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2. ABBREVIATIONS AND SYMBOLS

a attraction interaction constant in the Frumkin adsorption isotherm

ai activity of chemical component i

Aorg activity of organic compound in the solution

ac alternating current

B adsorption equilibrium constant in the Frumkin adsorption isotherm

Binax adsorption equilibrium constant at the maximal adsorption potential
E=FEnax

c total concentration of solution

C differential capacitance

C limiting differential capacitance, when surface coverage 6=1

Co thermodynamic equilibrium differential capacitance, when 6=0 and
ac frequency f —0

Cu adsorption capacitance

Ceat adsorbate concentration

Cs differential ‘needle peek’ capacitance

Cirue differential capacitance as ac frequency f = %

G parallel interfacial differential capacitance

Cs series differential capacitance

Caat saturation capacitance

CH cyclohexanol

CPE constant phase element

D effective diffusion coefficient

E electrode potential

Eax maximal adsorption potential

Ex limiting adsorption potential shift of zero charge potential, 6=1

Eo zero charge potential

EDL electrical double layer

EDLC electrical double layer capacitor

f ac frequency

FMG Frumkin-Melik-Gaikazyan model

FMGC, modified Frumkin-Melik-Gaikazyan model

HF high frequency maximum

j imaginary unit, j= x/—_l

J current density

Kad, Ka, adsorption and desorption rate constants, respectively

ke, Kkq, Ky, kg’ rate constant of the cluster growth and dissolution process
constants, respectively

ki; ky; ks constants characterizing the process of two-dimensional association
of organic molecules

LB Langmuir-Blogdett films

LTSE low-temperature series expansion model
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MBE molecular beam epitaxy

MFA Frumkin adsorption model
n-HepOH n-Heptanol or 1-Heptanol

Na Avogadro’s number

p pressure

QCA quasi-chemical approximation

R gas constant

R charge transfer resistance

Ry base electrolyte resistance

Rp diffusion resistance

R, ‘needle peak’ resistance

R, parallel resistance

R, series resistance

S area of cluster

Sa area engaged by one adsorbed molecule
SAM self-assembled monolayer

SDS sodium dodecyl sulfate

SEIRAS time-resolved infrared spectroscopy
t time

T absolute temperature

TBA® tetrabutylammonium cation
tert-PenOH fert-pentanol or 2-methyl-2-butanol
X distance from the plane of adsorption at the electrode

Za-n, Zw.a, Zw-w-particle-particle interaction energy, where W stands for water

and A for adsorbate

Warburg-like diffusion impedance

fractional exponent

depression angles calculated from Cole-Cole plots

chi-square function

interfacial tension

reversible surface work

Gibbs adsorption of component i

maximal Gibbs adsorption of adsorbate

re Gibbs adsorption of neutral organic compound
weighted sum of the squares

AG,q standard Gibbs energy of adsorption

N

>
=

=]
o
1

YOI R™®™R

AG;, standard Gibbs energy of intermolecular interaction
EAA nearest-neighbor interaction energy

g real part of the complex dielectric constant

g’ imaginary part of the complex dielectric constant
&* complex dielectric constant

U chemical potential

7 chemical potential of the component i
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net rate of adsorption due to the departure from equilibrium
conditions

adsorption exchange rate

surface pressure of the adsorbate

surface coverage

maximal surface coverage

surface charge density

surface charge density when surface coverage 6=1

surface charge density of the base electrolyte

surface charge density of the area covered by clusters
diffusion (theoretical) controlled relaxation time constants
theoretical relaxation time constant of heterogeneous charge
transfer process

experimental relaxation time constant, calculated from (@R,) "', Cp-
dependence

experimental relaxation time constant obtained by Eq.6.1.2.1
experimental relaxation frequency obtained from Nyquist plots
angular frequency (equal to 27f)

exchange rate of molecules in the condition of two dimensional
associations

experimental angular frequency obtained from Nyquist plots
the notation of the Bi crystallographic plane (index)
two-dimensional

2, 2’-bipyridin

three dimensional
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3. INTRODUCTION

Adsorption of organic compounds at the metal ‘ electrolyte solution interface is
attracting considerable attention of everyone concerning with theoretical and
applied electrochemistry. Indeed, unless the adsorption effects are taken into
account it is impossible to understand the mechanism of most of the processes
occurring at the mercury and solid electrode surface and therefore to interpret
the results of electrochemical kinetics.

Adsorption of organic compounds is widely used for regulating the pro-
cesses of metal electrodeposition. Adsorption as well as desorption determines
the behaviour of organic compounds at positive electrodes of fuel cells and
therefore their suitability as electrochemical fuel. The action of corrosion inhibi-
tors is based on adsorption effects and they must also be taken into conside-
ration in investigations for new routes of organic electrochemical synthesis.
Adsorption effects are also met in the general electrochemical industry. Investi-
gations of adsorption phenomena at electrode | solution interfaces are of no-
ticeable theoretical interest, extending our knowledge about the structure of the
electrical double layer.

Adsorption and desorption are very complicated processes at solid electro-
des because the crystallographic structure has very noticeable effect on the
thermodynamic adsorption parameters as well as adsorption kinetics. Solid
electrodes are usually geometrically inhomogeneous and this aspect causes the
formation of the non-homogeneous adsorption layer structure at real solid
surfaces. Therefore the thermodynamic and kinetic studies of adsorption at
single crystal plane electrodes can be taken as only a first step forward develop-
ment of the molecular level adsorption theory at energetically homogeneous as
well as non-homogeneous polycrystalline surfaces.

It was demonstrated using in situ STM method that the electrode potential,
surface charge density and nature of the base electrolyte ions has noticeable
effect on the molecular structure of adsorption layer for camphor + Na,SO,
| Bi(111) interface. The weak specific adsorption of SO, anions at positively
charged Bi(111) surface indicates the camphor compact adsorption layer
formation at Bi(111). However compounds demonstrating only the physical
adsorption nature (1-hexanol, 1-heptanol, dodecyl sulfate anions) are unable to
form very compact adsorption layers at Bi(111) electrode interface, very well
detectable using in sifu STM method.

Adsorption/desorption kinetics thus charge accumulation and release
kinetics is extremely important for the development of the electrochemically
efficient electrical double layer capacitors (EDLC), because the peak power
density of EDLC is primarily related with the rate of desorption of organic
cations and anions adsorbed at electrodes. However taking into account the
process nature at the nanoporous EDLC electrodes at first the adsorption
mechanism of tetraalcylammonium cation and dodecyl sulfate anions at single
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crystal plane electrodes is extremely important, because in addition to the slow
heterogeneous adsorption step the mass transfer limitations can complicate the
kinetic analysis of adsorption at nanoporous electrodes.

Uracil, sodium dodecyl sulfate, tetrabutylammonium cation, camphor and 2,
2’-bipyridin were chosen because (1) adsorption of these compounds has been
well investigated on Hg, Ag and Au planes; (2) they are forming compact
adsorption layers; and (3) can be investigated in a wide potential region.

The main aim of this work was to establish the nature of the limiting stages
and to obtain the kinetic and thermodynamic parameters of uracil, SDS,
camphor, TBA" and 2,2’-BP adsorption on the various Bi planes within the
wide range of concentrations and electrode potentials.
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4. LITERATURE OVERVIEW

4.1. Thermodynamic conceptions of adsorption and basic
equations for the calculation of the adsorption parameters of
organic compounds at metal electrodes

The thermodynamic method for the calculation of the adsorption parameters of
organic compound on metal electrode is based on the fundamental electrocapil-
lary equation and at constant pressure and temperature it can be written in the
form [1, 7]

dy =—odE - 1;du; = —odE - RTY.I';d Ina; 4.1.1)

where y and o are the interfacial tension and surface charge density respecti-
vely; 75, a; and g are Gibbs adsorption, activity and chemical potential of the
component i, respectively, 7 is the absolute temperature and R is the gas
constant. If a; = const., then dlng; = 0, and under these circumstances the so-
called Lippmann equation can be received

o i)
o (a”E . (4.1.2)

According to the Lippmann equation the differential capacitance is obtained as

C_da

= d_E (4.1.3)

and after substitution of Eq. (4.1.3) into the Eq. (4.1.2) we can get the relation-
ship for the differential capacitance

do R
c=""= _[ 5E72j (4.1.4)

i

For solid electrodes, to a first approximation, the interfacial tension yshould be
replaced by the reversible surface work y term [1,6,7] in Eq. (4.1.4).

According to the Eq. (4.1.1) the Gibbs adsorption of neutral organic
compound on the electrode surface at constant potential, temperature and
pressure is defined by
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1 o
r =- 4.1.5
78 RT|Olnag, o (1)
Y4

where a,r, 1s the activity of organic compound in the solution [6].

Nonthermodynamic methods for the calculation of the adsorption para-
meters of organic compounds at the metal electrodes are based on various
electrical double layer (EDL) models and physical conceptions [1,7,8,14,23].

The first quantitative theory for adsorption of organic compounds at liquid
electrodes has been developed by A. N. Frumkin at 1925 [18] and nowadays the
various modern models are based on this model. In this conception the
behaviour of organic compound at metal electrode is discussed as the two
parallel capacitor equivalent circuit, where one of the capacitor characterize the
adsorbed electrolyte on the electrode surface and the other characterize capa-
citor are determined by the adsorbed organic compound monolayer parameters.
The surface charge for such a system is defined as

o=oy(1- )+ o0 (4.1.6)

where op is the surface charge for the base electrolyte in the surface inactive
solution (where cqs = 0), ¢' is the surface charge density for the solution where
the surface coverage &= 1. Using Egs. (4.1.3) and (4.1.6) it is possible to obtain
that

c=CE(1-0)+C (Eseo— EN) O (4.1.7)
where Cj is the differential capacitance, when &= 0, C' is the differential capaci-
tance, when 6= 1, E,is the zero charge potential and Ey is equal to the change
in the zero charge potential value due to the displacement of a monolayer of

water molecules by a monolayer of organic adsorbate. After differentiation of
Eq. (4.1.7) with respect to E, we shall receive [1,7,8]

C:CO(1—9)+C'6’+(0'—00)% (4.1.8),

At the maximal adsorption potential (E.x) the derivative d&/dE = 0 and under
these circumstances we can receive

C=C,(1-0+C0 4.1.9).

The experimental surface coverage values at E=F,,,x can be estimated using the
Frumkin’s model of the two parallel capacitors [1,7,8]
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6=(CO-C)/(CO-C") (4.1.10)

Thereafter, to a first approximation, usually the applicability of the Frumkin
adsorption isotherm [8]

max Corg

=1 99 exp(—2a0) (4.1.11)

is assumed where B and « are the adsorption equilibrium constant and molecular
interaction parameter at Ey,,, respectively.

