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2. ABBREVIATIONS AND SYMBOLS

2,2'-BP 2,2'-bipyridine

2D two-dimensional

4,4'-BP 4,4'-bipyridine

A adsorbance

ac alternating current

AE auxiliary electrode

ATR attenuated total reflectance

c concentration

C differential capacitance

Cs series capacitance

Ciip tip capacitance

C(0001)° cleaved basal plane of highly orientated pyrolytic graphite
Ccv cyclic voltammetry, cyclic voltammogram

d distance

D diffusion coefficient

e energy of a particle

E electrode potential

Ex potential amplitude

Ebias scanning tunneling microscopy tip bias potential
Er energy of Fermi level

Eyin kinetic energy

Eo oxidation peak potential

E.q reduction peak potential

Ep scanning tunneling microscopy tip potential
Ewg working electrode potential

E(?) potential at time ¢

EIS electrochemical impedance spectroscopy
EC-STM electrochemical scanning tunneling microscopy
EMImBF;  1-ethyl-3-methylimidazolium tetrafluoroborate
f frequency

F Faraday constant

FFT fast Fourier transform

FT Fourier transform

FTIR Fourier transform infrared spectroscopy

h Planck constant

h reduced Planck constant

HOPG highly oriented pyrolytic graphite

i current density

fox cyclic voltammetry oxidation peak current density
Ired cyclic voltammetry reduction peak current density
1 electrode current

I current amplitude

1. charging current
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faradaic current at the scanning tunneling microscope tip
faradaic current at the working electrode

peak current

working electrode current

tip current

tunneling current at the scanning tunneling microscope tip
current at time ¢

ionic liquid

infrared

normal vibration

mass of a particle

number of electrons transferred

number of data points

potential of zero charge

normal coordinate describing the motion of atoms during a
normal vibration

resistance

reference electrode

root mean square roughness

room temperature ionic liquid

surface area of the electrode

surface enhanced infrared reflection absorption spectroscopy
subtractively normalised interfacial Fourier transform infrared
spectroscopy

scanning tunneling microscopy

time

ultra high vacuum

potentiostat controlling the potential of tip

potentiostat controlling the potential of working electrode
working electrode

height deviation of i-th point from the mean line

complex notation of impedance

magnitude of impedance

real part of impedance

imaginary part of impedance

concentration gradient of reduced species

de Broglie wavelength

molecular dipole moment

potential scan rate

density of states at the Fermi edge

phase angle

effective barrier height

wave function

angular frequency



3. INTRODUCTION

Since the preparation of the first self-assembled monolayer of organic
molecules adsorbed on top of an inorganic substrate, the field of organic-
inorganic hybrid systems has rapidly developed theoretically as well as
experimentally. Presently it is mainly driven by the highly requested advent of
molecular electronics. However, properties achievable by combining the huge
variety of organic materials with inorganic counterparts offers numerous
applications beyond molecular electronics [1]. Some corresponding examples
are surface passivation [2,3] corrosion protection [4—6], wetting or dewetting
behaviour [7,8], lubrication [9-11], catalysis [12,13] and development of
organic semiconductors for solar cells or organic light-emitting diodes [14].
Besides these mentioned technological aspects, behaviour of organic molecules
on single crystal metal electrodes have become a model system for the study of
structural transitions in adlayers and for the self-assembly of molecules on
surfaces.

Room temperature ionic liquids (RTILs) are molten salts with poor
coordination and weak interaction between the counterions which results in the
liquid state of these ionic systems at room temperature [15,16]. Many RTILs
have high stability under applied electrode potential, low vapour pressure,
excellent thermal stability, efc. The RTIL |electrode interface attracts
considerable attention, since it determines the characteristics of various
electrical power sources, including supercapacitors and novel batteries [17-19].

Scanning tunneling microscopy (STM) is an extremely useful method for
detailed analysis of the surface structure of solid materials, including super-
capacitors, fuel cells, Li-ion and Na-ion batteries, etc. STM method allows
obtaining the high-resolution images of different conductive surfaces and
adsorbed adlayers. It enables to visualise the electrode surface structure in situ
at the atomic/molecular resolution level, to determine the potential dependence
of the deposited adlayers structure and to establish also the surface atomic
structure of many single crystal metal electrodes under in operando conditions
[20-22].

The structure and stability of an adsorbed monolayer strongly depends on the
crystallographic structure of the single crystal plane studied, influencing the
adsorbate-adsorbent interaction, as well as the adsorbate-adsorbate, adsorbate-
electrolyte ions, adsorbate-solvent and solvent-solvent lateral Gibbs interaction
energies [23—-29]. Therefore in recent years the electrolyte | electrode interface
characteristics have attracted considerable attention in fundamental and applied
electrochemical studies. However, most of these studies investigate the electro-
chemical behaviour of Pt, Au and C electrodes. In addition, the interfacial
characteristics for the electrolyte | metal electrode interface with high hydrogen
overvoltage (like cadmium, antimony, efc.) interface should also be investigated
to gain better understanding of the fundamental parameters of the metal
electrode | electrolyte interface.
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Cadmium (Cd) and antimony (Sb) single crystals as very good model
electrodes with the stable surface structure in a wide potential region have been
studied at the University of Tartu since the 70’s. An extensive database has been
collected, containing a lot of information about the influence of the chemical
nature and crystallographic structure of electrodes as well as the structure of the
adsorbing anions or neutral organic compounds on the adsorption parameters
[30—40].

According to our knowledge, there are no data describing the Cd(0001)
single crystal electrode | electrolyte interface structure at the atomic level
resolution. Therefore one aim of this work was to study the surface structure of
Cd(0001) single crystal electrode in various electrolytes (including RTIL) and
to develop conditions needed to obtain the atomic resolution in situ STM data
within the wide polarisation region of the Cd(0001) electrode, since only proper
correlation of electrochemical and STM measurements allows a reasonable
interpretation of observed changes on an electrode surface.

During the experimental part of the present work, it became obvious, that in
addition to the atomic resolution of Cd electrode surface structure, achieved in
situ in aqueous electrolyte [I] and in ionic liquid [III], it is possible to visualise
the adsorbed molecules of 4,4'-bipyridine (4,4’-BP) on the electrode surface
under different polarisation conditions [II]. Similar experiments have been
conducted on the Hg, Au and Bi single crystal electrodes and adsorption of
2,2'-bipyridine (2,2'-BP), 4,4'-BP and camphor have been demonstrated [23,27—
29,41-46].

Another aim of this work was to study the interfacial structure between
Sb(111) and an ionic liquid [IV]. During the measurements the atomic
resolution was achieved and compared to previous results in surface inactive
electrolyte [47]. These data were used to investigate the adsorption process of
2,2'-BP from RTIL [IV].

In this work in addition to the in situ STM method, cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS) and infrared methods
were also applied for analysis of the surface structure of the single crystal
electrode | electrolyte interface and to study the 2,2"-BP and 4,4'-BP adsorption
at the single crystal electrodes.
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4. LITERATURE OVERVIEW
4.1. The properties of Cd

Cadmium is a group II-B element with outer electron configuration 4d'’5s’.
Cadmium is regarded as non-transition element, since it forms no compound in
which the d shell is other than full [48].

Cadmium finds a lot of applications, such as a barrier in nuclear reactors to
control neutrons owing to its high potential to absorb low energy neutrons;
rechargeable Ni—Cd batteries; Cd or Cd alloy (i.e. Ag-In-Cd) rods are used for
controlling the fission process in nuclear reactors; red/yellow pigments owing to
their features like insolubility in inorganic solvents, water and stable behaviour
against ultraviolet light and heat. Cd is also used as a precursor material for
fabrication of many important cadmium based semiconductors such as cadmium
sulphide (CdS), cadmium selenide (CdSe), cadmium oxide (CdO) and cadmium
zinc telluride (CdZnTe), etc. [49].

Cadmium forms a protective oxide film that reduces Cd corrosion/oxidation
rate in atmospheric conditions. Cd exhibits low corrosion rates in solutions with
pH from 5 to 10. However, in more acidic and alkaline environments, corrosion
rates of Cd increase dramatically [50]. From the Pourbaix diagram it can be
seen that at pH <5 and at electrode potential £ > —0.80 V (vs. Ag | AgCl sat.
KCl) the following electrochemical dissolution reaction takes place [51]:

Cd=Cd* +2e. (1)

The crystal structure of cadmium is hexagonal close-packed with cell
parameters a = 2.9793 A and ¢ = 5.6181 A (Fig. 1) [52,53].

a b

](f

Figure 1. Crystallographic structure of cadmium.

The shape of the cyclic voltammograms (CVs) and EIS spectra for Cd(Aklf)
planes do not depend noticeably on the electrode potential scan direction, from
more negative potentials towards less negative potentials or vice versa, as well
as on the potential scan rate (V) within the region of ideal polarisability of the
Cd(hklf) electrode and probably there is no quick Cd(hklf) surface
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reconstruction [32,34-36,54]. Thus, based on the CV and EIS data the surface
reconstruction phenomena do not take place on Cd(0001) single crystal plane.

4.2. The properties of Sb

Antimony is an element from group V-A with outer electron configuration
5575p7 [55].

The crystal structure of antimony is rhombohedral with cell parameters
a=4.3084 A and c = 11.27 A (Fig. 2) [56,57].

¢l
]CJ

Figure 2. Crystallographic structure of antimony.

The double layered crystal structure of Sb, where each atom has three close
neighbours from the same layer (s°p’-electronic configuration; the distance
between atoms is 2.91 A) and three farther neighbours from the second neigh-
bouring layer bonds with the aim of hybrid sp’d" orbital (the distance between
atoms in neighbouring layers is 3.35 A) [56].

The metallic properties of the fifth group elements depend on the bonding
between neighbouring layers [55]. The presence of the covalent bonds between
the atoms in the Sb lattice probably fixes the position of the surface atoms more
rigidly than in the case of typical sd-metals (Au, Cu, Pt, Pd) [37,58-62].

The unique electronic properties of Sb, its small Fermi energy combined
with highly anisotropic electron and hole masses and carrier concentrations
several orders of magnitude lower than in noble metals makes Sb a prime
candidate for novel thermoelectric converters. Devices based on nano-scale
particles/structures of Sb and Bi (or their alloys) are thereof among those with
the highest conversion efficiency [63].

According to the previous CV, EIS, chrono-coulonometry and in situ STM
studies [30-37,39,47,32,64], there is no quick surface reconstruction of Sb(/k/)
within the region of ideal polarisability of Sb(111) electrode.
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4.3. lonic liquids

Ionic liquids (ILs) are a class of purely ionic, salt-like materials that are liquid
at unusually low temperatures. The official definition of ILs uses the boiling
point of water as a point of reference: “lonic liquids are ionic compounds which
are liquid below 100 °C”. In particular, salts that are liquid at room temperature
are called room temperature ionic liquids. RTILs, also known as organic
liquids, molten or fused salts, are a class of non-molecular ionic solvents with
low melting points. The widely accepted definition of a RTIL is: “Any salt that
has a melting point lower than ambient temperature” [65].

As a class, ionic liquids have been defined to have melting points below
100 °C and most of them are liquid at room temperature. Both cations and
anions contribute to the low meting points of ionic liquids. The increase in
anion and cation size generally leads to a decrease in melting point. Cation
symmetry also makes an important impact — increased asymmetric substitution
results in a melting point reduction [66].

ILs have reasonable ionic conductivities at room temperatures compared
with organic solvents and organic solvent based electrolyte systems (up
to 30 mS cm ). At elevated temperatures, e.g. 200 °C, a conductivity of
100 mS cm™' can be achieved for some systems. However, at room temperature
their conductivities are usually lower than for concentrated aqueous electrolytes.
The large constituent ions of ILs reduce the ion mobility which, in turn, leads to
lower conductivities. Furthermore, for some RTILs ion aggregation leads to
reduced conductivity. The conductivity of ILs is inversely linked to their
viscosity. Hence, ILs of higher viscosity exhibit lower conductivity. Increasing
the temperature decreases viscosity and increases conductivity [66].

