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2. ACRONYMS AND SYMBOLS

4,4'-bipyridine

electrode surface area

"from the first principles” in Latin

"on site” in Latin

alternating current

atomic force microscopy

tetrafluoroborate anion

1-butyl-3-methylimidazolium hexafluorophosphate
interfacial capacitance

interfacial capacitance estimated using the Helmholtz model of
electrical double layer

interfacial capacitance due to the non-uniform distribution of
electrolyte ions at the electrode-IL interface

quantum capacitance

interfacial capacitance with quantum capacitance included
cyclic voltammetry

density functional theory

distance

electrode potential

adsorption energy of molecule or ion at the electrode surface
energy related to the binding of the molecule to the electrode’s
surface

surface diffusion barrier

energy related to the intermolecular interactions in the adsorbed
layer

kinetic energy of adsorbing molecule

amplitude of alternating electrode potential

overall potential drop accounting for the electrode’s potential
drop

electrochemical scanning tunnelling microscopy
electrochemical impedance spectroscopy

interface between electrode and ionic liquid
1-ethyl-3-methylimidazolium cation
1-ethyl-3-methylimidazolium tetrafluoroborate

alternating current frequency

ionic liquid

current density

current density associated with an oxidation process

current density associated with a current peak

amplitude of measured current for alternating potential
tunnelling current



[ distance between the electrode’s surface and the first ionic
liquid layer’s charge density plane

MD molecular dynamics

PBE Perdew—Burke—Ernzerhof exchange—correlation functional
PzC potential of zero charge

SEIRAS surface-enhanced infrared absorption spectroscopy

STM scanning tunnelling microscopy

T temperature

ULy Lennard-Jones potential

v electrode potential scan rate

Z complex notation of impedance

|Z] magnitude of impedance

VA real part of impedance

7" imaginary part of impedance

A charge overscreening the electrode’s charge o

0 distance between the first and the second ionic liquid layer
ELl the depth of potential well in Lennard-Jones potential

€ relative permittivity (dielectric constant)

€o vacuum permittivity

o electrode surface charge density

ij distance between atoms i and j at zero Lennard-Jones potential
r amount of adsorbed species on the electrode’s surface

® angular frequency

0 phase difference angle (phase shift)

K decay constant for the wave functions

PN number density

Phulk density of ionic liquid in the bulk phase

0(2) electric potential at distance z from the electrode’s surface
oI potential drop at the interface

OGr potential drop at the graphene electrode

OBL potential drop at the interface estimated using bilayer model



3. INTRODUCTION

The development of modern energy devices and the transition to sustainable
chemistry are essential for achieving global energy and climate goals. At the heart
of numerous energy devices are processes at the electrode—electrolyte interface.
The adsorption of electrolyte ions at the electrode accumulates the charge in super-
capacitors, while the batteries are based on reversible redox processes of electro-
active ions and electrode materials. Moreover, the adsorbed layers of organic
molecules can be used to fabricate sensors, molecular wires, and switches, paving
the way for the miniaturisation of electronic components [1]. Thus, the impor-
tance of understanding and accurately describing the processes at different
electrode—electrolyte interfaces cannot be overstated.

Ionic liquids have attracted significant attention due to their low vapour pres-
sure, good electrochemical stability, and tuneable properties provided by the large
variety of possible combinations of cations and anions [2]. Therefore, they have
been studied as possible electrolytes for energy storage applications, solvents, and
reaction mediums. Their interfacial properties differ notably from common
aqueous or organic electrolytes, raising the interest of fundamental electro-
chemists’ in describing the interactions and processes occurring at the electrode—
ionic liquid interface and in the bulk ionic liquid [3].

Computational techniques such as molecular dynamics simulations and den-
sity functional theory calculations have played an integral role in describing the
properties of ionic liquids. The computational techniques provide atomic-level in-
sights into the interfacial structure at various surface charge densities, thus allowing
the description of capacitance—structure relations and interactions between the
adsorbed ions and the electrode surface [4]. Meanwhile, the experimental techni-
ques facilitate the investigation of processes occurring over longer timescales,
such as self-assembly and corrosion, verifying the predictions and trends of com-
putational models, highlighting the discrepancies, and providing input for devel-
oping new models [5].

In this thesis, to investigate the electrode | ionic liquid, the model systems of
graphene | EMImBF4 and Au(100) | BMImPF¢ have been simulated at various
electrode charges and temperatures. The studies of organic adsorption from ionic
liquid, combining various experimental and computational techniques, were con-
ducted on Bi(111), Sb(111), and Cd(0001) single crystal electrodes using 4,4'-
bipyridine as a probe molecule.

The studies of ionic liquid electrolytes at model electrode surfaces covered in
this thesis aim to:

+ relate the capacitance—potential dependence to the reorganisation of the elect-
rode | ionic liquid using molecular dynamics simulations,

+ clarify the electrode | ionic liquid capacitance dependence on temperature with
molecular dynamics simulations and density functional theory calculations,

* investigate the impact of ionic liquid and the electrode material characteristics
on the adsorption and self-assembly of organic molecules by combining electro-

chemical impedance spectroscopy, electrochemical scanning tunnelling micro-
scopy, and density functional theory calculations.
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4. LITERATURE OVERVIEW

4.1. Adsorption of Organic Molecules at
Electrode | Electrolyte

An electrochemical interface is the boundary region between an electrode and an
electrolyte, where the forces operating on the particles differ notably from the
ones acting inside the electrolyte. The interactions of the electrolyte with the
electrode lead to the adsorption, i.e., the accumulation of molecules and ions from
the bulk electrolyte to the electrode’s surface. The adsorption processes are dif-
ferentiated by the interactions that dictate the accumulation of particles. The pro-
cess is considered non-specific when the ions adsorb due to the long-range
Coulomb interactions [6]. In contrast, when short-range interactions determine
the transfer of particles to the interface, the adsorption is described as specific.
Different energy contributions that influence the adsorption of molecules can be
divided as follows: the binding of the molecule to the electrode’s surface (Ebinding),
the intermolecular interactions inside the adsorption (surface) layer (Einer), and
the kinetic energy (Eiin) of the molecule necessary to overcome the surface
diffusion barrier (Egir). The interplay between those contributions is most
evident in the case of highly ordered self-assembled layers, where intermolecular
bonds significantly influence the adsorption kinetics and the formed structures.
The optimal conditions for forming molecular self-assembled layers are
Ebvinding > Einter > Exin > Edir [7]-

The characteristics of any material are determined by its constituents and their
interactions. Therefore, the properties and structure of the interfacial region
between the electrode and electrolyte differ significantly from the bulk. An
electrical potential difference across the interface develops due to the adsorption,
leading to the separation of charges at the boundary between the electrode and
the electrolyte. This difference is known as the potential drop. When no faradic
charge transfer processes (oxidation/reduction reactions) occur at the interface,
the increase of the potential drop leads to the rise of the electrode’s surface charge
as well as the accumulation of counter-ions to its surface. Capacitance (C) is a
central term in electrochemistry, as the amount of conserved charge per applied
electric potential is crucial for energy storage considerations. Furthermore, as capa-
citance depends on the interfacial structure, the analysis of capacitance—potential
dependences provides insights into the processes occurring at the interface.

Early adsorption studies of various organic compounds were conducted
mainly on the Hg electrode using classical electrochemistry methods such as cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) [8—12].
These studies highlighted slow interfacial processes, leading to capacitance
hysteresis and regions with significantly lower capacitance values than in
Hg — pure electrolyte systems due to the formation of organic films [10-12]. Very
deep capacitance depressions were observed at concentrated solutions. These
depressions were related to the formation of three-dimensional organic layers
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[8,13]. Similar trends have been observed at single crystal electrodes with well-
defined surface structures on various surfaces and organic adsorbates [14—17].
For example, in the case of interfaces between pyridine-containing aqueous
electrolyte and Au(/kl) [18,19], Ag(hkl) [20,21] or Bi(hkl) [22] electrodes, the
adsorption of pyridine on the electrode’s surface was observed while highlighting
the impact of surface crystallography to the energetics of pyridine adsorption. The
impact of electrode potential on the adsorbed organic layer structure has been
displayed in the case of uracil [23,24], uridine [14], and viologens [25,26].

The fundamental adsorption studies have benefitted significantly from devel-
oping in situ techniques that provide insights into the balance of intermolecular
interactions [7,27]. Techniques such as scanning tunnelling (STM) and atomic
force microscopy (AFM) can provide submolecular resolution in imaging, making
the detection of small changes in adsorbed structures possible. These studies have
allowed visualising the structures of uracil [28], camphor [29], benzoic acid [30],
viologens [26,31], and other organic compounds [32], facilitating a clearer under-
standing of the phase transitions and dynamics associated with adsorbed layers.
Combined with other techniques such as surface-enhanced infrared absorption
(SEIRAS) and Raman spectroscopy, density functional theory (DFT) calcu-
lations, and molecular dynamics (MD) simulations, a multi-faceted picture of the
interfacial processes and adsorption kinetics can be gathered [33—-39].

In the given thesis, 4,4'-bipyridine (4,4'-BP) has been used for studying the
adsorption at electrode | ionic liquid. 4,4’-BP can bond with the electrode as well
as interact with the electrolyte and other molecules in various ways. Depending
on the electronic and crystallographic properties of the chosen electrode, the
4,4'-BP forms highly ordered structures, where the molecules have adsorbed to
the surface with the ring plane parallel [38,40—42] or ring plane perpendicular
with N-atoms pointing towards [43—45] or parallel [38,42] to the electrode
surface. The adsorbed structures have been demonstrated to be influenced by the
applied potential or the used electrolyte [38,42,44]. These studies highlight the
interplay between different interactions that lead to the formation of two-dimen-
sional condensed ordered structures on the electrode surface, such as the disper-
sion, Coulomb, and m-interactions, along with hydrogen bonding.

4.2. lonic Liquids

Room temperature ionic liquids (ILs) are a class of compounds that have been
under intense study since the 2000s due to their large structural variability and
peculiar properties. Although Walden described the first IL in 1914 [46], the rapid
growth of interest was followed by synthesising ILs that are stable in air and
moisture [47]. ILs typically have a melting point below 100 °C while consisting
of ionic species — large organic cations and organic or inorganic anions. A typical
IL cation is based on central imidazole, pyridine or quaternary ammonium group
modified with alkyl side chains (see Figure 1). At the same time, the anions are
made up of various structures, such as halide, tetrafluoroborate, hexafluoro-
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phosphate, acetate, or alkylsulphate ions [48]. The relatively low melting point of
ILs is associated with the large size and flexibility of ions, favouring the liquid
state due to small lattice enthalpies and large entropy changes [49].

The broad structural variability and the possibility of combining different ions
allow for refining the properties of ILs for task-specific applications. For example,
the melting point of IL that contains cations with short alkyl side chains can be
lowered by increasing the side chain length or altering the degree of branching
[50]. Alternatively, the melting point can be lowered by pairing the selected cation
with an anion with a larger molar volume and mass. The properties of ILs can be
further enhanced by mixing different ILs. This is utilised in increasing the capa-
citive properties of electrode—IL interface by adding ILs with halide anions to
common ILs (such as 1-ethyl-3-methylimidasolium tetrafluoroborate (EMImBF)
and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide) through the
adsorption and reversible charge transfer processes associated with halide ions
[51-53].