The surface pressure of the adsorbate film 7, can be calculated by using the
back-integration method based on Eq. (4.1.4) as follows

E E
m(E)=y'cco=V'e= | 0.dE — [o ._odE (4.1.12)
EO EO

where subscripts ¢ and ¢=0 indicate the presence or absence of the adsorbate in
the bulk of the base electrolyte, respectively [1-6,10—12].
The values of /"and /. can be obtained according to the Eq. (4.1.13)

1 ( or )
I'=— (4.1.13)
RT é’lnc E,T,p

Usually the values of /1, are obtainable from the slope of the linear part of
the 7, log coy dependences (constructed at E=const). Using the obtained /.
and surface charge density values, we can calculate the Gibbs adsorption values
according to the relation

O — 0=
I = I hax (4.1.14)
Ol 9T=0

max

The values of (o .. ~—Or —0) can be obtained by the extrapolation of the

linear section of the o(E) -curves.

The orientation of the adsorbate molecule, which is reflected in the
molecular area S and can be correlated by /1.x (if £ ax corresponds to G = 1)
as
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S = Gnax/ TnaxNa = 1/ TN (4.1.15)

where [, is the maximum Gibbs excess for organic compound at the electrode
surface; N is Avogadro's number. The experimental values of Sy can be
compared with the projections of Courtauld models for vertical and flat
orientations [25].

The standard Gibbs energy of adsorption AG,4 at E.., is obtained as [1-8]

AG 44s =—RT In (55.5 Buay) (4.1.16).

The Gibbs energy of total intermolecular interaction in the adsorption layer
is obtained as [13,14,89,90]

—-AG?

int 2aRT = 2ZW—A — ZA—A — Zw_w (4117)
where Z is the particle-particle interaction energy, W stands for H,O and A for
adsorbate.

The experimental data to calculate the adsorption parameters of organic
compounds adsorption at the metal electrodes have been obtained by the
electrochemical impedance, cronoculonometric measurements method and STM
study.

4.2. Adsorption kinetics of organic compounds

Frumkin and Melik-Gaikazyan first observed the frequency-dependence of the
impedance of the Hg electrode adsorbing neutral organic molecules [3,9-18],
this conception has been enlarged to other metal electrodes by various authors
[1,2,19-22]. For the case of adsorption kinetics controlled entirely by the rate of
diffusion, they deduced the following expressions for the frequency-related
admittance of the electrode [3,9,—18]

1/2
c 1[N} (@)
oc )\ 2D
p:Ctrue+ 2
al_, @ 1/2
— — +1] +1
oc ).\ 2D

(4.2.1)
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Coe(®)(5)]

= (4.2.2)

@R, (arj ( & jw :
— — +1] +1
oc )\ 2D

where /”is surface concentration; w4 is chemical potential; and @ is angular fre-
quency equal to 27f; C, is a parallel interfacial capacitance; Cyue=(0 g/ 0 E) 1, i8
an interfacial capacitance as ac frequency f— o,
C, =(q/0E )r’ .t (6q/0r), (0 / OE) . is a differential capacitance as f—0;

and C,=C,-C,.= (86] / GF) P (ar/ OFE ) ,is an adsorption capacitance,

caused by the dependence of /"(i.e. surface coverage 6) on £ [9,10].
As shown by Armstrong et al. [11], if the diffusion controlled relaxation
time (7p=1/27fp) is defined as

t, =(0/éc) e /D (4.2.3)

and a Cole—Cole distribution [12] of relaxation times about 7, is assumed (with
the particular value =0.5 in their Eq. (4.2.13) [12], which for the case of
relaxation of dielectric polarization leads to the frequency dependence of the
real & and imaginary &’ parts of the complex dielectric constant £*) then Eqgs.
(4.2.1) and (4.2.2) can be rewritten as

C =C +(C“d[1+(0'5wTD)”2D

42.4
P : 1+ ot ,)"? + o1, (4.2:4)
C (0507,)"

1/aR, = il ) (4.2.5)

1+ Qo) +0r,

Egs. (4.2.4) and (4.2.5) require that 1/@R,, versus C, (so called Cole-Cole plots)
should take the form of a quarter-circle, intersecting the C,-axis at the values
Cirue and (Cirye +Cag) [11-14].

For the case of adsorption kinetics controlled entirely by the rate of a
heterogeneous charge transfer process, Frumkin and Melik-Gaikazyan [3, 9]
deduced the following equations for the frequency-related admittance of the
electrode:
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C, (ov/ar),,

Cc =C,, 4.2.6

T @ +(ov/ar);, (326
c,,(ev/er

1/oR, = OV O)y (4.2.7)

w® +(@v/ar);,

where vin mol cm? s is the net rate of adsorption due to the departure from

equilibrium conditions.
If

Tx = or 42.8

L P . (4.2.8)

is defined as the relaxation time of the heterogeneous charge transfer
(adsorption) process (7x=1/2fx), then Egs. (4.2.6) and (4.2.7) become

c
c =C, +—9— (4.2.9)
S B
C  wr
l/wR = —< —X_ (4.2.10)
" 1+ e’r,

Thus, according to [11, 14], the 1/@wR, versus C, plot should take the form of a
semi-circle with a centre C,=C,¢/2+Cine; 1/@0R,=0. Eqs. (4.2.9) and (4.2.10)
have the same form as the Debye—Pellet equations for the relaxation in a
dielectric with a single relaxation time [11, 12]. It should be noted that on the
basis of the Frumkin adsorption isotherm, the following equations for the
diffusion relaxation time

| po*(-0P
2Dl -2a0(1-6)? |

D (4.2.11)

and for the adsorption relaxation time

_ 1,6(1-9)
K yol-2a00-0)]

(4.2.12)
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have been derived by Retter and Jehring [15] with the Frumkin interaction
coefficient a, adsorption exchange rate v, and /., characterizing the influence
of the maximal Gibbs adsorption and the surface coverage & on the correspon-
ding relaxation times. Therefore the intermolecular interaction energy plays a
very big role in zpand 7k values.

The situation of mixed diffusion and heterogeneous charge transfer control
was studied in the most general case by Lorenz and Mockel [16-25]. The
frequency-related admittance has been expressed by the relations

i+ 0.50z,)"]
(0.507,)" + ot [ +[0507,)" +1]

C,=C,.+ (4.2.13)

2

Cu [(O.Sa)rD )”2 + a)rK]
[(O.SCOZ'D )”2 + ZUTK]2 + [(O.Sa)z'D )1/2 + 1]

1/ ok, = (4.2.14)

2

If 7 and 7 are of the same order, the 1/wR, versus C, plot gives a gradual
transition from a quarter-circle (at low @ when there is effectively complete
diffusion control) to a semi-circle (at high frequencies when the control is
effectively heterogeneous)[16,17].

According to the Lorenz model the impedance values for so-called
adsorption branch in parallel to Ci,,. can be calculated as [10,16,23]

Z]' =(O.57D)1/2a)—1/2cad*1 +TKCad71 (42'15)

Z]H :(O.SZ-D)]/Za)_l/ZC'116171 "F(G)Cad)_l (4216)

If the diffusion is the limiting stage of an adsorption process, then the equilib-
rium values of differential capacitance at @ — 0 can be obtained by the linear

extrapolation of the C,q, ®'*-dependence to @'*=0, as well as being calculated
by Eq. (4.2.17)

C(@=0)=C, ()R} (@)0* +{(C,y ()R, (@)o~ DR, (0)w} " (4.2.17)

where Cy,y(®w) and R,(w) are the values of the differential (additional) capaci-
tance and parallel resistance at w=const [18,19]. Thus, by linear extrapolation of
the Rs(w)-values to @ —> oo, the solution resistance Rs(w)=R. can be
determined. Since the amount of organic compound added is small and does not
affect the solution resistance, one can assume R, to be equal to the ohmic
component Rg of the impedance in the pure base electrolyte solution [3, 9].

21



If, at a given frequency, the adsorption process is characterized by the
additional capacitance C,q(®) and by the parallel resistance Rp(w), which are
assumed to be parallel in the equivalent circuit, then for a slow diffusion step

cotS =R, (0)C,, (@) =1++2D /(T /dc), INw =1+ M | o (4.2.18)

where M is the slope of the cot Svs @ > plots.

At very low frequencies noticeable deviations have been observed,
explained according to Lorenz [16,23] and Damaskin et al. [1,13,14] by the
two-dimensional association of the adsorbed molecules in the interfacial
metal | solution region. In this case the value of cot J can be calculated as

e e[

k? {“’jz [“’+*/5j+a’(k1k3 ~k,)

@, w, M @,

coto =

(4.2.19)

where w, is the exchange rate of the two-dimensional association, and 4, k, and
ks are certain constants characterizing the process of two-dimensional associa-
tion [1,13,14,16,24].

Usually, the components of the adsorption impedance are calculated from
the impedance data of the cell used for the measurements (series circuit), i.e.
from Cs(w) and Rs(w) following the procedure described in Refs. [1,13,14,
18,19,23].

4.3. Phase transition in two-dimensional adlayers at electrode
surface: thermodynamics, Kinetics and structural aspects

Two-dimensional (2D) phase transitions on surfaces have received increased
attention in recent years [24—27] as they are related in important aspects in
surface, interfacial and materials science as well as nanotechnology, such as
ordered adsorption, island nucleation and growth [25,28-30], surface re-
construction [31], and molecular electronics [32]. Also directly related to two-
dimensional phase formation are some kinetic phenomena as catalytic activity,
selective recognition of molecular functions [36], or chirality of surfaces [33—
35].

Organic monolayer on well-defined metal substrates may be obtain by
molecular beam epitaxy (MBE), so-called ‘self-assembled monolayers’ (SAM)
or Langmuir-Blogdett (LB) films [36-55]. Alternatively, molecular and ionic
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monolayer can also be obtained on conducting surfaces in an electrochemical
environment. This approach offers the advantage that formation and properties
of a wide variety of adlayer can be controlled as required by the applied
electrode (substrate) potential and subsequently characterized by structure-
sensitive in situ techniques in real space and real time. For these reasons
potentsiostatically or galvanostatically generated monolayers on well-defined
metal electrodes have become attractive model systems and provide an impor-
tant testing ground for fundamental issues in 2D physics and chemistry, such as
phase transitions in adlayers and substrate surfaces [36—59].

Basic ordering principles of the above mentioned monolayers appear to be
(1) the ability to create strong and intermolecular hydrogen bonds between
adjacent molecules [49,50,54], (2) packing constrains, molecular geometry, and
dipole forces [55], (3) ion pairing [56,57], (4) the formation of interfacial stacks
due to m-electron attraction and London dispersion forces [48,50,51,52], (5)
hydrophobic interaction [58], (6) substrate-adsorbate coordination chemistry
[49,53].

