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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 um), 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.; Kaarik, M.; Krumme, A.; (2018). Baltic Polymer
symposium, Jurmala, Latvia.



Malmberg, S.; Tarasova, E.; Vassiljeva, V.; Krasnou, |.; Arulepp, M.; Krumme, A. (2018).
EDLC Durable Electrodes and Capacitor for High Frequency Applications. SPCD 2018 3rd
Space Passive Components Days International Symposium, Noordwijk, Netherlands, 9 - 12
October 2018. EPCI.

Krasonu, |.; Tarasova, E.; Malmberg, S.; Vassiljeva, V.; Krumme, A. (2019). Preparation of
fibrous electrospun membranes with activated carbon filler. IOP Conference Series:
Materials Science and Engineering, 500, 012022.10.1088/1757-899X/500/1/012022.



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

DMACc 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 lonic 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

wt% Weight percentage
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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.

A) B}

Current collector —-b. ple "d; %- \d

Electrolyte

Electrolyte =

Activated carbon

Porous electrode

Micro- and
mesopore

Separator

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.

838282828
TaRtatete
Graphite Graphene Fullerene Carbon Nanotubes

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

13



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, COz, or a mixture of the two. Activation by
chemical treatment involves impregnation of the carbon precursor with chemicals such as
KOH, NaOH, H3PQOas, ZnClz, and H2S04, 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! in organic electrolytes, 60-150 F g! in ionic liquids (at high
temperatures), and 300 F g'lin 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 m? g!), 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 21 century. Graphene is a flat,
one-layer-thick material comprising sp?- 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 (MWNTSs) (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 g2 and 180 F g* 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).
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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 > MClax + 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, AlsC3 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 m? g (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).

15



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 (Kaarik 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 H.O 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* (Inamuddi et al., 2019; Vatamanu et al., 2013; Kaarik
et al, 2018, 2020). Furthermore, recently Kaarik et al. presented mathematical
model for characterizing and predicting physical parameters of porous carbon using
experiment-derived structure descriptors (Kaarik 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, C2nH4n20n+1) is the most commonly used water-soluble
polymer. However, of the water-insoluble polymers, polyacrylonitrile (PAN, (CsHsN)n),
which is soluble in dimethyl sulphoxide (DMSO, C2Hs0S) 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™. 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, CsH9NO), and dimethyl sulphone (CeH1202S).
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).

2
E=2-(1)
where Cis the capacitance and U is the cell voltage.

P=2(2)
where E is the energy and t is the time (Wu and Cao, 2018).
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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 (H2S0s, etc), neutral salt (Na2SOa, etc), and alkaline (KOH, etc) (Béguin et al.,
2014; Frackowiak, 2007; lbukun & Jeong*, 2019; Zhong et al., 2015). The specific
capacitance of carbon in aqueous electrolytes ranges from 100-300 F g™* and is highly
influenced by the size of the electrolyte ions inserted into the pores of carbon (Ilbukun &
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 H2S04 is the smallest (2.80 A), and that of K* in KOH is the largest (3.31 A)
(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 g1 (Béguin et al., 2014; Kaarik 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 (Karakas, n.d.). The advantages of electrospun nanofibers are high flexibility, higher
surface area compared to regular fibres, and outstanding mechanical properties (Ding &
Yu, 2014; Karakas, 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 (Karakas, 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 (Karakas,
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; Karakas,
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.; Karakas, 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; Karakas, n.d.).

electrospinning process

Polymer solution

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 um). 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 pum. 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).

Horizontal section
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Movement of the
supporting disc

Elastic deformation m A
Plastic deformations 5. &2

Centrifugal
force

Shear deformations % e/ 4w

Fracture, amorphization m ~———— >

chemical reactions

Rotation of the milling bowl
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;
Tonurist 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 (Pl), 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 m? g™ and pore size distribution in the
range of 2-5 nm, with a gravimetric capacitance of 100-120 F g* 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 gtin aqueous 1.0 M H2S0a 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. TOnurist et al. successfully proposed a multistep electrode preparation method by
electrospinning commercial activated carbon for energy storage applications (TGnurist
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
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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 in an
aqueous 1.0 M Ha2SOq 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 in
aqueous 1.0 M H2SOs 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 (Bartsch 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 (Béartsch 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.

A) B) ;
Current (A) Potential (V)
Positive elcetrode
3- electrode cell 3- electrode cell
Negative electrode ¥ Positive elcetrode 4 .
- — L >
- 2- electrode cell .
Potential (V) Negative electrode
______________ - A .
P .
2- electrode cell Time (s)

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 107° Hz and
10° 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 (Ras);
a porous region with a nearly —45° slope (Rsc); 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.

Increase
frequency

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
(Bartsch 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 m?g™). 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:

e 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).

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

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

e Tounderstand 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:

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

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

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

e 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)

EMImTFSI/ACN

tors.

Materials Studied aspects Characterisation | Aim of the paper | Paper
methods

Polymer: PAN CDC/CB  content | SEM, Nz - Development of
Solvent: DMF variation, adsorption, electrospun _
Additives: CDC, | densification of | BET, mechanical | fibrous DC-based o
CB, EMIMBF4 fibrous electrode | testing, CV, EIS electrode E
Electrolyte: material
TEMABF4/ACN
Polymer: PAN Physical analysis of | SEM, TGA, N2 Study the effect
Solvent: DMF selected optimal adsorption, BET, | of organic
Additives: CDC, | electrode material, | mechanical electrolytes on
CB, EMIMBF4 Influence of testing, CV, GC, | the
Electrolytes: organic EIS electrochemical =
TEMABF4/ACN, | electrolytes to performance of | §
TEABF4/ACN, electrochemical electrospun &
SBPBF4/ACN, performance: fibrous CDC-
EMImBF4/ACN, | quaternary based electrodes
EMImTFSI/ACN | ammonium, ionic

liquids
Polymer: PAN Physical analysis of | SEM, Study the effect
Solvent: DMF selected optimal thermal analysis | of ag.electrolytes
Additives: CDC, | electrode material, | (TGA), N2 on the electro-
CB, EMIMBF4 Influence of adsorption, BET, | chemical perfor- | _—
Electrolytes: aqueous mechanical mance of electro- %
NaNOsz/H:20, electrolytes to testing, spun electrodes. | &
KNO3/H-0, electrochemical FTIR, CV, GC, EIS | The cycle-life &
Na2S04/H-0, performance: study of electro-
SBPBF4/ACN, spun EDL capaci-
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2.1 Materials

Polyacrylonitrile (Sigma Aldrich, Mw = 150 000 g mol™) was chosen as the polymer and
dimethylformamide (299.9% purity, Sigma Aldrich) as the solvent for the electrospinning
process. Carbide-derived carbon, synthesised from titanium carbide by Skeleton
Technologies OU, 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 m? g%, with an initial particle size of 1-5 um. Carbon
black (Timcal) was used as a conductive additive to improve the contact between the CDC
particles. The ionic liquid EMIm-BF4 (299.0% 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-BFa,
the CDC powder (=1 — 5 um) 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 um.

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 | (for Papers Il and llI, 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.

Step 2
Step 1 DMF
CDC+CB

N

Step 4 Step 6
7 wt% PAN 15 wit% EMIm-BF4

D

Step 3
Ultrasonic
treatment

Step 5
PAN+CDC+Cl
+DMF 24h at

+DMF+EMIm-
BF4+0.5h at 40°

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™X. The choice of the feed rate depended upon the solution viscosity (for Papers ||
and I, the pumping rate was 0.5 ml h™). 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% Oz and 79% Ar).
The total gas flow was set to 30 mL h™’. The temperature increase rate was set to
5°C min~%, and the sample was heated to 600 °C (see Figure 2 in Paper Il).

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 (Sger) of the
carbon samples was calculated according to the Brunauer—-Emmett—Teller theory in
the P/Po pressure interval of 0.02-0.2, and the total pore volume (Viot) was calculated at a
P/Po 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 x 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 p of each specimen was

calculated according to Equation (3):
m

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

Thereafter, the specific stress osp was calculated using Equation (4):

F1
O-Sp = Z;l (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 Ag|AgCl 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
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and filled with non-aqueous electrolyte (further details can be found in Papers | and Il) or
with aqueous electrolytes (Paper llI).

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 (BiolLogic Science Instruments; Paper |) and Gamry Interface
1010 E equipment (Papers Il and Il1).

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

Co(CHC) = l(l:;—l_)' (5)

where C;* is the positively charged electrode capacitance; C; 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 (Csc) of the electrodes was calculated by performing
constant current experiments according to Equation (6) (Conway, 1999; Stojanovska et al.,

2019):
Idt

_ 0
Coc (CGF5C7) = fEmax 2E’ (6)

where [ is the current, dt is the discharge time, and AE is the potential range of the
positively or negatively charged electrodes. To calculate the specific capacitance (in F g™
or F cm?) of the CDC and electrode, Equation (7) was used:

Cgc; C
Cspecific = %: (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 Il and lll). The total impedance (Z) of the RC circuits
is described by Equation (8):

Z=7+2"=R + —,(8)
jwCs
where Z’is the real impedance, Z’is the imaginary impedance, j is the imaginary number

v —1, w is the angular frequency w=2nf, and Csis the series capacitance.

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

Rs=2Z',(9)

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

1/Z2"
¢, = -, (10).
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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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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* 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 |. 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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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 1). 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* and
lowest resistance of 2.4 Q cm? 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 (Sger for CDC is *1640 m? g™ and 63 m? g™ 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™%. 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 Il. 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-BFs degrades. In the last stage, at temperatures
above 600 °C, decomposition of the carbon materials occurs.

Table 3. Decomposition characteristics of fibrous electrospun electrode.

Temperature
Degradation (from the
Temperature | Average mass loss* literature)
°C % °C Reference
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: Na:S04-H20, NaNOs-H20, and KNOsz-H20 with
asymmetric test-cell configuration vs Ag|AgCl 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 Ill. The potential stability of the fibrous electrodes was
tested using the CV method with a potential scan rate of 5 mV s™. 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).
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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 SO4?~ anion with NOs™. 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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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 SO+~ with NOs™.

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™ 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 Ill. 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
NGzSO4-H20, NGNOg-HzO, and KNO3-H20.

The reference data in Figure 16A show the main peaks of the pure electrospun PAN
fibres. The strong adsorption peak at 2245 cm™ corresponds to the nitrile group, C=N.
Furthermore, three band groups attributed to main chain are located at 1245 cm™ (C—C
stretching vibrations), 2936/1360 cm™ (C—H symmetric stretch) and at 1450/1071 cm™
(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
NOs~ group were evident at 1356 cm™ and 835 cm™, respectively (Lee et al., 2012). With
sulphate-based electrolyte fibre samples, asymmetric stretching of SO42~ anions was
observed at 1123 cm™ and 615 cm™ (Surianarayanan et al., 1998). A more detailed
analysis of the FTIR spectra can be found in Paper lll.

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-BFs/ACN) were selected as
quaternary ammonium-based electrolytes; and 15 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, 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.
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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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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™.
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.

> ©
=4 S O er e .
c c g & £ @ Positively charged Negatively charged
o i) g S 5O electrode electrode
w = = 2 o
o < 3
M V |C,mF CmFecm? Fg'|C,mF C,mFecm™? Fg?
Na®* NOs~ H.0 1 21.0 9.3 182.8 | 33.9 15.0 295.1

Na* S04~ H0 1 0.0.6| 34.2 15.1 135.0 | 42.0 18.6 166.2

K* NOs~ H.O0 1 29.0 12.8 157.7 | 38.7 17.1 210.2
TEMA® BFs~ ACN 1.8 6.4 5.7 70.8 | 53 6.9 55.8
SBP*  BFs~ ACN 1.5 0.12 16.3 14.4 80.4 | 19.7 17.5 95.3
EMIm* BFs~ 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., NaNOs-H20 and KNOs-H20) exhibited remarkably high capacitances on
the positively (183 F g™ for NaNOs3-H20 and 157 F g™ for KNO3-H20) and negatively
charged (295 F g™ for NaNOs-H20 and 210 F g™ for KNO3-H20) 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 (U?), 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! 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* 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™* 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 Ag|AgCl reference, and with
organic electrolytes, —0.5 V vs carbon reference. The obtained Nyquist plots are shown in
Figure 18.
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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 Il and Ill.
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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 NaNOs-H.0, SBP-BFs/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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NaNOs/H-0 10 0-1.0 127 29.4 7.1 133 0.27
SBP-BF4/ACN 1.5 0-2.3 110 26.5 9.0 729 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

As shown in Table 7, the highest specific capacitance of 127 F g™* and the lowest specific
resistance of 7.1 Q cm? was achieved with 1.0 M aqueous NaNOs/H.0 electrolyte solution.
Compared to the studied organic and IL-based electrolytes, NaNOs 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 < NaNOs, 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 1V and
2.3V, 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 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 used to support
inefficient ion transfer and adsorption of electrolyte ions to carbon pores (Balbuena,
2014). The resistance and capacitance of the H20 based KNOs capacitor were almost
constant over the cycles.
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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! 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% and 295.1 F g™* for positively and negatively charged
potentials, respectively, in a 1.0 NaNOz/H20 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 for positively and negatively charge electrodes and a
potential window of 3.5 Vin 1.5 M EMIm-TFSI/ACN electrolyte.

