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3. INTRODUCTION

Surface active anions are involved in many technological processes influencing
the structure and 2D layer formation for corrosion inhibitors, catalysts
activatiors, etc. Therefore, the adsorption of halide ions has been studied by
electrochemist for a long time from aqueous solution and from classical organic
electrolytes. However, since ionic liquids (IL) have shown high potential in
modern electrochemical devices, the characterization of the interface between
electrode and IL is the first priority of interfacial electrochemists.

Halides are attractive ions for electrolyte design, ensuring sometimes
reversible redox reaction as well as increase in ionic conductivity. For the
practical point of view, halides are cheap and ecologically friendly anions [1,2].
The future of electrochemistry lies on the design of complex interfaces and on
future development of experimental electrochemical methods moving towards
single molecule measurements. Predicting the properties of interfaces between
metal|electrolyte using different computational methods have improved
significantly in recent years. It allows to predict properties and interactions of a
large variety of molecules or ions. However, experimental data is needed to
confirm new models.

The main aim of this work was to investigate the influence of the addition of
halide ions in room temperature ionic liquid (RTIL) medium for electrical
double layer (EDL) parameters at Bi(111) single crystal electrode. For further
characterization of electrochemical behavior of RTIL mixtures with iodide ions
in a wider region of potentials pyrolytic graphite (PG) electrode was used.
Influence of electrode potential and halide ion concentration in RTILs has been
characterized by cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) methods. Bi(111)RTIL mixtures were studied as a model
system for the further investigation of these promising electrolyte mixtures for
supercapacitors, actuators, electrochemical switches and others modern electro-
chemical energy storage devices. The data for Bi(111)|RTILs were compared to
PG|RTIL interface as well as with two electrode capacitor system. Also in situ
scanning tunneling microscopy (STM) and computational methods have been
used for the detailed characterization of the electrode|RTIL interface.

10



4. LITERATURE OVERVIEW

4.1. General overview

Electrochemistry has not always been the science of interfaces, but nowadays
the number of surface sensitive techniques and application is quickly increasing
[3]. The future of electrochemistry lies mainly on the development of methods
for detailed analysis of adsorption and charge transfer processes that take place
at the interface. The understanding of complicated interfacial structure of metal
and semiconductor electrodes, influence of the crystallographic structure and
orientation of the surface, adsorption of different types of adsorbates helps to
develop important applications such as protection against corrosion, electro-
catalysis, sensors and modern electrochemical energy storage and recuperation
devices. The importance of anion adsorption in electrochemistry is found on the
principle that usually anions are less strongly solvated compared with cations.
Therefore, anions are more often specifically adsorbed because their solvation
sheaths are easier to break up at more positively charged metal and semi-
conductor electrode surfaces. Anions like ClI, Br and I are the most
extensively studied specifically adsorbing anions in electrochemistry [4—10].
The progress in development of the efficient methods for preparation of well-
defined single crystal surfaces has paved the way for get better understanding of
the role of anions in surface electrochemistry. Most widely used metal
electrodes in electrochemistry are Au, Ag, Pt, Hg as well as Bi, Pd, Ir, Cd, Sb
[11-14]. For metals with face-centered cubic (fcc) lattice the surface structure
can be generated by cutting the lattice parallel to the sides of a cube that forms a
unit cell. Electrochemical polishing and annealing have also showed good
results for preparing the flat well-defined metal (Bi, Cd, Sb) surfaces for
fundamental studies. In addition for Pt(hkl) group and Au(hkl) single crystal
electrode the flame-treatment methods have been worked out and have been
widely applied [5,15-20].

If water is an appropriate solvent for electrochemical application, it should
be used without hesitation. However, if the other non-aqueous solvents are
employed, there is always a question about environmental hazards. Under the
framework of green chemistry various non-aqueous solvents, immobilized
solvents, ionic liquids, supercritical fluids, aqueous and solvent-free reaction
systems are studied as electrolytes for electrochemical devices [21]. Besides the
environmental friendliness, the advantages of using aqueous electrolytes are
high ionic conductivity (~0.8 S/cm for H,SO,), low sensitivity to moisture and
oxygen as well as end of life disposal of devices. However, the use of non-
aqueous electrolytes provides larger variety of electrolyte-solvent systems and
many advantages. For example, in EDLCs containing aqueous electrolytes the
charging potential (AV) is limited, varying usually from 1.0 to 1.5 V (e.g.
H,S0,, Li,SO,, LiF, Na,SO,4, NaF). For non-aqueous electrolytes cell potential
up to 3.5-4.0 V have been obtained (from 0.5-1.0 M Et;NBF, in PC), limited by
the faradic breakdown of the electrolyte. The market for EDLCs with high
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surface area carbon electrodes and aqueous electrolytes is about $150-$220
million annually. The remaining problems needed to unravel, compared with
aqueous electrolytes, are higher specific resistance and cell operating time due
to the decomposition of the electrolyte [21-23].

The advantage of using ILs as an electrolyte in EDLCs is the possibility that
the system can be charged to wider potential region and therefore higher
specific energy values can be obtained [24-26]. Ionic liquids are one of the
materials that impact on a broad range of energy storage systems offering an
opportunity to optimize the performance of electrolytes by choosing cations and
anions as needed. ILs as electrolytes are used in high-energy-density and low
cost batteries, dye-sensitized solar cells, thermo-electrochemical cells, electrical
double layer capacitors and in CO, reduction devices [27,28]. Compared with
aqueous and classical organic electrolytes, ILs are composed of ions, no solvent
molecules or solvation sheaths. Due to this effect there is a lack of fundamental
understanding for predicting and understanding the complicated interfacial
structure of these electrolytes at electrode surface. Mainly experimental works
has been carried out metal at electrodes as well as on glassy-carbon and well
defined graphite electrodes in RTILs. Some theoretical and computational
models have been developed by Kornyshev, Fedorov, Koper and others
[9,14,29-38].

Over the last 10 years the sensitivity of surface analysis methods and
techniques have improved significantly [39—41]. Nowadays, detailed charac-
terization of the electrode|electrolyte interface can be carried out using multiple
methods. Sometimes at the electrode interface the fast kinetic processes take
place and due to that, the in sifu measurements are preferred, starting with the
classical electrochemical methods like cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) and moving on to the pulse potentio-
dynamic and galvanostatic methods that have been applied to study the
adsorption of organic compounds at solid metals. Raman, in sifu photoelectron
spectroscopy (XPS), infrared (IR)and UV-vis spectroscopies have been used to
identify adsorbed intermediates and the nature of chemisorption bonds. With
different X-ray methods it is possible to get information about the coordination
numbers of adsorbed spices and the substrate-adsorbate and adsorbate-adsorbate
bond lengths. For the visualization of the electrode surface, structure of
deposited adlayers and interface morphology, in situ STM and AFM methods
can be used [42—44]. Due to the high cost, complicated and time consuming
experiments on porous carbon electrodes, it is reasonable to use ILs and their
mixtures in model single crystal metal electrode based systems to find and study
new electrolytes with a good electrochemical stability in a wide range of
potentials [45—47]. The implementation of ILs in EDLCs or hybrid super-
capacitors (HSCs) as electrolytes could quadratically increase the energy and
power density values as number of papers have shown [25,26,46,48—55].
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4.2. lonic liquids

Ionic liquids (ILs) can be defined as semi-organic fluid salts composed entirely
of bulky asymmetric organic cations and organic or inorganic anions, with a
melting temperature below the boiling point of water. In general, an IL differs
from a traditional molten salt because they are made from organic cation and
inorganic or organic anions (Figure 1). The history of ionic liquids goes back to
the beginning of 20" century, when Paul Walden reported the physical
properties of ethylammonium nitrate and with that a new class of liquids were
discovered. As soon as air and water stable ILs were synthesized in the early
1990s, they have attracted the interest of a considerable part of the material
science, electrochemical and organic chemistry community. Nowadays, ILs are
starting to leave academic labs and find their way into a wide variety of
industrial applications [56—58]. Despite the best efforts and technology applied
for organic compounds handling an estimated 20 million ton of volatile organic
compounds (VOCs) is released into the atmosphere each year as a result of
industrial processing. Solvents compose 2/3 of all industrial emission and 1/3 of
all VOC emissions. ILs can help to make the processes more efficient and
environmental friendly. The most intriguing features of ILs for industrial
aspects are essentially very low vapor pressure and incredibly large thermal
stability up to 400 °C [59].

R

F
F S I Fl °F F
oA E{>/ o ?\F

Figure 1. Examples of some commonly used IL systems [28].

4.2.1. General properties

The melting point of ILs depends on a balance between cation and anion
symmetry, flexibility of chains in the ions, and charge accessibility. Increase of
the length of alkyl chains in the cation and/or increase of the anion size
generally lead to a decrease in the melting point. At atmospheric pressure some
ILs stay in the liquid state up to temperatures as high as 200-300 °C, due to the
strong ion-ion interactions. The thermal stability is determined by the strength
of IL heteroatom-carbon and heteroatom-hydrogen bonds. For a short time
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treatment high thermal stability values have been reported for several ILs. For
example the 1,2-dimethyl-3-propyl imidazolium bis(trifluorosulfonyl)imide is
stable up to 457 °C [60]. Not only the high thermal stability makes these salts so
attractive, but also the low melting point. Many of them are liquids at room
temperature. Therefore, in this work abbreviation IL is used for all ionic liquids
and RTIL is used for these that are in liquid state below the room temperature.
For some ILs the freezing and melting temperatures are reported as different
values. When the IL is cooled its viscosity increases and the increased viscosity
prevents formation of the first crystals. The liquid phase solidifies into an
amorphous solid phase and this temperature is characterized as glass transition
temperature. So, the temperature at which the solidification is observed may
depend on the way of the cooling (Table 1) [28,36,61].

Table 1. Examples of melting and freezing temperatures of some ILs [28,62,63].

Observed
Ionic Liquid Melting point (°C) temperature of
solidification (°C)
EMImBF, 11, 14.6, 15 —63
EMImI 79 39
EMImCI 89 33
EMImBr 79 30
EMImPF; 62, 58 5
PMImPF, 40, 21 —81

The main bottlenecks in the development of electrochemical devices based on ILs
are high viscosity and low diffusion coefficient of ions. At room temperatures
viscosity of ILs varies between 20 and 40 000 cP and conductivities are within a
broad range of 0.1 to 18 mS/cm. Also it is quite complicated to predict the
conductivity of IL under design, because in classical electrolyte solutions the
conductivity depends on the number of charge carriers and is inversely
proportional to the medium viscosity, density and solvation energy. However, in
ILs the system consists entirely of charge carriers, but the conductivity values
are lower compared with aqueous electrolyte solutions. The formation of
different ionic species and aggregates may be expected due to the interaction of
opposite charge ions and it is difficult to define the number of charge carriers.
Generally, ILs are more viscous than common molecular solvents and the
viscosity is determined by the van der Waals forces and hydrogen bonding.
Also electrostatic forces and alkyl chain lengthening in the cation influence the
viscosity [28,32,36,61].

