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2. ABBREVIATIONS AND SYMBOLS 

2D two dimensional 
3D three dimensional 
2,2’-BP 2,2’-bipyridine 
4,4’-BP 4,4’-bipyridine 
4,4’-BPH2

+  protonated 4,4’-bipyridine radical-cations 
(Par)  adsorbed 4,4’-BP molecule in parallel orientation at Bi(111) 

surface 
(Per)  adsorbed 4,4’-BP molecule in perpendicular orientation at 

Bi(111) surface 
A  absorbance 
ac  alternative current 
AFM  atomic force microscopy 
ASE  atomistic simulation environment 
ATR attenuated total reflection 
ATR-SEIRAS attenuated total reflection surface enhanced infrared 

absorption spectroscopy 
B3LYP hybrid generalized gradient approximation functional 
Bi(111)C Bi(111) single crystal electrode cleaved at the temperature of 

liquid nitrogen 
Bi(111)EP  electrochemically polished Bi(111) single crystal electrode 
C(N) adsorbed 4,4’-BP molecule oriented with its N-atom pointed 

towards Bi(111) surface 
CAM-B3LYP  hybrid exchange-correlation functional 
C differential capacitance 
C0  differential capacitance as f → 0 
Cad  adsorption capacitance 
Cdl  double layer capacitance 
Cp  parallel interfacial capacitance  
CS  series differential capacitance  
Ctrue  interfacial capacitance as ac frequency f → ∞ 
c4,4’-BP  concentration of 4,4’-bipyridine
cTU  concentration of thiourea 
CE  counter electrode 
CV  cyclic voltammetry 
D  effective diffusion coefficient  
d  tip-substrate separation 
DDEC density derived electrostatic and chemical charge 
ddl  effective thickness of the double layer 
DFT density functional theory 
E  electrode potential 
e  elementary charge 
E(t)  electrode potential at time t 
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E0  reference potential 
EA  potential amplitude 
Ebias  STM tip bias voltage 
EC  equivalent circuit 
EN  limiting adsorption potential shift 
Eq=0  potential of zero charge 
ES  substrate potential 
ET  STM tip potential 
f  frequency in Hz 
FFT  fast Fourier transform 
FT  Fourier transform 
G  tunneling conductance 
G0  tunneling conductance, associated with quantum-point contact 

at which the barrier has collapsed
GGA generalized gradient approximation 
GPAW grid-based projector-augmented wave method 
h Planck constant 
ħ reduced Planck constant 
HOMO  highest occupied molecular orbital 
HOPG  highly oriented pyrolytic graphite 
I  electrode current 
i(t)  current at time t 
iA  current amplitude 
Ifaradic  faradic current at the STM tip 
IFG  interferogram 
IR  infrared 
IS  substrate current 
IT  tip current 
Itunnel  tunneling current at the STM tip 
j  current density 
ji  imaginary unit (√−1) 
k1, k2, k3  constants characterizing the process of two-dimensional 

association of organic molecules 
LanL2DZ Los Alamos National Laboratory double zeta basis set
LDOS  local density of states 
LSDA  local spin density approximation 
LYP  Lee-Yang-Parr correlation functional 
M06-L  meta-hybrid generalized gradient approximation functional  
me  electron rest mass 
PBE functional of Perdew, Burke, and Ernzerhof 
q charge 
R0  contact resistance 
Rct  charge transfer resistance 
RE reference electrode 
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Rel base electrolyte resistance 
RMS  root mean square roughness 
Rp  parallel resistance 
RS  series resistance 
S  electrode substrate 
Sb(111)C  Sb(111) single crystal electrode cleaved at the temperature of 

liquid nitrogen 
Sb(111)EP  electrochemically polished Sb(111) single crystal electrode 
SCF self-consistent field  
SECM scanning electrochemical microscopy 
SEIRAS surface enhanced infrared reflection absorption spectroscopy 
SERS surface enhanced Raman spectroscopy 
SNIFTIRS subtractively normalized interfacial Fourier transform infrared 

spectroscopy 
SNR signal to noise ratio 
SPM scanning probe microscopy 
STM scanning tunneling microscopy 
t time 
T tunneling tip 
Tn the kinetic energy of a system of noninteracting electrons with 

the same spin densities as the real system 
TRS-MCT  time-resolved mercury cadmium telluride detector 
TU  thiourea  
UEG  uniform electron gas 
UHV  ultra high vacuum 
V  bias voltage between tip and substrate 
v  net rate of adsorption step due to the departure from 

equilibrium conditions 
vdW van der Waals 
vdW-DF2 van der Waals density functional, second version  
Vee  interaction of real electrons with themselves 
WFT  wave function theory 
Z  summary impedance 
Z’  real part of impedance 
Z’’  imaginary part of impedance 
ZGFW  generalized finite length Warburg diffusion impedance 
α  fractional exponent 
Γ Gibbs adsorption  
Γm  influence of the maximal Gibbs adsorption 
δ phase angle 
ΔEint  interaction energy 
*  complex dielectric constant 
’  real part of the complex dielectric constant 
’’  imaginary part of the complex dielectric constant  
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0  vacuum dielectric constant 
ee  the classical Coulomb energy of the spin densities interacting 

with each other and with themselves 
eff  macroscopic dielectric constant of the electrolyte and/or 

adsorption layer 
ne  the interaction of the electron distribution with the nuclear 

framework  
xc  exchange-correlation energy 
θ  surface coverage 
μ  chemical potential 
π  Pi number 
ρs(z, E)  local density of states 
τD  diffusion controlled relaxation time constant 
τK  relaxation time constant of the heterogeneous charge transfer 

process 
ω0  exchange rate of molecules in the condition of two 

dimensional associations 
Γ0

A  Gibbs adsorption energy value 
  phase shift 
j Kohn-Sham spin-orbitals 
 effective barrier height 
 decay constant, related to the magnitude and the shape of 

potential barrier 
  scanning rate 
 electron spin density 
  radial frequency 
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3. INTRODUCTION 

Adsorption process of organic compounds at the metal electrode surfaces from 
electrolyte solutions is very interesting with a respect to theoretical and applied 
electrochemistry viewpoint. Adsorption processes can be applied for the regu-
lation of the metal deposition processes and corrosion inhibition. Many mole-
cular systems and self-assembled monolayers adsorbed on the metal surfaces 
are applied for the construction of some organic functional devices such as 
field-effect transistors or high-density memory circuits [1]. Therefore, the 
detailed understanding of the binding characteristics of organic molecules on 
the metal surfaces and dependence of surface coverage (Gibbs adsorption) on 
the electrode potential is crucial for developing the modern technological 
molecular devices at the molecular scale [2]. Application of scanning probe 
microscopy along with classical electrochemical methods reveals a lot of inter-
facial phenomena at the submolecular and atomic level, such as adsorption/ 
desorption and the potential-dependent phase transitions of the organic mole-
cules adlayers at the metal electrodes [3–6]. 

Scanning tunneling microscopy (STM) is an extremely useful interactive 
method for detailed analysis of the solid material surface structure. STM 
method allows obtaining the high-resolution pictures of different conductive 
surfaces and the adsorbed adlayers. It is possible to image the electrode surface 
structure in situ at the atomic resolution level, visualize the structure of the 
deposited adlayers under electrode potential dependence on the substrate 
chemical composition and to establish also the atomic structure of many single 
crystal metal electrodes [7–9]. Obviously, the structure and stability of an 
adsorbed monolayer strongly depends on the crystallographic structure of the 
single crystal plane studied, determining the adsorbate-adsorbent interaction, as 
well as the adsorbate-adsorbate, adsorbate-electrolyte ions, adsorbate-solvent 
and solvent-solvent lateral Gibbs interaction energies [3–5,10–21].  

In addition to the experimental approach, the modern density functional 
theory (DFT) calculation methods [22–25] can provide more detailed infor-
mation on strength of the interactions inside the system that governs the 
adsorption/self-assembly process [13,26,27]. 

The purpose of this work was to study the adsorption of organic molecules 
such as thiourea and 4,4’-bipyridine at the single crystal electrode surfaces. The 
atomic resolution data on bismuth [28,29] and antimony [30] single crystal 
electrodes has already been achieved under ultra-high vacuum conditions. 
During the experimental part of the present work, it became obvious, that in 
addition to the atomic resolution, on both Sb [I] and Bi [29] electrodes, 
achieved in situ in aqueous electrolytes, it is possible to visualize the adsorbed 
organic molecules [3] on the electrode surface under different polarization 
conditions [II,III]. Similar experiments have been mostly conducted only on the 
gold single crystal electrodes and adsorption of various thiols, 2,2’-bipyridine, 
4,4’-bipyridine [4–6,15,31–37] and camphor [18,21] have been demonstrated. 
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Only adsorption of camphor and 2,2’-bipyridine on Bi(111) electrode [3] had 
been shown via electrochemical in situ STM.  

In this work in addition to the in situ STM method, electrochemical impe-
dance spectroscopy, infrared adsorption studies and DFT modeling approach 
were also used for analysis of the 4,4’-bipyridine layer at the Bi(111) single 
crystal electrode. Electrochemical impedance spectroscopy data provided more 
insight into the kinetics of the adsorption of thiourea at Bi(111). 
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4. LITERATURE OVERVIEW 

4.1. Scanning tunneling microscopy (STM)  
in electrochemistry 

The investigation of the electrode surfaces and local processes by structure-
sensitive probing techniques has become an important topic in electrochemistry, 
since most practically relevant electrochemical systems are characterized by 
some structural and chemical inhomogeneities at the electrode | electrolyte 
interface. Such inhomogeneities can influence the local mechanisms of the 
electrochemical reactions in a wide resolution interval extending from the sub-
nm scale of surface dislocations and adsorbate layers to some specific structural 
features in the micrometer range, encountered for example in electrochemical 
phase formation and dissolution, corrosion, as well as biological membranes 
and corrosion inhibitor layers.  

The advent of high-resolution scanning probe microscopy (SPM) occurred in 
the early 1980’s with the invention of the scanning tunneling microscope (STM) 
by Binnig and Rohrer. The first real-time imaging within a widely variable 
resolution range has been achieved at Pt and Au electrode surfaces by Arvia et. 
al. [38–40], to image morphology of the electrode surfaces with an instrument 
operated in the air at ambient pressure. The first high-resolution images in an 
electrolyte solution were obtained by Sonnenfeld and Hansma in 1986 [7]. This 
aspect is very important, because it is possible to image the surface during 
electrochemical experiment under the various polarization conditions. 

While the first electrolytic STM applications were performed with con-
ventional STM instrumentation adapted for the operation in solution, an 
important step was the introduction of the potentiostatic STM method in 1988 
[41–44], allowing the diminution of the unwanted electrochemical reactions at 
the tip, and the control of the electrochemical processes at the electrode surface 
during and between STM imaging. The majority of the recent electrochemical 
STM applications are now based on this concept. 

The most of electrochemical systems involving STM research technique use 
conductive electrodes, but the formation of domains with distinctly different 
bulk and interfacial electron transfer behavior should also be considered. The 
examples of this phenomenon are corrosion, formation of the insulating passive 
layers or adsorbate mono- or multilayers at the electrode surface. Mentioned 
formations at the electrode-electrolyte interface can influence the local mecha-
nisms of electrochemical reactions in a wide resolution interval extending from 
the sub-nm scale of surface dislocations and adsorbate layers to structural 
features in the micrometer range.  

Also in situ STM imaging of adsorbed organic macromolecules and bio-
logical membranes, electrochemical phase formation and dissolution, corrosion 
and corrosion inhibitor layers deal with the same phenomenon [7,45–56]. In 
such systems, especially in electrolytic imaging of the biological systems, it is 
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clear that additional scanning probe techniques, that are suitable for insulating 
surfaces, are an important supplement to STM.  
 
 

4.2. Main aspects of STM 

The STM setup uses an atomically sharp probe tip to map contours of the local 
density of electronic states on the surface. This is accomplished by monitoring 
quantum transmission of electrons between the tip and substrate while piezo-
electric devices raster the tip relative to the substrate. The remarkable vertical 
resolution of the device arises from the roughly exponential dependence of the 
electron tunneling process on the tip-substrate separation, d. In the simplest 
approximation, the tunneling current, Itunnel, can be simply written in terms of 
the local density of states (LDOS; ρs(z, E)) at the Fermi level (E=EF) of the 
sample in which V is the bias voltage between the tip and substrate [7,45–56]. 
 
 Itunnel = V s (0,EF) exp(–2d) (4.2.1) 
 
and  is the decay constant, which is related to the magnitude and the shape of 
the potential barrier. The decay constant may be described by an effective 
barrier height, , measured in eV according to equation 
 

 = ≈ 0.51 /  (4.2.2)
 
where me is a mass of electron. 

A value of κ ~ 1Å–1 results in an order of magnitude decrease of the 
tunneling current per angstrom of electrode separation. 

The effective barrier height in an electrolyte solution 0.75 Å–1 at 2.15 eV for 
instance, is found to be less than that for related vacuum junctions (being 
typically ~ 1.0 Å–1 at 4 eV) [54,55]. The diminished barrier has been associated 
with tunneling via the ”V0” level, or loosely speaking, the “conduction band” of 
the solvent [57]. Tunneling junctions may also be described in terms of the 
tunneling conductance, G, 

 
 G ≈ G0 exp(−2d)  (4.2.3) 
 
where G0 is associated with quantum-point contact at which the barrier has 
collapsed (d = 0, which corresponds to 2–3 Å internuclear separation) 
 (G0 = 1/R0, where R0 = h/2e2 = 12.9 kΩ) [48,55]. 

The role of solvated ions in the tunneling process has received little attention 
since these species are unlikely to exist in the junction during atomically 
resolved imaging. In contrast, ions that are specifically adsorbed either on the 
tip or on the substrate will change the LDOS and the surface dipole, thereby 
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altering the distribution of the electrostatic potential within the gap in a manner 
analogous to the vacuum junctions [49,50]. In cases in which the atomic 
resonance of an adsorbate lies far above the Fermi level [49], the adsorbate still 
contributes to the LDOS due to the significant broadening of the resonance 
upon adsorption. If the size of the orbital is such that it extends considerably 
further out from the surface than the bare substrate wave functions, it will 
significantly contribute to the image formation [49,51,52]. For simple anions 
adsorbed on the metal surfaces, it is generally found that the extension of 
orbitals in space is more important to formation of the image than the energy of 
the adsorbate orbitals [51,52]. However, the recent studies show that image 
formation in such systems can be highly sensitive to the tunneling conductance. 

Well-defined in situ STM experiments require the use of a bipotentiostat 
(Fig. 4.1a) in order to control independently the electrochemical potential of the 
tip and of the substrate potential relative to some reference electrode. This 
configuration is distinct from an UHV (ultra-high vacuum) experiments in 
which only the bias between the electrodes needs to be specified. In the 
electrochemical environment, the tip electrode is simultaneously a tunneling 
probe and an ultramicroelectrode. Consequently, considerable attention must be 
given to possible occurring of the faradic reactions at the tip demonstrated in 
Fig. 4.1b.  

 

Figure 4.1. (a) Schematics of in situ STM bipotentiostat. (b) Schematic presentation of 
an immersed tunnel junction, at which in addition to direct tunneling between the tip 
and substrate, there is also the possibility for occurring of the electrochemical reactions 
at the tip and substrate. Notations: S – electrode substrate; T – tunneling tip; RE – 
currentless reference electrode; CE – counter electrode; ES, ET – potential difference of 
substrate and tip, respectively, versus reference electrode; IS, IT – current at substrate 
and tip, respectively. Inset: the dependency of electrochemical current on the potential 
ET applied for a tip/electrode combination within ideal polarizability potential region, 
which is marked by arrows in the figure [54]. 
 
