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2. ABBREVIATIONS AND SYMBOLS 
 

0
Oxa  –  activity of the oxidant in the bulk solution 

A – constant characterizing the permittivity of a solvent 

( ( )
1

2
02A RTεε

−
= )  

ac –  alternating current 
ci, 0

Oxc   –  concentration of the particle (ion, oxidant) in the bulk solution 
cTp –  corrected Tafel plots 
C –  differential capacitance 
Cs –  series differential capacitance 
Cad –  adsorption capacitance 
Cdl –  electrical double-layer capacitance 
CPE –  constant phase element 
D –  diffusion coefficient 
E –  electrode potential 
E0 –  equilibrium potential in the standard conditions;  
 –  formal potential 

0
1E , 0

2E  –  standard redox potentials of the reactions 1 and 2 
Emin –  potential of the minimum in the C, E-curve of the base 

electrolyte 
Er –  equilibrium potential 

0=qE  –  zero charge potential 
EC –  equivalent circuit 
edl –  electrical double-layer 
EP –   electrochemically polished 
Eq. –  equation 
F –  Faraday constant 
f –  frequency of the alternating current 
fmax –  frequency of maximum in low-frequency part of impedance 

complex plane plot semicircle 
Fig.  –  figure 
gOx; gRed  –  absolute values of the specific adsorption energies of the 

oxidant and reductant 
HER –  hydrogen evolution reaction 
(hkl)  –  notation of the crystallographic index 
j –  imaginary unit (j = 1− ) 
j  –  current density of the forward reaction 

jf –  current density of the Faradaic reaction 
jk –  kinetic current density 
j0 –  exchange current density 
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jd –  diffusion current density 
0
sk ; (ex)

sk   –  absolute and measurable rate constants of the electrochemical 
reaction 

khet –  apparent rate constant for the heterogeneous charge transfer 
process 

kf, kb, 
→

1k , 
←

−1k , 
→

2k , 
←

−2k – forward and reverse reaction rate constants 
k0, 0

1k , 0
2k  –  standard rate constant at the formal electrode potential E0 

M –  metal 
n –  number of electrons transferred in redox reaction 
oHp –   outer Helmholtz plane 
Ox –  oxidized form of the standard system (Ox + ne– = Red) 
q –  surface charge density 
Q –  CPE coefficient 
R –  universal gas constant 
Red –  reduced form of the standard system (Ox + ne– = Red) 
Rad –  adsorption resistance 
Rct –  charge transfer resistance 
Rp –  total polarisation resistance 
Rel –  electrolyte resistance 
r2 –  determination coefficient 
SCE –   saturated calomel electrode 
sol, ads  –  particles in solution and at adsorbed state, respectively 
T –  absolute temperature 
v1, v2 –  rates of the reactions 1 and 2 
wa  –  average electrostatic work 
zcp –  zero charge potential 
z, (zOx, zRed)  –  charge number of the particle (oxidant, reductant) 
zi –  point charge at site i 
zeff –  effective charge number of the specifically adsorbed ions 
Zf –  Faradaic impedance 
ZCPE –  impedance of CPE 
Z′, Z″ –  active and imaginary parts of the impedance 
Z –  magnitude of the impedance 
x, y –  molar concentration of a surface-active component and a 

surface-inactive electrolyte 
α, α1, α2  –  transfer coefficients 
αapp –  apparent transfer coefficient 
αexp –  experimental transfer coefficient 
αCPE –  CPE fractional exponent 

≠γ  –  activity coefficient of the activated complex 
Γi –  Gibbs adsorption of particle i 
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ΓB, Γs –  surface Gibbs adsorption of species B and of free adsorption 
sites S 

Γmax –  maximal Gibbs adsorption 
∆cOx, ∆cRed –  concentration fluctuations of the reacting particles in response 

to the ac voltage perturbation ∆E 
∆E –  amplitude of the ac potential 
∆φm–2 –  potential drop across the inner-layer 

0
AG∆  –  Gibbs adsorption energy 

∆jF –  response of the Faradaic current density to the ac voltage 
perturbation ∆E 

ε –  dielectric constant of the solvent 
ε0 –  permittivity of vacuum 
θ, (θ0, θi )  –  surface coverage (in base electrolyte and with addition of i , 

respectively) 
τmax –  characteristic time constant of the process 
φ –  phase angle 
ψ1 –  potential at the reaction site 
ψd –  potential drop in the diffuse layer (outer Helmholtz plane 

potential) 
ω –  angular frequency ( 2 fω π= ); 
 –  angular velocity of the electrode 

3
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3. INTRODUCTION 
  
The manner and extent to which the kinetics of simple electrode reactions are 
influenced by the nature of the metal substrate is a topic of abiding interest in 
electrochemistry [1].  

Electroreduction kinetics of various cobalt(III) ammine complexes expected 
to follow outer-sphere pathway, i.e., where the reactant does not penetrate the 
inner solvent layer, the kinetic parameters (usually the experimental transfer 
coefficient) provide very useful information about the location of the reaction 
centre [1–13]. The substrate (electrode material) effects for the outer-sphere 
reactions are commonly presumed to be restricted to variations in the 
electrostatic work terms (double-layer effects), at least for an adiabatic process, 
in that the chemical and electronic properties of the metal surface should exert 
no direct influence on the electron transfer barrier [11–22]. It is evident from 
the literature that studies of the double-layer effects on the electron transfer 
kinetics at single crystal electrodes are important in assessing the role of the 
metal electronic properties on electron transfer kinetics. In recent years there 
has been considerable interest in fundamental studies of electron-transfer 
kinetics at well-defined solid single crystal electrodes [1, 5–10]. 

Electroreduction kinetics of ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  have been studied at single 

crystal plane and polycrystal Au, Ag, Pt as well as Hg-drop electrode by many 
authors [1, 10, 23].  Hamelin and Weaver studied the one-electron reduction of 

( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  in acidified 0.1 M 4NaClO  electrolyte, Fawcett et al. 

examined the same reaction in perchloric acid solutions at ( )Au hkl  electrodes 
[1–5, 10]. 

Electroreduction of the ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cations has been suggested as a 

“model adiabatic outer-sphere” reaction and, therefore, it would give us the 
possibility to examine the influence of the electrical double-layer (edl) structure 
(i.e., dependence of edl and kinetics on the electrode material) on the 
electrochemical parameters for the electroreduction process at the Bi planes [1–
5, 10]. 

The main aim of this work was to investigate the irreversible 

electroreduction reaction of ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cations at electrochemically 

polished ( )Bi hkl  single crystal plane electrodes in 4HClO  and weakly 

acidified (pH ~ 3.3) aqueous 4LiClO  solutions. In the 0.01, … ,0.1 M 4HClO  
solution the hydrogen evolution reaction starts at higher negative electrode 
potentials and the limiting diffusion current plateaus at higher rotation velocities 
and scan rates were not observed [24, 25]. 
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Cathodic hydrogen evolution reaction (HER) from the acidic solutions has a 
noticeable influence on the kinetics of electroreduction reaction of the 

( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cations on electrochemically polished Bi planes [26]. 

The present work also describes the influence of the crystallographic 
structure of the Bi single crystal plane electrodes on the charge transfer 

mechanism and kinetic parameters of electroreduction of the ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  

cations. The rotating disc electrode voltammetry, cyclic voltammetry and 
impedance spectroscopy methods have been used [27]. 
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4. LITERATURE OVERVIEW 
 

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

 
A cornerstone of Marcus theory is the notion that outer-sphere electron transfer 
involves separable reorganization energy components for each redox centre 
[28]. According to electron transfer theory, the Gibbs energy barrier is 
determined by three factors, namely, the inner-sphere reorganization energy, the 
outer-sphere reorganization energy, and the electrostatic work done to bring the 
reactant(s) to the reaction site. The third factor characterises the double-layer 
effect at electrodes. It is the most difficult to estimate because it involves a 
model for double-layer and assumptions about the location of the reactant 
within it near the electrode [29]. Electroreduction reactions of ions have 
extremely strong influence on the structure of edl and potential distribution near 
the electrode surface: 
 

 ( ) ( )
3+ 2+-

3 36 6
Co NH +e Co NH⎡ ⎤ ⎡ ⎤→⎣ ⎦ ⎣ ⎦ . (4.1.1) 

 
The reaction (4.1.1) is quantitatively described by the main equation of the 
Frumkin slow charge transfer theory for reduction 
 

 
0 0

(ex) Ox
s

( )exp
a nF E Ej nFk

RT
α

γ ≠

⎡ ⎤−
= −⎢ ⎥

⎣ ⎦

r
 and (4.1.2) 

 
( ) ( )Ox Red Ox 1(ex) 0

s s

1
exp exp

g g n z F
k k

RT RT
α α α ψ⎡ ⎤ ⎡ ⎤− + −

= ⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦

, (4.1.3) 

 
where 0

sk  and (ex)
sk  are the on absolute and measurable rate constants of the 

electrochemical reaction, respectively; α  is the transfer coefficient; Oxg  and 

Redg  are the absolute values of the specific adsorption energies of the oxidant 

and reductant; 0
Oxa  is the activity of the oxidant in the bulk solution; Oxz  is the 

charge number of the oxidant; ≠γ  is the activity coefficient of the activated 
complex; and 0E  is the equilibrium potential at the standard conditions; R  and 
T  have their conventional meanings. In Eq. (4.1.2) the effects of the electrical 
double-layer are characterized by the 1ψ  potential, i.e. by the potential at the 
reaction site [30–32]. Double-layer effects are normally analyzed using the 
assumption that the reaction site located at the outer Helmholtz plane (oHp) and 
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the reactant and product can be represented as point charges. We assuming also 
the absence of the specific adsorption of reactant and products (i.e. 

Ox Red 0g g= ≈ ). The potential profile in the diffuse layer is assumed to be 
given by the Gouy – Chapman model. The zero charge potential (zcp) is a 
fundamental property of the polarizable electrode/solution interface that has 
been studied for many years. The value of zcp depends on the nature of metal, 
solvent and electrolyte. At solid electrodes the zcp is most easily found by 
determining the position of the diffuse layer minimum in a differential 
capacitance against potential curve [33]. Using differential capacitance against 
potential curves data obtained for base electrolyte, we can calculate the dψ  
potential values assuming that dψ  potential can be taken equal to 1ψ , where 1ψ  
is the mean value of the potential at the plane, where the centers of charges of 
reacting particles are located in the transition state of the reaction [11–13, 15]. 

According to Gouy – Chapman theory d
2 arcsinh

2
RT q
F A c

ψ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 where q  

is the surface charge density in the surface inactive electrolyte solution; and 

( )
1

2
02A RTεε

−
= , where the dielectric constant of the solvent is ε  and 0ε  is 

the permittivity of vacuum.  
An alternative way of writing Eq. (4.1.2) after taking the logarithm and 

linearizing the dependence is: 
 

 ( ) ( )0 0Ox
k 1 s Ox 0 1ln ln q

z F nFj nFk c E E
RT RT

αψ ψ=+ = − − − , (4.1.4) 

 
where kj  is the kinetic current density and 0

Oxc  is the concentration of the 
oxidant in the bulk of solution. Linear dependences 

( )11
Ox vs.ln ψψ −+ E
RT

Fz
jk , based on Eq.(4.1.4), are called corrected Tafel 

plots (cTp) [34]. From the slope of the cTp it is possible to calculate the transfer 
coefficient and from the intercept we can calculate the rate constant for the 
heterogeneous reaction. According to the theory cTp’s have to be linear and 
they must coincide if the base electrolyte concentration is varied and E  is 
corrected with corresponding dψ  values calculated [12, 35]. 
 
 

4
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4.2. Impedance spectroscopy and  
modelling of the charge transfer processes 

 
Electrochemical impedance spectroscopy (EIS) method initially applied to 
determination of the double-layer capacitance can be used to characterize 
electrode process at complex interfaces. Analysis of the system response 
contains information about the interface, its structure, and the reaction 
characteristics taking place there [36]. 

For the linear, casual and stable electrode system, the electrochemical 
impedance ( )Z ω  is the transfer function between the sine wave potential 

response function, ( )E ω∆  and the sine wave current perturbation 

function ( )I ω∆ : 
 
 ( ) ( ) ( )/Z E Iω ω ω= ∆ ∆ , (4.2.1) 
 
where ω  is angular frequency 2πfω =  and  f  is ac frequency.  
It is generally assumed that the total current density passing through the 
electrode/electrolyte interface is composed from the faradaic and non-faradaic 
part according to: 
 
 t nf fj j j= + . (4.2.2) 
 
The faradaic part of the total current density is related to the net rate of the 
electron transfer reaction (if ohmic potential drop 0jR ≈ , where R  is 
resistance). The non-faradaic part is related to the charge density on two sides 
of the electrode/electrolyte interfacial region (i.e. so-called double-layer 
charging) [37]. The total interfacial impedance can be expressed as 
 
 1 1 1

t nf f( ) ( ) ( )Z Z Zω ω ω− − −= + . (4.2.3) 
 
Rate of the heterogeneous charge transfer reaction 
 

 
b

fOx e Red
k

k
n − ⎯⎯→+ ←⎯⎯  (4.2.4) 

is given by the expression 
 
 ( )f f Ox b Redj nF k c k c− = − , (4.2.5) 
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where fj  is the faradaic current density, fk  and bk  are the rate constants of 
forward and reverse reactions, n  is the number of the electrons transferred in 
reaction, F  is Faraday constant, Oxc  and Redc  are the concentrations of 
reactant (oxidizer) and product (reductant), respectively [36, 37–50]. 

Using impedance spectroscopy method, the current is composed of a steady-
state (or direct) part (determined by the mean dc potential, E  and the mean dc 
concentrations at the interface, Oxc  and Redc ) and an ac part fj∆ (determined by 
the ac perturbing signal E∆  and concentration fluctuations, Oxc∆  and Redc∆ ). 
The faradaic impedance is given by the ratio of the Laplace transform of the ac 
parts of the voltage and current density [36, 38–49] respectively 
 
 { } { }f fZ E j= ∆ ∆ . (4.2.6) 
 
Under equilibrium conditions the charge transfer resistance 
 

 ct
0

RTR
nFj

= , (4.2.7) 

 
where the exchange current density 0j  is expressed as 
 

 ( )0
0 0 Ox rexp nFj nFk c E E

RT
α⎡ ⎤= − −⎢ ⎥⎣ ⎦

, (4.2.8) 

 
where 0k is the potential independent rate constant of reaction and n  is the 
number of electrons transferred. 

For heterogeneous charge transfer (faradaic) reaction involving one adsorbed 
particle the following stages can be separated [36, 46–50]: 
 

 1
sol ads

1
A e B

k

k
−

−

⎯⎯→+ ←⎯⎯ , (4.2.9) 

 2
ads sol

2

k
B e C

k
−

−

⎯⎯→+ ←⎯⎯ , (4.2.10) 

 
where the indexes sol and ads denote the particles in solution and adsorbed 
states, respectively. Assuming the Langmuir adsorption isotherm for B [36, 50], 
the rates of these reactions may be written as 
 

( ) ( )( )0 0 0 0
1 1 s A 1 1 1 B 1 1exp exp 1F Fv k a E E k E E

RT RT
Γ α Γ α⎡ ⎤ ⎡ ⎤= − − − − −⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

,   (4.2.11) 
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( ) ( )( )0 0 0 0
2 2 B 2 2 2 s C 2 2exp exp 1F Fv k E E k a E E

RT RT
Γ α Γ α⎡ ⎤ ⎡ ⎤= − − − − −⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

,      (4.2.12) 

 
where 0

1k  and 0
2k  are the standard rate constants of these reactions; 1α  and 2α  

are the transfer coefficients; BΓ  and SΓ  are the surface Gibbs adsorptions of 
the species B and of free adsorption sites S; Aa  and Ca  are the surface 

concentrations of A and C (assumed as equal to the bulk concentrations); 0
1E  

and 0
2E  are the standard redox potentials of the reactions A and B respectively. 

At equilibrium potential ( rE ) the net rates of both reactions are zero and the 
following relations are obtained: 

 ( ) ( )0
0 A0 s A

r 1 0
0B

1
exp

aaFE E
RT

θΓ
θΓ

−⎡ ⎤− = =⎢ ⎥⎣ ⎦
, (4.2.13) 

 ( ) ( )
0

0 0B
r 2 0

0 As C

exp
1

FE E
RT aa

θΓ
θΓ

⎡ ⎤− = =⎢ ⎥ −⎣ ⎦
, (4.2.14) 

 
where the index 0 indicates equilibrium conditions, and a following relation is 
introduced: maxΓθΓ ii =  (where maxΓ  is the maximal Gibbs adsorption [36, 
50]). The total current density observed is given as 
 
 ( )t 1 2j F v v= +  (4.2.15) 
 
and the faradaic admittance is given by 
 

 
f ct

1 1
j

B
Z R Gω

= +
+

, (4.2.16) 

 
where 1j −=   and the inverse charge transfer resistance ctR  is given as: 
 

 ( ) ( ) ( ) ( )1 1 1 1 2 2 2 2
ct

1 1 1 1 1 1k k k k
R RT

α θ α θ α θ α θ
→ ← → ←

− −
⎡ ⎤= − + − + + − −⎢ ⎥⎣ ⎦

 (4.2.17) 
 
and 
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( ) ( ) ( ) ( )

1 1 2 22
maxad ct

1 1 1 1 2 2 2 2

1 1

1 1 1 1

B k k k k
RTC R

k k k k

Γ

α θ α θ α θ α θ

→ ← → ←

− −

→ ← → ←

− −

⎛ ⎞= − = − − + + ×⎜ ⎟
⎝ ⎠

⎡ ⎤× − + − − − − −⎢ ⎥⎣ ⎦

 (4.2.18) 

 
and 

ct 1 1 2 2 1 1 2 2
ad ad max 1

1 1 FG R B k k k k k k k k
R C Γ σ

→ ← → ← → ← → ←

− − − −
⎛ ⎞ ⎛ ⎞= + = + + + = + + +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

,    (4.2.19) 

 
where the 21 andαα  are the symmetry coefficients, θ  is the surface coverage. 
It should be noted that the quantity 1max σΓ =F  is the charge necessary for the 
total surface coverage of electrode by the reaction intermediate B. The more 
complicated cases, taking into account the slow diffusion step to the fractal and 
disc electrodes, have been discussed by Lasia in [36]. 
 
 

4.3. Hydrogen evolution reaction kinetics 
 
Hydrogen evolution reaction (HER) at high cathodic overpotentials 0η >  
from the acidic aqueous solution, to a first approximation, can be characterized 
by the following elementary steps [6, 11, 13, 26, 36, 51–60]: 
 

 
1

1
3 (ads) 2M H O e MH H O

k

k−

+ −+ + ↔ + , (Volmer reaction) (4.3.1) 

 
2

2
(ads) 3 2(S) 2MH H O e H M H O

k

k−

+ −+ + ↔ + + , (Heyrovsky reaction) (4.3.2) 

where M is metal, +OH3  stands for solvated protons, 2(S)H  is the molecular 

hydrogen adsorbed at the surface and (ads)MH  is the reaction intermediate, 

formed after electron transfer from metal M to solvated proton +OH3 . 