Generally, ILs are more viscous than common molecular solvents and their
viscosities are ranging from 10 mPa s to about 500 mPa s at room temperature.
The viscosity of ILs is determined by the van der Waals forces, hydrogen
bonding and also by electrostatic forces. Alkyl chain lengthening in the cation
leads to an increase in viscosity, since stronger van der Waals forces between
cations increase the energy required for molecular motion. Also, the ability of
anions to form hydrogen bonds has a pronounced effect on viscosity [66].

ILs have mostly higher density than water with values ranging from
1.3 gem™ for typical ILs to 2.3 gem” for bulky ILs. The density of ILs
strongly depends on the length of the alkyl chain in the cation, on the symmetry
of ions and on the strength of interaction forces between the cation and the
anion. Generally ILs with aromatic head ring have greater densities than ILs
based on pyrrolidinium or piperidinium rings. ILs that have more symmetric
cations have higher density. Also ILs with polar functional group(s) are denser
than ILs with alkyl chains [65].

ILs can be thermally stable up to temperatures of 450 °C. The strength of
carbon-hydrogen bonds limits their thermal stability. Nonetheless, majority of
ILs withstand such high temperatures only for a short time. Long exposure to
high temperatures leads to decomposition [66].
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Most of the ILs have extremely low vapour pressures, which enables water
removal by heating under vacuum. Therefore it is relatively easy to achieve
water content under 1 ppm in numerous ionic liquids [66].

The region of ideal polarisability of an electrolyte is defined as the electro-
chemical potential range over which the electrolyte is neither reduced nor
oxidised at an electrode surface. ILs have significantly wider region of ideal
polarisability than aqueous electrolytes [16].

Due to RTILs high stability under applied electrode potential, low vapour
pressure, excellent thermal stability, high ionic conductivity, non-flammability
and tuneable counterpart ions the RTIL | electrode interface attracts
considerable attention determining the characteristics of various electrical
power sources, including batteries, fuel cells, etc. [17-19]. In particular, the
wide region of ideal polarisability and dual usability as solvents and electrolytes
opened interesting possibilities in the field of fundamental and applied
electrochemical studies. For instance, RTILs have been already used as
electrolytes in supercapacitors, in electrodeposition of metals and alloys, in
electrocatalysis and in energy storage devices, and for optimising the rate and
even mechanism of heterogeneous reactions [16].

Air-stable and water-stable ILs are increasingly employed to progressively
replace organic solvents in a variety of chemical processes due to their non-
volatile behaviour, non-flammability, and in some cases, stability at
temperatures over 400 °C [67].

RTILs are also considered as possible electrolytes for gas sensing applica-
tions, since their favourable properties (low-volatility and high thermal
stability) mean that the sensor does not dry out, and provides the possibility for
gas sensing at high temperatures [68].

In 1992, Wilkes and Zaworotko reported the first air and moisture stable
ionic liquids based on 1-ethyl-3-methylimidazolium cation with either tetra-
fluoroborate or hexafluorophosphate anion [15]. Although the melting point of
1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF,) (15 °C) is too high
for many practical applications, it is a widely used RTIL for analysing the
influence of the chemical nature of different metal or carbon electrodes on the
RTIL | metal (including single crystals) or carbon electrode interface parameters
[69-72].

4.4. Scanning tunneling microscopy (STM)

The development of reliable instruments for characterisation of microstructure,
physical and chemical properties of materials has improved the understanding
of processes taking place at different solid | gas and solid liquid interfaces at the
micrometric, nanometric and angstrom- (atomic-) scale. Although it is possible
to gain information about the surface structure by scanning electron
microscopy, high-resolution examination of local electronic structure, influence
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of electrode potential on the surface structure and chemical functionality are
much more challenging.

The development of scanning tunneling microscopy (STM) by Binning and
Rohrer in 1981 [73] made it possible to study local electronic properties. The
technique soon became an indispensable method in surface science with atomic
resolution in ultra-high vacuum (UHV) and earned its authors the Nobel Prize
in physics (1986). The first real-time surface topography image with an
instrument operated in air at ambient pressure within a wide resolution range
has been achieved at Au and Pt electrode surfaces by Gomez ef al. [74-76]. In
1986 the STM technique was further developed by Sonnenfeld and Hansma to
operate in electrolyte solutions [77].

While the first electrolytic STM applications were performed with a conven-
tional STM instrumentation adapted for operating in an electrolyte, in 1988 the
potentiostatic STM method was introduced [78—80].

Electrochemical STM, in situ STM (also termed EC-STM), is a powerful
technique for studying the structural effects of electrochemical processes taking
place at the metal electrode | electrolyte interfaces. Thus, in situ STM enables
the localisation of electrochemical reactivity if it is accompanied by changes in
sample topography, e.g. can be used to study underpotential deposition,
structures of adsorbed species and electrochemical dissolution reactions of
electrode.

Nowadays the in situ STM can operate at ambient conditions with four-
electrode configuration where the electrochemical potential of the tip and the
substrate can be independently controlled with respect to a common reference
electrode.

4.4.1. Main aspects of STM

In STM, a weak potential difference is applied between the studied sample
(working electrode) and a conductive tip, which ideally has an atomically sharp
end. These two conducting electrodes (tip and sample) are separated by some
sort of isolator (air or liquid), which forms a barrier for the electrons inside the
electrodes. The flow of tunneling current between tip and sample is possible as
long as the tip-sample distance is smaller than few nanometres. Electron
tunneling originates from the overlap of wave functions between the particles at
the tip and the surface atoms of the working electrode. According to quantum
mechanics, a wave-like particle with energy e can penetrate a barrier with
effective barrier height ¢ > e. Within the classical forbidden region, the wave
function  decays exponentially

$(2) = p(exp | Lm0=0%) @)
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where m is the mass of the particle and 7 = 1.05x107* J s. It describes the
penetration of an electron through the barrier into vacuum. The probability
density of observing an electron near distance z in vacuum or electrolyte is
proportional to |1(0)|2e~2*%, which has a nonzero value in the barrier region.
Therefore there is a finite probability that a particle penetrates the barrier.
Another conclusion that can be made from Equation 2 is that the tunneling is
bidirectional as (z) # Y(—z). In UHV STM the barrier is given by the
vacuum gap between sample and tip. Thus, the tunneling current, [e, can be
estimated by considering the density of states of the sample, p,(Er), at the Fermi
edge:

V2 -E -
Itunnel X Ebiasps(EF)exp [_2 %} X Vps(EF)e LOZS\/EZ, (3)

where Ey;, is the bias potential between the tip and the working electrode, and
the barrier height ¢ is expressed in electron volts (eV) and distance z in
angstroms (A). Typical tunneling currents fall in the order of nanoampere (nA),
which requires high amplifications that limit the bandwidth to a few kilohertz
(kHz) [81,82].

The tunneling barrier can be formed by a vacuum, gas, or an electrolyte
solution. However, in the latter case, the STM tip has to be considered as an
additional electrode, as shown in Fig. 3. This results in faradaic currents at the
tip (/x4ip) due to electrochemical reactions at the tip surface and as a contribution
to the tip capacitance, Cy;p, caused by the electrical double layer of the tip, which
both interfere with the STM measurement.

AE

RE ﬂ“ N
}]} tip

II \\I [1 = e }:“:h

electr |

Figure 3. Schematic illustration of the electric configuration of in situ STM, showing
the tunneling tip and working (WE), reference (RE), and auxiliary (AE) electrode,
where Ewg, Ep, Evias are the potentials of WE and tip and their difference, respectively,
vs. RE; lume 1s the tunneling current; Iwg, Iy, are the currents at WE and tip,
respectively; and /rwg, Ir;ip are the faradaic currents at WE and tip, respectively. The
coating of the tip is indicated in black [22].

The electrochemical currents at the tip have to be suppressed, since only the
sum of tunneling and faradaic currents (Jyme + Irsip) can be measured. Stable
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STM measurement is only possible if the tunneling current is considerably
larger than the faradaic current at the tip (Zunnet >> Zip)-

It is also important to minimise Cy, for an optimised signal-to-noise ratio,
because the noise in the high-gain current-potential converter used to measure
the tip current increases with increasing input impedance (total resistance). In
particular for studies at low tunneling current or high recording speeds low Ci;,
values are extremely important.

Both Iy, and Cy, can be remarkably reduced by coating the tip with an
electric insulator, leaving only a pm-sized area at the tip apex uncovered. The
coating material should exhibit high chemical stability in the electrolyte
solution, to avoid contamination of the sample surface and electrolyte. Usually
Apiezon™ wax, polymer coatings, or electrophoretic paints are used, enabling
routine preparation of tips, where /g, is reduced below 10 pA and Ci, to a few
pF [22].

It4ip can be additionally minimised by keeping the tip potential in the
so-called double layer regime. This also inhibits electrochemical reactions
(oxidation, dissolution, deposition) at the tip that cause structural changes in the
tip shape. It requires that not only the potential of the working electrode, Ewg,
but also the tip potential, Ey,, is controlled with respect to a reference electrode
[22]. Therefore in situ STM experiments require the use of a bipotentiostat in
order to separately control the electrochemical potential of the tip and the
potential of the working electrode vs. reference electrode (Fig. 4) with a design
adapted to the rather different current ranges of tip (pA to nA) and sample

(typically = pA).This configuration is different from experiments carried out in
UHYV in which only the bias between the electrodes needs to be specified [20].

En'p Evias

Figure 4. Schematics of in situ STM system with a bipotentiostat, where WE is the
working electrode; RE is the reference electrode; AE is the auxiliary electrode; Ewg,
Eip, Evias are the potentials of working electrode and tip and their difference,
respectively, vs. RE; Iwg, I, are the currents at WE and tip, respectively; Vg, Vi, are
the potentiostats controlling the potential of the working electrode and the tip,
respectively [20].

18



During in situ electrochemical studies when the sample potential, Evwg, is
changed, the tip bias, Eys, or the tip potential, Ey,, can be kept constant. The
first mode ensures constant tunneling conditions but may require limiting the
accessible range of Ewg to maintain Ey, in the double-layer regime of the tip. In
the second mode, the electrochemical conditions at the tip, and consequently
Itsip 1s independent of Ewg. The variation of Ey,s in this mode usually does not
have a strong effect on the STM imaging of/at metal substrates, where the
dependence on E,, is weak. However, for in situ STM studies of
semiconductors, where both tunneling and electrochemical conditions have
strong impact on the measurement, it is extremely difficult to establish
potentials that allow stable imaging [22].

The impact of solvated ions to the tunneling process has had little attention
since it is highly improbable that these species exist in the junction during
atomically resolved imaging. However, ions that are specifically adsorbed on the
working electrode or on the tip will change the local density of states and the
surface dipole, thereby altering the distribution of the electrostatic potential within
the gap in a manner analogous to the vacuum junctions [83,84]. The adsorbate
still contributes to the local density of states upon adsorption, even though the
atomic resonance of an adsorbate lies far above the Fermi level, due to the
significant broadening of the resonance [83]. When the orbital contributes to the
image formation, it extends significantly out from the surface than the bare
substrate wave functions [83,85,86]. It has been found that in the case of simple
anions that have adsorbed on the metal surface, the extension of orbitals in space
has more impact to image formation than the energy of the adsorbate orbitals.
However, it has been shown that the image formation in such systems is highly
sensitive to the tunneling conductance [85,86].

If a bias potential is applied to the sample, an electron tunneling current
flows between the two phases. Depending on the bias polarity, electron transfer
can either be established from occupied states of the sample into unoccupied
states of the tip (positive bias potential) or vice versa (negative bias potential)
[81]. The tunneling current between the conductive sample and the tip is
measured as a function of the distance travelled in the x and y directions. The
direction of the electron flow depends on the sign of the bias applied to the
sample.