Mentioned faradic reactions may include redox as well as deposition and 
dissolution processes. Under constant current imaging conditions, the set point 
current is maintained by a combination of electron tunneling and the faradic 
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process occurring at the tip. Typically, an attempt is made to minimize the 
faradic contribution at the tip by coating the probe with an insulating substance 
leaving only the apex of the tip directly exposed to the electrolyte as indicated 
in Fig. 4.1b. In this way the direct electron tunneling across an electrolytic 
barrier is assumed to be the dominating charge transfer mechanism in the region 
of smallest tip-substrate separation (domain A, in Fig. 4.1b) in a similar range 
as in ultra-high vacuum or gas phase STM measurements. Beyond the direct 
tunneling domain A, both substrate surface and the tip are susceptible to electro-
chemical charge transfer reactions involving electrolytic compounds. Unless 
properly controlled, these processes can cause arbitrary changes in the surface 
morphology and in the chemical composition of both tip and substrate by 
adsorption and phase formation/dissolution processes. Furthermore, at the tip, 
the superposed electrochemical current components will normally disturb the 
STM control system by enhanced noise and fluctuations in the overall tip 
current. All these phenomena may deteriorate electrolytic STM imaging data by 
loss of resolution, insufficient reproducibility and enhanced drift. A special 
situation is encountered in cases, where the electrochemical processes at 
substrate and tip are coupled by electrolytic transport of reactants participating 
in both mentioned processes, since this opens an additional current pathway 
between these electrodes (pathway B in Fig. 4.1b). To a first approximation, it 
increases the “true” tunneling current, but follows a different dependence on tip 
substrate separation, which is governed by the overall geometry of the 
combined system as well as by the reactant concentration and the kinetics of 
electrochemical transport. In electrolyte solutions with ionic concentrations 
above ca. 10–3 M electrochemical transport beyond ca. 10 nm from the tip or 
substrate interface can be quantified in a good approximation by various 
diffusion models [7]. Typical reactants included into variable reactions are H+, 
dissolved O2, metal ions and soluble redox compounds. Especially pronounced 
effects are expected in the presence of redox compounds involved in the fast 
electrochemical charge transfer processes at both electrodes. Under redox 
reaction conditions, already small potential differences between substrate and 
tip (i.e. at small tunneling voltages) can result in considerable diffusion-
controlled electrochemical steady-state currents.  

The above mentioned system properties, combined with the aim to image 
defined electrochemical changes at the substrate imply the necessity to reduce 
or eliminate the superposed electrochemical reactions at the scanning tip, while 
keeping the electrochemical processes at the substrate under full extrinsic 
control.  

Under the idealized condition that the direct electron tunneling between the 
tip and substrate, and the electrochemical charge transfer reactions are assigned 
to be locally separated parts of the electrolytic STM configuration, and 
assuming that the mechanism of the electrochemical reactions is not affected by 
the electron tunneling process, the electrochemical processes at both electrodes 
can be controlled separately by a bipotentiostatic STM setup, illustrated 



17 

schematically in Fig 4.1. It is done by the independent adjustment of the 
potential differences ET and ES between the tip and substrate, respectively, and a 
practically currentless reference electrode RE serving as an electrolytic potential 
probe. To achieve optimum reduction of the electrochemical tip currents, the tip 
materials should be chosen so that the electrochemical behavior in the given 
electrolyte solution over a reasonably wide potential range is purely capacitive. 
During STM operation, the tip potential ET versus the reference electrode is 
kept within the region of ideal polarizability, whereas the electrochemical 
reactions at the substrate can be controlled by adjusting ES. As shown in Fig. 
4.1, the bipotentiostatic control is completed by a current-carrying counter 
electrode CE maintaining the sum of the substrate and tip currents IS and IT, 
respectively. 

An additional disturbance of STM imaging can be caused by high capaci-
tance of the electrolytic interfaces, ranging from 20 to 100 F·cm–2. In electro-
lytic tunneling gaps, this can lead to the considerable capacitive noise pickup 
and to the capacitive tip current components during the distance variation and 
voltage modulation experiments. Thus, for the control of the electrochemical 
processes it is necessary to reduce the exposed surface area of the tip by 
applying appropriate coating techniques. 

The tunneling tip should be isolated and the uncovered part is usually  
5–10 μm from the tip end. The selection range of the covering materials is quite 
large, and the materials like fingernail lacquer, glass, epoxy, polyethylene, 
ApiezonTM wax and other polymers are commonly in use.  

A typical set point current for atomically resolved STM imaging is in the 
order of ~1 to 20 nA. This corresponds to an extremely large current flux  
~106 A·cm–2 between the apex of the tip and substrate area (<10–14 cm2) being 
probed. In contrast, any faradic process would be distributed over the exposed 
area of the tip, which is often in the range of ~10–8 to 10–10 cm2 such that a 
10 nA faradic current would correspond to a very high current density of 1 to 
100 A·cm–2. Thus, provided that the tip electrode is suitably coated, a large 
faradic perturbation is required to destabilize the tunneling-based imaging 
process. In contrast, the exponential decrease in the tunneling current with 
increasing tip-substrate separation eventually leads to the limiting case in which 
Ifaradic >> Itunnel. Under appropriated conditions, the faradic current may be used 
to form images of the electrochemical reactivity of a surface. This is known as 
scanning electrochemical microscopy (SECM) in which the mass transport and 
heterogeneous redox activity of species within the junction mediate the tip-
substrate interaction [53]. 

In typical STM application there is a very sharp conducting tip, placed in the 
scanner and made of platinum-iridium (rhodium) alloy or tungsten, over a 
conducting surface (conductor or semiconductor) and holding just a few atomic 
diameters apart, so that the electric current can flow between the two objects by 
means of quantum mechanical tunneling. The rapid decay of tunneling current 
gives to the STM remarkable sensitivity to small features present on the surface; 
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usually the atomic resolution is easily attained by moving the tip over the 
surface in a raster scan mode and measuring the height changes needed to 
maintain a constant tunneling current during scanning. Many modifications of 
the original STM and AFM (atomic force microscopy) have been developed, 
and they all work in a similar basic manner. A sharp probe is moved back and 
forth in the plane of the sample (the x and y direction) while its height (the z 
range) is controlled using a sensor signal sensitive to an interaction between the 
probe and the surface. A map of this control signal as a function of position  
(x–y) forms an image of the surface properties [58], approximated at the 
simplest case as the mechanical profile.  

There are two different modes of the operations: the constant current mode 
and the constant height mode. In the constant current mode regime the tip is 
moved up and down according to the electronic (mechanical) profile of the 
surface. The movement across x, y and z axes is achieved by piezoelectric 
elements, which are controlled by a controller unit connected to the computer. 
In constant height mode regime, the vertical position of the tip is held constant 
and the current is monitored. This method has its own risk, when surface is 
quite rough, has high points and surface defect areas and thus, the tip can be 
easily broken. The advantage of this method is that high scanning speed can be 
achieved. The microscope is very sensitive and permits atom scale resolution, 
which allows screening even of absorbed molecules on the smooth surface 
(usually single crystal), when there is no problem with the regime of operation. 
The problem persists, when there is low conductance or non-conductive objects 
in the scanning area, which is caused by the adsorption of the dielectric 
molecules, or by contamination of the surface by nonconducting particles or 
formations (deposits) [58]. 

Atomically resolved STM studies require the preparation of a very flat 
surface with well-defined structure [55]. In order to carry out electrochemical 
studies at solid electrodes, the surface has to be routinely restorable to its 
original conditions. Flame annealing in a hydrogen-oxygen flame has proven to 
be particularly convenient for rapid refurbishing of the Au(hkl) and Pt(hkl) 
single crystal surfaces [56,59–71]. However, it was demonstrated that the 
crystal quality and surface structure of Au(hkl) and Pt(hkl) electrodes is very 
sensitive to the cooling procedure applied and the slow cooling rate in an inert 
gas was preferred over rapid quenching in H2O for Au(hkl) [59–61,63,65,67–
69]. Electrochemical or chemical polishing (Au, Ag, Cu) [54,63] and electro-
chemical capillary growth techniques for deposition of the Ag and Cd single 
crystals [72,73] may be used as an alternative or additional steps to thermal 
annealing. The so-called atomic layer deposition from the gas phase, as well as 
electron-beam evaporation and sputtering, provide another avenue for pro-
ducing flat, highly oriented surface films with reasonable surface roughness 
[72–74]. 

However, during the systematic analysis of data it was found that the 
different preparation methods led to the different mesoscopic structures like step 
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bunching (depending heavily on the specific preparation procedures used) 
[13,14,55,56,59–64,66–69,72–78]. The influence of the electrode potential on 
the surface structure of Au(hkl), Pt(hkl) and Ag(hkl) and other face centered 
cubic metals has been discussed in many papers [13,14,59–64,66–69,76,77]. It 
was found that the surface structure of Au(hkl) electrodes depends noticeably on 
the surface charge density and thus, on the difference of electrode potential 
applied with respect of the zero charge potential and electrochemical work 
function values crucially depending on the prehistory of the electrode prepa-
ration (reconstructed, unreconstructed etc.) methods used, as well as on the 
other experimental details [61,63]. 
 
 

4.3. The crystallographic properties of Sb and Bi 

Sb and Bi crystallize in a rhombohedral Bravais lattice system with an axial 
angle α = 57°14’. Corresponding crystallographic structure can be seen in the 
Fig. 4.2. The distance between atoms inside the same layer is 2.88 Å for Sb and 
3.10 Å for Bi, the distance between atoms in the neighboring layers is  
3.38 Å (Sb) and 3.47 Å (Bi), correspondingly [78,79]. 

Both antimony and bismuth have five valence electrons and in its normal 
crystal modification they are crystallizing in a double layered structure, where 
each atom has three close neighbors from the same layer (s2p3-electronic 
configuration) and three farther neighbors from the second neighbor layer bonds 
with the aim of hybrid sp3d1 orbital.  

Thus, metallic properties of the fifth group elements depend on the bonding 
between neighboring layers and bismuth has the stronger metallic nature than 
Sb [78,79]. The presence of the covalent semiconductor bonds between the 
atoms in the Sb and Bi lattice probably fixes the position of the surface atoms 
more rigidly than in the case of typical 
sd-metals (Au, Cu, Pt, Pd) [55,59–
61,63,80].  

According to the previous cyclic vol-
tammetry, impedance, chrono-coulono-
metry and STM studies [3,29,30,63,81–
93], there is no quick surface reconstruc-
tion of Sb(hkl) and Bi(hkl) within the 
region of ideal polarizability of these 
electrodes. 

It is supposed that the layered struc-
ture of Sb and Bi allows to prepare a very 
smooth atomically flat surface areas as a 
result of electrochemical polishing and 
cleaving procedures [3,13,29,81] used in 
this work. 

Figure 4.2. Layered structure 
of Sb and Bi crystals [78]. 
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4.4. In situ study of the adsorbed 2D monolayers  
on single crystal electrodes 

Two-dimensional (2D) phase transitions at solid surfaces or in the adsorption 
adlayers have received much attention in recent years as this phenomenon is 
related to the very important aspects of surface and materials science connected 
with the nano- and molecular technology [3–6,13–15,19,21,33–37,94,95]. The 
important characteristics in 2D phase transition are related to the important 
phenomena, like the ordered adsorption, island nucleation and growth, 
oscillating of chemical and electrochemical reactions, surface reconstruction, 
selective corrosion and corrosion inhibition, chirality of the formed surfaces and 
electrodeposition mechanism of the metals/catalysts. It is a very well estab-
lished fact that the kinetics of 2D condensation is noticeably influenced by the 
base electrolyte activity and chemical composition [4,5,15,20,37] as well as by 
the adsorption energy of solvent molecules at the surfaces studied (i.e., 2D 
condensation characteristics depend on the lyophilicity of surfaces investi-
gated). On the other hand, the structure and stability of the adsorbed monolayers 
are strongly affected by the symmetry of the surface structure of the adsorbate 
as well as by the adsorbate-adsorbent interaction Gibbs energy and adsorbate-
adsorbate, adsorbate-electrolyte, adsorbate-solvent and solvent-solvent lateral 
interaction energies [4,5,13–15,18–21].  

The exploitation of the classical electrochemical methods (impedance, cyclic 
voltammetry, chronoamperometry [4–6,15,18–21,33–37,94,95]) in comparison 
with the surface sensitive in situ techniques such as STM, AFM [4,6,15,31,33–
37,94], and so-called vibrational spectroscopy (SNIFTIRS (subtractively nor-
malized interfacial Fourier transform infrared spectroscopy), SEIRAS (surface 
enhanced infrared reflection absorption spectroscopy) [31], Raman [96,97]) 
complemented by DFT (density functional theory) calculation methods [22–25] 
will provide a complex approximation and strategy to investigate the solid | 
liquid interfaces in macroscopic and microscopic (molecular or atomic) levels 
and to develop in future the general molecular theory taking into account the 
influence of the crystallographic structure, electronic and chemical nature of the 
surface as well as the surfactant properties (molecular structure, dielectric 
properties and polarizability, charge density localization) on the 2D con-
densation phenomenon. 

The influence of the surface structure of Bi(hkl) and Sb(111) electrodes on 
the thermodynamic characteristics of the adsorption of organic molecules is 
comparatively big [3,29,30,63,81–93]. The UHV STM studies at the cleaved 
Sb(111) surface (cut at the temperature of liquid nitrogen) [30,83] demonstrated 
the nearly ideal crystallographically flat structure of the Sb(111) surface which 
makes further investigation quite interesting under electrochemical conditions 
using in situ STM techniques. Electrochemically polished and cleaved Bi(111) 
electrode [3,29,81] is also very promising object for studies of adsorption of 
organic molecules. The adsorption kinetics of organic compounds on Bi 
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electrode is important because the thin-layer Bi electrodes can be used instead 
of the toxic Hg electrode for sonoelectroanalysis (stripping voltammetric 
detection) of heavy metal cations from the various natural environments 
(including whole human blood) [98,99] in the negative potential region, where 
the simultaneous adsorption/desorption of organic compounds is possible and 
probably influencing the electroanalysis data. 
 
 

4.5. Cyclic voltammetry 

The cyclic voltammetry is the simplest and the most widely used electro-
chemical technique for the characterization of the electrochemical materials and 
process that take place at the electrochemical interfaces. In addition to the 
information that can be obtained in such experiments, this technique shows two 
very important aspects, such as the condition the electrode surface structure 
(single crystal characterization) and the presence/absence of impurities in the 
system studied. 
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Figure 4.3. Triangular signal applied in cyclic voltammetry. 
 
This technique consists of recording the current that circulates through the 
working and counter electrodes, when a constant rate potential sweep is applied. 
The potential sweep is linear in the time scale, which is achieved by introducing 
a triangular signal, whose slope (in absolute value) represents the scanning rate, 
, (Fig. 4.3).  
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Figure 4.4. Cyclic voltammogram for Sb(111) electrode measured in 0.5 M Na2SO4 + 
3.0×10–4 M H2SO4 aqueous electrolyte at  = 50 mV·s–1. 
 
The current density, j, represented with respect to the potential, E, is called 
voltammogram (Fig. 4.4). In general, different processes that can take place at 
the electrode can be characterized by the appearance of the oxidation or 
reduction peaks (or waves for irreversible processes with complicated 
electrochemical reaction mechanism) in the plot current vs. potential. The 
current peak is usually responsible for the process that takes place on the 
electrode, and the voltammetric waveform (or peak) provides information on 
the nature and kinetics of the process initiated by potential scan [100–102].  

One can distinguish two major groups of electrode processes; adsorption 
controlled processes and diffusion controlled processes. In case of the 
adsorption step limited process the current peak is proportional to the sweep rate 
applied. Furthermore the charge circulated during the sweeps provides infor-
mation on the surface coverage of the adsorbed species [100,102]. 

However, for diffusion step rate controlled process, the peak current is 
directly proportional to the square root of the potential sweep rate. That allows 
distinguishing this process from the other processes described above. Further-
more, the waveform depends on the kinetics of the redox reaction taking place 
[100,102]. 
 
