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2. ABBREVIATIONS USED

AFM Atomic force microscopy
STM Scanning tunneling microscopy
UHV-STM Ultra high vacuum scanning tunneling microscopy
SPM Scanning probe microscopy
SECM Scanning electrochemical microscopy
RGRM random Gaussian roughness model

)0,(~ =σκR roughness function (RGRM) at surface charge density σ = 0
Rms root mean square roughness
RAFM geometrical roughness factor
fP-Z Parsons — Zobel roughness coefficient
EP – electrochemically polished
CN – cleaved at the temperature of liquid nitrogen
C – cleaved at room temperature T = 298 K
ECE – electrochemically etched
C1 – cut at T = 298 K and chemically etched in HNO3 during 3 sec.
C2 – cut at T = 298 K and chemically etched in HNO3 during 6 sec.
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3. INTRODUCTION

The roughness of the solid electrode surface, describing the real surface
structure, is an important parameter in the electrochemistry of solid electrodes
as the most of electric double layer and adsorption characteristics are extensive
quantities and are referred to the unit apparent (flat cross-section) area of an
electrode surface studied [1–8]. Examination of the working area of solid
electrodes is a difficult matter owing to the irregularities from micrometer to
sub-nanometer level. For that reason the careful microscopic investigations are
inevitable. Nowadays the most popular method to apply is scanning probe
microscopy (SPM) due to the three-dimensional information available from the
measurements.

Sb, Cd and Bi single crystals as very good model electrodes with the stable
surface structure in a very wide potential region has been studied at the
University of  Tartu since 1976. Voluminous database has been collected,
containing a lot of information about the influence of the chemical nature and
crystallography of electrodes and chemical nature as well as the structure of
adsorbing anions or neutral organic compounds on the adsorption parameters.

However, there are no detailed data about the influence of the crystallo-
graphic structure of the electrode surface as well as chemical nature of the
adsorbing compounds on the kinetics of adsorption of various adsorbates. These
data are very important for the development of the modern fuel cells, super-
capacitors and highly effective corrosion inhibitors and heterometallic catalysts.

According to obtainable knowledge, there is no data for Bi(111) and Sb(111)
planes obtained in the electrochemical in situ scanning tunneling microscopy
(STM) conditions in literature. Therefore the main aim of these investigations
was to develop the experimental conditions needed to obtain the atomic
resolution STM data within the wide electrode polarisation region of the
Bi(111) and Sb(111) electrode.

The adsorption process of camphor on the electrochemically polished
Bi(111)EP plane by using the in situ STM method has been studied. For
comparison the cyclic voltammetry and impedance methods were applied and
the results established were compared with the data obtained for Bi(hkl) [9] and
Au(111) in 50 mM Na2SO4 + aqueous solutions saturated with camphor [10].

The ex situ atomic force microscopy (AFM) and ultra high vacuum scanning
tunneling microscopy (UHV-STM) results for variously pre-treated Bi and Sb
surfaces has been used as complementary data in terms of the Debye length
dependent roughness theory (i.e. non-linear Poisson-Boltzmann theory),
recently developed by Daikhin, Kornyshev and Urbakh [1–3].

The experimental roughness function vs. inverse Debye length ~( , ),R Eκ κ −
dependencies for the variously treated Bi and Sb electrodes has been composed
and compared those results with some calculated −κκ ),,(~ ER dependencies.
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4. LITERATURE OVERVIEW

4.1. In situ STM

The local investigation of electrode surfaces and processes by structure-sensitive
probing techniques has become an important topic in electrochemistry, since
most practically relevant electrochemical systems are characterized by structural
and chemical inhomogeneities of the electrode-electrolyte interface. Such
inhomogeneities can influence the local mechanisms of electrochemical
reactions in a vide resolution interval extending from the sub-nm scale of sur-
face dislocations and adsorbate layers to structural features in the micrometer
range, for example in electrochemical phase formation and dissolution, corro-
sion, as well as biological membranes and corrosion inhibitor layers [11–23].

The STM uses an atomically sharp probe tip to map contours of the local
density of electronic states on the surface. This is accomplished by monitoring
quantum transmission of electrons between the tip and substrate while
piezoelectric devices raster the tip relative to the substrate. The remarkable
vertical resolution of the device arises from the roughly exponential dependence
of the electron tunneling process on the tip-substrate separation, d. In the
simplest approximation, the tunneling current, I, can be simply written in terms
of the local density of states (LDOS; ρs(z, E)) at the Fermi level (E=EF) of the
sample in which V is the bias voltage between the tip and substrate [11–23].

)2exp(),0( dEVI FS κρ −=      (1)

and κ is the decay constant, which is related to the magnitude and the shape of
the potential barrier. The decay constant may be described by an effective
barrier height, φ(eV), according to

21))((51.0
8

eV
h
me ϕ

ϕπ
κ ≈=      (2)

where me is a mass of electron.
A value of κ ~ 1Å–1 results in an order of magnitude decrease of the

tunneling current per angstrom  of electrode separation.
The effective barrier height in electrolyte solution environment is found to

be less than that for related vacuum junctions, 0.75 Å–1 ~ 2.15 eV in this
instance, (vacuum junction is typically ~ 1.0 Å–1 ~ 4 eV) [11, 12]. The
diminished barrier has been associated with tunneling via the ”V0” level or
loosely speaking the “conduction band”, of the solvent [13]. Tunneling
junctions may also be described in terms of the tunneling conductance, G,

)2exp(0 dGG κ−≈         (3)
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where G0 is associated with quantum-point contact at which the barrier has
collapsed (d = 0, which corresponds to 2–3 Å internuclear separation) (G0 =
1/R0, where R0 = h/2e2 = 12.9 kΩ) [14,22].

The role of solvated ions in the tunneling process has received little attention
since these species are unlikely to exist in the junction during atomically
resolved imaging. In contrast, ions that are specifically adsorbed on either the
tip or substrate will change the LDOS and the surface dipole thereby altering
the distribution of the electrostatic potential within the gap in a manner analo-
gous to the vacuum junctions [15, 16]. In cases in which the atomic resonance
of an adsorbate lies far above the Fermi level [15], the adsorbate still contributes
to the LDOS due to significant broadening of the resonance upon adsorption. If
the size of the orbital is such that it extends considerably further out from the
surface than the bare substrate wave functions, it will significantly contribute to
image formation [15, 17, 18]. For simple anions adsorbed on metal surfaces, it
is generally found that the extension of orbitals in space is more important to
image formation than the energy of the adsorbate orbitals [17, 18]. However,
the recent studies show that image formation in such systems can be highly
sensitive to the tunneling conductance.

Well-defined in situ STM experiments require the use of a bipotentiostat to
independently control the electrochemical potential of the tip and substrate
relative to some reference electrode. This configuration is distinct from an UHV
experiment in which only the bias between the electrodes needs to be specified.
In the electrochemical environment, the tip electrode is simultaneously a tun-
neling probe and an ultramicroelectrode. Consequently, suitable attention must
be given to possible faradic reactions at the tip as suggested in Fig. 1. These
reactions may include redox events as well as deposition and dissolution pro-
cess. Under constant current imaging conditions, the set point current is
maintained by a combination of electron tunneling and the faradic process
occurring at the tip. Typically, an attempt is made to minimize the faradic
contribution at the tip by coating the probe with an insulating substance leaving
only the apex of the tip directly exposed to the electrolyte as indicated in Fig. 1.
A typical set point current for atomically resolved STM imaging is in the order
of ~1 to 20 nA. This corresponds to an extremely large current flux ~106 A cm–2

between the apex of the tip and substrate area being probed, <10–14 cm2. In
contrast, any faradic process would be distributed over the exposed area of the
tip, which  is often in the range of ~10–8 to 10–10 cm2 such that a 10 nA faradic
current would correspond to a current density of 1 to 100 A cm–2. Thus, pro-
vided that the tip electrode is suitably coated, a large faradic perturbation is
required to destabilize the tunneling-based imaging process. In contrast, the
exponential decrease in the tunneling current with increasing tip-substrate
separation eventually leads to the limiting case in which Ifaradic >>Itunnel. Under
appropriated conditions, the faradic current may be used to form images of the
electrochemical reactivity of a surface. This is known as scanning electro-
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chemical microscopy (SECM) in which the transport and heterogeneous redox
activity of species within the junction mediate the tip-substrate interaction [19].

