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2. ABBREVIATIONS AND SYMBOLS

Aes cross-section area of adsorbate

AN acetonitrile

BET theory Brunauer-Emmett-Teller theory

C total capacitance

c constant in BET theory

' real part of the capacitance

c" imaginary part of the capacitance

Cads capacitance corresponding to the adsorption process

Cey capacitance of one electrode calculated from cyclic voltammetry
data

Cp capacitance of diffuse layer

Cer “true” interfacial capacitance without adsorption effects
calculated at high frequencies

Cy Helmholtz capacitance of Stern layer

CPE constant phase element

Cs series capacitance of one electrode

D diffusion coefficient

d pore width

D.s effective diffusion coefficient of ions

DMC dimethyl carbonate

EC ethylene carbonate

EDLC electrical double-layer capacitor

EDLCtc electrical double-layer capacitor test-cell

E electrode potential

Erax maximal specific energy

f alternative current frequency

fo characteristic relaxation frequency

Ad) function of pore size distribution

Icy current density in cyclic voltammograms

Lesr effective diffuse layer thickness

Liff /D, so-called mass-transfer frequency parameter

M molecular mass

Mam active mass of one electrode

n number of electrons transferred in the electrochemical reaction

N(P/Py) point in NLDFT adsorption isotherm
N(P/Poy,d) point in NLDFT adsorption isotherm corresponding to the pore

with width d
NLDFT non-local density functional theory
Ox oxidant
P pressure
Py atmospheric pressure
P/P, relative pressure



PC
PlTlElX
P(w)
O
Qliq

Xw)
R

Rads
Red

Vads
Vmolar
Vi
WAPS

propylene carbonate

maximal specific power

active power (i.e. real) component of complex power

heat of adsorption for first layer

heat of adsorption for second and higher layers, heat of
liquefaction

reactive (i.e. imaginary) power component of complex power
total resistance

ideal gas constant

adsorption resistance

reducer

total high frequency series resistance
resistance of diffusion-like processes
parallel resistance

high frequency polarization resistance
series resistance

room-temperature ionic liquid
complex power

temperature

time

glass transition temperature
statistical thickness of adsorbed layer
test-cell voltage

volume of adsorbed gas

the molar volume of adsorbate

total pore volume

weighted average positive charge density
mass of gas adsorbed

mass of gas in monolayer

impedance

real part of impedance

imaginary part of impedance
generalized finite Warburg element
Warburg fractional exponent
y-butyrolactone

dynamic viscosity

specific conductivity

potential or voltage scan rate

phase angle between voltage and current
charge density

characteristic relaxation time
diffusion relaxation time

angular frequency



3.INTRODUCTION

Electrical double-layer capacitors (EDLCs), also known as supercapacitors and
ultracapacitors, are modern energy storage devices with short charging and
discharging times and power and energy stored per volume or mass in EDLCs is
orders larger compared to conventional dielectrical capacitors [1-5]. So far, the
best energy density, power densities and cyclability have been established for
EDLCs with acetonitrile (AN) or organic carbonate based electrolytes
[2, 4, 5, 7-10]. Unfortunately, the toxicity of AN, and the moderate vapor pres-
sure of organic esters makes the replacement of organic solvents an important
question for commercialization of safe and energetically effective EDLCs. One
possibility is to use room-temperature ionic liquids (RTILs) as electrolytes for
EDLC [11-30].

Selection of ionic liquids is very wide [11, 12, 31] and choosing suitable
RTIL for EDLC application is a complex problem. The effects of chemical
composition, structural properties and purity of RTILs on conductivity,
viscosity and electrochemical stability of electrolyte, capacitance, energy and
power density of EDLC etc. must be considered. To study the influence of
chemical composition and structure of anion in RTIL to EDLC test-cell
(EDLCtc) behavior, six ionic liquids consisting of 1-ethyl-3-methylimidazolium
cation (EMIm") and tetrafluoroborate (BF,), tetracyanoborate (B(CN)s),
tris(pentafluoroethyl)trisfluorophosphate ~ (PF;(C,Fs);7),  bis(trifluoromethyl-
sulfonyl)imide (N(SO,CF;),"), bis(fluorosulfonyl)imide (N(SO,F),") or thio-
cyanate (SCN") anion have been studied as electrolytes for EDLCs. Differences
arising in electrochemical behavior have been compared to the trends in the
conductivity, viscosity and charge delocalization of anion in bulk RTILs.

Although, it is well-known that the main disadvantage of ionic liquids as
electrolytes is their relatively low conductivity and thus low power density of
EDLCs based on RTILs. Some papers published by different authors suggest
that RTIL based EDLCs should be used at elevated temperatures (for example
at 60 °C) [15, 17, 18, 21-26] because increase in temperature increases the
conductivity of bulk RTIL. However, it is questionable if the relations between
bulk properties of ionic liquid and the properties of ionic liquid as electrolyte in
electrolytelelectrode interface, porous electrode and separator matrix are so
simple. Thus, the influence of temperature on electrochemical behavior of
EMImBF, based EDLCtc has also been evaluated and explained.

Finally, to demonstrate the position of RTIL based EDLCtcs amongst
organic solvent electrolyte based EDLCtcs, the results obtained for different
RTILs are compared to other electrolytes studied by author.
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4. LITERATURE OVERVIEW AND
INTERPRETATION OF DATA

4.1. Electrical double-layer capacitors

In EDLCs the charge is accumulated in the electrical double-layer at the
electrodelelectrolyte interface. Because of the high surface area and the small
thinness of the double-layer (0.5 to 1 nm), these devices can have very high
specific and volumetric capacitances. Contrary to batteries, the charge in
EDLCs is stored through non-faradaic processes and there is no electron
transfer (faradaic processes) through the electrode|electrolyte interface. The
charge is mainly stored through physical adsorption processes and thus the
positive and negative ionic charges accumulate at the surface of the solid
electrode and are compensated by the electronic charge at the electrode surface
layer. This enables them to have very high power and energy densities for
capacitors and high degree of recyclability, on the order of 10° — 10° times [1, 2,
4, 32-34]. The operational voltage is usually below 1 V or 3 V per cell, for
aqueous or organic solvent based electrolytes, respectively [1, 2, 4-6].

Figure 1 shows a schematic diagram of an EDLCtc consisting of a high
surface area electrode material, which is loaded with electrolyte. The electrodes
are separated by porous separator, containing the same electrolyte as the active
material.

Separator

Active electrode material

Current collector Current collector

—

. J

Y
Soaked/filled with electrolyte

Figure 1. Principle of an electrical double-layer capacitor test-cell.
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4.1.1. Electrical double-layer theories

The formation of new interphase is usually associated to a rearrangement of
charges inside the phase and on the surface of electrode. This phenomenon is
called the formation of electrical double-layer. Charges can be rearranged
(i) with direct charge transfer;
(i) when ions with different charges have different surface activity;
(iii) when polarizable atoms and molecules are adsorbed and polarized
on the interphase;
(iv) when molecules with permanent dipole moment are adsorbed and
oriented on the interphase.

First electrical double-layer theory was proposed by H. Helmholtz in 1853
[35]. Helmholtz claimed that electrical double-layer consists of two parallel
layers of counter charges. In the first approximation, the distance between these
two layers is the diameter of charged particles and the charge in these layers is
distributed uniformly all over the interphase. In Helmholtz theory the electrical
double-layer can be treated as usual planar capacitor with differential capaci-
tance, C,

&g,

)

C= (M

where & is the dielectrical permittivity for vacuum, ¢ is the relative dielectrical
permittivity of environment and / is the distance between capacitor plates.

Helmholtz theory is in a reasonable accordance with experimental data, but
it does not describe the dependence of differential capacitance and charge
density on the temperature, electrolyte concentration and concentration of
surface active additives in electrolyte etc. [36, 37].

The next model of electrical double-layer was developed independently by
two scientist L. G. Gouy in 1910 [38] and D. L. Chapman in 1913 [39]. This
diffuse layer model describes ions in solution as mathematical dots in constant
heat motion. There is no compact Helmholtz layer on the interface [35, 37]. The
Gouy-Chapman theory does not take into account the interactions between
charged ions and ignores dimensions of ions being applicable only in dilute
solutions.

The Helmholtz and Gouy-Chapman theory were integrated by O. Stern [40]
who divided the electrical double-layer into two regions: (i) Helmholtz layer
and (i) diffuse layer where ions are in heat motion. The total charge of
Helmholtz and diffuse layers is the opposite charge of the electronic charge at
electrode surface [37, 41-44, 46].

These theories were elaborated by A. N. Frumkin and D. C. Grahame [42—
45]. Grahame divided the Helmholtz layer into two components: (i) specifically
adsorbed ions in Helmholtz inner plane and (ii) outer Helmholtz plane (without
specific adsorption of ions). The outer Helmholtz plane is notional boundary
with no energetic barrier between ions in heat motion in diffuse layer and ions

12



on interphase. The region between inner and outer Helmholtz plane is also
known as Stern layer. In the case of no specific adsorption the electrical double-
layer can be modelled as two capacitors connected in series [42, 43, 45]:

1 2
c ¢, ¢ )

where C is the differential capacitance of electrical double-layer, Cy is the
Helmholtz layer capacitance layer and Cyp is the capacitance of diffuse layer.

There are also more complex theories like Rice, Fermi, modified Fermi,
Hurwitz-Parsons etc. theories, which take into account the non-ideality of
electrode surface properties, i.e. the potential drop inside the electrode surface
layer or the specific adsorption effects of ions at electrode surface and
additional interactions [41, 44, 46, 47].

4.1.2. Carbon as electrode material in EDLCs

Attraction of carbon as a EDLC electrode material arises from a unique
combination of chemical and physical properties like high conductivity, high
surface area (up to 2500 m* g '), good corrosion resistance, high temperature
stability, controlled pore structure, processability, compatibility in composite
materials and relatively low cost [1-3, 5, 6, 34, 48]. In general, the first two
properties have very strong influence on the EDLC electrochemical behavior.

The electrical properties of carbon particles are directly related to their
structure. Increasing the ration of carbon in sp® hybridization state increases the
conductivity inside the carbon particle (intra-resistance). However, the electrical
resistance of a carbon electrode depends on intra-particle resistance and on the
contact (inter-particle) resistance, i.e. the conductivity inside carbon particle and
between different carbon particles in electrode layer determines the conductive
properties of carbon electrode [3].

