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Abstract Electrochemical impedance spectroscopy has
been applied for investigation of the hydrogen evolution
kinetics at the electrochemically polished Bi(001) 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 E.,;,=—0.65 V vs. (Hg|
Hg,Cl,/4 M KCIl), where the minimal values of constant
phase element (CPE) coefficient O have been calculated.
The fractional exponent ocpg values of the CPE close to
unity (ecpp>0.94 and weakly dependent on the electrode
potential and pH of solution (cycio, < 2 x 1073 M) have
been obtained, indicating the weak deviation of Bi(001)|
HCIO4+H,0O interface from the ideally flat capacitive
electrode. Q differs only very slightly from double-layer
capacitance Cg values in the whole region of potentials and
cHcio,, investigated.

Keywords Impedance - Bismuth single crystal -
Cathodic hydrogen evolution
Introduction

The various electrochemical techniques—classical polariza-
tion measurements [1-5], potential relaxation [6, 7],
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electrochemical impedance spectroscopy (EIS) [8, 9] and
potential-step coulometry [10, 11] 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 H, gas in the thin solution layer at
the Pt electrodelelectrolyte interface, from which molecular
H, diffuses away [9, 13, 14], 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
[3-5]. 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, 12,
14-22].

The influence of the crystallographic structure of Ni(/k/)
electrodes has been studied [23] 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 [23-25].

The detailed studies at Ag(hkl) and Au(hkl) planes [26—
30] 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
H;0" increases in the order of planes Ag(110)<Ag(100)<
Ag(111)[27, 29]. A very weak dependence of the exchange
current density j, on the surface structure of the Au(hkl)
electrode has been observed, and j, increases in the order
Au(110)<Au(100)<Au(111). The data for Au(hkl) planes
are controversial [26, 30], explained by the strong influence
of the surface reconstruction phenomenon of the Au
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interface on the kinetic parameters of hydrogen evolution
[24, 25, 31-33].

A very limited amount of experimental data for single-
crystal planes of so-called Hg-like metals (Bi, Cd, Sb, [1,
23, 25, 34, Hark and Lust 2008, in preparation]; i.e. of
metals with high hydrogen evolution overpotential [35-38])
has been performed. The discharge of hydronium ion with
formation of adsorbed intermediate H;O +e +M=MH 4+
H,O0 is well known to be the rate-controlling step of HER at
the mercury and bismuth electrodes [31, 34-38, Hark and
Lust 2008, in preparation].

The noticeable influence of the crystallographic structure
of the Bi(111), Bi(001), and Bi(OlT) single-crystal planes
on the kinetic parameters of HER has been observed in the
(1-x)M HCIO4+xM LiCIO4 solutions (where x is the mole
fraction of LiClOy,) [1]. The remarkable dependence of the
Tafel constant, an apparent transfer coefficient ¢ and j, on
the Bi(Akl) surface structure, as well as on the composition
of the electrolyte, has been established and discussed [1, 24,
25, Hark and Lust 2008, in preparation]. Noticeable
deviation from the simplified version of the classical
Frumkin discharge model, ignoring specific adsorption of
reactant, intermediate particles and product [4, 35], has been
observed [1]. In addition, influence of pH of the supporting
electrolyte solution (1-x) M HCIO4+xM LiClO4 on the
electroreduction kinetics of the [Co(NH;)e]*" cations has
been observed [34, Hiark and Lust 2008, in preparation],
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(%kl) planes.

The main aim of this work was to study the kinetics of
HER at the electrochemically polished (EP) Bi(001) single-
crystal plane in diluted solutions of HCIO,, using EIS [39—
441 and classical methods, and to compare the results with
those obtained by the classical Tafel overvoltage measure-
ment method for (1-x) M HCIO4+xM LiClO,4 solutions
with constant ionic strength [1]. These data are useful for
the more detailed analysis of the [Co(NH;3)s]’" electro-
reduction reaction mechanism, taking into account that
simultancous HER and [Co(NH;)s]*" electroreduction
reactions probably occur on the Bi(kkl) planes at more
negative potentials than the zero-charge potential [1, 24, 25,
34, Héark and Lust 2008, in preparation].