The influence of the solvent on the formation and stability of 2D adlayers is
unexplored and controversial [26,37]. Capacitance measurements of ordered 2-
thiouracil film at mercury —acetonitrile interface shows that small amount of
water shifts the stability range and saturation capacitance of the solidlike orga-
nic phase [59], while camphor measurement at Au(111) interface demonstrate
that the organic adlayer is stabilized by hydrogen- bonded coadsorbed water
species which represent the Helmholz region by a network of two or three
capacitors [1,60-63] and classical thermodynamics based on mean-field
treatment [64—66].

Historically, Frumkin-type models were applied first to describe 2D phase
transitions in organic adlayers at metal-electrolyte interface as function of
concentration, potential and temperature. In the simplest case of one-step
adsorption, the classical Frumkin isotherm (Eq. 4.1.11) degenerates into a
vertical discontinuity if molecular interaction parameter a>2 [60—62]. The latter
is related to the average nearest-neighbor interaction energy as follows

RTa
&= _T 4.3.1).

The derivation of a is based on the Bragg-Williams or Frumkin adsorption
model (MFA) assuming (1) the homogeneous (statistical) distribution of mole-
cules among energetically uniform sites, and (2) neglecting local fluctuation and
correlation [40—42]. Retter pointed out that a more realistic isotherms treatment
of 2D condensation in organic adlayer requires the consideration of localized
adsorption and short-range (nearest-neighbor interaction) [67]. The so-called
quasi-chemical approximation (QCA) considers nearest-neighbor site pairs, but
treats them as independent of each other [38, 39]:
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(ﬂ—1+29)(1—9)j 0 432)

In(Bc) = (
(B+1-20)0 ) 1-0

B= {1 —40(1-0 )x(1- exp[%j )r (4.3.3).

The LTSE (low-temperature series expansion model) [68] considers equilibrium
adsorbate clusters (up to 15 monomers) as well as various configurations of
clusters with constant size indication that the lattice geometry is taken into
account. The corresponding isotherm of the condensed phase for the square
lattice is given by

5
2x

f=1-xz" —2[2;84 - jzz —3(6x20 —16x* + 33 14 jz3... (4.3.4)
X
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with z=Bc¢ and x=exp(—ar.re/4). Equation (4.3.4) represents truncated series
expansion, which is obtained by the assumption that contributions of clusters
larger than trimers can be neglected.

The degree of surface coverage of the condense phase can be determined
experimentally at constant potential from the saturation capacitance Cgy, the
capacitance of the noncondensed phase Cy, and the capacitance of the film Cgp,
according to [68, 69]

(4.3.5)

The potential dependences of 6 at constant concentration results from
combining the respective isotherms (4.1.11), (4.3.2) or (4.3.4) with the potential
dependence of adsorption equilibrium constant B of neutral organic molecules
on metal-solvent electrolyte interface, whish is defined as [1, 68]

B=B_ exp(-a(E-E_.)°) (4.3.6)
1 AG )’
B = ex 4 43.7
e (55.5] p{ RT ] (43.7)
CO - Csat
=20 " Csar (4.3.8)
2RTT

max
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With Enax, Bmaxs AGA” represented the electrode potential at maximum adsorp-
tion, the adsorption coefficient at E=FE,,,, and the Gibbs energy of adsorption.
These equations (Egs. 4.3.5-4.3.8) and isotherms permit to model capacity
versus potential dependences in the region of 2D condensation.

The kinetics of 2D phase formation in the simplest case involves the mass
transport of the molecules/ions from the bulk electrolyte toward the surface,
adsorption and/or charge transfer and adsorption at the electrode surface. Mass
transport controlled by diffusion in the case of semi-infinite linear diffusion, is
obtained from Fick’s first law according to

¢ (oc
IR ) 3.
() ! (éxj dt (4.3.9)

x=0

with x as the distance from the plane of adsorption at the electrode. If the rate of
diffusion is sufficiently high, so that the surface concentration is zero c¢,=0
during the phase formation

g L _ 2¢ |Dt (4.3.10)
r T /4

r is the maximum surface excess on the condensed phase [43, 44].

Diffusion-controlled adsorption in the frequency domain was treated theore-
tically and experimentally by Melik-Gaikazyan [3, 9], Lorenz [16,23], and
Armstrong [11].

The kinetics of the adsorption step in the absence of mass transport control
was treated by Lorenz [16] and Delahay [45]. The former yields, in the limit of
a negligible rate of desorption,

0=1-exp(—k,c, _ot) (4.4.11)

where k.4 is the adsorption rate. The same treatment is also valid for interfacial
faradaic reaction.

Lorenz [23] combined diffusion, intrinsic adsorption, and surface associa-
tion as separate contributions and developed the first model attributes a slow
(dynamic) adsorption step to the 2D association of adsorbed species at an
electrode interface.

The kinetics of 2D phase formation and dissolution of organic adlayer are
analyzed on the basic macroscopic models. Recently modern in situ techniques
such as STM and time-resolved infrared spectroscopy (SEIRAS) were applied
to study structural aspects of these phase transitions at a molecular or atomic
level [26,27,50].
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4.4. Fitting of impedance data of two-dimensional adlayers

Experimental impedance data were mainly analyzed using the equivalent cir-
cuits illustrated in Fig. 1, where R, is the electrolyte resistance, Cy,. and Cy4 are
the double layer and adsorption capacitances, respectively; CPE is the constant
phase element; Zy is Warburg-like diffusion impedance, R,q4 is the adsorption or
partial charge transfer resistance and R, is charge transfer resistance [I, 9—
11,19, 20, 70-83]. C, and R, are the capacitance and resistance of the “needle”
adsorption-desorption peak formation discussed later in more detail. The value
of Cye characterizes the capacitance of the metal | electrolyte interface at ac
f— oo and Cyq is caused by the dependence of the electrode surface coverage &
on the electrode potential £. There are two accurate ways to obtain an indication
of how well the modelling function reproduces the experimental data set: (1)
observing the parameter values and their relative error estimates (in %); (2) the
chi-square function (%) and the weighted sum of the squares (A?) also give a
good indication about the quality of the fit [I, 5, 19, 20, 70, 72-75].

For adsorption of neutral organic molecules at electrode surface in aqueous
system to the first approximation the classical Frumkin-Melik-Gaikazyan
(FMG) equivalent circuit (presented in Fig. 1 (circuit b)) is valid. In this case,
the specific impedance and capacitance functions have the following forms

Z(w) =R, + 1 ; (4.4.1)
JoCy +
ad 1
Nl
Jjo JoCy
and

C

C(w) = - ! =C, + ad (4.4.2)
Ja)[Z(a))_Rel] 1+0,Cyjo

where &, (jw)™"? represents the diffusion (Warburg-like) impedance Zy with

its coefficient oy,.
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Fig. 1. Equivalent circuits of an electrode in 0.05M Na,SO, aqueous solution (a) and
with addition of organic compounds: (b) Frumkin-Melik-Gaikazyan (FMGQG);
(c)modified Frumkin-Melik-Gaikazyan circuit, where the “true” capacitance (Cyye =C
at ®—°) has been replaced by the CPE, (FMGC),); (d) Frumkin-Melik-Gaikazian and
Randles circuit; (e) modified Randles circuit where CPE; and CPE, are taking into
account the nonhomogeneous adsorption layer; (f) Wandlowski de Levie; (g)modified
Dolin-Ershler circuit where R, is additional parallel charge transfer resistant, caused by
the irreversible faradaic reaction.

According to the model developed by Wandlowski and de Levie [57, 78-80],
the isotropic two-dimensional cluster will mostly grow at its periphery where
the rate of growth is proportional to the interfacial adsorbate concentration / on
that part of the interface which is not yet covered by clusters, and on the
periphery length 2mr with a proportionality constant k, (i.e. k, is the rate
constant of the cluster growth). The rate constant of the reverse process (i.e.
edge dissolution) is defined as k4. However, the growth and dissolution of
cluster will be assumed to have another pathway available as well, i.e. for the
cluster | electrolyte interface the rate constants k,” and k4’ are assumed. Under
these conditions the following expression for the cluster formation rate is valid
[79]

ds , ,
i 2ar(k I = k) +m? (ke —ky) (4.4.3)
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where S is the area of the cluster, ¢ is time, /is the (absolute) interfacial excess,
and c.y is the adsorbate concentration, here assumed to be uniform up to the
interface. Thus, according to this model, the interface is composed of areas
covered by clusters, and other areas not so covered, with the charge densities o,
and oy, respectively [79]. The charge density of the electrode, G, is given by

c=0,(1-0)+0,0 (4.4.4)
and current density j is given by
j=do/dt=(c, -0,)d6/dt +(1-0)do, /dt + Odo, /dt (4.4.5)

As shown in [79], the first term of Eq. 4.4.5 describes the dominant features of
the needle peak at low frequencies. The sinusoidal perturbation of the potential
can be expressed as E= E'+ E’¢", (where j is imaginary unit (\/—_1 ), @
angular frequency and ¢ rime) the cluster radius as = "+ r"’¢", the cluster
area as S= S+ S”ejw’, the interfacial adsorbate concentration as /= [+
I "ejW’, the extended area fraction as 6, = 6," + HX"ejW’, the area fraction as 6=
0’ + 0"'¢" and the current density as j = + j"’¢". Thus, according to [79]
the current density of the needle adsorption-desorption peak is given as

Jn=jn’ S (4.4.6)
and

Jn = jw(o-l — 0y )QHZ ja)(al — 0y )6_6;0'

X

, y y 4.4.7)
= jolo, — o, e 4k, (0T JGE)E"Y. r'[2jw—K,c + k)

from which the impedance of the needle adsorption-desorption peak can be
calculated as [79]

Z, =E/j = (2ja) - k;c +k, )/{J oo, -0, )e'g; 47k, (8F/8E)z r'} (4.4.8)
Thus, impedance of the needle peak can be expressed by a series combination of

formation resistance (R,) and capacitance (C,), of the needle peak (Fig. 1,
circuit f)

R, =1/ {(al ~o,)e ™ 4k, (0 /OE)> r'} (4.4.9)
C, = o, 0, )™ ank, (o /0E)Y '}/, —k.c) (4.4.10)
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For dilute solutions of organic compound demonstrating ability to for the 2D
condensation layer, the diffusion effects are not yet completely negligible and
therefore it must be introduced the time-dependent interfacial concentration (i.e.
surface concentration depends on ac frequency) in the form ¢ = ¢’ + ¢"’¢"" and

"= (0r/oE)E"+(or /oc)c" (4.4.11)

Thus, there is a difficulty in that the boundary condition defining the interfacial
flux will now be heterogeneous, and there is no exact solution for this non-
trivial problem yet [79]. It is reasonable that the effect of diffusion is likely to
be stronger for the non-covered interface than the covered part, because slow
dissolution and growth are reducing its effects at the patches [79] (Fig. 1, circuit
f). The interfacial admittance can then be represented approximately by the
equivalent circuit, where the Frumkin-Melik-Gaikazyan model for the interface
non-covered by the two-dimensional compact cluster is valid. As shown in
paper [II] for less concentrated solutions the role of two-dimensional compact
clusters is small and the circuit simplifies to the classical Frumkin-
Melik-Gaikazyan model discussed in Refs. [1, 5, 9—11, 13, 19, 20,71].
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5. EXPERIMENTAL

The adsorption of uracil, tetrabutylammonium cations, camphor, sodium
dodecyl sulfate and 2, 2’-bipyridin on the single Bi(111), Bi(001) and Bi(01 1)

planes has been studied by the ac impedance, chronocoulometry and cyclic
voltammetry method. The final surface preparation of Bi electrodes was
obtained by electrochemical polishing in an aqueous KI+HCI solution.
Thereafter, the electrodes were very well rinsed with ultra purified water and
polarized at —1.0 V (vs. Ag/AgCl/KClI saturated solution in H,O) in the surface-
inactive solution for 2 h. The impedance was measured using an Autolab
PGSTAT 30 with a FRA 2 (0.1</<10 000 Hz, 5 mV modulation), and the
system was calibrated using various standard equivalent circuits. The quality of
the electrodes was tested by X-ray diffraction as well as AFM and STM
methods [I-VI].

