 
applications typically apply an electrical load to the supercapacitor. In the GC method, 
after charging the capacitor with a power source, the capacitor is discharged over a known 
resistor or with a power supply, and the evolution of the current and voltage is monitored 
(Bärtsch et al., n.d.; Stoller & Ruoff, 2010). An example of a galvanostatic curve describing 
the dependence of the current and voltage behaviour during cycling is presented in Figure 
11.
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Figure 11. Current and voltage curves of EDL capacitors during constant current charge–discharge. 

1.9 Summary of literature review and aim of the study 

Supercapacitors are energy storage devices with a long cycle life and fast charge–discharge 
capability. Traditional supercapacitor electrodes are fabricated in the form of films, 
activated carbon slurries, or carbon fabrics. In recent years, thin-layered electrodes have 
gained increasing interest and importance. Such materials have profound benefits in 
mechanically demanding applications, such as wearable devices, smart textiles, and space 
applications. Therefore, a targeted balance must be achieved between the mechanical, 
electrical, and electrochemical properties of the electrodes. Existing commercial electrode 
technologies lack compatibility in such applications because of their limited mechanical 
properties and high cost.  

Electrospinning is a powerful method for producing nanofibers with versatile 
properties. The electrospinning process has strong potential not only for lab applications 
but also for larger production scales. Parameters such as solution properties, processing, 
and ambient parameters of electrospinning play a crucial role in achieving a stable and 
uniform fibre-forming process. Various polymers and additives can be used to achieve the 
desired properties of electrospun fibres. PAN is one of the most commonly used polymers 
for electrospinning owing to its versatility. Recently, PAN has gained interest because of 
its potential as a precursor material for the electrospinning of carbon materials for 
applications such as energy storage. For energy storage, one of the most important 
properties is the high surface area of the electrodes used. Carbonaceous additives such as 
CDC, CNTS, and graphene have been used to increase the surface area of electrospun 
fibres. CDC is known for its versatile properties, such as a narrow pore-size distribution 
and high surface area (>1000 m2 g–1). For EDL applications, it is important to match the 
carbon pore size with the ion size of the electrolyte, ensuring access to the carbon surface 
by having a sufficient amount of transport channels, and, with decreasing distance 
between charges, in the double layer. 

The aim of this study was to develop a thin-layered, CDC-based fibrous electrode 
material with the highest possible capacitance and long cycle life suitable for energy 
storage applications, without the use of any destructive post-treatment processes. 
To accomplish this, it was important to determine the balance between the capacitance 
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and the mechanical properties of thin-layered fibrous electrodes. The following objectives 
were set: 

• To develop a new procedure for the preparation of directly electrospun,  
CDC-based fibrous electrodes with improved mechanical properties without 
further processing (etc pyrolysis, carbonization). 

• To determine the optimum electrode composition for achieving a balance 
between the electrochemical and mechanical properties of the nanofiber-based 
electrodes. 

• To determine the influence of aqueous and organic electrolytes on the 
capacitance and ESR of the electrospun fibrous electrodes. 

• To understand the influence of aqueous and organic electrolytes on the power 
and energy densities of the fibrous electrodes. 

 

The following activities were performed to accomplish these objectives:  

• The effects of various ratios of CDC/CB were studied in terms of the 
composition of electrospun fibrous electrodes. 

• The effects of mechanical densification of electrospun fibrous mats were 
studied.  

• The morphology, porosity, and mechanical, thermal, and other properties of 
electrospun fibrous electrodes were studied. 

• The electrochemical performance of fibrous electrodes in aqueous and  
non-aqueous electrolytes was studied in three- and two-electrode 
configurations.  
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2 Experimental section 
This chapter provides an overview of the materials used in the present work, as well as 
the processing and analysis methods applied to evaluate the properties of the CDC-based 
fibrous electrospun electrodes. As previously stated, the main purpose was to develop 
thin-layered, durable, CDC-based composite fibrous electrodes without applying any 
destructive carbonization processes, which change the composition of the fibres or 
diminish their mechanical properties. Various electrode compositions and their 
mechanical properties were studied before the optimum fibre composition was achieved. 
In addition, various electrode–electrolyte combinations were investigated for developing 
a thin-layered, durable EDL. An overview of the materials and methods used in this PhD 
thesis is presented in Table 1.  

Table 1. Materials and methods (used in the work) 

Materials Studied aspects Characterisation 
methods 

Aim of the paper Paper 

Polymer: PAN 
Solvent: DMF 
Additives: CDC, 
CB, EMImBF4

Electrolyte: 
TEMABF4/ACN 

CDC/CB content 
variation, 
densification of 
fibrous electrode 
material 

SEM, N2 -
adsorption, 
BET, mechanical 
testing, CV, EIS 

Development of 
electrospun 
fibrous DC-based 
electrode Pa

pe
r I

Polymer: PAN 
Solvent: DMF 
Additives: CDC, 
CB, EMImBF4

Electrolytes: 
TEMABF4/ACN,  
TEABF4/ACN, 
SBPBF4/ACN, 
EMImBF4/ACN, 
EMImTFSI/ACN 

Physical analysis of 
selected optimal 
electrode material, 
Influence of 
organic 
electrolytes to 
electrochemical 
performance: 
quaternary 
ammonium, ionic 
liquids 

SEM, TGA, N2 
adsorption, BET, 
mechanical 
testing, CV, GC, 
EIS 

Study the effect 
of organic 
electrolytes on 
the 
electrochemical 
performance of 
electrospun 
fibrous CDC-
based electrodes 

Pa
pe

r I
I 

Polymer: PAN 
Solvent: DMF 
Additives: CDC, 
CB, EMImBF4

Electrolytes:  
NaNO3/H2O,  
KNO3/H2O,  
Na2SO4/H2O,  
SBPBF4/ACN, 
EMImTFSI/ACN 

Physical analysis of 
selected optimal 
electrode material, 
Influence of 
aqueous 
electrolytes to 
electrochemical 
performance:  

SEM, 
thermal analysis 
(TGA), N2 
adsorption, BET, 
mechanical 
testing,  
FTIR, CV, GC, EIS 

Study the effect 
of aq.electrolytes 
on the electro-
chemical perfor-
mance of electro-
spun electrodes. 
The cycle-life 
study of electro-
spun EDL capaci-
tors. 

Pa
pe

r I
II 
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2.1 Materials 
Polyacrylonitrile (Sigma Aldrich, Mw = 150 000 g mol–1) was chosen as the polymer and 
dimethylformamide (≥99.9% purity, Sigma Aldrich) as the solvent for the electrospinning 
process. Carbide-derived carbon, synthesised from titanium carbide by Skeleton 
Technologies OÜ, was used as the main EDL capacitive material in electrode formation 
due to its highly porous structure and narrow pore size distribution. For this purpose, 
the TiC precursor was converted to CDC by Cl2 treatment at 900 °C. To remove chlorine 
residues, a hydrogen gas purification step at 800 °C was applied. The specific surface area 
of the synthesised CDC was 1580 m2 g−1, with an initial particle size of 1–5 µm. Carbon 
black (Timcal) was used as a conductive additive to improve the contact between the CDC 
particles. The ionic liquid EMIm-BF4 (≥99.0% purity, Sigma Aldrich) was used to increase 
the conductivity of the electrospinning solution, which is required to achieve a stable 
fibre-forming process during electrospinning.  

2.2 Methods 

2.2.1 Solution and electrode preparation 
Prior to the preparation of the electrospinning solution PAN + CDC/CB + DMF + EMIm-BF4, 
the CDC powder (≈1 – 5 µm) was milled using a planetary ball mill (Retch PM 100) under 
an N2 atmosphere for 1 h. The milling process was applied to reduce the initial particle 
size of the CDC to less than 0.8 µm. 

For electrospinning solution preparation, the dispersion of CB, CDC, and DMF was 
prepared through ultrasonic treatment (Node ultrasonic homogeniser from Bandelin 
Sonoplus, Germany, with a 1 cm diameter nozzle) for 2 h. To avoid overheating of the 
solution, the glass vessel was placed in an ice bath. The weight ratio between CB/CDC was 
varied at 80/20, 85/15, 90/10, and 100/0 in Paper I (for Papers II and III, the ratio between 
CDC/CB was kept constant at 80/20, respectively). Thereafter, 7 wt% of PAN was added 
to the carbon dispersion and dissolved by mechanical stirring for another 24 h at 40 °C. 
The ratio between PAN and carbon was kept constant at 50/50 throughout the study. Prior 
to electrospinning, 15 wt% (by weight of the entire solution) of IL (EMIm-BF4) was added 
to the solution, and additional mechanical stirring (0.5 h) was applied at 40 °C. A schematic 
diagram of the solution preparation is shown in Figure 7. 

Figure 12. Solution preparation process. 
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2.2.2 Electrospinning process 
Electrospinning was carried out using an in-house-built horizontal electrospinning setup 
(see Figure 13) with a cylindrical rotating, grounded drum covered with carbon-precoated 
aluminium foil (Toyal Aluminium K.K). A syringe pump from the New Area Pump System 
was used for continuous solution flow. The solution feed rate was between 0.3 and 
1.5 ml h−1. The choice of the feed rate depended upon the solution viscosity (for Papers II 
and III, the pumping rate was 0.5 ml h–1). The solutions were electrospun in a voltage range 
of 15–18 kV with a distance range of 8–10 cm between the spinneret (needle of the 
syringe) and rotating drum collector. After electrospinning, electrode densification was 
carried out using a hydraulic mechanical press (Scamia) to increase the conductivity of the 
fibrous electrode. 

Figure 13. Electrospinning setup. 

2.2.3 Characterisation of electrospun CDC-based fibrous electrodes 
The morphology of the electrospun CDC-based fibrous electrodes was analysed by 
scanning electron microscopy (SEM; Gemini Zeiss Ultra 55). No conductive coating was 
deposited on the samples.  

The thermal stability of the electrospun fibrous electrodes was evaluated by thermal 
gravimetric analysis (TGA, Labsys Evo TG DTA Omni Star). The fibrous electrode samples 
were torn into small pieces to achieve a uniform sample structure and placed in a crucible. 
Thermal analysis was performed in an artificial air atmosphere (21% O2 and 79% Ar). 
The total gas flow was set to 30 mL h–1. The temperature increase rate was set to 
5 °C min–1, and the sample was heated to 600 °C (see Figure 2 in Paper II). 

The porosities of the carbon constituent and the electrospun fibrous electrodes were 
determined from N2 adsorption at −196 °C using a surface area and porosity analyser 
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(NOVA touch LX2, Quantachrome Instruments). The specific surface area (SBET) of the 
carbon samples was calculated according to the Brunauer–Emmett–Teller theory in 
the P/P0 pressure interval of 0.02–0.2, and the total pore volume (Vtot) was calculated at a 
P/P0 of 0.97. The calculations of the pore size distribution (PSD) were performed using a 
quenched solid density functional theory (QSDFT) and equilibria model for slit-type 
pores. Before measurement, the carbon samples were degassed under vacuum at 300 °C 
for 12 h. In the case of the fibrous electrode materials, the temperature was reduced to 
100 °C. 

The mechanical properties of the fibrous electrodes were tested using an Instron 5866 
tensile-testing machine. For this approach, sample ribbons (five specimens of each 
sample) were cut into rectangular shapes with dimensions 10.0 × 4.5 mm. The strength of 
the electrospun CDC-based electrodes was evaluated based on the specific stress at 
maximum load. To calculate the specific stress, the density ρ of each specimen was 
calculated according to Equation (3): 

ρ =  𝑚𝑚
 𝑉𝑉

, (3) 
 

where m is the weight of the electrode, and V is the volume of the electrode. 
 
Thereafter, the specific stress σsp was calculated using Equation (4): 
 

𝜎𝜎𝑠𝑠𝑠𝑠 = 𝐹𝐹
𝐴𝐴
1
𝜌𝜌

 , (4) 

 
where F is the force, and A is the width of the sample (Ko and Wan, 2014). 
 

The interactions within the polymer and electrolyte in fibrous mats treated with several 
aqueous electrolytes were analysed by Fourier-transform infrared spectroscopy (FTIR; 
Interspec 200-X). To evaluate the influence of the electrolytes on the intermolecular 
interactions in the PAN/DMF fibres, the specimens were submerged in the electrolyte for 
48 h. The treated specimens were then washed several times with distilled water to 
remove the electrolyte salt residues. The specimens were dried under vacuum at 95 °C for 
24 h to remove the water. 

2.2.4 Electrochemical evaluation 
In the present study, three-electrode (asymmetric) and two-electrode (symmetric) test 
cells were used to analyse the EDL properties of the studied materials. In the case of  
three-electrode cells, a counter electrode (CE) with a diameter of 15 mm was constructed 
from a high-surface-area carbon film attached to an aluminium (used with organic 
electrolytes) or gold collector (used with aqueous electrolytes). Reference electrodes (Ref) 
were selected according to the type of electrolyte: the organic electrolyte had a carbon 
reference, and the aqueous solution had a AgǀAgCl reference. A working electrode (WE) 
with a diameter of 6 mm was used as the fibrous electrospun CDC-based electrode with 
an average coat weight 1.86 g m–2. The WE and CE were interleaved using a 1 mm thick 
glass fibre separator membrane (Whatman). For the two-electrode configuration, two 
symmetrical electrodes (15 mm diameter) separated by a cellulose separator (Nippon 
Kodoshi) were used. Prior to the assembly of both types of electrochemical test cells, 
electrodes were dried at 100 °C for 24 h under vacuum (≈1 mbar) to remove moisture and 
obtain the dry weight of the electrode material. After assembly, the cells were vacuumed 

https://www.sciencedirect.com/science/article/pii/S0304388619302360#fd2
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and filled with non-aqueous electrolyte (further details can be found in Papers I and II) or 
with aqueous electrolytes (Paper III).  

Cyclic voltammetry, galvanostatic cycling, and electrochemical impedance spectroscopy 
tests were performed to evaluate the electrochemical performance of the electrospun 
CDC-based fibrous electrodes. Electrochemical measurements were carried out at room 
temperature using a VMP3 (BioLogic Science Instruments; Paper I) and Gamry Interface 
1010 E equipment (Papers II and III). 

The differential capacitance (C) was calculated from the CV measurements according 
to Equation (5): 

 

𝐶𝐶 𝐶𝐶𝑉𝑉(𝐶𝐶𝑖𝑖+;𝐶𝐶𝑖𝑖−) =  𝑖𝑖 �𝑖𝑖
+; 𝑖𝑖−�
𝑣𝑣

, (5) 
 

where 𝐶𝐶𝑖𝑖+ is the positively charged electrode capacitance; 𝐶𝐶𝑖𝑖− is the negatively charged 
electrode capacitance; i is the current, read at fixed electrode potentials; and v is the 
applied voltage scan rate. All current values were obtained from the third CV discharge 
cycle.  

The integrated capacitance (CGC) of the electrodes was calculated by performing 
constant current experiments according to Equation (6) (Conway, 1999; Stojanovska et al., 
2019): 

𝐶𝐶𝐺𝐺𝐶𝐶  (𝐶𝐶𝑖𝑖+;𝐶𝐶𝑖𝑖−) = ∫ 𝐼𝐼𝐼𝐼𝑡𝑡
𝛥𝛥𝐸𝐸

0 
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

, (6)                                         

where I is the current, dt is the discharge time, and ΔE is the potential range of the 
positively or negatively charged electrodes. To calculate the specific capacitance (in F g–1 
or F cm3) of the CDC and electrode, Equation (7) was used:  
 

𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠 = 𝐶𝐶𝐺𝐺𝐺𝐺 ;  𝐶𝐶𝐺𝐺𝐶𝐶
𝑚𝑚; (𝑉𝑉)

, (7) 

 
where m is the weight of the carbon in electrode, and V is the volume of the electrode. 
 

The resistance and ESR were evaluated using the EIS method. EIS spectra were 
measured in the various AC frequency ranges at the amplitude of the sinusoidal voltage 
of 5 mV (details can be found in Papers II and III). The total impedance (Z) of the RC circuits 
is described by Equation (8): 

𝑍𝑍 =  𝑍𝑍’ + 𝑍𝑍’’ =  𝑅𝑅 +  1
𝑗𝑗𝑗𝑗𝐶𝐶𝑠𝑠

 , (8) 

where Z’ is the real impedance, Z’ is the imaginary impedance, 𝑗𝑗 is the imaginary number 
√−1, ω is the angular frequency ω=2πf, and Cs is the series capacitance. 

Rs values were determined by frequency response analysis and were equal to the real 
impedance (see Equation (9)). 

Rs = Z´, (9) 

The series capacitance (CS) values from EIS were calculated according to Equation (10) 
(Torop et al., 2011). 

𝐶𝐶𝑠𝑠 = −1/𝑍𝑍"
𝑗𝑗

, (10). 



32 

3 Results and discussion 
3.1 Development of electrospun fibrous electrode 
The electrospun fibrous CDC-based electrodes were optimised in Paper I. Mechanical 
densification was applied to improve the contact between each fibre in the electrospun 
electrode because the fibres tend to accumulate in relatively fluffy stacks on the collector 
during the electrospinning process. The hypothesis was that by decreasing the physical 
free space between fibres, the conductivity of the fibrous electrode will improve, thereby 
decreasing the resistance and increasing the capacitance. The basis for the high 
conductivity and capacitance of the electrode material is the good electrical contact 
between the carbon particles. Conductive additives and calendaring processes are also 
commonly used in conventional supercapacitor electrodes (Mitchell et al., 2013). A study 
on the densification pressure and temperature was carried out to clarify the influence of 
densification on the electrochemical performance of the fibrous supercapacitor electrodes. 
To analyse the effect of various densification parameters on the electrochemical 
performance of the fibrous electrodes, symmetrical test cells were assembled using a  
1.8 M TEMA-BF4/ACN electrolyte solution. CV and EIS measurements were performed to 
evaluate the capacitance and resistance values. The electrochemical characteristics 
obtained from the densification pressure and temperature studies are presented in Table 2.  

 
Table 2. Electrochemical characteristics of densification studies (two-electrode measurements). 
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85/15 

0 

25 

 0.31 11.3 18.5 7.5 
0.6  0.61 84.3 16.8 55.7 
1.2  0.65 93.5 7.3 61.8 

2.5  0.70 100.6 8.8 66.6 

80/20 2.5 

25  0.76 95.3 5.2 63.0 

75  0.84 114.0 2.4 74.0 
95  0.92 111.9 2.5 75.4 

125  0.94 89.4 5.4 59.1 
80/20 

2.5 75 

30 0.84 114.0 2.4 74.0 
85/15 16 0.70 98.6 4.7 65.2 
90/10 10  73.0 4.8 48.3 
100/0 10  46.5 17.0 30.7 
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The investigation of densification pressure showed a significant increase in the specific 
capacitance of the fibrous-electrode-based symmetric test cells. By increasing the pressure 
up to 2.5 MPa, the specific capacitance increased by nine fold. At the same time, 
the resistance value of the fibrous electrodes decreased by approximately 50% compared 
to the non-densified electrodes. In addition, by increasing the densification pressure to 
2.5 MPa, a capacitance comparable to that of commercial carbon-based electrodes was 
achieved. 

Furthermore, to study the effect of the densification temperature on the electrochemical 
performance, electrodes were densified at a constant pressure of 2.5 MPa in the 
temperature range of 25–125°C. Based on the electrochemical evaluation, a maximum 
specific capacitance of 114 F g–1 was achieved at a densification temperature of 75 °C; 
thereafter, a capacitance drop was observed. This is in good correlation with the fibre 
morphology influenced by the densification temperature, as observed by SEM 
(see Figure 14). The fibrous structure of the electrospun electrodes remained at a 
densification temperature of 75 °C (see Figure 14A–D). By increasing the temperature to 
95 °C, which is close to the glass transition temperature of PAN (100 °C) (Bashir & Nagar, 
n.d.), the fibres are partly melted together (see Figure 14E–F). The fibres were melted or
destroyed when the glass transition temperature was exceeded, as can be seen in Figure
14G–H and Figure 2, Paper I. Damage to the fibre structure leads to insufficient electrical
double-layer performance due to the higher electrical resistance (see Figure 6A, Paper I).
The increase in resistance was due to partial bond breakage of the fibres, excessive
compaction of the electrode material, and a significant reduction in voids between fibres
(reduced electrode porosity), which results in the inhibition of the diffusion of electrolyte
ions.

A) B) 

C) D) 
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E) F) 

G) H) 

Figure 14. SEM analysis of electrospun samples with two different magnifications and densification 
temperatures: A,B) 25 °C; C,D) 75 °C; E,F) 95 °C; and G,H) 125 °C. 

The observations made by SEM analysis are also supported by the mechanical 
properties of the obtained fibres. One of the main advantages of the fibrous structure of 
the studied CDC-based electrospun electrodes is their flexibility and mechanical durability 
over conventional roll-pressed or casted electrodes. Similar to the morphological analysis, 
it was indicated that by increasing the densification temperature close to the glass 
transition temperature of PAN, the specific stress of the fibres significantly decreases (see 
Figure 3, Paper I). Therefore, the optimum parameters (i.e., those that do not significantly 
affect mechanical properties of the fibres) were a densification pressure of 2.5 MPa and 
temperature of 75 °C.  

The important parameters for supercapacitors are the electrode conductivity and 
capacitance. Optimisation of the CDC as the active material and CB as the conductive 
additive was carried out as discussed in Paper I. For this study, four different weight ratios 
of CDC and CB were tested: 80/20, 85/15, 90/10, and 100/0, respectively. The hypothesis 
was that by increasing the CDC content in the fibrous electrodes, the adsorption surface 
of the electrolyte ions increases, and thus also the EDL capacitance. To characterise the 
prepared electrode samples with various CDC and CB ratios, the optimum densification 
pressure (2.5 MPa) and temperature (75 °C) were applied. The characteristics of the tested 
electrode samples are listed in Table 2. The highest specific capacitance of 114 F g–1 and 
lowest resistance of 2.4 Ω cm2 were achieved with a CDC/CB ratio of 80/20. The resistance 
of the material started to increase, and the capacitance began to decrease when the CDC 
content was increased to over 80%, owing to the lack of a conductive additive that 
connects the larger CDC particles. Conductive additive bridges are needed to improve the 
electrical contacts between high-surface-area CDC particles, which also ensures EDL 
capacitance. This phenomenon can also be seen in the decrease of material conductivity 
values with decreasing conductive additive content; the conductivity of the electrospun 
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fibrous electrode is also decreased. However, because the surface area of the CDC is 
multiple times higher than that of CB (SBET for CDC is ≈1640 m2 g–1 and 63 m2 g–1 for CB), 
the specific capacitance starts decreasing again upon decreasing the CDC content of the 
electrode to below 80%. With a CB/CDC ratio of 60/40, the specific capacitance reached 
only 5.5 F g–1. Therefore, the optimum CDC/CB ratio for fibrous supercapacitor electrodes 
was selected as 80/20. 

Because one of the advantages of supercapacitors is the wide operating temperature 
range, the thermal properties of the fibrous electrode produced by the optimum 
parameters (i.e., CDC/CB ratio of 80/20) were investigated by thermal gravimetric analysis 
(TGA). TGA identified three main stages of weight loss, as presented in Table 3 and Figure 
2 of Paper II. The first component of the electrospun CDC-based fibrous electrode, which 
starts to decompose, is the polymer. The mass loss of the polymer occurs between 247 
and 317 °C with an early shoulder at 290 °C. This temperature range refers to several 
parallel or competing reaction kinetics. In the next mass-loss stage, when the temperature 
is between and 318–442 °C, IL EMIm-BF4 degrades. In the last stage, at temperatures 
above 600 °C, decomposition of the carbon materials occurs.  

 
Table 3. Decomposition characteristics of fibrous electrospun electrode. 

  

Degradation 
Temperature Average mass loss* 

Temperature 
(from the 
literature) 

Reference °C % °C 

PAN 247–317 5.6 260 (Salles et al., 2010) 

EMIm-BF4 318–442 25 333–445 (Hao & Lin, 2013) 
CDC+CB 600 72 ≈600 (Sarfraz et al., 2020) 

*Mass loss in the degradation temperature range 
 

3.2  Stability study of fibrous CDC-based electrodes in various 
electrolytes 

3.2.1 Electrochemical stability study of aqueous electrolytes  
The electrochemical stability of electrospun fibrous electrodes was tested in three 
different 1.0 M aqueous electrolytes: Na2SO4-H2O, NaNO3-H2O, and KNO3-H2O with 
asymmetric test-cell configuration vs AgǀAgCl reference electrode. The characteristics of 
the anions and cations of the electrolytes are listed in Table 4, and their conductivity and 
pH are listed in Table 2 of Paper III. The potential stability of the fibrous electrodes was 
tested using the CV method with a potential scan rate of 5 mV s–1. The measured cyclic 
voltammograms are shown in Figure 15.  
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Table 4. Characteristics of anions and cations of aqueous electrolytes (Israelachvili, 2011; Pal et al., 
2019). 

