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2. ABBREVATIONS AND SYMBOLS

— activity of the oxidant in the bulk solution

— alternating current
— second virial coefficients

— concentration of the particle (ion, oxidant, anion) in the bulk

solution

— corrected Tafel plots

— differential capacitance

— series differential capacitance

— equilibrium differential capacitance

— inner layer differential capacitance
— differential capacitance of the diffuse layer

— capacitance of the volume between the metal surface and the

plane of localisation of the charge of specifically adsorbed ions
— adsorption capacitance

— constant phase element

— diffusion coefficient of the particle i

— electrode potential

— equilibrium potential in the standard conditions;

— formal potential

— standard redox potentials of the reaction

— potential of the minimum in the C, E-curve of the base
electrolyte

— potential of the C, E-curve diffuse layer minimum with the
addition of K5[Fe(CN)g]

— equilibrium potential

— zero charge potential

— equivalent circuit

— electrical double layer

— equation

— electrochemically polished

— Faraday constant

— frequency of the alternating current

— frequency of maximum in low-frequency semicircle

— figure

— absolute values of the specific adsorption energies of the
oxidant and reductant

— imaginary unit (j = v/—1)
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J — current density of the forward reaction

JF — current density of the Faradaic reaction

Jx — kinetic current density

Jo — exchange current density

Ja — limiting current density

k — Boltzmann constant

ks0 ; ks(ex) — absolute and measurable rate constants of the electrochemical
reaction

Knet — apparent rate constant for the heterogeneous charge transfer
process

-« - “«—
ke ke, k, . k. k, , k_, — forward and reverse reaction rate constants

ko, k', kI  — standard rate constant at the formal electrode potential £°
M — metal

m, ml —number of alkaline metal cations

n — number of transferred electrons

Na — Avogadro number

Ox — oxidized form of the standard system Ox + ne” = Red

q — surface charge density

q0 — surface charge density in the base electrolyte solution

q1 — charge density of the specifically adsorbed ions

qd — charge density of the diffuse layer

0 — CPE constant

R — universal gas constant

Red — reduced form of the standard system Ox + ne” = Red

R4 — adsorption resistance

R — charge transfer resistance

R, — total polarisation resistance

Ry — electrolyte resistance

r — determination coefficient

sol, ads — particles in solution and adsorbed state

T — absolute temperature

Vi, V2 — rates of the reactions 1 and 2

w, (Wox, Wred) — electrostatic work term of the particle (oxidant, reductant)
zcp — zero charge potential

Zi, Zox» ZRed  — Charge number of the particle (ion, oxidant, reductant)

zZ; — point charge at site i

Zeff — effective charge number of the specifically adsorbed ions
Zr — Faradaic impedance

Zcre — impedance of CPE

z,7" — active and imaginary parts of the complex impedance

Z — magnitude of the complex impedance
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— molar concentration of a surface-inactive component and a
surface-active electrolyte

— distances of the inner and outer Helmholtz planes from an
electrode surface

— transfer coefficients

— apparent transfer coefficient

— CPE fractional exponent

— adsorption equilibrium constants obtained from various
isotherms

— activity coefficient of the activated complex

— surface tension in the presence and absence of the surface-

active ions in the electrolyte

— surface concentration

— relative surface concentration of the specifically adsorbed
anions (Gibbs excess)

— surface concentrations of the species B and of free adsorption
sites S

— maximal surface concentration

— concentration fluctuations of the reacting particles in response
to the ac voltage perturbation AE

— amplitude of the ac potential

— shift of the minimum potential in the C, E-curves

— potential drop across in the inner layer

— Gibbs adsorption energy

— response of the Faradaic current density to the ac voltage
perturbation AE

— dielectric constant of the solvent

— permittivity of vacuum

— surface coverage (in base electrolyte and with addition of 7 ,
respectively)

— conductivity

— characteristic time constant of the process

— surface pressure

— phase angle

— potential at the reaction site

— potential at site i

— potential drop in the diffuse layer (outer Helmholtz plane
potential)

— angular frequency (@ =27f")

— angular velocity of the electrode



3. INTRODUCTION

The complex ions of the transition metals constitute the interesting systems for
examining the “simple” heterogeneous electron transfer reactions [1-6]. The
double layer effect observed may be varied significantly by varying the
chemical nature and structure of the surrounding ligands [1-3]. When the redox
reaction occurs by an outer-sphere mechanism (i.e. the redox reaction is
“simple”), the kinetic parameters, usually the experimental transfer coefficient,
provide very useful information about the location of the reaction centre [1-3].
During some years, there has been considerable interest in fundamental studies
of electron transfer kinetics at the well-defined single crystal plane electrodes
[4-10]. It was found that the kinetics of electroreduction of the various complex
ions depend considerably on the crystallographic structure of the electrode
surface as well as on the chemical characteristics of the electrode studied.

The electrochemical behaviour of the [Fe(CN)]*/ [Fe(CN)]* redox couple
has been extensively studied as a model redox reference system [1, 2, 11-26]. In
early studies the reaction was regarded to proceed via the simple outer-sphere
electron transfer mechanism, but it became clear that the process is actually
quite complex [1, 2, 11-26]. The kinetic parameters were reported for systems
of various combinations of electrode materials and supporting electrolytes. The
heterogeneous electron transfer rates calculated depend strongly upon the
electrolytes, especially on the cations nature. This so called “cation effect” has
been ascribed mainly to the ion association with the [Fe(CN)s]*™ or [Fe(CN)e]*
anions. On the other hand, strong adsorption of reactants or intermediates on
platinum electrode surfaces is also recognized [12, 14-19], which has been
discussed in correlation with the surface blocking effect [1]. However the
detailed nature and the structure of the adsorbates at the electrode surface is
unknown.

The main aim of this work was to study the charge-transfer mechanism and
the electroreduction kinetics of the [Fe(CN)s]>” anion on the electrochemically
polished (EP) Cd(0001) electrode because there is no experimental data on the
influence of the crystallographic structure of the so called mercury-like metals
on the electroreduction kinetics of the [Fe(CN)s]’ anion. The cyclic voltam-
metry, rotating disc electrode voltammetry and impedance spectroscopy
methods have been used. The kinetic current densities at constant electrode
potential have been obtained by the Koutecky—Levich method and used for the
determination of the rate constant values for the heterogeneous electroreduction
reaction of the [Fe(CN)]> anion on the Cd(0001) plane. The kinetic analysis
was performed using the kinetic current values calculated: the charge of the
reacting particle has been calculated and the corrected Tafel plots have been
constructed using different theoretical approximations. The method of constant
ionic strength has been employed to study the strength of adsorption of the
[Fe(CN)s]> and [Fe(CN)¢]* anions. For the more detailed analysis of the
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reduction mechanism of the [Fe(CN)s]>" anion on the Cd(0001) plane the
impedance spectra have been measured. The parameters of the [Fe(CN)e]™

electroreduction has been compared with the corresponding data for the S 2027

anion electroreduction on the electrochemically polished Cd(0001) plane
electrode.
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4. LITERATURE OVERVIEW

4.1. The classical model of the reduction kinetics of the anions

The slow charge transfer process is caused by the difficulties in the transport of
the reacting particles through the metal-solution interface and there upon the
redox system shifts away from the electrochemical equilibrium. At the
conditions where the diffusion process is affected only by the concentration
gradient of the reactants or products in the surface layer then the charge transfer
is directly influenced by electrode surface charge density, i.e. by the potential
distribution near the electrode surface.

The study of the electrical double layer (edl) effects dates back from the
early works of Frumkin [25, 27-29], who noted that the current due to the
reduction of the hydrogen ions from solutions of a dilute acid at a mercury
electrode is independent of the acid concentration at the constant over-potential.
This result was attributed to a change in the concentration of the H™ ion at the
reaction site in the double layer, together with a shift in the equilibrium poten-
tial for the reaction with the change in acid concentration in the bulk of the
solution [29].

The reaction

Ox +ne” (M) =Red @
is quantitatively described by the main equation of the Frumkin slow charge
transfer theory for reduction:

— 0 - 0
S a&m{_ %} and @11)
ks(ex) — kSOeXp|: (1 - a)glCe)x]j- agRed j|exp|:(an _IZ;;: )Fl/jl j| , (412)

where kso and ks(ex) are the on absolute and measurable rate constants of the
electrochemical reaction, respectively; « is the transfer coefficient; gox and ggeq
are the absolute values of the specific adsorption energies of the oxidant and
reductant; agx is the activity of the oxidant in the bulk solution; zoy is the

charge number of the oxidant; y_, is the activity coefficient of the activated
complex; and E° is the equilibrium potential at the standard conditions; R and T
have their conventional meanings. In Eq. (4.1.1) the effects of the edl are
characterized by the wj-potential, i.e. by the potential at the reaction site [30,
31].

]Pronounced edl effects are easily observed, when the kinetics of anion
electroreduction is studied at the ideally polarizable electrodes for potentials
negative of the zero charge potential (zcp) £, _,. A deep minimum is observed

12



in a plot of the rate of electroreduction of S,0 é_ in a region, where the

diffusion limited current densities is expected, if the background electrolyte
concentration is relatively low. Results of the early works showed that the
dependence of the kinetic data on the concentration of the supporting electrolyte
could be explained on the basis of the Frumkin model i.e. with the help of the
Eq. (4.1.1) [1]. From the Eq. (4.1.1) it is evident that when y, =0 all the

curves should coincide and the current density is independent of the base
electrolyte concentration. The potential value at this point is equal to the zcp,
but there is not enough experimental data verifying this theoretical assumption
[26].

Fedorovich et al. [1, 32] demonstrated that we can distinguish two groups of
the anionic reactants. Anions of the so-called first group, including peroxodi-

sulfate (S,0 é_ ), tetrathionate (S;0 2_) and hexacyanoferrate(IIT) ([Fe(CN)e]*),

are reduced without involvement of the solvent molecules into the elementary
steps of the reaction. From this point of view the reduction of the
hexacyanoferrate(IlI) is a simple electron transfer reaction, but the anions
involved are highly charged, so the ion pairing effect is expected to play a very

important role. In the case of S,0 é‘ and S;O 2_, the electrode reaction is

irreversible due to the breaking of the O-O and S-S bonds in these anions,
respectively. Anions of the second group include very many complex ions, like

clo,,BrO0,,10,, ClO;,BrO,, BF,, PF etc. For these systems, the solvent

molecules are involved in the total electrode reaction, so the kinetics of the
electroreduction of these anions depend on the activity of the solvent at the
interface and thus on the hydrophilicity of the metal electrode studied.

A very important observation is that the rate of the electroreduction of the

S,0 ;7 and S,0 27 anions increases with the increasing of the radius of the

cation of the electrolyte in the series Li"' < Na" < K< Rb" < Cs" and Ca* <
Sr*" < Ba®" [24-31, 33, 34]. This can be partly attributed to the specific
adsorption of these cations on metal at large negative surface charge densities.
However, the specific adsorption effect of these cations cannot explain for the
cation effect observed near the zcp. Thus, a major portion of this effect is due to
the local ion pairing between the reacting particle and the cations located on the
outer Helmholtz. Another important point is, that the position of the outer
Helmholtz plane depends on the nature of the cation in the solution at negative
charge densities [1].

The relationship (4.1.1) can be linearized taking the logarithm from both
sides of equation:
. ZonF 0.0 anf’
Inj, +=2 "y, = In(nFkcl, )- - (E-E,,—y,).130,31,33] (4.13)
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where ji is the kinetic current density and ch is the concentration of the

oxidant in the bulk solution. Linear dependences

F
Inj, + Z;XT v, =f (E -y, ), based on Eq. (4.1.3), are called corrected Tafel

plots (cTp) [35]. From the slope of the cTp-s it is possible to calculate the
transfer coefficient and from the intercept we can calculate the rate constant for
the heterogeneous reaction. The best proof of the Frumkin model is the

experimental result, that the cTp-s for the S,0 é‘ anion electroreduction at

different polycrystalline Hg-like (Cd, Zn, Bi, Sb etc) and Hg electrode coincide
[25-29]. According to the experimental results cTp-s are linear and they

coincide also if the base electrolyte concentration is varied, but the S,0 ;‘ ion

concentration is held constant.

The Eq. (4.1.3) is correct only, if the following assumptions are fulfilled: the
reacting particle in the transition state of the reaction is in equilibrium with the
particles in the bulk of the solution in accordance with the Boltzmann equation;
the edl structure can be described by the Gouy-Stern-Grahame theory;
noncoulombic interactions of the reacting particles and of the reaction products,
both with the electrode surface and with the other edl ions, do not depend on £
(thus the Gibbs adsorption energy of reactant and products is independent of E);
the dependence of the rate of the electrochemical reaction, in which the
adsorbed particles participate, on the effective potential difference is expressed
by the classical Tafel equation with a constant transfer coefficient ¢; the
discreteness-of-charge effects in edl are not important. As shown in Refs. [1-8,
13, 21, 23, 36-40], this picture is oversimplified even for the ideally flat and
very inactive Hg electrode.

4.2. The electroreduction Kinetics
of the hexacyanoferrate(IIl) anion

The electroreduction kinetics of the hexacyanoferrate(I1l) anion
[Fe(CN)]™ + & = [Fe(CN)o] " Y
has been an object of many studies [1, 2, 11-26]. However the influence of che-
mical nature of the electrode material on the kinetic parameters of electro-
reduction for various anions is an open question, because there is no quantita-
tive data for the various metals, except Hg, Pt, Ag, Cd, Bi and Au [1-29, 32,
41-43]. It should be noted that there is only very few data discussed about the
influence of the crystallographic structure of the electrode surface on electro-
reduction of the [Fe(CN)q]* anion [12].
Systematic analysis of the experimental data shows that for the so-called
simple redox reactions ([Co(NH3)s]’" and other Co(III) and Cr(IIl) complexes
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[1-11], where the redox transfer probably occurs by an outer-sphere mecha-
nism) the kinetic parameters depend noticeably on the chemical nature of the
electrode metal and on the crystallographic structure of the electrode surface [1,
8, 10, 12]. However only for some limited number of systems this dependence
can be explained by the so-called edl effect, i.e. simply by the electrostatic work
terms, w, associated with bringing the reductant and product to their reaction
sites in edl [1]. The usual way of estimating the work terms: wox and wgeq is to
assume that the reactant and the product can be represented as the point charges

and accordingly w,, =z, Fy, and wy,, =z, Fyw, [2,27-29, 32, 41-43]. If
the charge is distributed to a number of discrete sites within the reactant such
that z, = Zzi (z; is the point charge at site 7), then the expression for wo,

1

becomes w,, = zZiF Vet » where ., is the potential at site i [1, 2, 44-48].

In recent works Fawcett et al. have calculated theoretically the charge
distribution for the various complex ions: [Fe(CN)s]*, [Co(NH;)]’" and
[Fe(H,0)]*, but the results are somewhat disputable and a bit surprising,
because for example the charge number of the [Fe(CN)q]> approaches “-5” at
far negative potentials and it is explained by the fact, that the charge distribution
of the reactant is highly disturbed by the charge on the electrode surface. On the
other hand it might indicate, that the charge number of the reacting particle
differs from the stoichiometrical one and this effect should be taken into
account.

Rate constant Ay for the heterogeneous charge transfer reaction of the
couple [Fe(CN)¢]*/ [Fe(CN)¢]* at the platinum (111), (100) and (110) single
crystal electrodes in the aqueous 1.0 M KClO,4 solution was obtained by ac
impedance spectroscopy [12]. It was found that the apparent rate constant
values ke depend largely on the surface structure of the Pt electrode and ke
increases along the series (110) < (100) < (111), i.e. with increasing the reticular
density of the Pt(hkl) plane [12]. The in situ IR spectroscopy data indicate the
presence of adsorbates ascribable to the cyanide group on every Pt(hkl) surface
and the spectral features on the Pt(111) surface were found to be different from
Pt(110) and Pt(100) planes [12]. For a polycrystalline Pt electrode the
heterogeneous reaction rate constant depends strongly on the electrolyte,
especially on the cation nature, increasing with the decrease of the hydration
energy in the order of cations Li" < Na" <K' [12-21, 48]. It was concluded that
the electron transfer process for this redox couple would not obey a simple
outer-sphere mechanism [12]. Strong adsorption of reactants and intermediates
on the Pt electrode surface is also recognized in other works [12—16], which has
been explained simultaneously with the surface blocking effect. It has been
pointed out that the “true” rate constant of this couple should be obtained in the
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very dilute solutions of the [Fe(CN)s]> or [Fe(CN)¢]* ions, when the surface
coverage of the adsorbates is very low [14, 17-20].
Peter et al. proposed a mechanism for Au electrode, which explains the first-

order dependence on the cation concentration in solution, Cpvs in terms of a

catalytic effect of the potassium cation:

M, Fe(CN) = + M = [M,,+,Fe(CN) )1, (I11)
M )Fe(CN) 51 = [M(.1)Fe(CN) 27 1 + ¢ and (IV)
[MgrFe(CN) 71 = M, Fe(CN) § " + M. V)

where m is the number of alkali metal atoms. It has been shown that at high
concentrations the anion is associated with at least one cation [13]. Therefore
the formation of the activated complex requires the addition of one cation to the
species, which are already associated at least with one cation. In recent works of
Petrii et al. this effect has been attempted to take it into account using the
classical Frumkin’s model [45, 46, 48]. However, this model introduces some
new variables, the physical values of which are difficult to experimentally
estimate and explain.

In addition to the theoretical complications the kinetic data for electroreduc-

tion of Szog ~ on the Au, Bi and Cd single crystal plane electrodes demonst-

rate the noticeable dependence of ki and apparent transfer coefficient, czyp, on
the chemical nature and crystallographic structure of the electrode surface
studied [36, 49, 50]. Thus the metal electrode surface has noticeable influence
on the reaction mechanism and rate of the reaction of the so-called first group
anions.

4.3. The method of constant ionic strength
for studying adsorption of anions

Usually the specific adsorption of different inorganic ions at the metal electro-
des in a system with constant ionic strength: x M K,SO, + y M K,,A*, where A*
denotes the surface-active anion; x and y are the molar concentrations of a
surface-inactive component and a surface-active electrolyte, respectively. The
method of mixed electrolyte with constant ionic strength was originally pro-
posed more than 40 years ago [51, 52] and thereafter used in many papers [51—
55]. For many years the model description of these data was based only on the
Grahame-Parsons theory [56, 57]. Some new approaches simulating the rever-
sible specific adsorption of ions on the ideally polarizable electrodes have been
developed [58—65]. In the contemporary theories of specific adsorption on the
electrodes, different electrical variables are used: the electrode surface charge ¢
in the Grahame-Parsons model [51, 52, 56, 57]; potential drop across in the
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inner layer Ag™ in the Alekseyev-Popov-Kolotyrkin model [58] future
developed by Damaskin et al. [59-61]; and electrode potential £ in the
Vorotyntsev model [62—65].

The more simple standard procedure for finding the adsorption parameters is
to fit the charge density of the specifically adsorbed ions (g;) with the charge
number z; to the simple virial isotherm

(7", /cp)=Inp, +2B,T (4.3.1)
where Inf, =—AG) /RT is the adsorption equilibrium constant and B, is the
second virial coefficient, characterizing the mutual repulsion of the ions

adsorbed and 7« = q;Na/zF is the Gibbs excess (relative surface concentration)
of the specifically adsorbed anions. It should be noted that the standard state is

an ‘ideal’ 7", =1 ioncm’ for the adsorbed species and an ‘ideal’ ¢, =1

mol dm™ for the bulk solution.
It is generally accepted [56, 57, 66—69] that in the case of ion adsorption the
isotherm must include the diffuse layer potential term y to give the real values

of the Gibbs adsorption energy AGg at ¢ # 0. If we assume according to

Grahame [56, 70] that the cations do not enter into the inner layer, then the
outer Helmholtz plane potential g4 can be obtained as

qg+q, = A\/ D, (exp[— Z"gj ° j - lj (43.2)

where A=,/2¢,,RT (& is the dielectric constant of the solvent and

&y = 8.854x10™ Fm™ is the permittivity of vacuum) and ¢; is the bulk

concentration of the i-th ion. As shown by Grahame and Parsons [56, 57] the
following corrected virial isotherm is valid

z.F
(7", /4o )+ Vo =1 Sy + 2801 . (4.3.3)

where fy, and By, may be arbitrary functions of ¢. In Eq. (4.3.3) S is the
corrected (by y effect) adsorption equilibrium constant and By, is the corrected
second virial coefficient characterising the mutual repulsion of anions adsorbed.
According to Egs. (4.3.1) and (4.3.3), for the condition /., =0, the /4, can
be calculated as
z,F
Ing, =Inp, + rT v, - (4.3.4)

The calculation of the Gibbs excess involves a comparatively inexact differen-
tiation step. To avoid this step, the adsorption equilibrium constant can be

calculated by fitting the surface pressure data ¢ = y,_, — 7, to an equation of a

“square root” isotherm [71-74]
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In(kTc . )+1n B =Ing+ By/¢ (4.3.5)
where y, and y,_, are the surface tension values in the presence and absence

of the surface-active ions in the electrolyte, respectively; £ is the adsorption
equilibrium constant. The square root isotherm is an empirical isotherm and
would be used only as a convenient procedure for linearising the experimental
data, and the value of the isotherm slope B has no physical meaning.

According to the Vorotyntsev model [62—65] for solutions with constant
ionic strength at £ = const the specific adsorption of anions is described by the
simple virial isotherm

A

1

Ing, +Inc . = ln[ﬁj +28, It (4.3.6)
where Bg is the second virial coefficient expressed as
2 42
z; A

T 2RT/F(CY +CY)

cy :%1/4A2c+q§ (4.3.8)

where Cy, is the inner layer differential capacitance and C; is the capacitance

(4.3.7)

E

of the diffuse layer calculated according to the classical Gouy-Chapman theory
(at g¢; = 0), and g, is the surface charge density in the base electrolyte solution at

x =0, the value A = ZeﬁCg2 / Zngl characterises the effective charge number

of the specifically adsorbed ions z.¢ and the structure of the surface layer, where
the term Cy, describes the capacitance of the volume between the metal surface
and the plane of localisation of the charge of specifically adsorbed ions [62—-65].

The thermodynamic parameters obtained before tell very little about the
structure and charge distribution of the Cd | electrolyte interface. The most

frequently used inner layer model for estimation of the inner layer structure has
been the classical Grahame-Parsons model [53, 56, 57]. According to this

model, the potential drop in the inner layer Ag" > = E— E 4=0 ~ V), to a first
approximation, can be considered to depend on the charge of the metal (¢) and

on the amount of specifically adsorbed ions (/) per unit area [53, 56, 57, 62,
73-75]

Ag"? = f(q.T) (4.3.9)

because the interface as a whole is electrically neutral, and if the charge in the
diffuse layer g4 is kept constant, then

(3(A¢"’2)J :_Z,e[wj {Mmz)} :Z{L_L] (4.3.10)
or, )\ ), or, ) ¢ ¢

A* q
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where

oq
C= 43.11
1 (6‘&,}5’"2 ’) r. ( )

is the capacitance of the inner layer at constant amount of adsorption (/x+) and

L C= (az%j (4.3.12)

is the capacitance of the inner layer at constant electrode charge (¢). If the inner
layer capacities are regarded as constant, i.e. as integral capacities, they may be
expressed as

c=—2° 43.13)
Xy, =X
&

== 43.14)
X,

where ¢ is the permittivity in the inner layer, x; and x, are the distances of the
inner and outer Helmholtz planes from an electrode surface, respectively [53,
56,57, 75].