 

4.6. Impedance spectroscopy 

Impedance spectroscopy is an informative technique for analysis of different 
electrochemical systems and processes. Cyclic voltammetry usually takes 
electrodes to a condition usually far from equilibrium. In contrast, impedance 
methods are based on perturbation of the electrochemical cell with an 
alternating signal of small magnitude (~5mV), allowing measurements at nearly 
equilibrium or steady state conditions [102].  
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Sinusoidal potential perturbation is applied to the electrode: 
 
 E(t)=EA sint  (4.6.1) 
 
where E(t) is the potential at time t, EA is the potential amplitude,  = 2f is the 
radial frequency, and f is the frequency in Hz units. The current response will be 
a sinusoid at the same frequency, but shifted in phase: 
 
 i(t) = iA sin(t + ) (4.6.2) 
 
where i(t) is the current at time t, iA is the current amplitude and  is the phase 
shift by which the potential lags the current [102]. The impedance (total 
resistance of the system for ac) is defined analogously to the Ohm’s law as the 
ratio of ac voltage and ac current gives the impedance: 
 

 = ( )( )   (4.6.3) 

 
Impedance has magnitude (ZA = EA/IA) and phase angle and thus, is a vector 
quantity: 
 
 Z = ZA (cos  + ji sin ) = Z’ + ji Z’’  (4.6.4) 
 
where = √−1 , Z’ is the real part (actual resistance) of impedance and Z’’ is 
the imaginary part (capacitive resistance) of the impedance [102]. 

If sinusoidal ac voltage is applied across the pure capacitor, the impedance 
can be calculated according the relationship: 

 

 = = −   (4.6.5) 

 
where C is the capacitance of the system tested and the phase angle  = –90o. 
So the impedance depends on the ac frequency applied and Z is entirely 
imaginary parameter. 

In the present work the impedance spectroscopy has been used for the 
determination of quality of electrodes and for the study of the adsorption 
behavior (kinetics) of thiourea and 4,4’-BP at B(111) electrode. 
 
 

4.7. Adsorption kinetics of organic compounds 

Frumkin and Melik-Gaikazyan first observed the frequency-dependence of the 
impedance of the Hg electrode adsorbing neutral organic molecules [103–113]. 
Later this conception has been enlarged to other metal electrodes by various 
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authors [63,114–117]. For the case of adsorption kinetics controlled entirely by 
the rate of diffusion, they deduced the following expressions for the frequency-
related admittance of the electrode [103–113] 
 

 = + /
/   (4.7.1) 

 

 = /
/   (4.7.2) 

 
where Γ is the Gibbs adsorption (surface concentration); μ is the chemical 
potential; and ω is the angular frequency equal to 2πf; Cp is the parallel 
interfacial capacitance; Ctrue = (∂q/∂E)Γ,μ is the interfacial capacitance as ac 
frequency f → ∞ , C0 =(∂q/∂E) Γ,μ + (∂q/∂Γ)E (∂Γ/∂E)μ , C0 is the differential 
capacitance as f → 0; Cad = C0 – Ctrue = (∂q/∂Γ)E (∂Γ/∂E)μ , Cad is the adsorption 
capacitance, caused by the dependence of Gibbs adsorption (Γ) (or surface 
coverage θ) on E applied and Rp is the parallel resistance [104,105]. 

As shown by Armstrong et al. [106], if the diffusion controlled relaxation 
time (τD=1/2πfD) is defined as 

 
 τD = (∂Γ/∂c)2

E / D  (4.7.3) 
 
and a Cole-Cole distribution [107] of relaxation times about τD is assumed (with 
the particular value α=0.5 in their Eq. (4.7.13) [107], which for the case of 
relaxation of dielectric polarization leads to the frequency dependence of the 
real ε’ and imaginary ε’’ parts of the complex dielectric constant ε*) then Eqs. 
(4.7.1) and (4.7.2) can be rewritten as (known as a frequency related admittance 
plots) 
 

 = + /
( ) /   (4.7.4) 

 

 = ( . ) /( ) /   (4.7.5) 

 
Eqs. (4.7.4) and (4.7.5) require that 1/ωRp versus Cp (so called Cole-Cole plot) 
should take the form of a quarter-circle, intersecting the Cp-axis at the values 
Ctrue and (Ctrue + Cad) [106–109], if the diffusion step is a rate limiting stage for 
total adsorption process.  

For the case of adsorption kinetics controlled entirely by the rate of a hetero-
geneous charge transfer process, Frumkin and Melik-Gaikazyan [103,104] 
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deduced the following equations for the frequency-related admittance of the 
electrode: 

 

 = + ( / ) ,( / ) ,   (4.7.6) 

 

 = ( / ) ,	( / ) ,  , (4.7.7) 

 
where ν [mol·cm–2·s–1] is the net rate of adsorption step due to the departure 
from equilibrium conditions. 
 
If τD is defined as: 
 

 = ,  (4.7.8) 

 
and as the relaxation time of the heterogeneous charge transfer (adsorption) 
process is defined as τK = 1/2πfK, then from Eqs. (4.7.6) and (4.7.7) we have 
 

 = +   (4.7.9) 

 

 =  . (4.7.10) 

 
Thus, according to [106,109], the 1/ωRp versus Cp plot should take the form of a 
semi-circle with coordinates of center Cp=Cad/2+Ctrue; 1/ωRp=0. Eqs. (4.7.9) and 
(4.7.10) have the same form as the Debye-Pellet equations for the relaxation in 
a dielectric with a single relaxation time [106,107]. It should be noted that on 
the basis of the Frumkin adsorption isotherm, the following equation for the 
diffusion relaxation time has been derived 
 

 = ( )( )  , (4.7.11) 

 
and for the adsorption relaxation time, 
 

 = ( )( )  , (4.7.12) 

 
by Retter and Jehring [94], where a is the Frumkin interaction coefficient, 
adsorption exchange rate is ν0 and Γm characterizes the influence of the maximal 
Gibbs adsorption and the surface coverage θ on the corresponding relaxation 
times. Therefore, the intermolecular interaction energy plays a very big role in 
determining crucially the τD and τK values.  
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The situation of mixed diffusion and heterogeneous charge transfer step 
control was studied in the most general case by Lorenz and Möckel [63,111–
113,116–121]. The frequency-related admittance has been expressed by the 
relations 

 

 = + ( . ) /( . ) / ( . ) /   (4.7.13) 

  

 = ( . ) /( . ) / ( . ) /  . (4.7.14) 

 
If τK and τD are of the same order, the 1/ωRp versus Cp plot gives a gradual 
transition from a quarter-circle (at low frequencies f, when there is effectively 
complete diffusion control) to a semi-circle (at high frequencies f, when the 
control is effectively heterogeneous) [111,112]. 

According to the Lorenz model the impedance values for so-called 
adsorption branch in parallel to Ctrue can be calculated as [105,111,119] 

 
 Zl’ = (0.5τD)1/2 ω–1/2 Cad

–1 + τKCad
–1  (4.7.15) 

 
 Zl’’ = (0.5τD)1/2 ω–1/2 Cad

–1 (ωCad)
–1  (4.7.16) 

 
Thus, if the diffusion is the limiting stage of an adsorption process, then the 
equilibrium values of differential capacitance at ω → 0 can be obtained by the 
linear extrapolation of the Cad, ω

1/2 dependence to ω1/2=0, as well as can be 
calculated by Eq. (4.7.17) 
 
 Cad(ω=0) = Cad

2(ω)R2
p(ω) ω2+{(Cad(ω)Rp(ω) ω–1)Rp(ω) ω}–1 ,  (4.7.17) 

 
where Cad(ω) and Rp(ω) are the values of the differential (additional) capa-
citance and parallel resistance at ω=const, respectively [113,118]. Thus, by 
linear extrapolation of the RS(ω)-values to ω →∞ , the solution resistance  
RS(ω) = Rel can be determined. Since the amount of organic compound added is 
small and usually it does not affect the solution resistance, one can assume Rel to 
be equal to the ohmic component RS of the impedance in the pure base 
electrolyte solution [103,104]. However, if the added amount of organic 
compound is very high, there are some deviations toward higher series 
resistance values. 

It was shown [111,119], that if, at a given frequency, the adsorption process 
is characterized by the additional capacitance Cad(ω) and by the parallel 
resistance Rp(ω), which are assumed to be parallel in the equivalent circuit (i.e., 
adsorption model), then for a slow diffusion step 

 

 cot = ( ) ( ) = 1 + √ √ = 1 + √ , (4.7.18) 
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where M is the slope of the cot δ vs. ω−1/2 plots. However, for some compounds 
at very low frequencies noticeable deviations have been observed, explained 
according to Lorenz [111,119] and Damaskin et al. [108,109,114] by the two-
dimensional association of the adsorbed molecules at the metal | solution 
interfacial region. In this case the value of cot δ can be calculated as 
 

 cot = √ √
√ ( ), (4.7.19) 

 
where ω0 is the exchange rate of the two-dimensional association, and k1, k2 and 
k3 are the certain constants characterizing the process of two-dimensional 
association [108,109,113,114,120]. 

Usually, the components of the adsorption impedance are calculated from 
the impedance data of the cell used for the measurements (series circuit), i.e., 
from CS(ω) and RS(ω) following the procedure described in Refs. [108,109, 
113,114,118,119]. 
 
 

4.8. Infrared (IR) spectroscopy 

Electrochemical techniques provide only macroscopic information and do not 
allow the identification of the species that give rise to the detected current. To 
solve these problems, electrochemical system is usually coupled to a 
spectroscopic equipment (IR, SERS, SNIFTIRS) or microscopic (STM, AFM) 
so that structure and/or chemical composition of the interface can be obtained 
under controlled electrochemical conditions. 
 

 

Figure 4.5. Optical diagram of a Fourier transform spectrometer equipped with a 
Michelson interferometer [122]. 
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The device used to obtain infrared spectra is known as spectrometer. This 
system may be dispersive (which uses prism or diffraction grating to select the 
IR radiation wavelength reaching the sample) or Fourier transform (FT) type 
[123,124]. Fig. 4.5 shows a diagram of a Fourier transform type spectrometer 
equipped with a Michelson interferometer consisting of two mirrors (one fixed 
and one mobile). There is a beam splitter between them which transmits half the 
radiation to the fixed mirror and reflects the other half to the moving mirror. At 
the time when fixed and moving mirrors are not at the same distance from the 
splitter, radiation travels different distances before returning to the splitter. This 
difference in distances travelled by the radiation is known as optical difference 
(or optical delay, δ). The graphical representation of the intensity of radiation 
reaching to the detector versus optical delay is known as interferogram (IFG). 
Applying mathematical operation known as Fourier transform (FT), the 
interferogram becomes spectrum (plot of radiation intensity versus the number 
of waves). 

Better signal to noise ratio (SNR) can be achieved with Fourier transform 
spectrometers because the radiation passes through the sample and reaches to 
the detector directly without going through a slit and a monochromator for 
select a particular wavelength, which reduces the intensity of radiation as it is 
common in the dispersive systems. Furthermore, with FT spectrometer radiation 
can be measured simultaneously over a wide range of wave number (limited by 
the response of the detector and the beam splitter used), so that these systems 
are much faster than the dispersive, where only a small range of wavelengths 
can be measured in the same experience [123,124].  

There are two basic modes for acquisition of IR spectra depending on 
whether the interferometer (moving mirror) is sweeping all positions to acquire 
interferogram (linear mode) or, conversely, this acquisition takes place in steps 
(step-scan). The variation of optical delay versus time and program of applied 
potential in the spectroelectrochemistry experiments in each acquisition modes 
is depicted in Fig. 4.6, where A and B parts are showing the linear mode, C 
shows the “step-scan” mode. In respect to the variation of electrode potential in 
spectroelectrochemistry experience, the acquisition in linear mode can be made 
in static or dynamic mode. In the first case (Fig. 4.6 A) electrode potential is 
fixed as the reference potential (E0) and the interferogram is recorded, which is 
processed by Fourier transformation and the reference spectrum is obtained. 
Each spectrum arises from an average derived of a certain number of inter-
ferograms (Fig 4.6 shows 10 interferograms) that makes possible to improve 
signal to noise ratio of the final spectrum. Then, the same process is repeated, 
but setting the potential of the electrode to the sample potential (E1).  
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Figure 4.6. Different modes of acquisition of IR spectra; linear mode: (A) static, (B) 
dynamic. (C) “step-scan” mode. 
 
On the other hand, the acquisition of interferograms in dynamic mode (Fig. 4.6 
B) takes place while the potential is swept between the limits E0 and E1. The 
scanning speed in this case should be low (about 2 mVs–1) for the variation of 
potential (ΔE) in each series of interferograms (whose average will be a 
spectrum) to be as small as possible. After the acquisition, the series of spectra 
as a function of electrode potential is obtained, allowing to study the change in 
the absorption bands with a change of the potential of the electrode. In both 
cases it is necessary to acquire and summarize a sufficient number of inter-
ferograms to achieve adequate SNR. 

The acquisition time on a linear mode interferogram is limited by mechani-
cal movement of the interferometer, but could be in the order of 10 ms at the 
expense of lower quality of the interferogram. This temporal resolution can be 
improved in the “step-scan” mode (Fig. 4.6 C), in which the moving mirror 
varies its position step by step, keeping the fixed position for a certain time. In 
each position, reversible process to study (in our case changes at the interface 
caused by a potential jump) is activated by an external signal (pulse). Then the 
mirror changes to the other position, repeating the same process described 
above until the moving mirror travels all the necessary positions to create the 
interferogram. Fig. 4.6 C (right) shows schematically the data acquisition at the 
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conditions of the “step-scan” mode. Each row x corresponds to the different 
position of the mirror. At the end of the acquisition, there are series of inter-
ferograms collected at different times. 

Currently with the commercial FT-IR equipment equipped with the proper 
digitizer cards and using the adequate FT-IR detectors, like Mercury-Cadmium-
Telluride detector TRS-MCT (Time-Resolved Mercury Cadmium Telluride), 
temporal resolution up to 5–10 s can be achieved, which are sufficient for 
electrochemical systems implied in ATR-SEIRAS (attenuated total reflection 
surface enhanced infra-red absorption spectroscopy) regime, where the response 
of the system is limited by the time required for charging/discharging of the 
double layer (known as double layer time constant) [125]. Time constant of the 
electrochemical system with the working electrode with an area of 0.5 cm2, 
(determined by applying impedance method) is about 0.29 ms [126]. It should 
be noted that using the external digitizer card and TRS-MCT photovoltaic 
detector, the temporal resolution can be achieved of the order of nanoseconds 
[127]. 
 
 

4.9. Density Functional Theory (DFT) calculations 

DFT method has found its first implementations in solid-state physics for 
electronic structure calculations in 1960’s. Over time it became popular in 
computation chemistry due a good balance between accuracy and computational 
cost. New functionals developed in the 1990’s allowed to investigate systems 
much larger than those suitable for ab initio methods. Nowadays, high level ab 
initio methods, either variational or perturbative, are usually applied to find 
highly accurate results on smaller systems, providing benchmarks for developing 
density functionals, which then can be applied to much larger systems. Never-
theless, DFT is not just another way of solving the Schrödinger equation, nor is 
it simply a method of parameterizing empirical results. DFT is a completely 
different, formally rigorous way of approaching any interacting problem by 
mapping it exactly to a much easier to solve non-interacting problem. Nowa-
days, its methodology is applied in a large variety of fields to analyze many 
different problems, with the ground-state electronic structure problem simply 
being the most common [128]. In the formulation given by Kohn, Hohenberg 
and Sham in the 1970’s the real system is described by an effective one-body 
system. To achieve that goal, the complex many-body wave function, which is 
the solution of the Schrödinger equation, is abandoned in favor of the density 
which only depends on the three spatial coordinates. The energy is just a 
function dependent on this function, i.e., an energy density functional [129]. 