Theoretical introduction

It is generally accepted that the total current density j
passing through the electrode|electrolyte interface consists
of the non-faradic (i.e. so-called double-layer charging) j,¢
and faradic j; parts, and applying the ac potential
perturbation AE(w), (@ is angular frequency, w=2xf,
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where f is ac frequency) the total interfacial impedance
can be expressed as

Z (@) = Zg (o) + Z; (o), (1)

if ohmic potential drop jR~0, where R is ohmic resistance.
HER at high cathodic overpotentials 7<<0 from the acidic
aqueous solution, to a first approximation, can be charac-
terized by the following elementary steps [1, 9, 12, 13, 17,
18, 26, 27, 30, 34-37, Hark and Lust 2008, in preparation]:

M +H;0" +¢ 1<f—1> MH ,45) + H,0  (Volmer reaction)

(2a)

k:
MH(ads) —+ H30+ + eil<€—2>H2(s) + M (Zb)

2
+H,0 (Heyrovsky reaction)

where M is metal, H;0" stands for solvated protons, Hys)
is the molecular hydrogen adsorbed at the surface and
MH .45, is the reaction intermediate, formed after electron
transfer from metal M to solvated proton H;O". &y, k_;, ko,
and k_, are the rate constants of corresponding reactions.
Taking into account the possible weak adsorption of
reaction intermediate MH,qs at the Bi electrode surface
[1, 35, 36], 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 [17, 18, 28-30, 35-37]:

1 1 B

Zr Ry jo+G

(3a)

where j = v/—1 and the inverse charge-transfer resistance
R is given as:

R%‘:%[alkl(l — 9) -+ (1 70!1)](,19

(3b)
+a’2k29+ (1 — az)k_g(l — 0)]
B = m(—kl —k 1+ k +k,2) X [0!1/61(1 — 9)
+(1 —(11)/(719— O!zkz@ - (1 - az)k,2(1 — 9)]
(3¢)
and
1
G= (ki + kot + ky + ko)
F
= E;‘(kl + ko + ke + ko) (3d)
1

where the | and a, are the symmetry coefficients, 6 is the
surface coverage and [),,x is maximal Gibbs adsorption
and F1,,x=0, is the charge necessary for the total surface
coverage by adsorbed intermediate.
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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
Bi(001) plane orientation was obtained using X-ray
diffraction method and the disorientation angle was smaller
than 0.5°. The isolation of the surface area not of interest
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, 24, 25]. The surface was polished
mechanically to mirror finish, using standard metallo-
graphic procedure and, thereafter, electrochemically in the
KI+HCI aqueous solution at current density >1.5 A-cm >
[1, 24, 25, 34, Hérk and Lust 2008, in preparation]. After
electrochemical polishing, the electrode was immediately
rinsed with MilliQ+ water and submerged under constant
electrode potential —0.64 V vs. Hg|Hg,Cl,4 M KCI (4 M
CE) into xM HCIO,4 aqueous solution (x from 1x107° to
1x107 M), deaerated with the pure argon (99.9995%).

The reference 4 M KCI calomel electrode was connected
to the impedance cell through the very long Luggin
capillary [1, 24, 25, 34, Hark and Lust 2008, in preparation]
to avoid the contamination of HCIO,4 solution with CI™
anions. In this paper, all electrode potentials are given vs.
4 M CE and difference with saturated calomel electrode
(SCE) is 4 mV. Current density values, stabilized after at
least 2 h polarization, were measured using Pine rotating
electrode system. The aqueous HCIO, solutions were
prepared from the redistilled perchloric acid (Aldrich
99.999%) using MilliQ+ water (>18.2 M Q cm'). The
electrochemical impedance was measured at the rotating
disk Bi(001) single-crystal electrodes (150 rpm) to seclude
the H, from surface with the exposed superficial area
0.1 cm?®. For impedance measurements, the electrolytic cell
with a very large polycrystalline Pt counter electrode was
used (flat cross section area ~40 cm?). Bi(001) plane has
been selected out because of the very good electrochemical
stability in the wide potential region [1, 34, Hark and Lust
2008, in preparation].

The electrochemical impedance data have been obtained
using Autolab PGSTAT 30 with FRA2 (+5 mV modulation)
within the frequency region from 0.05 to 1:10* 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 cpcio, = 0.001 M and for 0.01 M at
f<2x10° Hz and f<7x10° Hz respectively, can be used for
detailed kinetic analysis [18, 19, 39-43]. Based on the data
presented in Figs. 1b, 2b and 3b, the provisional values of
acpe can be calculated in good agreement with the data
obtained from the slope of log(—Z") vs. 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 [18, 43] adding some elements into the
equivalent circuit (very high frequency Ryr and Cyy
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 [18, 43]) 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 acpr and coefficient Q, as well as R,q
and R values, respectively.