It is sometimes presumed that the capacitance of a porous carbon will be
proportional to the surface area [49, 50]. Whilst sometimes this relationship can
be observed, but in practice it usually represents an oversimplification [3, 5,
34]. The major factors that contribute to a complex non-linear relationship are
(i) assumptions in the measurement of electrode surface area; (ij) variations in
the specific capacitance of carbons with different material morphology;
(iii) variations in surface chemistry; (iv) variations in the conditions under
which capacitance for carbon electrode is measured. The surface areas of porous
carbons and electrodes are most commonly measured by gas adsorption method
(N, at 77 K) and surface area is estimated by applying Brunauer-Emmett-Teller
(BET) theory [5, 51] (summarized later) to isotherm measured. Possibly the
greatest constraint in attempting to correlate electrode differential capacitance
with BET surface area, is the assumption that the surface accessed by nitrogen
molecules is similar to the surface accessed by the electrolyte during the mea-
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surement of differential capacitance. In addition, the wettability and pseudo-
capacitive contributions of carbon electrode have not been considered in surface
area estimation by gas sorption method [3].

There are many different carbon allotropic modifications and macroscopic
forms that can be used as active materials in EDLC electrodes. Some of the
most important carbon materials for EDLC electrodes are shortly reviewed
below.

Activated carbon powders and fabrics. — Activated carbons are the most
widely used active electrode materials for EDLC applications, because of their
high surface area and relatively low cost. Activated carbon powders are derived
from carbon-rich organic precursors (e.g. coconut shells, wood, pitch, coke,
some synthetic polymers) by heat treatment in inert atmosphere. Activated
carbon fabrics are produced from organic materials such as cellulose, phenolic
resins, pitch-based materials, polyacrylonitrile and synthetic polymer materials.
As compared to powders, activated carbon fabrics do not require any binder
addition and can be directly used as active material films [3]. However, the cost
of these carbon materials is higher compared to activated carbon powders [34].

High surface area of activated carbons is achieved through activation
process consisting in a partial, controlled oxidation of the carbon precursor
grains or fibers leading to development of porous network in the bulk of the
carbon particles. Unfortunately, the pore size distribution in most activated
carbons is not optimum because of poor pore size control in the activation
process i.e. the high surface area of the carbon cannot be fully exploited to form
the electrical double-layer [3, 5].

Carbide derived carbons. — Carbide derived carbons are derived from
carbides via chlorination (or halogenation) reaction:

X,C, +%c12 — aXCl +1C

where, X is the carbide forming element in carbide (Si, Ti, Mo, V, W etc.). The
micro- and macrostructure of carbide derived carbon is determined by the shape
and structure of precursor carbide, synthesis temperature, selection and addition
of catalyst making the properties (specific surface area, porosity, density etc.) of
carbide derived carbon easily controllable. Carbide derived carbon electrode
based EDLC demonstrate high specific capacitance (up to ~135 F g') but,
unfortunately, are much more expensive compared to activated carbon powders
and fibers produced from organic material [5, 48, 52, 53].

Carbon nanostructures. — Carbon nanotubes and nanofibers are produced
by the catalytic decomposition of certain hydrocarbons. By careful manipulation
of various synthesis parameters, it is possible to generate nanostructures in
assorted conformations and also control their crystalline order [3, 34, 54-57].

The specific capacitance of carbon nanotubes has been shown to be highly
dependent on their morphology and purity. For purified nanotubes (i.e. without
residual catalyst or amorphous carbon), the specific capacitance varies typically
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from 15 to 80 F g™ with surface areas that range from ~120 to 400 m* g' [3, 34,
52, 55]. The low specific capacitance values can somewhat be increased by
oxidizing nanotubes, which modifies the surface structure of the carbon
nanotubes and introduces or modifies surface functionalities to have some
additional capacitance, so-called pseudocapacitance [3, 34, 52, 55-57].

Carbon aerogels. — Carbon aerogels are prepared by pyrolyzing organic
aerogels synthesized by the polycondensation of resorchinol and formaldehyde
with sol-gel method [3, 34]. A pyrolysis treatment in an inert atmosphere leads
to the formation of a porous carbon aerogel with a controlled and uniform
porous structure. Due to this ordered and interconnected pore structure, power
capabilities of carbon aerogel based electrodes are generally high [3]. However,
specific gravimetric capacitance values are rather moderate.

4.1.3. Gas adsorption theories for carbon characterization

According to TUPAC definition, the pores in solid materials are divided into
three groups:
(i) pores with widths exceeding about 50 nm are called macropores;
(ii) pores of widths between 2 nm and 50 nm are called mesopores;
(iii) pores with widths not exceeding about 2 nm are called micropores.
Micropores are also known as nanopores as this name is in much better
accordance with their actual size [4, 10, 48, 52].

4.1.3.1. The Brunauer-Emmett-Teller theory

The Brunauer-Emmett-Teller theory [51] is widely used to determine the
specific surface area of materials according to following Equation (3):

1 1 c—1(Pj
=t )
W(PIP)-1) W.c WclP

m

where I is the mass of gas adsorbed at relative pressure P/Py, W, is the mass of
gas in monolayer and c is the constant in BET theory. Constant ¢ describes the
interactions between adsorbent and adsorbate and is expressed by Equation (4):

Ql - Qliq
cC=eXp| — 4
P( =T “
where, R is ideal gas constant, T is temperature, O, is heat of adsoption for the

first adsorbate layer and Qj;q is heat of adsorption for second and higher layers
and is equal to the heat of liquefaction.
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At least three points are needed in the region of isotherm where
1/[W(PyP)-1], P/P, plot is linear when so-called multipoint approach of BET
theory is applied. In the case of adsorption of N,, the linear region of
1/[W(PyP)-1], P/P, plot for most solid materials is in the relative pressure
region from 0.05 to 0.35. One output of BET theory is to calculate the W, from
the slope and intercept of 1//W(Py/P)-1], P/P, plot:

slope = C—_l 5
Pe= s 5)

intercept = L 6
P W_c ©

From Equations (5) and (6) it follows that:
1
W, = . (7
slope + intercept

Knowing the W, and cross-section area of adsorbate molecule (4.) the
BET specific surface area of adsorbent (Sggr) can be calculated:

W N, 4
Sper = r;l\/[ 'Am = 3
where Ny is the Avogadro constant (6.023 - 10 molecules per mole), M is the
molar mass of adsorbate and m is the mass of sample.

Often nitrogen cooled to 77 K is used as adsorbate for gas adsorption
measurements and BET calculations. N, has ¢ values from 50 to 250 depending
on the sample and A, = 1.62 nm [58].

4.1.3.2. t-plot method

The #-plot method is based on a graph with V,4 and the statistical thickness of
adsorbed layer, f, given on axes. Several equations have been proposed for
determining the fy, from measured P/P, values during the gas adsorption
experiment [59—62]. For the derivation of these equations an assumption has
been made that the adsorbed nitrogen in the monolayer has the same density and
packing of molecules as for liquid nitrogen. The Harkins-Jura empirical
Equation (9), presented here for N, adsorption at 77 K, is the most commonly
used approximation [61, 62].
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L 13.99 ©
"1 0.034 —log(P/P)

Experimentally obtained #-plots do not form a straight line. Usually,
deviations from linearity occur in some regions. Commonly, a straight part in
the #-plot is found at intermediate and higher relative pressures, corresponding
to the unrestricted growth of the adsorption layer in mesopores and external
surface. Using the slope in linear region of #plot and N, as adsorbate, the
external surface area, Sy, of material studied can be calculated according to

S, = 15.47slope (10)

where the constant = 15.47 is the density conversion factor for nitrogen.
Then the surface area of micropores, Smicro, 1S

Smicro :SBET_Sext (11)

4.1.3.3. Total pore volume

The total pore volume is calculated at relative pressure as close to unity as
possible. This allows to presume that all pores are filled with liquid adsorbate.
The total pore volume (V;) can be calculated from the amount of adsroben
nitrogen (V,4s) using Equation:

_ P Vadstolar

14 = 12
= (12)
where P is the pressure and V., is the molar volume of adsorbate
(34.7 cm® mol ™" for N, at 77 K)

4.1.3.4. Non-local density functional theory

Classical theories like Dubinin-Radushkevich, Barret-Joyner-Halenda and
Horwath-Kawazoe do not describe realistically the filling of micropores and
smaller mesopores with adsorbate. Non-local density functional theory
(NLDFT) is considered to be more precise in describing the pore size
distribution of different materials [63, 64]. NLDFT describes objectively the
local structure of liquid condensed compound at curved solid surfaces. The
shape of adsorption isotherms of model pores are determined by liquid-liquid
and liquid-solid interactions. The relation between the shape of adsorption
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isotherm and molecular interactions can be described through equation of
generalized adsorption isotherm:

inax
N(P/F)= .[N(P/Po,d)f(d)dd (13)

min
where N(P/Py) is point in adsorption isotherm, d is the pore width, N(P/Py,d) is
the point corresponding to the pore with width d and f{d) is the function of pore
size distribution. The equation of generalized adsorption isotherm assumes that
the total isotherm consists of the isotherms of single pores which are multiplied

by their distribution f{d) relative to the total pore size distribution.

NLDFT method is usable to characterize micro- and mesoporous carbon,

silicon and zeolite materials [63, 64].

4.1.4. Separators in EDLCs

Separators in EDLC separate negatively and positively charged electrodes from
each other. Usually, micro-/mesoporous polymer membrane or fibrous material
is used for that purpose. Separator must not conduct electrons but must be freely
permeable to ions. Separators must be chemically, thermally and mechanically
stable and have low density, suitable porosity and pore size distribution to be
easily permeable for ions in electrolyte and to minimize the inner resistance of
system assembled [65, 66]. The compatibility of the physical and chemical
properties of separator and the properties of electrolyte influence strongly the
high frequency resistance and therefore, the energy and power densities of
EDLC [65]. To achieve the highest energy and power densities, the separator
must be as thin and porous as possible, but still have good mechanical stability.
Thus, sufficient porosity leads to good ion conductivity and wettability. How-
ever, too big pores lead to high leakage currents or short circuits in EDLC [66].