4.4. Impedance spectroscopy and
modelling the charge transfer processes

ke
Rate of the heterogeneous charge transfer reaction Ox +ne” <> Red is given
k-b

by the expression

—Jr = nF(kfcoX — kbcRed) 4.4.1)
where k; and k, are the forward and reverse reaction rate constants [6, 13, 14,
42, 76-86]. Using impedance spectroscopy method, the current is composed of
a steady-state (or direct) part (determined by the mean dc potential and the
mean dc concentrations at the interface, cox and creq) and an ac part Ajp
(determined by the ac perturbing signal AE and concentration fluctuations, Acox
and Acged). The Faradaic impedance is given by the ratio of the Laplace

transform of the ac parts of the voltage and current density respectively [6, 13,
14, 76-86]

Z, ={AE}/ (A, } (4.42)
The presence of an electric field at the interface affects differently the energies
of the variously charged species as they approach the interfacial region [28, 42,
7678, 87-89]. Therefore, the activation energy barriers for the reaction depend
on the potential difference across the interface. It is convenient to express the
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potential dependence of the rate constants of the reaction in the following
manner [42, 7679, 81, 87-89]

ke =k, exp[ alE - E")ZI; } (4.4.3)
k, =k, exp[l a)\E - EO)Zﬂ (4.4.4)

where k, is the rate constant at the formal electrode potential E°.
Generally Ajr is expressed as an expansion of the ac parts of the
concentrations and electrode potential [6, 13, 14, 76-85] as follows

Ny = Z 9 Ac, + (@—F)AE + higher order terms (4.4.5)
ox.Red \ OC; OE

Neglecting all but the first-order terms (linearisation) and solving for AE

1 e .
T A Ac. — A 4
(aJF/aE)Lg;ed(ac] G jF} (4.4.6)

the Faradaic impedance has a form
}} (4.4.7)

| Al

The first term is the so-called charge transfer resistance ((ajF /OE )_1 =R,), the

second term contains the influence of the ac part of the mass transfer step on the
impedance. The value {Aci }/ {AjF} can be expressed as a solution of the

diffusion equation and under condition of semi-infinite diffusion to a planar

electrode [6, 13, 76-81]
{Aci} B 1
Wi} nF\pD,”

where p is the complex frequency variable (p =0+ jo, where o is

(4.4.8)

conductivity, j is imaginary unit, and @ =27zf is angular frequency, where f'is

ac frequency) and D; is the diffusion coefficient of the particle i. Under
equilibrium conditions the charge transfer resistance

RT
R, =——, (4.4.9)
nkj,
where the exchange current density is expressed as
F * —a * 4
Jo = nFkycq. exp{ olE, EO)ZT} =nFky(co ) ). @410)
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For heterogeneous charge transfer (Faradaic) reaction, involving one adsorbed
particle [81, 85, 86], the following stages can be separated:

k

A +e @Bads 4.4.11)
k.
k

B, +e  ©C, (4.4.12)
k.y

where the indexes sol and ads denote the particles in solution and adsorbed
state, respectively. The rates of these reactions may be written, assuming a
Langmuir adsorption isotherm for B [81, 86], as

v, =k, exp[— a, (E_E10 );T} kT, exp[(l -Q, )(E _Elo)lj;"} (4.4.13)

v, =k, exp[— a, (E ~E) )]g} —kIIc. exp[(l -a, )(E —Eg);;} , (44.14)

where k' and k, are the standard rate constants of these reactions; ¢; and @,

are the transfer coefficients; /5 and [, are the surface concentrations of the
species B and of free adsorption sites S, respectively; ca and cc are the surface
concentrations of A and C (assumed as equal to the bulk concentrations),
respectively; and Elo and E;) are the standard redox potentials of the reactions
1 and 2, respectively. At equilibrium potential, £, the net rates of both reactions
are zero and the following relations are obtained:

Fl I'lc, (1-6
exp{(Er —E{’)RT}: ;OA :( QO)CA : (4.4.15)
B 0
0
exp{(Er—E;))F}: 1;3 -9 : (4.4.16)
RT] I’c. (1-6,)c,

where the index 0 indicates equilibrium conditions, and a following relation is
introduced: /7, =61, (where [, is the maximal surface concentration [81,
86]).

The total current density observed is given as j=F (v1 +v2) and the

max

Faradaic admittance is given by
p B

Y, = A+- , (4.4.17)
Jjo+G
where the inverse charge transfer resistance is obtained as [81]
A:L:L[alzﬁl(l—eml—al)kﬂ 9+azl:29+(1—a2)k(_2(1—0)} (4.4.18)
R, RT
and



B=- 12: ! (—kl—k_1+k2+k_2)x
CadRct RTFmax

X[al 12(1—49)+(1—a1)k2 0-a, /?2 9—(1—a2)/§2(1_9)} (4.4.19)
and
G-—1 R.|B|= L(kl +k_ +k,+ kzj (4.4.20)
RadCad Fmax

The more complicated cases, taking into account the slow diffusion step to the
fractal and disc electrodes, have been discussed by Lasia [81].

The main aim of this work was to study the processes taking place at the
Cd(0001) | K3[Fe(CN)g] + aqueous base electrolyte interface and to analyse the
processes obtaining the rate of the [Fe(CN)s]> electroreduction process.
Comparison with the Cd(0001) | Na,S,0g + aqueous base electrolyte interface

will be given, where the electroreduction of the S,0;~ anion occurs.
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5. EXPERIMENTAL DETAILS

Distilled water for preparing the solutions was treated with the Milli-Q+ purifi-
cation system (resistance > 18.2 MQ cm). K,SO, was purified by triple
recrystallisation from water and calcined at 798 K immediately prior to the
experiments. K;[Fe(CN)s] (= 99.9 %) and KF (> 99.5 %) from Fluka were used
as delivered. K4[Fe(CN)s]:3H,O was purified by triple recrystallisation from
water and treated in vacuum to dryness. Air was removed from the solution by
bubbling argon (Ar: 99.999 %) through or over the solution prior to / or during
measurement, respectively.

Electrochemically polished Cd(0001) single-crystal plane electrodes were
prepared according to the method described in works [90-93]. After
electrochemical polishing the Cd(0001) plane was rinsed with Milli-Q+ water
and submerged into a deaerated surface-inactive solution at potential £=-1.2 V
(Ag|lAgCljsat. KCI). Thus in this paper all the potentials are given against
Ag|AgCljsat. KCI in H,O reference electrode. Electrochemical measurements
were performed at 7= 298 K and the long Luggin capillary was used for the
reference electrode.

Conventional electrochemical equipment (Pine Company) was used for
stationary and rotating disc voltammetry studies. The impedance spectra and
capacitance values at fixed ac frequency were measured by the Autolab
PGSTAT 30 with a FRA 2 system, using ac voltage amplitude 5 mV [90-93].
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6. RESULTS AND DISCUSSION

6.1. Cyclic and rotating disc electrode voltammetry data for
electroreduction of hexacyanoferrate(III) anions at Cd(0001)

The voltammograms of the hexacyanoferrate(Ill) anion reduction (uncorrected
for the current density in the base electrolyte solution) on the Cd(0001)
electrode in the KF solutions (from 1-10° M to 1:10"' M) are displayed in
Fig. 1. According to these data the noticeable increase of current density takes
place at £ <—1.35 V. It is probably caused by the cathodic hydrogen evolution
reaction, because the current density is practically independent of the rotation
velocity of the EP Cd(0001) electrode. For that reason the current densities for
the base electrolyte solution were subtracted from the data for systems with
addition of [Fe(CN)e]” in the base electrolyte to study the electroreduction
kinetics of the [Fe(CN)s]’" anion on Cd(0001) plane. According to the data in
Figs. 1 and 2, the rate of electroreduction of [Fe(CN)s]* to [Fe(CN)]* depends
noticeably on the electrode potential, as well as on the base electrolyte and
[Fe(CN)s]> concentrations. Unlike Pt electrodes [12] no hysteresis of current
density between the negative and positive scans of potential in the region of

mixed kinetics was observed if 5107 < CK,[Fe(CN), | = 7-10* M. In the region

of potentials —1.05 < E < -0.95V, the very clear current plateaus were found.
The limiting current density j4 at constant potential measured at the rotating EP
Cd(0001) disc electrode was found to fit very well to the Levich (j, @ ') plot
(0.997 < 7* <0.999):

jy =0.620nFv "D 2. (6.1.1)

rot ~1

where v is the kinematic viscosity and @ is the angular velocity of the
electrode. Taking the number of electrons transferred n =1 and v=0.01 cm® s'
[1, 2, 11], the values of the diffusion coefficient for the [Fe(CN)s]> anion have
been calculated (D= 7-10° cm’s™ for a 1-102 M KF solution), which are in a
good agreement with the literature data [4, 16, 43]. Thus, in this region of
potentials, the electroreduction of the [Fe(CN)s]” anion on the EP Cd(0001)
plane is mainly limited by the rate of diffusion of the [Fe(CN),]* anions to the
electrode surface.

According to the data in Figs 1, with increasingly negative potential (g <
2.0uCem? E< —1.05V), the inhibition of [Fe(CN)]> electroreduction
begins, caused by the increase of the negative value of the y; potential, and a
minimum of current density at —1.4 < £ < —1.25V was found in the dilute KF

solutions. At constant concentration of ¢ _ [Fe(CN), | Potential of the minimum

is practically independent of the concentration of base electrolyte.
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Figure 1. Rotating disc voltammetry (j, E) curves (scan rate v= 10 mV s") for EP
Cd(0001) electrode (a) (not corrected for the base electrolyte current density) in
1:10* M K;3[Fe(CN)g] + 1-10° M KF solution at different rotation velocities (rev min™),
noted in figure, and base. el — (j, £) curve for pure 1-10~° M KF solution at 0 rev min™".
(b) (corrected for the base electrolyte current density) at 9000 rev min" in 1:10* M
K;5[Fe(CN)g] solution with different additions of base electrolyte (KF, mM), noted in
figure. (Here and further arrows represent the direction of the potential scan.)

According to the data in Fig. 2 the current density (corrected for the base
electrolyte current density) at fixed constant potential systematically increases
with the rise of reactant concentration in the solution. The results of the
systematic kinetic analysis show that the current values are stable and very well
reproducible if the electrode potential has been cycled in the region -1.55 < E <
-0.95 V. The attempts to study the [Fe(CN)]> electroreduction process on the
Cd(0001) plane at more positive potentials than £ > -0.90 V caused a very quick
decrease of the current density values in the all region and, thus similarly to the
Pt electrodes [12, 15-17], experimental data indicate to the surface “blocking
effect”. The surface “blocking effect” could be caused by irreversible
adsorption of the [Fe(CN)s]”, reaction intermediates or [Fe(CN)s]* on the
electrode surface. But the situation might be more complex and the oxidation of
the cadmium electrode to cadmium hexacyanoferrate could take place. This
oxidation current partly counter-balances the electroreduction current of
[Fe(CN)ﬁ]3 " and, as a result, one observes the decrease of the resulting current.
In addition cadmium ferrocyanide, which is formed on the electrode,
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presumably inhibits the studied process. However, differently from Pt
electrodes [12, 15-17] there is no hysteresis in the current density potential
curves as well as no dependence of j on time (i.e. on the cycle number) if £ <
-0.95 V. The data in inset of Fig. 2 show that there is a really linear dependence
of the limiting diffusion current density j4 (corrected for the base electrolyte

current density) on ¢k _[Fe(CN),] if K, [Fe(CN),] < 8:10* M. At higher

CK,[Fe(CN), ] the surface blocking i.e. the irreversible adsorption of solution

components or intermediates is possible. In the experiments where the influence
of the base electrolyte on the reaction rate was investigated the concentration of
K3[Fe(CN)e] was 1-10* M and the potential interval was -1.55 < E< -1.05 V.
Choosing these experimental conditions ensures that the reduction is not
influenced by the adsorbed cadmium hexacyanoferrate because there is no
deviation of the limiting diffusion current density from linear in Levich plot
(inset in Fig.2) so the cadmium hexacyanoferrate has not formed on the
electrode surface. Otherwise there must be decrease of the limiting diffusion
current density from the straight line.
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Figure 2. (j, E) curves (v= 10 mV s™', corrected for the base electrolyte current density)
for EP Cd(0001) electrode at 9000 rev min™ in 0.01 M KF solution with different
additions of Kj3[Fe(CN)¢] (mM): noted in figure. Inset: dependence of the limiting
diffusion current density (based on data on main figure) on K;[Fe(CN)g] concentration.
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At more negative surface charge densities (¢ < -10 uC cm™), acceleration of
the [Fe(CN)q]> anion electroreduction in the region of potentials, where the
value of dy, / dE is approximately constant, takes place. Acceleration of the
reaction is mainly caused by the increase of negative electrode potential, i.e. by
the dependence of activation energy on E as the overpotential increases [27-29].
On the other hand, the increase of ji at £< -1.35V can be explained by the
beginning of the weak specific adsorption of the base electrolyte cations at the
negatively charged Cd(0001) electrode surface (g < -13 pnC cm™) and thus by
the charge transfer through the adsorbed ion-pair [24, 26-29]. This result is in a
good agreement with the impedance data as in this region of potential (£ <
—1.35 V) a weak rise in the differential capacitance C values with cxr was
observed [94]. It should be noted that the capacitance values in the 0.1 M KF
solution are somewhat higher than those in the 0.1 M NaF solution (AC
~ 1.0 uF cm™) demonstrating that weak adsorption of the K ions is possible on
the Cd(0001) plane at ¢ <—14 pC cm™ [91]. The same dependences are valid
for the Cd(0001) | Na,S,05 + Na,SO, interface [49, 90, 95].

1

A ——1
Z; —a—2
-1.5 + ——3
0 B 2 % 4
“T —*—5
2.5 + ——06
— -1 F
%) 3T
IS 35 +——F——
52 -15 -12 -09
g E-RT/ZzF In CkF
8
— _3 L
4 }
-5 I 1 I

-1.8 16 -14 -12 -1
E /'Vvs Ag|AgCl | sat. KCI

Figure 3. log ki, E curves for EP Cd(0001) electrode in 1-10* M K;[Fe(CN)q] with
different additions of base electrolyte solution (KF, mM): noted in figure. Inset:
Calculated charge of the reacting particle z; at various surface charge densities.
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The apparent rate constant for the heterogeneous electroreduction reaction
of the [Fe(CN)é]3 " anions, Ky, 1S defined by Eq.:

Ji =nFk,c; (6.1.2)
The values of kinetic current density at constant potential were obtained from
the linear Koutecky—Levich plots according to Frumkin, Aikazian, Tedoradze
and Koutecky method [28, 39, 42, 87-89] (0.997 < * < 0.999) according to Eq.:

Vi=1j+VJq (6.1.3)
The logarithmic dependences of the apparent rate constant (calculated from the
current densities, which were corrected to the base electrolyte effects), on the
electrode potential at different base electrolyte concentrations are presented in
Fig. 3. At constant potential, log kp,; increases with cgr in the solution, but at

constant concentration of cgy it is practically independent of ck _[Fe(cN), ]> If

CK, [Fe(CN), ] £ 8107 M.

Analysis of the experimental data shows that there is a good linear
dependence of Inj, on In cxr (0.995 < 2 < 0.999) if cxr < 0.01 M and at g <
-5uC cm . Using these data the effective charge number of the reacting
particle z; was obtained according to the Frumkin—Petrii method (described in
more detail in Ref. [§7]) according to Eq.:

z.

olnj

(¢] =4, (6.1.4)
olncy E—R%Zplnc*m,ci z,

where z, is the charge number of the base electrolyte cations (i.e. z; =+1)
According to the data in the inset of Fig. 3 the values of z; obtained depend on
the electrode charge density and z; increases with the charge density if ¢ <

-5 uC ecm™. The comparatively low values of |z| at ¢ > -5 pC cm™ indicate that
there are noticeable deviations from the classical Frumkin model and the

condition [, <<['.. at gz -5uC cm” is not satisfied for the
Cd(0001)|[Fe(CN)]> + KF + H,O interface (I , and [’ are the Gibbs

adsorption of the anions and cations, respectively). The value of z; = -3 obtained
at the negative values of the surface charge densities indicates that the ion-
pairing effect might not be so important in determination of the reacting particle
charge at the Cd(0001)| K;[Fe(CN)¢] + KF+ H,O interface. However, the

charge number of the S,0; ion at cathodic potentials is different from —2. The

value of z;~-0.6 for the Cd(0001)|Na,S,05+ NaF + H,O interface obtained
indicate that the ion-pairing is important.
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Figure 4. Corrected Tafel plots (yp-potential obtained according to Gouy-Chapman-
Stern-Grahame model) for EP Cd(0001) electrode in (a) 1:10* M K5[Fe(CN)4] (z; = -3)
solution with different additions of base electrolyte (KF, mM), noted in figure, and (b)
2:10”° Na,$,04 (z; = -2) solution with different additions of base electrolyte (NaF, mM),
noted in figure

The corrected Tafel plots [25, 26, 29] for the [Fe(CN)]>™ anion
electroreduction on the EP Cd(0001) have been calculated according to ji values
using the yq values calculated from the impedance data for the pure base
electrolyte solutions [91, 96, 97]. Thus, to a first approximation, the value of the
wp-potential has been taken equal to the value of the y; potential, i.e. to the
mean potential of the plane at which are located the centres of the charges of
reacting particles in the transition state of the reaction. As can be seen in Fig. 4a
cTps for EP Cd(0001) interface in the less concentrated base electrolyte with
addition of [Fe(CN)]> are linear at £ - y, < -1.15 V, if we assume that z; = -3.
The apparent transfer coefficient a,,~0.35 can be obtained. For more
concentrated base electrolyte with addition of [Fe(CN)]> at E - y> -1.15V
these plots are non-linear, which is probably caused by the dependence of the
adsorption energies of the reactant and product on the electrode potential. The
attempts to use various new approximations, discussed in works [1, 2, 11, 44—
48], did not give better fitting of the experimental data in the region of £ —yp >



1.1V and therefore the more correct adsorption data of K' as well as
[Fe(CN)]> and [Fe(CN)s]* ions on the EP Cd(0001) plane was needed.
The more detailed analysis of ctp data (Fig. 4b) for Cd(0001)|Na,S,0g +

Na,SO, interface [49, 90, 95] demonstrates that for S,0; electroreduction

there is very noticeable dependence of corrected current density values on the
base electrolyte addition concentration. Differently from Cd(0001)|[Fe(CN)e]*
electroreduction data very low o, < 0.1 have been calculated, indicating the

activationless charge transfer process at Cd(0001)| SzOé_ interface. This is not

surprising taking into account the totally different reaction mechanisms, i.e. for
the [Fe(CN)s]* electoreduction there is no chemical bond dissociation taking

place in comparison with the S,0; electoreduction.

6.2. Adsorption of hexacyanoferrate(Il) and hexacyanoferrate(I1I)
anions at Cd(0001)

The differential capacitance C versus electrode potential plots at fixed different
ac frequencies f (5 Hz < f < 750 Hz) have been measured for solutions with
different base electrolyte and K;[Fe(CN)g] (Fig. 5a) concentrations, where the
adsorption step is the main rate determining step. Thus, the C, E-curves
measured at f=8 Hz (Fig. 5a) demonstrate the total series capacitance Cj
including mainly edl C.4 and adsorption C, capacitance components.
According to the data in Fig. 5a there is a diffuse layer minimum in the C, E-
dependences and in case of KF the potential of this minimum E,;, = -0.94 V is
independent of ckr as well as of ac frequency. Thus, this minimum corresponds
to the zcp for the Cd(0001) electrode in the aqueous KF solution [91-93, 96,
97]. In the K,SO, solution the E.;, potential is shifted ~30 mV towards more
negative potentials, caused by the asymmetric nature of the 1:2 — base
electrolyte [21, 42, 91-93, 96-98]. The capacitance values in the diffuse layer
minimum iNcrease as Cpaeo INCreases, i.e. as the diffuseness of the edl decreases
in good agreement with Gouy-Chapman theory.
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Figure 5. (a) The dependence of the differential capacitance C (f = 8 Hz) on the
electrode potential for the EP Cd(0001) electrode in the 2 mM KF + y mM K;[Fe(CN)e]
solution with different additions of K;[Fe(CN)s] (mM), noted in figure.

(b) The dependence of the shift of the minimum in the C,E — curves on the
concentration of K;[Fe(CN)¢] for the EP Cd(0001) electrode in different base electrolyte
solutions, noted in figure.

The addition the [Fe(CN)¢]*" anions cause the increase of the capacitance at
E = E.;i, (Fig 5a), i.e. the diffuseness of the edl decreases as the ionic strength /
increases and at the same time the E,,;, potential shifts noticeably towards the
more negative values (Fig. 5b). The capacitance minimum is symmetrical if
Ck,[Fe(cN)g 1S very low, but in the more concentrated solutions the capacitance
starts to increase faster at £ > E,;, caused by the asymmetrical structure of the
K5[Fe(CN)s] (1 : 3—electrolyte) and by the specific adsorption of the [Fe(CN)e]>
anion at the Cd(0001) surface [93, 96, 97]. In the more concentrated solutions of
K;[Fe(CN)g] there is an inflection point in the C, E-curves at -1.0 < £ <-09 V.
Probably in this potential region the character of the adsorptive-bond between
the electrode surface and adsorbed [Fe(CN)¢]> anion changes, i.e. the partial
charge transfer or formation of covalent bond is probable at £ > —0.9 V in a
good agreement with the cyclic voltammetry and rotating disc electrode data
[49, 90-97, 99].
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According to the data in Fig. 5 there is a very sudden change in E,;, values
at very small [Fe(CN)¢]> additions and the diffuse layer minimum is clearly
asymmetric. At £ < -1.4 V the capacitance starts to increase and this is caused
by the weak adsorption of the K cations or by the pseudocapacitive behaviour
of the system (i.e. by the charge transfer process(es) at cathodic potentials) [91—
93, 96, 97]. The increase in the capacitance is proportional to Cpaseer and
Ck,[Fe(CN)» 1.€. to the Gibbs adsorption of cations at £ < -1.4 V [91-93, 96, 97].
However in addition to K" adsorption and electroreduction of [F e(CN)6]3' the
hydrogen evolution could occur. Visual analysis shows that there are small
bubbles of hydrogen at the electrode surface at £ <-1.6 V in the concentrated
KF + K;[Fe(CN)s] solutions.

As noted before the specific character of the [Fe(CN)¢]>” anion adsorption
can be characterized by the shift of E,;, potential in the C, E-curves: AE;, =
Epin - E:;m , where E.;, and E;in
layer minimum without and with the addition of K5;[Fe(CN)s], respectively. The
AE win, log cx reony-dependences for different base electrolytes are presented in

Fig. 5b. This shift is more pronounced in the solution with addition of KF and
could be explained mainly by the different negative charges and degrees of

are the potentials of the C, E-curve diffuse

solvation of the base electrolyte anions (F" is more strongly solvated than SO i_

or [Fe(CN)]*). There is a bigger shift of En, in the solutions with the lower
ionic strength, i.e. the diffuseness of edl also affects the specific adsorption of
the [Fe(CN)q]> anions. Quantitative analysis demonstrates that the shift of the
minimum potential could not be caused only by the asymmetry of the
electrolyte [21, 89, 97], because the corresponding shift of Ey, if ck recnyg <
1:10* M is smaller than 14 mV [99, 100]. Therefore the strong adsorption of
anions at E = FE;, takes place at Cd(0001) plane. The slope of the
AE in, l0g cx,reony-dependences in the dilute base electrolyte solutions (KF or
K,S0,) is approximately the same (~-0.0255 V). If we assume that the
discreteness effect in edl are unimportant, i.e. A =1, then from the Esin-Markov
formula [91-93, 96, 97]: dAEwi/dlog ck,recnyg = 0.058/(z;4) where z; is the
charge number of the adsorbing particle and the parameter A describes the
discreteness of the charge distribution, the effective charge number of the ionic
complex calculated is equal to -2.3 but not -3. Therefore the [Fe(CN)s]*~ anion
is presented mainly as an ion pair, K*-[Fe(CN)s]*, in the base electrolyte +
K;[Fe(CN)g] solution | Cd(0001) interface.

For quantitative study of the adsorption of the [Fe(CN)s]* and [Fe(CN)s]*
anions the differential capacitance measurements in the system with constant
ionic strength, varying the mole fraction of the surface-active anion in a system
with constant ionic strength (/=0.3, x=0...0.1 M, y=0...0.03 M), have been
conducted. The dependences of the series capacitance C on the square root of
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the angular frequency @ (@ =27f") at constant concentration of the surface-

active anion and at various fixed electrode potentials are linear with the
determination coefficient 0.994 <% <0.999 if 100 < /' < 750 Hz. However in
the wide ac frequency o region C is a non linear function of @ and only in the
limited region where diffusion is the rate limiting step for specific adsorption

there is a linear dependence of C on No . At lower frequencies < 5 Hz, the

C, NV -dependences deviate from the linearity and the increase in the

differential capacitance is pronounced, which is caused by the slow Faradaic or
partial charge transfer processes taking place at lower frequencies. The slope of

the C,, Jo -dependences is independent of the concentration of the surface-

active anion if it is less than 0.015 M. The increase of the slope can be
mentioned starting from the 0.03 M solution of the surface-active anion. Thus,
in the more concentrated solutions the charge or partial charge transfer process
[21, 36, 49, 59, 60, 65, 73, 74, 90, 92, 94, 95, 99—103] involving surface-active
component is probable (i.e. the formation of weak bond between the surface-
active particle and the Cd(0001) surface). The influence of concentration is
more pronounced for the [Fe(CN)s]" anion than for [Fe(CN)s]". The
electroreduction of the [Fe(CN)¢]> anion and electrooxidization of the
[Fe(CN)]* anion are both probable in the region of potentials studied [94, 95,
102, 103].