1 1 2, ,k k k−  and 2k−  are the rate constants of corresponding reactions. 
Taking into account the possible weak adsorption of reaction intermediate 

(ads)MH  at the Bi electrode surface [11, 13, 51], the faradaic impedance can be 
mathematically simulated as Eq.(4.2.16), if we accept the so-called model for 
adsorption of one intermediate particle at an electrode surface [11, 13, 36, 55, 
57, 59, 60]. 

Thus reaction (4.3.1) characterizes the formation of reaction intermediate 
and, depending on the chemical and crystallographic characteristics of the 
electrode metal, the formation of the adsorbed molecular hydrogen and 

5
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evolution probably occur through the electrochemical desorption step for Bi 
electrodes [61, 62].  
 
 

4.4. Fitting of impedance data 
 
Various equivalent circuits based on the various electrochemical reaction 
schemes have been worked out and have been tested for fitting the experimental 
impedance complex plane ( )``vs. `Z Z− , Bode ( log Z  and phase angle φ  vs. 

log f  plots); log ``Z  vs. log f  and log `Z  vs. log f  plots using non-linear 

least-squares minimization program that minimizes the sum of 2
cm )( ZZ −  

terms for all frequency points measured ( mZ  and cZ  are the measured and 
calculated impedance values, respectively [63, 64]). The theoretical spectra 
calculated based on the arbitrarily chosen models (discussed later) have been 
fitted to the experimental spectra and the best-fitted case has been selected on 
the basis of the minimal  2χ  – function values. Additionally, the weighted sum 
of squares 2∆ , as well as errors of individual parameters obtained have been 
analyzed [36, 37, 63, 64] keeping the number of experimental points constant 
for all fittings made using various equivalent circuits. The standard deviation 

(SD) of the fit defined as, 2 / 2SD l pχ= − , (where l  denotes the number of 
points and p denotes the number of parameters of the fitting model), were 
calculated. Experimental impedance data for systems with weak adsorption of 
reactants or reaction intermediates were analyzed using the equivalent circuit 
(EC) (so-called Modified Armstrong-Henderson model [39] taking into account 
the adsorption of one intermediate particle) given in Fig. 1. 
 

 
Figure 1. Modified Armstrong-Henderson model [39], where dlC  has been replaced by 
CPE, taking into account the adsorption of one intermediate particle used for fitting the 
experimental results: elR  – high – frequency solution resistance; CPE – constant phase 

element; ctR  – charge transfer resistance; adR  – adsorption or partial charge transfer 

resistance; adC  – adsorption capacitance. 
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5. EXPERIMENTAL 
 
Conventional electrochemical equipment i.e. rotating disc electrode system 
from Pine Instrument Company was used for stationary and rotating disc 
voltammetry studies (scan rate -1(5 20) mVs−  and rotation velocity from 

-1(0 to 9000) rev min  were used). The impedance complex plane `` vs. `Z Z−  
(i.e., Nyquist) plots and differential capacitance vs. electrode potential 
dependencies have been measured using the Autolab PGSTAT 30 FRA 2 at ac 
frequency, f, from 0.05 Hz to 1·105 Hz within the region of the electrode 
potential 0.85 V < 0.45 VE− < −  vs. ( )2 2Hg Hg Cl 4M KCl SCE . 

Electrochemically polished ( )Bi hkl  single crystal plane electrodes were 
used as the working electrodes. The bismuth single crystal was grown by the 
modified Czochralski and Bridgman vertical methods (purity 99.99999%) at the 
Institute of Problems of Microelectronics Technology and Superpure Materials, 
Russian Academy of Sciences. Bi single crystal ( )Bi hkl  electrode orientation 
has been obtained using X-ray diffraction method and the disorientation angle 
of plane was smaller than o0.5 . The isolation of the faces was carried out by a 
thin polystyrene film dissolved in toluene, covering the part of no interest, and 
then the sample was placed into a Teflon holder [26]. ( )Bi hkl  single crystal 
electrodes were selected for detailed study in view of the very good stability 
(covalent bond between the Bi atoms) and wide ideal polaristation area and Bi, 
Cd and other metals are so-called mercury like metals with high hydrogen 
evolution overpotential. 

Working electrode surfaces were prepared by using electrochemical 
polishing method ( )2

pol 1.5 A cmj ≤ in an aqueous KI + HCl  solution. 

Thereafter the electrodes were carefully rinsed with MilliQ+ water before each 
set of experiments and polarized at 0.6 V− vs. SCE in base electrolyte solution 
for 2 h. 

A conventional three-electrode glass cell was used for electrochemical 
studies. A calomel electrode in 4 M KCl + 2H O  solution as the reference 
electrode and a large Pt counter electrode were used. The long Luggin capillary 
was used to connect the reference electrode to experimental part of system. The 
measurements were carried out at temperature = 298KT . The bubbling argon 
(99.999%) through or over solution were used to remove air from system during 
the experiment. All solutions were prepared using MilliQ+ water with resistivity 

18.2 MΩ cm≥ . Glassware was cleaned with a hot 2 4 2 2H SO + H O  mixture 
and rinsed with MilliQ+ water before each set of measurements. 4HClO , 
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4LiClO , 4NaClO  and ( )3 36
Co NH Cl⎡ ⎤⎣ ⎦  (all “Aldrich”) were of the best 

quality available. ( ) ( )3 46 3
Co NH ClO⎡ ⎤⎣ ⎦  was prepared from the corresponding 

chloride by precipitation with saturated sodium perchlorate and purified by 
triply recrystallisation of salt from water [1, 10, 23]. 4HClO  and acidified  

4LiClO  were chosen as the supporting electrolytes in view of the relatively 

weak adsorption of perchlorate anion at bismuth. ( ) 3

3 6
Co NH

+
⎡ ⎤⎣ ⎦ was selected 

for detailed study in view of the sensitivity of the supposed outer-sphere 
reduction kinetics to the heterogeneous reaction environment. 

For the accurate determination of a precision of the experimental data, a 
statistical treatment of the results was carried out. A total number of the 
independent experiments m 4≥ , and at least two different electrodes with the 
same crystallographic orientation were used [24–27, 58]. The relative error of 
current density at the constant electrode potential E  was not more than (5–7)%. 
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6. RESULTS AND DATA ANALYSIS 
 

6.1. Cyclic and rotating disc electrode voltammetry  
data for electroreduction of hexaamminecobalt(III)  

cations at Bi(hkl) in aqueous HClO4 and weakly  
acidified LiClO4 solutions 

 

The rotating disc electrode voltammetry data  for the ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cation 

electroreduction at the ( )Bi hkl electrodes in the aqueous 4HClO  solutions 

(from 31 10 M−⋅  to 11 10 M−⋅ ) and weakly acidified 4LiClO  are displayed in 
Figs. 2–3. 
 

  
 
Figure 2. (a) Rotating disc voltammetry curves (scan rate -110 mVs ) for the 

electrochemically polished ( )Bi 111  plane in 45 10 M−⋅  ( )[ ]( )3 46 3
Co NH ClO  

M0.003+  4HClO  solution at various rotation velocities ( )-1rev minv , noted in 
figure. 
(b) Rotating disc voltammetry curves (scan rate -110 mVs ) for the electrochemically 

polished ( )Bi 001  plane in 45 10 M−⋅  ( )[ ]( )3 46 3
Co NH ClO  M0.003+  4LiClO  

M0.001+  4HClO  solution at various rotation velocities ( )-1rev minv , noted in figure. 

 

6
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Measured vs.j E  plots in base electrolyte solutions show that the values of 
current density are practically independent of rotating speed of the electrode.  
However a very detailed analysis of data shows that at .E const=  the value of 
current density slightly increases with the increase of rotating speed of the 
electrode -1(0-9000) rev min  but these effects are very small and can be 

ignored to the first approximation. Unlike  ( ) 2
2 8Au S Ohkl −  [65], 

( ) 2
2 8Bi 111 S O − [66] and ( ) 2

2 8Bi 01 1 S O − , hysteresis of current density 

between the negative and positive potential scan directions in the region of 
electrode potential ( 0.9 V <  < 0.45 V vs. SCEE− − ) was not observed. 
According to the data in Figs. 2–3 vs.j E  plots can be devided into three 
areas. In the region of electrode potential 0.6 VE < −  the process is limited by 
the charge transfer step, from 0.6 V − to 0.75V −  the process is limited by 
the mixed kinetics (diffusion and charge transfer) and the values of current 
densities increase with the increase of the rotating speed of electrode. In the 
region of small negative surface charge densities ( 0.9 VE < − ), clear current 
plateaus were observed ( -1(0-3000) rev min ) and the values of the current 
density depend noticeably of the rotating velocity of ( )Bi hkl  electrode at 

.E const= . The current of electroreduction of the ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cation 

depends noticeably on the electrode potential and on the rotation velocity (Fig. 
2a), as well as on the base electrolyte composition (Fig. 2b, 3a) and 

( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cation concentrations in solution (Fig. 3b). Also the 

crystallographic structure of Bi plane has a influence on the electroreduction 
reaction rate of the hexaamminecobalt(III) cations at ( )Bi hkl .  
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Figure 3. (a) Rotating disc voltammetry curves (scan rate -110 mVs ) for the 

electrochemically polished ( )Bi 01 1  plane in 45 10 M−⋅  ( )[ ]( )3 46 3
Co NH ClO  

M0.003+  4HClO  (open marks) and in 45 10 M−⋅  ( )[ ]( )3 46 3
Co NH ClO  M0.003+  

4LiClO  M0.001+  4HClO  (filled marks) solutions at various rotation velocities 

( )-1rev minv , noted in figure. (b) Rotating disc voltammetry curves (scan rate 
-110 mVs ) for the electrochemically polished ( )Bi 001  plane at -15000 rev minv =  in 

M0.01  4HClO  (1, 2, 3) and in M0.01  4LiClO  M0.001+  4HClO  (1`, 2`, 3`) 

solution with different additions of ( )[ ]( )3 46 3
Co NH ClO  (M): 1, 1` – 0.0001; 2, 2` – 

0.0005; 3, 3` – 0.001. vs.j E  curves for ( )Bi 01 1 . 
 
 
Noticeable increase of current density takes place at  0.85VE > −  and this is 
probably caused by the parallel cathodic hydrogen evolution reaction [25, 26]. 
The influence of the cathodic hydrogen evolution reaction has been studied and 
will be discussed separately. The influence of composition of the base 
electrolyte at fixed total electrolyte concentration is noticeable in the region of 
mixed kinetics (Fig. 3a), i.e., the reduction current is higher for solutions with 
the addition of 4LiClO  in solution, but in the region of limiting diffusion 
current, the reduction current is independent of the chemical composition of the 
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base electrolyte studied. Thus, the influence of the hydrogen evolution kinetics 

is not important in neutral base electrolyte solution where ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  has 

been studied. 
Thus, there is no quick hydrogen evolution from the weakly acidified base 

electrolyte solution in this limited region of the electrode potentials, and mainly 

the electroreduction of ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  takes place [25]. In the region of 

potentials 0.9 V <  < 0.7 VE− −  clear current plateaus were established. The 
limiting current density dj  at constant potential measured at the rotating 

electrochemically polished ( )Bi hkl  rotating disc electrode was found to fit 

very well to the Levich ( )1
2vs.j ω  plot ( )20.997 0.999r≤ ≤ : 

 
1 2 1

6 3 2
d i i0.620j n Fv D cω

−
= , (6.1.1) 

 
where in  is the number of electrons consumed in the electroreduction of the ion 
i ; v  is the kinematic viscosity; D  is the diffusion coefficient; ω  is the angular 
velocity of the electrode and ic  is the bulk concentration of the discharging ion. 

Taking i 1n =  and 2 -10.01cm sv = [2, 10, 24, 67], the values of the diffusion 

coefficient for the ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cation have been calculated 

( 6 2 -16.2 10 cm sD −= ⋅  for ( )Bi 111  [24] and 6 2 -16.6 10 cm sD −= ⋅  for 

( )Bi 01 1  [25] in the 21 10 M−⋅  4HClO  and 21 10 M−⋅  
-3

4 4LiClO 1 10 M HClO+ ⋅  solution respectively), slightly decreasing with the 
increase of the base electrolyte concentration, in a good agreement with the 
literature data [10]. Therefore, in the region of potentials 

0.85 V <  < 0.70 VE− −  the electroreduction of the ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cation 

on the electrochemically polished Bi single crystal planes is mainly limited by 

the rate of diffusion of the ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cations to the electrode surface, in 

a good agreement with literature data [68], where the diffusion-limited process 
has been observed at slow potential scan rates. For more concentrated 4HClO  

solutions ( )22 10 Mc −≥ ⋅ there is no well exposed current plateau in the 

vs.j E  curves, likewise for more concentrated -3
4 4LiClO 1 10 M HClO+ ⋅  

solutions. The small increase of current density at < 1.0 VE −  is mainly 
caused by the hydrogen evolution from more concentrated solutions and 
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blocking of the electrode surface with the adsorbed molecular hydrogen [24, 26, 
51]. Quantitative analysis for more concentrated -3

4 4LiClO 1 10 M HClO+ ⋅  

and ( )
3+

3 6
Co NH Bi⎡ ⎤⎣ ⎦  plane systems is possible in the wider potential region, 

compared with the aqueous 4HClO  base electrolyte system [24, 25]. 
 
 

6.2. Kinetic analysis 
 
The kinetic parameters for the heterogeneous electroreduction reaction of the 

( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦ cation on the ( )Bi 001 , ( )Bi 111  and ( )Bi 01 1  planes has 

been established and results have been compared with the data for the 
( )Ag 110 , ( )Au hkl and Hg  electrodes [1–5]. 

The current density j , being proportional to the rate of the heterogeneous 

electroreduction of the ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦ cations, occuring at high overvoltage η  

for the ( )Bi 111 electrode, is defined by Eq. (6.2.1) 
 

 
( )Ox 1

k oln ln ln
n z F FnEj j const c

RT RT
α ψ α−

≈ = + + − , (6.2.1) 

 
where kj is the cathodic kinetic current density; α  is the transfer coefficient; 

Oxz  is the charge number of oxidizer; E  is the electrode potential and the 
adsorption energies of oxidized and reduced forms 
( )Ox Redand , respectivelyg g  have been taken as constants. The values of 
kinetic current density at constant potential were obtained from the linear 
Koutecky – Levich plots according to Frumkin, Aikazyan, Tedoradze and 
Koutecky method ( )20.997 0.999r≤ ≤  [1, 11–16, 69, 70] 

 
k d

1 1 1
j j j

= + . (6.2.2) 

 
It should be noted that for the interpretation of the experimental results Eq. 
(6.2.2) was derived the first time by Frumkin and Aikazyan [69] and thereafter 
used by Frumkin and Tedoradze [70]. The apparent rate constant for the 

heterogeneous electroreduction reaction of the ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cations, hetk , is 

defined by Eq. (6.2.3): 

7
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 k het Oxj nFk c= , (6.2.3) 
 
where the influence of overvoltage has not been taken into account. The hetk  vs. 

m q = 0E Eφ = −  dependences are displayed in Fig. 4a,b (where mφ is the rational 

potential and q = 0E  is the zero charge potential in the base electrolyte solution 

equal to 0.67 V− vs. SCE for ( )Bi 001  and ( )Bi 01 1 electrodes in 
-3

4 40.05M LiClO +1 10 M HClO⋅  aqueous solution [71, 72]) obtained at 

different base electrolyte concentrations for 45 10 M−⋅ ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦ system, 

coincide at m 0φ = . 

It must be pointed out that for ( ) 4 4Bi M LiClO +0.001M HClOhkl x +  

( )
3+

3 6
+ M Co NHy ⎡ ⎤⎣ ⎦ system, it is possible to obtaine directly the so-called 

double-layer corrected value of the rate constant 0
hetk  (given in Table 1) as the 

Frumkin correction [11–16, 34] (i.e., the diffuse layer potential dψ  correction) 
is zero at q = 0E , if we assume that the reaction site lies at the outer Helmholtz 
plane and discreteness of charge effects is negligible [1, 3–6, 10–13, 15, 24–28, 
64, 67, 69, 70, 73, 74]. 
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Figure 4. (a) hetln k  vs. rational electrode potential curves for various electrochemically 

polished electrodes: ( )Bi 001  – (1; 2; 5; 6) and ( )Bi 01 1  – (3; 4) in 
45 10 M−⋅  ( )[ ]( )3 46 3

Co NH ClO   with different additions of the base electrolyte : 1, 3 

– 0.02 M 4LiClO  + 0.001 M 4HClO  and 2, 4 – 0.06 M 4LiClO  + 0.001 M 4HClO  ; 5 

–  0.02 M 4HClO  and 6 –  0.06 M 4HClO . 

(b) het mln vs.k φ  vs. curves for the electrochemically polished ( )Bi 001  electrode in 

0.01 M 4LiClO  + 0.001 M 4HClO  (1, 2, 3, 4) and in 0.01 M 4HClO  (1`, 2`, 3`, 4`) 

solutions with various additions of ( )[ ]( )3 46 3
Co NH ClO  (M): 1, 1` – 0.0005; 2, 2` – 

0.00065; 3, 3` – 0.00075; 4, 4` – 0.001. 
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Table 1 summarizes rate data for one-electron reduction of 

( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦ reactant in two different aqueous enviroments, including three 

different electrode interfaces and compared with other details can be found in 

original references [1, 10].  For more concentrated ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  solutions 

( 31 10 Mc −≥ ⋅ ), the value of 0
hetk , obtained for the ( )Bi hkl  planes at m 0φ =  is 

somewhat lower than that for less concentrated ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  solution  and 

the weak adsorption of the ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cations seems to be possible [68]. 

This effect is more pronounced for the electrochemically most active ( )Bi 01 1  

plane, taking into account the specific adsorption of cations and anions from 
various solutions [71, 72, 75–83]. Thus, in a good agreement with Compton et. 

al data [68], the weak electrostatic adsorption of ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cation is 

possible, increasing with the increase of the negative surface charge density at 
the ( )Bi hkl  interface [24, 25]. For all Bi planes studied, the value of the 

corrected rate constant at 0
q = 0 het,E k  is practically independent of 

( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  concentration if 

( )
3+

3 6

3

Co NH
1 10 Mc −

⎡ ⎤⎣ ⎦
≤ ⋅ . The values 0

hetk  for 

( )Bi hkl  in 4 4M LiClO +0.001M HClOx  are weakly higher than those for 

the 4HClO  base electrolyte solutions, indicating the weak influence of the 
cation nature and solvatation energy of ions on the electroreduction rate of the 

( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cations. 