Atomically resolved STM studies require the preparation of a flat surface
with well-defined structure [22]. In order to carry out electrochemical studies of
solid electrodes, the surface has to be routinely restorable to its original condi-
tions. Flame annealing in a hydrogen oxygen flame has proven to be parti-
cularly convenient for rapid refurbishing of the Au(hkl) and Pt(hkl) single
crystal surface [5–8,23–32]. It was demonstrated that the crystal quality and
surface structure of Au(hkl) and Pt(hkl) electrodes is a very sensitive function of
the cooling procedure and slow cooling in an inert gas being preferred over
rapid quenching in H2O for Au(hkl) [5–7,24,26–29]. Electrochemical or che-
mical polishing (Au, Ag, Cu) [5,24] and electrochemical capillary growth
techniques for deposition of single crystals (Ag, Cd) [33,34] may be used as the
alternative or additional steps to thermal annealing. The so-called atomic layer
deposition from gas phase, as well as electron-beam evaporation and sputtering,
provide another avenue for producing flat, highly oriented films [33,35,36].

Fig.1. (a) A bipotentiostat allows of the tip (ET) and substrate (ES) potential relative to a
reference electrode (RE) [20], (b) Schematic presentation of an immersed tunnel
junction, at which in addition to direct tunneling between the tip and substrate, there is
also the possibility of electrochemical reactions occurring at the tip and substrate. The
broken arrow indicates the possibility of linkage between the electrochemical reactions
occurring at the tip and substrate, which is the basis of SECM [21].

It was found that the different preparation methods led to the different meso-
scopic structures like step bunching that depend on specific preparation proce-
dures used [5–8,22–29,33–40].

The influence of the electrode potential on the surface structure of Au(hkl),
Pt(hkl) and Ag(hkl) and other face centred cubic metals has been discussed in
many papers [5–8,24–29,37–41]. It was found that the surface structure of
Au(hkl) electrodes depends noticeably on the surface charge density and thus,
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Fig. 2. Layered structure of Bi
and Sb crystal [42,43]

the zero charge potential and electrochemical work function values depend on
the prehistory of the electrode preparation (reconstructed, unreconstructed etc.)
and other experimental details [7,24].

4.2. The crystallographic properties of Bi and Sb metals

Bismuth and antimony has five valence elect-
rons and in its normal crystal modification it
is represented by a double layered structure,
where each atom has three close neighbours
from the same layer (s2p3) and three farther
neighbours from the second neighbour layer
bonds with the aim of hybrid sp3d1 orbital,
and crystallographic structure can be seen in
the figure 2. Bi and Sb crystallises in a
rhombohedral Bravais lattice system with an
axial angle α = 57°14’.

The distance between atoms inside the
same layer is 3.10 Å (Bi) and 2.88 Å (Sb) and
the distance between atoms in the neigh-

bouring layers is 3.47 Å (Bi) and 3.38 Å (Sb) [42,43].
Metallic properties of elements of the fifth group depend on the bonding

between neighbouring layers and bismuth has the stronger metallic nature than
Sb [42,43]. The presence of the covalent semiconductor bonds between the
atoms in the Bi and Sb lattice probably fixes the position of the surface atoms
more rigidly than in the case of typical metals (Au, Cu, Pt, Pd) [3,5–7,22,24].
According to the previous cyclic voltammetry, impedance and chronocoulo-
metry studies [3,24,44,45], there is no quick surface reconstruction of Sb(hkl)
and Bi(hkl) in within the region of ideal polarizability of these electrodes.

It is supposed that the layered structure of Bi and Sb allows to prepare a very
smooth atomically flat surface areas as a result of electrochemical polishing
procedure used in this work.

4.3. In situ study of adsorbed monolayers
on single crystal electrodes

Two-dimensional (2D) phase transitions at solid surfaces or in the adsorption
adlayers have received much attention in recent years as this phenomenon is
related to the very important aspects of surface and materials science connected
with the nano- and molecular technology [9,10,39,40,46–54]. The important
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characteristics in 2D phase transition are related to the ordered adsorption,
island nucleation and growth, oscillating of chemical and electrochemical
reactions, surface reconstruction, selective corrosion and corrosion inhibition,
chirality of the formed surfaces and electrodeposition mechanism of the metals.
It is a very well established fact that the kinetics of 2D condensation is
noticeably influenced by the base electrolyte activity and chemical composition
[54] as well as adsorption energy of solvent molecules at the surfaces studied
(i.e. 2D condensation characteristics depend on the lyophilicity of surfaces
investigated). On the other hand, the structure and stability of the adsorbed
monolayers are strongly affected by the symmetry of the surface structure of the
adsorbate as well as by the adsorbate-adsorbent interaction Gibbs energy and
adsorbate-adsorbate, adsorbate-electrolyte, adsorbate-solvent and solvent-sol-
vent lateral interaction energies [9,10,39,40,46–50,53,54]. It is very well
demonstrated that the surface structure of Au(hkl) and Pt(hkl) [39,40,46] as well
as Ni(hkl) and Cu(hkl) [51,52] is strongly affected by the surface charge density
and nature of anions as well as molecular organic compounds adsorbed. At the
same time the influence of surface pre-treatment method used for preparation of
the Au(hkl), Pt(hkl), Cu(hkl) and Ni(hkl) has crucial importance on the surface
structure (reconstructed, unreconstructed etc.) of the electrode used for the in
situ electrochemistry and ultra-high vacuum surface studies [39,40,46–52].

The explotation of the classical electrochemical methods (impedance, cyclic
voltammetry, chronoamperometry [9,10,50,53,54]) in comparison with the sur-
face sensitive in situ techniques such as STM, AFM, second harmonic genera-
tion (SHG) and so-called vibrational spectroscopy (SNIFTIR (subtractively
normalized interfacial Fourier transform infrared), SEIRAS (surface enhanced
infrared reflection absorption spectroscopy), Raman [39,40,46]) methods will
provide a complex approximation and strategy to investigate the solid | liquid
interfaces in a macroscopic and microscopic (molecular or atomic) levels and to
develop in future the general molecular theory taking into account the influence
of the crystallographic structure, electronic and chemical nature of the surface
as well as the surfactant properties (molecular structure, charge density
localisation) on the 2D condensation phenomenon [9,10,39,40,46–54].

According to the Kolb et al. data [54] the shape of cyclic voltammograms
and differential capacitance curves depends noticeably on the surface structure
of Au(hkl) (Au(111) — thermally reconstructed 223×  and 1×1; Au(100) —
reconstructed 1x1 and hexagonal Structures) studied. However, for all Au
surfaces studied, the capacitance pits characteristic of the 2D condensation
process has been established in the wide region of surface charge density near
zero charge potential. According to the data for the Hg drop electrode [53] the
2D condensation takes place within the wide potential region and the characte-
ristics of the 2D condensation process depend on concentration and nature of
the base electrolyte used [53,55,56]. The influence of the surface structure of
Bi(hkl) on the thermodynamic characteristics of the camphor adsorption is
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comparatively big [9,57]. As these studies at Bi(hkl) have been made during
1977–1980 years [9,57] there is no adsorption kinetics data as well as data at
molecular level and new in situ STM studies can give more detailed information
about the camphor adsorption layer structure on the Bi(111) surface.