The linear regions of the CS,\/; -dependences (97 <f<752 Hz) were

extrapolated to the zero frequency (@w—>0) to achieve the equilibrium
differential capacitance values C, [27, 30, 31]. Cy, E-dependences for the
solutions containing the [Fe(CN)s]* and [Fe(CN)s]* anions are given in Fig. 6.
In the case of both anions the differential capacitance increases as the potential
shifts towards less negative values. The adsorption of [Fe(CN)]*-anion starts at
potentials less negative than -1.06 V. This potential is shifted 20 mV towards
more positive values in comparison with the [Fe(CN)q]*-anion. The increase in
the concentration of the surface-active anion causes the increase of the
differential capacitance, which is caused by the specific adsorption of the
[Fe(CN)s]* and [Fe(CN)s]* anions [102]. The remarkable adsorption of the
[Fe(CN)s]* anion starts at lower concentrations compared with [Fe(CN)q]*. The
increase of the differential capacitance is sharper in the case of the [Fe(CN)¢]*
anions, which indicates that [Fe(CN)]> adsorbs more strongly on the Cd(0001)
plane than [Fe(CN)]". It can be explained by the stronger electrostatic
repulsion of the [Fe(CN)q]* anions from the surface at potentials more negative
than the zcp.
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Figure 6. Dependence of the equilibrium differential capacitance C, on the electrode
potential for the EP Cd(0001) electrode in the x K,SO4 + y K4[Fe(CN)g] (a) and x K,SO4
+ y K;[Fe(CN)g] (b) solutions with constant ionic strength /=0.3M at different

amounts of the surface-active anion (M), noted in figure.

The electrochemical impedance measurements in solution with addition of the
[Fe(CN)o]> anion are more complicated at potentials less negative than -0.88 V
because the formation of the surface compounds causes the irreversible surface
blocking at higher concentrations of the [Fe(CN)s]> anion. In this region of
potentials £>-0.88 V the electrode surface is blocked and the sharp decrease of the
differential capacitance can be observed. Therefore, high care must be taken at
higher concentrations and potentials positive than zcp. The increase of the
capacitance is in the same order as for the iodide ion on the Cd(0001) electrode, but
the adsorption of the iodide ions begins at ~200 mV more negative potentials
compared with hexacyanoferrate anions [93]. This could also be explained by the
more pronounced electrostatic repulsion of hexacyanoferrate anions from the
negatively charged electrode surface. At positive surface charges the
hexacyanoferrate anions adsorb probably better than the halide ions. At potentials
less negative than -0.9 V the maximum and also the hysteresis appears in the
differential capacitance versus electrode potential dependences for both anions
studied. This capacitance maximum is caused by the noticeable specific adsorption
of anions as well as by the probable strengthening of the covalent nature of the
adsorption bond due to the partial or “true” charge transfer [71, 100, 102—-104], or
by the onset of cadmium oxidation at £>-0.9 V. At less negative potentials than
-0.84 V the adsorption becomes irreversible: the capacitance peaks established in
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C, E-curves at E > -0.95 V disappear and the values of the capacitance decrease
from two to three times, i.e. the strong chemisorption of the anions and surface
blocking takes place. Therefore, only the capacitance data obtained at more
negative potentials than -0.94 V have been used for calculation of the adsorption
data in this work [102, 103]. Similar behaviour for Ni270 [105] and Pt [106]
electrodes has been discussed.

The equilibrium C,, E -curves for various additions of [Fe(CN)s]* and

[Fe(CN)q]* anions were back integrated [69, 107] (starting from -1.10 V where
the specific adsorption of the anions is absent) in order to obtain the equilibrium
surface charge density, ¢, vs. electrode potential, £, curves. At potentials less
negative than -1.06 V the slope of the g, E-curves starts to increase as the
concentration of the anions increases. Comparison of the ¢, E-curves for the
anions investigated shows that the adsorption activity increases in the order of
anions [Fe(CN)s]* < [Fe(CN)s]* as the negative charge number and the
solvatation energy of anion decreases [103].

The g, E-curves were back integrated to obtain the relative specific surface
work vs. potential curves. The relative specific surface work at constant poten-

tial was plotted versus Incy . and the resulting curves were differentiated to

establish the Gibbs excess versus £ dependences at ¢ ,. =const, given in

Fig. 7. Independently, the Gibbs excess at the fixed values of the equilibrium
surface charge density was calculated, using the Parsons function & = gE +

[51, 52, 56, 57, 67-71] and differentiating the relative &, lncKl Ax-Curves at

constant electrode charge. According to the analysis of data there are no big
differences between the Gibbs excess values calculated at constant electrode
potential or at constant electrode charge at more negative potentials than
-0.94 V. However, the Vorotyntsev method [65] gives us the possibility to
investigate the specific adsorption of the anions in the wider region of the
surface charge densities. According to the data in Fig. 7, an almost exponential
dependence of the Gibbs excess on the electrode potential has been observed at
potentials more positive than zcp [102, 103]. The slope of the /., E -curve for

the [Fe(CN)]" anion is lower compared with that for [Fe(CN)s]". The
dependences of the Gibbs excess on the electrode charge density at constant
electrode potential are practically quasi-linear and parallel to each other at small
negative and positive surface charge densities. At the same potential the Gibbs
excess of the [Fe(CN)s]> anion is higher than that for [Fe(CN)s]* at the
Cd(0001) electrode. However the values of the Gibbs excess for the halide ions
(Br” and J') at Cd(0001) are noticeably higher i.e. the adsorption of halide ions
from (0.1 - y) KF + y M KA* is much stronger at the same potentials [93] but
the increase of the Gibbs excess with the concentration of the surface active ion
is more pronounced for the [Fe(CN)¢]*” and [Fe(CN)]* anions [102, 103].
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Figure 7. Dependence of the Gibbs excess on the electrode potential for the EP
Cd(0001) electrode in the x K,SO4 + y K4[Fe(CN)¢] (a) and x K,SO4 + y K5[Fe(CN)g]
(b) solutions with constant ionic strength 7 =0.3 M at different additions of the

surface-active anion (M), noted in figure.

Adsorption isotherms. In order to determine the Gibbs adsorption energy, the
surface pressure data were fitted to the square root isotherm Eq. 4.3.5, which are
quite linear to obtain the adsorption equilibrium constant for the anions studied.
The charge density values of specifically adsorbed ions at fixed potentials were
recalculated to the condition of constant charge and fitted to the simple virial
isotherm Eq. 4.3.1. Like for the Hg| [Fe(CN)¢]" interface [101] the simple
virial isotherms at constant surface charge density are linear if the concentration
of the surface-active anions is higher than 0.5 mM and at fixed surface charge
density the intercept of isotherms increases (and the slope decreases) from
[Fe(CN)s]* to [Fe(CN)s]* [102, 103]. To get the real values of the Gibbs

adsorption energy at E# E o the simple virial isotherm were corrected for

the wy-potential term [56, 57, 66—-69, 93]. The value of the yy-potential,
calculated according to Eq. (4.3.2), decreases as the concentration of the
surface-active ion increases, i.e. the electrostatic work decreases. In the case of
the [Fe(CN)q]” anions the y-potential is independent of the concentration of
the anions at more negative surface charge densities than -0.01 C m™. However,
as the charge type of K4[Fe(CN)e] is higher, the yp-potential starts to decrease
more steeply with the concentration of the [Fe(CN)¢]* anion in solution.
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Figure 8. Gibbs energy of adsorption and the second virial coefficient versus electrode
charge density dependences for the EP Cd(0001) electrode in the x K,SO4 + y
K4[Fe(CN)g] (triangles) and x K,SO4 + y K;3[Fe(CN)g] (circles) solutions with constant
ionic strength / = 0.3 M calculated from the corrected virial isotherms.

The values of Gibbs adsorption energy obtained according to the ‘square root’,
virial and corrected virial isotherm [51-65] are coincidental within the experimental

errors ( A(AGO)S 5kJmol™) at zcp (Fig. 8) and at zcp the value of Gibbs

adsorption energy is approximately the same as for the Bi(001)|Br interface, but the
Gibbs excess is many times lower for the Cd(0001) [Fe(CN)s]” and
Cd(0001)|][Fe(CN)e]* systems than for Bi(001)[Br interface [92, 107]. The
comparison of the data reveals that [Fe(CN)s]” has slightly more negative value of
Gibbs adsorption energy i.e. the [Fe(CN)s]* anion is to the greater extent repelled
from the slightly negatively charged Cd(0001) surface [102, 103].

As can be seen in Fig. 8, the inverse value of the second virial coefficient,
1/By, (i.e. the number of ions engaged with the unit surface area) increases with
the electrode surface charge density and from [Fe(CN)¢]* to [Fe(CN)e]*, which
is caused by the decrease of the charge number of the anion in the adsorption
layer. The value of the corrected virial coefficient is practically the same for
[Fe(CN)s]* and [Fe(CN)]* ions and there is about 20 times more ions on the
surface in the case of the Bi(001)|Br interface [92, 107] and 10 times more Br’
anions at the Cd(0001) plane [93] than at the Cd(0001) | [Fe(CN)s]" or
Cd(0001) | [Fe(CN)s]" interface [102, 103]. The 1/By, values for the
Hg | [Fe(CN)o]* interface [101] are somewhat higher near the zcp compared
with Cd(0001) | [Fe(CN),]" interface.



Inner layer parameters. The thermodynamic parameters obtained before reveal
only somewhat about the structure and charge distribution on the Cd(0001) | surface

active electrolyte interface. The Agzﬁ'”*z ,q, -dependences were constructed (Fig. 9a)

to obtain some inner layer parameters. The A¢m72,q1 -plots are linear with the

slope slightly decreasing with the rise of the electrode charge density. To a first very
rough approximation, the data for [Fe(CN)s]* and [Fe(CN)s]> anions lie in the
common plot at constant charge density. However, more detailed analysis shows

that the A¢m72,q1 -plots for the [Fe(CN)]* anions at higher values of electrode
charge density have higher values of slope and intercept compared with the
[Fe(CN)]* anions. Extrapolation of the A¢m72,q1 -plots to the condition g, =0

gives the values of qC (Fig. 9b) and the slope values give the values of . C

(Fig. 9b inset). According to the experimental results the values of A C for the

[Fe(CN)s]* and [Fe(CN)s]* ions at fixed electrode charge density are in a good
agreement with the data for F~ anions at positively charged surface but there are
differences at negatively charged electrode surface. The values of  C for

[Fe(CN)s]* are lower than those for the [Fe(CN)s]* anions at positively charged
electrode surface. Assuming to a first approximation that the dielectric constant
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Figure 9. (a) Dependences of the potential drop across the inner layer on the charge
density of the specifically adsorbed ions for the EP Cd(0001) electrode in the x K,SO, +
y Ky[Fe(CN)g] solutions with constant ionic strength / =0.3M at fixed electrode
charge densities ¢ (C m™), noted in figure.

(b) Inner layer capacitance at constant amounts of constant electrode charge density
(main figure) and specifically adsorbed anions (inset) versus electrode charge density at
curves for the EP Cd(0001) electrode in the x K4[Fe(CN)q] + y K,SOy (triangles) and x
K;[Fe(CN)g] + y K»SOy (circles) solutions with constant ionic strength 7 =0.3 M .
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of the inner layer is independent of the anion adsorbed then according to
Eq. 4.3.14 and Fig. 9b the values of x, for [Fe(CN)s]* have to be higher than
those for [Fe(CN)q]™, i.e. the compact layer is thicker in case of the [Fe(CN)e]>

anions adsorption at Cd(0001). The different behaviour of ,C on the electrode

charge density curves for [Fe(CN)s]> and [Fe(CN)e]* ions (Fig. 9b) can be
explained by the higher surface activity of the [Fe(CN),]> anions on Cd(0001) in
comparison with the [Fe(CN)]* anions at £ =0 > 0, which is probably caused by

the different dependence of the distance of the outer Helmholtz plane x, on the
surface charge density (smaller values of x, at constant electrode charge density)
compared with corresponding dependences for the [Fe(CN),]* anions [103].

The ,C, g -plots (Fig. 9b inset) show that the values of C depend on the
charge and electrical distribution of the surface-active anions. In the potential
region of intensive specific adsorption the values of . C for the [Fe(CN)e]™
anions are higher than those for the [Fe(CN)s]* anions adsorption at Cd(0001).
Thus, according to Eq. 4.3.13 the value of (x2 —xl) depends on the charge
number of the anions adsorbed (if we assume that the dielectric constant of the
inner layer is independent of the anion adsorbed, i.e. independent of /',.). So,
the relative position of the [Fe(CN)q]* anion in the compact Helmholtz layer is
practically independent of the electrode surface charge density. The position of
the [Fe(CN)s]> anion changes as the electrode charge density becomes from

negative to positive, i.e. the [Fe(CN)s]> anion shifts towards electrode surface
but, at the same time, the position of the outer plane remains the same [103].

6.3. Impedance spectroscopy data for electroreduction of
hexacyanoferrate(I1I) anions at Cd(0001)

To establish the more detailed information about the reaction mechanism the
complex impedance spectra were measured at ac frequency from 5-107 to
1-10° Hz (14 frequencies per decade) within the region of the electrode potential
from —-1.6 to —1.0V vs. Ag|AgCl|sat. KCI [102, 108]. At given base
electrolyte concentration cxr the active Z' and imaginary Z" parts of the
impedance depend noticeably on ck,recn)g and at fixed ck,recnyg ON Chaseel @S
well as on the electrode potential applied (Figs. 10-12). The so-called total
polarization resistance R, (obtained from the difference between the high-
frequency series resistance and low-frequency resistance) and |Z"| have also
complicated dependence on E, ckrecny and cxe [102, 108]. The similar
behaviour of Au | [Fe(CN)s]> /[Fe(CN)]* + base electrolyte [13, 14] and
Pt | [Fe(CN)s]> /[Fe(CN)s]* + base electrolyte [109] system has been observed.
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In a high frequency region (f> 1000 Hz) there are very small semicircles in
the Nyquist plots (Fig. 10), however very well detectable at all potentials only
in the dilute base electrolyte solutions /<0.03 M. The shape of these high
frequency semicircles is very well reproducible, depends on the total high
frequency series resistance (i.e. electrolyte concentration) but does not depend
on the electrode potential (Figs. 10—12). These high frequency semicircles are
unimportant and undetectable if the ionic strength is higher than /> 0.03 M. It
should be noted that the values of capacitance C.q or constant phase element
(CPE) constant O obtained from this semicircle are very low ~10° Fm?,
characterizing mainly the so-called geometrical capacitance because the
auxiliary electrode surface area is extremely large compared with the Cd(0001)
electrode studied [81, 90].

The Kramers-Kroning relations and corresponding error analysis [81] have
been used [102, 108] for the selection out of the ac frequency region, where the
impedance data can be used for the analysis of edl structure in base electrolyte
and for the detailed analysis of reaction mechanism of the electroreduction of
the [Fe(CN)s]* anions at Cd(0001) plane. It was found that mainly the ac
frequency region 5-107% < f<2-10* Hz is free from noticeable Z” and Z' errors
(Fig. 10b) (JZ" error| < 0.5 % and Z’ error < 0.6 % with the random distribution
of errors) and can be used for more detailed analysis, using least squared
minimization fitting and other methods [6, 76-81, 102, 108, 109]. However,
more detailed analysis at fixed electrolyte composition shows that at f> 2-10°
Hz there is no dependence of Z”, Z'-; log Z, log f~; ¢, log f~; Z", log f~ and Z',
log f-plots on the electrode potential applied, but Z and Z’ values systematically
depend on the electrolyte concentration and can be used for obtaining the high-
frequency series resistance, i.e. so-called electrolyte resistance R, values. It
should be noted that the high-frequency resistance is proportional to the ionic
strength of the solution (Fig. 10e) and thus it has been identified with the
solution resistance [6, 7681, 90, 108, 109].

The complex impedance plane plots show complicated behaviour at low
frequencies, deviation to lower or higher values of the real part of the
impedance (Figs. 10a-12a). These effects were found to be independent of time.
The shape of the low-frequency part of Z”, Z'- and Bode plots depends
noticeably on potential as well as on ck,recn), (Figs. 10 and 11) explained by
the adsorption of the electroactive species at Cd(0001), depending strongly on £
as well as on CK;[Fe(CN)g] [108]
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Figure 10. Z', Z"- (a), residual (b), -¢, /- (c), log|Z"|, /~ (d), log Z, /- (e) and Z’, f- (f)
plots for the EP Cd(0001) plane in 0.002 M KF aqueous solution with different
additions of K3[Fe(CN)s] (mM, noted in figure) at the electrode potential £=-1.2'V
(marks — experimental data, solid lines — calculated data, see text).
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The experimental data show that the low frequency parts of complex
impedance plane plots depend noticeably on the concentrations of base
electrolyte (Fig. 12) and [Fe(CN)s]* anions in solution (Fig. 10). The phase
angle values obtained are somewhat higher than -90°, indicating to the presence
of the so-called constant phase element behaviour (with the CPE impedance
Zeve = O '(jw)®, where Q is the CPE constant and « is CPE fractional exponent
of the capacitive element (if a = 1, then Q = C.q), obtained from the slope of
the log|Z"|, log f-plots (slope = —«) [110]. Fractional exponent ¢ values different
from unity can be explained by the surface roughness, some distribution of
energetic inhomogenity of surface causing the dependence of adsorption energy
variations, as well as by distribution of the charge transfer process characteristic
time on the surface structure of Cd(0001) electrode [6, 76, 80, 81, 91-93, 97,
109-112]. The same CPE behaviour can be obtained from Fig. 10d. The
comparatively high values of a=0.93 for 2:10° M and « = 0.95 for 5-10° M
KF solutions [102, 108] indicate that there is only weak deviation of Cd(0001)
interface from the ideally polarizable electrode (classical) conception [6, 7681,
91, 92, 96]. Near the E = E,_, there is a small decrease of o values as ckr
decreases.
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Figure 11. Z',Z"- (a) and -4, f~ (b) plots for the EP Cd(0001) plane in 0.002 M KF
+ 0.1 M K;3[Fe(CN)g] aqueous solution at different electrode potentials (V, noted in
figure) (marks — experimental data, solid lines — calculated data, see text).

According to the data in Fig. 10, the frequency of the main low frequency
maximum, fi.x, in the Z”, Z'- as well as log|Z"|, log f-plots shifts toward lower
values at first and the values of |Z"| increase with increase of c,recny, at given
base electrolyte concentration. Thus, the characteristic time constant obtained
from experimental data increases with the rise of ck,recny from 5:10° M to
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1-10* M. However for more concentrated K;[Fe(CN)¢] solutions tyax =
(Zchmax)'l decreases with the rise of ck,re(cn)) 1n solution. This maximum in 7y,
ck,recny-dependences can be explained by the suggestion that for more
concentrated reactant solutions, in addition to the adsorption limited charge
transfer process, the classical Frumkin long-range charge transfer process starts
[89, 102, 108]. It should be noted that j, E-dependences (Figs. 1 and 2) change
in the analogous manner as 7y, i.€. the decrease of 7., is related to the increase
of the current density j at the cathodic potentials. However, it is impossible to
determine 7, for the cathodic process in more concentrated [Fe(CN)e]>
solutions (Figs. 10a and 10d) at £ > -1.2 V, because there is no maximum in the
log|Z"|, log f-plot. However, the data obtained at different £ for less
concentrated solutions indicate that the time constant has maximum at —1.15 V
and at potentials close to the diffuse layer minimum potential E;, the time
constant decreases again, because the electrostatic work term for [Fe(CN)e]*
transition to the reaction centre depends on the charge density at the Cd(0001)
plane [24, 28, 42, 89, 90, 94, 95, 97, 99, 102, 108]. The noticeable dependence
of Tmex ON the concentration of [Fe(CN)q]> anion in solution and the depressed
shape of the low frequency region of the Z",Z'-semicircles indicate the
complicated mixed kinetic behaviour of [Fe(CN)s]* electroreduction at the
Cd(0001) electrode. Thus, similarly to the KF | Cd(0001) [49] and Na,SO,|
Cd(0001) interface, the characteristic time constant z,,,,x obtained is not a simple
valued quantity [81, 113], but is distributed continuously or discretely around a
mean 7y, value and shows that the balance of the various rate-determining
processes changes with ck,re(cn)g, Ckr and electrode potential applied.

The plateaus in log Z, log f-plots (Figs. 10e and 11) indicate that similarly to
the base electrolyte system at £ < -1.4V, there is a slow Faradaic process,
however, more quick for more concentrated [Fe(CN)s]* solutions (Fig. 10e)
compared with dilute reactant + the base electrolyte system. Thus, in addition to
the slow cathodic hydrogen evolution process the simultaneous comparatively
quick electoreduction of the [Fe(CN)q] as well as K'-[Fe(CN)]* ionpairs takes
place and the total polarization resistance decreases with ck,recnyg = 1-110°* M
(Fig. 10).

The values of |Z"| at fixed ac frequency and potential are systematically
higher (capacitance C.q or CPE constant value Q are lower) compared with the
Cd(0001) | base electrolyte system in a good agreement with the data in Fig.5a,
where the series capacitance at £ < -1.1 V systematically decreases with the rise
of c,re(cny- The constant phase exponent o > 0.92 obtained from the slope of
log|Z"|, log f-plots is practically independent of ck,recn)g and nearly the so-
called ideal capacitive behaviour can be seen in Figs. 10 and 11, i.e. in the wide
potential region -1.4 V < E <-0.95 V (where the current and potential are out of
phase (so-called blocking electrode), and the high frequency asymptote is
expressed as (o) = —90°« [110]. However, at £ < -1.4 V (Fig. 11) the phase
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angle, Z, Z' and Z" values indicate the occurrence of the “true” Faradaic or
partial charge transfer process at the Cd(0001) | base el. + K;[Fe(CN)g] solution
interface in a good agreement with the decrease of the total polarization
resistance with the rise of negative polarization and ck,recnyg. This R, 1s
maximal at £ = -1.15 V in a good agreement with minimal dj/dE values
calculated at £ =-1.2 V (Fig. 1) [94, 102, 108].

The total experimental series differential capacitance [6, 76—81, 109, 110]
can be obtained from the Z”, Z'-plots, using the relation Z" = (jwC) . At f <
5 Hz, there is a noticeable increase in Faradaic or adsorption pseudocapacitance
with increasing of ck,re(cny] OF Chaseel @t £ < —1.4 'V, which is caused by
electroreduction of the [Fe(CN)s]> or K'-[Fe(CN)¢]> ions, K" adsorption
followed by the partial charge transfer as well as by the slow cathodic hydrogen
evolution reactions [36, 49, 90-97, 99, 102, 107, 108]. However, at £ <-1.1 V
the systematic decrease of C at > 10 Hz with the rise of ck,recn) in solution
has been established, indicating the following strong blocking adsorption of
[Fe(CN)]” or reaction intermediates at the Cd(0001) surface [102, 108].
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Figure 12. Z',Z"- (a) and -¢, f~ (b) plots for the EP Cd(0001) plane in 0.1 mM
K;[Fe(CN)g] solutions with different additions of KF (M, noted in figure) at E=-1.0 V
(marks — experimental data, solid lines —calculated data, see text).

The data in Fig. 12 show the noticeable influence of the base electrolyte
concentration, i.e. the electrostatic Frumkin y;-effect [24-31, 33, 34, 36, 87-90,
94, 95, 99], on the [Fe(CN)¢]> electroreduction rate. It is clear that with the
increase of KF or K,SO, concentration the more pronounced capacitive (i.e.
surface blocking) behaviour of the Cd(0001) | base electrolyte + reactant
interface can be observed in the region of -1.4 V < E < -0.95 V, caused by the
more compact structure of edl (decrease of Debye screening length) and by the
decrease of the electrostatic work term needed to transport the reactant anions
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through the diffuse layer into the reaction zone [28, 36, 87-90, 94, 95, 99]. Tax
for the kinetically mixed limited process decreases with the rise of KF at
CKy[Fe(CN)] = const, but at £ > -1.2 V for more concentrated KF solutions it is
impossible to obtain the values of 7y, in the region of ac frequencies studied.
Tmax 1S maximal at -1.3 < E < -1.1V, where the maximal inhibition of
electroreduction reaction takes place [94, 102, 108]. At £ = -1.2 V it is
impossible to obtain 7,,x values because f..x is lower than ac frequency applied
in this study indicating to very slow rate determining process.

Noticeably different behaviour of Cd(0001) surface at £=—1.6 V occurs,
where the shape of ¢, log f~plots depends noticeably on ck,recn) and there is a
plateau in the ¢, log f~plots with comparatively low |@ values(]¢ < 62°) in the ac
frequency region from 3 to 20 Hz. The |4 values decrease with the increase of
Ccy[Fe(cNy» 1ndicating the deviation of mixed kinetic process toward the mainly
charge transfer limited process at higher concentrations of the reactant [102,
108]. The phase angle values near zero at low ac frequency (f<5-107 Hz)
indicate that the current and the potential are in phase and thus the
heterogeneous charge transfer step is a main rate-limiting stage.[6, 76—81, 113,
114] Total polarization resistance R, decreases as ck,re(cnyg r1s€s if ckreenyg =
1:10* M in accordance with j, E-data. Only at very low reactant concentrations
CryFe(cnyg < 5-107° M the very weak increase of the total polarization resistance
at £ > -1.4 V takes place, caused by the adsorption of the reactant or
intermediate species at the Cd(0001) surface [102, 108]. Thus, in comparison
with £ > -1.4 V the more quick simultaneous electroreduction of [Fe(CN)]*,
ion-pairs K'-[Fe(CN)¢]*, slow cathodic hydrogen evolution as well as
adsorption of the K" cations with the following partial charge transfer are
possible.