When the redox reaction is “simple“, that is, when it occurs by an outer-
sphere mechanism, the kinetic parameters, especially the experimental transfer 
coefficient, provide information about the location of the reaction site [3]. The 
values of experimental transfer coefficient, expα , can be obtained from data in 
Fig. 4a,b which is defined as 
 

 het
exp

lnd kRT
F dE

α = − . (6.2.4) 

 
The slope of a plot of hetln k  against mφ  gives the values of expα , given in 

Table 1. The values of expα  for  

( )
3+4

3 4 46
5 10 M Co NH M LiClO +0.001M HClOx− ⎡ ⎤⋅ +⎣ ⎦   system are only 



 29

somewhat higher than 0.5 and practically independent of the plane studied. 

Thus, to a first approximation, for more diluted ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  solutions there 

are only very small deviations from the classical Frumkin slow discharge theory 
[1, 11–16]. These observations led to conclude that the reaction site for the 

( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦ complex cations is only very slightly closer to the electrode 

than the oHp. 
The voltammetry data for rotating ( )Bi hkl  planes have been corrected for 

the edl effects using, to a first approximation, the classical Frumkin approach 
[1, 3, 11–16, 24, 34]. The absence of the specific adsorption of  base electrolyte 
cations and anions was assumed within the concentration range of interest in 
accordance with the charge density, q vs. potential curves calculated by 
integration from the C  vs. E  curves (extrapolated to ac frequency 0f =→ ) 
(Fig. 5) for the pure base electrolyte solution with different concentrations. 

Experimental data show that the dependence of the charge density q  on the 

potential drop across the inner-layer ( )m 2
m dφ φ ψ−∆ = −  is very small at 

different 
4LiClOc . Thus, it can be concluded that the specific adsorption of the 

4ClO−  ions is practically absent at the Bi planes over the range of charge 

densities and concentrations of 4ClO−  anions studied. Double-layer effects are 
normally analyzed using the assumption that the reaction site located at the 
oHp. The potential at the oHp, dψ , was estimated using the Gouy-Chapman 
theory with consideration of the reactants and products in estimation of the 
diffuse layer correction 

 2 2
i i d

i
exp 1Fq A c z

RT
ψ⎡ ⎤⎛ ⎞= − −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

∑ , (6.2.5) 

 
where q  is the charge density of the electrode, ic  is the concentration of ion i 

whose charge is iz ; 2
02A RTεε= . If sc  and dc  are the concentrations of the 

supporting electrolyte and reactant, respectively then, for the 1:1 supporting 
electrolyte and 3:1 reactant, Eq. (6.2.5) can be rewritten as 
 2 2 3

s d s s d/ ( 3 ) 2 4dq A c c c c c c= Φ + Φ + + Φ − − , (6.2.6) 
 

where ( ) 1
dexp F RTψ −⎡ ⎤Φ = −⎣ ⎦ . Plots of dψ  against rational potential mφ  for 

the supporting electrolyte at different 
4LiClOc with addition of ( )

3+

3 6
Co NH⎡ ⎤⎣ ⎦  

ions calculated according to Eq. (6.2.7) are given in Fig. 5b. 

8
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Figure 5. Differential capacitance (at 0ω = ) vs. electrode potential curves (a) and 
potential drop in the diffuse layer vs. rational electrode potential curves (b) for 
electrochemically polished ( )Bi 001  electrode in 4LiClO  solution with concentrations 
(M) (a): 1 – 0.1; 2 – 0.05; 3 – 0.01; 4 – 0.007; 5 – 0.003; 6 – 0.002; 7 – 0.001; and (b): 
1 – 0.002; 2 – 0.006; 3 – 0.02; 4 – 0.04; and 5 – 0.1. 
 
 
The double-layer corrected Tafel plots (cTp) [34] at q = 0E E≠  and transfer 

coefficients [12], appα , to a first approximation, have been obtained according 
to the Gouy – Chapman theory and Frumkin analysis scheme [1, 2, 10–16] 
using the following Eq. (6.2.7) 
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 ( )app0eff
het d cor m dln ln

RT
Fz F

k k
RT

α
ψ φ ψ+ = − − , (6.2.7) 

 
effz  is the charge number of the reactant; and dψ  is the average potential across 

the diffuse layer in the absence of specific adsorption of anions taken to the first 
approximation equal to the 1ψ  potential (mean value of the potential in the 
plane in which are located the centers of the charges of reacting particles in the 
transition state of the reaction [12]. 

In the case of 4HClO  base electrolyte with addition of 

( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦ complex cations, the cTp [34] calculated for the bismuth 

( ) ( )01 1 , 001  and ( )111  planes are presented in Figs. 6a and b. These plots 

represent the corrections for the double-layer, assuming that the reactant ions 
are the point charges with the probable effective charges eff 2z =  (Fig. 6b) and 

eff 1z =  (Fig. 6a) that are being reduced at the outer Helmholtz plane (oHp). 
 

  
 
Figure 6. Corrected Tafel plots [34] calculated at (a) eff 1z =  and (b) eff 2z =   for 

( )Bi 111  5·10–4 M ( )[ ]3+

3 6
Co NH in 4HClO  aqueous solution with concentrations 

(M): 1 – 0.001; 2 – 0.002; 3 – 0.003; 4 – 0.006; 5 – 0.01; 6 – 0.02; 7 – 0.04; 8 – 0.06; 9 
– 0.1.  
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The cTp’s [34] for the Bi planes are nonlinear in the region of q = 0E , 
irrespective of the assumed value of the effective charge on the reactant. In this 
region of potentials (E ~ Eq = 0), the double-layer effect is expected to be 
complicated at Bi planes investigated, because the surface charge density 
exchanges and the species with the various effective charges can be 
simultaneously reduced.The experimental data in Figs. 6a and b show that the 
classical reaction model [12–16] is not valid for the Bi planes because the so-
called “microscopic double-layer effects” i.e. the actual charge distribution 
within the reaction couple has not been taken into account [2, 10, 18–22]. 
Another reason for the effect established in Figs. 6a and b might be the fact that 
the reaction site is not located at the oHp thus accordingly 1 dψ ψ≠ . The cTp 

for ( ) ( )
3+

4 4 3 6
Bi M LiClO +0.001M HClO + M Co NHhkl x y ⎡ ⎤⎣ ⎦ have 

been calculated, assuming that the reactant ions are the point charges with the 
various probable effective charges effz  that are being reduced at the oHp. For 
determination of the most probable effective charge value the method proposed 
by Fawcett [84, 85] and Boda [86] has been used. The ( ) ( )het m dln /d k d φ ψ−  

against ( )m dφ ψ−  dependences were constructed (Fig. 7) and differentiated to 

obtaine the effz  values (given in Table 1 ang Fig. 7b).  
According to these data effz  is independent of 

4LiClOc  but weakly decreases 

with increasing 
4HClOc , indicating the different influence of 4HClO and 

4LiClO base electrolyte solutions on the charge transfer kinetics. The values of 

effz  depend on the plane studied. The positive values of effz  for ( )Bi hkl  in the 
dilute base electrolyte solutions show that the ion pairing is not important in 
determining the effective charge on the reactant at -

4

3
ClO

3 10 Mc −< ⋅  [9]. 

Therefore, the dependence of effz  on Bi plane studied shows that the inner-layer 

structure and comparatively weak adsorptsion of 4ClO−  [34, 70–72] at the 

( )Bi 01 1  surface have a very important role in the charge transfer 

characteristics of the less hydrophilic metals as Bi [66, 80, 87]. 
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Figure 7. (a) ( ) ( )het m dln /d k d φ ψ−  vs. ( )d m d/d dψ φ ψ−  dependences for ( )Bi 001  

(filled marks) and ( )Bi 01 1  planes (open marks) in x M 4LiClO  + 0.001 M 4HClO  + 
-45 10 M⋅  ( )[ ]( )3 46 3

Co NH ClO  solution at x (M), noted in figure. (b) Dependence of 

effective charge of particle effz  on base electrolyte concentration for various 

electrochemically polished Bi planes: for ( )Bi 001  (1;3) and ( )Bi 01 1  (2) in 
-45 10 M⋅  ( )[ ]( )3 46 3

Co NH ClO  with different additions of the base electrolyte: c M 

4LiClO  + 0.001 M 4HClO  (1;2) or c M 4HClO  (3). 

9
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The cTp’s for 4 4M LiClO +0.001M HClOx solutions are linear and a good 
agreement of the corrected current values has been established (Fig. 8). 
 

 
 
Figure 8. Corrected Tafel plots calculated at effz = 0.52 for various electrochemically 

polished Bi planes (noted in figure) in -45 10 M⋅  ( )[ ]( )3 46 3
Co NH ClO  + x M 4LiClO  

+ 0.001 M 4HClO  aqueous solutions (x = 0.002,…,0.1) 
 
The forward rate constant is corrected for the corresponding value of aw  to 
obtain the corrected Tafel plot: 
 

0
het eff d cor eff d a m dln ln ( ) ( )RT F Fk z k z w

F RT RT
ψ α ψ α φ ψ+ = + − − − − , (6.2.8) 

 
where aw  is the average work of transporting the reactant and product to the 
reaction site, defined as 
 a R P(1 )w w wα α= − + . (6.2.9) 
 
The slope of the cTp (gives the apparent charge transfer coefficient value appα ) 
is expressed as 
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( ) ( ) ( )
het eff d

d a
app eff

m d m d m d

ln
( )

Fd k z
d dwRT RTRTa z

F d d F d

ψ
ψ

α α
φ ψ φ ψ φ ψ

⎛ ⎞+⎜ ⎟
⎝ ⎠= = − − +

− − −
. (6.2.10) 

 
The second term on the right hand side gives the classical double-layer effect 
(negative contribution to appα ) and the third term is a part of the “true” double-
layer effect, taking into account the actual charge distribution within the 
reaction couple. The differences between these contributions lead to the values 
of appα , differing from the “true” value of α = 0.5 [2, 3, 10]. According to the 
experimental data, the values of second term are smaller than the third term  in 
Eq. (6.2.10) and app 0.5α >  for the Bi(001) and Bi( 101 ) plane | y M 

( ) ( )3 46 3
Co NH ClO⎡ ⎤⎣ ⎦  + x M 4LiClO  + 0.001 M 4HClO  solution 

interfaces have been obtained (Fig. 9). 
 

 
 
Figure 9. Dependence of apparent transfer coefficient appα  on log c  for various 

electrochemically polished Bi planes: for ( )Bi 001  (1;3) and ( )Bi 01 1  (2) in 
-45 10 M⋅  ( )[ ]( )3 46 3

Co NH ClO  with different additions of the base electrolyte: x M 

4LiClO  + 0.001 M 4HClO  (1;2) and 0.001, …,0.1 M 4HClO  (3). 
 
 
As it was mentioned by Fawcett et al. [2, 3, 10] the detailed distribution of 
changes within the reactant and product in edl is unknown and only a rough 
estimation of appα  is possible through the parameter λ according to Eq. (6.2.11) 
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 ( )app effzα α λ α= − − , (6.2.11) 
 
where λ is a fraction giving the portion of the potential drop across the inner-
layer m 2φ − , which is added to dψ  to give 1ψ , the potential at the reaction site. 
Based on Eq. (6.2.10), the apparent charge transfer coefficient is given as 
 

 
( )

d
app eff

m d

d
( )

d
z z

ψ
α α α

φ ψ
= − − −

−
, (6.2.12) 

 
where ( )d m dd dψ φ ψ−  is the double-layer coefficient for ( )Bi hkl , shown in 
Fig. 10.  

 
Figure 10. d m dd /d( )ψ φ ψ−  vs. ( )m dφ ψ−  curves for various electrochemically 

polished electrodes ( )Bi 001  (1;1’), ( )Bi 01 1  (2;2’) and ( )Bi 111  (3;3’) in -45 10 M⋅  

( )[ ]( )3 46 3
Co NH ClO  with different additions of 4HClO  (M): 0.02 (1;2;3) and 0.06 

(1’;2’;3’). 
 
 
The data shows that the double-layer coefficient increases in the order of 
electrodes ( )Bi 01 1  < ( )Bi 111  < ( )Bi 001 . Thus, appα  increases with the 

inner-layer capacitance (i.e. with the water adsorption energy at the electrode 
surface [34, 71, 72]). The values of appα  > 0.5 for ( )Bi 001  and ( )Bi 01 1  

planes in x M 4LiClO  + 0.001 M 4HClO  (Fig. 9) indicate that the reaction 
site is in the inner-layer for these electrochemically more active planes. These 
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values indicate that the ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  complex is probably oriented with one 

3NH  group toward the Bi electrode surface at E ~ Eq = 0. The dependence of 

appα  on the base electrolyte concentration and the rise of appα  with 
4HClOc  

indicates that the electrical double-layer structure plays a very important role for 

the kinetics of electroreduction of ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  ions on Bi planes. 

 
 

6.3. Impedance spectroscopy data for 
electroreduction of hexaamminecobalt(III)  

cations at Bi(hkl) in aqueous HClO4 solutions 
 
For more detailed analysis of reaction mechanism the electrochemical 
impedance spectroscopy has been used for investigation of electroreduction 
kinetics of the hexaamminecobalt(III) cations on the electrochemically polished 
Bi planes. It would be very important to verify is there an adsorption of 

( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cations on the ( )Bi hkl  electrode surface, explaining the 

deviation of this system from the simple outer-sphere reaction model 
established [1, 2, 4–6, 67]. Electrochemical impedance data were obtained using 
Autolab PGSTAT30 FRA2 system at ac frequency from -25·10 Hz  to 

45·10 Hz within the region of electrode potential 0.85 V <  < 0.45 VE− −  
vs. Ag| AgCl| sat. KCl  in 2H O .  
 

6.3.1. Nyquist (– ,Z Z′′ ′  )-plots and Bode plots 

According to the data in Figs. 11–14 the shape of the Nyquist and Bode plots 
depends noticeably on the electrode potential and concentration of reactant in 
the base electrolyte (0.001,…,0.1 M 4HClO ) solution. At = 0.85 VE −  for 

( )Bi 111 | -31·10 M  4HClO  + y M ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦   and ( )Bi 01 1 | -31·10 M  

4HClO  + y M ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  systems (Fig. 12a) the Nyquist plots can be 

simulated by the slightly depressed semicircles and the total polarisation 
resistance for pure base electrolyte is noticeably lower than for solutions with 
addition of reactant. At higher reactant concentrations ( )[ ] +3

63NHCo
c ≥ 2.5·10–4 M 

the systematical decrease of total polarisation resistance pR  (in comparison 

with -42.5·10 M  ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  + base electrolyte) takes place. 

10
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Figure 11. Plots of EIS spectra of EP ( )Bi 111  at the electrode potential  = 0.65 VE −  

vs. Ag| AgCl| sat. KCl  in the case of 0.001 M 4HClO  aqueous solution with different 

concentrations of ( )[ ]3+

3 6
Co NH  (M) (noted in figure), in various coordinates: 

impedance complex plane plots ( )`` vs. `Z Z−  (a), phase angle (b) vs. frequency 
dependences. 
 

 
 
Figure 12. Plots of EIS spectra of EP ( )Bi 01 1  at the electrode potential 

 = 0.85 VE −  vs. Ag| AgCl| sat. KCl  in the case of 0.001 M 4HClO  aqueous solution 

with different concentrations of ( )[ ]3+

3 6
Co NH  (M) (noted in figure), in various 

coordinates: impedance complex plane plots ( )`` vs. `Z Z−  (a), phase angle (b) vs. 
frequency dependences. 
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The absolute values of the so-called capacitive resistance 
s

1Z
jC ω

′′ =  at the 

relaxation frequency maxf  decrease with the rise of reactant concentration, but 

the values of Z ′′  are noticeably higher than for the pure base electrolyte 

solution. The values of Z ′′  at max 0.2Hzf  ( maxf  is the value of the 
frequency at the maximum in the vs.Z Z′′ ′−  curve) are practically 
independent of the plane studied and there is no noticeable dependence of maxf  
on the crystallographic structure of the electrode surface as well as on 

( )[ ] +3
63NHCo

c  in solution (Fig. 12a). The phase angle vs. log f  (Bode) plots 

(Figs. 12b and 13c, d) show that the systematic shift of the phase angle vs. 
log f  plots toward higher frequencies is clearly visible in the electrical double-
layer formation region ( )1Hz 300Hzf< < . In the low frequency region the 

phase angle is practically independent of ( )[ ] +3
63NHCo

c , demonstrating that the 

adsorption equilibrium has been established already at very low reactant 
concentrations. Differently from the high frequency ac region the noticeable 
shift of the φ  vs. log f  plots for systems with addition of reactant in 
comparison with pure base electrolyte toward lower values of f  has been 

observed, somewhat larger for ( )Bi 01 1 than that for ( )Bi 111 . For ( )Bi hkl  

planes in the region of frequency from 0.5 Hz to 10 Hz there is a small plateau 
with the phase angle o80φ  indicating that the so-called heterogeneous 
adsorption step is the main rate limiting process in this ac frequency region. 
However at lower frequencies the charge transfer is limiting step for 

electroreduction reaction of ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  at ( )Bi 111  at = 0.85 VE − . 

The same rate limiting steps are valid for the ( )Bi 01 1  plane too (Fig. 12b). 

The Nyquist plots measured at = 0.65 VE −  (Fig. 11) (potential region of 
mixed kinetics according to rotating disc electrode voltammetry data) show that 
differently from the data at = 0.85 VE −  the vs.Z Z′′ ′−  plots have more 
complicated shape instead of semicircle, characterizing the mixed kinetic 
process at ( )Bi hkl . Similarly to the data at = 0.85 VE −  the value of Z ′′  at 
fixed f  decreases systematically with the rise of reactant concentration, but 
Z ′′  is higher than that for pure base electrolyte solution. Taking into account 

the complicated shape of the vs.Z Z′′ ′−  plots, it is impossible to obtain 
correctly the so-called total polarization resistance pR  values. The phase angle 

~

≈ −
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vs. log f  dependences (Fig. 11b) show that differently from data at 
 = 0.85 VE −  there is no dependency of the phase angle on reactant 

concentration in the high-frequency region 10 Hzf > , but at lower frequencies 
(in region of plateau and lower) the values of φ  ( at fixed ac frequency) for 

solutions with addition of ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  are noticeably lower than for base 

electrolyte. Thus, in the region of 10 Hzf <  there is mainly an adsorption 
limited process on ( )Bi hkl . However, differently from = 0.85 VE −  the 
systematic increase of φ   at 1Hzf <  occurs with the addition of 

( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  in solution, explained with the shift of ( )

3+

3 6
Co NH⎡ ⎤⎣ ⎦  

electroreduction from adsorption limited process toward mixed kinetic process 

with the rise of ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  concentration in solution at lower frequencies 

(Fig. 11b). 
The data in Fig. 13 show that at fixed f  the absolute values of Z ′′  and φ  

are maximal in the potential region from 0.65V−  to 0.55V−  for ( )Bi hkl , 

thus, in the region of zero charge potential q = 0E  of the ( )Bi hkl  planes in the 
base electrolyte solution. 