DFT describes the electronic states of atoms, molecules and materials in 
terms of the three-dimensional electronic density of the system, which is a great 
simplification over wave function theory (WFT), involving a 3N-dimensional 
antisymmetric wave function for a system with N electrons [130]. 
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In practical work, DFT is almost always applied in the form introduced by 
Kohn and Sham, including its spin-polarized extension [130]. The basic 
quantity in DFT is the many-electron spin density, . The spin-polarized Kohn-
Sham formalism involves a determinant formed from a set of N fictitious 
single-particle spin-orbitals corresponding to a non-interacting system of 
electrons with the same spin densities, a and b, as the real system, where  is 
the sum of a and b. The spin density a is the 3-dimensional electron density 
of all spin-up electrons, and b is the same for spin-down electrons [130]. In the 
original Kohn-Sham formalism (applicable to closed shell molecules and 
nonmagnetic solids), a is equals to b. The original Kohn-Sham formalism may 
also be labeled spin-restricted Kohn-Sham or restricted Kohn-Sham 
approximations, and the spin-polarized version may be called spin-unrestricted 
or unrestricted. “Spin density” is a generic term for the density associated with 
the subset of electrons characterized by the same definite value of Sz, i.e., either 
 or  (thus one might say “spin-up density and spin-down density” rather than 
“spin densities”). In a many-electron system comprised of both spin-up and 
spin-down electrons, the term spin-density is also sometimes used to refer to the 
position-dependent difference between the up and down spin densities, or to the 
vector analog of this quantity [130]. 

Now it is well appreciated that quantitatively accurate electronic structure 
calculations must include electron correlation parameter. Two types of electron 
correlation should be recognized, the first called dynamical electron correlation 
and the second called static correlation parameter, near-degeneracy correlation, 
or non-dynamical correlation. Dynamical correlation is a short-range effect by 
which electrons avoid one another to reduce electron repulsion. It is a very 
general effect for all finite systems containing two or more electrons. 
Accounting for dynamical correlation by a configuration interaction wave 
function is very slowly convergent and requires a very large number of 
configurations. Other correlation effects, which are very system specific and can 
be either medium ranged or long ranged, can be accounted for a large extent by 
mixing a small number (sometimes two, sometimes more) of configurations that 
are “nearly” degenerate [130]. Such correlation effects are called static or near-
degeneracy correlation and systems exhibiting significant static correlation 
effects are often called multireference systems; likewise, WFT methods based 
on multi-configurational zero-order states are often called multireference 
methods. Due to partially filled d subshells, and nearly degenerate (n + 1)s and 
nd subshells, systems containing transition metals often have an overabundance 
of low-lying nearly degenerate states, and near-degeneracy correlation effects 
on the ground-state structure, electron distribution, and energy of transition 
metal systems can be very large. Even though static correlation can often be 
accounted for a zero-order approximation by a small number of configurations, 
it is often very difficult to include correlation effects in a well-balanced way in 
WFT calculations on multi-reference systems [130]. DFT, however, remains 
simple for such systems and is often surprisingly accurate. This empirical fact 
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functional from one source with a correlation functional from another, or they 
may both be from the same source. Thus, BP86 and BLYP combine B88 
exchange with P86 or LYP correlation, respectively; PW91 combines PW91 
exchange with PW91 correlation; PBE combines PBE exchange with PBE 
correlation; mPWPW combines mPW exchange with PW91 correlation; SLYP 
combines the Slater LSDA exchange with LYP correlation; and PBELYP 
combines PBE exchange with LYP correlation [130]. It is important to note, 
that in the nomenclature frequently used any functional that depends only on 
local properties, e.g., LSDA or GGA, is called local and other functionals, such 
as hybrid GGAs, are called nonlocal. In the older literature, GGAs are some-
times called nonlocal or gradient-corrected, but this usage is now becoming 
uncommon [130].  

The density functionals that perform best for main-group element chemistry 
are not the same as those that perform best for transition metals. In solid-state 
chemistry local functionals are often chosen, partly because they are easier to 
apply to the extended systems. In organic chemistry, the hybrid functionals are 
the most typical choice, because of their demonstrated superior predictions of 
energetics; by far the most popular such hybrid functional is B3LYP [130], 
which is a hybrid GGA put together by Stephens et al. [137] on the basis of 
earlier work by Becke and others [131,133,138]. The correlation functionals of 
B3PW91 and B3LYP are based on PW91 and LYP, respectively, but are 
optimized specifically for use in a hybrid functional, whereas the most straight-
forward hybrid functionals result from simply replacing a percentage (here 
called X) of local density functional exchange by Hartree-Fock exchange, i.e., 
B3LYP and B3PW91 both have X = 20 and each one has two other new para-
meters as well [130]. 

Despite the great progress that has been made in modeling implementing 
DFT methods, comparison to experimental processes is still limited, not only by 
the quality of the density functionals (and sometimes by inadequate basis sets or 
noninclusion of scalar and/or vector relativistic effects), but also by the inability 
to include simultaneously all aspects of finite temperature, surface coverage, 
partial pressures of all species presented in the system, dopants, co-adsorbents, 
surface reconstruction and local morphology, crystallographic defects, and 
consideration of all possible reaction (adsorption) steps and pathways. Never-
theless, a lot has been learned and some progress is accelerating, however, a 
considerable space for improvement still remains, but the future of the calcu-
lation methods is likely to be exciting [130]. 
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5. EXPERIMENTAL 

5.1. Materials and methods 

The surfaces of Sb(111)C and Bi(111)C planes have been prepared by cleaving 
of the Sb or Bi single crystals at the temperature of liquid nitrogen inside of the 
glove box in Ar (92%) + H2 (8%) atmosphere. For comparison the surface of 
the basal Sb(111)EP and Bi(111)EP planes have been prepared by electrochemical 
polishing in the KI + HCl aqueous solution at a current density j < 1.5 A·cm−2 
as well. After either cleaving or electrochemical polishing the surfaces were 
submerged under cathodic polarization (E = –0.8 V vs. Ag|AgCl in saturated 
KCl aqueous solution) into the slightly acidified sodium sulfate (concentration 
varies slightly depending on the metal studied) aqueous solution, previously 
saturated with Ar (92%) + H2 (8%) mixture. The self-made hermetic three-
electrode cell with large Pt counter electrode and Ag|AgCl, KCl sat. in H2O 
reference electrode, connected to the in situ STM cell through Luggin capillary, 
has been used. The region of ideal polarizability has been obtained using cyclic 
voltammetry and a good agreement with the results discussed [3,29,30,63,81–
93] and obtained using impedance method (AUTOLAB PGSTAT 30 with 
FRA2 system) and discussed later was established. For impedance analysis, 
5mV ac modulation was fixed and the frequency, f, was varied from 1×10–1 to 
1×105 Hz. The impedance measurement system was calibrated using various 
standard equivalent circuits. The differential capacitance (C) values were 
measured at a fixed constant frequencies (usually f=210 Hz). The quality of the 
surfaces investigated within the potential range where the adsorption of 4,4’-BP 
and TU takes place, was checked using cyclic voltammetry method (CV) at 
scan rates from 5 to 500 mVs−1. 

The Molecular Imaging PicoSPMTM measurement system applying the 
ApiezonTM coated tungsten STM tips, prepared in our laboratory, were used. 
The STM-tips and measurement system were tested and calibrated using HOPG 
basal plane C(0001)C (SPITM). All STM images were recorded in constant 
current mode with tunneling currents from 0.5 to 10.0 nA. For image processing 
and surface roughness analysis the Nanotec Electronica WSxMTM [139] and 
Gwyddion [140] free software products were used. 

The in situ infrared spectra were measured using Perkin-Elmer Spectrum GX 
FTIR system equipped with a liquid nitrogen-cooled midrange MCT detector 
[141–143]. Infrared beam was directed through a ZnSe wire grid polarizer and a 
ZnSe lens to the Si hemisphere at 65 degrees of incidence (mainly p-
polarization mode was used). SEIRAS spectra were collected during 3 minutes 
at a resolution of 4 cm–1 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 
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that of the background reference potential. Bi film was deposited on a flat side 
of a 10 mm diameter Si hemisphere, using a chemical deposition procedure 
[142]. 

Water for preparation of electrolyte solutions was treated with the Milli Q+ 
purification system. Solutions were prepared volumetrically using H2SO4 
(double distilled, Aldrich), 4,4’-bipyridine (Fluka purum, purity > 99%), 
thiourea (Sigma-Aldrich, puriss. p.a., purity > 99.0%) and Na2SO4, purified by 
triple recrystallization from water, and treated in vacuum to dryness. Na2SO4 
was also calcined at 700 °C immediately prior to the measurements. The 
temperature during the experiment was kept at 298±0.1 K. 
 
 

5.2. Calculations 

The complementary computational study was conducted in order to establish the 
underlying molecular model for the experimentally observed adsorption patterns 
of 4,4’-BP. At a preliminary stage, the interaction energy (ΔEint) versus distance 
from the surface dependencies, i.e., potential energy curves, were calculated for 
three possible orientations and for six possible positions of the 4,4’-BP 
molecule relatively to a Bi24 cluster [22,25]. These calculations were conducted 
using the Gaussian 09 program [144], hybrid exchange-correlation functional 
CAM-B3LYP [145], LanL2DZ (Los Alamos National Laboratory double zeta) 
basis set with additional polarization functions for Bi atoms, and 6–311+G** 
basis set for H, C and N atoms, constraining geometry of the Bi cluster and 
optimizing internal geometry of 4,4’-BP molecule. The mentioned methods 
were tested and the applicability of Bi24 cluster model have been verified in our 
previous works [22,25].  

At the second stage, a periodic model of the Bi(111) surface was developed 
and used. The vdW-DF2 (van der Waals density functional, second version 
[146]) and M06-L (meta-hybrid generalized gradient approximation functional) 
functionals were applied as implemented in GPAW 0.9 (grid-based projector-
augmented wave method) code [147], using the grid-spacing of 0.16 Å for 
surface structure, and completed with default pseudopotentials. These calcu-
lations were performed partially at Amazon Elastic Compute Cloud with an in-
home developed desktop-to-cloud migration tool [148], fixing bismuth atom 
positions in the slab and using partially restricted geometry for the 4,4’-BP 
molecule. Two-layer thick bismuth slab in a 1.362 nm×1.573 nm×3.0 nm 
supercell with Periodic Boundary Conditions in x,y-directions on a 2×2×1 
Monkhorst-Pack k-point sampling grid, including the dipole correction in  
z-direction, have been used for analysis of the interfacial structure.  

At the third stage, the structure of several molecular patterns of 4,4’-BP 
molecules was optimized on Bi slab using the vdW-DF2 functional until the 
forces between the atoms were smaller than 0.10 eV/nm. Two-layer thick 
bismuth slab in a 0.908 nm×2.359 nm×3.0 nm supercell with the Periodic 
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Boundary Conditions in x,y-directions on a 2×4×1 Monkhorst-Pack k-point 
sampling grid, and including the dipole correction in z-direction, was used. The 
optimized structures of the adsorption models were recalculated to obtain PBE 
(functional of Perdew, Burke and Ernzerhof), vdW-DF2 and M06-L interaction 
energies according to the equation: 
 
 ∆Eint = E(adsorption model, ∆z) − E(surface model) − E(4,4’-BP model) (5.1) 
 
where ∆z is the distance between the surface plane and N atom in the 4,4’-BP 
molecule. Finally, for the selected models the theoretical Tersoff-Hamann STM 
images using the Atomistic Simulation Environment (ASE) approximation 
[149] were generated. The electrostatic charges were obtained using Density 
Derived Electrostatic and Chemical Charge (DDEC) method [150]. Avogadro 
tool was used for visualization of the results calculated [151]. 
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6. RESULTS AND DISCUSSION 

6.1. (I) Surface structure of Sb(111) single crystals 

Fig. 6.1.1 represents cyclic voltammetry data for Sb(111) electrode in 0.5 M 
Na2SO4 + 3.0×10–4 M H2SO4 aqueous solution. Current density does not exceed 
–10A·cm–2 within the region of E from –1.0 to –0.45 V. At –0.42 V, the 
current passes through zero and the dissolution of antimony starts according to 
the equation (6.1) 
 
 Sb + 3H2O = Sb2O3 + 6H+ + 6e–  (6.1) 
 
Potential of zero charge for Sb(111) is Eq=0 = –0.46 V [93], which almost 
coincides with the potential, where antimony surface starts dissolving according 
to the voltammetry data, given in Fig. 6.1.1 It is obvious that slightly acidified 
electrolyte solution shifts the point, where the dissolution of Sb(111) starts, 
toward less negative potentials, as discussed in Ref. [93]. 
 

 
Figure 6.1.1. Cyclic voltammogram for Sb(111) in 0.5 M Na2SO4 + 3.0×10–4 M H2SO4 
aqueous electrolyte at  = 50mVs–1. 
 
The surface of Sb(111)C cleaved at the temperature of liquid nitrogen consists of 
large and atomically smooth terraces and monoatomic steps with height  
3.6 + 0.2 Å (Fig. 6.1.2 and 6.1.3) and/or of multiple monoatomic heights [I]. 
Thus, in a good agreement with data for Sb crystallographic structure  
(d = 3.37 Å ), such structure is always formed by cleavage occurring between 
two planes separated by somewhat large distance.  
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Figure 6.1.2. in situ STM image (1000 × 1000 nm) (a) and selected surface profile  
(b) for cleaved at the temperature of liquid nitrogen Sb(111)C electrode in  
0.5 M Na2SO4 + 3.0×10–4 M H2SO4 aqueous electrolyte, at E = –0.8 V vs. Ag|AgCl, 
KCl sat. in H2O. 

 
 

 

Figure 6.1.3. in situ STM image (100 × 100 nm) (a) and selected surface profile  
(b) for cleaved at the temperature of liquid nitrogen Sb(111)C electrode in  
0.5 M Na2SO4 + 3.0×10–4 M H2SO4 aqueous electrolyte, at E = –0.8 V vs. Ag|AgCl, 
KCl sat. in H2O. 
 
Therefore, mainly the van der Waals bonds have been broken and the steps have 
mainly monoatomic height rather than diatomic, thus, similarly as previously 
observed for Bi(111) single crystal electrode (Fig. 6.1.4) [29].  
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Figure 6.1.4. in situ STM image (500 × 500 nm) (a) and selected surface profile  
(b) for cleaved at the temperature of liquid nitrogen Bi(111)C electrode in  
0.05 M Na2SO4 + 2.5×10–5 M H2SO4 aqueous electrolyte, at E = –0.6 V vs. Ag|AgCl, 
KCl sat. in H2O. 
 
The boundaries of the most terraces are close to the straight lines of the atomic 
rows on the Sb surface along the [1 1 0] direction (Fig. 6.1.2a) [78]. However, 
there are some areas having considerably curved boundaries and rounded 
islands of the triangular shape. No random hollows of nanometric dimension are 
present on Sb(111)C when compared to Bi(111) [29].  

At higher magnifications, some terrace boundaries show considerable 
dispersion and can deviate from the direction of atomic rows (Fig. 6.1.3). Of 
course, the behavior of the boundaries depends on their direction and the length 
and thermal motion is the reason for the more extended boundaries being 
slightly diffused. However, different behavior of the boundaries can be caused 
by their various steepnesses on an atomic scale provided by the packing of 
layers along the [1 1 1] direction [78]. In some places, the dislocation outcrop 
can be seen and in some surface regions the very small steps with height lower 
than the lattice period for Sb have been observed, probably caused by the screw 
dislocations generated during the crystal growth by using the vertical 
Czochralski method. The data measured in H2O medium are in a good 
agreement with the data obtained in UHV STM studies of the Sb(111)C 
electrode [30,83] and with previously studied Bi(111) single crystals, where 
screw dislocation defects were also present, as the same vertical Czochralski 
method was used for growing of the Bi single crystals [29].  

The data in Fig. 6.1.5 show the atomic resolution picture (a) Fourier filtered 
image (b), the surface profile (c) and typical FFT (Fast Fourier Transform) 
image (d) for the cleaved Sb(111)C electrode at E = –0.8 V. According to these 
data, the quite regular atomic structure can be observed with interatomic 
distances d = 3.5 ± 0.1 Å. As previously described for Bi(111) electrodes [29], 
the height fluctuations in the region of (10 × 10) nm2 on Sb(111)C surface 
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analyzed are very small. This regular structure is stable during hours and does 
not change noticeably under polarization from –0.8 to –0.15 V.  