ILs are investigated as electrolytes in energy storage and conversion devices
such as batteries, fuel cells, dye-sensitised solar cells, and supercapacitors. [54] The
large-scale interest is carried by their remarkable electrochemical stability,
allowing the application of larger voltage, the high number of ions, contributing
to charge transport and storage, and low vapour pressure, preventing the electro-
lytes from drying and easing their handling. Due to the tunability of properties
and large structural variety, ILs are used in organic synthesis and catalysis [55-57].
They have been studied for biomass and CO; conversion to value-added chemi-
cals, where ILs act as solvents and catalysts [54,58]. Furthermore, ILs have been
investigated for extracting various organic compounds [59,60] and metal ions
[61].

Common ions Characteristics Applications
7 N\ N\ N
s h Low melting point Metal plating

1=NT N2 RNt o
- | . (generally below 100°C)
: 2
=
§ Ry E* R +/RZ Non-volatile Energy storage

Ry—N—R; XN N.

A OREG!
Tuneable properties Lubricants
(0] - (o]
£ WAL =
R cl

- : E : F/S\\0 0//S\F . .
g Wl.de el.ectrochemlcal Catalysis
= . stability window (up to 6 V)
< F 0 XF _

NN )

I o N\ F N N . .

0 High thermal stability Solvents
\ YAS J \, J

Figure 1. Schematics of common ionic liquid ions, properties, and applications.
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The ILs are also attractive from a fundamental perspective. As they consist of
ionic species, the Coulomb interactions between the ions are significant. Thus,
ILs have higher densities than similar molecular compounds due to coulombic
compaction that decreases the molar volume [62]. Along with the establishment
of charge networks due to long-range charge oscillations, this gives rise to in-
creased viscosity and the formation of aggregates inside the liquid [63,64].
However, only 15-25% of ions can be considered free, while others are bound to
larger clusters. This leads to conductivities that are smaller than expected and
comparable to other conventional electrolytes [65].

At charged interfaces with solid materials (such as electrodes), ILs form
ordered ionic layers due to strong charge—charge correlations and the overcom-
pensation of the electrode’s charge (overscreening). Numerous computational
studies have characterised it using MD simulations [66—70]. The formation of a
layered structure has also been demonstrated with AFM [71] and surface force
apparatus [72]. Thus, the interfacial properties and structure of ILs differ signi-
ficantly from other common aqueous and organic electrolytes. To highlight this,
the widely-used Gouy—Chapman theory [73,74] of diffuse ion layer for dilute
electrolytes does not hold in ILs. Therefore, other mean-field theories, such as
Kornyshev and Goodwin-Feng—Kornyshev models, have been derived [75-77].
In contrast with the Gouy—Chapman, these theories have proposed that the capa-
citance—potential dependence at around the potential of zero charge (PZC) has a
bell (with a maximum at PZC) or camel shape (with a local minimum at PZC
between two maximums) depending on the compacity of the IL. In addition,
models by Bazant et al. [78] and Souza et al. [79] have moved beyond the mean-
field theory to describe the strong charge—charge correlations, IL layered struc-
ture, and overscreening phenomenon.

The peculiar capacitance—potential dependence has also been demonstrated
with computational simulations of IL interfaces [66,80—82]. Unfortunately, a con-
clusive agreement on the shape of capacitance—potential dependence has not been
reached experimentally due to the frequency dependence of capacitance measured
with EIS and the significant impact of impurities on the capacitance values [83].

In the experiments and simulations that comprise the given thesis, two ILs
were used. The first studied IL, EMImBF,, is characterised by a wide electro-
chemical stability potential region, moderate viscosity, and good molar conduc-
tivity. Numerous experimental [84—87] and computational studies [88—90] have
investigated its interfaces with various electrodes to describe its interfacial struc-
ture and capacitance at various electrodes. Therefore, as the properties of the
electrode | EMImBF, are well-defined, there is a solid foundation for describing
the organics’ adsorption processes from IL electrolyte on the example of
4,4'-bipyridine at different electrode surfaces [91-93]. The second IL, 1-butyl-3-
methylimidazolium hexafluorophosphate (BMImPFg), is also widely studied
[66,94-97]. It has a wider electrochemical stability region, higher viscosity, and
lower melting point than EMImBF4 [98]. In this thesis, BMImPF is used to
computationally study the IL interfacial structure and describe the capacitance—
structure relation.
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4.3. Single Crystal Electrodes

The processes and reactions occurring on the electrode’s surface are influenced
by its structure and properties. For example, the electrode’s charge at the selected
potential depends on the surface structure, affecting the kinetics of adsorption and
surface reactions [99,100]. Single crystals are solids with a uniform arrangement
of atoms. In contrast with polycrystalline electrode materials, where the arrange-
ment of atoms may suddenly change, single crystal surfaces have a highly regular
composition and long-range structure. Thus, using single crystals reduces the
complexity of collected experimental results and facilitates a better understanding
of the interfacial processes. In the given thesis, Bi(111), Sb(111), and Cd(0001)
single crystal surfaces have been used in the conducted experiments. These
surfaces are stable and do not undergo surface reconstruction processes, which
could hinder the formation of highly ordered adsorbed monolayer structures and
complicate the analysis of surface processes. Furthermore, the IL structure at
Au(001) and graphene surfaces were studied using MD simulations.

Bismuth is a Group 15 semimetal considered green electrode material due to
its non-toxic character [101,102]. It has a rhombohedral crystal structure, shown
in Figure 2, with lattice parameters a = 4.546 A and ¢ = 11.862 A [103]. In a Bi
crystal, each Bi atom has three closest equidistant neighbouring atoms and three
next to closest equidistant neighbours, resulting in a bilayer structure with the
intralayer spacing of b = 1.594 A. The surfaces of Bi(110), Bi(100), and Bi(111)
have metallic surface states, leading to more metallic nature than bulk Bi [104—
106]. This is crucial when considering the use of Bi in small systems such as thin
films and clusters.

Antimony like bismuth is a Group 15 semimetal with a semimetal-semicon-
ductor transition in thin films. Their crystal lattices are very similar as the para-
meters of antimony lattice (@ =4.308 A and ¢ =11.274 A) [107] differ from bis-
muth very slightly while having the same crystal and bilayer structure (b = 1.51 A).
The electronic structure of Sb(111) is similar to that of Bi(111), with quantitative
differences in electron carrier numbers [108]. Both Bi and Sb crystals can be
cleaved along the (111) plane due to the weaker bonds between the bilayers than
inside the bilayer. Thus, the Bi(111) and Sb(111) surfaces are not expected to
undergo reconstruction, as the crystal consists of weakly bonded stacks of bilayers,
while intralayer bonding is predominantly covalent. Previous electrochemical
studies of interfaces with Bi(111) and Sb(111) surfaces have verified high surface
stability using various methods [109-112].

Cadmium is a Group 12 metal that has been used in electronic devices and cor-
rosion protection. In atmospheric conditions, cadmium oxidises quickly, forming
a thin protective oxide layer on the metal’s surface. Unlike antimony or bismuth,
it has a hexagonal close-packed structure with lattice parameters (@ =2.973 A
and ¢ =5.6073 A) [113]. Each cadmium atom has 12 closest equidistant neigh-
bouring atoms in this crystal structure. No surface reorganisation processes have
been reported by previous studies within the studied potential ranges [92,114,115].

14



Gold is a noble metal of Group 11 that has been widely studied as an electrode
material. It has a face-centred cubic crystal structure with lattice parameter
a=4.07 A [116]. Although attractive due to its inertness, the low index surfaces
of gold have been shown to undergo surface reconstruction: Au(111) to herring-
bone structure [117], Au(001) to quasihexagonal structure [118], while Au(011)
corrugates [119].

top view side view

RHO(111) plane

HCP(0001) plane

FCC(001) plane

Figure 2. Rhombohedral (RHO) (in a hexagonal representation), hexagonal close-packed
(HCP), and face-centred cubic (FCC) structures with top and side views.

4.4. Cyclic Voltammetry

Cyclic voltammetry is a linear potential sweep technique where the applied
potential (E) is cycled at a constant scan rate (v) over a given potential range while
measuring the current density (). This method allows the investigation of mole-
cular species’ reduction and oxidation processes through electron transfer. It is a
common starting point of an electrochemical investigation, as it allows for the
identification of the potentials where redox processes occur.
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In a typical CV measurement, when the electrode’s potential is first gradually
increased, the increase of current points to an oxidation process. During the
oxidation, the concentration of reduced species decreases while oxidised species
increases near the electrode. This leads to the formation of a diffusion layer at the
interface, where the concentrations of electroactive species near the electrode
differ from their bulk values. The current decreases when the reduced species at
the electrolyte near the electrode’s surface are depleted while the diffusion layer
grows. If the process is reversible, switching the potential cycling direction to
the negative direction leads to a reduction process, reversing the oxidation.
The choice of potential scan rate (v) is important, affecting the diffusion layer
thickness. Moreover, the scan rate allows for the characterisation of interfacial
processes.[120]

The studied electrode processes can be divided into diffusion-limited, adsorp-
tion-limited, and charge-transfer-limited. In diffusion-limited processes, the
reaction kinetics is dictated by the diffusion of electrochemically active species
from the bulk solution. For this process, the peak current (j,) increases with the
square root of the sweep rate according to the Randles—Sevcik equation:

nFvD,
RT ’

Jp = 0.446nFAC, (1)

where n is the number of transferred electrons, A is the surface area of the
electrode, T is temperature, R is the molar gas constant, ' is the Faraday constant,
C, and D, are bulk concentration and diffusion coefficient of the reduced species,
respectively. The difference between the oxidation and reduction current peak £
values is expected to be 57 mV at 298 K for a reversible diffusion-controlled one-
electron transfer process.[121]

The occurring process is adsorption-limited if the reactions are related to the
species adsorbed onto the electrode’s surface or confined close to the electrode.
Then, the measured current increases linearly with the sweep rate as the peak
current response is characterised by:

. n?F?
Jo = 4Rt

VAT, (2)

where I' is the amount of adsorbed species on the electrode’s surface.

