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ABBREVIATIONS AND SYMBOLS USED 

in situ  measurement under specific and / or unique or 
 changing conditions 

STM  scanning tunnelling microscopy 
AFM  atomic force microscopy 
C(0001)  basal plane of a graphite electrode 
EDL  electrical double layer 
EDLC  electrical double layer capacitor 
HSC  hybrid supercapacitor 
RTIL  room temperature ionic liquid 
∆E  potential region of ideal polarisability 
NAS  non-aqueous solvent  
Emax  maximum specific energy  
Pmax  maximum specific power 
(hkl  the notation of the Bi or Au crystallographic plane 

 (index) 
EIS  electrochemical impedance spectroscopy 
CV  cyclic voltammetry 
HOPG  highly oriented pyrolytic graphite 
HOPG(0001)  highly oriented pyrolytic graphite basal plane 
E  electrode potential 
RMS  root mean square roughness 
BMPyBF4  1-butyl-4-methylpyridinium tetrafluoroborate 
EMImBF4  1-ethyl-3-methylimidazolium tetrafluoroborate 

   EMImBF4 + EMImI a mixture of EMImBF4 + 1-ethyl-3-methylimidazolium 
iodide 

σ  surface charge density of an electrode 
ε  dielectric constant 
R(σ)  Debye-length-dependent electrochemical roughness 
t  experimental time 
Eσ=0  potential of zero charge 
υ  potential sweep rate 
i  current in an electrochemical system  
q  electrode charge 
Rs  solution resistance or high-frequency series resistance 
Cd  capacitance of an electrical double layer 
R  current resistance 
I  flow of an electrical current 
Z  complex impedance  
ac  alternating current 
Et  value of potential E at time t 
E0  amplitude of a signal 
ω  radial frequency 
f  frequency 
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Φ  phase shift 
It  value of current I at time t 
I0  amplitude of an ac current signal 
Z0  magnitude of impedance 
j  imaginary unit, (j = √-1) 
Z '  real part of impedance  
Z ''  imaginary part of impedance 
EC  equivalent circuit 
Zw  Warburg impedance 
δ  thickness of Nernstian diffusion layer 
D  average value of diffusion coefficients 
V  bias between tip and a substrate 
x  distance between tip and a sample 
Rtunnel  resistance of a tunnelling gap  
Etip  bias between tip and a substrate 
WE  working electrode 
CE  counter electrode 
RE  reference electrode 
EWE  potential of a working electrode 
itunnel  tunnelling current 
υscan  image scanning rate 
j  current density 
Cs  series capacitance 
Rd  mass transfer resistance 
Rct  charge transfer resistance 
Cdl  high-frequency capacitance 
Cad  low-frequency capacitance 
ε0  dielectric constant of vacuum 
d  effective thickness of an electrical double layer region  
R1  high frequency series resistance 
Cp  parallel capacitance 
τch  characteristic time constant 
S(ω)  complex power 

 P(ω)   active power (i.e. real) component of the complex 
   power 
Q(ω)    reactive (i.e. imaginary) component of the complex 
   power 
tpol  polarisation time 
FTT  fast Fourier transform filtering technique 
SOFC  solid oxide fuel cell 
GD  grain distribution calculation method 
Tsint  sintering temperature 



9 
 

I INTRODUCTION 

Ionic liquids are electrolytes with the growing potential, being widely applied in 
many areas of science: in synthesis, deposition of noble metals and galvanic 
coatings, as electrolytes in supercapacitors, dye-sensitized solar cells, batteries 
and electrolysers, as well as solvents for various technological processes etc. 
Nowadays there are an infinite number of combinations of cations and anions 
that can be combined as novel ionic liquids with tuneable characteristics. 

The surface properties of ionic liquids have been studied only in the case of 
a few metals, and therefore, the classical theories about the electrical double 
layer structure formation and their properties in the conditions of changing 
electrical field on atomically flat electrodes are often incomplete. 

Scanning probe microscopy is a very informative tool for studying the solid 
electrode | electrolyte interface in general. High resolution in situ scanning 
tunnelling microscopy (STM) and atomic force microscopy (AFM) are the most 
powerful but simple analytical methods for investigation of the interfacial 
structure at electrode | electrolyte interface in real time and at the atomic or 
molecular level. However, only the modest number of studies which combine 
the results obtained with in situ STM and other surface sensitive 
electrochemical or crystallographic methods have been published so far. 

During the past 30 years, single crystal and polycrystalline bismuth 
electrodes and their application in electrochemical kinetics and electro analysis 
studies have been of a great interest for the scientists at University of Tartu. Due 
to quick technological progress in the materials purification and production of 
metal single crystals it is nowadays essentially possible to obtain nearly 
perfectly atomically flat crystal surfaces, including Bi(111) electrodes. 

The main aim of this work was to study the electrochemical behaviour and 
interfacial structure of three ionic liquids at Bi(111) electrodes with the in situ 
STM method. Cyclic voltammetry and electrochemical impedance methods 
have been used as complementary methods for a detailed analysis of the 
electrical double layer structure, adsorption kinetics and specific adsorption of 
I– ions at the electrochemically polished and cleaved Bi(111) surface. 
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II LITERATURE OVERVIEW 

2.1 General background 

The structure of electrical double layer (EDL) at metal | electrolyte interface 
influences many important applications of electrochemistry, including design of 
electrical double layer capacitors (EDLC) and hybrid supercapacitors (HSC), 
corrosion-protective layers, fuel cells, battery-type devices, electrolysers, dye-
sensitised solar cells and CO2 electro reduction devices [1–18]. In the recent 
years, ionic liquids have been extensively studied as electrolytes applicable in 
these various modern technological devices. Use of the non-aqueous 
electrolytes and room temperature ionic liquids (RTIL) [19] in EDLCs has been 
initiated by the wider region of ideal polarisability of carbon electrodes (cell 
potential ∆E up to 3.6 V [15–21] compared to aqueous solutions). Application 
of RTILs with small additions of the non-aqueous solvents (NAS) (so-called 
RTIL + NAS mixtures) as an electrolyte has been initiated by the lower 
viscosity of RTIL + NAS mixtures, increase in ∆E, if compared with those 
based on the aqueous electrolytes [22–24]. Thus, for exponential increase in the 
maximum energy-density, Emax, and power-density, Pmax, being both 
proportional to ∆E2 of the EDLC. Our recent research, therefore, has been 
focused on using the RTILs, non-aqueous electrolytes and the RTIL + NAS 
mixtures as electrolytes for the high energy- and power density EDLCs based 
on the specially designed microporous–mesoporous carbon electrodes with 
hierarchical porous structure [15–21]. 

The high resolution microscopy studies combined with electrochemical 
measurements of a porous carbon electrode | RTIL interface are more 
complicated, time consuming and expensive, thus, some testing measurements 
have been carried out using the cleaved and electrochemically polished 
atomically flat Bi(111) electrodes [25,26]. Due to the absence of fundamental 
information on the influence of surface roughness of the carbon electrodes on 
the energy density and power density of supercapacitors, fuel cells and battery-
type systems, the new experimental studies analysing the EDL structure at 
metal | ionic liquid interface, including analysis of the nano-roughness effects, 
are essential. Due to the technological progress, in the production and 
purification of single elements in recent years, sufficient prerequisites are met to 
produce nearly ideal single crystals for almost each element with highest purity 
(up to 99.999% and even higher). Therefore, the EDL structure at cleaved and 
electrochemically polished Bi(111) electrode | RTIL interface within wide 
region of electrode potentials has been studied in this work. 

Wider application of RTILs is still hindered by limited fundamental 
understanding of the structural characteristics of interface between the electrode 
material and RTIL [27–35]. Only a few complex studies combining the electro-
chemical impedance spectroscopy (EIS) [1,3,36] and in situ scanning tunnelling 
microscopy (STM) [34,37] have been published so far. Influence of temperature 
and crystallographic structure of the metal single crystal plane electrode on the 



11 
 

properties of the electrode | RTIL interface has been rarely studied [1,34,38,39], 
especially by the in situ STM or Atomic Force Microscopy (AFM) method 
combined with electrochemical methods for electrodes other than Au(hkl) or 
highly oriented pyrolytic graphite (HOPG(0001)). 

However, the EDL structure [1] of the interface between a solid electrode 
and a RTIL [11,15,16,34,40–44] or a mixture of RTILs depends strongly on the 
chemical composition of RTIL cations and anions, as well as on the electrode 
potential, E, applied [8,45]. The structure of EDL depends also on the chemical 
nature of the electrode material (amorphous carbon, HOPG, carbon nanotubes, 
Pt-group metals, semi-metals (bismuth, antimony) cadmium [1,8,11,14–
16,30,34,40–46]), as well as on the surface structure of the single crystal 
electrode. 

Based on the results for the interfaces between Au(hkl), Bi(hkl) and Cd(hklf) 
planes and aqueous or non-aqueous electrolyte solutions [39,47–49], it can be 
concluded that the chemical composition, the crystallographic structure and the 
atomic-scale roughness [1,3,4,36,46] of electrode considerably influence the 
parameters of EDL and adsorption layer structural kinetics. The adsorption 
kinetics of molecules and ions on the chemically different metal electrodes, and 
even on various single crystal planes of the same metal is also affected by the 
crystallographic structure of the surface [1,2,4,5,47–49,51]. The atomically flat 
adsorption layers (including the 2D-layers), which exhibit a higher order of 
regularity, have only been observed for crystallographically nearly ideal metal 
surfaces, i.e. Au(hkl) [1,46–48,51,52], and Bi(hkl) planes [1,3,36,46,49,53,54]. 

In addition, based on the analysis of the experimental data [1,46,55,56], the 
real geometric surface structure in a nanoscopic scale has a decisive influence 
on the root mean square roughness (RMS) value of the system analysed. By 
applying in situ STM method, it was demonstrated that very slow adsorption 
layer reorganisation processes occur at the Bi(111) | 1-butyl-4-methyl-
pyridinium tetrafluoroborate (BMPyBF4), Bi(111) | 1-ethyl-3-methylimida-
zolium tetrafluoroborate (EMImBF4) and Bi(111) | EMImBF4 + 1-ethyl-3-
methylimidazolium iodide (EMImI) interface after the shift of the electrode 
surface charge density (σ) from moderately negative to moderately positive 
surface  charge values [40]. Cyclic voltammetry (CV) and EIS measurements 
demonstrated [40,56] that the structure of EDL and adsorption kinetics of 
EMIm+ cations and I− anions are strongly influenced by σ, explained by the 
specific adsorption of I− ions at HOPG(0001) or Bi(111) from a mixture of 
EMImBF4 and EMImI. 

The interface of Au(hkl) | aqueous electrolyte solution has been intensely 
studied [1,14,34,51,52] and theoretically explained by Kornyshev and Vilfan 
[57]. Systematic theoretical analysis of the phase transition, physical 
adsorption−desorption and specific adsorption effects on the electrode | RTIL 
interface has been given by Kirchner et al. [58]. In comparison to Au(111) 
electrode, the Bi(111) electrode is known to be catalytically, chemically and 
electrochemically inactive, thus, the high stability is also expected for a 
Bi(111) | RTIL interface. There is no surface reconstruction induced by the 
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electric field strength changes as well as diffusion of the surface atoms on the 
Bi(111) surface, unlike on Au(hkl) or Pt group metals [1,34,36,37,41–44,48,51–
56]. Therefore, only reorganisation process of the adsorption layer is possible, 
including specific adsorption effects of the ions. For these reasons, the Bi(111) 
electrode has been selected as an electrode material in this work. 

The Bi electrode is less toxic than Hg [1,3,36] and it has been proposed as a 
replacement of the thin layer mercury electrode for the analysis of heavy metal 
cations [59–61]. Due to its rhombohedral symmetry, layered structure, and van 
der Waals bonding between the neighbouring bilayers, the Bi(111) surface has 
also a number of similarities to the basal (0001) carbon plane [1,4,25,26,53,54]. 
In order to obtain the fresh electrode surface it is possible to cleave the Bi(111) 
electrode at the temperature of liquid nitrogen, which yields atomically flat 
surface structure comparable with a cleaved HOPG, i.e. the C(0001) plane. 
Because of the covalent bonding within atomic double layers, the surface 
structure of Bi is very stable under the conditions of electrochemical 
polarisation during many hours in aqueous and non-aqueous electrolytes 
[1,4,14,25,26,34,51–54]. 

Bi as a semimetal is characterised by high dielectric constant (ε = 78 or 200, 
dependent on the crystallographic orientation) and by the low concentration of 
free charge carriers with the high effective mass, [1,3,4,36,37] similarly to 
C(0001) electrode. 

The crystallographic structure of the Bi(hkl) electrode has been thoroughly 
characterised in the atomic scale by in situ AFM and STM methods [1,3,4,4–
7,40,50,62]. Its crystallographic structure essentially influences the values of so-
called Debye-length-dependent electrochemical roughness R(σ) values, 
theoretically discussed by Daikhin et al. [2], and experimentally analysed by 
Lust et al. [1,46]. It was demonstrated that the Debye-length dependent surface 
roughness is an effective parameter depending on the electrolyte concentration 
and on the electrode potential (E) applied [1,2,46]. A noticeable influence of E 
and electrolyte concentration on specially and specifically roughened Bi, Cd 
and Sb single crystal surfaces [1,46,55] was shown experimentally based on the 
root mean square roughness and effective roughness R(σ) data, calculated from 
the impedance spectra. It was found that the effective surface roughness and 
adsorption activity of ions depends on the size (linear-dimension) of the ions 
forming the EDL. Therefore, for the more detailed analysis of interfacial 
structure the smaller cations based RTILs (like ethyl-methylimidazolium cation, 
EMIm+, ethyl-methylpyrimidinium cation, EMPy+, etc.) with very high 
concentration of ions have been tested in this work. 