 

 
Figure 6.1.5. in situ STM image (a), FFT filtered signal (b), height profile (c) and FFT 
signal probability image (d) for cleaved at the temperature of liquid nitrogen Sb(111)C 
electrode in 0.5 M Na2SO4 + 3.0 × 10–4 M H2SO4 aqueous electrolyte, at E = –0.8 V vs. 
Ag|AgCl, KCl sat. in H2O. 
 
 

 

Figure 6.1.6. in situ STM image (a) and selected surface profile (b) for 
electrochemically polished Sb(111)EP electrode in 0.5 M Na2SO4 + 3.0 × 10–4 M H2SO4 
aqueous electrolyte at E = –0.7 V vs. Ag|AgCl, KCl sat. in H2O. 
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Figure 6.1.7. in situ STM image (a), height profile (b) and FFT signal probability image 
(c) for electrochemically polished Sb(111)EP electrode in 0.5 M Na2SO4 + 3.0 × 10–4 M 
H2SO4 aqueous electrolyte, at E = –0.8 V vs. Ag|AgCl, KCl sat. in H2O. 
 

 
Figure 6.1.8. in situ STM images (a), and root mean square roughness (RMS) vs. 
electrode potential dependence (b) for electrochemically polished Sb(111)EP electrode in 
0.5 M Na2SO4 + 3.0 × 10–4 M H2SO4 aqueous electrolyte at various electrode potentials 
(shown in figure). 
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Figure 6.1.9. in situ STM image (a) and selected surface profile (b) for 
electrochemically polished Sb(111)EP plane in 0.5 M Na2SO4 + 3.0×10–4 M H2SO4 
aqueous electrolyte, at E = 0 V vs. Ag|AgCl, KCl sat. in H2O. 
 
According to the data given in Fig. 6.1.6a, the surface of the Sb(111) electrode, 
electrochemically polished in the saturated KI + HCl aqueous solution at anodic 
current density j < 1.25 A·cm2, is quite smooth and only some monoatomic 
steps and hollows can be observed. The data in the Fig. 6.1.6 show that there are 
wide areas having atomically smooth structure (ca. 10–20 nm). However, the 
very small height fluctuations are possible. Fig. 6.1.7 demonstrates the atomic 
resolution images for the surface of electrochemically polished Sb(111)EP. 
These data are very similar to Sb(111)C and also to Bi(111) studied [29], and 
thus no noticeable difference in atomic resolution images is observed between 
electrochemically polished and cleaved single crystal Sb(111) and Bi(111) 
electrodes.  

It is very interesting to mention that the position of the two-dimensional 
crystal, i.e., the nanometric terraces separated by the steps, is very stable during 
hours under the cathodic polarization from –0.8 < E < –0.15 V as well as under 
the various potentials applied during hours (Fig. 6.1.8a). The root mean square 
roughness (RMS) vs. cathodic polarization dependence data (Fig. 6.1.8b) 
affirmed this conclusion. Thus, in a good agreement with the cyclic voltam-
metry and impedance data [84,84,84–90,92,93], there are no quick surface 
reconstruction processes as it has been established for Au(hkl) electrode [59–61].  

It is important to note that the surface of Sb(111)C as well as Sb(111)EP 
electrodes is also stable under cathodic polarization from –0.8 to –0.15 V in 
more acidic solution (in 0.5 M Na2SO4 + 0.003 M H2SO4) and there is no 
influence of E on the surface roughness measured. At less negative potentials, 
the surface oxidation and dissolution of the surface starts and after holding the 
Sb(111)C or Sb(111)EP electrodes at E = 0 V during few seconds (Fig. 6.1.9), a 
very rough (RMS > 0.67 nm) and defect surface structure for Sb(111) has been 
obtained. This effect is similar for Bi electrodes [29]. Thus, for Sb(111) in more 
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acidic solutions the potential region from –0.8 to –0.15 V has been investigated 
and analyzed only. 

 
 

6.2. (II) Adsorption of thiourea at Bi(111) surface 

6.2.1. Analysis of cyclic voltammetry and  
impedance spectroscopy data 

The adsorption process of TU on the electrochemically polished Bi(111)EP plane 
by using the in situ STM method has been studied [II]. For comparison the 
cyclic voltammetry and impedance methods were applied and the results were 
compared with the thermodynamic data obtained for Bi(hkl) [152,153], Hg and 
Pt electrodes [154–156]. 

Cyclic voltammetry data (Fig. 6.2.1) indicates that there is no linear depen-
dence of TU desorption peak (Epeak,des) on  (adsorption step (rate) limited), as 
well as on  –1/2 (mass transfer step (rate) limited process) indicating of the 
mixed adsorption-desorption and mass transfer stages limited TU adsorption 
process at Bi(111)EP electrode surface. However, the very weak dependence of 
Epeak,des on  indicates that the desorption step is slow and nearly rate limiting 
stage for adsorption/desorption of TU at Bi(111) surfaces. Absence of the 
oxidation peaks at j, E curves indicate that there is no quick faradic processes 
within the electrode potentials from –1.2 to –0.6 V (Ag|AgCl KCl sat. in H2O). 

 
Figure. 6.2.1. Current density (j) vs. electrode potential (E) curves for Bi(111) electrode 
in 1 M TU + 0.05 M Na2SO4 + 2.5×10–5 M H2SO4 solutions measured applying 
different scanning rates, given in figure. 
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Differential series capacitance (Cs) vs. electrode potential (E) curves obtained at 
210 Hz for weakly acidified 0.05 M Na2SO4 solution with different additions of 
TU demonstrated the adsorption of TU (Fig.6.2.2) within the wide electrode 
potential region in an agreement with CV data (Fig. 6.2.1). It can be seen from 
Fig. 6.2.2 and inset, that for different TU concentrations from 0.1 mM to 0.1 M, 
there are increased capacitance values, compared with the base electrolyte 
curve, which is not typical for the organic molecules adsorption at the metal 
electrodes [II], [3,115,157]. This unusual dependence of Cs on the TU 
concentration has been also observed for the mercury and platinum electrodes 
[154–156]. Parsons et al. [156] explained this effect by the increase of the 
apparent electrical permittivity of the inner layer region of the electrical double 
layer (EDL) due to the specific adsorption of TU molecules, having much 
higher dipole moment than that of the water layer. A capacitance step (hump) 
appears in the Cs, E curves at E= –0.7 V for 0.1 M TU solution (Fig. 6.2.2), 
being characteristic of the strongly adsorbed compounds like anions and/or 
strongly polar organic substances [152,153,156,158–160]. Due to the strong 
adsorption of anions the hump shifts toward more negative potentials with the 
increase of TU concentration (at E= –1.2 V for 1.5 M TU solution). The Cs 
values for more concentrated TU solutions at E= –0.9 V for 1.0 M TU are lower 
than those for intermediate TU concentrations. The occurrence of the hump 
results mainly from the changes in the electrostatic interactions between the 
adsorbed molecules and Bi(111) surface and, thus, it is initiated by changes in 
the dielectric constant of the inner layer due to the strong, but slow adsorption 
of TU with the sulfur atom oriented toward the Bi(111) surface [152,153,156]. 

 
Figure 6.2.2. Differential capacitance (Cs) vs. electrode potential (E) curves for 
Bi(111)EP electrode in 0.05 M Na2SO4 + 2.5 ×10–5 M H2SO4 + x M TU solution (f=210 
Hz) at different TU concentrations; inset: Cs, E-curves for 0.1 M TU solution for 
different potential directions. 
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Figure 6.2.3. Equivalent circuits (EC): (a) modified Frumkin-Melik-Gaikazyan EC with 
generalized finite length Warburg element ZGFW, double layer capacitance Cdl, base 
electrolyte resistance Rel and (b) circuit a with extra charge transfer (parallel) resistance, 
Rct, connected in parallel with adsorption capacitance Cad. 
 

 
Figure 6.2.4. Z’’, Z’ – curves (so called Nyquist plots) for Bi(111)EP electrode in 0.05 
M Na2SO4 + 2.5×10–5 M H2SO4 electrolyte + 0.01 M TU (a) and 1.5 M TU (b) solution 
at different electrode potentials, given in figure, (points: experimental data, lines: 
calculated according to modified Frumkin and Melik-Gaikazyan model, Fig. 6.2.3a). 

 
Figure 6.2.5. Phase angle (δ) vs. log f plots for Bi(111)EP electrode | 0.05 M Na2SO4 + 
2.5×10–5 M H2SO4 +0.01M TU (a) and + 1.5 M TU (b) solution at different electrode 
potentials given in figure, (points: experimental data, lines: calculated according to the 
modified Frumkin and Melik-Gaikazyan circuit, given in Fig. 6.2.3b, with the charge 
transfer resistance Rct added parallel with adsorption capacitance Cad and generalized 
diffusion impedance ZGWF). 
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For intermediate TU concentrations (cTU ≤ 1×10–2 M), in the limited region of 
ac frequencies from 250 to 10 Hz, there is a noticeable dependence of the 
capacitance on the potential scan direction, i.e., the hysteresis in the Cs, E 
curves appears (inset in Fig. 6.2.2), indicating the possible strong, so called, 
specific adsorption (chemisorption) of TU at the Bi(111) surface with the slow 
partial charge transfer step [81,152,153,157,161,162].  

Analysis of the Nyquist- plots (Fig. 6.2.4), and Bode phase angles (δ) vs. log 
f plots (Fig. 6.2.5), shows that in the region of ac frequency from 500 to 5 Hz, 
the TU adsorption is limited mainly by the rate of the heterogeneous adsorption 
step as the δ values are lower than –80° (where arctan(|Z’’|/Z’ and Z’’ is the 
imaginary and Z’ is real part of impedance) (δ = –90o is characteristic for 
adsorption step limited process and δ = –45o for semi-infinite diffusion step 
limited process). At lower ac frequency f	≤ 1	Hz, there are noticeable 
differences between the δ values measured at fixed E, indicating that the TU 
adsorption kinetics depends noticeably on E applied. At higher frequencies  
(f > 100Hz), the shape of the δ, log f-curves is nearly independent of the 
electrode potential, if E≥	–1.2 V. At E≤	–1.4 V, the faradic cathodic hydrogen 
evolution process prevails at the Bi(111) | TU interface (δ≈0, characteristic for 
faradic charge transfer step) at E= –1.6 and at f < 0.5 Hz).  

According to the experimental data (Fig. 6.2.5), the | δ | values for the 
Bi(111) | TU solution interface are maximal at f ≈ 100 Hz (so-called high 
frequency (HF) maximal adsorption region). The maximum values of | δ | are 
nearly independent of cTU (Fig. 6.2.5). The values of | δ | higher than 70° at 
E > –1.2 V (Ag|AgCl, KCl sat. in H2O) indicate that the Bi(111) | 0.05M 
Na2SO4 + 2.5×10–5 M H2SO4 + x M TU interface can be simulated as a nearly 
ideally polarizable system where, however, the deviation toward mixed kinetics 
(slow adsorption; faradic charge transfer and diffusion steps) is possible at 
1<f<10 Hz. At very low frequencies (f<0.5 Hz) and electrode potentials  
E > –1.1V, the | δ | values are almost 45°, which can be explained by the 
diffusion-like step limited adsorption process at the Bi(111) electrode [103,107, 
110,111,115,157]. It should be noted that at E≤	–1.4 V, the region of intensive 
decrease in | δ | is shifted toward higher values of f with the increase of negative 
polarization (Fig. 6.2.5), explained by the quicker faradic cathodic hydrogen 
evolution process. 

Very complicated Nyquist plots have been established for more concentrated 
TU solutions (cTU≥0.5 M) at E= –0.8 V and E= –0.7 V, where the strong 
blocking adsorption of TU at Bi(111) starts. There are even small steps in 
Nyquist plots (Fig. 6.2.4b and 6.2.5b), sometimes explained by the so-called 
anomalous adsorption step limited process, discussed by Compte et al. 
[163,164] and Bisquert at al. [165,166]. Quite similar deviations from the 
classical Frumkin and Melik-Gaikazyan model [103] (from the semi-infinite 
diffusion and adsorption steps limitation toward the generalized finite length 
diffusion model) has been observed for compounds having very high Gibbs 
adsorption values (camphor, 2,2’-BP, cyclohexanol) [3,115,118,157]. Thus, the 
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mixed kinetics (slow adsorption with the partial charge transfer and diffusion-
like limited steps) have been established at E≥	–1.2 V and at f < 1.0 Hz . Within 
the medium frequency region, (10<f<300 Hz) the phase angle values lower than 
−75° (like for uracil adsorption on Bi(hkl) [157]), are characteristic for the slow 
adsorption rate processes with the slight deviation toward the finite-length 
mass-transfer step. 

Thus, according to the analysis of the Cs, E curves (Fig. 6.2.2) and impe-
dance spectra (Figs. 6.2.4, 6.2.5), there is no big hysteresis at higher frequencies 
(f > 250 Hz) for less concentrated TU solutions. Differently from camphor,  
2,2’-bipyridine [3] and 4,4’-bipyridine adsorption data [III], the differential 
capacitance regularly increases at E > –1.2 V with the rise of TU concentration 
in the base electrolyte solution. At cTU higher than 1.0 M, a surface blocking 
effect by adsorbed TU molecules takes place, visible as a decrease of Cs at fixed 
E > –1.1 V (Fig. 6.2.2a).  
 

6.2.2. Analysis of the in situ STM data 

The in situ STM data, presented in Fig. 6.2.6, show that the surface of the 
electrochemically polished Bi(111) electrode is very flat and there are only few 
uplifted triangles with the monoatomic height z < 0.4 nm, which is in a good 
agreement with the crystallographic lattice parameters for Bi(111) plane 
[3,29,81]. The atomic resolution level surface structure of Bi(111) is very stable 
within the wide potential region (from −1.0 to −0.3 V vs. Ag|AgCl, KCl sat. in 
H2O) in 5×10−2 M Na2SO4 + 2.5×10−5 M H2SO4 aqueous solution (Fig. 6.2.6b), 
as well in time, additionally confirmed by the impedance data [3,29,81, 
85,115,157]. The unfiltered experimental data in Fig. 6.2.6b show the good 
atomic resolution for Bi(111) surface. The few standing out triangles (Fig. 
6.2.6a) on Bi(111) surface are formed during the surface preparation process 
[3,29,81]. 

Systematic analysis of the in situ STM data for TU adsorption (Fig. 6.2.7) 
shows, that differently from camphor, 2,2’-BP [3] and 4,4’-BP [III] adsorption, 
the regular homogeneous adsorption layer structure cannot be detected by in 
situ STM method at the Bi(111) | 0.05 M Na2SO4 + 2.5×10–5 M H2SO4 + x M 
TU solution interface. The surface profiles, given in Fig. 6.2.7b, show that for 
more concentrated TU solutions cTU > 1.0 M, there are only some adsorbed TU 
molecular agglomerates with the height of z ≥ 6 Å, adsorbed at the more heat 
motion screened surface regions, i.e., at the flat Bi(111) surface regions located 
near the mono- or bilayered uplifted Bi(111) triangles (Fig. 6.2.7a), observed in 
some places at the atomically flat Bi(111) surface. 

For dilute TU solutions cTU ≤ 0.5M, it was impossible to visualize the 
adsorbed TU molecular agglomerates at Bi(111) | 0.05 M Na2SO4 + 2.5×10–5 M 
H2SO4 + x M TU interface. Thus, only for solutions demonstrating the blocking 
capacitive behavior (cTU>1.0M in Fig. 6.2.2) the adsorption of TU molecules 
can be visualized in situ at Bi(111) surface.  
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Figure 6.2.6. in situ STM images for Bi(111) surface (electrochemically polished) in 
supporting electrolyte solution (0.05 M Na2SO4 + 2.5×10–5 M H2SO4) (a), unfiltered 
atomic resolution signal from Bi(111) surface in supporting electrolyte and the selected 
height profile (b), at E= –0.54V vs. Ag|AgCl, KCl sat. in H2O. 
 