The water for preparing the solutions was treated with the Milli Q+
purification system (resistance > 18.2 MQ cm). Solutions were prepared
volumetrically using Na,SO, purified by triple recrystallization from water, and
treated in vacuum to dryness. Na,SO, was calcined at 700°C immediately prior
to preparing the solutions. Electrolytic hydrogen was bubbled for 1-2 h through
the electrolyte before the submersion of the electrode into the solution and the
temperature was kept at 298+0.1 K. Compounds studied where obtained from
the company Aldrich.
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6. RESULTS AND DISCUSSION

6.1. Adsorption of uracil on bismuth
single crystal planes
[L, III]

The electrochemical impedance spectroscopy method has been used for the
quantitative study of uracil adsorption kinetics at the bismuth single crystal
plane | aqueous Na,SOy solution interface. The shape of the Z*°,Z’-plots (Fig. 2)
depends noticeably on the electrode potential as well as somewhat on the plane
structure [I] and on the concentration of organic compound in the solution. At
fixed coy and Z°, the value of |Z”’| is maximal in the region of electrode
potentials —1.1 < E< -0.6V (AglAgCl), i.e. in the region of maximal
adsorption. In this region of potentials the impedance spectra have complicated
shape and can be fitted by tilted non-linear lines rather than by the depressed
semicircles. At small ac frequency, the so-called capacitive behaviour prevails
in the region of maximal adsorption —1.0 < E< —-0.5V (Ag|AgCl). At Epux,
differently from Bi(%k/) | tert-PenOH, n-HepOH, cyclohexanol (CH) and D-
ribose interfaces [2,19,20,70,81], the shape of the Z°,Z’-plots depends
noticeably on concentration of the organic compound in solution, and the values
of Ry (Ry is the real impedance component Z° at w—0) are somewhat higher for
the more concentrated uracil solutions [I]. At the electrode potentials £ <—-1.1 V
(Ag|AgCl), the Z”°, Z’-plots can be simulated to a very rough approximation by
the depressed semicircles with the centre displaced below the real axis,
indicating that the relaxation time 7 is not a simple-valued quantity but is
distributed continuously or discretely around a mean 7, = @, " value [3,13,14,
72-77]. Thus, according to experimental data, two limiting stages (diffusion and
adsorption or the partial charge transfer process [2,19,20,70,81]) seem to be
valid at the Bi|0.05M Na,SO, + uracil solution interface at £< —-1.1V
(Ag|AgCl).
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Fig. 2. Complex plane plots for Bi(111)[0.05M Na,SO4 + 30mM uracil (a) system at
different electrode potentials, E/V vs Ag|AgCl: -0.9 (1); -0.7 (2); —1.0 (3); —1.1 (4) and
—1.2 (5) and (b) at different uracil concentrations c: 30mM (1); 20mM (2); 8mM (3) and
O0mM (4) at electrode potential E=—1.1 V vs Ag|AgCl (marks — experimental data; solid
line — calculated according to FMG)

The shape of o, log f~curves is practically independent of electrode potential if
E>-1.1V (Ag|AgCl). According to the experimental data (Fig. 3), the |J
values for Bi(111)[uracil interface have a first maximum (so-called higher
frequency maximum (HF)) at /'~ 1x10” Hz and a second maximum at /< 0.8 Hz
[I]. The maximal values of |d] are practically independent of c,, at maximal
adsorption potential if > 1.0 Hz. The values of || higher than 70° at £>-1.3 V
(AglAgCl) indicate that, in this region of potentials, the Bi(kkl)| 0.05M
Na,SO, + ¢ M uracil interface can be simulated as a nearly ideally polarizable
interface, where the deviations toward mixed kinetics (slow adsorption and
diffusion steps) are possible [1,2,19,20,70,81]. The existence of two maxima in
the o, logf dependences indicates that two experimental relaxation times can be
obtained, however this effect (i.e. two maxima in the 9, log f~plot) is not so well

expressed for the Bi(01 1) |uracil + 0.05 M Na,SO, interface as for Bi(111)

plane [III]. At very low frequencies |J decreases somewhat, which may be
connected with the two-dimensional association [23] or with the partial charge
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transfer between uracil and the Bi surface (or by a very slow faradaic process).
At E<—1.3V, the region of intensive decrease of |d] with f is shifted toward
higher values of f with the increase of negative polarization (Fig. 3). These
results are in a reasonable agreement with the data for the Bi(Zkl)|organic
compound + Na,SO, [2,19,20,70,81] and Hg | aliphatic alcohol interfaces
[3,11,13,14].
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Fig. 3. Dependence of phase angle (0) on ac frequency (f) for Bi(111) (1, 4) and
Bi(011) (2, 3) in the aqueous 0.05M Na,SO, solution with the addition of 30mM

uracil at the electrode potentials —0.7V(1, 2) and —1.2 V (3, 4) (marks-experimental
data; solid lines-results calculated according to FMGC,).

6.1.1. Simulation of impedance data

Experimental impedance data [I] were mainly fitted using the equivalent circuits
illustrated in Fig. 1, and described in chapter 4.4. Non-linear regression analysis
of Z”’, Z’-curves shows that, for less concentrated uracil solutions (Cygeii < 2x10~
* M) within the frequency range from 10 to 6000 Hz and in the region of uracil
adsorption, these data can be simulated with the reasonable accuracy by
classical Frumkin-Melik-Gaikazyan (FMG) equivalent circuit (circuit b in Fig.
1) [I,3]. However the modified Frumkin—Melik-Gaikazyan equivalent circuit [I]
(Fig. 1 circuit c) (taking into account the inhomogeneous semi-infinite diffu-
sion) can be used for fitting other experimental Z", Z'-plots at Coraci=2%107 M.
Thus, to a first approximation, it can be concluded that the deviation of studied
system from the classical Frumkin-Melik-Gaikazyan model arises because of
the increase of surface coverage and compactness of the adsorption layer on the
Bi surface. This effect has been observed for more complicated systems and can
probably be explained using the theory of the electrochemical impedance of
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anomalous diffusion [82—85] (i.e. using the anomalous diffusion model with a
reflecting bounding interface in our case; oty > 0.5).

The values of the diffusion resistance Rp (at ao; = 0.5 (FMG) as well as
Olorg # 0.5) obtained according to Eqs. (4.4.1) and (4.4.2) are maximal in the
region of maximal adsorption. Thus, Rp increases with the increase of surface
coverage on Bi(hkl) electrodes at c,, = const. Rp depends somewhat on the

plane studied, and increases from Bi(111) to Bi(01 1). Rp has minimal values

at the potentials £ << E,—, practically independently of the plane studied [I].

C,q values calculated according to Egs. (4.4.1) and (4.4.2) have minima at
the potentials of maximal adsorption in a good agreement with the Frumkin-
Damaskin adsorption theory of neutral organic compounds at ideally polarizable
electrodes [1,3,9-14]. The C,4 values increase very quickly with the decrease of

E in the region E <—1.3 V (Ag|AgCl), where the value of (GH/GE)# is high. At

very high @ values as well as in the region of maximal adsorption, C,q has a
tendency to approach zero [I].

The dependence of Ci,. on the electrode potential is in a good agreement
with the Frumkin-Damaskin adsorption theory of neutral organic compounds at
the ideally polarizable electrodes [1-3,13,14]. Cyy. has minimal values in the
region of zero charge potential (in the region of maximal adsorption) and
increases quickly with desorption of the organic compound from the electrode
surface with the increasingly negative polarization of the electrode [I].

6.1.2. Estimation of limiting stages [I]

The so-called Cole-Cole plots (frequency-related admittance) plots have been
calculated (Fig. 4) according to Egs. (4.2.5), (4.2.10) and (4.2.14). There is
considerable deviation of the 1/@R,, C,-plots from the quarter-circle (the purely
diffusion-limited stage) as well as from the semi-circle (i.e. from the purely
adsorption-limited process). The values of rexp=(27\z7’mx)’1 obtained from Cole-
Cole plots characterize the kinetically mixed-controlled adsorption process of
uracil at the Bi(011) | 0.05M Na,SO, interface [I]. Thus, in the region of

higher frequencies (1000 < f'< 7000 Hz), the values of depression angle [ are
noticeably lower than 45° indicate mixed kinetics of the uracil adsorption at the

Bi planes [1,9-21]. For Bi(01 T) at moderate frequencies (10 < f'< 100 Hz) and

at E>-1.1V (Ag|AgCl), the values of the depression angle between the radius
of the arc and the C,-axis £’ are noticeably higher than those at /> 1000 Hz and
indicate that, in the region of lower ac frequencies, the deviation from the
diffusion limitation is small as for this region of f'the 1/wR,,C,-dependence can
be simulated by a quarter-circle with a centre lying noticeably lower than the
C,-axis [I]. In the region of maximal adsorption in the case of very low
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frequencies, an additional semicircle has been established for the Bi(111) |
uracil interface, which is caused by the restructuring effects (probably two-
dimensional association) prevailing in the adsorption layer at f< 35 Hz. For
Bi(011) plane, the linear dependence of (@R,)" on C, with the angle 5 = 45°
has been established (nearly the diffusion-like limited process). The slope of
1/wR,, Cy-dependences is noticeably lower (87~ 40°) in the low frequency
region (f< 44 Hz) than at > 1000 Hz and, thus, the deviation of the Bi(kk/) |
uracil + Na,SO, interface from the purely diffusion-limited mechanism is
noticeably lower than at higher frequencies. According to the data in Fig. 4, the
shape of the 1/wR,, C,-curve depends very slightly on the concentration of
uracil (if —1.3 < £-0.5 V), and the values of Cy,. = Cy(@w—>) are practically
independent of ¢yt [3]
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Fig. 4. Cole-Cole plots for Bi(111) in the 0.05M Na,SO,+ 30mM uracil solution at
electrode potentials E£/V (a) vs Ag|AgCL:-0.7V (1); —1.1 V(2); -1.4V (3); and 1.6V (4)
and for (b) at E=—0.7V with addition of uracil: 30mM (1); 20mM (2) and 8mM (3)