Measurement of the current is sensitive of the order of magnitude necessary
to resolve atomic or molecular corrugations on the surface of the sample. If
electrons are tunneling from a sharp metallic tip to a flat metallic electrode or
similar substrate, two different situations can be observed. In the case of large
tip-substrate separation, much greater than the de Broglie wavelength,

h 1.2

Ap = (2meE)1/2 EVER ()

in nm, where /4 is the Planck constant, and E is the applied potential (V),
electrons can only penetrate the gap when high electrical potential is applied,
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which is the case in field emission. On the other hand, when the distance
between the tip and working electrode is approximately Az, as is the case in
STM, electrons can tunnel directly across the gap when a small bias potential is
applied. This allows one to obtain information about the surface at the atomic
resolution level. The interaction between the probe tip and the sample varies
exponentially with the distance between the sample and the most extreme tip on
the probe. Thus, in the case of STM, the atom at the tip apex allows the
tunneling current to pass through [87].

The high spatial resolution of the STM is due to the exponential dependence
of the tunneling current on the tip-sample distance. The resolution in the
direction normal to the surface achieves fractions of angstrom. The lateral
resolution depends on the quality of the tip and is determined primarily not by
the macroscopic curvature radius of the tip apex, but by its atomic structure. If
the tip has been correctly prepared, there is either a single projecting atom at the
apex, or a small cluster of atoms, with the size much smaller than the mean
curvature radius of the tip apex. In fact, the tunneling current flows between
atoms placed at the sample surface and atoms of the tip. An atom, protruding
from the tip, approaches the surface to a distance comparable to the crystal
lattice spacing. In this case the current flows between the sample surface and the
projecting atom at the apex of the tip [88]. Using well-prepared tips it is
possible to achieve a spatial resolution down to atomic scale, as demonstrated
by many research groups using samples of various materials.

As mentioned, the STM topographic image of a surface can be formed in
two ways. In the constant current mode (Fig. 5a) a feedback mechanism permits
to tune the vertical position of the tip whilst keeping the constant tunneling
current, i.e. an STM image displays the variations of the tip vertical position
while horizontally scanning the sample. During this the potential signal applied
to the z-electrode of a piezoelement in the feedback circuit (the tip-sample
distance is kept constant with high accuracy) is recorded as a z = f(x,)) function,
and is later plotted using the computer graphics.

During the investigation of atomically flat surfaces it is often more effective
to measure the STM image in the constant height mode (z = const) (Fig. 5b). In
this case the tip moves above the surface at a constant height of several
angstroms and the changes in the tunneling current are recorded as STM image.
Scanning may be done either with the feedback system switched off (no
topographic information is recorded), or at a speed exceeding the feedback
reaction speed (only smooth changes of the surface topography are recorded).
Applying mentioned method very high scanning rates can be applied and STM
images are created very quickly, allowing to observe the changes occurring on
the surface practically in real time [88].
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Figure 5. Schematic illustration of the formation of STM images in the constant current
mode (a) and in the constant height mode (b), where /e is the tunneling current and Z
is the position of the tip in the z-direction [88].

In order to carry out atomically resolved in situ STM studies at solid
electrode surfaces, the surface has to be very flat with well-defined
crystallographic structure and routinely restorable to its original conditions [58].
Many methods have been introduced over the years to achieve atomically flat
surface structure. Flame annealing in a hydrogen-oxygen flame has proven to be
particularly convenient in the case of the Au and Pt single crystal surfaces [59—
61,89-96]. Electrochemical and chemical polishing is a widely used method to
prepare the surfaces of various metal electrodes, e.g. Bi [23,45,97-99], Cd
[100-104] and Sb [47]. Another method for preparing well-defined surfaces is
electrochemical capillary growth techniques for deposition of the single crystals
which can be used to grow single crystals, e.g. Ag single crystals [105,106].
Atomic layer deposition from the gas phase, electron-beam evaporation as well
as different sputtering methods are also used for producing surfaces with
reasonable surface roughness and exact orientation [69,105,107]. However,
during systematic studies it was found that the surface mesoscopic structure
noticeably depends on the specific preparation method used and different
effects, like step bunching, can occur [25,26,55,58,59,90-93,96,105-110].

Additionally the influence of the applied electrode potential during an in situ
STM experiment has been thoroughly investigated. The dependence of the
surface structure of Au(hkl), Pt(hkl) and Ag(hkl) and other face centred cubic
metals on the applied electrode potential has been discussed in many papers
[25,26,59-61,89,91-93,110]. It was found that the surface structure of Au(kkl)
electrodes is highly dependent of the surface charge density. Therefore, it
depends on the difference of electrode potential applied with respect to the
potential of zero charge (pzc). Also it has been noted that the electrochemical
work function values essentially depend on the electrode preparation methods
used, as well as on the other experimental conditions applied [37,61].
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4.5. Infrared spectroscopy

Over the last two decades, in situ infrared (IR) spectroelectrochemistry has
become an increasingly applied powerful analytical tool in electrochemistry,
and has developed strongly in terms of the diversity of electrochemical systems
that have been studied. This transition may be associated with the availability of
relatively inexpensive, research grade Fourier transform infrared (FTIR)
spectrometers. In contrast to the early 80’s, the detection of organic monolayers
is now commonplace and there is other exciting work in fields as diverse as
organometallic spectroelectrochemistry. In-depth studies of the double layer,
time-resolved studies, (photo-)electrocatalysis as a function of temperature and
the semiconductor | electrolyte interface have been conducted [111].

IR spectroscopy is an analytical technique for identification of chemical
compounds. It is based on the fact that different chemical functional groups
absorb infrared light at different wavelengths dependent upon the nature of the
particular chemical functional groups present in the adsorbate. The method is
fast, sensitive, relatively easy to handle and provides many different sampling
techniques for gases, liquids and solids. Important aspects are the convenient
qualitative and quantitative evaluation of the spectra [111-113].

IR instruments can be operated in either the transmission or reflectance
mode. In the past, analyses were often limited by the thickness of the samples,
by the shape of the sample, by the bulk quantity of the sample and by the
quality of the surface of the sample. These restrictions have been mostly
overcome with adapters that change the presentation of the samples to the IR
beam. Attenuated total reflectance (ATR) and diffuse reflection accessories
allow the analysis of the surface of the coatings and allow comparison of the
bulk properties with the surface properties of a material [112,113].

The IR region comprises fundamental vibrations of bound atoms. Whenever
such bound atoms vibrate, they absorb infrared radiation, i.e. they exhibit IR
absorption bands. The condition for a normal vibration j to be IR active is a
change in molecular dipole moment u during vibration:

- S oo 1(2m) 2
Uj—UO+(5qj)q1+2(6q]g)Qj+ , )

where ¢ is the normal coordinate describing the motion of atoms during a
normal vibration. With respect to the direction of the vibrational movement we
may distinguish between stretching vibrations (changes of bond lengths) and
deformation vibrations (changes of bond angles). Deformation vibrations may
be subdivided into bending modes, twisting or torsion modes, wagging modes
and rocking modes. Further subdivision refers to the symmetry of the vibration
(e.g. symmetric or antisymmetric, in-plane or out-of-plane) [112].

A Fourier Transform (FT) is a mathematical conversion that allows the split
of the entire infrared light spectrum simultaneously, then converting the
scanning results mathematically into a wavelength vs. transmittance spectra.
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Combined together these two functions provide FTIR as an instrument that
can be used in the identification and characterisation of organic compounds.
The relative simplicity of the resulting FTIR analytical methods allows it to be
widely used for the analysis of a wide range of different materials. It is often
used in the packaging industry to analyse monomeric materials for purity, and
to identify polymers (polyethylene, polyester, nylon, efc.) and their
compositions [113].

The non-electrochemical spectroscopy surface enhanced infrared reflection
absorption effect was first reported by Hartstein and co-workers in 1980 [114].
Osawa et al. pioneered the application of this technique for in situ electro-
chemical IR studies on metal thin films [115]. Surface enhanced infrared
reflection absorption spectroscopy (SEIRAS) spectra show marked
enhancement of the infrared absorptions of adsorbed species, up to 40 times of
that expected on a smooth, bulk metal electrode. A thin metal overlayer excites
surface plasmon polaritons in the metal film, the strong electromagnetic fields
associated with this excitation provide a sensitive probe of the metal film |
electrolyte interface, with tenfold enhancement in sensitivity being claimed over
the more conventional subtractively normalised interfacial Fourier transform
infrared spectroscopy (SNIFTIRS) method [111].

The mechanism has two distinct parts that complement each other to give the
observable large enhancement effect. The surface plasmons of the metal island
films are excited by electromagnetic mechanism. If the molecules reorient in a
way that their dipole moments are in line with the electric field on the islands
then the molecules will absorb more energy from the source radiation.

The other part consists of chemical interactions. The only well-known and
understood effect is chemisorption. The chemisorbed molecules can reorient
when the electric field is induced on the surface of the metal, resulting in a
much higher enhancement factor. In the case of physisoption this effect does not
occur. However, other chemical interactions seem to be occurring as well, since
the calculated enhancement effect is still lower by a factor.

The application of SEIRAS to electrochemistry can be very wide. One
example of this is the use of SEIRAS to gain information about the mechanism
of irreversible electrochemical reactions. However, SEIRAS can also be applied
to study the structure of the electric double layer at the electrochemical
interface. This is of great importance because it helps to understand
electrocatalytic reactions. Furthermore, it is possible to monitor reversible
reactions by microsecond time resolution.

Both the electrolyte and the metal layer are damping the evanescent wave by
absorbing energy from it. Hence, it is crucial to ensure that the metal working
electrode layer, whilst being thick enough to ensure metallic conductivity, is not
too thick that the evanescent wave is not sufficiently damped and it cannot
sample the electrode | electrolyte interface [111].

The application of ATR-SEIRAS (Fig. 6) experiments at solid/liquid
interfaces with well-defined metal films deposited on highly refractive
IR-transparent prisms has several advantages, in comparison to SNIFTIRS
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studies employing the so-called thin electrolyte film configuration (1 pum to
5 um) between the optical window and the working electrode: 1) high and
specific surface sensitivity with an enhancement up to ca. 40 times stronger as
in SNIFTIRS; 2) dominant first layer effect (dense layer region) with a short
decay length of the enhanced field of 3 nm to 4 nm (diffuse layer region)
towards the bulk electrolyte; 3) signals from the interface and the solution
background are of comparable magnitude and can be separated by applying the
potential difference tactics; 4) no severe limitations due to mass transport and
potential perturbations [44].

Polarizer

Lens

N

Figure 6. Constructed variable angle (55—75 deg) SEIRAS spectroelectrochemical cell
with corresponding IR beam path [116].

The SEIRAS spectra are governed by both concentration induced changes as
well as by the action of surface selection rule. Changes of adsorbate
concentration at the interface result in all the vibrational modes of a given
species to be in the same direction. The surface selection rule for IR
spectroscopy states that only interfacial changes that produce a net positive
dynamic dipole moment perpendicular to the interface are enhanced by the
plasmonic properties of the electrode material, while dynamic dipole changes
parallel to surface (perpendicular to the electric field caused by the electronic
plasma oscillations) are not enhanced [70,116,117]. This means that, differently
from the concentration induced changes, adsorbed species can have both
positive and negative going bands in the SEIRAS spectra, dependent on the
orientational changes of the adsorbed species initiated by changing the electrode
potential.

SEIRAS method has been mainly used for analysing coinage metals and
platinum surfaces, but it was shown by Romann et a/. that this method could be
used also for analysis of adsorbed layers at other metals like Bi [45,116].
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4.6. Cyclic voltammetry (CV)

Cyclic voltammetry is the most widely used and often the first experiment
performed for acquiring qualitative and quantitaive information about the
electrochemical reactions and charging of electrical double layer.