The first aim of this work was to investigate the influence of the electrode 
potential on the interfacial layer structure at the Bi(111) | EMImBF4, 
Bi(111) | BMPyBF4 and Bi(111) | EMImBF4 + EMImI mixture phase 
boundaries [1,4,36,46] as the electrical conductivity and the electrochemical 
stability regions of these RTILs [17,18,32] are suitable for their application in 
EDLCs and HSCs. The region of ideal polarisability and potential of zero 
charge for Bi(111) electrode in three RTILs have been estimated and 
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established based on CV and EIS data, respectively. The specific adsorption of 
I− anions, already known from the EIS and CV data [45], was verified by high-
resolution in situ STM method in the region of potentials characteristic of 
specific iodide anions adsorption at Bi(111) electrode surface from a mixture of 
RTILs [45,62]. 

The second aim was to analyse the dependence of EDL formation / 
rearrangement kinetics on Bi(111), based on the EIS data, also dependent on E 
applied. It is clear that, if the formation / reorganisation kinetics of EDL is slow 
at the atomically flat Bi(111) electrode [1,4,53,54], then these RTILs are not 
attractive as potential electrolytes for the high power-density EDLCs, based on 
micro-mesoporous electrodes, where mass transfer in the porous structure is 
very low. 

 
 

2.2 Cyclic Voltammetry 

Cyclic voltammetry is a simple method for electrochemical analysis of 
electrodes. To collect comprehensive information it is significantly easier and 
less time-consuming method compared to EIS or in situ STM methods. Its 
instrumental setup is also more user friendly along with interpretation step of 
the CV data. In this work, the main aim of CV studies was to determine the 
region of ideal polarisability and the limiting values of E and currents, 
applicable within ideal region of polarisation, before conducting the more time 
consuming EIS and in situ STM measurements. Hence, a brief overview is 
provided below. 

A linear potential sweep is known as a potential applied (E) that changes 
linearly with time, t. It is written as: 

 tE   (1) 
Here, υ is the potential sweep rate (mV/s). If the linear potential sweep is 
applied to an RC circuit (Fig. 1a) [63], the Eq. (2) applies:  

 
d

s C

q
iRt    (2) 

In Eq. (2), i is defined as the change of current during a time interval dt, i.e. 
i = dq / dt, where q is charge. Rs is the solution resistance, and Cd is the 
capacitance of the EDL. Hence, the Eq. (3) can be obtained [63]: 

 
d

s C

q
R

dt

dq
t   (3) 

At the starting point t = 0 and q = 0, a following Eq. is obtained (by using Eq. 
(3)):  

 





















 

dsCR

t

d eCi 1  (4) 



14 
 

In Eq. (4), RsCd component is a time constant and υCd is a steady-state value of 
the current. It should be noted that RsCd decays exponentially in time. When a 
triangular wave is applied to an RC circuit (Fig. 1b), i.e., a ramp is applied 
whose sweep changes from a positive potential to the opposite (negative) 
potential, then the steady-state current changes from υCd to −υCd. Cd does not 
depend significantly on E applied, thus, Cd can be viewed as a constant. After 
applying mathematical filtering methods, a cyclic voltammogram, i.e. current 
vs. potential (i, E) dependency is obtained [63].  
 
 

Rs Cd

Switch i

Slope = υ Slope = −υ

t

E

Eλ

dυ = 0

a b

 
Figure 1. A current step diagram of an RC circuit (a), and a potential-time plot resulting 
from a cyclic linear potential sweep (triangular wave) to an RC circuit (b) [63]. Here i is 
a constant current source and Eλ corresponds to a switching potential for CV, 
respectively. 

 
 

A typical shape of a voltammogram measured on a clean surface of a metal in a 
surface inactive electrolyte (in our case on Bi(111) electrode in EMImBF4) is 
shown in Fig. 3a. A voltammogram demonstrated in Fig. 3b exhibits the 
additional peaks and higher currents, which are characteristic of the adsorption / 
oxidation / reduction processes of substances at the interface (iodine / iodide 
anion reactions). 

In the case of aqueous solutions, there is an area of hydrogen evolution at the 
high negative potentials ~E ≤ −1.0 V or ~E ≤ −1.2 V vs. Ag | AgCl for 
Bi(111) | 0.5 M Na2SO4 + x M H2SO4 interface, depending somewhat on 
whether H2 is used for the deaeration process of the solutions or not, 
respectively. In this region of E, the cathodic (reduction) current decreases 
exponentially. In the case of RTILs, the trace H2O always exists in a RTIL, 
however, its concentration in the electrolyte phase is limited. As a result, a 
breakdown of water molecules rather occurs along with the formation of HF and 
other intermediates and products. If E is negative enough, a polymerisation 
process of a RTIL cation mainly over reduction reaction occurs [64].  

It is important to note that for the noble metals, the additional peaks of 
processes can be observed explained mainly by reconstruction of the electrode 
surface, but for Bi(hkl), Sb(hkl) and Cd(hklf) electrodes, there is no evidences of 
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surface reconstruction because no such peaks exist in this region of E studied 
[3–7,40,50,62,65,66]. 

In the positive end of the CVs, the currents grow exponentially and it 
corresponds to an irreversible oxidation process of the metal surface along with 
the dissolution of a metal [40,62]. The shape of CVs in this case is comparable 
either in an aqueous solution or in a RTIL medium. The difference in the 
positive end of CVs, i.e. the currents can change significantly, if electroactive 
species adsorb−desorb on the surface or an electrochemical reaction occurs 
[3,5,37,56]. In the case of Bi(111) | EMImBF4 + EMImI interface, the redox 
reactions of iodine / iodide anions occur at ~E > −0.2 V. However, at the same 
E = −0.2 V, the surface of Bi(111) is suspected to slowly oxidise after the 
protecting iodide anions 2D-layer has been removed in some areas of the 
electrode surface by applying a positive E (Fig. 3b). Therefore, the additional 
peaks corresponding to initial oxide formation and dissolution processes are 
observed in the CV data for a RTIL mixture. 

The area of E between the positive and negative exponential current growth 
areas is called as the region of an ideal polarisability [63]. The electrochemical 
processes in this region are mostly reversible and only the background currents 
flow mainly due to the parasitic reactions from trace impurities along with the 
small leakage currents of an electrode. The probability of charge transfer 
(faradic) reactions in this region of E is nearly zero [63]. 

 
 

2.3 Electrochemical Impedance Spectroscopy 

In this paragraph, only basic concepts of the EIS measurements are briefly 
explained [67–69]. The detailed analysis of the modelled spectra to the 
experimental spectra can be found in the chapters VI.2 and VI.3.  

Impedance, Z, of the circuit element is defined by its ability to resist the flow 
of electrical current, I. Resistance, R, is defined by Ohm's law (5) in terms of the 
ratio between voltage, E, and I. This Formula can only be used for a simple 
resistor:  

 
I

E
R   (5) 

Electrochemical impedance is measured by applying alternating current (ac) to 
an electrochemical cell and then measuring the current flow through the cell. 
During EIS measurements a sinusoidal excitation potential is applied. It can be 
written as: 
 )sin(0 tEEt  , (6) 

where Et is the value of potential at time t, E0 is the amplitude of the signal (V), 
and ω is the radial frequency (radians/s). There is a dependency between ac 
frequency, f, and ω: 
 f 2  (7) 
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As a result, a sinusoidal ac current signal (I) is collected with the difference of 
the phase shift (Φ). Therefore, it has different amplitude, I0:  
 )sin(0  tIIt   (8) 

The expression for Z based on the Ohm's law (5), and Eq.-s (6) and (8) is: 

 













)sin(

)sin(

)sin(

)sin(
0

0

0

t

t
Z

tI

tE

I

E
Z







, (9) 

where Z0 is a magnitude of the impedance. Euler's relationship (10) is then used 
to express Z as a complex function:  

  sincos)( je j , (10) 
where j is the imaginary unit (j = √-1). The potential at any t is given: 

 )(
0

tj
t eEE    (11) 

Therefore, the current can be obtained as: 

 )(
0

 tj
t eII    (12) 

Hence, the impedance can be represented as a complex number, Z(ω):  

 )sin(cos)( 0
)(

0   jZeZ
I

E
Z j  (13) 

Thus, the expression (13) consists of a real and an imaginary part. When the real 
part of the impedance is plotted on the x-axis and the imaginary part is plotted 
on the y-axis, a typical Nyquist plot is obtained [67–69]. In the Nyquist plot, 
each point corresponds to the impedance at a certain frequency. In this work, 
the non-linear least squares data fitting method has been used for an analysis of 
Nyquist plots [68]. 

When the impedance is plotted versus log frequency on the x-axis, and both 
the magnitude of the impedance (Z0) (also noted as |Z|), and the phase-shift (Φ) 
on the y-axis, a Bode plot is obtained. 

Impedance data are commonly analysed by fitting to an equivalent electrical 
circuit model. Usually a common equivalent electrical circuit consists of the 
following elements: a resistor, a capacitor, an inductor, a diffusion element 
(Warburg diffusion-like impedance) connected either in a series or parallel way 
to form an Electrical Circuit (EC).  

The impedance of the resistor has no imaginary part and Z (noted as Z' 
known as a real part of impedance) is independent of the frequency, therefore: 
 RZZ  )(')(    (14) 
For a capacitor, the impedance Z (noted as Z'' known as an imaginary part of 
impedance) is calculated using (15): 

 
Cj

ZZ


 1
)('')(   (15) 

The current through the resistor has a phase shift of 0°. Thus, the impedance for 
the capacitor element decreases, if the frequency rises. For an ideal capacitor, 
only an imaginary part of the impedance exists and the current through the 
capacitor has a phase shift of −90°. 
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For a Warburg element, the impedance depends on the frequency of ac potential 
perturbation. At high frequencies, diffusing reactants do not move significantly, 
hence the Warburg impedance is small. When the frequencies applied are low, 
then the reactants can move, therefore, increasing the Warburg impedance. 
Infinite Warburg impedance can be given as:  

 


 )1( j
Z D

W


  (16) 

In Nyquist (Z'', Z') plots, a Warburg element appears as a diagonal line with a 
slope of 45°, and in Bode plots at lower f it has a phase shift of −45°. The Eq. 
(16) is used for objects that have a very thick (so-called infinite) diffusion layer. 
In the Eq. (16), σD is a Warburg coefficient. 

In this work, an EC named as a modified Frumkin − Melik-Gaikazyan is 
used for the data modelling. As the thickness of the diffusion layer is finite for a 
single crystal plane | RTIL interface, so the finite-length Warburg element (W1) 
for short circuit conditions at f → 0 can be applied in the modelling of the data. 
In this case the Formula (17) can be used:  
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In Eq. (17), δ is the thickness of Nernstian diffusion layer, and D is an average 
value of the diffusion coefficients of the diffusing species. 

 
 

2.4 Scanning Probe Microscopy 

Electrochemical methods applied usually provide the statistically reproducible 
information over the surface of the working electrode, that is, general data about 
an electrode | electrolyte interface, but in many cases they lack the direct 
structural information of the processes occurring at these interfaces. It is also a 
complicated task to correlate the crystallographic data (single crystals, poly 
crystals, coatings, depositions and their structure etc.) with the fundamental data 
of electrochemistry (CVs, EIS spectra etc.) without supporting any surface 
analysis information obtained by using microscopic methods. For this reason, in 
situ STM was chosen as a main surface structure analysis method in this work. 

STM was invented by Binning and Rohrer et al. in 1982 [70], and a few 
years later AFM was invented [71]. By now, a wide variety of scanning probe 
microscopy methods exists, and most of the investigations are conducted either 
in a liquid or in a vacuum medium. Thus, in many cases the potential and 
temperature and other physical and chemical parameters can be controlled. 
Many of these methods are combined nowadays, for example an AFM or STM 
tip enhanced Raman spectroscopy [72], a scanning high resolution STM at 
video frequency rate [73] etc. 

The in situ STM method is specially designed for atomically flat surfaces 
that exhibit electronic conductance at reasonable conditions of electrochemical 
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polarisation. Objects with free s- and p-electrons or vacant orbitals in their 
electron shell often have this property, i.e., the atomically flat surfaces of most 
metals, semimetals, and some non-metals can be visualised by in situ STM 
method.  

A sharp tip (etched or cut mainly from Pt- or W-wire) is brought extremely 
close to the conducting surface (a few nanometers and eventually less), and a 
potential difference is created between the two interfaces (Fig. 2a). As a result, 
the wave functions of two interfaces overlap, and an electron tunnelling 
phenomenon occurs [63]. The current flow through the STM tip can be given as 
an Eq. (18). 

 
 

tunnel

x
tunnel R

V
Veconsti   2)(  (18) 

In Eq. (18), itunnel and x are tunnelling current and the distance between the tip 
and the sample, respectively. V is a tip-substrate bias (also noted as Etip later in 
this work), Rtunnel is a resistance of a tunnelling gap, and β is a parameter 
depending on the energy barrier and work function properties of the interface, 
however, for shortness it is not considered here.  
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Figure 2. A schematic representation of the electron tunnelling phenomenon between 
the atoms of the STM tip and the sample (a). The movement of a STM tip over substrate 
during the scan (b). A schematic representation of the electrochemical cell used in the in 
situ STM measurements: a side view (c) and a view from above (d). 
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For the in situ STM measurements conducted in this work, a constant current 
mode is used like for the most experiments nowadays. In this mode, the tip in 
the z-direction is moved until tunnelling current flows, and simultaneously, the 
tip is scanned across the x-, and y-directions, i.e. across the surface of a 
substrate (Fig. 2b). At the same time the current is kept constant by moving the 
tip in the z-direction by electromechanically varying x. The movement of the tip 
is well controlled by the piezo elements. When a voltage is applied to piezo 
material, and if system is properly calibrated, its dimensions change precisely 
enough to maintain a stable operation in the scale of sub-nanometer (Fig. 2b). A 
detailed description of how the basic STM works has been given in literature 
[63], and nowadays even an electrochemical STM is widely considered as a 
standard method. Therefore, only a simplified summary of each method is given 
in this work. 