The electrochemical potential stability of the fibrous electrodes was observed by 
replacing the Na+ cation with K+ and the SO42– anion with NO3–. With aqueous electrolytes, 
hydrogen reduction and water oxidation reactions are well-known processes that take 
place on the negative or positive electrode potential limits, respectively. The previously 
mentioned processes are more pronounced with sodium-based electrolytes than with 
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Na+ 0.95 3.59 SO42– 2.42 3.79 

Na+ 0.95 3.59 NO3– 1.89 3.4 

K+ 1.33 3.34 NO3– 1.89 3.4 

Figure 15. Cyclic voltammograms of measured aqueous electrolytes with fibrous electrodes. 
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potassium-based electrolytes, where the potential limits have not yet been achieved. With 
replacement of K+ with Na+, an exponential current increase at negative electrode potentials 
was observed, indicating parallel hydrogen and sodium adsorption processes, while no 
exponential increase in current was observed with replacement of SO42– with NO3–.  

Higher current density values were achieved with sodium-based electrolytes at negative 
electrode potentials compared to potassium-based electrolytes. The achieved current 
density difference can be explained by the approximately 30% smaller dehydrated ion size 
of sodium ions compared to potassium ions. It should be noted that the difference in ion 
sizes is smaller in the case of hydrate ions; however, it must be taken into account that 
ions move and may be adsorbed in hydrated or partially hydrated form (Ghrib, 2018). 
Surprisingly, with positive electrode potentials, no difference in the current response was 
observed between sulphate and nitrate anions despite the difference in ion sizes.  

Furthermore, to analyse the stability of the fibrous electrode in aqueous electrolytes, 
FTIR analysis was performed on electrode samples treated with the same aqueous 
electrolyte solutions studied in the electrochemical analysis (ATR measurements with 
diamond crystal peaks in the 2300 – 1900 1cm-1 region). To understand the intermolecular 
interactions within the nanofibrous electrodes, the samples were soaked in the studied 
aqueous electrolytes. Sample preparation is described in detail in Paper III. The IR 
absorption spectra comparison between the treated and non-treated electrode samples 
is presented in Figure 16.  
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Figure 16. IR absorption spectrum: A) PAN fibre and B) PAN fibres soaked in aqueous electrolytes 
Na2SO4-H2O, NaNO3-H2O, and KNO3-H2O. 

The reference data in Figure 16A show the main peaks of the pure electrospun PAN 
fibres. The strong adsorption peak at 2245 cm–1 corresponds to the nitrile group, CΞN. 
Furthermore, three band groups attributed to main chain are located at 1245 cm–1 (C–C 
stretching vibrations), 2936/1360 cm–1 (C–H symmetric stretch) and at 1450/1071 cm–1

(in-plane and out-of-plane bending, respectively) (Conley & Bieron, 1963; Lee et al., 2012; 
J. Li et al., 2013). When the PAN fibres were exposed to various aqueous electrolytes,
there were no evident changes in the main peak intensities or areas, indicating a stable
electrode material (see Figure 16B). However, in the IR spectra of the treated fibre
samples, peaks corresponding to the anions of the used electrolytes were observed due
to strong salt anion adsorption to the fibre surface. As in the case of nitrate-based
electrolyte fibre samples, peaks indicating asymmetric and symmetric stretching of the
NO3– group were evident at 1356 cm–1 and 835 cm–1, respectively (Lee et al., 2012). With
sulphate-based electrolyte fibre samples, asymmetric stretching of SO42– anions was
observed at 1123 cm–1 and 615 cm–1 (Surianarayanan et al., 1998). A more detailed
analysis of the FTIR spectra can be found in Paper III.

3.2.2  Electrochemical stability of organic electrolytes 
The electrochemical stability of electrospun fibrous electrodes was tested in two 
quaternary-ammonium-based and two IL-based electrolytes: 1.5 M spiro-(1,10)-
bipyrrolidinium tetrafluoroborate in acetonitrile (SBP-BF4/ACN) and 1.8M triethylmethyl-
ammonium tetrafluoroborate in acetonitrile (TEMA-BF4/ACN) were selected as 
quaternary ammonium-based electrolytes; and 1.5 M 1-ethyl-3-
methylimidazoliumbis(trifluoromethylsulphonyl)imide in acetonitrile (EMIm-TFSI/ACN) 
and 1.5 M 1-ethyl-3-methylimidazolium tetrafluoroborate in acetonitrile (EMIm-BF4/ACN) 
were selected as IL-based electrolytes. All four electrolytes were tested with an asymmetric 
test cell configuration versus a carbon reference electrode. The characteristics of the anions 
and cations in the electrolytes are listed in Table 5. The electrochemical potential stability 
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of the fibrous electrodes in organic electrolytes was tested using the CV method with a 
potential scan rate of 1 mV s–1. The positive and negative potential limits were evaluated 
according to the methods described by Xu (Xu, 1999) and Weingarth (Weingarth et al. 
(2013). The measured cyclic voltammograms are shown in Fig. 17.  

At negative electrode potentials, where cation adsorption occurs, wider potential limits 
and higher Coulombic efficiencies are observed for both organic and IL-based electrolytes. 
The widest potential window of 3 V was achieved with fibrous electrodes in SBP-BF4/ACN 
electrolyte, where the negative and positive potential limit were determined at –1.7 V and 
1.3 V (vs Ref), respectively. A lower electrochemical stability was observed with the 
TEMA-BF4/ACN electrolyte, in which a Columbic efficiency of <90% was recorded with 
both positive and negative electrode potentials. This surprisingly low efficiency can be 
explained by exceeding the EDL limits of the electrode potentials of such systems when 
recording voltammograms. Therefore, possible side reactions upon the adsorption of ions 
into the carbon pores were also included.  

As expected, IL-based electrolytes have a wider potential window compared to 
quaternary-ammonium-based electrolytes. In general, the widest potential window of 
3.5 V was achieved using the EMIm-TFSI/ACN electrolyte with negative and positive 
electrode potential limits of up to –2 V and +1.5 V (vs Ref), respectively, without a 
rapid decrease in Columbic efficiency. For the negative electrode potentials of the 
EMIm-BF4/ACN, an exponential increase in current was observed already at –1.6 V with 
an additional reproducible peak at –0.5 V. The appearance of such an extra peak in the 
EDL region indicates the formation of surface functional groups on the carbon electrode 
surface. Furthermore, the formation of surface functional groups on the carbon surface 
can block the carbon pores, resulting in insufficient adsorption of electrolyte ions and 
lower electrochemical stability. This can lead to a decrease in the capacitance because 
electrolyte adsorption can occur not only in the case of solvated ions, but also in a partially 
or entirely solvated state, which doubles the size of the electrolyte ion in acetonitrile 
solution (see Table 5). The solvated electrolyte ion includes salt ions as well as the solvent 
interface (Ghrib, 2018).  
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Table 5. Characteristics of anions and cations of organic electrolytes. 

Figure 17. Cyclic voltammograms of measured organic electrolytes with fibrous electrodes. 

3.2.3 Electrochemical characteristics of various electrolytes 
The EDL capacitance values of fibrous-CDC-based electrode materials in aqueous and 
organic electrolytes were evaluated using the galvanostatic cycling method. The potential 
limits for organic and aqueous electrolytes were selected based on the potential stability 
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SBP+ 4.20 8.40 BF4– 4.6 11.6 

TEMA+ 3.27 6.54 BF4– 4.6 11.6 

EMIm+ 3.26 6.52 TFSI– 2.27 4.54 

EMIm+ 3.26 6.52 BF4– 4.6 11.6 
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limits determined by the CV method. Therefore, for aqueous electrolytes, the potential 
limits for positively and negatively charged electrodes were selected as +0.6 V and –0.6 V 
(vs Ref), respectively. For the organic electrolytes, the limits for positively and negatively 
charged electrodes were set higher, at +1.2 V and –1.2 V (vs Ref), respectively, due to the 
wider potential stability, as shown in Figure 17. As mentioned earlier, the narrower 
potential stability of aqueous electrolytes is caused by water decomposition (Béguin et al., 
2014). The current density for both types of electrolytes was selected as 0.5 mA cm–2. 
The characteristics obtained from the comparison between aqueous and organic 
electrolytes are presented in Table 6.  

Table 6. Comparison of electrochemical characteristics of tested aqueous and organic electrolytes 
in asymmetric cells. 
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M V C, mF C, mF cm–2 F g–1 C, mF C, mF cm–2 F g–1 

Na+ NO3– H2O 1 

0..0.6 

21.0 9.3 182.8 33.9 15.0 295.1 

Na+ SO42– H2O 1 34.2 15.1 135.0 42.0 18.6 166.2 

K+ NO3– H2O 1 29.0 12.8 157.7 38.7 17.1 210.2 

TEMA+ BF4– ACN 1.8 

0..1.2 

6.4 5.7 70.8 5.3 6.9 55.8 

SBP+ BF4– ACN 1.5 16.3 14.4 80.4 19.7 17.5 95.3 

EMIm+ BF4– ACN 1.5 27.4 24.2 105.6 19.7 17.5 76.2 

EMIm+ TFSI– ACN 1.5 23.3 20.6 89.8 23.3 20.6 89.8 

In all three aqueous electrolyte combinations, it was clear from the CVs that a higher 
capacitance was reached with the negatively charged electrode. The nitrate-based 
electrolytes (i.e., NaNO3-H2O and KNO3-H2O) exhibited remarkably high capacitances on 
the positively (183 F g–1 for NaNO3-H2O and 157 F g–1 for KNO3-H2O) and negatively 
charged (295 F g–1 for NaNO3-H2O and 210 F g–1 for KNO3-H2O) electrodes. To the best of 
our knowledge, such high capacitances have previously been achieved in the case of acidic 
or alkaline electrolytes, but not with neutral, salt-based aqueous electrolytes in 
combination with fibrous electrodes.  

Although the quaternary-ammonium-salt- and IL-based electrolytes have somewhat 
lower capacitances than the aqueous solutions, they exhibit significantly higher energy 
densities. This observation can be explained by the potential doubling owing to wider 
electrode potential limits because energy density is not only dependent on the 
capacitance but also significantly on the applied voltage (U2), as shown in Equation 1.  

Compared to quaternary-ammonium-based electrolytes, ILs are known to have lower 
conductivity but somewhat higher capacitance, as measured for porous carbon electrodes 
(Pohlmann, n.d.). A similar effect was observed with the fibrous electrodes. As with 
IL-based electrolytes, the highest capacitance of 105.6 F g–1 was achieved with the 
EMIm-BF4/ACN electrolyte for the positively charged electrode; however, a significantly 
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lower capacitance of 76.2 F g–1 was achieved on the negatively charged electrode. 
In a symmetrical cell configuration, it is known that the lower-capacitance electrode from 
asymmetric cell performance will also be a limiting factor for full-cell performance. A more 
stable system was established with the EMIm-TFSI/ACN electrolyte, as shown in the cyclic 
voltammograms (Figure 17). A uniform capacitance level of 89.8 F g–1 was achieved for 
the positively and negatively charged electrodes with the EMIm-TFSI/ACN electrolyte.  

The resistance behaviour of all three electrolyte types in the asymmetric test-cell 
configuration was evaluated by electrochemical impedance spectroscopy in the AC 
frequency range of 200 kHz to 5 mHz, at a fixed electrode potential. For the aqueous 
electrolytes, the electrode potential was chosen to be 0 V vs AgǀAgCl reference, and with 
organic electrolytes, –0.5 V vs carbon reference. The obtained Nyquist plots are shown in 
Figure 18. 

Figure 18. Nyquist plot for the electrolyte–carbon interface. 

The performance that most closely resembled that of the EDL fibrous electrodes was 
achieved using aqueous electrolytes, where a near-vertical line was reached in the 
low-frequency area. The highest charge-transfer resistance was observed for both IL-based 
electrolytes in the high-frequency region. The reason for such a high charge-transfer 
resistance can be explained by the impedance of the interface at the current 
collector/active material or mass transfer resistance inside the porous electrode fibres at 
high frequencies. In general, the lowest resistance was observed for aqueous electrolytes 
and the highest for organic-IL-based electrolytes. This phenomenon can be explained by 
the higher viscosity and lower conductivity of IL-based electrolytes compared to those of 
aqueous and quaternary-ammonium-based electrolytes. A more detailed impedance 
analysis can be found in Papers II and III.  
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3.3 Electrochemical evaluation of symmetrical cells 

3.3.1  Electrochemical specification of symmetrical cells 
A two-electrode test-cell configuration was used to analyse the symmetrical full device of 
the fibrous electrodes. This configuration of the test cell provides the closest performance 
to the actual prototype cells. Electrolyte selection was based on the results of asymmetric 
configuration analysis. The best electrolyte candidates were selected from aqueous, 
organic, and IL-based electrolytes. The energy and power of the fibrous CDC-based 
materials were analysed for each electrolyte type. The specific capacitance and resistance 
of the symmetrical cells were evaluated by CV and EIS, respectively. The electrochemical 
performances of NaNO3-H2O, SBP-BF4/ACN, and EMIm-TFSI/ACN in the two-electrode 
configurations are listed in Table 7.  

Table 7. Electrochemical performances of symmetrical cells. 
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M V F g–1 F g–1 Ω cm2 J g–1 W g–1 
NaNO3/H2O 1.0 0–1.0 127 29.4 7.1 13.3 0.27 

SBP-BF4/ACN 1.5 0–2.3 110 26.5 9.0 72.9 0.63 
EMIm-TFSI/ACN 1.5 0–2.3 105 25.3 92.6 69.2 0.60 

*Calculated from CV plots at 20 mV s–1

As shown in Table 7, the highest specific capacitance of 127 F g–1 and the lowest specific 
resistance of 7.1 Ω cm2 was achieved with 1.0 M aqueous NaNO3/H2O electrolyte solution. 
Compared to the studied organic and IL-based electrolytes, NaNO3 also has the smallest 
solvated anion and cation sizes, which enables and supports better ion absorption of the 
fibrous electrode into CDC nanopores. In general, the specific capacitance increases in the 
following order: SBP-BF4 < EMIm-TFSI < NaNO3, which correlates well with the size of the 
solvated ions in the electrolytes.  

To characterise and compare energy storage devices with different properties, the 
relationship between the energy and power density is presented through the Ragone plot 
(see Figure 19), and the respective values were calculated according to Equations 1 and 2. 
The operating voltages for aqueous and organic electrolytes were chosen to be 1 V and 
2.3 V, respectively. The higher operating voltage of the 1.0 M SBP-BF4/ACN electrolyte has 
5.5 times the energy density and 2.3 times the power density of lower-operating-voltage 
supercapacitors. This can be clearly seen in the Ragone plot in Figure 19. Therefore, 
increasing the operating voltage is preferred for energy storage applications. The energy 
and power performances of CDC-based electrospun electrodes were significantly 
improved by using non-aqueous electrolytes.  
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Figure 19. Ragone plot of fibrous symmetrical cells in various electrolytes. 

3.3.2 Lifetime analysis of symmetrical EDL cells 
The estimation of the ageing of energy storage systems is an important parameter to 
assess when researching new materials. The growing demand for ageing information 
stems from an application perspective, as the lifespan of a supercapacitor should be 
relatively long—for cars, for example. The lifetime expectancy of energy storage systems 
is approximately 5000 h, corresponding to 750 000 starting/braking cycles (Hammar et al., 
2011). The lifespan of supercapacitors can be evaluated using two different methodologies: 
accelerated lifetime by means of a constant voltage hold or by charge–discharge cycling. 
The end of life (EOL) criteria are the same for both methods; the EOL is reached when a 
capacitance decrease of 20% or resistance increase of 100% from the initial values 
(Murray & Hayes, 2015). In the present study, the charge–discharge cycle method of 
fibrous electrodes was applied to different electrolyte systems. The applied cycling 
voltage range was chosen to be 0–1 V for aqueous electrolytes and 0–2.3 V for organic 
electrolytes; a CV voltage scan rate of 20 mV s–1 was used. For the intermediate 
specification, the capacitance values were calculated by CV and resistance values by the 
EIS method. The cycle-life performances of the selected electrolytes are presented in 
Figure 20A, B.  

The change in capacitance over the cycles is shown in Figure 20A. The most stable 
cycle life was achieved with a quaternary-ammonium-salt-based organic electrolyte 
(SBP-BF4/ACN), where only a 2% loss of capacitance was observed for the first 1000 cycles. 
However, with the IL-based electrolyte, 1.5 M EMIm-TFSI/ACN, an exponential decrease 
in capacitance was observed during the first 800 cycles. Such a rapid capacitance decrease 
at the beginning of the cycling may be due to the relatively high viscosity of the IL-based 
electrolyte and the relatively high voltage-scanning rate of 20 mV s–1 used to support 
inefficient ion transfer and adsorption of electrolyte ions to carbon pores (Balbuena, 
2014). The resistance and capacitance of the H2O based KNO3 capacitor were almost 
constant over the cycles. 
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Figure 20. Cycle-life performance of 1.0 M NaNO3/H2O, 1.5 M SBP-BF4/ACN, and 1.5 M EMIm-
TFSI/ACN: A) capacitance change during cycling and B) resistance change during cycling. 
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Conclusions 
The aim of this study was to develop a new approach for preparing electrospun 
carbonaceous electrodes for supercapacitors. For this purpose, optimal combinations of 
CDC and conductive additives were used. The influence of densification temperature and 
pressure on the mechanical, morphological, and electrochemical properties was studied. 
Electrochemical evaluation was carried out with aqueous and non-aqueous electrolytes 
to achieve the highest possible capacitance. The characteristics of the electrospun 
CDC-based fibrous electrodes were analysed using SEM, BET, and mechanical and thermal
testing. For evaluating the electrochemical properties, the three most common
techniques were used (CV, GC, and EIS). Based on the study, the following conclusions can
be drawn:

1. A novel approach for preparing fibrous electrodes for supercapacitors without
post-carbonization was introduced, where CDC was the main capacitive material
and CB a conductive additive in electrospun fibres of PAN in DMF solution.
The highest specific capacitance of 114 F g–1 with acceptable mechanical
properties was achieved with a CDC to CB ratio of 80/20.

2. According to the current research, the densification temperature and pressure had 
a remarkable influence on the mechanical, morphological, and electrochemical
properties of fibrous CDC-based electrode materials. The optimal densification
parameters were achieved with a pressure of 2.5 MPa and temperature of 75 °C.
These parameters were not found to have a negative influence on the structure
and morphology of CDC-based fibrous electrodes; however, the capacitance was 
increased approximately 9-fold compared to the electrode samples for which
densification was not applied. Overall, the specific stress for the fibrous
electrodes was approximately 20-fold higher than that of the roll-cast electrode.

3. The CDC-based fibrous electrodes tested in aqueous electrolytes showed highest
capacitances of 182.8 F g–1 and 295.1 F g–1 for positively and negatively charged
potentials, respectively, in a 1.0 NaNO3/H2O electrolyte. This is the highest
specific capacitance achieved with fibrous electrodes in neutral aqueous
electrolytes, to our knowledge.

4. CDC-based fibrous electrodes tested in organic electrolytes showed a highest
capacitance of 89.9 F g–1 for positively and negatively charge electrodes and a
potential window of 3.5 V in 1.5 M EMIm-TFSI/ACN electrolyte.

5. Electrolyte studies with symmetrical test-cell configuration revealed a highest
energy density 72.9 J g–1 and power density of 0.63 W g–1 with 1.5 M SBP-BF4/ACN
electrolyte. Furthermore, no remarkable loss in cycle stability was observed with
the same electrolyte. Previous studies indicated that fibrous electrodes are
suitable for high energy density and for mechanically demanding applications.

The results of the current study pave the way for further improvement of the properties 
of fibrous composite electrodes for energy storage applications. There is a need to explore 
methods that decrease the polymer content of CDC-based fibrous electrodes and increase 
the specific capacitance of the elements. Furthermore, it is necessary to find opportunities 
to increase the power density of CDC-based fibrous electrodes containing supercapacitor 
elements.  
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Abstract 
Development of electrospun nanostructured electrochemical 
double-layer capacitor electrodes 
The main aim of this study was to develop carbide-derived carbon (CDC) containing 
fibrous, electrospun, thin-layered composite electrodes for supercapacitors. Fibrous 
electrospun electrodes for energy storage applications have a major benefit in terms of 
their strong mechanical properties and lower thickness compared to powder-based, 
pressure-rolled, or slurry-cast electrodes used in most commercially available 
supercapacitors. Several studies have been carried out with fibrous materials of different 
carbon allotropes and applying high-temperature post-treatment processes, but not 
with directly electrospun CDC materials without using any expensive or destructive 
post-treatment processes. Furthermore, the effect of various aqueous and organic 
electrolytes on the electrochemical performance of fibrous electrodes has not been 
fully assessed. To fill this gap, the effect of various electrolytes on the electrochemical 
performance of fibrous electrospun supercapacitor electrodes was investigated.  

To optimise the CDC-based fibrous electrospun electrodes, various electrode 
compositions were studied in order to achieve the highest possible double-layer 
capacitance. A PAN solution in dimethylformamide (DMF) was electrospun with various 
ratios of CDC and carbon black (CB). Ionic liquid (IL) 1-ethyl-3-methylimidazolium 
tetrafluoroborate (EMIm-BF4) was added at 10 wt%. The influence of densification 
pressure and temperature on the mechanical and electrochemical properties of 
electrospun electrodes was determined. The highest specific capacitance of 114 F g–1 was 
achieved with a CDC/CB ratio of 80/20 by applying a densification pressure of 2.5 MPa at 
75 °C. 

Tensile tests and scanning electron microscopy were used to characterise the 
mechanical and morphological properties of the fibrous, CDC-based, thin-layered 
electrodes. According to the present research, the mechanical and morphological 
properties of fibrous electrodes are strongly dependent on the applied densification 
pressure and temperature. The highest specific stress of 3.12 × 10−4 NTEX−1 was obtained 
when sample heating was omitted during the densification process. Compared to the 
classical cast porous carbon electrode, the specific stress was approximately 20-fold 
higher in the case of electrospun fibrous CDC-based electrodes.  

The effect of various electrolytes on the electrochemical performance of electrospun 
fibrous electrodes was analysed in aqueous, organic, and IL-based electrolytes. For this 
purpose, three different aqueous electrolytes (1.0M sodium nitrate (NaNO3/H2O), 1.0M 
potassium nitrate (KNO3/H2O), and 1.0M sodium sulphate (Na2SO4/H2O)), two organic 
electrolytes (1.5M spiro-(1,1)-bipyrrolidinium tetrafluoroborate in acetonitrile 
(SBP-BF4/ACN) and 1.8M triethylmethyl-ammonium tetrafluoroborate in acetonitrile 
(TEMA-BF4/ACN)), and two IL-based electrolytes (1.5M 1-ethyl-3-
methylimidazoliumbis(trifluoromethyl-sulphonyl)imide in acetonitrile (EMIm-TFSI/ ACN) 
and 1.5M 1-ethyl-3-methylimidazolium tetrafluoroborate in acetonitrile 
(EMIm-BF4/ACN)) were studied in asymmetrical test-cell configuration. The widest 
potential window (3.5 V) was achieved with a 1.5M EMIm-TFSI/ACN electrolyte with a 
specific capacitance of 89.9 F g–1 for both positively and negatively charged electrodes. 
The highest capacitance was achieved with the aqueous 1.0M NaNO3/H2O electrolyte, and 
182.8 F g-1 and 295.1 F g-1 were achieved for the positively and negatively charged 
electrodes, respectively.  
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The best candidates from each electrolyte type were also analysed in a symmetrical 
test-cell configuration to characterise the energy and power performance for various 
electrolyte types. The highest energy density of 72.9 J g–1 and 0.63 W g–1 with no 
remarkable losses in cycle stability were achieved with the 1.5 M SBP-BF4/ACN electrolyte, 
which indicates that fibrous CDC-based electrodes are more suitable for more 
mechanically demanding and high-energy applications.  

To conclude, a novel approach for producing directly electrospun CDC-based fibrous 
electrodes for energy storage applications is proposed. Thin-layered, CDC-based fibrous 
electrodes were optimised to enhance the electrochemical performance and mechanical 
properties of the electrode materials. The CDC/CB ratio and electrode densification 
strongly influenced the morphological, mechanical, and electrochemical properties of the 
fibrous electrode. The results of the current research pave the way for further studies to 
improve the properties of fibrous composite electrodes for energy storage applications.  
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Lühikokkuvõte 
Elektrilise kaksikkihi kondensaatori elektrokedratud 
nanostruktuursete elektroodide arendus 
Doktoritöö keskendub elektrokedratud karbiidsel süsinikul (CDC) baseeruvate kiuliste 
elektroodide arendamisele. Kiulistel elektroodidel on mitmeid eeliseid pulber-kaetud 
kommertsiaalsete elektroodide ees nagu näiteks oluliselt väiksem paksus, parem 
painduvus ning paremad mehaanilised omadused. Varasemalt on uuritud kiulisi 
membraane superkondensaatorite elektroodidena kasutades erinevaid süsiniku 
allotroope ning rakendades neile järeltöötlus protsesse. Käesoleva töö eesmärgiks on 
arendada CDC osakesi sisaldavaid elektrokerdatud kiulisi elektroode, mis ei vajaks kõrgel 
temperatuuril kasutavaid järeltöötlus protsesse. CDC eeliseks teiste süsinike allotroopide 
ees on kõrge eripind, kõrge mikropooride hulk ja optimaalne mikropooride jaotus. Samuti 
pole varasemalt põhjalikult hinnatud erinevate vesilahustel ja orgaanilistel lahustel 
baseeruvate elektrolüütide mõju kiuliste elektroodide elektrokeemilistele omadustele.  