ILs are denser than water. The density values are ranging from 1 to
1.6 gcm ™ and the density values decrease with increase in the length of the
alkyl chain in the cation. The influence of cations composition on the density of
the RTILs is less obvious compared to that provided by the nature of the anion.
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The relation is likely effected by the ionic associations that a given cation exerts
with an anion. Also the density is affected strongly by the identity of the anion.
Comparing the experimental densities of the pyridinium-based and imidazolium-
based ILs, the density value increases with the increase in the molecular weight
for the anion. However, for some anions (and ILs), the density does not directly
correspond to a rise in the molecular weight. This phenomenon can be explained
by the strongly localized charge in the anions, which gives the possibility of a
stronger ion pairing with the cation, resulting in a higher density [64]. For
example, ILs containing BF, anions usually have lower densities than PFs or
CF;SO; based ones [32,64,65].

The charge transfer properties of ILs directly influence the electrochemical
performance. For the electrochemical applications not only the EDL equilibrium
properties are important, but also the dynamics of the charging-discharging. In
the fundamental point of view, it is interesting that the measured electrical
conductivity of many RTILs significantly deviates from the Nernst-Einstein
relation [66]. Usually the Nernst-Einstein relation is used for the determination
of ionic diffusion coefficients from conductivity measurements or for predicting
conductivities by using models of ionic diffusion. This phenomenon is explained
by the smaller degree of ion pair dissociation. Typically, the degree of ion pair
dissociation varies between 50 to 70%. Also experimental results show that
small anions have reduced mobility compared to cations (usually much larger)
and this is explained by the stronger interactions, so-called solvation of the
anions by the counter ions. The main factor that determines the magnitude of
self-diffusion for imidazolium based ILs are the ion size, the geometric shape
and the charge localization/delocalization of the anion. The diffusion of ions is
also controlled by the shape and size of ions, the strength of interactions
between cation and anion, conformational flexibility, molecular mass of ions.
The solvent additives strongly influence the viscosity and conductivity, and the
effects of formation of local nanostructures is also important [36,65,67,68].

4.2.2. Electrochemical properties

For the electrochemical applications ILs can provide exiting properties and
opportunities for overcoming problems and limitations encountered in traditional
chemical processes. Most conventional solvents (e.g. water) suffer from the
drawback that it has a relatively narrow region of ideal polarizability, so-called
potential window. For example, ILs based on NTf, , BF, and PF¢ anions, are
stable in some cases to below Li/Li" reduction region [69]. The electrochemical
reactions in principle are the processes at the electrode|IL interface, including
the diffusion of electroactive species, capacitance of the interface, rate of electron
transfer processes, etc., and which will dominate the performance in the electro-
chemical applications of ILs. The understanding of the surface electrochemistry
in ILs will benefit the performance enhancement of their applications. Most of
the electroanalytical methods and electrochemical sensors are based on the
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change in electrochemical properties at the electrodelelectrolyte interface.
Reactions that take place at the interface between metal electrode and solutions
are important in the metal deposition, corrosion, film formation, electro-organic
synthesis, etc. For the better control of these processes a detailed knowledge of
the properties of the electrode|IL interface is needed. The stability of the
charged electrode|IL interface is of great importance because in many modern
applications there is a strong need for ILs that are electrochemically stable
within a wide range of potentials. Since the electrochemical stability of the pure
ILs depends on the electrochemical stability of the cation and/or anion,
understanding the ion behavior at the electrode interface leads to improvement
and implementation of the ILs to the desired system. Some common ILs are
stable up to 5-6 V [70], however typically 2-3 V. This is much higher than for
aqueous electrolytes. Naturally, the stability of electrolyte depends strongly on
the type of electrodes used. The most popular metallic electrodes are Au, Hg,
and Pt due to their high stability in wide range of potentials. Recently, the
interest in the properties of carbon|IL interface (based on glassy carbon, graphite,
carbide derived carbon, etc. electrodes) has been developed for the potential use
of these materials [28,36,56]. Starting a new investigation of an IL or choosing
an IL for experiment, first information for cathodic and anodic stability can be
obtained from the literature. Thereafter cyclic voltammetry method (discussed
below) can be used for determination of the stability of the IL system under
study. The big variation of the stability limits of ILs in the literature is caused
by the residual water and mostly by the halide anions contamination. Halides
can undergo anodic oxidation at relatively low positive potentials and according
to this, the potential region, where the IL is electrochemically stable, is
narrower [28,36,44].

4.3. Bismuth

A number of studies by Costa et al. [14,30], Lust et al. [15,71,72] and many
other experimental and computational data highlight the importance of the
electrode material have been carried out [53,73-79]. Thus, the choice of the
electrode material for the investigation of electrodelelectrolyte interface is
decisive. Bismuth is a semi-metal with atomic number 83. In the literature Bi is
described as “mercury-like” element as well as similar to cadmium and antimony.
However, mercury was a widely used electrode material in analytical electro-
chemistry, but the toxicity of the mercury is still a problem, therefore alternative
and more environmental friendly electrode materials are highly desired for
different applications. Bi surface represents also properties characteristic to
quasi—two—dimensional metals (with unique spin properties), which can be used
in a novel type of electronics by creating a much higher speed spintronic
devices and especially with very low power (because of the reduced Ohmic
losses) [15,80,81].
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In recent years there has been a growing interest for the application of Bi as
an electrode material for sensors, detectors, etc., from both experimental and
theoretical point of view. Considerable progress has been made for the describing
the geometric and electronic structure and properties of Bi [15,71,82-93]. Bi is
the most challenging metal in the group five semimetals and the delicate
balance between a metal and semiconductor characteristics depends crucially on
the surface structure. In the case of Bi the closed-packed (111) surface can
provide a metallic state. Many unique properties of this metal are related to the
electronic structure and the surface geometry [94]. The bulk bismuth has a
rhombohedral symmetry. Due to the atomic interaction cleaving takes place
along the (111) plane. Alternately, the Bi structure can be described as hexagonal
(six atoms per unit cell) or as a pseudo-cubic structure. Angle-resolved photo-
emission spectroscopy (ARPES) studies have been performed for the charac-
terization of Bi(111) surfaces indicating that the surface is a much better metal
than the bulk [16,80,93,94].

Besides the low toxicity, bismuth provides similar electrochemical behavior
as the toxic mercury. It has easily renewable surface, wide potential region of
ideal polarizability and benefits of using solid electrode makes it desirable
electrode material for anodic stripping analysis of heavy and other metal cations
and electrochemical detection of organic compounds [16,80,95,96].

The Bi(111) interface is similar to graphite (0001) surface. Bismuth, as well
as graphite, are chemically fairly inert in a wide range of potentials. There is
practically no adsorption of O, and H,O at low pressures and moderate
temperatures on bismuth and this reminiscent the behavior of the graphite
(0001) basal plane. These similarities make it possible to do systematic and
fundamental studies in different electrolytes which can be used future for
carbon materials based devices [94].

The adsorption of surface active spices and the structure of the adsorption
layer are influenced by the chemical nature of the ions, electrode material,
electrode potential and also by surface geometric structure [35,96-98]. The
attention that bismuth surface has attached over decades is caused by the
difference in the properties compared with the bulk state. The Bi(111), (110)
and Bi(100) are showing much better characteristic properties for metals than
the bulk due to the presence of metallic surface states. This property has a huge
influence on Bi thin film and cluster investigation and in the use of Bi
nanomaterials in electrochemistry or nano-electronics [80,91].

Figure 2. Calculated crystallographic structure of bismuth (111) single crystal.
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4.4. Pyrolytic graphite

Carbon is a commonly used electrode material in electrochemistry due to the high
chemical stability, low cost, wide variety of physical forms and opportunities for
chemical modifications. Graphite, glassy carbon, carbon fibers, nanotubes,
diamonds and amorphous carbon powders can be used. Pyrolytic graphite (PG)
used in this work is a polycrystalline carbon electrode. PG is chemically and
electrochemically stable in a wide range of potentials and in various electrolytes.
The chemical reactions and corrosion starts at the crystallite edges and as PG
has less defects than commercial graphite, this makes it stable electrode material.
Highly oriented pyrolytic graphite (HOPG) is a special type of carbon electrodes
which is comparable with single crystal metals [99-101].

PG was chosen as an electrode material because it is more similar to carbon
electrodes used in SCs. HOPG is a standard substrate and is used for education
purposes for AFM and STM measurements, but for the experimental point of
view, the use of PG is more solid choice due to the reproducibility compared
with HOPG interface as working electrode in used measurement setup [102—
104].

4.5. An overview of the techniques used for
electrochemical analysis in ionic liquids

The main techniques used for the electrochemical characterization of metal|IL
interface are cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). Nowadays the detailed analysis of the surface structure of
solid materials and adsorbed layers become more and more essential for the
design of better (high power density) electrochemical devices. The application
of scanning probe microscopies such as scanning tunneling microscopy (STM)
and atomic force microscopy (AFM) in the field of characterization of ionic
liquids becomes more common in every year. STM is an extremely powerful
method for the atomic resolution surface analysis. Benefiting from the long-
range tip-sample interactions, AFM also allows to investigate the diffuse layer
region of the electrical double layer in ILs. Also molecular simulation and
theoretical models are used for predicting and analyzing the interfacial structure
of ILs at electrodes [28,38,105-110].

4.5.1. Cyclic voltammetry

Cyclic voltammetry (CV) is the most widely used technique for obtaining
qualitative information about electrochemical characteristics of electrodelionic
liquid interfaces and the electrochemical behavior of redox active compounds in
ionic liquids. Cyclic voltammetry gives information on the redox behavior of
electrochemically active species, on the kinetics of electrode reactions, and in
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many cases enables to observe the formation of reactive intermediates and
subsequent reaction products. CV also give quantitative indication of more
complex electrode processes incorporating adsorption step, being a valuable
diagnostic tool in the development of analytical procedures [111,112].

A cyclic voltammogram is obtained by measuring the current at the working
electrode during the potential scan. The potential of the working electrode is
controlled versus a reference electrode. The current can be considered as a
response to the potential excitation. The voltammogram is a display of current
versus potential graph. Horizontal axis can be thought as a time axis because the
potential varies linearly in time.