5. Electrolyte studies with symmetrical test-cell configuration revealed a highest
energy density 72.9J g™* and power density of 0.63 W g~ 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). lonic liquid (IL) 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMIm-BFs) 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* 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 x 10 NTEX"? 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 (NaNO3z/H20), 1.0M
potassium nitrate (KNO3/H20), and 1.0M sodium sulphate (Na2504/H20)), 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 (1.5Mm 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™! for both positively and negatively charged electrodes.
The highest capacitance was achieved with the aqueous 1.0M NaNOs/H.0 electrolyte, and
182.8 F g and 295.1 F g 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 and 0.63 W g 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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Lihikokkuvote
Elektrilise kaksikkihi kondensaatori elektrokedratud
nanostruktuursete elektroodide arendus

Doktoritoo keskendub elektrokedratud karbiidsel stsinikul (CDC) baseeruvate kiuliste
elektroodide arendamisele. Kiulistel elektroodidel on mitmeid eeliseid pulber-kaetud
kommertsiaalsete elektroodide ees nagu naiteks oluliselt vaiksem paksus, parem
painduvus ning paremad mehaanilised omadused. Varasemalt on uuritud kiulisi
membraane superkondensaatorite elektroodidena kasutades erinevaid sisiniku
allotroope ning rakendades neile jareltootlus protsesse. Kdesoleva t66 eesmargiks on
arendada CDC osakesi sisaldavaid elektrokerdatud kiulisi elektroode, mis ei vajaks kérgel
temperatuuril kasutavaid jareltootlus protsesse. CDC eeliseks teiste susinike allotroopide
ees on korge eripind, kdrge mikropooride hulk ja optimaalne mikropooride jaotus. Samuti
pole varasemalt pdhjalikult hinnatud erinevate vesilahustel ja orgaanilistel lahustel
baseeruvate elektroltititide moju 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 vGimalikult korge kaksikkihi mahtuvus.
Pistitatud eesmaérgi saavutamiseks elektrokedrati poliakridlnitriili (PAN) ja
dimettulformamiidi  (DMF) lahusest kiulised elektroodid erinevate CDC/CB
massivahekordadega. Kiuliste elektroodide juhtivuse suurendamiseks kasutati 10 massi%
ioonvedelikku 1-etiiiil-3-metiilimidasoolium-tetrafluoroboraati (EMImBFa4). Lisaks uuriti
kiuliste elektroodide pressimise kaigus kasutatava temperatuuri ja réhu mdéju kiudude
mehaanilistele ja elektrokeemilistele omadustele. K&rgeim erimahtuvus 114 F g*
saavutati CDC/CB suhtega 80/20 rakendades kiulise elektroodi pressimisel temperatuuri
75°C ja rohku 2.5 MPa. Ohukeste kiuliste elektroodide morfoloogia ja mehaaniliste
omaduste uurimiseks kasutati skaneerivat elektronmikroskoopiat ning suhtelist
katkekoormust. Antud katsetuste tulemusena selgus, et kiuliste elektroodide morfoloogia
ja mehaanilised omaduse soltuvad tugevalt pressimisel rakendatavast temperatuurist ja
réhust. Kdrgeim suhteline katkekoormuse vaartus 3.12 x 10-4 N TEX™! saavutati
toatemperatuuril.

Kadesolevas t06s uuriti ka erinevate elektroliitidi tllpide mdéju CDC-l baseeruvate
kiuliste elektroodide elektrokeemilistele omadustele. Tapsemalt uuriti kolme vesilahuse
(1.0M NaNOs3/H,0, 1.0M KNO3/H,0 ja 1.0M NazS04/H20, 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) elektrolitidi mdju elektrokeemilistele omadustele, kolme
elektroodsetes katserakkudes. Kdige laiem potentsiaali aken 3.5 V, positiivselt ja
negatiivselt laetud elektroodi erimahtuvusega 89.9 F g, saavutati ioonsel vedelikul
baseeruva elektroliiiidiga 1.5M EMIm-TFSI/ACN. K&rgeim erimahtuvus 182.8 F g ja
295.1 F g? vastavalt positiivselt ja negatiivselt laetud elektroodil, saavutati 1.0M
NaNO3/H20 elektroluudiga.

Kolme-elektroodsete katserakkude analiilsi tulemusel valiti igast elektrolttdi tllbist
parim kandidaat kahe-elektroodsete kondensaator - rakkude analiilisiks, hindamaks
elektrokeemilise siisteemi energia- ja vBimsus tihedusi. K&rgeim energia 72.9 J g* ja
vdimsus 0.63 W g* saavutati mitte-vesilahuse elektrolitidis 1.5M SBP-BF4/ACN.
Eelmainitud elektroliiidiga ei taheldatud mahtuvuse vahenemist tais-tiihjakslaadimise
tslikleerimise testi kaigus. Kokkuvottes voib kdesolevas t00s saavutatud tulemuste pdhjal
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jareldada, et CDC-l baseeruvad kiulised elektroodid on eelkdige mdeldud kasutamaks
rakendustes, kus on oluline kdrge energia ja head mehaanilised omadused.

Kaesoleva doktoritéods pakuti vdlja uudne lahendus sisinikul baseeruvate kiuliste
elektroodide kasutamiseks energia salvestamise rakendustes. Ohukeste kiuliste
elektroodide mehaaniliste ja elektrokeemilste omaduste parendamiseks kasutati nenede
koostise optimeerimist. Siisinike CDC/CB massivahekord ning elektroodide pressimise
parameetrid omasid suurt md&ju kiudude morfoloogiale, mehaanilistele ja
elektrokeemilistele omadustele. Kadesolevas t66s saavutatud tulemused loovad eeldused
uutele uuringutele, parendamaks kiuliste komposiit-elektroodide omadusi energia
salvestus valdkonnas.
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This work aims towards the optimization of porous carbon saturated nanofibres composition for electrical-double
layer (EDL) electrode’s preparation. The properties of microporous carbide-derived carbon (CDC) based elec-
trospun electrodes are discussed. The variable electrode composition and their mechanical properties were
observed to obtain the highest EDL capacitance. Effect of densification pressure and -temperature of electrospun
electrodes are discussed. Thin electrode layer enables faster charge-discharge capability and perform higher
power with same consumption of electrode materials. The EDL capacitance of 114 Fgl, determined by cyclic
voltammetry method within the voltage range of 0-2.7 V, was achieved.

1. Introduction

Electrochemical capacitors, also called as supercapacitors or ultra-
capacitors, are energy storage devices with short time charge-discharge
capability and long cycle life [1]. Supercapacitors are categorized as
pseudocapacitors or electric double-layer capacitors (EDLC) [2]. The
categorization depends on the charge storage mechanism and used
electroactive materials [3]. Supercapacitors can be used in different
applications, for example in automotive industry, electronics and energy
recovery, etc. [4,5].

Electrospinning is a well-known fibre forming process, which is
drawn significant attention in energy storage devices like in fuel cells,
lithium ion batteries and dye-sensitized solar cells [6-9]. In last twenty
years, the EDLC is gaining more and more attention alongside with
batteries [10]. Their main advantages over secondary batteries are long
cycle life, high power density and fast charge-discharge capability [1,6,
11]. To achieve good EDL capacitance, carbon material with high sur-
face area combined with polymer substance are required. Traditional
capacitor electrodes are produced in the form of film, activated carbon
paste or carbon fabric [12]. However, in recent years, electrodes of
electrochemical capacitors have been also produced from electrospun
nanofibres and electrosprayed mats [6,13-16].

Electrochemical double-layer  system

consists mainly of

carbonaceous electrodes, separator and electrolyte. The EDL is formed
on the surface of carbon/electrolyte interface [13].

The optimal electrode composition, thickness, wettability, porous
structure and the mass transfer rate of ions in micro-mesoporous carbon
material and separator are important parameters for development of
supercapacitors [11]. One of the main advantages of electrospun elec-
trode material is the thickness near 20 ym, which is several times lower
compared to the conventional capacitor electrodes, including good
flexibility of the electrode [17-19]. The decrease in thickness improves
kinetics of electrolyte ions into the carbon electrode.

There have been several attempts to produce fibre-based super-
capacitor electrodes for testing in aqueous and non-aqueous electrolytes
[14-17,20]. The highest specific capacitance 120 Fg'l in non-aqueous
electrolyte and 155 Fg™! in aqueous electrolyte are achieved [14,15].

With binder bonded fibrous electrodes the biggest problem is the
relatively high polymer content, which is needed for mechanical
strength of the electrodes. In order to decrease the effect of polymer
isolating matrix, usage of conductive polymers [21,22] or activation
processes such as pyrolysis and carbonization [14-16] are needed.
However, fibrous electrodes electrospun directly from a carbon satu-
rated solution have yet to be achieved. The advantage of directly elec-
trospun electrodes is the less complex steps in preparations, lower cost
and better mechanical durability [23].

* Corresponding author. Department of Materials and Environmental Technology, Tallinn University of Technology, Ehitajate Tee 5, 19086, Tallinn, Estonia.

E-mail address: siret.malmberg@taltech.com (S. Malmberg).

https://doi.org/10.1016/j.elstat.2019.103396

Received 5 June 2019; Received in revised form 29 October 2019; Accepted 31 October 2019

Available online 18 November 2019
0304-3886/© 2019 Elsevier B.V. All rights reserved.



S. Malmberg et al.

One key element for achieving high EDL capacitance is proper choice
of microporous carbon, which must have high surface area and the
micropores need to be readily available for electrolyte ions. Commonly,
the activated carbon materials are used, which can be obtained from
natural sources such as fruit shells like coconut shells, and from wood,
pitch, coke, or from synthetic precursors such as selected polymers [24].
Main disadvantages of activated carbon materials are the broad pore size
distribution and relatively low bulk density [25-27]. Promising candi-
dates can be found among so-called carbide-derived carbon (CDC) [25,
26,28]. CDC stands for a large family of carbon materials, which are
synthesized from metal or non-metal carbide precursors, transformed
into pure carbon by following chemical reaction:

MCy + y/2 Clp = xC + MCly

CDC materials have gained great attention, due to their unique
properties, most importantly a structurally high microporosity from
amorphous carbon to graphite structure. Widely investigated EDL pro-
cesses on microporous carbon-electrodes have shown opportunities for
significantly increasing gravimetric and volumetric capacitance [25,
28]. The increase in capacitance can be reached by choosing suitable
electrolytes and combining them with optimal microporosity and
micropore size of carbide-derived carbon, which are exhibiting opti-
mized high surface areas [25,28,29].

Electrochemical properties of titanium carbide-based carbon mate-
rials have been investigated with non-aqueous solutions; the achieved
capacitance was up to 125 Fg' [28]. Furthermore, the fine-tuning of
pore size distribution and increasing the nano-porosity of CDC can in-
crease specific capacitance up to 140 Fg'1 [30].

Recent studies have shown that electrochemical performance of CDC
can be improved even more by applying the additional activation. Steam
based post-treatment of TiC-derived carbon increased microporosity of
CDC by up to 50%. It was also demonstrated that when the volume of
micropores is optimally adjusted to the electrolyte ion, specific capaci-
tances close to 160 Fg'! in non-aqueous electrolyte solution can be
reached [31].

Electrospinning is relatively simple and easily scalable technique to
fabricate high surface area nanofibres. In general, electrospinning is a
process where a polymer drop from the tip of a needle is drawn into
nanofibres by using electrostatic force and evaporating the solvent
under the electrical field on the way to the grounded collector [15,22].

For EDLC electrode fabrication by electrospinning it is important to
use carbon with rather small particle size (e.g., ca 0.1 ym in this work).
Therefore, the grinding of carbon particles is often used. Furthermore,
the grinding process of active carbon material helps to form a good
conductive network among carbon particles, binder and current col-
lector [32]. There are several grinding methods for carbon, such as
manual grinding in a mortar, ball-milling [33], planetary ball-milling
[34], etc. The conditions of ball-milling have an influence on the pore
structure of carbon particles as well as on the capacitance of the
resulting supercapacitor electrode. It is known that longer grinding time
increases capacitance due to reduced particle size of carbon [30,35].

In addition to grinding, the densification process is also used to
improve the performance of electrospun electrodes [36]. Densification is
a common post-treatment for electrode formation, during which the
electrodes are mechanically pressed in more dense structure by applying
static pressure. Densification of the electrode has substantial influence
on its thickness, density and surface morphology, and therefore, has
influence also on electrochemical performance of resulting capacitors.
Lobo et al. has shown that reduction of electrode thickness below critical
limit, ca. 25 pm, can potentially improve power and energy densities for
a given electrolyte as the electrode kinetics can furthermore be
controlled by diffusional geometry change from linear to radial or edge
transport mechanism. Over-compacting must be avoided, because this
can cause the decrease in macro-porosity and capacitance of the elec-
trode [37].
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The purpose of this work is to form CDC-based nanofibrous elec-
trodes for supercapacitors. Electrospun fibers have been tried several
times for energy storage, but in this work a combination of high EDL
capacity CDC and polymer has been achieved without further
processing.

2. Experimental section
2.1. Materials

Polyacrylonitrile (PAN) (Sigma-Aldrich, M,, = 15000 g/mol) was
used as a polymer matrix and dimethylformamide (DMF) (Sigma-
Aldrich), was used as solvent.

Carbide derived carbon and carbon black (CB) were used as carbon
materials, which guarantee high specific surface area and on other hand
good electrical conductivity of the produced electrodes. CDC has highly
nonporous structure with large surface area [38]. Titanium carbide
(TiC) was converted to CDC by using Cl; treatment at 900 °C. Thereafter
carbon was purified with hydrogen gas at 800 °C in purpose to remove
residues of chlorine. CDC was produced by Skeleton Technologies OU.
The specific surface area of CDC was 1577 m%g™! and particle size around
1-5pum of the initial sample. The Super-C carbon black was used as
conductive additive, it was purchased from Timcal with particle size
approximate 30 nm.