In CV method, the electrode potential, £, is changed cyclically with a
constant scan rate, v = dE /dt, between two potential extremes (i.e. the applied
potential varies in saw tooth like fashion (Fig. 7a)), and the corresponding
current is recorded. The resulting current vs. potential plot, known as the cyclic
voltammogram (Fig. 7b), gives a survey over the processes occurring within the
potential range studied [118—120].

L L
0 Switching time, A
[ —

Figure 7. Cyclic potential sweep (a) and resulting cyclic voltammogram (b), where i is
the current density, E is the electrode potential, ¢ is the time and E, is the electrode
potential at switching time A [118].

For a simple redox reaction, it is possible to express the temporal
development of the current density, i, through the electrode:

, OCred
i =nFD (W)x:o’ (6)
where 7 is the number of electrons transferred, F' is the Faraday constant, D is
the diffusion coefficient, dc,../0x is the reduced species concentration gradient.
For a reversible one electron transfer process (n=1), when the diffusion
coefficients for oxidised and reduced form are equal, the difference between
oxidation and reduction current density peak potentials should be 58 mV
[118,120].

Usually the electrode potential is scanned linearly towards a more negative
potential and back towards the starting potential. The forward scan produces a
current peak for any species that can be reduced within the range of the
potential scan. The current density absolute value, [i|, will increase as the
potential reaches the reduction potential of the species, but then falls off as the
concentration of the species is depleted close to the electrode surface. As the
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applied potential is reversed, it will reach a potential that will oxidise the
product formed during the reduction reaction, and produce a current of reverse
polarity from the forward scan. This oxidation peak will usually have a similar
shape to the reduction peak. The peak current, ,, is described by the
Randles-Sevcik equation:

I, = (2.69 x 10%) n3/2 S¢ DY/2 /2, (7

where S is the area of the electrode and ¢ is the species concentration,
[118,121].

The electrochemical reactions at the surface can be divided into two major
groups: adsorption controlled processes and diffusion controlled processes. In
case of the adsorption step limited process the current peak height is
proportional to the applied sweep rate and the charge circulated during the
sweeps provides information on the surface coverage of the adsorbed species.
However, for diffusion step rate controlled process, the peak current height is
proportional to the square root of the potential sweep rate [118,121].

The exact shape and quantitative features in CVs depend on various
parameters, e.g. the adsorbed species, the adsorption isotherm followed, the
surface concentration of the redox species, or on the presence or absence of
intermolecular forces between the adsorbed molecules [120].

0

Figure 8. Effect of double-layer charging at different potential scan rates (v) on a linear
potential sweep voltammogram. Curves are plotted with the assumption that differential
capacitance is independent of potential. The magnitudes of the charging current, /., and
the peak current, /,, are shown with respective current scales [118].
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Since the potential is continuously changing in a potential sweep experiment,
a charging current, |/ |, always flows:

| = SCv, (®)

where C is the differential capacitance. Thus the faradaic current must always
be measured from a baseline of charging current (Fig. 8) [118].

4.7. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) methods were initially applied
to determine the double-layer capacitance. Nowadays the EIS methods are
regularly used to characterise electrode processes and complex interfaces. EIS
studies the system response to the application of a periodic small sinusoidal ac
potential signal by measuring the current through the electrochemical cell.
These measurements are carried out at different ac frequencies. Analysis of the
system response contains information about the interface properties, its structure
and reactions taking place at the interface [122].

During the experiments usually sinusoidal perturbation is applied to the
electrochemical system:

E(t) = Ejsinwt, 9)
where E(¢) is the potential at time ¢, E, is the potential amplitude, w is the
angular frequency with a relationship to frequency (f): w = 2mf. The current
response /(f) will be a sinusoid at the same frequency but shifted in phase:

I(t) = I sin(wt + D), (10)
where [(7) is the current at time ¢, I is the current amplitude, and @ is phase

angle by which the potential lags the current. According to the Ohm’s law the
impedance is defined as the ratio of potential and current

_E®
Z=10 (11)

Impedance has magnitude (Z, = 115_0) and phase angle. Therefore it is convenient
0

to present the impedance as:
Z = Zy(cos® + V—-1sin®) = z' + V-12", (12)

where Z' is real part of impedance and Z" the imaginary part of the impedance
[123].
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If a sinusoidal potential is applied to a pure resistor with resistance R, then
Zy=R and @ = 0° for all frequencies.

However, if a sinusoidal potential is applied across a pure capacitor, the
impedance can be calculated according to the relationship

1 __ ¥y
T V=iwc wC’ (13)

Z

where C is the differential capacitance and the phase angle is @ = —90°, i.e. the
impedance depends on the frequency and is completely imaginary. The
magnitude of the impedance for a pure capacitor is [123]:

Zy = —. (14)
In the case of serial combination of resistor and capacitor, the currents

through both elements are the same. Hence, the total impedance can be
calculated from [123]:

Z=R-1 (15)

4.8. In situ study of the adsorbed
monolayers on single crystal electrodes

The application of STM in various scientific fields has added a great amount of
knowledge and understanding through enabling the real space imaging of
molecules on solid surfaces. Molecular imaging clarifies the arrangements of
particles in arrays, orientations and even in intramolecular structures in
ambious, UHV and solution conditions. The visualisation of adsorbed layers on
well-defined single crystal surfaces has received much attention in the last
decade due to their significance in surface and materials science, interfacial
electrochemistry and nanotechnology, such as ordered adsorption, island
nucleation and growth, surface reconstruction and molecular electronics.
Furthermore, directly connected to the interfacial phase formation processes are
kinetic phenomena, such as catalytic activity and chirality of surfaces, selective
recognition of molecular functions, and oscillating chemical reactions.

Pairing supramolecular chemistry and scanning probe microscopy allows the
visual consideration of molecular self-assembly in sub-molecular space [124].

The two-dimensional (2D) structure and reactivity of organic, ionic, or
metallic (sub-)monolayers can also be studied at potentiostatically controlled
electrode | electrolyte interfaces. This approach has the advantage over a non-
electrochemical environment that the structural and dynamic properties of the
adsorbate and the working electrode can be directly altered by changing the
applied electrode potential [25].
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The electrochemical adsorption of organic molecules depends on numerous
aspects: 1) on the interactions with the electrode through image charges and/or
substrate-adsorbate coordination; 2) on the displacement of previously adsorbed
solvent molecules and/or electrolyte ions; 3) on the hydrophobic and
hydrophilic interactions with remaining solvent molecules; 4) on the
interactions between the adsorbate species. The latter may involve dispersion
and dipole-dipole coupling, 7-stacking, and/or hydrogen bonding [44].

The first electrochemical studies of 2D phase transitions, e.g. the formation
of compact monolayers of organic molecules or salts, were performed at ideally
smooth Hg(4kl) electrodes [125,126]. The use of well-defined single crystal
electrodes, such as Au(kkl), Pt(hkl), and Cu(hkl), demonstrated the considerable
influence of the electrode chemical composition and surface structure
(crystallographic orientation, defects, efc.) on electrode kinetics and 2D phase
transitions in electrochemically formed adlayers of organic molecules
[27,44,127,128], ions [129], or metals [130]. Also additional contributions arise
from solvent molecules and the co-adsorption of ions of the supporting
electrolyte.

The combination of classical electrochemical experiments, based on
measurements of current, charge density or impedance as a function of the
applied electrode potential or time, with structure-sensitive in situ techniques,
such as STM and atomic force microscopy [28,41-44,127,131-134], surface
X-ray scattering [135], and/or vibrational spectroscopies (SEIRAS [42,45],
Raman [136,137], etc.) complemented by density functional theory calculation
methods [138—141] provide an approximate understanding of the solid | liquid
interfaces in macroscopic and microscopic (molecular or atomic) levels.
Applying the knowledge gathered it is possible to develop the general molecular
theory taking into account the influence of the crystallographic structure,
electronic and chemical nature of the surface as well as the adsorption
properties (molecular structure, dielectric properties and polarisability, charge
density localisation) on the 2D condensation phenomenon [25].

29



5. EXPERIMENTAL

The surface of the basal Cd(0001) plane was prepared by electrochemical
polishing in a hot (80 °C) 1:1 solution of concentrated phosphoric acid
(Lachner, 85.0%) and Milli Q" water at current density i~ 1.48 A cm °. The
surface of Sb(111) has been prepared by electrochemical polishing in 10:1
saturated aqueous KI (Sigma, 99.5%) + concentrated HCI (Fluka Analytical,
>37.0%) solution at a current density i = 1.45 A cm ~.

For studying the Cd(0001) plane in aqueous electrolyte the electrochemically
polished electrode was submerged into the 0.1 M Na,SO4 + 1.0x107° M H,SO,
aqueous solution (previously saturated with Ar (99.999%)) at electrode potential
E=-1.10 V vs. Ag | AgCl in saturated KCI aqueous solution. The self-made
hermetic three-electrode cell with large Pt auxiliary electrode and Ag | AgCl sat.
KCI reference electrode, connected to the in situ STM cell through Luggin
capillary, was used. The region of ideal polarisability (—1.30 V < E <-0.90V
vs. Ag | AgCl sat. KCl) was established using CV and EIS methods (Autolab
PGSTAT 30 with FRA 1II system). The series capacitance (Cs) values were
measured at constant fixed frequency (mainly at f =210 Hz).

For studying the Cd(0001) and Sb(111) planes in EMImBF, the electro-
chemically polished Cd(0001) and Sb(111) single crystal electrodes were
submerged at £ = —1.10 V and at £ = —0.60 V vs. Ag| AgCl | EMImBEF,,
respectively into the EMImBF, (Fluka Analytical, for electrochemistry,
>99.0%, H,O < 200 ppm), which was additionally dried inside glove box with
dry Ar (99.9999%). Same electrochemical cell was used as for the aqueous
electrolyte studies, but with a chlorinated silver wire quasi-reference electrode
(Ag| AgCl| EMImBF4). All CV and EIS measurements (using Autolab
PGSTAT 320 with FRA II) were performed inside a glove box (H,O < 1.0 ppm,
0, < 1.0 ppm) in a three-electrode electrochemical cell. For CV measurements
the potential sweep rate was varied from 5 mV s ' to 100 mV s~ and EIS data
were measured at various fixed potentials within the ac frequency range from
0.1 Hz to 1.0x10" Hz.

For the in situ STM measurements Molecular Imaging PicoSPM™ system
applying the Apiezon™ coated tungsten STM tips, prepared in our laboratory,
were used. The STM-tips and measurement system were tested and calibrated
using highly oriented pyrolytic graphite (HOPG) cleaved basal plane C(0001)
(SPI™). All STM images were recorded in constant current mode with
tunneling currents from 0.5 nA to 10.0 nA. For image processing and surface
roughness analysis the Nanotec Electronica WSxM™ [142] and Gwyddion
[143] free software products were used. Root mean square roughness (RMS) has
been calculated using Gwyddion software from the following relation:

1 @n,
mw:/axgﬁ, (16)
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where nq4 is the number of data points and z; is the height deviation of i-th point
from the mean line, defined so that the arithmetic sum of all z; is equal to zero.

The in situ infrared spectra were measured using Perkin-Elmer Spectrum GX
FTIR system equipped with a liquid nitrogen-cooled midrange MCT detector
[69,116,144] on a 20 nm thick magnetron sputtered layer of cadmium electrode
with polycrystalline surface structure. Infrared beam was directed through a
ZnSe wire grid polariser and a ZnSe lens to the Si hemisphere at 65 degrees of
incidence (mainly p-polarisation mode was used). SEIRAS spectra were
collected during 3 minutes at a resolution of 4 cm ™' at fixed potential, and the
measurement cycle was repeated at least 3 times. The resulting spectra were
calculated by dividing the sample spectrum at fixed potential with the reference
spectrum measured at reference potential and presented as absorbance A.
Therefore, the positive-going bands represent a gain of a particular species at
the sample potential relative to that of the background reference potential.