The characteristic peaks in the cyclic voltammograms are caused by the
faradic reactions and formation of the diffusion layer near the electrode surface.
A redox couple in which both pieces rapidly exchange electrons with the
working electrode is termed as an electrochemically reversible couple. The peak
current for a reversible couple (at 25 °C) is given by the Randles-Sevcik
equation:

i, = (2.69 x 105)n*24DC, /2v'/2, (1)

where n is the number of electrons transferred, 4 is the electrode area (in cm?),
C. is the concentration (in mol cm ), D is the diffusion coefficient (in cm’s™),
and v is the scan rate (in Vs™'). However, the ratio of peak currents can be
significantly influenced by chemical coupled to the electron process. In the case
of irreversible and quasi-reversible processes, the individual peaks are reduced
in size and are widely separated in potential scale. Electrochemical
irreversibility is caused by slow electron exchange of the redox species with the
working electrode.

Cyclic voltammetry can be used for evaluation of the interfacial adsorption
behavior of the electroactive compounds. Both the reactant and product can be
involved in an adsorption — desorption process. Such behavior occurs for many
organic compounds, as well as for metal complexes. Usually gradual increase of
the cathodic and anodic peak currents is observed, indicating progressive
adsorptive accumulation at the surface.

In the case of adsorption (capacitive) behavior symmetrical cyclic voltammetry
peaks are present in CV curve. Usually they are easily distinguished from
ordinary diffusion-controlled peaks and a peak half-width is 90.6/n mV. The
peak current is directly proportional to the surface excess (I') and potential scan
rate:

. n2F2rav
b = mr @)

where, i, 1s the peak current, /' is the Faraday constant, /" is the surface excess,
A is the area of an electrode, v is the potential scan rate, T is the temperature
and R is the gas constant. In practice, the ideal behavior is approached for
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relatively slow scan rates. The situation can be more complicated when one
species adsorbs on the electrode surface and adsorption peaks can be seen along
with the normal diffusion controlled peaks (post-peak or pre-peak). The
presence of adsorption pre-peaks is characteristic for CO-stripping voltammo-
gramms at Pt(hkl) and Pt(poly) electrodes with higher-coverage CO addlayers
[112-116].

4.5.2. Range of the measured potentials -
electrochemically stable potential region

A stable supporting electrolyte and good solubility of a analyte in an electrolyte
are essential for studying electrochemical processes or using electrolytes and
their mixtures for various electrochemical applications. The absolute value of
the potential range, were the device or electrochemical system is studied, is called
with different names in the literature — electrochemical window, electrochemical
stability region, voltage window, etc. Typically, the electrochemical potential
window lies at a potential range in which the electrolyte is not oxidized or
reduced. The electrochemical potential window is a measure of the electro-
chemical stability of an electrolyte against oxidation and reduction processes at
selected electrode. The electrochemical potential window governs the range of
the potentials available for studying the electrochemical processes that will not
be affected by the electrolyte(s) and/or the solvent decomposition. For the
ideally polarizable electrode, no charge transfer occurs through the interface and
the current (charge) contributes merely to the establishment of the electrical
double layer. The ideal polarizability region is characterized by a horizontal
region of a potentiostatic /-E curve (so called “potential window”). Compared
with different reference electrodes in the same IL system, the width of potential
window should be consistent. The change of reference electrodes only affects
the absolute value of potential in the most of IL systems. All reference electrode
potentials can be calibrated by using a stable redox couple. For silver reference
electrodes  ferrocene/ferrocenium or cobaltocene/cobaltocenium (Fc|[Fc™ or
Cc|Cc") redox couples can be used, if they behave as an ideal reference couple in
a selected IL system [44,61,117,118].

4.5.3. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful technique for
investigation of the electrochemical systems and processes. It is widely used for
the characterization of materials and devices such as power source devices,
biological systems, corrosion studies, sensors, battery characterization and also
for fundamental studies and system testing. EIS is noninvasive and can be used
for studying interfacial processes where time constants might range from
minutes down to microseconds. Impedance methods are based on perturbation
of the electrochemical systems. The perturbation can be initiated by wide range
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of parameters such as the applied potential, the applied current, the convection
rate at hydrodynamic electrodes, or light intensity [119,120]. Usually the
sinusoidal perturbation is applied to the electrochemical system:

V(t) =Vysinwt, 3)

where V(¢) is the voltage at time ¢, V} is the voltage amplitude, and @ is the
radial frequency (in rad-s'). The relationship between the angular frequency
and the frequency f'is @ = 2xnf. The current response /(f) will be a sinusoid at the
same frequency but depending on the electrochemical system properties and can
be shifted in phase.

I(t) = I, sin(ot + §), “4)

where /(¢) is the current at time ¢, [, is the current amplitude, and ¢ is the phase
shift by which the voltage lags the current. Analogous to the Ohm’s law, which
defines resistance in terms of the ratio between input voltage and output current,
the impedance can be defined as

0]
Z=1g )

Impedance is more general concept than either pure resistance or capacitor area,
as it takes the phase differences between the input voltage and output current
into account. Like resistance, impedance is the ratio between voltage and
current, demonstrating the ability of circuit to resist the flow of electrical
current, represented by the real part of the impedance Z’, but it also reflects the
ability of a circuit to store electrical energy, reflected in the imaginary part of
the impedance Z”. The impedance can be defined as complex resistance
encountered when current flows through a circuit composed of resistors,
capacitors, and/or inductors. The impedance has a magnitude (Z, = Vy/l;) and a
phase ¢ and is thus a vector quantity. In complex notation impedance is
presented as

Z =Zy(cosd+jsind) =Z" +ijzZ", (6)
where j =,/ (—1). If the Euler’s formula is used, we can also write
7 = Zyel®, (7)
Impedance is usually presented in complex plane plots. Plot, where the
imaginary part is presented versus the real part, is called also Nyquist plot.
If the sinusoidal voltage is applied to a pure resistor of value R, then Z, =R

and ¢ = 0 (for all frequencies). In case of a pure capacitor, the impedance can be
calculated according to the relationship
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z=2=-_1 ®)

where C is the capacitance. The magnitude of the impedance for a pure
capacitor is

Zy == ©)

and the phase angle ¢ = —n/2. The impedance of a capacitor depends on the
frequency and is entirely imaginary. Resistance and capacitance can be combined
in series or in parallel. For series connection, according to Kirchhoff’s law, the
current thought both elements is the same and the potential equals the sum of
the potential across the capacitor and resistor. The total impedance can be
calculated

—R—L
Z=R-—. (10)
In case of parallel appeal, the complex plane diagram shows the shape of
semicircle. The potentials across both circuit elements are equal, while the
loaded current can be calculated from the sum of the currents flowing through
resistor and capacitor. For the impedance, we can write [58,119,121,122]

Z= (%—“’TC)_l. (11).

4.5.4. Fitting of impedance data

The number of different electrical double layer theories in aqueous solutions
show that the charged interface between electrode and electrolyte is a very
complicated system. Therefore, experimental, mathematical and computational
models have been developed for better understanding of the EDL properties.
EIS in combination with in situ STM and AFM microscopy methods are the
most sensitive and informative methods for EDL experimental analysis.
Calculating, modelling and fitting of the calculated data to the measured
impedance data, the best knowledge about the processes and physiochemical
parameters at electrode surface in terms of mathematical function can be
obtained [119,122-124].

Most common (simple) analysis for EIS data is fitting it to an equivalent
electric circuit model. The circuits are built from the appropriate combination of
electrical elements (resistance, capacitance, inductance, Warburg diffusion
element, constant phase element, etc.) representative of the electrochemical
processes occurring at the electrodejelectrolyte interface. In such circuit a resistor
represents a conductive path of the material or the chemical step associated with
an electrode faradic reaction. Capacitance is accosted with space charge
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polarization regions and by specific adsorption of solution components onto an
electrode. Real systems usually have nonlocal processes such as diffusion,
charge motilities and defects on the electrode surface. The diffusive movement
of ions under an ac field is described usually by the Warburg impedance.
Electrical double layer capacitance can be replaced by the constant phase
element (CPE) in the circle because the real system does not act like an ideal
capacitor due to the different (adsorption/desorption) time constants, surface
defects etc. The shape of the model’s impedance is controlled by the electrical
elements in the model as well as by the interconnections between them (series
or parallel connection).

CDL

RSOL

RGT

Figure 3. The Randles circuit includes an electrolyte resistance Ry, charge-transfer
resistance R ; and a double layer capacitance Cy [122].

There are lots of powerful analysis softwares, e.g., Zview, for fitting the
impedance data, but still the specialized electrochemical processes (Warburg
diffusion or specific adsorption) make things complicated. The most common
equivalent circuit used for electrode/electrolyte system is the Randles circuit
(Figure 3). This circuit describes the electron transfer processes across the
electrode/electrolyte interface and the double-layer formation effect, constructed
by electrolyte (solution) resistance R,, charge transfer resistance R, and a
double-layer capacitance Cy [66,119,122—-125].

4.6. Electrode|electrolyte interface -
double layer capacitance and beyond

The most prominent interest in ILs as solvents in electrochemistry comes from
their good stability in wide range of electrode and cell potentials. This feature
provides possibilities to investigate the electrode processes that take place at
potentials beyond water electrolysis. The unique lattice saturation and adsorption
of ions at electrode|IL interface make the interfacial structure much more
complicated than in aqueous solutions. However, the differential capacitance is
a quite well suited parameter for comparing different theories of EDL in ILs,
molten salts and aqueous media. Understanding of these issues are
indispensable for adequate applications of ILs in various devices. Koch and co-
workers measured the differential capacitance curves of dropping mercury
electrodes in EMIm" based ILs back in 1997 [126]. They believed that the
classical Gouy-Chapman-Stern (GCS) model for aqueous solutions can no
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longer be valid in the concentrated all-ion system. However, full and clear
understanding of the interfaces requires not only the EIS data, but also atomic-
resolution and molecular-level information [110,127].

Classical EDL model, suggested by Helmholtz in 1853, describes EDL
mathematically as a simple plane dielectric capacitor. The term double layer can
be confusing, because EDL is normally not one layer thick because of the heat
motion and entropy. Thermal disorder does not allow the counter-ions to gather as
a monolayer thick plane. Instead of monolayer at the polarized interfaces a space
charge of ions is formed. A half century later, the Gouy-Chapman theory (GCh
theory) was proposed to describe the diffuse layer formation. GCh theory offers
also an easy method for estimating the value of potential of zero charge (pzc) (at
least in dilute electrolytes, where the diffuse layer capacitance dominates the total
one in a wide range of electrode potentials). For large electrode polarizations the
compact (so-called Helmholtz) layer determines the capacitance. Important
extensions for GCh theory have been made by Stern, Graham and Parson for
less dilute electrolytes and in presence of specifically adsorbed ions [36,128].