The values of relaxation frequency at cumcil>1.0><10_2 M depend noticeably on
the electrode potential, and the values of 7., decrease with the decrease of the
negative electrode potential, i.e. with the compactness of the uracil adsorption
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layer [I]. The deviation of the system from diffusion limitation in the region of
moderate frequencies is noticeable, and the values of the experimental
relaxation time do not correspond to the diffusion relaxation times [I]. The
values of 7., depend somewhat on the crystallographic structure studied. In the
region of maximal adsorption noticeable increase in the (a)Rp)’l values has been
observed at very low frequencies (f'< 10 Hz), which is caused by the slow
reorganisation of the adsorption layer (two-dimensional association according to
Lorenz and Mockel [1,13,14,16,23]).
As shown by Armstrong et al. [11], if the function

2 —2
log (€,=¢,) +(ar,) =" (6.1.2.1)

(€, +(or, )

is plotted against log f; a straight line with a slope value equal to 2(1-2") should
be observed. A linear dependence with the slope equal to unity (corresponding
to & =0.5) for completely diffusion control process, and a straight line with a
slope equal to 2 (a =0) for a completely heterogeneous charge transfer
controlled process would be expected [11]. For mixed control, y* vs. log f-
dependence with unit slope at low frequencies would deviate to slope 2 at
higher frequencies. The experimental data, indicate that the deviation of the
Bi(hkl) | uracil system from diffusion control is smallest for the chemically most

active Bi(011) plane, for which the Gibbs adsorption values are lower than

for Bi(111) plane [III]. The values of T*exp (obtained from y", log f dependence
[11]) are practically independent of c., if E< —1.1V (AglAgCl), but in the
region of maximal adsorption r*exp increases with the decrease of cu in
solution, being somewhat lower than the values of 7., obtained from the Cole-
Cole plots [I].

The experimental (a)Rp)’l,logﬁdependences have been simulated using Eqgs.
(4.2.5), (4.2.10) and (4.2.14). According to the results of calculations, a better
fit of the experimental and calculated data was established when Eq. (4.2.14)
(mixed kinetics) was used [I,13,14,16,23]. The values of 7™ and 7™,
indicate that the adsorption process is limited mainly by the heterogeneous
adsorption step as the smaller values of 7™ than 7™ were established.

6.1.3. Adsorption isotherms and
thermodynamic adsorption parameters [I11I]
The thermodynamics of uracil adsorption at Bi(4k/) has been studied using

impedance spectroscopy method. The limiting adsorption potential shift Ey,
Gibbs energy of adsorption ~AG®, and interaction constant values a in the
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Frumkin isotherm have been calculated (Table 1) and compared with the
corresponding data for other organic compounds studied by us [II, V, VI].

Table 1. Adsorption parameters for different systems [II, V, VI].

Com-
AGags o | T 10 | S AGy
pound ads > 2 max A int
Plane a (kJmol’l) C’ (uFem™) (mol cm’z) (nmz) Ex(V) (kJmolfl)
Bi(111) | 1.5 -16.4 15.2 2.2 0.075 | —0.05 7.4
Tg
i Bi 1.1 17.1 15.1 2.3 0.072 0.07 5.4
j:_é Bi(111) | 0.63 -27.5 5.53 1.11 0.15 0.053 -3.1
(324
E ‘5 Bi 0.81 26.5 4.36 1.78 0.093 | 0.043 3.9
B
A Bi(001) | 0.75 -25.3 5.48 1.79 0.092 | 0.108 -3.7
g
g* Bi(111) | 1.89 -21.1 3.2 3.4* 0.048 - -9.5
S
[
, .E
E\'n E Bi(111) | 1.45 -29.8 2.7 8.3% 0.020 - -6.9
A=Y
el

*calculated from in situ STM data.

The equilibrium capacitance C vs. E- curves have been obtained by the linear
extrapolation of the C, ®"-curves to the condition @"?=0. At constant ac
frequency and in the region of maximal adsorption, C decreases with increasing
Corg 1In solution. Differently from Bi(kkl)[n-heptanol (n-HepOH), tert-pentanol
(tert-PenOH) and cyclohexanol (CH) interfaces [2,19,20,89,90], there is no very
well developed adsorption-desorption peaks in C, E-curves at the surface charge
density 0<< 0 and C starts to increase with increasing the negative polarization
of the electrode at only £ <-1.5V (Ag|AgCl). Going further in the positive
direction, the differential capacitance decreases to a value much smaller than
that observed for the base electrolyte Cy. The limiting capacitance C’ (Table 1),
obtained by the linear extrapolation of the C', c., - dependence to the
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condition cor, '=0 [1-3,13,14,1I1-VI], increases from Bi(011) to Bi(111) at the
potential of maximal adsorption E .

The o, E-curves for the Bi(hkl)| solution interface were obtained by
integration of the C, E-curves, starting from the potential of zero charge E,-
[III]. The values of E, for different Bi single crystal planes were obtained
from the position of the diffusion layer minimum in the C, E -curves for
independently measured differential capacitance curves for dilute base
electrolyte solutions (0.002M Na,S0O,) and for 0.002M Na,SO4 M+ xM uracil
solutions [III]. The negative surface charge density increases with the negative
polarisation of the Bi(%kl) electrode surface but the experimental o,E-curves for
Bi(011) in the more concentrated uracil solutions do not coincide with the
o,E-curve for the base electrolyte solution at o << 0 as it was found for Bi(111)
and for the other neutral organic compounds on Bi(44/) in the previous works
[2,19-22,70,89,90,86,87]. Therefore the o, E—~dependences for more
concentrated uracil solutions were extrapolated to more negative potentials to
coincide those with the o, E-curve for the base electrolyte. It should be noted
that the o values in the case of ¢y, higher than 1x 10° M at E<—1.1V are not
very exact, taking into account the mixed kinetic mechanism of adsorption. For
that reason, it is impossible to obtain the exact Gibbs adsorption values and only
the approximate values of [j.x~2.2 mol cm?  for Bi(111) and
T ax ~ 2.3 mol cm ™ for Bi (Ol 1) have been obtained from the surface pressure 7
vs log cor, dependences according to the method discussed in [1-3, 13, 14, 30,
89, 90].

The limiting adsorption potential values Ey were obtained, presented in
Table 1. The Ey negative values indicating that, differently from the simple
aliphatic organic compounds [2,70,86,87,89,90], the uracil adsorption is
characterized by the very small change in the dipole potential drop in the
adsorbed layer at the Bi(447) surface.

The applicability of Frumkin adsorption isotherm was tested using the
log[ @/(1-O)c], & plots method. These plots have a good linearity within the
region 0.1<6<0.8 for Bi(111) and Bi(01 1) planes and the Frumkin model is
valid [111,2,19,20,86,87,89,90].

It was found that -AG’ increase in the order Hg < Bi(111) < Bi (01 1).
The values of a are higher for Bi(kkl) compared with Hg [4, 91] indicating the
noticeably higher surface activity of uracil and van der Waals intermolecular
interaction energy on Bi(4k/) in comparison with the Hg electrode. The limiting
adsorption potential shift are comparable for the Hg and Bi(kkl) electrodes,

indicating the similar orientation of uracil molecules at Bi(4kl) planes and Hg
electrode [4, 91].
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6.2. Adsorption of sodium dodecyl sulfate on bismuth single
crystal planes [VI]

Electrochemical impedance spectroscopy has been employed for the study of
sodium dodecyl sulfate (SDS) and adsorption kinetics at the Bi(111), Bi(001)

and Bi(011) 10.05 M Na,SO, aqueous solution interface. The shape of

Nyquist plots (Fig. 5) depends noticeably on the SDS concentration (csps) as
well as on the electrode potential, and somewhat on the plane studied. At
potentials more negative than the adsorption—desorption peak potential
(E"*<—~1.4 V vs. Ag/AgCl), the Z", Z' plots for all cgps studied can be
represented by very well depressed semi-circles with experimental relaxation
frequency z,=(wm) '=(2f) ', which corresponds to mixed kinetics (i.e. the SDS
adsorption process is limited by the slow adsorption (zx™) and diffusion
(7™ steps) [I,VI,2,11,13,14,16,23]. At potentials less negative than the
potential of maximal adsorption E,.., the Z", Z’ plots can be represented by the
slightly depressed semi-circles again in all the regions of adsorbate
concentration in 0.05 M Na,SOy solution. The complicated shape of the Z", Z'
plots at ¢sps>8%10™* M can be described by the theoretical models for ac
impedance of the so-called anomalous diffusion layer [1,82—85].
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Fig. 5. Complex plane plots for the Bi(001) 10.05 M Na,SO4 + 0.16mM SDS system at
different electrode potentials, £ (V / Ag| AgCl): —1.1 (1); —=0.8 (2); —1.4 (3); and —1.5
(4) (points, experimental data; solid lines, calculated according to FMG; ¢org = 0.5).
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The phase angle |d|, log f plots given in Fig. 6, demonstrate the complicated
kinetic behaviour of Bi(kkl)] xM SDS+ 0.05M Na,SOy, interface. There are two
maxima in -9, log f plots for £>—1.2 V and ¢<8x10*M SDS solution indicating
that there are two characteristic processes with very different characteristic time
values as it was already observed in —Z”°, Z’-plots. At more negative potentials,
E<< Ea, the values of phase angle are decreasing caused by the slow Faraday
processes.
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Fig. 6. Dependence of phase angle (6) on ac frequency for Bi(001) in the aqueous
0.05 M Na,S0O, solution with addition of 0.4 mM SDS -0.8 V (1); -0.6 (2); —1.2 (3);
and —1.6 (4) (marks- experimental data, lines- calculated according FMG).

