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Abstract

The state of nickel electrode surface in a weakly alkaline medium was investigated by the
Electrochemical Impedance Spectroscopy method (EIS). This system was chosen as a model
where nickel has sufficient stability, which makes it possible to minimize the probability of a
significant change in the electrode properties in the course of a single measurement of the
impedance spectrum and to carry out studies in a wide range of potentials. The impedance spectra
obtained under the conditions of potentiostatic and galvanostatic polarization turned out to be
similar in both modes. An equivalent electrical circuit of the processes occurring in an oxide—
hydroxide film and at its boundaries with a metal and a solution is proposed, which adequately
and with good accuracy describes these processes and allows to evaluate the properties the
electrical circuit elements. The regularities of the experimental conditions influence on the
parameters of the equivalent circuit elements are discussed. At potentials not exceeding
+400...+500 mV, two characteristic semicircles are observed on the Nyquist diagram. In the
region of higher anodic polarization, the shape of the low-frequency semicircle is deformed,
taking the form of a pseudo inductive loop, characteristic for the active dissolution of the electrode
metal. It was found that the high-frequency region of the impedance spectrum is practically
independent of the electrode potential and is associated with the presence of an oxide—hydroxide
layer on the nickel surface. The possibility to distinguish the processes of Faraday oxidation of
nickel at the metal—film interface and the ionic charge transfer at the film—solution interface is
revealed. Capacitive and resistive parameters of the studied processes are calculated.
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Introduction

Nickel is widely used as a structural material in many fields of technology [1] due to its high
passivability and corrosion resistance in an alkaline environment [2], in particular, in the
electrolysis industry, in alkaline batteries, as electrode materials [3-5]. Nickel-based
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catalysts are actively used to intensify catalytic and electrocatalytic processes [6, 7]. As an
alloying element, nickel can, to a significant extent, transfer its unique resistance in alkali
solutions to high-nickel steels and cast iron [8]. The most important characteristics of nickel
are the capacity and conductivity of the surface layers, as well as resistance to general and
pitting corrosion. Resistance to pitting corrosion is largely determined by the properties of
the passivating film. In this regard, it is relevant to study the structure and properties of the
passivating layer, its boundaries with the metal and solution, and the mechanism of chemical
and electrochemical reactions at these boundaries.

The anodic behavior of nickel in an alkaline medium has been investigated by
electrochemical and physicochemical methods [9—19]. Based on a combination of the results
of many works, G. Shtreblov [13, 14] concluded that a passive film on nickel has a two-layer
structure and consists of NiO (inner layer) and Ni(OH), (outer layer). In situ studies results on
nickel pitting model using Raman spectroscopy and EIS [15] fully confirmed this conclusion.
In [16], the formation of films on nickel, their thickness, and the chloride ion distribution were
studied in situ by the radioisotope method and XPS. The ellipsometric measurements [16, 17]
were carried out in combination with repeated cycling on polycrystalline nickel in 0.1 N KOH.
It is shown in [16] that in the potential range of +0.3...+1.35 V, the phase composition does
not change and corresponds to the Ni(OH), stoichiometric formula. When exposed in an open
circuit state (at E=+0.7...+0.9 V) for 10—30 hours, apparently, an electrochemically inactive
subsurface oxide NiO, is formed. According to the data of [17], a poorly conducting oxide is
formed on the reduced nickel surface, and at higher potentials, a highly conducting one. At
the potentials above +1V, nickel oxide has the composition NiOxH,0. During anodic
polarization in a 1 M NaOH solution, it was established [18] that a compact oxide film -
Ni(OH); is formed, which, after turning off the current, is slowly reduced to metallic nickel.
In [19] the anodic passive films on nickel in 0.1 M NaOH have been studied by the methods
of reflection and ellipsometry. With an increase in the potential, the thickness of the film
increased from 1.1 nm to 2 nm, and partial dehydration of the film and a change in its
composition and structure took place. Thus, despite the huge number of works, there is no
consensus regarding the processes of formation of oxide films on nickel, their structure and
properties.