Kornyshev, Fedorov and Koper [9,36,37,129,130] have proposed some
theoretical models for complex metal|IL interfaces. The theoretical bell-shaped,
camel-shaped and parabolic capacitance curves have been demonstrated by the
experimental data at different electrodes (Hg, Au, Pt, GC, HOPG). Although the
significant progress has achieved in the theoretical calculation and computational
simulations of complex interfaces, the models proposed so far have not yet
considered successfully the influence of the chemical nature of ionic liquids and
their possible strong interactions (specific adsorption) with the surface [110,131—
134]. The specific adsorption contributes to the electrode charge: ions are
specifically adsorbed when short range forces dominate their interactions with
the solid and these forces induce partial (or even true faradic) charge transfer
between the ions and the solid. The specific adsorption may modify the shape of
the differential capacitance curve and the position (in potential scale) of local
capacitance minimum [110,127]. Studying the dynamics at an electrochemical
interface is challenge for the computational simulations too. In principle compu-
tational calculations should provide better knowledge about factors that control
the electrode kinetics, adsorption kinetics of ions, electrical potential profile,
etc. There is number of attempts to characterize the electrochemical interface
between ionic liquid and metal (or non-metal) electrode by computational
methods combined with in situ STM and AFM data [38,132,135-142]. A ot of
progress is done over time for in situ STM and AFM studies as well as for
electrochemical quartz crystal microbalance (EQCM) measurements in
electrochemistry. Confirming and revealing that ILs have a complex structure
multilayer arrangement in the bulk phase and at the metal electrode surfaces.
Like the EIS and CV, the in situ STM and AFM measurements show that the
applied electrode potential has a strong effect on the interfacial nanostructure.
At more positive or negative electrode potentials than pzc, the number of layers
observed at electrode surface by AFM increases due to the enrichment of
cations or anions [70,143-147].
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5. EXPERIMENTAL

Electrochemical measurements were carried out in a three electrode glass cell.
Before each measurement the cell and additional glassware were cleaned with
H,SO, + H,0O, mixture what was heated up to 80 °C and after that washed
several times with MilliQ" water. Bi(111) single crystal and/or pyrolytic graphite
(PG) were used as the working electrodes (WE). Before each measurement the
Bi(111) WE was electrochemically polished in HCIl + KI aqueous solution at
current density about 1.5 Am >. The surface of PG electrode was prepared by
the mechanical splitting of PG inside a glove box. Large surface area Pt net was
used as a counter electrode (CE). CE cleaning process depends noticeably on
the IL used. Basic cleaning procedure for CE was to be treated in H,SO,4 +H,0,
mixture and MilliQ", but ethanol or flame treatment before the basic cleaning
was needed for some electrolytes. For non-aqueous systems Ag|Ag" is the most
widely used reference electrode (RE)[118]. Silver wire in glass capillary was
used for prepearing a reference electrode, i.e. Ag|AgCl (or AglAgBr, AglAgl).
The RE was coated with AgClI before each measurement in 0.1M HCI aqueous
solution and dried 12 h at room temperature. Ag|AgCl was connected to the cell
by Luggin capillary. In case of Ag|AgBr the dried electrode was treated in a
mixture of EMImBF,+ 5% EMImBr to exchange the Cl” for Br—. Exploring
new RTILs and their mixtures containing halide ions, the stability and kinetics
of the Ag|AgHal reference electrodes stability were tested. In the case of
Ag|AgCl reference electrode in an iodide ion containing RTIL solution, the
extremely low solubility of silver iodide, compared to that of silver chloride,
causes the exchange of halide ions between a solution and the reference
electrode surface. Thus, a true Ag|Agl reference electrode was formed. The rate
of this process can vary widely, but in the case of I" concentration over
10 mM the exchange was fast (under 1 hour). Before the measurements WE was
polarized under potential near the pzc. Before and during the polarization the
additional saturation of RTIL with Ar (99.9999) was carried out. Electro-
chemically stable current values were established for Bi(111) and PG systems,
demonstrating the stable surface conditions. Autolab PGSTAT 320 with FRA
was used for cyclic voltammetry (potential cycling at different scan rates) and
electrochemical impedance measurements (0.1 < /< 10000 Hz) inside glove
box (Labmaster sp, LMBraun, O, and H,O concentration <0.1 ppm).

For the in situ scanning tunneling microscopy (STM) measurements the
Molecular Imaging PicoSTM system with Apiezon coated STM tips was used.
Gwyddion and Nanotec Electronica WSXM freeware were used for the analysis
of the STM data. A home-made three electrode electrochemical cell was used
for in situ STM measurements. Similarly, to the CV and EIS measurements, Pt
net was used as CE and Ag|AgCl as a RE [17,39].

1-Ethyl-3-methylimidazolium tetrafluoroborate (EMImBF,) (Fluka Analytical,
for electrochemistry, > 99.0%, H,O < 200 ppm, electrochemical window for GC
from —2.2 V to 3.5 V, melting point 15 °C), and 1-ethyl-3-methylimidazolium
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iodide (EMImI) (Merck KGaA, > 99.5%, H,O < 300 ppm, melting point 79 °C),
1-ethyl-3-methylimidazolium trifluoromethanesulfonate (EMImOTF) (Merc
KGaA, >99.0%, melting point —12°C) and I-ethyl-3-methylimidazolium
bromide (EMImBr) (lolitec, >99%, melting point 73 °C) were used for
preparation of the ionic liquid mixtures under study. Certain mass percentage of
EMIm" with different anions were dissolved in EMImBF, at T = 80 °C (using
Heidolph MR Hei-End magnetic stirrer with heating function) and cooled
slowly down to room temperature (22 °C) inside a glove box (H,O < 1.0 ppm).
For the three component mixture, equal volume of EMImBF, and EMImOTF
were mixed together and thereafter certain amount of EMImI was added into the
mixture. Condition of heating, stirring and cooling were the same as for
preparation of two component mixtures.
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6. RESULTS AND DISCUSSION

6.1. Adsorption of iodide ions at Bi(111) single crystal and
PG electrodes (Papers I -lll)

6.1.1. Specific adsorption of iodide ions at Bi(111) single crystal
electrode form ionic liquids and their mixtures (Paper I)

Previously the adsorption of iodide ions, using electrochemically polished
Bi(hkl) electrodes, have been studied in aqueous electrolyte solutions and
classical organic solvents [71,96,148—152]. The behavior of Bi(111) single
crystal electrode in EMImBF,, EMImTCB and EMImFAP ionic liquids have
been characterized by Siinor et al. [153-155]. Therefore, the electrochemical
characterization of the interface between Bi(111) and EMImBF, + EMImI
mixture with variable concentrations were investigated by using cyclic
voltammetry and electrochemical impedance spectroscopy methods. Detailed
analysis of current density (j) vs. electrode potential (£) dependencies (Figure 4)
shows that the Bi(111) electrode is nearly ideally polarizable within the
potential region from —1.1 to —0.1 V in pure EMImBF,4, —1.0 to —0.2 V in 0.2%
and 1% EMImBF, + EMImI mixtures and within —0.8 to —0.2 V (vs. Ag|AgCl)
in 5% mixture. The increase in the current density at edge potentials is caused
by the beginning of the faradic charge transfer processes. The faradic reactions
at £>—0.4V are caused by the oxidation of I (3 I — 2e — I5) and at more
positive potential (£ > —0.2 V) also by the oxidation of the Bi electrode surface,
being the main reason for the narrower ideal polarizability region compared to
carbon electrodes. At more negative electrode potentials (£ <—0.8 V) the increase
inj is caused by the beginning of the reduction of residual H,O, decomposition of
BF, in the presence of I and reduction of I; to I (I; +2e — 3 I'). The addition
of residual H,O in manufacturer certificate is in a good agreement with the
increase in the j values at more negative potentials. EMImI (and EMImBr)
contain more H,O than EMImBF, and if the addition of EMImI (or EMImBr)
increases, the current density increases.

The ideal polarizability region influences directly the energy and power
density outputs of supercapacitors (SCs) as well as the presence of redox active
species in the electrolyte system. In the case of redox- and pseudocapacitors, the
good outcome in the presence of iodide have been shown by Frackowiak et al.
[1,2,54,156].
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Figure 4. Cyclic voltammograms for pure EMImBF, and 0.2%, 1% and 5% of EMImI
in EMImBE; at potential scan rate 10 mV/s.
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Figure 5. Experimental differential capacitance (C) vs. potential (£) curves measured at
fixed ac /=10 Hz for different EMImI concentrations in EMImBEF, (noted in figure).

Influence of the I addition in the mixture EMImBF, + EMIml is clearly visible
in the capacitance curve. The capacitance increases at less negative potentials.
The analysis of the C,E curves (Figure 5) shows that the highest capacitance
values for Bi(111)|] I interface have been observed within the concentrations
from 0.2% to 1.5%. For more concentrated solutions (2% and 5%) the
capacitance is much lower, which could be explained by the strong adsorption
followed by faradic or partial charge transfer processes between I ions. Thus,
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bismuth surface and by the possible blocking effect of the electrode surface by
the strong adsorption of I ions.

The same effect has been observed previously in several studies at Bi single
crystal planes from aqueous and non-aqueous electrolytes in the presence of
specifically adsorbed halide anions [157,158]. Compared with pure EMImBF,
[157], the capacitance is higher at less negative potentials. Thus, the capacitance
rises due to the presence of I ions in the mixture.

On the basis of practical implementation of the electrolyte for the SC
(supercapacitor) the reversibility and the stability of interfacial processes are the
key factors, determining the lifetime of the electrochemical energy storage
system. The fastest and simplest reversibility and stability test is to measure C,E
curves at fixed ac f first towards positive and thereafter towards negative
potential directions. Smaller difference between these curves refers to better
reversibility and stability of the system. According to the C,E curves (Figure 6)
measured in EMImBF,+ x% EMImlI systems there is no remarkable hysteresis
between the curves measured at f = 210 Hz. Thus, the adsorption of I from
RTIL mixture at Bi(111) electrode is relatively reversible process.
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Figure 6. Experimental differential capacitance (C) vs. potential (£) curves measured at
fixed as /=210 Hz for different RTIL mixtures noted in figure first (1) towards positive
and thereafter negative (2) scan directions.