The process is limited by charge transfer when the rate of electron exchange
between the electrode and the electrochemically active species is sluggish. For a
given process to overcome the high barrier to electron transfer, a larger applied
potential is necessary to observe the oxidation/reduction reaction. These pro-
cesses are characterised by increased separation between the oxidation and reduc-
tion peak E values. Thus, charge-transfer limited processes, while in a chemical
sense reversible, are considered electrochemically irreversible.[122]
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4.5. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy is a technique that provides insights
into the kinetics of interfacial processes. Its relevance lies in the ability to differen-
tiate between various electrochemical and physical processes at the electrode-
electrolyte interface. This is achieved by deconvoluting a complex system into
individual processes with different time constants, simplifying the analysis. The
method has widespread use in studies focusing on adsorption, electrical double
layer formation, corrosion, chemical sensing, energy conversion, and storage.[123]
EIS is based on the perturbation of an electrochemical system by applying a
small sinusoidal signal over a wide range of alternating current frequencies (f)
while monitoring the response to the perturbation. If an alternating potential
E(f) = Ensin(w?) is applied to an electrode, then the measured current is
J(®) = jwsin(wt—0), where En and jn, are the amplitudes of potential and current.
The phase difference between E and j is denoted by 8, while w is the angular
rotation velocity, related to /by w = 2xf. The impedance (Z) is then defined as:

Z= % = |Z|e® = |Z|[cos(8) +isin(B)] =Z' +iZ", 3)

where i =+v/—1, |Z] is the impedance modulus, while Z’ and Z” are the real and
imaginary parts of the impedance, respectively. The phase difference 8 depends
on the interface’s characteristics. When the interfacial behaviour is governed by
the electrolyte resistance or charge transfer reaction kinetics, Z=R, as 6 = 0°.
In the case of purely capacitive behaviour (i.e., the charging/discharging of an
electrical double layer), Z = —i/(2nfC), as 8 = —90°. Alternatively, if the diffusion
of redox species to the electrode’s surface from the bulk is the limiting process,
then 8 = —45°. Thus, the individual processes occurring on the electrode’s surface
can be related to the elements of an electrical circuit. [124]

These elements can be combined into a complex equivalent circuit of indi-
vidual processes with different time constants, modelling the interfacial response.
For example, an ideally polarisable electrode is characterised by no charge transfer
across the interface. Therefore, the given interface can be modelled as a series
combination of resistor and capacitor, related to the solution resistance and double
layer capacitance, respectively.[125] The interface that contains electroactive
species can be described by Randles circuit, where the charge transfer and dif-
fusion are represented by the resistor and Warburg element, connected parallel to
the capacitor, describing the double layer capacitance. More complex circuits can
be obtained by fitting experimental data [94,126,127]. Studying the interfacial
processes over a wide range of frequencies is necessary as slow interfacial
processes can be studied at low frequencies (e.g., diffusion). In contrast, fast pro-
cesses (e.g., double layer charging) can be investigated at high frequencies.
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4.6. Scanning Tunnelling Microscopy

Scanning tunnelling microscopy is a versatile method that allows surface topo-
graphy imaging at atomic resolution. It has contributed significantly to the develop-
ment of nanotechnology and surface sciences, where the detailed knowledge of
surface structures and active sites and the interactions of the various system com-
ponents on the electrode’s surface is vital.[128]

STM is based on the quantum tunnelling effect, where due to the existence of
delocalised electron wave functions, a current can flow between the electrodes
that are separated by a few Angstroms if a bias voltage is applied. The tunnelling
current (jumer) is related to the distance between the electrodes (d) as junmel ~ € >,
where « is the decay constant for the wave functions. Thus, even a small increase
of d decreases the jume by order of magnitude, providing high sensitivity in the
vertical direction. The STM images are obtained by scanning the sharp metal tip
over the surface. The lateral resolution of the STM image depends on the tip’s
shape and sharpness, which determines how different points of the tip contribute
to the junner. Ideally, a single atom should terminate the STM tip, which is almost
unachievable in practice. Furthermore, the tip needs to be made up of hard mate-
rials to prevent damage to the tip when it crashes into the surface. Thus, metals
such as tungsten or platinum—iridium wires are commonly used to prepare the
STM tip.[129]

The exponential dependence of jume On d requires that the movement of the
STM tip is precisely controlled. This is achieved using piezoelectric ceramic
actuators that can expand or retract depending on the voltage generated by the
electronic control system. The response of piezoelectric scanners to the applied
voltage is linear, being a few nanometers per applied voltage. Therefore, lateral
scan widths up to 10 um can be achieved by applying several hundred volts to the
scanner.

The scanning of the tip over the surface is done in either constant current or
constant height mode. In constant current mode, the junnel is kept steady during
scanning while the scanner adjusts the distance between the tip and the surface to
maintain jumel. These distance adjustments are registered. This mode is suitable
for any type of surface topography. In constant height mode, the scanner does not
adjust the tip’s distance. Thus, the change of junnel is monitored, as the d changes
due to the step edges and other surface features. Therefore, only very smooth
surfaces can be measured using this mode.[129,130]

In addition to visualising the surface topography, STM allows studying the
processes and reactions occurring at the solid—liquid interface in situ. The develop-
ment of electrochemical scanning tunnelling microscopy (EC—-STM) has made it
possible to investigate the impact of potential change to processes such as
adsorption, metal deposition, and corrosion. In EC-STM, illustrated in Figure 3,
the electrochemical three-electrode cell is combined with STM. The tip and
working electrode potentials are controlled independently by bipotentiostat with
respect to the reference potential in this configuration. As the measuring tip acts
as an electrode, the electrochemical processes occurring on its surface can affect
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the measured junnet and create noise. To minimise this effect in polar liquids, the
measuring tip must be coated with insulating wax or organic glue, leaving only
the apex of the tip uncovered. EC-STM also requires the preparation of well-
defined sample surfaces reproducibly, which is achieved by flame annealing,
electrochemically polishing/etching or cleaving single crystal electrodes.[131]

Feedback Circuit
t Coated
STM Tip
Counter
Electrode
Reference ; Electrolyte
Electrode tunnel
,— o1 o) o o)
Working —
Adsorbed Electrode
Molecules
Bipotentiostat

Figure 3. Schematic illustration of electrochemical scanning tunnelling microscopy (EC—
STM) setup scheme.

4.7. Molecular Dynamics Simulations

Molecular dynamics is a computational method that evaluates how the simulated
system evolves over time according to Newton's second law. It can provide
atomic-scale insights into the description of structure—property relationships or
guide the design of novel materials. Thus, it has been applied to studies focusing
on energy storage [4], drug discovery [132], and materials science [133].

A MD simulation is based on a force field — a function describing the inter-
atomic interactions of the given system. The choice of force field is crucial as it
determines the accuracy of the MD simulation. The potential energy of a studied
system is evaluated as a sum of different terms corresponding to the distortion of
the molecule’s bonds or non-bonded interactions [134]. In molecular dynamics, the
description of electrons is avoided, while the molecules and ions are considered
to consist of charged atoms connected by bonds with varying length and stiffness.
Thus, separate terms describe the bond stretching, change of bond angle, and ro-
tations around the bond. The electrostatic interaction between the atoms is eva-
luated using the Coulomb potential when the atoms are considered point charges.
For an accurate description of non-bonded interactions, the effects that arise due
to the interactions or distortions of electron clouds, such as van der Waals repulsion
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or attraction, need to be included. These terms can be estimated using the Lennard-

Jones potential:
Uy = 4e i) —(i) , @
Y Y [(m Tij

where the distances between atoms i and j at zero potential and evaluated potential
are o;; and 1;;, respectively. The depth of the potential is given by &;. More
advanced polarisable force fields also account for the distortion of the electron
density due to the electric field, which has a notable effect in the case of high
ionic concentrations or at charged interfaces [135].

Numerous empirical force fields such as OPLS-AA [136], ReaxFF [137],
CHARMM [138], and GAFF [139] have been parametrised for various atom
types and compounds. Force fields are fitted to reproduce the experimental physi-
cal properties or computational data from density functional theory calculations.
More recently, machine learning methods have been incorporated into const-
ructing force fields. In machine learning force fields, underlying structure-pro-
perty relations are learned by fitting the energy and forces of ab initio simulations,
which allows for avoiding the fitting of obtained data to chosen potential func-
tions.[140]

The force field allows estimating the forces exerted on a particle at a given
time # by other system constituents. Using Newton's law of motion, the particle's
position can be estimated at a time #, by knowing the particle’s position, velocity
and acceleration through numerical integration. The difference between ¢, and %
is known as the timestep. The chosen timestep must be smaller than the fastest
movements in the system to avoid the instability caused by numerical integration,
and it is typically around 1 to 2 fs. MD simulations consist of a large number of
iterations, each moving the system one timestep at a time. These iterations create
a trajectory describing the evolution of the system over time.

The MD simulations of electrode—electrolyte interfaces are relevant as there
are limited options for describing the local electrolyte structure changes experi-
mentally in situ. The simulations thus can provide valuable information on the
interfacial structure changes and explain experimental observations. Including
the electrode increases the complexity of simulations as the interactions between
the electrode and the electrolyte and the charging of the electrode need to be
accurately described. The charging of the electrode can be achieved by assigning
a charge to each electrode atom [141], applying an electric field perpendicular to
the electrode’s surface [82] or defining a potential between two electrodes [142].
The constant potential method facilitates non-uniform charge distribution on the
electrode’s surface. Also, in experimental measurements, the potential rather than
the electrode’s charge is controlled. Despite these advantages, the constant charge
or field methods are still applied due to their smaller computational complexity
[135].
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4.8. Density Functional Theory

Density functional theory is a powerful quantum mechanical method for studying
the relationship between structure and property at the atomic scale. It has found
widespread use in studies focusing on the electronic properties, adsorption
behaviour and reaction mechanism of novel interfaces, materials, and molecules
important in fields such as catalysis and energy storage and conversion [143—148].
The method is based on quantum mechanics, describing the electronic structure
of the system. Thus, it does not require the existence of a parametrised force field.
At the same time, the advantage comes with the cost of increased computational
complexity, limiting the scale of studied systems.

DFT is based on the concept that the electron density of a system determines
its ground-state electronic energy. Although estimating the energy from only the
system'’s total electron density without paying attention to orbitals is appealing,
this approach has not performed well. Thus, most DFT calculations are currently
based on the Kohn—Sham scheme [149]. In this scheme, the electrons fill single-
particle non-interacting orbitals to estimate electronic kinetic energy. However,
as the electrons do interact, the energy of a studied system in this scheme is com-
posed of non-interacting kinetic energy, electrostatic coulombic interactions, and
an exchange—correlation energy. The last term accounts for the difference between
non-interacting and interacting system'’s kinetic energies, self-interaction correc-
tion, and other effects, such as exchange and correlation, arising from repulsion
between like-spin electrons and its influence on electron distribution.

The explicit form of exchange—correlation energy is not known, while there
are approximations to this functional which determine the accuracy of calcu-
lations [150]. The simplest is local density approximation, which describes the
electrons as uniform gas. Although resembling the model of idealised metal, it is
unsuitable for describing atoms and molecules, which are characterised by not-
able variances in electronic densities. More complicated approximations account
for the charge density gradient to account for the non-homogeneity of the electron
density (generalised gradient approximation) and combine a fraction of Hartree—
Fock’s exchange energy with DFT functionals (hybrid functionals). One widely
used generalised gradient approximation for studying materials and interfaces is
the non-empirical Perdew—Burke—Ernzerhof (PBE) functional [151], also applied
in the given thesis. The functional has shown reasonable performance in esti-
mating electronic properties while being known to underestimate the surface
energy of material [152,153].