 
 

2.5 In situ STM in modern electrochemistry 

In the case of in situ STM, also known as dynamic or electrochemical STM, the 
working electrode (WE) is usually mounted at the bottom of the cell 
(Fig. 2c and 2d). Typical in situ STM cell consists of at least two more 
electrodes: a counter electrode (CE) and a reference electrode (RE). At every 
time interval, small enough, the scanning tip is held above the WE surface. The 
potentials of WE (EWE) and the tip (Etip) are then controlled independently with 
a bipotentiostat. To initiate and manipulate the electro(chemical) reaction(s) and 
the processes of adsorption–desorption or dissolution–deposition at the 
WE | substrate interface, a change in the potential of working electrode is 
usually chosen as a main driving force. Thereafter, to image the structural 
changes at the surface of a substrate during the changes of EWE, the values of 
itunnel and Etip are usually adjusted constantly, along with the image scan rate, 
vscan, of course. 

To be useful for imaging in a liquid medium, the STM tip is insulated with a 
non-conducting polymer, so that the effective area of the tip in contact with the 
electrolyte phase is minimal. However, its contact with the substrate relies on a 
small cluster of atoms, to provide better control over the electron tunnelling 
process. For the objects that undergo quick oxidation at the presence of 
dissolved oxygen even at the negative E (bismuth, antimony, cadmium, copper 
etc.), the setup for in situ STM measurements requires an environmental 
chamber. In the other cases, water traces in a non-aqueous solvent or in a RTIL 
can also be problematic as well as the tungsten STM tip can be oxidised or 
dissolved. During a few hours before the in situ STM measurements on a 
Bi(hkl) electrode started, an inert gas (N2 or Ar) was used to deaerate the 
environmental chamber. 
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III EXPERIMENTAL 

Molecular Imaging PicoSPM (model MS300) and Agilent Technologies (model 
5500) systems were used for in situ STM and CV measurements.  

STM tips were etched electrochemically from a tungsten wire and insulated 
with an Apiezon wax [3–8,40,62]. The STM tips and measurement system were 
calibrated using a freshly cleaved HOPG basal plane C(0001) (SPI).All STM 
images were recorded in a constant current mode with tunnelling currents 
varying from 0.1 nA to 3.0 nA. 

A home-made hermetic cylindrical three-electrode electrochemical cell from 
tetrafluoropolyethylene (Teflon) with 0.6 cm3 volume and a large-area Pt net 
counter electrode were treated before each experiment with a mixture of 
concentrated H2SO4 + H2O2 for 30 min at 100 ºC, thereafter rinsed repetitively 
with MilliQ+ water and dried at 60 ºC [1,3,4,25,26,37]. 

BMPyBF4 (Fluka Analytical, H2O < 100 ppm), and EMImBF4 (Fluka 
Analytical, purity ≥ 99.0 %, H2O < 100 ppm) were used as electrolytes (Papers 
2 and 3). 

The mixed RTIL based electrolyte studied in Paper 3 was prepared (1 h 
before the measurements) from EMImBF4 and EMImI (Merck KGaA, 
purity > 99.5 %, H2O < 300 ppm). 1 wt% of EMImI was dissolved in the 
EMImBF4 in dark conditions by heating the mixture up to 80° C in Ar medium 
and cooled slowly to 22 ± 1° C [8]. Thereafter, this mixture was additionally 
dried inside glove box at 60 ± 1° C applying the intensive mixing with dry Ar 
(purity > 99.9999 %) for 6 h. 

An Ag | AgCl wire in the same BMPyBF4 [25,26], EMImBF4 [8,40] or in a 
mixture of EMImBF4 + EMImI served as a quasi reference electrode [8,40,62]. 
All potentials are given versus the Ag | AgCl reference electrode in the same 
RTIL medium. 

The Ag wire was cleaned in the 0.1 M HCl solution using the cathodic 
hydrogen evolution process, and thereafter the AgCl coating was deposited onto 
Ag wire from the fresh 0.1 M HCl solution. The anodic polarisation of about 
E ~ 1.5 V (i ≤ 0.1 mA) was applied up to 30 s until the continuous white AgCl 
coating appeared on the Ag wire. Then the Ag | AgCl RE was flushed 
thoroughly with the MilliQ+ water, dried in the Ar gas flow, immersed into the 
RTIL and left for the stabilisation overnight under the Ar atmosphere in dark 
conditions. The reference electrode was connected to the electrochemical cell 
through a Luggin capillary to avoid contamination of RTIL with Cl− anions. 

The Bi(111) cylinders with the diameter of 3.6 mm were made from the 
massive single crystal [1,3,4,25,26,36,37,40] grown by using a vertical 
Czochralsky method [1,40], and pressed into hot Teflon holders. A bottom of 
the cylinder (i.e. the Bi(111) plane) was served as a WE. At least three different 
electrodes with the same orientation (111) were measured for the statistical 
collection of the data. 

After the cleavage or electrochemical polishing procedure [1,40,62], a 
mirror-like Bi(111) surface was immediately introduced into the 
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electrochemical cell. Thereafter, the Ar saturated RTIL or RTIL mixture was 
added and the potential was instantly fixed at E = −0.8 V, or in some 
experiments at E = −1.2 V (vs. Ag | AgCl in the same RTIL). After a successful 
preparation procedure the Bi(111) surface is known to be very stable under the 
cathodic polarisation [1]. 

After 1 h to 6 h polarisation of the Bi(111) electrode at −0.8 V 
(vs. Ag | AgCl), the stable cathodic current densities (j) lower than 
−0.01 A cm−2 and −0.6 A cm−2 at the electrode potentials −0.4 V and −1.1 V 
were measured for BMPyBF4 or EMImBF4 system, respectively. For 
EMImBF4 + EMImI mixture, the same current densities have been measured at 
E = −0.4 V and E = −0.8 V, respectively. All experiments were conducted at 
22 ± 1° C. 

The narrower region of ideal polarisability for Bi(111) compared to a glassy 
carbon electrode is mainly caused by higher oxidation ability of the Bi electrode 
at less negative potentials (E ≥ −0.2 V), and by acceleration of the hydrogen 
evolution process (j < −1.0 μAcm−2) at more negative potentials (E ≤ −1.2 V). 
Electro reduction of the BF4

− anions starts also at E ≤ −1.2 V. Residual H2O 
molecules participate in BF4

− electro reduction process, where BF3 and F− are 
the probable intermediates [3,25,26,36,37]. 

Cathodic polarisation of a Bi(hkl) electrode under Ar atmosphere (surface 
inactive gas) is a prerequisite to maintain an atomically flat non-oxidised and 
time-stable Bi(111) surface. Hence, the concentrations of O2 and H2O in the 
electrolyte and in the gas phase must be kept as low as possible 
[3,25,26,37,53,54,74]. 

Several repetitive experiments were performed in this work to obtain the 
reproducible in situ STM data. All STM images were analysed using Gwyddion 
[75] and Nanotec Electronica WSXMTM [76] freeware. 

Comparative CV and EIS measurements were performed inside the Mbraun 
LabmasterTM glove box using an Autolab PGSTAT 320 with a FRA II 
impedance analyser. 

At least 6 independent measurements were made and the statistically treated 
series capacitance Cs vs. E-curves, were analysed. The parameters calculated 
from the impedance data using the non-linear least squares fitting method (the 
high-frequency series resistance, Rs, the mass transfer resistance, Rd, the charge 
transfer resistance, Rct, the high-frequency capacitance, Cdl, and the low-
frequency adsorption capacitance, Cad) have been statistically treated after 
fitting the calculated impedance spectra to the experimental ones [3,16–
18,25,26,36,37,53,54,77]. 

Agreement of the data measured using the in situ STM method with the 
results published by Siinor et al. [25,26], obtained inside the MBraun 
Labmaster glove box (extremely low residual O2 and H2O concentrations), was 
reasonable. Hence, due to the somewhat higher O2 partial pressure and the 
residual H2O in the gas phase in the in situ STM electrochemical cell, the 
cathodic current densities were slightly higher for the in situ STM experiments 
at E < −1.0 V. 
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IV RESULTS AND DISCUSSION 

4.1 Analysis of cyclic voltammetry data 

To set up frameworks of reproducible current-potential dependencies and to 
preserve an atomic flatness of a Bi(111) surface for further in situ STM or EIS 
measurements, firstly the CV data were measured. The CV data were obtained 
within controlled potential regions (vs. Ag | AgCl in the same RTIL): 
−1.2 V < E ≤ −0.3 V for Bi(111) | BMPyBF4 interface, −1.2 V < E ≤ 0.0 V for 
Bi(111) | EMImBF4 interface, and −0.8 V < E ≤ −0.2 V for 
Bi(111) | EMImBF4 + EMImI interface, respectively (Fig. 3a, 3b and 3c). 

Based on CV data, the Bi(111) | EMImBF4 interface exhibits the widest area 
of ideal polarisability (−1.2 V < E ≤ 0.0 V). If 1wt% EMImI is mixed with the 
EMImBF4, the region of ideal polarisability decreases by ~0.4 V (being within 
the region of −1.0 V < E ≤ −0.2 V). The EDL charging currents initiated from 
specifically adsorbed species (the I− ions) cause the increase in the current 
density at Bi(111) working electrode at E > −0.4 V (Fig. 3b). For the 
Bi(111) | BMPyBF4 interface (Fig. 3c), the region of ideal polarisability is 
somewhat narrower (−1.2 V < E ≤ −0.3 V) than that for the Bi(111) | EMImBF4 
interface (Fig. 3a). In general, the regions of ideal polarisability for systems 
studied in this work are in a good agreement with the data for 
Bi(111) | Na2SO4 + H2SO4 interface in aqueous solutions [3–7,25,26,37,78]. 

Anodic limit of the Bi(111) | RTIL systems is determined by the irreversible 
oxidation process of Bi(111) surface (where the current density increases 
exponentially), which occurs at E ~ −0.1 V. A decomposition process of 
residual water already starts slowly at E ≤ −1.0 V, where the cathodic currents 
increase exponentially (Fig. 3a, 3b and 3c). Thus, mainly slow adsorption and 
desorption processes of RTIL ions have been established within the mentioned 
E regions [78]. According to the literature data [79,80], a reduction of EMIm+ 
cation and its dimer formation both occur only at E < −2.0 V, i.e. outside of the 
potential region studied in this work, where the formed thick dimer (polymer) 
layer blocks the electrode surface. At E < −2.0 V, further STM probing and / or 
E cycling is not possible. Other faradic reduction reactions, including the electro 
reduction (decomposition) of BF4

− anions, also can occur outside the ideally 
polarisable E regions applied in this work. 

The mixture of EMImBF4 + EMImI is stable between E = −1.2 V and 
E = −0.2 V, mainly due to the strong blocking adsorption of iodide ions (from 
E = −0.8 V to E = −0.3 V, demonstrated in a detail in chapters VI.4.4.2.3 and 
VI.4.4.3.2). In general, CVs can be measured at slightly more positive 
potentials, while the STM or EIS measurements are carried out within the range 
of potentials demonstrated in Fig. 3. 

The BMPy+ cations in BMPyBF4 are also known to be stable from 
E = −1.2 V to E = −0.3 V, but the electrochemical stability for this RTIL is 
somewhat lower compared to EMIm+ cations in EMImBF4, according to data 
discussed in Refs. [64,78]. In general, if the reduction reaction is involved, the 
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BMPyBF4 has been proposed to undergo the radical coupling and dimeriation 
processes, which often results in further chemical reaction(s) and unpredictable 
electroactive species [78]. 

 
 

4.2 Analysis of electrochemical impedance data 

Impedance measurements were conducted for the simultaneous analysis of the 
adsorption kinetics of the ions. Thus, the complex impedance Z, and phase 
angle Φ vs. log f plots and Z'', Z' (Nyquist plots) were measured, where Z′ and 
Z″ are the real and imaginary parts of the impedance, Z, respectively. From the 
Eq. (13), an Eq. (19) is obtained: 

 
sC

Z


1
''


  (19) 

The series capacitance, Cs, can be calculated at several fixed frequencies, shown 
in the Fig. 3 [25,26,37].  

Based on the analysis of the i,E-dependencies and corresponding STM data 
for Au(hkl) [14,34,42,81–88], the potential-induced surface reconstruction 
processes due to the mobility of the Au surface atoms were well established at 
Au(hkl) | electrolyte solution interfaces (aqueous or ionic liquid medium). 
However, in the present work like in previous studies [1–3,5–
7,9,10,12,15,27,28], no Bi(111) surface reconstruction peaks were obtained 
neither in i, E-curves (Fig. 3a, 3b and 3c) nor in Cs, E-curves 
(Fig. 3d, 3e and 3f). Therefore, similarly to Bi(111) | Na2SO4 + H2SO4 aqueous 
electrolyte solution interface [1,3,4,46], no evidences of surface reconstruction 
effect has been observed based on CV, impedance and also in situ STM data 
(discussed later) for Bi(111) | EMImBF4, Bi(111) | BMPyBF4 or 
Bi(111) | EMImBF4 + EMImI interfaces. 
     Data in Fig. 3d show that for Bi(111) | EMImBF4 interface, there is only a 
slight dependency of series capacitance, Cs on E, when f varies from 10 Hz to 
1000 Hz. For Bi(111) | BMPyBF4 interface there is practically no dependency 
of Cs on E, when f varies from 30 Hz to 1000 Hz (Fig. 3f). The biggest growth 
of the capacitance in both cases takes place at the frequencies f ≤ 20 Hz, 
indicating the very slow adsorption process of the ions on the Bi(111) | RTIL 
interface [14,37,40,84] (Fig. 3d and 3f). Data in Fig. 3e show that from the 
EMImBF4 + EMImI mixture, the adsorption of I− anions onto the Bi(111) 
surface clearly occurs at f ≤ 215 Hz, if E ≥ −0.6 V. It should be noted that the 
surface activity of the organic compounds increases with growth of the metal 
hydrophobic properties [1,49]. Based on the simple Helmholtz EDL model (as 

in Eq. (20)):       
d

Cs
0

 ,        (20) 

where ε0 is a dielectric constant of vacuum, ε is the relative dielectric constant 
of the EDL and d is the effective thickness of the EDL region [1,46,49,55], with 
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the increase in the length of the RTIL hydrocarbon chain, the dielectric 
permittivity (ε) of the EDL decreases and the values of Cs decrease (Fig. 3d).  
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Figure 3. Experimental CV data for a Bi(111) electrode in EMImBF4 (a), 
EMImBF4 + 1wt% EMImI mixture (b) and BMPyBF4 (c) (CV scanning rate: 
dE / dt = 10 mV/s), and Cs, E-plots calculated from EIS measurements at different fixed 
frequencies for Bi(111) electrode in EMImBF4 (d), EMImBF4 + 1wt% EMImI 
mixture (e) and BMPyBF4 (f). All potentials are given vs. Ag | AgCl reference electrode 
in the same ionic liquid at 22±1°C. 