Tooming et al. [159] tested the EMImBF, + 5% EMImI mixture as an electrolyte
in EDLC using CV and EIS methods. The carbon material, used for electrodes,
was prepared from D-glycose derived activated carbon powder, prepared by
hydrothermal carbonization method followed by additional pyrolysis and
carbon dioxide action steps. Noticeable increase in specific capacitance (up to
245 Fg' at 1.0 V), specific energy (36.7 Whkg ") and specific power for
EMImI + EMImBF, electrolytes have been reported. Only a minor increase in
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characteristic relaxation time constant (from 1.45 s to 1.48 s) values has been
demonstrated for SCs using RTIL mixture compared with pure EMImBF,[159].

Analysis of the electrochemical impedance spectroscopy data can help to
understand the adsorption behavior and kinetics in a wide range of potentials
and frequencies. Thereafter, non-linear fitting analysis of the impedance data
can provide even better understanding of interfacial processes. The shape of
complex impedance plane plots, i.e, Nyquist plots depends noticeably on the
electrode potential applied (Figure 7). In the presence of specifically adsorbed
ions or faradic processes outside and near the ideal polarizability region limits
the dependence of the shape of the Nyquist plots enables to understand the
influence of the electrode potential and frequency applied. The evaluation of the
different kinetic processes that take place at the electrode surface is also
possible. The phase angle and the ratio of C,/C; vs. frequency plots can be used
as well for the electrochemical characterization.

For pure EMImBF,, the shape of Nyquist plots and phase angle values do
not depend noticeably on the potential applied within the ideal polarizability
region [154], indicating only weak deviation from the nearly ideal capacitive
behavior at Bi(111) electrode. From the literature data it is known that the rise
in the capacitance curve should be connected with the beginning of the strong
specific adsorption of I at Bi(111) electrode surface. From the Figures 7 and 8
it can be seen that the kinetic-nature of the first peaks in C,E curve (Figure 6) is
mainly adsorption for 1% EMImI addition mixture. For more concentrated
EMImI additions in EMImBF,, there is a small deviation from adsorption
limiting step behavior at lower frequencies (Figure 7). For the 0.2% and 1%
mixtures within the potential region from —0.6 V to —0.2 V the specific adsorption
of I takes place. Thus, comparing the different systems at £ = —0.3 V the role
of adsorption process is clearly visible, indicating that the adsorption of I is the
main rate limiting process. In low f region, the phase angle value is lower than
—75° and in moderate frange ¢ is lower than —80°.

The EDL formation shifts towards higher frequencies for higher I
concentration mixtures compared with 0.2% and 1% mixture (Figure 8). The
ratio of C,/C; calculated from impedance data (Figure 9), characterizes only the
limiting adsorption processes at very low and moderate f region, without any
influence of resistive processes, confirming the system behavior also visible in
Nyquist and phase angle plots. According to the theory, the value of ratio
C,/Cs=1.0 is characteristic of an adsorption step limited processes and
C,/Cs=0.5 for the diffusion limited processes. If the ratio lower than 0.5 (or
near the zero), the (faradic) charge transfer processes take place [122,124]. For
the EMImBEF, +x% EMImlI, the ratio C,/C, depends noticeably on E applied. At
—0.6 < E <03V, there is only a weak deviation from the adsorption limited
process mechanism for 0.2% and 1% mixtures in a wide f range
(0.1 Hz <f< 100 Hz) as the ratio C,/C; is higher than 0.92 (Figure 9). For higher
EMImI concentrations (2% and 5%) and in medium frange (> 10 Hz) the ratio
C,/C; 1s almost 1, but in the low frange (f< 1 Hz) the mixed kinetic processes
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(adsorption and faradic charge transfer) take place because the calculated ratio
C,/Cs<0.75.
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Figure 7. Complex impedance plane plots for Bi(111) electrode with different EMImI
concentrations in EMImBF, (noted in figure), at electrode potential —0.3V wvs.
Ag|AgCIRTIL.
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Figure 8. Phase angle vs. log f dependencies for Bi(111) electrode with different
additions of EMImI in EMImBF, (noted in figure), at electrode potential —0.3 V vs.
Ag|AgCIRTIL.
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Figure 9. Calculated ratio of parallel capacitance to series capacitance vs. log f
dependencies for Bi(111) electrode with different additions of EMImI in EMImBF,
(noted in figure), at electrode potential —0.3 V vs. Ag|AgCIRTIL.
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Figure 10. Series differential capacitance (C;) vs. potential (£) curves for Bi(111) in
EMImBF, + 1% EMImI at different frequencies noted in figure

It is clear that the capacitance depends noticeably on the electrode potential
applied as well as on the electrode material and electrolyte composition. It is
previously shown that the capacitance also depends on the frequency applied
[154,155,157]. Also for studied systems (Figure 10) the capacitance values
depend noticeably on the frequency and electrode potential applied. At higher
frequencies the capacitance does not depend so much on the potential compared
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with lower f values. This indicates to the slow nature of the interfacial
processes. The rise in Cs at lower fand at less negative electrode potentials can
be explained by the beginning of the specific adsorption of I . Moving towards
more positive potentials the pseudo-capacitive behavior occurs (I to I3). At
more negative potentials (end of the ideal polarizability region), the faradic
reduction processes started (I; to I', reduction of residual H,O etc.).

In situ STM data measured by Anderson et al. [146] for Bi(111) in
EMImBF, + EMImI mixture is in a good agreement with cyclic voltammetry
and impedance spectroscopy results. At the Bi(111) | EMImBF, + EMImI
mixture interface within the E region from —0.7 V to —0.3 V the 2D-super-
structure has been detected. The superstructure disappears at E > —0.2 V or at
E < —-0.8 V. Within the potential region of specific adsorption of I anions
(-0.8V < E <-0.3YV), the formed 2D-superstructure can be approximated to
have a rhombohedral symmetry. Distances of 4.8+ 0.2 A have been found
between the adsorbed ions centers at the Bi(111) surface. Fast Fourier transform
filtering method shows an atomically flat thombohedral surface structure at
E <-1.0V, characteristic of a clean Bi(111) electrode. Thus, the desorption of
I' takes place at high negative surface charge densities and at £ > —0.2 V, quick
Bi(111) dissolution (electro-oxidation) has been established [146].

6.1.2. Non-linear fitting analysis of impedance data
for Bi(111)| EMImBF4 + EMImI mixture

The experimental data were fitted according to the equivalent circuit shown in
Figure 11. The very slow charge transfer (including partial charge transfer)
processes at very low ac f'have been taken into account by using the non-linear
least square fitting method. The equivalent circuit used for the fitting consists of
high-frequency series resistance (equal to the electrolyte resistance) R, charge
transfer resistance R, double layer capacitance Cy, adsorption capacitance C,q
and Warburg-like diffusion impedance Z,. The fits of calculated data to
experimental data (solid lines) can be seen in Figures 7 and 8. Fitting results are
rather good and the relative errors of single parameters are minor (> 10%). The
high frequency series resistance R, values (Figure 11) does not depend on the
electrode potential applied. For EMImBEF, + EMImI mixtures, the values of R
are lower than those for pure EMImBF,. The charge transfer resistance R
(Figure 12) depends noticeably on the concentration of I ions in the mixture
and electrode potential applied, being higher for more concentrated EMImI
mixtures. The diffusion resistance Rp values (Figure 13) for 1% EMImI mixture
are lower compared with more concentrated mixtures, where Rp increases at less
negative potentials. The different behavior of R, and Rp for more concentrated
mixtures can be explained by the expressed repulsion effect between adsorbed
I ions and blocking adsorption of I (or intermediates) at Bi(111) interface.
Similar to the previously calculated parameters, the Cy and C,4 values
depend noticeably on the concentration of EMImI in the RTIL mixture and on
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the electrode potential applied. Cy4 values (Figure 14) are lower for pure
EMImBF, and for higher concentrations (2% and 5%). For mixtures with lower
I' concentrations, Cy values increase similarly to the C; values. This effect is
caused by the different structure and thickness of EDL (Stern layer). The strong
increase in C, values (Figure 15) indicates that the adsorption of I and EDL
densification/optimization stages are very slow processes.
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Figure 11. High frequency series resistance (R) vs. potential (E) curves for Bi(111) in
different RTIL mixtures, noted in figure. Inset: equivalent circuit used for fitting the
calculated data to experimental one.
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Figure 12. Charge transfer resistance (R.) vs. potential (£) curves for Bi(111) in different
RTIL mixtures, noted in figure.
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Figure 13. Diffusion resistance (Rp) vs. potential (E) curves for Bi(111) in different RTIL
mixtures, noted in figure.
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Figure 14. Dependence of double layer capacitance (Cq) vs. potential (£) curves for
Bi(111) in different RTIL mixtures, noted in figure.
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Figure 15. Dependence of adsorption capacitance (C,g) vs. potential (E) curves for
Bi(111) in different RTIL mixtures, noted in figure.

6.1.3. Specific adsorption of iodide ions at Bi(111) single crystal
electrode form three component ionic liquid mixtures (Paper Il)

For the further investigation and possible practical application of EMImI +
EMImBF,; mixture in modern electrochemical devices, the EMImOTF was
added into EMImBF4+ EMImI system (Paper I). The purpose of three IL
mixture was to investigate the influence of OTF anion on the EDL parameters,
but especially on the capacitance. The analysis of CV data (Figure 16) shows
that the EMImOTF + 1% EMImI mixture is nearly ideally polarizable within
—1.0to 0.1 V. Although, for the three component mixture AE established was
from —1.0 to —0.2 V.
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Figure 16. Cyclic voltammograms for Bi(111) electrode in different RTIL mixtures
(noted in figure) at potential scan rate 10 mV/s.

For the detailed analysis of adsorption processes the EIS data were measured
and analysed. From the C.E plots (Figure 17) we can see that in the case of
EMImOTF + 1% EMImlI the capacitance does not increase, indicating that the
OFT hinders I adsorption at the Bi(111) interface. For the three component
mixture, the capacitance increases at less negative potentials almost as much as in
the case of EMImBF; + 1% EMImI. Only the 1% EMImI system was
investigated for three component mixture, because in the case of EMImBF, +
x% EMImlI systems the 1% addition showed the highest capacitance values at
Bi(111) interface (Figure 6). The capacitance depends noticeably on the electrode
material and therefore it is not useful to optimize the electrolyte mixture (I
concentration) at Bi(111) single crystal interface. The further investigation and
testing of this highly promising three component mixture is still needed to do in
SC testing system with porous carbon electrodes because the three electrolyte
mixture shows comparable performance with EMImBF, + EMImI. The price of
EMImOTF is cheaper than that for EMImBF,. Thus, the SC with the same
power and energy density can be produced with much lower price.