The absolute values of Z ′′  for the positively charged ( )Bi hkl  electrode 

( )0.55VE ≥ −  are somewhat lower compared with the data obtained at 
E ~ Eq = 0, but the data for = 0.85 VE −  are very different from the data 
measured at q = 0E E= . The systematic trends of the dependence of Z ′′  and 

φ  on E  obtained for more concentrated ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  solutions 

(
( )

3
3 6

4

Co NH
5 10 Mc +

−

⎡ ⎤⎣ ⎦
≥ ⋅ ) are in agreement with the results for more dilute 

( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦ solutions. Systematical analysis of results shows that the 

electroreduction reaction of ( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  is very complicated. 
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Figure 13. Plots of EIS spectra of EP ( )Bi 111  (a, c); EP ( )Bi 01 1  (b, d) in the 

0.001 M 4HClO  + -45 10 M⋅  ( )[ ]3+

3 6
Co NH aqueous solution at different electrode 

potentials (E(V) vs. Ag| AgCl| sat. KCl ) (noted in figure), in various coordinates: 

impedance complex plane plots ( )``vs. `Z Z−  (a, b), phase angle (c, d) vs. log f  
dependences.  
 
 
 

11
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Figure 14. Plots of EIS spectra of EP ( )Bi 111  at the electrode potential  = 0.85 VE −  

vs. Ag| AgCl| sat. KCl  in the case of -45 10 M⋅  ( )[ ]3+

3 6
Co NH aqueous solution with 

different concentrations of 4HClO  (M) (noted in figure), in various coordinates: 

impedance complex plane plots ( )`` vs. `Z Z−  (a), phase angle (b) vs. frequency 
dependences. 
 
 
In the 0.01,…,0.1 M 4HClO  solutions the hydrogen evolution reaction starts at 
higher negative electrode potentials (Fig. 14) [24, 25]. 

Cathodic hydrogen evolution reaction (HER) from the acidic solutions has a 
noticeable influence on the kinetics of electroreduction reaction of the 

( )
3+

3 6
Co NH⎡ ⎤⎣ ⎦  cations on electrochemically polished ( )Bi hkl  planes [26]. 

 

6.4. Kinetics of cathodic hydrogen evolution at the 
electrochemically polished Bi(001) plane 

 
The cathodic hydrogen evolution reaction (HER) belongs to the most often 
studied electrode processes. The mechanism and kinetics of HER was studied in 
0.001,…,0.01 M 4HClO  on electrochemically polished ( )Bi 001  electrode. 
The impedance complex plane vs.Z Z′′ ′−  (i.e. Nyquist) plots and Bode plots 
as well as ( )log ``Z−  vs. log f  dependencies for HER have been measured 
using the Autolab PGSTAT 30 FRA 2 at ac frequency, f , from 0.05 Hz to 
1·104 Hz within the region of the electrode potential  0.85 V <  < 0.45 VE− −  
vs. SCE combined with rotaing disc electrode method (rotation 
velocity -1150 rev min ) Figs. 15–17. 
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Figure 15. Plots of EIS spectra of EP ( )Bi 001  at ν =150 rev min –1 and at the electrode 

potential 0.65 VE = −  in the case of 4HClO  aqueous solution with different 
concentrations (M) (noted in figure), in various coordinates: impedance complex plane 
plots ( )``vs. `Z Z−  (a), zoom of the high frequency part of plot a  (b); phase angle (c), 

log Z  (d) and ( )log ``Z−  (e) vs. frequency dependences, (symbols – experimental 
data, solid lines – calculated data according to the circuit, given in Fig. 1). 
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Figure 16. Plots of EIS spectra of EP ( )Bi 001  at ν =150 rev min –1 in the 0.01 M 

4HClO  aqueous solution at different electrode potentials (V) (noted in figure), in 

various coordinates: impedance complex plane plots ( )``vs. `Z Z−  (a); zoom of the 

high frequency part of plot a  (b), phase angle (c), log Z  (d) and ( )log ``Z−  (e) vs. 
log f  dependences, (symbols – experimental data, solid lines – calculated data 
according to the circuit in Fig. 1). 
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Figure 17. Plots of EIS spectra of EP ( )Bi 001  at ν =150 rev min –1 in the 0.001 M 

4HClO  aqueous solution at different electrode potentials (V) (noted in figure), in 

various coordinates: impedance complex plane plots ( )``vs. `Z Z−  (a); zoom of the 

high frequency part of plot a  (b), phase angle (c), log Z  (d) and ( )log ``Z−  (e) vs. 
log f  dependences, (symbols – experimental data, solid lines – calculated data 
according to the circuit in Fig. 1). 

12
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Bode plots (Figs. 15c, d, 16c, d and 17c, d) show clear impedance data over the 
total frequency range examined while the impedance complex plane data are 
very informative for the limited low frequency region ( )100Hzf <  but higher 

frequency data at high extent are screened. The ( )log ``Z−  vs. flog  and 
log `Z  vs. flog  plots are very helpful for the analysis of reaction 
characteristics, i.e. to obtain the characteristic relaxation time(s) of low 
frequency process(es), as well as for CPE analysis for ( )Bi 001  and other solid 
electrodes [36, 39, 72–80, 88–105]. As can be seen in Figs. 15–17 an almost 
capacitive-resistive behavior is observed at medium frequency region. For all 
concentrations studied (Figs. 15d, 16d, 17d) the log Z  vs. flog dependences 
show an almost resistive response at higher frequencies 1000 Hzf > . The 
values of log Z , given in Fig. 15d, 16d and 17d are independent of electrode 

potential at frequency 3 > 1·10  Hzf , thus, there is no very quick faradaic 
processes at the ( )Bi 001 | OHHClO 24 +  interface. At very high frequency 

the values of active resistance el ( )R Z ω= →∞  depend nearly linearly on 

4HClOc , explained by the increase of the specific conductivity of the electrolyte 

resistance elR  with the rise of
4HClOc .  

The data in Figs. 15e, 16e and 17e show that for dilute 4HClO  solutions 
(

4

3
HClO 1 10 Mc −≤ ⋅ ) at small negative electrode potentials the ( )log ``Z−  vs. 

flog  plots have not very well expressed maxima even at very low f  and, 

thus, the values of characteristic relaxation time ( ) 1
max max2 fτ π −=  ( maxf  is the 

frequency at the maximum of the `` vs. `Z Z−  plots) can not be calculated 
exactly, indicating the occurring of very slow kinetic process(es) at the 

( )Bi 001  surface. The values of total polarization resistance ( )p 0R ω →  at 
the electrode potentials E  less negative than 0.75V−  can not be determined 
exactly (Figs. 15a, 16a and 17a) and only at 0.80 VE ≤ −  it is possible to 
calculate the values of ( )p 0R ω → , depending on 

4HClOc . For solutions with 

4

3
HClO 2·10 Mc −≥ , the values of maxτ  obtained (given in Fig. 18) depend on 

the electrode potential applied. 
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Figure 18. Characteristic relaxation time ( ) 1

max max2 fτ π −
=  vs. electrode potential 

dependences for cathodic hydrogen evolution at ( )Bi 001  in 4HClO  aqueous solution 
with concentrations (M), noted in figure. 
 
 
According to the data given in Figs. 15–17, the total polarization resistance 
decreases with increasing the negative electrode potential as well as

4HClOc , (i.e. 

with the decrease of pH). The values of maxτ  in Fig. 18, obtained using data in 
Figs. 15e, 16d and 17d, are in a good agreement with maxτ , obtained from 
impedance complex plane plots (Figs. 15a–17a). maxτ  is practically independent 
of 

4HClOc  at fixed potential if 0.65VE ≥ − , but maxτ  depends noticeably on 

E , if 
4HClO .c const= .  

In the region of frequency from 1Hz to 3·103 Hz there is a noticeable 
dependence of log Z  and phase angle φ  on flog , indicating the 
comparatively slow electrical double-layer formation process. In this region, φ  
noticeably depends on 

4HClOc and only very weakly on E  (Figs. 15c, 16b and 
17b). The analysis of φ  vs. flog  plots shows that, in the limited region of 
frequencies 1Hz 100 Hzf< < , the very high negative values of phase angle, 
practically independent of electrode potential applied, have been observed, 
characteristic of the nearly ideally flat capacitive electrode, caused by the high 
values of resistances ( ad ctandR R ) values in parallel with the double-layer 
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impedance. Only at very low frequency the noticeable increase in absolute 
values of phase angle has been observed indicating the occurrence of the very 
slow charge transfer step for HER at ( )Bi hkl . At frequency 100 Hzf > , the 
values of phase angle are nearly independent of electrode potential applied. The 
influence of +

3H O
c  on the position of the vs. log fφ  plots is noticeable in the 

region 4100Hz 10 Hzf< < , and with the dilution of 4HClO  solution, φ  vs. 
flog  plot is shifted toward lower frequencies being a simple consequence of 

relaxation between the resistance of electrolyte solution and electrical double-
layer impedance of the ( )Bi 001  electrode. 

The analysis of the ( )log ``Z−  vs. flog  plots (Figs. 15e, 16d, 17d) shows 
that the deviation of the experimental system from the ideally flat surface 
toward constant phase element behaviour is very small [36, 37, 63, 64, 88–105] 
because the fractional exponent CPEα  for CPE with impedance 

CPE1
CPE ( j )Z Q αω −−= , calculated from the slope of ( )log ``Z−  vs. flog  plots, 

is only somewhat lower than unity ( CPE0.94 0.98α< < ), thus characteristic of 
the ideally flat capacitive interface [24, 39, 63, 64, 88–105]. 
 
 
 

6.4.1. Modelling and parameters analysis 
 
The number of experimental points in the impedance spectra has been kept 
constant if the various ECs have been tested. The good fitting ( 2 47·10 ,χ −<  

42.7 10SD −≤ ⋅ , 2∆  ≤ 0.2) at 
4

3
HClO 2 10 Mc −≤ ⋅ has been established if EC 

(i.e. model with one adsorbed intermediate species [36, 94], proposed by 
Armstrong and Henderson [39]), corresponding to the reaction steps given by 
Eqs. (4.3.1) and (4.3.2), has been applied. The very low SD  values, calculated 
using method described in [64], nearly independent of the electrode potential 
applied, have been obtained. According to the fitting results the high frequency 
series resistance at 

4HClO .c const=  is independent of potential applied and thus, 
the calculated values of Rel correspond to the high frequency electrolyte 
resistance. In the dlC  vs. E  curves for solutions with M102 3

HClO4

−⋅≤c  there 
are characteristic diffuse layer minima at the diffuse layer minimum potential 

V65.0min −=E  (Fig. 19a), being in a good agreement with the zero charge 
potential q = 0E  obtained for 4LiClO  solutions [82, 83], and therefore the dlC  
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vs. E  curves for dilute 4HClO  solutions ( )M102 3
HClO4

−⋅<c  can be used for 

classical Frumkin 1ψ  potential correction analysis [11, 13, 24, 59–62, 82]. 
 

 
 
Figure 19. Dependences of dlC  (a) (calculated according to the Armstrong-Henderson 

circuit); CPE coefficient Q  (b) and fractional exponent CPEα  (c) on the electrode 

potential (calculated according to the circuit in Fig. 1) for EP ( )Bi 001  in 4HClO  
aqueous solution with concentrations (M), noted in figure.  
 
 
However, according to the detailed analysis in the case of solid electrodes [6, 
36, 39, 82, 83, 88–102], the CPE element should be included into EC and 
therefore dlC  valid for ideally flat and energetically homogenious surface has to 
be replaced with CPE, taking into account the geometrical surface roughness 
and energetic inhomogenity of solid surface studied, to receive EC (Fig. 1). 
According to the data in Figs. 15–17 a very good fit ( 2 45·10 ,χ −< 2 0.01∆ ≤ ) 

13
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has been observed if the modified Armstrong-Henderson EC has been used 
(solid lines – calculated impedance spectra using the model in Fig. 1; symbols – 
the experimental data). The results (Fig. 19b) show that the Q  depends very 
weakly on the electrolyte concentration and Q  has minimal values in dilute 

4HClO  solutions near V65.0min −=E , being in a very good agreement with 

dlC  values (Fig. 19a) obtained using Armstrong-Henderson EC. The values of 

CPEα  at fixed E  for dilute 4HClO  solutions are quite high ( 97.0CPE ≥α ) and 

depend weakly on 
4HClOc  if M102 3

HClO4

−⋅≤c . It should be mentioned that 

CPEα  decreases with the rise of 
4HClOc (Fig.19c), contrary to the 

4 2Bi(001)|LiClO  + H O  system, where CPEα  increases with the rise of 
4LiClOc  

[51, 82, 83]. Moreover, differently from 4LiClO  solutions, there is a very small 
minimum in the Evs.CPEα  dependence at 0.65VE = − . The dependence of 

CPEα  on M104 3
HClO4

−⋅>c  indicates the very weak changes in surface 
energetic inhomogeneity are caused by the adsorption of reaction intermediates. 
However 97.0CPE ≥α  for 3

41 10 M HClO−⋅  aqueous solution indicates that 
the deviation of 4Bi(001)|HClO  interface from the classical conception of 
ideally flat interface [82, 83, 99–101] is very weak and the influence of 
replacing CPE with dlC  on the values of other fitting parameters is 
comparatively small. At these conditions, to a first very rough approximation, 
the model of Brug et al. [95] can be used for calculation of the ideal dlC  values 
(Fig. 19a). This result can be explained by the fact that CPEα  for solutions with 

higher ( )4

3
HClO 2 10 Mc −≥ ⋅  contains additional information concerning the 

influence of the weakly blocking adsorption of hydrogen on Bi(001) , but not 
only simply the surface roughness effect [6, 82, 83, 90–92]. 

According to the data (Fig. 20a), the charge transfer resistance decreases 
noticeably with increasing the negative potential, and ctR  is practically 
independent of 

4HClOc  at min 0.65VE = − , where the values of dlC  or Q  are 
minimal [11, 13, 24, 59]. 

The calculated values of current density  

( ) ( ) 6 2
sum

ct ad

2.13 0.01 10 A cmRTj
nF R R

− −= = ± ⋅
+

 at q = 0E  (n is the number 

of electrons transferred) are in a good agreement with those obtained from the 
stationary Tafel measurements ( 6 -2

ct 2 10 A cmj −= ⋅  for 0.1 M 4HClO ) [51]. 
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Figure 20. ctR  (a); adR  (b) and adC  (c) dependences on the electrode potential 

(calculated according to the equivalent circuit in Fig. 1) for EP Bi(001)  in 4HClO  
aqueous solution with different concentrations (M), noted in figure.  
 
 
At minE E> , there is only small decrease of ctR  with the rise of 

4HClOc caused 

by less pronounced classical Frumkin 1ψ  potential effect [11, 13, 24, 51, 58]. 
The adsorption resistance adR  (Fig. 20b) depends noticeably on the electrode 
potential, being maximal near the minE  and the values of adR  have a noticeable 
decrease with the rise of negative E . The decrease of adR  with 

4HClOc is 
pronounced only in the region of small positive surface charge densities. The 
adsorption capacitance adC  (Fig. 20c) is nearly independent of E  and 

4HClOc  at 
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0.7 VE > − . At more negative potentials ( adC  noticeably increases) which is 
more expressed for solutions with lower pH. In concentrated HClO4 solutions, 

adC  is nearly 60 times higher than the values of Q  at = 0.85 VE −  (Fig. 
20c). 

The attempts to use more complicated models like Ershler model (nowadays 
known as Frumkin-Melik-Gaikazyan-Randles circuit [92–96]) or the modified 
Grafov – Damaskin ECs, based on the multi-port impedance model for totally 
irreversible reaction discussed in detail in [102–104], did not give a better fit for 
the experimental data and the errors in adR  and adC  are very high. Thus, 
modified Armstrong-Henderson model (Fig. 1) is the only EC giving a good fit 
of the ( ) 4 2Bi 001 | HClO H O+  impedance data. 

The corrected Tafel plots have been calculated according to the Eq. (4.1.4). 
For calculation of the cTp, 1ψ  potential has been taken equal to dψ  potential 

( )1 dψ ψ≈ , i.e. the reaction center has been taken to locate at the oHp with the 

dψ  potential. The needful d vs. Eψ  and surface charge density vs.q E  plots 
have been calculated using corresponding impedance data obtained for less 
concentrated 4HClO  solutions M102 3

HClO4

−⋅<c , where the influence of 

hydrogen adsorption on the values of dlC  or Q  is weak. Calculated cTp’s are 

nearly linear for more concentrated 4HClO  solutions (
4

3
HClO 6 10 Mc −> ⋅ ) and 

corrected values of current density are nearly independent of 
4HClOc  at 

q = 0 d 0E E ψ− − < . Thus, the cTp’s analysis method can be used for 

( ) 4Bi 001 | HClO  interface data (Fig. 21) similarly to the systems with 
constant ionic strength [51, 59, 106]. 
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Figure 21. log j−  vs. rational electrode potential ( )q = 0E E−  plots (a) and corrected 

Tafel plots (b) for EP ( )Bi 001  in 4HClO  aqueous solution with concentrations (M), 
noted in figure. 
 
 
It was found that the slope of cTp is equal to 0.117 V, giving the value of 
α  equal to 0.51, in a good agreement with the data of Lust et al. for solutions 
with constant ionic strength [51]. If the corrected Tafel lines can be taken as 
representative of the kinetic mechanism [11, 13, 59–62, 106–109] then, in a 
good agreement with the impedance data, the slow primary discharge is the 
slowest rate determining step. Of course, the same slope value would be 
observed for slow electrochemical desorption (Heyrovsky) step, i.e. 

3 ad 2 2H O MH e H H O M+ −+ + → + +  step, but then the surface coverage of 

( )Bi 001  with adsorbed adH  should be very high (and therefore 
adsH 1θ → ) that 

is impossible in the case of ( )Bi 001  [51, 61, 62]. The electroreduction reaction 

of +
3H O  cations is mainly limited by the very slow charge transfer step at the 

( )Bi 001 4 2|  HClO H O+  interface. 