 
 

Data in Fig. 3f show that the slow adsorption of BMPy+ cations takes place and 
the values of Cs increase with the decrease of ac frequency.   

Analysis of the electrochemical impedance data based on non-linear square 
root fitting method has been conducted. It was found that the more adequate fit 
of calculated spectra with the experimental ones (Fig. 4b) can be obtained by 
using the modified Frumkin − Melik-Gaikazyan equivalent circuit (Fig. 4b 
inset) [25,26,37,89,90]. It was established that the finite-length Warburg 
element (W1, Warburg diffusion-like impedance) for short circuit conditions at 
f → 0 should be used in the EC to have a good fitting. Thereafter, the values of 
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Cdl, Cad, and diffusion resistance (RD) were calculated (Fig. 4a and 4c) 
considering the equivalent circuit modelling method [89,90]. Rel is the very 
high-frequency series resistance (mainly equal to the electrolyte series 
resistance). 
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Figure 4. Adsorption capacitance, Cad, E and electrical double layer capacitance Cdl, E 
plots calculated from EIS measurements (a) for a Bi(111) electrode in EMImBF4 and 
BMPyBF4 (noted in the Figure); impedance complex plane (Z’’,Z) plots (b) (dots – exp. 
data, lines – fitting by modified Frumkin –Melik-Gaikazyan equivalent circuit, at 
potentials marked in the Figure). Dependencies of Cdl, Cad (c) and diffusion resistance 
RD (d) on the electrode potential for Bi(111) in BMPyBF4 (open marks) and EMImBF4 
(filled marks). Insets in (d): modified Frumkin – Melik-Gaikazyan circuit. Inset in (c): 
fractional exponent of the Warburg-like diffusion impedance vs. electrode potential 
curves. Dependence of the ratio of parallel capacitance to the series capacitance, Cp/Cs, 
on log f (e) at different potentials (given in the Figures) for the Bi(111) | EMImBF4 
(open marks) and Bi(111) | BMPyBF4 (filled marks) interfaces. Experimental Nyquist 
(f) and Bode phase angle (inset) plots at fixed E (g) and the normalised real part |P|/|S| 
and imaginary part |Q|/|S| of the complex power vs. ac frequency plots (h) for Bi(111) 
electrode in BMPyBF4. 
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As demonstrated in Fig. 4a, the values of capacitance, Cs, can be divided into 2 
components [25,26,37,89–92]. Cdl is the fitted (so-called ‘‘true’’) electrical 
double layer differential capacitance (high-frequency parameter, obtained at 
ω → ∞), and Cad is the adsorption capacitance (low-frequency limiting 
differential capacitance established at ω → 0). According to the theoretical 
models and results of fitting data [1,46], Cdl contains also the thin film 
capacitance for Bi(111) surface layer, being somewhat higher for a 
Bi(111) | EMImBF4 interface (Fig. 4a) than that for a Bi(111) | BMPyBF4 
interface.  

To the first very rough approximation a zero charge potential, Eσ=0, can be 
estimated from the capacitance data at low / medium frequency region 
(f ≥ 10 Hz) for a Bi(111) | RTIL interface (Fig. 4a). Taking into account that the 
Cdl minimum usually for semi metallic Bi(111) corresponds to the Eσ=0 value 
[1]. Surface charge density (σ) is defined as the charge per surface area 
(C / cm−2). The σ values can further be correlated with the theoretical modelling 
results and calculations data. The values of Cdl and Cad for Bi(111) | EMImBF4 
interface are minimal at E = −0.7 V (Fig. 4a), pointing to the zero charge 
potential Eσ=0 [1,4,25,26] location for this interface. 

In the case of Bi(111) | BMPyBF4 or Bi(111) | EMImBF4 interfaces, Eσ=0 
corresponds to the so-called true zero charge potential as there is no specific 
adsorption of the ions (or hydrogen, oxygen, etc.) on the Bi(111) surface [4,46]. 
As a result, there is no shift of the Eσ=0 values (Fig. 3d) due to the adsorption of 
the RTIL (EMImBF4) components [4,25,26,46]. A small shift of Eσ=0 at 
f ≤ 0.9 Hz toward more negative E values can be explained by the partial charge 
transfer process between the Bi(111) surface and adsorbed BF4

− anions 
[1,25,26,37,49,93,94] for Bi(111) | BMPyBF4 interface (Fig. 3f).  

Based on the data in Fig. 3e, there is a noticeable increase in the values of Cs 
at E ≥ −0.3 V for EMImBF4 + EMImI RTIL mixed system, indicating that I− 
anions are surface active on Bi(111). This conclusion is based on a fact that 
typically for specific adsorption of anions, in the region E ≥ −0.7 V, there is 
strong dependence of Cs on log f, established for aqueous and non-aqueous 
NaF + NaI; KF + KI or LiClO4 + LiI binary electrolyte solutions with constant 
ionic strength [25,26,36,37]. 

For both, Bi(111) | EMImBF4 and Bi(111) | BMPyBF4 interfaces again, at 
E < −0.7 V σ has the negative values (the physical adsorption of cations is 
dominating in the first layers), and at E > −0.7 V, σ has positive values (mostly 
the adsorption of anions dominates) (Fig. 3d, 3f and 4a). 

At more negative potentials (E < −0.8 V) specific adsorption with the partial 
charge transfer and faradic processes are possible for both interfaces (Fig. 4a). 
Based on literature data EMImBF4 has a greater electrochemical stability than 
BMPyBF4 [78], hence the Bi(111) | EMImBF4 interface is somewhat more 
stable than Bi(111) | BMPyBF4 interface at E < Eσ=0. 

Within the region of more positive potentials, −0.3 V < E < 0.0 V, the 
electrostatic physical adsorption of the BF4

− anions is followed by the partial 
charge transfer process [91,92], sometimes known as a weak specific 
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adsorption. However, in the same E region, the dissolution and irreversible 
oxidation of bismuth (see the impedance data below in this chapter and the 
STM data in chapters VI.4.4.2.1 and VI.4.4.2.2) started, and therefore, this 
region of E has not been studied systematically.  

The slope of the Nyquist plots depends on E applied for the 
Bi(111) | EMImBF4 and Bi(111) | BMPyBF4 interfaces (Fig. 4b). Deviation of 
the Bi(111) | BMPyBF4 interface from the adsorption step limited system is the 
highest at E = −0.6 V (near the zero charge potential), where there is no 
preferable adsorption of the BMPy+ cations or the BF4

− anions (or the 
BMPy+ BF4

− ion pairs) into the first ionic layer. The Bi(111) | EMImBF4 
interface deviates from the adsorption step limitation at E = −1.2 V and at 
E = −0.4 V, where cations and anions form the first layer, respectively. 

In general, Cdl does not depend noticeably on the potential applied neither 
for Bi(111) | EMImBF4 nor Bi(111) | BMPyBF4 interface, which agrees with the 
Frumkin − Melik-Gaikazyan model [89,91,92,95,96] (Fig. 4a). In contrast, the 
values of Cad quickly increase within the region of E from −0.7 V to −1.0 V, 
where the adsorption of the EMIm+ or BMPy+ cations into the first layer starts 
(Fig. 4a). Nevertheless, the rise of the Cad values within the potential region 
from −0.7 V to −0.3 V indicates the adsorption of BF4

− anion. The noticeable 
difference in the values of Cs, Cdl and Cad indicates that formation of the 
adsorption layer is a very slow process [89–92,95,96] (Figs. 3 and 4a). Thus, the 
noticeable increase in the Cs values at lower frequencies is mainly caused by the 
adsorption process (i.e. by the increase in Cad for the Bi(111) electrode in a 
RTIL) (Fig. 4a). 

The values RD (results of fitting analysis) (at f → 0) at fixed E are also higher 
for Bi(111) | EMImBF4 interface than those for Bi(111) | BMPyBF4 interface 
(Fig. 4c). The higher values of RD show that the mass transfer energy 
(resistance) is higher for the RTIL with the smaller molar volume characterised 
by the lower compactness of organic cation based adsorption layer due to the 
higher thickness and dielectric constant (ε) values for the Bi(111) | EMImBF4 
interface compared with Bi(111) | BMPyBF4 interface. 

The values of fractional exponent for the Warburg-like diffusion impedance 
[25,26,37,89,90], αW, are equal or greater than 0.55 for both systems (inset in 
Fig. 4d). For a Bi(111) | BMPyBF4 interface the values of αW are slightly higher 
compared to the Bi(111) | EMImBF4 interface. Therefore, the finite-length 
Warburg element for short circuit conditions at f → 0 can be applied for fitting 
of calculated data to the experimental impedance spectra. 

 
 

4.3 Fitting and analysis of Nyquist plots data 

The big increase in Cs and in the parallel capacitance, Cp, calculated from Eq. 
(21) [37,60,97–102] similarly to Cs, takes place only at the very low frequencies 
(Fig. 4e) (f ≤ 10 Hz), which could be explained by the slower adsorption layer 
formation for both RTIL based systems [37,91,92,95]. 
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At σ > 0, the charge of the first adsorbed ionic layer is partially compensated by 
the second (anions) layer charge and by the following ionic layers [27,28]. 
Similarly to the adsorption of the organic compounds at the Bi(111) surface 
[37,98], the very low values of Cdl (from 5 µFcm2 to 6 µFcm2 at E ≤ −0.7 V), 
calculated from the impedance data (Fig. 4a), indicate the very low values of 
dielectric constant for the Bi(111) | EMImBF4 and Bi(111) | BMPyBF4 
interfaces under study [25,26,37].  

The values of parallel capacitance were calculated using classical calculation 
method [1,5,6,46,89,90], and based on the Eq.-s (22) and (23): 
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The ratio Cp / Cs (Fig. 4e) in general depends strongly on f, but only slightly on 
E applied. If Cp / Cs = 1.0, the processes at an interface have capacitive 
behaviour; if Cp / Cs = 0.5, the processes are diffusion step limited; and if 
Cp / Cs = 0.0, the faradic processes are determinative for a Bi(111) | RTIL 
interface [91,92,95]. 

More detailed analysis of the impedance data (Fig. 4e) shows that the slow 
adsorption and mass-transfer (diffusion-like) steps are the limiting stages for 
both RTIL adsorption at the Bi(111) surface: EMIm+ at E ≤ −0.9 V, BMPy+ at 
E ≤ −0.7 V and BF4

− at E = −0.2 V, as the ratio Cp / Cs is lower than unity at 
f < 1 Hz [37,53,54,91,92,95,103]. Similarly to the Cs growth at the very low 
frequencies (Fig. 3d, 3e and 3f), the formation of the stable adsorption layer 
structure during from minutes to 1 . . . 2 h after changing E from low negative 
values (−0.6 V) towards more negative values (to −0.8 V or to −1.0 V) indicates 
that the adsorption of the RTILs under study on the Bi(111) electrodes is indeed 
a very slow process, which is established also by the in situ STM method 
(discussed in the chapter VI.4.4.2.). 

The EDL formation kinetics and mechanism depend weakly on E applied for 
Bi(111) | EMImBF4 and for Bi(111) | BMPyBF4 interfaces. Based on the 
impedance data (Fig. 5), the nearly ideal capacitive behaviour can be seen from 
the slope values for the log |Z"|, log f plots varying from −1.0 to −0.9 within 
whole potential and frequency range. At E = −0.2 V, the processes of surface 
oxidation and dissolution start. For Bi(111) | BMPyBF4 interface, a more 
pronounced deviation of the system from the adsorption step limited mechanism 
has been observed (the slopes of the log |Z"|, log f-plots nearly −0.6). 
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Figure 5.The dependencies of series capacitance (Cs) on log frequency (log f) (a), 
parallel capacitance (Cp) on log f (b), log impedance imaginary part (log Z") on log f (c), 
and the normalised real part |P| / |S| and imaginary part |Q| / |S| of the complex power vs. 
ac frequency plots (d) and (e) at different negative potentials given in the Figure. 

 
 

The same information and conclusions for Bi(111) | BMPyBF4 interface follow 
from the analysis of the Bode phase angle (θ) vs. log f -plots (inset in Fig. 4g) 
[24,25,53,54,89,90,95,96]. The values of phase angle, θ ≈ −45°, indicate the 
very slow mass-transfer (diffusion-like) limited step at E = −0.2 V. The values 
of θ lower than −52° (down to −70°) at E = −0.9 V point to the mixed kinetic 
process(es). 

For the more detailed kinetic analysis of a Bi(111) | RTIL interface, the 
characteristic relaxation frequencies can be used. The values of the 
characteristic relaxation time constant (τch) for a Bi(111) | BMPyBF4 interface 
have been calculated from the intersection point of the dependencies of 
normalised real part |P| / |S| (25) and imaginary part |Q| / |S| (26) of the complex 
power (25) on frequency [15–19] (Fig. 4h). The following Eq.-s were used: 
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where fmax is the maximal frequency and Umax is the maximal amplitude of ac 
voltage. The shortest characteristic adsorption relaxation time (τch = 5 s) has 
been calculated at E = −0.6 V. At E = −0.9 V, the value of τch is even longer 
than 10 s indicating that the reorganisation of BMPyBF4

+ cations is a very slow 
process. At positively charged Bi(111) surface the adsorption layer formation, 
i.e., the orientation of BF4

− anions is quicker because τch = 6.1 s, thus, only 
somewhat slower than that at E = −0.6 V. Relaxation time constants for the 
electrical double layer formation τch ≥ 10 s are characteristic of the microporous 
mesoporous carbon electrodes in the non-aqueous and RTIL + NAS electrolyte 
solutions [15–21]. Consequently, the τch values depend noticeably on E, i.e., on 
the chemical composition and on the structure of cations and anions adsorbed at 
Bi(111) surface. These data are in a good agreement with the shape of the 
Cs, E -plots and Cad, E -plots (Figs. 3b, 3d, 3f and 4a) measured at different 
frequencies, and the Cp / Cs vs. log f -plots (Fig. 4f), discussed before. Thus, 
surprisingly, the very long adsorption times are required for the establishment 
of the superstructure formation equilibrium at the Bi(111) electrode | BMPyBF4 
interface. This result differs totally from the results for the 2,2-bipyridine and 
camphor adsorption kinetics at the Bi(111) surface from the aqueous Na2SO4 
solution, where the adsorption equilibrium has been established already at 
τch ≤ 10−2 s [3]. 