  
Figure 6.2.7. in situ STM image (a) and selected surface profiles of adsorbed thiourea 
(b) for Bi (111)EP surface in 0.05 M Na2SO4 + 2.5×10–5 M H2SO4 + 1.5 M TU solution, 
at E= –0.85V vs. Ag|AgCl, KCl sat in H2O. 
 

a b 
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In Fig. 6.2.7b some surface profiles are given, demonstrating that the super-
structure formed at the monoatomic high Bi triangles varies from 15 to 20 nm 
wide with the maximal height from 8 to 10 nm. However, the adsorption 
agglomerates formed at the edge of missing triangles (profile 3 in Fig. 6.2.7b) 
are less well developed and the medium wideness is only nearly 5 nm. 
Surprisingly, at the atomically flat surface areas, there are no strongly adsorbed 
TU molecules that can be visualized using the in situ STM method. The low 
surface concentration (number of TU molecules at 100×100 nm2 area) and thus, 
the low Gibbs adsorption (Γ) value, is not surprising as the thermodynamic 
analysis shows that there is a remarkable repulsion between the adsorbed TU 
molecules [152,153], and therefore the Γ values are 2–3 times lower than those 
for camphor or 2,2’-BP molecules (Γmax=8.8×10–10 mol·cm–2 [3]), having strong 
attractive interactions between the molecules adsorbed at Bi(111). Thus, only 
the compounds forming a very compact adsorption layer, initiated by the strong 
van der Waals attractive interactions, and the formation kinetics of which is 
mainly limited by the rate of the slow adsorption and partial charge transfer 
steps (like 2,2’-BP and camphor [3]), can be visualized as a regular 2D layer at 
the Bi(111) surface, if applying the constant current in situ STM method (Fig. 
6.2.7). 
 
 

6.3. (III) Adsorption of 4,4’-bipyridine at Bi(111) surface  

6.3.1. Cyclic voltammetry and differential capacity results 

It is confirmed that the bismuth single crystal (111) plane is ideally polarizable 
within the potential region, (E), from −1.6 to −0.55 V (Ag|AgCl, KCl sat. in 
H2O) in aqueous 0.5 M Na2SO4 + 3.0×10−4 M H2SO4 solution [115–118,157]. 
Very flat and regular surface structure is obtained by either electrochemical 
polishing or cleaving (Fig. 6.3.1) [29]. 

For solutions with additions of 4,4’-BP from 0.3 to 3 mM, the anodic polari-
zation limit is shifted towards more positive values (E < −0.2 V) due to the 
blocking adsorption of protonated 4,4’-BP at the Bi(111) plane.  

Cyclic voltammetry (CV) data given in Fig. 6.3.2 show that there are two 
main reduction as well as two main reoxidation processes (or reaction steps) at 
Bi(111) | 4,4’-BP + Na2SO4 + H2SO4 interface within the potential region from 
–1.4 V to –0.6 V. For the 3mM 4,4’-BP solution, the reduction process at more 
negative potentials (Fig. 6.3.2) is characterized by the reduction peak potential, 
Ered,1, shifting toward more negative E values with the rise of potential sweep rate, 
, indicative of the mixed kinetic process within Ered,1. In the oxidation curve 
(Fig. 6.3.2a), there is a very small and wide peak at Eox,1 = –0.9 V, and Eox,1 is 
practically independent of  (indicating of adsorption/desorption limited process) 
[4,10–12,15,33,115–118,157]. At lower 4,4’-BP concentrations, c4,4’-BP < 0.6 mM, 
Fig. 6.3.2b, there is a linear dependence of Ered,1, (difference between reduction 
current peak potential, ΔEred,1, is lower than 30mV for one decade of ) as well 
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as Eox,1 on Fig. 6.3.2c indicative of the diffusion limited charge transfer 
(reduction/reoxidation process) at Bi(111) | 4,4’-BP+H2SO4+Na2SO4 interface.  

 

 
Figure 6.3.1. in situ STM images for cleaved Bi(111) electrode in 0.05 M Na2SO4 + 
2.5×10–5 M H2SO4 aqueous solution under cathodic polarization (a), FFT filtered image 
(b), FFT signal probability image (c) and selected height profiles (d, e, f). 
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Figure 6.3.2a. Current density (j) vs. potential (E) curves for Bi(111) electrode in  
3 mM 4,4’-BP + 0.5 M Na2SO4 + 3×10−4 M H2SO4 solution at different scan rates () 
(given in figure), inset: jpeak, 2 vs. 1/2 curve. 
 
It is interesting that the slope of the Ered,1 vs. plotdepends on the c4,4’-BP 

value, being higher for more concentrated 4,4’-BP solutions (not shown for 
shortness). Thus, the diffusion coefficient obtained by the slope values slightly 
depends on the concentration of the organic compound in solution forming the 
very compact layers at charged interface. Nevertheless, the reduction current 
controlled process within Ered,2= –0.85 V seems to be adsorption step limited 
process, as Ered,2 is nearly independent of potential scanning rate (Fig. 6.3.2a).  

At E > –0.75 V, very high oxidation current densities have been measured 
(Fig. 6.3.2a) with peak potential Eox,2 noticeably shifting toward less negative 
potentials with the rise of electrode potential scanning rate. The peak potential 
Eox,2 and corresponding current density jox,2 (inset in Fig. 6.3.2a) depend linearly 
on 1/2, being characteristic of diffusion limited process.  

Data presented in Fig. 6.3.2 indicate that the adsorption/desorption (and 
oxidation/reduction) are partially irreversible processes if potential cyclation 
takes place in the wide E region, like –1.4 V < E < –0.6 V.  

However, it is interesting, that Ered,1 and Eox,1 are practically independent of 
number of potential cycle applied. Eox,2 shifts toward more negative E values 
with increase of number of the potential cycles applied indicating to the stronger 
bonding of intermediates formed at Bi(111) electrode surface at E < –1.1 V. 
Thus, probably blocking adsorption of reaction intermediates takes place if  
E = –1.4 V has been applied, being the cathodic limit of potential cyclation in 
this work.  
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Figure 6.3.2b. j vs. E-curves for 0.06 mM 4,4’-BP + 0.5 M Na2SO4 + 3×10−4 M H2SO4 

solution at different scan rates (given in figure) for Bi(111) electrode. 

 

 

Figure 6.3.2c. Eox and Ered potential vs. 1/2 plots for different 4,4’-BP concentrations 
(given in figure) for Bi(111) electrode. 
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Figure 6.3.3c. Enlargement from figure 6.3.3b: C vs. E curves for Bi(111) | 3 mM  
4,4’-BP+ 0.5 M Na2SO4 + 3×10−4 M H2SO4 solution interface, for 5 successive cycles, 
measured at f=210 Hz. 
 
The limiting differential capacitance C values for negatively charged Bi(111) 
electrode surface (at E < –1.2 V) decrease with the rise of c4,4’-BP and, thus, the 
effective thickness of adsorption layer ddl increases with c4,4’-BP, according to the 
Helmholz equation for the inner part of electrical double layer, approximated by 
the plate capacitor equation, 
 
 C=0eff/ddl (6.2) 
 
where 0 is the vacuum dielectric constant, eff is the macroscopic dielectric 
constant of the electrolyte and/or adsorption layer (if the adsorption takes 
place), ddl is the effective thickness of the double layer (or of the adsorption 
layer) [10–12,115–118,157,167].  

After shifting electrode potential toward less negative values at sufficiently 
high concentrations, c4,4’-BP > 0.3 mM, the formation of two distinctive different 
differential capacitance peaks in C, E-curves at Epeak,2 ≤ –0.7 V and  
Epeak,3 ≥ –0.7 V can be seen (Fig. 6.3.3a). Very high Epeak,2, visible at E= –0.75 
V is increasing with the rise of 4,4’-BP concentration in surface-inactive 
electrolyte, explained by the reversible oxidation (positive scan direction) or 
reduction (negative potential direction of cyclation) process of 4,4’-BP at the 
Bi(111) surface, also seen in the j, E-curve in Fig. 6.3.2a.  
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The remarkable changes in C, E-curves, where capacitance C decreases at 
Epeak,1 as well as at Epeak,2, appears after cycling the electrode potential within the 
very wide potential region from –1.6 to –0.3 V (Fig. 6.3.3b and c) for several 
cycles. The inset in Fig. 6.3.3b shows that the capacitance peak at Epeak,2 shifts 
toward less positive potentials and the capacitance values decrease noticeably. It 
is important to note, that in the case of more concentrated 4,4’-BP solutions 
(3mM) the C, E-curves were measured within potential region –1.5 V< E < 0 V 
(Fig. 6.3.3c). The wide potential range was possible due to the strong adsorption 
of 4,4’-BP at Bi(111), thus, blocking the anodic dissolution of Bi(111) electrode 
surface.  

From the Fig. 6.3.3c, it could be seen, that 4,4’-BP is forming three specific 
maximal adsorption areas at E ≤ –1.2 V (Emax,1 < –1.2 V), at E max,2 near E= –1.1 V 
and at E max,3 > –0.6 V. In the area of Emax,3, the C values are decreasing and are 
much lower than for pure electrolyte solution, indicating the formation of very 
compact adsorption layer of 4,4’-BP on the Bi(111), which was detectable with 
the SEIRAS and in situ STM method. So, it can be concluded that with the 
increase of 4,4’-BP concentration, the capacitance within the adsorption-
desorption peak Epeak,2 and Epeak,3 region for Bi(111) | 4,4’-BP interface 
increases. Quite low capacitance values C ≤ 10 F·cm–2 can be seen in Fig. 
6.3.3c at E < –1.3 V, within so called first adsorption region with maximal 
adsorption potential Emax,1 (Fig. 6.3.3c), corresponding to the very dense 2D 
organized adsorption layers with the very low eff and/or high ddl values. At 
E > −1.0 V, the second capacitance depression area can be seen with potential 
named as the second potential of maximal adsorption, Emax,2 (Fig. 6.3.3c). The 
more negative values of Emax,1 and Emax,2 compared with the zero charge 
potential for the Bi(hkl) planes indicate that the limiting adsorption potential 
shift EN is slightly negative due to the adsorption of protonated 4,4’-BP at 
Bi(111) (caused by the replacement of the solvent H2O monolayer by the 
adsorbate molecules). However, it should be noted that in the region of Emax,2, as 
well as Emax,1, no in situ STM and SEIRAS spectra, demonstrating adsorption of 
4,4’-BP, were possible to measure due to the reversibility and pure physical 
adsorption of 4,4’-BP at Bi(111). 

 

6.3.2. Analysis of the in situ STM data 

It has been established that in 0.5 M Na2SO4 and at electrode potential E = −0.6 V 
(vs. Ag|AgCl, KCl sat. in H2O) 4,4’-BP forms a stripe pattern on Bi(111) (Fig. 
6.3.4) [III].  
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Figure 6.3.4. Unfiltered in situ STM images for the 4,4’-BP adsorption on Bi(111) from 
0.5 M Na2SO4 + 3×10−4 M H2SO4 aqueous electrolyte (a and b), proposed packing 
model for 4,4’-BP molecules and calculated unit cell dimensions (c). 

 

 

Figure 6.3.5. Unfiltered in situ STM images for the 2,2’-BP adsorption on Bi(111) from 
0.5 M Na2SO4 + 3.0×10–3 M H2SO4 aqueous electrolyte. 
 
Similar patterns have been observed for the 4,4’-BP adsorption at the Au(hkl), 
Ag(hkl) and Cu(hkl) electrodes [5,6,33,34,96], where the commensurate 
structures of the 4,4’-BP molecules are formed by translation and rotation of the 
molecules relative to the surface [5,34]. It should be noted, that for dilute  
4,4’-BP solutions c4,4’-BP < 3 mM, it was impossible to visualize the adsorbed 
4,4’-BP molecular patterns at Bi(111) | x Na2SO4 + 3×10–4 M H2SO4 + y M 4,4’-BP 
interface. Thus, only for solutions demonstrating the strong blocking capacitive 
behavior the adsorbed of 4,4’-BP molecules can be visualized in situ at Bi(111) 
surface. 
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In high-resolution in situ STM images of the 4,4’-BP adsorption (Fig. 6.3.4) 
a periodic array of bright features (for 75 × 75 nm and 30 × 30 nm images) is 
clearly visible at tip bias voltage Ebias = 35 mV and at tunneling current 1.7 nA. 
The characteristic dimensions for the repeating unit cell established are:  
a = 2.7 nm and b = 0.9 nm (Figs. 6.3.4 (b) and (c)). Taking into account the 
difference between the values of coordinates a, b, and angles , , we proposed 
that this deformed rectangular unit cell structure of the adsorption layer is 
probably caused by the coadsorbed 4,4’-bipyridine-sulfate adlayer at the 
Bi(111) | 4,4’-BP + 0.5 M Na2SO4 interface. Wide spaces between the molecule 
rows have been observed because in the in situ STM images only specifically 
adsorbed 4,4’-BP molecules are visible. We suppose that the wide spaces 
between the molecular rows are filled by mobile water molecules forming a 
solvation shell between the Bi(111) surface and sulfate ions, which are 
electrostatically attracted to the protonated 4,4’-BP molecules. 

However, this electrostatic interaction is obviously absent in case of the  
2,2’-BP adsorption at Bi(111) [3]. The compact adsorption layer structure is 
very well detectable by in situ STM technique in the region of maximal 
adsorption for 2,2’-BP from –0.6 to –0.4V versus Ag|AgCl, KCl sat. in H2O 
(Fig. 6.3.5). This is mainly caused by the comparatively strong interaction of 
nitrogen atoms (electron pairs at nitrogen) with Bi surface layer atoms and cor-
responding high negative Gibbs adsorption energy value (Γ0

A= –29.8 kJmol−1) 
obtained using Frumkin adsorption isotherm. The adsorption layer structure of 
2,2’-BP on Bi(111) surface is stable until to the oxidation and dissolution of 
Bi(111) at E ≥ –0.25V. The main difference observed here is the adsorbed layer 
structure, where 2,2’-BP are closely packed to each other, there are no empty 
rows between the stripes of the adsorbed molecules as observed in the case of 
4,4’-BP molecules adsorption at Bi(111) surface. This difference is probably 
caused by the different nitrogen atom position in 2,2’-BP and 4,4’-BP 
molecules, where lone electron pairs on N atoms at the ends of the molecules 
have more repulsive action toward neighboring molecule perpendicular to it.  

Differently from the data for more concentrated Na2SO4 solution (0.5 M), for 
ten times more dilute Na2SO4 solution (0.05 M) the adsorbed 4,4’-BP forms 
even less compact pattern, but they are still organized into rows, as shown in 
Fig. 6.3.6. A periodic array of adsorbed species is clearly visible at tip bias 
voltage Ebias = 50 mV and at tunneling current 2.0 nA for the 4,4’-BP adsorption 
demonstrated in both large and small scale images, given in Fig. 6.3.6 (a) and 
(b). The characteristic dimensions obtained for the repeating unit cell are:  
a = 2.6 nm and b = 1.5 nm (Fig. 6.3.6 (c)). The adsorbed species observed by in 
situ STM in less concentrated Na2SO4 supporting electrolyte (Fig. 6.3.6 (b)) are 
separated from each other not only between rows, as it is observed in Fig. 6.3.4 
(b), but in both spatial directions.  
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Figure 6.3.6. Unfiltered in situ STM images for 4,4’-BP adsorption on Bi(111) from 
0.05 M Na2SO4 + 3×10−4 M H2SO4 aqueous electrolyte (a and b), proposed packing 
model for 4,4’-BP molecules and calculated unit cell dimensions (c). 
 
This effect can be explained by the sulfate coadsorption at Bi(111) at E > –0.5V, 
previously reported for camphor and 2,2’-bipyridine molecules adsorption at 
Bi(111) [3]. In terms of visible rectangular unit cell and parameters calculated, 
the structure of the adsorption layers (Fig. 6.3.4 (b) and Fig. 6.3.6 (b)) is clearly 
influenced by the concentration of the sulfate ions in the supporting electrolyte 
solution as well as by the repulsions between protonated nitrogen atoms in 
neighboring 4,4’-BP molecules. Thus, at higher concentration of sulfate anions 
at the interface, the excess of positive charge on the adsorbed and protonated 
4,4’-BP molecules is screened by the counter-charge of the SO4

2– anions. That 
allows more 4,4’-BP to be adsorbed at Bi(111) surface from more concentrated 
sodium sulfate electrolyte (Fig. 6.3.4 (b)) than from the less concentrated 
sodium sulfate electrolyte (Fig. 6.3.6 (b)), where the repulsive forces acting 
between the protonated 4,4’-BP molecules prevail, therefore, the less compact 
adsorbed layer is observed. 