14
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7. SUMMARY AND CONCLUSIONS 
 
The electroreduction kinetics of the hexaamminecobalt(III) cations on 
electrochemically polished Bi planes has been studied by the cyclic 
voltammetry, rotating disc electrode and electrochemical impedance 

spectroscopy methods. It was found that the electroreduction of ( ) 3+

3 6
Co NH⎡ ⎤⎣ ⎦  

cations is limited mainly by the rate of the diffusion step in the region of the 
electrode potentials 0.9 V <  < 0.8 VE− −  vs. SCE. At q = 0 = E E  the value of 
rate constant for the heterogeneous reaction is independent of the base 
electrolyte concentration and, thus, the so-called corrected for the double-layer 
effect values of 0

hetk  have been established. The rate constant of the 

heterogeneous electroreduction reaction of the ( ) 3+

3 6
Co NH⎡ ⎤⎣ ⎦  complex cation 

on the ( )Bi 001  and ( )Bi 01 1  planes decreases very weakly in this order of 

planes, i.e. with increasing adsorption activity of the 4ClO−  anions and 

( ) 3+

3 6
Co NH⎡ ⎤⎣ ⎦  cations on ( )Bi hkl . In the region of zero charge potential, the 

value of the experimental transfer coefficient expα  obtained depends weakly on 
the crystallographic structure of the Bi single crystal plane studied. The values 
of expα  are only slightly higher than 0.5 for the ( )Bi 01 1  and ( )Bi 001  planes. 

The values of apparent transfer coefficient appα , corrected for the double-layer 
effect, somewhat higher than 0.5 indicate that the reaction site is in the inner-
layer for the ( )Bi 001  and ( )Bi 01 1  planes in weakly acidified 4LiClO  
solutions. Noticeably different values of the double-layer corrected rate constant 
and apparent charge transfer coefficients for the ( )Bi 001 , ( )Bi 01 1 , Hg and 

( )Ag 110  electrodes from the data for the Au(210)  and Au(111)  planes have 
been explained by the different inner-layer structure, i.e. by the different water 

and probably ( ) 3

3 6
Co NH

+
⎡ ⎤⎣ ⎦  physical adsorption energies at the metals under 

discussion. It should be noted that the analysis of the values of the diffuse layer 
potential calculated according to the Monte Carlo method as well as generalised 
mean spherical approximation would give more information. 

Electrochemical impedance spectroscopy has been applied for investigation 
of the hydrogen evolution kinetics at the electrochemically polished Bi(001)  
plane. The mixed kinetics reaction mechanism (slow adsorption and charge 
transfer steps) has been established for cathodic hydrogen evolution at 

( ) 4 2Bi 001 HClO H O+  interface. The charge transfer resistance ctR  and 
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adsorption capacitance adC  depend noticeably on the electrode potential 
applied. The values of exchange current density calculated from the impedance 
data at zero charge potential are in a good agreement with those obtained using 
stationary polarization method. The adsorption resistance adR  value is maximal 
in the region of zero charge potential. The fractional exponent of the constant 
phase element CPE ( CPE 0.94α ≥ ) only very weakly depends on the 4HClO  
concentration and electrode potential, and therefore, the deviation of 

( ) 4 2Bi 001 HClO H O+  interface from the classical conception of ideally flat 
electrode is weak and CPE coefficient Q  is nearly equal to the high frequency 
electrical double-layer capacitance dlC , if 

4

3
HClO 2 10 Mc −≤ ⋅ . Similarly to the 

stationary polarization measurements, the electrical double-layer structure, 
depending strongly on the effective. Debye screening length of the electrolyte 
ions, has a very big influence on the cathodic hydrogen evolution kinetics at the 
Bi(001)  plane from 4HClO  aqueous solution. 
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9. SUMMARY IN ESTONIAN 
 
Komplekskatioonide elektrokeemiline redutseerimine vismut 

(hkl) monokristalli tahkudel 
 
Uurimistöö raames uuriti heksaammiinkoobalt(III) kompleksioonide redut-
seerimise seaduspärasusi elektrokeemiliselt poleeritud ( )Bi 111 , ( )Bi 01 1  ja 

( )Bi 001  monokristalli tahkudel erineva keemilise koostisega ja loomusega 
foonelektrolüüdi vesilahustes. Probleem on huvipakkuv, kuna arvatakse, et 
antud süsteemi korral on tegu nn. välissfääri elektroni ülekande adiabaatilise 
protsessiga. Kus reagent otseselt ei läbi metall-elektrolüüdilahus piirpinnal 
olevat kompaktset vee molekulide monokihti ehk nn. tihedat kihti. Seega 
elektroodi keemiline iseloom ei oma otsest mõju elektroni ülekande protsessile. 

Elektroodiks valiti vismut, mis on Hg sarnane metall, mille aatomite vahel 
on küllastatud kovalentsed sidemed ja pind on hästi elektrokeemiliselt poleeri-
tav. Vismut elektroodil on eelnevalt uuritud erinevate ühendite adsorptsiooni 
impedantsspektroskoopia meetodiga. Ning leitud, et vismuti kristallograafiliselt 
erinevad tahud erinevad elektrokeemilise aktiivsuse poolest. Uurimustöö üheks 
eesmärgiks on vismuti kristallograafilise struktuuri ja keemilise loomuse mõju 
nn. välissfäärireaktsioonile. 

Elektrokeemilise redutseerimise mehhanismi ja kineetiliste parameetrite 
määramiseks teostati katsed nii pöörleva ketaselektroodi kui ka impedants-
spektroskoopia meetodit kasutades. 

Leiti, et ( ) ( )3 46 3
Co NH ClO⎡ ⎤⎣ ⎦  redutseerimisprotsessi kiirus sõltub elekt-

roodi potentsiaalist, difuusse kihi paksusest, foonelektrolüüdi keemilisest 
loomusest ja kontsentratsioonist ning elektroodi pöörlemiskiirusest. Sega-
kineetika alas 0.75V < < 0.6 VE− −  on reaktsiooni kiirust limiteerivateks 
staadiumiteks nii aeglane laenguülekanne kui ka ioonide difusioon elektroodile. 

Eksperimentaalselt leitud voolutiheduse j väärtusi erinevate kontsent-
ratsioonidega foonelektrolüüdi vesilahustes kasutati piirilise difusioonivoolu 
määramiseks potentsiaalide alas 0.9 V 0.7 VE− < < − . Leitud piirilise difu-
sioonivoolu väärtusi kasutades arvutati difusioonikoefitsiendi väärtused 

( )Bi 111  kui ka ( )Bi 01 1  monokristalli tahu jaoks vastavalt: 
6 2 -1= 6.2 10 cm sD −⋅  ja 6 2 -1= 6.6 10 cm sD −⋅ , mis on samas suurusjärgus 

kirjanduses toodud difusioonikoefitsientide väärtustega. 

Kineetiliste voolude leidmiseks kasutati Koutecky-Levich'i ( )11 2vs.j ω−−  

sõltuvusi, mis osutusid segakineetika alas lineaarseteks. Leiti, et kineetilise 
voolu väärtused kasvavad, kui ( ) ( )3 46 3

Co NH ClO⎡ ⎤⎣ ⎦  kontsentratsioon 
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kasvab. Koutecky-Levich'i sõltuvustest saadud kineetiliste voolude kj  väärtuste 
põhjal arvutati heterogeense reaktsiooni kiiruskonstandi hetk  väärtused. 

( )Bi hkl  heterogeense laenguülekande kiiruskonstantide väärtused on samas 

suurusjärgus ( )Au 111  saadutega.  

( ) ( )3 46 3
Co NH ClO⎡ ⎤⎣ ⎦  redutseerimisreaktsiooni eksperimentaalsed hetero-

geense laenguülekande kiiruskonstantide väärtused sõltuvad foonelektrolüüdi 
keemilisest loomusest olles mõnevõrra väiksemad 4HClO  korral ( )Bi hkl  

monokristalli tahkudel. Null-laengu lähedases alas lineaarsetest het mln vs.k φ  
sõltuvuste tõusudest arvutati eksperimentaalsed laenguülekandekoefitsiendi 

expα  väärtused. 

 Elektrokeemiliselt aktiivsemal vismuti tahul ( )Bi 01 1  on foonelektrolüüdi 

kontsentratsioonidel 0.01Mc >  mõnevõrra väiksemad eksperimentaalsed 
laenguülekandekoefitsiendid, kui ( )Bi 001  tahu korral. Eksperimentaalsed 

laenguülekandekoefitsiendi expα  väärtused sõltuvad vismuti elektroodide 
kristallograafilisest struktuurist ja foonelektrolüüdi keemilisest loomusest.  

Leitud kineetiliste voolude ja dψ  potentsiaalide alusel, mis leiti elektrilise 
kaksikkihi andmetest, koostati parandatud Tafeli sõltuvused, kasutades 
efektiivseid laengu väärtusi eff 1z =  ja eff 2z = . Parandatud Tafeli sõltuvused 
foonelektrolüüdi madalamatel kontsentratsioonidel ei osutunud lineaarseteks. 
Konstrueerides Fawcetti poolt välja pakutud sõltuvused 

( ) ( )het m dln /d k d φ ψ−  vs. ( )m dφ ψ− , on võimalik arvutada lineaarse sõltu-

vuse tõusust efektiivse laengu väärtus effz . Leiti, et parandatud Tafeli sõltu-
vuste kuju sõltub nii foonelektrolüüdi kui ka heksaammiinkoobalt(III) 
kompleksiooni kontsentratsioonist ning et parandatud Tafeli sõltuvuste kuju 
muutub reageeriva osakese efektiivse laengu effz  muutumisel. ( )Bi hkl  korral 
asub heksaammiinkoobalt(III) kompleksioon elektroodi pinnale lähemal kui 
seda on väline Helmholtzi tasand ja selletõttu 1ψ  potentsiaali parandused on 
liiga suured, mis viivadki parandatud Tafeli sõltuvuste lahknemisele. Paran-
datud Tafeli sõltuvustest leiti formaalse laenguülekandekoefitsiendi appα  väär-

tused. Elektrokeemiliselt aktiivsematel tahkudel ( )Bi 001  ja ( )Bi 01 1  on 

mõnevõrra kõrgemad formaalse ülekandekoefitsiendi väärtused 4LiClO  lisan-

diga foonelektrolüütide lahuste korral. ( ) ( )3 46 3
Co NH ClO⎡ ⎤⎣ ⎦  redutseerimis-

reaktsiooni mõjutab oluliselt katoodse vesiniku eraldumise protsess. Katoodse 
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vesiniku eraldumist uuriti keskmise aktiivsusega elektrokeemiliselt poleeritud 
( )Bi 001  tahul, impedantsspektroskoopia meetodiga, mis oli kombineeritud 

pöörlev ketaselektroodi meetodiga. Happe vesilahustest kõrgetel ülepingetel 
toimuv vesiniku eraldumise protsessi võib iseloomustada järgmiste elementaar 
staadiumidena: 

Volmer – iseloomustab reaktsiooni vaheühendi teket, mis sõltub elektroodi 
metalli keemilisest loomusest ja kristallograafilisest struktuurist. Volmeri 
reaktsioonile järgneb adsorbeerunud molekulaarse vesiniku moodustumine mis 
toimub läbi elektrokeemilise desorptsiooni staadiumi mida iseloomustab 
Heyrovsky reaktsioon. Impedantsspektroskoopia andmete interpreteerimiseks 
valiti mittelineaarse regressioonianalüüsi alusel modifitseeritud Armstrong-
Henderson ekvivalentskeem, mis kirjeldab reageeriva osakese adsorptsiooni 
ning sellele järgnevat elektroni ülekannet. Ekvivalentskeemis on elektrilise 
kaksikkihi mahtuvuse asemel konstantse faasinihke element, mis võtab arvesse 
elektroodi pinnal voolutiheduse jaotust mis on tingitud pinna ebaühtlusest 
(mittehomogeensusest). 

Polarisatsiooniline takistus pR  ja elektrolüüdi takistus elR  väheneb 
perkloorhappe kontsentratsiooni kasvades.  

Faasinurga sõltuvustel vs. log fφ  madalsageduslikus alas on protsess 
segakineetiline. Elektrilise kaksikkihi mahtuvus kasvab perkloorhappe kontsent-
ratsiooni kasvades, nihutades elektrilise kaksikkihi laadimise ala kõrgemate 
sageduste suunas. 

Kompleksimpedants sõltuvuste log vs. logZ f  konstrueerimine näitab et 
elektrilise kaksikkihi laadimine ei sõltu madal sageduslikus alas perkloorhappe 
kontsentratsioonist, kuid kõrgsageduslikus alas kompleksimpedants väheneb 
perkloorhappe kontsentratsiooni kasvades. 

Karakteersed ajakonstandid on arvutatud vastavalt valemile 

( ) 1
max max2 fτ π −=  ning sõltuvad elektroodi potentsiaalist. Negatiivsematel 

potentsiaalidel karakteerse ajakonstandi väärtused vähenevad perkloorhappe 
kontsentratsiooni kasvades, katoodse vesiniku eraldumise protsess on kiirem. 

vs. log fφ  sõltuvused näitavad, et katoodse vesiniku eraldumise protsess 
sõltub elektroodi potentsiaalist ja mehhanism on laenguülekande poolt limi-
teeritud madalsageduslikus alas, elektroodi potentsiaalil 0.85 VE = − . 

( )log `` vs. logZ f−  sõltuvuste analüüs näitab süsteemi väga väikest kõrvale 
kallet ideaalsest mahtuvuslikust käitumisest, millele otseselt viitavad lineaarsete 
alade tõusudest määratud konstantse faasinihke elemendi (CPE) 

( )( )CPEj1
CPE

αω −−=QZ  fraktsionaalse eksponendi CPEα  väärtused. Fraktsio-

naalse eksponendi väärtused jäävad ( ) 4 2Bi 001 HClO H O+  süsteemi jaoks 

vahemikku ( )CPE0.94 0.98α< < . 
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Parandatud Tafeli sõltuvused on konstrueeritud kasutades impedants-
spektroskoopia andmeid ning vastavalt valemile 

( ) ( )0 0Ox
k 1 s Ox 0 1ln ln q

z F nFj nFk c E E
RT RT

αψ ψ=+ = − − − . Võttes arvesse et 

puudub spetsiifiline adsorptsioon ning vastavalt Gouy-Chapman`i mudelile 
reaktsiooni tsenter asub välisel Helmholtzi tasandil d1 ψψ ≈ . Parandatud Tafeli 
sõltuvused on lineaarsed kontsentreeritumate perkloorhappe lahuste korral. 
Lineaarse tõusu väärtused 51.0=α . Katoodse vesiniku eraldumise reaktsioon 
on peamiselt limiteeritud aeglase laenguülekande staadiumi poolt 

( ) 4 2Bi 001 HClO H O+   süsteemi korral. 
Armstrong-Hendersoni ekvivalentskeemi üksikparameetrite analüüs näitas et 

laenguülekande takistus ctR  ja adsorptsiooni mahtuvus adC  väärtused sõltuvad 
elektroodi potentsiaalist. Adsorptsiooni takistuse adR  väärtused on kõige 
kõrgemad null-laengu potentsiaali alas. Konstantse faasinihke elemendi 
koefitsiendi Q  väärtused sõltuvad elektroodi potentsiaalist ning on kasvavad 
null-laengu potentsiaali alas perkloorhappe kontsentratsiooni kasvades. 

( ) 4 2Bi 001 HClO H O+  süsteemi korral sõltub katoodse vesiniku eraldu-
mise kineetika oluliselt elektrilise kaksikkihi ehitusest. 
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Abstract 
 

 The electrochemical impedance spectroscopy has been used for investigation of 
electroreduction kinetics of the hexaamminecobalt(III) cations on the electrochemically 
polished Bi planes. The total charge transfer resistance obtained depends noticeably on the 
electrode potential and [Co(NH3)6]3+ concentration. Systematical analysis of results shows 
that the equivalent circuit taking into account the adsorption of one reacting (or intermediate) 
particle is the more probable physical model of the very complicated [Co(NH3)6]3+ 
electroreduction reaction under discussion. The charge transfer resistance, adsorption 
capacitance and adsorption resistance values depend on the electrode potential as well as on 
the reactant concentration and the adsorption and charge transfer resistance values are 
maximal and the adsorption capacitance values are minimal in the region of zero charge 
potentials for Bi single crystal (111) and ( 101 ) planes in the base electrolyte solution with 
addition of [Co(NH3)6]3+. 
 
Keywords: hexaamminecobalt(III) cation, double layer effects, bismuth single crystal 
 
 
 
1. Introduction 
 
 The electroreduction of [Co(NH3)6]3+ complex cation is observed as a model reaction 
for theoretical analysis of the so-called simple outer-sphere reaction [1-12]. Systematical 
analysis of data for various metals shows that the rate constant depends noticeably on 
chemical nature of the electrode as well as on the base electrolyte concentration and chemical 
composition [4,5,7,9-11]. It was found that the rate constant of [Co(NH3)6]3+ reduction for Au 
single crystal planes at fixed electrode potential increases in the order Au(100) < Au(111) < 
Au(110) < Au(210) [7]. The double layer corrected rate constant values for heterogeneous 
reaction depend on the crystallographic structure of Au plane as well as on the base 
electrolyte concentration in the Au(hkl) | [Co(NH3)6]3+ + HClO4 + H2O system [7], 
demonstrating the noticeable dependence of the heterogeneous reaction rate constant , 
corrected for the double layer effect, on the crystallographic structure of the Au electrode and 

 decreases with reticular density of the plane [7]. 

0
hetk

0
hetk

After correction for the electrical double layer effect [13], the kinetic data fall on one 
common plot for all Au electrodes studied and a single value of the apparent transfer 
coefficient (αapp) is obtained for this electrode reaction [7]. However the reduction kinetics of 
hexa-aqua-iron (III) ion was studied at Au(hkl) (at various concentrations of HClO4 as the 
base electrolyte [8]), but differently from [Co(NH3)6]3+ | Au(hkl) interface [7] the transfer 
coefficient αapp depends noticeably on the crystallographic structure of the electrode surface 
and αapp increases with reticular density of the Au(hkl) planes [8]. On the other hand, the 
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electric double layer corrected rate constant depends on some specific properties of the 
electrode and the redox species, such as the zero charge potential or the electronic work 
function of the single crystal plane and its relation to the standard potential [3-5,7,9,10,11]. 
 Our analysis based on cyclic voltammetry and rotating disk electrode data of 
[Co(NH3)6]3+ electroreduction at Bi(hkl) [11,14] shows that the rate constant of this 
heterogeneous reaction as well as  charge transfer coefficient αapp  values obtained depend on 
the crystallographic structure and αapp increases slightly with the reticular density of the 
plane.  

Compton et al. [12] studied the electroreduction of [Co(NH3)6]3+ at the polycrystalline 
gold disc and micro disc electrodes from 0.1 M Na2SO4 + 0.1 M phosphate buffer solution at 
different potential scan rates up to 2×106 V·s-1. At lower potential scan rates the cyclic 
voltammetry is diffusion-controlled, but at higher scan rates the system undergoes a transition 
and thereafter the reaction kinetics is limited by the rate of adsorption process [12]. Thus, the 
relatively quick adsorption of [Co(NH3)6]3+ seems to occur at the polycrystalline Au 
electrode. 