CDC-l baseeruvate kiuliste elektrokedratud elektroodide koostise optimeerimiseks 
uuriti erinevaid CDC ja juhtiva lisandi - tahma (CB) vahekordi, lisaks ka elektroodide 
mehaanilisi omadusi, saavutamaks materjalis võimalikult kõrge kaksikkihi mahtuvus. 
Püstitatud eesmärgi saavutamiseks elektrokedrati polüakrüülnitriili (PAN) ja 
dimetüülformamiidi (DMF) lahusest kiulised elektroodid erinevate CDC/CB 
massivahekordadega. Kiuliste elektroodide juhtivuse suurendamiseks kasutati 10 massi% 
ioonvedelikku 1-etüül-3-metüülimidasoolium-tetrafluoroboraati (EMImBF4). Lisaks uuriti 
kiuliste elektroodide pressimise käigus kasutatava temperatuuri ja rõhu mõju kiudude 
mehaanilistele ja elektrokeemilistele omadustele. Kõrgeim erimahtuvus 114 F g-1 
saavutati CDC/CB suhtega 80/20 rakendades kiulise elektroodi pressimisel temperatuuri 
75°C ja rõhku 2.5 MPa. Õhukeste kiuliste elektroodide morfoloogia ja mehaaniliste 
omaduste uurimiseks kasutati skaneerivat elektronmikroskoopiat ning suhtelist 
katkekoormust.  Antud katsetuste tulemusena selgus, et kiuliste elektroodide morfoloogia 
ja mehaanilised omaduse sõltuvad tugevalt pressimisel rakendatavast temperatuurist ja 
rõhust. Kõrgeim suhteline katkekoormuse väärtus 3.12 × 10−4 N TEX−1 saavutati 
toatemperatuuril.    

Käesolevas töös uuriti ka erinevate elektrolüüdi tüüpide mõju CDC-l baseeruvate 
kiuliste elektroodide elektrokeemilistele omadustele. Täpsemalt uuriti kolme vesilahuse 
(1.0M NaNO3/H2O, 1.0M KNO3/H2O ja 1.0M Na2SO4/H2O, kahe mitte-vesilahuse (1.5M 
SBP-BF4/ACN ja 1.8M TEMA-BF4/ACN) ja kahe ioonvedeliku (1.5M EMIm-TFSI/ ACN ja 
1.5M EMIm-BF4/ACN) elektrolüüdi mõju elektrokeemilistele omadustele, kolme 
elektroodsetes katserakkudes. Kõige laiem potentsiaali aken 3.5 V, positiivselt ja 
negatiivselt laetud elektroodi erimahtuvusega 89.9 F g-1, saavutati ioonsel vedelikul 
baseeruva elektrolüüdiga 1.5M EMIm-TFSI/ACN. Kõrgeim erimahtuvus 182.8 F g-1 ja  
295.1 F g-1 vastavalt positiivselt ja negatiivselt laetud elektroodil, saavutati 1.0M 
NaNO3/H2O elektrolüüdiga.  

Kolme-elektroodsete katserakkude analüüsi tulemusel valiti igast elektrolüüdi tüübist 
parim kandidaat kahe-elektroodsete kondensaator - rakkude analüüsiks, hindamaks 
elektrokeemilise süsteemi energia- ja võimsus tihedusi.  Kõrgeim energia 72.9 J g-1  ja 
võimsus 0.63 W g-1   saavutati mitte-vesilahuse elektrolüüdis 1.5M SBP-BF4/ACN. 
Eelmainitud elektrolüüdiga ei täheldatud mahtuvuse vähenemist täis-tühjakslaadimise 
tsükleerimise  testi käigus. Kokkuvõttes võib käesolevas töös saavutatud tulemuste põhjal 
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järeldada, et CDC-l baseeruvad kiulised elektroodid on eelkõige mõeldud kasutamaks 
rakendustes, kus on oluline kõrge energia ja head mehaanilised omadused.  

Käesoleva doktoritöös pakuti välja uudne lahendus süsinikul baseeruvate kiuliste 
elektroodide kasutamiseks energia salvestamise rakendustes. Õhukeste kiuliste 
elektroodide mehaaniliste ja elektrokeemilste omaduste parendamiseks kasutati nenede 
koostise optimeerimist. Süsinike CDC/CB massivahekord ning elektroodide pressimise 
parameetrid omasid suurt mõju kiudude morfoloogiale, mehaanilistele ja 
elektrokeemilistele omadustele.  Käesolevas töös saavutatud tulemused loovad eeldused 
uutele uuringutele, parendamaks kiuliste komposiit-elektroodide omadusi energia 
salvestus valdkonnas.   
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Appendix 

Publication I 

Malmberg, S., Arulepp, M., Savest, N., Tarasova, E., Vassiljeva, E., Krasnou, I., Käärik, M., 
Mikli, V., Krumme, A. (2020) Directly electrospun electrodes for electrical 
double-layer capacitors from carbide-derived carbon. Journal of Electrostatics. 
vol 103. 103396 
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���������� 	
�������������
�������������
�������������
��������
����������
���������
���������� !"#�$�����
������$������������
����������������������
����%&'��()"�*���������
�������������������������+�����
�,�*��
����*��
������
�����*�����-"�#%�	()-��������������*����������
��������������
������������
����
������.���������������������
������������������$����
�������$���
$#�$���
��������������������������
$.
�����������/�������������.��
��������������������������������
���������%�0()1
$�.������������������
�����$
��������������
���������
���
���
�����)�������+�����
������
��� !"�������
�������������
�����$����������
�$�������������������������������
�����
��%����'��()�����
����������
��������������
�������
����������
��������������������
�����
�����������
��������
�)��������
�.���
���*��
��������
�������������2�����.����������$���.���
������
��
$����
��
����������
���%�3'�&()4��$���������.���������
����$���+��
��������
���%	5(
�������
��������
�,�
��������������
���%	�(���*��
������,��
����������

��6�
$�������
���������.���������������
����+��
��������
���
�7!7�)���
����������������������.���������
����$���1	89�,1	9���:91,1	9������
��������������������
���������
��
��.������.��$
�6���.
�������������
�)5;%		'	�()�����
�����������*��
���
����
��������"�	89�,1	9�<�	89�,1	9���:	89�,1	9�������������
�.
�������������������
������������6�������.��
������%		()=�������
����������.��������
��$����������
�
��������.
���������
�)�;������������������
��*��
��<�	89�,1	9����
��,��������������>�5�555������#%		�	?()
�����.����� !"�����������������@�
����������
�����
�������
�����
���
����
����@�
�����
�%	�()7������)��
$������������
����
���������
��$�����������,��������
�
��
����������
����$����5)?A�*��
���
����
��
��
������������������������+���������
����89�	B���
�����$��	�C��������������
����<90B���
��%	3()-��
�
.���������
�������
��������������+�������������������������������/�����
�����
�����
���������
���������)-��
��
��*��
��������
�����
����
�������
��������
�����
�������������
��
$�D"�EF<�EF:E�5)�&��)	����)?G���������.���#%	3'	&() �����
�����������.��������+����
�������
�����
����������������,+��+������
���������������������������
�������������������
��
�����%05() �����
����+����������������������������
���������+����������������%0��0	(�����
��%00(
���������
����%0�()-��������
���������
�����������
����+��
��������
�����.���������������$�����
�������
�
��
��,�����������
������%0?�0�(
�$���������,����������
������������
�%03()������+�
���������������
�������
+�������������������
������
����������
���
������������
��,�������������
������������
������������������������)8����
��,������������.�������
.���
���������.�����������������������.�����
�������������
����������.��������
�����
��
�,��������.��
������������������������2�$����������������
���+�����+����
�����
�%03�0H()1
$�.����������
������
���
���������������������.��
���+��
������������$����������������������������������������������������������������.��������
����������
�������,�������
�����
��
���
�.��$)9������������
��������.�
������
$����������.����������������������������/�2�������
�������
����������
�������������
�����+��
�����������%0H()=������,�
�������������������.��������
������
���������������������������
��
���������,��������
���
�������
�������
����,����������
������������I= #�����
�
����%0&()-�
�����.�
��$
�6�������
�����������,����.������
��7!7#���
+���������
���$����������$�����
���
��
�,�*��
��������
������
��
�$���������������
������$�������.�����
�������
�$����)?A����
,����J#,������
�������������/�
�
�
����������
��������8KI,K=�,47<#�$�����
�������$���
$
�0)5;������.������������������
�&?)0=�B����3H)?=�B��
��
����.������������.����������������
����������,��.���%0&��5()����.�������
����������
�,�*��
��������
���������$����
������.��������������������$����
������������������������������
�������������������������*��
��������
�����%���	�	������	()���������L
����$���6
��*��
��������
�����



���������� 	
��������
���
��������
�����������������������������
��
��
��
�����
��� 	!"��� ��	#�$%�&
�������������'�
�(����)(�
(�������
������
�����
��
��
��"�$���%�����
������������������"�	���%��������
���
��(�����"�	%��������
�
��������������(���
��
�������
������"	������%�*�����
����
��
������(����
������������������
��)(�
(�������
�����
����+,-��������������������������������
�������
��(�'��
(�.,./�����������
����*������'��������
����
�������
����)(�
(��
�(�
���������(�����������/������
���������
�'�(���
�������������/�������
������
��
���)(�
(�����
�/�)(�
(�������
��������(������
/������
����������*����������(���������#��������������
��
��/����������
(�������
�����)(�/
(��������������������0�
1��
��2����������������������
�����������������
��
�������333������"�4%�5(������
���*�&��������
����

������������������������������������
�
�677�	8������333������
��
�������
�����9�
������/����
��
��������
��(��
��
�����������:-/�����������
������/�(���/	/���������;
�(���<�=(
�
��
������"	�%�.
�������
'��
(�������
����������������
�/���������������
����������
��
���
�������������������������)(�
(�����
�/�)(�
(�������
�����" $��>��7%�:�����
��-�,�����
�����������
���������������������(��
�3�333�����������������
����������������������
�����3�$?�)(�
(�@� 0A�/& A������" $%�&
���������������
���������������
�����
���������/�������
������
��������������
��(�������
�������
�������(����

(�2�
��������BCDEFGHIFJKLMNFOKHPJQRSRTUVWXYUZ[U\]̂ X_̀W[[W[*��������
����
�������
��������������
����
������
��=(����
�+,-����
��������)(�
(�������
����������������������������
����������
����/�
�����
������������
����
��������������
�
(�����
(���(���"	7��3%�*��������/����������
�����������������(���������
�02����
�*����
�
���Aab*������+��
��c�*���(�����������
��������
�
�
(�.,.����
����������.� �����������733d.�e����
�������(�'���
�������>33d.����������
��/�
������(��
����
��������
�������.,.�*��.,.�������������������;�����#$f����������(�����������
���(������;�
����������
6�33���
�������*����������������
���(������������
(�����
(��
�2"�3%����
�������������
��(�����������������(������?�ghh�2�����"�$%*�����(���������.,.�������������<����������
��
��(����������b0(���.�*�����,�(��������i��&�,j�����
���i������c������

�>39 3b��8c�*������
��<�(������
���������������
������b,?5�0���e������*���(�+��
��c�
� ��e�����
����
���������������������������
���
���� �����3d.�����������
�������
�����bke@�0���e������*���(�+��
��?�l�$3�333��
�m�c���������
����
�(�
���48�������������
�(�
�����������
�������
��� �����3d.�*����������

��
������
�
�������
�����
����$39$3�����
�(�
��5�������$8�������
��/�����/	/���������;
�(������=(
�
�
����b+?:�/n5��0���e������*���(�+��
����(���o77�78c
���)(�b:-c���������
���������
�������
�(�
�����������
�3�$����
�����������
��������
��������������*������
�
�:-�����������
�����������
��(�����
�����
�(�
��
��������������
��������
�����*��������
/��������������������������
������p�
�(�
��(��������
�3�$�-�m��������,.�
�����
��$2!�������������������������������
�������(�
�>���e����������
����������'��
(�������
�������������������
����������������(������������b0����c�
����������������������
����������������'�����*���
���
�
��
����.,./�����'��
(�������
���������(�������������������
����
��
��b0+?�i���q���r����$$�i��;�e(����c�����
���5�(����



���������� �	
������������������������������������������������� ��� !�������������!� ��!�� ������ ����������"#� �� $���� ����%���������������� ����� ����������������������&�'���������(��!��������)*)(� ���������������������� ���% � �����!��� �����������������������!�"#+,��-������.�����/�� �00��-� 1��2����� $�� �����������3������4&�
� �"5$� "6$�789:;<�=>�"5$�+�������������������?�@�A���B������� ���"6$���������!����������������!��C ������#+,&�'����������!��� � ������������������)*)��������������� ��� ����������� �������������������������������������������������������D� ����������������� ��E4FG�H)�����������DIJ2�������KLB�"M� �� �������N������������O�!�����O� ����3K��/#2$&�O������� �� ������������ ��������������� ������ ��������������������4B��������� �% ����� ��?PP�H)�� ����������������� ����� �������� ��4PP�H)���� %����������!��C������������� ���xyz{|}�~ ���������	����������	��������������������	���	�	��	
��������������������������	�	�������������������	
�������	 �����
	������
�������������	
���������	����������	�� �������������
�	����¡����	����	�����	���¢�£�¤���������¡¥¦§�	���̈ ©��ª��������	��«�����������¬	���	�¬�����̈�®�§��¬�
	��������	����	��������������������	�������� ��������
	����������̄ ��������°°¤��������������	�������� ����������°°¤��	�̄	�����	�����������������������������	������������	
±§¡����¬�������²������²���������
��������³́µ¶� ������������
�	�¡����	����	��������	������	¬�����	��·̧°¹����������������̄��±º±°	
°�°�²°����������	����	��̄ 	�����»¼½¼¾ ���������������±º±°	
°�£¿����������	��	
����	����À�����������	��±��������	�	��̄ 	�����»Á��������������
��������³ÂÃ¼� ������
	��������������Ä��������	����������
�����	������	���ª�����Ä���������	���
	�����Å�����	�������¡����	����	�²���	����	���	�����������	 �����������������	�	���������������������������������������������	������	
����������������«��	�����	������	����	�	�	�����������·̧�¹�¥��������
�	�����	�	�����������������	���������������
�������	
����	���������	���	
����	�	��������������������������������������	�����ÑÏ�ÏÑÒÓÑÔ� Õ�Ö×

�ÚÛÜÝÞß�Çà�áâ�ãäåÖæçèéÖêëìíåÖæçèéÖê�éåÖèîíæïå�ãêì�çÖæí�åéðí�ìéåèæéäñèéÖê�Ö×�èîí�òóò�äí×Öæí�ãêì�ã×èíæ�ïéôôéêõö�÷îí�èîíæïãô�åèãäéôéèø�Ö×�èîí�íôíùèæÖìí�úãå�íûãôñãèíì�äø�èîíæïãô�õæãûéïíèæéù�ãêãôøåéå���ãäåøå�ÑÒÎ�÷��ó÷��ØÙ����òÊ��ê�ãæãÊ�÷ñæ�íø�ö�÷îí�èíïçíæãèñæí�éêùæíãåí�æãèí�úãå�åíè�èÖ�Õ��ò�ïéêÊ�ãêì�èîí�åãïçôí�úãå�îíãèíì�èÖ�Ù����òö�÷îí�åèãæè�Ö×�ìíõæãìãèéÖê�Ö×�èîí�íôíùèæÖìí�xyz{|}�~¡����	����	�²���	����	���	����������	����À�����������	�	
��������
	������
�����������



���������� 	
����������
�
�������������������
����� �!�"#�� $%&'( $%)*+ ,+-+ ,.)*+/�01� /�01� 2/301� 2/301�4
567�88�9 �:;: �<=> >��? >�	<@�88�9 �>=; ��?< >��� >���A������7�8���B�8���
�����8����
9�C���D�8E���9B�����7�8F��D�7������5�8����GH�B���IJKAL�AM��>>N��M5O����AE�O��P�A����7Q����E���5����������C������
	N�7�51���59�����7Q8�C�������9�
�>>N��A�������
�9�F��9���
5
�����8����
9�C��
B���D�9��R:	>N��A��7����5���8Q�
Q������
�����8����
�QE5���6B���9SB�
E��8����
9��C����D�8E���9B��5T5���
5	;��G4
�C

9�@M�UVMP��5��8������5F7����5��W
�
Q��7�87����5���8Q�
Q�������7
�Q�
8
F���59��Q�����5��G�����9������������������P���Q���S�������
�:�<:X�>1�4AIY1�C��9����7�5�9�@
��9����8�9Q
�
�����5�8�����ALM�597����5���8����5F���5�8������5B��
E59�5
E�Q��D�
E�C
�O�Z<;[�>\�A���5���7
8��E8���5�������
5�C����5���5�5
SB�
E�7���������9C���4�:VK�6]:K�4�4K<6]:K�59 4̂K<6]:K�_E�
E��8����
8����C����5�8���9B�W
E�������5�6�
�7�5�����9�Q����
��
Q�GWAT̀P�WAT̀ �Q�����
B���5�9B�7��5�
�T5����Q��:>>6YGA���E�I��
5��P�5���E7�5�C�������5E���9�
��8��a����
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Renewable energy has gained increasing attention owing to the growing problem of greenhouse gases in recent decades. Several attempts have been made to substitute carbon-containing energy sources with more eco-friendly options, such as wind, solar, 
and hydro and etc. However, these alternatives cannot meet the overall demand for energy storage. Transportation is one of the most energy-demanding industries; therefore, it is important to substitute combustion engines for EVs at the personal transportation level in order to decrease emissions (Burke & Zhao, 2015; Radu et al., 2019; Stan et al., 2014). Alternative energy sources are constantly being developed to meet 
the overall demands of the energy storage market. Among the chemical and physical 
energy storage systems, three systems are considered as potential alternatives for transportation: lithium-ion batteries, fuel cells, and supercapacitors (Winter & Brodd, 2004).

Supercapacitors, which are also known as electrochemical double-layer (EDL) capacitors or ultracapacitors, possess superior properties to those of conventional capacitors, such as a higher energy density over a wide range of power values while exhibiting a long cycle life (Conway, 1999; Y. Wang et al., 2016; A. Yu et al., 2017). Supercapacitors were discovered by General Electric engineers in 1957, while performing tests with porous carbon electrodes in a fuel cell (Becker, 1957). EDL capacitors were commercialised in 1978 by NEC (Conway, 1999). Currently, EDL capacitor electrodes are used as cast electrodes or aqueous slurries. However, in recent years, fibre-based electrodes have been increasingly researched. Fibrous electrodes are useful because of their improved mechanical properties and relatively low electrode thicknesses (≈20 µm), which are several times lower than those of commercial electrodes. 

One of the simplest ways to produce fibrous electrodes is electrospinning, which has drawn significant attention for energy storage devices. During the last decade, researchers have proposed several polymer/solvent and polymer/solvent/carbon combinations for energy storage applications (Guo et al., 2009; He et al., 2018; X. Li et al., 2017). However, high EDL capacitance from electrospun nanoporous carbide-derived carbon (CDC) and polymer electrodes has not yet been achieved without applying further post carbonization processes. The purpose of this study was to develop a thin-layered CDC-based fibrous electrode material with the highest possible capacitance and the longest cycle life for energy storage applications. 

For this purpose, various combinations of polymer/solvent/carbon, with the addition of ionic liquids (ILs), were tested in electrospinning solutions. The fibrous electrode preparation process was fully optimised to achieve high capacitance in EDL applications with excellent mechanical properties. Furthermore, to improve the electrochemical properties of the electrospun electrodes and to find the best combination of CDC and electrolyte ions, a variety of organic, inorganic, and ionic-liquid-based electrolytes were also tested. 
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		Alternative current



		ACN

		Acetonitrile
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		Brunauer–Emmet–Teller



		CB

		Carbon black



		CDC

		Carbide-derived carbon



		CE

		Counter electrode



		CNT

		Carbon nanotube



		CV

		Cyclic voltammetry



		DMAc

		N,N-dimethylacetamide



		DMF

		Dimethylformamide
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		Dimethyl sulphoxide



		EDL

		Electrical double-layer



		EIS

		Electrochemical impedance spectroscopy
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		End of Life



		ESR
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		Reference electrode
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		Thermal gravimetric analysis



		WE
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		Weight percentage





[bookmark: _Toc66625336]Literature review

[bookmark: _Toc66625337]Introduction

Nanotechnology has the potential to address global challenges through the design and fabrication of functional nanofibers for energy and environmental applications. The key fabrication method is electrospinning, which is a versatile technique that allows for the preparation of continuous, thin fibres with diameters of a few hundred nanometres (Ding & Yu, 2014). Electrostatic attraction of a liquid was first reported by William Gilbert in the 17th century, and the electrospinning technique was first patented in 1900 by John Francis Cooley (Cooley, 1902; Nascimento et al., 2015; Tucker et al., 2012). The advantages of electrospun fibres are their high surface area, flexibility, and good mechanical properties, thereby rendering them desirable materials for many applications (Ramakrishna, 2005). Owing to the unique properties of electrospun fibres, they have also gained attention in the energy storage industry. 

Supercapacitors are energy storage devices that provide fast charge–discharge capability and are considered to be alternative energy sources to combustion engines (Hester & Harrison, 2018). During the last decade, there have been several reports on various combinations of fibrous supercapacitor electrodes; however, none have utilized high-capacity carbide-derived carbon (CDC) and polymer solutions without applying external processing, such as pyrolysis and carbonisation (He et al., 2018; X. Li et al., 2017). Therefore, the present work focuses on the development of electrospun, fibrous, 
CDC-based electrodes for electrical double-layer capacitor applications in organic and aqueous electrolytes.

[bookmark: _Toc66625338]Supercapacitors

Rechargeable batteries are considered promising candidates for electric vehicles; however, the charge-storage mechanism of existing rechargeable batteries is mainly dependent on the intercalation of cations within the crystalline structure of the electrode. Intercalations are regulated by the diffusion of cations within the crystalline framework. In supercapacitors, energy storage is based on surface reactions in the electrode; therefore, they provide a much higher power density than that of batteries (Y. Wang 
et al., 2016). An EDL was first described and modelled by Von Helmholtz in the 19th century. The Helmholtz double-layer model comprised two layers of opposite charge that form at the electrode–electrolyte interface and are separated by an atomic distance (Helmholtz, 1853; L. L. Zhang & Zhao, 2009). The Helmholtz model was further developed by Gouy and Chapman while considering the continuous distribution of electrolyte ions in the electrolyte solution (Chapman, 1913; Gouy, 1910; L. L. Zhang & Zhao, 2009). In 1991, Brian Evans Conway described the difference between the energy storage mechanisms of supercapacitors and batteries (Conway, 1999). 

The high capacitance of EDL capacitors is in the order of hundreds of farads to kilofarads, which is several orders of magnitude larger than those of traditional electrolytic capacitors, whose capacitance is measured in microfarads. With EDL capacitors, high capacitance is possible because of the short charge-separation distance at the electrode–electrolyte interface and the high surface area of the carbon material (Helmholtz, 1853; Ji et al., 2014). The high surface area of the carbon originates from the presence of very small pores on the carbon surface (Figure 1A). The porous matrix of carbon arises from the activation processes. It is very important that the pore size of the carbon matches the ion size of the electrolyte for sufficient electrolyte ion penetration into the carbon pores (Garche et al., 2013). 

The electrochemical device is composed of two electrodes, a separator, and an electrolyte (Figure 1B); the electrolyte can be in either the solid or liquid phase. 
A solid-state electrolyte has two functions: conduction of ions and separation of the positive and negative electrodes. Liquid electrolyte solutions also conduct ions; however, for the separation of positive and negative electrodes, a porous separator sheet is required ( Yu et al., 2017).

Energy storage is created when the polarisation of the electrode ions is absorbed in the double-layer area.
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[bookmark: _Toc76244253]Figure 1. Mechanism of electrical double-layer capacitors (Endo et al., 2001; Frackowiak, 2007; Garche et al., 2013; Pohlmann, n.d.).

In practical applications, supercapacitors are used in the form of a coin-shaped, cylindrical, or prismatic cell and are combined in series into larger modules. Full cells are filled with organic or aqueous electrolytes and are used in high-power applications; however, the cell voltage is limited due to electrolyte decomposition. Organic 
electrolyte-based cells can provide higher working voltages, but the current is limited by their low ionic conductivity (Garche et al., 2013; Pohlmann, n.d.). 

Supercapacitors exhibit superior properties such as long cycle life, low resistance, high power density, and a wide operating temperature range. Although batteries exhibit a higher energy density than that of supercapacitors, their power density does not reach the level of EDL capacitors, as shown in Figure 2. Therefore, an increasing number of investigations have been performed in the last decade to maximize the energy density of supercapacitors.
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[bookmark: _Toc76244254]Figure 2. Specific energy vs specific power for energy storage devices (Kumar Panda et al., 2020; 
S. Zhang & Pan, 2015).