Ionic  liquid  1-ethyl-3-methylimidazolium tetrafluoroborate
(EMImBF,) (Sigma-Aldrich, purity >99.9%) was used. The aim of using
ionic liquids was to improve the dispersion of carbon additives and to
increase the conductivity of membranes [39].

2.2. Grinding of carbide-derived carbon

Grinding of CDC was carried out with planetary ball mill, Retch PM
100. To avoid formation of highly responsive surface of CDC, the plan-
etary grinder was vacuumed and thereafter filled with nitrogen. Two
types of balls were used, 19 mm stainless steel balls and 3 mm zirconium
oxide balls, whereas milling time varied from 0.5h to 10 h. The ratio
between CDC and balls was selected % by volume.

2.3. Preparation of spinning solution

Solution of PAN in DMF with carbon saturated mixture of CDC and
CB were prepared for electrospinning solution by using sonification and
mechanical stirring methods. Firstly, CB and CDC were dispersed into
DMF by using ultrasonic treatment for 2 h with Bendelin Sonapuls Ul-
trasonic device. Following ratios between CDC and CB were used: 80/
20, 85/15, 90/10 and 100/0 respectively. During sonification the so-
lution was cooled down by using ice bath, to avoid heating effect. Af-
terwards, formed dispersion was mechanically stirred at 40 °C for 24 h.
Finally, 7 wt% of PAN was added to whole solution (the ratio between
PAN and carbon were kept as constant 50/50), and the dispersion was
mechanically stirred another 24 h at 40 °C before electrospinning pro-
cess. Finally, 15 wt% of EMImBF4 was added to the electrospinning so-
lution directly before the electrospinning, continued with mechanical
stirring for 30 min at 40 °C.

2.4. Electrospinning

Electrospinning process was carried out at room temperature with
relative humidity ca 40%. Horizontal electrospinning system was used,
which consisted of the high voltage power supply (Gamma High Voltage
Research Ormond Beach), in-house built grounded drum collector and
syringe pump (New area pump system, Inc). Pumping rate in range of
0.3-1.5mlh~! was used depending on the solution viscosity. Distance
between spinneret (needle of syringe) and drum collector varied be-
tween 8 and 10 cm. The voltage was used between 15 and 18 kV.
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2.5. Densification process for electrodes

Densification of fibrous electrospun electrodes carried out with hy-
draulic static press Scamia. Electrospun electrode samples were pressed
with pressure up to 2.5MPa at different temperatures, from room
temperature (RT) up to 125 °C. Densification time was 1 min and kept as
constant through all experiments.

2.6. Sample analysis

In order to evaluate morphology and distribution of carbon particles
in formed fibre mats, produced electrodes were analysed by SEM TM-
1000 Hitachi and Gemini Zeiss Ultra 55. No conductive coating was
deposited onto the samples.

Specific surface area (Sggr) of CDC was determined by using NOVA
touch LX2 (Quantachrome Instruments). Before Sgrr measurement car-
bon were kept under vacuum for 1hat 300°C. Low-temperature
adsorption was done at the boiling temperature of nitrogen (77 K).
The specific surface areas of measured carbon samples were calculated
from N, adsorption in the p/po interval of 0.02-0.2 by the Brauner-
Emmet- Teller (BET theory) [40]. N, adsorption isotherm was also used
for obtaining values of total pore volume (Vio), calculated at p/pg of
0.97. A volume of micropores (V,) calculated from t-plot by using
DeBoer statistical thickness.

Mechanical properties of fibrous electrodes were tested with an
Instron 5866 tensile testing machine. Sample ribbons were cut to rect-
angular shape with length of 10 mm and a width of 4.5 mm. Five spec-
imens were cut from each electrospun sample of electrode. Maximum
load values were measured. Specific stress at maximum load was used
for describing strength of fibrous electrodes. Density of each specimen
was found in order to calculate the specific stress. The density p, was
calculated according to the following equation:

—— 1
=y @™
where m is a weight of the electrode and V is the volume of the electrode.
The specific stress o, in (Ntex 1) was calculated according to equation
(2):

X

2

==

_F
So =
where F is force, A is width of sample (in cm) and p is the density
(gem™~3) [41].

Electrochemical evaluation. The fibrous electrode was electrospun
on top of a carbon coated aluminum collector. The same composition
was used for both, positively and negatively charged electrodes. Elec-
trodes were cut out from electrospun material in disk size (with diameter
15 mm). All electrodes were tested in two electrode test cells. By as-
sembly of the cell, electrodes were interleaved with two layers of ion-
permeable separator paper (Nippon Kodoshi). After assembly, the cells
were kept under vacuum for 72hat 100 °C to remove absorbed gases
and water from the prepared electrode pack. Thereafter, dried EDLC
cells were vacuum filled with electrolyte, 1.8 M triethylmethylammo-
nium terafluorborate (TEMABF,) in acetonitrile (Honeywell).

The electrochemical evaluation of the assembled EDLC-s was carried
out with cyclic voltammetry (CV), in voltage range from 0 to 2.3 V with
voltage scan rate of 5mVs 1. The rate of voltage change over time
during the electrode potential ramp is known as the voltage scan rate.
The operating voltage range was determined from the CV curves,
whereas for selected cells the maximum voltages was increased up to
2.7 V. All measurements were carried out by multi-channel potentiostat
VMP3 (BioLogic Science Instruments). Capacitance and energy were
evaluated from the cyclic voltammetry data. Capacitance was calculated
by dividing the integrated current I (between 0 V and 2 V, the region was
selected based on occurred plateau on discharge curve) with voltage
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scan rate v, according to formula (3):

_ Jj1au

v

C 3)

whereas the specific capacitance (Cg) was calculated by equation (4):

4C
Co= — @
m
where m is the weight of the carbon in electrodes.
Energy was calculated according to equation (5):
cv’
E=
2 (5)

where U is the applied voltage and specific energy E; was calculated by
eq. (6):

E,= )

3. Results and discussion

Different grinding processes were used to decrease the carbon par-
ticle size down to 0.1 pm. The applied grinding showed decrease in
aggregation and complete disruption of the carbon particle structure.
The best results of grinding, in terms of high specific surface area, were
achieved by using planetary ball mill, with zirconium oxide balls in inert
atmosphere (N5). The rotation direction of the pot was determined at a
speed of 300 rpm, in counter to the rotational speed of the disk revo-
lution. The milled CDC fraction was analysed by BET and SEM methods.
The porosity characteristics of grinded CDC samples 1-4, are presented
in Table 1.

Grinding process of carbon materials increases the effective con-
ducting surface in-between the activated carbon, binder and current
collector is well known phenomenon [34]. Properly ground carbon
material also helps to form a good conductive network. The porosity
characteristics analysis revealed that in certain conditions surface area
of milled CDC was 1560 m2g ™, which only slightly less compared to the
initial surface area of CDC (1637 m2g™1). Furthermore, with increasing
milling time up to 6 h, surface area of CDC was decreasing rapidly, as
was obtained by SEM analysis. Previous can be explained by exceeding
the optimum time of the milling or in high energy mill catalytical effect
between carbon and stainless-steel balls can take place [36]. SEM
analysis of grinded CDC particles showed that during grinding process,
particle size was decreased, and distribution of the carbon particle size
got more uniform (see Fig. 1). Based on the particle size analysis, the
average particle size after milling was 0.8 pm.

3.1. The influence of densification process on supercapacitor electrodes

Densification is a common preparation process for supercapacitor
electrode formation and has a substantial influence on electrode thick-
ness, -density, mechanical properties and surface morphology. There-
fore, it has also influence on the electrochemical performance of
capacitors.

After densification, electrospun electrodes (PAN + CDC/CB in DMF)
were assembled in electrical double-layer capacitors, the ratio of CDC
and CB were set as following CDC/CB = 80/20 with addition of ionic
liquid, 1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF, 15 wt
% per solution).

The density values were calculated for each electrode sample, which
showed that electrode density increases with increasing densification
temperature. For example, the density of electrode sample compacted at
room temperature (~25 °C) was 0.75 gcm’3 and increased up to 0.93
gem 2 by increasing the temperature to 125 °C. With increasing elec-
trode density, higher volumetric capacitance is achieved, and kinetics of



S. Malmberg et al.

Table 1
The porosity characteristics of grinded CDC samples 1-4.
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Sample ID Grinding Method Material of balls Milling Atmos-phere Milling time (h) Porosity characteristics
Sger (m%g 1) Vi (em®g ™) Vtot (cm®g ™)
1 non-grinded - - 1637 0.71 0.81
2 planetary ball mill stainless steel N, 6 222 0.07 0.19
3 planetary ball mill stainless steel Ny 1 1422 0.61 0.72
4 planetary ball mill zirconium oxide N, 1 1560 0.71 0.82

EHT=4.00kv 200 nm
Detector = InLens

Fig. 1. SEM images of non-grinded CDC powder (left) and grinded CDC powder with planetary ball mill after 1 h (right).

electrochemical system is improved, as explain later. Furthermore, SEM
analysis revealed that the fibrous structure of the electrodes was
destroyed with densification at temperature higher than 95°C (on
Fig. 2). The loss of fibrous structure can be explained with exceeding the
glass transition temperature of PAN (85 °C), weakening the binding ef-
fect and mechanical properties.

In order to study densification influence on mechanical properties,
materials ribbons pressed in temperature range from room temperature
to 95 °C were tested at 100 mm/min on extension for mechanical tests.

a)

EHT=4.00V  1pm
Detector = InLens p—f

Ribbons pressed at 125 °C were too weak for testing. The densification
pressure was kept constant 2.5 MPa for all samples.

The influence of different densification temperatures on mechanical
properties is presented in Fig. 3. As it can be seen, the electrodes become
weaker with increasing temperature. Densification itself has no signifi-
cant influence on the specific stress values of electrospun electrodes at
RT. Densification of the electrospun electrodes under elevated temper-
ature (up to 95 °C) decreases specific stress up to three times compared
to the densification at room temperature. This effect is probably caused

EHT = 4.00kV
Detector = InLens

Fig. 2. SEM images of electrode samples: a) without densification b) at 75°C c) at 95°C and d) at 125°C.
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Fig. 3. Specific stress of electrospun electrodes.

by the fact that during hot-pressing fibres are losing macromolecular
orientation. The highest specific stress 3.12 x 10”4 NTEX ! was ob-
tained when sample heating was not applied.

Tested ribbons were also analysed by SEM, in order to see fracture
process of fibres. On Fig. 4, SEM images of fractured fibres are repre-
sented. As could be seen the fibres at break point are decreased in
diameter, which is clear evidence of fibre necking before the break. This
is typical behaviour of solid-state polymer materials at tensile defor-
mation. Fibre necking phenomenon evidences strong interaction be-
tween fibres in material so that fibres are not drawn out of the material
under extension load. The adhesion between current collector and
electrodes became stronger after densification and it does not influence
on the temperature. Densification helps to form crosslinking between
fibre layers. Better contact between fibres inside of the electrospun matt,
ensures higher conductivity and more effective charge transfer.

3.2. Results of electrochemical evaluation

The influence of densification pressure on electrochemical behaviour
of four different pressures were tested: 0; 0.6; 1.25 and 2.5 MPa. For this
purpose, the membrane of PAN in DMF with CDC and CB mixture was
prepared. The polymer concentration was kept as constant (7% of PAN)
and the ratio of CDC and CB was selected as 85/15. The 15% of ionic
liquid EMImBF; was added to the electrospinning solution. After
compaction of electrospun electrodes their electrochemical properties
were evaluated in electrical-double layer capacitor with voltage range
0-2.3V and scan rate of 5mVs ! (shown Fig. 5).

By increasing the densification pressure from 0 to 2.5 MPa specific
capacitance increases from 11 to 100 Fg'1 per dry weight of CDC. Typical
double-layer capacitor behaviour on CV in the pressure range of
1.2-2.5 MPa was achieved. One can suggest that better electrical contact

a)

El
Detector
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Fig. 5. Dependence of specific capacitance vs. voltage of electrodes after
different densification ratios.

between the CDC and CB particles is achieved by applying pressure to
the fibrous electrode.

For the optimal densification pressure of 2.5MPa, the effect of
temperature on capacitance was studied. The CV plots of various
densification temperature electrodes are shown on Fig. 6a.

Achieved CV showed typical double-layer capacitor behaviour with
nearly rectangular shape. The highest specific capacitance 114 Fg'l for
electrodes with densification temperature 75 °C was achieved. There is
some delay in reaching the plateau of capacitance of the sample elec-
trode at the applied compaction temperature of 95 °C, indicating its
worse material kinetics due to the higher resistance. Most probably in-
crease in electrical resistance due to partial bond breakage and on the
other hand diffusion inhibition of electrolyte ions due to over compac-
tion of material. This behaviour is clearly seen for electrode sample at
temperature 125 °C showed decrease in specific capacitance (89 Fg'!, in
Fig. 6a). This is in correlation with SEM analysis, as the voltammogram
of 125 °C electrode sample did not show as good rectangular shape as all
other samples, probably due to destroyed fibrous structure. With the loss
of the fibrous structure conductivity of the fibres is also decreased as the
carbon particles were not in ordered structure anymore and partially
blocked by polymer (see Fig. 2d). The fibrous electrode sample with
densification temperature 75 °C was tested also at higher voltages from
2.3V up to 2.7V, (see Fig. 6b). Achieved cyclic voltammograms main-
tained good electrochemical stability also in wider voltage range as
every next CV curve overlapped with previous one. Therefore, it can be
concluded that the optimum densification parameters for CDC con-
taining fibrous membranes is the 75°C with compacting pressure in
range of 1.2-2.5 MPa.