The equilibrium differential capacitance curves (Fig. 7) have been established
by the linear extrapolation of the C, ®"? curves to the condition ®"?=0. In the
region —1.37<E<—1.0 V (Ag/AgCl), there are very nice adsorption—desorption
peaks with the potential EF**, depending parabolically on log csps in good
agreement with the Frumkin—Damaskin adsorption theory [VI,1,13,14]. Small
additional steps in the C, E curves (at £>-0.6V) for more concentrated SDS
solution within the region of maximal adsorption, indicating the possibility of
phase transitions in the adsorbed layer, have been observed for Bi(111) and
Bi(001) planes [VI].
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Fig. 7. Differential capacitance versus electrode potential curves (extrapolated to
/=0 Hz) for Bi(001) | 0.05 M Na,SO4 + ¢ M SDS system, for csps, M: 1.6x10°° (1); and
8x107% (2).

The data for cspg<1x107> M (Fig. 7) show that the additional capacitance step at
—1.2V< E <-1.1V are clearly visible for Bi(111) and Bi(001) indicating to the
hemi-micelle formation process at Bi(111) and (001) planes, similarly for Hg
and Au(hkl) electrodes [92-94]. Very compact adsorption layer of SDS Bi(/kl)
has been formed at F=FE,x [V1,64-66,70].

6.2.1. Calculation of the complex impedance plane plot parameters

Non-linear regression analysis of Z’°,Z’-curves for less concentrated SDS
solutions cgps<3x10~* M show that for the first approximation at peak potentials
the data can be simulated with the classical Frumkin-Melik-Gaikazyan (FMQG)
equivalent circuit presented in Fig. 1 (circuit b). The experimental data for more
concentrated solutions (csps = 8x107* M) in the region of maximal adsorption
(at very low frequencies f< 0.6 Hz) can be simulated using the equivalent
circuits (f) in Fig. 1 (i.e. by the Wandlowski- de Levie circuit), taking into
account formation of compact adsorption layer at Bi(4k/).
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The dependence of Ci,. and C,; has minimal values in the region of zero
charge potential (in the region of maximal adsorption) and increases quickly
with desorption of the organic compound from the electrode surface with the
rise of negative polarization of the electrode which is in a good agreement with
the Frumkin-Damaskin adsorption theory of the neutral organic compound at
the ideally polarizable electrode [I,VI,1,2,13,14].

The diffusion resistance Rp obtained at ¢y, = 0.5 is maximal in the region
of E.x- Rp increases with the increase of surface coverage and with decreasing
the negative polarization of the Bi electrodes at fixed cgps.

6.2.2. Estimation of the limiting stage using classical analysis model

The Cole-Cole plots Fig. 8 have been calculated [VI]. The shape of Cole-Cole
plots depends on the electrode potential and csps. At f> 1000 Hz these
dependences take the form of a slightly deformed quarter-circle, with the
depression angle < 25°. Thus, in the region of higher frequencies (1000 < f
< 7000 Hz), values of S somewhat lower than 45°, indicate of the mixed
kinetics of the SDS adsorption at Bi planes (with 7™ > 7,™). At E & Epay,
there is a practically linear dependence of (a)Rp)’l on (C, —Cie) (with the slope
value £ > 35°) at very low frequencies (f< 5 Hz), which is caused by the
Warburg-like diffusion processes within the region of compact adsorption
(surface) layer.

@R, uFem™

Cp-Ctrue | WF cm™

Fig. 8. Cole-Cole plots for Bi(111) plane in the 0.05 M Na,SO4 + 8 mM SDS solution at £
(Vvs. AglAgCD: —1.6 (1); 1.5 (2);-1.3 (3); 0.6 (4); 1.2 (5); 1.1 (6); -0.8 and (7).

The values of aexp*, calculated from the y* log f~dependence (Eq. 6.1.2.1)
[1,11-13], indicate the mixed kinetics for adsorption of the SDS at Bi(111) and
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Bi(001) planes. Only at F=E,, there are comparatively small deviation from
diffusion limited process. The values of z.,* (from y* log f~dependences)
increase with csps, being in a good agreement with the values of ., obtained
from Cole-Cole plots. 7, are maximal in the region of adsorption desorption
peak potential as well as at E=—1.1 V where the additional step in C, E-curves
(2D or 3D restructuring process) takes place.

The experimental (a)Rp)fl,logf—dependences have been simulated using Eqs
(4.2.5, 42.10 and 4.2.14). According to the results of calculations, a better
coincidence between of the experimental and calculated data was established
when Eq. (4.2.14) (mixed kinetics with 7™ >> 7,"") has been used [VI].

6.2.3. Thermodynamic adsorption parameters
V1]

The charge density values ¢ with addition of SDS in solution were obtained
using back integration method starting from E=1.6 V where the o (with
addition of organic molecules) and oy (in base electrolyte) have been taken to be
equal because there is no adsorption of SDS at E=1.6 V (as the coincidence of
Co and C; values takes place) [1,2,13,14,89-91]. The data show that the
maximal adsorption potential E.. obtained from the potential of the
concordance of oy, E-and o, E- curves is in good agreement with the E,,,, values
obtained from Cj, E-curves. Only for more concentrated csps>1.6X107° M Eppx
values established using o, E- curves are somewhat less negative than F.,
obtained from C;, E-curves. This surprising anomalous effect can be explained
by the formation of more complicated adsorption layer structure (bilayer or
probably 3-D adsorption or polylayers) than the monolayer of SDS at Bi(/kl)
giving rise of ¢ values at E=F,x [92].

The o,E-curves were back-integrated to obtain a specific surface work
decrease as a function of £ and adsorbate concentration [1,13,14]. The data
shows that m values systematically increase with the rise of csps and for more
concentrated c¢sps>8%10°M solutions the m values increase in the order of

planes Bi(111)<Bi (01 1) <Bi(001).
The values of /7, obtained (Table 1) depend on Bi(hk/) studied and 7 .«
are higher for Bi(001) and lower /,,, values have been obtained for Bi(011).

I for Bi(hkl) are slightly lower compared to the values of /... for Hg
(Imax (H2)=3x10"" mol cm?) [II1,92,94]. The values of the surface area
occupied by one adsorbed molecule, Sy, (Table 1), are calculated from the

values of /. and increase in the order of (001)< (OIT) <(111) planes. The

SDS molecules are probably oriented more perpendicularly at Bi(111) plane
that for other planes.
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The small shift of E,,,x toward more negative electrode potential with the
rise of cspg indicates to the increase of the positive Ey value, thus for the more
vertical orientation of hydrocarbon chain or more expressed screening effect of
negative charge of SDS anion by the base electrolyte Na" cations. The limiting
Ey values obtained are given in Table 1.

The limiting differential capacitance data, presented in Table 1, show that
the quite close values of C” for Bi(001) and Bi(111) planes as well as for Hg
[92,93] have been obtained. The slope of log[ &/(1-6)c],dependence gives the
molecular interaction parameter (—2a), where the positive a values where
obtined which indicates the strong interaction between SDS molecules. The a

values are incresing in order Bi(111)<Bi(001)<Bi (01 T) as the electrochemical
activity of plane increases.
The AGL?ds’ E-curves display a parabolic behaviour (Fig. 9) in a good

agreement with the Frumkin-Damaskin adsorption theory [7, 32, 33, 60]. The
adsorption data of SDS in Table 1 show that the adsorption activity increases in

the sequence of the electrodes Bi(001) <Bi (01 T) <Bi(111)<Hg [92,93].
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Fig. 9. Gibbs adsorption energy AG,”, E - curves for SDS adsorption on Bi(001) (1),
Bi(011) (2), and Bi(111) (3).
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6.3. Adsorption of camphor and 2, 2’-bipyridine on
Bi(111)electrode surface [IV, V]

Impedance spectroscopy and in situ STM methods have been used for
investigation of the camphor and 2,2’-bipyridine (2,2’-BP) adsorption at the
electrochemically polished Bi(111) electrode from weakly acidified Na,SO,
supporting electrolyte aqueous solution.

Thus, according to systematic analysis, only the compounds having very
compact adsorption layer, the formation kinetics of which is mainly limited by
the rate of the heterogeneous adsorption step (like 2,2°-BP and camphor) can be
visualized onto the Bi(111) surface by in situ STM method [IV], i.e. at £>-0.6 V
in the case of 2,2’-BP and £ >—0.45 V for camphor.

Analysis of the Nyquist (Fig. 10) and Bode phase angle vs. log f plots (Fig.
11) [V,1,2,11-21] shows that, in the region of ac frequency from 500 to 10 Hz,
the camphor adsorption is limited mainly by the rate of the heterogeneous
adsorption step and adsorption of 2,2’ -BP is limited mainly by the mixed (slow
heterogeneous adsorption and diffusion steps) kinetics because the phase angle
values are lower than —75° [V] like uracil adsorption on Bi(4kl) [I].
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Fig. 10. Nyquist plots for Bi(111) in the supporting electrolyte (5x10°M Na,SO,)+
5x10~°M camphor solution at various electrode potentials (v vs. Ag|AgCl, noted in
figure).
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Fig. 11. Bode plots for various electrode potentials (V vs. Ag|AgCl, noted in figure) at

Bi(111) plane in supporting electrolyte (0.05M Na,SO,) + 0.003M 2, 2’-bipyridine
solution.

The characteristic relaxation time 7,=(27f;))" obtained from Nyquist plots
varies from 0.7 s (at £ = —1.2 V) to 0.43 s (at £ = —0.80 V) for camphor and 7,
is over 0.3 s for 2,2°-BP at £ =-1.3 V. However, at £ >—1.3 V it is not possible
to obtain 7, values because of the very slow adsorption kinetics of 2,2’-BP. The
same conclusion can be made according to the classical analysis method based
on the Cole-Cole plots [11-14] and Lorenz analysis method [16,23].
Comparison of the data in Cole-Cole plots shows that the total resistance of
adsorption process increases With Ceamphor and c;».gp in the supporting
electrolyte solution at £ = E,,,,. It should be noted that for the formation process
of a real 2D condensation layer there would be an exponential dependence of 7,
on E [95-107]. The noticeably less expressed dependence of 7, on £ probably
indicates that there is no classical 2D condensation of the camphor molecules on
the Bi(111) electrode surface at 7= 298 K.

The systematic analysis of Nyquist plots (Fig. 10) shows that in the region
of maximum adsorption the experimental data, to a first very rough approxi-
mation, can be fitted by the classical Frumkin Melik-Gaikazyan equivalent
circuit (circuit b in Fig. 1), which takes into account only the semi-infinitive
diffusion and heterogeneous adsorption limited steps [IV,V,1,11, 13,14].

However, a better fit has been observed if the Wandlowski — de Levie
equivalent circuit [78—80], taking into account the two-dimensional association
of the molecules adsorbed in the adsorption layer, has been used (circuit f in
Fig. 1). The parameters from the Wandlowski-de Levie model depend on the
electrode potential as well as on the concentration of organic compound being
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in good agreement with the theory of the adsorption of organic compounds on
the ideally polarizable electrodes [1,13,14].