[bookmark: _Toc66625339]Carbon materials for supercapacitors

The electrode material is a key element for EDL capacitor performance. Carbon materials have exceptional properties such as a high surface area, good electrical conductivity, low density, high stability, and relatively low cost. Carbon materials have been widely used as electrodes for energy-storage devices. Furthermore, the porosity and morphology of carbon materials can be modified by activation processes (Endo et al., 2001; Frackowiak & Béguin, 2001; Leis et al., 2001; Li et al., 2019). The different structures of carbon materials for supercapacitors are presented in Figure 3. 
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[bookmark: _Toc76244255]Figure 3. Carbon allotropes used in supercapacitors (Giubileo et al., 2018).

Activated carbon is one of the oldest and most studied porous carbon materials (Sadashiv Bubanale et al., 2017). The basic structural unit of activated carbon is the hexagonal structure of graphite, which occurs in the form of numerous small graphite platelets. The process of activating carbon was discovered in the early 1800s (Sadashiv Bubanale et al., 2017). In today’s energy storage industry, most commercial EDL capacitors are based on activated carbon materials owing to their well-known manufacturing processes. The properties of activated carbon rely on its simple, large-scale production and relatively low cost. Activated carbon is produced from nutshells, wood, starch, sucrose, cellulose, corn grain, banana fibre, coffee grounds, and sugar cane bagasse, among other materials. Furthermore, the synthesis of activated carbon enables 
well-controlled properties, suitable pore size distribution, and greatly enhanced capacitive characteristics. Carbon can be activated by either physical or chemical activation. In the case of physical activation, carbon materials are first pyrolyzed at high temperatures (600–900 °C) to remove non-carbon elements, and subsequently treated with oxidising atmospheres such as steam, CO2, or a mixture of the two. Activation by chemical treatment involves impregnation of the carbon precursor with chemicals such as KOH, NaOH, H3PO4, ZnCl2, and H2SO4, which is followed by carbonisation at 450–900 °C (Sevilla & Mokaya, 2014; L. Wei & Yushin, 2012a).

 Activated carbon is commonly used in combination with quaternary ammonium salts in acetonitrile or propylene carbonate solutions. The capacitance of activated carbon reaches 35–250 F g–1 in organic electrolytes, 60–150 F g–1 in ionic liquids (at high temperatures), and 300 F g–1 in aqueous electrolytes (at lower voltages due to water decomposition). 

Graphene affords an extremely high electrical conductivity, accessibility to electrolyte ions, relatively low costs, an excellent mechanical strength, and a high surface area 
(2699 m2 g–1), rendering it suitable for energy storage devices (Khalid et al., 2018). 
The existence of graphene was first reported by P. R. Wallace in 1947 (Wallace, 1947); however, it was rediscovered at the beginning of the 21st century. Graphene is a flat, 
one-layer-thick material comprising sp2- bonded carbons with a fully conjugated structure of C–C and C=C bonds. However, graphene often requires molecular-level functionalization for most electronic applications. Other forms of graphene such as fullerene, carbon nanotubes (CNTs), and graphite exhibit a similar hexagonal ring structure to that of graphene; however, various orientations are observed in space, giving each form its own unique properties (Khalid et al., 2018).

Fullerenes consist of carbon balls composed of hexagonal and pentagonal carbon rings. The first fullerene was discovered in 1985 by Sir Harold W. Kroto of the United Kingdom and Richard E. Smalley and Robert F. Curl, Jr. of the United States (Kroto, 1997). The small band gaps inside the carbon rings enable fast charge transfer owing to their high conductivity. Using fullerenes as electrode materials enhances the diffusion of ions because of their very high surface area and cage-like structure (Ali et al., 2020a). However, studies on the large-scale production of these materials are still in progress (Ali et al., 2020b; Keypour et al., 2013). Finally, it has been concluded that graphene-based electrode materials usually suffer from poor control of particle size distribution (PSD) with a lack of macropores or large mesopores, which are commonly present in activated carbon or CDC materials (L. Wei & Yushin, 2012a).

CNTs afford good mechanical properties such as high strengths and low weights (Zaharaddeen et al., 2016). They are formed when a graphite sheet is curled up into cylinders and can either be single-walled (SWNT) or multi-walled (MWNTs) (Pan et al., 2010). CNT applications have been widely investigated since their discovery in 1995 (Rinzler et al., 1995). They have been used as electrode materials for supercapacitors, achieving specific capacitances of up to 102 F g–1 and 180 F g–1 for MWNTs and SWNTs, respectively (Lu & Dai, 2010). However, carbon nanotubes are too expensive for 
large-scale production, and their long-term stability has not yet been achieved (Wei & Yushin, 2012b; Weinstein & Dash, 2013). 




[bookmark: _Toc66625340]Carbide-derived carbon

The production of carbide-derived carbon (CDC) using high-temperature chlorine gas and silicon carbide was first described in a patent by O. Hutchins in 1918 (Hutchins, 1918). Larger-scale production was developed in 1956 (Andersen 1956). 

In more detail, CDCs are produced by the extraction of metals from carbide precursors at high temperatures. The unique properties of porous CDCs, such as high specific surface area and tuneable pore size with a narrow size distribution, make it an ideal material for supercapacitor electrodes (Gogotsi, 2006; Arulepp et al., 2010; Presser et al., 2011). 
The advantage of CDC materials is the narrower pore size distribution compared to that of activated carbon. 

CDC fabrication is typically used as chlorination at high temperatures. The chlorination of metal or non-metal precursors is described by the following reaction: 

MC + xCl2  MCl2x + C

In this reaction, the carbon layer is formed by inward growth, usually while retaining the original shape and volume of the precursor. If the remaining reaction products, such as residual chlorides, are trapped in the pores, they can be removed by treatments such as hydrogenation or vacuum annealing. In general, hydrogenation is carried out after chlorination with a temperature equal to or lower than the synthesis temperature. (Presser et al., 2011). For the synthesis of CDC materials, various metal and metalloid precursors, such as TiC, SiC, ZrC, WC, VC, Al4C3 and Mo2C have been used (Ariyanto et al., 2019; Dash et al., 2005; Gudavalli & Dhakal, 2018; Maletin et al., 2004; Leis et al., 2001, 2002, 2010; Yushin et al., 2006).

The characteristics of the synthesised CDC materials are dependent on the chlorination temperature and carbide precursor, which allow for tuning of the pore sizes to 0.6–2 nm (Gogotsi, 2006; Gudavalli & Dhakal, 2018). The model (Zhan et al., 2017) and the structure of the CDC particle, as determined by transmission electron microscopy (TEM) image, are presented in Figure 4. The surface area of CDC can reach up to 2200 m2 g–1 (Leis et al., 2002; Gogotsi et al., 2003; Maletin et al., 2004). 
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[bookmark: _Toc76244256]Figure 4. A) Model of the CDC structure (Zhan et al., 2017) and B) TEM image of  TiC-CDC 
(Leis et al., 2002). 

The porosity of the CDC is determined by the carbide structure, and the structure of the formed CDC is strongly influenced by the distribution of carbon atoms in the carbide lattice (Presser et al., 2011). 

Furthermore, to improve the EDL properties of CDC materials, post-modification processes similar to those of activated carbon are employed (Käärik et al., 2018). 
In addition, chemical activation by KOH is the most common activation process for CDC. Unfortunately, with chemical activation, relatively high oxygen content occurs inside the material compared to physical processes such as CO2, steam activation, and a mixture of both. The high oxygen content leads to additional functional groups on the carbon 
surface, and, in turn, unfavourable Faradaic reactions can occur in parallel with 
the EDL. The benefits of using CO2 and H2O steam are the cleaner production, 
cost-efficiency, and endothermic nature of their reactions, which allows for better process control. Previously, E. Tee et al. showed that gas-phase activation doubles the 
Brunauer–Emmett–Teller (BET) surface area and increases the pore size of SiC CDC 
(Tee et al., 2015). The theoretical capacitance for two-electrode configurations of CDC materials ranges from 60 to 320 F g–1 (Inamuddi et al., 2019; Vatamanu et al., 2013; Käärik et al., 2018, 2020).  Furthermore, recently Käärik et al. presented mathematical 
model for characterizing and predicting physical parameters of porous carbon using experiment-derived structure descriptors (Käärik et al., 2018). 

[bookmark: _Toc66625341]Polymers 

Polymers for electrospinning can be categorised into natural and synthetic polymers (Zahmatkeshan et al., 2018). Natural polymers such as collagen, gelatine, and silk are preferred over synthetic polymers in medical and biological applications because of their low immunogenicity and higher biocompatibility (Li et al., 2019). Synthetic polymers are more beneficial than natural polymers because of their superior mechanical properties (Zahmatkeshan et al., 2018). In general, over 100 different types of polymers have been electrospun into nanofibers (Xue et al., 2019). 

Poly(ethylene oxide) (PEO, C2nH4n2On+1) is the most commonly used water-soluble polymer. However, of the water-insoluble polymers, polyacrylonitrile (PAN, (C3H3N)n), which is soluble in dimethyl sulphoxide (DMSO, C2H6OS) and dimethylformamide (DMF, C3H7NO), is mainly used. PAN is gaining increasing interest because of its potential as a precursor material for electrospun carbon materials for a variety of applications (Wortmann et al., 2019).
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[bookmark: _Toc76244257]Figure 5. Molecular structure of PAN (Saufi & Ismail, 2002).

PAN is a semicrystalline polymer with a relatively high glass-transition temperature of 100 °C (Sada et al., 2014). The molecular weight of PAN used for electrospinning was        150 000 g mol–1. Regarding its stability against chemical reagents, the nitrile group of PAN has relatively low reactivity, and thermal oxidation causes the degradation of PAN to carbon ﬁbres (Sada et al., 2014).

As mentioned above, the most important function of PAN as a raw material is to act as a precursor for carbon fibres (Huang, 2009; Liu & Kumar, 2012; Sada et al., 2014). 
PAN-based carbon nanofibers have remarkable properties such as high tensile strength, low density (less than 2.0 g cm–3), high thermal- and chemical stability, good electrical- and thermal conductivity, and creep resistance. The preparation of PAN-based carbon nanofibers includes four steps: fibre formation by electrospinning, thermal stabilisation at high temperatures (180–300 °C) under an oxidative atmosphere, carbonisation in an inert atmosphere (350–1700 °C) to remove non-carbon particles, and graphitisation at 2000 °C to create a graphitic structure. Currently, 90% of commercial nanofibers are produced from PAN (Sada et al., 2014). PAN-based carbon fibres are used in several applications such as military aircraft, automobiles, and high-grade sporting goods (Sada et al., 2014). 

Several aprotic solvents can be used for the electrospinning of PAN-based fibres: DMF, DMSO, N,N-dimethylacetamide (DMAc, C4H9NO), and dimethyl sulphone (C6H12O2S). Compared with other possible production methods such as vapour growth, arc discharge, laser ablation, and chemical vapour deposition, electrospinning can easily generate nanoﬁbers with diameters ranging from 10 nm to several millimetres by applying an electrostatic force to the polymer solution. PAN-based nanofibers can also be combined with composite materials incorporating CNTs (Song et al., 2013), metal salts (Park et al., 2005), metal complexes (Parekh et al., 2018), and metal oxides (Drew et al., 2005).

[bookmark: _Toc66625342]Electrolytes for supercapacitors

Electrolytes are important components in supercapacitor applications and play a crucial role in transferring charges between positively and negatively charged electrodes 
(Pal et al., 2019). Electrolytes are categorised into various classes, such as organic, aqueous, ionic liquids, solid-state or quasi-solid-state, and redox-active; more specifically, their categorisation is depicted in Figure 6 (Pal et al., 2019; Zhong et al., 2015). 
The selection of the electrolyte plays a key role in further supercapacitor performance. 
In addition to its impact on the operating voltage, the electrolyte has a significant influence on the power density, cycling stability, operating temperature, equivalent series resistance (ESR), lifetime, and self-discharge of the capacitor (Wang, 2017). In addition, aqueous-electrolyte-based EDL capacitors have high conductivity and -capacitance; however, they possess low energy density and cycling stability (Zhong et al., 2015). In the case of organic- and IL-electrolyte-based supercapacitors, the operating voltage is significantly higher than that of aqueous electrolytes; however, they suffer from low ionic conductivity and high toxicity (Zhong et al., 2015).

Overall, an ideal electrolyte for EDL applications should exhibit important characteristics: high electrochemical stability, broad electrochemical potential range, wide working-temperature range, high ionic conductivity, high polarity, low viscosity, environmental friendliness, low flammability, and low cost (Pal et al., 2019; F. Wang, 2017). However, in reality, no single electrolyte can meet all these performance requirements. Besides the cycle life (or lifetime), energy density and power density are the two most crucial properties in the evaluation of electrochemical energy devices and are also strongly influenced by the selection of the electrolyte (Zhong et al., 2015). Because both the energy and power densities of a supercapacitor depend on the square of the cell voltage (see equations 1 and 2), the development of electrolytes proceeds in the direction of increasing operating voltage (Suresh et al., 2017; Zhong et al., 2015). 



, (1)

where C is the capacitance and U is the cell voltage.



, (2)

where E is the energy and t is the time (Wu and Cao, 2018).
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[bookmark: _Toc76244258]Figure 6. Categorization of electrolytes (Zhong et al., 2015).

Aqueous electrolytes are appealing because of their low cost and simple manipulation (no need for a controlled environment). Typically, three types of aqueous electrolytes are used: acidic (H2SO4, etc), neutral salt (Na2SO4, etc), and alkaline (KOH, etc) (Béguin et al., 2014; Frackowiak, 2007; Ibukun & Jeong*, 2019; Zhong et al., 2015). The specific capacitance of carbon in aqueous electrolytes ranges from 100–300 F g–1 and is highly influenced by the size of the electrolyte ions inserted into the pores of carbon (Ibukun & Jeong*, 2019). Depending on the electrolyte type, the ionic radius of the electrolyte can vary significantly, especially in the case of hydrated ions. In addition, the hydrated ionic radius of H+ in H2SO4 is the smallest (2.80 Å), and that of K+ in KOH is the largest (3.31 Å) (Jeong 2019). The major disadvantage of aqueous electrolytes is their narrow electrochemical stability window of 0 – 1.23 V as a result of water decomposition (Balducci et al., 2007; Inamuddin et al., 2019; Stan et al., 2014; Vatamanu et al., 2013). 

Organic electrolytes mostly consist of quaternary ammonium salts mixed with organic solvents such as acetonitrile (ACN) or polycarbonate (PC) (Arulepp et al., 2004; Brazis 
et al., 2010; Libich et al., 2018; Ue et al., 1994). Acetonitrile-based electrolytes are known to have higher conductivity and lower viscosity than PC-based electrolytes (Balducci et al., 2007). Although PC-based electrolytes have lower levels of toxicity and higher flash points, ACN-based electrolytes are preferred because they have a much higher power density (Arulepp et al., 2004; Béguin et al., 2014). Furthermore, because of the wider operating voltage (maximum operative voltage between 2.5–3.0 V) compared to aqueous electrolytes, organic electrolytes are mostly used in commercial products (Brazis et al., 2010; Libich et al., 2018). The capacitance range for carbon materials in organic electrolytes is 50–190 F g–1 (Béguin et al., 2014; Käärik et al., 2020). The major disadvantage of organic electrolytes is the complex manipulation process required to protect them from moisture. 

ILs are organic salts composed of asymmetric cations, which are usually bulkier than anions. ILs occur in liquid form over a broad range of temperatures, including room temperature and below. As electrolytes, they operate under a wide working potential, ranging from 2 to 6 V (Mishra et al., 2020). Despite their wide potential window, ILs are expensive, and because of their relatively high viscosity, they tend to outperform at low capacitance and high resistance. However, recent developments have shown that the high viscosity of ILs can be mitigated by using ILs in solution with organic electrolytes (Mishra et al., 2020). Similar to organic electrolytes, IL-based electrolytes are also extremely sensitive to moisture, which can drastically affect their stability and conductivity (Pohlmann et al., 2013; Shahzad et al., 2019; L. Yu & Chen, 2019). 

[bookmark: _Toc66625343]Electrospinning 

Electrospinning is a versatile and efficient process for producing continuous nanofibers with diameters ranging from submicron to nanometre by applying a high-potential electric field (Karakaş, n.d.). The advantages of electrospun nanofibers are high flexibility, higher surface area compared to regular fibres, and outstanding mechanical properties (Ding & Yu, 2014; Karakaş, n.d.; Ramakrishna et al., 2006). With electrospinning, it is possible to produce nanofibers of different materials in various fibrous assemblies (Ramakrishna 
et al., 2006). Electrospinning is highly attractive both at the lab scale and at the industry level owing to the simplicity of its setup (Karakaş, n.d.; Ramakrishna et al., 2006). In the electrospinning process, a variety of nanofibers can be fabricated for applications in energy storage (Malmberg et al., 2020; A. Yu et al., 2017), healthcare (Babitha et al., 2017), biotechnology (Doyle et al., 2013), and environmental engineering (Doyle et al., 2013).

Electrospinning and electrospraying processes are based on the same physical and electrical mechanisms. However, the main difference is that continuous fibres are formed in electrospinning, whereas small droplets are produced by electrospraying (Karakaş, n.d.). The electrospinning setup at the lab scale consists of a syringe, syringe pump, power supply, and current collector, where the current collector can either be static or rotating. One electrode of power supply is connected to the needle tip of the syringe containing the polymer solution, and the second electrode is attached to the rotating and grounded collector. When a DC voltage is applied, the charge repulsion on the fluid surface causes a force directly opposite to the surface tension of the fluid itself. After the increase of the electric field, the hemispherical surface of the fluid at the tip of the syringe elongates and assumes a conical shape known as the “Taylor cone”. Afterwards, a charged fluid jet is ejected from the tip of the cone. Solvent evaporation takes place on the rotating collector, and fibre formation occurs on the conducting substrate (Aussawasathien, 2006; Karakaş, n.d.; Y. Wang et al., 2016). The electrospinning process (Figure 5) is influenced by several parameters, such as applied voltage, distance between the syringe tip and collector, solution pumping rate, temperature, solution viscosity, and polymer molecular weight (Korycka et al., 2018). 

When the viscosity of the solution is too low, electrospray can occur, causing polymer particles to form instead of fibres. Furthermore, the formation of the beaded fibres tends to occur more often in the case of low solution viscosity (‘Electrospinning Archives’, n.d.).

The applied voltage has a significant influence on the jet stability and fibre morphology, and the solution conductivity is influenced by the polymer type, solvent, and availability of ionisable salts. With an increase in the electrical conductivity of the solution, a significant decrease in the fibre diameter of the electrospun nanofibers occurs (‘Electrospinning Archives’, n.d.; Karakaş, n.d.).

Furthermore, the electrospinning process is affected by the distance between the syringe tip and collector. The distance has a significant influence on the deposition time, evaporation rate, and instability interval. It has been shown that a sufficient distance is needed to allow time to stretch and dry the electrospinning solution before its deposition onto the substrate, since beads or liquid films would appear if the distance is too short or too long (‘Electrospinning Archives’, n.d.; Junoh et al., 2015; Karakaş, n.d.).
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[bookmark: _Toc76244259]Figure 7. (Left center) Scheme of electrospinning process (Junoh et al., 2015). (Right) Formation of a Taylor cone (Electrospinning - CEST - Laboratory Equipment, n.d.).

[bookmark: _Toc66625344]Grinding of carbon materials

For EDL fibrous electrode fabrication, it is important to use carbon with a small particle size (<1 µm). The grinding process of carbon materials improves the formation of conductive networks among carbon particles, binders, and current collectors. The initial particle size of the TiC-based CDC is approximately 1–5 µm. Prolonged milling and sieving are options for producing micron-sized TiC powders (Dyatkin et al., 2016). Various grinding methods exist for carbon materials, such as jet-milling, ball-milling (Dyatkin et al., 2016), planetary ball-milling (Lyu et al., 2017), and others. 

Ball-milling is an efficient approach for reducing the particle size of solids to the nanoscale and is widely used in large-scale production processes owing to its low cost, flexibility, and effectiveness (Lyu et al., 2017). In a planetary mill, the vessels are placed on a rotating disk and rotate around their own axes. The size of the vessels is an important parameter for the efficiency of the process, as a higher distance allows for a higher kinetic energy and thus stronger impacts (Piras et al., 2019). The ball-milling process and its methodology are presented in Figure 4. The conditions of the milling process have a significant influence on the surface area and pore structure of the obtained carbon material (Welham et al., 2002). 
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[bookmark: _Toc76244260]Figure 8. Principle of the ball-milling method (Lyu et al., 2017).

[bookmark: _Toc66625345]Electrospinning of conductive and filler materials

Electrospun fibres can be functionalized by applying additives and nanosized fillers to the electrospinning solution. Solution-based electrospinning is preferred for the electrospinning of filler materials because greater amounts of filler can be injected by wet electrospinning compared to melt spinning, and dispersion can be achieved in a variety of ways for wet processes (Ahn et al., 2020). CNTs are often used as filler materials in PAN-based nanofibers (Heikkila & Harlin, 2009; Wan et al., 2007; Ye et al., 2004). Generally, CNTs are used as reinforcement components; however, they can also be used to modify the electrical properties of the produced nanomaterials (Jeong et al., 2006; Seoul et al., 2003). 

The use of filler materials in the electrospinning solution may influence the fibre-forming process. In addition, fillers can act as charge carriers in the electrospinning solution, causing an increase in the conductivity of the solution, which in turn increases the charge density of the jet and enhances instability during the electrospinning process (Heikkila & Harlin, 2009). Overall, the increase in solution conductivity is reflected in two opposite ways: first, it can cause an increase in the solution flow rate, which leads to a larger fibre diameter; and second, an increase in the net charge density may occur, leading to instabilities, enhancing the whipping stability, and decreasing the fibre diameter (Heikkila & Harlin, 2009; Qin et al., 2007; Zheng et al., 2014).

The effects of fillers and additives on fibre properties vary from system to system depending on the polymer, solvent, and additive (Heikkila & Harlin, 2009).

Additionally, carbon black (CB) is used to form conductive nanofibers. CB is a polycrystalline material in which spherical carbon particles are obtained by the incomplete combustion or pyrolysis of hydrocarbons entangled in grape-like clusters. CB has the advantages of high dispersibility, good processability in mixtures, and low cost (Ahn et al., 2020; Donnet, 1993). Several studies have focused on the electrospinning of CB fillers using different types of polymer matrices; however, produced fibres tend to have poor mechanical properties due to fibre agglomerates, even if they exhibit high conductivity. Therefore, it is necessary to develop composite nanofibers with high tensile strength and high electrical conductivity (Ahn et al., 2020).

Additionally, CNT and CB filler materials have also been studied using activated carbon or graphene particles in the electrospinning solution. Graphene-based electrospun nanofibers have enhanced mechanical, electrical, and morphological properties with increased diameter and/or porosity. Several studies have demonstrated the successful use of graphene and activated carbon as filler materials for nanofibers (Javed et al., 2019; Tõnurist et al., 2014). 

[bookmark: _Toc66625346]Electrospun supercapacitors

High porosity, low density, and facile incorporation of various components into a single nanofiber can be achieved by electrospinning; therefore, it is an attractive means to produce nanomaterials with high reproducibility and simplicity for energy storage applications (Miao & Liu, 2019, p. 2). The latest developments in electrospun electrodes can be categorised into three groups based on their charge-storage mechanism: EDL capacitive materials, pseudocapacitive materials, and hybrid materials (Miao & Liu, 2019).

Carbon nanofibers with good mechanical, thermal, and electrical properties are suitable for energy storage applications. In the case of CNTs, the main precursor materials are PAN, polyimide (PI), poly(vinylidene fluoride) (PVDF), poly(vinyl alcohol) (PVA), and cellulose, which can be converted into carbon nanofibers by carbonisation at high temperatures. To enhance their properties for energy storage applications, poly(methyl methacrylate) (PMMA) and polystyrene (PS) are used as sacrificial phases and removed after heat treatment to increase the surface area of the microporous and mesoporous structures of the produced nanofibers (Mao et al., 2013; Miao & Liu, 2019). Additionally, other activation processes through various gaseous species, such as carbon dioxide, carbon monoxide, and methane, can be carried out during the high-temperature carbonisation of carbon nanofibers to enhance their properties. In general, carbon nanofibers exhibit a surface area of 1000–2000 m2 g–1 and pore size distribution in the range of 2–5 nm, with a gravimetric capacitance of 100–120 F g–1 in organic electrolytes (K. Wei & Kim, 2014).

CNTs are often used to increase specific capacitance and energy. By applying mechanical reinforcement materials to carbon nanofiber/CNT composites, the properties of such electrode materials become suitable for energy storage applications. Guo et al. showed that hybrid carbon nanofibers containing CNTs produced by electrospinning, followed by carbonisation and activation using mixed hydrogenperoxide/water steam at 650 °C, reached a capacitance of up to 310 F g–1 in aqueous 1.0 M H2SO4 electrolyte (Guo et al., 2009). Additionally, CNT-activated carbon materials can also be used as filler or capacitive components in nanofibers for energy storage applications. However, there are only a few studies on the use of activated carbon in combination with electrospun 
fibres. Tõnurist et al. successfully proposed a multistep electrode preparation method by electrospinning commercial activated carbon for energy storage applications (Tõnurist 
et al., 2014).