4.1.5. Electrolytes in EDLCs

In general, electrolytes for EDLCs must meet the following requirements [1]:

(i) Wide voltage region of electrochemical stability (i.e. the decom-
position voltage of the desired solution). Preferably wider than the
intended operational voltage of the capacitor in order to minimize
problems arising from adventitious overcharge.

(ii) Minimum viscosity of the electrolyte in order to maximize ionic
mobility and resulting conductance.

(iii) Maximum solubility of the electrolyte in solvent to maximize
conductance.

(iv) Minimum ion pairing at given practical electrolyte concentrations,
again to maximize conductance.
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(v) Optimum dielectric permittivity and donor number of the solvent to
maximize salt solubility and minimize ion pairing.

All these factors are involved in determining the mobility of the dissociated
ions and the concentrations of free charge carriers i.e. the specific conductance
of electrolyte at the experimental concentration [1].

Usually, non-aqueous solutions are preferred as electrolytes in EDLCs
compared to aqueous solutions (e.g. aqueous solutions of KOH or H,SO,). This
is so due to the low maximal operational voltage (~1 V) of EDLC based on
aqueous electrolyte. Using non-aqueous electrolytes allows to charge EDLC up
to 3.5, or even to 4.0 V, increasing energy density from 12 to 16 times, and
power density form 3.5 to 4.0 times, respectively [1, 2, 4, 32-34].

The selection of non-aqueous electrolytes is fairly wide, but mostly
tetraalkylammonium cation based salts in organic solvents like AN, propylene
carbonate (PC), y-butyrolactone (y-BL) etc. are used [1, 2, 4, 7-10]. EDLCs
based on non-aqueous electrolytes have to be assembled in very pure and dry
conditions to avoid dissolving of electrochemically active water and oxygen in
electrolyte [1, 2]. The first disadvantage of non-aqueous electrolyte based
EDLC:s is their higher price compared to EDLCs based on aqueous electrolytes.
The difference arises from the costs of salt, solvent and specific apparatus
needed to avoid contamination of the EDLC elements with water and oxygen.

4.2. Room-temperature ionic liquids

Room-temperature ionic liquids (RTILs) are salts in liquid phase at tempera-
tures lower than 100 °C [11, 12, 31]. The properties of RTILs differ greatly
from the properties of molecular liquids, for example they have no vapor
pressure and they have good ion conductivity.

The selection of ionic liquids is relatively wide as there are many different
cations and anions to combine with one another resulting ionic liquids with
different properties (melting temperature, viscosity, conductivity, hydrophilicity
and hydrophobicity etc.). Unfortunately, most ionic liquids have low electrical
conductivity (< 5 mS cm ') and high viscosity (> 50 mPa s). Also, some ionic
liquids with good electrical conductivity and low viscosity have narrow region
of electrochemical stability [11]. Only some RTILs have high electrical
conductivity, wide region of electrochemical stability, good thermal stability,
relatively low price and are suitable electrolytes for EDLCs [11, 12]. Detailed
information about different physical and electrochemical properties of ionic
liquids has been published in Refs. 12 and 31.

4.2.1. Influence of temperature
to the electrical conductivity of ionic liquids

At the room-temperature the conductivity of RTILs is relatively low [11, 12,
31], but the rise in temperature increases the conductivity of RTILs [67]. For
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that reason, many authors have suggested to use the EDLCs based on RTILs in
applications providing elevated working temperature, for example 60 °C [15,
17, 18, 21-26].

In classical solutions of salt in molecular solvents the ions are separated
from each other by solvent molecules. The thermodynamical properties of such
systems are described mainly through ion-solvent, ion-ion and solvent-solvent
interactions. In RTIL there is no solvent and ions are in contact to other ions.
Therefore, the thermodynamical properties of RTILs are described through ion
interactions, dispersion forces and for some RTILs through formation and
strength of hydrogen bonds. Thus, the determination of charge carrier for ionic
liquids is somewhat more complex. So far, the so-called “free space model” is
the most efficient way to describe the conductivity of RTILs [12]. The model
assumes that within the molten salt there are empty spaces constantly
fluctuating in size due to thermal motions. To quantify a model, a probability of
finding the hole in RTIL is calculated leading to Equations (14) and (15) for
diffusion coefficient, D, and specific conductivity, &

D:Aexp(T_BT] (14)

—to

K =K, exp(T__B]: ] (15)
0

Equations (14) and (15) resemble to the Vogel-Tammann-Fulcher equation

(16), describing the temperature dependence of the liquid phase viscosity, 7, on
temperature, 7' [69, 70, 71]:

-B
n Aexp(T To] (16)
where A and B are coefficients characteristic for substance, temperature
Ty = T, — const., and T, is the glass transition temperature.

The Vogel-Tammann-Fulcher equation may also be expressed in a number
of modified forms. The most frequent modification is based on the temperature
dependence of pre-exponential factor, x, = A7), usually as x, = AT > or
Ko=AT ' [12].

4.2.2. Electrochemical stability of RTILs

Detailed review of properties including electrochemical stability of RTILs has
been published in Refs 12 and 31 summarizing the work of many work groups.
However, it is somewhat difficult to compare these results because experimental
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conditions like purity of RTILs, reference and working electrodes used,
potential scan rate etc. are different.

Some generalizations have been made for electrochemical stability of ionic
liquids [72]:

(i) The cathodic limiting potential of the RTILs is basically determined
by the reduction of the cations.

(ii) Sometimes, if the cathodic stability of the anion is poor, the cathodic
limiting potential is determined by the anion reduction and not by the
cation reduction.

(iii) The anodic limiting potential of RTILs is basically determined by the
oxidation of anions.

(iv) The region of electrochemical stability of aliphatic quaternary
ammonium systems based on fluoroanions has the widest region of
electrochemical stability compared with that of aromatic systems.

(v) The surface passivation layer originating from the faradaic processes
of RTIL on electrode can affect the cathodic and/or anodic limit of
system.

4.3. COSMOtherm calculations

To predict the anion charge delocalization in ions studied, the COSMO-RS
(conductor-like screening model for real solvents) was chosen [73] and the
COSMOtherm software package [74] (version C2.1, revision 01.10) was used.
Geometry optimization and generation of COSMO input files were done using
the Turbomole software package [75] at the DFT BP TZVP level with full
geometry optimization. The COSMO-RS method gives so-called o-profile, i.e.
the distribution of charge density (o) on a molecular surface [73] applicable to
evaluate the charge delocalization in the ionic species [76]. For more detailed
analysis [76] a weighted average positive charge density, (WAPS) was
introduced and defined as the weighted mean of positive o values divided by
the ion surface area obtained from COSMO-RS output [76]. The surface arca
segments with negative charge are characterized by positive o values (due to
definition of o) [73, 76]. The WAPS can be calculated as follows:

[o plo(o)

WAPS = &= . (17)
4 [ plo)d(o)
o=0

where p(o) is the probability function of o, and 4 is the surface area of anion.
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4.4. Electrochemical measurement techniques and
interpretation of data

4.4.1.Cyclic voltammetry

In the cyclic voltammetry method the potential of system studied is changed
linearly with time. The rate at which the potential is changed is called the
potential scan rate or scan rate, v. During the cyclic voltammetry measurements
the electrode potential is changed from initial potential £, to final potential £,
and then back to E£;. An oxidation reaction occurring (Ox + ne- = Red) in the
system results cyclic voltammogram resembling to one presented in Figure 2.

Eap

-0.5 0 0.5
E, EIV E,

Figure 2. Cyclic voltammogram for a Red/Ox system.

When the potential is changed in the direction £, — E,, the oxidant (Ox) is
reduced and a cathodic (reduction) peak is observed at potential E.,. When a
reversed potential scanning is performed the reducer (Red) produced in previous
process is oxidized and an anodic (oxidation) peak occurs at potential E,,. When
the electrochemical process under discussion is totally reversible, the height of
peaks at potentials E., and E,, are equal i.e. |i,] = |iop| and the potential of
cathodic peak for one electrode process is shifted (58/n) mV towards (n equals
the number of electrons transferred in the electrochemical reaction) more
positive potential compared to the potential of anodic peak. The formal redox
potential £/, is given as:

B Ew + Eap

E, = > (18)

The height of anodic peak is smaller than the height of cathodic peak
(licp| > liap|) if the produced reducing agent reacts and gives an electrochemically
inactive compound. Partially reversible process results the increase in potential
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difference between the cathodic and anodic peak potential. For totally
irreversible reduction process the anodic peak corresponding to the oxidation of
reducing agent is absent. When no faradaic reactions occur on the electrode
surface, no peaks are observed and currents measured can be associated with the
electrical double-layer charging only known as ideal capacitive behavior.

In the case of two-electrode system, the total capacitance, C, of EDLC can
be calculated according to Equation (19):

C=1.,dU/dt)” (19)

where U is the cell voltage i.e. the measured potential difference between
positively and negatively charged electrode; Icy is the current density, and ¢ is
the time. Equation (19) can only be used at low voltage scan rate, where the C is
constant, /cy and internal series resistance of test-cell approach to zero. Then the
specific gravimetric capacitance for one electrode, Ccy, can be calculated from
the total capacitance of the test-cell:

CCV = (20)

where m,,, is the active mass of one electrode assuming that the capacitance of
both electrodes is the same. In real systems the charge quantities and therefore
capacitances of negatively and positively charged electrodes are somewhat
different and depend on the size and possible specific adsorption of cations and
anions [1, 4, 5, 7-10, 13-15, 17, 27, 28, 53, 65].

4.4.2. Electrochemical impedance spectroscopy

Electrical measurements to evaluate the electrochemical behavior of electrode
and/or electrolyte materials of EDLCs are usually conducted with test-cells
(EDLCtc) having two identical electrodes. The general approach is to apply an
electrical stimulus (a known voltage or current) to the electrodes and observe
the response (the resulting current or voltage). It is assumed that the properties
of the studied electrode-electrolyte-separator systems are time-invariant and one
of the basic purposes of electrochemical impedance spectroscopy is to deter-
mine these properties, their interrelations, and dependencies on such control-
lable variables as electrolyte concentration, temperature, applied static voltage
or current bias, etc. [77].