4.4. Roughness calculation

The base boundary structure, adsorption properties and electrochemical kinetics
of various interfacial charge transfer reactions at the solid surfaces depend
significantly not only on the chemical composition but also on the morphology
of the surface studied [3–8,23–32,41,44,45,58,59]. Thus, the surface morpho-
logy and roughness are important properties as most electrochemical parameters
are extensive quantities [3,4]. For the determination of the real surface area of
the solid electrodes different in situ and ex situ methods have been proposed and
used [1–4,30,44,45,60–77]. The in situ methods more commonly used in
electrochemistry to obtain the surface roughness R = Sreal/Sgeom (where Sreal and
Sgeom are the real (working) surface and geometrical, so-called flat gross-section
surface area, respectively) are: (1) differential capacitance measurements in the
region of ideal polarizability [5,8,24,58,60], Parsons–Zobel plot method [63],
Valette–Hamelin approach [30] and other similar methods [5,8,24,58,60]; (2)
mass transport under diffusion control with assumption of homogeneous current
distribution [66]; (3) adsorption of ratio-active organic compounds, hydrogen,
oxygen as well as metal monolayers [60,66]; (4) microscopy (optical, electron,
STM and AFM) [4,5,8,24,45,60,68–70]; (5) quartz microbalance [70], as well
as a number of ex situ methods [5,8,24,58,60]. It has to be noted that depending
on the irregularity-to-probe size ratio, either the entire surface or only a fraction
of it is accessible to a particular measurement. Only when the size of the
molecule or ion, used as a probe particle, is smaller than the smallest surface
irregularity, the entire surface can be evaluated. It should be noted that each
method is applicable to a limited number of electrochemical systems so that a
universal method of surface area measurements is not available for the time
being. On the other hand, a number of methods used in electrochemistry are not
well founded from a physical point of view, and some of them are definitely
questionable [24,60]. Thus, it is useful to stress again that the value of R
depends on the method used and further more detailed analysis of various
methods is indispensable and welcome.

A new roughness theory [1–3] for metal surface with the moderate rough-
ness in the approximity of the zero charge potential, pzc (Eσ=0), has been tested
previously for Bi, Sb and Cd electrodes [4,45,73]. In this region of electrode
potentials, at the first approximation, the linearized Poisson — Boltzmann
approximation seems to be valid, if the mean amplitude of height fluctuations is
smaller than the height — height lateral correlation length [1–3]. At these
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conditions the effect of surface roughness of the double layer capacitance is
determined by an interplay between the Debye length and the scales of
roughness, which modifies the Gouy — Chapman result for the diffuse layer
capacitance CGC as

C R C= ~( )κ GC       (4)
where C is the differential capacitance and ~( )R κ  is the roughness function,
which varies between ~( )R 0 1=  and ~( )R R∞ = > 1 [1,2]; κ is the Gouy length,
i.e. the inverse Debye length (κ–1).

According to the Refs [1,2] the experimental roughness function can be
expressed as

CGi CCC
R
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where Ci is evaluated from the measurements at high electrolyte concentration
according to Valette-Hamelin approach [30]. At the high electrolyte con-
centrations, when the Debye length κ –1 is shorter than the smallest charac-
teristic length of surface inhomogeneity (roughness) 

minl  (i.e. 
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roughness function can be expressed as
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where 2H  is the mean square curvature of surface.

Equation (6) shows that the roughness function )(~ κR approaches the geo-
metrical roughness factor R at small Debye length κ –1 (large concentrations).
With the increase of κ –1 (the decrease of concentration) it decreases with
respect to R, and the correction is proportional to the square of the Debye
length, i.e. it is inversely proportional to the charge carriers concentration
[86,87].

In the range of large Debye lengths (low electrolyte concentrations) the
roughness function can be expressed as

22
2

1)(~ h
L
hR κκκ −+≈      (7)

where h is the height of the characteristic size of roughness in the z-direction (h
denotes the root mean square departure from medium height); L is the length
which is in the order of the maximal correlation length lmax (lmax is a measure of
the average distance between consecutive peaks and valleys on the rough
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surface). As expected, at very low electrolyte concentrations (κ –1→ ∞; κ –1>>
lmax) the roughness of surface is not detectable in the capacitance and the first
correction to the flat surface result is linear in κ [1,2].

The non-linearized version of new roughness theory, applicable for arbitrary
large charges, has been worked out by Daikhin et al [3]. Far from Eσ=0 the
effects of non-linear screening has been found [3,45], which lead to the
dependence of the slope of Parsons — Zobel plots on the electrode charge
density, observed experimentally in many works [1–3,5,8,24,30,31,44,45,
58,60,62–65,67,71–77].

It should be noted that the geometrical roughness of the electrode surface
usually causes the crystallographic (energetic) inhomogeneity of the electrode
studied. Thus, on the surface of polycrystalline electrode there are crystallo-
graphically different comparatively homogeneous regions (small single crystal
areas) with different zero charge potential Eσ=0 values [24,30,62,64,65,72,73].
This affects the charge distribution along the equipotential surface and thereby
the dependence of capacitance on electrolyte concentration, until the characte-
ristic inhomogeneity range is greater than the Debye screening length [1–
3,5,8,24,45,58,71–75]. For that reason the crystallographic inhomgeneity causes
the dependence of capacitance on the ionic concentration mainly for poly-
crystals and defect single crystal surfaces where the sizes of homogeneous
regions fall in the range between nanometers and about ten of nanometers and
can complete with the Debye length (0.98 nm for 0.1 M; and 9.8 nm for
1×10–3 M 1–1-electrolyte at T = 298 K) and the correlation length of roughness
[1–3,5,8,24,45,58,60,71–74].

Using the perturbation — type theory and non-linearized Poisson —
Boltzmann theory the apparent surface charge density can be expressed as [3]
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where Q is the total charge on the metal surface; S0 is the apparent flat cross-
section surface area;

LB = e2/εkBT   (9)

is the Bjerrum length; and g(K) is the height — height correlation function

g
S h

( ) ( )K K≡
1

0
2

2
ξ .   (10)

In Eq. (8), e is the elementary charge; β = (kBT)–1 (T is temperature and kB is the
Boltzmann constant); κ–1 = (εβ/8πne2)1/2 is the Debye length (n is the bulk
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electrolyte concentration; ε is the dielectric constant of the solvent; E — rational
electrode potential (i.e. electrode potential vs. zero charge potential); h — the
characteristic size of roughness in the z-direction (z-axis pointing toward the
electrolyte); K — the corresponding lateral wave vectors [K = (Kx, Ky)];

q K K( ) = +κ 2 2 . Differentiation of Eq. (8) over E gives the potential
dependent non-linear differential capacitance

C C E R E= GS ( ) ~( , )κ      (11)

where CGC is the Gouy — Chapman capacitance for a flat surface.
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with the effective diffuse layer thickness, given by
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~( , )R Eκ  is the roughness function, obtained as
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According to Eq. (14) at h2 = 0, ~( , )R Eκ = 1 and we shall have the Gouy-
Chapman result for the flat surface [1–4,45,60].

Sometimes the apparent surface charge density σ, rather than the electrode
potential, is used as an independent electrical variable. At rough surfaces the
potential E and the apparent surface charge density σ are related by Eq. (8) and
it was found that [3,45]

C C R= GC ( ) ~( , )σ κ σ        (15)

where CGC(σ) at σ = const is given as

CGC
eff( )

~ ( )
σ

εκ σ
π

=
4

   (16)

and ~ ( )κ σeff
−1  is the effective thickness of a diffuse layer in terms of σ

~ ( )κ σ κ π σeff B
2− = +1 2 2 2 24 L e .    (17)
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The roughness function written in terms of κ and σ reads as
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In this work, Eqs. (14) and (18) have been used for the theoretical calculation of
the dependence of the roughness function on E and σ, as well as on the scaling
parameter κl. Thus, the ~( , ),R E lκ κ −  and ~( , ),R lκ σ κ − dependencies for
variously treated Bi electrodes, assuming that the surface roughness is described
simply by the one scale correlation function [1–4,45,74], have been calculated.
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5. EXPERIMENTAL DETAILS

The surfaces of Bi(111)C, Sb(111)C and Sb(001)C planes have been prepared by
cleaving the Bi or Sb single crystals at the temperature of liquid nitrogen in air.
In some experiments the cleaved surfaces were additionally chemically etched
(Bi(111)CE, Bi(001)CE, Sb(111)CE) with concentrated HNO3 (during 3 and
6 sec.), electrochemically etched at the surface charge density i ≥ 1.5 A cm–2

(Bi(111)ECE, Sb(111)ECE) or electrochemically polished (Bi(111)EP, Sb(111)EP) in
the mixture of KI + HCl + H2O at current density i ≤ 1.5 A cm–2 [4,44,45].