Composite electrode materials with carbon nanofibers are also composed of conductive polymers, of which polyaniline (PANi) is the most promising. However, one of the main disadvantages of PANi-based fibres in supercapacitor applications is their poor cyclability, which is generally mitigated by the addition of CNTs, graphene, and carbon aerogels to electrode materials (Miao & Liu, 2019). Yan et al. reported a composite PANi/carbon nanofiber electrode with a specific capacitance of up to 638 F g–1 in an aqueous 1.0 M H2SO4 electrolyte (Yan et al., 2011). 

In addition to carbon composite materials and conductive polymers, electrode materials from nanofibers can also be composed of metal oxides containing Ni, Co, Cu, and Ag. The capacitance level of metal-doped, nanofiber-based electrode materials can reach very high values; for example, that of carbon nanofiber–Co can reach 911 F g–1 in aqueous 1.0 M H2SO4 electrolyte. However, such composite electrode materials are relatively expensive owing to their large production scale (Miao & Liu, 2019). 

[bookmark: _Toc66625347]Electrochemical evaluation methods for supercapacitors 

An electrochemical double-layer is established whenever an ionically conducting phase, electrolyte solution, and electronically conducting phase, metal, or carbonaceous surface, are brought into contact (Bärtsch et al., n.d.; Ge et al., 2020). To evaluate the performance of the solid/electrolyte interface system, three classical electrochemical evaluation methods are commonly used: cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and galvanostatic cycling (GC). 

CV is a technique that measures the current that develops in an electrochemical cell under conditions in which the voltage is in excess of that predicted (Rajendran, 2016). 
The CV method is generally used to investigate the reduction and oxidation processes of molecular species. In addition, CV enables the investigation of chemical reactions, which includes catalysis (Elgrishi et al., 2018). By applying a constant voltage scan rate dU/dt, an ideal capacitor should provide a constant current in the CV (Bärtsch et al., n.d.).

The output of the electrochemical test method strongly depends on the unit cell configuration, which is divided into two categories: three- or two-electrode configurations (Stoller & Ruoff, 2010). A three-electrode configuration is commonly used to evaluate the performance of an electrode material or electrolyte and consists of a working electrode, reference electrode, and counter electrode. It is important to note that in a three-electrode configuration, only the working electrode is analysed. In a two-electrode configuration, the each electrode is analysed (Stoller & Ruoff, 2010). Examples of CV measurements with three- and two-electrode configurations are shown in Figure 9.
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[bookmark: _Toc76244261]Figure 9. Examples of two- and three- electrode cell configurations: A) current vs. potential and B) potential vs. time performance (Shao et al., 2018).



EIS is a relatively powerful technique for characterising materials and interfaces and is capable of measuring impedance over a wide range of frequencies (between 10–6 Hz and 109 Hz). EIS helps to determine the electrical properties of heterogeneous systems, such as membrane–electrolyte or composite membrane systems. It enables the electrical contribution of each sublayer to be estimated separately using impedance plots and equivalent circuits as models, where the different parts of the circuit are related to the structural transport properties. EIS measurement data are analysed by the complex plane method using a Nyquist plot (–Zimg vs Zreal) (Asaka, 1990; Benavente, 2005; Benavente 
et al., 1998). For porous electrode materials, Nyquist plots typically consist of three regions: a small, depressed semicircle at higher alternating current (AC) frequencies (RAB); a porous region with a nearly –45° slope (RBC); and a double-layer capacitance region with a slope of −90° (RC in Figure 10). The semicircle describes the electrolyte resistance, which consists of the contact resistance of the carbon/metal collector and the electrolyte resistance in the separator. The porous region describes double-layer charging in mesopores, and the double-layer region describes the charging of the carbon micropores (Mei et al., 2018). An example of a Nyquist plot is shown in Figure 10.
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[bookmark: _Toc76244262]Figure 10. Nyquist plot of typical EDL device (Mei et al., 2018).

Galvanostatic cycling is the accepted measurement method for determining the capacitance of commercial supercapacitors and is thus more closely related to how applications typically apply an electrical load to the supercapacitor. In the GC method, after charging the capacitor with a power source, the capacitor is discharged over a known resistor or with a power supply, and the evolution of the current and voltage is monitored (Bärtsch et al., n.d.; Stoller & Ruoff, 2010). An example of a galvanostatic curve describing the dependence of the current and voltage behaviour during cycling is presented in Figure 11. 
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[bookmark: _Toc76244263]Figure 11. Current and voltage curves of EDL capacitors during constant current charge–discharge.

[bookmark: _Toc66625348]Summary of literature review and aim of the study 

Supercapacitors are energy storage devices with a long cycle life and fast charge–discharge capability. Traditional supercapacitor electrodes are fabricated in the form of films, activated carbon slurries, or carbon fabrics. In recent years, thin-layered electrodes have gained increasing interest and importance. Such materials have profound benefits in mechanically demanding applications, such as wearable devices, smart textiles, and space applications. Therefore, a targeted balance must be achieved between the mechanical, electrical, and electrochemical properties of the electrodes. Existing commercial electrode technologies lack compatibility in such applications because of their limited mechanical properties and high cost. 

Electrospinning is a powerful method for producing nanofibers with versatile properties. The electrospinning process has strong potential not only for lab applications but also for larger production scales. Parameters such as solution properties, processing, and ambient parameters of electrospinning play a crucial role in achieving a stable and uniform fibre-forming process. Various polymers and additives can be used to achieve the desired properties of electrospun fibres. PAN is one of the most commonly used polymers for electrospinning owing to its versatility. Recently, PAN has gained interest because of its potential as a precursor material for the electrospinning of carbon materials for applications such as energy storage. For energy storage, one of the most important properties is the high surface area of the electrodes used. Carbonaceous additives such as CDC, CNTS, and graphene have been used to increase the surface area of electrospun fibres. CDC is known for its versatile properties, such as a narrow pore-size distribution and high surface area (>1000 m2 g–1). For EDL applications, it is important to match the carbon pore size with the ion size of the electrolyte, ensuring access to the carbon surface by having a sufficient amount of transport channels, and, with decreasing distance between charges, in the double layer.

The aim of this study was to develop a thin-layered, CDC-based fibrous electrode material with the highest possible capacitance and long cycle life suitable for energy storage applications, without the use of any destructive post-treatment processes. 
To accomplish this, it was important to determine the balance between the capacitance and the mechanical properties of thin-layered fibrous electrodes. The following objectives were set:

· To develop a new procedure for the preparation of directly electrospun, 
CDC-based fibrous electrodes with improved mechanical properties without further processing (etc pyrolysis, carbonization).

· To determine the optimum electrode composition for achieving a balance between the electrochemical and mechanical properties of the nanofiber-based electrodes.

· To determine the influence of aqueous and organic electrolytes on the capacitance and ESR of the electrospun fibrous electrodes.

· To understand the influence of aqueous and organic electrolytes on the power and energy densities of the fibrous electrodes.



The following activities were performed to accomplish these objectives: 

· The effects of various ratios of CDC/CB were studied in terms of the composition of electrospun fibrous electrodes.

· The effects of mechanical densification of electrospun fibrous mats were studied. 

· The morphology, porosity, and mechanical, thermal, and other properties of electrospun fibrous electrodes were studied.

· The electrochemical performance of fibrous electrodes in aqueous and 
non-aqueous electrolytes was studied in three- and two-electrode configurations. 






[bookmark: _Toc66625349][bookmark: _Hlk53854254]Experimental section

This chapter provides an overview of the materials used in the present work, as well as the processing and analysis methods applied to evaluate the properties of the CDC-based fibrous electrospun electrodes. As previously stated, the main purpose was to develop thin-layered, durable, CDC-based composite fibrous electrodes without applying any destructive carbonization processes, which change the composition of the fibres or diminish their mechanical properties. Various electrode compositions and their mechanical properties were studied before the optimum fibre composition was achieved. In addition, various electrode–electrolyte combinations were investigated for developing a thin-layered, durable EDL. An overview of the materials and methods used in this PhD thesis is presented in Table 1. 

[bookmark: _Toc72058121]Table 1. Materials and methods (used in the work)

		Materials 

		Studied aspects

		Characterisation methods

		Aim of the paper

		Paper



		Polymer: PAN

Solvent: DMF

Additives: CDC, CB, EMImBF4

Electrolyte: TEMABF4/ACN

		CDC/CB content variation, densification of fibrous electrode material



		SEM, N2 -adsorption,

BET, mechanical testing, CV, EIS

		Development of electrospun fibrous DC-based electrode

		Paper I



		Polymer: PAN

Solvent: DMF

Additives: CDC, CB, EMImBF4

Electrolytes: TEMABF4/ACN, 

TEABF4/ACN, SBPBF4/ACN, EMImBF4/ACN, EMImTFSI/ACN 

		Physical analysis of selected optimal electrode material,

Influence of organic electrolytes to electrochemical performance: quaternary ammonium, ionic liquids

		SEM, TGA, N2 adsorption, BET, mechanical testing, CV, GC, EIS

		Study the effect of organic electrolytes on the electrochemical performance of electrospun fibrous CDC-based electrodes

		Paper II



		Polymer: PAN

Solvent: DMF

Additives: CDC, CB, EMImBF4

Electrolytes: 

NaNO3/H2O, 

KNO3/H2O, 

Na2SO4/H2O, 

SBPBF4/ACN, EMImTFSI/ACN

		Physical analysis of selected optimal electrode material,

Influence of aqueous electrolytes to electrochemical performance: 

		SEM,

thermal analysis (TGA), N2 adsorption, BET, mechanical testing, 

FTIR, CV, GC, EIS

		Study the effect of aq.electrolytes on the electro-chemical perfor-mance of electro-spun electrodes. The cycle-life study of electro-spun EDL capaci-tors.

		Paper III





[bookmark: _Toc66625350]




Materials

Polyacrylonitrile (Sigma Aldrich, Mw = 150 000 g mol–1) was chosen as the polymer and dimethylformamide (≥99.9% purity, Sigma Aldrich) as the solvent for the electrospinning process. Carbide-derived carbon, synthesised from titanium carbide by Skeleton Technologies OÜ, was used as the main EDL capacitive material in electrode formation due to its highly porous structure and narrow pore size distribution. For this purpose, 
the TiC precursor was converted to CDC by Cl2 treatment at 900 °C. To remove chlorine residues, a hydrogen gas purification step at 800 °C was applied. The specific surface area of the synthesised CDC was 1580 m2 g−1, with an initial particle size of 1–5 µm. Carbon black (Timcal) was used as a conductive additive to improve the contact between the CDC particles. The ionic liquid EMIm-BF4 (≥99.0% purity, Sigma Aldrich) was used to increase the conductivity of the electrospinning solution, which is required to achieve a stable fibre-forming process during electrospinning. 

[bookmark: _Toc66625351]Methods

[bookmark: _Toc66625352]Solution and electrode preparation 

Prior to the preparation of the electrospinning solution PAN + CDC/CB + DMF + EMIm-BF4, the CDC powder (≈1 – 5 µm) was milled using a planetary ball mill (Retch PM 100) under an N2 atmosphere for 1 h. The milling process was applied to reduce the initial particle size of the CDC to less than 0.8 µm.

For electrospinning solution preparation, the dispersion of CB, CDC, and DMF was prepared through ultrasonic treatment (Node ultrasonic homogeniser from Bandelin Sonoplus, Germany, with a 1 cm diameter nozzle) for 2 h. To avoid overheating of the solution, the glass vessel was placed in an ice bath. The weight ratio between CB/CDC was varied at 80/20, 85/15, 90/10, and 100/0 in Paper I (for Papers II and III, the ratio between CDC/CB was kept constant at 80/20, respectively). Thereafter, 7 wt% of PAN was added to the carbon dispersion and dissolved by mechanical stirring for another 24 h at 40 °C. The ratio between PAN and carbon was kept constant at 50/50 throughout the study. Prior to electrospinning, 15 wt% (by weight of the entire solution) of IL (EMIm-BF4) was added to the solution, and additional mechanical stirring (0.5 h) was applied at 40 °C. A schematic diagram of the solution preparation is shown in Figure 7.
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[bookmark: _Toc76244264]Figure 12. Solution preparation process.



[bookmark: _Toc66625353]Electrospinning process

Electrospinning was carried out using an in-house-built horizontal electrospinning setup (see Figure 13) with a cylindrical rotating, grounded drum covered with carbon-precoated aluminium foil (Toyal Aluminium K.K). A syringe pump from the New Area Pump System was used for continuous solution flow. The solution feed rate was between 0.3 and 
1.5 ml h−1. The choice of the feed rate depended upon the solution viscosity (for Papers II and III, the pumping rate was 0.5 ml h–1). The solutions were electrospun in a voltage range of 15–18 kV with a distance range of 8–10 cm between the spinneret (needle of the syringe) and rotating drum collector. After electrospinning, electrode densification was carried out using a hydraulic mechanical press (Scamia) to increase the conductivity of the fibrous electrode.
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[bookmark: _Toc76244265]Figure 13. Electrospinning setup.

[bookmark: _Toc66625354]Characterisation of electrospun CDC-based fibrous electrodes

The morphology of the electrospun CDC-based fibrous electrodes was analysed by scanning electron microscopy (SEM; Gemini Zeiss Ultra 55). No conductive coating was deposited on the samples. 

The thermal stability of the electrospun fibrous electrodes was evaluated by thermal gravimetric analysis (TGA, Labsys Evo TG DTA Omni Star). The fibrous electrode samples were torn into small pieces to achieve a uniform sample structure and placed in a crucible. Thermal analysis was performed in an artificial air atmosphere (21% O2 and 79% Ar). 
The total gas flow was set to 30 mL h–1. The temperature increase rate was set to 
5 °C min–1, and the sample was heated to 600 °C (see Figure 2 in Paper II).

The porosities of the carbon constituent and the electrospun fibrous electrodes were determined from N2 adsorption at −196 °C using a surface area and porosity analyser (NOVA touch LX2, Quantachrome Instruments). The specific surface area (SBET) of the carbon samples was calculated according to the Brunauer–Emmett–Teller theory in the P/P0 pressure interval of 0.02–0.2, and the total pore volume (Vtot) was calculated at a P/P0 of 0.97. The calculations of the pore size distribution (PSD) were performed using a quenched solid density functional theory (QSDFT) and equilibria model for slit-type pores. Before measurement, the carbon samples were degassed under vacuum at 300 °C for 12 h. In the case of the fibrous electrode materials, the temperature was reduced to 100 °C.

The mechanical properties of the fibrous electrodes were tested using an Instron 5866 tensile-testing machine. For this approach, sample ribbons (five specimens of each sample) were cut into rectangular shapes with dimensions 10.0 × 4.5 mm. The strength of the electrospun CDC-based electrodes was evaluated based on the specific stress at maximum load. To calculate the specific stress, the density ρ of each specimen was calculated according to Equation (3):

ρ , (3)



where m is the weight of the electrode, and V is the volume of the electrode.



[bookmark: bfd2]Thereafter, the specific stress σsp was calculated using Equation (4):



, (4)



where F is the force, and A is the width of the sample (Ko and Wan, 2014).



The interactions within the polymer and electrolyte in fibrous mats treated with several aqueous electrolytes were analysed by Fourier-transform infrared spectroscopy (FTIR; Interspec 200-X). To evaluate the influence of the electrolytes on the intermolecular interactions in the PAN/DMF fibres, the specimens were submerged in the electrolyte for 48 h. The treated specimens were then washed several times with distilled water to remove the electrolyte salt residues. The specimens were dried under vacuum at 95 °C for 24 h to remove the water.

[bookmark: _Toc66625355]Electrochemical evaluation

In the present study, three-electrode (asymmetric) and two-electrode (symmetric) test cells were used to analyse the EDL properties of the studied materials. In the case of 
three-electrode cells, a counter electrode (CE) with a diameter of 15 mm was constructed from a high-surface-area carbon film attached to an aluminium (used with organic electrolytes) or gold collector (used with aqueous electrolytes). Reference electrodes (Ref) were selected according to the type of electrolyte: the organic electrolyte had a carbon reference, and the aqueous solution had a AgǀAgCl reference. A working electrode (WE) with a diameter of 6 mm was used as the fibrous electrospun CDC-based electrode with an average coat weight 1.86 g m–2. The WE and CE were interleaved using a 1 mm thick glass fibre separator membrane (Whatman). For the two-electrode configuration, two symmetrical electrodes (15 mm diameter) separated by a cellulose separator (Nippon Kodoshi) were used. Prior to the assembly of both types of electrochemical test cells, electrodes were dried at 100 °C for 24 h under vacuum (≈1 mbar) to remove moisture and obtain the dry weight of the electrode material. After assembly, the cells were vacuumed and filled with non-aqueous electrolyte (further details can be found in Papers I and II) or with aqueous electrolytes (Paper III). 

Cyclic voltammetry, galvanostatic cycling, and electrochemical impedance spectroscopy tests were performed to evaluate the electrochemical performance of the electrospun CDC-based fibrous electrodes. Electrochemical measurements were carried out at room temperature using a VMP3 (BioLogic Science Instruments; Paper I) and Gamry Interface 1010 E equipment (Papers II and III).

The differential capacitance (C) was calculated from the CV measurements according to Equation (5):



, (5)



where  is the positively charged electrode capacitance;  is the negatively charged electrode capacitance; i is the current, read at fixed electrode potentials; and v is the applied voltage scan rate. All current values were obtained from the third CV discharge cycle. 

The integrated capacitance (CGC) of the electrodes was calculated by performing constant current experiments according to Equation (6) (Conway, 1999; Stojanovska et al., 2019):

, (6)                                        

where I is the current, dt is the discharge time, and ΔE is the potential range of the positively or negatively charged electrodes. To calculate the specific capacitance (in F g–1 or F cm3) of the CDC and electrode, Equation (7) was used: 



, (7)



where m is the weight of the carbon in electrode, and V is the volume of the electrode.



The resistance and ESR were evaluated using the EIS method. EIS spectra were measured in the various AC frequency ranges at the amplitude of the sinusoidal voltage of 5 mV (details can be found in Papers II and III). The total impedance (Z) of the RC circuits is described by Equation (8):

 , (8)

where Z’ is the real impedance, Z’ is the imaginary impedance, is the imaginary number ω is the angular frequency ω=2f, and Cs is the series capacitance.

Rs values were determined by frequency response analysis and were equal to the real impedance (see Equation (9)).

Rs = Z´, (9)

The series capacitance (CS) values from EIS were calculated according to Equation (10) (Torop et al., 2011).

, (10).

[bookmark: _Toc66625356]Results and discussion

[bookmark: _Toc66625357]Development of electrospun fibrous electrode

The electrospun fibrous CDC-based electrodes were optimised in Paper I. Mechanical densification was applied to improve the contact between each fibre in the electrospun electrode because the fibres tend to accumulate in relatively fluffy stacks on the collector during the electrospinning process. The hypothesis was that by decreasing the physical free space between fibres, the conductivity of the fibrous electrode will improve, thereby decreasing the resistance and increasing the capacitance. The basis for the high conductivity and capacitance of the electrode material is the good electrical contact between the carbon particles. Conductive additives and calendaring processes are also commonly used in conventional supercapacitor electrodes (Mitchell et al., 2013). A study on the densification pressure and temperature was carried out to clarify the influence of densification on the electrochemical performance of the fibrous supercapacitor electrodes. To analyse the effect of various densification parameters on the electrochemical performance of the fibrous electrodes, symmetrical test cells were assembled using a 
1.8 M TEMA-BF4/ACN electrolyte solution. CV and EIS measurements were performed to evaluate the capacitance and resistance values. The electrochemical characteristics obtained from the densification pressure and temperature studies are presented in Table 2. 



[bookmark: _Toc72058122]Table 2. Electrochemical characteristics of densification studies (two-electrode measurements).

		CDC/CB

		Densification

		Conductivity of fibrous membrane

		

		C by CV (5 mV s–1 0–2 V)

		Rs (at 1 kHz)

		Specific energy



		

		Pressure

		Temperature

		

		Density of electrode

		Specific Capacitance

		Specific Resistance

		



		

		MPa

		°C

		nS cm–1

		g cm-3

		F g–1

		Ohm cm2

		J g–1



		85/15

		0

		25

		

		0.31

		11.3

		18.5

		7.5



		

		0.6

		

		

		0.61

		84.3

		16.8

		55.7



		

		1.2

		

		

		0.65

		93.5

		7.3

		61.8



		

		2.5

		

		

		0.70

		100.6

		8.8

		66.6



		80/20

		2.5

		25

		

		0.76

		95.3

		5.2

		63.0



		

		

		75

		

		0.84

		114.0

		2.4

		74.0



		

		

		95

		

		0.92

		111.9

		2.5

		75.4



		

		

		125

		

		0.94

		89.4

		5.4

		59.1



		80/20

		2.5

		75

		30

		0.84

		114.0

		2.4

		74.0



		85/15

		

		

		16

		0.70

		98.6

		4.7

		65.2



		90/10

		

		

		10

		

		73.0

		4.8

		48.3



		100/0

		

		

		10

		

		46.5

		17.0

		30.7







The investigation of densification pressure showed a significant increase in the specific capacitance of the fibrous-electrode-based symmetric test cells. By increasing the pressure up to 2.5 MPa, the specific capacitance increased by nine fold. At the same time, 
the resistance value of the fibrous electrodes decreased by approximately 50% compared to the non-densified electrodes. In addition, by increasing the densification pressure to 2.5 MPa, a capacitance comparable to that of commercial carbon-based electrodes was achieved.

Furthermore, to study the effect of the densification temperature on the electrochemical performance, electrodes were densified at a constant pressure of 2.5 MPa in the temperature range of 25–125°C. Based on the electrochemical evaluation, a maximum specific capacitance of 114 F g–1 was achieved at a densification temperature of 75 °C; thereafter, a capacitance drop was observed. This is in good correlation with the fibre morphology influenced by the densification temperature, as observed by SEM 
(see Figure 14). The fibrous structure of the electrospun electrodes remained at a densification temperature of 75 °C (see Figure 14A–D). By increasing the temperature to 95 °C, which is close to the glass transition temperature of PAN (100 °C) (Bashir & Nagar, n.d.), the fibres are partly melted together (see Figure 14E–F). The fibres were melted or destroyed when the glass transition temperature was exceeded, as can be seen in Figure 14G–H and Figure 2, Paper I. Damage to the fibre structure leads to insufficient electrical double-layer performance due to the higher electrical resistance (see Figure 6A, Paper I). The increase in resistance was due to partial bond breakage of the fibres, excessive compaction of the electrode material, and a significant reduction in voids between fibres (reduced electrode porosity), which results in the inhibition of the diffusion of electrolyte ions.
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[bookmark: _Toc76244266]Figure 14. SEM analysis of electrospun samples with two different magnifications and densification temperatures: A,B) 25 °C; C,D) 75 °C; E,F) 95 °C; and G,H) 125 °C.

The observations made by SEM analysis are also supported by the mechanical properties of the obtained fibres. One of the main advantages of the fibrous structure of the studied CDC-based electrospun electrodes is their flexibility and mechanical durability over conventional roll-pressed or casted electrodes. Similar to the morphological analysis, it was indicated that by increasing the densification temperature close to the glass transition temperature of PAN, the specific stress of the fibres significantly decreases (see Figure 3, Paper I). Therefore, the optimum parameters (i.e., those that do not significantly affect mechanical properties of the fibres) were a densification pressure of 2.5 MPa and temperature of 75 °C. 

The important parameters for supercapacitors are the electrode conductivity and capacitance. Optimisation of the CDC as the active material and CB as the conductive additive was carried out as discussed in Paper I. For this study, four different weight ratios of CDC and CB were tested: 80/20, 85/15, 90/10, and 100/0, respectively. The hypothesis was that by increasing the CDC content in the fibrous electrodes, the adsorption surface of the electrolyte ions increases, and thus also the EDL capacitance. To characterise the prepared electrode samples with various CDC and CB ratios, the optimum densification pressure (2.5 MPa) and temperature (75 °C) were applied. The characteristics of the tested electrode samples are listed in Table 2. The highest specific capacitance of 114 F g–1 and lowest resistance of 2.4 Ω cm2 were achieved with a CDC/CB ratio of 80/20. The resistance of the material started to increase, and the capacitance began to decrease when the CDC content was increased to over 80%, owing to the lack of a conductive additive that connects the larger CDC particles. Conductive additive bridges are needed to improve the electrical contacts between high-surface-area CDC particles, which also ensures EDL capacitance. This phenomenon can also be seen in the decrease of material conductivity values with decreasing conductive additive content; the conductivity of the electrospun fibrous electrode is also decreased. However, because the surface area of the CDC is multiple times higher than that of CB (SBET for CDC is ≈1640 m2 g–1 and 63 m2 g–1 for CB), the specific capacitance starts decreasing again upon decreasing the CDC content of the electrode to below 80%. With a CB/CDC ratio of 60/40, the specific capacitance reached only 5.5 F g–1. Therefore, the optimum CDC/CB ratio for fibrous supercapacitor electrodes was selected as 80/20.

Because one of the advantages of supercapacitors is the wide operating temperature range, the thermal properties of the fibrous electrode produced by the optimum parameters (i.e., CDC/CB ratio of 80/20) were investigated by thermal gravimetric analysis (TGA). TGA identified three main stages of weight loss, as presented in Table 3 and Figure 2 of Paper II. The first component of the electrospun CDC-based fibrous electrode, which starts to decompose, is the polymer. The mass loss of the polymer occurs between 247 and 317 °C with an early shoulder at 290 °C. This temperature range refers to several parallel or competing reaction kinetics. In the next mass-loss stage, when the temperature is between and 318–442 °C, IL EMIm-BF4 degrades. In the last stage, at temperatures above 600 °C, decomposition of the carbon materials occurs. 