The nearly similar dependences of Z”, Z'-; log Z, log f~; ¢, log f~; Z", log f-
and Z', log f-plots have been observed for Cd(0001) | Na,S,0g + Na,SO,
interface [90], however the surface blocking effect has smaller influence than
that for Cd(0001) | K;[Fe(CN)s + KF interface.

Analysis of fitting data. — The data is Figs. 5 and 10-12 indicate that the electro-
reduction of [Fe(CN)s]” is occurring probably through the adsorbed state [12—
14, 21, 102, 105, 106, 108, 109, 115, 116] and probably the cationic catalysis at
E <-1.4YV is possible [28, 36, 49, 88-90, 94, 95, 99], i.e. the formation of the
K,.,[Fe(CN)s]" ion pairs or cationic bridges at the Cd(0001) surface is
essential at more negative potentials [13, 14, 21, 89, 94, 102, 108]. Thus, the
K,,[Fe(CN)o]""* complex could be viewed as an adsorbed intermediate particle
[14] and therefore the following reaction mechanism can be proposed:

ky
K, [Fe(CN)s]™" o1 + mK ' g © K, r+m[Fe(CN)]"" " 46 [



ky
K rm[FE(CN)g]™ "2 s + € © MK s + K, [Fe(CN)]™ o [11]

As the negative charge number of the reduced anion is higher than for the
reactant, after formation the reaction product is electrostatically repelled from
the electrode surface into the solution phase. The Cd(0001) | KF + K5[Fe(CN)g]
interface could be approximated to the here given equivalent circuit (EC) where
the resistance of the electrolyte and CPE element have been added to the model
of one adsorbing particle [81, 102, 108].

CPE

Cad

Results of the non-linear regression analysis of the Nyquist; Bode; log 7', log f-
and log|Z"|, log f-plots (solid lines in Figs 10-12) for solutions with ck,frecnyg <
1:10* M show that these plots can be simulated by this equivalent circuit very
well because there is a very good accordance of experimental and fitted results.
The »* function for the circuit has comparatively low values (5° < 8:10*) and
the relative errors of individual parameters obtained are lower than those
obtained using other EC discussed in paper [108]. The parameters obtained are
given in Figs. 13—15.

According to the fitting results the fractional exponent « has values from
0.92 to 0.95 depending slightly on £ and ck,recn) In @ good agreement with o
values obtained from the slope of log|Z"|, log f-plots. The Q values (Fig. 13a)
obtained for solutions with different additions of [Fe(CN)s]> have reasonable
values. At £ > —1.6 V, the values of Q for the [Fe(CN)s]” containing solutions
are systematically lower than those for the pure base electrolyte, which points to
the surface blocking effect of the Cd(0001) electrode surface in the solutions
with addition of the [Fe(CN)s]*" anions [102, 108]. O starts to increase in the
region of Enin if cxyreenyg > 2:-10* M, thus if the diffuseness of the edl
decreases and the weak specific adsorption of the electrolyte starts. In the case
of more concentrated solutions Q is minimal at E;,, = —1.00 V, which is in a
good agreement with experimental series capacitance data at fixed ac frequency
presented in Fig. 5.
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Figure 13. Dependences of CPE constant Q (a) and adsorption capacitance (b) on the
electrode potential for the EP Cd(0001) plane in 0.002 M KF solution with different
additions of K;[Fe(CN)s] (mM, noted in figure).

Adsorption capacitance (Fig. 13b) has somewhat higher values than Q at
potentials £ <-1.3 V, thus, the weak non-blocking adsorption of the cations or
cationic complexes is possible [102, 108]. In the region of potentials from -1.3
to -1.0 V, C, decreases with ck,recny, Which indicates the weak blocking
adsorption of the [Fe(CN)¢]> ions or K, [Fe(CN)s]™ > ion-pairs [89, 90],
caused by the squeezing out effect of big anions from the bulk solution by the
F anions. In the case of higher concentrations of [Fe(CN)s]* and at £ > -1.3 V,
the surface blocking is very probable as the very low values of C,4 have been
obtained compared with the adsorption capacitance obtained at -1.5 V to -1.3 V
[102, 108]. The decrease of adsorption capacitance at slightly negatively
charged surface has been established for other anions (I', Br ) adsorbing at the
Cd(0001) plane from solutions with / = const [93]. However, at £ >-1.1 V the
noticeable increase of the C,4 can be seen, which is connected to the occurring
of the Faradaic oxidation reaction of surface or formation covalent bond
between adsorbed [Fe(CN)s]> and Cd(0001) surface with a noticeable
capacitive component. In the more concentrated KF solutions, C,y has
maximum within the potential region from -1.5 to -1.3 V (not shown in Fig.
13b) [94, 102, 108].
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Figure 14. Dependences of charge transfer resistance (a) and adsorption resistance (b)
on the electrode potential for the EP Cd(0001) plane in 0.002 M KF solution with
different additions of K;3[Fe(CN)y] (mM, noted in figure). Insets: Dependences of R (a)
and R,q (b) on the concentration of the surface-active anion at different £ (V, noted in
figure).

The charge transfer and adsorption resistances depend noticeably on
Ck,[Fe(cN)] ANd Chasecl @s Well as on the electrode potential applied (Figs. 14 and
15). In the case of fixed solution composition, the charge transfer and
adsorption resistances increase nearly exponentially with decreasing the
negative potential in the region of potentials from —1.6 to —1.1 V. The
maximum in the R, E- and R,4, E-dependences appears at —1.15 V, where the
maximal increase in the electrostatic work term takes place [28, 36, 49, 88-90,
94, 95, 99, 102, 108]. In the region of peaks in the R, E-curves the data for
more concentrated [Fe(CN)q]> solutions can not be fitted because the R, value
approaches to infinity in the relatively dilute [Fe(CN)o]” solutions already. At

E<—12V the charge transfer resistance decreases as Cy rocn) =~ 1-110* M

rises, thus in the analogous way as the current density for standing electrode
[94]. Thus, at these conditions the new reaction pathways (in addition to the
traditional Frumkin long-range charge transfer mechanism direct charge transfer
through the adsorption state) are simultaneously possible [102, 108]. At £ =
-1.0 V the charge transfer and adsorption resistances tend to the constant value
at higher reactant concentrations. Thus, the surface is probably partly blocked
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by the specifically adsorbed [Fe(CN)s]> or reaction intermediates at £ > -1.1 V.
In the region of very pronounced increase of the electrostatic work term at
-1.1 < E <-0.95 V (where |dyi/dE| is maximal) [28, 36, 49, 88-90, 94, 95, 99,
102, 108] the noticeable increase of the adsorption resistance has been
observed, rising with the reactant concentration (Fig. 14b). Thus, the adsorption
resistance has maximum values just before the region of the so-called current
pits in the j, E-curves, which have been observed using the rotating disc
electrode method [94]. At E < —1.5 V the value of R,y lower than 0.1 Q m? has
been established, which corresponds to the very quick adsorption of the K ions
as well as K, [Fe(CN)s]"” ion pairs at the Cd(0001) electrode and the
following electroreduction process at the Cd(0001) surface.
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Figure 15. Dependences of charge transfer resistance (a) and adsorption resistances (b)
on the electrode potential for the EP Cd(0001) plane in 1x 10~ M K;s[Fe(CN)]
solutions with different additions of KF (mM, noted in figure). Insets: Dependences of
R (a) and R4 (b) on the concentration of the surface-active anion at different £ (V,
noted in figure).

At constant ck,recn), the charge transfer resistance is inversely proportional
tO Cpaseel (inset in Fig. 15a) and nearly exponentially decreases with increasing
the negative electrode potential (Fig. 15a). Thus, R depends on thickness of the
diffuse layer, i.e. on the y; potential at the Cd(0001) electrode surface and on
the concentration of cations, ckx+. The adsorption resistance R,q (inset in Fig.
15b) decreases with the rise of Cpaseel in the region of potentials from —1.6 to
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—1.15V and approaches to the nearly constant value at higher Cpyeel
> 1-102 M) [102, 108]. At E= —1.1 V, R, increases with the rise of Cpaseel,
indicating to the blocking adsorption of [Fe(CN)s]” or K,,/[Fe(CN)s]" ion
pairs at the Cd(0001) electrode at small negative surface charge densities (|g| <
0.2 C m?).

The values of the adsorption capacitance and resistance give only indirect
information about the mechanism of the reaction and therefore the parameters
A, B and C have been calculated using Eqs. 4.4.18-20, respectively [96, 102,
108]. As ck,recn) Increases the parameter 4 increases at £<-1.5V, i.e. the

- «— «
surface coverage 6 increases as —o k— (I—a,)k,+ (I—a )k +
-
a, k, >0.At E>—-1.2V the parameter 4 increases until it becomes constant at
CKA[Fe(CN)g] 310 M, thus probably corresponding to the condition where the
surface coverage € — const. At intermediate K;[Fe(CN)s] concentrations and
electrode potentials from —1.4 to —1.3 V the parameter 4 goes through the
minimum [102, 108]. The addition of KF into the 1:10* M [Fe(CN)s]* solution
causes the increase in 4 (if the value of @ rises) with the decrease of the
thickness of the diffuse layer and the surface activity of [Fe(CN)]* increases in
a good agreement with the data for other anions adsorption at Bi(hkl) and
Cd(0001) [91-93, 96, 97]. Thus, at these conditions the Frumkin correction
depends on the edl thickness (i.e. Debye screening length) and Gibbs adsorption
value of the [Fe(CN)]> anions or K,,;[Fe(CN)e]™ ion pairs at the Cd(0001)
surface. The parameter |B| in Eq. 4.4.19 changes in the analogous manner as
pararneter A If Ckr < 3'1072 M and CK;[Fe(CN)g] < 3104 Mat-14<E<-10V
then the parameter C in Eq. 4.4.20 could be considered to be independent of cxg
- “«— - “—

and ¢k, re(cn),» indicating the constancy of (k,+k_+k,+k_, )/ I at Cd(0001))
K;[Fe(CN)¢] + KF aqueous. The same conclusion has been made by Damaskin
et al [21] for the Hg|[Fe(CN),]” interface too.

The results obtained indicate that the adsorption of [Fe(CN)s]* or reaction
intermediates of electroreduction process, K, [Fe(CN)]™~, and base
electrolyte ions is possible. The strong inhibition of the very slow Faradaic
process occurring in the pure base electrolyte solution with the addition of
K;[Fe(CN)g] into the solution demonstrates that the Faradaic processes are
strongly influenced by the adsorption processes and therefore mainly the same
surface sites (active centres) are used for the occurring of various adsorption
and simultaneous charge transfer reactions (hydrogen evolution,
electroreduction of [Fe(CN)e]”, electroreduction of K'-[Fe(CN)]> complex,
electroreduction of K*, H,O decomposition (only if £ < -1.6 V)). Taking into
account that there is only one low frequency semi-circle in Z”, Z'-plot (as well
as one maximum at |Z|, logf~ and |d|, logf-plots), therefore these parallel
processes have very similar time constants and have to be viewed as conjugated
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processes, not very well separated ones. Analysis of ac impedance spectroscopy
data gives only the complex charge transfer parameters for the total cathodic
complex electroreduction reaction (interrelated with each other). Therefore the
in situ FTIR, second harmonic generation and in situ Raman spectroscopy data
are inevitable for the more detailed analysis of simultaneous reactions in
progress in our laboratory.
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7. CONCLUSIONS

Electrochemical reduction of the hexacyanoferrate(Ill) anions on the electro-
chemically polished Cd(0001) plane has been studied by the linear sweep,
rotating disc electrode voltammetry, constant ionic strength and impedance
spectroscopy methods.

The rate of electroreduction of the [Fe(CN)¢]*" anion depends on the poten-
tial of the Cd(0001) electrode, as well as on concentrations of the base
electrolyte and Kj;[Fe(CN)g]. According to the rotating disc electrode
voltammetry the electroreduction of the [Fe(CN)s]*™ anion in the region of zero
charge potential is limited mainly by the rate of diffusion of the [Fe(CN)e]*
anions to the Cd(0001) surface. Diffusion coefficient values (7-10° cm®s™ for
1110 M KF) obtained from the linear Levich plots were in a reasonable
agreement with the literature data [24]. The inhibition of the [Fe(CN)s]> anion
electroreduction takes place in the region of small negative surface charge
densities, this is explained by the y; potential effect as well as by the adsorption
of reactant and reaction intermediates at Cd(0001) surface. At more negative
surface charge densities the acceleration of [Fe(CN)s]> anion electroreduction is
explained by diminishing of the y; potential effect since at negative potentials
far from the zero charge potential the value of diy, / dE is approximately

constant; and also by weak specific adsorption of the K’ cations on the
electrochemically polished Cd(0001) surface at ¢ < —14 pC cm™. The cationic
catalysis can take place at £ <—-1.5 V.

The apparent rate constant values kp were calculated using the kinetic
current densities jx obtained from the linear Koutecky—Levich plots. The
corrected Tafel plots for the electroreduction of the [Fe(CN)s]> on the Cd(0001)
electrode, using the classical diffuse layer potential values obtained according to
the Gouy—Chapman theory, were calculated. At higher cathodic polarization
(E-w< -1.2V) the corrected Tafel plots for the electrochemically polished
Cd(0001) electrodes are linear with the slope corresponding to the apparent
transfer coefficient gy, ~ 0.35. At smaller negative surface charge densities the
corrected Tafel plots are non-linear and there is noticeable decrease of corrected
current density values with the rise of cgr. The values of o, obtained for
[Fe(CN)s]” electroreduction are noticeably higher than Oy calculated for
Cd(0001) | Na,S,0g + NaF interface where nearly activationless charge transfer
takes place [99].

It was found that near the zero charge potential the [Fe(CN)s]* and
[Fe(CN)s]> anions adsorb specifically. The adsorption activity of polyvalent
anions increases from [Fe(CN)e]* to [Fe(CN),]” as the negative charge number
of the anion and the solvatation energy decrease. The inner layer structure
depends on the anion adsorbed at the Cd(0001) surface as well as on the surface
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charge density applied. The Gibbs adsorption energy for [Fe(CN)s]’ anions is
comparable with Br™ anions at the Cd(0001) plane [93].

It can be concluded from the analysis of the experimental impedance data,
that the rate determining steps at potentials —1.4 to —1.2 V, where the current
pits have been observed in the current density versus electrode potential plots
for the rotating Cd(0001) electrode, are slow adsorption of reactant anions
and/or co-adsorption processes of the cations and ion-pairs (reaction
intermediate) and the following electroreduction process in parallel to the “true”
long-range Frumkin charge transfer process. In the case of more concentrated
electrolyte solutions at potentials more negative than —1.4 V mixed kinetics
(slow charge transfer and adsorption steps) was observed. The dependence of
the fitted parameters on concentrations of the hexacyanoferrate(IIl) anions and
base electrolyte indicates clearly that the mixed kinetic process of the
[Fe(CN)¢]> electroreduction at the electrochemically polished Cd(0001)
electrode occures. The weak specific adsorption of the [Fe(CN)]* anions or K-
[Fe(CN)¢]* ion pairs is in a agreement with the diffuse layer minimum potential
and adsorption capacitance dependence on the reactant concentration.

The shape of the complex plane, phase angle, total impedance, and
imaginary and real parts of the impedance demonstrate that the electroreduction
of [Fe(CN)6]3' or ionic complex is not limited by the classical semi infinite
diffusion step at the standing electrode. The rate of electroreduction reaction
increases with the increase of the base electrolyte concentration, i.e. with
decreasing the electrostatic work and wj-potential influence that is in a good
agreement with the classical Frumkin conception. The charge transfer resistance
decreases nearly exponentially with the rise of the negative electrode potential
that is in a agreement with the slow charge transfer theory. However the
increase of base electrolyte concentration shifts the process from the mixed
kinetic (mainly adsorption limited) towards purely adsorption limitation (toward
the totally blocked electrode).
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9. SUMMARY IN ESTONIAN

Heksatsiianoferraat(I1l) aniooni redutseerimine
kaadmium (0001) monokristalli tahul

Heksatstlianoferraat(III) anioonide redutseerimise uurimiseks elektrokeemiliselt
poleeritud Cd(0001) elektroodil kasutati tsiiklilist voltamperomeetriat kombi-
neerituna poorleva ketaselektroodi metoodikaga ning konstantse ioonse jou ja
impedantsspektroskoopia meetodeid.

[Fe(CN)]* anioonide redutseerumine sdltub Cd(0001) elektroodi potentsiaa-
list ning foonelektroliiiidi ja Ks;[Fe(CN)s] kontsentratsioonidest. Pdorleva keta-
selektroodi andmete jirgi on elektroodi null-laengupotentsiaali alas [Fe(CN)]*
aniooni redutseerumise kiirus limiteeritud peamiselt [F e(CN)ﬁ]S' anioonide
difusiooniga Cd(0001) pinnale. Fikseeritud potentsiaalidel konstrueeritud
Levich’i soltuvustest leitud difusioonikoefitsientide vairtused (7-10°° cm’s™
1110 M KF vesilahuses) on heas kooskdlas kirjanduses toodutega [24].
Viikestel negatiivsetel pinnalaengutel [Fe(CN)q]> aniooni redutseerumise kiirus
pidurdub, mille pdhjuseks on y;-potentsiaali jiarsk muutus, kuid ka [Fe(CN)e]*
anioonide ja vaheproduktide adsorptsioon Cd(0001) pinnal. [Fe(CN)s]> aniooni
redutseerumise kiirenemine korgematel negatiivsetel pinnalaengutel on seleta-
tav nii y;-potentsiaali osatdhtsuse vdhenemisega (sest kui E << E,_,, siis
dy, / dE ~const), kui ka K" ioonide ndrga spetsiifilise adsorptsiooniga

elektrokeemiliselt poleeritud Cd(0001) monokristalli tahul, kui ¢ < -14 pC cm™.
Katoodsetel potentsiaalidel £ < -1.5 V v3ib toimuda katioonne kataliiiis.

Heterogeense reaktsiooni kiiruskonstandi k. vddrtused arvutati Koutecky—
Levich’i meetodil leitud kineetilistest voolutihedustest. Konstrueeriti paran-
datud Tafeli soltuvused [Fe(CN)q]* redutseerumisprotsessile elektrokeemiliselt
poleeritud Cd(0001) elektroodil, kasutades klassikalisi difuusse kihi potentsiaali
vadrtusi, mis arvutati ldhtudes Gouy-Chapmani teooriast. Kdrgematel katood-
setel potentsiaalidel (E - yp < —1.2 V) saavutati parandatud Tafeli soltuvuste
kokkulangevus Cd(0001) elektroodil. Parandatud Tafeli sirge tousule vastav
tlekandekoefitsient oli a,p, ~ 0.35. Viikestel negatiivsetel pinnalaengutel
osutusid parandatud Tafeli soltuvused mittelineaarseteks ning foonelektroliitidi
kontsentratsiooni kasvades parandatud voolutihedused langesid mérgatavalt.
[Fe(CN)s]* redutseerumise Oy védrtused olid oluliselt suuremad kui Cd(0001)
| Na,S,03 + NaF piirpinna jaoks leitud oy, kus toimub ligildhedaselt
aktivatsiooni energiata laenguiilekanne [99].

Null-laengupotentsiaali lihedases alas adsorbeeruvad [Fe(CN)]> ja
[Fe(CN)]* spetsiifiliselt. Poliivalentsete anioonide adsorptsiooniline aktiivsus
kasvab iileminekul [Fe(CN)]* anioonilt [Fe(CN),]* anioonile, ehk kui
negatiivne laenguarv ja solvatatsioonienergia vihenevad. Sisekihi ehitus sdltub
Cd(0001) pinnale adsorbeerunud anioonidest ja elektroodi laengutihedusest.
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Cd(0001) elektroodil on [Fe(CN)]> ja Br Gibbsi adsorptsioonienergiad
vorreldavad [93].

Poorleva ketaselektroodiga moodetud tsiikliliste voltamperogrammide miini-
mumi alas (potentsiaalide vahemikus —1.2 V kuni —1.4 V), modddetud impe-
dantsi spektritest jareldub, et limiteerivateks protsessideks voib olla reageerivate
anioonide adsorptsioon, katioonide kaasadsorptsioon ja/vOi ioonpaaride (vahe-
ithendite) adsorptsioon koos jirgneva elektrokeemilise redutseerumisega paral-
leelselt nn. toelise kaugdistantse laenguiilekandega. Modelleerimistulemustest
leitud parameetrite sGltuvus heksatsiianoferraat(Ill) anioonide ja foonelektro-
liiidi  kontsentratsioonist nditab, et [Fe(CN)¢]> anioonide redutseerumine
elektrokeemiliselt poleeritud Cd(0001) elektroodil on segakineetiline protsess.
[Fe(CN)q]> anioonide voi K™-[Fe(CN)s]* ioonide ndrk spetsiifiline adsorptsioon
on kooskolas difuusse kihi miinimumpotentsiaali nihke ja mahtuvuse muutu-
sega reageerivate osakeste kontsentratsiooni kasvades.

Kompleksimpedantsi, faasinurga, summaarse impedantsi, ning impedantsi
imaginaar- ja reaalosa sdltuvused néitavad, et [Fe(CN)6]3' anioonide vOi ioonse
kompleksi redutseerumine pole seisval elektroodil limiteeritud klassikalise Ficki
difusiooniga. Reaktsiooni kiirus kasvab foonelektroliitidi kontsentratsiooni
kasvades, st. elektrostaatilise t60 ja w;-potentsiaali osakaal vdheneb, mis on
kooskdlas Frumkini kontseptsiooniga. Laenguiilekande takistus vdheneb ligi-
lahedaselt eksponentsiaalselt negatiivse potentsiaali kasvades. Foonelektroliitidi
kontsentratsiooni kasvuga nihkub segakineetiline protsess puhtalt adsorptsioon
limiteeritud protsessi suunas, st. tdielikult blokeeritud elektroodi suunas.
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Abstract

Electroreduction of hexacyanoferrate(lll) anion on an electrochemically polish€dd@d()plane in aqueous KF solutions with different
additions of K[Fe(CN)] was studied by rotating disc voltammetry. The rate of electroreduction of [Fg]l&NJepends on the electrode
potential and base electrolyte concentration. The kinetic current densities obtained have been used for the determination of the rate constant
values for the heterogeneous electroreduction reaction of the [FgifCihion on the Cd(0 00 Plane. The diffuse layer potential valugs
calculated according to the Gouy—Chapman-Grahame (GCG) model have been used for the construction of the corrected Tafel plots, which
were linear in the limited region of negative potentials (—1.35\(E — v/4) < —1.15V versus Hg|HgCl,|4 M KCI) giving the apparent
transfer coefficient valueap, ~ 0.35 for 1x 10~ M KF solution.
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Hexacyanoferrate(lll); Complex anion; Electroreduction; Cd(0 00 1); Heterogeneous rate constant

1. Introduction the point charge at the siie F the Faraday constanty
the potential experienced by the point charge in the dou-

The electroreduction kinetics of the hexacyanoferrate(lll) ble layer at the reaction sitey the transfer coefficient;
anion has been an object of many studjgs18]. These andkg the potential-independent rate constant. As shown in
studies have included an investigation of the effect of the [1-8,13,34-38], this picture is oversimplified even for the
chemical nature of the electrode metal for a wide va- Hg electrode.
riety of polycrystalline electrode$l-3,5-33]. However, Systematic analysis of the experimental data shows that
it should be noted that there is only very few data dis- for the so called simple redox reactions (Co@s¥t and
cussed about the influence of the crystallographic structureother Co(lll) and Cr(Ill) complexefl-3,19-26], where the
of the electrode surface on the reduction kinetics of the redox transfer occurs by an outer-sphere mechanism) the

[Fe(CNX]3~/[Fe(CN)}]* redox coupld4]. kinetic parameters depend noticeably on the chemical nature
According to the Frumkin slow discharge the¢2y—33], of the electrode metal and on the crystallographic structure
the rate-determining step can be characterized by an apparentf the electrode surfadéd,24,26].
rate constant of the heterogeneous reaction: The kinetic data for electroreduction ofzeg’ on the
—ziFyn Au, Bi and Cd single crystal plane electrodes demonstrate
knet= kcor EXp( ) the noticeable dependencelgft and the apparent transfer

coefficient,aapp, values on the chemical nature and crystal-
— ko exp(—zin/q) eXp[—ozF(E - Ih):| 1) lographic structure of the electrode surface stud@ss-41].