Formation of the compact adsorbed layer structures at Bi(111), detectable by 
in situ STM method takes place only within the limited region of potentials 
from –0.7 to –0.5 V. In both electrolyte solutions, the adlayers of 4,4’-BP at 
Bi(111), visible in the in situ STM mode appear only upon a potential excursion 
towards more positive potentials than E > –0.7 V, Fig. 6.3.7. Thus, very close to 
the zero charge potential (Eq=0 = –0.6 V), where the weak physical adsorption of 
4,4’-BP occurs on the atomically flat surface areas of Bi(111) plane (Figs. 6.3.4 
and 6.3.6). Compact 4,4’-BP monolayer dissolves when potential is swept from 
E = –0.7 V to more negative values, E < –0.8 V. At E > –0.5 V, there is no 
compact adsorption layer visible using the in situ STM data in Fig. 6.3.7. No 
structural changes were observed in the adsorbed layer while cycling the 
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electrode potential during a long time within –0.7 < E < –0.5 V, where the 4,4’-
BP adsorption takes place. At E < –0.8 V and E > –0.5 V, the atomic resolution 
level picture, characteristic of the Bi(111) | inactive supporting Na2SO4 + H2SO4 

electrolyte interface was observed [29]. 
 

 

Figure 6.3.7. Unfiltered in situ STM images of the creation (a) and the disappearance 
(b) of the adsorbed 4,4’-BP layer at Bi(111), while changing electrode polarization in 
0.5 M Na2SO4 + 3.0×10–4 M H2SO4 aqueous electrolyte. 
 

6.3.3. Analysis of surface enhanced infrared reflection  
absorption spectroscopy (SEIRAS) data 

It was found that the nanocrystalline semimetallic bismuth film has strong 
infrared enhancement effect [143], where the p-polarized IR peaks have positive 
direction, indicating the applicability of this measurement method for the 
interpretation of the composition as well as orientation of adsorbed compounds 
on bismuth electrode. The data given in Ref. [142] indicate that the chemically 
deposited Bi film has a preferred (111) orientation, which gives a good 
correlation with the CV, differential capacitance and in situ STM data measured 
at a single crystal Bi(111) electrode.  
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The SEIRAS spectra have been measured at different fixed electrode 
potentials and divided by the spectra measured at the reference electrode 
potential E= –0.45 V, because at the electrode potentials E > –0.45 V (Ag|AgCl 
KCl sat. in H2O), the signal, characteristic to the 2D structure of adsorbed  
4,4’-BP, disappears. Fig. 6.3.8 demonstrates that the shape of SEIRAS spectra 
depends on the difference of the electrode potential applied. Thus, the 
replacement of adsorbed 4,4’-BP organic layer with water and solvated base 
electrolyte SO4

2– (HSO4
–) ions takes place. The positive peak at 1027 cm–1 for 

the spectra measured at –0.1 V, probably indicates to the adsorption of small 
amount of HSO4

– ions.  

 

Figure 6.3.8. SEIRAS spectra for Bi film electrode in 3 mM 4,4’-BP + 3×10−4 M 
H2SO4 + 0.5 M Na2SO4 aqueous solution at different electrode potentials (background 
spectra was taken at E= –0.45 V). The infrared spectrum of solid 4,4’-BP was measured 
with ATR technique. The theoretical spectrum of (4,4BPH2+)2 dimer was calculated 
using DFT method. # marks the noise caused by the silicon IR absorption band. 
 
Based on the analysis of SEIRAS spectra for 0.5 M Na2SO4 + 3×10–4 M 
H2SO4+ 3mM 4,4’-BP | Bi(111) interface (Fig. 6.2.8), it can be concluded that 
the most compact organic layer has been detected at –0.6 V, within the so-called 
third adsorption region (based on C,E-curves data discussed before), giving 
positive peaks at 1634, 1584, 1490, 1331, 1212, 979, and 965 cm–1, and 
negative peaks at 1655 and 3270 cm–1. Negative peaks in the SEIRAS spectra at 
1655 and 3270 cm–1 correspond to the water desorption from the Bi(111) 
electrode surface by compactly adsorbed organic compound layer, squeezing 
out the H2O molecules [29,115–118,157,167]. The positive peaks at 1634, 1584, 
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1490, 1331, 1212, 979, and 965 cm–1 indicate to the increasing Gibbs adsorption 
of an organic compound at Bi electrode compared with that at E= –0.45 V.  

To analyze the probable composition of the adsorbed organic layer formed, 
DFT calculations were carried out for the spectra of possible products – 
measured bands were assigned to certain vibrations of charged or/and neutral 
bipyridine molecules and various combinations of ions/molecules, respectively, 
at DFT/B3LYP level of theory. As a result it was found that the calculated 
spectra for (4,4’-BPH2

+)2 (dimer of two radical-cations) has a perfect match 
with the spectra measured within E from –0.6 V to –0.45 V. The peaks for the 
calculated compound (multiplied by 0.96, which is a common practice) at 1613, 
1563, 1475, 1306, 1219, 983, and 956 cm–1 are all within 25 cm–1 error region 
(i.e., only slightly shifted) from the experimental infrared peaks, indicating that 
the adsorbed organic layer on Bi surface is formed from stacked 4,4’-BPH2

+ 
radical-cations.  

The only missing peak at 3464 cm–1 in the calculated spectra compared with 
experimental spectra at E= –0.6 V indicates the perpendicular orientation of the 
4,4’-BPH2

+ radicals with N–H bonds parallel to the surface (only the vibrations 
perpendicular to the surface should be visible in the spectrum, because the  
p-polarization (single component) was used). Thus, all the experimentally 
detected bands are caused, according to DFT calculations, by the vibrations of 
dipoles oriented perpendicularly to the Bi electrode surface.  

The absence of experimental bands at 1405, 1076, and 804 cm–1, present in 
the ATR (attenuated total reflection) spectrum measured for solid 4,4’-BP (Fig. 
6.3.8), indicate to the absence of neutral 4,4’-BP molecules on the Bi surface 
within electrode potential region from –0.6 to –0.75 V.  

The peak visible at 1100 cm–1 is initiated by the adsorption of solvated  
SO4

2– ions, but it is somewhat distorted by the noise. Due to the naturally high 
intensity of the IR band of sulfate ion, it may be concluded that the medium 
positive 1100 cm–1 peak indicates the presence of noticeable amount of solvated 
SO4

2– ions, but there is no compact layer of solvate-free SO4
2– or HSO4

– ions 
adsorbed between the adsorbed (4,4’-BPH2

+)n clusters forming the rows at Bi 
surface. Probably most of SO4

2– ions are at least a few nm away from the 
surface (due to the thick water solvation layer around the ion and fast 
adsorption-desorption process), which is out of the range of SEIRAS enhan-
cement effect.  

The (4,4’-BPH2
+)n adsorption layer at Bi(111) has nearly the same structure 

within the potential region from –0.6 to –0.75 V (Fig. 6.3.8), but at E < –0.75 V, 
in some electrode regions this layer probably dissolves, thus, giving a weaker 
IR-spectrum at E = –0.75 V. 

However, it should be noted that it is not possible to measure the SEIRAS 
infrared spectra at E < –0.9 V correctly due to the slow hydrogen evolution 
(bubbles formation) reaction.  
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6.3.4. Theoretical modeling of the Bi(111) | 4,4’-BP interface 

Fig. 6.3.9 shows the most favorable positions for three different orientations for 
adsorbed single 4,4’-BP molecule at the Bi(111) surface: with aromatic rings 
parallel (A) and perpendicular to the surface plane (B), and with N-atom 
pointing towards the Bi surface (C). Potential energy curves (ΔEint versus 
distance from the N-atom in 4,4’-bipyridine to the surface plane) are presented 
in Fig. 6.3.10 for these three different orientations at the most and the least 
energetically favorable positions.  
 

 
 
Figure 6.3.9. Models of adsorbed 4,4’-BP molecule orientation at Bi(111) surface (A, 
B, C), and the 4,4’-BP dimer model (D).  
 
The interaction strength is determined by the magnitude of specific adsorption 
interaction and dispersive van der Waals (vdW) interactions. In case of the 
model A (Fig. 6.3.7), 4,4’-BP molecule adhere to the surface via binding of the 
surface atoms with the π-electronic system of aromatic rings, but in the model 
B – through the C–H σ-bonds, and in case of model C – through the electron 
lone pair of nitrogen in the 4,4’-BP molecule [168]. As it can be seen in Fig. 
6.3.10, at the vdW-DF2 level of theory, the 4,4’-BP – Bi(111) interaction is the 
strongest for the orientation if the aromatic rings are parallel to the Bi(111) 
surface. For the 4,4’-BP orientation pointing N-atom towards the surface, there 
is a pronounced difference (>10 kJ/mol) in energy at the most and the least 
preferable positions for 4,4’-BP molecules at the Bi(111) surface. Herewith, the 
drastic difference between the results calculated using PBE (Perdew, Burke, and 
Ernzerhof [135]) and vdW-DF2 functionals imply that the van der Waals 
interactions play the major role being somehow proportional to the contact area 
of adsorbed molecules. 
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Figure 6.3.10. Potential energy curves 
for the 4,4’-bipyridine interaction with 
model Bi(111) surface (A,B,C) at the 
most (darker marks) and the least 
(lighter) preferable sites at Bi(111) 
surface, calculated using PBE (a) and 
vdW-DF2 (b) functionals. ∆Eint is defi-
ned by Eq. (5.1) and ∆z is the distance 
between the surface plane and N atom in 
4,4’-BP molecule (in case of dimer, 
between N atoms). The potential energy 
curves for interaction in 4,4’-BP dimer 
(D) is shown with Bezier cubic spline 
curve. The notation corresponds to the 
models (A, B, C, and D) and the mole-
cule position relative to the bismuth slab 
(top, bridge, hollow), as defined in cap-
tion to Fig. 6.3.9. 

 
 
Table 1. Interaction energies and distances from the N atom in 4,4’-BP to the surface 
plane and between N atoms in the dimer. 

 vdW-DF2 M06-L 
Model −ΔEint, kJ/mol d, nm −ΔEint, kJ/mol d, nm 

Dimer (Par) 20.8 0.38 12.2 0.36 

Dimer (Plane) 04.1 0.67 > 0 

A (Par) 46.6 0.37 49.0 0.36 

B (Per) 22.4 0.50 20.3 0.49 

C (N) 22.5 0.29 23.3 0.30 

A’ (Par) 41.3 0.42 42.0 – 
B’ (Per) 43.1 0.52 35.7 – 
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Figure 6.3.11. Models illustrating 4,4’-BP strips at Bi(111). Atoms are shown using 
vdW-spheres. Model A’: 4×6 Bi(111) cell with two adsorbed 4,4’-BP molecules per cell 
in parallel orientation. Model B’: 4×6 Bi(111) cell with four adsorbed 4,4’-BP 
molecules per cell in perpendicular orientation. 
 
In Table 1 the minimum interaction energy values are summarized and provided 
ΔEint values are calculated as a perturbation to a single point PBE calculations 
using M06-L functional. Models A’ and B’ (Fig. 6.3.11, describing the stripes 
of the 4,4’-BP molecules, were fully optimized at vdW-DF2 level. For the 
model A’ the M06-L and vdW-DF2 results are consistent, but the M06-L 
interaction energy value for the model B’ (−37.5 kJ/mol) is lower compared to 
the vdW-DF2 value (−43.1 kJ/mol). This is due to the difference in vdW-DF2 
and M06-L results for the 4,4’-BP dimer (−20.8 vs. 12.2 kJ/mol), where M06-L 
underestimates the long-range attraction magnitude (for detailed approximation 
see data in Refs. [169,170]). 

The total interaction energy for model B’ can be split into two components 
summarizing the intermolecular interactions between 4,4’-BP molecules and 
interactions of the 4,4’-BP molecule with the Bi(111) surface (ΔEint(B’) ≈ 
ΔEint(B) + ΔEint(D), see data in Table 1). Differently, ΔEint(A’) ≈ ΔEint(A), 
implies an exceedingly weak attraction between the 4,4’-BP molecules lying in 
one plane parallel to the surface (Table 1).  

A significant attraction between 4,4’-BP molecules is possible only when the 
molecules are oriented with their aromatic rings perpendicular to the Bi(111) 
surface plane. The additional stabilization through the vdW interaction makes 
adhesion of the 4,4’-BP molecules to the surface slightly stronger for the model 
B’ than that for the model A’. Herewith, the specific geometry of the corrugated 
Bi(111) surface (atomic scale) plays a pivotal role for the adsorption of the  
4,4’-BP molecules in perpendicular orientation, occupying the specific surface 
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sites with the distance close to the optimal distance for 4,4’-BP molecules in the 
dimer.  

It is deduced that the π-π-interactions are similarly enriched in case of the 
4,4’-BP adsorption at Au(111) and Cu(111) surfaces, where the molecules have 
the preferable orientations pointing the N-atom towards and perpendicular to the 
electrode surface, respectively [5,34].  

At the Bi(111) surface the adsorption through the lone electron pair of the 
nitrogen atom is energetically less preferable. Also, at Bi(111), the larger 
distance between the adsorption sites is more suitable for shifted perpendicular 
orientation of the molecules (Fig. 6.3.11) rather than through the nitrogen lone 
electron pair.  

 
Figure 6.3.12. Theoretical constant current heights of the 2D arrays at Bi(111) surface 
(4×6 atoms cluster) with the adsorbate forming stripes (model B’ assuming protonated 
4,4’-BP molecules). 

 
Moreover, according to the experimental data measured applying the surface 
enhanced infrared adsorption spectroscopy (SEIRAS), the adsorbed 4,4’-BP 
molecules are protonated in an acidified solution and therefore, the N-electron 
pairs are bonded with protons. Thus, protons were added to the molecules in the 
B’ model, in order to analyze the charged interface behavior. 

The theoretically modeled STM image for this model is presented in Fig. 
6.3.12 showing the stripes of protonated 4,4’-BP molecules over the Bi(111) 
surface. In this model the unit cell parameters reasonably agree with distances 
(0.91 nm vs. 0.9 nm and 2.4 nm vs. 2.7 nm) measured using in situ STM 
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method (see Figs. 6.3.4 and 6.3.12). The slight difference in length between the 
rows corresponds to a distance between surface Bi-atoms in the same direction 
and thus, it is due to the choice of the model unit cell length only. More 
importantly, the DDEC (Density Derived Electrostatic and Chemical) charge of 
+0.6 at protonated 4,4’-BPH2 in model B’ finds confirmation in cyclic 
voltammetry observation of a one-electrode reduction peak. In addition, the 
calculated spectrum for 4,4-BPH2

+ dimer is in an agreement with the SEIRAS 
spectra measured (Fig. 6.3.8).  
 

6.3.5. Discussion of the Bi(111) | 4,4’-BP interface 

The very low capacitance values ~1.0 F·cm–2 observed in Figs. 6.3.3b and c 
indicate the formation of the highly dense 2D condensed layer (or very compact 
adsorption layer) characterized by the very low effective dielectric constant eff 
for adsorption layer for 4,4’-BP at the Bi(111) surface and the systematic 
decrease of the capacitance values at peak potentials is explained by the 
adsorption of surface blocking intermediates (irreversible adsorption of 
reduction/oxidation processes). The recovering of the shape of C, E-curves is 
only possible after cleaning (rinsing) the electrode with Milli Q + water outside 
of the measurement cell. Thus, the quasi-reversible adsorption/electron transfer, 
i.e., oxidation of 4,4’-BP is in an agreement with SEIRAS data, given in Fig. 
6.3.8 and data in Refs. [33,96,168], takes place. Adsorbed 4,4’-BP species are 
identified as (4,4’-BPH2

+)2 dimers as shown in in situ STM, SEIRAS and 
computation results. It should be also mentioned that the (4,4’-BPH2

+)2 
molecular complexes in the adsorption layer are very strongly interacted and/or 
there are very strong Van der Waals interactions (see DFT modelling results), 
almost like chemical interaction between the adsorbed intermediates. 