Another troublesome aspect of using the approximations of exchange—corre-
lation functionals is the inclusion of dispersion interactions. These interactions
are not accounted for in semi-local or hybrid density functionals, although they
are important in the adsorption of organic molecules and forming organic layers
[148]. Thus, correction schemes have been developed to take dispersion into
account. The schemes such as DFT-D3 [154], DFT-D4 [155] or vdW*"™ [156]
evaluate the contribution of van der Waals interactions after the convergence of
electronic structure estimation using analytical expressions. These corrections
have allowed better agreement between the calculated and experimental struc-
tures and established energies.[157,158]
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5. EXPERIMENTAL

5.1. Simulations of Electrode | lonic Liquid

In the case of simulations of the Au(100) | BMImPFg, the studied model was
made up of 2 electrodes, which consisted of 4 layers of Au sheets with an area of
4.0x4.0 nm*. The electrodes were situated at the opposing faces of the simulation
box and separated by 16 nm. The space between them was filled with 720 ion
pairs of BMImPF¢ using Packmol [159]. The composed system was subjected to
the steepest descent energy minimisation followed by 0.1 ns and 10 ns equilibra-
tion runs with 0.5 fs and 1 fs timesteps at 450 K, respectively. Then, the charging
of the electrode was achieved by applying an electric field perpendicular to the
electrode’s surface. The applied electric field corresponded to surface charge
density (o) values of 0, 2, 4, 6, 8, 10, 12,14, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52,
56, 60, 64, 68, 72, 76, 78, 82, 84, or 100 uC/cm?*. The applied electric field was
equal to o/(e€y), where € and € corresponded to a vacuum permittivity and a rela-
tive permittivity of 1.6, accounting for the polarisation and charge transfer effects
[160], respectively. The initial charging of the interface was achieved during a
4 ns simulation. The analysed data was collected during a 20 ns production run
in the NV'T ensemble at 450 K.

A similar model was constructed to study the graphene and EMImBF, inter-
face at different temperatures. The simulation box consisted of two graphene
sheets with an area of 2.98%2.95 nm? at opposite sides. The distance between the
electrodes was 9.5 nm. The space between the electrodes was filled with 288
EMImBF; ionic pairs using Packmol. The constructed model’s energy was mini-
mised and equilibrated similarly to the Au(100) | BMImPF¢ model. The system
was then annealed at 800, 900 or 1000 K for 1 ns to produce 3 replicas. Then, the
electrodes were charged by applying an electric field corresponding to ¢ value of
0,1,2,3,4,5,6,7,8,9, 10, 12, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52, 56 or
70 uC/cm? and cooled down to 300, 350, 400, or 450 K. The charging and cooling
steps were both 10 ns long. The data was collected for each studied temperature
during a 10 ns long production run simulation in the NV'T ensemble.

The molecular dynamics simulations were performed using the GROMACS
5.1.4 or 2019.5 software [161] and the NaRIBaS framework [162]. The para-
meters for the description of BMImPFs and EMImBF; ionic liquids were taken
from the refinements of the OPLS—AA force field that were developed for ionic
liquids by Lopes et al. and Sambasivarao et al. [163,164]. Lennard-Jones para-
meters for gold and carbon atoms in electrodes were taken from [136,165]. The
simulations used the leapfrog algorithm to integrate motion equations and velo-
city rescaling thermostat to manage the model’s temperature [166,167]. Periodic
boundary conditions were applied in directions perpendicular to the electrode’s
surface. The graphene’s density of states was estimated using GPAW 21.6.0
software [ 168]. The plane-wave method with a cut-off of 800 eV, PBE exchange—
correlation functional, and 40x40x1 Monkhorst—Pack k-point grid was applied in
the calculations [151,169]. The evaluated system consisted of a graphene sheet
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with an area of 0.21 nm? surrounded by a 1 nm thick vacuum layer perpendicular
to the graphene sheet.

From the collected MD simulation results, the electrostatic potential (¢) at a
distance z from the electrode was evaluated as:

$(2)=———— (Z—Z’)pq(Z’)dZ (5)

€€y €€

where p,(z") is the averaged ionic liquid's charge density at a distance z’ from
the electrode’s surface and €, vacuum permittivity. The potential drop (¢n.) at the
interface was estimated as ¢TL = ¢electr0de - ¢electr01yte, where ¢electrode and ¢electrolyte
correspond to ¢ at the electrode’s surface and in the bulk electrolyte. Furthermore,
the estimated ¢ values were shifted by the PZC in the following analysis:
E = ¢ — PZC. The interfacial capacitance (C) was evaluated as C = do/dE by
interpolating the obtained o—F£ dependence, which was smoothed using the
Hamming window function with a 12 pC/cm? size.

To account for the shifting of the Fermi level in the case of graphene electrode,
the interfacial capacitance was corrected with electrode quantum capacitance
(Cq). At a given g, the graphene's electric potential (¢cr) was estimated as the shift
of Fermi level ¢ar = (¢ — Er)/e, where e is the elementary charge, ¢ and Er are the
Fermi levels of an electrode with charge density ¢ and 0 uC/cm?, respectively.
Thus, the overall interfacial potential drop (Ey) at given o was Es = E + ¢g;.
The corrected interfacial capacitance (Cs) was evaluated similarly to capacitors
in series:

1 1 + 1
Cz(Ex)  C(E)  Colder)

(6)

5.2. Bilayer Model

The bilayer model provides a semi-quantitative explanation for the capacitance—
structure relation observed in molecular dynamics simulations. The given model
is simplistic, relying only on the first two ionic liquid layers to explain the struc-
tural response to the applied electrode’s charge o. In the bilayer model (see
Figure 4), the first IL layer overscreens the electrode’s charge ¢. In contrast, the
second layer restores the electroneutrality of an electrical double layer by holding
the charge 4. Thus, the potential drop in the bilayer model can be expressed as:

lo — 62

¢pL = oy @)

where the / and J are the distances from the electrode’s surface to the first ionic
liquid layer and from the first ionic liquid layer to the second ionic layer,
respectively.
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Figure 4. Snapshot of graphene—ionic liquid interface, illustrating the parameters of bilayer
model.

The interfacial capacitance can be then expressed as:

do do €€y  €€gdpp, — 64 dl 6 di A dé

C=—= = +- +- ,
dE d¢p, | 2 dgp, ldgp, ldgg,

(8

which can be further simplified when considering the position of the first ionic
liquid layer constant (/ = const.) and the first term equal to Helmholtz layer capa-
citance Cy = eeo/l:

do 6 di A dé

C=—=Ch+-—+- )
dps, " ldpg, [dgg.

9)

These expressions allow the rationalisation of the observed simulation data by
focusing on the Helmholtz layer capacitance (Cy), the change of overscreening
(dA/d¢sL), and the formation of distinct ionic layers (dd/d¢@sL).

5.3. Studies of Electrode | 4,4'-bipyridine and IL Mixtures

5.3.1. Electrochemical Impedance Spectroscopy and
Scanning Tunnelling Microscopy Measurements

To study the processes occurring at the interfaces between chosen single crystal
electrodes and 4,4'-bipyridine (Thermo Scientific Acros, purity 98.0%, an-
hydrous) dissolved in EMImBF, (Sigma—Aldrich, for electrochemistry, purity
>99.0%, <200 ppm water), the investigated solutions were prepared and measure-
ments conducted in the glove box (H,O < 0.3 ppm, O, <0.2 ppm). All in situ
STM and EIS measurements were carried out in a classical three-electrode cell.
Pt net was used as a counter electrode, and Ag | AgCl was directly in contact with
the ionic liquid as a reference electrode. The studied single crystal electrode
served as a working electrode and was electrochemically polished or cleaved before
each experiment. Cd(0001) surface was polished using a hot 1:1 solution of
concentrated phosphoric acid and Milli Q" water. For EIS measurements Bi(111)
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and Sb(111) working electrodes were polished in a saturated KI (Sigma—Aldrich,
BioUltra, purity >99.5%) + 0.5% HCI (Merck, Suprapur, 30% solution) aqueous
solution. During the EC-STM experiment preparation, the Bi(111) or Sb(111)
surfaces were cleaved to provide an atomically smooth substrate surface.

In the case of CV and EIS measurements, the prepared working electrode was
introduced into the solution at potentials £=—0.6 V (for Sb(111) and Bi(111)) or
E=-1.4V (for Cd(0001)). After the initial stabilisation of current density (j) to
a constant value, CV and EIS measurements were carried out using Autolab
PGSTAT204 with FRA32M EIS module and Nova 1.10 software package.
A single ac sine wave with an amplitude of 0.005 V was used in EIS measure-
ments. The frequency (f) range applied was from 0.1 Hz to 10000 Hz with 15
frequencies per decade. Interfacial capacitance was estimated using relation
C =—(Z"nf)"" under the assumption of a non-compensated resistor and a capa-
citor connected in series.

The EC-STM measurements were conducted using a PicoSPM™ molecular
imaging system in the constant current mode. The STM tips were made by
electrochemically etching tungsten wire with 5 M KOH (Sigma—Aldrich, puriss.
p.a.) solution and insulated with Apiezon™ wax. The prepared tips were intro-
duced to the electrolyte solution at similar potentials as in EIS and CV measure-
ments. STM images were analysed and filtered using Gwyddion data visuali-
sation and analysis software [170].

5.3.2. Density Functional Theory Calculations of
Adsorbed Structures

The adsorption of 4,4’-BP at Bi(111) and Sb(111) single crystal electrodes was
further investigated with DFT calculations. The lone 4,4'-BP adsorption was
studied at the top, bridge, hollow 1, and hollow 2 sites with the molecule’s ring
plane parallel to the electrode’s surface, shown in Figure 5. The adsorption energy
(Eags) was investigated at each site at three different angles (0°, 45°, and 90° for
the bridge adsorption site; 0°, 15°, and 30° for other sites) relative to the model
surface normal. Thus, 12 structures of lone adsorbed 4,4’-BP molecule were esti-
mated for each studied surface. The £.4s of molecule or ion adsorbed at electrode
model surface was estimated as:

B = E(Me | Ads) — En(Me) — nE(Ads)’ (10)

where E(Me | Ads) and £(Me) correspond to the potential energies of electrode
with and without adsorbate, respectively. The E(Ads) is the potential energy of
an isolated adsorbate molecule or ion in the vacuum, and #z is the number of
adsorbed molecules/ions in the unit cell. The model surface consisted of 2
bilayers (4 layers of metal atoms in total), constructed using experimental lattice
parameters [103,107]. The adsorption geometries were relaxed to a minimum,
with atomic forces below 0.05 eV/A, while keeping metal atoms fixed.
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Figure 5. a) Studied adsorption sites at Bi(111) and Sb(111) surface; the investigated
rotations of 4,4'-BP at b) the top, hollow 1, and hollow 2 sites; ¢) the bridge site.