3.3. The influence of CDC ratios on specific capacitance

Four different CDC to CB ratios were tested for explaining optimized
CDC and CB content in the electrospun electrodes. Weight ratios of CDC
and CB were varied as following: CDC/CB 80/20, 85/15, 90/10 and

b)

Fig. 4. SEM analysis of fracture ends of mechanical test ribbons at different magnification.
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Fig. 6. a) The specific capacitance vs. voltage for different densification tem-
peratures (2.5MPa). b) The capacitance vs. voltage for fibrous electrode
pressed at 75 °C, (2.5 MPa) at various voltage ranges.

100/0. The hypothesis was that higher specific capacitance will be
achieved with increasing the CDC content in electrodes. The optimum
densification parameters were applied, namely T=75°C and
P =2.5MPa. The electrospun electrodes were tested with cyclic vol-
tammetry in voltage range of 0-2.3V. EDL characteristics of tested
samples are presented in Fig. 7.

The ratio of the CDC and CB had significant influence on the
capacitance values based on the achieved voltammograms. The highest
specific capacitance of 114 Fg! and round-trip efficiency of 98% with
CDC and CB ratio 80/20 was achieved, which is quite close to capaci-
tance of conventional capacitors electrodes 120 Fg‘l. Based on the pre-
vious studies it is known that the specific capacitance and round-trip
efficiency values starts decreasing when the CB content is increased
above 20% [24]. This behaviour can be explained with the increase of
the higher surface area of the particles as CDC has much higher surface
area compared to carbon black. The surface area of CDC powder is 1637
ng'l and the surface area of CB is 62 ng'l. Therefore, with increasing
the carbide-derived carbon content to certain level, the better accessi-
bility to porous structure is ensured. However, the fine particles of
conductive carbon are also needed to make electrical contacts (or
bridges) between the carbide-derived carbon particles in fibrous struc-
ture. As the concentration of the polymer matrix (50%) is quite high in
fibrous electrodes compared to the conventional EDLC electrodes
(3-8%), the capacitive component CDC particles tend to be blocked.
Therefore, when the CB amount is decreased below 20%, the specific
capacitance value starts decreasing again due to the lack of conductivity
between CDC particles in fibres. Specific energy of electrospun fibrous
mats were also studied as supercapacitors are used for delivering and
releasing energy. Similarly, to the specific capacitance, the highest
specific energy value of 75 kJkg ! (at 2.3 V) was achieved with the CDC
and CB ratio 80/20. The lowest energy value was obtained with pure
CDC/PAN based electrode sample, where the energy value was two
times lower.
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Fig. 7. The influence of CDC/CB ratio on the specific capacitance and spe-
cific energy.

4. Conclusions

This paper demonstrates an effective way to produce supercapacitor
electrodes from carbon saturated polymer compounds. The combination
of electrospinning and densification allows achieving fibrous electrodes
with decent mechanical properties and high EDL capacitance. The
optimized densification conditions were found as a temperature of 75 °C
and a pressure between 1.2 and 2.5 MPa. It was shown that the densi-
fication of fibrous electrodes under elevated temperature above RT de-
creases the specific stress up to 24%, however, the capacitance therein
increases by two times.

The electrospun fibrous carbon saturated electrodes in thickness
range of 10-20 pm (with mass loading 2.13 mgem ™) after densification
process applied show the EDL capacitance in the range of 46-114 Fg'..
The highest specific capacitance value of 114 Fg'l (yielding specific
energy of 75.4 Jg'1) at 2.3V with CDC and CB ratio of 80/20, was
achieved. The fibrous electrode based EDLC was successfully tested in
voltage range up to 2.7 V and shows good electrochemical stability ac-
cording to CV curves.

The advantage of directly electrospun fibrous electrodes is the
elimination of pyrolysis-treatment, which currently is a routine pro-
cedure in the process for making conductive carbon fibres. Electrospun
fibrous electrodes have relatively high binder content (50 wt% of solid
material), which gives them outstanding mechanical properties.
Nevertheless, their capacitance per carbon (i.e. per carbon weight in the
electrode) compared to conventional supercapacitor electrode. The
usage of fibrous electrodes in non-aqueous supercapacitors allows
working at higher voltages and therefore to achieve higher energy
densities.
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Abstract: This study focuses on the electrochemical behavior of thin-layer fibrous carbide-derived
carbon (CDC) electrospun electrodes in commercial and research and development stage
organic-solvent and ionic liquid (IL) based electrolytes. The majority of earlier published works stated
various electrolytes with asymmetric cells of powder-based pressure-rolled (PTFE), or slurry-cast
electrodes, were significantly different from the presented CDC-based fibrous spun electrodes.
The benefits of the fibrous structure are relatively low thickness (20 um), flexibility and mechanical
durability. Thin-layered durable electrode materials are gaining more interest and importance in
mechanically more demanding applications such as the space industry and in wearable devices,
and need to achieve a targeted balance between mechanical, electrical and electrochemical properties.
The existing commercial electrode technologies lack compatibility in such applications due to their
limited mechanical properties and high cost. The test results showed that the widest potential window
dU < 3.5V was achieved in 1.5 M 1-ethyl-3-methylimidazoliumbis(trifluoromethyl-sulfonyl)imide
(EMIm-TFSI) solution in acetonitrile (ACN). Gravimetric capacitance reached 105.6 F g~! for the
positively charged electrode. Cycle-life results revealed stable material capacitance and resistance
over 3000 cycles.

Keywords: electrospinning; electrolyte; carbide-derived carbon; supercapacitor; double-layer
capacitance; cycle-life

1. Introduction

Supercapacitors, also known as electrochemical double-layer capacitors (EDLC) are energy
storage devices with the advantage over conventional capacitors of having significantly higher energy
density in a wide range of power capabilities, combined with a long cycle-life [1]. In conventional
supercapacitors there are no redox reactions and charge separation occurs upon polarization at the
electrode/electrolyte interface, which is also called the electrochemical double layer [2]. The energy
storage process in EDLCs is fast and reversible due to the physical adsorption process of electrolyte
ions on the carbon surface. However, this is not the case with lithium ion batteries (LIBs), where energy
is stored by chemical reactions [3]. Therefore, EDLCs are suitable for a large number of applications
where large amounts of energy need to be stored or released in a short time-frame. For example,
supercapacitors are primarily used in hybrid electric and fuel cell vehicles like buses [4], trains [5]
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and trolley buses [6]. Batteries and fuel cells exhibit energy densities a few orders of magnitudes
larger than supercapacitors. Therefore, it is not sufficient to use only supercapacitors as energy sources.
Supercapacitors are more beneficial in situations where a great deal of power is needed in a short time,
which batteries cannot provide so efficiently [3-6]. Therefore, the use of supercapacitors in combination
with batteries provides significant advantages in terms of energy efficiency. For example, almost all the
kinetic energy can be stored in the supercapacitor portion of the energy storage system during braking
and can be further reused during accelerating. These high-power peaks would otherwise damage
LIBs, while fuel cells do not offer any possibility for fast energy recuperation [1]. Other application
areas of supercapacitors are energy harvesting systems [7], solar arrays [8] and windmill turbines [9],
in which the supercapacitors” high energy efficiency and lifetime has proven to be advantageous [1].

The overall performance of supercapacitors is influenced by the interactions between the electrode
and the electrolyte inside the cell. Besides the operative voltage, electrolytes have great influence on
the other parameters of EDLCs such as equivalent series resistance and power density, cycling stability,
operating temperature range and self-discharge rate. The electrostatic interactions between electrolyte
ions and the surface of carbon electrodes thus play an important role in impacting the overall EDLC
characteristics. Generally, a larger accessible surface area leads to higher energy density [10].

In general, an ideal electrolyte for EDLC applications should exhibit some critical characteristics:
high electrochemical stability, i.e., broad electrochemical potential window; a wide working temperature
range; high ionic conductivity; high polarity; low viscosity; environmental friendliness; low flammability
and low cost [11]. Electrolytes are categorized into several groups such as aqueous; organic; IL;
solid-state and redox-active electrolytes [11,12]. The most used type of electrolyte in industrial
supercapacitors is a solution of quaternary ammonium salt in organic solvent, often acetonitrile (ACN)
or propylene carbonate (PC) [1,6]. Acetonitrile-based electrolytes show higher conductivity and
lower viscosity compared to PC-based electrolytes [13]. Therefore, EDLCs containing ACN-based
electrolytes out-perform those containing propylene carbonate, especially regarding power density
and specific energy at lower temperatures. However, PC-based electrolytes are considered safer
alternatives compared to the acetonitrile-based electrolytes due to a lower level of toxicity and higher
flash point [11]. The maximum operative voltage of the majority of nonaqueous electrolyte based
commercial supercapacitors is between 2.5-3.0 V.

IL-based electrolytes are widely used for increasing the upper voltage limit of EDLCs [2,14].
Disadvantages of ILs are their sensitivity to moisture, moderate conductivity as a result of high
molecular weight and viscosity [5], and high cost, impacting their cost per function [8,9]. In addition,
moisture can easily affect the stability and conductivity of an IL. Even a small amount of water can
dramatically reduce the electrochemical stability of ILs.

Typically, industrial supercapacitors utilize porous carbon electrodes with high specific surface
areas. Over the last decade, several carbon candidates such as fullerenes [15], carbon nanotubes [16];
graphene [17] and CDCs [18], have been reported for electric double layer capacitor applications. Each of
these compounds presents exceptional properties for capacitor electrodes. Their theoretical capacitance
in a two electrode configuration ranges from 60 up to 360 F g~ [19-22]. Carbide-derived carbons
differ from other available carbon materials due to their unique nanoporous structure, narrow pore
size distribution and the possibility of fine tuning of the pore size [10,21-24]. CDCs have been under
increased attention over the past decade as high capacitance materials due to unique properties.
Polytetrafluoroethylene or polyvinylidene fluoride binders based CDC electrodes have been tested
with a variety of organic electrolytes including IL-based electrolytes [10,25-27]. The highest reported
specific capacitance of CDC was up to 190 F g~! with a 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIm-BF,)-based electrolyte [10]. As mentioned before, EDLCs store energy in the electrochemical
double layer formed between the carbon electrode’s surface and the electrolyte’s ions. Generally, higher
specific surface areas in carbon materials show higher gravimetric capacitances. However, carbon
materials have natural limits to their possible capacitance, as their active surface area per weight is
limited. Still, one can utilize the available surface most efficiently by matching carbon pore size with
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the ion size of an electrolyte, ensuring access to the carbon surface by having enough transport channels
and, with decreasing distance between charges, in the double-layer [12,22]. Otherwise, the electrical
resistance of the electrode increases due to limited access of the electrolyte to the pores [28].

With porous carbon, the capacitance can depend on varying the different electrolytes with different
ion sizes. To achieve high energy, it is important to know both the dominant pore size of the carbon
and the size of the electrolyte ions. The N adsorption method, or density functional method, are used
for investigating pore sizes of carbon [21].

The ion sizes of electrolytes can be calculated by various methods, such as determining the bare
molecular and solvated ion sizes [12]. It is important to note that the dimensions of the solvated ions
depend on the concentration of the solution in the case of electrolyte solutions. This is particularly
important in the case of ILs, where the electrolyte ions may also be unsolvated, such as in the case of
pure IL. Lin et al. found that although the bare ion sizes of EMIm™ and TFSI™ were similar, they were
nevertheless different for solvated ions in the acetonitrile solvent: (TFSI/ACN < EMIm*/ACN) [29].
Quaternary ammonium salts’ cation size decrease in the following order: tetraethylammonium,
spiro-(1,1")-bipyrrolidinium and triethylmethyl-ammonium (TEA* > SBP* > TEMA™), calculated for
the solvated ion radii [2,30].

Carbon electrodes offer good electrical conductivity and a high surface area. Carbon-saturated
electrospun fibrous electrodes can be used as alternatives to rolled or casted porous carbon electrodes.
Recently, electrospun materials have been shown to also provide high EDL-capacitance with good
flexibility and good mechanical properties [31].

Electrospinning is the process of forming fibers of submicrometer diameter by an electrical field.
It is a scalable technique whereby a drop of polymer from the tip of a needle is drawn into fibers
by electrostatic force. The solvent is evaporated and fibers are formed on their way to the current
collector [32].

Numerous attempts have been made to increase the voltage stability range of carbonaceous
electrodes in aqueous and nonaqueous electrolytes [18,19]. However, little is reported towards
increasing the working potential of electrospun fibrous electrodes in supercapacitors [33,34]. Levitt et al.
showed capacitance up to 205 mF cm~2 with composite MXene/PAN fibers, which is three times higher
than pure carbonized PAN [33]. Another approach for making fibrous electrodes has been done with a
PANi/carbonized polyimide combination [34]. However, the carbonization process itself is destructive
and certainly it has a relatively high cost from a large-scale production point of view.

The present study analyzed the electrochemical behavior of electrospun fibrous electrodes
saturated with CDC in different organic and IL-based electrolytes. A three-electrode test setup was
used to explore the maximum working potential of the electrodes in different electrolytes as well
as the respective electrodes’ capacitances. The values presented herein can thus serve to design a
two-electrode system utilizing the respective electrospun electrodes and investigated electrolytes.
Moreover, the study also outlines the importance of electrolyte selection for the optimization of any
EDLC’s electrochemical performance.