The Molecular Imaging PicoSPMTM measurement system and the insulated
Pt|Ir (70|30) STM tips from Molecular Imaging company have been used for in
situ STM measurements. In some experiments the used tungsten STM tip has
been etched electrochemically using 5M KOH solution and insulated with
ApiezonTM wax.  The STM-tips and measurement system have been tested and
calibrated routinely using the highly oriented pyrolytic graphite cleaved basal
plane C(0001)C (SPITM). All STM images were recorded in constant current
mode. The Nanotec Electronica (www.nanotec.es) WSxMTM free software was
used for image processing and roughness calculations. The self-made hermetic
three-electrode cell with large Pt counter electrode and Ag | AgCl (in the
aqueous saturated KCl solution) reference electrode, connected to the in situ
STM cell through Luggin capillary has been used. The pre-treated (cleaved or
electrochemically polished) electrode has been submerged under cathodic
polarisation into the aqueous electrolyte solution previously saturated with Ar
(92%) + H2 (8%) mixture. The region of ideal polarizability has been obtained
using cyclic voltammetry and a good agreement with the results discussed in
various papers [4,24,44,45] has been established.

The water for preparing the solutions was treated with the Milli Q+ purifi-
cation system (resistance > 18.2 MΩ cm). Solutions were prepared volumetri-
cally using Na2SO4 purified by triple recrystallization from water, and treated in
vacuum to dryness. Na2SO4 was calcined at 700 °C immediately prior to the
measurements. Compounds studied were extra purified using recrystallization.

The AFM results in air have been obtained in contact mode (CM) regime
using with Autoprobe CP (Park SI / Veeco) measurement system with Si3N4
MicroleverTM cantilevers.

The UHV-STM studies were carried out by using a Omicron measurement
system by pressure 1x10–10 torr.

The electrochemical impedance data have been obtained, using Autolab
PGSTAT 30 with FRA2 (±5 mV modulation) within the frequency region 0.1 to
1x105 Hz and the extrapolated to the condition ac frequency f → 0 series
capacitance values Cs have been used for calculation of Parsons — Zobel plots
[63], experimental roughness function, inner layer capacitance and other data
discussed [1,4,24,30,44,45].
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6. RESULTS AND DISCUSSION

6.1. In situ STM measurements

The surface of the cleaved at the temperature of liquid nitrogen Bi(111)C

consists of atomically smooth terraces with steps of the height of 4.0±0.2 Å
(Fig. 3(a)) or of multiple heights [III]. Thus, as can be seen from the Bi crystal-
lographic structure, such a structure is always formed by cleavage occurring
between two planes separated by a large distance (d2 =3,47 Å) [42]. Therefore
mainly the van der Waals bonds have been cleaved and the steps have mainly
monoatomic height rather than diatomic. The boundaries of triangular shaped
terraces are close to the straight lines of the atomic rows on the Bi surface along
the [110], [101] and [011] directions (Fig. 3(a)) [42,78]. However, there are
some terraces having considerably curved boundaries, and rounded islands of
the triangular shape as well as hollows of nanometric dimension, usually of the
monoatomic depth. At high magnification, some terrace boundaries show
considerable dispersion and can deviate from the direction of atomic rows. Of
course the behaviour of the boundaries depends on their direction and the length
and thermal motion is the cause for the more extended boundaries being slightly
diffused. However, different behaviour of the boundaries can be caused by their
various steepnesses on an atomic scale provided by the packing of layers along
the [111] direction [42,78].

Fig. 3. in situ STM image (a), selected surface profile (b) and histogram of the height
distribution (c) for the cleaved at the temperature of liquid nitrogen Bi(111)C plane in
5x10–2 M Na2SO4 + 5x10–4 M H2SO4 aqueous electrolyte.
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In same places the dislocation outcrop can be seen and in some surface regions the
very small steps with height lower than the lattice period for Bi have been observed,
which are probably caused by the screw dislocations generated during the crystal
growth by using the vertical Chohralsky method. These data are in a good
agreement with the UHV-STM studies of Sb(111)C electrode [I]. The first in situ
STM studies on Sb(111)EP electrode surface show some atomically flat areas and
atomic resolution in 5x10–2 M Na2SO4 + 3.12x10–5 M H2SO4 aqueous solution for
Sb(111)EP electrode has been achieved similarly to the Bi(111) electrodes (Fig. 4).

Fig. 4. in situ STM image and height profile for Sb(111)EP electrode (a) and in situ
atomic resolution image, FFT (Fast Fourier Transformation) image and calculated
periodical signal with surface profile (b)  at E = –0.8V in 5x10–2 M Na2SO4 + 3.12x10–5

M H2SO4 aqueous solution.

It is very interesting to mention that the position of the two-dimensional crystal,
i.e. the nanometric scale triangles (islands as well as hollows) at Bi(111) surface
is very stable during hours under the cathodic polarisation from –0.7 ≤ E ≤
–0.1 V (vs. Ag|AgCl) as well as under the various potentials applied during
hours (Fig. 5(a)) in slightly acidified electrolyte solutions. The root mean square
roughness (RMS) vs. cathodic polarisation dependence (Fig. 5(b)) affirmed
these data. Thus, in a good agreement with the cyclic voltammetry and
impedance data [4,24,44,45,I–V], there are no quick surface reconstruction
processes as it has been established for Au(hkl) [5–7]. At less negative
potentials, the surface oxidation and dissolution of the surface occurred and
after holding the Bi(111)C electrode without polarisation during few minutes, a
very complicated surface structure has been observed (Fig. 6).



22

Fig. 5. in situ STM images (a) and root mean square roughness (Rms) vs. electrode
potential dependence (b) for cleaved Bi(111)C plane at various electrode potentials
(shown in figure) in 5x10–2 M Na2SO4 + 5x10–4 M H2SO4 aqueous electrolyte.

Fig. 6. in situ STM image(a), selected surface profile(b) and histogram of the height
distribution(c) for the cleaved at the temperature of liquid nitrogen Bi(111)C plane in
5x10–2 M Na2SO4 + 5x10–4 M H2SO4 aqueous electrolyte.
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Fig. 7. in situ atomic resolution STM images and height profiles for Bi(111)C electrode
at E = –0.5V in 5x10–2 M Na2SO4 + 5x10–4 M H2SO4 aqueous solution (a), Bi(111)EP

electrode at E = –0.1V in 5x10–2 M Na2SO4 + 1x10–3 M H2SO4 aqueous solution (b) and
typical FFT image for Bi(111) atomic resolution pictures.

Fig. 8. in situ STM images at various electrode potentials (shown in figure) (a), selected
surface profile (b), histogram of the height distribution (c) and root mean square
roughness (Rms) vs. electrode potential dependence (d) for electrochemically polished
Bi(111)EP electrode in 5x10–2 M Na2SO4 + 5x10–4 M H2SO4 aqueous solution.
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Therefore, usually the potential region from –0.7 to –0.1 V (vs. Ag|AgCl) has
been investigated only.