[bookmark: _Toc72058123]Table 3. Decomposition characteristics of fibrous electrospun electrode.

		 

		Degradation Temperature

		Average mass loss*

		Temperature (from the literature)

		Reference



		

		°C

		%

		°C

		



		PAN

		247–317

		5.6

		260

		(Salles et al., 2010)



		EMIm-BF4

		318–442

		25

		333–445

		(Hao & Lin, 2013)



		CDC+CB

		600

		72

		≈600

		(Sarfraz et al., 2020)





*Mass loss in the degradation temperature range



[bookmark: _Toc66625358] Stability study of fibrous CDC-based electrodes in various electrolytes

[bookmark: _Toc66625359]Electrochemical stability study of aqueous electrolytes 

The electrochemical stability of electrospun fibrous electrodes was tested in three different 1.0 M aqueous electrolytes: Na2SO4-H2O, NaNO3-H2O, and KNO3-H2O with asymmetric test-cell configuration vs AgǀAgCl reference electrode. The characteristics of the anions and cations of the electrolytes are listed in Table 4, and their conductivity and pH are listed in Table 2 of Paper III. The potential stability of the fibrous electrodes was tested using the CV method with a potential scan rate of 5 mV s–1. The measured cyclic voltammograms are shown in Figure 15. 

[bookmark: _Toc72058124]Table 4. Characteristics of anions and cations of aqueous electrolytes (Israelachvili, 2011; Pal et al., 2019).

		Cation

		Ionic radii, Å

		Solvated ionic radii, Å

		Anion

		Ionic radii, Å

		Solvated ionic radii, Å

		Structural formula



		Na+

		0.95

		3.59

		SO42–

		2.42

		3.79
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		Na+

		0.95

		3.59

		NO3–

		1.89

		3.4
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		K+

		1.33

		3.34

		NO3–

		1.89

		3.4
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Description automatically generated][bookmark: _Toc76244267]Figure 15. Cyclic voltammograms of measured aqueous electrolytes with fibrous electrodes.



The electrochemical potential stability of the fibrous electrodes was observed by replacing the Na+ cation with K+ and the SO42– anion with NO3–. With aqueous electrolytes, hydrogen reduction and water oxidation reactions are well-known processes that take place on the negative or positive electrode potential limits, respectively. The previously mentioned processes are more pronounced with sodium-based electrolytes than with potassium-based electrolytes, where the potential limits have not yet been achieved. With replacement of K+ with Na+, an exponential current increase at negative electrode potentials was observed, indicating parallel hydrogen and sodium adsorption processes, while no exponential increase in current was observed with replacement of SO42– with NO3–. 

Higher current density values were achieved with sodium-based electrolytes at negative electrode potentials compared to potassium-based electrolytes. The achieved current density difference can be explained by the approximately 30% smaller dehydrated ion size of sodium ions compared to potassium ions. It should be noted that the difference in ion sizes is smaller in the case of hydrate ions; however, it must be taken into account that ions move and may be adsorbed in hydrated or partially hydrated form (Ghrib, 2018). Surprisingly, with positive electrode potentials, no difference in the current response was observed between sulphate and nitrate anions despite the difference in ion sizes. 

Furthermore, to analyse the stability of the fibrous electrode in aqueous electrolytes, FTIR analysis was performed on electrode samples treated with the same aqueous electrolyte solutions studied in the electrochemical analysis (ATR measurements with diamond crystal peaks in the 2300 – 1900 1cm-1 region). To understand the intermolecular interactions within the nanofibrous electrodes, the samples were soaked in the studied aqueous electrolytes. Sample preparation is described in detail in Paper III. The IR absorption spectra comparison between the treated and non-treated electrode samples is presented in Figure 16. 
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[bookmark: _Toc76244268]Figure 16. IR absorption spectrum: A) PAN fibre and B) PAN fibres soaked in aqueous electrolytes Na2SO4-H2O, NaNO3-H2O, and KNO3-H2O.

The reference data in Figure 16A show the main peaks of the pure electrospun PAN fibres. The strong adsorption peak at 2245 cm–1 corresponds to the nitrile group, CΞN. Furthermore, three band groups attributed to main chain are located at 1245 cm–1 (C–C stretching vibrations), 2936/1360 cm–1 (C–H symmetric stretch) and at 1450/1071 cm–1 (in-plane and out-of-plane bending, respectively) (Conley & Bieron, 1963; Lee et al., 2012; J. Li et al., 2013). When the PAN fibres were exposed to various aqueous electrolytes, there were no evident changes in the main peak intensities or areas, indicating a stable electrode material (see Figure 16B). However, in the IR spectra of the treated fibre samples, peaks corresponding to the anions of the used electrolytes were observed due to strong salt anion adsorption to the fibre surface. As in the case of nitrate-based electrolyte fibre samples, peaks indicating asymmetric and symmetric stretching of the NO3– group were evident at 1356 cm–1 and 835 cm–1, respectively (Lee et al., 2012). With sulphate-based electrolyte fibre samples, asymmetric stretching of SO42– anions was observed at 1123 cm–1 and 615 cm–1 (Surianarayanan et al., 1998). A more detailed analysis of the FTIR spectra can be found in Paper III. 

[bookmark: _Toc66625360] Electrochemical stability of organic electrolytes 

The electrochemical stability of electrospun fibrous electrodes was tested in two quaternary-ammonium-based and two IL-based electrolytes: 1.5 M spiro-(1,10)-bipyrrolidinium tetrafluoroborate in acetonitrile (SBP-BF4/ACN) and 1.8M triethylmethyl-ammonium tetrafluoroborate in acetonitrile (TEMA-BF4/ACN) were selected as quaternary ammonium-based electrolytes; and 1.5 M 1-ethyl-3-methylimidazoliumbis(trifluoromethylsulphonyl)imide in acetonitrile (EMIm-TFSI/ACN) and 1.5 M 1-ethyl-3-methylimidazolium tetrafluoroborate in acetonitrile (EMIm-BF4/ACN) were selected as IL-based electrolytes. All four electrolytes were tested with an asymmetric test cell configuration versus a carbon reference electrode. The characteristics of the anions and cations in the electrolytes are listed in Table 5. The electrochemical potential stability of the fibrous electrodes in organic electrolytes was tested using the CV method with a potential scan rate of 1 mV s–1. The positive and negative potential limits were evaluated according to the methods described by Xu (Xu, 1999) and Weingarth (Weingarth et al. (2013). The measured cyclic voltammograms are shown in Fig. 17. 

At negative electrode potentials, where cation adsorption occurs, wider potential limits and higher Coulombic efficiencies are observed for both organic and IL-based electrolytes. The widest potential window of 3 V was achieved with fibrous electrodes in SBP-BF4/ACN electrolyte, where the negative and positive potential limit were determined at –1.7 V and 1.3 V (vs Ref), respectively. A lower electrochemical stability was observed with the 
TEMA-BF4/ACN electrolyte, in which a Columbic efficiency of <90% was recorded with both positive and negative electrode potentials. This surprisingly low efficiency can be explained by exceeding the EDL limits of the electrode potentials of such systems when recording voltammograms. Therefore, possible side reactions upon the adsorption of ions into the carbon pores were also included. 

As expected, IL-based electrolytes have a wider potential window compared to quaternary-ammonium-based electrolytes. In general, the widest potential window of 
3.5 V was achieved using the EMIm-TFSI/ACN electrolyte with negative and positive electrode potential limits of up to –2 V and +1.5 V (vs Ref), respectively, without a 
rapid decrease in Columbic efficiency. For the negative electrode potentials of the 
EMIm-BF4/ACN, an exponential increase in current was observed already at –1.6 V with an additional reproducible peak at –0.5 V. The appearance of such an extra peak in the EDL region indicates the formation of surface functional groups on the carbon electrode surface. Furthermore, the formation of surface functional groups on the carbon surface can block the carbon pores, resulting in insufficient adsorption of electrolyte ions and lower electrochemical stability. This can lead to a decrease in the capacitance because electrolyte adsorption can occur not only in the case of solvated ions, but also in a partially or entirely solvated state, which doubles the size of the electrolyte ion in acetonitrile solution (see Table 5). The solvated electrolyte ion includes salt ions as well as the solvent interface (Ghrib, 2018). 




		Cation

		Ionic radii, Å

		Solvated ionic radii, Å

		Anion

		Ionic radii, Å

		Solvated ionic radii, Å

		Structural formula



		SBP+

		4.20

		8.40

		BF4–

		4.6

		11.6

		[image: ]



		TEMA+

		3.27

		6.54

		BF4–

		4.6

		11.6

		[image: ]



		EMIm+

		3.26

		6.52

		TFSI–

		2.27

		4.54

		







		EMIm+

		3.26

		6.52

		BF4–

		4.6

		11.6

		[image: ]





[bookmark: _Toc72058125]Table 5. Characteristics of anions and cations of organic electrolytes.
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[bookmark: _Toc76244269]Figure 17. Cyclic voltammograms of measured organic electrolytes with fibrous electrodes.

[bookmark: _Toc66625361]Electrochemical characteristics of various electrolytes 

The EDL capacitance values of fibrous-CDC-based electrode materials in aqueous and organic electrolytes were evaluated using the galvanostatic cycling method. The potential limits for organic and aqueous electrolytes were selected based on the potential stability limits determined by the CV method. Therefore, for aqueous electrolytes, the potential limits for positively and negatively charged electrodes were selected as +0.6 V and –0.6 V (vs Ref), respectively. For the organic electrolytes, the limits for positively and negatively charged electrodes were set higher, at +1.2 V and –1.2 V (vs Ref), respectively, due to the wider potential stability, as shown in Figure 17. As mentioned earlier, the narrower potential stability of aqueous electrolytes is caused by water decomposition (Béguin et al., 2014). The current density for both types of electrolytes was selected as 0.5 mA cm–2. 
The characteristics obtained from the comparison between aqueous and organic electrolytes are presented in Table 6. 

[bookmark: _Toc72058126]Table 6. Comparison of electrochemical characteristics of tested aqueous and organic electrolytes in asymmetric cells.

		Cation

		Anion

		Solvent

		Molarity

		Potential range

		Positively charged 

electrode

		Negatively charged

 electrode



		

		

		

		M

		V

		C, mF

		C, mF cm–2

		F g–1

		C, mF

		C, mF cm–2

		F g–1



		Na+

		NO3–

		H2O

		1

		0..0.6

		21.0

		9.3

		182.8

		33.9

		15.0

		295.1



		Na+

		SO42–

		H2O

		1

		

		34.2

		15.1

		135.0

		42.0

		18.6

		166.2



		K+

		NO3–

		H2O

		1

		

		29.0

		12.8

		157.7

		38.7

		17.1

		210.2



		TEMA+

		BF4–

		ACN

		1.8

		0..1.2

		6.4

		5.7

		70.8

		5.3

		6.9

		55.8



		SBP+

		BF4–

		ACN

		1.5

		

		16.3

		14.4

		80.4

		19.7

		17.5

		95.3



		EMIm+

		BF4–

		ACN

		1.5

		

		27.4

		24.2

		105.6

		19.7

		17.5

		76.2



		EMIm+

		TFSI–

		ACN

		1.5

		

		23.3

		20.6

		89.8

		23.3

		20.6

		89.8







In all three aqueous electrolyte combinations, it was clear from the CVs that a higher capacitance was reached with the negatively charged electrode. The nitrate-based electrolytes (i.e., NaNO3-H2O and KNO3-H2O) exhibited remarkably high capacitances on the positively (183 F g–1 for NaNO3-H2O and 157 F g–1 for KNO3-H2O) and negatively charged (295 F g–1 for NaNO3-H2O and 210 F g–1 for KNO3-H2O) electrodes. To the best of our knowledge, such high capacitances have previously been achieved in the case of acidic or alkaline electrolytes, but not with neutral, salt-based aqueous electrolytes in combination with fibrous electrodes. 

Although the quaternary-ammonium-salt- and IL-based electrolytes have somewhat lower capacitances than the aqueous solutions, they exhibit significantly higher energy densities. This observation can be explained by the potential doubling owing to wider electrode potential limits because energy density is not only dependent on the capacitance but also significantly on the applied voltage (U2), as shown in Equation 1. 

Compared to quaternary-ammonium-based electrolytes, ILs are known to have lower conductivity but somewhat higher capacitance, as measured for porous carbon electrodes (Pohlmann, n.d.). A similar effect was observed with the fibrous electrodes. As with 
IL-based electrolytes, the highest capacitance of 105.6 F g–1 was achieved with the 
EMIm-BF4/ACN electrolyte for the positively charged electrode; however, a significantly lower capacitance of 76.2 F g–1 was achieved on the negatively charged electrode. 
In a symmetrical cell configuration, it is known that the lower-capacitance electrode from asymmetric cell performance will also be a limiting factor for full-cell performance. A more stable system was established with the EMIm-TFSI/ACN electrolyte, as shown in the cyclic voltammograms (Figure 17). A uniform capacitance level of 89.8 F g–1 was achieved for the positively and negatively charged electrodes with the EMIm-TFSI/ACN electrolyte. 

The resistance behaviour of all three electrolyte types in the asymmetric test-cell configuration was evaluated by electrochemical impedance spectroscopy in the AC frequency range of 200 kHz to 5 mHz, at a fixed electrode potential. For the aqueous electrolytes, the electrode potential was chosen to be 0 V vs AgǀAgCl reference, and with organic electrolytes, –0.5 V vs carbon reference. The obtained Nyquist plots are shown in Figure 18.
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[bookmark: _Toc76244270]Figure 18. Nyquist plot for the electrolyte–carbon interface.

The performance that most closely resembled that of the EDL fibrous electrodes was achieved using aqueous electrolytes, where a near-vertical line was reached in the 
low-frequency area. The highest charge-transfer resistance was observed for both IL-based electrolytes in the high-frequency region. The reason for such a high charge-transfer resistance can be explained by the impedance of the interface at the current collector/active material or mass transfer resistance inside the porous electrode fibres at high frequencies. In general, the lowest resistance was observed for aqueous electrolytes and the highest for organic-IL-based electrolytes. This phenomenon can be explained by the higher viscosity and lower conductivity of IL-based electrolytes compared to those of aqueous and quaternary-ammonium-based electrolytes. A more detailed impedance analysis can be found in Papers II and III. 



[bookmark: _Toc66625362]Electrochemical evaluation of symmetrical cells

[bookmark: _Toc66625363] Electrochemical specification of symmetrical cells

A two-electrode test-cell configuration was used to analyse the symmetrical full device of the fibrous electrodes. This configuration of the test cell provides the closest performance to the actual prototype cells. Electrolyte selection was based on the results of asymmetric configuration analysis. The best electrolyte candidates were selected from aqueous, organic, and IL-based electrolytes. The energy and power of the fibrous CDC-based materials were analysed for each electrolyte type. The specific capacitance and resistance of the symmetrical cells were evaluated by CV and EIS, respectively. The electrochemical performances of NaNO3-H2O, SBP-BF4/ACN, and EMIm-TFSI/ACN in the two-electrode configurations are listed in Table 7. 



[bookmark: _Toc72058127]Table 7. Electrochemical performances of symmetrical cells.

		Electrolyte

		Molarity

		Voltage range,

		Specific

Capacitance

of Carbon*,

		Specific

Capacitance of Electrode*,

		Specific Resistance Rs  at 1 kHz,

		Energy Density*,

		Power Density*,



		

		M

		V

		F g–1

		F g–1

		Ω cm2

		J g–1

		W g–1



		NaNO3/H2O

		1.0

		0–1.0

		127

		29.4

		7.1

		13.3

		0.27



		SBP-BF4/ACN

		1.5

		0–2.3

		110

		26.5

		9.0

		72.9

		0.63



		EMIm-TFSI/ACN

		1.5

		0–2.3

		105

		25.3

		92.6

		69.2

		0.60





*Calculated from CV plots at 20 mV s–1



As shown in Table 7, the highest specific capacitance of 127 F g–1 and the lowest specific resistance of 7.1 Ω cm2 was achieved with 1.0 M aqueous NaNO3/H2O electrolyte solution. Compared to the studied organic and IL-based electrolytes, NaNO3 also has the smallest solvated anion and cation sizes, which enables and supports better ion absorption of the fibrous electrode into CDC nanopores. In general, the specific capacitance increases in the following order: SBP-BF4 < EMIm-TFSI < NaNO3, which correlates well with the size of the solvated ions in the electrolytes. 

To characterise and compare energy storage devices with different properties, the relationship between the energy and power density is presented through the Ragone plot (see Figure 19), and the respective values were calculated according to Equations 1 and 2. The operating voltages for aqueous and organic electrolytes were chosen to be 1 V and 2.3 V, respectively. The higher operating voltage of the 1.0 M SBP-BF4/ACN electrolyte has 5.5 times the energy density and 2.3 times the power density of lower-operating-voltage supercapacitors. This can be clearly seen in the Ragone plot in Figure 19. Therefore, increasing the operating voltage is preferred for energy storage applications. The energy and power performances of CDC-based electrospun electrodes were significantly improved by using non-aqueous electrolytes. 

[image: ]

[bookmark: _Toc76244271]Figure 19. Ragone plot of fibrous symmetrical cells in various electrolytes.

[bookmark: _Toc66625364]Lifetime analysis of symmetrical EDL cells

The estimation of the ageing of energy storage systems is an important parameter to assess when researching new materials. The growing demand for ageing information stems from an application perspective, as the lifespan of a supercapacitor should be relatively long—for cars, for example. The lifetime expectancy of energy storage systems is approximately 5000 h, corresponding to 750 000 starting/braking cycles (Hammar et al., 2011). The lifespan of supercapacitors can be evaluated using two different methodologies: accelerated lifetime by means of a constant voltage hold or by charge–discharge cycling. The end of life (EOL) criteria are the same for both methods; the EOL is reached when a capacitance decrease of 20% or resistance increase of 100% from the initial values (Murray & Hayes, 2015). In the present study, the charge–discharge cycle method of fibrous electrodes was applied to different electrolyte systems. The applied cycling voltage range was chosen to be 0–1 V for aqueous electrolytes and 0–2.3 V for organic electrolytes; a CV voltage scan rate of 20 mV s–1 was used. For the intermediate specification, the capacitance values were calculated by CV and resistance values by the EIS method. The cycle-life performances of the selected electrolytes are presented in Figure 20A, B. 

The change in capacitance over the cycles is shown in Figure 20A. The most stable 
cycle life was achieved with a quaternary-ammonium-salt-based organic electrolyte 
(SBP-BF4/ACN), where only a 2% loss of capacitance was observed for the first 1000 cycles. However, with the IL-based electrolyte, 1.5 M EMIm-TFSI/ACN, an exponential decrease in capacitance was observed during the first 800 cycles. Such a rapid capacitance decrease at the beginning of the cycling may be due to the relatively high viscosity of the IL-based electrolyte and the relatively high voltage-scanning rate of 20 mV s–1 used to support inefficient ion transfer and adsorption of electrolyte ions to carbon pores (Balbuena, 2014). The resistance and capacitance of the H2O based KNO3 capacitor were almost constant over the cycles.
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[bookmark: _Toc76244272]Figure 20. Cycle-life performance of 1.0 M NaNO3/H2O, 1.5 M SBP-BF4/ACN, and 1.5 M EMIm-TFSI/ACN: A) capacitance change during cycling and B) resistance change during cycling.





[bookmark: _Toc66625365]Conclusions

The aim of this study was to develop a new approach for preparing electrospun carbonaceous electrodes for supercapacitors. For this purpose, optimal combinations of CDC and conductive additives were used. The influence of densification temperature and pressure on the mechanical, morphological, and electrochemical properties was studied. Electrochemical evaluation was carried out with aqueous and non-aqueous electrolytes to achieve the highest possible capacitance. The characteristics of the electrospun 
CDC-based fibrous electrodes were analysed using SEM, BET, and mechanical and thermal testing. For evaluating the electrochemical properties, the three most common techniques were used (CV, GC, and EIS). Based on the study, the following conclusions can be drawn: 

1. A novel approach for preparing fibrous electrodes for supercapacitors without post-carbonization was introduced, where CDC was the main capacitive material and CB a conductive additive in electrospun fibres of PAN in DMF solution. 
The highest specific capacitance of 114 F g–1 with acceptable mechanical properties was achieved with a CDC to CB ratio of 80/20.

2. According to the current research, the densification temperature and pressure had a remarkable influence on the mechanical, morphological, and electrochemical properties of fibrous CDC-based electrode materials. The optimal densification parameters were achieved with a pressure of 2.5 MPa and temperature of 75 °C. These parameters were not found to have a negative influence on the structure and morphology of CDC-based fibrous electrodes; however, the capacitance was increased approximately 9-fold compared to the electrode samples for which densification was not applied. Overall, the specific stress for the fibrous electrodes was approximately 20-fold higher than that of the roll-cast electrode. 

3. The CDC-based fibrous electrodes tested in aqueous electrolytes showed highest capacitances of 182.8 F g–1 and 295.1 F g–1 for positively and negatively charged potentials, respectively, in a 1.0 NaNO3/H2O electrolyte. This is the highest specific capacitance achieved with fibrous electrodes in neutral aqueous electrolytes, to our knowledge. 

4. CDC-based fibrous electrodes tested in organic electrolytes showed a highest capacitance of 89.9 F g–1 for positively and negatively charge electrodes and a potential window of 3.5 V in 1.5 M EMIm-TFSI/ACN electrolyte. 

5. Electrolyte studies with symmetrical test-cell configuration revealed a highest energy density 72.9 J g–1 and power density of 0.63 W g–1 with 1.5 M SBP-BF4/ACN electrolyte. Furthermore, no remarkable loss in cycle stability was observed with the same electrolyte. Previous studies indicated that fibrous electrodes are suitable for high energy density and for mechanically demanding applications. 



The results of the current study pave the way for further improvement of the properties of fibrous composite electrodes for energy storage applications. There is a need to explore methods that decrease the polymer content of CDC-based fibrous electrodes and increase the specific capacitance of the elements. Furthermore, it is necessary to find opportunities to increase the power density of CDC-based fibrous electrodes containing supercapacitor elements. 