Various equivalent circuits have been tested for fitting of
the experimental impedance complex plane (=Z" vs. Z'),
Bode (log |Z] and phase angle ¢ vs. log f plots), log(—Z")
vs. log f plots using non-linear least-squares minimization
program that minimizes the sum of (Z,—Z.)* terms for all
frequency points measured (Z,, and Z; are the measured and
calculated impedance values, respectively [45, 46]). The
theoretical spectrum calculated (based on the arbitrarily
chosen model) has been fitted to the experimental imped-
ance data (spectrum) and the best-fitted case has been
selected on the basis of the minimal y*-function value. The
standard deviation (SD) of the fit defined as, SD =
\/x%/21 — p (where / denotes the number of points and p
denotes the number of parameters of the fitting model), is a
general measure of the goodness of fit and therefore SD
method [46] (only for ECs without distributed elements
(CPE)) has been applied in this work too. Additionally, the
weighted sum of squares A%, as well as errors of individual
parameters obtained have been analyzed [18, 20, 45, 46]
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 fplots for the Bi(001) electrode measured in various
HCIO,4 aqueous solutions (cucio, varies from 1% 1073 to 1x
102 M) at constant rotation velocity v=150 rpm and at
various fixed electrode potentials are presented in Figs. 1, 2
and 3, where Z"=(jwC,) " and Cj is the series capacitance of
the interface studied [18, 39—46]. 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 informa-
tive for the limited low-frequency region (/<100 Hz) but
higher frequency data at high extent are screened. The log
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Fig. 1 Plots of EIS spectra of 15

0.04

EP Bi(001) at v=150 rpm and at
the electrode potential £=
—0.65 V in the case of HCIO,4
aqueous solution with different
concentrations (M; noted in
figure), in various coordinates: e
Impedance complex plane plots a
(=Z" vs. Z') (a), zoom of the ~
high frequency part of plot a N
(b); phase angle (c), log |Z] (d)
and log(—Z") (e) vs. frequency
dependences, (symbols experi-
mental data, solid lines
calculated data according to the
circuit, given in Fig. 5)
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(=Z") vs. log f 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 Bi(001) and other solid electrodes
[18, 3944, 46-53]. As can be seen in Figs. 1, 2 and 3, an
almost capacitive—resistive behavior is observed at medium
frequency region. For all concentrations studied (Figs. 1d,
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2d, and 3d), the log |Z] vs. log f dependences show an
almost resistive response at higher frequencies f>1,000 Hz.
The values of log |Z], given in Figs. 1d, 2d, and 3d, are
independent of electrode potential at frequency f>1x
10 Hz, thus, there is no very quick faradaic processes at
the Bi(001)HCIO4+H,O interface. At very high frequen-
cy, the values of active resistance R,=Z(w— ) depend
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Fig. 2 Plots of EIS spectra of 10 0.04
EP Bi(001) at v=150 rpm in x -0.55V x -0.55V
the 0.01 M HCIO,4 aqueous 0-0.65V a b 0-0.65V
solution at different electrode 8 | 0'75\/ 4-075V
potentials (V; noted in figure), in 40 '
various coordinates: Impedance = -0.85V 0.08 Hz = -0.85V
complex plane plots (—Z" vs. Z) ‘c6 ' e
(a); zoom of the high frequency G Soo2 |
part of plot a (b), phase angle o o
(¢), log |Z] (d) and log (—Z") N N
(e) vs. log f dependences,
(symbols experimental data,
solid lines calculated data
according to the circuit in 6800 Hz
Fig. 5) 0 / ,
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nearly linearly on cpcio,, explained by the increase of the
specific conductivity of the electrolyte resistance R, with
the rise of cpcio, -

The data in Figs. le, 2e and 3e show that for dilute
HCIlO4 solutions (cucio, < 1 X 10’3M) at small negative
electrode potentials, the 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 z’max=(27rf1l,n,ax)71

(fmax 1s the frequency at the maximum of the (—Z") vs. Z'

plots) can not be calculated exactly, indicating the occur-
rence of very slow kinetic process(es) at the Bi(001)
surface. The values of total polarization resistance R,
(w—0) at the electrode potentials E less negative than
—0.75 V can not be determined exactly (Figs. la, 2a, and
3a) and only at E<—0.80 V is it possible to calculate the
values of R, (w—0), depending on cycio,. For solutions
with cpcio, > 2 X 107°M, the values of 7., obtained
(given in Fig. 4) depend on the electrode potential applied.
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Fig. 3 Plots of EIS spectra of 12 0.04

EP Bi(001) at v=150 rpm in the x -0.55V x -0.55V b

0.001 M HCIO4 aqueous 10 | o-0.65V a 0-0.65V

solution at different electrode 4-0.75V 4-0.75V

potentials (V; noted in figure), in
various coordinates: Impedance
complex plane plots (—Z" vs. Z)
(a); zoom of the high frequency
part of plot a (b), phase angle
(¢), 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)

m -0.85V

2021 Hz

0.02 0.04
Z' /1 Qm?