The desorption, i.e. the dissolution of the BMPyBF4 superstructure is also a 
very slow process as after the potential step from −1.2 V to −0.8 V, or from 
−1.0 V to −0.6 V, more than 20 min was required to observe the in situ STM 
atomic resolution images (discussed later in this section). Both, the dissolution 
and the desorption processes of the BMPyBF4 complex are limited by the finite-
length diffusion-like mass-transfer rate [25,26,37,74]. This effect and very long 
τch can be explained by higher viscosity, lower dielectric permeability 
(ε = 10 . . . 12), and stronger van der Waals interactions between the adsorbed 
BMPy+ cations as compared to camphor or 2,2-bipyridine adsorbed from the 
aqueous electrolyte solutions (for example from 5·10−2 M Na2SO4 + 
5·10−4 M H2SO4 solution) [3,53,54]. 
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4.4 Analysis of the in situ STM data 

4.4.1 Stability of the Bi(111) | RTIL interface and its main 
characteristics under cathodic polarisation 

Interfacial structure of the cleaved Bi(111) surface in EMImBF4, BMPyBF4 and 
EMImBF4 + 1wt% EMImI mixture under various cathodic polarisation at room 
temperature is given in Fig. 6 being in a good agreement with impedance data, 
discussed earlier in chapters VI.2 and VI.3. Bi(111) | EMImBF4 interface is  
ideally polarisable within potential region from −1.2 V to −0.2 V, and 
Bi(111) | BMPyBF4 interface from −1.1 V to −0.4 V (vs. Ag | AgCl in the same 
RTIL). For the Bi(111) | EMImBF4 + 1wt% EMImI interface, the so-called 
“clean” surface conditions characteristic of Bi(111) | Na2SO4 + H2O interface 
were obtained only at E ≤ −1.0 V. At E > −1.0 V, due to the iodide adsorption 
process occurring at −0.8 V ≤ E ≤ −0.3 V, specific adsorption formations of I− 
anions were found from the Bi(111) | EMImBF4 + EMImI interface (discussed 
in a detail in chapters VI.4.4.2.3 and VI.4.4.3.2). 

For variously prepared Bi(111) | EMImBF4 and Bi(111) | BMPyBF4 
interfaces at different conditions, the triangular islands and hollow structures 
with single- or few-atomic layers in height at the Bi(111) surface have been 
demonstrated (Figs. 6 and 7). Terraces of a mono- or few-atomic height can be 
clearly distinguished along with many smaller triangular surface structures 
(Figs. 6 and 7), characteristic of a clean Bi(111) surface in various electrolytes 
[3–7,40,62]. These nanostructures at Bi(111) surface are probably created 
during the cleaving or electrochemical polishing procedure due to the screw 
dislocation or planar defects throughout the crystal. Typical sharp-edged 
structures for a clean Bi(111) surface with the height of few-atomic steps are 
demonstrated also in the surface height profile (Fig. 6d, 6e and 6f). Rare bigger 
triangular structures were found in most experiments [3–7,40,62]. Main 
crystallographic areas had an (111) orientation as expected, but at some steps 
(i.e. plane boundaries) and at the edges of terraces, the structures seem to go 
along [110], [101] and [011] crystallographic directions [104,105]. In addition, 
some structures with curved boundaries have been observed. An example 
represented in the right lower corner in Fig. 6a (brown half circle) is probably 
caused by the surface screw dislocation defects. 
    Electrochemically polished Bi(111) surface in the same RTIL mediums has 
comparable surface characteristics (Fig. 7) and the potential stability region is 
also comparable to that established for its cleaved analogue. For a pure 
Bi(111) | RTIL interface, atomically flat terraces can be observed even after 
many hours of potential cycling within −1.2 V ≤ E ≤ −0.6 V, and / or when 
holding the system at fixed E like −1.0 V; −1.2 V etc. (Figs. 7–12).  

Based on the data collected for Bi(111) electrode in aqueous solutions, 
electrochemical polishing and low temperature cutting surface preparation 
techniques have already been proved as valuable tools [1,2,5–8,14,16]. 
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Figure 6. Cleaved Bi(111) electrode at negative electrode potentials (noted in Figure) in 
EMImBF4 (a), BMPyBF4 (b) and EMImBF4 + 1wt% EMImI mixture (c), and the 
corresponding surface height profiles (d), (e) and (f). Image scan direction is marked 
with an arrow on each in situ STM image along with other scanning parameters, and the 
surface height profiles. Image size: 500 x 250 nm2 for (a) and (c), and 500 x 500 nm2 for 
(b). For each interface, corresponding 3D image of the same Bi(111) surface area is 
demonstrated in (g), (h) and (i), respectively. 
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However, in the case of RTILs the values of RMS roughness increases if the 
more extreme positive (E ≥ 0.0 V) or negative (E ≤ −1.4 V) potentials were 
applied. Systematic analysis of the data measured during many experiments for 
Bi(111) electrode in the H2O + Na2SO4 solution shows that the values of RMS 
roughness [50] are independent of E applied within the region from −1.4 V to 
−0.5 V (vs. Ag | AgCl in sat. KCl aqueous solution) [3,4,46]. Therefore, we can 
conclude that both preparation methods yield atomically flat surfaces for 
Bi(111) electrode in the RTILs as well [40,62]. 
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Figure 7. Electrochemically polished Bi(111) electrode structure at negative electrode 
potentials (noted in Figure) in EMImBF4 (a), BMPyBF4 (b) and EMImBF4 +  
1wt% EMImI mixture (c), and the corresponding surface height profiles (d), (e) and (f). 
Image size: 100 x 100 nm2. 
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There is a major difference in the behaviour of the semi metallic Bi(111) in the 
aqueous solution or RTIL medium compared to the noble metals, for example, 
to the Au(hkl) electrode in the same electrolytes. Due to the high surface 
diffusion (mobility of the atoms at an Au surface), the reconstruction of 
Au(111) surface as a result of electrochemical polarisation is repeatedly 
possible. Therefore, the well known herring bone structure can be obtained for 
atomically flat Au(111) electrode [106], which is not a case for the Bi(111) 
surface [3,4,14,46,50,83]). 

In the case of Bi(111) | RTIL systems, the triangular structures exposed at 
the cleaved or electrochemically polished surface are indeed very stable. Based 
on in situ STM experiments in this work, the surface reconstruction processes 
do not occur even at the otherwise active main crystal defect areas under the 
conditions of electrode potential cycling the potential from −1.2 V to −0.2 V. 
However, it is also demonstrated that at the extreme anodic potentials, the 
oxidation, dissolution and etching processes are irreversible at the 
Bi(111) | RTIL interface [4,14,46,50,83] like in aqueous solutions, and 
measurements at E ≥ −0.2 V should be avoided, if the goal is to maintain an 
atomically flat electrode surface. In other words, to sustain a possibility for 
further studies of adsorption processes at the Bi(111) surface, processes at these 
less negative potentials have not been studied systematically in this work 
(E ≥ −0.4 V for BMPyBF4, E ≥ 0.0 V for EMImBF4, E ≥ −0.2 V for 
EMImBF4 + 1wt% EMImI mixture). 

 
 

4.4.2 The Bi(111) | RTIL interface under the changing  
conditions of electrochemical polarisation 

4.4.2.1 Bi(111) | EMImBF4 interface 

For the Bi(111) | EMImBF4 interface, a STM image at const. E = −0.8 V is 
demonstrated in Fig. 6a. The image was obtained after the first potential cycle 
(−1.2 V < E ≤ −0.4 V applying within 0.2 V steps moderation, and total 
polarisation time, tpol, was 6 h). It was found that the surface structure in this 
RTIL was the same after this potential cycle as at the beginning of the in situ 
STM experiments. A very low value of RMS roughness has been calculated for 
a Bi(111) surface (RMS = 0.22 nm) (Fig. 6a). The corresponding surface height 
profiles measured, and the RMS roughness values calculated were nearly 
independent of E applied during the first potential cycle (Figs. 8 and 9). A 
formation of the small white dots with curved profiles at the end of some 
surface steps (defect structures) could be explained by very slow 
electrodeposition (redeposition) of the bismuth nanoclusters onto the Bi(111) 
surface at ~E ≤ −1.0 V. 
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Figure 8. A series of in situ STM images of a cleaved Bi(111) electrode in EMImBF4 at 
negative potentials (noted in Figure) during the first potential sweep: (a), (c), (e), (g), 
and the corresponding surface height profiles: (b), (d), (f), (h). The scanning parameters 
were kept constant during the imaging process: Etip = 50 mV, itunnel = 1.0 nA and 
vscan = 270 nm/s. Image size: 100 x 100 nm2. 
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Figure 9. A series of in situ STM images of a cleaved Bi(111) electrode in EMImBF4 at 
negative potentials (noted in Figure) during the first potential sweep: (a), (c), (e), (g), 
and the corresponding surface height profiles: (b), (d), (f), (h). The scanning parameters 
were kept constant during the imaging process: Etip = 50 mV, itunnel = 1.0 nA and 
vscan = 270 nm/s. Image size: 100 x 100 nm2. 
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After the second potential cycle (−1.2 V ≤ E ≤ −0.2 V, tpol = 25 h), and a 
following polarisation at E = −0.8 V for 15 h (tpol = 40 h), the value of RMS 
increases slightly (up to 0.35 nm) (Fig. 10a). Thus, it can be stated that after 
40 h of electrochemical studies, the surface structure, roughness parameters and 
the surface height profiles changed only very slightly (Fig. 10a, 10c and 10d, 
expressed as slightly increased RMS value). It demonstrates the high stability of 
Bi(111) | EMImBF4 interface over time, similarly for a Bi(111) electrode in 
BMPyBF4 or EMImBF4 + 1wt% EMImI mixture (Figs. 6–13) [40,56,62], like 
for aqueous solutions [3–7]. 

Thereafter, the third potential cycle from E = −1.2 V to E = 0.0 V, 
(tpol = 59 h), ending at the region of oxidation of Bi(111) surface, was measured 
and again const. E = −0.8 V was applied. Obviously, application of the anodic 
potential, E = 0.0 V, for Bi(111) | EMImBF4 interface increased the values of 
RMS roughness up to 0.49 nm (Fig. 10b and 10f). As a result, the higher round-
shaped surface structures have been formed and observed in Fig. 10b. The 
height of an average structure measured from surface height profile also has 
increased significantly, indicating that the surface roughening occurs, which is 
caused by the oxide formation / reduction and dissolution / redeposition 
(at E = −0.8 V) of the Bi(111) surface (Fig. 10d). The widest few-atomic level 
terraces with the constant height, i.e. the triangular structures throughout the 
image (shown with black arrows) are still distinguishable, thus, even after 
polarisation of Bi(111) during 60 h within very wide potential region and 
applying 3 potential cycles (Fig. 10b and 10f). However, as it is demonstrated 
later, after the polarisation of Bi(111) at E = 0.0 V, it was not possible to obtain 
the atomic resolution signal no more, which is explained by the anisotropic 
dissolution and deposition of Bi nanoclusters at Bi(111) surface. 
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Figure 10. Cleaved Bi(111) electrode in EMImBF4 at negative potential (noted in 
Figure) after tpol = 40 h (a), and after tpol = 60 h (b), and the corresponding surface 
height profiles (c) and (d), respectively. Corresponding 3D images of the same Bi(111) 
surface areas are demonstrated in (e) and (f), respectively. 

 
 

4.4.2.2 Bi(111) | BMPyBF4 interface 

Influence of potential cycling in 0.2 V steps from −1.2 V to −0.6 V and back to 
−1.2 V for the Bi(111) | BMPyBF4 interface is illustrated in Fig. 11. Data in 
Fig. 11a–11c show that with the change of E from −1.2 V to −0.8 V, the height 
and the density of the adsorbed formations, i.e. the multilayered adsorption 
formations and their surroundings, decreases. Therefore, the long-range surface 
structuring and thickness of the interfacial multilayer, as well as the kinetics of 
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formation of the adsorption multilayer superstructure noticeably depends on E 
applied. Based on data in Fig. 11, the multilayer formation effect (i.e. the non-
homogeneous multilayered clusters of the adsorbed compound at Bi(111)) has 
been observed similarly for Au(hkl), glassy carbon and other carbon electrodes 
[103,107–110], being visible for Bi(111) as the white dots in Fig. 11. The 
calculated value of RMS roughness for the Bi(111) interface also increases 
slightly, if the E has more negative values (−1.0 V or −1.2 V). 

Data presented in Fig. 11d show that at E = −0.6 V there are no white dots at 
the Bi(111) surface at all. Thus, there are no multilayered formations of 
adsorbate at the Bi(111) surface at these conditions. However, the appearance of 
superstructures has been created by potential cycling back to its initial negative 
value; from −0.6 V to −1.0 V or −1.2 V (Fig. 11d–11f), respectively. The 
potential cycles for this RTIL were conducted mainly only in the range stated, 
but the time scale of experimental studies was still up to tens of hours similarly 
to the Bi(111) | EMImBF4 interface. 