RT RT Based onac impedance spectroscopy it was found that
wherekgr is the rate constant corrected for the diffuse the apparent rate constant valugg: for the redox cou-
layer effect (so-called Frumkin correction {«effect)); z ple [Fe(CN}]®~/[Fe(CN)]*~ largely depend on the surface
structure of the Pt electrode akgk; increases along the se-

* Corresponding author. Tel+372-7-375165; fax:372-7-375160. ries: (11 0)< (100)<(111), Ie With increase of the retic-
E-mail address enn@chem.ut.ee (E. Lust). ular density of plang4]. The in situ IR spectroscopy data
1 ISE member. indicate the presence of adsorbates ascribable to the cyanide

0013-4686/$ — see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2003.11.021
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group on every Pi(kl) surface and the spectral features on 1.8
the Pt(1 1 1) surface were found to be different from Pt(1 1 0)
and Pt(100) plane!]. Strong adsorption of reactants and L6k
intermediates on the Pt electrode surface is also recognized ’
in other works[4—8] which has been explained simultane-
ously with the surface blocking effect. It has been pointed La4r
out that the “true” rate constant of this couple should be
obtained in the very dilute solutions of the [Fe(GN) or 12k
[Fe(CN)]*~ ions, when the surface coverage of the adsor-
bates is low[6,9-11]. L
The main aim of this work was to study the charge-transfer g
mechanism and the electroreduction kinetics of the <
[Fe(CNX]3~ anion on the electrochemically polished (EP) ~ 081
Cd(000 1)electrode.
0.6 F
2. Experimental
0.4
Electrolyte solutions were prepared from KF and
K3[Fe(CN)], triply recrystalized from Milli-Q+water, 0.2
which was used for the preparation of solutions. Air was re-
moved from the solution by bubbling argon (Ar: 99.993%) 0 . . .
through or over prior to or during measurements, respec- -1.7 -15 -1.3 -1l
tively [39-42]. E /V vs Hg | Hg,Cl, | 4 M KCI

Electrochemically polished (EP) Q0 0 ]i)SIngle_cryStaI Fig. 1. Rotating disc voltammetry (E) curves (scan rate = 10mV's %,
plane electrodes were prepared according to the methodhot corrected for the base electrolyte current density) for electropolished
described in[39,42]. After the electrochemical polish- Cd(0001)electrode in & 104 M K3[Fe(CN)g]+1x 10~3 M KF solution
ing the EP Cd(0001)plane was rinsed carefully with at rotation velocitiesy (revmint): 1, 500; 2, 1000; 3, 1500; 4, 2000;
Milli-Q+ water and submerged into a solution Bt = 5, 2200; 6, 2430; 7, 2690; 8, 3000; 9, 3370; 10, 3810; 11, 4340; 12,
—1.2V versus Hg|HgCl,|4 M KCl in water. In this paper 4990; 13, 5800; 14, 68130; 15, 8150; 16, 9000; and 17, 9900. j18, (

X . ! E) curve (v= 10mVs) for electropolished C@001) electrode at
all potentials are referenced against the HglElg|4 M KCI v = 0revmirr® in 1 x 103M KF solution. (Here and further arrows
reference electrode. Electrochemical measurements wereepresent the direction of the potential scan).
performed atl’ = 298K in a three-compartment glass cell
with a separated platinum counter electrode and a reference
electrode. PINE rotating disc electrode system with a com- the base electrolyte solution). It should be noted th&ign 1
puter controlled potentiostat was used for the stationary andthe dependence of the current density for the base elec-
rotating disc voltammetry measurements. trolyte solution on the electrode potential is given for com-

For the accurate determination of precision of the exper- parison (Curve 18). According to these data, the noticeable
imental data, a statistical treatment of results was carriedincrease of current density for the base electrolyte solution
out [39,40]. A total number of the independent experiments takes place only & < —1.4 V. It is probably caused by the
n > 6, and at least two different electrodes with the same cathodic hydrogen evolution reaction, because the current

crystallographic orientation were usg2b,40,42]. The rel- density is practically independent of the rotation velocity
ative error in current density at constant potential did not of the EP Cd(00 0 1¢lectrode. For that reason, the current
exceed 5-10%. densities for the base electrolyte solution were subtracted

from the data for systems with addition of [Fe(GN)™ in
the base electrolyte to study the electroreduction kinetics of

3. Results and discussion the [Fe(CN}]3~ anion on CdQ 00 1)plane (Figs. 2 and)3
According to the data ifrigs. 1 and 2the rate of electrore-

3.1. Cyclic and rotating disc electrode voltammetry data duction of [Fe(CN3]3~ to [Fe(CN)]*~ depends noticeably

for electroreduction of hexacyanoferrate(l11) anion on the electrode potential, as well as on the base electrolyte

and [Fe(CN}]3~ concentrations. Unlike Pt electrodi,

The voltammograms of the hexacyanoferrate(lll) anion no hysteresis of current density between the negative and
reduction on the EP CB0O0 1) electrode in the KF solu-  positive scans of potential in the region of mixed kinetics
tions (from 1x 103 to 1x 10~1 M) are displayed irFigs. 1 was observed if concentration was 507> < ¢k Fecnyg <
and 2(the current densitigisin Fig. 1are not corrected and 7 x 104 M. In the region of potentials-1.1< E < —1.0V,
in Fig. 2thej values are corrected for the current density in the very clear current plateaus were found. The limiting
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Fig. 2. (, E) curves ¢ = 10mVs', corrected for the base elec-
trolyte current density) for electropolished ©d(01) electrode at

v = 9000revmint in 1 x 1074 M K3[Fe(CN)] solution with different
additions of base electrolyte (KF, M): 1, 0.001; 2, 0.002; 3, 0.003; 4,
0.004; 5, 0.005; 6, 0.006; 7, 0.008; 8, 0.01; 9, 0.015; 10, 0.02; 11, 0.05;
and 12, 0.1.

current densityq at constant potential measured at the ro-
tating EP CdQ 00 1) disc electrode was found to fit very
well to the Levich (j,w'/?) plot (0.997 < r2 < 0.999):
Jjd = 0.6200;Fv~Y8p/3t/2; )
wheren; is the number of electrons consumed in the reduc-
tion of an ioni; c; the bulk concentration of the discharging
ion; v the kinematic viscosity; an® the diffusion coeffi-
cient. Takings; = 1 andv = 0.01 cns~1 [1-3], the values
of the diffusion coefficient for the [Fe(CH)*~ anion have
been calculated (B= 7 x 10 %cnés 1 for a 1x 10°2M
KF solution), which are in a good agreement with the lit-
erature datg4,16,43]. Thus, in this region of potentials,
the electroreduction of the [Fe(C§§~ anion on the EP
Cd(0001)plane is mainly limited by the rate of diffusion
of the [Fe(CN}]3~ anions to the electrode surface.
According to the data ifrigs. 1 and 2with increasingly
negative potentialf < —2.0pCcm 2, E < —1.1V), the
inhibition of [Fe(CN)]3~ electroreduction begins, caused
by the increase of the negative value of thi¢ potential,
and a minimum of current density atl.4 < E < -1.3V
appears in the dilute KF solutions. At constant concentration
of ck[Fe(cn)g] Emin slightly depends on concentration of the
base electrolyte.
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According to the data irFig. 3a, the current density
(corrected for the base electrolyte current density) at fixed
constant potential systematically increases with the rise of
reactant concentration in the solution. The results of the
systematic kinetic analysis show that the current values are
stable and very well reproducible if the electrode potential
has been cycled in the regionl.6 < E < —1.0V. The
attempts to study the [Fe(CN~ electroreduction process
on the Cd(000 1plane at more positive potentials thBn-
—0.95V cause a very quick decrease of the current density
values in all the region of potential studied which indicates
the surface “blocking effect” similarly to the Pt electrodes
[4,7-9]. The surface “blocking effect” might be caused by
irreversible adsorption of the [Fe(CH§~ or [Fe(CN)]*~
anions on the electrode surface. But the situation might be
more complex and the oxidation of the cadmium electrode to
cadmium hexacyanoferrate could take placE at—0.95 V.
This oxidation current can partly counter-balance the elec-
troreduction current of [Fe(CN)*~ and, as a result, the de-
crease of the resulting current might be observed. In addition,
cadmium ferrocyanide which can be formed on the electrode
presumably inhibits the process studied. Differently from Pt
electrodeq4,7-9] there is no hysteresis in the current den-
sity versus potential curves as well as no dependengerof
time (i.e. on the cycle number) E < —1.0V. The data in
Fig. 3bshow that there is a really linear dependence of the
limiting diffusion current densityy (corrected for the base
electrolyte current density) ark,recNyg] If cksFecN)g] <
8 x 107*M. At higher ckrecnyg the surface blocking,
i.e. the irreversible adsorption of solution components or
intermediates is possible. Therefore, in the experiments
where the influence of the base electrolyte concentration
on the reaction rate was investigated the concentration of
Ka[Fe(CN)] was 1x 104 M and the potential interval was
limited to —1.6 < E < —1.1 V. Choosing these experimental
conditions ensures that the reduction is not influenced by
the formation and adsorption of the cadmium hexacyano-
ferrate because there is no deviation of the limiting diffu-
sion current density from linearity in Levich ploFig. 3b)
and accordingly cadmium hexacyanoferrate has not been
formed on the electrode surface. Otherwise, there has to be
noticeable decrease of the limiting diffusion current density.

At more negative surface charge densities &
—10uC cn?) in the dilute KF solutions acceleration of the
[Fe(CNX]3~ anion electroreduction in the region of poten-
tials where the value ofih /dE is approximately constant
has been observed. Acceleration of the reaction is mainly
caused by the increase of negative electrode potential, i.e.
by the dependence of activation enefgyon E — Eg = 7,
whereEy is the equilibrium potential of the redox system
andn is so-called overpotential. According to the Frumkin
slow discharge theorf27-29,44,45F, can be expressed as:

Ea=—Fla —zr)¥1 — aFy (3a)

whereq is the true transfer coefficient armg the reactant
charge number. On the other hand, the increasg af E
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Fig. 3. (@) (j, E) curves (v = 10mV s1, corrected for the base electrolyte current density) for electropolished Cd(0001) electrode at v = 9000 rev min—t
in 0.01M KF solution with different additions of K3[Fe(CN)g] (M): 1, 5x 1075, 2, 1 x 107%; 3, 1.5 x 1074 4, 2x 1074, 5, 3x107%; 6, 4 x 1074, 7,
5x 1074 9,8x 1074 and 9, 7 x 1074, (b) Dependences of the limiting diffusion current density (corrected for the base electrolyte current density) on
K3[Fe(CN)g] concentration for electropolished Cd(0001) electrode in 0.01M KF at v = 9000revmin~1.

< —1.4V (for dilute KF solutions) can be explained by the
beginning of the weak specific adsorption of the base elec-
trolyte cations at the negatively charged Cd(0001) elec-
trode surface (o < —13puCcm~2) and thus by the charge
transfer through the adsorbed ion-pair [16,18,27—29,44,45].
This result is in a good agreement with the impedance data
(Figs. 4 and 5) as in this region of potential (E < —1.4V)
a strong rise in the differential capacitance C vaues with
ckE is observed. It should be noted that the capacitance
values for the 0.1 M KF solution are somewhat higher than
for the 0.1M NaF solution (AC ~ 1.0 uwFcm™2), demon-
strating that weak adsorption of the K+ ions is possible
on the Cd(0001) plane a o < —14pCcm=2 [42]. In
this region of potentials (E < —1.4V), the current den-
sity for [Fe(CN)g]3~ reduction on the Cd(0001) plane
increases noticeably with increasing the base electrolyte
concentration (Fig. 1). The dependences of surface charge
density o on ckr at various fixed potentials (Fig. 5) are
in good agreement with this conclusion as at E = —1.6V
the difference between o values Ac > 15 ;.LCcm*2
for 1 x 1073 and 1 x 10-*M KF solutions has been
established.

3.2. Kinetic analysis

The apparent rate constant for the heterogeneous elec-
troreduction reaction of the [Fe(CN)g]3~ anions, knet, Was

defined by Eq. (4):
Jr = niFkpetci @

where ji is the kinetic current density. The values of kinetic
current density at constant potential were obtained from the
linear Koutecky—L evich plots (0.997 < r2 < 0.999) accord-
ing to Eq. (5):2

SR S ©)
J Jk o Jd

The logarithmic dependences of the apparent rate constant
(calculated from the current densities, which were corrected
for the base electrolyte effects), on the electrode potential
at the different base electrolyte concentrations are presented
in Fig. 6. At constant potential, logkne increases with cxr
in the solution, but at constant concentration of KF it is
practically independent of ck ;[re(cyg]» if cka[Fe(cNyg] < 8%
1074 M.

Analysis of the experimental data shows that there is a
good linear dependence of Inj; values on Inckr (0.995 <
r2 < 0.999), if cxg < 0.01M and o < —5uCcm~2. Using
these data the charge number of the reacting particle z was

2 In the literature, this equation is hamed Koutecky—Levich equation.
However, it should be noted that this method has been derived for the first
time by Frumkin and Aikazian [46] and used by Frumkin and Tedoradze
[47] for the interpretation of experimental results.
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Fig. 6. The logknet, E curves for electropolished Cd(0001) electrode in
1x 104 M K3[Fe(CN)s] with different additions of base electrolyte (KF,
M): 1, 0.001; 2, 0.002; 3, 0.003; 4, 0.004; 5, 0.005; and 6, 0.006.

obtai ned according to the Frumkin—Petrii method (described
in more detail in [45]) according to Eq. (6):

( aln ji ) o ©
dINekr ) g RT/zB Inee.c 22’

where z, isthe charge number of the base electrolyte cations
(i.e. z2 = +1); and ¢; is the bulk concentration of the react-
ing particles. According to the datain Fig. 7 the values of z
obtai ned depend on the el ectrode charge density and absol ute
value of z increases with o if 0 < —5nC cm~2. The com-
paratively low values of |z] at o > —5p.C cm~2 indicate that
there are noticeable deviations from the classical Frumkin
model and the condition I'y- <« I'c+ ato > —5uCcm~2is
not satisfied for the Cd(000 1)|[Fe(CN)g]3~ +KF+H»0in-
terface (I'p- and I'c- are the Gibbs adsorption of the anions
and cations, respectively). For more conclusive remarks the
future more detailed experimental impedance studiesin var-
ious base electrolyte sol utions are planned. The value of z; ~
—3 obtained at the very negative values of the surface charge
densities indicates that the ion-pairing effect is probably
unimportant in determination of the reacting particle charge
for the Cd(0001)|K3[Fe(CN)g] + KF + H20 interface.

3.3. Corrected Tafel plots

The corrected Tafel plots (cTp) [48] for the [Fe(CN)g]3~
anion electroreduction on the EP Cd(0001) have been cal-
culated according to j; values, using the 4 values calcu-
lated from the impedance data for the pure base electrolyte
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Fig. 7. Charge of the reacting particle z at various surface charge densities
for electropolished Cd(0001) electrode in 1x10™4M K3[Fe(CN)g).

solutions (Figs. 4 and 5) [17,18,44]. Thus, to afirst approx-
imation, the value of the 4 potential has been taken equal
to the value of the 1 potential, i.e. to the mean potential
of the plane at which the centres of the charges of the re-
acting particles in the transition state of the reaction are lo-
cated. As can be seenin Fig. 8 (Curves 1-6) the cTpsfor the
EP Cd(0001) interface in the less concentrated base elec-
trolyte solution with addition of [Fe(CN)g]3~ are linear at
(E—vq) < —1.1V, if weassumethat z; = —3. The apparent
transfer coefficient agpp ~ 0.35 for the most diluted KF solu-
tion can be obtained. For more concentrated base electrolyte
solution these plots are nonlinear a (E — yq) > —1.15V,
which is probably caused by the dependence of the adsorp-
tion energies of the reactant and product on the electrode
potential. The attempts to use various new approximations,
discussed in works [1-3,34-38,49], did not give better fit of
the experimental datain the region of (E — ¢q) > —1.15V
and, therefore, the more correct adsorption data of the K+
jons as well as [Fe(CN)g]®~ and [Fe(CN)g]*~ ions on the
EP Cd(0001) plane are needed. Thus, the verification of the
applicability of the Tafel equation for the electroreduction
of the [Fe(CN)g]3~ anions under conditions of the weakly
adsorbed base electrolyte anions for EP Cd(000 1) requires
future experimental studies in the various base electrolyte
solutions with anions of a different nature (F~, BF4—, ClI—,
S042~, i.e. anions with the different values of Gibbs adsorp-
tion energy) [50,51].

It should be noted that Damaskin et al. [13] developed
a new model and method for the double-layer correction,

29

InGy / A )iz Fiyy(RT)

13 :

-1.8 -1.3 -0.8
(E-y) | V (Hg| Hg,Cly | 4 MKC))

Fig. 8 Corrected Tafel plots for EP Cd(0001)1 x 107*M
K3[Fe(CN)e] + xM KF system (1-6) and for Hg|3.3 x 1074M
K3[Fe(CN)g] + xM KCl interface (1'~4) (data taken from [3,16,18]) at
fixed KF concentration x (M): 1, 0.001; 2, 0.002; 3, 0.003; 4, 0.004;
5, 0.005; and 6, 0.006 and at fixed KCI concentration x (M): 1, O; 2/,
0.0005; 3, 0.001; and 4/, 0.0015.

taking into account the new diffuse layer theory developed
by Gonzalez and Sanz [52]. Our calculations show that
for the KF + K3[Fe(CN)g] system these corrections under
discussion are comparatively small and in the region of
(E — ¥g) > —1.15V the non-linear shape of the corrected
Tafel plots practically does not change. It should be noted
that the further theoretical studies based on the new diffuse
layer models (Monte Carlo method as well as mean general-
ized spherica approximation [53-55]) are in progress now.

Comparison of the results for EP Cd(0001)[1 x 1074 M
K3[Fe(CN)g] +x M KF interface with the data for Hg|3.3 x
10*M K3[Fe(CN)g] +xM KCl (5x 107*M < x < 1.5x
10~3M) interface [3,16,18] (Fig. 8, Curves 1'-4) shows a
good agreement of the cTps at the moderate negative elec-
trode potentialsin the dilute base el ectrolyte sol utions. How-
ever, exact comparison of our results with the data obtained
in works [3,16,18] is impossible because the different base
electrolyte with the different solution concentrations have
been used.

4. Conclusions

Electrochemical reduction of the hexacyanoferrate(lll)
anions on the electrochemically polished Cd(0001) plane
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has been studied by the linear sweep and rotating disc
electrode voltammetry methods. The rate of electroreduc-
tion of the [Fe(CN)]3~ anion depends on the polarization
of the EP Cd(0001) electrode, as well as on the base elec-
trolyte concentration. In the region of zero charge potential
the electroreduction of the [Fe(CN)g]3~ anion is mainly
limited by the rate of diffusion of the [Fe(CN)g]®~ anions
to the EP Cd(0001) surface. Diffusion coefficient values
(7 x 10°8em?s72 for 1 x 1072 M KF) obtained from the
linear Levich plots, constructed in the region of zero charge
potential, were in a reasonable agreement with the literature
data [16,43]. In the region of small negative surface charge
densities the inhibition of the [Fe(CN)g]3~ anion electrore-
duction takes place, which has been explained by the diffuse
layer effect. At more negative surface charge densities, the
acceleration of [Fe(CN)g]®~ anion electroreduction in the
dilute base el ectrolyte solution has been explained by dimin-
ishing the diffuse layer potential effect as at potentials far
negative from the zero charge potential the diffuse layer po-
tential very weakly depends on potential, aswell as by weak
specific adsorption of the K* cations on the electrochemi-
cally polished Cd(0001) surface at o < —14p.Ccm—2.

The apparent rate constant values knet have been calcu-
lated using the kinetic current densities j; obtained from
the linear Koutecky—Levich plots. At potentials far nega-
tive from the zero charge potential the kne values increase
strongly with the base electrolyte concentration. At constant
electrode potential kne is practically independent of reactant
concentration, if ckyprecnyg < 7 x 1074 M.

The corrected Tafel plots for the electroreduction of the
[Fe(CN)g]3~ anion onthe EP Cd(000 1) electrode have been
calculated, using the classical diffuse layer potential values
obtained according to the Gouy—Chapman theory. In thelim-
ited region of cathodic polarizations (—1.35V < (E — ¥q)
< —1.15V versus Hg|Hg2Cl|4M KCI in water) the cor-
rected Tafel plots for the EP Cd(000 1) electrodes are linear
with the slope corresponding to the apparent transfer coeffi-
cient agpp & 0.35 for most diluted KF solution. At smaller
negative surface charge densities the cTps are nonlinear.
Comparison of our data with the data for Hg|3.3 x 1074 M
K3[Fe(CN)g] + xM KCl (5 x 1074 = x = 1.5 x 1073 M)
interface [3,16,18] shows a good agreement of the cTps
at moderate negative electrode potentials in the dilute base
electrolyte solutions.
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Abstract

The electroreduction of the peroxodisulfate anion on the electrochemically polished (EIR) @t)plane has been studied by cyclic
voltammetry and rotating disc electrode methods. The rate constant of the heterogeneous electroreduction reactiggdf tr@d® on
the EP Cd(0 00 1plane dependent on electrode polarisation and base electrolyte concentration has been established. The values of apparent
transfer coefficientray, corrected for the double layer effect, noticeably lower than 0.5 for the EP Cd(0pl@rig, only very weakly
depend on the electrode potential but noticeably on the electrolyte concentration, decreasing with the base electrolyte concentration. The
very low values of the apparent charge transfer coefficient show that the activationless charge transfer mechanism is probably valid for EP
Cd(000 1 | NaF+ Na,S,05 aqueous solution interface in a good agreement with the theoretical models for the high hydrogen overvoltage
metals based on the diabatic charge transfer mechanism from the metal to an ion.
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Electroreduction; Peroxodisulfate; Cadmium single crystal; Heterogeneous rate constant; Formal charge transfer coefficient

1. Introduction wherekcor is the rate constant corrected for the double layer
effect (so-called Frumkin correction (yeffect)); v1 the

Electroreduction of the peroxodisulfate anion has been electrical potential at the optimum point, where the charge

suggested as a probe reaction for studying the influence oftransfer from metal to ion takes placgthe charge number

the electrical double layer (edl) structure on the charge trans-of a reactant iong the transfer coefficient; ankh is the

fer mechanism from a metal to an anifh-23]. Experi- potential-independent rate constant. It should be noted that

mental data for H§1-4,13-17]and various polycrystalline  in the case of 80g?~ the electroreduction is irreversible due

sp-metals like Bi, Sh, Pb, Sn, Cd and £&§7-9], as well to breaking of the O-O bor{d—8]. As shown and discussed

as for single-crystal Ag(111) and Ag(100) plarj&6-12] in Refs.[22—36]and noted by Samec and coworkgrg—21],

in the limited concentration region of the base electrolyte the classical conception is oversimplified even for the Hg

solution have implied that the reduction rate of the overall electrode. It should be noted, that the very low values of the

two-electron peroxodisulfate anion is controlled by a sin- apparent transfer coefficienatpp (aapp = 0.22 if zj = —2)

gle one electron rate-determining step. This rate-determininghave been reportefl—5,30-35]and, according to Gierst

step can be characterised by an apparent heterogeneous raf&3], aapp depends on the electrode potentiahfe~ 0 at

constankpet [3—7] E < Eqs—g, if zi = —2; andagpp~ 0.2 0or 0.4 atE K E,—q,
if zi = —1). Thus, as it was pointed out in R§E3], there is
2 *ZiFI[/l . . B . .
het= kcor €Xp| ——— a noticeable change in a mechanism from an activationless
RT discharge of the divalent anion to a normal discharge of
—koexp —ziFy1 exp —aF(E —y1) ) the univalent ion-paif31,32]. Results of quantum chemical
RT RT calculations[27,28] show that the electroreduction of the

S,0g%~ anion belongs to the group of the reactions with
* Corresponding author. Tel#372-7-375-165; fax:372-7-375-160. a very complicated mechanism and the transfer of the first
E-mail address: enn@chem.ut.ee (E. Lust). electron to the 80g?~ anion takes place accordingfa. (2)

0013-4686/$ — see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2003.09.049
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It was found that the transfer of the first electron is prob-
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For electroreduction of the,®g2~ anion on Hg it was
found that the linear corrected Tafel plots can be established
if the reaction site is assumed to lie in the inner layer, i.e.
at the distance somewhat smaller than the parameter of the

ably the rate determining step and the standard potentialeffective ellipsoid formed by the g2~ anion (0.32 and

0 _
for the redox COUpI@_SQOBZ*/SQ,Z*:SQr_' = 1.45V versus
SHE [25-28]. According to the experimental results, there

is no specific adsorption of the;Sg2~ anions on the Hg

0.68 nm, respectivelyj},27-29,51]. However, for electrore-
duction of [Fe(CN3]3~ ions on Hg very large values of the
distance from the outer Helmholtz planghave been estab-

electrode and the reaction centre lies in the diffuse layer lished (i.e.x > 1.0nm)[5,7,43,44]and according to these

[1-9,17,27,28]. The very low values @fap, for the Hg

data this distance is more than two times larger than the ef-

electrode have been explained theoretically by Petrii and fective diameter of the [Fe(ChJ’~ ion (equal to 0.41nm)

coworkers[27,28] by the diabatic and activationless charge
transfer mechanisi{81,32].
It should be noted that Damaskin et[&0] have discussed

the possibility to use the new diffuse layer theory, developed

by Gonzalez and Sarj26] where the activity of the £g%~

[41]. Thus, the double layer correction for electroreduction
of the complex anions at the so-called Hg-like metals is an
open question.