Following that, dense adlayer structures of 4,4'-BP were evaluated to estimate the
most probable adlayer structures. For this purpose, the Bayesian linear regres-
sion-based structure search algorithm SAMPLE [171] was used. To reduce the
number of possible 4,4'-BP adlayer configurations, only 6 (for Bi(111)) or 8
(for Sb(111)) structures with the strongest lone 4,4’-BP adsorption were selected
and used in the SAMPLE approach. The algorithm estimated the 4,4-BP
adlayer configurations with surface coverages between 1.3x107'° mol/cm® to
2.7x107" mol/cm?, containing up to 4 different lone adsorbed 4,4'-BP structures.
In the case of 4,4'-BP adlayer on Bi(111), out of all generated structures, 300,
150, and 100 adlayer configurations were selected for the training, testing, and
validation of the SAMPLE model, respectively. For 4,4'-BP adlayer on Sb(111),
290, 95, and 45 configurations were used in the above-mentioned datasets. The
root-mean-square error for the validation set was 0.10 eV and 0.035 eV per
adsorbed molecule for models describing 4,4'-BP structures adsorbed on Sb(111)
and Bi(111), respectively.

To estimate the energy associated with the formation of coadsorbed EMIm"
and 4,4'-BP adlayer, Bayesian Optimisation Structure Search (BOSS) [172] was
used. The BOSS allowed determining the optimal position of EMIm" in the mixed
adlayer by moving the EMIm" in the direction parallel to 4,4'-BP rows and
rotating it around the axis perpendicular to the Bi(111) surface.

All DFT calculations were carried out with GPAW code in LCAO mode and
ASE package [168,173,174]. Perdew—Burke—Ernzerhof (PBE) exchange—corre-
lation functional, DFT—D4 dispersion correction, and dipole layer correction in
xy-plane [151,175,176] were utilised. The Brillouin zone was sampled with a
minimum density of 12 points/A™" and the real-space representation of the wave
functions with a grid that had a spacing of 0.12 A for the Bi(111) model. In the
case of Sb(111) model, the respective parameters were 0.16 A and 14.5 points/A™".
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6. RESULTS AND DISCUSSION

6.1. Capacitance-Structure Dependence
of Au(001) | BMImPFs

The MD simulations allow studying the ionic liquid’s interfacial behaviour in a
significantly wider potential region than experimentally possible. Although the
BMImPF¢ has an electrochemical stability window around 5V [177], similar
interfacial processes can occur at experimentally accessible potentials in other
ILs. The capacitance—potential dependence of the Au(001) | BMImPFg interface,
obtained by smoothing the simulations data with the Hamming window function,
is shown in Figure 6. The C—F curve has a minimum at around the PZC and is
surrounded by two peaks (I and II). Thus, the C—E can be described as having a
"camel” shape in accordance with Kornyshev's model [76]. At larger potentials,
around 5V and 14V, two other capacitance peaks (III and 1V) are visible.
Previously, the MD simulations of Au(001) | BMImPFs by Hu et al. [66] and Sha
et al. [178], reported contrasting camel- and bell-shaped C-E dependences,
respectively. The bell-shaped C—E curve has also been shown experimentally by
Lockett et al. [97] with C values around 7 —9 pF/cm? in the studied potential
range. Followingly, the capacitance peaks are linked to the changes in the IL
interfacial structure and bilayer model.
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Figure 6. Capacitance (C) vs. potential (£) dependence of simulated Au(001) | BMImPFs.
The highlighted regions show the capacitance peaks that are related to the structural
changes of ionic liquid.

The Peaks I and II near the PZC can be related to the formation of an ordered
structure of alternatively charged ionic layer as the electrode obtains a charge.
This structural reorganisation is illustrated in Figure 7a, where it can be seen that
the ions with opposite charge to the electrode’s surface (counter-ions) are brought
closer to the electrode’s surface, while the ions with the same charge (co-ions) are
pushed further to the electrolyte. The layering of IL is also seen in the profiles of
Figure 7b. At first, when the electrode is uncharged, the IL contains an almost
equal number of both counter- and co-ions at various distances from the electrode.
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When the potential is increased, the IL forms a layered interfacial structure with
a fluctuating charge, although the layers contain both types of ions.

At larger potentials, the first and second IL layers consist of only one type of
ions. Thus, around the potential regions of Peaks I and II, the change of ions
between the first and second IL layers is significant, having a notable impact on
the overscreening (4). This is evident in Figure 7c, where the most considerable
change in overscreening (maximal dA/dE) occurs at the position of Peak 11, which,
according to Equation 9 leads to the capacitance peak, as Cy = const. and do/dE = 0.
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Figure 7. a) The snapshots of interfaces showing the IL's structural changes at the Peak
I and II regions; b) ion number density profiles (pn), normalised with ion bulk density

(pouik); €) overscreening (excess charge of the first IL layer) (1) vs. potential (£) depen-
dence fitted with logistic function.

The distance between the first and second layers (J) increases at the E range
around Peak III, as shown in Figure 8a and Figure 8b. The formation of a dense
first IL layer causes the shift of the second IL layer. Although the first ionic liquid
layer consists only of anions already at £ = 3 'V, there is still space for the cations'
alkyl chains, which reduces the repulsion between the anions. When the electrode
is further charged, the alkyl chains of cations can no longer pack between the
anions, leading to the reorientation of cations’ alkyl chains. The potential depen-
dence of the shift is illustrated in Figure 8c, where it is visible that the change
occurs in a highlighted potential region of Peak III. Thus, the capacitance increase

is caused by a significant change of dd/dE while the Cy remains constant and
dV/dE = 0.
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Figure 8. a) The snapshot of the interface showing the IL's structural changes at the
Peak III region; b) ion number density profiles (pn) at noted potentials, highlighting the
shifting of the second IL layer; ¢) the distance of cations’ number density maximum from
the electrode’s surface (d) vs. potential (E).

A very dense first IL layer is formed in the £ region of Peak I'V. In the lower part
of Figure 9b, the summed anion’s number densities up to distance z from the
electrode’s surface (Zpn) are shown. From the density profile of o = 68 pC/cm?
(14.3 V), it can be seen that the second IL layer also contains counter-ions in
contrast with density profiles around 3.0 V in Figure 7b. At o = 72 pC/cm?® (14.8 V),
a significant structural transition occurs to an even denser first IL layer, affecting
the screening of the electrode’s charge. This change can be related to the sudden
increase of dA/dE, as the denser packing allows higher charge density in the first
IL layer. The notable difference in the interfacial structure, caused by a relatively
small change of electrode charge, can be attributed to the existence of multiple
metastable interface structures, which have high transition barriers. The high
barriers lead to a slow restructuring of the ionic liquid, which cannot be captured
with a relatively short duration of molecular dynamics simulations. [179,180]
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Figure 9. a) The snapshot of the interface showing the ionic liquids’ structural changes at
the Peak IV region; b) (above) time-averaged surface distribution of ions in the contact
layer, (below) the profiles of the cumulative number of anions per unit cell up to the
distances z from the electrode (Zpn).

Based on the described results, it can be concluded that the peaks of C—E depen-
dence correspond to the changes in the IL interfacial structure. In the E regions
of Peaks I and II, the distribution of counter- and co-ions into alternatively
charged ionic layers took place. The reorientation of cations in the second IL layer
led to increased distance between the first and second IL layers around the Peak
III. At very high E values of Peak IV, the transition between two very dense first
layer structures was noted. Thus, these results agree with the conclusions by
Rotenberg et al. [181] and Merlett et al. [69] that the capacitance peaks cor-
respond to the transitions of IL interfacial structure.
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6.2. Capacitance-Structure Dependence of
Graphene | EMImBF,

MD and DFT calculations have a crucial role in investigating the interfaces,
which are challenging to study experimentally or provide insights into contrasting
results. For example, in the case of electrode | IL, the capacitance has been shown
to have both positive (dC/dT > 0) [182—184] and negative dependence (dC/dT < 0)
[185—-187] on ambient temperature. Graphene is a single layer of carbon atoms in
a hexagonal structure. In the given study, as the charging of the graphene elec-
trode induced additional potential change due to the shifting of the Fermi level
[188—190], the interfacial capacitance and potential drop were divided into two:
one arising due to the non-uniform distribution of electrolyte ions at the elec-
trode—IL interface (Ci. and E) and the other, arising from the Fermi level shift
(Coand ¢gy).
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Figure 10. a) Cii—F dependence at 450 K for graphene | EMImBF4. The red and blue
markers indicate the peaks and plateaus in the dependence; b) the number density (pn)
contour map of cations (red) and anions (blue) at 450 K. The interval of contours and
colormap is equal to the bulk density of a given ion (o).

The Cu—FE dependence, shown in Figure 10a, has a wide maximum around the
PZC with two small peaks, which point to the changes in the IL interfacial layer
structure, screening the electrode’s charge. Similarly to the Au(001) | BMImPFe,
the peaks occur in the £ region, where the formation of an alternatively charged
layer occurs, i.e., there is a significant change in the overscreening of the elec-
trode’s charge (maximal dA/dE). In addition, there are two E regions where the
Cu. is independent of the E. At —2.5 V < E<—1.5V, the EMIm" ions reorient,
shown in Figure 10b with a curved arrow. The reorientation of EMIm" from per-
pendicular to parallel position during discharge leads to the decrease of / (Cu
increases as Cy ~ 1//), while d was not significantly altered (dd/dE = 0). Mean-
while, the reorientation decreases the overscreening as it facilitates the formation

31



of a sparser first IL layer upon further electrode discharging (d//dE < 0). Thus,
the first three terms in Equation 8 balance the change of / in the given E range.

A similar compensation of various terms in Equation 8 occurs around £ =3 V.
In this £ region, the mechanism is similar to the cause of Peak III in the case of
Au(001) | BMImPFs, as the reorientation of the EMIm" ions in the second IL
layer occurs due to the formation of denser first IL layer. This leads to the change
of ¢ (do/dE > 0), shown in Figure 10b with a bidirectional arrow. At the same
time, the reorientation did not significantly alter the number of EMIm" ions in the
second IL layer, indicating the decrease of 1 (dA/dE<0). At E=—4V and 6V,
the Ci. = Cu. This agrees with the bilayer model, as at these E values, the second
IL layer reaches its maximum density dA/dE = 0, while the position of the IL
layers is also not shifted.
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Figure 11. a) Cii—F dependence for graphene | EMImBF;, at noted 7; b) number density
profiles (pn) of EMIm™ and BF4 at 7= 300 K and 450 K.