Aqueous solutions were prepared volumetrically using Milli Q+ water,
H,SO, (double distilled, Aldrich), 4,4-BP (Fluka purum, 99%) and Na,SO,
(purified by triple recrystallisation from water and treated in vacuum to
dryness). Na,SO; was also calcined at 700 °C immediately prior to the
measurements. The 1% 2,2’-BP (Aldrich, 99+%) and EMImBEF, solutions were
prepared by mass on an analytic scale.

The temperature during the experiments was kept at 24 + 1 °C.
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6. RESULTS AND DISCUSSION

6.1. Surface structure of Cd(0001) single crystal
electrode in aqueous electrolyte

6.1.1. Analysis of CV and EIS data

The CV and the series capacitance vs. electrode potential (Cs vs. E) curves,
given in Fig. 9 and 10, respectively, show that the Cd(0001) | 0.1 M Na,SO4 +
1.0x10” M H,SO; interface is nearly ideally polarisable within the electrode
potential region from —1.30 V to —0.90 V vs. Ag | AgCl sat. KCI. It can be seen
that at more negative electrode potentials |i| and Cs values increase, caused by
the very slow cathodic hydrogen evolution at £<—1.30 V. At less negative
electrode potentials a small plateau on Cs vs. E curve can be seen, indicating the
pzc area near £=-1.05V, which is in a good agreement with pzc data
discussed in dilute surface inactive electrolyte solutions [54]. At more positive
potentials, i and Cg values start to increase exponentially due to the anodic
dissolution of Cd(0001) surface.
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Figure 9. Current density (i) vs. electrode potential (£) curves measured at different

scan rates (noted in figure) for Cd(0001) in 0.1 M Na,SO, + 1.0x107> M H,SO, aqueous
solution.
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Figure 10. Series capacitance (Cs) vs. electrode potential (E) curve for Cd(0001)
electrode in 0.1 M Na,SO,4 + 1.0x10° M H,SO4 aqueous solution at 210 Hz.

From the phase angle vs. log f plots it can be seen that within the region of
100 Hz <f<1 Hz the absolute phase angle values are higher than 75°,
describing an adsorption rate limited process (Fig. 11). At the lower ac
frequencies the phase angle absolute values decrease due to the start of the very
slow partial charge transfer process.
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Figure 11. Phase angle vs. log f (frequency) plots for Cd(0001) electrode in 0.1 M
Na,SO, + 1.0x107° M H,SO, aqueous system at different electrode potentials (vs.
Ag | AgCl sat. KCIl, noted in figure).
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Figure 12. Complex plane plots for Cd(0001) electrode in 0.1 M Na,SO4 + 1.0x107° M
H,SO, aqueous system at different electrode potentials (vs. Ag | AgCl sat. KCI, noted in
figure).

The Nyquist plots at different electrode potentials are presented in Fig. 12.
At the smaller ac frequencies and at the pzc region the so-called capacitive
behaviour prevails like in the case of Bi(111), where the very slow adsorption-
desorption with partial charge transfer process from base electrolyte ions to
Cd(0001) electrode surface is possible [97]. At the very low ac frequency area
and at more negative electrode potentials the values of —Z" and Z' decrease
compared to values of —Z"" and Z’ at potential region from —0.90 V to —1.20 V
due to the start of slow cathodic process (hydrogen evolution).

6.1.2. Analysis of in situ STM data

According to the data given in Fig. 13a, the surface of the Cd(0001) electrode
consists of atomically smooth terraces and steps with height of 5.6+0.2 A
(Fig. 13b) or of multiple heights, being in accordance with Cd crystallographic
data [52].

Fig. 14 shows the atomic resolution picture (a), fast Fourier transform (FFT)
filtered image (b) and the surface profile (c) for the electrochemically polished
Cd(0001) electrode at £=—1.15 V. According to these data, the regular atomic
structure can be observed (with the cell parameters calculated from FFT
analysis: 2.9+0.3 A). Some deviation of experimental data from
crystallographic characteristics can occur due to the thermal drift distortion. The
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height fluctuations observed within the region of (12x12) nm® plateaus exposed
on Cd(0001) surface are very small, as previously shown for Bi(111) and
Sb(111) electrodes [47,97].
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Figure 13. In situ STM image (a) and selected surface profile (b) for electrochemically
polished Cd(0001) plane in 0.1 M Na,SO, + 1.0x10” M H,SO, aqueous solution at
electrode potential £=—1.00 V vs. Ag | AgCl sat. KCI.

The surface structure of Cd(0001) single crystal electrode, i.e. the terraces
and steps, is very stable during few hours within electrode potential region from
—1.40 V to —0.90 V (Fig. 15a-c). This conclusion is supported by the RMS vs. E
analysis (Fig. 15d). Therefore, in a good agreement with the CV and EIS data,
there is no evidence of quick surface reconstruction of Cd(0001) surface layer
as it has been established for Au(hkl) [59-61].
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Figure 14. In situ STM atomic resolution image (a), FFT filtered image (b) and height
profile (c) for Cd(0001) electrode in 0.1 M Na,SO, + 1.0x10~° M H,SO, aqueous
solution at electrode potential £=—1.15 V vs. Ag | AgCl sat. KCI.
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Figure 15. In situ STM images at various electrode potentials (noted in figure; a, b, c)
and root mean square roughness (RMS) vs. fixed electrode potential (£) dependence (d)
for Cd(0001) electrode in 0.1 M Na,SO,4 + 1.0x10~ M H,SO, aqueous solution.
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At less negative potentials, the surface oxidation and dissolution of the
Cd(0001) electrode surface starts (Fig. 16). After holding the Cd(0001)
electrodes at £=-0.75V, it can be observed that some etched holes start to
appear and develop on the Cd(0001) electrode surface. After some minutes the
surface structure of the electrode completely changes through the dissolution of
Cd(0001). The dissolution potential value established for Cd(0001) electrode is
in a good agreement with the Pourbaix diagram data for polycrystalline Cd [51].

a 0 nm 30 100 150
[] 11.7 nm 10 Profile 1
20 |
8.0 8
40 6.0 E 4
S
60 40 6
80 2.0
2 0.0 4 T : T
E=—1.0 Vvs. AgIAgCl sat. KCl 0 50 Y{ggﬂ 150 200
Twe=—0.61 pA; Jume = 2.4 DA; Fpias = 200 mV }

73um 7 Profile 2
60 4

— 5-
40 g |

N

3 4

20
- 1 . . :

E==0.75V vs. Ag/AgCl sat. KCI; 0 50 &00 ] 150 200
Twg = 0.6 PA; Jumne = 2.4 nA; Ebias = 50 mV Ao
e om 50 100 150 f
20| 4
250
w_ —
€20
=
w 150 R
80| 50
i 0.0 0 T T T
E==0.75 V vs. Ag|AgCl sat. KCI; 0 50 \100 150 200
Fwe = 0.7 pA; Jumna = 2.6 1A; Epias = 50 mV Anm)]

Figure 16. In situ STM images of Cd(0001) surface at electrode potential £ =—1.00 V
(vs. Ag | AgCl sat. KCl) (a) and profile (b), at £ = —0.75 V (c) and profile (d) after 3
minutes and at £= —0.75V (e) and profile (f) after 10 minutes in 0.1 M Na,SO,4 +
1.0x10° M H,SO, aqueous solution.
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6.2. Adsorption of 4,4’-bipyridine at Cd(0001) surface

6.2.1. Analysis of CV and series capacitance plots

From the CV data measured for Cd(0001) | 0.1 M Na,SO,4 + 1.0x 10° M H,SO,
+3.0x10™* M 4,4'-BP system (Fig. 17), it can be seen that the reduction peak
potential value on the CV (E.q) is shifting towards more negative
(|AEedl = 110 mV) and the oxidation peak potential value (E.) towards less
negative electrode potentials (|JAE,x| > 68 mV) with the increase of the potential
scan rate from 5 mVs ' to 500 mV s™.
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E /V vs. Ag|AgCl sat. KCI

Figure 17. Current density (i) vs. electrode potential (E) curves for Cd(0001) in 0.1 M
Na,SO,4 + 1.0x10° M H,S0O, + 3.0x107* M 4,4'-BP system at various potential scan
rates (noted in figure), and reduction peak current density value (i..q) and oxidation peak
current density value (i) dependence on square root of potential scan rate (+/v) (inset) .

In addition, E,q and E,, (at fixed 4,4-BP concentration (cs4.pp)) depend
noticeably on the potential scan rate (Figs. 17 and 18). At fixed v=100mV s’
Eox—FEa=280 mV (Fig. 18), indicating the quasi-reversible adsorption process
of 4,4'-BP with partial charge transfer (or true faradaic charge transfer). There is
a nearly linear dependence of the reduction peak current density value (i..q), as
well as of oxidation peak current density value (i), on v/v (inset in Fig. 17),
demonstrating mainly mass transfer step limited processes [145—154]. However,
the mass transfer (diffusion) coefficient values, which can be calculated from
the slopes of ireq V5. VV or iox vs. Vv plots, depend noticeably on the organic
compound concentration in the solution, being lower for more concentrated
4,4'-BP solutions. This can be explained by the formation of a more compact
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4,4'-BP adsorption layer on the charged Cd(0001) surface from more
concentrated 4,4'-BP solutions.

Similarly to the adsorption of 4,4’-BP on the Bi(111) electrode surface [155],
the current density values slightly decrease with subsequent potential sweeps
(Fig. 18). The adsorption of 4,4'-BP can be considered as a quasi-reversible
adsorption process (with partial charge transfer step) within the potential region
investigated.

200
150 F 1 cycle

100

—0mM 100 mV/s
—0.3 mM
—1.5mM
—3ImM

-200 1 1 L 1 L 1
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Figure 18. Current density (i) vs. electrode potential (£) curves for Cd(0001) electrode
in 0.1 M Na,SO4 + 1.0x10° M H,SO4 + x M 4,4-BP system (x noted in figure), at
v=100mV s

The Cs vs. E curves for the Cd(0001) | 0.1 M Na,SO, + 1.0x10° M H,SO, +
1.5x107° M 4,4'-BP aqueous solution system were measured at different fixed
ac frequencies (Fig. 19). The distinctive capacitance peak at £ =—1.20 V can be
regarded as a so-called pseudocapacitive peak, caused by the partial charge
transfer process. The Cs values at £ =—1.20 V strongly depend on f'(Fig. 19), as
well as on cqa.pp, Which is also characteristic to the adsorption of organic
compounds on Hg and Bi electrodes [58—63]. The pseudocapacitive peak
potential is nearly independent of ¢4 4-pp in the solution, indicating the formation
of a stable 2D structure already in very dilute 4,4’-BP solutions.
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Figure 19. Series capacitance (Cs) vs. electrode potential (E) curves for Cd(0001) in
0.1 M Na,SO, + 1.0x10° M H,S0, + xM 4,4'-BP aqueous solution at various ac
frequencies (noted in figure).

6.2.2. Analysis of Nyquist and Bode phase angle dependencies

The Nyquist plots for Cd(0001) | 0.1 M Na,SO4 + 1.0x10° M H,SO4 + x M
4,4'-BP systems are shown in Fig. 20. Reduction of the 4,4'-BP layer and
faradaic electroreduction processes take place at £<-1.40 V. There are no
linear areas with the slope values varying from 45° to 60° in the Nyquist plots,
characteristic of the finite length mass transfer step limited adsorption processes
at /< 10 Hz.