The data in Fig. 7(a) show the atomic resolution picture for the cleaved
Bi(111)C electrode at E = –0.5 V. According to these data, the quite regular
atomic structure can be observed with interatomic distances d =3.8±0.1 Å.
According to the data in Fig. 7, the triangular structure of atoms prevails at the
Bi(111)C surface.

The data given in Fig. 8(a) shows that the surface of the electrochemically
polished Bi(111) is quite smooth and only some monoatomic steps and hollows
can be observed. The data in histogram (Fig. 8(c)) and the height profile (Fig.
8(b)) show that there are very wide areas having atomically smooth structure (ca
20…30 nm). However, the very small height fluctuations are possible.

The surface of electrochemically polished Bi(111)EP demonstrates the atomic
resolution images (Fig.7(b)) [IV] like for Bi(111)C and similarly to the Bi(111)C

electrodes the Bi(111)EP surface is stable under cathodic polarisation from –0.7
to –0.1 V in the 0.05 M Na2SO4 + 0.0005 M H2SO4 aqueous electrolyte solution
and there are no influence of electrode potential on the surface roughness
(Fig.8(d)). Therefore it can be concluded that both Bi(111)C and Bi(111)EP

electrodes can be used for the studies of the more complicated two-dimensional
adsorption layers of various organic compounds [V]. It should be noted that
differently from Au(hkl) the Bi(111) surface structure does not depend on the
surface charge density and potential and within the wide potential region there
is no electrode surface restructuring processes caused by the charge density of
the metal surface like Au(hkl) [39,40,46].  Thus, the processes prevailing in the
2D adsorption layer of the liquid phase can be studied separately from the
surface reconstruction processes, which is characteristic of Au(hkl).

6.2. Adsorption of camphor on Bi(111) electrode

The adsorption process of camphor on the electrochemically polished  Bi(111)EP

plane by using the in situ STM method has been studied [V]. For comparison
the cyclic voltammetry and impedance methods were applied and the results
established were compared with the data obtained for Bi(hkl) [9] and Au(111)
in 50 mM Na2SO4 + aqueous solutions saturated with camphor [10].

The cyclic voltammetry and impedance data indicate the formation of the
compact (probably 2D condensation or 3D adsorption layer) camphor layer
within the wide potential region –1.25 < E < –0.175 V (Fig. 9a).  Analysis of
the Nyquist (Fig.9b) and Bode phase angle vs. logf plots [79,80,81] shows that
the camphor adsorption is limited mainly by the rate of adsorption step like
uracil adsorption on Bi(hkl) [80], with the characteristic relaxation time
τmax=(2πfmax)–1 variable from 1.17 sec. (at E = –1.2 V) to 0.25 sec. (at E = –0.65
V). Differently from the cyclic voltammetry and capacitance data for Au(hkl) |
camphor system [10] there is no additional sharp spikes in the I,E- or C,E-



25

curves for Bi | camphor system, except at very negative and very small negative
electrode potentials (E < –1.35 and E ≥ –0.15 V vs. Ag | AgCl), where the
desorption of camphor takes place.

However, the in situ STM studies indicate the promotion of the detectable
(by in situ STM method) adsorption adlayer ( 2D or 3D layer) only at positive
surface charge densities (σ > 4 µC cm–2, E > –0.45 V) (Fig. 10, 11) where the
simultaneous contact co-adsorption of SO4

2– and camphor takes place with the
noticeable partial charge transfer from the SO4

2– anions to the Bi(111) surface
atoms [82,83]. The high-resolution images of the high-coveraged camphor
adsorption layer (or 2D layer) at E > Eσ=0 are presented in Fig. 11. A periodic
array of bright features is clearly visible at tip bias voltage Ebias = 93 mV and at
tunnelling current 4.25 nA.

Fig. 9. Differential capacitance I vs. electrode potential (E) curves (a) for Bi(111) in the
base electrolyte (5x10–2 M Na2SO4 + 2.5x10–5 M H2SO4) (1) and with addition of 5x
10–3 M (2) and 1x10–2 M (3) camphor aqueous solution. Nyquist plots (b) for base
electrolyte + 1x10–2 M camphor solution at various electrode potential (noted in figure).
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Fig. 10. in situ STM image(a), FFT image (b), recalculated periodic signal from FFT
(c), selected height profiles (d) of the camphor 2D layer at electrochemically polished
Bi(111) electrode in 1x10–2 M camphor + 5x10–2 M Na2SO4 + 2.5x10–5 M H2SO4
aqueous electrolyte.
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Fig. 11. in situ STM image (a), selected height profiles (b) of the camphor 2D layer at
electrochemically polished Bi(111) electrode in 1x10–2 M camphor + 5x10–2 M Na2SO4
+ 2.5x10–5 M H2SO4 aqueous electrolyte.

The characteristic dimensions for the nearly rhombohedral structure are a =
1.20 nm and b = 1.17 nm (Fig. 10). Taking into account the very similar values
of a and b, it seems to us that this slightly deformed rhombohedral structure of
the adsorption layer with the angles only very slightly differing from <60° and
>120° is the more probable structure of the adsorption adlayer. This condition is
in good agreement with the rhombohedral Bi crystal unit cell with an axial
angle 57°14’ and lattice parameter 0.38 nm [42,III].  The first rough estimations
of the adsorption layer structure show that the one lattice elementary link
(1.20 nm) consists of one co-adsorbed SO4

2– (0.436 nm [84]) and one co-
adsorbed camphor molecule and it corresponds to the three Bi lattice cells. The
compact adlayer is stable until the onset of camphor desorption from Bi(111)
corresponding to the potential of the beginning of oxidation and dissolution of
Bi(111) at E ≥ –0.10 V (vs. Ag|AgCl).

The adlayer dissolves upon a potential excursion toward negative potentials
E < –0.5 V (Fig. 12) and has not formed in spite holding the Bi(111) electrode
at the potential Emax = –0.65 V, where the so-called maximum camphor
adsorption takes place at the Bi(111) surface according to the data in Fig. 9. At
E = –0.65 V the atomic resolution picture characteristic of the pure base
electrolyte has been observed. This effect can probably be explained by the
quite low values of Gibbs adsorption (Γmax), Gibbs adsorption energy (∆GA

0)
and intermolecular attraction interaction energies ∆Gint

0 = –2aRT (a is the
attraction constant in the Frumkin adsorption isotherm, calculated from impe-
dance data; the data obtained by us are in a good agreement with the results of
Refs. [9,57]).
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Fig. 12. in situ STM images of forming the STM detectable 2D camphor layer by
decreasing the cathodic polarization (a) and disappearing the 2D layer by increasing the
cathodic polarization (b) at electrochemically polished Bi(111) electrode in 1x10–2 M
camphor + 5x10–2 M Na2SO4 + 2.5x10–5 M H2SO4 aqueous electrolyte.

Differently from the Au(111) | 4,4-bipyridine or 2,2 bipyridine + base
electrolyte systems [47,48], where the very high Γmax values have been obtained
(Γmax  is equal to 6.9×10–10 mole cm–2 for the most positive adsorption region,
5.7×10–10 mole cm–2 for the medium adsorption region and 3.4×10–10 mole cm–2

for the less densely packed layer), the value of Γmax  equal to 3.4×10–10 mole
cm–2 for Bi(111) plane indicates the formation of less densely packed adsorption
layer, containing a lot of solvent (H2O) molecules which increase the limiting
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capacitance (C’≥ 4,2 µF cm–2) due to the higher effective dielectric constant
value (εorg) in comparison with 2D camphor layer at Hg [53,56].

The moderate value of the Gibbs adsorption energy at zero charge potential
(Eσ=0 = –0.63 V vs. Ag | AgCl) ∆GA

0 = –21.1 kJ mol–1 indicates that there is no
noticeable partial charge transfer between camphor and Bi(111) surface atoms,
and thus the physical adsorption of camphor takes place, caused mainly by the
“squeezing out” effect of the camphor molecules from the base electrolyte
solution. Due to the nature of physical adsorption the quite flexible surface
structure of the adsorption layer forms and at negative surface charge densities
there is no real 2D condensation of camphor at Bi(111) detectable by in situ
STM method [V].