2. Experimental Section

2.1. Materials and Processes

For analysis of the electrochemical behavior of the fibrous electrodes in various electrolytes,
the best performing recipe from a previous study was used [31]. Titanium carbide (TiC) based CDC
material was used as the main capacitive component. For this approach, a TiC precursor was converted
to CDC by using Cl, treatment at 900 °C, followed by a hydrogen gas purification step at 800 °C
to remove residues of chlorine. CDC was produced by the company Skeleton Technologies OU.
The specific surface area of synthesized CDC was 1577 m? g~! with an initial particle size around
1-5 pm. The CDC particles were milled according to the procedure described in our previous study [31].
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A mixture of milled CDC particles and carbon black (CB, Timcal, Deutschland GmbH, Diisseldorf,
Germany) with weight (wt) % ratio of 80/20, respectively, was dispersed by 2 h ultrasonic treatment
in dimethylformamide (DMF, Sigma Aldrich, Tartu, Estonia). The resulting mixture of the solvent
and carbon particles was mechanically stirred at 40 °C for 24 h. Thereafter, 7 wt% of polyacrylonitrile
(PAN, Sigma Aldrich, Mw = 150,000 g mol~!) was added to the solution, while the ratio of PAN and
carbon was 50/50. The whole solution was mechanically stirred for another 24 h at 40 °C. As a last
step before the electrospinning process, 15 wt% of IL EMIm-BF; was added to the solution and mixed
for 0.5 h at 40 °C [31]. The purpose of IL was to increase the solution’s conductivity for a successful
electrospinning process.

The prepared solution was electrospun by using a horizontal electrospinning system.
The electrospinning conditions were as follows: the pumping rate of the solution was 0.5 mL h1,
the distance between the spinneret and drum collector was 8 cm and a DC voltage of 15 kV was
applied [31]. Scanning electron microscopy (SEM) of the prepared electrode, with two different
magnifications, was carried out with a Gemini Zeiss Ultra 55 and is presented in Figure 1. SEM analysis
displayed the fibrous structure of the electrode. The distribution of CDC/CB particles was clearly
observed on the surface and inside of the main PAN/DMF fibers. As seen on the SEM images the
contact between the CDC/CB particles remained, which is important to achieve good conductivity of
the fibers. More detailed SEM analysis of the samples is described in our previous work [31].

EHT= 400k 200nm
Detector=InLens

Figure 1. Different magnifications of scanning electron microscope (SEM) images of electrospun
carbide-derived carbon (CDC) based fibrous electrode.

The thermal stability of the electrode was evaluated by thermal gravimetric analysis (TGA) by
Labsys Evo TG DTA Omni Star. As shown in Figure 2, the electrospun fibrous electrode sample
decomposed in three steps. The first mass loss stage is present between 247-317 °C, which has an
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early shoulder at 290 °C, which indicates several parallel or competing reaction kinetics. The main
reaction at this stage is the degradation of PAN, which occurs at 260 °C. This is comparable with
PAN degradation found in V. Salles, etc. research, where pure polyacrylonitrile fibers decomposed
between 250-300 °C [35]. The second mass loss stage starts at 318 °C and ends at 442 °C, indicating the
degradation of ionic liquid EMImBE,, which, based on the literature, has been found to occur between
333 and 455 °C [36].

—Mass loss
120 05 —Heat flow 40
—Derivation of mass loss 35
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Figure 2. Decomposition characteristics of fibrous electrospun electrode material.

The degradation of ionic liquid also shows the highest heat flow. Third mass loss stage with
the highest mass loss of 48.3%, which has a peak at 600 °C is the degradation of carbonous fillers
CDC and CB. The porosity characteristics of the CDC powder was determined from N, adsorption at
—196 °C using the NOVA touch LX2 (Quantachrome Instruments, Boynton Beach, FL, USA). Before
measuring, the samples were dried for 12 h in vacuum at 300 °C. The Brunauer-Emmmet-Teller( BET)
surface area was calculated from N adsorption according to BET theory at a pressure interval P/Pj of
0.02-0.2. The micropore volume (V,), calculated by a t-plot model and the total pore volume (Vo) was
calculated at P/Py of 0.97. Calculations of pore size distribution (PSD) were done by using a quenched
solid density functional theory (QSDFT) equilibria model for slit type pores. Before measurement,
the sample was degassed in a vacuum at 300 °C for 12 h. The porosity characteristics and PSD are
presented in Table 1 and in Figure 3.
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Figure 3. The pore size density (PSD) and N, absorption/desorption isotherm of tested CDC samples.
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Table 1. Porosity characteristics of CDC particles.

Sample Spgr,m?gl  V,,ecm®g! Vi em®gl APSnm
CDC 1560 0.71 0.82 0.95

For electrochemical tests, the prepared electrodes were cut with a diameter of 6 mm and an
average coat weight of 1.86 g m~2 and dried under vacuum at 100 °C for 24 h to remove absorbed gases
and water. For testing in various electrolytes, the weights of the electrodes were recorded after drying
with an analytical scale (Mettler AE 163, Tallinn, Estonia). Afterwards, the prepared electrodes were
assembled into three-electrode test cells with a glass fiber separator (purchased from VWR, Dresden,
Germany), including a large carbon counter and carbon reference electrodes (RE).

2.2. Electrolytes

Commercial electrolytes 1.0 M TEA-BF4/ACN and 1.8 M TEMA-BF4/ACN were purchased from
Honeywell. 1.5 M SBP-BF4/ACN was purchased from Japan Carlit Co., Ltd, Tokyo, Japan.

ILs, EMIm-TFSI and EMIm-BF,; were purchased from Sigma Aldrich. Both conductive salts
were mixed with acetonitrile in a 1.5 molar concentration in a dry box in a nitrogen atmosphere
(O < 0.5 ppm and H,O < 0.5 ppm) to prevent contamination and to keep electrolytes dry. The physical
properties and chemical structure of the electrolytes are presented in Table 2 and Figure 4.

Table 2. Physical properties of electrolytes and ions.

Concentration in Acetonitrile, M

Acronym  Chemical Formula Ionic Radii, nm (in This Study) Reference
TEA* (CoHs)4N* 0.670 1 [37]
TEMA™* (CoHs)3CH3N™ 0.327 1.8 [38]
EMIm* CéI‘I‘l‘ll\IzjL 0.326 1.5 [39]
SBP* CgHygN™T 0.420 1.5 [21]
BF,~ BF,~ 0.480 variable [29]
TESI™ (CF3S0;),N~ 0.227 1.5 [39]
a) b} c)
@~ =8/~ N
N N N
d) €)
i
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\ @ ¥ 3
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D
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Figure 4. Chemical structures of cations and anions: (a) SBP, (b) TEA, (c¢) TEMA, (d) EMIm, (e) TFSI,
(f) BF4 [40,41].
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2.3. Electrochemical Characterization

The electrochemical characteristics of the electrospun materials were measured using cyclic
voltammetry (CV), constant-current charge-discharge (CC), and electrochemical impedance spectroscopy
(EIS) methods, all carried out using a Gamry Interface 1010 E equipment, Warminster, Pennsylvania,
United States of America.

The CV plots were measured at potential scan rates (v) of 50 mV s™! to 1 mV s™!. The EDL
capacitance was calculated from CV data by dividing measured current values i by the voltage scan
rate v, according to Formula (1):

C= 5 1)

In addition to the information about capacitance, CV represents information regarding
electrochemical processes concerning kinetics, cycle efficiency and visible faradaic reactions [42,43].
The coulomb efficiency (E;) is used to characterize charge-discharge cycle efficiency in a CV plot.
An efficiency of more than 90% indicates a reversible charge-discharge cycle, where almost all
applied charge is returned during discharge. Coulomb efficiency was calculated according to the
following formula:

Qchmge

Eq = (2)

Qdischarge ’
where Qcpyqge is the amount of electrical charge used during material recharging and Qgischarge is the
amount of charge received during discharging.

Current charge-discharge is the most common method for measuring integral capacitance. It also
correlates most closely with the end application results [44]. The applied potential is selected based on
the electrolyte’s stability obtained from CV plots. The potential limits were selected for negatively
and positively charged systems, —1.2 V and 1.2 V, respectively. For the positively charged electrode
(Ca), and the negatively charged electrode (Cc), capacitance values from galvanostatic cycles were
calculated at a discharge current density of 0.5 mA cm™2. Since the discharge curves were not linear,
the capacitance was calculated by integrating the charges in accordance with Equation (3).

E, .

max ldt

Ca; Cc = f = 3)
o AE

where AE is the potential range for oppositely charged electrodes, 1.2-0 V (positive) and -1.2-0 V
(negative) vs. RE [43].

Electrochemical impedance spectra were measured in the AC frequency ranges 200 kHz to 5 mHz,
at a fixed electrode potential of —0.5 V vs. carbon reference. To describe the impedance spectroscopy,
complex Z”, Z’ plots known as Nyquist plots are generally presented. Nyquist plots consist of three
regions in the case of a porous electrode: the small depressed semicircle at higher AC frequencies,
the porous region with a —45° or lower slope and the double-layer capacitance region with a slope of
about —90°. In the case of series RC circuits, the total impedance (Z) can be described by Equation (4):

1
_ ’ "o
Z=27 +2Z _R+—jwcs, 4)

where Z’ is real impedance and Z” imaginary impedance, j is the imaginary number \/—_1, Cs is series
capacitance, w is angular frequency, w = 27f, and f is AC frequency in Hz.
The series capacitance values for each electrode material in different electrolytes were calculated
by Equation (5).
1/z2”

CG=-—"1— ©®)
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Rs can be determined by frequency response analysis based on Equation (6):
Ry = 7' 6)

The R; value, at Z” = 0 is the impedance of the electrochemical system.

The phase angle response to frequency for an ideal capacitor is —90°. However, it is slightly below
—90° in practice, which is frequency dependent, and, therefore, read at the lowest frequency [24,43].

A common method for evaluating long-term stability of a supercapacitor is cycling between
maximum and minimum working voltages by the CV or constant current methods for longer periods
of time [45]. Therefore, in this study, the cycle-life was carried out at a voltage range of 0 to 2.3 V ata
voltage scan rate 20 mV s~!. The capacitance retention was evaluated by CV, and resistance increase
by EIS.

3. Results and Discussion

3.1. Galvanostatic Charge and Discharge

The galvanostatic charge-discharge method was performed in the four different electrolytes:
two IL and two quaternary ammonium salt-based solutions. To reach the capacitance limits of the
positively and negatively charged electrodes, the materials were held at a fixed potential for 5 min
before being discharged. Thereafter, the material was recharged for the next cycle. The same profile
was repeated five times, firstly at negative and, thereafter, at positive potential regions separately.
The average DL capacitance values for the last three cycles are given in Table 3 and discharge curves
are shown in Figure 5.

Table 3. Capacitance values obtained from constant current discharge plots at I = 0.5 mA cm™2.

Electrode Coat Weight  Positively Charged Electrode Negatively Charged Electrode

Electrolyte
gm2 mFem=2  Fom™3 Fgl mFem2  Fem™3 Fgl
EMIm-TFSI/ACN 2.29 20.6 10.3 89.8 20.6 10.3 89.8
SBP-BF,/ACN 1.83 14.4 14.4 78.5 19.7 9.9 95.3
TEMA-BF4/ACN 1.02 57 2.8 70.8 6.9 2.3 55.8
EMIm-BF;/ACN 229 242 12.1 105.6 19.7 9.9 76.2

EMIm-TFSI/ACN: 1-ethyl-3-methylimidazoliumbis(trifluoromethyl-sulfonyl)imide in acetonitrile; SBP-BF4/ACN:
spiro-(1,1")-bipyrrolidinium tetrafluoroborate in acetonitrile; TEMA-BF4/ACN: tetraethylammonium tetrafluoroborate
in acetonitrile and EMIm-BF4/ACN: 1-ethyl-3-methylimidazolium tetrafluoroborate in acetonitrile.

The highest capacitance of 105.6 F g~! for a positively charged electrode was achieved with an
EMIm-BF4/ACN electrolyte, whereas the capacitance for a negatively charged electrode was only
76.2 F g~! and the difference between the capacitance for a positively and negatively charged electrode
was 28%. The lowest capacitance at both potentials was measured in the TEMA-BF, electrolyte;
the capacitance achieved for the negatively charged electrode was 55.8 F g~! and for the positively
charged electrode 70.8 F g~1. Therefore, it seems that with similar BF,~ anions, the counter ion still has
influence on the material capacitance. ILs are also known to have lower conductivity, but somewhat
higher capacitance, as measured for porous carbon electrodes [32]. A similar result was observed
here. For SBP-BF4/ACN the capacitance on the positive potential was 17% lower compared to the
capacitance on the negative potential. However, the capacitance for the EMIm-TFSI/ACN electrolyte
was equal for positive and negative potentials. The capacitance values on negative potentials in
SBP-BF,/ACN and for EMIm-TFSI/ACN electrolytes were rather similar, 95.3 F g™ and 89.8 F g7,
respectively, most probably due to the similar size of cations.
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Figure 5. Discharge voltage profiles for positively and negatively charged electrodes at a current
density of 0.5 mA cm?.

3.2. Cyclic Voltammetry

Cyclic voltammetry was applied to investigate the electrochemical stability of fibrous electrodes
in different electrolytes. CV plots were measured with voltage scan rates from 5 to 50 mV s7! to
evaluate the material stability over time and, more importantly, if the supercapacitor built from
CDC-based fibrous electrodes was capable of fast charging rates. Figure 6 presents typical dependence
of voltage scan rates for fibrous CDC-based electrodes. As shown on the graph, if the voltage scan
rate was increased four times, there was no change in capacitance. In the case of the 10-times increase,
capacitance was decreased around 20%.

40

30

20

10 —50 mV/s
0 —20mV/s

10 —10 mV/s
—5mV/s

Capacitance, mF

-1.5 -1 -0.5 0 0.5 1 15
Potential, V (vs. Carbon)

Figure 6. Capacitance dependence of voltage scan rates for fibrous CDC-based electrode material in
1.5 M EMIm-TFSI/ACN electrolyte.