Electrochemical reduction of peroxodisulfate anion on Au
electrodes has been suggested to proceed via two paral-

anions at the outer Helmholtz plane has been used as thée! pathways{18-21]. Samec and Doblhof¢t8-20] have
concentration variable to construct the so-called correcteddeémonstrated that the first pathway gives rise in a cur-

Tafel plots (cTp)[37]. It was found that for HgK2S,0g +

rent at positively charged polycrystalline Au, Au(111) and

K,SOy system the new model gives reasonable results (with Au(011) electrodes and involves a stronger interaction of

agpp = 0.11), but for Hg K2S,08+KF system the influence
of the activity of the anions and corresponding corrections
are very smal[30].

According to the new so-called microscopic double layer
¥ potential correction mod¢27—-29,38—42], the interaction
of reactants with the electrical double layer field can be
modelled on the basis of the so called “microscopi¢

the discharging £0s“~ anion with the electrode surface re-
sulting in an electrocatalysis of this process. At more neg-
ative potentials, the direct electroreduction of theOg?~
anions (i.e. the Frumkin mechanism) has been observed for
the Au electrodes. A dynamic model of a2~ electro-
chemical oscillator was put forward, which refers to conclu-
sions derived from studies of peroxodisulfate reduction on

approach, taking into account the effective charges of the Hg [18-21].

atoms forming the complex ions.

The first experimental studies at electrochemically pol-

Another more usual representation is based on the location'Shed (EP) Cd(000 1plane electrod¢34] demonstrated a

of the effective point charge at a certain distarosith sub-
sequent calculation of the effective valnug [3,4,37]. In the
papers published by Petrii, Frumkin et @-7,43,44], there

noticeable concentration dependence of the corrected Tafel
plots indicating the deviation of G001 | Sgog_ + NaF
system from the classical Frumkin slow discharge theory

has been developed a formal conception taking into accountl®_ 1.

that they; potential is different from the Gouy—Chapman
diffuse layer potential/q for aqueous NaF base electrolyte

solution and the effective double layer potential at the reac-

tion site, ¥, (%), has been calculated §9,37,46-50]

Fi

Yr(xi) = garctanh{tanh(—) exp(—/(x)} ?3)

Vd
4RT
whereyyq is the classical Gouy—Chapman diffuse layer po-
tential for the base electrolyte, ards the Gouy screening
length (i.e. the inverse Debye length) for the electrolyte so-
lution with concentratiort and« is expressed as

-1
£0eRT
2cF2

In Eqg. (3) the variablex = x;j — xq is a distance of the
reaction site from the outer Helmholtz plane with distance
Xq from the electrode surfad@9]. It was approximated that
the potential drops linearly from the value ¢f" at the
interface to the value/y at the outer Helmholtz plane and
Ye(xi) = ¢M — (™ — Yg) (xi/xq) [29] if the reaction site
lies in the inner layer region.

(©)

The main aim of this work was to test the applicability
limits of the various new theoretical and empirical approx-
imations and to characterise the charge transfer mechanism
and kinetics of electroreduction of the@g2~ anion at the
Cd(0001)plane in a wide region of the base electrolyte
concentrations and electrode polarisations.

2. Experimental

Base electrolyte solutions were prepared from the triply
recrystallised from the Milli-Q- water NaF and Ng5,0g
salts. The Milli-Q+ water was used for preparation of the
solutions studied. Air was removed from the solutions by
bubbling argon (Ar, 99.998%) through or over solution prior
to or during measurements, respectively.

Electrochemically polished Cd(000 13ingle crystal
plane electrode used was prepared according to the methods
described in Refs[34,46-49]. After the electrochemical
polishing the Cd)001) electrode was rinsed carefully
with Milli-Q+ water and submerged into the solution at
E = —1.2V versus calomel electrode in 4M KCI (4M
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CE). Electrochemical measurements were performed at

T = 298K in a three-compartment glass cell with a sepa- 2

rated platinum counter electrode, as well as by a separated

(by Luggin capillary) reference electrode (calomel electrode 2

in 4 M KCl). Los s

Conventional electrochemical equipment (Pine Company) k= ~-0.03
was used for the stationary and rotating disc voltammetry < 1L --0.02
(rotation velocityy = 0-9990 rev minl). Dependence of = ~+0.01
differential capacitanc€ on the electrode potenti@ was 18'882
measured using Autolab PGSTAT with FRA2 systf51]. 0.5 | 0003
The differential capacitance was evaluated for the equiva- —-+-0.002
lent circuit consisting of a resistor and a capacitor in series 0 ) L .
and measured at ac frequencigdsom 0.1 to 1000 Hz. The 17 15 13 14 09
equilibrium capacitance valugs(f = 0) obtained by the @ ' E IV (Hg | Hg:Cl | 4 MKCI)
linear extrapolation (in the region®< f < 500 Hz) have
been used for calculating the charge density versus elec- 25
trode potential dependences. The diffuse layer potential has
been calculated using the Gouy—Chapman—Grahame model 2+
[53,54].

For the accurate determination of precision of the exper- ;5 | <01
imental data, a statistical treatment of the results was car- € ig'gg
ried out. A total number of independent experiments 8, _i‘ 002
and at least two different electrodes with the same crystallo- Sotr % 0.01
graphic orientation were us¢84,46—49]. The relative error —-+0.007
in current density af = const.did not exceed 4-9%. 05 jg-ggg

—-0.002
3. Results and discussion 0_1'7 15 13 11 09
(b) E /V (Hg | Hg,Cl, | 4 M KCl)
3.1. Cyclic and rotating disc electrode voltammetry of 4
peroxodisulfate anion

The experimental voltammograms of the peroxodisul- 3l
fate anion reduction at the EP @d{01) electrode in
NaF+NapS,0g aqueous solutions are displacedrigs. 1(a) o
and 2(corrected for the current densities for the base elec- E 5L
trolyte solution). According to the experimental results, the =
current densities in the base electrolyte solutibig( 1b) -
are noticeably smaller than for the system with addition of 1L
S,0g%" anion (Fig. 1c) and only at very negative potentials
(E < —1.4V versus 4 M CE) there is a noticeable increase
of cathodic currentRig. 1b) practically independent of the 0 , . , ,
rotation velocity of the disk electrode. Thus, the main ki- 47 15 13 41 0.9
netically limited process is probably hydrogen evolution at © E /V (Hg | Hg,Cl, | 4 M KCl)

E < —1.4V as the current density at fixed potential only o .

slightly increases with the base electrolyte concentration IF ig. 1. Rotating disc voltammetry curves (scan rate 10 mY eotation ve-
N e N L ocity v = 9000 revmirr?) for the electrochemically polished G0 1)
indicating the weak specific adsorption of cations at EP pjane in 4x 10-5M NapS;0 + x M NaF solution (noted in figure) cor-
Cd(000 L)plane. For that reason, all the kinetic data for less rected for the base electrolyte current densities (a); uncorrected curves
concentrated base electrolyte solutieRgr < 3 x 102M in the different base electrolyte solutions (b); and curves fari>M
were calculated from the experimentaE curves within the NagSng in the base electrolyte solution with different concentrations
range—1.6 < E < —1.2V (4M CE), taking into account ~ ("0ted in figure) (©).

the current densities in the base electrolyte solution, i.e. the

current densities for the pure NaF solutidfig. 1b) were noticeably on the electrode potential, as well as on the base
subtracted from the, E curves for the Ng$,0g + NaF electrolyte concentration. Differently from Au electrodes
solution (Fig. 1c). According to the data Figs. 1(a) and [18-21]no hysteresis of current density between the negative
2, the rate of electroreduction 0§Sg?~ to SQ;2~ depends and positive scans of potential was observed in the region

20
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Fig. 2. Rotating disc voltammetry curves (corrected for the base electrolyte
current densities; scan rate 10 m¥A} for the electrochemically polished
Cd(000 1)plane in 4x 105 M NapS,0g+0.01 M NaF solution at various
rotation velocitiesv (rev min~1), noted in figure.

of mixed kinetics ifena,s,04 < 4% 107° M. In the region of
zero charge potential (-1.4 E < —0.9V (4M CE)), the

T. Thomberg et al./Electrochimica Acta 49 (2004) 1271-1279

was observef#5,46]. It should to be noted that the values of
differential capacitance in the 0.1 M NaF solution are higher
than those in 0.1 M LiCI@ solution (AC~ 1.0unF cm’z),
demonstrating that weak specific adsorption of thes as

is possible on the EP CAQ 0 1)plane atE < —1.4V (ver-

sus 4 M CE). In this region of potentials, the current den-
sity mainly linearly increases with increase of the base elec-
trolyte concentration (Figs. 1(a) and 2). Thus, at the very
negatively charged C8Q 0 1)surface the exchange of the
electroreduction mechanism 0§Gg?~ anions is possible,
i.e. additionally to the usual charge transfer process the si-
multaneous charge transfer through the adsorbed ion-pairs
is probable. It should be noted that for more concentrated
base electrolyte solutiongNzr > 3 x 102 M), the cor-
rected current densities are lower than the limiting diffu-
sion currents att > —1.2V (versus 4M CE). This ef-
fect can be explained by adsorption of the*Nans and
co-adsorption of the g2~ ions [34,35] and by forma-
tion of the Na S,0g?~ ion pairs in the inner layer region
of the electrical double layer (i.e. by the so-called “sur-
face blocking effect”, caused by adsorption of the reactants).
This effect seems to be important only for the more con-

very well exposed current plateaus were found. The currentcentrated base electrolyte systems because the adsorption

density valuesjf at E = const.measured at the rotating EP
Cd(000 1)disc electrode (corrected for the current densities
for the base electrolyte solution) were found to fit very well
to the Levich (j,w!/?) plot [31,32] (0.997 < R? < 0.999)

jd = 0.6201; Fu~Y8p?3u)t/%¢ (5)

wherejq is the limiting current density; the number of elec-
trons consumed in the reaction of the iom; the bulk con-
centration of the discharging iow;the kinematic viscosity;
 the angular frequency arld is the diffusion coefficient.
Takingn; = 2 andv = 0.01 cn? s~ [1-9], the diffusion co-

efficient values of the peroxodisulfate anion have been cal- . .
k = niFkneci

culated O = 1.1x10"%cm? s 1 for a 1x 10~2M NaF solu-
tion) in a good agreement with literature dgta9]. Thus, in
this region of potentials, the electroreduction of th©F—
anion on the EP Cd(000 Plane is mainly limited by the
diffusion step of the 052~ anions to the electrode surface.
According toFigs. 1(a) and 2with increasingly negative
polarisation (E < —1.2V versus 4 M CE), the inhibition of
S,082 electroreduction begins, caused by the rise of the
negative value of ther; potential. In the dilute NaF solutions
a minimum of current density at1.5 < Eqjp < —1.3V
(4 M CE) was found. At more negative surface charge den-
sities (E< —1.4V (4 M CE)), acceleration of ®g?~ an-
ion electroreduction occurs ag/g/dE ~ const.in this po-
tential region. Acceleration of reaction is mainly caused by

of Na* cations is weak. However, it should be noted that
for more detailed analysis the systematic impedance data
are inevitable in addition to cyclic voltammetry and rotating
disc electrode data and these measurements are in progress
now.

3.2. Kinetic analysis

The apparent rate constant of the heterogeneous reaction
of the electroreduction of g2~ anions ke, Was defined
by Eq. (6)
(6)

wherejy is the kinetic current density. The kinetic current
density values aE = const.were obtained from the linear
Koutecky—Levich plotg0.994 < R? < 0.999) [5-9].

Fig. 3demonstrates the statistically treated kag, E de-
pendences for EP CaQ 0 1)plane (obtained from the cur-
rent densities corrected for the base electrolyte current densi-
ties). As it can be seen, ldge; decreases with dilution of the
base electrolyte but the decreasdqqfis somewhat smaller
than that predicted according to the Frumkin slow charge
transfer theory[4—7]. Statistical analysis of the Idget, E
plots shows that the values of ligget do not depend on the
reactant concentration ifs,o2- < 5 x 1075 M. At higher
cg,042- the small decrease of ldge begins at fixedE more

the increase of the negative electrode potential, as well as,pronounced at less negatively charged EPOQI 1), indi-

probably, by the beginning of the weak specific adsorption

cating the possible weak adsorption of the reactant on the EP

of the base electrolyte cations at the negatively charged EPCd(000 1)plane (i.e. the so-called surface blocking effect

Cd(000 1)electrode surfaceH < —1.4V versus 4 M CE).

[18—20]has been established caused by the adsorption of the

This result is in a good agreement with the impedance dataS;0g?~ anions or reaction intermediates at Cd(00 0 1)). For

as in this region of potentialsf(< —1.4V (4 M CE)) the
weak rise of the differential capacitance values withe

that reason only the data fog,o,2- < 5x 10-5M have been
used for the gquantitative analysis. The heterogeneous rate
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Fig. 3. Heterogeneous rate constant vs. electrode potential dependences
(obtained from thej, E curves corrected for the base electrolyte cur- 0.15

rent densities) for electrochemically polished (EP) @@lQ 1) electrode
in 4 x 10°°M Nap$;0g solution with different additions of the base
electrolyte NaF (M), noted in figure.
_ 01 F T
constant values for Abkl) [19,20] are somewhat higher x 1
than that for the EP CO(0 0 1) plane. The heterogeneous 5
rate constant values for Bikl) are on the same order as for +2
EP Cd(000 1glectrode but for Bi(1 1 1) the dependence of 0.05 .3
knet ON CnaF iS comparatively weak35]. /—.\‘
o4
3.3. Corrected Tafel plots N
0 L ! -
The corrected Tafel plots have been calculated using var- 3 25 -2 s -1.5 -1
ious empirical approximations for th¢; potential value (b) log(¢ nar / mol dm™)
[1-9,37-42]. At first the classical Frumkin approximation i, 4 () cCorrected Tafel plots (cTpki(= —2 and 1 = ya, ie.
was used (i.e. it was assumed thiat = g andzj = —2 classical Frumkin correction) for the EP ©dI0 1) plane in 4x 1075M

for the $0g?~ anion). As it can be seen froffig. 4, there Na$S,0s solutions with different additions of NaF (M), noted in figure.
is a noticeable dependence of the corrected kinetic current(b) Apparent transfer coefficient vs. logar dependences calculated at
density values on the base electrolyte concentration, and"a”"us approximations of thein potential: z; = —2, v1 = ¥a (1);
the cTp values at fixedE — v4) decrease with increasin —L,¥1 = Y (2); 21 = —2 andy, calculated according 1&g. (3)

p d 9 at the fixed distances of reaction site from the outer Helmholtz plane,
Cnar- The slope of the cTp, giving the value of the appar- (nm): (3) 0.20 and (4) 0.43.
ent transfer coefficientapp, decreases with increasingar

(evapp = 0.14 for 0.002 M NaF andapp = 0.1 for 0.03M

NaF) (Fig. 4(b)). It should be noted that the charge trans- 35

fer mechanism through the adsorbed ion-pairs has been dis- =~

cussed by Frumkin and coworkg@s-9]. The data irFig. 5 x 3

shows that noticeably less pronounced dependence of the © 0,002
corrected kinetic current values ogar has been established S25 = 0.003
if the ion-pair formation at the outer Helmholtz plane (i.e. in Y 40.005
the reaction zone) has been taken into accéiw@]. Thus, < ool 2 0.007
if we assume thatj = —1 andy1 = ¥4 then there is a E x0.01
very good concordance of the cTps in the regid®08 M < > *0.02
cnaF < 0.03 M and in the region of moderate surface charge S5 003
densitiess ~ —7.0 to —2.0pCcm2 (=1.0 < E — 1.25V 2

versus 4 M CE). However, the cTps are nonlinear near the 1 : ! - . -
zero charge potential. A < E,—o, the noticeable depen- -1.6 -1.4 -1.2 -1 -0.8
dence of cTps omnar has been established, indicating the E-yq/V (Hg | HgCl; | 4 M KCI)

depender_u:e_ fapp ON CnaF (Fig. 4_(b))' Thus, according to Fig. 5. Corrected Tafel plots for the EP ©d{0 1) plane in 4x 10-5M
the data inFigs. 4(b) and 5the hlgheraapp values corre- NaS,0g solutions with different additions of NaF (M, noted in figure)
spond to the less concentrated base electrolyte solutions. atz =—1 andy1 = yq.
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As mentioned in Ref41] the ionic association process of
the polycharged complex anions (including2~ anions)
with the base electrolyte cations is possible in the solution

phase. The ionic association process in the solution phase

has been simulated according to the Fuoss equéiigin
471NAa3eg

Ka = 7
A 3000 Q)

whereb = eg/aekT, ey the elementary charge,the dielec-
tric constant of the solvent arid is the Avogadro number.
The values of the association const#qt, calculated ac-
cording toEq. (7) assuming that the distance of the closest
approach of various ions= 0.36, 0.6 and 0.8 nm, are com-
paratively low (Ky = 0.118 for 0.36 nm). As shown in Ref.

T. Thomberg et al./Electrochimica Acta 49 (2004) 1271-1279

[41], the association of the ions can be a reason for the pos-

sible simultaneous electroreduction of the variously charged
species. In these conditions, the kinetic current density is
expressed agl1]

—a(E — yg)F —ziF
Jk =kcp exp|: o Rde) } exp[ Z};led]
+hkaca exp[i(_m +R1T)(F '/’d)] @®)

wherezi = —2 (charge of the g2 anion) and(zj + 1)

is the charge of associated@2~ anion with Na (base
electrolyte cation)ka the relative rate constant for the re-
duction reaction of the reactant(s) withj + 1) = —1
(NaS0g7); c1 andcy are the effective volume concentra-
tions of the $Og?~ anion and Naglg™ ion complex, re-
spectively; and is the rate constar1]. The results calcu-
lated byEq. (8)demonstrate a very large difference between
the cTps for 0.002 and 0.03 M NaF solutions, and therefore,

the ionic association in the solution phase has not a remark-

3.5
c
o
@ 3t
g g *0.002
> fa S e e e ., .+ =0003
:725_ S, T meaeme® 40005

- [ A
“E x.x ,prOAXOAX{,P”%‘XOA 03_8?7
< °°o°o°‘o'o°o°o'o'o°x'
< ol e ©0.02
= 2 0.03
g

15 . \ .

-1.6 -15 -14 -1.3 -1.2

E-w,/V (Hg | Hg,Cl, | 4 M KCl)
Fig. 6. Corrected Tafel plots calculated accordindgetp (3)(zi = —2 and

Y1 = V) for the EP Cd(000 1plane in 4x 10-5M NapS,;0g solutions
with different additions of NaF (M, noted in figure) at the fixed distance
x = 0.2nm of the reaction site from the outer Helmholtz plane.

that the concordance of cTps can be reached if the term
in the last brackets oEq. (3) [—«(xj — xg)] ~ const.at

E = const. Thus, if we assume that the diffuse layer theory
is correct[47-50] (and the Gouy lengtlk can be calcu-
lated using this theory) and the value of titg potential

at the reaction site can be calculated usiyy (3) then it

is possible to calculate the effective distance values of the
reaction site from the outer Helmholtz plane= f(cnaF),
assuming that the cTps have to be linear and coincide for
different cnar. The results inFig. 7(a) show that this is
valid if we assume that is an exponential function of the
base electrolyte concentration (Fig. 7(b)). Thus, if this ef-
fect has a real physical background then we can conclude
that the effective distance of the reaction site from the EP

able influence on the shape and coincidence of cTps for theCd(000 1) surface (as well as from the outer Helmholtz

Cd(0001) | NapSp0g + NaF system.

According to the results of classical worl&5,7,43,44],
the linear corrected Tafel plots for ng;gog’ system were
obtained if it was assumed that the reaction site lies in the
inner layer (i.exj — xg < 0) but for Hg| [Fe(CN)g]3~ sys-
tem the reaction site has to lie in the diffuse layer=
xi —xg > 0). The results of simulation of the data for the EP
Cd(0001 | NaF+ Nay$,0Og system shows that in spite of
the selected fixed values ®f= x; — x4 > 0 (0, 0.23, 0.43,
0.68nm) inEq. (3)the cTps obtained for EP Cd(0001) are

plane) increases exponentially with diluting the electrolyte
solution, i.e. with increasing the effective ion atmosphere
according to the Debye—Huckel theory. However, the better
fit of the experimental data has been established in the case
of comparatively smalk values (Fig. 7(b)) and thus, the
reaction site lies not far from the outer Helmholtz plane
for the EP Cd(000 1plane. The weak dependence of the
effective distance of the reaction site on the base electrolyte
concentration can be explained by the so-called “squeezing
out” effect[5,47,48], i.e. by the dependence of the distance

nonlinear and there is no concordance for cTps measuredof the closest approadh7,57,58]of the reacting ions to the

in a wide concentration regiorfFig. 6). The values of the
apparent transfer coefficient are comparatively low and de-
pend on concentration of the base electrolyte in the solution
(Fig. 4(b)).

Analysis of the experimental Tafel plots shows that the
coincidence and linearity of the cTps can be obtained if

electrode on the base electrolyte concentration, but for more
detailed analysis the experimental data in other base elec-
trolyte solutions are needful. It should be noted that there
are deviations from the classical Gouy—Chapman-Grahame
model for Bihkl) and Cdbhkl) electrodes in NaF solu-
tions with different concentratiofd5-49], i.e. the inner

we assume that the distance of the closest approach oflayer capacitance depends on the electrolyte concentration.

the reacting anions to the EP ©d{01) plane surface,
X = xi — xd, depends on the base electrolyte concentra-
tion (i.e. x = f(cnap). Analysis of the Tafel plots shows

The electrical double layer (i.efg-potential) correction
for the systems with the weak specific adsorption of an-
ions is a very complicated problem even for systems with
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Fig. 7. (a) Corrected Tafel plots calculated accordindetp (3) (zi = —2

and 1 = ) for the EP Cd(000 1)plane in 4x 105M NayS;0g
solutions with different additions of NaF (M, noted in figure), assuming
that x = f(cnap) and the term [—«)k = const.in Eq. (5). (b) The
corresponding dependences of the apparent transfer coeffigign(1)

and effective distance of the reaction site from the outer Helmholtz plane
(2) on the base electrolyte concentration.

the constant ionic strength where is no electrochemical

reaction[59-62]. The systematic analysis of experimental
data for Bipkl) [59-62] as well as Cd{00 1) electrodes
[63] shows that theyq-potential values calculated using
classical Gouy—-Chapman-Grahame mod&8-55] are
overestimated (i.e. negative values yf are too large to
give the linear corrected virial isotherms). The situation is
more complicated for the systems with the smaller ionic
strength. Thus, it can be concluded that the classigglo-
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Fig. 8. Dependences of the classical Gouy—Chapiapotential (1-3)
on E and of the effectivey, potential (1-3) onE (used for the calcu-
lation of cTps inFig. 7(a)) at the conditions = f(cnar) and the term
[—«x] = const.in Eq. (3).

sity values (E < —1.4V versus 4M CE) there is only a
weak dependence af, on cnar if cnap > 5 x 1073 M.
Thus, at comparatively negative surface charge densities
the influence of diffuse layer on the charge transfer kinet-
ics is very small caused probably by the charge transfer
through the adsorbed ion-paiis,7,30—-32]. For a more de-
tailed analysis the impedance data as well as the theoretical
quantum-chemical calculations are inevitable.

The data inFig. 7(b)show that the values of transfer co-
efficientaapp, Obtained fronFig. 7(a), are practically inde-
pendent of the base electrolyte concentration. The very low
values ofaapp for the EP Cd000 1) | NaF+ NapS;0Og sys-
tem indicates that the activationless electroreduction process
is probably possible at high negative surface charge densi-
ties (i.e. atE <« E,—o), Which is in a good agreement with
the Levich mode[31,32] and Petrii and coworkers analysis
data for the Hg electrod®7,51].