-0.85V

log (|Z]/Q m?)

-2

4 6 -2 0 2 4 6
log (f/ Hz)

-0.85V;022Hz ¢

log ( f/ Hz)

According to the data given in Figs. 1, 2 and 3, the total
polarization resistance decreases with increasing negative
electrode potential as well as cpcio,, (i-e. with the decrease
of pH). The values of 7., in Fig. 4, obtained using data in
Figs. le, 2e and 3e, are in a good agreement with 7.,
obtained from impedance complex plane plots (Figs. la, 2a
and 3a). 7., s practically independent of cpcio, at fixed

@ Springer

potential if £>—0.65 V, but 7,.x depends noticeably on E,
if cpcio, = const.

In the region of frequency from 1 to 3x10° Hz, there is a
noticeable dependence of log|Z| and phase angle ¢ values
on log f; indicating the comparatively slow electrical double-
layer formation process. In this region, ¢ noticeably
depends on cycio, and only very weakly on E (Figs. lc, 2¢c
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3

0 1 1 1
-0.9 -0.8 0.7 -0.6 -0.5
E/V vs Hg | Hg,Cl, | 4M KCl

Fig. 4 Characteristic relaxation time 7a=27fmax) = Vs. electrode
potential dependences for cathodic hydrogen evolution at Bi(001) in
HCIO, aqueous solution with concentrations (M), noted in figure

and 3c). The analysis of ¢ vs. log f plots shows that, in the
limited region of frequencies 1<f<100 Hz, 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 (R,q and R.) values in parallel with
the double-layer impedance. Only at very low frequency has
the noticeable increase in absolute values of phase angle
been observed indicating the occurrence of the very slow
charge-transfer process (step) for HER at Bi(hkl). At a
frequency f>100 Hz, the values of the phase angle are nearly
independent of electrode potential applied. The influence of
cp,0+ on the position of the ¢ vs. log fplots is noticeable in
the region of 100 Hz<f<10* Hz, and with the dilution of
HCIO,4 solution, ¢ vs. log f plot is shifted toward lower
frequencies.

The analysis of the log(—Z") vs. log fplots (Figs. le, 2¢
and 3e) shows that the deviation of the experimental
system from the ideally flat surface toward constant phase
element behavior is very small [18, 39-44, 46-50]
because the fractional exponent acpp for CPE with
impedance Zcpg = Q7' (jo) ", calculated from the
slope of log(—Z") vs. log f plots, is only somewhat lower
than unity (0.94<@cpe<0.98), thus characteristic of the
ideally flat capacitive interface.

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 (x*<7x107%, SD<2.7x10"%,
A2§0.2) at ccio, < 2 x 1073M has been established if EC
(i.e., model with one adsorbed intermediate species [18, 43,
44], proposed by Armstrong and Henderson [44]),

corresponding to the reaction steps given by Egs. (2a) and
(2b), has been applied. The very low SD values, calculated
using the method described in [46], nearly independent of
the electrode potential applied, have been obtained.
According to the fitting results, the high-frequency series
resistance at cpcjo, = const. is independent of potential
applied and, thus, the calculated values of R, correspond to
the high-frequency electrolyte resistance. In the Cy vs. E
curves for solutions with cpcio, < 2 x 1073M, there are
characteristic diffuse layer minima at the diffuse layer
minimum potential £E,,;,=—0.65 V (Fig. 6a), being in a
good agreement with the zero-charge potential E,—g
obtained for LiClO4 solutions [24, 25], and, therefore, the
Cq1 vs. E curves for dilute HCIO, solutions (chcio, < 2
1073M) can be used for classical Frumkin y; potential
correction analysis [24, 31, 35-38].