The CV method also enabled us to investigate the positive and negative potential limits and
coulombic efficiency at different electrode potential intervals of the system. The positive and negative
potential limits were determined by the onset of the faradaic current from the nonfaradaic current.
The method itself is well described by the studies of Xu [46], Ruschhaupt [45] and Weingarth [47].
The coulombic efficiency and potential windows for positively and negatively charged electrodes are
presented in Figure 7A-D.
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Figure 7. Cycling voltammograms expressed as capacitance vs. potential (black lines) and energy
efficiency at respective potential (red dots) in electrolytes: (A) SBP-BF4/ACN (B) TEMA-BF4/ACN,
(C) EMIm-BF4/ACN and (D) EMIm-TFSI/ACN.
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Generally, wider potential limits together with higher coulombic efficiency, were observed for
negatively charged electrodes compared to the positive potentials (Figure 7). The widest potential
window was achieved for the EMIm-TFSI/ACN electrolyte, where negative potential limit reached up
to —2.0 V and the positive potential limit reached +1.5 V vs. RE, (total stability voltage dU ~ 3.5 V).
The E, values at negative electrode potentials did not drop below 90%, whereas at positive electrode
potentials E; was almost <85%. With the EMIm-BF;/ACN electrolyte, the decrease of E; was observed
on negative potentials already at —1.6 V and on positive potentials at +0.8 V vs. RE, which is not close
to potential limits for this ionic IL-based electrolyte. Furthermore, additional peaks were observed on
the voltammogram of negative potentials, where the peak appeared at —0.5 V with the EMIm-BF4/ACN
electrolyte. Evolution of the negative discharge peak was observed when negative potential exceeded
—1.7 V, which is most probably caused by surface compounds formed with negative overpotential.
The peak was reversible on positive potentials close to 0.9 V vs. RE. The origin of this peak is not clear.

A smaller potential window was observed with the TEMA-BF;/ACN electrolyte compared to
the other tested electrolytes. The negative limit was —1.9 'V, close to the EMIm-TFSI/ACN electrolyte.
However, the stable positive potential was reached close to the +1.0 V vs. carbon reference. The efficiency
for a positively charged electrode was lower than expected in the TEMA-BF,/ACN electrolyte, probably
because CV plots were recorded on a wider electrode potential limits than the EDLC region and also
includes parasitic processes. The widest potential window of 3.0 V was observed for the SBP-BF;/ACN
electrolyte from the quaternary ammonium salt electrolytes.

3.3. Electrochemical Impedance Spectroscopy

The three-electrode experiments of pure ionic liquids and ILs diluted with acetonitrile were also
performed by impedance spectroscopy. The fibrous electrodes with the studied electrolytes showed
different behaviors at analyzed frequency regions (see in Figure 8A-C).

The Nyquist plot of fibrous electrodes are presented in Figure 7A. For typical carbonous EDL
electrodes, the —45° slope should be observed immediately after the semicircle, followed by a vertical
line, which is almost parallel to the imaginary impedance axis (Y-axis) in the lower frequency region [44].

The closest results to EDLC behavior of the fibrous electrodes were achieved for quaternary
ammonium-based electrolytes and with the EMIm-TFSI/ACN electrolyte, where a near-vertical line at
a low frequency area was achieved. A clear semicircle was observed for EMIm-TFI/ACN in the high
frequency region, which points to several possible reasons; for example, interfacial impedance occurring
at the current collector/active material interface, mass transfer resistance inside microporous electrode
at high frequencies, and charge transfer resistance inside macro/mesopores [44,48]. No clear semicircle
was observed with other IL-based electrolyte solutions, probably due to the lower conductivity and
higher viscosity of the electrolyte [33,49]. For pure IL-based electrolytes, high impedance was seen
in the low frequency range, indicating that processes with limited mass transfer predominate at
f =5mHz, and even at 5 mHz; capacitive behavior was not ideal. This was caused by the much higher
viscosity and much lower mobility of the electrolyte ions than in ACN-diluted solutions. A similar
effect was also observed with EMImBF, by Zhang et al. when by diluting EMIm-BF, in ACN, the total
resistance of the electrode decreased remarkably [43].
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Figure 8. Electrochemical impedance spectroscopy (EIS) plots for electrolyte-carbon interface:
(A) Nyquist plot, (B) Rs as a function frequency and (C) C; as a function of frequency.

Series resistance and -capacitance, calculated by Equations (5) and (6) are shown in Figure 8B,C.
According to the graph Rs vs. f, the electrolytes can be divided into two groups: (1) quaternary
salt solutions and (2) pure ionic liquids with EMIm-BF4/ACN. Interestingly, EMIm-TFSI/ACN
behaved similarly to the first group of electrolytes. At high frequency region (f > 1 Hz) for the
first group and (f > 200 Hz) for the second group electrolytes, Rs values were much lower compared
to the low-frequency region in Figure 7B. This was due to electrolyte ion migration speed and
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their adsorption/desorption rate, which is maximum at low frequency of EDLCs [11]. The lowest
resistance at the frequency region 10 < f < 100 Hz was observed with TEMA-BF4/ACN electrolyte.
In addition, the resistance at 20 Hz increased in the following order: TEMA-BF,; < SBP-BF,; <
TEA-BF; < EMIm-TFSI/ACN < EMImBF;/ACN < EMIm-TFSI < EMIm-BF,. This order correlates to the
assumption that IL has a lower conductivity compared to organic electrolytes [12]. The lowest resistance
among IL-based electrolytes of an electrode/electrolyte system was observed for EMIm-TFSI/ACN,
as mentioned above. Also, the highest capacitance was achieved with the same IL-based electrolyte,
EMIm-TFSI/ ACN. At high frequencies, the electrode material behaved more as a smooth surface
and, therefore, electrolyte ions did not have enough time to migrate to carbon micropores, so the
capacitance was very low. With decreased frequencies, the electrolyte ions started to migrate and
adsorb into carbon pores, which resulted in an increase of the capacitance value. With a decrease
in frequency (f <1 Hz), capacitance reached the plateau for certain electrolytes. However, for pure
IL-based electrolytes this plateau was not achieved even at very low frequencies (f < 10 mHz), due to
their high viscosity, which can be observed in Figure 7C.

3.4. Cycle-Life

The cycle-life for electrospun fibrous CDC-based electrodes, was measured in a two-electrode set
up by the CV method. The voltage scan rate was selected as 20 mV s71, due the electrode material
previously showing steady capacitance behavior at this voltage scan rate. The cells were cycled between
0V and 2.3 V. For the cycle-life measurements, SBP-BF4;/ACN and EMIm-TFSI/ACN electrolytes were
selected. In the case of IL-based EMIm-TFSI/can, an exponential decrease in capacitance was observed
during cycling, which may have been caused by the relatively high viscosity and high voltage scanning
rate which disabled the effective ion transfer in the electrical double layer. Stable cycle stability was
achieved with the SBP-BF4/ACN electrolyte as shown in Figure 9. There was no significant capacitance
loss (dC ~ 3%) and resistance increased by 21% during 3000 cycles.
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120%

100%
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Figure 9. Cycle-life performance with SBP-BF4/ACN electrolyte: capacitance retention and series
resistance change during cycling.

4. Conclusions

The behavior of CDC containing flexible and mechanically durable fibrous electrodes was studied
in various organic and IL-based electrolytes. The results of electrochemical evaluation showed
that the widest potential range was achieved with a 1.5 M EMIm-TFSI/ACN electrolyte with a
total voltage range of dU < 3.5 V. This electrolyte also showed identical gravimetric capacitance
89.8 F/g for positively and negatively charged electrodes. Among quaternary ammonium salt-based
electrolytes, the largest potential window was reached in 1.5 M SBP-BF4/ACN-3.0 V, with a gravimetric
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capacitance of 95.3 F g_1 and 78.5 F g_l for positively and negatively charged electrodes, respectively.
Electrochemical impedance spectroscopy showed that pure ionic-liquids had very high resistance
and low DL-capacitance, making them practically unsuitable as electrolytes in electrospun materials.
However, capacitance was significantly increased by diluting pure ionic liquid with acetonitrile;
for 1.5 M EMIm-TFSI/ACN, the capacitance was increased 15-fold compared to pure ionic liquid.
Stable cycle-life of electrospun CDC-based electrodes was achieved with organic SBP-BF4/ACN
electrolyte with only a 3% capacitance loss.
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Abstract: The aim of this study was to investigate the electrochemical behaviour of aqueous elec-
trolytes on thin-layer (20 um) nanoporous carbide-derived carbon (CDC) composite fibrous directly
electrospun electrodes without further carbonisation. There have been previously investigated
fibrous electrodes, which are produced by applying different post-treatment processes, however
this makes the production of fibrous electrodes more expensive, complex and time consuming.
Furthermore, in the present study high specific capacitance was achieved with directly electrospun
nanoporous CDC-based fibrous electrodes in different neutral aqueous electrolytes. The benefit
of fibrous electrodes is the advanced mechanical properties compared to the existing commercial
electrode technologies based on pressure-rolled or slurry-cast powder mix electrodes. Such improved
mechanical properties are preferred in more demanding applications, such as in the space industry.
Electrospinning technology also allows for larger electrode production capacities without increased
production costs. In addition to the influence of aqueous electrolyte chemical composition, the
salt concentration effects and cycle stability with respect to organic electrolytes are investigated.
Cyclic voltammetry (CV) measurements on electrospun electrodes showed the highest capacitance
for asymmetrical cells with an aqueous 1 M NaNO3-H,O electrolyte. High CV capacitance was
correlated with constant current charge-discharge (CC) data, for which a specific capacitance of
191 F g~ for the positively charged electrode and 311 F g~ for the negatively charged electrode was
achieved. The investigation of electrolyte salt concentration on fibrous electrodes revealed the typical
capacitance dependence on ionic conductivity with a peak capacitance at medium concentration
levels. The cycle-life measurements of selected two-electrode test cells with aqueous and non-aqueous
electrolytes revealed good stability of the electrospun electrodes.

Keywords: electrospun electrode; EDL capacitance; carbide-derived carbon; supercapacitor; aque-
ous electrolytes

1. Introduction

With the need to decrease CO, emissions, enormous effort has been put into the
development of electrochemical energy storage devices such as batteries, fuel cells, and
supercapacitors, supporting the shift to more extensive incorporation of renewable energy
sources. Supercapacitors, also called electrical double layer capacitors (EDLCs), are energy
storage devices with high power density and long cycle stability [1-3]. From the application
requirements perspective, supercapacitors bridge the gap between lithium-ion batteries
and electrolytic capacitors [4]. EDLCs are mostly attractive for further development due
to their possible use as load levelling devices in renewable energy technology [5] and to
further enhance electrical vehicle performance [6-8].
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The energy storage mechanism of supercapacitors relies on the electrochemical double
layer (EDL), which forms between the electrode material and the electrolyte [9-11]. Liquid
electrolytes can typically be classified as non-aqueous, aqueous and ionic liquids (ILs) [12].
In general, the requirements for an ideal electrolyte are high ionic conductivity, chemical
and electrochemical stability (wide potential window), wide operating temperature range,
low volatility and flammability, environmental friendliness, and feasible cost at scale [13].
However, in real applications, few of the parameters often need to be compromised. The
specific performance of an EDL depends on the interactions between the carbon with a high
surface area and the electrolyte ions [4,14-16]. Therefore, it is important that the properties
of the electrolyte meet the demands from the pore structure of the carbon.

The effect of various aqueous electrolytes has been extensively studied with various
carbon powder composite electrodes [17-19]. A few studies have been performed with
fibrous electrodes [20] or electrospun carbon-containing electrodes [21] in aqueous elec-
trolytes but, to our knowledge, no studies have directly electrospun fibrous electrodes
of CDCs. The most fundamental studies have been performed with H,SO4-H,O and
KOH-H,O electrolytes, but these electrolytes are corrosive and have a working voltage
range up to 1.0 V [22-24]. Therefore, neutral aqueous solutions such as Li;SO4-H,0O,
NapSO4-H,O and K;SO4-H,O are preferred to avoid the harmful effects of acidic and
alkaline environments [22]. Furthermore, the activated carbons were tested for operating
voltages up to 1.6 V in symmetrical cells of aqueous NaySO4-H,O and long-term stability
(<10,000 cycles) [22,25].

To achieve high EDL capacitance, the size of the electrolyte ions must correspond
to the pore size of carbon [26]. Cai et al. showed the effects of anions and cations with
graphene-based nanocomposite electrodes, where 0.5 M aqueous solutions of sodium salts
displayed a specific capacity of the SO4>~ anion that was 21% higher than that of the
NO3™ anions [27]. In monovalent cation electrolytes, the specific capacitance increases
under the influence of the corresponding cationic radius. In common aqueous electrolyte
solutions, the ionic radii of cations decrease as follows: Li* > Na* > K* (0.69, 1.2 and 1.5 A,
respectively) [27-29].

Electrospinning is a versatile fibre forming process for generating ultra-fine fibres
from different materials, such as polymers, ceramics and composites [30]. Electrospun
fibres can be used in many applications, such as filtering materials [31,32], sensors [33] or
energy storage [34]. In the case of energy storage, electrospun fibrous electrodes have been
mainly used with a combination of post-treatment processes [35,36] or with a multi-step
electrospinning method [37]. The benefit of directly electrospun nanofibres is the simplicity
of the process, as it does not include any post-treatment methods, such as pyrolysis and
thermal treatment. Such post-treatments have been proven to be effective in eliminating the
negative performance impacts of the relatively high content of non-capacitive polymer in
the spun layer matrix, which is necessary for efficient fibre formation [37,38]. However, the
carbonisation process itself is destructive to the fibrous structure, which in turn decreases
the mechanical durability and certainly has a relatively high cost impact from a large-scale
production point of view.