Processes taking place throughout the EDLCtc, when it is electrically
stimulated, are mainly associated with the transport of electrons through the
electronic conductors, charge transfer on electrode-electrolyte interface and/or
transport of ions through electrolyte. The total current depends on the electrical
double-layer charging current, faradaic reaction rate on the electrode-electrolyte
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interface and on the ohmic resistances of electrode, electrolyte and separator
used [65, 77, 78, 79].

The impedance of an electrochemical system is measured by applying a low-
amplitude alternative voltage U(?) to a steady state voltage Uy, with

U(t)=U, sin(axt) 21

where @ = 1/(2nf) — angular frequency; f — frequency, and ¢ — time. This input
signal leads to a sinusoidal output current /(¢):

1(t) =I, sin(at + 6) (22)

where /) — initial current, and 6 — phase angle between voltage and current, if
electrochemical circuit consists from capacitor and resistor connected in series
[4, 77]. To simplify calculations, equations (21) and (22) can be rewritten in
following forms:

I=1,e%"" =I(jw)e™ (23)

1 I(jw)e™

U=U," e =U(jw)e™ = RI(jw)e'™ + c (24)

where j=+/—1; C is the total capacitance, R is the total resistance and (jw)

and U(jw) are current and voltage fasors arising from phase angle, respectively.
The impedance Z is defined as:

U(jo) 1 v e
Z\w)=——=R ——— =7+ 7
(a)) I(jo) @ +ja)C(a)) * 25)

where Z' and Z" are the real part and the imaginary part of the impedance,
respectively, defined as [4, 77]

Z() =) +(z") (26)

For example the Nyquist plot of a two electrode EDLCtc assembled of 1 M
tetrakis(diethylamino)phosphonium tetrafluoroborate, ((C,Hs),N)sPBF,, in AN
electrolyte, demonstrating conventional shape for EDLCs using highly porous
carbon as electrode material, has been given in Figure 3 [1, 2, 4, 6-10, 13-15,
19-21, 23, 25, 53, 65, 80]. At high frequencies, EDLCtc behave like resistor. At
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low frequencies, the imaginary part of the impedance sharply increases and the
Nyquist plot tends to a vertical line characteristic of capacitive behavior. In the
middle frequency range, the influence of electrode porosity and thickness on the
mass-transfer (migration, diffusion) rate of the ions from the electrolyte inside
the electrode and separator can be seen [1, 4]. The semicircles observed at high
alternative current frequencies have been explained by the resistive-capacitive
behavior of carbon electrodes at high frequencies [78, 79]. The distorted shape
of these semicircles origins form the distribution of impedance throughout
entire electrode without additional ohmic drop [9, 78, 79].

40

1M ((C,Hs),N),PBF,
in acetonitrile
*

w
o
T

-Z"IQ cm?
N
o

4800 Hz

10

Figure 3. Nyquist plot (-Z",Z' plot) for EDLCtc based on two 2 ¢cm’ microporous
carbon cloth electrodes in 1 M ((C,H;s),N),PBF, in AN electrolyte. Frequency range
studied is 300 kHz to 1 mHz.

For resistive-capacitive circuit with series resistance, R;, series capacitance, Cs,
parallel resistance, R, and parallel capacitance, C,, components the following
relations are valid [80]:

R =7 (o) 27)
C — _; 28
s COZ”(Q)) ( )
1
Rp =R 1+—Z'(a)) (29)
tan’
(z«w)j
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C, = C{l + tanz( 58}} (30)

Maximal specific energy and power for EDLCtc can be estimated from the
previous characteristics using Equations (31) and (32), respectively

Emax = : (3 1)

= 32
max 4RS mam ( )

where m,y, 1S the active mass of one electrode. It is to be noted, that maximum
energy and power of EDLC depend on the square of test-cell voltage, U, and
therefore the region of ideal polarizability of electrode in electrolyte studied is
of crucial importance. In addition, the capacitance of EDLC should be increased
and resistance should be decreased to increase the energy and power densities of
EDLC:s, respectively.

4.4.3. Calculation of complex power and
characteristic relaxation time constant

It is possible to define the real, C'(w), and imaginary part, C"(w), of series capa-
citance as:

C,(0)=C(0)-jC"(w) (33)
where:
’ _ Z"(a))
C =
(o) a)|Z (w)|2 (34)
) Z'(w)
C =

The low frequency value of C'(w) corresponds to the capacitance of the
EDLCtc measured during constant-current charge or discharge, for example.
The C"(w) corresponds to an energy dissipation by an irreversible electro-
chemical process that can lead to a hysteresis [4].

26



The Figure 4a presents the C'(w) change vs. frequency, according to
Equation (34). The formation of plateau at lower frequencies is common for
EDLCtcs based on microporous carbon electrodes and is characteristic of the
electrode structure, and the electrodelelectrolyte interface [1, 2—4, 6-10, 13-15,
19-21, 23, 25, 53, 65, 80]. The Figure 4b presents the evolution of C"(w) vs.
frequency, according to Equation (35). The imaginary part of the capacitance
goes through a maximum at a characteristic frequency fy, defining a time
constant 7y = 1/(2nfy) for EDLCtc [1, 4]. This time constant has also been
described as a dielectric relaxation time [81] characteristic of the whole system.
The 7, corresponds to the time required to release half of the energy stored in
EDLCtc [1, 4] and corresponds to the knee-point frequency at the C; vs.
frequency graphs. However, the determination of the knee-point in C; vs.
frequency graphs is very imprecise, it is not applicable for precise calculations
of 7y and gives only an estimation of the tendencies in 7, changes.

The complex power is defined as

S(a)):%AU(a))-AI*(a)) (36)

where the S(w) is the apparent or complex power, Al (o) is the conjugated form
of the intensity, Al(jw); and AU(jw) is the complex voltage, the latter two
varying according to ja.
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The complex power, S(w), can be divided into active, P(w), and reactive
power, O(w):

S(w)=Plw)+j0(w) (37)

where
P(w)=wC "(w%% (38)
O(w)=-oC '(a))(% (39)

and AU, is the maximal amplitude of alternative current voltage.
Ideal capacitor has no real part as there is only a reactive contribution to the
power. Equation (37) has the following form

S(e)=j0(w)=-] wC(T] (40)

Ideal resistor has no imaginary part as this component only dissipates energy
and the complex power takes the form

S(@)@Z o

a

with Z' = R. Thus, the complex power decreases with the increase in R.

EDLCs demonstrate the resistive behavior at high frequencies and capacitive
behavior at low frequencies. Between these two states it behaves like a
resistive-capacitive system fitted by (RC) transmission line model [1, 4, 82—84].
In Figure 5 normalized real part, |P(w)|/|S(®)|, and normalized imaginary part,
|O(w)|/|S(w)|, of complex power vs. frequency plots are demonstrated. All the
power is dissipated at high frequency (|P(w)//|S(w)| = 1), when the EDLC has
resistive behavior. |P(w)|/|S(w)| starts to decrease with the decrease in
frequency. The normalized imaginary part of the power |Q(w)|/|S(®)| increases
when the frequency is decreased. The same behavior is predicted by the
Equation (37), showing that EDLC exhibits only reactive power at f~>0 and
thus, |Q(@)//|S(w)] = 1 [4]. The crossing point of the two plots appears at
|P(w)|/|S(®)] = |Q(w)/|S(w)|, when 6 = —45°, corresponding to the time
constant 7.
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Figure 5. Normalized active power |P(®)|/|S(w)| and reactive power |Q(w)|/|S(®)| vs.
frequency plots for EDLCtc based on two 2 cm” microporous carbon cloth electrodes in
1 M ((C,H5),N),PBF, + acetonitrile electrolyte.

Equations (34), (35), (38) and (39) are used to characterize the influence of
various parameters on the time constant, namely, the nature of the electrolyte,
the active material parameters in the electrodes and properties of separator [3, 4,
65].

4.4.4.Modelling the electrochemical impedance data
with equivalent circuit

To characterize electrical and electrochemical properties of materials and
systems under study an equivalent circuit consisting of electrical components
can be fitted to the experimental data acquired from impedance spectroscopy
measurements. The equivalent circuit completed and selected out is actually the
representative of the physical and chemical processes taking place in the
experimental system under investigation. Theoretical impedance spectra were
calculated by using the equivalent circuit given in Figure 6, where R, is total
high-frequency series resistance, Ce is a “true” interfacial capacitance without
adsorption effects at high frequencies, and C,4s is capacitance corresponding to
the slow adsorption processes with adsorption resistance, R,4. The generalized
finite Warburg element with a transmission boundary condition, Zgrw,
(Equation (42)) has also been introduced into this equivalent circuit and it
describes the mass-transport processes of ions in ionic liquid electrolyte, porous
electrode and separator matrix [29, 30, 86].
aw
g

2 aw 2
Zorw =Ry ctnh( Jj lL)effa)J ( j Ler

eff D eff

(42)
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In Equation (42) Rp is the resistance of diffusion-like processes, Ly /D, is

the so-called mass-transfer frequency parameter where L.y is the effective
diffuse layer thickness and D¢ is the effective diffusion coefficient of ions, and
aw is the modified Warburg fractional exponent. The impedance

.\ -1 . ..
Zorw = O j@) ™, where o, = 75" C,\ is Warburg constant and 7 is diffu-

sion relaxation time [87].
The goodness of fit is estimated by the value of the y*-function, weighted
sum of squares (4%, and by the relative error of each parameter in the

equivalent circuit under analysis.

Rei CPE Cet
N\ 11
7’ 17

R, Cads Rads Zgrw

Figure 6. Equivalent circuit consisting of electrical components fitted to the
experimental data acquired from impedance spectroscopy. CPE is the constant phase
element with the impedance Zcpg; R, is the parallel resistance; Cg¢ is the “true”
interfacial capacitance without adsorption effects calculated at high frequencies; C,q; is
the so-called adsorption capacitance, corresponding to the slow adsorption processes at
f—0 with adsorption resistance R,q; Zgrw 1s the Warburg-like diffusion impedance.