However, according to the detailed analysis in the case
of solid electrodes [18, 24-26, 39-51], the CPE element
should be included into EC and, therefore, the double-layer
capacitance Cy is valid for the ideally flat and energetically
homogenous surface has to be replaced with CPE, taking
into account the geometrical surface roughness and ener-
getic inhomogeneity of solid surface studied, to receive EC
given in Fig. 5. According to the data in Figs. 1,2 and 3, a
very good fit (x*<5x10"%, A?<0.01) has been observed if
the modified Armstrong—Henderson EC has been used
(solid lines—calculated impedance spectra using the model
in Fig. 5; symbols—the experimental data). The results
(Fig. 6b) show that the Q depends very weakly on the
electrolyte concentration and Q has minimal values in
dilute HCIO, solutions near £,,,;,=—0.65 V, being in a very
good agreement with Cy values (Fig. 6a) obtained using
Armstrong—Henderson EC. This is not surprising as the
values of acpg at fixed £ for dilute HCIO,4 solutions are
quite high (acpe>0.97) and depend weakly on cpcio, if
cucio, <2 x 107°M. It should be mentioned that acpg
decreases with the rise of cpcio, (Fig. 6¢), contrary to the

CPE
NN\
/77
R ad
1 H

Rel

Ret

Cad

Fig. 5 Modified Armstrong—Henderson model [45], where Cg has
been replaced by CPE, taking into account the adsorption of one
intermediate particle used for fitting the experimental results: (R
high-frequency solution resistance, CPE constant phase element, R,
charge-transfer resistance, R,q adsorption or partial charge-transfer
resistance, C,q adsorption capacitance)
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Fig. 6 Dependences of Cy, (a; calculated according to the Armstrong—Henderson circuit); CPE coefficient O (b) and fractional exponent acpg (¢) on
the electrode potential (calculated according to the circuit in Fig. 5) for EP Bi(001) in HCIO, aqueous solution with concentrations (M), noted in figure

Bi(001)|LiCl10O4+H,0 system, where acpg increases with
the rise of cricio, [1, 24, 25]. Moreover, differently from
LiClO,4 solutions, there is a very small minimum in the
acpg Vs. E dependence at E=—0.65 V. The dependence of
Ocpe ON cuclo, > 4 X 1073M indicates the very weak
changes in surface energetic inhomogeneity caused by the
adsorption of reaction intermediates. However, acpg>0.97
for 1x107° M HCIO, aqueous solution indicates that the
deviation of Bi(001)[HCIO, interface from the classical
conception of ideally flat interface [24, 25, 49, 50] is very
weak and the influence of replacing CPE with Cg in EC on
the values of other fitting parameters is comparatively
small. At these conditions, to a first very rough approxi-
mation, the model of Brug et al. [47] can be used for
calculation of the ideal Cy; values (Fig. 6a). This result can
be explained by the fact that acpg for solutions with higher
cucio, (> 2 x 107°M) contains additional information
concerning the influence of the weakly blocking adsorption

of electrolyte ions and hydrogen on Bi(001), but not simply
the surface roughness effect [24-26, 41].

According to the data (Fig. 7a), the charge-transfer
resistance decreases noticeably with an increase in the
negative electrode potential, and R, is practically indepen-
dent of cncio, at Emin=—0.65 V, where the values of Cy, or
QO are minimal [34, Hérk and Lust 2008, in preparation].

The calculated values for double layer corrected current
density jsun = wra iy = (213 £0.01) x 107°A cm™? at
E;—y (n is the number of electrons transferred) are in good
agreement with those obtained from the stationary Tafel
measurements (jo=2x10°A cm 2 for 0.1 M HCIO,) [1].
At E>E,;,, there is only a small decrease of R, with the
rise of cpcio, caused by less-pronounced classical Frumkin
v potential effect [1, 34-38, Hark and Lust 2008, in
preparation]. The adsorption resistance, R,q (Fig. 7b),
depends noticeably on the electrode potential, being
maximal near the E,;, and the values of R,q4 have a

12 10 8
.3,
10 + I a s | R b 7r c
Fa *
F g 4 IR 6 |
LY 3 . .
8+ EAL 6t I:'*;*“‘ '
o~ . '; o ‘., . o 5 F 1
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E /V vs Hg|Hg,Cl,| 4M KClI

E /V vs Hg|Hg,Cl,| 4M KClI

E /V vs Hg|Hg,Cl,| 4M KClI

Fig. 7 R (a); R, (b) and C,q (¢) dependences on the electrode potential (calculated according to the equivalent circuit in Fig. 5) for EP Bi(001)
in HC1O,4 aqueous solution with different concentrations (M), noted in figure
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noticeable decrease with the rise of negative E. The
decrease of R,g with cycio, is pronounced only in the region
of small positive surface charge densities. The adsorption
capacitance, C,q (Fig. 7c), is nearly independent of £ and
cucio, at E>—0.7 V. At more negative potentials, C,q
noticeably increases, which is more expressed for solutions
with lower pH. In concentrated HCIO, solutions, C,q is
nearly 60 times higher than the values of Q at E=—0.85 V
(Fig. 7c¢), indicating that the hydrogen adsorption is
practically impossible at Bi(001) surface.