Our research group has previously shown that the advanced mechanical durability
and flexibility of electrospun electrodes is related to their fibrous structure [38]. Further-
more, despite the relatively high polymer content, the capacitance per carbon contained re-
mains almost constant compared to tape-casted and rolled pressed (PTFE) technologies [39].

In our previous work, electrospun carbide-derived carbon (CDC) nanofibre electrodes
were studied with a focus on non-aqueous electrolytes, out of which the best performance
was achieved in combination with 1.5 M spiro-(1,1)-bipyrrolidinium tetrafluoroborate in
acetonitrile (SBP-BF4-ACN), with a potential window of 3.0 V and gravimetric capacitance
of 953 F g~ ! and 78.5 F g~ ! for positively and negatively charged electrodes, respec-
tively [39,40]. The advantages of applying non-aqueous electrolytes are a wider operative
temperature range and wide potential stability range, leading to a higher energy density
than aqueous electrolytes [4,12,26,41,42]. Thus, the major drawback of aqueous electrolytes
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is the lower operative voltage, which is limited by the water decomposition voltage of
1.23 V [4,12,43-45]. However, the benefit of using aqueous electrolytes comes from low
cost [45,46], environmental friendliness, [13,41] and higher ionic conductivity [13], leading
to low resistance and superior power performance [3,41,44].

Therefore, goal of this study is to investigate the effect of aqueous electrolytes on the
EDL capacitance, resistance and cyclability of electrospun fibrous CDC-based electrodes.
The specific effects of cations and anions in aqueous solutions are evaluated in a three-
electrode system configuration, and the cycle-life performance of both aqueous and non-
aqueous electrolytes is studied in two-electrode systems.

The stability during charge—discharge cycling of post-treated fibrous electrodes in aque-
ous media has been tested by Stojanovska et al., where stable performance was achieved for
more than 1000 cycles [47]. Furthermore, T. He et al. showed good cycle stability and a high
capacitance retention of ~99.3% after 1000 cycles of polyacrylonitrile/polyvinyl-pyrrolidone
electrospun composite fibres in an IL-based electrolyte in 1-butyl-3-methylimidazolium
hexafluorophosphate [36]. Compared to fibrous electrodes, activated carbon-based cast
electrodes have also shown long and stable cycle stability in aqueous and non-aqueous
electrolytes [25,48,49]. In addition, L. Demarconnay et al. showed stable cycle stability
up to 10,000 cycles at different voltage limits with cast electrodes in a 0.5 M aqueous
NapSO4-H,O system [25]. However, the effect of different electrolytes on the cycle-life
performance of directly electrospun electrodes has not been studied to our knowledge.

2. Experimental Section
2.1. Materials and Processes

The electrodes for electrochemical analysis of cation and anion influence on EDL
performance in aqueous electrolytes were prepared by the electrospinning method, ac-
cording to a similar electrode process and recipe from our previous studies [39,40]. The
carbide-derived carbon active material was purchased from Skeleton Technologies OU
(Tallinn, Estonia). Titanium carbide was converted to porous CDC carbon by applying
Cl, treatment at 900 °C. A hydrogen gas purification step at 800 °C was applied to re-
move residues of chlorine in the converted CDC. The CDC material initial particle size
was 1-5 pm, which was further milled to reduce the size of particles to ~100 nanometres.
The detailed milling procedure is described in our previous work [40] and more detailed
carbon surface chemistry is discussed by M. Kédrik et al. [15] The resulting milled CDC
particles were mixed with a carbon conductive additive (Super C, Timcal, Deutschland
GmbH, Diisseldorf, Germany) at a ratio of 80/20 (wt %). The carbon mixture was sonicated
in dimethylformamide (DMF, Sigma Aldrich, Tartu, Estonia) for 2 h. After sonication,
mechanical stirring was applied for another 24 h at 40 °C, after which polyacrylonitrile
(PAN, Sigma Aldrich, Tartu, Estonia M, = 150,000 g mol~1) was added to the solution at
7% weight, and the solution was stirred for an additional 24 h at 40 °C. The weight ratio
of polymer to total mass of carbon was 50/50 in the solution. Finally, 15% by weight of
1-ethyl-3-methylimidazolium tetrafluoroborate (EMIm-BF,, Sigma Aldrich, Tartu, Estonia,
purity > 99.9%) ionic liquid (IL) was added to the electrospinning solution and stirred for
0.5 h before the electrospinning process was initiated. The addition of IL is necessary to
increase the conductivity of the solution for a stable electrospinning process. The electro-
spinning parameters were set as constant: solution pumping rate of 0.5 mL h~!, applied
DC voltage of 15 kV, and a distance between spinneret and rotating drum of 8 cm. After
electrospinning, the fibrous electrodes were mechanically compressed by a hydraulic static
press (Scamia) to achieve better electrical contacts between the fibres. The morphology of
the CDC-based fibrous electrode was evaluated by scanning electron microscopy (SEM,
Gemini Zeiss Ultra 55, Graz, Austria), as shown in Figure 1.
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Figure 1. (a) Electrospun electrode 3 x 4 cm? sheet and (b) morphology of the fibres by
examined SEM.

The porosity characteristics of the CDC powder before and after milling and of the
electrospun electrode were determined from the Nj adsorption method at —196 °C using
the NOVA touch LX2 (Quantachrome Instruments, Boynton Beach, FL, USA). Before gas
adsorption measurement, the carbon samples were dried for 12 h under a vacuum at
300 °C, and the electrode sample was dried at 100 °C to avoid strongly exceeding the glass
transition temperature of PAN. The Brunauer-Emmmet-Teller surface area (Spgr) was
calculated from Nj adsorption data according to BET theory [50] at a pressure interval P/Py
of 0.02-0.2, and the total pore volume (V) was calculated at a P/Py of 0.97. Calculations
of the pore size distribution (PSD), micropore volume (V,) and specific surface area (S;4)
were performed by using the quenched solid density functional theory (QSDFT) equilibria
model for slit-type pores. The N, adsorption-desorption isotherms are shown in Figure 2,
and the porosity characteristics are presented in Table 1. The isotherms of CDCs appear
as Type I, corresponding to microporous materials [51]. One can see from the porosity
analysis that both the specific surface area of carbon and the amount of micropores slightly
decreased during the milling process.
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Figure 2. N, absorption—desorption isotherms and pore size distribution of the CDC before and
after milling.
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Table 1. Porosity characteristics of CDC.
Material Saper S”dft Viot V[t dft
m? g2 m? g2 cm® g2 cm® g2
Non-milled 1282 1390 0.67 0.53
Milled 1098 1173 0.66 0.44

The thermal stability of the electrode was evaluated by thermal gravimetric analysis
(Labsys EVO TG DTA 1600 °C, Ankara, Turkey). The temperature increase rate was set to
5°C min~', and the sample was heated to 600 °C. The start of degradation of the electrode
was observed at ~250 °C.

The mechanical properties of the electrospun CDC-based fibrous electrodes were
evaluated by an Instron 5866 (Norwood, MA, USA) tensile testing machine. For optimal
mechanical properties, morphology, and capacitance (tested after the stress test), a specific
stress of 2.32 x 10~* N TEX~! was determined. More detailed porosity analysis, TGA and
mechanical strength analysis can be found in our previous works [38-40].

The intermolecular interactions within the nanofibrous mats treated with Na;SOy-
H,O, NaNO3-H;O and KNO3-H,O aqueous electrolytes were analysed by Fourier trans-
form infrared spectroscopy (FTIR). FTIR spectra obtained by means of Interspec 200-X
(Tartu, Estonia) instrument with attenuated total reflection (ATR) unit. A wavenumber
range a 4004000 cm~! with a 0.5 cm ™! resolution was used. IR absorption spectra show
significant stability of electrospun PAN fibres in electrolytes and strong absorption of
anions on the fibre surface. The measured FTIR spectra are presented in Figure 3. To
analyse the influence of electrolytes on the intermolecular interactions of PAN/DMEF fibres,
electrospun samples were kept in the electrolytes for 48 h and thereafter washed with
distilled water to remove the salt residues. Afterwards, the samples were dried under a
vacuum at 95 °C for 24 h. The reference data in Figure 3 show the peaks of pure electrospun
PAN fibre. Bands attributed to main chain groups, C-C stretching vibrations (1245 cm™1),
C-H symmetric vibrations (2936 cm~! and 1360 cm '), and in- and out-of-plane bending
vibrations (1450 cm~! and 1071 cm ™~V respectively), demonstrate neither polymer decom-
position nor macromolecular structure changes after exposure to the electrolyte [52-55].
The most common PAN undergoes hydrolysis and thermal oxidation in the dissolved state.
However, no corresponding peaks were observed. Furthermore, the absorption band of
the nitrile side group (C=N, 2245 cm 1) shows no significant change in intensity or peak
area, which means no hydrogen bond formation between the nitrogen atom of the nitrile
group and anions, NO3 ™~ or 50,42, was observed. At the same time, peaks corresponding
to the above-mentioned anions were present in the spectra of PAN electrodes exposed to
the electrolyte. For nitrate-based electrolytes, a strong peak at 1356 cm ! and a small peak
at 835 cm ! were observed, corresponding to asymmetric and symmetric stretching of the
NO; ™~ group, respectively [53]. For the sulphate-based electrolyte, the peaks were located
at 1123 em~! and 615 cm ™!, indicating asymmetric stretching of SO4>~ groups [54]. This
can be explained by the absorption of salt anions via electrostatic interactions with dipoles
formed on the fibre surface by the -C=N group of PAN [56]. Thus, one could conclude the
chemical stability of electrospun fibres in the studied electrolytes together with the ability
to absorb anions on the fibre surface.
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Figure 3. FTIR spectra of PAN/DMEF fibre (reference) and the fibres soaked in aqueous 1.0 M
electrolytes: NaySO4-HyO, KNO3-H,O, KNO3-H,O.

Two- and three-electrode test cells were used for electrochemical testing. Electrospun
fibrous mats with a coating weight of 1.86 g m~2 were used in all experimental cells. A
working electrode (WE) with a diameter of 6 mm was cut for the 3-electrode cells, and
identical electrodes of 15 mm diameter were cut for the 2-electrode set-up. For 3-electrode
systems, a 15 mm diameter counter electrode (CE) and Ag|AgCl (3.5 M KCl) reference
electrode (RE) were used. Prior to cell assembly, the cut electrodes were dried in a vacuum
oven at 100 °C for 24 h. The electrodes were then contacted with gold current collectors
in electrochemical test cells. The WE and CE were interleaved by a 1 mm thick glass fibre
separator membrane (purchased from VWR, Dresden, Germany). The 2-electrode test cells
applied a cellulosic separator (purchased Nippon Kodoshi, Kochi, Japan).

Three aqueous electrolyte solutions from different salts—NaNO3;-H,O (Lach-Ner,
Neratovice, Czech Republic), KNO3-H,O (Sigma-Aldrich, Tartu, Estonia) and Na;SO4-
H,O (Sigma-Aldrich, Tartu, Estonia)—were prepared to study the EDLC of CDC-based
electrospun fibrous electrodes. For the analysis of the electrolyte ionic composition effect,
the concentration of the electrolyte solutions was kept constant at 1.0 M. To additionally
investigate the effect of electrolyte concentration on the capacitance and resistance, the
NaNOj3-based electrolyte concentration was altered from 0.2 M to 5.0 M. The electrolyte
conductivity was measured at room temperature with a Benchtop conductivity metre
(SevenCompactTM 5230, Columbus, OH, USA). Electrolyte pH was measured by a standard
Ag | AgCl double junction pH combination electrode (Sigma-Aldrich, Tartu, Estonia). The
physical parameters of the selected salts and electrolyte solutions are presented in Table 2.
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Table 2. Conductivity, pH values and ion sizes [30] for used aqueous electrolytes.

Salt Molarity, M Conductivity, mS cm~1 pH Ion Radius, nm
Cation Anion

NaySOy 1.0 78.2 7.13 0.12 0.24
KNO;3 1.0 73.2 7.34 0.15 0.17
NaNOj; 0.2 73.0 6.85
NaNOj; 1.0 89.2 7.10
NaNO; 25 103.0 7.08 0.12 0.17
NaNOj; 5.0 117.2 7.02

The 3-electrode studies were conducted with all electrolyte alternatives, while 2-
electrode stability studies were performed with two aqueous and two organic electrolytes:
1 M NaNO3-H;O, 1 M KNO;3-H;O, and 1.5 M 1-ethyl-3-methylimidazolium-bis (trifluo-
romethyl sulfonyl) imide in acetonitrile (EMIm-TFSI-ACN) and SBP-BF4-ACN. The selec-
tion of aqueous electrolytes for cycle life analysis was based on the results of 3-electrode
cells. The choice of organic electrolytes was made based on the results of our previous
work, where the maximum potential window of dU < 3.5 V was determined in 1.5 M
EMIm-TFSI-ACN, showing an identical gravimetric capacitance of 89.8 F g~ for positively
and negatively charged electrodes. Second, the largest potential window of 3.0 V was
reached in 1.5 M SBP-BF4-ACN-type quaternary ammonium salt-based electrolytes, with a
gravimetric capacitance of 95.3 F g~ and 78.5 F g~! for positively and negatively charged
electrodes, respectively [16].

2.2. Electrochemical Evaluation Methods

Cyclic voltammetry (CV), constant current cycling (CC) and electrochemical impedance
spectroscopy (EIS) tests were performed to electrochemically evaluate the electrospun fi-
brous electrodes. All electrochemical measurements were performed at room temperature
with Gamry Interface 1010 E equipment (Warminster, PA, USA).