The existence of 2D-condesed monomolecular 4,4’-BP film at Au(hkl), like 
in this work, was established by Mayer et al. [5,34] and Maestre et al. at Au(hkl) 
only [171–173]. The mentioned authors suggested that the observed phase 
transitions can be associated with the electrode-potential induced orientation 
changes of the adsorbed 4,4’-BP at electrode surface. 

A good overall agreement between the modeled STM data and in situ STM 
results (Figs. 6.3.4 and 6.3.12) indicates a possible arrangement of the 4,4’-BP 
molecules at Bi(111). The molecular strips of the protonated and reduced  
4,4’-BP molecules oriented with their aromatic rings perpendicular to the 
Bi(111) surface (model B’ in Fig. 6.3.11) are deduced taking in account the 
electrochemical impedance and SEIRAS data (Fig. 6.3.8). These conclusions 
apply directly to the patterns observed in acidified 0.5 M Na2SO4 aqueous 
solutions. The positive charge of the protonated 4,4’-BP molecules attracts the 
counter-charge of sulfate anions. This effect increases with the Na2SO4 con-
centration. Accordingly, more 4,4’-BP molecules are adsorbed at the Bi(111) 
surface from the more concentrated sodium sulfate electrolyte solution (Fig. 
6.3.4), while from the less concentrated sodium sulfate electrolyte (Fig 6.3.6.), 
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the more expressed repulsive forces between the protonated 4,4’-BP molecules 
result in formation of the less compact adsorption layer. 

Thayer et al. stated that at Bi(001) electrode, the adsorbed pentacene forms 
thin films, where the pentacene molecules are oriented perpendicularly, 
differently from the parallel orientation at d-metals [174]. In case of copper 
hexadecafluorophthalocyanine adsorption at Bi(110) and at thin Bi layer 
deposited onto Ag(111) surfaces, it was demonstrated, that there is a weaker 
attractive interaction between the adsorbate molecules at the Bi(110) surface. 
However, in all cases, the good matching between the substrate and adsorbate 
lattices is the main key factor [20] for self-assembly of the adsorbate particles 
[175]. In case of the 4,4’-BP adsorption at Cu(111), Diao et al. [6] observed the 
stripes of molecules with IR-fingerprint, almost identical to the one observed by 
us in this study at Bi(111). However, at Au(111) surface, 4,4’-BP cations 
usually takes orientation with N-atom pointed towards the surface and therefore 
a different IR-spectra have been observed [5,34]. Probably, the intermolecular 
interactions of 4,4’-BP molecules adsorbed at Cu(111) or Bi(111) are enhanced 
due to the lattice matching supported by hydrogen bonding with water 
molecules and electrostatic interactions with counter-ions [176].  

We notice here that in our calculated theoretical STM images for all 4,4’-BP 
molecules are identical, while in experimental STM image, every second 
molecule is clearly visible, just as at Cu(111) [6]. This is not surprising, as in 
the DFT calculations, firstly, all molecules are indeed identical and, secondly, 
they have exactly the same charge as induced at the surface. However, in more 
realistic conditions, the charge excess provided by 4,4’-BPH2

+ is screened by 
the base electrolyte sulfate ions, not presented in the applied theoretical models.  
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7. SUMMARY 

The atomic resolution images were detected on both Sb(111)C and Sb(111)EP 
electrodes. The in situ STM data showed that there were no quick surface 
reconstruction processes, and the surface structures of Sb(111)C and Sb(111)EP 
were stable within the potential region investigated similarly to the Bi(111) 
single crystal electrode, studied previously [29]. 

Therefore, it can be concluded that Sb(111)C and Sb(111)EP electrodes, in 
addition to Bi(111)C and Bi(111)EP [3,29,81], as the so-called Hg-like electrodes 
with the high hydrogen evolution overpotential [30,59,63,83,84,90], applicable 
in electroanalysis of heavy metal cations, as well as nanocluster activators for 
polymer electrolyte fuel cells, can be used for future studies of the more 
complicated two-dimensional adsorption layer formation processes of various 
organic compounds and ionic liquids.  

It is also important to mention that electrochemical polishing, implemented 
in this work, is giving very similar results as cleaving method applied for 
preparation of Sb(111) and Bi(111) single crystal planes. Thus, atomically flat 
regions have been observed for all Sb(111) and Bi(111) electrodes studied. 
Therefore, the electrochemical polishing is a quite universal surface treatment 
method and can be implemented to study some fundamental electrical double 
layer properties of the surface structure and can be applied for general 
electrochemical adsorption/desorption studies as well. 

The noticeable influence of the Bi(111) electrode potential and thiourea 
(TU) concentration on the adsorption kinetics of TU has been demonstrated. It 
was found that in the region of maximum adsorption (E > –0.85 V) the slow 
adsorption, the partial charge transfer and diffusion steps are the rate 
determining stages for TU adsorption at the Bi(111) electrode. For Bi(111) | x 
M TU + 0.05 M Na2SO4 + 2.5×10–5 M H2SO4 interface, the stable adsorbate 
adlayer, detectable by using the in situ STM method, has been observed only at 
the weakly negatively and positively charged electrode surface, where the 
strong specific adsorption with the partial charge transfer from TU to Bi(111) 
occurs. The in situ STM data are in a good agreement with the impedance data, 
indicating that the weak chemisorption of TU with the partial charge transfer 
starts only at E > –0.85 V; i.e. at moderately negatively charged Bi(111) 
electrode surface. Therefore, as a first approximation, for dilute TU solutions, 
the Nyquist plots can be simulated with the modified Frumkin and Melik-
Gaikazyan circuit, where the semi-infinite diffusion model (impedance) has 
been replaced by the general finite length diffusion impedance. For more 
concentrated TU solutions and at E ≥ –1.3 V, the more complicated equivalent 
circuit should be used, where the charge transfer resistance is added in parallel 
with the adsorption capacitance and generalized finite length mass transfer 
resistance, indicating that two parallel (adsorption with the partial charge 
transfer and ‘true’ faradic charge transfer) limiting processes are occurring at 
the same time. 



70 

The study of 4,4’-bipyridine (4,4’-BP) adsorption from acidified sodium 
sulfate electrolyte solutions onto the Bi(111) surface revealed the presence of 
very well-organized nanoscale 4,4’-BP structures. Within the region of maxi-
mum adsorption, at least three capacitance pits, indicating existence of these 
adsorption regions in the differential capacitance versus electrode potential 
curve, have been observed. 

The cyclic voltammograms for 4,4’-BP + base electrolyte at Bi(111) 
demonstrate that at lower 4,4’-BP concentrations the adsorption processes are 
nearly reversible. However, the electrochemical processes at higher 4,4’-BP 
concentrations and at more anodic potentials are quite irreversible, which is 
probably caused by the reduction of 4,4’-BP in two steps and future formation 
of compact adsorption stripes from (4,4’-BPH2

+)n ionic complexes at the 
electrode surface. 

It was demonstrated by in situ STM data, that at negative potentials the 
adsorbed 4,4’-BP molecules form parallel stripes at the Bi(111) surface. Density 
functional theory (DFT) calculations data demonstrated that a single 4,4’-BP 
molecule prefers adsorption with the aromatic rings parallel to the Bi(111) 
surface. However, due to the noticeable van der Waals attraction between 
multiple molecules in the stripes, the protonated 4,4’-BP ions (molecules) are 
oriented with their aromatic rings perpendicular to the surface plane. A good 
agreement between the theoretically modelled and the measured STM data, as 
well as between calculated and measured SEIRAS spectra, and electrochemical 
CV, impedance and differential capacitance measurements supports the hypo-
thesis of perpendicular alignment of the 4,4’-BP ionic complexes at the Bi(111) 
electrode surface, forming a monolayer of (4,4’-BPH2

+)n, packed into the 
ordered rows. It is important to note, that the key factor leading to the formation 
of the nanoscale well-ordered structures on the single crystal Bi(111) surface is 
the close matching of the optimum distance for intermolecular interactions with 
the distance between adsorption positions of ionic complexes (molecules). 
Formation of the ordered interfacial structures, similar to the observed 
adsorption patterns of 4,4’-BP on top of the Bi(111) surface can be predicted 
using DFT calculations with proper description of the van der Waals inter-
actions, as demonstrated in this study. 
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9. SUMMARY IN ESTONIAN 

Orgaaniliste ühendite adsorptsiooni uurimine  
monokristalsetel elektroodidel in situ STM meetodiga 

Käesoleva töö eesmärgiks oli uurida orgaaniliste ainete adsorptsiooni mono-
kristalsel Bi(111) elektroodil, kasutades kõrglahutusvõimega in situ STM 
meetodit, impedantsspektroskoopiat ja tsüklilist voltamperomeetriat. Lisaks 
uuriti elektrokeemiliselt poleeritud ning vedela lämmastiku temperatuuril lõhes-
tatud Sb(111) monokristalli pinnastruktuuri vesilahuses. Saadud tulemusi 
võrreldi Bi monokristalli andmetega [29]. Bi ja Sb elektroodid on rakendatavad 
nii elektroanalüüsis kui ka nanoklastrina kütuselementides. 

Aatomlahutus saavutati nii lõhestatud Sb(111)C kui ka elektrokeemiliselt 
poleeritud Sb(111)EP monokristalli puhul. In situ STM andmetest selgub, et 
Sb(111)C ega ka Sb(111)EP monokristalse elektroodi pinnal ei toimu kiiret pinna 
rekonstruktsiooni ning pinnastruktuur on stabiilne uuritud suhteliselt laias 
potentsiaalivahemikus, mis on võrreldav tulemus Bi(111) monokristallil saadud 
andmetega [3,29,81]. 

Leiti, et keerulisemate kahedimensionaalsete kihtide uurimisel, mis tekivad 
erinevate orgaaniliste ühendite või ioonsete vedelike adsorptsioonil niinime-
tatud Hg-sarnastel, kõrge vesiniku ülepingega metallidel, saab lisaks Bi(111)C ja 
Bi(111)EP kasutada ka Sb(111)C ja Sb(111)EP monokristall elektroode 
[30,59,63,83,84,90]. 

Leiti atomaarselt siledad alad kõigil uuritud Sb(111) ja Bi(111) elektro-
keemiliselt poleeritud pindadel sarnaselt lõhestatud Sb(111) ja Bi(111) pinda-
dega. Seega näidati, et elektrokeemiline poleerimine on üsna universaalne pinna 
ettevalmistuse meetod, mida saab rakendada pinna töötlemiseks elektrilise 
kaksikkihi, adsorptsiooni jt elektrokeemia alaste uuringute puhul. 

Tiokarbamiidi (TU) adsorptsiooni uurimisel Bi(111) pinnal analüüsiti elekt-
roodi potentsiaali ja TU kontsentratsiooni mõju TU adsorptsiooni kineetikale. 
Leiti, et maksimaalse adsorptsiooni alas (E> –0,85 V) mõjutab TU adsorpt-
siooni summaarset kiirust Bi(111) elektroodi pinnale nii aeglase adsorptsiooni, 
osaline laenguülekande kui ka difusiooni staadiumi kiirus. In situ STM 
uuringud näitasid, et stabiilne adsorbaadi kiht tekib ainult nõrgalt positiivselt ja 
negatiivselt laetud Bi(111) elektroodi pinnal, kui toimub tugev TU spetsiifiline 
adsorptsioon. In situ STM andmed on heas kooskõlas elektrokeemilisi impe-
dantsi andmetega, mis näitavad, et TU nõrk kemosorptsioon osalise laengu-
ülekandega algab alles E> –0,85 V juures. TU on kasutatav reagent metallide 
elektrosadestamisel selleks, et saada nanoskaalas siledaid pindu. 

TU adsorptsiooni lahjematest lahustest on võimalik modelleerida, kasutades 
modifitseeritud Frumkini ja Melik-Gaikazyani ekvivalentskeemi, milles klassi-
kalise difusiooni mudel (difusiooni impedants, ehk difusiooniline takistus) on 
asendatud üldistatud difusioonilise impedantsiga, mis on õige piiratud paksu-
sega adsorbaadikihi korral. Kõrgematel TU kontsentratsioonidel ja elektrood-
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potentsiaalidel E> –1,3 V tuleb kasutada veelgi keerulisemaid matemaatilisi 
mudeleid (s.o ekvivalentskeeme), milles laenguülekande takistus on lisatud 
paralleelselt adsorptsioonilise mahtuvuse ja üldise massiülekande takistusega 
lõpliku paksusega adsorptsioonikihis. Kogutud andmed näitavad, et Bi(111) 
pindkihis toimub kaks paralleelset protsessi – seega samaaegselt toimuvad nii 
adsorptsioon osalise laenguülekandega kui ka „tõeline” faradi laenguülekande 
protsess. 

Uuriti 4,4’-bipüridiini (4,4’-BP) adsorptsiooni Bi(111) monokristalli pinnal 
nõrgalt hapestatud naatriumsulfaadi foonelektrolüüdi lahusest. Visualiseeriti 
nanotasemel korrapäraselt adsorbeerunud 4,4’-BP struktuurid. Impedants-
spektroskoopia andmetest leiti, et maksimaalse adsorptsiooni piirkonnas leidub 
vähemalt kolm mahtuvuse depressiooni piirkonda, st adsorptsiooni ala. Tsükli-
lise voltamperomeetria andmetest järeldati, et madalatel 4,4’-BP kontsentrat-
sioonidel on adsorptsiooniprotsessid peaaegu pöörduvad. Elektroodiprotsessid 
kõrgematel 4,4’-BP kontsentratsioonidel on osaliselt pöördumatud, eriti anood-
setel potentsiaalidel, mis on tingitud 4,4’-BP redutseerimisest kahes etapis ning 
ioonsete komplekside (4,4’-BPH2

+)n moodustumisest, mis omakorda moodus-
tavad kompaktse adsorbtsioonilise ioonilise kihi vismut (111) elektroodi pinnal. 

In situ STM andmete alusel leiti, et negatiivselt laetud Bi(111) pinnal 
moodustuvad adsorbeerunud 4,4’-BP molekulidest paralleelsed read. Tihedus-
funktsionaali teooria (DFT) arvutused näitasid, et üksikud 4,4’-BP molekulid 
adsorbeeruvad eelistatult aromaatse tsükli tasandiga paralleelselt Bi(111) 
pinnaga. Juhul, kui Bi(111) pinnal on mitmeid adsorbeerunud 4,4’-BP mole-
kule, siis tänu märgatavale van der Waalsi toimele molekulidest moodustunud 
ridade vahel ja molekulide vahelisele toimele ridade sees adsorbeeruvad  
4,4’-BP molekulid oma aromaatse tsükli tasandiga risti pinnaga.  

Teoreetiliselt modelleeritud ja eksperimentaalselt mõõdetud in situ STM 
andmeid võrreldi infrapuna spektroskoopia andmetega, mis kinnitas hüpoteesi, 
et 4,4’-BP molekulid adsorbeeruvad Bi(111) elektroodil pinnaga risti.  

Adsorbeerunud 4,4’-BP molekulaarioonide kiled võivad olla tulevikus 
rakendatavad molekulaarmäludes ja välja-efektil põhinevates transistorides. Töö 
olulise tulemusena järeldati, et nanoskaalas tekivad hästi orienteeritud struk-
tuurid monokristalsetel Bi(111) elektroodidel juhul, kui on hea sobivus mole-
kulide omavahelise toime, pinna interaktsioonide ning adsorptsiooniposit-
sioonide kauguse vahel. Antud töös näidati, et hästi orienteeritud struktuuride 
moodustumist, mis on sarnane 4,4’-BP adsorptsiooni kihi struktuuriga Bi(111) 
pinnal, on võimalik prognoosida DFT arvutuste abil juhul, kui van der Waalsi 
interaktsioonid on nõuetekohaselt kirjeldatud.  
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