In Fig. 12, the time dependency of the BMPyBF4 superstructures can be 
seen. During polarisation of the Bi(111) | BMPyBF4 interface at E = −1.2 V for 
some hours, the slow formation (adsorption) of the BMPyBF4 superstructure / 
clusters occurred. The densification of the adsorption layer at the Bi(111) 
electrode and the increase of RMS roughness for Bi(111) | BMPyBF4 interface 
took place whilst the first minutes and hours of polarisation at E = −1.2 V 
(Fig. 12a, 12d and 12g). Some superstructures were very high if compared to 
other superstructures measured immediately after the potential step up to 
E = −1.2 V (Fig. 12). The average height of the superstructures varied from 
0.5 nm to 8.0 nm, and the values of RMS roughness from 0.11 nm to 1.14 nm. 
Therefore, the longer polarisation of the Bi(111) | BMPyBF4 interface at 
E = −1.2 V initiates the formation of bigger adsorption superstructures at 
Bi(111) surface (Fig. 12a–12f). The very slow processes of adsorption / 
superstructure formation in RTIL medium was observed for the polycrystalline 
Au and Au(hkl) electrodes as well [34,35]. Moreover, the formation of such 
multilayered superstructures at the Bi(111) surface (Figs. 11 and 12) is in a 
good agreement with theoretical calculations, i.e. modelling of the multilayer 
formation at different electrode | RTIL interfaces [28–30,38,91,99, 102,108–
113]. 

The Bi(111) electrode surface in the BMPyBF4 medium was entirely covered 
by the thin and rather compact, but non-homogeneous RTIL layer 
(Figs. 11 and 12). Surprisingly, the superstructures were formed even at the 
multistep terraces (Fig. 12g and 12h). This is a highly interesting result as there 
is no adsorption of small organic molecules like camphor and 2,2'-, or 4,4'-
bipyridine at the defect rich surface areas of Bi(111) electrode studied by in situ 
STM method [3].  
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Figure 11. A series of in situ STM images of a cleaved Bi(111) electrode in BMPyBF4 
at negative potential (noted in Figure) during the first potential sweep: (a) - (f). The 
scanning parameters were kept constant during the imaging process: Etip = 50 mV, 
itunnel = 1.0 nA and vscan = 210 nm/s. Image size: 100 x 100 nm2. 
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Figure 12. In situ STM topographic images for the cleaved Bi(111) electrode in 
BMPyBF4 (a), (d) and (g) with corresponding 3D images of the same surface area 
(b), (e) and (h), and with surface height profiles (c), (f) and (i). The images were 
measured after 2 min (a) - (c), after 1 h (d) − (f), and after 2 h of polarisation time 
(g) − (i), respectively. 
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The thicker multilayer structure (Figs. 11 and 12) at the cleaved mono- and 
multi-atomic steps (exposed at the Bi(111) surface) can also be explained by the 
existence of the more active Bi(001) or (011̅) planes on the terraced areas, 
increasing the Gibbs energy of the ions adsorption, which is in a good 
agreement with our data for the adsorption of inorganic and organic molecules 
and ions [4,37,49,50,53,54,74,111,115]). 

Polarisation times longer than 2 h were not found to influence the values of 
RMS roughness significantly for this interface. For that reason, we can assume 
that the thickness of the multilayer seems to be stable in a longer time scale. For 
the Bi(111) | BMPyBF4 interface at E = −0.3 V, where the adsorption process of 
the BF4

− anions and STM tip etching started, the surface structures with the 
height up to tens of nanometers were found. Simultaneously, the irreversible 
dissolution and oxidation processes of Bi(111) surface already started at 
E = −0.3 V that can probable cause an increase in the values of RMS roughness. 
However, slow reversible deposition of Bi(111) nano clusters (at E = −1.2 V) 
and dissolution (E = −0.4 V) processes of bismuth surface seem to occur in the 
negative and positive end of the potentials applied during the potential cycling. 
Therefore, some of the white dots are probably deposited bismuth nano clusters 
similarly to the Bi(111) | EMImBF4 interface. The surface areas of Bi(111) 
where the depositions have been formed are small enough, and the calculated 
values of RMS roughness do not increase significantly. 

In addition, for a Bi(111) | BMPyBF4 interface at E = −0.6 V, the density of 
the black triangles observed in Fig. 11d is somewhat higher compared to other 
potentials applied. Also, a new type of surface roughness defects (the small pit 
holes) has been developed. Both of these effects could be explained by the 
specific STM tip etching mechanism [14] in this electrochemically more active 
RTIL compared to EMImBF4 [116]. 

More intensive tip etching of the Bi(111) surface occurred in BMPyBF4 at 
E ≥ −0.4 V (Fig. 13). The irreversible etching pattern was observed as the non-
uniform triangles all over the previously atomically flat Bi(111) surface 
(Fig. 13c). The in situ STM image was measured for exactly the same surface 
region and the potential was changed by 0.2 V in the positive direction. The 
etching process did not occur outside the area scanned (200 x 200 nm2). As a 
proof, an image of 400 x 400 nm2 was measured and it can be seen in Fig. 14. 
The unscanned surface of Bi(111) electrode at E = −0.6 V remained flat like in 
Fig. 13a. The etching process likely occurred when the Bi(111) electrode 
current densities were positive (over 0.1 µA cm−2). In contrast, the STM tip 
etching process for Bi(111) | EMImBF4 or Bi(111) | EMImBF4 + 1wt% EMImI 
interface was not encountered within the range of potentials applied in this 
work. Due to potential change back to E = −1.2 V, the deposition of bismuth 
has already initiated. In other words, the white dots and islands can be seen and 
they are stabilised (Fig. 14 compared to Figs. 11a, 11e and 13a, respectively). 
The shape of a scan is rhombic due to the thermal drift effects of the STM tube 
scanner (Fig. 14). 
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Figure 13. Topographic in situ STM 3D images of a cleaved Bi(111) electrode in 
BMPyBF4 at negative electrode potentials (noted in Figure). Before the etching (a) and 
after the etching with STM tip (c), and the corresponding surface height profiles 
(b) and (d), respectively. 
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Figure 14. Topographic in situ STM 3D image of a cleaved Bi(111) electrode in 
BMPyBF4 at E = −1.2 V (a) after the STM tip etching. The etched area of previous 
image scanned is marked with a blue rhomb. 



44 
 

4.4.2.3 Bi(111) | EMImBF4 + 1wt% EMImI interface 

It was complicated to obtain such atomically flat in situ STM images for the 
Bi(111) | EMImBF4 + 1wt% EMImI interface within the wide negative potential 
region compared to Bi(111) | BMPyBF4 or Bi(111) | EMImBF4 interface. Only 
in the case of high negative potentials (E < −1.0 V), the Bi(111) surface has the 
same RMS roughness characteristics as established for pure Bi(111) | RTIL 
based systems. In addition, a higher level of noise during STM scanning was 
observed. While E was shifted toward positive direction (by applying 0.2 V and 
later 0.1 V steps), the in situ STM images for Bi(111) surface became blurrier 
(at E = −0.8 V, and especially at E = −0.6 V). Polarisation times in tens of 
minutes up to a few hours were tested at first, but no clear superstructure 
formation at the Bi(111) surface was observed. In general, the values of RMS 
roughness calculated for Bi(111) | EMImBF4 + EMImI interface are 
comparable to those for pure Bi(111) | EMImBF4 or Bi(111) | BMPyBF4 
interfaces. Interestingly, the main changes take place after polarisation of 
Bi(111) at E = −0.3 V during a longer period of time (15 h). The adsorbed 
structures had probably been stabilised, and therefore, it was possible to obtain 
in situ STM images without any noises during in situ STM scanning at fixed 
E = −0.4 V. The whole Bi(111) surface was covered with the layers of 
homogeneous superstructure (Fig. 7c). The “so-called” true superstructure 
seems to be comparable to iodide anions adsorption on Cu(hkl) electrodes 
established for aqueous solution [117], having higher ordering, if compared to 
the superstructures obtained for the Bi(111) | BMPyBF4 interface.  

The characteristic structures of Bi(111) surface were still visible through the 
adsorbed 2D-layers (Fig. 7c). However, in some areas the adsorption process of 
I− anions occurred actively (Fig. 15a). This assumption was made as the STM 
tip tunnelling currents were largely fluctuated locally in the case of some areas, 
for example within the areas marked with the blue circles in Fig. 15a. The result 
was a periodical pattern with a constant distance between the adsorbed species, 
which is also demonstrated on the unfiltered surface height profile, given in 
Fig. 15b, respectively. Fig. 15 clearly demonstrates that the I− ion adsorption 
process in the first layers had been completed, but it continued in the next 
layer(s). However, the RMS roughness values remained similar compared to the 
clean and atomically flat Bi(111) electrode surface in the RTIL medium 
(0.22 nm for both Figs. 6a and 15). 

While the potential was shifted back to E = −0.8 V and E = −1.0 V, the in 
situ STM images were observed to become blurry again. In the course of 
holding E at −1.0 V, the superstructures disappeared slowly and a clean Bi(111) 
surface was observed. Obviously, the 2D-superstrctures slowly formed once 
again, if the E was shifted back from E = −1.0 V to E = −0.6 V or to 
E = −0.3 V. 
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Figure 15. In situ STM data for Bi(111) | EMImBF4 + 1wt% EMImI interface at −0.4 V 
(vs. Ag | AgCl in same RTIL mixture). The signal fluctuation during in situ STM 
imaging due to in real time ion adsorption process is marked with blue circles, while the 
areas of the ions already strongly adsorbed, and therefore, stabilised in a higher-ordered 
layer are marked with pink circles. Corresponding FTT image with the periodical signal 
of the adsorbed ions is given in (c). 

 
 

It should be pointed out that the changes at the Bi(111) | RTIL interfaces, 
initiated by electrode potential changes and estimated by the in situ STM 
method, were significantly slower than the changes connected with the 
adsorption of organic compounds at Bi(111) surface from aqueous solutions. 
Only some seconds were needed to create a 2D-layer superstructure in a real 
time for 2,2'- or 4,4'-bipyridine or camphor from Na2SO4 + H2SO4 aqueous 
solutions onto Bi(111) surface. But, for Bi(111) | EMImBF4 + 1wt% EMImI 
interface, the time constant was observed to be in several minutes up to hours. 
The values of τch for the EMImBF4 on Bi(111) electrode are similar, but slightly 
lower than the values for BMPyBF4 estimated by the in situ STM method. As 
stated before, the EMIm+ cations have greater mobility in EMImBF4 compared 
to BMPy+ cations mobility in BMPyBF4. Also, the viscosity is lower and 
dielectric permeability is slightly higher for EMImBF4, still causing several 
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minutes up to hours to obtain stable in situ STM images at the potentials studied 
in this work. Hence, we can state that in addition to the conclusions made by the 
impedance measurements for all RTIL systems, the very slow adsorption 
kinetics of ions (specifically adsorbed I−) and EDL formation has been observed 
using the in situ STM method as well. 

 
 

4.4.3 High-resolution in situ STM data for Bi(111) | RTIL interface 

4.4.3.1 Atomic resolution data 

STM tip scanning rate, vscan, is defined as a movement of tip over Bi(111) 
surface (in nm/s) during the scanning process. When the vscan is smaller, the tip 
has more time to be in contact with the surface, and therefore, greater impact 
(interplay) between the tip and the surface occurs. Therefore, the lower vscan 
were usually preferred for atomic signal imaging applicable for smaller surface 
areas (~100 nm/s), while greater vscan (~400 nm/s) was found to be optimal for 
scanning of the larger surface areas. 

STM tip potential, Etip, is defined as a difference of tip potential in mV with 
respect to Eref (vs. Ag | AgCl in the same RTIL) (Eq. (18) in ch. IV.4.). Etip also 
defines the movement direction of electrons from tip to the surface or vice 
versa. In this work, the positive tip potential (so-called tip bias) determines the 
electron flow from the Bi(111) surface to the STM tip, and thus, corresponds to 
the negative working electrode potential with respect to the positively charged 
tip apex. The local influence of a STM tip is weaker at Etip > | 200 mV |, if 
compared to Etip > | 20 mV |, based on the Eq. (18) [63]. For this reason, the 
smaller values of Etip are usually preferred during Bi(111) atomic resolution 
signal imaging in this work. 

The tunnelling current, itunnel, is defined as a magnitude of current flow 
between the STM tip and the surface. For images of atomic level resolution, 
itunnel usually varies from 1 nA to 10 nA. The greater value of itunnel corresponds 
to stronger impact between the tip and surface, and this is sometimes preferred 
if the background currents for a system are relatively high (if faradic reactions 
take place at an interface). 

For the Bi(111) | EMImBF4 interface, high-resolution in situ STM images at 
E = −1.2 V and −0.8 V were obtained after the first and second potential cycle 
(6 h and 28 h Fig. 16b and 16c, respectively). Corresponding FFT filtered 
images have been calculated and the surface profiles have been measured 
(Fig. 16e and 16f). Comparison of the data given in Fig. 16 demonstrates that 
there are only minor differences in these atomic resolution level images. Due to 
the thermal drift and significant oxidation / reduction processes at E = −0.1 V 
(at some more active stepped surface areas), the data measured after setting E 
back to E = −0.8 V, are slightly distorted (Fig. 16c). 

For the EMImBF4 + 1wt% EMImI mixture [56,62], the clean Bi(111) 
surface along with the characteristic atomic resolution was achieved only in the 
negative end of potentials, i.e. at E ≤ −1.0 V. 
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Figure 16. High-resolution in situ STM images for a cleaved Bi(111) electrode in 
EMImBF4 (a), and for an electrochemically polished Bi(111) electrode after 6 h (b) and 
after 28 h (c) at negative potentials (noted in the Figure), and the corresponding surface 
height profiles (d), (e) and (f). A fast Fourier filtered periodical atomic signal image is 
shown in the right upper corner of each image. 

 
 

For Bi(111) | BMPyBF4 interface, the atomic resolution level images were also 
regularly observed and one example at E = −1.2 V is demonstrated in Fig. 17. 
After the fast FTT filtering and even at the raw (unfiltered) image, the 
characteristic rhombohedral structure for the Bi(111) surface has been obtained 
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(Fig. 17a and 17b). It should be pointed out that the atomic signal was detected 
at multiple levels of surface height simultaneously in several experiments for 
Bi(111) | EMImBF4 or Bi(111) | BMPyBF4 interface as demonstrated in 
Figs. 16 and 17. 