The high and low frequency maxima (100 — 150 Hz; 0.4 — 0.3 Hz) in the
Bode phase angle plots for Cd(0001) | 0.1 M Na,SO4 + 1.0x10~° M H,SO0, +
x M 4,4'-BP systems (Fig. 21) can be characterised by the distinctly different
characteristic relaxation times. Therefore two parallel processes are suggested:

slow adsorption (with following partial charge transfer step) and true faradaic
oxidation processes at £ >—0.90 V.
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Figure 20. Nyquist (—Z",Z") plots for Cd(0001) electrode in 0.1 M Na,SO, +
1.0x107° M H,SO, + x M 4,4'-BP aqueous solution at different electrode potentials (vs.
Ag | AgCl sat. KCI, noted in figure) and x: 3x10™* M (a); and for different 4,4'-BP
concentrations (noted in figure) at £ =—1.20 V vs. Ag | AgCl sat. KCI (b).

At more negative electrode potentials (£ =—1.40 V), the region of intensive
decrease in the absolute value of phase angle is shifted towards higher f values
with the increase of negative polarisation (Fig. 21a), which could be explained
by the reductive desorption of 4,4'-BP from the Cd(0001) | electrolyte interface
[136,156].

The phase angle values strongly depend on the cs4pp in solution at
E=-1.20V (Fig. 21b). The quick adsorption layer formation, i.e. less negative
phase angle values at higher ac frequencies (followed by the slower partial
charge transfer step at /< 1.0 Hz), has been verified for the most concentrated
4,4'-BP solutions (¢4 4.pp=> 1.5% 107 M).
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Figure 21. Bode phase angle vs. log f (frequency) plots for Cd(0001) electrode in 0.1 M
Na,SO, + 1.0x10° M H,SO, + x M 4,4'-BP aqueous solution at different electrode
potentials (vs. Ag | AgCl sat. KCI, noted in figure) and x: 3x10™* M (a); and for different
4,4'-BP concentrations at £ =—1.20 V vs. Ag | AgCl sat. KCI (b) (noted in figure).

6.2.3. Analysis of in situ STM data

It has been established that in 0.1 M Na,SO, + 1.0x10° M H,SO, + 1.5x10° M
4,4'-BP and at E =—1.25 V (vs. Ag| AgCl in sat. KCI) 4,4'-BP molecules form
a stripe pattern on the Cd(0001) electrode surface (Fig. 22a). Similar patterns
have been observed on the Au(111) [27,44], Bi(111) [155] and Cu(111) [127]
electrodes, where the commensurate structures of the 4,4’-BP molecules are
formed by translation and rotation of the molecules towards the surface
[26,134].
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Figure 22. In situ STM image for 4,4’-BP adsorption on Cd(0001) electrode from 0.1 M
Na,SO, + 1.0x10° M H,SO,4 + 1.5%10° M 4,4"-BP aqueous solution at £ =-1.25 V vs.
Ag | AgCl sat. KCI (a), chemical structure of 4,4’-BP (b) and proposed packing model
for adsorbed 4,4’-BP molecules and calculated cell dimensions (c).

In Fig. 22a the high-resolution in siftu STM image for 4,4'-BP adsorption
from 0.1 M Na,SO, + 1.0x10~° M H,SO, + 1.5x10° M 4,4"-BP to the Cd(0001)
surface is given. The periodic arrays of bright features are clearly visible at tip
bias potential Ey,s = 50 mV and at tunneling current /i = —1.50 nA. From the
in situ STM image the characteristic dimensions for the unit cell of the
adsorption layer have been measured: ¢ = 2.70 nm, b = 0.52 nm and o = 90°
(Fig. 22b). Based on the values of a, b, and the angle o, a rectangular unit cell
for the co-adsorbed 4,4'-BP and hydrated sulphate ions forming the adlayer at
the Cd(0001) | 4,4’-BP + 0.1 M Na,SO, + 1.0x 1073 M H,SO, interface has been
proposed. Based on the unit cell parameters, the approximate 4,4'-BP adlayer
coverage 4.7x107"° mol cm ™ has been calculated.
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Figure 23. Fast Fourier transform filtered in situ STM images (a, b) and selected
surface profiles (c, d) for electrochemically polished Cd(0001) plane in 0.1 M Na,SO, +
1.0x10° M H,SO, + 1.5x10° M 4,4'-BP aqueous solution at electrode potential
E=-1.10V vs. Ag| AgCl sat. KClI (a, ¢c) and at E=—1.40 V (b, d).

It is interesting that the strongly adsorbed compact layer structures on
Cd(0001), detectable by in situ STM method, form only within the very limited
region of potentials, from —-1.25V to —1.30V and at lower 4,4-BP
concentrations (c44.pp= 1.5% 10°° M). The compact 4,4'-BP monolayer dissolves
when the potential of Cd(0001) electrode is swept from £=-1.30 V towards
more negative values, in agreement with EIS data. The compact adsorption
layer cannot be visualised at £ > —1.25 V (using the in situ STM) probably due
to the very compact nature of the adsorbed 4,4’-BP layer and strong chemical
bonding of the adsorbed molecules on Cd(0001) surface (including partial
charge transfer step). However, no structural changes were observed in the
adsorbed layer, while cycling the electrode potential during a long time within
-130V<SE<-125V.AtE<-135V and E >—-1.25 V, the atomic resolution
level picture, characteristic of the inactive supporting 0.1 M Na,SO, +
1.0x10° M H,SO0; electrolyte | Cd(0001) interface (Fig. 23), was visualised.

6.2.4. Analysis of surface enhanced infrared
reflection absorption spectroscopy data

In situ SEIRAS measurements were applied to identify the 4,4'-BP adsorption
as well as the orientational changes in the adsorbed 4,4'-BP + HSO, or SO,*
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anions layer structure. The SEIRAS spectra for thin-layer cadmium electrode
(Fig. 24) demonstrate structural changes in the first few monolayers adsorbed at
the Cd|0.1 M Na,SO; + 1.0x10° M H,SO, + 1.5x10° M 4,4'-BP aqueous
solution interface whilst variating the applied electrode potential.
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Figure 24. SEIRAS spectra for Cd film electrode in 0.1 M Na,SO,4 + 1.0x 107° M H,S0,
+ 1.5x107 M 4,4'-BP aqueous solution at different electrode potentials (background
spectra were measured at £ =—1.10 V vs. Ag | AgCl sat. KCI).

The potential modulation technique has been applied to measure the spectra
and a potential near the pzc (E=-1.10 V vs. Ag | AgCl sat. KCI) [157-159] has
been used as the reference potential against which all potential induced changes
at the interface have been compared.

The SEIRAS data show that there are large spectral changes within applied
electrode potential region from —1.20V to —1.30 V, i.e. within the same
potential region where the so-called pseudocapacitance maximum has been
shown via CV and EIS methods. The spectrum measured at £ =—1.20 V mainly
shows the weak absorption bands that are characteristic of changes within the
electrical double layer. The spectrum at £=—1.30 V shows extremely strong
absorption bands characteristic of large-scale interfacial interaction changes.
Thus, increase in the amount of crystalline water at the interface (seen by the
broad H-bonded water absorption bands at 3520 and 1630 cm ') and a decrease
in the amount of 4,4’-BP at the Cd electrode | 0.1 M Na,SO, + 1.0x10° M
H,SO, + 1.5x10°> M 4,4'-BP aqueous solution interface have been established.
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Interestingly, it can be seen that the bands representative of the molecular
vibrations parallel to the longitudinal axis of the neutral 4,4’-BP molecule
(bands at 1598, 1490, 1220 and 997 cm') are strongly negative, while the
bands representative of vibrations perpendicular to this axis are weakly positive
(bands at 1533 and 1409 cm™"). Therefore, as seen from the CV and EIS
experiments, there is indeed a slight decrease in the interfacial concentration of
4,4'-BP at more negative electrode potentials (at £ = —1.30 V) being replaced by
the well-ordered (so-called crystalline) water structure and electrolyte ions
(sulphate band at 1160 cm ™).

On the other hand, it was also established that the orientation of the adsorbed
4,4'-BP molecules on Cd electrode changes relative to the pzc. While the
molecules are likely perpendicular (similar to that shown for the Au(111)
interface [160] due to end-on bonding) to the surface at the Cd electrode at pzc
(seen by strong absorption bands along the longitudinal axis of the molecule,
perpendicular to the surface), their orientation is shifted towards a more parallel
orientation to the metal | solution interface at more negative electrode potentials.

SEIRAS measurements also confirm that the faradaic reduction process at
E <—1.40 V corresponds to the reduction of 4,4’-BP molecules, similar to what
has been established by previous in sitfu Raman measurements [136,156].

6.2.5. Discussion of the properties of the
Cd(0001) | 4,4'-bipyridine interface

The results of the CV and EIS data for the Cd(0001)0.1 M Na,SO, +
1.0x10° M H,SO, + 4,4-BP interface indicate that there are two specific
applied potential areas, where the adsorption and the formation of 2D 4,4'-BP
monolayer takes place.

At less negative electrode potentials, £>—1.20 V, 4,4-BP adsorbs forming
densely packed stripes. Comparable results have been shown for the
Au(111)|4,4'-BP + supporting electrolyte interface, where the 4,4'-BP
molecules are adsorbed head-on through a metal-nitrogen bond [160].
Unfortunately, to detect this structure with in situ STM, extremely low
tunneling currents are necessary in order to not saturate the through-molecule
tunneling, which has been very difficult even for the Au(111) | 4,4'-BP interface
[160].

At more negative electrode potentials (£ <—1.25 V) some of the 4,4'-BP
molecules desorb, giving rise to a reorientation peak in the CVs as well as the
so-called pseudocapacitive peak in the Cs vs. E curve. As the surface coverage
of the organic adlayer of 4,4'-BP decreases (£ =—1.25 V), a striped structure is
formed on the Cd(0001) plane structure, clearly seen on in situ STM images.
From the in situ STM images it was determined that the fine structure
parameters for the formed layer are: 2.70 nm between the stripes and 0.26 nm in
the direction of the stripes (between adsorbed 4,4'-BP molecules). These
parameters were used to formulate an adsorption unit cell. It is also seen from
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the in situ STM data, that at £ <—1.20 V, the entire surface is not covered with
an ordered organic adsorption layer. The calculated adlayer coverage is about
4.7x107"" mol cm .

In situ SEIRAS measurements were performed to identify the adsorbate
molecules as well as the influence of the surface potential to the orientation of
the adsorbed 4,4’-BP molecules. The SEIRAS results indicate that the 4,4'-BP is
adsorbing on Cd(0001) in the molecular form and not as on acidic radical found
for the Bi(111) | 4,4’-BP + acidified surface inactive electrolyte system [155].
The results also indicate that at more negative electrode potentials the 4,4’-BP
molecules are probably orientated nearly parallel to the Cd(0001) surface and in
a more reclined position relative to the orientation near the pzc.

In order to extend the understanding of the adlayer structure, i.e. the
orientation of the organic molecules, modelling of the interfacial structure was
conducted using the data from in situ STM and SEIRAS measurements
(Fig. 25). It was determined that the parameters for the unit cell nearly
correspond to the distances within the metal cluster (d =0.27 nm). Therefore,
presumably the bonds between the metal and nitrogen atoms remain stable even
when the surface concentration of 4,4’-BP molecules changes. Different adlayer
structures were tested and evaluated based on both optimal packaging density
and minimal energy values. The best fitting results were also evaluated against
the in situ STM results until a reasonable fit was found.
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Figure 25. Models illustrating 4,4'-BP and hydrated sulphate ions on the Cd(0001)
surface from the side (a) and from above (b).