Analysis of experimental data published shows that there is a noticeable dependence 
of  on the chemical nature of the base electrolyte [4,5,7,9-11,14], i.e. on the effective 
solvation radius (or crystallographic radius) of the cation as well as anion studied. This 
conclusion is in a good agreement with Fawcett et al. results [9], where the quantum chemical 
calculation method has been used for the analysis of [Co(NH3)6]3+/2+, [Fe(CN)6]3-/4- and 
[Fe(H2O)6]3+/2+ electroreduction parameters. According to calculations the influence of charge 
distribution in the transition metal complexes on the so-called simple heterogeneous electron 
transfer reaction mechanism and rate is very big [9]. It has been concluded [7-9] that the 
electric double layer effect for these reactions depends more on the charge density of the 
ligands than on the central metal ion. It was demonstrated that the effective charge of the 
active complex depends noticeably on the electrode potential (i.e. surface charge density σ), 
thus, on the diffuse layer composition and structure as well as on the orientation of the 
reacting complex ion. The effective positive charge of the complex cation is noticeably lower 
at σ ≥ 0, as there are mainly solvated base electrolyte anions on the outer Helmholtz plane 
compensating the positive charge of central cation [9]. 

0
hetk

The main aim of this work was to investigate the electroreduction reaction of 
[Co(NH3)6]3+ cations at the electrochemically polished Bi(hkl) single crystal plane electrodes 
in the 0.001M HClO4 aqueous solution, because in the x M LiClO4 + y M HClO4 electolyte 
[14] the mixed cationic composition could influence on the electrical double layer effect. It 
would be very important to verify is there an adsorption of [Co(NH3)6]3+ cations on the 
Bi(hkl) electrode surface, explaining the deviation of this system from the simple outer-sphere 
reaction model [1-6]. 
 Rate of the heterogeneous charge transfer reaction 

b

fOx ze Red
k

k
− ⎯⎯→+ ←⎯⎯  

is given by the expression 
 ( )RedbOxfF ckckzFj −=−  (1) 
where jF is the faradaic current density, kf and kb are the rate constants of forward and reverse 
reactions, z is the number of the electrons transferred in reaction, F is Faraday constant, cOx 
and cRed are the concentrations of reactant (oxidizer) and product (reductant), respectively 
[15-28]. Using impedance spectroscopy method, the current is composed of a steady-state (or 
direct) part (determined by the mean dc potential, E, and the mean dc concentrations at the 
interface, cOx and cRed) and an ac part ΔjF (determined by the ac perturbing signal ΔE and 
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concentration fluctuations, ΔcOx and ΔcRed). The faradaic impedance is given by the ratio of 
the Laplace transform of the ac parts of the voltage and current density [15-27] respectively 
 { } { }FF jEZ ΔΔ=  (2) 
 Under equilibrium conditions the charge transfer resistance 

 
0

ct nFj
RTR = , (3) 

where the exchange current density jo is expressed as 

 ( ) ⎥⎦
⎤

⎢⎣
⎡ −−=

RT
nFEEcnFkj 0

rOx00 exp α , (4) 

where is the potential independent rate constant of reaction and n  is the number of 
electrons transferred. 

0k

For heterogeneous charge transfer (faradaic) reaction involving one adsorbed particle 
the following stages can be separated [23-28]: 

  (A) 1
sol ads

1
A e B

k

k
−

−

⎯⎯→+ ←⎯⎯

  (B) 2
ads sol

2

k
B e C

k
−

−

⎯⎯→+ ←⎯⎯

where the indexes sol and ads denote the particles in solution and adsorbed states, 
respectively. Assuming the Langmuir adsorption isotherm for B [23, 28], the rates of these 
reactions may be written as 

 ( ) ( )( ) ⎥⎦
⎤

⎢⎣
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FEEakv 0

11B
0
1

0
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0
11 1expexp αΓαΓ , (5a) 
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RT
FEEak

RT
FEEkv 0

22Cs
0
2

0
22B

0
22 1expexp αΓαΓ , (5b) 

where  and  are the standard rate constants of these reactions; α1 and α 2 are the transfer 
coefficients; ΓB and Γs are the surface concentrations of the species B and of free adsorption 
sites S; aA and aC are the surface concentrations of A and C (assumed as equal to the bulk 
concentrations);  and  are the standard redox potentials of the reactions A and B. At 
equilibrium potential ( Er ) the net rates of both reactions are zero and the following relations 
are obtained: 

0
1k 0

2k

E 0
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where the index 0 indicates equilibrium conditions, and a following relation is introduced: 
maxΓθΓ ii =  (where Γmax is the maximal surface concentration [23, 28]). 

The total current density observed is given as 
 ( )21 vvFj +=  (7) 
and the faradaic admittance is given by 

 
G

BAYt +
+=

ωj
ˆ , (8) 

where the inverse charge transfer resistance is obtained as [23] 
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and 
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It should be noted that the quantity 1max σΓ =F  is the charge necessary for the total surface 
coverage of electrode by the reaction intermediate B. The more complicated cases, taking into 
account the slow diffusion step to the fractal and disc electrodes, have been discussed by 
Lasia in [23]. 

 
 
 

 
2. Experimental 
 
 The electrochemically polished (ECP) Bi single crystal (111) and ( 101 ) planes were 
used as the working electrodes [1,29,30], and a calomel reference electrode filled with 4.0 M 
KCl solution (4M KCl CE), and a large Pt counter electrode completed the conventional 
three-electrode electrochemical cell. The cleanliness of the base electrolyte solution and the 
quality of the electrode surface were verified by cyclic voltammetry and impedance methods 
as well as by using the in situ STM/AFM method [31]. The reference electrode was connected 
to the cell through a long Luggin capillary filled with the same HClO4 solution as studied. The 
reference electrode with two glass membranes has been inserted into the big reservoir filled 
with the 0.001 M HClO4 electrolyte. Using the impedance data obtained for the base 
electrolyte and [Co(NH3)6](ClO4)3 systems, the absence of Cl- adsorption even at E > 
(-0.4…-0.35 )V (where a strong adsorption of Cl- ions from the binary NaCl + H2O system 
takes place [32 - 35]) as well as the absence the zero charge potential shift with the addition of  
[Co(NH3)6](ClO4)3 into the base electrolyte solution have been established. Thus, there is no 
specific adsorption of Cl- ions from our systems.  

Glassware was cleaned in a hot H2SO4 + H2O2 mixture and rinsed with MilliQ+ water 
before each set of experiments. The experiments were conducted at constant temperature T = 
(298±0.1) K under the slight overpressure of a pure argon (99.9995%). All solutions were 
prepared using the so-called “nanopure water” with maximum resistivity ≥ 18.2 MΩ·cm [29-
31,36]. HClO4, NaClO4, and LiClO4, (all “Aldrich”) were of the best quality available, and 
[Co(NH3)6](ClO4)3 was prepared from the corresponding chloride by precipitation with 
saturated sodium perchlorate and triply recrystalization from water [4,7]. Electrochemical 
impedance data were obtained using Autolab PGSTAT30 FRA2 system at ac frequency from 
5·10-2 to 5·104 Hz within the region of electrode potential -0.85 V < E < -0.4 V vs. Ag| AgCl| 
sat KCl in H2O (future noted as Ag| AgCl). For better comparison with the data of work [11] 
some cyclic voltammograms (CVs) (scan rate from 5 to 200 mV·s-1) and rotating disc 
voltammograms (scan rate from 5 to 20 mV·s-1) were obtained by using the “Pine” rotating 
ring-disc electrode system and the data obtained were in a good agreement with the results 
published in [11,14].  
 For the accurate determination of a precision of the experimental data, a statistical 
treatment of the results was carried out. A total number of the independent experiments n ≥ 4, 
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and at least two different electrodes with the same crystallographic orientation were used 
[11,36]. The relative error in imaginary part Z ′′  at fixed real part Z ′  of the impedance 
spectra did not exceed 7 % (Figs. 1-4). 
 
 
3. Results and discussion 
3.1. Nyquist ( ,Z Z′′ ′−  )-plots 
 
 According to the data in Figs. 1-4 the shape of the Nyquist and Bode plots depends 
noticeably on the electrode potential and concentration of reactant in the base electrolyte 
(0.001M HClO4) solution. At E= -0.85 V for Bi(111)|1·10-3M HClO4 + x M [Co(NH3)6]3+  
and Bi( 101 )|1·10-3M HClO4 + x M [Co(NH3)6]3+ systems (Figs.1a and 1b) the Nyquist plots 
can be simulated by the slightly depressed semicircles and the total polarisation resistance for 
pure base electrolyte is noticeably lower than for solutions with addition of reactant. At higher 
reactant concentrations ≥ 2.5×10-4 M the systematical decrease of total polarisation 

resistance Rp (in comparison with 2.5×10-4 M [Co(NH3)6]3+ + base electrolyte) takes place. 

The absolute values of the so-called capacitive resistance 

( )[ +3
63NHCo

c ]

1

s

Z
jC ω

′′ = at the relaxation 

frequency fmax decrease with the rise of reactant concentration but the values of Z ′′  are 

noticeably higher than for the pure base electrolyte solution. The values of Z ′′  at fmax ~ 0.2 
Hz (fmax is the value of the frequency at the maximum in the ,Z Z′′ ′− -curve) are practically 
independent of the plane studied and there is no noticeable dependence of fmax on the 
crystallographic structure of the electrode surface as well as on  in solution (Fig. 

1). The phase angle vs log f (Bode) plots (Figs. 2a and 2b) show that the systematic shift of 
the phase angle vs log f plots toward higher frequencies is clearly visible in the electrical 
double layer formation region (1 Hz < f < 300 Hz). In the low frequency region the phase 
angle is practically independent of , demonstrating that the adsorption equilibrium 

has been established already at very low reactant concentrations. Differently from the high ac 
frequency region the noticeable shift of the δ, log f - plots for systems with addition of 
reactant in comparison with pure base electrolyte toward lower values of f has been observed, 
somewhat larger for Bi(

( ) +3
63[ NHCo

c ]

]( )[ +3
63NHCo

c

101 ) than that for Bi(111). For Bi(hkl) planes in the region of 
frequency from 0.5 Hz to 10 Hz there is a small plateau with the phase angle δ ≈ -80o 
indicating that the heterogeneous adsorption step is the main rate limiting process in this ac 
frequency region. At lower frequencies the charge transfer step is limiting for electroreduction 
reaction of [Co(NH3)6]3+ at Bi(111) at E= - 0.85 V. The same rate limiting steps are valid for 
the Bi( 101 ) plane too.  

The Nyquist plots measured at E = -0.65 V (Fig.3) (potential region of mixed kinetics 
according to rotating disc electrode voltammetry data) show that differently from the data at 
E=-0.85 V the ,Z Z′′ ′− -plots have more complicated shape instead of semicircle, 
characterizing the mixed kinetic process at Bi(hkl). Similarly to the data at E = -0.85 V the 
value of Z ′′  at fixed f decreases systematically with the rise of reactant concentration, but 

Z ′′  is higher than that for pure base electrolyte solution. Taking into account the complicated 
shape of the ,Z Z ′′′−  –plots, it is impossible to obtain correctly the so-called total polarization 
resistance Rp values. The phase angle vs log f dependences (Fig. 4) show that differently from 
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data at E = -0.85 V there is no dependency of the phase angle on reactant concentration in the 
high-frequency region f > 10 Hz, but at lower frequencies (in region of plateau and lower) the 
values of δ ( at fixed ac frequency) for solutions with addition of [Co(NH3)6]3+  are noticeably 
lower than for base electrolyte. Thus, in the region of f < 10 Hz there is mainly an adsorption 
limited process at Bi(hkl). However, differently from E = -0.85V the systematic increase of δ  
at f < 1 Hz occurs with the addition of [Co(NH3)6]3+ in solution, explained with the shift of 
[Co(NH3)6]3+ electroreduction from adsorption limited process toward mixed kinetic process 
with the rise of [Co(NH3)6]3+ concentration in solution at lower frequencies (Fig.3 and 4). 

The data in Figs. 5 and 6 show that at fixed f the absolute values of Z ′′  and |δ| are 
maximal in the potential region from -0.65 to -0.55V for Bi(hkl), thus, in the region of zero 
charge potential Eσ=0 of the Bi(hkl) planes in the base electrolyte solution. The absolute values 
of Z ′′  for the positively charged Bi(hkl) electrode (E ≥ -0.55V) are somewhat lower 
compared with the data obtained at E~Eσ=0, but the data for E = -0.85V are very different 
from the data measured at E=Eσ=0. The systematic trends of the dependence of Z ′′  and δ on 
E obtained for more concentrated [Co(NH3)6]3+ solutions ( ≥ 5×10-4 M) are in 

agreement with the results for more dilute [Co(NH3)6]3+ solutions (Fig. 7a and b).  
( )[ +3

63NHCo
c ]

 
 
3.2. Fitting results of impedance data 

 
The experimental ,Z Z′′ ′− -plots and δ, log f - plots can be fitted by using the nonlinear 

square root least minimization method [15-24]. According to the fitting results, to the very 
rough approximation, the Dolin - Ershler (A circuit in Fig. 8) and Randles ( C ) equivalent 
circuits can be used for fitting the experimental results [15-18,23,37,38]. However, the errors 
in the individual parameters are comparatively high. A noticeably better fitting has been 
obtained if the so-called Frumkin-Melik-Gaikazyan-Randles (in reality Ershler) [37,38] 
equivalent circuit ( D ) has been used for analysis of the reaction mechanism (i.e. the 
adsorption capacitance characterizing the weak co-adsorption of [Co(NH3)6]3+ cation and 
ClO4

- anion is assumed). The errors in the individual parameters are quite small, however, in 
the case of more concentrated [Co(NH3)6]3+ solutions the errors in individual parameters are 
comparatively high. 

The equivalent circuit, taking into account one adsorbed particle (or reactant 
intermediate) at the electrode surface [23] (circuit B in Fig. 8), achieved a very good fit of the 
experimental results. Errors in the individual parameters are small and the values of the χ2 
function less than 4·10-3 have been obtained at potentials from -0.85 to -0.55V for the 
solutions with cbase el = 0.001M. Higher χ2 values (χ2 >6·10-3) have been obtained for more 
concentrated base electrolyte solutions at potentials from -0.65 V to -0.55 V, where the 
simultaneous adsorption of ClO4

- and [Co(NH3)6]3+ is probable. 
The results of fitting analysis, given in Figs. 9-13, show that Rel, Cdl, Cad, Rad and Rct 

depend noticeably on the electrode potential as well as on  in solution. The high-

frequency resistance Rel, characterizing mainly the electrolyte resistance, is independent of the 
electrode potential and decreases with the rise of the ionic strength of solution. In the all 
potential region the electrical double layer capacitance (Fig. 10) for the base electrolyte is 
lower than for solutions with addition of [Co(NH3)6]3+ and at E = - 0.85 V Cdl is independent 
of [Co(NH3)6]3+ addition except very concentrated reactant concentrations. In the region from 
-0.75V to  -0.5V the diffuse layer minimum with characteristic minimum capacitance Cmin 
and minimum potential Emin can be seen in a good agreement with the experimental 

( )[ +3
63NHCo

c ]
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differential capacitance data obtained at f = 110 Hz. At Emin the value of Cmin increases 
systematically with the rise of  in solution in a good agreement with the Gouy-

Chapman-Grahame model. 
( )[ +3

63NHCo
c ]

]

]

The charge transfer resistance Rct vs potential plots (Fig. 11) have a comparatively 
high maximum in the region of Emin where the diffuseness of the electrical double layer is 
maximal. At Emin there is a systematic decrease in Rct with the rise of  in solution if 

≥ 3.5×10-4 M. The charge transfer resistance is somewhat higher for Bi(
( )[ +3

63NHCo
c

( )[ +3
63NHCo

c 101 ), 

characterized by the higher adsorption activity of ions at this plane from aqeous base 
electrolyte solution [30,31,33,34]. The data in Fig.12 show that the adsorption resistance Rad 
is maximal at Emin and with the increase of absolute value of surface charge density the Rad 
values decrease. However, in the all region of E studied the values of Rad are higher than in 
the base electrolyte and Rad decreases systematically with the rise of reactant concentration if 

≥ 2.5×10-4 M. The values of Rad for Bi(( )[ +3
63NHCo

c ] 101 ) are somewhat higher than these for 

the less active Bi(111) plane, in a good agreement with the Rct , E-plots in Fig. 11, indicating 
the influence of the adsorption process on the  values of Rct. At |σ| ≥ 0 there is no big 
dependence of Rct and Rad on in solution. c ( )[ ] +3

63NHCo

According to the data in Fig.13, the values of adsorption capacitance Cad are minimal 
in the region of diffuse layer minimum in a good agreement with the Gouy-Chapman-
Grahame model, and at E = Emin the values of Cad are practically independent of  in 

solution, which is in a good agreement with Gouy-Chapman-Grahame-Parsons model [11,29-
37]. At negative surface charge density (σ < 0) Cad increases with the rise of the reactant 
concentration. At positive surface charge density (σ > 0) the same is valid for the Bi(111) 
plane. At E = -0.5 V the reverse dependence of Cad on the concentration of anions seems to 
take place for Bi(

( )[ ] +3
63NHCo

c

101 ) explained by the stronger specific adsorption or by so-called blocking 
adsorption of anions at electrochemically more active Bi( 101 ) plane. 

The dependences of kinetic parameters A, B and G (Eq. 9a-c) on the electrode 
potential for different Bi(hkl) planes at various additions of [Co(NH3)6]3+ in the base 
electrolyte solution have been calculated and are given in Figs. 14 and 15. According to the 
fitting results Cad (Fig.13) and Rct (Fig. 11) are positive and, thus, B has negative values in the 
all regions of potential and  studied (Fig. 14). The –B, E plots have a minimum in 

the region of zero charge potential and with the rise of the absolute value at surface charge 
density the absolute values of B decrease with the reactant concentration, expressed more 
noticeably at E higher than Eσ=0. For higher reactant concentrations ( > 3.5×10-4 M) 

the values of –B are practically independent of  if  E > Emin. According to the data 

in Fig. 15, the values of G are minimal at E ~ Eσ=0 but for Bi(111) plane at E > Eσ=0 the values 
of G rise with the . For Bi(111) at E < Eσ=0 and for Bi(

( )[ ] +3
63NHCo

c

] +3

( )[ +3
63NHCo

c ]

]( )[ +3
63NHCo

c

( )[ 63NHCo
c 101 ) electrode at | σ | > 0 

the G values are maximal for base electrolyte with addition of 2.5×10-4 M  [Co(NH3)6]3+ in 
solution. Therefore the more pronounced specific adsorption of [Co(NH3)6]3+ at 
electrochemically more active Bi( 101 ) plane is possible. However, it should be noted that the 
in situ FTIR spectroscopy data are inevitable for the more detailed analysis of Bi(hkl) | base 
electrolyte + [Co(NH3)6]3+ system, in progress now in our laboratory.  
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4. Conclusions 
 
 The electroreduction kinetics of the hexaamminecobalt(III) cations on the 
electrochemically polished Bi planes has been studied by the impedance spectroscopy, cyclic 
voltammetry and rotating disc electrode methods. It was found that the electroreduction of 
[Co(NH3)6]3+ cations is limited mainly by the mixed kinetics at lower ac frequencies. At 
moderate ac frequencies (1 < f < 100 Hz) the adsorption step is the main rate limiting stage. 