31



5. EXPERIMENTAL

5.1. Electrode materials and preparation of electrodes

In present work (i) 775 um thick electrodes of microporous carbon cloth,
MPCC (Ukraine), and (i7) 100 um thick electrodes consisting of TiC (Alfa
Aesar, USA) derived carbon (C(TiC), synthesized at 950 °C from TiC
according to route described in Section 1.1.2. and in Ref. [13]), 4wt% of
polytetrafluoroethylene binder (Sigma-Aldrich, Switzerland) and 3wt% of
graphite Timrex KS6 (Timcal, Switzerland) have been used for electrochemical
measurements. Both electrode materials have been covered from one side by
pure Al layer (~4 um) by the plasma activated physical vapor deposition
method [85]. In Section 6.1. the MPCC and in Section 6.2. the C(TiC) carbon
based electrodes have been used to assemble EDLCtcs. The usage of electrodes
in Section 6.3. is specified therein.

For surface area and porosity analysis, the N, adsorption on both carbon
materials was measured at 77 K using the ASAP 2020 (Micromeritics, USA)
gas adsorption measurement system. The parameters have been calculated from
N sorption isotherms according to Brunauer-Emmett-Teller (BET), #-plot and
non-local density functional theory (NLDFT). The results demonstrate that both
carbon materials have high surface area and are mainly microporous materials
with small amount of mesopores (Table I) thus being suitable materials for
EDLC electrodes [1-3, 34].

Table I. Results of N, sorption measurements at liquid nitrogen temperature of
electrode materials used.

SBET Sext Smicro Vt Vmicro
MPCC 1560m* g | 110m* g | 1450 m* g [0.92cm’ g | 0.69 cm’ g
C(TiC) 1670m*g' | 60m’g! | 1610m’ g’ [0.90cm’ g |0.75cm’ g
Sger - surface area calculated by Brunauer-Emmett-Teller theory (P/Py = 0.05...0.2);
Sext, €xternal or non-micropore surface area by #-plot method; Sycro, micropore surface
area by t-plot method; V4, total pore volume at P/Py = 0.999; Vo, micropore volume
by #-plot method.

5.2. Characteristics of ionic liquids

Six electrochemically interesting ionic liquids consisting of the same 1-ethyl-3-
methylimidazolium cation and anions with different electrochemical activity
were studied: 1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF,,
Sigma-Aldrich, Switzerland, assay > 99.0% ); 1-ethyl-3-methylimidazolium
tetracyanoborate (EMImB(CN),;, Merck KGaA, Germany, 99.9%); 1-ethyl-3-
methylimidazolium tris(pentafluoroethyl)trisfluorophosphate (EMImPF;(C,Fs)s,
Merck KGaA, Germany, = 99.0%); 1-ethyl-3-methylimidazolium bis(trifluoro-
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methylsulfonyl)imide (EMImN(SO,CF3),, Merck KGaA, Germany, 99.0%); 1-
ethyl-3-methylimidazolium bis(fluorosulfonyl)imide (EMImN(SO,F),), Solv-
ionic, France, > 99.5%); and 1-ethyl-3-methylimidazolium thiocyanate (EMIm-
SCN, Sigma-Aldrich, Switzerland > 95%)).

5.3. Melting point, conductivity and viscosity
measurements

The melting points of RTILs were measured with a differential scanning
calorimetry on “Diamond DSC” (PerkinElmer, USA) by sealing ~40 mg of the
sample in an aluminum pan. The pan and the sample were first cooled to —70 °C
and then heated to 100 °C at the temperature ramp rate of 5 °C min'. The
melting point was determined by the maximum of melting peak at differential
scanning calorimetry diagram (Table II).

Table II. Physical properties of RTILs used as electrolytes in EDLC.

RTIL Water Melting Conductivity Viscosity WAPS
content | point |(0.04 mS cm?)| (0.1 mPas)|(10° e A™)
(2 ppm)| (£0.1 °C)
EMImBF, 19 15.5 15.03 26.7 34
EMImB(CN),4 56 12.6 15.91 16.3 1.4
EMImPF;(C,F5), 35 2.5 5.35 32.8 0.4
EMImN(SO,CF3), 35 0.8 9.12 32.1 0.8
EMImN(SO,F), N/A -12.1 17.70 12.5 1.4
EMImSCN N/A N/A 22.05 20.0 3.7

The conductivity of ionic liquids was determined by recording the
impedance spectra at 0 V of a self-made test-cell with platinum electrodes and
filled with 1.5 ml of ionic liquid at room-temperature (22.0 = 1 °C). The
intersection of the impedance spectra and Z’ axis was treated as the series
resistance of the test-cell. The test-cell was calibrated by measuring the
resistance for standard 0.001 M and 0.1 M KCI solutions. The conductivities
(Table II) for RTILs were calculated using the cell constant (486.5) calculated
from calibration measurements.

The viscosity (Table II) of ionic liquids was measured at room-temperature
using U-shaped viscosimeter with flow pipe diameter 0.82 mm. The
viscosimeter was calibrated with very pure water (MilliQ+ quality).

The water content (Table II) of ionic liquids was measured by Karl-Fischer
titration method by using titrant HYDRANAL-Coulomat AG 34836 (Fluka).
The water content in EMImSCN and EMImN(SO,F), was undetectable due to
very strong interactions between ionic liquid and titrant used. It was verified
that the water content did not affect the electrochemical properties of RTILs on
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hydrophobic MPCC electrode surface, when H,O < 200 ppm [14], thus making
all RTILs studied comparable.

5.4. Assembling EDLC test-cells and electrochemical
measurements

Two electrodes (2 cm?) and 25 pm thick cellulose separator TF4425 (Nippon
Kodoshi, Japan), were assembled inside a glove box Labmaster sp (MBraun,
Germany) at 22.0 £ 1 °C in a clean and dry Ar atmosphere (99.9999%, AGA;
0, and H,0 < 0.1 ppm) into a two-electrode HS test-cell (Hohsen Corp., Japan).
Before assembling, the electrodes were held in vacuum for an hour to remove
adsorbed water and oxygen form pores of electrode material. The assembled
test-cells were filled with RTILs named.

The electrochemical behavior of EDLCs was tested with cyclic voltammetry
and electrochemical impedance spectroscopy methods using a 1252A Solartron
FRA and SI1287 potentiostat. Impedance spectra were recorded over alternative
current frequency range from 3 x 10° to 1 x10~° Hz with 5 mV modulation. The
tests were carried out at 22.0 = 1 °C, if not pointed otherwise. The theoretical
spectra calculated using equivalent circuit given in Figure 6 have been fitted to
the experimental spectra using the non-linear least squares minimization method
using ZView for Windows, version 3.2¢ [77, 87].
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6. RESULTS AND DISCUSSION

6.1. The electrochemical behavior of different RTIL based
EDLCtcs at room-temperature

6.1.1.Cyclic voltammetry data and analysis
for different RTIL based EDLCtcs

The cyclic voltammograms were measured applying the voltage scan rate varied
from 1 to 100 mV s'. The cyclic voltammograms measured with scan rate
1 mV s~ demonstrate that most of systems tested are nearly ideally polarizable
up to 2.7 V and voltage scan rates 20 mV s (Figure 7a-d). Exceptions are the
EMImSCN and EMImPF;(C,Fs); based EDLCtcs deviating from the ideal
capacitive behavior even at 2.0 V (Figure 7a) and potential scan rates higher
than 5 mV s (Figure 7d), respectively. At cell voltage (U) 3.2 V only
EMImBF, and EMImB(CN), ionic liquid based EDLCtcs behave nearly ideally
polarizable. The EMImN(SO,CF3), based EDLCtc is ideally polarizable up to
3.0 V, whereas EMImN(SO,F), based system is only up to 2.7 V.
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——————— EMImB(CN), / EMIMN(SO,F),
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Figure 7. Cyclic voltammograms for different MPCC|RTIL based EDLCtcs (noted in
Figures) measured with scan rate 1 mV s up to 2.7 V (a); 3.2 V (b); and for
MPCC|EMImBEF, (c); and MPCC|EMImPF;(C,Fs); (d) based EDLCtcs measured with
different scan rates up to 3.0 V.
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Figure 8. Distribution of charge density (o) on a molecular surface calculated with
COSMO-RS program for RTIL ions dependent on the composition of RTILs studied.

To explain these deviations the o-profiles, distribution of charge density (o)
on a molecular surface, (Figure 8) and WASP, the weighted average positive
charge density, (Table II) for studied ions has been employed. It can be seen
that ions used in RTILs studied show only moderate polarization charge
densities. The very poor electrochemical stability of SCN™ anion can be
explained by the highest WASP value and o-profile reaching to the most
positive values (up to 0.02 e A™?), thus demonstrating the highest polarity
(charge localization) [76] from ions studied. Although, the BF,  anion also has
high WASP value and high narrow peak at relatively high o values, it has good
electrochemical stability (3.2 V). The same can be brought out when N(SO,F),"
and B(CN)4 anion based ionic liquids are compared having both WASP = 1.4,
but the electrochemical stabilities are different (2.7 V and 3.2 V, respectively).
Also, clear differences can be seen in Figure 2, where N(SO,F),” o-profile has
two separated peaks and reaches more positive values, when peaks for B(CN),
are at lower o values, broader and low-lying. This demonstrates that unfortu-
nately no simple correlation can be found between polarity of anion in ionic
liquid composition and electrochemical behavior of EDLCctc.

Different authors [8§7-94] have demonstrated that the specific adsorption of
ions and partial charge transfer is strongly influenced by various properties of
adsorbed ions and sometimes properties of solvent. Thus, it is not generally
possible to strictly correlate the electrochemical behavior of ionic liquids
composed of same cation and different anions to differences in anion polarity.
Some correlation may be noticed for very simple cases only, for example the
lower WASP and better electrochemical stability of N(SO,CFs), compared to
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N(SO,F), arises from the additional charge delocalization caused by additional
fluorine atoms in CF3-group.