6.3. Surface structure of Cd(0001) single crystal
electrode in |-ethyl-3-methylimidazolium
tetrafluoroborate (EMImBF,)

6.3.1. Analysis of in situ STM data

According to the in situ STM data given in Fig. 26, the surface of the electro-
chemically polished Cd(0001) electrode in EMImBF, consists of atomically
smooth terraces which are separated by monoatomic steps of medium height
5.6+ 0.3 A (Fig. 26b) (or of multiple heights). The heights of the steps are in a
good agreement with the data for Cd crystallographic structure.
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Figure 26. In situ STM image (a) and selected surface profile (b) for electrochemically
polished Cd(0001) plane in EMImBF, at £ =—-1.00 V vs. Ag | AgCl | EMImBF,.
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The data given in Fig. 27 show the atomic resolution picture with an inset of
a fast Fourier transform (FFT) filtered image of the raw data (Fig. 27a) and
selected surface profile (Fig. 27b) for the Cd(0001) electrode at £ = —1.15 V.
On these images the regular atomic structure of Cd(0001) can be seen with the
interatomic distances measured from FFT analysis: 2.9 + 0.3 A, which is in
conformity with crystallographic data of cadmium (a = 2.9793 A [52]).
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Figure 27. In situ STM atomic resolution image with a fast Fourier transform filtered
image inset (a) and height profile (b) for Cd(0001) plane in EMImBF, at E=—-1.15V
vs. Ag | AgCl | EMImBF,.
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Figure 28. In situ STM images at various electrode potentials (E) vs. Ag | AgCl |
EMImBF, (noted in figure; a, b, ¢) and root mean square roughness (RMS) vs. E
dependence (d) for Cd(0001) electrode in EMImBE,.

The structure of nanometric terraces separated by the steps is very stable
during several hours within potential region from —1.60 V to —0.90 V
(Fig. 28a-c). RMS vs. electrode potential dependence (Fig.28d) has been
analysed to confirm this conclusion. Therefore, it can be concluded that no
quick surface reconstruction of the Cd(0001) surface layer is taking place at the
electrode | ionic liquid interface as it has been established for Au(ikl) single
crystal electrode [161-163].

6.3.2. Analysis of CV and EIS data

CVs (Fig. 29) were measured within a potential region from —1.60 V to
—0.90 V (vs. Ag| AgCl | EMImBF,). Based on the data in Fig. 29, there are no
surface oxidation or reduction peaks in the CVs, but the values of |i| are rather
high due to relatively cathodic potentials for a sp-metal Cd(0001) electrode,
where several decomposition processes might start.
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Figure 29. Current density (i) vs. electrode potential (E) curves for Cd(0001) in
EMImBE, at potential scan rate 10 mVs ™.

According to the Cs vs. E curves measured at 210 Hz (Fig. 30), capacitance
values increase at more positive and negative electrode potentials. The lowest
values of Cs were measured at £ = —1.35 V. The system is very stable in time,
as the time gap for curves 1 and 2 (Fig. 30) is approximately 24 h, but the
capacitance values differ less than 5%. There is very limited hysteresis in the
Csvs. E curves, which are measured first forward positive (curve 2) and
thereafter negative direction (curve 3). This indicates that the slow rate partial
charge transfer processes are nearly reversible.

12
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Figure 30. Series capacitance (Cs) vs. electrode potential (E) dependencies for
Cd(0001) in EMImBF, at 210 Hz.
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Figure 31. Phase angle vs. log f'(a) and log —Z" vs. log f'(b) dependencies for Cd(0001)
in EMImBF, at various potentials vs. Ag | AgCl | EMImBEF, (noted in figure).

The measured EIS data (Fig. 31) indicate slow adsorption processes with the
partial charge transfer processes at all potentials measured. This kind of
behaviour is different from data measured for Bi single crystal electrode in
EMImBF,4, where there are no slow partial charge transfer or faradaic processes
at Bi(111) | EMImBEF, interface within electrode potential region from —1.10 V
to —0.20 V (vs. Ag | AgCl | EMImBF,) [164]. Considering the shape of the
phase angle vs. log f plots (Fig. 31a) a deviation from an ideally polarisable
interface can be seen at low and very low frequencies. At lower frequencies
both adsorption and partial charge transfer (or faradaic) processes between the
electrode surface and adsorbed species take place. Some traces of water and
oxygen can be found in EMImBF, and they can be reduced at Cd(0001) surface.
The H,O adsorption is possible on the surface of Cd(0001) during the
electrochemical polishing in an aqueous solution, as Cd is a highly hydrophilic

52



metal [37]. Based on the shape of the log —Z" vs. log f (Fig. 31b) curves, it can
be concluded that at /> 50 Hz the electrical double layer formation kinetics
depend weakly on potential applied and nearly ideal polarisability can be seen,
but at lower frequency range mixed kinetic processes occur.

6.4. Surface structure of Sb(I11) single
crystal electrode in EMImBF,

6.4.1. Analysis of in situ STM data

According to the in situ STM data (Fig. 32a-c), the surface of the electrochemi-
cally polished Sb(111) electrode consists of atomically smooth terraces.
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1.0 1.0
0.0 0.0

£==0.1 V; Iq==0.1 pA; liw= 1.2 nA; E==0.7V: [,==0.5 pA; l,n= 1.2 nA;
Ebias= 50 mV k‘bias= 50 mV
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£==1.1 V; [==3.8 pA; L= 1.2 nA;
Fhias= 50 mV

Figure 31. In situ STM images at various electrode potentials (E) vs. Ag | AgCl |
EMImBF, (noted in figure; a, b, c) and root mean square roughness (RMS) vs. E
dependence (d) for Sb(111) electrode in EMImBF,.

The surface structure of Sb(111) in EMImBF, is very stable during several
hours whilst the surface potential is scanned within the potential region from
-1.10 V to —0.10 V (Figs. 32a-c), similarly to Sb(111) surface in surface
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inactive aqueous electrolyte solution [47]. RMS vs. E dependence analysis
(Fig. 32d) affirmed this conclusion. Thus, similarly to Cd(0001) single crystal
electrode in EMImBF,, there is no quick surface reconstruction of the Sb(111)
surface layer as it has been established for Au monocrystalline electrodes [161—
163].

E=-0.7V vs. Ag|/AgCI[EMImBFy;
Tweg=-0.5 pA; Tunne = 2.5 nA; Epips = 50 mV

Profile 1

_ s /\

Figure 33. In situ STM atomic resolution image with a FFT filtered image inset (a) and
corresponding height profile (b) for Sb(111) electrode in EMImBF, at electrode
potential £ =—-0.70 V vs. Ag | AgCl | EMImBF,.

The data given in Fig. 33a show the atomic resolution image with a fast
Fourier transform (FFT) filtered image (inset in Fig. 33a) and surface profile
(Fig. 33b) for the Sb(111) electrode at £ =—0.70 V. On these images the regular
atomic structure can be seen with the interatomic distances 4.3 + 0.3 A
calculated from FFT analysis, being in a good agreement with Sb(111) crystal
structure data (a = 4.3084 A [56,57]).

6.5.1. Analysis of CV and EIS data

The CV (Fig. 34) data show that there are no surface oxidation or reduction
peaks and that the Sb(111) | EMImBF, interface is nearly ideally polarisable
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within the Sb(111) single crystal electrode potential region from —0.90 V to
0.10 V vs. Ag| AgCl | EMImBF,.

&
=)
g.o— f’ /

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
E !V vs. Ag|AgClIEMImBF,

Figure 34. Current density (i) vs. electrode potential (£) curve for Sb(111) in EMImBF,
at potential scan rate 10 mVs .

The Cs vs. E curve (Fig. 35), measured at fixed frequency /=210 Hz, shows
the same kind of behaviour as for Bi(111) electrode in EMImBF, [164] and also
for other non-aqueous electrolyte solutions at Bi(kkl) [165,166]. The Cs vs. E
curve has a capacitance minimum around £=-0.70 V and a capacitance
plateau (or maximum) at £ > —0.20 V. The increase of capacitance values at
more positive electrode potentials can be explained by the effect of the Sb
surface electronic structure.

-1.1 -0.9 -0.7 -0.5 -0.3 -0.1 0.1
E |V vs. Ag|AgClI EMImBF,

Figure 35. Series capacitance (Cs) vs. electrode potential (£) dependence for Sb(111) in
EMImBF, at 210 Hz.
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6.5. Surface structure of Sb(111) |
EMImBF, + 2,2'-bipyridine solution interface
6.5.1. Analysis of CV and EIS data

CVs (Fig. 36) were measured within a potential region from —0.90 V to 0.10 V
for Sb(111) | EMImBF, interface (orange curve, corresponding to the region of
ideal polarisability) and from —1.00 V to 0.00 V for Sb(111) | EMImBF, + 1%
2,2'-BP (vs. Ag | AgCl | EMImBF,) interface. Based on the data in Fig. 36, there
are no surface oxidation or reduction peaks in the CVs at Sb(111) | EMImBEF,
interface.

The values of current density are somewhat higher for the EMImBF, + 1%
2,2'-BP solution at £>-0.50V due to electrical double layer restructuring
(charging and discharging) effects caused by the adsorption/desorption of
2,2'-BP molecules at Sb(111). The cathodic reduction process at £ <—-0.90 V
for the Sb(111) | EMImBF, + 1% 2,2'-BP system likely corresponds to the
formation of 2,2'-bipyridinium anions via the reductive desorption of 2,2'-BP
molecules [45,167]. A quasi-reversible oxidation process is detected at the
anodic extreme of the Sb(111) | EMImBF, + 1% 2,2'-BP system. This process
takes place at moderate negative potentials, in comparison with the pure
EMImBF, system, and thus, cannot be considered as the anodic dissolution of
Sb. There is a very small reduction peak at £=-0.10V (cathodic scan
direction), which is independent of potential scanning rate, thus, indicating the
adsorption/desorption step rate controlled process at the Sb(111) surface.

25
O -
N
g 25 G 10 mVs™ in EMImBEF,
‘_E;_ =— 5 mVs! in EMImBF4+1% 2,2"-BP
~ 10 mVs™! in EMImBF4+1% 2,2'-BP
-50 == 20 mVs~! in EMImBFs+1% 2,2'-BP
_75 L L L L L L

-1.1 -0.9 -0.7 -0.5 -03 -0.1 0.1
E !V vs. Ag/AgCIEMImBF,

Figure 36. Current density (i) vs. electrode potential (E) curves for Sb(111) in
EMImBF, and in EMImBF, + 1% 2,2'-BP at various potential scan rates (noted in

figure).
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Figure 37. Series capacitance (Cs) vs. electrode potential (£) dependencies calculated
from Nyquist plots at several fixed ac frequencies (noted in figure) for Sb(111) in
EMImBF, (orange curves) and in EMImBF,+1% 2,2’-BP (blue curves).

Cs vs. E curves show similar behaviour as in aqueous solutions [42] as the
measured capacitance values decrease with an addition of 2,2’-BP in EMImBF,
(Fig. 37). This indicates the formation of the compact adsorption layer at
Sb(111) | EMImBF, + 2,2'-BP interface. The adsorption-desorption peak
appears at the same electrode potentials (£>—0.30 V) where current density
starts to increase in CVs. This confirms that the process is indeed caused by an
adsorption process with partial charge transfer step that should be visualisable
by in situ STM measurements. The Cs vs. E curve in Fig. 37 shows that the
double layer capacitance of the 2,2'-BP system is consistently lower than that of
the pure ionic liquid system (approximately 2.1 times lower near the Cs vs. E
curve minimum) and, thus, similarly to organic compound adsorption, series
capacitance decreases weakly with the increase of frequency.