In the region of maximal adsorption, i.e. in the region of capacitance pit in
the differential capacitance vs. electrode potential curve the main rate
determining stages are the heterogeneous adsorption step for camphor and slow
heterogeneous adsorption and diffusion steps (mixed kinetics) for 2,2°-BP
adsorption on the electrochemically polished Bi(111) electrode, but not only the
classical semi-infinitive diffusion step as usually assumed [I,IV,V].

For 2,2’-BP | Bi(111) interface the adsorption layer structure is very well
detectable by in situ STM technique (Fig. 12) in the region of maximal
adsorption (i.e. near zero charge potential) from —0.6 V to —0.4V vs. Ag/AgCl).
This is mainly caused by the comparatively strong interaction of nitrogen atoms
of 2,2’-BP (electron pairs at nitrogen) with Bi surface layer atoms and high
negative Gibbs adsorption energy values (AGA’ = —29.8 kJ mol™") obtained
using Frumkin adsorption isotherm data [1,13,14,86,87,89,90]. It was found that
camphor adsorption adlayer is detectable only at positive surface charge
densities, where the co-adsorption of SO,> takes place. This can be explained
by the less negative (AG,’ =—21.1 kJ mol ") values for camphor in comparison
with Bi(111) | 2,2°-BP + 0.5M Na,SO, interface.
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Fig. 12. Unfiltered in situ STM image and selected 8nm” section with 40 2, 2’-
bipyridine molecules (a) and selected height profile (b) from 2, 2’-bipyridine adlayer on
Bi(111) electrode surface in 25%x102 M 2, 2’-bipyridine +0.5M Na,SO, + 3x107°M
H,SO,4 aqueous electrolyte.

The corresponding values of AGi,) =2aRT= -9.46 kJ mol" for camphor and
6.9 kJ mol™ for 2,2’-BP indicate that the van der Waals interaction for
camphor molecules is even higher than for 2,2’-BP adsorption on Bi(111), but
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the Gibbs adsorption free energy is noticeably lower for camphor in comparison
with 2,2°-BP. The values of Gibbs adsorption AG,° for 2,2°-BP and camphor at
Bi(111) calculated from in situ STM data (/jmex = 8.3%107'° mol cm >, Jjpax
=3.4x10"" mol cm * respectively) are in a very good agreement with those
obtained from impedance spectroscopy data [[V,V].

6.4. Comparison of some adsorption kinetic and
thermodynamic parameters of uracil, tetrabutylammonium
cations, sodium dodecyl sulfate, camphor and 2, 2’-bipyridin on
Bi single crystal plane

6.4.1. Analysis of Nyquist plots

The systematic analysis of Nyquist plots shows that in the region of —1.6V<E<
—0.6V and for dilute solutions the experimental data, to a first very rough
approximation, can be fitted by the classical Frumkin- Melik-Gaikazyan
equivalent circuit (circuit b in Fig. 1) [32-33,43], which takes into account the
adsorption and diffusion limited steps [LIL,V,VL,1,11,13,14]. The replacement
of Warburg-like diffusion impedance by the partial charge transfer resistance
R.q4; so-called Dolin-Ershler circuit [108]) did not give a better fit of the
experimental with the calculated data. Only a very slightly better fit of the
experimental data (mainly at E>—1.3V and for less concentrated solutions) in
the case of uracil and TBA" adsorption was established if the constant phase
element CPE, instead of Ci,. was introduced into Frumkin-Melik-Gaikazian
circuit (Fig. 1 circuit ¢) [I, II]. However, the y>-function and weighted sum of
squares were in same range and therefore the modified Frumkin-Melik-
Gaikazian circuit was not justified totally. The attempt to add the additional
elements into these equivalent circuits did not give a better fit of experimental
data. Therefore for less concentrated uracil, TBA", SDS, camphor and 2, 2’-BP
at E< —1.3V, the classical Frumkin-Melik-Gaikazian circuit [9] (to a first
approximation) seems to be a more probable physical model as it is the simplest
circuit, giving a better fit to experimental results [1,13,14].

The experimental data for more concentrated solutions in the region of
maximal adsorption (at very low frequencies f'< 0.6 Hz) can be simulated using
the Wandlowski- de Levie circuit (Fig. 1 circuit e), taking into account
formation of compact adsorption layer at Bi(kkl) [1, 11, IV, V, VI].

At more negative electrode potentials (in the region from —1.3 to —1.5 V)
and concentrated solutions there are some deviation from the Wandlowski-de
Levie circuit, where the slow faradaic hydrogen evolution starts. Therefore in
the region £<—1.3V in the system Bi(/#k/)] SDS+ base electrolyte interface the
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circuit (g) in Fig. 1, where the charge transfer resistance R, is added in parallel
to the adsorption branch, can be used [I,VI].

The values of diffusion resistance Rp, obtained according to FMG (a=0.5)
model for uracil and SDS and according to Wandlowski de Levie model for
TBA" camphor and 2, 2°-BP are maximal in the region of maximal adsorption.
The high values of Rp indicate that the compact adsorption layer has been
formed at the Bi(/k/) surface at E = E,,,. Rp quickly decreases with the negative
surface charge density. Rp has small maxima at E=EP* for dilute organic
compound solutions [V,VI], when the adsorption-desorption maxima are in the
development stage (ie at 6~0.5). The same effect was found for uracil and
tetrabutylammonium cation adsorption [I, II]. Rp values depend on the
crystallographic structure of Bi planes studied and Rp values are minimal for

most active Bi(01 1) plane and highest for Bi(111).

The adsorption capacitance C,q values are minimal at the potential of
maximal adsorption in good agreement with the Frumkin-Damaskin adsorption
theory for neutral organic compounds at ideally polarizable electrodes [1,13,14].
C,q values at E=F,,,x are nearly independent of Bi(%kl) plane studied. The very
high values of C,4 have been established for more concentrated uracil solutions
at electrode potentials more negative than £<-1.3V, indicating that the peaks
are influenced by the faradaic pseudo-capacitance (slow hydrogen evolution
reaction) or by the partial charge transfer process.

Dependence of Cy,. on the electrode potential at £~—1.3 V is in a good
agreement with the Frumkin-Damaskin adsorption theory of the organic
compound at the ideally polarizable electrode [LILIILIV,V,VI]. Cg, has
minimal values in the region of zero charge potential (in the region of maximal
adsorption) and increases quickly with desorption of the organic compound
from the electrode surface with the rise of negative polarization of the electrode.

The needle peak capacitance C, and needle peak resistance R, where
obtained using Wandlowski de Levie model [ILIV,V,VI]. The needle peak
capacitance C, is low in the region of adsorption-desorption peaks and the rise
of C, at E < E™™ is mainly caused by the parallel hydrogen evolution reaction at
the electrode surface areas free from adsorbed organic molecules [IL,IV,V,VI].
The needle peak resistance R, depends on the concentration of organic
molecules and electrode potential, and R, is low in the region of adsorption-
desorption peaks like for the tetrabutylammonium cations adsorption on

Bi(01 1) and for camphor and 2,2’-BP adsorption on Bi(111) [IL, IV].

6.4.2. Estimation of the limiting stage

The Cole-Cole plots take the form of a slightly deformed quarter-circle at />
1000 Hz, with the depression angle < 25° in the case of uracil and SDS. Thus,
in the region of higher frequencies (1000 < f'< 7000 Hz), the values of S
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somewhat lower than 45°, indicate mixed kinetics of the SDS and uracil
adsorption at Bi planes with zx > 7 [I, VI]. In the case of diffusion limitation
the Cole-Cole plots take the form of a quarter — circle with the depression angle
values of = 45°, this can be seen in the Bi(kkl)|base electrolyte+ TBA" and
camphor system at higher frequencies (>1000Hz) [II, IV]. In the region of
small frequencies (1.0 < f'< 100 Hz) the values of the depression angle 3’ are
noticeably higher (£’ > 40°) than those at /> 1000 Hz and indicate that, in the
region of moderate ac frequencies, the deviation from the diffusion limitation is
smaller as for ac frequencies > 1000 Hz, the 1/wR,,C,-dependence can be
simulated by a quarter-circle with the centre lying lower than the Cp-axis [I, II,
V]. The values of experimental relaxation time e, = (@max) ', are somewhat
higher for the more concentrated solutions and this is probably mainly caused
by the formation of the compact adsorption layer at Bi(hkl) and obtained 7,
values depend noticeably on the electrode potential, and the values of 7.,
increase with a decrease of negative electrode potential, i.e. with an increase of
compactness of the adsorption layer [I, VI]. Comparison data for uracil, SDS
and TBA" [1, 11, V] demonstrates comparatively quick mainly diffusion-limited
process of TBN" cations. However, as for uracil and dodecyl sulfate anion
adsorption at E = E.., there are noticeable deviations from the semicircle at
lower ac frequency (f< 50 Hz), which can be explained by the diffusion-like
process in the adsorption layer (formation of two-dimensionally ordered areas
or restructuring of the adsorption layer) as in this region of the Cole-Cole plots,
the linear dependence of (a)Rp)f1 on C, with the slope value "’ ~ 45° has been
established. The values of 7., depend somewhat on the crystallographic
structure of the electrode, and 7., decreases with the increase of Frumkin

attraction coefficient @ from Bi(011) to Bi(111) [LILV,VI].

The experimental (a)Rp)’l,log f-dependences have been simulated using Eqs
(4.2.4-4.2.14). According to the results of calculations a better fit between the
experimental and calculated data was established when Eq. (4.2.14)
characteristic mixed kinetic process has been used. The values of 7™ and
7™ in the case of uracil and SDS indicate that the adsorption process is
limited mainly by the heterogeneous adsorption step as values of 7, smaller
than 7™ were established [I, VI]. The values of 7p™” and 7™ depend
somewhat on the concentration in solution. However, the values of 7™
practically coincide with the experimental values of 7, and therefore, to a first
approximation, the values of 7., at f>40 Hz characterize the relaxation time of
the heterogeneous adsorption step. However, there are noticeable differences
between the experimental and calculated (wR,)"' values at the small ac
frequency values (/<10 Hz) [I, V]. Differently from uracil and SDS the 7,
values for TBA" are much higher than 7™ and indicate that diffusion is the

main rate- determining step for TBA" adsorption at Bi(01 T) plane [II].
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6.4.3. Thermodynamic adsorption parameters

The differential capacitance vs. electrode potential curves where measured for
all systems studied. For uracil and SDS at Bi(%4/) the equilibrium capacitance C
versus E-curves have been obtained by the linear extrapolation of the C,, @'"*-
curves [III, V] to the condition »"*=0. Differently from Bi(hkl)| SDS, camphor,
TBA" and 2,2>-BP in the case of uracil there is no very well developed
adsorption-desorption peak in C, E-curves at more negative potentials and C
only start to increase with the negative polarization of the electrode. At more
positive electrode potentials the capacitance starts to decrease to a value much
smaller than that observed for the base electrolyte. For camphor, SDS, 2, 2’-BP
and TBA" the stable physical adsorption layer is very well detectable. At more
negative potential than E=E., the reorientation peaks where detectable in
differential capacitance vs. electrode potential curves for uracil and SDS only
[IILVI]. However, small additional step in C, E-curves for TBA" adsorption at

Bi(011) electrode were obtained.