Also, it can be seen that for EMImPF;(C,Fs); based system the distortion
effects observed in the voltage switch—over region of cyclic voltammograms
cannot be explained by chemical or faradaic reactions at carbon electrode
surface but limiting mass—transport steps, because the quite narrow peak near to
o = 0 axis for PF;(C,Fs); anion in Figure 8 indicates to higher charge
delocalization and thus higher stability of anion. This notion is strongly sup-
ported by the low conductivity and high viscosity values for EMImPF;(C,F5s)s,
presented in Table I, and the assumption that different shape of distortion
effects on cyclic voltammograms in Figure 7a, b and ¢ compared to other ionic
liquid based systems is mainly caused by slow mass-transfer steps.
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Figure 9. /-y, v (a) and Icv, V2 (b) at 3.2 V for different MPCC|RTIL based EDLCctcs.
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The Icv vs. v plots at U = 3.2 V (Figure 9a) are nearly linear up to
v=20 mV s and intercepts are nearly 0 for all ionic liquid based EDLCtcs
indicating to nearly ideal capacitive behavior of systems studied [9, 27, 28].
In Icy, V'? graph at U = 3.2 V (Figure 9b) the EMImPF;(C,Fs); and
EMImN(SO,CF;) based EDLCtcs demonstrate nearly linear /cv, V2 dependence
at higher v indicating to the important role of previously mentioned limiting
mass-transfer steps [9, 27, 28, 77]. However, at U < 2.7 V (not shown for
shortness) EMImN(SO,CF;) based EDLCtc does not produce linear dependence
on Icy,V'* graph. This can be explained by chemical reactions occurring at
U > 3.0 V and blocking of the MPCC electrode surface by reaction products
resulting in limitations in mass-transfer and adsorption processes to electrode
surface.
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Figure 10. Ccy,U at 2.7 V (a) and Ccy,U at 3.2 V (b) for different MPCC|RTIL based
EDLCtcs.
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The gravimetric capacitance for one electrode (Ccy) can be calculated from
cyclic voltammograms according to Equations (19) and (20). The Ccvy of ionic
liquid based EDLCtcs (Figure 10c and d) are moderate (~125 F g') when com-
pared to highest gravimetric capacitance values achieved on acetonitrile based
EDLCtcs (~135 F g"), published by various authors [4, 9, 53, 65].

6.1.2.Electrochemical impedance spectroscopy data and analysis for
different RTIL based EDLCtcs

The Nyquist plots for EDLCtcs studied are presented in Figure 11a and b
showing that most MPCC|RTILs interfaces are nearly ideally polarizable, if
U < 2.7 V, demonstrating nearly —90° slope at the low alternative current
frequencies. As already seen in cyclic voltammetry graphs MPCC|EMImSCN
system is not ideally polarizable even at as low voltages as 2.0 V. From 2”°,Z’-
plot insets in Figure 11a and b it can be seen that the intersect points of Nyquist
plots width Z’ axis, corresponding to total high-frequency series resistance,
R = Ry(f—>0), and width of semicircles (corresponding to the high frequency
polarization resistance, Rpyr) at the high frequencies depend strongly on the
anion composition in the ionic liquid.

The semicircles observed have been explained by the resistive-capacitive
behavior of carbon electrode|RTIL interface at high frequencies [78, 79]. The
distorted shape of these semicircles origins form the distribution of impedance
throughout entire electrode with very small additional ohmic drop [9, 78, 79].
The shape of Nyquist plots and high frequency polarization resistance, depend
on the conductivity of the electrolyte at the electrode|separator [3, 9, 11, 78, 79]
interface and inside the separator [65]. So, it can be explained by low
conductivity and high viscosity values of RTILs (Table II) as Rpyr is highest for
EMImPF;(C,Fs); ionic liquid based EDLCtc.

The gravimetric series capacitance values, Cy(f—0), (Figure 12a) and gravi-
metric parallel capacitance values, C,(f—0), (Figure 12b) calculated from
impedance data using Equations (28) and (30) have been plotted against cell
voltage applied. For most RTILs the capacitance values do not depend strongly
on the composition of anion and the C and C, increase nearly linearly with the
increase in U indicating to the increase in Gibbs adsorption with the increase in
surface charge density. However, compared to other ionic liquids studied the
EMImSCN based EDLCtc shows higher and the EMImPF;(C,F5); based
EDLCtcs lower C; values, especially at U> 1 V. Also, for most systems studied
the obtained ratio C,/C=1 is characteristic for ideally polarizable system [10,
13, 53, 65], but for EMImSCN and EMImPF;(C,Fs); based systems, the C,/C; is
remarkably smaller than unity. This supports previously proposed assumptions
that in EMImSCN based EDLCtcs additional electrochemical reactions are
occurring on/inside MPCC electrode matrix and mass-transport limitations are
important in EMImPF;(C,Fs); based EDLCftcs.
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frequency region as inset for different MPCC|RTIL based EDLCftcs.
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6.1.3.Modelling the electrochemical impedance spectroscopy data

Visual analysis of the Nyquist (Figure 11a and b) and Bode plots (Figure 13)
indicate that at least two characteristic time constants can be distinguished.
Therefore the two-sectioned equivalent circuit with seven elements (Figure 6)
can be used to calculate the theoretical spectrum within the region of ideal
polarizability of MPCC|RTIL based EDLCtcs studied.
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Figure 13. Bode plots for different MPCC|RTIL based EDLCrtcs.

It was found that the high frequency section (CPE and R,) in equivalent
circuit describes mainly high frequency behavior of systems studied. In this
model, R, is already introduced and discussed as a total high frequency series
resistance (Figure 14) and is nearly independent on voltage applied for all ionic
liquids studied.

In Figure 15a and b, it can be seen that C is significantly lower compared to
C.qs indicating to the fact that the low frequency series capacitance, Cy(f—0), is
mainly determined by the slow adsorption step of ions on the MPCC electrode
surface. The Cy(f—0) (Figure 12a) and C,4 values are comparable and both
increase somewhat with the increase in cell voltage indicating to the increase in
electrostatic adsorption of ions on highly porous electrode surface [29]. The C,gs
demonstrates some dependence on ionic liquid anion composition being the
highest for EMImB(CN), and the lowest for EMImPF;(C,Fs); based system.
These results are in good accordance with results obtained on Bi(111) single
crystal electrode and can be explained by the differences in the size and surface
activity of anions under study [29, 30].
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Figure 14. Total high-frequency series resistance for different MPCC|RTIL based
EDLCftcs.

The ayw values calculated is nearly 0.5 for all RTILs studied and in region of
ideal polarizability does not depend on cell voltage applied. The diffusion
resistance, Rp, is significantly higher compared to adsorption resistance, R.gs,
and increasing somewhat with the rise in voltage (Figure 16a and b,
respectively). Discussed effects are especially well pronounced for
EMImPF;(C,Fs); based EDLCtcs probably due to the large anion in the ionic
liquid composition, thus indicating to the important role of slow mass-transport
processes of ions in porous electrode matrix. The so-called mass-transfer
frequency parameter (Figure 16c) for EMImPF;(C,F5); is also noticeably higher
compared to other ionic liquid based systems, supporting the slow mass-transfer
limitation assumptions made already on the basis of cyclic voltammetry data

analysis. It must be noted that the dependence of Liff/ D, on anion com-

position and bulk conductivities of ionic liquids studied are in good agreement.
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6.2. Influence of temperature on EMImBF, based EDLCtc
electrochemical behavior and physical properties

6.2.1.Influence of temperature on conductivity and
viscosity of bulk EMImBF4

Logarithm of specific conductivity, «, vs. inverse temperature dependencies for
EMImBF, and various electrolytes commonly used in EDLCs are given in
Figure 17a. For EMImBF, there is a nearly linear dependence of log x on ™'

determining the Arrhenius-like activation energy FE,

20.4 kJ mol .

Noticeably lower values of E, were obtained for 1 M (C,Hs);CH;NBF, in AN,
PC and equimolecular ethylene carbonate (EC): dimethyl carbonate (DMC):
ethyl acetate (EA) solutions. The dynamic viscosity of electrolytes decreases
nearly exponentially with increase in temperature (Figure 17b).
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temperature for electrolytes of EDLCs noted in Figure.
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6.2.2.Cyclic voltammetry data and analysis for EMImBF, based
EDLCtcs at different temperatures

The cyclic voltammograms (Figure 18) show that the so-called ideal capacitive
behavior for C(TiC)[EMImBF,; based EDLCtcs has been established at
v<50mV s and U < 3.2 V at temperatures lower than 80 °C. At 25 °C the
nearly ideal capacitive behavior can be seen even at U < 3.5 V (Figure 18 and
Figure 19b).

Figure 18. Current density vs. cell voltage plots for C(TiC)[EMImBF, based EDLCtc at
1 mV s and temperatures noted in Figure.

At 80 °C nearly ideal capacitive behavior has been established at voltages
lower than 3.0 V. At temperatures higher than 80 °C and U > 3.0 V the so-
called distortion effects can be seen in the region of voltage switch over (Figure
18), probably caused by decomposition of very small amount of residual water
in RTIL, electrochemical reduction of O, additives and/or oxidation of
functionalities on electrode surface.

At all temperatures tested, the values of Ccy for C(TiC) EMImBF, based
EDLCtc weakly decrease with the rise of voltage scan rate (Figure 19). This
effect is more pronounced at higher temperatures indicating to the shifting of
adsorption equilibrium towards to the desorption step i.e. the Gibbs adsorption
of ions decreases with increase in temperature. Thus, the nearly equilibrium
values of capacitance can be obtained at temperatures < 43 °C and only at
moderate voltage scan rates (v < 5 mVs ') indicating that the establishment of
the adsorption equilibrium is quite slow process for C(TiC)|[EMImBF, interface,
especially at higher temperatures. In the region of U>3.2 Vand v <10 mV s
the values of capacitance increase with the rise in temperature from 25 °C to
80 °C. The deviation of the EDLCtc from the so called ideally polarizable
electrode model and the maxima in /cy,U- and Ccy,U-plots (Figure 19b) at low
voltage scan rates v < 1 mV s ' and temperatures higher than 43 °C can be
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explained by the electrochemical decomposition of residual H,O and
electroreduction of O, traces in RTILs. At 100 °C there are anomalous effects
for systems under study even at voltage 1.9 V, associated to the faradaic
processes taking place at C(TiC)[EMImBF, interface.

-300

urv

Figure 19. Gravimetric capacitance vs. cell voltage plots for C(TiC)|[EMImBF, based
EDLCtcs at temperatures 25°C (a) and 80°C (b) calculated for scan rates noted in
Figures.