The impact of 7 on Ci is shown in Figure 11, along with the number density
profiles of ion distribution of the interface at 300 K and 450 K. From the number
density profiles, it can be seen that around the PZC, the first IL layers contain
both cations and anions. During the charging of the interface, the co-ions are
pushed towards the second IL layer, while the counter-ions are pulled to the
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graphene surface. Meanwhile, the first IL layers near the PZC contain a notable
amount of co-ions despite the repulsion between the electrode and the co-ions
due to ion—ion correlations and the voids on the electrode’s surface. The ambient
temperature has the most significant impact on the Cip near the PZC. In the £
range from —0.5 V — 1 V, the increase of T'led to the decrease of Cir, i.e., dC/dT < 0.
There is also a notable shift of Cip peaks towards larger |£| values with an increase
of T. In the given E range, it can be seen that the increased thermal motion led to
the smearing of IL layers as the density peaks are broader and shorter at 450 K.
At the same time, the increase of 7 did not shift the positions of IL layers. Thus,
when relating the results to the bilayer model, it can be concluded that the
overscreening (4) depends on the 7, while / and J were constant.
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Figure 12. The overall interfacial capacitance (Cz) for simulated 7 values when ac-
counting for the Cq, along with experimental results of Oll ef al. [191].

The shifting of the Cii. peaks further unveils a £ region around 1 V — 2V, where
the dC/dT > 0, highlighting the importance of the choice of reference potential
when discussing the dC/dT. The observed trends are in qualitative agreement with
the experimental results of Driischel et al. [186]. At elevated temperatures, they
also observed the widening and the decrease of the C peak with the increase of 7.
With computational methods, the widening of capacitance peaks has been shown
by Chen et al. with mean-field theory [187], while the shifting of the C peak due
to the change of 7'was noted by Shen ef al. using DFT calculations and perturbed-
chain statistical associating fluid theory [192]. When considering the Cq of
graphene, the interfacial C obtained a V-like shape with a sharp minimum around
the PZC, shown in Figure 12. This is due to the limiting effect of Cq around the
PZC. Furthermore, as the 7T has a negligible effect on Cq, the Cs is only mode-
rately affected by the 7. The obtained results are in good agreement with the
electrochemical impedance spectroscopy results by Oll et al. [191] and with
molecular dynamics simulations by Paek et al. [193].
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6.3. Adsorbed Adlayer on Bi(111) | 4,4"-BP + EMImBF,

The cyclic voltammograms (CVs) of Bi(111) | EMImBF4 and Bi(111) | 4,4'-BP +
EMImBF;, highlight the differences in interfacial processes of studied systems.
The CVs of Bi(111) | EMImBF4, shown in Figure 13a, have no significant j peaks
in the £ range from —1.1 V to —0.1 V. The increase of reduction current at more
negative E values is related to the reduction of EMIm" cation [194] or trace O,
and H,O [93]. At E>—0.1V, the j increases due to the Bi surface oxidation. In
turn, when studying the electrolytes with 4,4’-BP additive in the same £ range, a
reduction peak appeared at £ = —0.97 V during cathodic sweep, while the reversal
of the sweep direction led to the oxidation peak at £ =-0.90 V. This charge
transfer process is associated with the reduction of 4,4’-BP. As visible from
Figure 13D, the increase of v had a notable impact on the j. The process is limited
by diffusion due to the linear jox vs. Vv —dependence.

Bi(111) | x% 4,4'-BP + EMImBF, b Bi(111) | 1.0% 4,4'-BP + EMImBF,
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Figure 13. Cyclic voltammograms for a) Bi(111) in EMImBF4 without and with 0.5% or
1.0% 4,4'-BP addition, measured at v =10 mV/s; b) Bi(111) in 1.0% 4,4’-BP + EMImBF,
solution measured at various scan rates, noted in the figure.

The C-E dependences of IL electrolyte with and without 4,4'-BP addition in
Figure 14a point to the formation of an adsorbed 4,4'-BP adlayer. For
Bi(111) | EMImBF4, the C values in the measured £ range are between
8 and 13 pF/cm?® The C-E dependence has a small minimum at around —0.65 V,
while there are no sharp maxima in the given £ range. The Bode phase
angle (0) vs. frequency (f) dependencies of Bi(111) | EMImBF, in Figure 14b
highlight the capacitive behaviour of the interface as at £=-0.7V and
E=-0.9V there is a wide plateau in the frange 1 Hz < < 300 Hz with  <—85°.
The increase of 6 at lower fis related to the reduction of trace impurities.

In turn, the C—F dependences of IL electrolytes with 4,4’-BP addition show
wide adsorption plateaus (0.8 V < E <—0.1 V) with C around 6 pF/cm?® The
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decrease of C due to the adsorption of 4,4’-BP is associated with forming a dense
organic adlayer, which increases the distance between the electrode and the
electrolyte ions (/), screening the electrode’s charge. In the C plateau region, the
6 is below —75° in the 1 Hz < /<300 Hz range, indicating the mixed kinetics of
both adsorption- and diffusion-limited processes that can be related to the slug-
gish kinetics of 4,4’-BP adsorption and reorganisation. Furthermore, the 4,4'-BP
reduction process is visible both in the C—F and 6—f curves. In the case of C—E
dependence of 1.0% 4,4’-BP addition, there is a notable capacitance peak at
E=-0.9V. The process is of a pseudocapacitive nature as the 6 increases
significantly in the peak area, highlighting diffusion- and charge-transfer limited
behaviour of the interface.

Bi(111) | x% 4,4-BP + EMImBF,
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Figure 14. a) Differential capacitance (C) vs. potential (£) dependences for Bi(111) elec-
trode in pure EMImBF, and with 0.5% or 1.0% 4,4'-BP addition, measured at 215 Hz;
b) phase angle (0) vs. frequency (f) dependences for Bi(111) in pure EMImBF,4 and with
1.0% 4,4'-BP addition at marked E values.

The scanning tunnelling microscopy measurements visualised the formation of a
dense adlayer on the electrode’s surface. The striated rows of 4,4-BP were cap-
tured at around £=-0.95V in a very narrow potential range, where the C—F
dependence in Figure 14a has a peak. The dense organised adlayer structure, shown
in Figure 15a, presented itself after holding the electrode at the given potential
for an extended period of time. This can be reasoned by the notable viscosity of
IL and strong interactions between the IL ions, leading to the slow formation of a
supramolecular structure. The 4,4’-BP molecules are interpreted to be adsorbed
with the pyridine rings parallel to the Bi(111) surface. The distance between the
4,4'-BP rows is 1.6 nm, which points to a quite sparse pattern, especially
considering that the distance between N atoms in the 4,4"-BP molecule is around
0.7 nm. The voids between the 4,4-BP rows contain most likely the IL ions, which
were not visualised. Similar coadsorbed striped adlayer structures have been
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reported for 4,4’-BP and camphor adsorption at Bi(111) from aqueous electrolyte
solutions containing sulphate ions [29,38].

The visible clusters can be related to the 4,4’-BP agglomerates adsorbed at
surface defect areas [195] or to the back-deposition of Bi [194]. Curiously, the
4,4'-BP adlayers were not visualised at the plateau region of C—F dependencies.
Instead, high-resolution images of Bi(111) surface (Figure 15b) were obtained in
the —0.90 V < E <—0.65 V range. The images displayed a regular atomic struc-
ture of Bi(111) with an inter-atomic distance of 4.1 A, in agreement with previous
studies [103,196]. Thus, it can be concluded that in this £ region, the 4,4'-BP is
not strongly bound to the Bi(111) surface and its interactions with Bi(111) are
only slightly favoured over the surface indifferent EMImBF, ions.
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Figure 15. EC-STM images for Bi(111) in 1.0% 4,4'-BP + EMImBF, solution along with
height profiles of the lines shown in STM images at a) £ =-0.95 V and b) £=—0.70 V.

The formation of ordered 4,4’-BP adlayer was studied further with DFT to iden-
tify the most probable adsorption sites and adlayer configurations. First, the adlayer
consisting of only 4,4’-BP molecules was studied. The adlayer configuration with
the lowest predicted energy per surface atom (—0.33 eV) is shown in Figure 16a.
The unit cell of this configuration consists of two 4,4’-BP molecules adsorbed at
the top and bridge sites. The F.gs of a 4,4’-BP molecule in the configuration is
—1.32 eV, while an isolated 4,4’-BP molecule at the top or bridge position was
—1.00 eV and —0.98 eV, respectively. Thus, the intramolecular interactions
between the 4,4"-BP molecules stabilise the adsorption layer structure.

Although the molecules are situated in a striated pattern similar to STM mea-
surements, the predicted 4,4’-BP adlayer structure (with an estimated surface
concentration of 2.3x10'® mol/cm?) is significantly denser. Thus, the coadsorbed
structure of EMIm" ions and 4,4’-BP molecules was studied. One 4,4'-BP
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molecule in the dense unit cell structure was replaced with an EMIm" cation to
match the STM-visualised structure. The adsorption of EMIm" was considered
more likely as the striated pattern was imaged at a lower potential than the PZC
of Bi(111) | EMImBF.4 (—0.7 V vs. Ag | AgCl) [93]. The EMIm" was modelled to
be adsorbed in the imidazolium plane parallel to the Bi(111) surface, which is a
more probable orientation at low negative surface charge densities [178,197]. The
given coadsorbed configuration is favoured over the 4,4’-BP monolayer, as its
adsorption energy per surface atom is —0.42 eV. The Eaqs was —1.68 eV in this
configuration (Figure 16b). Thus, the coadsorption of EMIm" has a stabilising
effect on the adlayer structure. Additionally, the adsorption energies of EMIm™ at
various coverages were evaluated by varying the unit cell size. The lowest
estimated adsorption energy per surface atom was —0.44 eV at coverage 1/4,
similar to the coadsorbed structure.
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Figure 16. Monolayer configurations with the lowest adsorption energy per surface arca
consisting of a) 4,4’-BP molecules and b) EMIm* and 4,4’-BP molecules coadsorbed on
Bi(111) surface; ¢) unit cells of adsorbed structures.
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6.4. Adsorbed Multilayers on Sb(111) | 4,4'-BP + EMImBF4

Sb and Bi have the same crystal structure and only differ slightly in lattice para-
meters and electronic properties. Thus, they are an exemplary pair of model elec-
trodes to investigate the impact of small variations of electrode material electronic
and structural properties on the interfacial characteristics. The CVs of Sb(111) in
EMImBF4 and 1% 4,4-BP + EMImBF,; mixture, measured in the range
—1.1 V<E <-0.1V, are shown in Figure 17a and b. For Sb(111) | EMImBF,, when
scanning in the negative direction, there is an increase of reduction j already at
E<—0.95V, associated with the reduction of trace impurities. In the CVs of
Sb(111) | 1.0% 4,4'-BP + EMImBF,, a similar increase of current density caused
by the faradic charge transfer process as in the case of Bi(111)|4,4-BP +
EMImBF; is visible at £ =—0.9 V. The charge transfer process is partially rever-
sible as both oxidation and reduction peaks are visible when the £ scan direction
is switched. Furthermore, the process at £ = —0.9 V appears diffusion-limited due
to the linear dependence of oxidation peak current (jox) on the square root of the
potential scan rate (v/v), as shown in Figure 17d.