The limiting capacitance values C’ where obtained and are given in Table 1.
The C’ values are lowest in the case of 2, 2’-BP were the very well ordered two-
dimensional adsorption layer is detectable by the in situ STM method [IV,V].

For Bi(hkl)|SDS system the small shift of ... toward more negative
electrode potential with the rise of c¢sps indicates to the increase of the positive
Ey\ value, thus for the more vertical orientation of SDS hydrocarbon chain or
more expressed screening effect of negative charge of SDS anion by the Na’
cations [VI]. Differently from SDS [VI] the negative values of Ey where
calculated for uracil [III] adsorption and this indicates that the uracil molecules
are oriented with the negative dipole end toward the Bi(4k/) surface.

The projected area S« decreases and 7, (Table 1) increases in the order
TBA'<SDS < uracil < camphor < 2,2°-BP, which can be explaned by the
increase of packing density of an organic compound in adsorption monolayer (I-
VI).

The applicability of Frumkin isotherm was tested using the
log[ @/(1-6)c],6-plot method and it can be seen in the papers [II, V] that these
plots have good linearity and the Frumkin model [1,13,14] seems to be valid.
The slope of the Frumkin isotherm gives the interaction parameter (—2a). The a
values (Table 1) are highest for camphor and comparable results has been
calculated for uracil and 2,2’-BP, relatively low a values were obtained for
sodium dodecyl sulfate adsorption (Table 1) at Bi(%k/) interface.

The energetics of SDS, uracil, camphor and 2, 2’-bipyridin adsorption was

. . . . 0
characterized by the magnitude of the Gibbs energy of adsorption AG,, =

-RTIn(55.5B) (Table 1). The adsorption data for SDS in Table 1 show that the
adsorption activity increases in the sequence of the electrodes Bi(001)

<Bi(01 1) <Bi(111) [VI] in the case of uracil adsorption Bi(111)<Bi(011) [I].
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According to the data in Table 1. the adsorption activity of adsorbate rises in the
sequence uracil<camphor<SDS<2, 2’-BP. The value of AG., for 2, 2°-BP is

noticeable lower compared with the other system studied Bi(%4/) indicating to
the noticeable more strong adsorption of 2, 2’-BP at Bi(kkl) compared with

others compound studied.
0
int

The obtained negative values of —AG,, and the positive values of ¢ mean

that the interactions between adsorbed molecules (A-A and W-W) are more
attractive than the adsorbate-water interactions [IILIV,V,VI]. In accordance

with the experimental data values of — AGi?1t are given in Tablel [1-6].
- AGi?1t indicates that the van der Waals interaction are higher for camphor as
well as for 2, 2°-BP and uracil molecules, but the comparatively less negative
values of —AG,, were obtained for SDS adsorption, explained with the not

totally screened charged effect of an anion by Na' cation in the compact
adsorption layer.
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7. SUMMARY

Electrochemical behaviour of uracil, tetrabutylammonium cations (TBA"),
sodium dodecyl sulfate (SDS), camphor and 2, 2’-bipyridin (2, 2’-BP) on the
electrochemically polished Bi single crystal planes in 0.05 M Na,SO, aqueous
solution has been studied by electrochemical impedance and in situ STM
method. The thermodynamic adsorption parameters and the adsorption kinetics
including mechanisms and limiting steps has been obtained and analysed.

The complex impedance plane plots were simulated using different
equivalent circuits, like Frumkin-Melik-Gaikazyan, modified Frumkin-Melik-
Gaikazyan, Wandlowski -de Levie and other models.

To the first approximation the impedance data obtained for the systems
investigated can be simulated in diluted adsorbate solutions by the classical
Frumkin-Melik-Gaikazyan model. For concentrated solutions more complicated
models has been used. In the region of maximal adsorption potential E=F
Wandlowski- de Levie model taking into account the two-dimensional conden-
sation process seems to be more appropriate.

According to the non-linear least-square fitting data, Cyy., Coq and C, have
minimal values in the region of maximal adsorption and increase quickly with
desorption of the organic compound from the electrode surface and with the rise
of negative polarization of the electrode. The parameters Rp and Ry have
maximal values in the region of maximal adsorption. The high values Rp and Ry
indicate that the compact adsorption layer has been formed at the Bi(hk/)
surface at £ = E.x. Rp and Ry are quickly decreasing with the negative surface
charge density.

Systematic analysis of the frequency related admittance i.e. Cole-Cole
dependences shows that in the region E=E,,,, the main rate determining stage
are the heterogeneous adsorption step for camphor and slow heterogeneous
adsorption and diffusion step (mixed kinetics) for 2, 2°-BP, SDS and uracil at Bi
planes studied. In the case of TBA" there is only small deviation of system from
the diffusion limited kinetics.

The C’ values are smallest in the case of 2, 2’-BP where the very compact
two-dimensional adsorption layer is very well detectable by the in situ STM and
impedance methods [IV] has been formed.

Frumkin adsorption isotherms for the adsorption of uracil, TBA" and SDS
on the Bi planes are practically linear within the region of surface coverage
0.1<6<0.8. The positive values of the molecular interaction parameter ¢ and
negative values of Gibbs interaction energy in the adsorption layer means that
the surfactant-surfactant and the water-water interactions are much more
attractive than the surfactant-water interaction.

The projected area S.x decreases and [i, increases in the order of
adsorbates TBA'<SDS < uracil < camphor < 2,2’-BP, which can be explained
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by the increase of packing density of an organic compound in an adsorbed
monolayer.

The negative Gibbs adsorption energy increases in the order of adsorbates:
uracil< camphor <SDS < 2,2°-BP indicating to the increase of adsorption
activity of adsorbates at Bi(447) in the presented order.
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9. SUMMARY IN ESTONIAN

Kompaktseid adsorbseid kilesid moodustavate orgaaniliste
iithendite adsorptsiooni termodiinaamika ja kineetika vismuti
monokristalli tahkudel

Kéiesolevas t60s uuriti vismuti monokristalli tahkudel uratsiili, tetrabutiiiilam-
moonium katiooni (TBA"), naatriumdodetsiiiilsulfaadi (SDS), kampri ja 2, 2’-
bipiiridiini (2, 2’BP) adsorptsiooni kineetikat ja termodiinaamilisi parameetreid
impedantsspektroskoopia ja in situ STM meetodiga.

Vahelduvvoolu sagedusspektreid analiiiisiti erinevate ekvivalentskeemide
abil nagu Frumkin-Melik-Gaikazian, modifitseeritud Frumkin-Melik-Gaikazian,
Wandlowski-de Levie jne.

Eksperimentaalsete sagedusspektrite mittelineaarsel regressioonanaliiiisil
leiti, et uuritavate siisteemide vdhemkontsentreeritud lahustes on adsorptsioon
esimeses ldhenduses kirjeldatav klassikalise Frumkin-Melik-Gaikaziani adsorp-
tsiooni kineetika mudeliga. Kontsentreeritumate lahuste puhul tuleb rakendada
oluliselt keerukamaid adsorptsioonimudeleid, mis kirjeldavad adsorbses kihis
toimuvaid reorganisatsiooni, reorientatsiooni ja ka kahedimensionaalse kile
moodustumise protsesse. Seega leiti, et maksimaalse adsorptsiooni alas kont-
sentreeritumate adsorbaadi lahuste puhul kirjeldab uuritavat siisteemi koige
paremini Wandlowski de Levie mudel, mis vOtab arvesse ka kompaktse
adsorptsioonilise kihi teket. Adsorptsioonimudeli alusel leitud mahtuvused:
Cie, Cad, ja C, on minimaalsed ja takistused: Ry ja Rp maksimaalsed maksi-
maalse adsorptsiooni alas. See niitab kompaktse adsorbse kihi moodustumist
Bi(hkl) pinnal E = E,,, potentsiaalil. Mahtuvused kasvavad ja takistused
véhenevad kiiresti negatiivse pinnalaengu kasvades.

Kompleksjuhtivuse paralleelmahtuvusest sdltuvuste, so Cole-Cole sdltuvus-
test, leiti, et maksimaalse adsorptsiooni alas on kampri adsorptsioon elektroodi
pinnale limiteeritud heterogeense adsorptsiooni staadiumi poolt. 2, 2°-BP, SDS,
TBA" ja uratsiili adsorptsiooni elektroodi pinnale kirjeldab segakineetika
mudel, mis arvestab aeglast difusiooni- ja adsorptsioonistaadiumit. Vorreldes
teiste uuritavate siisteemidega on TBA" adsorptsiooni korral kdrvalekalle
difusioonlimiteeritud kineetilisest kéditumisest tiihine. Maédratud eksperi-
mentaalsed adsorptsiooniprotsessi relaksatsioonikonstandid séltuvad markimis-
vadrselt elektroodi potentsiaalist, adsorbaadi kontsentratsioonist, adsorbaadi
keemilisest loomusest ja elektroodi pinna krsitallograafilisest loomusest.
Arvutatud teoreetilised relaksatsiooniajad olid kooskdlas eksperimentaalsetega.

Kasitletud siisteemidele konstrueeritud Frumkini adsorptsiooniisotermid on
lineaarsed vahemikus 0.1<6<0.8. Frumkini adsorptsiooniisotermi tdusudest
leitud molekulide vahelise interaktsiooni iseloomustava parameetri a positiivsed
véartused ja Gibbsi interaktsioonienergia negatiivsed védértused néitavad, et
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adsorbaat-adsorbaat ja vesi-vesi interaktsioonid on tugevamad, kui adsorbaat-
vesi vaheslised interaktsioonid.

Adsorbeerunud aine ruumala S,.x vdheneb ja Gibbsi adsorptsioon /.«
kasvab jirjekorras TBA'<SDS < uratsiil < kamper < 2,2’-BP, mis on seletatav
kompaktsema kile moodustumisega adsorbses kihis.

Gibbsi adsorptsiooni vabaenergia —AG’, kasvab reas: uratsiil<kamper<
SDS <2,2’-BP, mis vastab adsorptsioonilise aktiivsuse kasvule eelpool toodud
reas.
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