Surprisingly the difference between EMImBF, + 1% EMImI and EMImBF, +
EMImOTF + 1% EMIml at £ = -0.3 V in C,E curves (Figure 17) is minimal.
However, there is no increase in the capacitance at less negative electrodes
potentials for EMImOTF + EMImI mixture and this indicates that there is a
possible blocking effect of OTF at Bi(111) interface. C,E curves (inset in
Figure 17) measured first towards positive and thereafter negative potential scan
direction for 3-component system also do not show remarkable hysteresis at
=210 Hz, similarly to EMImBF, + EMImlI system. Thus, in 3-component RTIL
mixture, within the measured potential region —1.0 < E <—-0.2 V, the adsorption
of I at Bi(111) is a nearly reversible process.
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Figure 17. Experimental differential capacitance (C) vs. potential (£) curves measured
at fixed ac /= 210 Hz for different RTIL mixtures noted in figure. Inset: C,E curve
measured first towards positive and thereafter negative scan directions.

As for the EMImBF, + EMImI system, also for three component mixture the
shape of Nyquist and phase angle plots depends noticeably on the electrode
potential applied. Within the region of potentials, where the specific adsorption
of I takes place, the nature of kinetic processes analyzed from Nyquist plots
(Figure 18) is similar to the two component RTIL mixture, showing only weak
deviation from adsorption limited processes at moderate and lower frequencies.
For EMImOTF + EMImI systems the phase angel value differs significantly
(Figure 19). The mixed kinetic processes take place at low f'< 10 Hz and the
phase angle, log fplots are shifted towards higher frequencies for EMImOTF +
EMImI systems. If the capacitance is lower because of the blocking adsorption
of OTF ", then the adsorption of I is slower compared with OTF . So, the slow
adsorption with partial charge transfer step are the rate limiting processes for
I' + OTF mixed anions systems.
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Figure 18. Nyquist plots for Bi(111) electrode in different RTIL mixtures (noted in
figure), at electrode potential —0.3 V vs. Ag|AgCIlRTIL.
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Figure 19. Phase angle vs. log f dependencies for Bi(111) electrode in different RTIL
mixtures (noted in figure), at electrode potential —0.3 V vs. Ag|AgCI|RTIL.

Similarly, with EMImBF, + EMImI system the rise in the C; (Figure 20) at
lower f can be explained by the beginning of the specific adsorption of I at less
negative electrode potentials. Moving towards positive directions the pseudo-
capacitive behavior occurs (oxidation of I to I3). At more negative end of the
ideal polarizability region, the faradic reduction processes start (reduction of I3
to I', residual H,O etc.).
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Figure 20. Series differential capacitance (C;) vs. potential (£) curves at fixed ac f'=0.2 Hz
for Bi(111) electrode in different RTIL mixtures noted in figure.

6.1.4. Interface between PG| EMImBF, + 5% EMImI mixture (Paper III)

Previously mentioned similarities between Bi(111) and PG can be seen also in
the case of adsorption of I ions from EMimBF, + EMImI mixtures. The behavior
of the interface between carbon electrode and aqueous electrolytes containing I
ions have been studied previously by Frackowiak et al. [1,2] and Jines et al.
[160] in SC systems, demonstrating the positive effect of I additions for
capacitance values as well as good long term cycle stability. The use of carbon
electrode materials allows to measure in wider range of electrode potentials. For
pure EMImBF, at PG interface the potential region is from —1.5 to +1.5V
without any oxidation and reduction peaks in CV curves. Based on the shape of
CV curves we can say that peaks in CV for 5% EMImI containing mixtures,
measured at PG interface, are caused by the addition of I ions (Figure 21).
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Figure 21. Cyclic voltammograms for pyrolytic graphite (PG) electrode in EMImBF, +
5% EMIml at different potential scan rates (noted in figure).

Detailed analysis demonstrates, that there are two peaks on CV curves and the
difference between the peaks is higher than 58 mV. According to the theory
[113] for aqueous electrolytes the difference between oxidation and reduction
peaks potentials indicates to the weakly irreversible nature of the adsorption
/desorption processes (quasi-reversible) at PG surface. In previously discussed
Papers I and 11, the good reversibility has been shown in C,E curves. Also at PG
electrode the comparison of capacitance curves measured fist towards positive
and thereafter negative scan directions does not show remarkable hysteresis.
This indicates that the system is reversible. Also the time stability measurements
showed only 10% difference between curves measured approximately within
48 h time gap and after 200 potential cycles (Figures 22 and 23).
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Figure 22. Differential capacitance vs. electrode potential curves for PG electrode in
pure EMImBF, and 5% EMImlI addition measured with 48 h time difference.
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Figure 23. Differential capacitance vs. electrode potential curves for C(0001) electrode
in 5% EMImI mixture measured fist towards positive and thereafter negative scan
directions.

The impedance data demonstrates that similarly to Bi(111) the nature of
Nyquist plots (Figure 24) or phase angle curves (Figure 25) depends noticeably
on the PG electrode potential applied. The electrical double layer formation
kinetics depends less on £ applied at /> 300 Hz. The nearly ideal capacitive
behavior occurs within —0.5 < £ > +0.5 V and at lower /(100 Hz > /"> 0.1),
were the values of phase angle are as low as —80°. Noticeable deviations from
ideal adsorption behavior (and more complicated processes) are taking place at
E <-0.5V and E> +1.1 V. At the first capacitive peak region £ = +0.7 V, the
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phase angel value goes to —70° and thereafter at <50 Hz starts to increase
quickly. The faradic processes are quicker than the specific adsorption processes
(with partial charge transfer) and there is strong specific adsorption of I at PG
interface. For the second peak (+1.1 < £ < +1.5 V) the total rate of the process
is limited by the faradic processes at the PG electrode. The same
pseudocapacitive effect causes the rise in C,E curves in second peak region but
the first peak is caused by the specific adsorption of I . The system shows also a
remarkably good stability and reversibility in time as discussed before.
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Figure 24. Nyquist plots for PG electrode in 5% EMImI + EMImBF, mixture at different
electrode potentials (noted in figure).
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Figure 25. Phase angle vs. log frequency plot for PG in EMImBF, + 5% EMImI at
different electrode potentials (noted in figure).
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The nanostructure of the Stern layer between ionic liquid and graphite has been
studied by Atkin et al. with AFM method [78]. Influence of the applied
potential in the presence of lithium cation and chloride anion in 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIm TFSI) on Stern
layer nanostructure at highly oriented pyrolytic graphite (HOPG) interface has
been analyzed. The Stern layer nanostructure changes markedly with surface
potential as well as in the presence of different cations or anions even in very
low concentration. There is some asymmetry at positive and negative potentials
in Stern layer nanostructure reflecting the different surface affinities, packing
constants and charge localization. For pure EMIm TFSI and with chloride addi-
tion the AFM shows an additional cation-rich layer on top of the ions in contact
with HOPG at negative potentials. The cation to anion ratio does not permit
packing into a regular structure and the observed arrangement is the best
compromise between the need for the ions to pack and the requirement to
neutralize the surface potential [78].

6.2. Adsorption of bromide ions at Bi(111)
single crystal electrode (Paper IV)

In common to iodide, the bromide adsorption has been studied from several
solvents at metal electrode surfaces [156,158,161-165]. The adsorption strength
between bromide ions and Bi, Au and carbon electrodes should be slightly
lower compared to iodide [156,158,161-165]. Based on this knowledge, better
(and quicker) reversibility should be seen in the case of bromide ions at Bi(111).
Also dynamic measurements show high thermal stability of EMImBr, up to
249 °C [165]. At the same time when first promising measurements at Bi(111)
electrode interface had been conducted, Yamazaki et al. [S0] reported the
performance of non-aqueous EDLC based on EMImBF, + EMImBr, showing
higher discharging capacitance and an excellent cyclability (98% retention after
the 10000" cycle). The electro-oxidation of bromide in acetonitrile and 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl) imide has been studied by
Allen et al. [166]. The direct oxidation of bromide to bromine, followed by
formation of tribromide had been suggested. In RTIL media two waves were
observed by using cyclic voltammetry with Pt micro-disk electrode. After the
Br, formation the electrode kinetics was irreversible and the removal of the first
electron was the rate determining step [166]. Thus, to ensure the reversibility of
the system under study, the choice of potential region and current limits are
crucial.

CV, EIS and density functional theory (DFT) calculations were performed in
order to characterize the EMImBF, + x% EMImBr interface at Bi(111). First,
the electrochemical stability region (AE) was analyzed for various EMImBr
concentrations (Figure 26). The AE~0.7 V (j| < 10 pAcm ?) has been established
and being independent of Br concentration. This is also the potential region
where the EIS should be carried out to ensure the reversibility of the system.
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The increase in j (at less negative potentials) is usually caused by the oxidation
or adsorption of the analyte components. In the case of Bi(111) also the electro-
oxidation of electrode surface can take place at less negative potentials. Figures
26 b and ¢ were measured in decreasing potential scan rate directions and in
wider range of potentials compared with Figure 26a. Clear oxidation and
reduction peaks were measured (forfeit the Bi(111) electode at slower scan rates
for 2% EMImBr RTIL mixture). Although, the AE is almost independent of the
concentration of EMImBr, there is a shift of current peaks towards more
negative potentials within the increase of EMImBr concentration in the mixture.
This shift can be explained by the adsorption and oxidation of Br ions at less
negative electrode potentials and due to the reduction of Br; to Br at more
negative potentials [166].

The rapid increase in positive current density values at less negative
electrode potentials £ > —0.8 V (vs. Fc/Fc") can be explaned by the specific
adsorption of Br at Bi(111) electrode surface, followed by the faradic charge
transfer step (in agreement with EIS data, discussed later). Two oxidation peaks
and one reduction peak for 0.1% and 2% EMImBr mixture were observed
(Figure 26 b and c). The linear dependance of oxidation peaks current densities
indicates to the adsorption limited processes and the reduction peak current
densities on the square root of potential scanning rate characterise the mass
transfer limited process. However, at very slow scanning rates a small deviation
from linearity can be seen. The potential of the first small oxidation peak
depends weakly on the potential scan rate (Figure 26b), confirming the hypo-
thesis that the adsorption step is the rate limiting stage. However, after applying
the less negative electrode potentials there is linear dependence of reduction
(desorption) peak potentials on the square root of potential scanning rate and the
desorption is limited by the mixed kinetic processes. Even more complicated
dependence of Epex on Vv can be seen for 2% Br mixture (Figure 26c).
Increasing Br adsorption, electro-oxidation of Bi(111) electrode surface as well
as the formation of surface compounds take place. For more detailed studies in
wider range of potentials the electrode form carbon material is more suitable,
similarly to I (Paper III). Thus, all differential capacitance and impedance
measurements have been carried out at more negative potentials than £>—-0.8 V.
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Figure 26. Cyclic voltammograms for Bi(111) electrode in different EMImBr +
EMImBF, mixtures (noted in figure) at potential scan rate 10 mV/s (a), cyclic
voltammograms for 0.1% EMImI mixture (b) at different potential scan rates (noted in
figure), for 2% EMImI mixture (c) at different potential scan rates (noted in figure),
peak potential dependence on potential scan rate for 0.1% and 2% EMImBr in
EMImBF; (d).