6.2.3.Electrochemical impedance spectroscopy data and analysis for
EMImBF,4 based EDLCtcs at different temperatures

According to the data in Figure 20a and b the EMImBF, based EDLCtcs have
fairly conventional behavior at temperatures < 43°C. At 25 °C, the nearly ideal
capacitive behavior has been established even at U > 3.2 V. The high-frequency
R, values calculated at Z"(w)—0 are somewhat lower than those obtained for
other similar systems, discussed in papers [15, 19, 20, 23, 25]. For
C(TiC)[EMImBF,4 based EDLCtcs the previously discussed (Section 3.2.2.)
depressed semicircles can also be observed. At higher temperatures (e.g. 80 °C)
and voltages the width of high-frequency semicircle (i.e. Rpyr) increases with
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temperature, indicating to the increasing role of surface “blocking” by the
reaction intermediates (e.g. adsorbed gas components inside the C(TiC)
electrode and TF4425 separator), leading to the decrease of effective
conductivity of electrolyte inside the porous systems (Figure 20c). It has to be
noted that, if these anomalies would be caused by the occurrence of the
diffusion-like processes inside the electrode, then Rpyr should be independent of
voltage applied. The increase in Rpyr With voltage clearly indicates to faradaic
processes at 7> 80 °Cand U>3.0 V.
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Figure 20. Nyquist plots for C(TiC)[EMImBF, based EDLCtcs at 3.0 V and
temperatures noted in Figure (a); at 59 °C (b); and at 80 °C and voltages noted in Figure

(©).

The R, is nearly independent of voltage even at higher temperatures,
explained by the absence of quick faradaic processes at the C(TiC)[EMImBF,,
interface. At fixed voltage, R, decreases weakly with increase in temperature,
agreeing with molar conductivity vs. inverse temperature dependence and
moderate activation energy values for EMImBF,, given in Figure 17a.
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The C; calculated according to Equation (28) from impedance data for
C(TiC)|[EMImBF, based EDLCtcs at fixed temperature and voltage applied are
given in Figure 21a and b, respectively. At temperatures lower than 43 °C, C;
increases with voltage, if U < 3.0 V, but at voltages higher than 3.2 V, the
decrease of C; takes place due to the blocking effect of pores in electrode with
adsorbed gases (generated during faradaic processes). At 3.0 V the C; values are
independent of temperature, if 7 < 59 °C (Figure 21b). However, the plateau is
formed at lower frequencies in Ci, f~plot indicating to the lengthening of
corresponding to the knee-point frequency in Figure 21a and b. At higher
temperatures C; decreases because of the shifting of adsorption equilibrium
toward desorption process and blocking of microporous carbon electrode matrix
by gaseous components that form during the faradic redox processes and
adsorb/absorb at electrodes. At temperatures higher than 80 °C, the limiting
capacitive behavior exists only at lower electrode voltages (U < 1.9 V) (Figure
20b and Figure 21b). Therefore, the C(TiC)|[EMImBF, based EDLCtc deviates
from ideal capacitive behavior with the increase in voltage and temperature.
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Figure 21. Series capacitance vs. frequency plots for C(TiC)[EMImBF, based EDLCtc
at 43°C and different voltages (a); and at 3.0 V and temperatures noted in Figure (b).
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These conclusions are in a good agreement with C, vs. frequency
dependences (Figure 22a and b) calculated from the electrochemical impedance
spectroscopy data according to Equation (30), demonstrating that C,(w—0)
values decrease with the rise in temperature and at fixed temperature (59 °C) C,
values are maximal at 2.5 V. At 25 °C C, regularly increases with the increase

in voltage.
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Figure 22. Parallel capacitance vs. frequency dependencies for C(TiC)[EMImBF, based
EDLCtc at 3.0 V and temperatures noted in Figure (a); and at 59°C and voltages noted
in Figure (b).

The dependence of ratio C,/C; on frequency is shown in Figure 23. For the
ideally polarizable system C,/C = 1, thus, the C(TiC)[EMImBF, interface can
be taken as a nearly ideally polarizable interface only at 77< 43 °C and U < 3.0
VI[L,7,9, 10, 12, 79]. The ratio values C,/Cs < 1 at temperatures higher than 59
°C and U > 3.0 V indicate the noticeable deviation of C(TiC)|[EMImBF, based
EDLCtc from the ideally polarizable interface at test conditions.
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Figure 23. Ratio C/Cs vs. frequency dependencies for C(TiC)[EMImBF, based
EDLCtcs at U = 3.0 V and temperatures noted in Figure.

6.3. Comparison of RTILs and other electrolytes in EDLCtcs

For comparison, six different EDLCtcs have been chosen (1) MPCC|[EMImBF,
at 22 + 1 °C [14]; (2) MPCC EMImB(CN), at 22 + 1 °C [14]; (3) C(TiC)|[1 M
((C,Hs),N)4PPFs in AN at 22 + 1 °C [8]; (4) C(TiC)|l M triethylmethylam-
monium tetrafluoroborate, Et;MeNBF,, in AN at 22 £ 1 °C; (5) C(TiC)|0.4 M
N,N-dimethyl-1,4-diazabicyclo[2,2,2 ]octanediium tetrafluoro-borate,
CH;3N(C,Hy4);sNCH;(BE,),, in y-butyrolactone (y-BL) at 22 + 1 °C [95]; (6)
C(TiC)[EMImBF, at 25 + 1°C [13].

Cey/Fg't
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Figure 24. Current density vs. voltage (a) and capacitance vs. voltage (b) for EDLCtcs
based on (1) MPCC|EMImBF, at 22 £ 1 °C; (2) MPCC|IEMImB(CN), at 22 £ 1 °C; (3)
C(TiC)|1 M ((C,Hs),N)4PPF¢ in AN; (4) C(TiC)|1 M Et;MeNBF,, in AN at 22 £ 1 °C;
(5) C(TiC)|0.4 M CH;3N(C,H4);NCH;3(BF,), in y-BL at 22 £ 1 °C.
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All cyclic voltammograms for EDLCtcs noted in Figure 24a have fairly
conventional shapes. The slopes of the mid-region part of cyclic voltammo-
grams are different for EDLCtcs studied indicating to the quickest Gibbs
adsorption  (quickest increase of capacitance) for C(TiC)[0.4 M
CH3N(C2H4)3NCH3(BF4)2 in 'Y-BL and slowest for C(TIC)|1 M ((C2H5)2N)4PPF6
in AN. This demonstrates that the influence of voltage on Gibbs adsorption of
ions is different, depending strongly on the chemical composition, structure and
charge of ions adsorbed on the electrode surface. Differential capacitance, Ccv,
values (Figure 24b) calculated according to Equations (19) and (20) are highest
for the C(TiC)|1 M Et;MeNBF, in AN based EDLCtc.
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Figure 25. Nyquist plots at 2.7 V for EDLCtcs based on (1) MPCC|IEMImBF, at
22 £ 1 °C; (2) MPCCIEMImB(CN), at 22 £ 1 °C; (3) C(TiC)|1 M ((C,Hs),N)4PPFs, in
AN at 22 £ 1 °C; (4) C(TiC)|l M Et:MeNBF,, in AN at 22 £ 1 °C; (5) C(TiC)|0.4 M
CH;N(C,H4);NCH;3(BF,),, in y-BL at 22 £ 1 °C; (6) C(TiC)[EMImBF, at 25 °C.

Also, the shape of Nyquist plots is conventional for all EDLCtcs in Figure
25 demonstrating nearly —90° slope at low frequencies and already discussed
depressed semicircle at high frequencies. The R, and the Rpyr depend strongly
on the electrolyte and electrode used in EDLCtc being the lowest for C(TiC)
based electrode immersed in Et;MEBF, and (C,Hs),N),PPF¢ electrolytes
dissolved in AN. The differences in the resistive behavior of EDLCtcs may
arise from the variation in thickness, chemical composition of surface functio-
nalities, pore structure and distribution of electrode materials, compatibility of
these properties with electrolyte used. Conductivity and viscosity of electrolyte
in electrode matrix, dependent on the chemical composition of electrolyte and
structure of electrode have also moderate influence on the EDLCtc behavior [1—
4,7-10, 13, 14, 32-34, 53].
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To compare these EDLCtcs from practical aspect, the C, values for
EDLCtcs, given in Figure 26, are presented at the maximal operational voltage,
Unax, of every EDLCtc, i.e. at the maximum voltage at which the EDLCtc can
be operated without remarkable irreversible damage. EDLCtcs based on
MPCC|EMImBF,, MPCC|EMImB(CN),, C(TiC)[0.4 M CH;N(C,H4);NCH;-
(BF4),, in y-BL and C(TiC)|[EMImBF, demonstrate series capacitance (from 130
to 140 F g') exceeding the capacitance of EDLCtcs based on C(TiC)|l M
Et;MeNBF, in AN (115 F g') and C(TiC)[l M ((C,H;s),N),PPF, in AN
(80 F g ™). However, the plateau in the low frequency region is formed at the
highest frequencies for the C(TiC)|l M Et;MeNBF, in AN based EDLCtc
suggesting that the 7, values corresponding to the frequency at the knee-point in
Cofplot are shortest for this EDLCtc. To confirm that,
|P(@)|/|S(@));|O(@)|/|S(@)| vs. frequency plots are presented in Figure 27 and 7
values are calculated according to description in Section 1.5.3. The shortest
relaxation times have been established for (i.e. the stored charge can be released
fastest from) C(TiC) electrode and 1 M EtMeNBF; in AN and 1 M
((C,Hs),N)4PPF; in AN electrolyte based EDLCtcs. As it can be noticed, the 7
is also strongly dependent on the properties of electrode, electrolyte and their
compatibility.
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Figure 26. Gravimetric series capacitance vs. frequency at maximal operational voltage
for EDLCtcs based on (1) MPCCIEMImBF, at 22 £ 1 °C (Upnx =32 V); (2)
MPCCIEMImB(CN), at 22 £ 1 °C (Upax =3.2 V); (3) C(TiC)|1 M ((C,Hs),N)4PPFg, in
AN at 22 £ 1 °C (Upyux =32 V); (4) C(TiC)|1 M Et;MeNBF,, in AN at 22 £ 1 °C
(Unmax = 2.7 V); (5) C(TiC)[0.4 M CH;N(C,H4);NCH3(BF,),, in y-BL at 22 £ 1 °C
(Umax =3.0 V); (6) C(TiC)[EMImBF, at 25 °C (Upax = 3.2 V).
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Figure 27. |P(o)|/|S(@)|;|O(@)|/|S(w)| vs. frequency plots at 2.7 V for EDLCtcs based on
(1) MPCCIEMImBF, at 22 + 1 °C; (2) MPCCIEMImB(CN), at 22 + 1 °C;
(3) C(TiC)|1 M ((C,H5),N)4PPFg, in AN at 22 + 1 °C; (4) C(TiC)|1 M Et;MeNBF,, in
AN at 22 £ 1 °C; (5) C(TiC)|0.4 M CH3N(C,H4);NCH;(BFy),, in y-BL at 22 £ 1 °C;
(6) C(TiC)[EMImBF, at 25 °C.