4. Conclusions

The influence of the base electrolyte concentration
and electrode polarisation on the electroreduction of the
peroxodisulfate anion at the electrochemically polished
Cd(0001)plane has been studied by cyclic voltammetry
and rotating disc electrode methods. The rate constant of
the heterogeneous electroreduction reaction of H@sS

tential corrections are too high to give the concordance for anion on the EP Cd(000 Jplane dependent on the base

the cTps ab « 0 within the wide base electrolyte concen-
tration region. This conclusion is in a good agreement with
the results for [Co(NH)g]3+ and [Fe(CN3]3~ electrore-
duction on Bi(hk) and Cd(000 l)electrodes[64,65] as
well as for $0g?~ electroreduction on Bi(1 1 1) plarj@s].
Comparison of the/q values with the/, potential values,
calculated according tBq. (3)assuming that = f(cnaF),
shows (Fig. 8) that the values af,|| are somewhat lower

than |yg4| and at very high negative surface charge den-
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electrolyte concentration and electrode polarisation has
been established. It was found that there is a dependence of
the kinetic parameters on the chemical nature of the metal
studied. The values of apparent transfer coefficiesy,
corrected for the double layer effect, noticeably lower than
0.5 for the EP Cd(000 1plane, only very weakly depend

on the electrode potential but noticeably on the electrolyte
concentration, decreasing with the base electrolyte con-
centration. The different models for the calculation of the



1278

diffuse layer potential correction of the kinetic current den-

sity have been used to construct the so called corrected Tafel

plots. The coincidence of the corrected Tafel plots for the
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Abstract

Kinetics of electroreduction of peroxodisulfate anions on electrochemically polished single crystal Cd(000 1) electrode has been stud-
ied using impedance spectroscopy. The influence of the electrode potential, the electrolyte as well as reactant concentrations on the
kinetic parameters has been established. The fitting analysis of results demonstrates the influence of adsorption of the base electrolyte
as well as reactant components (Na™ or ion complex at more negative electrode potentials and SgOi or reaction intermediates at less
negative surface charge densities) on the electroreduction rate of the SzOﬁ anions.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Electroreduction of SzOf( anion; Kinetic steps; Impedance spectroscopy; Cd(0001)

1. Introduction

Electroreduction kinetics of the SZO§’ and [Fe(CN)J~
anions at Bi(fk/) and Cd(0001) planes from various base
electrolyte solutions has been studied [1-4] and it was
found that there are some deviations from the simplified
version of Frumkin slow discharge theory [5-9] where the
specific adsorption of reacting particles has not been taken
into account. For the more detailed analysis of SzOé’ elec-
troreduction mechanism, the impedance spectroscopy
method [10-17] has been used in this work for studying
the complicated electroreduction reaction mechanism of
$,0?" anions to the SO~ anions at the Cd(0001) electrode
with the high hydrogen evolution overpotential, i.e., at the
so-called Hg-like (Bi, Sb, Sn, Pb, Cd and Zn) electrode
[1-9].

Rate of the heterogeneous charge transfer reaction

Ox+ze’<:—r>Red (1)
b
is given by the expression

" Corresponding author. Tel.: +372 7375 165; fax: +382 7375 160.
E-mail address: enn.lust@ut.ee (E. Lust).

0022-0728/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
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—jr = zF[krcox — kvCRredl, )

where j is the Faradaic current density, k; and &, are the
forward and reverse rate constants, z is the charge number
of the electrons transferred in reaction, coy and creq are the
concentrations of reactant (oxidiser) and product (reduc-
tant), respectively [9-24]. Using impedance spectroscopy
method, the current is composed of a steady-state (or di-
rect) part (determined by the mean dc potential E and
the mean dc concentrations at the interface, cox and creq)
and an ac part Ajy (determined by the ac perturbing signal
AE and concentration fluctuations, Acox and Acgeq). The
Faradaic impedance is given by the ratio of the Laplace
transform of the ac parts of the voltage and current density
[10-24]

Zp = {AE}/{Aje}. 3)

The presence of an electric field at the interface affects dif-
ferently the energies of the variously charged species as
they approach the interfacial region [5-12]. Therefore, the
activation energy barriers for the reaction depends on the
potential difference across the interface. It is convenient
to express the potential dependence of the rate constants
in the following manner [6-13,23]:


mailto:enn.lust@ut.ee
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kp = koexp [—oc(E E%) ;];] 4)
ey = ko exp [(1 — ) (E - EY) Rﬂ (5)

where k is the rate constant at the formal electrode poten-
tial E°,  is the apparent cathodic transfer coefficient and n
is a number of electrons transferred in the limiting step.
Generally Ajg is expressed as an expansion of the ac
parts of the concentrations and electrode potential [10-23]

. Ojk Y
Ajp =3 (ac,>A ci+ (aE AE
+ higher-order terms. (6)

Neglecting all but the first-order terms (linearisation) and
solving for AE

B Y

the Faradaic impedance has a form

1 e {Aci}

z=rrem | () (o) ®
The first term is the so-called charge transfer resistance
((ajF/aE)’l = R.), the second term contains the influence
of the ac part of the mass transfer step on the impedance.
The value {Ac;}/{Ajr} can be expressed as a solution of the
diffusion equation and under condition of semi-infinite dif-
fusion to a planar electrode [10-17,23]

{AC;} 1

) ’ ®)

nF+\/(pD;)

where p is the complex frequency variable (» = ¢ + jow, where

¢ is conductivity, j is imaginary unit, and o = 2nf, where f

is ac frequency) and D; is the diffusion coefficient of the
particle i. Under equilibrium conditions the charge transfer
resistance

RT
Ry =—-, 10
' nFj, (10)
where the exchange current density is expressed as
Jo = nFkocox * exp {71(E EO)RT]
= ko) (Cea) - (1n

For heterogeneous charge transfer (Faradaic) reaction
involving one adsorbed particle [24] the following stages
can be separated [23]:

A + € <:='> Bugs, (12a)
—1
53

Bus +e7 <= Col, (12b)
2

where the indexes sol and ads denote the particles in solu-
tion and adsorbed state, respectively. The rates of these
reactions may be written, assuming a Langmuir adsorption
isotherm for B [23,24], as

F
v = k{I'sa exp [—al ﬁ(E - E?)]

— KTyexp [(1 - “')RFT (E - E“)] (13a)
vy = kY 2I's exp [712 RFT (E— Eg)]
— KT ac exp [(1 )IfT(E EO)] (13b)

where k) and k5 are the standard rate constants of these
reactions; o; and o, are the symmetry coefficients (transfer
coefficients); I'g and Iy are the surface concentrations of
the species B and of free adsorption sites S, respectively;
aa and ac are the surface concentrations of A and C (as-
sumed as equal to the bulk concentrations); and £} and
Ej are the standard redox potentials of the reactions 1
and 2, respectively. At equilibrium potential, E,, the net
rates of both reactions are zero and the following relations
are obtained:

xp [:T (B — EO)] =aa/T5 = (1~ Oo)aa /00, (14a)

F
exp [ (E; EO)] =TIy/Tac = 0,/(1 — 0y)ax, (14b)
where the index 0 indicates equilibrium conditions, and a
following relation is introduced: I'; = 0, . (Where I'pax
is the maximal surface concentration [24]).
The total current density observed is given as

Jj=F(v1 +v2) (15)
and the Faradaic admittance is given by

B
=4 +Jw e (16)
where the inverse charge transfer resistance 4 = R is ob-
tained as [23]
1 — — —
A= [oc, (1= 0)+ (1 —o)k_10+ ok 0
+(1 = o)k (1 — 9)] (17a)

and
B :R,;fm(le kot ks +;,2) [allzl(l —0)

(= o) k10 — o ky 0 — (1 — )k 5(1 — 9)] (17b)
and

G=

(;1 YRtk ;4)

max

:Gil(k1+k,1+k2+k,2>. (17¢)
It should be noted that the quantity FI'y,.x =0 is the
charge necessary for the total surface coverage by B. The
more complicated cases, taking into account the slow diffu-
sion step to the fractal and disc electrodes, have been dis-
cussed by Laisa et al. [23].
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2. Experimental details

The Cd(0001) single crystal electrodes, electrochemi-
cally polished in 1:1 H3;PO4+ H,O solution, have been
studied in the region of electrode potential from —1.0 to
—1.6 V vs. Ag|AgCl (all potentials have been measured
vs. Ag|AgCl| aqueous saturated KCI solution reference
electrode, noted as Ag|AgCl for simplicity), using electro-
chemical impedance and cyclic voltammetry [1-4,25-28].
The impedance spectra were measured at ac frequency
from 1x1072 to 1x 10* Hz and at ac voltage amplitude
SmV, using the Autolab PGSTAT 20 FRA2 system [27].
Base electrolyte solutions were prepared from the triply
recrystallised from the Milli-Q+ water Na,SO, and
Na,S,0s salts. The Milli-Q+ water was used for prepara-
tion of the solutions studied. Air was removed from the
solutions by bubbling argon (Ar, 99.998%) through or over
solution prior to or during measurements, respectively.

Electrochemically polished Cd(0001) single crystal
plane electrode used was prepared according to the meth-
ods described in [2-4,25,28]. After the electrochemical pol-
ishing the Cd(0001) electrode was rinsed carefully with
Milli-Q+ water and submerged into the solution at
E=-12V (vs. AglAgCl electrode in sat. KCl). Electro-
chemical measurements were performed at 7=298 K in
a three-compartment glass cell with a separated platinum
counter electrode, as well as by a separated (by Luggin cap-
illary) reference electrode (Ag|AgCl electrode in sat. KCl).

3. Experimental results
3.1. Impedance data ( Nyquist and Bode plots)

The impedance spectra were measured at ac frequency, f,
from I x 1072 to 1 x 10* Hz within the region of the electrode
potential —1.6 < E < —1.0 V. The complex plane impedance
7", 7' (i.e., Nyquist) plots are given in Figs. 1-5. The data in
Figs. 1-3 show that the shape of the Nyquist plots depends
on the electrode potential, as well as on the base electrolyte
and reactant concentrations in the solution (Figs. 4 and 5).
The similar behaviour of Hg\830§’+ base electrolyte system
has been observed by Peter et al. [17,18]. At given base elec-
trolyte (Na,SOy4) concentrations, Cpase.el., the active (Z’) and
imaginary (Z”) parts of impedance depend noticeably on
concentration of the SZO? ions and on the electrode poten-
tial (Figs. 1-3). The so-called total polarisation resistance R,,,
obtained from the difference between the high-frequency
resistance R., and low-frequency resistance Ry, and |Z|
increase with decreasing the negative potential. At fixed
potential and base electrolyte concentration (E=—1.6V,
Cpase.cl. = 10 mM), Z" and R, increase with decreasing Cs,00

Differently from the data at E> —1.5V (Figs. 2 and
3(a)) there is an additional semicircle in the Nyquist plots
at E —1.6 V (Fig. 1(a)) in the very high frequency region.
Thus, at very negative potentials (E < —1.6 V) there is
probably another very quick Faradaic reaction (probably
hydrogen evolution or electroreduction of cation adsorbed

23
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Fig. 1. Complex plane (a) and phase angle (J) vs. ac frequency plots (b)
for the electrochemically polished (EP) Cd(0001) plane in aqueous 0.01 M
Na,SO, solution with different additions of Na,S,0g (mM), noted in
figure, at the electrode potential E = —1.6 V vs. Ag|AgCl| sat. KCI (marks
— experimental, solid lines — data calculated according to the circuit ‘¢’ in
Fig. 8).

or electroreduction of very small amounts of residual oxy-
gen) at the Cd(0001) electrode. However, these very high
frequency semicircles can be caused or influenced by the
experimental artefacts connected with the uncompensated
impedance of the reference electrode [23]. In any case, the
shape of these very high frequency semicircles is very well
reproducible, depends on the base electrolyte concentration
(Fig. 4(a)) (i.e., on the total high frequency series resis-
tance) as well as on the electrode potential (i.e., on the cur-
rent density) and these semicircles are unimportant and
undetectable at E> —1.4V (Fig. 3(a)). It should be noted
that the additional experimental studies by other experi-
mental techniques (SNIFTIR, etc.) are inevitable for the
more detailed analysis of the reaction mechanism at more
negative potentials than —1.6 V.

The complex plane plots show complicated behaviour at
low frequencies, deviation to lower (Figs. 1(a)) or higher
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Fig. 2. Complex plane plots for the EP Cd(0001) plane in aqueous 0.01
M Na,SO, solution with different additions of Na,S,0g (mM), noted in
figure, at E= —1.3 V vs. Ag|AgCl| sat. KCI (marks — experimental, solid
lines — data calculated according to the circuit ‘¢’ in Fig. 8).

(4(a)) Z' values. This effect might be related to the changes
of the impedance with time. However, the time stability of
the system has been tested many times and in the region of
potentials £ > —1.5V the time stability of system is good.
The shape of the low-frequency part of Z”, Z'-plots
depends on potential as well as on the reactant concentra-
tion and the decrease of Z’ with the decrease of frequency
can be explained by the weak induction effect, possible to
simulate with the equivalent circuit (d) in Fig. 8, i.e., with
adsorption effect of the intermediate species at the electrode
[23]. The adsorption of the intermediate species depends
strongly on E as well as concentration of S,0;  ions in
solution. According to the results obtained the migration
effects are unimportant at Cpascelectrolyte = 5 X 1073 M
Nast4.

According to the data in Figs. 1(a), 2(a) and 3(a), the
frequency of the main maximum in the Z”, Z’ plots (fmax.
given in figures) shifts toward lower values and the values
of |Z"| decrease with increasing cg,q>- in the solutions with
given base electrolyte concentration. Thus, the characteris-
tic time constant 7., obtained from experimental data
(Tmax = (2Tfimax) '), decreases with increasing Cs,00 (Figs.
6 and 7). The noticeable dependence of t,, on Cs,00
and the depressed shape of the low frequency region of
the Z”, Z'-semicircles indicate the complicated mixed
kinetic behaviour of SZO? electroreduction at the
Cd(0001) electrode. Thus, the characteristic relaxation
time, Tnax, obtained is not the simple valued quantity,
but is distributed continuously or discretely around a mean
Tmax Value and shows that the balance of the various rate-
determining processes changes with cg - and electrode
potential as well (Figs. 1(a), 2(a) and 3(:4)3.

The total experimental series differential capacitance
(Cy), obtained from the Z”, Z' plots (using the relation
7" =(jwCy)™"), only very weakly decreases with 5,0
and has the values between 15 and 20 pF cm ™2 for solu-

3 -
0.05 Hz
4 0.01
x 0.025
x 0.05
-0.1
¢ 0.2
+0.3
2 0.5
= 0.7
o1
4
100 - 4 0.01
x 0.025
x 0.05
80+ -0.1
©0.15
«0.2
°_ 60f +0.3
o 2 0.5
d = 0.7
40} 1
| ]
20
0 . . . L ! .
-2 -1 0 1 2 3 4
b log(f / Hz)

Fig. 3. Complex plane (a) and phase angle (J) vs. ac frequency plots (b)
for the EP Cd(0001) plane in aqueous 0.01 M Na,SO, solution with
different additions of Na,S,0g (mM), noted in figure, at E= —1.1 V vs.
Ag|AgCl| sat. KCI (marks — experimental, solid lines — data calculated
according to the circuit ‘¢’ in Fig. 8).

tions with additions from 1x107% to 1mM S,0}  at
f>100Hz and at E>—1.6V (AglAgCl). The depen-
dences of C; on /kl/z show that, at < 100 Hz, there is a
noticeable increase in the Faradaic pseudocapacitance Cg
with increasing cg,>- in the solution at £E=—1.60V,
caused by electroreduction of 3205* ions as well as by
the hydrogen evolution reaction at the potentials more neg-
ative than the zero charge potential.

Some phase angle 6 vs. log f dependences are given in
Figs. 1(b) and 3(b), because the Nyquist plots do not show
all details [11-23]. On the other hand, the complex imped-
ance |Z| and 0, log f plots (so-called Bode plots) contain all
the necessary information. That is why, in parallel with
Nyquist plots, the Bode plots are used in the circuit analy-
sis. The shapes of the Nyquist and Bode plots (Figs. 1(a),
3(b), 4(b) and 5(b)) show that a very complicated reaction
mechanism is characteristic of the electroreduction reaction
of the $,07 anions at the Cd(0001) plane.
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Fig. 4. Complex plane (a) and phase angle (J) vs. ac frequency plots (b)
for the EP Cd(000 1) plane in 4 x 10~° M Na,S,05 solutions with different
additions of Na,SO4 (mM), noted in figure, at E= —1.6 V vs. Ag|AgC]|
sat. KCL

At given potential E= —1.6 V, the shape of the phase
angle (0) vs. log f plots depends noticeably on Cs,00- and
there is a maximum in the o, log f plots with |J] > 50° at
ac frequency from 10 to 300 Hz. The absolute values of &
decrease with increasing cg, o indicating the deviation of
mixed kinetic process toward the charge transfer limited
process at higher cg, o . The phase angle values near zero
at low ac frequency (f <1 Hz) indicate that the heteroge-
neous charge transfer is a rate-limiting step at E< —1.5 V.

The noticeably higher total polarisation resistance val-
ues have been established in the potential region from
—1.2 to —1.4 V (Fig. 2(a)), where the inhibition of the elec-
troreduction of SZO;;’ (i.e., the decrease in cathodic current
density) takes place [1-4]. The noticeably higher |Z"| values
have been obtained in comparison with those at
E=-1.6V, corresponding to somewhat higher capaci-
tance values (27 < C; < 32 uF m~2) and weakly decreasing
with increasing €00 At these potentials, the noticeably

higher absolute values of the phase angle have been
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Fig. 5. Complex plane (a) and phase angle (d) vs. ac frequency plots (b)
for the EP Cd(000 1) plane in 4 x 10~> M Na,S,0g solutions with different
additions of Na,SO, (mM), noted in figure, at E= —1.1 V vs. Ag|AgCl|
sat. KCL

established at lower f,,x, compared with potentials more
negative than —1.5 V. Thus, with decreasing the negative
potential of the Cd(0001) electrode, the characteristic
relaxation time increases (Figs. 6 and 7). At logf< —1,
the noticeably higher |J| values (|0| > 70°) point to the kinet-
ically mixed reaction mechanism for SZO§’ electroreduc-
tion reaction at potentials from —1.4 to —1.2V. fl.x
somewhat increases (i.e., Tmax decreases) with Cs,00 and
this effect is less pronounced than at E<—1.5V.

The data in Fig. 3(a) show that at £ > —1.1V, the
shape of the Nyquist plots is different from that demon-
strated at E= —1.6 V or at E= —1.3 V, and the very high
values of total polarisation resistance have been obtained.
The values of characteristic time constant calculated are
independent of Cs,00- (except solutions with very high
Cs,005 where the leues of Tmax are smaller and weak spe-
cific adsorption of anions at Cd(0001) is possible [29])
and are somewhat higher than those at E= —1.6 V. Hence,
the values of C; obtained from the values of |Z"] at 7., are
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noticeably higher than those obtained at £ = —1.6 V and at
E=-13V. In the region of moderate frequency, C;
decreases with cg, o . At very low ac frequency, the values
of C are very hlgh ‘and independent of ¢, o2 . The shape of
0, log f plots is practically independent of cS or (Fig. 3(b))
if f>1Hz, and only at very low ac frequency the small
decrease of |0| takes place with increasing cg, or In most
dilute S, O solutions, where adsorption eﬂects can be
neglected, the phase angle has a value near —45°, indicating
the mainly diffusion limited reaction mechanism at
E=—1.1V, where the limiting diffusion current plateaus
in the cyclic voltammograms for the rotating Cd(0001)
electrode have been established [2—4]. However, in a good
agreement with the data for the rotating disc electrode,
the deviation from the purely diffusion limited reaction

mechanism toward the adsorption limited mechanism has
been established with rising ¢, higher than 1x 10° M
in the solution.

The shape of the Nyquist plots (Figs. 4(a) and 5(a)) (i.e.,
the polarisation resistance) and the Bode phase angle plots
(Figs. 4(b) and 5(b)) depends noticeably on the base elec-
trolyte concentratlon At E=—1.6V and at fixed €s,07>
the low frequency polarisation resistance R, decreases with
increasing the base electrolyte concemratlon (Fig. 4(a)).
The values of |Z"| decrease with rising the base electrolyte
concentration and, thus, the differential capacitance
increases weakly with cpaseel. because fi., increases notice-
ably with ¢pase.e1.- Thus, like for the higher reactant concen-
tration, the higher base electrolyte concentration (smaller
diffuse layer thickness) causes the decrease in the character-
istic relaxation time (Fig. 7) for the S,03" electroreduction
process. The phase angle has comparatively low values
(Fig. 4(b)) and is practically independent of cpyseer. The
dependence of 7,,,x on the reactant as well as base electro-
lyte concentration points to the mixed kinetics behaviour in
the case of S,05" electroreduction (comparable speeds of
the diffusion, adsorption and charge transfer steps). The
same tendency is valid at £= —1.3V, but the values of
R, and |Z"| are noticeably higher than at more negative
potentials. At E= —1.1 V (Fig. 5) (the region of the current
plateau in the j,E-curves), the shape of Z”, Z’ plots is inde-
pendent of cpyee o1 and the very high R, and |Z”| have been
obtained in comparison with Z”, Z' plots at E=—1.6 V.
The characteristic relaxation time decreases weakly with
increasing cpaseer. and phase angle is nearly equal to —45°
at < 10 Hz, pointing to the mainly diffusion limited charge
transfer mechanism. The same tendencies are valid in the
case of moderate reactant concentrations, except at very
high reactant concentrations (cs, o > 1 x 1073 M) where
the surface blocking (adsorption of S,0 § or intermediates)
takes place. Thus, 7., has higher values at the potentials
corresponding to the diffusion-limited process, compared
with those for the potential region near E= —1.3 V corre-
sponding to the mixed adsorption and charge transfer lim-
ited cathodic reaction.

3.2. Analysis of fitting data

The data presented in Figs. 1-5 have been used for anal-
ysis of the reaction mechanism by various equivalent cir-
cuits (Fig. 8) based on the models discussed before in
introduction chapter and in [10-23,30]. Results of the non-
linear regression analysis of the Nyquist as well as Bode
plots for Cs,01 <5x10* M show that, to a first very
rough approximation, these plots can be simulated by
using the classical Randles circuit (presented in Fig. 8(a)),
which represents the mechanism of mixed kinetics, where
both charge transfer and diffusion determine the rate of
the whole electroreduction process. According to the fitting
data, the »*> function has comparatively low values
(42 <4x107%) and the weighted sum of squares 4 is less
than 1x 107!, Only in the potential region corresponding
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Fig. 8. Equivalent circuits of an electrode in Na,SO4 aqueous solution with addition of Na,S,Og:
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(a,b) Randles; (c,d) models taking into account

adsorption of one intermediate particle corresponding to the different adsorption capacitance, adsorption resistance and inductance values [23]; (c) for
B>0in Eq. (17b) and (d) for B < 0in Eq. (17b) [23,31,32]; (e) Ershler; (C,q — adsorption capacitance; Cy — double layer capacitance; L — inductance; R,q —

adsorption or partial charge transfer resistance; R
Zw — Warburg-like diffusion impedance).

to the diffusion limited step (E > —1.1 V), there arise small
problems with fitting the Nyquist plots, and higher y° val-
ues (3> = 5x107%) have been obtained for more concen-
trated SZOE’E’ solutions in the base electrolyte.

It should be noted that a better fit of the experimental
results has been observed when the equivalent circuit (c)
has been used (i.e., the adsorption of the reaction interme-
diate particle SO,* is assumed) [1-8,23,26,31,32]. It was
found that the values of R, and Cjy established are in a
good agreement with those obtained by using the classical
Randles circuit. Errors in the individual parameters are
comparatively small and the parameters obtained are given
in Figs. 9-12. According to the data in Fig. 9, in the case of
fixed solution composition, the charge transfer resistance
increases with decreasing the negative potential in the
region —1.6 <E<—12V. At potentials more negative
than —1.2'V, R decreases with rising Cs,00 (Fig. 9(a)).
At E > —1.1V, the values of Ry, increase with Cs,00-- At
fixed g, o Ret is inversely proportional to the base elec-
trolyte concentration (Fig. 9(b)) and R, decreases with
increasing the negative electrode potential. Thus, R
depends on thickness of the diffuse layer at the Cd(0001)
electrode surface. The “true” electrical double layer capac-
itance Cg [10-23] (given in Fig. 10(a)) obtained for solu-
tions with different additions of SZOf{ has the reasonable
values, being in a good agreement with the data for the
base electrolyte at —1.6 <E<-—1.4V. At less negative
potentials (E> —1.4V), the values of Cy for SZO§’ con-
taining solutions are systematically lower than for the pure
base electrolyte, which points to the surface blocking effect
for the Cd(OOO 1) electrode [26-28]. The data at fixed cg, -
(4 x 107> M) show (Fig. 10(b)) that Cg increases with the
base electrolyte concentration in the region of the potential
of the diffuse layer minimum, E;,, but at E<—1.2V, Cy
decreases weakly with increasing cpase.c1.- According to the
data in [3] and C, E curves measured at given ac frequen-

24

— charge transfer resistance; R —

electrolyte solution resistance; R, — adsorption resistance [23,31,32];
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Fig. 9. Dependence of charge transfer resistance (R.) (circuit ¢) on the
electrode potential in 0.01 M Na,SOy4 solution with different addition of
Na,S,05 (mM), noted in figure (a) and in 4 x 107> M Na,S,05 solutions
with different addition of Na,SO4 (mM), noted in (b).
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Fig. 10. Dependences of double layer capacitance (Cgj) (circuit ¢) on the
electrode potential (a) in 0.01 M Na,SO, aqueous solution (1) and with
addition of Na,S,0s: 0.005 mM (2); 0.01 mM (3); 0.025 mM (4); 0.05 mM
(5); 0.1mM (6); 0.15mM (7); 0.2 mM (8); 0.3 mM (9); 0.5mM (10);
0.7mM (11); 1 mM (12) and (b) in 1 mM Na,SO, aqueous solution (1);
4x107° M Na,S,0s solutions with different additions of Na,SO,: 1 mM
(2); 2mM (3); 3mM (4); SmM (5); 7mM (6); 10 mM (7); 20 mM (8);
30 mM (9).

cies Enyin shifts weakly toward the negative direction with
increasing Cs,0- @S well as ¢paee.c. at fixed another solution
component concentration. This effect is more pronounced
in the case of higher values of ¢paseer.- Thus, the very weak
adsorption of the SO~ and S,0;" ions is probable (see dis-
cussion later).