The C vs. E curves in Figure 27 show that the capacitance increases at less
negative electrode potentials for EMImBr + EMImBF, mixtures, in comparison
with pure EMImBF,. However, there are two different peaks in C,E curve,
indicating to the existence of two different electrochemical processes. From the
cyclic voltammetry data the nature of first peak showed adsorption step limited
behavior and analysis of the C.E curves leads us to the same result. There is no
hysteresis between curves measured first towards positive and thereafter
negative potential scan directions showing that the system has good reversibility
within this potential region. From the Figure 27c, it can be seen, that the
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specific adsorption of bromide ions is probably followed by the faradic (partial)
charge transfer. For the further investigation the electrochemical impedance

data have been measured and analyzed.
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Figure 27. Experimental differential capacitance (C) vs. potential (E) curves at the fixed
ac frequency (f'= 210 Hz) for different EMImBr additions in EMImBF,, noted in figure
(a), C,E curves measured first towards positive and thereafter negative potential scan
directions at the fixed ac frequency (f=210 Hz) for 0.2% and 5% EMImBr
concentrations in EMImBF, (b), comparison of C,E curve at the fixed ac frequency
(f=210 Hz) and cyclic voltammogram curve for 2% EMImBr in EMImBF, (c),
comparison of different RTIL mixtures (noted in figure) at the fixed ac frequency
(=210 Hz) (d).

Previously the halide adsorption in non-aqueous solvents at Bi(111) have been
analyzed and the rise in capacitance curve at less negative electrode potential
has been explained by the specific adsorption of anions, as well as by the
strengthening of covalent nature of the adsorptive bond between halide ions and
the electrode surface [96]. To avoid the irreversible adsorption and faradaic
processes at Bi(111), the impedance measurements were carried out only within
the range of the potentials from —1.7 < E<—0.8 vs. Fc/Fc” this ensures the
reversibility of the system.
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Nyquist and phase angle plots (Figures 28 and 29) show that the rate of the
formation of electrical double layer depends significantly on the electrode
potential applied. Nearly ideal capacitive behavior occurs in wide range of
moderate frequencies (0.5 < /< 100 Hz). If the phase angle value is near —90°,
then the system shows ideal capacitive behavior. At the first capacitance and
current peak region the phase angle has more negative values than —82°. Thus,
decrease of the phase angle values and the rise in the capacitance values in the
C,E-curves (Figure 27) are mainly caused by the specific adsorption of Br
anions onto Bi(111). At very low f region some deviation form adsorption
limitation is probably caused by the oxidation of Br to Br; . At the second
peaks potential region the true faradic processes with charge transfer are
dominating with mass transfer limitation. This conclusion has been confirmed
by the phase angle value 6 > —40° in the wide range of .
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Figure 28. Complex impedance plane plots, i.e. the imaginary part (Z) vs. the real part
of the impedance (Z’) dependences for Bi(111) electrode in 2% EMImBr addition in
EMImBE, at different electrode potentials (noted in figure) (a). Comparison of Z” vs Z’
plots at capacitance peak potentials for different RTILs (noted in figure) (b).
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Figure 29. Phase angle vs. log frequency plots for Bi(111) electrode at RTILs interface at
different electrode potentials and EMImBr concentrations in EMImBF, (noted in figure).

At more negative potentials (£ <-1.40 V) the deviation from the ideal
capacitive behavior can be seen. The EIS data show that various mixed kinetic
processes are occour, especially at lower frequency region. Desorption of
bromide species from the electrode surface, hydrogen evolution (caused by the
reduction of residual H,O [167]) and reduction of Br; are taking place [50,166].
From the log |Z"| vs. log f plots (Figure 30) it can be seen that within the
potential region from —1.45 to —0.85 V for 0.2% mixture and from —1.42 to
—0.92 V for 2%mixture (if f> 0.5 Hz), the dependences are straight lines. This
is characteristic for adsorption step limited process [124]. Noticeable deviation
from adsorption step limited behavior can be seen at very low frequencies and
at edge potential of measured potential region. Thus, the adsorption/desorption
followed by the faradic reduction of Br; complex anion and residual H,O are
main limiting processes at very low frequencies at more negative electrode
potentials (at £ <—1.45 V).
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Figure 30. Log |Z”| vs. log f plots for Bi(111) electrode in different EMImBr additions
in EMImBF, (noted in figure) at different electrode potentials.

The values of series capacitance and parallel capacitance (C,) were calculated
from impedance data at several fixed frequencies (Cs = —(Z"2mf)~! and
G, =C/(1+ (Z’/Z”)z)) [124]. The C, vs. log fplots in Figure 31 are in a good
agreement with previously discussed cyclic voltammetry, Nyquist and Bode
plots data, showing that the adsorption is the main rate limiting process at
/<100 Hz within the wide potential region applied. The increase in C, values
indicates that the there is only small influence of faradic processes at Bi(111)]
RTIL mixture interface.

a)  Bi(111) | EMImBF, + 0.2% EMImBr b) Bi(111) | EMIMBF, + 2% EMIMBr ¢)  Bi(111) | EMIMBF4 + x% EMImHal
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Figure 31. Parallel capacitance (C,) vs. log frequency (f) dependencies for Bi(111) at
different electrode potentials and EMImBr additions in EMImBEF, (noted in figure) (a
and b). Comparison of C, vs. f curves for different RTILs (noted in figure) at
capacitance peak maximum potentials (c).
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Figure 32. Calculated ratios of parallel capacitance (C,) to series capacitance (Cs) vs.
log f dependences for Bi(111) in different EMImBr concentrations in EMImBF, at
different electrode potentials (noted in figure) (a and b). Comparison of C,/C; vs. log f
dependencies at capacitance peak potentials for different RTILs (noted in figure) (c).
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Figure 33. Calculated dependencies of imaginary part of the capacitance (C”) vs. log
frequency for Bi(111) electrode|RTIL interface at capacitance peak potentials (a) and
for two electrode capacitor system with D-glycose derived activated carbon powder
(GDAC) and TiC-CDC electrodes (b).

The C, vs. log f plots, the ratio of C,/C,and the values of imaginary part of C”
(C” = 2’/(2nf|Z]") are widely used for the analyze of supercapacitors. Thus, the
following graphs in Figures 31, 32 and 33 were composed. According to the
theory, the ratio of C,/Cs = 1 is characteristic for an adsorption limited processes,
Cy/Cs= 0.5 for a diffusion limiting step. In the real systems, the ratio depends
noticeably on the electrode potential applied [124,168,169].

From the Figure 31 it can be conclude that for Br containing system, the 2%
mixture is better elextrolyte for capacitors than 1%, differently form the I
systems, were the blocking adsorption at Bi(111) occours already for 2%
EMImlI system. Also the C,/Cs vs. log f plots (Figure 32 a and b) indicate that
the Bi(111)[EMImBF,+x% EMImBr system is nearly ideally polarizable
within —1.4 < E <—0.8 V, characterizing the adsorption limited step process
(Cy/Cs =1, if Br concentration is lower than 1%). The same conclusion was valid
for 1% EMImI + EMImBF, mixture. Deviation from the ideal capacitive behavior
takes place at f<1 Hz for both (I and Br )1% and 2% mixtures studied. The
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maximum in imaginary capacitance curve (Figure 33), fi., determines the
characteristic time constant T = (2f;.) ' of the Bi(111)|RTIL mixture that allows
to estimate the electrolyte potential limit applicable in supercapacitors.

For the Bi(111)|RTIL mixture interface, the imaginary capacitance values
are noticeably lover, as expected, in comparison with the carbon materials|RTIL
interface (in this case TiC-CDC is the Ti-carbide derived carbon and GDAC is the
D-glycose derived carbon) (Figure 33). The charging/discharging time is shorter
for Br containing mixtures compared with I', thus, the Br containing mixture is
probably more effective electrolyte for carbon materials based supercapacitors.
Also the choice of carbon material is very important (as seen in Figure 33b). For
D-glycose derived carbon material the value of T for EMImBF, + EMImI mixture
is 1.48 s being slightly longer (t = 1.45 s) than that for pure EMImBF,. The
calculated t values are very short charging/discharging times for capacitors, but
for TiC-CDC material the characteristic relaxation time is almost two times
longer (1 = 2.80 s) [159,170]. Thus, we believe that the mixtures containing Br
could be used for development of the higher energy-power density
electrochemical energy storage devices, compared with I based systems.

For the detailed evaluation of electrode-anion bonding effect the DFT
calculations were made. For the Bi(111) surface, the nature of the interaction of
different halides does not change much, while the Au(111)-halide anion
interaction type changes from ionic to covalent in the order: F, Cl, Br, I'. The
difference between bromide and iodide adsorption is expected to be small by
DFT calculation and this is confirmed by the experimental data.

The adlayers structure of bromide at Au(hnk) interface have been studied by
many authors [171-174]. Like other halides, bromide also has strong specific
adsorption interactions with gold interface enabling the clear visualisation with
AFM and STM methods. Definitely more investigations are needed for IL
media at different electrode materials (HOPG, B4, etc.). For conforming the data
measured by electrochemical impedance spectroscopy and develop better
computational methods for calculations, visualization of adsorbed ions is
inevitable. Thorough, systematic investigations are necessary for developing
better theories and models for EDL and furthermore, predicting the interfacial
properties by computational methods.

6.3. Comparison of halide ions adsorption at Bi(111) and
PG electrodes from ionic liquids media

Systematical analysis of adsorption data demonstrates that the region of ideal
polarizability depends on the electrode material, on the chemical nature of
specifically adsorbed anion as well as on the concentration on ions at electrode
surface. Also residual water and other impurities can have crucial influence on
the system characteristics under study. The ideal polarizability region for
EMImBF, + 1% EMImI mixture at Bi(111) is from —1.0 to —0.2 V (AE = 0.8 V)
and —1.1 to —0.1 V (AE = 1.2 V) for pure EMImBF,. For pure EMImBF,/PG
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interface the region of ideal polarizability is AE =3 V (—1.5 to +1.5 V), without
any current or capacitance peaks in CV or C.,E curves. In the presence of
1% EMImBEF, + EMImI the current peak can be seen at —0.7 V. Therefore, it is
reasonable to evaluate the overall AE not exact potentials for different mixtures.
However, using PG instead of bismuth (111) electrode allows us to measure
further at more positive electrode potentials. In the presence of OTF  anion in the
three component mixture EMImBF, + EMImOTF + 1% EMImI the AE =~ 0.8 V at
Bi(111) interface. For EMImBr + EMImBF, mixtures the AE =~ 0.7 V and does
not depend noticeably on the concentration of Br ions in the RTIL mixture.