Distances between the electron density localisation points were measured 
being 3.5 ± 0.2 Å, that correspond to the individual atoms at the clean Bi(111) 
surface layer. This value is in a good agreement with the data obtained for 
Bi(111) surface in aqueous electrolytes [3–7,40,62,104,105]. Of course, the 
atomic resolution data for all interfaces under study was independent of E, Etip, 
vscan, itunnel applied and experimental, i.e. polarisation time. 

Blurred areas observed for the Bi(111) electrode at some step edges of 
mono-atomic height are similar to Au(111) or Ag(111) electrodes, observed in 
aqueous electrolytes, and systematically analysed by Kolb et al. [81,118]. The 
electron densities seem to oscillate rapidly along the edges of steps for Bi(111) 
surface most probably because the surrounding ions of RTIL interfere with the 
STM tip during scanning process. As stated before, there is no potential induced 
surface reconstruction process at the surface of Bi(111) electrode. Hence, the 
surface structure remains nearly unchanged within the whole region of ideal 
polarisability. 
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Figure 17. High-resolution in situ STM images for a cleaved (a), and electrochemically 
polished (b) Bi(111) electrodes in BMPyBF4, and the corresponding surface height 
profiles (c) and (d). 
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4.4.3.2 Ionic resolution data 

For the Bi(111) | EMImBF4 interface, many combinations of in situ STM 
scanning parameters have been used, but differently from 
EMImBF4 + 1wt% EMImI mixture, no superstructure formation has been 
observed [56,62]. Nevertheless, well-expressed superstructures have been 
reported at electrified Au(hkl) | imidazolium cation based ionic liquid interfaces 
by several groups: Mao et al. [42,82], Pajkossy et al. [86] and Endres et al. 
[119,120]. In contrast, the EIS measurements at Bi(111) also strongly refer to 
the ongoing adsorption-desorption processes of the ions at Bi(111) surface at 
various potentials for all Bi(111) | RTIL interfaces under study. It is probably 
due to the greater degree of mobility of smaller and less strongly adsorbing 
electrolyte ions in the EDL region (locally probed by STM tip). The weak 
physical adsorption of cations (EMIm+) and anions (BF4

−) at Bi(111) from this 
RTIL probably prevents the in situ STM images to be resolved on the high 
resolution level at room temperatures. 

For the Bi(111) | BMPyBF4 interface, interactions between the RTIL and 
Bi(111) surface seem to be stronger compared to those for Bi(111) | EMImBF4 
interface. Therefore, a different type of superstructure was observed for 
Bi(111) | BMPyBF4 interface. Still, the ionic level resolution of in situ STM 
images was not reached, but only randomly located multilayered structures at 
slightly higher magnifications were obtained. Interestingly, these structures 
were also stable under a wide range of in situ STM scanning parameters 
(described further in chapter VI.4.4.4), and electrode polarisation applied. The 
formation of superstructures in this RTIL is in a good agreement with the data 
collected applying the EIS measurements (Figs. 3-5). 

Based on in situ STM and EIS data for a EMImBF4 + 1wt% EMImI mixture, 
much stronger electrochemical co-adsorption process of I− and BF4

− anions 
occurs compared to a pure Bi(111) | EMImBF4 system [56,62]. At E > −0.8 V, 
the iodide anion adsorption process starts, and therefore, 2D-superstructures can 
be visualised by the in situ STM method. Thus, the region of potentials, 
−0.8 V ≤ E ≤ −0.3 V, can be confirmed as a potential region of iodide anion 
adsorption from an EMImBF4 + 1wt% EMImI system at Bi(111) (Figs. 7c, 
15, 18 and 19). Based on the in situ STM images obtained, the strongest 
adsorption occurs at ~E = −0.3 V (Fig. 19a). The desorption process of iodide 
anions occurs at E ≤ −0.8 V (Figs. 18a and 19c), and consequently, clean 
Bi(111) surface can be observed again at E ≤ −1.0 V. 

In general, the adsorption-desorption processes of iodide anions at Bi(111) 
surface seem to be reversible as it was possible to visualise the 2D-
superstructures during the next potential cycles. At E ≥ −0.2 V, as noted before, 
the Bi(111) surface starts to oxidise irreversibly in this mixture of RTILs, and as 
a result a quick surface roughening occurs (Fig. 19b and 19c), while almost all 
signals characteristic of superstructures are lost (Fig. 19c). 
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Figure 18. A series of in situ STM images of an electrochemically polished Bi(111) 
electrode in a mixture of EMImBF4 + 1wt% EMImI at negative potentials (noted in 
Figure). Image size: 30 x 30 nm2. Itunnel = 1.0 nA and vscan = 170 nm/s were kept constant 
during the imaging process.  

 
 

It should be noted that at the beginning of in situ STM measurements, the 2D-
superstructures were not clearly detected, as the adsorption processes from 
RTIL are known to be very slow (Fig. 18a). The adsorbed 2D-superstructures 
appeared after holding the Bi(111) electrode at constant E = −0.3 V for 15 h. 
The 2D-superstructure formed was stable within the potential cycling from 
−0.8 V to −0.3 V (Figs. 18 and 19). 
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Figure 19. A series of in situ STM images of an electrochemically polished Bi(111) 
electrode in a mixture of EMImBF4 + 1wt% EMImI at negative potentials (given in 
Figure). Image size: 30 x 23 nm2 for (a) and (b), and 30 x 30 nm2 for (c). Itunnel = 1.0 nA 
and vscan = 170 nm/s were kept constant during the imaging process. The average 
distances of the adsorbed ions measured based on Figs. 18 and 19 are given in a table 
(d), respectively. 

 
 

In this region of potentials studied (Figs. 15, 18 and 19), the values of RMS 
roughness also do not depend on E applied. After potential steps within the 
specified E region, stable in situ STM images can be measured after minutes of 
holding of Bi(111) at a constant E. Interestingly, it was also found that during a 
series of in situ STM measurement cycles the signal for adsorbed 2D-
superstructure became stronger after the long lasting polarisation cycling from 
−0.8 V to −0.3 V (Figs. 18 and 19). 

The series of FTT images corresponding to the in situ STM images are also 
demonstrated in Figs. 18 and 19. Areas with the brighter contrast in FTT image, 
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i.e., the peaks in a hexagonal pattern correspond to the periodic signal of the 
adsorbed species on the (111)-type of surface. Logically, the higher stability of 
the interfacial structure is confirmed by a lesser amount of signal fluctuation 
during in situ STM imaging process (Figs. 15, 18 and 19). In addition, the 
atomic resolution signal for a clean Bi(111) surface was not observed under 
these in situ STM scanning conditions or corresponding FTT images 
(Figs. 18 and 19). It should be noted that the periodical atomic signal in these 
FTT images would have also 6 peaks in an order of a (111) position, but their 
distances must be different by a factor of ~(0.53 / 0.35)−1 ≈ 1.5−1. The factor of 
1.5 is the average difference in the distances between the Bi(111) atoms 
(~0.35 nm) and the adsorbed I− anions (~0.53 nm) at the Bi(111) surface 
(Figs. 15–19). The ()−1 parameter is because of FTT images use an inverted 
scale. In other words, there should be 6 + 6 = 12 separated peaks in FTT image, 
each in a form of a hexagonal placement structure. In theory, when the adsorbed 
2D-layer is a monolayer (adsorbed weakly), the atomic resolution of a substrate 
could be seen at least partially on these images at some potentials applied. 
Therefore, the structure of this adsorption layer formed on Bi(111) is not a 
monolayer, but a multilayer. 

Based on the data collected, the distances measured between the electron 
density localisation points are noticeably longer (by a factor of ~1.5 times) for 
Bi(111) | EMImBF4 + EMImI interface (Figs. 18 and 19) compared to the 
Bi(111) | EMImBF4, Bi(111) | BMPyBF4, and Bi(111) | Na2SO4 aqueous 
solution interfaces [40]. Further analysis of in situ STM data shows that a small 
variation in the average distances between the adsorbed iodide ions, has been 
observed (5.2 ± 0.2 Å), if E changes from −0.8 V to −0.3 V. The variation in the 
average distances for iodide anions positions at the Bi(111) surface calculated 
could be caused by an increasing interaction energy between the specifically 
adsorbed I− anions and Bi(111) surface atoms (Figs. 18 and 19). It should be 
also noted that in Paper 3, the average distance of the adsorbed iodide anions at 
Bi(111) from RTIL mixture measured was 4.8 ± 0.2 Å, but after the further 
studies within wider I− adsorption region the distance of 5.2 ± 0.2 Å has been 
found to be more overwhelming and more characteristic. 

In situ STM results (Figs. 15, 18 and 19) are in a very good agreement with 
the impedance results (Figs. 3–5), indicating that the specific adsorption of I− 
anions and coadsorption of EMIm+ cations at Bi(111) surface (ion pair 
formation) occurs. However, the adsorption-desorption processes of iodide 
anions seem to be reversible and the formed 2D-superstructure probably 
protects the Bi(111) surface from a quick irreversible oxidation at E ≤ −0.3 V 
[1,4,15,56]. Otherwise it would have not been possible to maintain the flat 
Bi(111) surface over such a wide range of potentials from E = −1.2 V to 
E = −0.3 V. 
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4.4.4 Influence of the in situ STM scanning parameters on the 
Bi(111) | RTIL interfacial structure 

For the most positive electrode and tip potentials (E and Etip) applied during the 
in situ STM experiments conducted in this work, there is also a possibility that 
an electrochemical process is activated by potentials applied, including (H3O

+) 
reduction and oxidation of the (electro)chemically stable tungsten STM tips. In 
theory, the STM tip can work as a forth electrode in the three-electrode cell, if 
the currents and or potentials are higher than the critical values. However, the 
electrochemical limits for STM tip operation possibilities are also affected by 
the electrolyte composition used. As a result, the STM tip can dissolve or 
oxidise according to its thermodynamic characteristics, given in Pourbaix 
diagrams for aqueous solutions. Due to the presence of small amounts of H2O in 
RTIL the same Pourbaix diagrams can be useful for the in situ STM experiment 
in this work. Therefore, the sharpness of a tip can degrade and as a result of the 
oxidation and dissolution of tungsten tip in situ STM images may appear 
blurrier at positive potentials applied. At low Bi(111) negative potentials, the 
negative polarisation of a STM tip is preferred. Thus, control over the sharpness 
of a STM tip was carefully maintained during the in situ STM experiments.  

In addition to the main driving force during in situ STM experiments, the 
electrode potential, in some cases there were more correlations of parameters. 
Unfortunately, clear explanations could not be given for every situation. For 
example, the detection of the adsorption layer superstructure of RTIL on the 
Bi(111) surface is somewhat dependent on the values of Etip and itunnel applied 
(Fig. 20), which can be explained by the semi metallic nature of the Bi(111) 
electrode [1,3,4,46,50,121,122]. 

Interestingly, for the Bi(111) | BMPyBF4 interface, Etip ≤ −80 mV (and) 
Etip ≥ 45 mV seemed to be favourable for detecting the superstructures at 
Bi(111) surface (Figs. 20 and 21). However, when Etip had been changed from 
−80 mV to −60 mV, the value of RMS roughness decreased nearly by half 
(from 0.69 nm to 0.46 nm). Comparable influence of Etip effect was observed 
when it was changed from −60 mV to 45 mV (Fig. 21a and 21b). 
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Figure 20. In situ STM topographic images (a) and (c), and corresponding 3D images 
(c) and (d) for a cleaved Bi(111) in BMPyBF4 after 1 h of the cathodic polarisation at  
E = −1.2 V in the case of Etip of −60 mV (a), (b) and −80 mV (c) and (d), respectively. 

 
 

The most heterogeneous superstructure, i.e. complicated adsorption layer, was 
observed at Etip = −80 mV (Fig. 20c and 20d), while the least amount of 
adsorbed surface structures, not characteristic of Bi(111) surface, were 
estimated at Etip ≥ −20 mV or Etip ≤ 20 mV. Also, the atomic resolution data for 
Bi(111) was observed at the strongest tip-sample interaction conditions 
(Fig. 17). The amount of superstructures for Bi(111) | BMPyBF4 interface also 
depend somewhat on the potential scanning rate (vscan). Thinner superstructures 
were likely observed, if vscan was higher (vscan > 400 nm/s) (Fig. 20), compared 
to its values sufficient for a regime of atomic resolution imaging 
(vscan < 100 nm/s) (Fig. 17). 

However, in the case of Bi(111) | EMImBF4 and Bi(111) | EMImBF4 + 
1wt% EMImI interfaces, such dependence on Etip applied, was not clearly 
observed. Based on the results of in situ STM method, an assumption can be 
made that the adsorption interactions for the system containing the I− anions are 
essentially stronger. Therefore, more energy is needed to change the surface 
structures compared to Bi(111) | BMPyBF4 interface.  
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Figure 21. Topographic in situ STM images of a cleaved Bi(111) electrode in 
BMPyBF4 at −1.2 V (a) and (b), the surface height profiles (c) corresponding to the 
lines marked in (a) and (b), 3D images (d) and (e), respectively. The effect of Etip fixed 
at −60 mV and 45 mV is demonstrated in Figure, respectively. 

 
 

It should also be noted that during the in situ STM experiments, significantly 
wider ranges of scanning parameters including Etip (from −200 mV to 200 mV), 
itunnel (0.1 nA < itunnel < 10.0 nA), and vscan (30 nm/s < vscan < 1000 nm/s) were 
applied and the results obtained were analysed carefully. As there was no clear 
correlation and a good reproducibility of results (along with a reasonable 
interpretation of data) obtained at the higher values of Etip, itunnel, and vscan, only 
the reproducible phenomena have been demonstrated and discussed within this 
work. 
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4.4.5 Comparative fitting of Bi(111) | RTIL interface and solid oxide 
fuel cell materials by applying selective grain analysis method 

The surface structure and topography of solid oxide fuel cell (SOFC) cathodes, 
anodes and electrolytes has been studied by non-contact AFM method. The 
discussion of method and exact composition of cathodes analysed is given in 
Paper 1 [123], and for shortness it is not discussed here. 