[bookmark: _Toc66625366]List of Figures

Figure 1. Mechanism of electrical double-layer capacitors.	12

Figure 2. Specific energy vs specific power for energy storage devices.	13

Figure 3. Carbon allotropes used in supercapacitors .	13

Figure 4. A) Model of the CDC structure and B) TEM image of  TiC-CDC.	15

Figure 5. Molecular structure of PAN.	16

Figure 6. Categorization of electrolytes.	18

Figure 7. (Left center) Scheme of electrospinning process (Right) Formation of a Taylor cone	20

Figure 8. Principle of the ball-milling method	21

Figure 9. Examples of two- and three- electrode cell configurations: A) current vs. potential and B) potential vs. time performance.	23

Figure 10. Nyquist plot of typical EDL device.	24

Figure 11. Current and voltage curves of EDL capacitors during constant current charge–discharge.	25

Figure 12. Solution preparation process.	28

Figure 13. Electrospinning setup.	29

Figure 14. SEM analysis of electrospun samples with two different magnifications and densification temperatures: A,B) 25 °C; C,D) 75 °C; E,F) 95 °C; and G,H) 125 °C.	34

Figure 15. Cyclic voltammograms of measured aqueous electrolytes with fibrous electrodes.	36

Figure 16. IR absorption spectrum: A) PAN fibre and B) PAN fibres soaked in aqueous electrolytes Na2SO4-H2O, NaNO3-H2O, and KNO3-H2O.	38

Figure 17. Cyclic voltammograms of measured organic electrolytes with fibrous electrodes.	40

Figure 18. Nyquist plot for the electrolyte–carbon interface.	42

Figure 19. Ragone plot of fibrous symmetrical cells in various electrolytes.	44

Figure 20. Cycle-life performance of 1.0 M NaNO3/H2O, 1.5 M SBP-BF4/ACN, and 1.5 M EMIm-TFSI/ACN: A) capacitance change during cycling and B) resistance change during cycling.	45



[bookmark: _Toc66625367]List of Tables

Table 1. Materials and methods	27

Table 2. Electrochemical characteristics of densification studies (two-electrode measurements).	32

Table 3. Decomposition characteristics of fibrous electrospun electrode.	35

Table 4. Characteristics of anions and cations of aqueous electrolytes	36

Table 5. Characteristics of anions and cations of organic electrolytes	40

Table 6. Comparison of electrochemical characteristics of tested aqueous and organic electrolytes in asymmetric cells.	41

Table 7. Electrochemical performances of symmetrical cells.	43





54

[bookmark: _Toc66625368]References

Ahn, D., Choi, H.-J., Kim, H., & Yeo, S. Y. (2020). Properties of Conductive Polyacrylonitrile Fibres Prepared by Using Benzoxazine Modified Carbon Black. Polymers, 12(1), 179. https://doi.org/10.3390/polym12010179
Ali, B. A., Biby, A. H., & Allam, N. K. (2020a). Fullerene C 76: An Unexplored Superior Electrode Material with Wide Operating Potential Window for 
High‐Performance Supercapacitors. ChemElectroChem, 7(7), 1672–1678. https://doi.org/10.1002/celc.202000192
Ali, B. A., Biby, A. H., & Allam, N. K. (2020b). Fullerene C 76: An Unexplored Superior Electrode Material with Wide Operating Potential Window for 
High‐Performance Supercapacitors. ChemElectroChem, 7(7), 1672–1678. https://doi.org/10.1002/celc.202000192
Andersen, J. N. (1956). Silicon tetrachloride manufacture (United States Patent 
No. US2739041A). https://patents.google.com/patent/US2739041A/en
Ariyanto, T., Glaesel, J., Kern, A., Zhang, G.-R., & Etzold, B. J. M. (2019). Improving control of carbide-derived carbon microstructure by immobilization of a transition-metal catalyst within the shell of carbide/carbon core–shell structures. Beilstein Journal of Nanotechnology, 10, 419–427. https://doi.org/10.3762/bjnano.10.41
Arulepp, M., Permann, L., Leis, J., Perkson, A., Rumma, K., Jänes, A., & Lust, E. 
(2004). Influence of the solvent properties on the characteristics of a 
double layer capacitor. Journal of Power Sources, 133(2), 320–328. https://doi.org/10.1016/j.jpowsour.2004.03.026
Arulepp, M.; Leis, J.; Käärik, M.; Perkson, A. (2010). Carbide-Derived Carbons as Capacitor Materials. Proceedings of the sixth International Symposium on Large EC capacitors Technology and applications: Advanced Automotive Battery and EC Capacitor Conference; Omni Orlando Resort, Orlando, Florida, USA; May 17-21, 2010. Orlando, Florida, USA: Advanced Automotive Batteries, 55−64.
Asaka, K. (1990). Dielectric properties of cellulose acetate reverse osmosis membranes in aqueous salt solutions. Journal of Membrane Science, 50(1), 71–84. https://doi.org/10.1016/S0376-7388(00)80887-X
Aussawasathien, D. (2006). ELECTROSPUN CONDUCTING NANOFIBRE-BASED MATERIALS AND THEIR CHARACTERIZATIONS: EFFECTS OF FIBRE CHARACTERISTICS ON PROPERTIES AND APPLICATIONS [University of Akron]. https://etd.ohiolink.edu/pg_10?::NO:10:P10_ETD_SUBID:46497
Babitha, S., Rachita, L., Karthikeyan, K., Shoba, E., Janani, I., Poornima, B., & Purna Sai, K. (2017). Electrospun protein nanofibres in healthcare: A review. 
International Journal of Pharmaceutics, 523(1), 52–90. https://doi.org/10.1016/j.ijpharm.2017.03.013
Balbuena, P. B. (2014). Electrolyte materials—Issues and challenges. 82–97. https://doi.org/10.1063/1.4878481
Balducci, A., Dugas, R., Taberna, P. L., Simon, P., Plée, D., Mastragostino, M., & 
Passerini, S. (2007). High temperature carbon–carbon supercapacitor 
using ionic liquid as electrolyte. Journal of Power Sources, 165(2), 922–927. https://doi.org/10.1016/j.jpowsour.2006.12.048
Bärtsch, M., Sauter, J.-C., & Kötz, R. (n.d.). TESTING OF SUPERCAPACITORS AT PSI. 3.
Bashir, Z., & Nagar, P. (n.d.). Polyacrylonitrile, an unusual linear homopolymer with tWo glass transitions. 9.
Becker, H. I. (1957). Low voltage electrolytic capacitor (United States Patent 
No. US2800616A). https://patents.google.com/patent/US2800616A/en
Béguin, F., Presser, V., Balducci, A., & Frackowiak, E. (2014). Carbons and Electrolytes for Advanced Supercapacitors. Advanced Materials, 26(14), 2219–2251. https://doi.org/10.1002/adma.201304137
Benavente, J. (2005). Electrochemical Impedance Spectroscopy as a Tool for Electrical and Structural Characterizations of Membranes in Contact with Electrolyte Solutions. In Recent Advances in Multidisciplinary Applied Physics (pp. 463–471). Elsevier. https://doi.org/10.1016/B978-008044648-6.50074-4
Benavente, J., Ramos-Barrado, J. R., & Heredia, A. (1998). A study of the electrical behaviour of isolated tomato cuticular membranes and cutin by impedance spectroscopy measurements. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 140(1), 333–338. https://doi.org/10.1016/S0927-7757(97)00290-2
Brazis, V., Latkovskis, L., & Grigans, L. (2010). Simulation of Trolleybus Traction Induction Drive with Supercapacitor Energy Storage System. Latvian Journal of Physics and Technical Sciences, 47(5), 33–47. https://doi.org/10.2478/v10047-010-0023-0
Burke, A., & Zhao, H. (2015). Applications of Supercapacitors in Electric and Hybrid Vehicles. 15.
Chapman, D. L. (1913). LI. A contribution to the theory of electrocapillarity. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science, 25(148), 475–481. https://doi.org/10.1080/14786440408634187
Conley, R. T., & Bieron, J. F. (1963). Examination of the oxidative degradation of polyacrylonitrile using infrared spectroscopy. Journal of Applied Polymer Science, 7(5), 1757–1773. https://doi.org/10.1002/app.1963.070070516
Conway, B. E. (1999). Electrochemical supercapacitors: Scientific fundamentals and technological applications. Plenum Press.
Cooley, J. F. (1902). Apparatus for electrically dispersing fluids (United States Patent 
No. US692631A). https://patents.google.com/patent/US692631A/en
C. Piras, C., Fernández-Prieto, S., & Borggraeve, W. M. D. (2019). Ball milling: 
A green technology for the preparation and functionalisation of 
nanocellulose derivatives. Nanoscale Advances, 1(3), 937–947. https://doi.org/10.1039/C8NA00238J
Dash, R. K., Yushin, G., & Gogotsi, Y. (2005). Synthesis, structure and porosity 
analysis of microporous and mesoporous carbon derived from zirconium 
carbide. Microporous and Mesoporous Materials, 86(1–3), 50–57. https://doi.org/10.1016/j.micromeso.2005.05.047
Ding, B., & Yu, J. (2014). Electrospun Nanofibres for Energy and Environmental Applications. Springer Science & Business Media.
Donnet, J.-B. (1993). Carbon Black: Science and Technology, Second Edition. CRC Press.
Doyle, J. J., Choudhari, S., Ramakrishna, S., & Babu, R. P. (2013). Electrospun Nanomaterials: Biotechnology, Food, Water, Environment, and Energy. Conference Papers in Materials Science, 2013, 1–14. https://doi.org/10.1155/2013/269313
Drew, C., Wang, X., Bruno, F. F., Samuelson, L. A., & Kumar, J. (2005). Electrospun polymer nanofibres coated with metal oxides by liquid phase deposition. Composite Interfaces, 11(8–9), 711–724. https://doi.org/10.1163/1568554053148744
Dyatkin, B., Gogotsi, O., Malinovskiy, B., Zozulya, Y., Simon, P., & Gogotsi, Y. (2016). High capacitance of coarse-grained carbide derived carbon electrodes. Journal of Power Sources, 306, 32–41. https://doi.org/10.1016/j.jpowsour.2015.11.099
Dyatkin, B., & Gogotsi, Y. (2014). Effects of structural disorder and surface chemistry on electric conductivity and capacitance of porous carbon electrodes. Faraday Discuss. https://doi.org/10.1039/C4FD00048J
Electrospinning Archives. (n.d.). Yflow S.D. Retrieved 3 August 2020, from http://www.yflow.com/category/electrospinning/
Electrospinning—CEST - Laboratory Equipment. (n.d.). Retrieved 9 November 2020, from https://cest.at/en/laboratory-equipment/electrospinning/
Elgrishi, N., Rountree, K. J., McCarthy, B. D., Rountree, E. S., Eisenhart, T. T., & 
Dempsey, J. L. (2018). A Practical Beginner’s Guide to Cyclic Voltammetry. 
Journal of Chemical Education, 95(2), 197–206. https://doi.org/10.1021/acs.jchemed.7b00361
Endo, M., Takeda, T., Kim, Y. J., Koshiba, K., & Ishii, K. (2001). High Power Electric Double Layer Capacitor (EDLC’s); from Operating Principle to Pore Size Control in Advanced Activated Carbons. 1(3), 13.
Frackowiak, E. (2007). Carbon materials for supercapacitor application. Physical Chemistry Chemical Physics, 9(15), 1774. https://doi.org/10.1039/b618139m
Frackowiak, E., & Béguin, F. (2001). Carbon materials for the electrochemical storage of energy in capacitors. Carbon, 39(6), 937–950. https://doi.org/10.1016/S0008-6223(00)00183-4
Garche, J., Dyer, C. K., Moseley, P. T., Ogumi, Z., Rand, D. A. J., & Scrosati, B. (2013). Encyclopedia of Electrochemical Power Sources. Newnes.
Ge, Y., Xie, X., Roscher, J., Holze, R., & Qu, Q. (2020). How to measure and report the capacity of electrochemical double layers, supercapacitors, and their electrode materials. Journal of Solid State Electrochemistry, 24(11), 3215–3230. https://doi.org/10.1007/s10008-020-04804-x
Ghrib, T. (2018). Porosity: Process, Technologies and Applications. BoD – Books on Demand.
Giubileo, F., Di Bartolomeo, A., Iemmo, L., Luongo, G., & Urban, F. (2018). Field Emission from Carbon Nanostructures. Applied Sciences, 8(4), 526. https://doi.org/10.3390/app8040526
Gogotsi, Y. (2006). Nanomaterials Handbook. CRC Press.
Gogotsi, Y., Nikitin, A., Ye, H., Zhou, W., Fischer, J. E., Yi, B., Foley, H. C., & Barsoum, M. W. (2003). Nanoporous carbide-derived carbon with tunable pore size. Nature Materials, 2(9), 591–594. https://doi.org/10.1038/nmat957
Gouy, M. (1910). Sur la constitution de la charge électrique à la surface d’un électrolyte. Journal de Physique Théorique et Appliquée, 9(1), 457–468. https://doi.org/10.1051/jphystap:019100090045700
Gudavalli, G. S., & Dhakal, T. P. (2018). Simple Parallel-Plate Capacitors to High–Energy Density Future Supercapacitors. In Emerging Materials for Energy Conversion and Storage (pp. 247–301). Elsevier. https://doi.org/10.1016/B978-0-12-813794-9.00008-9
Guo, Q., Zhou, X., Li, X., Chen, S., Seema, A., Greiner, A., & Hou, H. (2009). 
Supercapacitors based on hybrid carbon nanofibres containing multiwalled carbon nanotubes. Journal of Materials Chemistry, 19(18), 2810–2816. https://doi.org/10.1039/B820170F
Hammar, A., Venet, P., Lallemand, R., & Rojat, G. (2011). Study of Accelerated Aging of Supercapacitors for Transport Applications. Industrial Electronics, IEEE Transactions On, 57, 3972–3979. https://doi.org/10.1109/TIE.2010.2048832
Hao, F., & Lin, H. (2013). Recent molecular engineering of room temperature ionic liquid electrolytes for mesoscopic dye-sensitized solar cells. RSC Advances, 3(45), 23521. https://doi.org/10.1039/c3ra44209h
He, T., Fu, Y., Meng, X., Yu, X., & Wang, X. (2018). A novel strategy for the high performance supercapacitor based on polyacrylonitrile-derived porous nanofibres as electrode and separator in ionic liquid electrolyte. Electrochimica Acta, 282, 97–104. https://doi.org/10.1016/j.electacta.2018.06.029
Heikkila, P., & Harlin, A. (2009). Electrospinning of polyacrylonitrile (PAN) solution: Effect of conductive additive and filler on the process. Express Polymer Letters, 3(7), 437–445. https://doi.org/10.3144/expresspolymlett.2009.53
Helmholtz, H. (1853). Ueber einige Gesetze der Vertheilung elektrischer Ströme in körperlichen Leitern mit Anwendung auf die thierisch-elektrischen Versuche. Annalen Der Physik, 165(6), 211–233. https://doi.org/10.1002/andp.18531650603
Hester, R. E., & Harrison, R. M. (2018). Energy Storage Options and Their Environmental Impact. Royal Society of Chemistry.
Huang, X. (2009). Fabrication and Properties of Carbon Fibres. Materials, 2(4), 2369–2403. https://doi.org/10.3390/ma2042369
Hutchins, O. (1918). Method for the production of silicon tetrachlorid (United States Patent No. US1271713A). https://patents.google.com/patent/US1271713A/en
Ibukun, O., & Jeong*, H. K. (2019). Effects of Aqueous Electrolytes in Supercapacitors. New Physics: Sae Mulli, 69(2), 154–158. https://doi.org/10.3938/NPSM.69.154
Inamuddin, Boddula, R., Ahamed, M. I., & Asiri, A. M. (2019). Supercapacitor Technology: Materials, Processes and Architectures. Materials Research Forum LLC.
Inamuddin, Boddula, R., Ahmer, M. F., & Asiri, A. M. (2019). Morphology Design Paradigms for Supercapacitors. CRC Press.
Israelachvili, J. N. (2011). 4—Interactions Involving Polar Molecules. In J. N. Israelachvili (Ed.), Intermolecular and Surface Forces (Third Edition) (pp. 71–90). Academic Press. https://doi.org/10.1016/B978-0-12-375182-9.10004-1
Javed, K., Oolo, M., Savest, N., & Krumme, A. (2019). A Review on Graphene-Based Electrospun Conductive Nanofibres, Supercapacitors, Anodes, and Cathodes for Lithium-Ion Batteries. Critical Reviews in Solid State and Materials Sciences, 44(5), 427–443. https://doi.org/10.1080/10408436.2018.1492367
Jeong, J. S., Jeon, S. Y., Lee, T. Y., Park, J. H., Shin, J. H., Alegaonkar, P. S., Berdinsky, A. S., & Yoo, J. B. (2006). Fabrication of MWNTs/nylon conductive composite nanofibres by electrospinning. Diamond and Related Materials, 15(11), 
1839–1843. https://doi.org/10.1016/j.diamond.2006.08.026
Ji, H., Zhao, X., Qiao, Z., Jung, J., Zhu, Y., Lu, Y., Zhang, L. L., MacDonald, A. H., & Ruoff, R. S. (2014). Capacitance of carbon-based electrical double-layer capacitors. Nature Communications, 5(1), 1–7. https://doi.org/10.1038/ncomms4317
Junoh, H., Jaafar, J., Mohd Norddin, M. N. A., Ismail, A. F., Othman, M. H. D., Rahman, M. A., Yusof, N., Wan Salleh, W. N., & Ilbeygi, H. (2015). A Review on the Fabrication of Electrospun Polymer Electrolyte Membrane for Direct Methanol Fuel Cell. Journal of Nanomaterials, 2015, 1–16. https://doi.org/10.1155/2015/690965

Käärik, M., Arulepp, M., Käärik, M., Maran, U., & Leis, J. (2020). Characterization and prediction of double-layer capacitance of nanoporous carbon materials using the Quantitative nano-Structure-Property Relationship approach based on experimentally determined porosity descriptors. Carbon 158, 494–504. https://doi.org/10.1016/j.carbon.2019.11.017
Käärik, M., Arulepp, M., Kook, M., Mäeorg, U., Kozlova, J., Sammelselg, V., Perkson, A., & Leis, J. (2018). Characterisation of steam-treated nanoporous carbide-derived carbon of TiC origin: Structure and enhanced electrochemical performance. Journal of Porous Materials, 25(4), 1057–1070. https://doi.org/10.1007/s10934-017-0517-8
Käärik, M., Maran, U., Arulepp, M., Perkson, A., Leis, J., (2018). Quantitative nano-structure−property relationships for the nanoporous carbon: predicting the performance of energy storage materials. ACS Applied Energy Materials, 1 (8), 4016−4024. DOI: 10.1021/acsaem.8b00708.
Karakaş, H. (n.d.). ELECTROSPINNING OF NANOFIBRES AND THEIR APPLICATIONS. 35.
Keypour, H., Noroozi, M., & Rashidi, A. (2013). An improved method for the purification of fullerene from fullerene soot with activated carbon, celite, and silica gel stationary phases. Journal of Nanostructure in Chemistry, 3(1). https://doi.org/10.1186/2193-8865-3-45
Khalid, M., Bhardwaj, P., & Varela, H. (2018). Carbon-Based Composites for Supercapacitor. Science, Technology and Advanced Application of Supercapacitors. https://doi.org/10.5772/intechopen.80393
Ko, F. K., & Wan, Y. (2014). Introduction to Nanofibre Materials. Cambridge University Press.
Korycka, P., Mirek, A., Kramek-Romanowska, K., Grzeczkowicz, M., & Lewińska, D. (2018). Effect of electrospinning process variables on the size of polymer fibres and bead-on-string structures established with a 23 factorial design. Beilstein Journal of Nanotechnology, 9, 2466–2478. https://doi.org/10.3762/bjnano.9.231
Kroto, H. (1997). Symmetry, space, stars and C 60. Reviews of Modern Physics, 69(3), 
703–722. https://doi.org/10.1103/RevModPhys.69.703
Kumar Panda, P., Grigoriev, A., Kumar Mishra, Y., & Ahuja, R. (2020). Progress in supercapacitors: Roles of two dimensional nanotubular materials. Nanoscale Advances, 2(1), 70–108. https://doi.org/10.1039/C9NA00307J
Lee, S., Kim, J., Ku, B.-C., Kim, J., & Joh, H.-I. (2012). Structural Evolution of Polyacrylonitrile Fibres in Stabilization and Carbonization. Advances in Chemical Engineering and Science, 02(02), 275–282. https://doi.org/10.4236/aces.2012.22032
Leis, J., Perkson, A., Arulepp, M., Käärik, M., & Svensson, G. (2001). Carbon nanostructures produced by chlorinating aluminium carbide. Carbon, 39(13), 2043–2048. https://doi.org/10.1016/S0008-6223(01)00020-3
Leis, J., Perkson, A., Arulepp, M., Nigu, P., Svensson, G. (2002). Catalytic effects of 
metals of the iron subgroup on the chlorination of titanium carbide 
to form nanostructural carbon. Carbon, 40 (9), 1559−1564. https://doi.org/10.1016/S0008-6223(02)00019-2
Leis, J., Arulepp, M., Käärik, M., Perkson, A. (2010) The effect of Mo2C derived 
carbon pore size on the electrical double-layer characteristics in 
propylene carbonate-based electrolyte. Carbon 48(14), 4001-4008. https://doi.org/10.1016/j.carbon.2010.07.003
Li, J., Su, S., Zhou, L., Kundrát, V., Abbot, A. M., Mushtaq, F., Ouyang, D., James, D., Roberts, D., & Ye, H. (2013). Carbon nanowalls grown by microwave plasma enhanced chemical vapor deposition during the carbonization of polyacrylonitrile fibres. Journal of Applied Physics, 113(2), 024313. https://doi.org/10.1063/1.4774218
Li, X., Zhao, Y., Bai, Y., Zhao, X., Wang, R., Huang, Y., Liang, Q., & Huang, Z. (2017). A Non-Woven Network of Porous Nitrogen-doping Carbon Nanofibres as a Binder-free Electrode for Supercapacitors. Electrochimica Acta, 230, 445–453. https://doi.org/10.1016/j.electacta.2017.02.030
Li, Z., Xu, K., & Pan, Y. (2019). Recent development of Supercapacitor Electrode Based on Carbon Materials. Nanotechnology Reviews, 8(1), 35–49. https://doi.org/10.1515/ntrev-2019-0004
Libich, J., Máca, J., Vondrák, J., Čech, O., & Sedlaříková, M. (2018). Supercapacitors: Properties and applications. Journal of Energy Storage, 17, 224–227. https://doi.org/10.1016/j.est.2018.03.012
Liu, Y., & Kumar, S. (2012). Recent Progress in Fabrication, Structure, and Properties of Carbon Fibres. Polymer Reviews, 52(3), 234–258. https://doi.org/10.1080/15583724.2012.705410
Lu, W., & Dai, L. (2010). Carbon Nanotube Supercapacitors. Carbon Nanotubes. https://doi.org/10.5772/39444
Lyu, H., Gao, B., He, F., Ding, C., Tang, J., & Crittenden, J. C. (2017). Ball-Milled 
Carbon Nanomaterials for Energy and Environmental Applications. 
ACS Sustainable Chemistry & Engineering, 5(11), 9568–9585. https://doi.org/10.1021/acssuschemeng.7b02170
Maletin, Y., Strizhakova, N., Kozachkov, S., Mironova, A., Podmogilny, S., Danilin, V., Kolotilova, J., Izotov, V., Cederström, J., Konstantinovich, S. G., Aleksandrovna, J. K., Vasilevitj, V. S., Efimovitj, A. K., Perkson, A., Arulepp, M., Leis, J., Wallace, C. L., & Zheng, J. (2004). Supercapacitor and a method of manufacturing such a supercapacitor (United States Patent No. US6697249B2). https://patents.google.com/patent/US6697249B2/en
Malmberg, S., Arulepp, M., Savest, N., Tarasova, E., Vassiljeva, V., Krasnou, I., Käärik, M., Mikli, V., & Krumme, A. (2020). Directly electrospun electrodes for electrical double-layer capacitors from carbide-derived carbon. Journal of Electrostatics, 103, 103396. https://doi.org/10.1016/j.elstat.2019.103396
Mao, X., Hatton, T., & Rutledge, G. (2013). A Review of Electrospun Carbon Fibres as Electrode Materials for Energy Storage. Current Organic Chemistry, 17(13), 
1390–1401. https://doi.org/10.2174/1385272811317130006
Mei, B.-A., Munteshari, O., Lau, J., Dunn, B., & Pilon, L. (2018). Physical Interpretations of Nyquist Plots for EDLC Electrodes and Devices. The Journal of Physical Chemistry C, 122(1), 194–206. https://doi.org/10.1021/acs.jpcc.7b10582
Miao, Y.-E., & Liu, T. (2019). Electrospun Nanofibre Electrodes. In Electrospinning: Nanofabrication and Applications (pp. 641–669). Elsevier. https://doi.org/10.1016/B978-0-323-51270-1.00021-2
Mishra, A., Shetti, N. P., Basu, S., Reddy, K. R., & Aminabhavi, T. M. (2020). Chapter 7—Recent developments in ionic liquid-based electrolytes for energy storage supercapacitors and rechargeable batteries. In Inamuddin, A. M. Asiri, & S. Kanchi (Eds.), Green Sustainable Process for Chemical and Environmental Engineering and Science (pp. 199–221). Elsevier. https://doi.org/10.1016/B978-0-12-817386-2.00007-X
Mitchell, P., Xi, X., Zhong, L., & Zou, B. (2013). Method of manufacturing an 
electrode (European Union Patent No. EP2357046B1). https://patents.google.com/patent/EP2357046B1/en
Murray, D. B., & Hayes, J. G. (2015). Cycle Testing of Supercapacitors for Long-Life Robust Applications. IEEE Transactions on Power Electronics, 30(5), 2505–2516. https://doi.org/10.1109/TPEL.2014.2373368
Nascimento, M. L. F., Araújo, E. S., Cordeiro, E. R., de Oliveira, A. H. P., & 
de Oliveira, H. P. (2015). A Literature Investigation about Electrospinning 
and Nanofibres: Historical Trends, Current Status and Future Challenges. 
Recent Patents on Nanotechnology, 9(2), 76–85. https://doi.org/10.2174/187221050902150819151532
Pal, B., Yang, S., Ramesh, S., Thangadurai, V., & Jose, R. (2019). Electrolyte selection for supercapacitive devices: A critical review. Nanoscale Advances, 1(10), 
3807–3835. https://doi.org/10.1039/C9NA00374F
Pan, H., Li, J., & Feng, Y. P. (2010). Carbon Nanotubes for Supercapacitor. Nanoscale Research Letters, 5(3), 654–668. https://doi.org/10.1007/s11671-009-9508-2
Parekh, S. A., David, R. N., Bannuru, K. K. R., Krishnaswamy, L., & Baji, A. (2018). Electrospun Silver Coated Polyacrylonitrile Membranes for Water Filtration Applications. Membranes, 8(3). https://doi.org/10.3390/membranes8030059
Park, S. H., Jo, S. M., Kim, D. Y., Lee, W. S., & Kim, B. C. (2005). Effects of iron 
catalyst on the formation of crystalline domain during carbonization of electrospun acrylic nanofibre. Synthetic Metals, 150(3), 265–270. https://doi.org/10.1016/j.synthmet.2005.02.010
Pohlmann, S. (n.d.). Ionic Liquids and Conductive Salts in Supercapacitors: Investigations on Carbon-Electrolyte Interaction [PhD Thesis]. Westfälische Wilhelms-University.
Pohlmann, S., Lobato, B., Centeno, T. A., & Balducci, A. (2013). The influence of pore size and surface area of activated carbons on the performance of ionic liquid based supercapacitors. Physical Chemistry Chemical Physics, 15(40), 17287. https://doi.org/10.1039/c3cp52909f
Presser, V., Heon, M., & Gogotsi, Y. (2011). Carbide-Derived Carbons—From Porous Networks to Nanotubes and Graphene. Advanced Functional Materials, 21(5), 810–833. https://doi.org/10.1002/adfm.201002094
Qin, X.-H., Yang, E.-L., Li, N., & Wang, S.-Y. (2007). Effect of different salts on electrospinning of polyacrylonitrile (PAN) polymer solution. Journal of Applied Polymer Science, 103(6), 3865–3870. https://doi.org/10.1002/app.25498
Radu, P., Szelag, A., & Steczek, M. (2019). On-Board Energy Storage Devices with Supercapacitors for Metro Trains—Case Study Analysis of Application Effectiveness. Energies, 12(7), 1291. https://doi.org/10.3390/en12071291
Rajendran, S. (2016). Applications of Cyclic voltammetry in Corrosion inhibition studies Int J Nano Corr Sci and Engg 3(4)(2016) Applications of Cyclic voltammetry Applications of Cyclic voltammetry in Corrosion inhibition studies National Level Seminar on “New Perspective in Science and Technology”, St Antony’s College of Arts and Sciences for Women, T 3(4)(2016) 166-180 Cyclic voltammetry in Corrosion inhibition studies. International Journal of Nano Corrosion Science and Engineering, 3, 166–180.
Ramakrishna, S. (2005). An Introduction to Electrospinning and Nanofibres. World Scientific.
Ramakrishna, S., Fujihara, K., Teo, W.-E., Yong, T., Ma, Z., & Ramaseshan, R. (2006). Electrospun nanofibres: Solving global issues. Materials Today, 9(3), 40–50. https://doi.org/10.1016/S1369-7021(06)71389-X
Rinzler, A. G., Hafner, J. H., Nikolaev, P., Nordlander, P., Colbert, D. T., Smalley, R. E., 
Lou, L., Kim, S. G., & Tománek, D. (1995). Unraveling Nanotubes: Field 
Emission from an Atomic Wire. Science, 269(5230), 1550–1553. https://doi.org/10.1126/science.269.5230.1550
Sada, K., Kokado, K., & Furukawa, Y. (2014). Polyacrylonitrile (PAN). In S. Kobayashi & 
K. Müllen (Eds.), Encyclopedia of Polymeric Nanomaterials (pp. 1–7). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-36199-9_249-1
Sadashiv Bubanale, M Shivashankar, & SIDDAGANGA INSTITUTE OF TECHNOLOGY. (2017). History, Method of Production, Structure and Applications of Activated Carbon. International Journal of Engineering Research And, V6(06). https://doi.org/10.17577/IJERTV6IS060277
Salles, V., Bernard, S., Brioude, A., Cornu, D., & Miele, P. (2010). A new class of boron nitride fibres with tunable properties by combining an electrospinning process and the polymer-derived ceramics route. Nanoscale, 2(2), 215–217. https://doi.org/10.1039/B9NR00185A
Sarfraz, A., Raza, A. H., Mirzaeian, M., Abbas, Q., & Raza, R. (2020). Electrode Materials for Fuel Cells. In Reference Module in Materials Science and Materials Engineering. Elsevier. https://doi.org/10.1016/B978-0-12-803581-8.11742-4
Saufi, S. M., & Ismail, A. F. (2002). Development and characterization of polyacrylonitrile (PAN) based carbon hollow fibre membrane. 24, 13.
Seoul, C., Kim, Y.-T., & Baek, C.-K. (2003). Electrospinning of poly(vinylidene fluoride)/dimethylformamide solutions with carbon nanotubes. Journal of Polymer Science Part B: Polymer Physics, 41(13), 1572–1577. https://doi.org/10.1002/polb.10511
Sevilla, M., & Mokaya, R. (2014). Energy storage applications of activated carbons: Supercapacitors and hydrogen storage. Energy Environ. Sci., 7(4), 1250–1280. https://doi.org/10.1039/C3EE43525C
Shahzad, S., Shah, A., Kowsari, E., Iftikhar, F. J., Nawab, A., Piro, B., Akhter, M. S., 
Rana, U. A., & Zou, Y. (2019). Ionic Liquids as Environmentally Benign Electrolytes for High-Performance Supercapacitors. Global Challenges, 3(1), 1800023. https://doi.org/10.1002/gch2.201800023
Shao, Y., El-Kady, M. F., Sun, J., Li, Y., Zhang, Q., Zhu, M., Wang, H., Dunn, B., & Kaner, R. B. (2018). Design and Mechanisms of Asymmetric Supercapacitors. Chemical Reviews, 118(18), 9233–9280. https://doi.org/10.1021/acs.chemrev.8b00252
Song, K., Zhang, Y., Meng, J., Green, E. C., Tajaddod, N., Li, H., & Minus, M. L. (2013). Structural Polymer-Based Carbon Nanotube Composite Fibres: Understanding the Processing–Structure–Performance Relationship. Materials, 6(6), 2543–2577. https://doi.org/10.3390/ma6062543
Stan, A.-I., Swierczynski, M., Stroe, D.-I., Teodorescu, R., & Andreasen, S. J. (2014). Lithium ion battery chemistries from renewable energy storage to automotive and back-up power applications—An overview. 2014 International Conference on Optimization of Electrical and Electronic Equipment (OPTIM), 713–720. https://doi.org/10.1109/OPTIM.2014.6850936