The shape of the CE curve for EMImBF,+ 1% EMImI, EMImOTF +
EMImBF, + 1% EMImI as well as for EMImBF, + 1% EMImBr mixtures shows
increase in capacitance at less negative electrode potentials. In I and Br
containing RTIL mixtures the rise is significantly higher compared with that for
the pure EMImBF, and EMImOTF. So we can conclude that the rise in the
capacitance values is due to the presence of halide ions in the RTIL mixture.
Only for the EMImOTF + 1% EMImI mixtures the capacitance does not increase
in measured potential region at less negative electrode potentials. This can be
explained by the possible blocking of the Bi(111) electrode surface with OTF"
anions. Although, there is not yet adequate model for describing the EDL
parameters in ILs in the presence of specifically adsorbed ions. Even using simple
Helmholtz model the difference in capacitance values can vary enormously, if
the studied ions are different [61]. The capacitance values for the mixtures with
Br at (210 Hz) are only slightly lower than those for I containing RTIL
mixtures. Compared with the I containing RTIL mixtures, the main difference
is that for Br containing RTIL mixtures the maximum capacitance values
depend more on the EMImBr concentration within the concentration range up to
5%. Surprisingly, for more concentrated I mixtures the capacitance values
decrease due to the strong blocking adsorption or formation of strongly
adsorbed faradic reaction intermediates, which is not seen in the Br containing
mixtures.

Analysis of the EIS data conforms that for halide ions under study the strong
specific adsorption followed by the faradic (or partial) charge transfer at Bi(111)
interface. It should be noted that PG and HOPG are more suitable electrode
materials for studying the oxidation processes at less negative electrode potentials
compared with Bi(111) due to the electro-oxidation of the Bi(111) electrode
interface. All systems under study showed good reversibility and stability, if the
potential region was not wider than the ideal polarizability region mentioned
before. Somewhat higher reversibility and stability has been observed in case of
EMImBF, + EMImBr mixtures.

Density functional theory calculations suggest that the adsorption of bromide
is as strong and favourable as of iodide and could be stronger than of chloride
(Paper IV). Moreover, for the Bi(111) surface, the nature of the interaction of
different halides does not change much, while the Au(111)-halide anion
interaction changes from ionic to covalent in the order of halides: F, Cl, Br, I .
The difference between bromide and iodide adsorption is expected to be small
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and this is supported by the experimental observation of the capacitance values
for EMImBF, + x% EMImBr and EMImBF, + x% EMImlI electrolytes. Thus,
we believe that the mixtures containing Br could be used for development of
the electrochemical energy storage devices characterized with high energy and
excellent power density.

Based on the adsorption data collected for aqueous and classical organic
solvents (methanol, ethanol, acetonitrile, etc.) it is known that adsorption
(Gibbs) energies increase in order: CI <Br <1 as the solvation energy of ions
decreases [5,148,150,152,158]. It is surprising that in RTIL media, where the
presence of solvation shell by water or other solvent is not present, within the
measured concentration range the I ions have only slightly higher capacitance
values compared with Br .

There are number of studies of halide ions adsorption at different electrode
materials (Au, Ag, Pt, etc.) from aqueous solutions. In addition, many
computational studies have been concluded. Unfortunately, there are not yet
systematic studies of halides adsorption from IL media at different electrode
materials. From the theoretical analysis point of view, more experimental and
computational data is needed to improve the understanding of ionic adsorption
of metal|RTIL interface. Results established and analysed by Koper et al. [9]
show that isotherms obtained at different ionic strengths and for different
solvents could give us better understanding which models should be used for
correct analysis of specific adsorption data including the long range electrostatic
interactions [175-178].
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SUMMARY

Cyclic voltammetry and electrochemical impedance spectroscopy have been
used for the electrochemical characterization of the interface between
Bi(111)RTIL mixture with the presence of specifically adsorbed I and Br
anions in EMImBF, mixture. Graphite electrode (PG) has been used for the I
anions containing mixture to investigate the system behavior at less negative
electrode potentials. Also the EMImOTF was added into EMImI + EMImBF,
mixture to investigate the influence of the presence competitive anion adsorption
on the EDL parameters. Measurements were carried out in various range of
electrode potential at Bi(111)|RTIL interface AE = 1.2 V for pure EMImBEF,,
0.8 V for EMImI mixtures, 0.8 V for three component mixture and 0.7 V for
EMImBr mixture; at PGIEMImBF, and for PGIEMImBF, + 5% EMImI mixtures
the measured region was ~3 V. Thus, it was established that the region of ideal
polarizability depends on the electrode material under study. The ideal
polarizability region depends noticeably on the electrode material as well as on
the RTIL mixture chemical composition and on the concentration of the
specifically adsorbed ions in the mixture.

The difference between maximum capacitance values for I and Br,
established for Bi(111), is much smaller compared with aqueous solutions
indicating that the Gibbs adsorption values are comparable. Calculated DFT
data show also slight differences between halide ions and the order of anions
activity is in a good agreement with experimental and literature data. Good
reversibility and remarkable stability of EMImBF, + EMImBr mixtures at
measured potential regions have been showed. Thus, we can say the nearly
physical adsorption of Br compared with I adsorption at Bi(111) takes place.
The presence of competitive OTF anions adsorption from three component
mixture did not influence the capacitance values as much as from two component
mixture composed of EMImOTF + EMIml.

The model system of Bi|RTIL mixture works nicely and have been
confirmed by the similar results in PG|RTIL mixture interface. Furthermore, the
measured RTIL mixtures tested in SCs showed also promising results.
Visualized structure of I ion at Bi(111) from EMImBF, by in situ STM allows
to develop and understand the complicated interfaces between electrode|RTIL
mixture and develop adequate models in the presence of specifically adsorbed
ions in electrolyte mixtures.
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SUMMARY IN ESTONIAN

Halogeniid ioonide adsorptsiooni elektrokeemiline
karakteriseerimine ioonsete vedelike segudes Bi(111) ja
PG elektroodide piirpinnale

Uuetiiiibiliste energia salvestus- ja genereerimisseadmete jaoks on vaja vilja
todtada odavamaid ja keskkonnasobralikumaid elektroliiiite. Ioonsete vedelike
kasutamine elektroliiiitidena voimaldab saavutada seadmete pikemat eluiga ning
kdrgemat energia- ja vOimsustihedust. Parimate omadustega elektroliiiitide
disainimiseks on viga oluline mdista faaside vahelistel piirpindadel toimuvate
elektrokeemiliste protsesside seaduspérasusi.

Kéesolevas t60s uuriti faasidevahelistel piirpindadel toimuvaid protsesse
jargmistes siisteemides: Bi(111)[EMImBF, + x% EMImI, Bi(111)[EMImBF, +
EMImOTF + 1% EMImI,  Bi(111)[EMImBF, + EMImBr, = PG|EMImBF, +
5% EMImlI (PG — piiroliiiitiline gtafiit). Elektrokeemiliseks karakteriseerimiseks
kasutati  tsiiklilise  voltamperomeetria ja  elektrokeemilise impedants-
spektroskoopia meetodeid. Mootmised néitasid, et antud elektroliiiitide segusid on
vOimalik kasutada jargmistes tooelektroodi potentsiaalide vahemikes (AE):
Bi(111) elektroodi puhul AE=0.7V-1.2V ja PG puhul AE=3V. Vismut-
elektroodi kitsam potentsiaalide vahemik vdrreldes siisinikelektroodiga tuleneb
tema pinna elekrokeemilisest oksiideerumisest positiivsematel elektroodi
potentsiaalidel. Tihedusfuntsionaali teooria arvutusi ja in sifu skaneeriva tunnel-
mikroskoopia tulemusi kasutati elektrokeemilistel modtmistel saadud tulemuste
kinnitamiseks.

Leiti, et mahtuvuse maksimaalse vdirtuse erinevus Br ja I sisaldavates
elektroliiiitide segude vahel on véiksem kui Bi(111) elektroodil vesilahuste korral.
Samuti ennustas arvutuskeemia, et erinevus I ja Br adsorptsiooni vahel Bi ja
stisinik elektroodil on véga viikesed, nédidates seega head kooskdla eksperimen-
taalse ja teoreetilise arvutuskeemia tulemuste vahel. Mdddetud siisteemid
nditasid head ajalist stabiilsust ning olid antud potentsiaalide vahemikes elektro-
keemiliselt poorduvad, mis on votmerolliks elektroliiiidi kasutamisel uue-
tiitibilistes energiasalvestusseadmetes. Mahtuvuse véértused kasvasid oluliselt
halogeniid ioonide lisamisel lahusesse nende spetsiifilise adsorptsiooni tdttu
vihem negatiivsematel potentsiaalidel. Adsorptsiooni olemasolu kinnitavad
elektrokeemilise impedantsspektroskoopia andmed, ndidates korgeid faasinurga
véaartusi I ja Br lisandi korral, mis vastavad adsoprtsioonlimiteeritud prot-
sessidele.

Leiti, et Bi(111) elektrood sobib ideaalselt fundamentaalseteks uuringuteks
ning seda saab edukalt kasutada mudelsiisteemina, kui eesmérgiks on uuritavaid
elektroliiiite rakendada tulevikus siisinikmaterialidel baseeruvates siisteemides.
Seda toestavad edukad katsed PG elektroodil ja D-gliikoosist siinteesitud
stisinikmaterjalil pdhinevates kondensaatorites. Kasutades jodiidioone sisaldava
ioonse vedeliku segusid elektroliilidina saadi tulemuseks ligi 50% korgemad
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mahtuvuse védrtused kui puhta EMImBF, korral. Head tulemused Bi ja
stisinikmaterjalidel mdddetud jodiid ioonide segude korral annab alust arvata, et
ka bromiid ioone sisaldavad lahused sobivad kasutamiseks superkonden-
saatroites korgemate energia ja voOimsustiheduste saavutamiseks. Elektro-
keemiliste mootmiste tulemused on heas kooskdlas arvutsmeetodite ja pinna-
uuringute tulemustega ning seega voimaldades arendada edasi mudelid faaside
vaheliste piirpindade iseloomustamiseks ja seda eriti selliste keeruliste
stisteemide korral kui esineb spetsiifiline anioonide adsorptsioon.
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