CV plots were obtained from 3-electrode measurements in the potential range of +0.6 V
to —0.7 V (vs. AgIAgCl RE) at potential scan rates of 200 to 5 mV s~ . The capacitance
was calculated by dividing the measured current i by the applied potential scan rate v,
according to Equation (1):

i
c=: M

A constant current charge—discharge study was performed between the potential
limits of +0.6 Vto 0 V.and —0.6 V to 0 V for positively and negatively charged electrodes,
respectively, (vs. AgIAgCl RE). The experiments were performed with different polar-
isation potentials to determine the DL- properties of the cation and anion of different
electrolytes. To achieve the maximum capacitance limits for positively and negatively
charged electrodes, the cells were held at fixed potential for 5 min and then discharged;
thereafter, the next cycle was started as shown in Figure 4.

Similar charge-discharge profiles were repeated five times in both positive and neg-
ative potential regions. EDL capacitance values were counted from the last three cycles.
The current density was varied between 0.1 and 2 mA cm~2. The capacitance values for
positively (C,) and negatively (C_) charged electrodes were calculated by integrating the
discharge curves according to Equation (2):

(0 |14t
Ci= 0.6 AE

0 |1t
C-=[Cos ar

where [ is the current density, dt is the discharge time, and AE is the potential range of the
positively or negatively charged electrodes (0.6 V) [42].

@
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Figure 4. Constant current discharge curve at 0.25 mA cm™2.

The EIS spectra were measured in the AC frequency range from 1 MHz to 50 mHz at
an amplitude of the sinusoidal voltage of 5 mV. The total impedance (Z) of RC circuits was
described by Equation (3):

1

Z=27+272 =R
+ e ®)

where 7’ is described as the real impedance, Z” is the imaginary impedance, j is the imagi-
nary number v/—1, w is the angular frequency w = 27tf, and Cs is the series capacitance.
Rs values were determined by frequency response analysis and are equal to real
impedance, Rs = Z'.
The series capacitance Cg values of the EIS were calculated from Equation (4) [57,58]:

1
w2

G = )

The specific capacitance values were obtained by dividing the capacitance value from
different methods by the mass of carbon in the working electrode.

The CV method was used to evaluate the cycle stability of electrospun electrodes in
various organic and aqueous electrolytes in a two-electrode test cell configuration. The
cycling test was performed at a potential scan rate of v = 20 mV s~! for <3000 cycles.
The applied voltage range for organic electrolytes was 0 to 2.3 V and, for the aqueous
electrolytes, the voltage limit was reduced to 1.0 V to prevent water decomposition. The
capacitance decrease was monitored via the CV method, while the resistance (R;) increase
was evaluated by the EIS method at 0 V (DC), at f = 1 kHz.

3. Results and Discussion
3.1. Electrochemical Evaluation of Fibrous Electrodes in Aqueous Electrolytes

The stability and ideal polarisation region of fibrous CDC-based electrodes in the
selected aqueous electrolytes was evaluated by cyclic voltammetry [59], for which three-
electrode cell curves are as shown in Figure 5.
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Figure 5. Cyclic voltammograms expressed as capacitance per CDC weight in fibrous electrodes
in 1 M aqueous electrolytes (v =20 mV s™1).

Aqueous electrolyte solutions are known to cause reduction reactions at higher nega-
tive electrode potentials, leading to the formation of hydrogen gas and water oxidation
reactions at the positive electrode potential limits, resulting in the formation of oxygen. In
the case of the KNOj3-H,O electrolyte, the oxidation and reduction processes are somewhat
less evident in Figure 5, as the potential limits have not yet been reached or exceeded sig-
nificantly. When the cation is replaced from K* to Na*, an exponential increase in current
at potentials close to —0.5 V was observed, indicating the possible competing hydrogen
ion adsorption and reduction on the carbon surface in parallel with adsorption of Na*,
being more pronounced compared to the K* based electrolyte. Furthermore, differences in
the capacitance of nitrate-based electrolytes were observed for both positive and negative
electrode potential regions, being lower for the KNOj electrolyte. This can be explained
by the different cation sizes of Na*/K*, and during such measurements, cation and anion
adsorption are still slightly affected by the reduction and oxidation processes. According
to the CV curves presented in Figure 5, no difference in capacitance was observed in the
positively charged region by the exchange of anions from NO3; ™~ to S0,%, although the
nitrate ion was much smaller than the sulphate ion. To further study the ion-related capaci-
tance effects, the CC method was applied at current densities between 0.1 and 2 mA cm™2,
with the results presented in Figure 6a—c and in Table 3.

Table 3. Gravimetric capacitance values for positively and negatively charged electrodes evaluated
by CC tests at a current density of 0.5 mA cm~2 in 1 M solutions.

C* Electrode, C* CDC, C— Electrode, C- CDC,
Electrolyte Fg1 Fg1 Fg1 Fg1
NaNO3-H,O 40.8 177.5 63.5 276.1
KNO3-H,O 47.7 132.0 57.0 157.6

NayS04-H,O 34.6 150.7 51.0 2219
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Figure 6. Electrochemical performance of “electropsun” CDC based fibrous electrodes in aqueous electrolytes: (a,b) specific
capacitance values from CC discharge plots at I = 0.5 mA cm ™2 for positively and negatively charged electrodes, (c) CC

charge—discharge, curves I = 0.5 mA cm~2 (d) specific capacitance, Cs as a function of frequency and (e) resistance, Rs as a

function of frequency from EIS measurements at 0 V vs. Agl AgCl.

The capacitance dependence of the negatively charged electrode (Figure 6b) shows
that Na*, with an ion size 20% smaller than the K* ion, increases the specific capacitance
up to 30% at a current density of 2 mA cm~2. By reducing the applied current density,
the ions have a longer time to migrate and adsorb onto the carbon surface and, thus, the
specific capacitance increases even more. When the NO3 ™ anion was replaced by S042-,
the specific capacitance at 2 mA cm~2 was practically equal, although the ion radius of
the SO4%~ anions was significantly larger than that of NO3~ (Figure 6a). This result is in
line with the previously described CV measurements. However, by reducing the applied
current density, the specific capacitance in NaNO3-H20 increased compared to SO4%~, as
expected according to the ion size comparison.

The effect of the aqueous electrolytes on the capacitance and resistance of fibrous
CDC-based electrodes was further evaluated by electrochemical impedance spectroscopy
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measurements recorded at DC = 0 V (vs. ref) to characterise the uncharged surface prop-
erties. Based on these measurements, the series capacitance values were calculated using
Equation (4), and the results are shown in Figure 6d. In all three studied electrolyte so-
lutions, the adsorption of ions into carbon pores begins at frequencies f < 100 Hz, with a
steep increase in capacitance. At f <1 Hz, a capacitance plateau begins to form when most
ions are adsorbed to carbon micropores (Figure 6d). The capacitance in different 1.0 M
solutions did not differ significantly, which can be explained by the uncharged (Epc = 0 V)
electrode surface. In the frequency range of 10-100 kHz, much lower Rs values were
obtained compared to the low-frequency ranges (Figure 6e) due to electrolyte ion migration
and adsorption/desorption rate effects, i.e., At high frequency, ions do not have enough
time to migrate to the carbon pores, and the electrode behaves like a smooth surface. Ion
adsorption reaches maximum levels only at low frequencies, which is reflected by the
significant increase in capacitance and resistance [2,40]. Surprisingly, the highest resistance
was observed in the low frequency region of the NaNOs3-H,O solution, although it has the
smallest anion/cation size and slightly higher conductivity compared to other electrolytes.

3.2. Effect of Electrolyte Concentration on Fibrous Electrode Performance

The effect of electrolyte salt concentration on the electrochemical performance of fi-
brous CDC-based electrodes was evaluated in NaNO3-H,O solutions of 0.2 M, 1.0 M, 2.5 M,
and 5.0 M molarity. The conductivity and pH values of the prepared electrolytes are shown
in Table 1. The specific capacitance of positively and negatively charged electrodes was de-
termined at different current densities of CC, presented in Figure 7a,b. The areal capacitance
as a function of frequency and Nyquist plots are presented in Figure 7c,d, respectively.
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Figure 7. Electrochemical performance of “electropsun” CDC-based fibrous electrodes in xM NaNO3 electrolytes:
(a,b) capacitance values obtained from CC discharge plots at I = 0.5 mA cm-2 for positively and negatively charged elec-
trodes, (¢) Cs (at I = 50 mHz) as a function of potential from EIS measurements and (d) Nyquist plot at 0 V (vs. Ag | AgCl).
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The rate capability analysis (C vs. I in Figure 7a,b) gave the highest capacitance at a
concentration of 1.0 M of NaNOj3. However, it is generally known that by increasing the
concentration of electrolyte salt, the charge-transfer resistance of EDLC cells is decreased
while the capacitance and rate capability are increased [60,61]. However, there are no major
differences in the obtained capacitance values, as higher salt concentrations also increase
the viscosity of the electrolyte and promote the saturation of active ions on the carbon
surface [60,61].

The capacitance-potential dependency was additionally analysed with the EIS method
at different fixed electrode potentials (Figure 7c). It was confirmed that negatively charged
electrodes have higher capacitance over the electrode area, as also observed by the CC
measurements. The change in capacitance as a function of the electrode potential is
precisely defined, where it has a clear minimum for all solution concentrations close to
zero charge potential of 0 V vs. Ag| AgCl, with marginal effects from the concentration.
Some differences in the absolute capacitance values from CC and EIS measurements are
mainly due to the differences in the measurement methodology. The capacitance from
the EIS technique is calculated at relatively high frequencies (~50 mHz) at which the
boundary diffusion of different electrolyte ions has not yet been reached, while constant
current measurements at very low current densities of 0.1 mA cm~2 allow for the finite ion
diffusion to occur.

The Nyquist plots (Figure 7d) show the highest impedance for the cells with the
lowest ionic conductivity electrolyte of 0.2 M concentration. Figure 7d also shows a small
decrease in charge-transfer resistance (semi-circle) for uncharged electrodes by increasing
the salt concentration. Additionally, the differences in capacitance and resistance decreased
at higher concentrations because enough electrolyte ions were adsorbed on the carbon
electrode. However, due to the increase in viscosity at higher concentrations, the expected
increase in capacitance and decrease in resistance were less evident. Such results are well
in accordance with the CC measurement data.

3.3. Cycle-Stability Analysis for Full Cells

Two-electrode systems were applied to analyse the long-term cycle stability of fibrous
CDC-based electrode materials. Cycle-life tests in selected aqueous and non-aqueous
electrolytes were performed using the CV method (v = 20 mVs ') in voltage ranges of
0-1.0 V and 0-2.3 V, respectively, where the change in capacitance was assessed during
CV discharge cycles, and the change in resistance was evaluated by EIS at f = 1 kHz. The
capacitance and resistance change over the cycles is shown in Figure 8a,b. Stable results
over ~1000 cycles were observed for both aqueous electrolytes and the organic 1.5 M SBP-
BF4-ACN electrolyte. An exponential decrease in capacitance and increase in resistance
during cycling was observed in the 1.5 M EMIm-TFSI-ACN electrolyte. Such unstable
behaviour can be caused by the relatively high viscosity of the electrolyte and possibly
an excessively high voltage scanning rate, which does not support efficient ion transfer
and adsorption on the electrodes [40]. For the SBP-BF4;-ACN and KNO3-H,O electrolytes,
no significant change in capacitance was observed over the cycles. The increase in SBP-
BF4-ACN cell resistance was typical of EDL capacitors and increased by only 21% over
3000 cycles, while the resistance of the KNOj5 capacitor was almost constant.
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Figure 8. Cycle-life performance of fibrous CDC-based electrodes of 1000 cycles (shapes) with extrapolation of 3000 cycles
(lines): (a) capacitance retention by CV at 20 mV s~ ! and (b) series resistance change during cycling by EIS.

4. Conclusions

The present study investigated the influence of aqueous NaNO3-H,0, KNO;-H,O
and NapSO4-H,O electrolyte ionic composition and concentration on the electrochemical
behaviour of directly electrospun carbide-derived carbon electrodes. The highest gravimet-
ric capacitances of 191 F g~ and 311 F g~! for positively and negatively charged electrodes,
respectively, were achieved in 1 M NaNOs3-H,O at 0.1 mA cm 2. The capacitance values in
1 M NapSO4-H,0 and 1 M KNO3-H,O electrolyte solutions were 23% and 30% lower than
that of NaNOs3-H;O, respectively. The results correlate well with the electrolyte ion sizes.

A salt concentration effect study on the fibrous electrodes showed that a NaNO3-H,O
concentration of 1.0 M is optimum for capacitive performance. On the other hand, a higher
salt concentration (>1 M) slightly improved the cell resistance at the expense of increased
electrolyte conductivity.

Based on the analysis of the two-electrode cells, a stable cycle life was achieved with
both non-aqueous SBP-BF4-ACN and aqueous NaNOj3-H,O and NapSO4-H,O electrolytes.
In the case of aqueous electrolyte solutions, some further ion absorption effects were
observed in the first few hundred cycles of the cycle-life test, leading to an increase in
capacitance, followed by a generally expected declining trend.
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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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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.

[image: ]

[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.



[image: ]

[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.



[image: ]

[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.



[image: ]

[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
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		EMIm+

		3.26

		6.52

		TFSI–

		2.27

		4.54

		







		EMIm+

		3.26

		6.52

		BF4–

		4.6

		11.6
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[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. 
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[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. 
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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. 
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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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