The attempts to use more complicated models like the
Ershler model (nowadays known as Frumkin—-Melik—
Gaikazyan—Randles circuit [41, 43]) or the modified
Grafov—Damaskin ECs, based on the multi-port impedance
model for totally irreversible reaction discussed in detail in
[51, 52], did not give a better fit for the experimental data
and the errors in R,qy and C,q are very high. Thus, a
modified Armstrong—Henderson model (Fig. 5) is the only
EC giving a good fit of the Bi(001)[HCIO4+H,0 interface
data.

The so-called corrected Tafel plots (cTp) have been
calculated according to the Eq. (4):

log j+ zFy, (2.3RT)*l = const. + (1 — ) loge )
+anF(2.3RT) " (E = Eg—o — ;)

where ¢ is a transfer coefficient, z is charge number of
particle, and # is the number of electrons consumed [1]. For
calculation of the cTp, | potential has been taken equal to
v, potential (=), i.e., the reaction center has been
taken to locate at the outer Helmholtz plane with the
potential. The needful w vs. E and surface charge density
o vs. E plots have been calculated using corresponding
impedance data obtained for less concentrated HCIO4
solutions cpcio, < 2 X 103M, where the influence of
hydrogen adsorption on the values of Cq or Q is weak.

Calculated cTps are nearly linear for more concentrated
HCIO, solutions (cycio, > 6 x 107>M) and corrected val-
ues of current density are nearly independent of ccio, at
E —FEs—0—y, <0 . Thus, the cTps analysis method can
be used for Bi(001)[HCIO, interface data (Fig. 8), similarly
to the systems with constant ionic strength [1, 31, 36]. It
was found that the slope of cTp is equal to 0.117 V, giving
the value of o equal to 0.51, in a good agreement with the
data for Bi(%kl)|constant ionic strength electrolyte interface
[1]. If the corrected Tafel plots can be taken as represen-
tative of the kinetic mechanism [29, 31-33, 35-38] 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), i.e., H;O'+
MH,q+e —H,;+H,0+M step, but then the surface cover-
age of Bi(001) with adsorbed H,4 should be very high (and
therefore 6y, — 1), that is impossible in the case of Bi
(001) [1, 38, Hark and Lust 2008, in preparation] based on
the data in Fig. 7c. The electroreduction reaction of H;O"
cations at the Bi(001)[HCIO4+H,O interface is mainly
limited by the very slow charge-transfer step and moderate
rate of electrical double-layer formation process, i.e., by the
adsorption of solvent molecules, hydrated cations and
anions at Bi(001) surface near the zero-charge potential,
based on the data in Figs. 1, 2, 3 and 4.

Conclusions

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 Bi(001)HCIO4+H,O interface. The charge-

Fig. 8 —log j vs. rational 3 4
electrode potential (E — Ey—) —
plots (a) and corrected Tafel a % b
plots (b) for EP Bi(001) in g
HCIO, aqueous solution with z?2
concentrations (M), noted in - 2+ %
figure (= o
< 50
3 9
Xe) S
Tr % —a—0.003
T2 ——0.006
g ——0.01
g
0 L 4 I I
-0.30 -0.10 0.10 0.30 -0.15 -0.05 0.05 0.15
E-Eso!V E-E,o-wo/V
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transfer resistance, R., and adsorption capacitance, Cgq,
depend noticeably on the electrode potential applied. The
double-layer corrected current density values, calculated
from the impedance data at zero-charge potential, are in
good agreement with those obtained using stationary
polarization method. The adsorption resistance R,q value
is maximal in the region of zero-charge potential. The
fractional exponent of the constant phase element CPE
(acpe > 0.94) only very weakly depends on the HCIO,
concentration and electrode potential, and therefore, the
deviation of Bi(001)[HC1O4+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 Cgj, if (acpr > 0.94).
Similar to the stationary polarization measurements, the
electrical double-layer structure, determining the y/; (or
o) potential values, 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 HCIO,4 aqueous with variable pH of
solution.
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