The adsorption resistance R,4 (Fig. 11) and adsorption
capacitance C,q (Fig. 12) depend noticeably on the base
electrolyte and reactant concentrations as well as on the
electrode potential. At E < —1.5 V, the very low adsorption
resistance (Ryq < 1x107'Q m2) has been established,
which corresponds to the very quick and reversible adsorp-
tion of the Na™ cations as well as Na™-S,0;~ ion pairs at
the Cd(0001) electrode.

In the region of current pits the noticeable increase of
R,4 has been observed, rising with the reactant concentra-
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Fig. 11. Adsorption resistance R,q, E — dependences (Randles circuit) on
the electrode potential in 0.01 M Na,SO, solution with different additions
of Na,S,05 (mM), noted in figure (a) and in 4 x 10~ M Na,S,0s solution
with different additions of Na,SO4 (mM), noted in (b).

tion (Fig. 11(a)) but R,4 is nearly independent of Cs,0r At
E=-1.1V. R,y has maximum values within the region
of diffusion current plateaus. For systems with given
Cs,02-» Raa decreases with the base electrolyte concentration
in the region of potentials between —1.4 and —1.2 V, but at
E > —1.1 V Ry increases with cpuseel..

Adsorption capacitance C,q (Fig. 12) has somewhat
higher values at E<—1.5V than Cg, thus, the weak
adsorption of the cations is possible. In the region of poten-
tials from —1.4 to —1.2'V, C,q has 0.5 to 1.5 orders higher
values than those for the pure base electrolyte solution,
which indicates the weak adsorption of the S,07 ions or
(Na*-$,03") ion-pairs [3,4,7-9], caused by the squeezing
out effect from the bulk solution by the SOi’ anions. Thus,
the results in Fig. 12 demonstrate that, for the more con-
centrated base electrolyte solutions, C,q has maximum val-
ues within the potential region from —1.5 to —1.2 'V, where
inhibition of the szo§* reduction reaction takes place. The
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Fig. 12. Dependence of adsorption capacitance (adsorption of one
intermediate particle model (c) [23]) on the electrode potential in 0.01 M
Na,SO, solution with different additions of Na,S,0g (mM), noted in (a)
and in 4 x 107> M Na,S,05 solution with different additions of Na,SO,4
(mM), noted in (b).

very high values of C,q can be observed in the case of com-
paratively high reactant concentration (Cpq > 3.5 Fm 2
for cg,op- from 0.3 to 0.7mM). In the case of higher
¢s,0- and less negative potentials than —1.2'V, the surface
blocking is probable as the very low values of C,q have
been obtained compared with Cyq at —1.4<E<-—-12V.
The decrease in C,q at E> —1.1 V has been established
for other anions (I", Br™) adsorbing at Cd(0001) plane
from solutions with constant ionic strength [29].

It should be noted that a good fit of the experimental
data has been established by using the classical Ershler cir-
cuit (1e) (usually called as a combined Frumkin—-Melik—
Gaikazyan and Randles circuit) [26,33]. The values of >
function less than 1 x 10~ at more negative potentials than
—14V,and *<5x107*at —1.4 < E-1.0V for the solu-
tions with ¢pyseer. less than 1 x 1072 M have been obtained.
The somewhat higher values of > (< 8x107% for

solutions with higher base electrolyte concentration were
observed only within the potential region where the accel-
eration of SZO§ electroreduction with increasing Cpuse el
takes place (i.e., at E<—1.55V). Under these conditions,
the values of the adsorption resistance are in a good agree-
ment with the values of charge transfer resistance, obtained
using classical Randles or adsorption of one reactant
model (Fig. 9), and the values of Cg are in agreement with
the data given in Figs. 9 and 10.

However, it should be noted that the Randles (a) as well
as Ershler (e) circuits (Fig. 8) contain the semi-infinite War-
burg impedance, which causes the increase of the low fre-
quency impedance to infinity. According to the data in
Figs. 1-5 a constant dc current is passing through the elec-
trode (i.e., Z' has finite values). The analysis of the fitting
data demonstrates that mathematically it is possible to fit
the Z", Z'-spectra (given in Figs. 1-5) by using the circuit
‘a’ or ‘¢’ in Fig. 8. The same result has been obtained by
Campbell and Peter [18] and Pajkossy et al. [33]. The prob-
able physical explanation of this result is that diffusion is
not the rate-determining step in the region of mixed kinet-
ics studied in this work. The finite Z’ values can be
explained by the fractal structure of the electrode surface
[33] (in contradiction with the result that for the base elec-
trolyte solution the very low fractality has been established)
or by the linear diffusion to the disc electrode [34] as well as
by the anomalous diffusion model with adsorbing bound-
ary conditions [35-37]. Thus, the more detailed discussion
about the finite Z’' component at f— 0 is possible only
after obtaining SNIFTIR spectroscopy data and imped-
ance data in the case of rough Cd electrodes. However,
from the mathematical point of view the Ershler model is
too complicated as there is no noticeable decrease in the
+* values with addition of the Warburg diffusion imped-
ance into the equivalent circuit [23,30].

The results obtained indicate that the adsorption of
$,0;™, SO, or reaction intermediates of electroreduction
and base electrolyte anions is possible. The SNIFTIR spec-
troscopy data can give the more reliable direct information
about the surface state of Cd(0001) electrode in the case of
S,0; electroreduction.

4. Conclusions

According to analysis of the experimental data, it can be
concluded that the slow adsorption or co-adsorption pro-
cesses of the cations and ion-pairs or anions in parallel to
the “true” charge transfer process are the rate determining
steps at —1.4 < E<—1.2'V, where the current pits have
been observed in the current density vs. electrode potential
plots for the rotating Cd(0001) electrode. At E> —1.2V
there prevails mixed kinetics in the case of more concen-
trated electrolyte solutions. The dependence of the fitted
parameters on concentration of the szo§* ions and base
electrolyte solution is a clear indication for the mixed
kinetic process.
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The electrical double layer structure and kinetics of electroreduction
of the [Co(NH:3)s]'', [Fe(CN)]> and S,0¢" ions on the
electrochemically polished Cd(0001) and Bi(hkl) single crystals have
been studied using in situ STM, impedance and rotating disc
electrode methods. The large atomically flat surface areas have been
observed on the electrochemically polished and cut Bi(111)
electrode. The electroreduction data for [Co(NH;)s]** show that rate
constant of the heterogeneous reaction depends on the
crystallographic structure of the plane as well as on the base
electrolyte used. The apparent transfer coefficient slightly higher
than 0.5 indicates that there are only small deviations from the
Frumkin slow discharge theory. The electroreduction of [Fe(CN)e]*
is limited mainly by the slow charge transfer step complicated by the
adsorption of the reactants or reaction intermediates at the electrode
in the region of current pits observed in the cyclic voltammograms
obtained using the rotating disk electrode method.

Introduction

The phase boundary structure, adsorption properties and electrochemical kinetics of
various interfacial charge transfer reactions at solid surfaces depend significantly on the
chemical composition but also on the morphology of the surface studied (1-8). Thus, the
surface morphology and electrochemical roughness are very important properties as most
electrochemical characteristics (exhange current density, rate constant of an
heterogeneous reaction, surface coverage etc.) are the extensive quantities (9-10).

Electroreduction of the [Co(NH3)s]>", S,05> and [Fe(CN)g]* ions has been suggested
as the model reactions to study the influence of the electric double layer characteristics on
the charge transfer mechanism from the metal to the complex ion (1,2). Comparison of
the results obtained by Hamelin and Weaver (1) with those obtained by Hromadova and
Fawcett (2) shows that the rate constant values of the heterogeneous reactions of ions
depend on the crystallographic structure of Au(hkl) surface, as well as on the chemical
composition of the base electrolyte. The data obtained by Samec et al. (3,4) show that the
electroreduction of S,0s> on Au(hkl) has a very complicated mechanism and it depends
on the electrode potential applied. Based on ac impedance spectroscopy, it was found that
the apparent rate constant kne for the redox couple [Fe(CN)e]*/ [Fe(CN)s]* largely
depends on the surface structure of Pt(hkl) and kne increases in the order of planes
(110) < (100) < (111) (11). The in situ spectroscopy data indicate the presence of the
adsorbates ascribe to the cyanide group on every Pt(hkl) (11). The same conclusion has
been made by Peter et al. (12,13). The strong influence of the surface structure and
chemical nature of Bi(hkl) and Cd(hklf) electrodes on the $,0¢° electroreduction kinetics
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has been established using the cyclic voltammetry and rotating disk electrode methods (5-
8,14).

Experimental details and surface structure characterisation

The surface of the basal Bi(111) plane has been prepared by cleaving a Bi single
crystal at the temperature of liquid nitrogen (mentioned as Bi(111)) inside the glove box
(Ar 99,999 % atmosphere) and submerged under cathodic polarisation (£ =-0.5V vs.
Ag | AgCl in saturated KCl aqueous solution) into the 0.05 M Na,SO4 + 0.0005 M H,SO4
aqueous solution (previously saturated with Ar (92%) + H, (8%) mixture). The self-made
hermetic three-electrode cell with large Pt counter electrode and Ag| AgCl reference
electrode, connected to the in situ STM cell through Luggin capillary, has been used. The
region of ideal polarizability has been obtained using cyclic voltammetry and a good
agreement with the results discussed in (6-10,14) has been established. The Molecular
Imaging PicoSPM™ measurement system and the insulted Pt|Ir (70|30) STM tips from
Molecular Imaging company have been used. The STM-tips and measurement system
have been tested and calibrated using the highly oriented pyrolytic graphite basal plane
C(0001)° (SPI™) cut inside the glove box. All STM images have been recorded in
constant current mode with tunnelling currents ranging between 1.0 and 4.0 nA. The
Nanotec Electronica WSxM™ free software has been used for image processing and
roughness calculations (9,10).
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Fig. 1. In situ STM image (a), selected surface profile (b) and histogram of the height
distribution (c) for the cleaved Bi(lll)C plane in 5 *102 M Na,SO4 + 5%10* M H,SO4
aqueous electrolyte.

The surface of the cleaved at temperature of liquid nitrogen Bi(111)" consists of
atomically smooth terraces with steps of the height of 4.0+0.2 A (Fig. 1) or of multiple
heights. The boundaries of some terraces are close to the straight lines of the atomic rows
on the Bi surface along the (110) direction. However, there are some terraces having
considerably curved boundaries, and rounded islands of the triangular shape as well as
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hollows of nanometric dimension, usually of the monatomic depth. 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) 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. The root mean square roughness (RMS) vs cathodic polarisation
dependence affirmed these data. Thus, in a good agreement with the cyclic voltammetry
and impedance data (6-10,14), there is no quick surface reconstruction process as it has
been established for Au(hkl) (1,15,16).
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6 Tip Bias: 50 mV, Tunneling Current: 5.02 nA

0.97 A

X[nm]

B Height Profile Distance: 4.422 nm

d: 4.01 A

(1] S SR, 0%, R (O JOIR 0, OO
0 1 2 3 4
X[nm]
Fig. 2. In situ atomic resolution STM image(a) and height profile(b) for Bi(111)"
electrode at E=—0.5 V in 5x10> M Na,SO4 + 5%104 M H,SO,4 aqueous solution.

The data in Fig. 2 show that the quite regular atomic structure can be observed with
interatomic distances d = 4.0£0.1 A. The data in histogram show that the height
fluctuations in the region of (6x6) nm® Bi(111) surface are very small and this regular
structure does not change noticeably under polarisation from —0.7 to -0.1 V (Ag|AgCl).
According to the data in Fig. 2, the triangular structure of atoms prevails at the Bi(111)°
surface.

According to the data given in Fig. 3, the surface of the Bi(111) electrode
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electrochemically polished in the saturated KI + HCI aqueous solution at anodic current
density i =1.25 A cm™ is quite smooth and only some monatomic steps and hollows can
be observed. The atomic resolution STM data demonstrate the same structure as shown in
Fig. 3.
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Fig. 3. In situ STM images at various electrode potentials (shown in figure)(a), selected
surface profile(b), histogram of the height distribution(c) for electrochemically polished
Bi(111)"* electrode in 0.0001 M HCIO4 + 0.0099 M LiClO4 aqueous solution.

Electroreduction data

The another aim of this work was to obtain the electric double layer parameters in
the LiClO4 + HCIO4, Na,SO4 + Na,S,0s, and KF + K3[Fe(CN)g] aqueous solutions and
to use these data for analysis of the influence of the electrical double layer structure on
the electroreduction kinetics of the complex ions at the electrochemically polished
bismuth (111), (001), (011) and Cd(0001) planes (5-8,14). The ac impedance and rotating
disk electrode methods have been used. The electroreduction rate of the [Co(NHg)s]3+
cation depends on the electrode potential and electrolyte concentration, i.e. on thickness
of the diffuse layer. The influence of the solution pH on the rate of reduction is not very
remarkable at pH > 2. The values of the apparent rate constant ke have been calculated
using the kinetic current densities, ji, obtained from the linear parts of the Koutecky-
Levich plots (5-8). The values of corrected rate constant, k., , at the zero charge potential

0

e 10 the

E s depend very weakly on the base electrolyte solution (14). The values of £,
case of Bi planes are of the same order as those for Hg, but noticeably higher in
comparison of those for Au(111) and somewhat lower for Au(210) and Au(110) planes
(1,2,14) (Table 1).

The value of the apparent charge transfer coefficient oy, = 0.56 for Bi(001) is
somewhat higher than that for Bi(011) plane in HCIO, + LiClO4 aqueous solution. Thus,
there are only small deviations from the Frumkin slow discharge theory. However, the
effective charge density values, obtained using the new method proposed by Fawcett et
al. (17,18) i.e. by using the slope values of the [dlnkhet/ d(dm— ¥a)] VS. (@m— Ya)
dependences, are very slow (zegr < 0.6), depending slightly on the Bi plane studied. The
corrected Tafel plots are nearly linear in the wide electrode potential region studied and

12



ECSTransactions, 1 (17) 9-17 (2006)

coincide for the all base electrolyte concentrations studied, if the z.¢ values have been
used.

Table 1 Kinetic data for [Co(NH;)]*" ion electroreduction on various electrodes.

Electrolyte Electrode Zeoff Oapp koha Jem s
0.06 M LiCIO4 | Bi(001) 0,56£0.03 | 0.56+0.02 7.1x107 (% 0.3)
+0.001 M Bi(0171) 0,53+0.03 | 0.54+0.02 6.2x10° (£ 0.3)
HCIO,
0.06 M HCIO,4 | Bi(001) 0,54+0.03 | 0.55+0.02 5.5%107 (+ 0.3)
Bi(111) - 0.56 45%x107 (£ 0.3)
Bi(011) - 0.58 2.1x10° (£ 0.3)
0.1 MLiClO; | Hg @ |- 0.67 2.0x10™
0.093 M Au(111) (7) |- 1.05 8.1x10-7
HCIO, Au(110) (7) |- 1.05 2.2x10-2
Au(210) (7) |- 1.10 4.3x10-1
3
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Fig. 4. Nyquist plots at £=-1.3 V (Ag/AgCl/sat. KCl) for the electrochemically polished
Cd(0001) electrode (a) in 0.01 M KF aqueous solution with different additions of
K;3[Fe(CN)g] (mM): 0 (1); 0.005 (2); 0.01 (3); 0.05 (4); 0.15 (5); 0.3 (6); 0.5 (7); 0.7 (8)
and 1 (9); and (b) in 0.01 M KF + 0.0002 M K;[Fe(CN)e] solution at electrode potentials
(V):-1.6 (1),-1.5(2),-1.4 (3),-1.3 (4), -1.2 (5), -1.15 (6), -1.1 (7), -1.05 (8) and -1.0 (9).

The complex impedance plane plots and differential capacitance vs. electrode
potential dependences for the Na,SOs;, KF and NaF aqueous solutions
(l><10'3. ..3x1072 M) as a base electrolyte and with the different additions of Na,S,Og or
[Fe(CN)]> (5x107...2x10° M) have been measured using the Autolab PGSTAT 30 with
a FRA 2 system at Cd(0001) within the potential region —1.60< E< -1.0 V vs. (vs.
Ag|AgCl|sat. KCl) and at Bi(hkl) from —1.60 to —0.5 V. It was found that for Cd(0001)
the potential of the diffuse layer minimum in the C,E curves does not shift noticeably in
the case of small additions of Na,S,0s into the base electrolyte solution. However, a
noticeable shift of Exo for Cd(0001) and Bi(hkl) electrodes takes place in the case of
[Fe(CN)]* and with increasing the concentration of S;0s>. Near E s, the differential
capacitance decreases with increasing concentration of Na,S,0s as well as [Fe(CN)o]*.

13



ECSTransactions, 1 (17) 9-17 (2006)

100

-01/°

20 r

0 2
log(f / Hz)

Fig. 5. Dependence of the phase angle (8) on ac frequency for the electrochemically
polished Cd(0001) electrode in 0.01 M KF aqueous solution with different additions of
K3[Fe(CN)s] (mM): 0 (1); 0.005 (2); 0.01 (3); 0.05 (4); 0.15 (5); 0.3 (6); 0.5 (7); 0.7 (8)
and 1 (9).
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Fig. 6. Equivalent circuit used for fitting the Z°,Z’ plots at f< 2000 Hz. Ry — high-
frequency resistance, Cg — electrical double layer capacitance, R — charge transfer
resistance, C,q and R,q — adsorption capacitance and resistance, respectively (19).

The impedance spectra were measured at ac frequencies f from 0.05 to 1x10° Hz
within the same potential region as the rotating disk electrode measurements. The Z”°,Z’-
plots for Bi(111) electrode in 1x102 M Na»SO4 + x M Na,S,05 solution at £= -1.2V
(vs. SCE), where the maximal depression (so called current pit) of the current density vs.
electrode potential curves has been established, have anomalous shape (negative Z’
values at low f) in comparison with Nyquist plots at £> —1.2 and £ < —1.4 V. The
anomalous shape of Z°*,Z’-plots can be explained by the adsorption of S,0¢*" anion or
SOy ® radical anion at the Bi(111) electrode surface. It should be noted that in this region
of electrode potential the current density vs. electrode potential curves do not depend on
the rotation speed of the disk electrode, indicating that the limiting rate determining step
is the charge transfer process. The phase angle vs. log f plots indicate that 6< -80° in the
medium ac frequency region, which is characteristic of the adsorption-limited charge
transfer process. Only at very low ac frequency (f'< 1 Hz) the values of dincrease and 6>
—15° has been established, characteristic of the charge transfer limited reaction
mechanism of the faradaic reactions. Only in the very dilute Na,S;0g solutions (¢ <
5%x10°M) at f< 0.1 Hz the phase angle is nearly equal to -45°, characteristic of the
diffusion-limited electroreduction reaction mechanism of the 52082' ions at Cd(0001) and
Bi(111) planes. Thus, according to the experimental data obtained the current pits in the

14
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J,E-curves are mainly caused by adsorption of the reaction intermediates at the Bi(hkl)
and Cd(0001) electrodes.

The data in Figs. 4 and 5 indicate that the same mechanism is valid in the case of
electroreduction of [Fe(CN)s]* at the electropolished Cd(0001) plane. The data in Figs. 4
and 5 as well as for Bi(hkl) | S;05> and Cd(0001) | S,08" systems can be simulated by
the equivalent circuit (Fig. 6), where the adsorption of reacting species or intermediates
has been taking into account (19). The detailed analysis of the fitting data shows that the
adsorption capacitance for Cd(0001) | S;Os” system is maximal in the region of
potentials from -1.4 to -1.2 V (SCE) and increases with concentration of the S;05> anions
in bulk solution. The same effect has been observed for the systems with addition of the
[Fe(CN)6]3' complex anions at E< -1.1V. Thus, the adsorption of the reaction
intermediates seems to be possible.
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Fig. 7. Dependences of the adsorption capacitance (a), charge transfer resistance (b) and
adsorption resistance (c) on the electrode potential for the electrochemically polished
Cd(0001) electrode in 0.01 M KF aqueous solution with different additions of
K;3[Fe(CN)g] (mM): 0 (1); 0.005 (2); 0.025 (3); 0.05 (4); 0.1 (5); 0.2 (6); 0.3 (7); 0.5 (8)
and 0.7 (9).
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According to the fitting data the adsorption capacitance values obtained for Cd(0001)
(Fig. 7a) are higher than the electrical double layer capacitance values and C,q weakly
increases with the rise of negative polarization of Cd(0001), indicating the adsorption of
jon-pairs or intermediates at Cd(0001) surface. Differently from the Cd(0001) | S,0¢” +
base electrolyte system the values of C,q only very weakly depend on concentration of
[Fe(CN)o]* in the base electrolyte solution indicating the limiting adsorption at very slow

Clre(n), - * The same effect has been discussed by Damaskin et al. (20) for Hg | S;0s” and

Hg | [Fe(CN)6]* systems. The adsorption resistance (Fig. 7¢) is maximal in the region of
Es-o, where the limiting diffusion currents for rotating Cd(0001) or Bi(hkl) disk electrode
have been established. At E=-1.6 V, R, is very low (Fig. 9) and independent of

Clre(en), - in solution but at Ex¢ the values of R,y increase with ¢ _. The charge

transfer resistance R (Fig. 7b) is nearly independent of ‘

[Fe(CN), P

re(on), - 8t Eo-o and decreases
- /6

nearly exponentially with increasing the cathodic polarization. In comparison with Ry,
the values of R are only 2...3 times lower, indicating the mixed kinetic mechanism of
the [Fe(CN)]* as well as S,05> electroreduction at Cd(0001) and Bi(hkl) planes.

The values of electric double layer capacitance calculated are in an agreement with
the values of equilibrium capacitance for the pure base electrolyte solution (obtained by
extrapolating to the condition f= 0). However, small decrease of Cyq with increasing

Clre(en),F- indicates the adsorption of the reactant or reaction intermediate particles at the

Bi(hkl) and Cd(0001) surfaces.

A satisfactory fit was achieved with a classical Randles equivalent circuit, where in
parallel with charge transfer branch, i.e. the charge transfer resistance and diffusional
impedance are connected in series. Near Ex the inhibition of the charge transfer step
occurs as concentration of NaS,0g increases, while the charge transfer resistance R
increases. At more negative potentials the reduction rate rises and R starts to decrease
with increasing the concentration of Na,S;0s or K3[Fe(CN)s]. At fixed concentration of
Na,S;0s, Re decreases with increasing the base electrolyte concentration. The
dependences of charge transfer resistance and diffusion resistance on the electrode

potential are similar for Bi(001) and Cd(0001). However, near Es at low ClRe(CN) T~ °
6

R increases with increasing the reactant concentration in solution, but at reactant
concentration more than mM the decrease in R takes place. Thus, the inhibition of
electroreduction takes place in the potential region, where the adsorption of the
[Fe(CN)]* ions is possible.

However, the shapes of the Z”’,Z and phase angle vs. ac frequency dependences show
that there is no slow semi infinite diffusion at Bi(hkl) and Cd(0001) electrodes in the
wide region of the electrode potentials.

Conclusions

The mechanism of electroreduction of the complex cations very weakly depends on the
surface structure of the Bi(hkl) electrode, and only very weak decrease of the rate
constant of the heterogeneous reaction, corrected for the double layer effect, and apparent
transfer coefficient values has been established, differently from Au(hkl) planes. The
electroreduction of complex anions goes probably thrue the adsorption step and in the
limited region of ac frequencies (from 0.1 to 100 Hz) the adsorption is the rate limiting

16
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step. At lower frequencies the charge transfer stage is the rate limiting step. In the region
of electrode potentials, where the current pit in the cyclic voltammograms for the rotating
disk electrode has been established for S,04” and [Fe(CN)g]* electroreduction reaction at
Cd(0001) and Bi(hkl) electrode, the slow adsorption of reactant or reaction intermediates
is possible.
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