The maximum specific energy and power at Uy are presented in Figure 28.
As it can be expected from Equation (31), the best energy performance can be
expected from the EDLCtcs with highest capacitance values. In accordance to
Equation (32), the best power performance is established for EDLCtcs with
lower R values. Again, dependencies of EDLCtcs electrochemical behavior on
electrode material and electrolyte characteristics are clearly visible. The use of
RTILs instead of organic solvent based electrolytes has increased the energy
density of EDLCtcs nearly 2 times but decreased the power density at least just
as much. As emphasized by many authors, the high power density and short 7
of EDLCs are favorable instead of higher energy values. This is due to the fact
that there is wide selection of batteries with specific energy up to 100 times
higher compared to EDLCtcs studied [1, 2, 32—34, 96] making the C(TiC)|
EMImBF, based EDLCtc the most desirable of RTIL based EDLCtcs.
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Figure 28. Maximal specific power vs. maximal specific energy for EDLCtcs based on
(1) MPCCIEMImBF, at 22 + 1 °C Uy =3.2 V; (2) MPCCIEMIMB(CN), at 22 £ 1 °C
and Uy, =3.2 V; (3) C(TiC)|1 M ((C,H;5),N)4PPFg, in AN at 22 £ 1 °C and Uy = 3.2
V; (4) C(TiC)|1 M Et;MeNBF,, in AN at 22 £ 1 °C and Uy, = 2.7 V; (5) C(TiC)|0.4 M
CH;3N(C,H,);sNCH;(BF,),, in y-BL at 22 £ 1 °C and Uy, =3.0 V; (6) C(TiC)[EMImBE,
at25°Cand Uy =32 V.
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7. SUMMARY

Different room-temperature ionic liquids (RTILs) (1-ethyl-3-methylimida-zolium
tetrafluoroborate (EMImBF,), 1-ethyl-3-methylimidazolium tetracyano-borate
(EMImB(CN),), 1-ethyl-3-methylimidazolium tris(pentafluoroethyl)-trisfluoro-
phosphate  (EMImPF;(C,Fs);), 1-ethyl-3-methylimidazolium  bis(tris-fluoro-
methylsulfonyl)imide (EMImN(SO,CF3),), 1-ethyl-3-methylimidazolium
bis(fluorosulfonyl)imide (EMImN(SO,F),) and 1-ethyl-3-methylimidazolium
thiocyanate (EMImSCN)) were studied as an electrical double-layer capacitor
test-cell (EDLCtc) electrolytes. Microporous carbon cloth electrodes and
cellulose separator TF4425 were used to complete the EDLCtc. The EMImBF,
and EMImB(CN),4 based EDLCtcs demonstrated widest region of electrochemical
stability (3.2 V), resulting highest capacitance (~125 F g '), energy (45 and 49 W
h kg™, respectively) and power densities (36 and 31 kW kg™, respectively). Thus,
the electrochemical characteristics of EDLCtcs depend strongly on the chemical
composition, structure and polarizability of the anion in RTIL and are associated
to physical properties like conductivity and viscosity of electrolyte used.

To study the influence of temperature on the electrochemical properties of
RTILs the EMImBF, based EDLCtcs were assembled using TiC derived carbon
electrodes (C(TiC)) and TF4425 separator. Measurements were carried out at 25,
43, 59, 80 and 100 °C. It was found that the equilibrium of ion adsorption-
desorption process is shifted towards desorption and faradaic processes occur
with the increase in temperature leading to the decrease in capacitance (from
130 to 50 F g') and lengthening the relaxation time at elevated temperatures
(T = 80 °C). Therefore, it is not reasonable to suggest RTIL based EDLCs to be
used at constantly elevated temperature, as promoted by some authors.

The comparison of RTIL based EDLCtcs with other electrolyte based
EDLCtcs studied, it was established that the electrochemical characteristics of
EDLCtcs depend strongly on electrolyte composition and electrode structure. It
was demonstrated that compatibility of properties of used electrode material,
electrolyte and separator is extremely important. The best results amongst RTIL
based EDLCtcs where achieved by C(TiC)[EMImBF, based EDLCtc at 25 °C
demonstrating high capacitance (130 F g '), energy density (47 W h kg') and
power density (145 kW kg™') and shortest relaxation time (3.4 s). However,
higher power density (270 kW kg™') and 3 times faster relaxation times (0.5 s)
were achieved for more conventional organic solvent electrolyte based EDLCrtcs.
It has been emphasized, that the high power density and short relaxation time
constant of EDLCs are favorable instead of higher energy density because there is
a wide selection of batteries with specific energy up to 100 times higher
compared to EDLCs studied but lack of high power density devices. Thus, studies
made have pointed out that to make RTIL based EDLCs more competitive to
organic solvent electrolyte based EDLCs, the following studies in the field of
RTIL based EDLCs should focus on lowering the internal resistance of electrode,
electrolyte and separator system and increasing the region of electrochemical
stability of RTIL based EDLCs.
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9. SUMMARY IN ESTONIAN

“loonsetel vedelikel baseeruvad elektrilise kaksikkihi
kondensaatorid”

Uuriti toatemperatuuril ioonsete vedelike (TIV) ((1-etiiiil-3-metiiiil-imidasoolium-
tetrafluoroboraat (EMImBE,), 1-etiiiil-3-metiiiiltetratsiianoboraat (EMImB(CN),),
1-etiiiil-3-metiiiiltris(pentafluoroetiitil triluorofosfaat (EMIm-PF;(C,F3)3), 1-etiiiil-
3-metiiiilimidasooliumbis(trifluorometiiiilsulfoniiiil)imiid (EMImN(SO,CF3), 1-
etliiil-3-metiitilbis(fluorosulfoniiiil)imiid ~ (EMImN-(SO,F),) ja  l-etiiil-3-
metiiiilimidasooliumtiotsiianaat (EMImSCN)) sobivust elektrilise kaksikkihi
kondensaatori (EKKK) elektroliiiidiks kasutades elektroodidena mikropoorsest
stisinikkangast ja tselluloosist separaatorit TF4425. Kodige laiemat ideaalse
polariseeritavuse ala (3,2 V) omasid EMImBF,-1 ja EMImB(CN)4-1 baseeruvad
EKKK-d tagades korgeima mahtuvuse (~125 F g '), energia (vastavalt 45 ja 49 W
h kg') ja voimsustiheduse (vastavalt 36 ja 31 kW kg ). Niidati, et EKKK-de
elektrokeemilised omadused sdltuvad oluliselt ioonsete vedelike koostises oleva
aniooni keemilisest koostisest, struktuurist ja aniooni polariseeritavusest ning on
tugevalt seotud elektroliiiidi fliiisikaliste omadustega nagu juhtivus ja viskoossus.

Temperatuuri moju TIV-1 baseeruvate EKKK-de elektrokeemiliste omaduste
uurimiseks koostati EMImBF,, TiC-st siinteesitud siisinikelektroodidest C(TiC) ja
TF4425 separaatorist testrakud, mida testiti temperatuuridel 25, 43, 59, 80 ja 100
°C. Leiti, et temperatuuri kasvades ioonide adsorptsiooni-desorptsiooni tasakaal
nihkub desorptsiooni suunas ja kahjuks hakkavad toimuma ka Faraday protsessid,
tuues kaasa mahtuvuse vihenemise 130 F g -1t 50 F g '-ni ja relaksatsiooniaja
kasvamise. SeetOttu ei ole pdhjendatud eelistada TIV-1 baseeruvate EKKKde
kasutamist korgematel temperatuuridel, nagu soovitavad moned autorid.

TIV-Il baseeruvate EKKK-de vordlusest orgaanilistel lahustitel (atsetonitriil,
y-butiirolaktoon) ja erinevatel sooladel (trietiililmetiiiilammoniumtetrafluoro-
boraat, N,N-dimetiiiil-1,4-diasabitsiiklo[2,2,2 Joktaandiiumtetrafluoroboraat,
tetrakis(dietiitilamino)fosfooniumheksafluorofosfaat) baseeruvate EKKK-dega oli
niha, et EKKK-de elektrokeemilised omadused sdltuvad tugevasti elektroliiiidi ja
elektroodi keemilisest koostisest, struktuurist ja kokkusobivusest iiksteise ja
separaatormaterjalidega. Parimaid tulemusi TIV-1 baseeruvatest EKKK-dest
andsid C(TiC) elektroodidel ja EMImBF,-1 baseeruvad EKKK-d, tagades korge
mahtuvuse (130 F g™'), energia- (47 W h kg ") ja vdimsustiheduse (145 kW kg™)
ning lithima relaksatsiooniaja (3,4 s). Siiski oli orgaanilist solventi sisaldaval
elektroliiiidil pdhineva EKKK-de vdimsustihedus (270 kW kg') suurem ja
relaksatsiooniaeg lithem (0,5 s) kui parimal TIV-I baseeruval siisteemil. Siinkohal
tuleb rohutada, et korge voOimsustihedus ja lithike relaksatsiooniaeg on
eelistatumad kui korge energiatihedus, sest suurema energiatihedusega kuid
samas madala vOoimsustihedusega patareide valik on véga lai. Tehtud uuringud
néitasid, et TIV-l baseeruvate EKKK-de konkurentsivoimelisemaks muutmiseks
peaksid edasised uuringud keskenduma TIV-1 baseeruvate EKKK-de sisetakistuse
viahendamisele ja elektrokeemilise stabiilsuse tdstmisele.
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