The C-E dependence of measured Sb(111)|IL interfaces, illustrated in
Figure 17c, shows that for EMImBFj, there are no significant C peaks in the
studied £ range in contrast with 1.0% 4,4’-BP + EMImBF,4 mixture, where the
charge transfer process is also visible. The C values of Sb(111) | EMImBF, are
around 13 pF/cm? For Sb(111)|4,4-BP + EMImBF,, the C values (around
9 uF/cm?) are lower than for EMImBF4, at —0.5 V < E <—0.1 V, pointing to the
adsorption of 4,4’-BP. The C increases to 13 ;,tF/cm2 at —0.7 V<E<-0.6V,
suggesting reorganisation or desorption of 4,4'-BP, followed by the charge
transfer process at £ =-0.9 V.

The impedance modulus (|Z]) and Bode () plots in Figure 18 highlight the
differences between interfacial processes kinetics of systems with and without
4,4'-BP addition. In the —0.8 V < E <—0.2 V range, the Sb(111) | EMImBF; has
6 <—80° and the fitted slope of log(]Z]) <—0.9 in a 1 Hz <f< 500 Hz region.
Thus, slightly differing from the ideal capacitive behaviour [198]. The increase
of 6 (visible at /< 1 Hz) can be associated with slow IL reorganisation processes
with partial charge transfer [199,200]. The Bode plots of IL. mixture with 4,4’-BP
show similar trends in the —0.6 V < E <—0.2 V range without the increase of 4 at
very small f. A notable difference exists between the Bode plots of studied
systems at —0.9 V < £ <—0.6 V. The € increases significantly with the decrease
of E, implying a mixed kinetic process, where the rate is determined by a
combination of various charge- and diffusion-limited processes. The changes in
the shape of the 8—f dependence can be associated with the reorganisation of the
4,4'-BP layer (around —0.7 V) and the charge transfer process (around —0.9 V).
The 6—f dependences of both systems are very similar at £ =—1.1 V, possibly due
to the occurrence of interfacial processes with trace impurities.
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Figure 17. a) CVs at 10 mV/s scan rate for Sb(111) in EMImBF; and in
1.0% 4,4'-BP + EMImBF, solution; b) CVs at different scan rates rate for Sb(111) in
1.0% 4,4'-BP + EMImBF, solution; ¢) capacitance (C) vs. potential (E) dependences,
measured at 215 Hz rate for Sb(111) in EMImBF4 and in 1.0% 4,4'-BP + EMImBF,
solution; d) oxidation current (jox) vs. scan rate (v) dependence for Sb(111) in
1.0% 4,4’-BP + EMImBF;, solution.
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Figure 18. The combined plots of impedance modulus (|Z]) vs. frequency (f) (circles)
and phase angle (0) vs. frequency (f) (triangles) for Sb(111) | EMImBF4 and
Sb(111) | 1.0% 4,4'-BP + EMImBF4, noted with blue and red colour, respectively.

The Sb(111) | 4,4’-BP + EMImBF; interface was further studied with EC-STM
in the same £ range as EIS and CV measurements. In contrast with the Bi(111)
surface, the ordered 4,4'-BP adsorbed structures were visualised in a wide E range
between —0.9 V < £ <—0.65 V. The visualised structures are shown in Figure 19,
where a striated pattern of 4,4’-BP rows (Layer II) can be seen at £ = —0.85 V and
E=-0.75 V. When the E was further decreased to £ =-0.9 V, a denser surface
structure (Layer I) appeared over time beneath the Layer II due to partial
desorption or reorganisation of the adsorbed structure (see Figure 20). The denser
structure (Layer I) was associated with 4,4’-BP as the separation between the
ordered rows is notably larger (7.2 A) than the distance between the nearest Sb
surface atoms (4.3 A), while very similar to the length of 4,4'-BP molecule.
Furthermore, previously, for Sb(111) | EMImBFj, an atomic structure of Sb(111)
was imaged [91]. In both Layers I and II, the molecules are interpreted to be
adsorbed with the bipyridine ring plane parallel to the electrode’s surface. The
ordered structures disappeared at £ > —0.75 V, possibly due to the changes in the
interfacial structure caused by the adsorption of 4,4’-BP along with more mobile
EMImBEF;, ions. In addition to the ordered 4,4'-BP structures, the clusters were
observed at the Sb(111) surface. The clusters can be attributed to the polymeri-
sation of reduced 4,4’-BP and its deposition to the surface as their number and
size depend on the applied £, similarly to [41].
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Figure 19. EC-STM images of Sb(111) | 1.0% 4,4’-BP + EMImBF, interface at poten-
tials: a) E=-0.90 V,b) E=-0.85V,¢) E=-0.75V,andd) E=-0.65 V.
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Figure 20. EC-STM images of Sb(111) | 1.0% 4,4'-BP + EMImBF, at £ =—0.90 V with
height profiles, showing desorption of 4,4’-BP from Sb(111).
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EC—STM results were combined with DFT calculations to further characterise
and analyse the adsorbed structures. The identified adlayers and their unit cells
are shown in Figure 21. Based on EC-STM images of Layer I, the adsorbed
4,4'-BP molecules form tightly ordered rows with pyridine rings visible. The unit
cell measurements of Layer I were determined with DFT. The modelled surface
structure with the lowest predicted energy per surface atom is shown in Figure 21b.
Similarly to EC-STM of Layer I, the structure consists of dense 4,4'-BP rows
with molecules positioned at hollow 1 adsorption site and a calculated surface
concentration of 2.6x10 ' mol/cm?. The N-atoms of 4,4'-BP molecules are
rotated towards the hydrogen atoms of neighbouring 4,4'-BP molecules in the
same unit cell. The E,s of a 4,4-BP molecule in the modelled structure was
—1.37 eV, significantly lower than that of an isolated 4,4’-BP molecule at hollow 1
site (—0.66 eV). This underlines the importance of intermolecular interactions in
the adsorbed adlayer towards the stabilisation of the adlayer.

Layer II

Pattern A

E=-0.75V,j = —0.12 yA
Eias = —30 mV

Pattern B

X/ nm

a=15nm
b =0.86 nm Epias =30 mV
a=90° B=90°

Figure 21. a) The model of 4,4’-BP multilayer structure on Sb(111) surface. EC-STM
images and unit cells belonging to adlayer structures of b) Layer I and ¢) Layer II. The
EC-STM image of Layer I contains an inset of the calculated STM image and the surface
structure obtained from DFT calculations.
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Two different adsorbed 4,4'-BP molecule structures were identified in Layer II,
shown in Figure 21c. The unit cell of Pattern A is a parallelogram with 4,4'-BP
molecules at the corners. The closest distance between the molecules in the same
row was 1.2 nm. Pattern B has a more compact structure, with the distance
between the 4,4’-BP molecules in the same layer being 0.8 nm. The surface con-
centrations of 4,4"-BP in Pattern A and B were estimated to be 1.28x10'° mol/cm?
and 1.38x107'" mol/cm?, respectively. The existence of multiple adsorbed struc-
tures at similar £ values can be associated with the defects in Layer I beneath
Layer II.

The study revealed the existence of an ordered adsorbed multilayer structure
at the Sb(111) surface. Previously, significant capacitance depressions were
related to the formation of such structures for aqueous electrolytes, while not
directly visualised [8]. In turn, the formation of a layered interfacial structure of
IL ions has been demonstrated with both experimental [126,201,202] and
computational techniques [69,80,82,203]. Moreover, depending on the length of
the cation’s alkyl chains, the interfacial structure has been shown to undergo
structural transformations from alternatively charged layers to intertwined bilayer
structure [72,204,205]. The formation of a multilayer structure of organic
molecules can be reasoned with the strong interactions between the 4,4'-BP
molecules in the adlayer and the Sb(111) surface. Furthermore, due to strong
electrostatic interactions between the IL ions and the notable viscosity of IL, the
partial desorption of 4,4-BP was slow compared to desorption processes in
aqueous electrolytes. Thus, the imaging of multilayer structure was possible.
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6.5. Adsorbed Clusters on Cd(0001) | 4,4'-BP + EMImBF4

The Cd(0001) has stronger metallic and hydrophilic properties than Bi(111) and
Sb(111) [114]. Moreover, Cd metal atoms are in a hexagonal close-packed struc-
ture instead of rhombohedral. These differences in substrate properties carry over
to the CVs of Cd(0001) | EMImBF, and Cd(0001) | 4,4’-BP + EMImBF4 (shown in
Figure 22) when compared to similar systems at Bi(111) and Sb(111) electrodes.

Cd(0001) | x% 4,4'-BP + EMImBF, Cd(0001) | 0.2% 4,4'-BP + EMImBF,
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Figure 22. a) CVs at 10 mV/s scan rate for Cd(0001) in EMImBF4 and in 4,4’-BP +
EMImBEF, solution with 0.1% or 0.2% 4,4'-BP addition, b) CVs at different scan rates for
Cd(0001) in 0.2% 4,4'-BP + EMImBF; solution.

For Cd(0001) | EMImBF,, although there are no j peaks in the studied £ range,
the j increases/decreases significantly at the limiting cathodic and anodic £ values,
possibly due to the decomposition of IL or trace water and Cd dissolution, respec-
tively. The studied interfaces with 4,4-BP addition had smaller |j| values at
—1.7 V< E <—-0.7 V than observed for EMImBF4. This can be reasoned with the
formation of a dense blocking 4,4'-BP layer, hindering the decomposition of
IL/water and Cd dissolution. During the E scan in the negative direction, a
reduction peak associated with 4,4'-BP reduction was visible at £ =-1.9 V. Also,
at higher v, a smaller reduction peak at £ =—1.5 V appeared. The switching of a
E scan direction led to the appearance of a significantly smaller oxidation peak at
E=-1.8V, visible only at higher v.

The measured C values of Cd(0001) | EMImBF, are consistently higher
than for studied systems with 4,4’-BP addition in the studied £ range, indi-
cating the formation of 4,4’-BP adlayer. In the C—E dependences, shown in
Figure 23a, the C values of Cd(0001) | EMImBF, are around 8-9 pF/cm’ at
—1.9 V< E <-1.0V, in agreement with results by Pikma et al. [92]. The increase
of C at more negative £ values is of a pseudocapacitive nature related to the
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reduction processes visible in Figure 22. The C—F dependences of interfaces with
4,4'-BP addition for both studied concentrations of 4,4’-BP have very low C
values around 3 pF/cm? at £ >—1.7 V. The concentration increase did not signi-
ficantly impact the C plateau value due to the formation of a dense 4,4'-BP adlayer
covering the Cd(0001) surface, already at 0.1% 4,4’-BP concentration. In the case
of 0.2% 4,4'-BP addition, a C peak is visible at £ =—1.8 V, related to the charge
transfer process involving 4,4’-BP molecules. The same C peak is also visible for
0.1% 4,4'-BP addition at smaller ac frequencies.

Cd(0001) | x% 4,4"-BP + EMImBF,
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Figure 23. a) Capacitance (C) vs. potential (E£) and b) Bode phase (6) vs. frequency (f)
dependencies of Cd(0001) | 4,4’-BP + EMImBF,4 with noted 4,4’-BP concentrations.