-Phase angle / deg

log(f/ Hz)
Figure 38. Phase angle vs. log f dependencies for Sb(111) in EMImBF, (orange marks)
and in EMImBF, + 1% 2,2’-BP (blue marks) at several electrode potentials (vs.
Ag | AgCl | EMImBF,; noted in figure).
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Analysis of the phase angle vs. log f curves (Fig. 38) shows that within the
high frequency region, /> 100 Hz, the electrical double layer formation is faster
after adding 2,2-BP into EMImBF,. At potentials near the maximum
capacitance depression, £ = —0.70 V, the double layer formation process is
approximately 2.3 times faster for the EMImBF; + 1% 2,2’-BP system
compared to pure EMImBF,. However, the phase angle values are lower than
—85° for Sb(111) | EMImBF, in a wide range of frequency, showing only some
deviations from the ideal capacitive behaviour at very low frequency values and
at extreme electrode potentials (£=0.00 V or £=-0.80 V). The log —Z" vs.
log f plots are linear within the f region from 100 Hz to 0.3 Hz with the slope
values nearly —0.96, indicating the adsorption step limited process at
Sb(111) | EMImBF, + 1% 2,2'-BP interface. Thus, the adsorption of 2,2'-BP at
Sb(111) is limited mainly by the adsorption step rate. Mixed kinetic processes
with partial charge transfer step can be seen at £=0.00 V (f < 10 Hz). It is
observed that at low f the phase angle values are significantly higher for the
EMImBF,; + 1% 2,2'-BP system than for the pure ionic liquid. This low
frequency mixed kinetic process is interpreted to stem from the same
adsorption/desorption process with partial charge transfer (at £ = 0.00 V) or
reductive desorption of 2,2’-BP molecules at £ < —0.80 V as it was established
from the analysis of the CV data.

6.5.2. Analysis of in situ STM data

Data in Fig. 39a show that at £ = —0.40 V (vs. Ag | AgCl | EMImBF,) 2,2'-BP
molecules form a very tight pattern structure on the Sb(111) electrode surface if
adsorbed from EMImBF,+1% 2,2'-BP solution.

In the high-resolution in situ STM image for 2,2’-BP adsorption from
EMImBF4+ 1% 2,2'-BP solution (Fig. 39a), the periodic arrays of bright
features are clearly visible at tip bias potential Ey;,s = 50 mV and at tunneling
current 1.2 nA. From the FFT analysis (Fig. 39b) of the formed pattern surface
electronic structure distances of 5.0 £ 0.2 A and 8.5+0.2 A have been
established. These experimental distances were used to construct a unit cell of
the adlayer given in Fig. 39¢. A stretched checkered pattern is seen to form with
perpendicular unit cell distances of 5.0 A and 8.6 A, in a very good agreement
with the experimental values. From the proposed unit cell parameters, the very
high 2,2-BP adlayer coverage 7.7x10"'" mol cm > has been calculated, which is
much higher than that calculated for the Au(111) plane (3.8x107"" to 4.4x107"
mol cm ?) [42].

After changing the potential to slightly less negative values (E =-0.30 V)
and keeping it there for a few hours, a change in the adsorbed adlayer pattern
has been established — the adlayer becomes even more tight, until the stretched
checkered pattern transmutes into a striped pattern with distances 2.5 + 0.2 A,
which prevails at even less negative potentials. The structure is probably based
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on the n-m interaction of adsorbed 2,2’-BP molecules with the partial charge
transfer between the Sb(111) surface and 2,2'-BP organic adlayer.

In order to get a better understanding of the bonding and interactions that
determine the adsorption of 2,2'-BP from an ionic liquid the EIS and in situ
STM results were complemented with modelling of the interfacial structure
(Fig. 40).Three different positions at the Sb(111) surface (on atom, on bond,
between 3 atoms) were considered as adsorption centres for modelling of the
2,2'-BP structure.

4 0nm 2 4 ¢
0 768 pm / \ / \\
600 _ _
500 N N
400
2 300

200

0 d
E=-04V vs. Ag|AgCIEMImBF4; -
Iwg=-0.2 HA; Tumel = 1.2 nA; a
b 9nm 2 4 M
. / 246 pm b

a=0.86 nm
150
b=0.5nm
100 o =90°
0 N = Sb-N
Figure 39. In situ STM image at eclectrode potential E = —-04V vs.

Ag| AgCl | EMImBF, (a) and FFT filtered image (b) for 2,2"-BP adlayer at Sb(111),
chemical structure of 2,2'-BP (c) and proposed packing model for 2,2"-BP molecules
and calculated cell dimensions (d).

It has been detected that the 2,2'-BP molecules adsorb in the cis-orientation
not only on single Sb atoms in the top position but also at the hollow positions
between three Sb atoms to provide a higher degree of packaging. Hence, it was
concluded that the adsorption of 2,2'-BP molecules is not highly directional and
chemical bonding related, but rather connected to the formation of a closely
packed interfacial 2D structure. It is also possible that one of the driving forces
of 2,2'-BP adsorption on Sb(111) is the lack of strongly coordinating electron
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pair acceptors in the EMImBF,; medium. Overall, just a third of the 2,2'-BP
molecules adsorb in the on top position on Sb(111) electrode surface while two
thirds of the 2,2’-BP molecules adsorb in the hollow positions between three Sb
atoms.

The substantial mn-m stacking interaction between the adsorbed 2,2'-BP
molecules stabilises the formed organic adlayer structure. Due to the
directionality of the m-m stacking interaction, the adsorbed molecules form a
striped pattern that has also been visualised by the in sifzu STM measurements.

SES

Figure 40. Models illustrating the possible orientation of adsorbed 2,2'-BP on the
Sb(111) surface from above (a) and from the side (b).
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7. SUMMARY

In this study in situ scanning tunneling microscopy (STM), cyclic voltammetry,
electrochemical impedance spectroscopy and surface enhanced infrared
absorption spectroscopy methods have been applied to study the interfacial
structure of electrochemically polished Cd(0001) and Sb(111) single crystal
electrodes in various electrolytes.

The studies revealed that the surface structure of Cd(0001) single crystal
electrode is stable in the 0.1 M Na,SO, + 1.0x10~° M H,SO, aqueous solution
and in 1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF,) under
negative electrode potentials from —1.40 V to —0.90 V (vs. Ag| AgCl in sat.
KCl aqueous solution) and from -1.60 V to -090 V (vs.
Ag| AgCl | EMImBFy), respectively. It was found that there are no quick
surface reconstruction processes at Cd(0001) electrode surface. Similar
behaviour was shown for Sb(111) in EMImBF, within electrode potential
region from —1.10 V to —0.10 V (vs. Ag | AgCl | EMImBF,).

The adsorption of 4,4'-bipyridine (4,4'-BP) from aqueous solution on
Cd(0001) electrode and the adsorption of 2,2'-bipyridine (2,2’-BP) from
EMImBF,ionic liquid on Sb(111) electrode has been analysed.

It was demonstrated by in situ STM data that at moderate negative electrode
potential (E=-1.25V vs. Ag | AgCl sat. KCI), the adsorbed 4,4’-BP molecules
form parallel stripes on Cd(0001) surface with an adlayer coverage of
4710 mol cm ™ and with fine structure parameters 2.70 nm between the
stripes and 0.26 nm in the direction of the stripes.

2,2'-BP also forms a distinctive pattern when adsorbing at the Sb(111)
surface from EMImBF,. However this formed layer is significantly denser and
the adlayer coverage is a very high 7.7x10' mol cm .

Based on this study it can be concluded that the surface structure of
Cd(0001) single crystal electrode is stable within wide electrode potential
region in surface inactive aqueous electrolyte and the Cd(0001) electrode can be
applied to study the adsorption of organic molecules from aqueous electrolytes.

The electrochemical stability of the Sb(111) | EMImBF, system has been
demonstrated to be of excellent quality within wide potential region. Therefore,
this system can be used to further study the adsorption of organic molecules
from ionic liquids, as shown in the case of 2,2'-bipyridine in this study.
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9. SUMMARY IN ESTONIAN

Faasidevahelise piirpinna struktuur ja orgaaniliste
iihendite adsorptisoon ioonsest vedelikust ja vesilahustest
Cd(0001) ja Sb(111) elektroodidel: in situ STM uuringud

Tanapdeva teaduses ja tehnoloogias on olulisteks teemadeks moodsad
energiasalvestusmeetodid ning nano- ja molekulaartehnoloogia. Tahelepanu
keskmes on ioonsed vedelikud, mis leiavad rakendust paljudes energiasalvestus-
seadmetes, niiteks superkondensaatorites, kuna nad on stabiilsed laias
potentsiaalide vahemikus ja rakendatavad nii elektroliitidi kui ka lahustina.
Samuti leiavad viga laialdast rakendust pinnale rakendatava potentsiaali mdjul
iseorganiseeruvad orgaaniliste {ihendite monokihid, nditeks molekulaarméludes
ja korrosiooni inhibiitorites.

Selliste siisteemide loomiseks ja rakendamiseks tehnoloogias on vaja
tdpsemalt mdista elektroodi ja elektroliiiidi vahelisel piirpinnal toimuvate
adsorptsiooniprotsesside olemust ja selle sdltuvust elektroodi potentsiaalist.

Kéesolevas t00s kasutati elektroodide pinnauuringute ldbiviimiseks in situ
skaneeriva tunnelmikroskoopia (STM) meetodit koos tsiiklilise voltampero-
meetria, impedantsspektroskoopia ja infrapunaspektroskoopia meetoditega. In
situ STM meetodiga on vdimalik reaalajas visualiseerida elektroodi atomaarne/
molekulaarne struktuur ja ka pinnale adsorbeeruvate iihendite paiknemise
seaduspérasusi. Lisaks on vdimalik uurida faasidevahelise piirpinna struktuuri
soltuvust rakendatavast potentsiaalist.

Antud t66 eesmirkideks oli uurida elektrokeemilistelt poleeritud Cd(0001) ja
Sb(111) monokristalsete elektroodide pinnale moodustunud struktuure
erinevates elektroliiiitides.

To66 kéigus ndidati, et monokristalse Cd(0001) elektroodi pinnastruktuur ei
soltu 0,1 M Na,SO4s + 1,0<10° M H,SO, vesilahuses ega ka I-etiiiil-3-
metiililimidasoolium tetrafluoroboraadis (EMImBF,) pinnale rakendatavast
potentsiaalist vahemikus vastavalt —1,40 V kuni —-0,90V (vs Ag|AgCl
kiillastunud KCl) ning —1,60 V kuni —0,90 V (vs Ag | AgCl | EMImBF,). Tehti
kindlaks, et neil piirpindadel ei toimu pindkihi reorganiseerumise protsesse.
Samuti on Sb(111) elektroodi pinnastruktuur piisiv EMImBF,-s potentsiaalide
vahemikus —1,10 V kuni 0,10 V vs Ag | AgCIl | EMImBF,.

Uuriti 4,4"-bipiiridiini (4,4’-BP) adsorptsiooni Cd(0001) elektroodile fooni
lahusest ning 2,2'-bipiiridiini (2,2'-BP) adsorptsiooni Sb(111) elektroodile
ioonest vedelikust. Selgus, et 4,4-BP molekulid moodustavad Cd(0001)
elektroodile potentsiaalil —1,25 V (vs Ag | AgCl kiillastunud KCl) paralleelsed
molekulread pinnakatvusega 4,7x10'° mol cm 2, kus molekuliridade vahelised
kaugused on 2,70 nm ja molekulide vahelised kaugused ridades on 0,26 nm. Ka
2,2'-BP molekulid adsorbeeruvad Sb(111) pinnale EMImBF, ioonsest
vedelikust korrapirase mustriga, kuid seda tunduvalt tihedama struktuuriga ning
pinnakatvus on viga kdrge: 7,710 mol cm .
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Labiviidud uuringute pdhjal voib oGelda, et Cd(0001) monokristalse
elektroodi pinnastruktuur pindinaktiivses elektroliiiidis (nii vesilahuses kui ka
EMImBF, ioonses vedelikus) on piisiv kogu uuritud potentsiaalide vahemikus
ning pinna rekonstrueerumise protsessi ei toimu. Seega on Cd(0001) elektroodi
voimalik ka tulevikus rakendada uurimaks orgaaniliste {ihendite adsorptsiooni
vesilahustest.

Sb(111) | EMImBF, ioonne vedelik siisteem on vidga stabiilsete
elektrokeemiliste omadustega ning seda siisteemi voib ka tulevikus kasutada
orgaaniliste ihendite monokihtide adsorptsiooni uurimiseks EMImBF, ioonsest
vedelikust.
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