6.3. Ex situ SPM measurements and rougness calculations
of variously pre-treated Sb surfaces

The UHV-STM results in Fig. 13 (a) indicate that the surface of Sb(111)CN has a
very regular structure and the atomic resolution has been achieved [I]. It should
be noted that the correct atomic resolution has been established without any
additional treatment of Sb(111)CN surface in UHV. This result indicates that the
surface of Sb(111)CN is very inactive and chemically stable in air as well as in
the conditions of reduced pressure during many hours.

According to the ex-situ AFM results in air (Fig. 13 (b)), the very large
atomically flat surface regions (~1 µm2) have been found at Sb(111)CN. In other
surface regions the very small steps with height lower than the lattice period of
the antimony crystal (d1 = 3.37 Å) have been observed. It should be noted that
these small steps are probably connected with the screw dislocations generated
during the crystal growth using the horizontal Chohralsky zone refining method.

The ex-situ AFM contact mode images (Fig. 14 (b)) show that on the surface
of Sb(111)CE (chemically etched during 6 sec in concentrated HNO3), there are
irregular etching pits with the variable depth and width values [I]. According to
the data in Fig. 14 (a), there are lot of frequently located and very well oriented
small furrows on the big ridges at the surface of cleaved Sb(001)CN. It should be
noted that the surface structure of Sb(001)CN (i.e., the profile of the surface in
Fig 14(a)) is a quite good example of classical Brownian motion with the
Hölder exponent H near to 0.5 [I]. The values of H have been obtained via
computing the fractal dimension ∆ by the box counting method [85] and then
obtaining as ∆−= 2H . It was found that the size of the boxes did not become
less than the minimum of intervals length in numerical investigations. For
comparison of the Hölder exponent and ),(~ ER κ values, the systematic studies
at the rough electrodes are necessary.
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Fig. 13. UHV-STM atomic resolution image and selected surface profile (a) and contact
mode AFM image (5×5 µm) and results of region height analysis (b) for Sb(111)CN

surface cleaved at temperature of liquid N2.

Fig. 14. AFM images and surface profiles for Sb(001)CN (cleaved) (a) and Sb(111)CE

(cleaved and additionally chemically etched surface in HNO3 during 6 sec.) (b) surfaces.
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Table 1. Surface characteristics of variously pre-treated Bi and Sb electrodes.

Electrode Experimental parameters RGRM parameters 

 Rms / nm RAFM fP-Z h / nm lG / nm )0,(~ =σκR
 

Bi(111)EP 0.16 1.006 1.03 0.3 100 1.02 
Bi(111)CN 0.36 1.009 1.03 0.5 15 1.10 
Bi(111)C 0.44 1.01 1.06 0.5 10 1.15 

Bi(111)ECE 13.6 1.25 1.18 0.5…1.0 1.0…3.0 1.35 
Bi(001)C1 118 1.13 1.23 5 10 1.60 
Bi(111)C1 348 1.07 1.26 10 20 1.80 
Bi(001)C2 532 1.30 1.38 15 20 2.05 

Sb(111)CN 0.11 1.0001 1.03 0.6 50 1.03 
Sb(111)EP 0.10 1.0001 1.05 0.6 40 1.03 
Sb(111)ECE 0.18 1.09 1.13 1.5 5.0 1.22 
Sb(111)CE 68 1.18 1.21 3.0 20 2.5 
Sb(001)CN 4.07 1.002 1.28 5.0 10 2.5 

 
EP — electrochemically polished
CN — cleaved at the temperature of liquid nitrogen
C — cut at room temperature T = 298 K
ECE — electrochemically etched
C1 — cut at T = 298 K and chemically etched in HNO3 during 3 sec.
C2 — cut at T = 298 K and chemically etched in HNO3 during 6 sec.
Rms — root mean square roughness (from AFM data)
RAFM — geometrical roughness factor (from AFM data)
RGRM — random Gaussian roughness model
fP-Z — Parsons — Zobel roughness coefficient (obtained from impedance
data)[60]
h — root mean square height of surface roughness (fitting parameter in RGRM)
lG — characteristic lateral correlation length (fitting parameter in RGRM)

)0,(~ =σκR  — roughness function at surface charge density σ = 0.

For the characterisation of variously pre-treated Sb(111)CN electrodes, the root
mean square roughness (Rms) and the so-called surface roughness factor values
RAFM = SAFM / Sgeom (SAFM is the surface area obtained from AFM images and
Sgeom is the flat gross-section area) have been calculated and are given in Table
1. In this table the electrochemical (effective) values of surface roughness,
obtained using classical Parsons — Zobel and Valette — Hamelin approaches
(fP-Z) [30,63] are given too.
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Fig. 15. Experimental roughness function vs. inverse Debye length plots for Sb(111)CN

(1) and Sb(001)CN (2) and calculated ones, using random Gaussian roughness model
(RGR) at h = 5.0 nm and l = 10.0 nm (3), and at h = 0.6 nm and l = 50.0 nm (4,5) for
various rational potentials  (V vs. Eσ=0): 0.0 (1–4) and 0.15 (5).

Fig. 16. Experimental roughness function vs. inverse Debye length plots for Sb(111)CE

(1) and Sb(111)ECE (2) and calculated ones (according to RGR model) at h = 3.0 nm and
l = 20 nm (3,4), and at h = 1.5 nm and l = 5.0 nm (5,6) at E (V): 0.0 (1–3,5) and 0.15
(4,6).

Comparison of ex-situ and electrochemical parameters shows that the effective
electrochemical roughness values for Sb(111)CN and electropolished Sb(111)EP
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are noticeably higher than the RAFM values. This is probably mainly caused by
the fact that there are some deviations from the Gouy — Chapman diffuse layer
theory because the value of fP-Z, higher than unity has been established for the
energetically homogeneous Hg-electrode (fP-Z = 1.06…1.07) as well [31].

The data in figures 15 and 16 indicate that the roughness function obtained
from impedance data (from series capacitance Cs values at f = 0 Hz) increases in
the order Sb(111)CN < Sb(111)EP <Sb(111)ECE < Sb(111)CE < Sb(001)CN, thus, in
the same order as it was found using the UHV-STM and AFM data. The very
high ),(~ ER κ  values for Sb(001)CN are determined by the good correlation of
the dimensions of solvated ions and the medium height of the frequently located
“furrows” on the surface of big “ridges” (Fig. 14 (b)) (i.e. the height of the small
ridges (2–20 nm)) is of the same order as the Debye screening length for 0.1 M
and 0.001 M NaF aqueous solutions (0.98 and 9.8 nm, accordingly).
According to the results of calculations the influence of the surface defects,
higher than 10 nm, on the ),(~ ER κ  values is very weak for the electrolytes with
concentration higher than 0.001 M.

As it can be seen in Figs. 15 and 16, as for rough Bi and Cd [4,30] electro-
des, in the region of moderate electrolyte concentrations, there is a good
agreement between experimental and calculated ~( , )R Eκ -function values [I].
The noticeable deviation of experimental ~( , )R Eκ ,κ dependences at κ → 0
from calculated ones is mainly caused by the energetic inhomogeneity of
Sb(111)CE, Sb(111)ECE, Sb(001)CN electrodes [1–4,8,23,24]. The fitting
parameters established using random Gaussian roughness model (RGRM) are
presented in Table 1. However, as for rough Cd and Bi electrodes [4,30], the
experimental and theoretical roughness function values for rough Sb(111)ECE,
Sb(111)CE and Sb(001)CN surfaces are noticeably higher than the values
established from AFM data.