Systematical analysis of results shows that the equivalent circuit taking into account 
the adsorption of one reacting (or intermediate) particle is the more probable physical model 
for the very complicated [Co(NH3)6]3+ electroreduction reaction under discussion. The values 
of charge transfer resistance, adsorption capacitance, and adsorption resistance depend on the 
electrode potential as well as on the reactant concentration and the adsorption resistance is 
minimal and charge transfer resistance and adsorption capacitance are maximal in the region 
of zero charge potential for Bi single crystal (111) and ( 101 ) planes in the base electrolyte 
solution with addition of [Co(NH3)6]3+. 
 
Acknowledgements: This work was supported in part by the Estonian Science Foundation 
under Project numbers 5803 and 6696. 
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Fig.1. Complex plane plots for ECP Bi(111) (a) and ECP Bi( 101 ) (b) in aqueous  0.001 M 
HClO4 solution with different additions of [Co(NH3)6](ClO4)3 (M), noted in figure, at the 
electrode potential E = −0.85 V vs. Ag | AgCl | sat. KCl (marks – experimental, solid lines – 
data calculated according to the circuit ‘B’ in Fig. 8.). 
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Fig.2. Phase angle (δ) vs. ac frequency plots for ECP Bi(111) (a) and ECP Bi( 101 ) (b) in 
aqueous  0.001 M HClO4 solution with different additions of [Co(NH3)6](ClO4)3 (M), noted in 
figure, at the electrode potential E = −0.85 V vs. Ag | AgCl | sat. KCl (marks – experimental, 
solid lines – data calculated according to the circuit ‘B’ in Fig. 8.). 
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Fig.3. Complex plane plots for ECP Bi(111) (a) and ECP Bi( 101 ) (b) in aqueous  0.001 M 
HClO4 solution with different additions of [Co(NH3)6](ClO4)3 (M), noted in figure, at the 
electrode potential E = −0.65 V vs. Ag | AgCl | sat. KCl (marks – experimental, solid lines – 
data calculated according to the circuit ‘B’ in Fig. 8.). 
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Fig.4. Phase angle (δ) vs. ac frequency plots for ECP Bi(111) (a) and ECP Bi( 101 ) (b) in 
aqueous  0.001 M HClO4 solution with different additions of [Co(NH3)6](ClO4)3 (M), noted in 
figure, at the electrode potential E = −0.65 V vs. Ag | AgCl | sat. KCl (marks – experimental, 
solid lines – data calculated according to the circuit ‘B’ in Fig. 8.). 
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Fig.5. Complex plane plots for the ECP Bi(111) (a) and ECP Bi( 101 ) (b) in the 0.001 M 
HClO4 + 0.0005 M [Co(NH3)6](ClO4)3 aqueous solution at different electrode potentials (V vs 
Ag | AgCl | sat. KCl), noted in figure, (marks – experimental, solid lines – data calculated 
according to the circuit ‘B’ in Fig. 8.). 

 15

30



 

 
Fig.6. Phase angle (δ) vs. ac frequency plots for ECP Bi(111) (a) and ECP Bi( 101 ) (b) in the 
0.001 M HClO4 + 0.0005 M [Co(NH3)6](ClO4)3 aqueous solution at different electrode 
potentials (V vs Ag | AgCl | sat. KCl), noted in figure, (marks – experimental, solid lines – 
data calculated according to the circuit ‘B’ in Fig. 8.). 
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Fig.7. Complex plane plots for ECP Bi(111) (a) and ECP Bi( 101 ) (b) in the 0.001 M HClO4 
+ 0.00025 M [Co(NH3)6](ClO4)3 aqueous solution at different electrode potentials (V vs Ag | 
AgCl | sat. KCl), noted in figure, (marks – experimental, solid lines – data calculated 
according to the circuit ‘B’ in Fig. 8.). 
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Fig.8. Equivalent circuits used for fitting the experimental results: Dolin-Ershler circuit (A), 
model taking into account adsorption of one intermediate particle (B), Randles model (C) and 
Frumkin–Melik-Gaikazyan–Randles model (D) (Rel – electrolyte solution resistance; Cdl – 
double layer capacitance; Rct – charge transfer resistance; ZW – Warburg-like diffusion 
impedance; Rad – adsorption or partial charge transfer resistance; Cad – adsorption 
capacitance). 
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Fig.9. Dependence of electrolyte solution resistance (circuit ‘B’ in Fig. 8) on the electrode 
potential for the ECP Bi(111) plane in 0.001 M HClO4 solution with different addition of 
[Co(NH3)6](ClO4)3 (M), noted in figure. 
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Fig.10. Dependence of double layer capacitance (circuit ‘B’ in Fig. 8) on the electrode 
potential for ECP Bi(111) (a) and ECP Bi( 101 ) (b) in 0.001 M HClO4 solution with different 
addition of [Co(NH3)6](ClO4)3  (M), noted in figure. 
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Fig.11. Dependence of charge transfer resistance (circuit ‘B’ in Fig. 8) on the electrode 
potential for ECP Bi(111) (a) and ECP Bi( 101 ) (b) in 0.001 M HClO4 solution with different 
addition of [Co(NH3)6](ClO4)3 (M), noted in figure. 
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Fig.12. Dependence of adsorption resistance (circuit ‘B’ in Fig. 8) on the electrode potential 
for ECP Bi(111) (a) and ECP Bi( 101 ) (b) in 0.001 M HClO4 solution with different addition 
of [Co(NH3)6](ClO4)3 (M), noted in figure. 
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Fig.13. Dependence of adsorption capacitance (circuit ‘B’ in Fig. 8) on the electrode potential 
for ECP Bi(111) (a) and ECP Bi( 101 ) (b) in 0.001 M HClO4 solution with different addition 
of [Co(NH3)6](ClO4)3 (M), noted in figure. 
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Fig.14. Dependence of the parameter B (circuit ‘B’ in Fig. 8) on the electrode potential for 
ECP Bi(111) (a) and ECP Bi( 101 ) (b) in 0.001 M HClO4 solution with different addition of 
[Co(NH3)6](ClO4)3 (M), noted in figure. 
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Fig.15. Dependence of the parameter G (circuit ‘B’ in Fig. 8) on the electrode potential for 
ECP Bi(111) (a) and ECP Bi( 101 ) (b) in 0.001 M HClO4 solution with different addition of 
[Co(NH3)6](ClO4)3 (M), noted in figure. 
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Abstract Electrochemical impedance spectroscopy has been applied for investigation of 
the hydrogen evolution kinetics at the electrochemically polished  plane, and the 
complicated reaction mechanism (slow adsorption and charge transfer steps) has been 
established. The charge transfer resistance and adsorption capacitance values depend 
noticeably on the electrode potential applied. The adsorption resistance is maximal in the 
region of electrode potential 

Bi(001)

V65.0min −=E vs. 2 2(Hg Hg Cl 4M KCl) , where the 
minimal values of constant phase element (CPE) coefficient Q  have been calculated. The 
fractional exponent CPEα  values of the CPE close to unity CPE 0.94)(α ≥

102 3−⋅≤

 and  weakly 
dependent on the electrode potential and pH of solution (c ) have been 

obtained, indicating the weak deviation of 

M
4HClO

4 +H

4lO

2OBi(001)  HClO

HCc

 interface from the 
ideally flat capacitive electrode. Q  differs only very slightly from double-layer 
capacitance  values in the whole region of potentials and , investigated.  dlC
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Introduction 
 
The various electrochemical techniques - classical polarization measurements [1-7], 
potential relaxation [8-10], electrochemical impedance spectroscopy (EIS) [5, 11-14] and 
potential-step coulometry [15-17] have been applied for analysis of the cathodic 
hydrogen evolution reaction (HER) at different metal electrodes. The controversial 
conclusions at variously pretreated polycrystalline electrodes, assuming the formation of 
a Pd-H layer and formation of the supersaturated region of  gas in the thin solution 
layer at the Pt electrode | electrolyte interface, from which molecular  diffuses away 
[13, 18-21], have been made. The different explanations given are not surprising because 
the cathodic hydrogen evolution and the interaction of hydrogen atoms with Pt-metals, 
extensively studied using electrochemical and surface science techniques, have been 
found to be highly sensitive on the single-crystal plane surface structure [3-7]. The 
second complication is involving absorption and diffusion of hydrogen within the thin 
metal surface layer (almost palladium, but also rhodium, nickel and other metals and 
alloys) discussed by various authors [2, 18, 20-32]. 

2H

2H
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The influence of the crystallographic structure of  electrodes has been 
studied [33] and it was found that the hydrogen evolution overpotential increases in the 
order of planes (110) < (100) < (111), i.e. with the reticular density of plane [33-35].  

Ni( )hkl

The detailed studies at  and planes [36-40] show that there is a 
noticeable influence of the electrode surface structure on the kinetic parameters of HER. 
At constant electrode potential the electroreduction rate of  increases in the order of 
planes  [37, 39].  A very weak dependence of the exchange 
current density 

Ag( )hkl

)111(

Au( )hkl

+OH3

Ag)100(Ag)110(Ag <<

0j  on the surface structure of the  electrode has been observed, 
and 

Au( )hkl

0j  increases in the order )111(Au)100(Au)110(Au << . The data for  
planes are controversial [36, 40], explained by the strong influence of the surface 
reconstruction phenomenon of the Au interface on the kinetic parameters of hydrogen 
evolution [34, 35, 41-45]. 

Au( )hkl

A very limited amount of experimental data for single crystal planes of so-called 
Hg-like metals (Bi, Cd, Sb, [1, 33, 35, 46, 47]) (i.e. of metals with high hydrogen 
evolution overpotential [48-53]) has been performed. The discharge of hydronium ion 
with formation of adsorbed intermediate  is well known 
to be the rate-controlling step of HER at the mercury and bismuth electrodes [43, 46-53]. 

OHMHMeOH 2ads3 +=++ −+

The noticeable influence of the crystallographic structure of the B  
and 

i(111) ,Bi(001)
)1Bi(01  single crystal planes on the kinetic parameters of HER has been observed in 

the  solutions (where x is the mole fraction of ) [1]. 
The remarkable dependence of the Tafel constant, an apparent transfer coefficient 

4(1 ) M HClO M LiClOx x− + 4 4LiClO
α  and 

0j  on the  surface structure as well as on the composition of the electrolyte has 
been established and discussed [1, 34, 35, 46]. Noticeable deviation from the simplified 
version of the classical Frumkin discharge model, ignoring specific adsorption of 
reactant, intermediate particles and product [4], has been observed [1]. In addition, 
influence of pH of the supporting electrolyte solution 

Bi( )hkl

4 4M LiClOx(1 ) M HClOx− +  on 

the electroreduction kinetics of the [ ]3
3 6Co(NH ) +  cations has been observed [45-47], 

impossible to explain taking into account that solvated protons are not involved in the 
molecular mechanism of the electroreduction process of the hexaamminecobalt(III) 
complex cations at Bi(hkl) planes. 

The main aim of this work was to study the kinetics of HER at the 
electrochemically polished (EP)  single crystal plane in diluted solutions of 

, using EIS [54-59] and classical methods, and to compare the results with those 
obtained by the classical Tafel overvoltage measurement method for 

 solutions with constant ionic strength [1]. These data are 

useful for the more detailed analysis of the 

Bi(001)

4

4HClO

(1 ) M 4HClO M LiClOx x− +

[ ]3
3 6Co(NH ) +  electroreduction reaction 

mechanism, taking into account that simultaneous HER and [ ]3
3 6Co(NH ) +  

electroreduction reactions probably occur on the Bi(hkl) planes at more negative 
potentials than the zero charge potential [1, 34, 35, 46, 47]. 
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Theoretical introduction 
 
It is generally accepted that the total current density  passing through the electrode | 
electrolyte interface consists of the non-faradic (i.e. so-called double-layer charging)  
and faradic 

tj

nfj

fj  parts. and applying the ac potential perturbation )(ωEΔ , (ω  is angular 
frequency, 2πfω = , where  f is ac frequency) the total interfacial impedance can be 
expressed as   

)()()( 1
f

1
nf

1
t ωωω −−− += ZZZ ,        (1) 

if ohmic potential drop jR ≈ 0, where R is ohmic resistance. HER at high cathodic 
overpotentials η << 0 from the acidic aqueous solution, to a first approximation, can be 
characterized by the following elementary steps [1, 13, 18, 19, 27, 28, 36, 37, 40, 46-51]: 

OHMHeOHM 2(ads)3

1

1

+↔++
−

−+
k

k
    (Volmer reaction)    (2a) 

OHMHeOHMH 22(S)3(ads)

2

2

++↔++
−

−+
k

k
 (Heyrovsky reaction)   (2b) 

where M is metal,  stands for solvated protons,  is the molecular hydrogen 
adsorbed at the surface and  is the reaction intermediate, formed after electron 

transfer from metal M to solvated proton . k1, k-1, k2 and k-2 are the rate constants of 
corresponding reactions.  

+OH3 2(S)H

(ads)MH
+OH3

 Taking into account the possible weak adsorption of reaction intermediate MH(ads) 
at the Bi electrode surface [1, 48, 49], the faradaic impedance can be mathematically 
simulated as Eq.(3a), if we accept the so-called model for adsorption of one intermediate 
particle at an electrode surface [27, 28, 38-40, 48-51]: 

f ct

1 1
j

B
Z R Gω

= +
+

          (3a) 

where 1j −=  and the inverse charge transfer resistance Rct is given as:  

( ) ( ) ( ) ( )1 1 1 1 2 2 2 2
ct

1 1 1 1 1 1
RT

k k k k
R

α θ α θ α θ α−⎡ ⎤= − + − + + −⎣ ⎦θ− −   (3b) 

( )1 1 2 2
max

1
RT

B k k k k
Γ − −= − − + +  

( ) ( ) ( ) ( )1 1 1 1 2 2 2 21 1 1 1k k k kα θ α θ α θ α θ−⎡ ⎤× − + − − − − −⎣ ⎦−      (3c) 
and  

( ) ( )1 1 2 2 1 1 2 2
max 1

1 FG k k k k k k k
Γ σ− − −= + + + = + + + k−                (3d) 

 where the 21 andαα  are the symmetry coefficients, θ  is the surface coverage and 
is maximal Gibbs adsorption. maxΓ

It should be noted that the quantity max 1FΓ σ=  is the charge necessary for the 
total surface coverage by adsorbed intermediate. It is evident that -1

ctR  and G have always 
positive values but B may be positive or negative, depending on the values of the various 
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rate constants. Two general cases should be considered depending on the sign of the 
parameter B. If  then the faradic impedance 0B < fZ  is described as 

( )
2

1 ct
f f ct ct -1

ct ad ad

1
j j

R B
Z Y R R

G R B R Cω ω
−= = + = +

+ − +
 ,    (4) 

where the so-called adsorption resistance is expressed as ( )2
ctad ct/R R B G R B= −  and 

adsorption capacitance as ( ) 12
ad ctC R B

−
= .  Eq.(4) characterizes a series connection of the 

charge transfer resistance ctR  with a parallel connection of adR  and adsorption 
capacitance . The shape of the impedance complex plane adC ( )̀Z Z``vs.−  plot depends 

on the sign of the denominator ( ) adctG R B−  of R  [27].  
Thus, reaction (2a) characterizes the formation of reaction intermediate and, 

depending on the chemical and crystallographic characteristics of the electrode metal, the 
formation of the adsorbed molecular hydrogen and evolution probably occur through the 
electrochemical desorption step for Bi electrodes [52, 53].  
 
Experimental 
 
The massive bismuth single crystal was grown by the modified Czochralski method 
(purity 99.99999 %) at the Institute of Problems of Microelectronics Technology and 
Superpure Materials, Russian Academy of Sciences. The  plane orientation was 
obtained using X-ray diffraction method and the disorientation angle was smaller than 

. The isolation of the surface area not interested was carried out by a thin polystyrene 
film prepared using the solution of polystyrene dissolved in toluene. After evaporation of 
toluene the electrode was placed into a Teflon holder [1, 34, 35]. The surface was 
polished mechanically to mirror finish, using standard metallographic procedure and 
thereafter electrochemically in the  aqueous solution at current density 

 [1, 34, 35, 46, 47]. After electrochemical polishing the electrode was 
immediately rinsed with MilliQ+ water and submerged under constant electrode potential 

vs. 

Bi(001)

00.5

1.5≥

0.64−

KI+ HCl
-2A cm⋅

V 2 2Hg Hg Cl 4M KCl  (4M CE) into  aqueous solution (x from 
1·10-3 to 1·10-2 M), deaerated with the pure argon (99.9995%). 

4ClOM Hx

The reference 4M KCl calomel electrode was connected to the impedance cell 
through the very long Luggin capillary [1, 34, 35, 46, 47] to avoid the contamination of 

 solution with  anions. In this paper all electrode potentials are given vs. 4M 
CE and difference with saturated calomel electrode (SCE) is 4 mV. Current density 
values stabilized after at least two hours polarization were measured using Pine rotating 
electrode system. The aqueous  solutions were prepared from the redistilled 
perchloric acid (Aldrich 99.999%) using MilliQ+ water . The 
electrochemical impedance was measured at the rotating disk  single-crystal 
electrodes (150 rev min-1) to seclude the H2 from surface with the exposed superficial 
area 0.1 cm2. For impedance measurements the electrolytic cell with a very large 
polycrystalline Pt counter electrode was used (flat cross section area ~ 40 cm2).  

4HClO −Cl

4HClO
-1( M Ω cm )

(001)

Bi

18.2>
Bi

(001)
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plane has been selected out because of the very good electrochemical stability in the wide 
potential region [1, 46, 47]. 