Stojanovska, E., Pampal, E. S., Kilic, A., Quddus, M., & Candan, Z. (2019). Developing and characterization of lignin-based fibrous nanocarbon electrodes for energy storage devices. Composites Part B: Engineering, 158, 239–248. https://doi.org/10.1016/j.compositesb.2018.09.072
Stoller, M. D., & Ruoff, R. S. (2010). Best practice methods for determining an electrode material’s performance for ultracapacitors. Energy & Environmental Science, 3(9), 1294. https://doi.org/10.1039/c0ee00074d
Suresh, R., Tamilarasan, K., & Vadivu, D. S. (2017). Effect of Electrolyte on the Supercapacitor Behaviour of CuO Nanostructures. 4(12), 4.
Surianarayanan, M., Vijayaraghavan, R., & Raghavan, K. V. (1998). Spectroscopic investigations of polyacrylonitrile thermal degradation. Journal of Polymer Science Part A: Polymer Chemistry, 36(14), 2503–2512. https://doi.org/10.1002/(SICI)1099-0518(199810)36:14<2503::AID-POLA9>3.0.CO;2-T
Tee, E., Tallo, I., Kurig, H., Thomberg, T., Jänes, A., & Lust, E. (2015). Huge enhancement of energy storage capacity and power density of supercapacitors based on the carbon dioxide activated microporous SiC-CDC. Electrochimica Acta, 161, 
364–370. https://doi.org/10.1016/j.electacta.2015.02.106
Tõnurist, K., Vaas, I., Thomberg, T., Jänes, A., Kurig, H., Romann, T., & Lust, E. (2014). Application of multistep electrospinning method for preparation of electrical double-layer capacitor half-cells. Electrochimica Acta, 119, 72–77. https://doi.org/10.1016/j.electacta.2013.11.155
Torop, J., Palmre, V., Arulepp, M., Sugino, T., Asaka, K., & Aabloo, A. (2011). Flexible supercapacitor-like actuator with carbide-derived carbon electrodes. Carbon, 49(9), 3113–3119. https://doi.org/10.1016/j.carbon.2011.03.034
Tucker, N., Stanger, J. J., Staiger, M. P., Razzaq, H., & Hofman, K. (2012). The History of the Science and Technology of Electrospinning from 1600 to 1995. Journal of Engineered Fibres and Fabrics, 7(2_suppl), 155892501200702. https://doi.org/10.1177/155892501200702S10
Ue, M., Shima, K., & Mori, S. (1994). Electrochemical properties of quaternary ammonium borodiglycolates and borodioxalates. Electrochimica Acta, 39(18), 2751–2756. https://doi.org/10.1016/0013-4686(94)E0187-5
Vatamanu, J., Hu, Z., Bedrov, D., Perez, C., & Gogotsi, Y. (2013). Increasing Energy Storage in Electrochemical Capacitors with Ionic Liquid Electrolytes and Nanostructured Carbon Electrodes. The Journal of Physical Chemistry Letters, 4(17), 2829–2837. https://doi.org/10.1021/jz401472c
Wallace, P. R. (1947). The Band Theory of Graphite. Physical Review, 71(9), 622–634. https://doi.org/10.1103/PhysRev.71.622
Wan, Y.-Q., He, J.-H., & Yu, J.-Y. (2007). Carbon nanotube-reinforced polyacrylonitrile nanofibres by vibration-electrospinning. Polymer International, 56(11), 
1367–1370. https://doi.org/10.1002/pi.2358
Wang, F. (2017). Electrochemical Capacitor Performance: Influence of Aqueous Electrolytes. https://doi.org/10.5772/intechopen.70694
Wang, Y., Song, Y., & Xia, Y. (2016). Electrochemical capacitors: Mechanism, materials, systems, characterization and applications. Chemical Society Reviews, 45(21), 5925–5950. https://doi.org/10.1039/C5CS00580A

Wei, K., & Kim, I. S. (2014). Application of Nanofibres in Supercapacitors. In B. Ding & J. Yu (Eds.), Electrospun Nanofibres for Energy and Environmental Applications (pp. 163–181). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-54160-5_7
Wei, L., & Yushin, G. (2012a). Nanostructured activated carbons from natural precursors for electrical double layer capacitors. Nano Energy, 1(4), 552–565. https://doi.org/10.1016/j.nanoen.2012.05.002
Wei, L., & Yushin, G. (2012b). Nanostructured activated carbons from natural precursors for electrical double layer capacitors. Nano Energy, 1(4), 552–565. https://doi.org/10.1016/j.nanoen.2012.05.002
Weingarth, D., Noh, H., Foelske-Schmitz, A., Wokaun, A., & Kötz, R. (2013). 
A reliable determination method of stability limits for electrochemical 
double layer capacitors. Electrochimica Acta, 103, 119–124. https://doi.org/10.1016/j.electacta.2013.04.057
Weinstein, L., & Dash, R. (2013). Supercapacitor carbons. Materials Today, 16(10), 
356–357. https://doi.org/10.1016/j.mattod.2013.09.005
Welham, N. J., Berbenni, V., & Chapman, P. G. (2002). Increased chemisorption onto activated carbon after ball-milling. Carbon, 40(13), 2307–2315. https://doi.org/10.1016/S0008-6223(02)00123-9
Winter, M., & Brodd, R. J. (2004). What Are Batteries, Fuel Cells, and Supercapacitors? Chemical Reviews, 104(10), 4245–4270. https://doi.org/10.1021/cr020730k
Wortmann, M., Frese, N., Sabantina, L., Petkau, R., Kinzel, F., Gölzhäuser, A., Moritzer, E., Hüsgen, B., & Ehrmann, A. (2019). New Polymers for Needleless Electrospinning from Low-Toxic Solvents. Nanomaterials, 9(1), 52. https://doi.org/10.3390/nano9010052
Wu, Y., & Cao, C. (2018). The way to improve the energy density of supercapacitors: Progress and perspective. Science China Materials, 61(12), 1517–1526. https://doi.org/10.1007/s40843-018-9290-y
Xu, K. (1999). Toward Reliable Values of Electrochemical Stability Limits for 
Electrolytes. Journal of The Electrochemical Society, 146(11), 4172. https://doi.org/10.1149/1.1392609
Xue, J., Wu, T., Dai, Y., & Xia, Y. (2019). Electrospinning and Electrospun Nanofibres: Methods, Materials, and Applications. Chemical Reviews, 119(8), 5298–5415. https://doi.org/10.1021/acs.chemrev.8b00593
Yan, X., Tai, Z., Chen, J., & Xue, Q. (2011). Fabrication of carbon nanofibre–polyaniline composite flexible paper for supercapacitor. Nanoscale, 3(1), 212–216. https://doi.org/10.1039/C0NR00470G
Ye, H., Lam, H., Titchenal, N., Gogotsi, Y., & Ko, F. (2004). Reinforcement and rupture behavior of carbon nanotubes–polymer nanofibres. Applied Physics Letters, 85(10), 1775–1777. https://doi.org/10.1063/1.1787892
Yu, A., Chabot, V., & Zhang, J. (2017). Electrochemical Supercapacitors for Energy Storage and Delivery: Fundamentals and Applications. CRC Press.
Yu, L., & Chen, G. Z. (2019). Ionic Liquid-Based Electrolytes for Supercapacitor and Supercapattery. Frontiers in Chemistry, 7. https://doi.org/10.3389/fchem.2019.00272
Yushin, G., Nikitin, A., & Gogotsi, Y. (2006). 8 Carbide-Derived Carbon. Carbon Nanomater. https://doi.org/10.1201/9781420004014.ch8
Zaharaddeen, S., Subramani, C., & Dash, S. S. (2016). A Brief Review on Electrode 
Materials for Supercapacitor. International Journal of Electrochemical Science, 
10628–10643. https://doi.org/10.20964/2016.12.50
Zahmatkeshan, M., Adel, M., Bahrami, S., Esmaeili, F., Rezayat, S. M., Saeedi, Y., Mehravi, B., Jameie, S. B., & Ashtari, K. (2018). Polymer Based Nanofibres: Preparation, Fabrication, and Applications. In A. Barhoum, M. Bechelany, & A. Makhlouf (Eds.), Handbook of Nanofibres (pp. 1–47). Springer International Publishing. https://doi.org/10.1007/978-3-319-42789-8_29-2
Zhan, C., Lian, C., Zhang, Y., Thompson, M. W., Xie, Y., Wu, J., Kent, P. R. C., Cummings, P. T., Jiang, D., & Wesolowski, D. J. (2017). Computational Insights into Materials and Interfaces for Capacitive Energy Storage. Advanced Science, 4(7), 1700059. https://doi.org/10.1002/advs.201700059
Zhang, L. L., & Zhao, X. S. (2009). Carbon-based materials as supercapacitor electrodes. Chemical Society Reviews, 38(9), 2520–2531. https://doi.org/10.1039/B813846J
Zhang, S., & Pan, N. (2015). Supercapacitors Performance Evaluation. Advanced Energy Materials, 5(6), 1401401. https://doi.org/10.1002/aenm.201401401
Zheng, J.-Y., Zhuang, M.-F., Yu, Z.-J., Zheng, G.-F., Zhao, Y., Wang, H., & Sun, D.-H. (2014, June 24). The Effect of Surfactants on the Diameter and Morphology of Electrospun Ultrafine Nanofibre [Research Article]. Journal of Nanomaterials; Hindawi. https://doi.org/10.1155/2014/689298
Zhong, C., Deng, Y., Hu, W., Qiao, J., Zhang, L., & Zhang, J. (2015). A review of electrolyte materials and compositions for electrochemical supercapacitors. Chemical Society Reviews, 44(21), 7484–7539. https://doi.org/10.1039/C5CS00303B

     









[bookmark: _Toc66625369]Acknowledgements

Firstly, I would like to thank my first and second supervisors, Prof. Andres Krumme and Dr. Mati Arulepp, respectively, for their continued support and patience throughout my PhD studies. I am deeply grateful to all my colleagues in the Laboratory of Polymers and Textile Technology and at Skeleton Technologies OÜ for fruitful discussions, advice, and support. I express special gratitude to Skeleton Technologies OÜ for giving me the opportunity, support, and encouragement to continue my studies alongside my job in the company. 

This work has been partially supported by the ASTRA “TUT Institutional Development Programme for 2016–2022” Graduate School of Functional Materials and Technologies (2014-2020.4.01.16-0032). In addition, institutional research funding was received from the Estonian Ministry of Education and Research (IUT34-14 and IUT19-28) and from the European Space Agency, ESA contract number 4000119258/16/NL/CBi, for the project “Fully electrospun durable electrode and electrochemical double-layer capacitor for high frequency”. 

Furthermore, I would like to thank my family for their endless support and encouragement through all these years.




[bookmark: _Toc66625370]Abstract

Development of electrospun nanostructured electrochemical double-layer capacitor electrodes

The main aim of this study was to develop carbide-derived carbon (CDC) containing fibrous, electrospun, thin-layered composite electrodes for supercapacitors. Fibrous electrospun electrodes for energy storage applications have a major benefit in terms of their strong mechanical properties and lower thickness compared to powder-based, pressure-rolled, or slurry-cast electrodes used in most commercially available supercapacitors. Several studies have been carried out with fibrous materials of different carbon allotropes and applying high-temperature post-treatment processes, but not with directly electrospun CDC materials without using any expensive or destructive post-treatment processes. Furthermore, the effect of various aqueous and organic electrolytes on the electrochemical performance of fibrous electrodes has not been fully assessed. 
To fill this gap, the effect of various electrolytes on the electrochemical performance of fibrous electrospun supercapacitor electrodes was investigated. 

To optimise the CDC-based fibrous electrospun electrodes, various electrode compositions were studied in order to achieve the highest possible double-layer capacitance. A PAN solution in dimethylformamide (DMF) was electrospun with various ratios of CDC and carbon black (CB). Ionic liquid (IL) 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIm-BF4) was added at 10 wt%. The influence of densification pressure and temperature on the mechanical and electrochemical properties of electrospun electrodes was determined. The highest specific capacitance of 114 F g–1 was achieved with a CDC/CB ratio of 80/20 by applying a densification pressure of 2.5 MPa at 75 °C.

Tensile tests and scanning electron microscopy were used to characterise the mechanical and morphological properties of the fibrous, CDC-based, thin-layered electrodes. According to the present research, the mechanical and morphological properties of fibrous electrodes are strongly dependent on the applied densification pressure and temperature. The highest specific stress of 3.12 × 10−4 NTEX−1 was obtained when sample heating was omitted during the densification process. Compared to the classical cast porous carbon electrode, the specific stress was approximately 20-fold higher in the case of electrospun fibrous CDC-based electrodes. 

The effect of various electrolytes on the electrochemical performance of electrospun fibrous electrodes was analysed in aqueous, organic, and IL-based electrolytes. For this purpose, three different aqueous electrolytes (1.0M sodium nitrate (NaNO3/H2O), 1.0M potassium nitrate (KNO3/H2O), and 1.0M sodium sulphate (Na2SO4/H2O)), two organic electrolytes (1.5M spiro-(1,1)-bipyrrolidinium tetrafluoroborate in acetonitrile 
(SBP-BF4/ACN) and 1.8M triethylmethyl-ammonium tetrafluoroborate in acetonitrile (TEMA-BF4/ACN)), and two IL-based electrolytes (1.5M 1-ethyl-3-methylimidazoliumbis(trifluoromethyl-sulphonyl)imide in acetonitrile (EMIm-TFSI/ ACN) and 1.5M 1-ethyl-3-methylimidazolium tetrafluoroborate in acetonitrile 
(EMIm-BF4/ACN)) were studied in asymmetrical test-cell configuration. The widest potential window (3.5 V) was achieved with a 1.5M EMIm-TFSI/ACN electrolyte with a specific capacitance of 89.9 F g–1 for both positively and negatively charged electrodes. 
The highest capacitance was achieved with the aqueous 1.0M NaNO3/H2O electrolyte, and 182.8 F g-1 and 295.1 F g-1 were achieved for the positively and negatively charged electrodes, respectively. 

The best candidates from each electrolyte type were also analysed in a symmetrical test-cell configuration to characterise the energy and power performance for various electrolyte types. The highest energy density of 72.9 J g–1 and 0.63 W g–1 with no remarkable losses in cycle stability were achieved with the 1.5 M SBP-BF4/ACN electrolyte, which indicates that fibrous CDC-based electrodes are more suitable for more mechanically demanding and high-energy applications. 

To conclude, a novel approach for producing directly electrospun CDC-based fibrous electrodes for energy storage applications is proposed. Thin-layered, CDC-based fibrous electrodes were optimised to enhance the electrochemical performance and mechanical properties of the electrode materials. The CDC/CB ratio and electrode densification strongly influenced the morphological, mechanical, and electrochemical properties of the fibrous electrode. The results of the current research pave the way for further studies to improve the properties of fibrous composite electrodes for energy storage applications. 



[bookmark: _Toc66625371]Lühikokkuvõte

Elektrilise kaksikkihi kondensaatori elektrokedratud nanostruktuursete elektroodide arendus

Doktoritöö keskendub elektrokedratud karbiidsel süsinikul (CDC) baseeruvate kiuliste elektroodide arendamisele. Kiulistel elektroodidel on mitmeid eeliseid pulber-kaetud kommertsiaalsete elektroodide ees nagu näiteks oluliselt väiksem paksus, parem painduvus ning paremad mehaanilised omadused. Varasemalt on uuritud kiulisi membraane superkondensaatorite elektroodidena kasutades erinevaid süsiniku allotroope ning rakendades neile järeltöötlus protsesse. Käesoleva töö eesmärgiks on arendada CDC osakesi sisaldavaid elektrokerdatud kiulisi elektroode, mis ei vajaks kõrgel temperatuuril kasutavaid järeltöötlus protsesse. CDC eeliseks teiste süsinike allotroopide ees on kõrge eripind, kõrge mikropooride hulk ja optimaalne mikropooride jaotus. Samuti pole varasemalt põhjalikult hinnatud erinevate vesilahustel ja orgaanilistel lahustel baseeruvate elektrolüütide mõju kiuliste elektroodide elektrokeemilistele omadustele. 

CDC-l baseeruvate kiuliste elektrokedratud elektroodide koostise optimeerimiseks uuriti erinevaid CDC ja juhtiva lisandi - tahma (CB) vahekordi, lisaks ka elektroodide mehaanilisi omadusi, saavutamaks materjalis võimalikult kõrge kaksikkihi mahtuvus. Püstitatud eesmärgi saavutamiseks elektrokedrati polüakrüülnitriili (PAN) ja dimetüülformamiidi (DMF) lahusest kiulised elektroodid erinevate CDC/CB massivahekordadega. Kiuliste elektroodide juhtivuse suurendamiseks kasutati 10 massi% ioonvedelikku 1-etüül-3-metüülimidasoolium-tetrafluoroboraati (EMImBF4). Lisaks uuriti kiuliste elektroodide pressimise käigus kasutatava temperatuuri ja rõhu mõju kiudude mehaanilistele ja elektrokeemilistele omadustele. Kõrgeim erimahtuvus 114 F g-1 saavutati CDC/CB suhtega 80/20 rakendades kiulise elektroodi pressimisel temperatuuri 75°C ja rõhku 2.5 MPa. Õhukeste kiuliste elektroodide morfoloogia ja mehaaniliste omaduste uurimiseks kasutati skaneerivat elektronmikroskoopiat ning suhtelist katkekoormust.  Antud katsetuste tulemusena selgus, et kiuliste elektroodide morfoloogia ja mehaanilised omaduse sõltuvad tugevalt pressimisel rakendatavast temperatuurist ja rõhust. Kõrgeim suhteline katkekoormuse väärtus 3.12 × 10−4 N TEX−1 saavutati toatemperatuuril.   

Käesolevas töös uuriti ka erinevate elektrolüüdi tüüpide mõju CDC-l baseeruvate kiuliste elektroodide elektrokeemilistele omadustele. Täpsemalt uuriti kolme vesilahuse (1.0M NaNO3/H2O, 1.0M KNO3/H2O ja 1.0M Na2SO4/H2O, kahe mitte-vesilahuse (1.5M SBP-BF4/ACN ja 1.8M TEMA-BF4/ACN) ja kahe ioonvedeliku (1.5M EMIm-TFSI/ ACN ja 1.5M EMIm-BF4/ACN) elektrolüüdi mõju elektrokeemilistele omadustele, kolme elektroodsetes katserakkudes. Kõige laiem potentsiaali aken 3.5 V, positiivselt ja negatiivselt laetud elektroodi erimahtuvusega 89.9 F g-1, saavutati ioonsel vedelikul baseeruva elektrolüüdiga 1.5M EMIm-TFSI/ACN. Kõrgeim erimahtuvus 182.8 F g-1 ja 
295.1 F g-1 vastavalt positiivselt ja negatiivselt laetud elektroodil, saavutati 1.0M NaNO3/H2O elektrolüüdiga. 

Kolme-elektroodsete katserakkude analüüsi tulemusel valiti igast elektrolüüdi tüübist parim kandidaat kahe-elektroodsete kondensaator - rakkude analüüsiks, hindamaks elektrokeemilise süsteemi energia- ja võimsus tihedusi.  Kõrgeim energia 72.9 J g-1  ja võimsus 0.63 W g-1   saavutati mitte-vesilahuse elektrolüüdis 1.5M SBP-BF4/ACN. Eelmainitud elektrolüüdiga ei täheldatud mahtuvuse vähenemist täis-tühjakslaadimise tsükleerimise  testi käigus. Kokkuvõttes võib käesolevas töös saavutatud tulemuste põhjal järeldada, et CDC-l baseeruvad kiulised elektroodid on eelkõige mõeldud kasutamaks rakendustes, kus on oluline kõrge energia ja head mehaanilised omadused. 

Käesoleva doktoritöös pakuti välja uudne lahendus süsinikul baseeruvate kiuliste elektroodide kasutamiseks energia salvestamise rakendustes. Õhukeste kiuliste elektroodide mehaaniliste ja elektrokeemilste omaduste parendamiseks kasutati nenede koostise optimeerimist. Süsinike CDC/CB massivahekord ning elektroodide pressimise parameetrid omasid suurt mõju kiudude morfoloogiale, mehaanilistele ja elektrokeemilistele omadustele.  Käesolevas töös saavutatud tulemused loovad eeldused uutele uuringutele, parendamaks kiuliste komposiit-elektroodide omadusi energia salvestus valdkonnas.  
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