6.4. Ex situ AFM measurements and roughness calculations
of variously pre-treated Bi surfaces

According to the data of AFM studies on the surface of Bi(111)CN electrode,
there are few thinly scattered break steps with height hz from 0.4 to 1.5 nm, but
the distance between these steps, lx, is very large (up to 200 nm). At these flat
regions of Bi(111)CN, additionally some mono-atomic steps (with height from
0.25 to 0.35 nm) were found and the Rms values obtained using AFM method
are very low (Rms ≈ 0.36 nm) (Table 1) [II]. The ex situ AFM data have been
used for the calculation of the surface roughness factor values RAFM and are
given in Table 1. The results of theoretical simulation of this type of surface
show that so prepared Bi(111)CN electrode is not very suitable for the experi-
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mental verification of the new surface roughness theory [1–3] as the distance
between the break steps is very large and RAFM is very close to unity. According
to the AFM studies of the surface of a cut at the room temperature Bi(111)C

electrode shows mono-atomic or somewhat higher steps (0.25÷0.70 nm)
(Rms = 0.44 nm) and of small terraces with the medium lateral characteristic
length (linear parameter) lx > 5 nm. Theoretical simulation of Bi(111)C electrode
surface shows very low surface roughness values (Table 1) like for Sb(111)C

electrodes [I].
To prepare the surfaces with higher surface roughness, the Bi(111) and

Bi(001) electrodes, cleaved at the room temperature, were additionally etched
(during 3 sec. and 6 sec.) in the concentrated HNO3 (Bi(111)C1, Bi(001)C1 and
Bi(001)C2, respectively). Fig. 17 (a) demonstrates the AFM image, histogram
and surface height profile for the chemically etched Bi(111)C1 whose surface
has a more complicated structure in comparison with Bi(111)C. The AFM
images demonstrate the large surface pits with the medium linear parameter
lx = 10...30 µm and medium depth 0.4…1.1 µm, and the smaller surface pits
with the very different lx and hz values, as well as the pyramids with different
height and width [II].

Fig. 17. AFM images and surface profiles for Bi(111)CE (a) and Bi(001)C1 (cleaved and
additionally chemically etched surface in HNO3 during 3 sec.) (b) surfaces.

The AFM data of Bi (001)C1 given in Fig. 17 (b) demonstrate the very
complicated surface structure mainly in two directions (x, z). The comparatively
high ridges and deep valleys with the medium height hz ≤ 0.6 µm and with the
medium distance lx ~ 3.7 µm  between these valleys (surface profile in Fig. 17
(b)) have been established. However, on these big ridges, the less deeper
furrows can be seen with the average distance of 10–100 nm and with the
medium height 5–100 nm. Noticeably higher Rms (118 nm) and RAFM (1.13)
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values (Table 1) have been established. On Bi(001)C2 surface, the more higher
ridges (1.5…2.0 µm), RAFM and Rms values have been established (Table 1). It
should be noted that, in the case of rough surfaces, the Rms and RAFM values
noticeably depend on the region of surface area selected for analysis, and the
values of Rms and RAFM noticeably decrease with the reduce of the surface area
selected. However, for comparatively large surface area selected (≥ 20×20 µm),
the parameters obtained are practically independent of the selected region of the
surface as well as of the surface area. Thus, the values of Rms and RAFM are very
approximate quantities and probably only indicate the order of the increase of
the surface roughness of the electrodes tested [4].

Fig. 18. Experimental (1;1’;2) and theoretical (2’;3’;4’; calculated at lG = 3.0 nm and
h = 0.5 nm) roughness function ),(~ ER κ  vs. inverse Debye length κ dependencies for
Bi(001)C2 (a) and Bi(111)ECE (b) in aqueous NaF solution at the fixed electrode rational
potentials (V): 0 (1,1’,2’); –0.1 (3’); –0.15 (4’); and –0.2 (2). ),(~ ER κ  vs. κ
dependencies calculated according to the random Gaussian roughness model at the
given h = 5 nm (root mean square height of surface roughness), lG = 10 nm
(characteristic lateral correlation length) at different rational electrode potentials, noted
in figure (c); and for E = –0.1 V at h = 2, lG = 10 (1); h = 1, lG = 10 (2); h = 0.5, lG = 10
(3); and h = 0.2, lG = 10 (4).
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The ex situ AFM data have been used for the calculation of the RAFM values
presented in Table 1 together with the data for electrochemically polished
Bi(111)EP and electrochemically etched Bi(111)ECE [4]. According to the data in
Table 1, RAFM increases in the order of electrodes Bi(111)EP < Bi(111)CN <
Bi(111)C < Bi(111)C1 < Bi(001)C1 < Bi(111)ECE < Bi(001)C2 in a very good
correlation with the root mean square roughness Rms values [II].

Thus, to a first approximation, the random Gaussian roughness model
(RGRM) (i.e. two-dimensional roughness model [1–3]) seems to be valid and,
for that reason, mainly the theoretical surface roughness function values
obtained according to RGRM have been calculated and discussed.
Fig. 18 (a and b) demonstrates the dependence of ~( , )R Eκ  on the inverse
Debye length (i.e. on the Gouy screening length), κ, of the electrolyte for
various Bi electrodes. According to the systematized analysis of data it was
found that if the rational potential decreases (E ≤ –0.1V), the

−κκ ),,(~ ER curves become steeper (Fig. 18 (a)) in the range of κ ≤ 0.30 nm–1,
which is in a good agreement with the theoretical calculations (Fig.18 (c and
d)). At lower rational electrode potentials (E < –0.1 V vs. Eσ=0), there has to be
a maximum at 0.1 nm–1 < κ ≤ 0.3 nm–1. At κ  ≥ 0.5 nm–1, the ~( , )R Eκ  values
level off to the so-called geometrical roughness factor R [1–3]. Therefore, for
the fixed values of κ, the effect of surface structure on the differential
capacitance values increases with the absolute value of the rational electrode
potential in agreement with the theoretical calculations of Ref. [3] and our
computer simulations (Fig. 18 (c and d)). According to the AFM data (Fig. 17)
the medium distance between small consecutive peaks and valleys on the rough
Bi(001)C1 surface, lx is on the order of 5 to 10 nm, thus the ~( , )R Eκ ,κlx–
dependences have a weak maximum in the region 2 ≤ κlx ≤ 3.5 in good
agreement with the theoretical predictions of the new theory [1–3].

The results of theoretical calculations show that the ~( , )R Eκ  values (at κ =
const.) depend on the values of lG and h, and increases with the ratio h/lG (at lG =
const.) (Fig. 18 (d)) (lG is the characteristic lateral correlation length and h is the
root mean square height of surface roughness in RGRM). At lG = const. and
h/lG = const. the value of ~( , )R Eκ  increases with the absolute value of the
rational electrode potential (Fig. 18 (c)) but the values of ~( , )R Eκ  are
practically independent of potential at E ≤ –0.3 V [II].



37

7. CONCLUSIONS

The main aim of present work was to investigate some Bi and Sb electrode
surfaces in in situ electrochemical condition to characterise the real surface
structure by using scanning probe microscopy technique.

The in situ STM (scanning tunneling microscopy) studies of the Bi(111)C

(cleaved at the temperature of liquid nitrogen inside the glove box) and
Bi(111)EP (electrochemically polished) have been performed under negative
polarisation in slightly acidified aqueous solutions.

The in situ atomic resolution for Bi(111)C and Bi(111)EP electrodes has been
achieved [III,IV].

The in situ STM data show that the surface structure of Bi(111)C and
Bi(111)EP have a very good stability within the wide potential region (–0.7 V to
–0.1 V vs. Ag/AgCl (in saturated aqueous KCl solution)) in slightly acidified
solutions and there are no quick surface reconstruction processes observed for
Au(hkl) and discussed in the works [1–3,6]. Therefore it can be concluded that
both Bi(111)C and Bi(111)EP electrodes can be used for the studies of the more
complicated two-dimensional adsorption layers of various organic compounds
at these surfaces [V].