The 6—f dependencies in Figure 23b show notable deviation from the ideal capa-
citive behaviour for both Cd(0001) | EMImBF4 and Cd(0001) | 4,4’-BP +EMImBF,.
For Cd(0001) | EMImBF; in the 50 Hz < f'< 1000 Hz range, the interface is cha-
racterised by mixed kinetic behaviour as § has minimum values of —=71° and —65°
at E=-1.7V and E=-2.0V, respectively. A nearly charge-transfer-limited
behaviour is visible at very low f (f<1 Hz) as € is higher than —20°. For
Cd(0001) | 0.2% 4,4'-BP + EMImBF,, the 8 values in the 50 Hz <f< 1000 Hz
range are noticeably lower than for neat IL electrolyte. The increase of 8 in the
low ac fregion (f< 10 Hz) occurred only at £ <—1.1 V, while at more positive £
values, the 8 remained well below —40°. This is in contrast with the results of
similar systems at Bi(111) and Sb(111) surfaces, where similar # increase
occurred at £ values around the j peak related to the 4,4’-BP oxidation/reduction
process.

The EC-STM images of Cd(0001)|0.2% 4,4-BP + EMImBF,; at the
beginning of an experiment (Figure 24) showed a smooth Cd surface with the steps
between the terraces corresponding to the multiples of 2.8 A, i.e., the distance
between the neighbouring Cd layers in the hexagonal close-packed structure
[113]. During the prolonged EC-STM experiment, the smooth Cd surface was
replaced by clusters, which can be related to 4,4"-BP agglomerates. The process
is shown in Figure 25 over the course of 1 hour. First, the clusters appeared on
the electrode surface’s step edges and defect areas, where there are under-co-

45



ordinated Cd atoms [206]. Followingly, the clusters also appeared on the terraces
and led to the disappearance of well-defined step edges and smooth planes. These
results contrast the previous 4,4’-BP adsorption study of Cd(0001) conducted in
an aqueous electrolyte, where a well-ordered adlayer of 4,4'-BP with a striated
pattern was visualised in a narrow potential range [45]. The existence of a highly
ordered structure in the case of Cd(0001) | 0.2% 4,4’-BP + EMImBF4 cannot be
excluded entirely, as the 4,4-BP may have been adsorbed in a configuration,
which was not visualised with the EC-STM.

a) Onm 10 20 30 40

2.00 nm

Figure 24. a) EC-STM image of Cd(0001) | 0.2% 4,4’-BP + EMImBF4, illustrating the
smooth Cd(0001) surface at the beginning of the experiment; b) the height profile of the
given STM image with the heights of the visualised steps.

The interplay between interactions can explain the formation of various visu-
alised 4,4'-BP structures, such as ordered multilayer, monolayer, and clusters. The
hydrophilicity of studied single crystal surfaces has been shown to increase in the
order of Sb(111) <Bi(111) <Cd(0001) [114]. At the same time, the estimated
4,4'-BP adlayer structures at the Bi(111) and Sb(111) surfaces had similar adsorp-
tion energies (—1.32 eV and —1.37 eV, respectively). Therefore, the stronger inter-
actions of polar ions with the electrode’s surface can hinder the diffusion of
adsorbed 4,4-BP molecules on the electrode’s surface. Simultaneously, the
adsorption of 4,4'-BP is energetically favoured due to strong short- and long-
range interactions between IL ions "squeezing out” the organic molecules from
the IL to the electrode’s surface [207].
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Figure 25. EC-STM images of Cd(0001) | 0.2% 4,4’-BP + EMImBF, displaying the for-
mation of the clusters on the smooth Cd(0001) surface over time.
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7. SUMMARY

Given the transition to sustainable applications, a comprehensive understanding
of processes at the molecular level in electrode—electrolyte interfaces is impera-
tive for developing more efficient technologies. This thesis focused on the charac-
terisation of adsorption processes and the electrode—ionic liquid interface struc-
ture. The properties and structures of the model single crystal electrode and ionic
liquid interfaces were investigated with experimental cyclic voltammetry, electro-
chemical impedance spectroscopy, and electrochemical scanning tunnelling
microscopy techniques, as well as density functional theory calculations and mole-
cular dynamics simulations.

The simulations of Au(001) | BMImPF¢ and graphene | EMImBF4 provided
atomic-level insights into the structural changes of the interface, elucidating
capacitance—structure and capacitance—temperature dependences. The simulations
showed that the plateaus and peaks in the capacitance—potential dependence are
related to the restructuring of the ionic liquid at the electrode surface within elec-
trical double layer region. The derived bilayer model provided a qualitative
description of the capacitance—structure dependence, relating the characteristic
points in the C—E dependence to the change of electrode charge screening (4) and
the reorientation of IL ions (/ and J). Moreover, the simulations showed that the
ambient temperature (7) decreased the interfacial capacitance (dC/d7T <0) around
the potential of zero charge. As the profiles of ion distribution did not show a
notable shifting of IL layers in the studied 7 range, it was concluded that the 4 is
dependent on the 7, while / and ¢ are constant. Including graphene’s quantum
capacitance (Cq) highlighted the importance of proper description of electrode
properties as it significantly dampened the effect of 7' on overall interfacial C due
to the weak T dependence of Cq.

The studies of 4,4’-bipyridine (4,4'-BP) adsorption from EMImBF4 on Bi(111),
Sb(111), and Cd(0001) showed the impact of electrode characteristics on the
adsorption and self-assembly processes from IL. Although the formation of dense
4,4'-BP adlayers was identified with electrochemical impedance spectroscopy,
the scanning tunnelling microscopy results displayed the differences in self-
assembled adlayer structures. The observed 4,4-BP adsorbed structures were:
ordered multilayer structure at Sb(111), coadsorbed monolayer structure at Bi(111),
and 4,4'-BP agglomerates at Cd(0001).

The comparison with previous 4,4’-BP adsorption studies from aqueous
solutions highlighted the impact of the electrolyte on the formed adsorbed struc-
tures and the interfacial processes. The slow formation of ordered self-assembled
structures in ionic liquid led to various adsorbed patterns and even ordered organic
multilayer structures. Thus, the trends and adsorption behaviour established in
aqueous electrolytes may not be straightforwardly transferable to adsorption from
ionic liquid electrolytes. As the alteration of electrode or electrolyte leads to very
different adlayers — from highly-organised structures to disordered clusters — the
suitability of a chosen interface for specific nanoelectronic applications must be
verified. Although the adoption of ionic liquid electrolytes raises challenges, the
systematic characterisation of their peculiar interfacial behaviour paves the way
for their wider utilisation in practical applications.
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9. SUMMARY IN ESTONIAN

Adsorptsioon ja elektrilise kaksikkihi struktuur
mudelelektrood - ioonvedelik piirpindadel

Elektroodi ja elektroliiiidi piirpinnal toimuvate protsesside moistmine molekulide
tasandil on vajalik arendamaks efektiivsemaid ja jatkusuutlikumaid tehnoloogi-
lisi lahendusi. Kédesolev doktoritdo keskendus elektroodi ja ioonvedeliku vahelise
piirpinna struktuuri ja selles toimuvate adsorptsiooniprotsesside kirjeldamisele.
Selleks, et omandada mitmekiilgset arusaama piirpinnal toimuvast, kasutati eri-
nevaid mdotetehnikaid nagu tsiikliline voltamperomeetria, elektriline impedants-
spektroskoopia ja skaneeriv tunnelmikroskoopia. Samuti viidi ldbi tihedus-
funktsionaali teoorial pdShinevaid arvutusi ja molekulaardiinaamika simulat-
sioone, et selgitada vilja elektroodi pinnale adsorbeerunud molekulide/ioonide
kihtide struktuure v6i nende muutusi piirpinna lihedal.

Au(001) | BMImPF¢ ja grafeen | EMImBF4 molekulaardiinaamika simulat-
sioonid voimaldasid vaadelda piirpinda ioonide tasandil ning seostada mahtuvuse
(O) véartusi struktuuri ning temperatuuriga (7). Simulatsioonide tulemused néi-
tasid, et mahtuvuse potentsiaalist soltuvuse platood ja maksimumid on seos-
tatavad muutustega elektroodi ja ioonvedeliku elektrilise kaksikkihi struktuuris.
Neid muutusi saab kirjeldada ioonvedeliku kahe kihi mudeliga, mis seostas mah-
tuvuse potentsiaalist sdltuvuse karakteristlikke kohti elektroodi laengu iile-
varjestamisega (4) ja ioonvedeliku ioonide limberorienteerumisega (/ ja J). Tem-
peratuur mojutas piirpinna mahtuvust eelkdige null-laengu potentsiaali 1dhedal,
kus T kasv pohjustas mahtuvuse vihenemist (dC/d7 < 0). Tulenevalt asjaolust, et
T ei mdjutanud ioonide kihtide asukohti, siis jéreldati, et 4 sdltub temperatuurist,
kuid / ja d mitte. Grafeeni kvantmahtuvuse (Cq) arvestamine piirpinna mahtuvuse
hindamisel vihendas oluliselt selle temperatuurisdltuvust ning muutis ka mahtu-
vuse potentsiaalist sdltuvuse kuju. Mahtuvuskdvera kuju muutumine toi esile ka
elektroodi omaduste korrektse kirjeldamise olulisuse.

Uurimused, mis vaatlesid 4,4’-bipiiridiini (4,4’-BP) adsorptsiooni Bi(111),
Sb(111) ja Cd(0001) elektroodi ning EMImBF,4 ioonvedeliku piirpinnal tdid esile
elektroodi omaduste mdju adsorptsioonile ja orgaaniliste kdrgstruktureeritud
kihtide moodustumise vdimalustele. Elektrokeemilise impedantsspektroskoopia
tulemused kinnitasid tiheda 4,4'-bipiiridiini kihi moodustumist kdigil uuritud
elektroodi pindadel. Siiski niitasid skaneeriva tunnelmikroskoopia tulemused
erinevusi 4,4’-BP adsorbeerunud struktuurides: mitmekihiline struktuur Sb(111)
pinnal, viirutatud koadsorbeerunud struktuur Bi(111) pinnal ja klastrid Cd(0001)
pinnal. Vdrdlus varasemate 4,4’-BP adsorptsiooni uuringutega vesilahustes niitas
elektroliiiidi mérkimisvéérset moju nii piirpinnal toimuvatele protsessidele kui ka
4,4'-BP struktuuridele. Korrapéraste adsorbeerunud kihtide moodustumine ioon-
vedelikus oli mérgatavalt aeglasem kui vesilahustes. Samuti tekkisid pinnale eri-
nevad 4,4'-BP struktuurid — mitmekihilistest korraparasest struktuurist klastriteni.

62



Seetdttu, kuna nii elektroodi kui ka elektroliitidi valik mdjutab oluliselt orgaanika
adsorptsiooni, tuleb veenduda valitud piirpinna sobivuses potentsiaalse rakenduse
jaoks nanoelektroonikas voi energiasalvestuses. Sellest 1dhtuvalt on ioonvedelike
laiemaks kasutuselevotuks vajalik uurida siistemaatiliselt nende piirpindade
omadusi ja neid mojutavaid faktoreid.
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