The electrochemical impedance data have been obtained using Autolab 
PGSTAT 30 with FRA2 (± 5mV modulation) within the frequency region from 0.05 to 
1·104 Hz. The Kramers - Kronig tests have been made to select out the frequency region 
free from systematic errors and it has been found that the data for 

4
  and 

for  at f ≤ 2·103 Hz and f ≤ 7·103 Hz respectively, can be used for detailed kinetic 
analysis [27, 28, 54-60]. Based on the data presented in Figs. 1b, 2b and 3b, the 
provisional values of 

HClO 0.001Mc =
0.01M

CPEα  can be calculated in a good agreement with the data obtained 
from the slope of  vs. ( Z− )``log log f  plots. It should be noted that according to some 
works the impedance complex plane plots can be used in the wider high frequency region 
[27, 60] adding some elements into the equivalent circuit (very high frequency hfR  and 

 elements). However based on the future equivalent circuit (EC) analysis, these 
elements (as well as an additional Pt wire electrode acting as a low impedance bypass to 
conventional reference electrode [27, 60]) have only very small influence on the fitting 
parameters for the medium and low frequency Nyquist plot region i.e. on the CPE 
fractional exponent 

hfC

CPEα  and coefficient Q , as well as  and  values, respectively. adR ctR
Various equivalent circuits have been tested for fitting of the experimental 

impedance complex plane ( ``vs. )̀Z Z− , Bode (log Z  and phase angle φ vs. log f plots), 
 vs. log f plots using non-linear least-squares minimization program that 

minimizes the sum of  terms for all frequency points measured  and  
are the measured and calculated impedance values, respectively [62, 63]). The theoretical 
spectrum calculated (based on the arbitrarily chosen model) has been fitted to the 
experimental impedance data (spectrum) and the best-fitted case has been selected on the 
basis of the minimal 

( ``log Z− )
2

cm )Z−(Z

2

m(Z cZ

χ  - function value. The standard deviation (SD) of the fit defined 

as, 2 / 2SD l pχ= −  (where  denotes the number of points and l p denotes the number 
of parameters of the fitting model), is a general measure of the goodness of fit and 
therefore SD method [63] (only for ECs without distributed elements (CPE)) has been 
applied in this work too. Additionally, the weighted sum of squares 2Δ , as well as errors 
of individual parameters obtained have been analyzed [27, 29, 62, 63] keeping the 
number of experimental points constant for all fittings made using various equivalent 
circuits. 
 
Results and discussion 
 
 
Impedance spectroscopy 
 
 
Impedance complex plane and Bode plots as well as ( )``log Z−  vs. log f plots for the 

 electrode measured in various HClO4 aqueous solutions ( varies from 1·10-Bi(001)
4HClOc
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3 to 1·10-2 M) at constant rotation velocity  and at various fixed electrode 
potentials are presented in Figs. 1-3, where  and Cs is the series capacitance 
of the interface studied [27, 54-62]. Visual analysis of different kind of impedance 
spectra shows clearly a significant advantage of the Bode plots (Figs. 1c, d, 2c, d and 3c, 
d) over the impedance complex plane plots. Bode plots show clear impedance data over 
the total frequency range examined while the impedance complex plane data are very 
informative for the limited low frequency region (f < 100 Hz) but higher frequency data 
at high extent are screened. The 

1minrev150 −=v
1

s )(j`` −= CZ ω

( )``Zlog −  vs.  plots are very helpful for the 
analysis of reaction characteristics, i.e. to obtain the characteristic relaxation time(s) of 
low frequency process(es), as well as for CPE analysis of  and other solid 
electrodes [27, 54-61, 64-76]. As can be seen in Figs. 1-3 an almost capacitive-resistive 
behavior is observed at medium frequency region. For all concentrations studied (Figs. 
1d, 2d, 3d) the log 

flog

Bi(001)

Z  vs. dependences show an almost resistive response at higher 

frequencies f > 1000 Hz. The values of log 

flog

Z , given in Figs. 1d, 2d and 3d are 
independent of electrode potential at frequency f > 1·103 Hz, thus, there is no very quick 
faradaic processes at the | Bi(001) OH2HClO4 +  interface. At very high frequency the 
values of active resistance el ( )R Z ω= →∞   depend nearly linearly on , explained 
by the increase of the specific conductivity of the electrolyte resistance  with the rise 
of .  

4HClOc

elR

4HClO
4HClOc

4HClOc ≤
The data in Figs. 1e, 2e and 3e show that for dilute  solutions 

( ) at small negative electrode potentials the 31·10 M− ( )``log Z−  vs. log f plots 
have not very well expressed maxima even at very low f and, thus, the values of 
characteristic relaxation time maxτ =(2πfmax)-1 (fmax is the frequency at the maximum of the 

( ```vs.Z Z−  plots) can not be calculated exactly, indicating the occurring of very slow 
kinetic process(es) at the  surface. The values of total polarization resistance Rp 

(ω→0) at the electrode potentials E less negative than
Bi(001)

0.75V− can not be determined 
exactly (Figs. 1a, 2a and 3a) and only at E ≤ -0.80V it is possible to calculate the values 
of Rp (ω→0), depending on . For solutions with c , the values of 

4HClOc
4HClO

32·10−≥ M

maxτ  obtained (given in Fig. 4) depend on the electrode potential applied. 
According to the data given in Figs. 1-3, the total polarization resistance decreases 

with increasing the negative electrode potential as well as , (i.e. with the decrease of 
pH). The values of 

4HClOc

maxτ  in Fig. 4, obtained using data in Figs. 1e, 2e and 3e, are in a good 
agreement with maxτ , obtained from impedance complex plane plots (Figs. 1a-3a). maxτ  is 
practically independent of  at fixed potential if , but 

4HClOc 0.65VE ≥ − maxτ  depends 
noticeably on E, if   

4HClOc .const=

In the region of frequency from 1 to 3·103 Hz there is a noticeable dependence of log Z  
and phase angle φ  values on , indicating the comparatively slow electrical double-
layer formation process. In this region, 

flog
φ  noticeably depends on and only very 

4HClOc
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weakly on E (Figs. 1c, 2c and 3c). The analysis of φ  vs. log f  plots shows that, in the 
limited region of frequencies 1 100Hzf< < , the very high negative values of phase 
angle, practically independent of electrode potential applied, have been observed, 
characteristic of the nearly ideally flat capacitive electrode, caused by the high values of 
resistances ( ad ctandR R ) values in parallel with the double-layer impedance. Only at very 
low frequency the noticeable increase in absolute values of phase angle has been 
observed indicating the occurrence of the very slow charge transfer process (step) for 
HER at Bi(hkl). At frequency , the values of phase angle are nearly 
independent of electrode potential applied. The influence of  on the position of the 

100Hzf >

+
3H O

c

vs.log fφ  plots is noticeable in the region , and with the dilution of 
HClO4 solution, 

4Hz 10< <100 Hzf
φ  vs.  plot is shifted toward lower frequencies being a simple 

consequence of relaxation between the resistance of electrolyte solution and electrical 
double-layer impedance of the  electrode. 

flog

Bi(001)
( )``Zlog −The analysis of the  vs. log f plots (Figs. 1e, 2e, 3e) shows that the 

deviation of the experimental system from the ideally flat surface toward constant phase 
element behaviour is very small [27, 54-61, 63-70] because the fractional exponent CPEα  
for CPE with impedance , calculated from the slope of  vs. 
log f  plots, is only somewhat lower than unity  (0.94< 

(log Z− )``CPE1 ( j )Z Q αω −−=CPE

CPEα  < 0.98), thus characteristic of 
the ideally flat capacitive interface [47, 54-62, 64-70]. 

 
Fitting results of impedance data 
 
 
The number of experimental points in the impedance spectra has been kept constant if the 
various ECs have been tested. The good fitting ( 2 410 ,χ 7· −<

65.0

 ,  ≤ 0.2) at 
has been established if EC (i.e. model with one adsorbed intermediate 

species [27, 60], proposed by Armstrong and Henderson [61]), corresponding to the 
reaction steps given by Eqs. (2a) and (2b), has been applied. The very low  values, 
calculated using method described in [63], nearly independent of the electrode potential 
applied, have been obtained. According to the fitting results the high frequency series 
resistance at  is independent of potential applied and thus, the calculated 
values of Rel correspond to the high frequency electrolyte resistance. In the Cdl vs. E 
curves for solutions with c  there are characteristic diffuse layer minima 
at the diffuse layer minimum potential 

4107.2 −⋅ 2Δ

SD

≤SD
M10 3−

4HClOc =

2HClO4
⋅≤c

.const

HClO M102 3
4

−⋅≤

min V−=E

=σE
 (Fig. 6a), being in a good 

agreement with the zero charge potential  obtained for  solutions [34,35], 
and therefore the Cdl vs. E curves for dilute   solutions 

LiClO
(

0

4HClO
4

)M3−102
4

⋅<HClOc  can be 
used for classical Frumkin  potential correction analysis [34,34,47-53]. 1ψ

However, according to the detailed analysis in the case of solid electrodes [27, 34-
36, 54-61, 64-71], the CPE element should be included into EC and therefore the double-
layer capacitance Cdl valid for the ideally flat and energetically homogenious surface has 
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35



 

to be replaced with CPE, taking into account the geometrical surface roughness and 
energetic inhomogenity of solid surface studied, to receive EC (Fig. 5). According to the 
data in Figs. 1-3 a very good fit ( 2 5·10 ,χ 4−< 2Δ  ≤ 0.01) has been observed if the 
modified Armstrong-Henderson EC has been established (solid lines - calculated 
impedance spectra using the model in Fig. 5; symbols - the experimental data). The 
results (Fig. 6 b) show that the Q depends very weakly on the electrolyte concentration 
and Q has minimal values in dilute HClO4 solutions near V65.0min −=E , being in a very 
good agreement with Cdl values (Fig. 6a) obtained using Armstrong-Henderson EC. This 
is not surprising as the values of CPEα  at fixed E for dilute  solutions are quite 
high (

4HClO
97.0CPE ≥α ) and depend weakly on  if  . It should be 

mentioned that 
4HClOc M102 3

HClO4

−⋅≤c

CPEα  decreases with the rise of (Fig.6c), contrary to the 
|LiClO4 + H2O system, where 

4HClOc
Bi(001) CPEα  increases with the rise of  [1, 34, 35]. 
Moreover, differently from LiClO4 solutions, there is a very small minimum in the 

4LiClOc

Evs.CPEα  dependence at . The dependence of 0.65VE = − CPEα   on  
indicates the very weak changes in surface energetic inhomogeneity caused by the 
adsorption of reaction intermediates. However 

M104 3−⋅>HClO

.

4
c

970CPE ≥α  for 1 1  aqueous 
solution indicates that the deviation of |HClO4 interface from the classical 
conception of ideally flat interface [34, 35, 68-70] is very weak and the influence of 
replacing CPE with Cdl in EC on the values of other fitting parameters is comparatively 
small. At these conditions, to a first very rough approximation, the model of Brug et al. 
[64] can be used for calculation of the ideal Cdl values (Fig. 6a). This result can be 
explained by the fact that 

30 M−⋅ 4OHCl
Bi(001)

CPEα  for solutions with higher ( )M
4HClO 2 1≥ ⋅ 30−c  contains 

additional information concerning the influence of the weakly blocking adsorption of 
hydrogen on B , but not only simply the surface roughness effect [34-36, 56-58]. i(001)
According to the data (Fig. 7a), the charge transfer resistance decreases noticeably with 
increasing the negative potential, and Rct is practically independent of  at 

, where the values of Cdl or  are minimal [47-50]. 
4HClOc

V65.0min −=E Q
  The calculated values of current density 

( ) ( ) 6 2
sum

ct ad

2.13 0.01 10 A cmRTj
nF R R

− −= = ± ⋅
+

 at  ( n is the number of electrons 

transferred) are in a good agreement with those obtained from the stationary Tafel 
measurements (jct = 2·10-6A cm-2 for 0.1 M ) [1]. At E > , there is only small 
decrease of Rct with the rise of caused by less pronounced classical Frumkin 

σ=0E

4HClO minE

4HClOc 1ψ  
potential effect [1, 46-49]. The adsorption resistance Rad (Fig. 7b) depends noticeably on 
the electrode potential, being maximal near the  and the values of Rad have a 
noticeable decrease with the rise of negative E. The decrease of Rad with c is 
pronounced only in the region of small positive surface charge densities. The adsorption 
capacitance Cad (Fig. 7c) is nearly independent of E and  at . At more 
negative potentials (Cad noticeably increases) which is more expressed for solutions with 

minE

4OHCl

4HClOc 0.7 V> −E
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lower pH. In concentrated HClO4 solutions, Cad is nearly 60 times higher than the values 
of Q at E = -0.85 V (Fig. 7c). 

The attempts to use more complicated models like Ershler model (nowadays 
known as Frumkin-Melik-Gaikazyan-Randles circuit [58]) or the modified Grafov – 
Damaskin ECs, based on the multi-port impedance model for totally irreversible reaction 
discussed in detail in [71-73], did not give a better fit for the experimental data and the 
errors in Rad and Cad are very high. Thus, modified Armstrong-Henderson model (Fig. 5) 
is the only EC giving a good fit of the Bi(001) 4 2| HClO H O+  interface data. 

The so-called corrected Tafel plots (cTp) have been calculated according to the 
Eq. (5): 

1 1
1 0 1log (2.3 ) . (1 ) log (2.3 ) ( )j zF RT const c nF RT E Eσψ α α− −

=+ = + − + − ψ− (5)  
where α  is a transfer coefficient, z is charge number of particle, n is the number of 
electrons consumed [1]. For calculation of the cTp, ψ1 potential has been taken equal to 
ψ0 potential (ψ1 ψ0), i.e. the reaction center has been taken to locate at the outer 
Helmholtz plane with the ψ0 potential. The needful 

≈
Evs.0ψ  and surface charge density 

E.vsσ  plots have been calculated using corresponding impedance data obtained for less 
concentrated  solutions , where the influence of hydrogen 
adsorption on the values of Cdl or Q is weak. Calculated cTps are nearly linear for more 
concentrated HClO4 solutions ( ) and corrected values of current density 
are nearly independent of  at 

4HClO M102 3
HClO4

−⋅<c

4

3
HClO 6 10 M−> ⋅

0 0E Eσ

c

4HClOc 0ψ=− −

HeMH 2ad +→+ −

adH

<

MOH 2 +

. Thus, the cTps analysis method 
can be used for | HClO4 interface data (Fig. 8) similarly to the systems with 
constant ionic strength [1, 42, 50]. It was found that the slope of cTp is equal to 0.117 V, 
giving the value of α  equal to 0.51, in a good agreement with the data for Bi(hkl)| 
constant ionic strength electrolyte interface [1]. If the corrected Tafel plots can be taken 
as representative of the kinetic mechanism [39, 41-43, 48-53] then, in a good agreement 
with the impedance data, the slow primary discharge is the slowest rate determining step. 
Of course, the same slope value would be observed for slow electrochemical desorption 
(Heyrovsky) step, i.e.  step, but then the surface 
coverage of  with adsorbed  should be very high (and therefore

B

001

i(

Bi( )

001)

H O3
+ +

adsH 1θ → ) that 

is impossible in the case of  [1, 52, 53]. The electroreduction reaction of  
cations is mainly limited by the very slow charge transfer step at the 

 interface. 

Bi(001) +
3H O

Bi(001) 4 + 2O|  HClO H
 
Conclusions 
 
Electrochemical impedance spectroscopy has been applied for investigation of the 
hydrogen evolution kinetics at the electrochemically polished  plane. The mixed 
kinetics reaction mechanism (slow adsorption and charge transfer steps) has been 
established for cathodic hydrogen evolution at B

Bi(001)

4ClO Hi(001) 2| H O+  interface. The 
charge transfer resistance ctR  and adsorption capacitance  depend noticeably on the 
electrode potential applied. The values of exchange current density calculated from the 
impedance data at zero charge potential are in a good agreement with those obtained 

adC

 9



 

using stationary polarization method. The adsorption resistance adR  value is maximal in 
the region of zero charge potential. The fractional exponent of the constant phase element 
CPE ( 94.0CPE ≥α ) only very weakly depends on the  concentration and electrode 
potential, and therefore, the deviation of 

4HClO
| HClOBi(001) 4 2H O+  interface from the 

classical conception of ideally flat electrode is weak and CPE coefficient Q  is nearly 
equal to the high frequency electrical double-layer capacitance , if c . 
Similarly to the stationary polarization measurements, the electrical double-layer 
structure, depending strongly on the effective Debye screening length of the electrolyte 
ions, has a very big influence on the cathodic hydrogen evolution kinetics at the 

 plane from HClO4 aqueous solution. 

dlC M10 3
HClO4

−⋅2≤

Bi(001)
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Fig.1. Plots of EIS spectra of EP Bi(001) at ν =150 rev min -1 and at the electrode 
potential E = −0.65 V in the case of HClO4 aqueous solution with different 
concentrations (M) (noted in figure), in various coordinates: Impedance complex plane 
plots  (a), zoom of the high frequency part of plot a  (b); phase angle (c),  
log

( `vs.`` ZZ− )
Z  (d) and log (–Z``) (e) vs. frequency dependences, (symbols – experimental data, 

solid lines – calculated data according to the circuit in Fig. 5). 
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Fig.2. Plots of EIS spectra of EP Bi(001) at ν =150 rev min -1 in the 0.01 M HClO4 
aqueous solution at different electrode potentials (V) (noted in figure), in various 
coordinates: Impedance complex plane plots ( )̀vs.`` ZZ−  (a); zoom of the high 
frequency part of plot a  (b), phase angle (c), log |Z| (d) and log (–Z``) (e) vs. log f 
dependences, (symbols – experimental data, solid lines – calculated data according to the 
circuit in Fig. 5). 
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Fig.3. Plots of EIS spectra of EP Bi(001) at ν =150 rev min -1 in the 0.001 M HClO4 
aqueous solution at different electrode potentials (V) (noted in figure), in various 
coordinates: Impedance complex plane plots ( )̀vs.`` ZZ−  (a); zoom of the high 
frequency part of plot a  (b), phase angle (c), log |Z| (d) and log (–Z``) (e) vs. log f 
dependences, (symbols – experimental data, solid lines – calculated data according to the 
circuit in Fig. 5). 
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Fig.4. Characteristic relaxation time maxτ =(2πfmax)-1 vs. electrode potential dependences 
for cathodic hydrogen evolution at Bi(001) in HClO4 aqueous solution with 
concentrations (M), noted in figure. 
 

 
 
Fig.5. Modified Armstrong-Henderson model [61], where Cdl has been replaced by CPE, 
taking into account the adsorption of one intermediate particle used for fitting the 
experimental results: (Rel – high - frequency solution resistance; CPE – constant phase 
element; Rct – charge transfer resistance;  Rad – adsorption or partial charge transfer 
resistance; Cad – adsorption capacitance).  

 17



 

 
 
Fig.6. Dependences of Cdl (a) (calculated according to the Armstrong-Henderson circuit); 
CPE coefficient Q (b) and fractional exponent αCPE (c) on the electrode potential 
(calculated according to the circuit in Fig. 5) for EP Bi(001) in HClO4 aqueous solution 
with concentrations (M), noted in figure.  
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Fig.7. Rct (a); Rad (b) and Cad (c) dependencies on the electrode potential (calculated 
according to the equivalent circuit in Fig. 5) for EP Bi(001) in HClO4 aqueous solution 
with different concentrations (M), noted in figure.  
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Fig.8. –log j vs. rational electrode potential (E-Eσ=0) plots (a) and corrected Tafel plots 
(b) for EP Bi(001) in HClO4 aqueous solution with concentrations (M), noted in figure.  
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