The in situ STM studies on Sb(111)EP electrode surface show some
atomically flat areas. The atomic resolution in the 5x10–2 M Na2SO4 + 3.12x10–5

M H2SO4 aqueous solution for Sb(111)EP electrode has been achieved.
The UHV-STM (ultra high vacuum scanning tunneling microscopy) study

indicates that the surface of Sb(111)CN (cleaved at the temperature of liquid
nitrogen) is very inactive and chemically stable in air as well as in the condi-
tions of reduced pressure during many hours. The atomic resolution has been
achieved without any additional treatment of Sb(111)CN surface in UHV [I].

Impedance spectroscopy and in situ STM have been used for investigation of
the camphor adsorption at the electrochemically polished Bi(111) electrode
from weakly acidified Na2SO4 aqueous base electrolyte solution [V]. The
influence of the electrode potential on the adsorption kinetics and camphor layer
structure at Bi(111) has been demonstrated. It was found that the stable
adsorbate adlayer (2D condensation) detectable by using the in situ STM
method has been observed only at the positively charged electrode surface,
where the weak co-adsorption of SO4

2– anions and camphor molecules is
possible [V].

A new Debye length dependent surface roughness model, based on the non-
linear Poisson — Boltzmann theory, developed by Daikhin, Kornyshev and
Urbakh [1–3], has been used for interpretation of the experimental AFM
(atomic force microscopy) and impedance (capacitance) data of variously pre-
treated Bi and Sb electrodes. It was found that the different roughness para-
meters (Rms (root mean square roughness), RAFM (geometrical roughness
factor), fP–Z, (Parsons — Zobel roughness coefficient) and )0,(~ =σκR



38

(roughness function at surface charge density σ = 0)) calculated using models
discussed in the works [I,II], have comparable values for the geometrically flat
and energetically homogeneous surfaces studied but it increases in the same
order for other surfaces studied. For Bi electrodes the roughness increases in the
order Bi(111)EP < Bi(111)CN <Bi(111)C < Bi(111)ECE < Bi(001)C1 < Bi(111)C1 <
Bi(001)C2 [II] and for Sb electrodes in the order: Sb(111)CN < Sb(111)EP <
Sb(111)ECE  < Sb(111)CE < Sb(001)CN [I].

However, it is demonstrated that the new Debye length dependent surface
roughness model overestimates the surface roughness values for the
geometrically rough surfaces and the future corrections, taking into account the
influence of energetic inhomogeneity of the polycrystalline surfaces (i.e. the
non-equal surface charge density values at the various homogeneous regions
exposed at the macro-polycrystalline electrode surface) on the interfacial
capacitance and local charge density values, are inevitable.
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9. SUMMARY IN ESTONIAN

Pinnastruktuur erinevate vismuti ja
antimoni monokristalliliste elektroodide korral

Käesoleva töö eesmärk oli välja selgitada erinevate Bi ja Sb elektroodide pinna
struktuur reaalsetes elektrokeemilistes süsteemides kasutades selleks erinevaid
skaneeriva teravikmikroskoopia võimalusi.

Töö teostamise käigus töötati välja Bi ja Sb elektroodide uuringuteks sobi-
vad tehnilised lahendused kõrge lahutusvõimega in situ STM uuringute läbi-
viimiseks erinevate elektrolüütide lahustes.

Vedela lämmastiku temperatuuril lõhestatud ja elektrokeemiliselt poleeritud
Bi(111) elektroodidel saavutati atomaarne lahutus [III,IV]. Samuti kinnitavad
tulemused, et erinevalt prepareeritud Bi(111) elektoodide regulaarne pinnastruk-
tuur on väga stabiilne laias potentsiaalide vahemikus (–0.7 V kuni –0.1 V vs.
Ag/AgCl (küllastatud KCl lahuses)) nõrgalt happelistes elektrolüütides ning
seal ei esine kiireid pinna rekonstrueerumise protsesse, mida on laialdaselt
täheldatud erinevatel kulla monokristalli tahkudel [1–3,6]. Seetõttu võib järel-
dada, et lõhestatud ja elektrokeemiliselt poleeritud Bi(111) elektroodid sobivad
mudelpinnana väga hästi erinevate orgaaniliste ühendite komplitseeritud kahe-
dimensionaalsete adsorbeerunud monokihtide uuringuteks, kuna võimaldavad
välistada aluspinna pinddifusioonist põhjustatud moonutusi [V].

Sarnaselt Bi põhitahule on saavutatud nõrgalt hapestatud elektrolüüdis in situ
atomaarne lahutus ka elektrokeemiliselt poleeritud Sb(111) elektroodil.

Ülikõrgvaakumis teostatud STM uuringud vedela lämmastiku keemise tem-
peratuuril lõhestatud Sb(111) tahule kinnitavad selle inaktiivsust ja keemilist
stabiilsust nii lühiajalisel õhukeskkonnas viibimisel kui ka vaakumi tingimustes.
On märkimisväärne, et lõhestatud antimoni põhitahul osutus atomaarse lahutuse
saavutamine võimalikuks ilma tavapärase täiendava elekrtoodi pinna töötluseta
(kuumutamine, Ar+-pommitamine jne) kõrgvaakumi tingimustes [I].

In situ STM meetodil õnnestus detekteerida ja visualiseerida kahedimen-
sionaalse adsorbeerunud kampri monokihi struktuur elektrokeemiliselt polee-
ritud Bi(111) elektroodi pinnal nõrgalt hapestatud Na2SO4 vesilahuses [V]. Sa-
muti demonstreeriti elektroodi pontentsiaali mõju kampri monokihi moodus-
tumise kineetikale. Leiti, et in situ STM meetodi jaoks on kampri adsorbee-
runud monokiht detekteeritav vaid elektroodi positiivsemate pinnalaengute
korral, mis võib viidata spetsiifiliselt adsorbeerunud SO4

2– ioonide osalusele
adsorptsioonikihi moodustumisel [V].

Erinevalt prepareeritud Bi ja Sb elektroodide pinnakareduse modellee-
rimiseks ja eksperimentaalsete AFM ja impedantsspektroskoopia (diferentsiaal-
mahtuvuse) andmete interpreteerimiseks kasutati Daikhini, Kornyshevi ja
Urbakhi poolt välja töötatud uut Debye ekraneerimispikkust arvestavat ja
Poisson-Boltzmanni teoorial põhinevat pinnakareduse mudelit [1–3]. Leiti, et
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erinevalt leitud karedusfaktorid (Rms (ruutkeskmine hälve keskmisest pinna-
konaruse kõrgusest), RAFM (geomeetriline karedusfaktor), fP–Z (Parzons —
Zobeli karedusfaktor) ja )0,(~ =σκR (karedusfunktsioon pinna laengu tiheduse
σ = 0 juures)) annavad kokkulangevaid tulemusi geomeetriliselt suhteliselt
siledate ja energeetiliselt homogeensemate pindade korral, kuid muutuvad
samas järjekorras ka teiste uuritud pindade korral. Uuritud Bi elektroodide kor-
ral suureneb pinnakaredus järjekorras: Bi(111)EP < Bi(111)CN <Bi(111)C <
Bi(111)ECE < Bi(001)C1 < Bi(111)C1 < Bi(001)C2 [II] ja uuritud Sb elektroodie
korral: Sb(111)CN < Sb(111)EP < Sb(111)ECE  < Sb(111)CE < Sb(001)CN [I].

Leiti, et Debye ekraneerimispikkust arvestav uus karedusmudel  ülehindab
geomeetriliselt karedamate elektroodide pinnakaredust ja vajab seega täiusta-
mist arvestamaks pinna energeetilise ebaühtluse mõju ning pinnalaengu tihe-
duse fluktuatsioone pinna eri osadel.
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