Based on the data collected, the surface height profiles, RMS roughness and 
grain distributions (GD) have been calculated (Fig. 22). A specially designed 
network is drawn on the surface as a result of GD modelling (Fig. 22b). 
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Figure 22. Topographic AFM image for a La1−xSrxCoO3−y (LSCO) cathode, which was 
prepared from corresponding nanopowders by using a nitrate solution thermal 
combustion method at Tsint = 1373 K (a). A model net was drawn by using Gwyddion 
software (b), selected surface height profile (c), and a distribution function of an 
average particle size were calculated (d).  
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In the case of SOFC electrodes, the average grain size is dependent on the 
chemical composition used, as well as on sintering temperature of the materials 
(Tsint) applied. While Tsint is increased during the material finishing (sintering) 
procedure, the particles on the surface grow bigger and interfacial grains (phase 
boundaries) are formed. However, if Tsint is not high enough, the average grain 
size remains more similar to those for raw powders used for a preparation step 
of the cathode materials. Therefore, Tsint and its duration can adequately be 
correlated with surface roughness parameters and grain sizes for SOFC 
electrodes. 

Based on data collected and analysed in Paper 1 [123], the average grain size 
was estimated being from 0.5 μm to 1.3 μm for a typical Pr1−xScxCoO3−y or 
Gd1−xSrxCoO3−y cathode after sintering at 1373 K (Fig. 22d), respectively. It 
should be also noted that the AFM data correlate well with the data obtained 
with Scanning Electron Microscopy method, and thus, a convolution of an AFM 
tip was not a problem here. 

For modelling a Bi(111) | RTIL interface the GD calculations at least in two 
fundamentally different cases can also be applied. The surface roughening of 
the Bi(111) electrode achieved by irreversible anodic dissolution has been 
quantified in Fig. 23. The specifically adsorbed anions have been estimated and 
data are given in Fig. 24. 

In Fig. 23, in situ STM image of a cleaved Bi(111) electrode in EMImBF4 is 
visualised before and after anodic dissolution steps, respectively. In the case of 
Bi(111) electrode before dissolution (Fig. 23a), the amount of depositions and 
holes on the Bi(111) surface is significantly lower, if compared to the surface 
characteristics after the anodic dissolution steps. The difference is visualised in 
the average particle diameter (being 1.5 ± 0.5 nm and increasing) and overall 
distribution histograms along with the number of events (frequency counts) 
(Fig. 23b, 23d and 23f). The GD fitting data established are in a good agreement 
with the values of RMS calculated and discussed in chapter VI.4.4.2.1, Figs. 8–
10. Note that the inverted colour scales are used for visualisation effect in 
Fig. 23a and 23c. The GD calculations use the opposite net filters instead. At 
E = −0.2 V, the amount of white small depositions increases (Fig. 23c and 23d). 
In addition, anisotropic dissolution of Bi(111) surface occurs in the areas 
demonstrated with the darker contrast (in Fig. 23c). 
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Figure 23. The modelled situ STM images (a), (c) and (e) and corresponding particle 
size distribution plots (b), (d) and (f) for Bi(111) | EMImBF4 interface at negative 
potential: before dissolution step at E = −1.0 V (a), after a slight dissolution step up to 
E = −0.2 V (c), and after a long lasting anodic dissolution step up to E = 0.0 V (e). 
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At E = 0.0 V, the non specific roughness of entire surface Bi(111) electrode 
quickly increased and many more particles were modelled with the GD 
calculations method (Fig. 23e and 23f). 

The adsorption of iodide anions at a Bi(111) | EMImBF4 + EMImI interface 
has been visualised in Fig. 24b, and the corresponding fitting net has been 
drawn in Fig. 24a. The iodide anions can be estimated and well correlated with 
the data collected from Fourier filtered in situ STM topographic images. The 
average effective size of adsorbed iodide anions is 0.45 ± 0.05 nm. The count 
frequency of the adsorbed ions at Bi(111) | RTIL interface can further be 
correlated with the Gibbs adsorption and surface coverage values, but for 
shortness is not discussed in this work. 
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Figure 24. In situ STM image for Bi(111) | EMImBF4 + 1wt% EMImI interface under 
negative electrode potential (b), the modelled image of adsorbed iodide anion at Bi(111) 
surface (a), (c) and (d), and ion count frequency vs. ion diameter distribution plot (e), 
respectively. 
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V SUMMARY 

The interfacial structure of Bi(111) electrode in 1-ethyl-3-methylimidazolium 
tetrafluoroborate (EMImBF4), 1-butyl-4-methylpyridinium tetrafluoroborate 
(BMPyBF4) and in a mixture of EMImBF4 + 1wt% 1-ethyl-3methylimida-
zolium iodide (EMImI) has been analysed using in situ scanning tunnelling 
microscopy (STM), cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) methods. Influence of electrode potential (E) and in situ 
STM scanning conditions on the structure of Bi(111) | ionic liquid interface has 
been demonstrated. 

The regions of ideal polarisability for each interface have been established 
by CV method and compared to the in situ STM and EIS data. The 
Bi(111) | EMImBF4, Bi(111) | BMPyBF4 and Bi(111) | EMImBF4 + EMImI 
interfaces are ideally polarisable from −1.2 V to 0.0 V, from −1.2 V to −0.3 V, 
and from −1.0 V to 0.0 V (vs. Ag | AgCl reference electrode in the same ionic 
liquid), respectively. 

Slow electrical double layer (EDL) formation kinetics limited by the finite-
length mass transfer and adsorption steps of EMImBF4 and BMPyBF4 onto the 
Bi(111) surface has been analysed by EIS method. The higher series 
capacitance, double layer capacitance and adsorption capacitance values, 
calculated for the Bi(111) | EMImBF4 interface using non-linear least squares 
fitting of impedance data, compared to Bi(111) | BMPyBF4 interface have been 
explained by the lower molar volume, higher dielectric constant and lower 
thickness of EDL formed. 

All three interfaces studied under in situ measurement conditions were stable 
under negative potential conditions (up to E = −1.2 V) for many hours like in 
aqueous solutions. The values of root mean square (RMS) roughness calculated 
for the interfaces under study are comparable to the Bi(111) | aqueous solution 
interface. At more positive potentials applied (E > −0.4 V), the anisotropic 
dissolution of Bi(111) surface and redeposition of Bi clusters were found to 
occur at Bi(111) | EMImBF4 and Bi(111) | BMPyBF4 interfaces, causing the 
increase in the corresponding RMS values up to a few times. 

No adsorption superstructures were found on the Bi(111) | EMImBF4 
interface during potential cycling within all potential regions studied by the in 
situ STM method. An atomic resolution was achieved for all three interfaces at 
the potentials more negative than −1.0 V. The average distance 3.5 ± 0.2 Å 
between the electron density localisation points (the atoms) for a clean Bi(111) 
plane  
has been established. For Bi(111) | EMImBF4 + EMImI interface at 
−0.8 V ≤ E ≤ −0.3 V, the average distance between specifically adsorbed I– 
anions was 5.2 ± 0.2 Å. The distances obtained are in a good agreement with 
literature data. The adsorption–desorption processes of iodide anions seem to be 
reversible and the formed 2D-superstructure probably protects the Bi(111) 
surface from a quick irreversible oxidation at E ≤ −0.3 V. The 2D-
superstructures have been established with the in situ STM method at 



61 
 

Bi(111) | BMPyBF4 interface at −1.2 V ≤ E ≤ −0.8 V, and for 
Bi(111) | EMImBF4 + EMImI interface at −0.8 V ≤ E ≤ −0.3 V, which is in a 
good agreement with the EIS data. 

Based on CV, EIS and mainly on in situ STM data, it was established, that 
the electrical field (electrode potential) induced surface processes, being well 
known for Au(hkl) electrodes, do not occur on Bi(111) electrodes.  

Grain analysis method has been applied for the Bi(111) | ionic liquid 
interfaces and for the modelling of the solid oxide fuel cell electrodes. The 
anisotropic and universal dissolution and deposition of bismuth from EMImBF4, 
and specific adsorption of iodide anions from EMImBF4 + EMImI mixture onto 
Bi(111) surface, as a result of potential cycling, have been modelled and 
discussed. The corresponding particle sizes and their distributions, depending 
on the anodic dissolution conditions of the Bi(111) electrode surface, have been 
calculated. 
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SUMMARY IN ESTONIAN 

Bi(111) elektroodi ja ioonse vedeliku vahelise  
piirpinna struktuuri uuringud in situ skaneeriva 

tunnelmikroskoopia meetodil 

Käeslevas töös uuriti Bi(111) elektroodi ja 1-etüül-3-metüülimidazolium-tetrafluoro-
boraadi (EMImBF4), 1-butüül-4-metüülpüridinium-tetrafluoroboraadi (BMPyBF4) ja 
EMImBF4 + 1-etüül-3-metüülimidazolium-iodiidi vahelisi piirpindasid, kasu-
tades selleks in situ skaneeriva tunnelmikroskoopia (STM), tsüklilise volt-
amperomeetria (CV) ja elektrokeemilise impedantsi (EIS) meetodeid. Uuriti 
elektroodi potentsiaali ja in situ STM skaneerimisparameetrite mõju Bi(111) 
elektroodi ja ioonse vedeliku vahelisele piirpinna struktuurile. 

CV meetodil mõõdeti ideaalse polariseeritavuse alad ja neid tulemusi 
analüüsiti ning võrreldi in situ STM ja EIS mõõtmistest saadud tulemustega. 
Bi(111) | EMImBF4, Bi(111) | BMPyBF4 ja Bi(111) | EMImBF4 + EMImI piir-
pinnad on ideaalselt polariseeritavad vastavalt potentsiaalide vahemikus: 
−1.2 V ≤ E ≤ 0.0 V, −1.2 V ≤ E ≤ −0.3 V ja −1.0 V ≤ E ≤ 0.0 V (Ag | AgCl 
võrdluselektroodi suhtes samas ioonses vedelikus). 

EIS mõõtmistulemuste analüüsist selgus, et Bi(111) | EMImBF4 ning 
Bi(111) | BMPyBF4 piirpindade korral limiteerivad vastavate elektriliste kaksik-
kihtide (EKK) moodustumise kiirust Bi(111) elektroodil peamiselt aeglase 
massiülekande ja adsorptsiooni staadiumid.  

EIS andmed modelleeriti erinevate ekvivalentskeemide abil (rakendades 
vähimruutude meetodit). Leiti, et järjestik-, EKK - ja adsorptsioonilise 
mahtuvuse väärtused on suuremad Bi(111) | EMImBF4 piirpinna korral, 
võrreldes Bi(111) | BMPyBF4 piirpinnaga. Saadud tulemustest järeldatakse, et 
Bi(111) | EMImBF4 piirpinnal on vastava ioonse vedeliku molaarruumala väik-
sem, dielektriline konstant kõrgem ja moodustunud EKK viskoossus on mada-
lam kui Bi(111) | BMPyBF4 piirpinna korral. 

Mõõdetud tulemuste analüüsi käigus leiti, et kõik kolm uuritud piirpinda on 
negatiivse potentsiaali tingimustes (kuni E = −1.2 V) ajaliselt väga stabiilsed 
paljude tundide jooksul sarnaselt Bi(111) elektroodi stabiilsusega vesilahustes 
negatiivsetel potentsiaalidel. Bi(111) elektroodi korral arvutatud ruutkesk-
mistatud (RMS) karedused ioonse vedeliku keskkonnas on võrreldavad vasta-
vate RMS karedustega vesilahustes.  

Leiti, et sarnaselt vesilahustele kasvab ioonse vedeliku keskkonnas RMS 
karedus kordades, kui rakendada positiivsemaid potentsiaale (E > −0.4 V), mis 
põhjustavad sileda Bi(111) pinna anisotroopset lahustumist ja vismuti klastrite 
sadenemist üle kogu Bi(111) | EMImBF4 ja Bi(111) | BMPyBF4 piirpinna. 

In situ STM meetodil leiti potentsiaali tsükleerimise käigus Bi(111) pinnalt 
nii BMPyBF4 kui ka EMImBF4 + EMImI segu korral 2D-superstruktuurid. 
Bi(111) | EMImBF4 piirpinnal superstruktuure ei täheldatud. Kõigi kolme 
piirpinna korral saavutati atomaarne lahutus in situ STM meetodil ja aatomite 
vahekauguseks puhtal Bi(111) tahul mõõdeti 3.5 ± 0.2 Å. 
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Bi(111) | EMImBF4 + EMImI piirpinna korral mõõdeti adsorbeerunud jodiidi 
anioonide vaheliseks kauguseks 5.2 ± 0.2 Å (potentsiaalide vahemikus 
−0.8 V kuni−0.3 V). Saadud tulemused on heas kooskõlas kirjandusest leitavate 
andmetega. In situ STM meetodil demonstreeritud 2D-superstruktuurid on heas 
kooskõlas andmetega, mis saadi EIS meetodiga; vastavalt Bi(111) | BMPyBF4 
piirpinnal (alates −1.2 V kuni −0.8 V) ja Bi(111) | EMImBF4 + EMImI segu 
piirpinnal (alates E = −1.2 V kuni E = −0.3 V). 

Tuginedes CV, EIS ja STM andmetele leiti, et erinevalt Au(hkl) elektroodist 
ei toimu Bi(111) elektroodil elektrilise välja muutuse poolt indutseeritud pinna 
rekonstrueerimise protsesse. 

Bi(111) | ioonne vedelik piirpinna kirjeldamiseks kasutati terade suuruse 
modelleerimise meetodit. Kirjeldati vismuti pinna anisotroopse lahustumise ja 
tagasisademenmise protsesse. Lisaks modelleeriti Bi(111) | EMImBF4 + EMImI 
segust adsorbeerunud jodiidioonide paiknemist Bi(111) elektroodil. Arvutati 
osakeste keskmised suurused ja nende suuruste jaotused. Terade suuruste 
modelleerimise meetodit rakendati ka tahkeoksiidse kütuseelemendi elekt-
roodide pinnastruktuuri kirjeldamiseks. 
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