In this work, the behavior of nickel in a weakly alkaline medium is studied by the
Electrochemical Impedance Spectroscopy (EIS) method. This method is more and more
widely used to study corrosion processes [20—22]. It allows studying the structure of layers
at the electrode—electrolyte interface for complex systems, as well as the mechanisms of
reactions. This system was chosen as a model, since nickel is sufficiently stable in a weakly
alkaline medium, which makes it possible to minimize the likelihood of a significant change
in the properties of the electrode during a single measurement of the impedance spectrum.
In addition, in an alkaline medium, almost all of the current during the anodic polarization
of nickel is spent on the formation and thickening of the oxide—hydroxide layer. This makes
it possible to exclude from consideration the reaction of the transition of nickel into solution.
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Methods

The object of study was a cylinder-shaped high-purity nickel sample with a geometric
surface area of 3.62 mm?2. Before the experiment, the sample was polished using M40
abrasive paper, degreased and fixed coaxially in a current lead holder isolated from the
electrolyte. A solution of 0.001 M NaOH was prepared from “puriss.” grade reagents and
thermostated at 30°C. The impedance measurements were carried out in a three-electrode
electrochemical cell with natural aeration of the solution. Platinum served as an auxiliary
electrode. The reference saturated silver chloride electrode contacts with the system through
a bridge connection, excluding the penetration of Cl- ions into the working space of the cell.
The following potentials are given relative to this electrode. IPC-Pro MF potentiostat with
FRA-2 module was used for EIS studies. It provided the formation of constant and
alternating current components of the polarization signal with the specified parameters and
registration of the system response. The frequency dependences of the impedance were
investigated in two modes:

« In the case of potentiostatic polarization, the base potential level was set, starting from
the value of the open circuit potential of —320 mV, then the electrode surface was
subjected to cathodic reduction at —640 mV and —420 mV, and then the potential was
stepwise increased to +600 mV, providing an anodic process of the oxide—hydroxide layer
formation. During the polarization the frequency spectrum of the impedance was recorded
at each potential level. The frequency range from 20 kHz to 0.1 Hz with the modulating
sinusoidal signal of 10 mV was employed.

* In the case of galvanostatic polarization, some fixed levels of current densities were set
sequentially on the sample: 0 pA/cm? (“open circuit” mode), then in the cathodic
direction:; “~17, “-2”, “~5” and “~7” pA/cm?, and at last anodic currents: “+17, “+2”,
“+5” and “+7” pA/cm? We used the 100 pA current band at the IPC potentiostat in
galvanostatic mode,* and in this case, the amplitude of the sinusoidal signal was
~0.1 pA/cm?. The impedance spectrums were recorded in the frequency range from 5 kHz
to 0.15 Hz. The recording time for each frequency spectrum in this frequency range was
about four minutes. At each current density level, two spectrums were obtained.

The EIS data obtained for each given potential or current density were processed by a
specially developed DCS program?, which allows choosing the optimal structure of an
equivalent circuit that adequately describes the experimental data, as well as calculating the
values of its elements [23].

1 In galvanostatic mode, the current range cannot be changed during polarization, in contrast to the potentiostatic mode where the
current ranges can be switched at will, providing the best current sensitivity and frequency band of the complex.

2 Dummy Circuits Solver © 2020 developed by V.E. Kasatkin.
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Results and Discussion

Figure 1 compares the polarization curves obtained during EIS measurements of nickel
samples in the alkaline medium. These curves represent the DC components of the signals
obtained in EIS studies. Since the levels of DC signals varied somewhat depending on the
current frequency and with time, two curves are presented for the conditions of potentiostatic
polarization:

— the first curve for the initial moment of spectrum registration (at a frequency of
20 kHz);

— the second curve, as averaging of DC current densities for all points of the spectrum
(4 minutes at a given potential).

The character of the curves with a small current peak in the anodic region practically
coincides with the anodic polarization curve for nickel at pH 11 given in work [24].

Curve (3) corresponds to the galvanostatic conditions and the potentials correspond to
the averaged DC levels during the recording of the impedance spectrum. The arrow shows
the order of polarization application. The first point corresponds to the conditions of free
corrosion (open circuit), then the electrode was cathodically polarized at 7 pA/cm?, after
which it was switched to anodic polarization.
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Figure 1. Potentiostatic (1, 2) and galvanostatic (3) polarization curves of nickel in
0.001 N NaOH. (4) — galvanostatic polarization after grinding of the electrode.

From Figure 1 it is evident, that the average current densities in potentiostatic mode in
an alkaline medium, as a rule are somewhat lower than the initial currents. This is especially
noticeable in the anodic region and is probably due to increased surface passivation during
exposure at a given potential. But in general, the difference between the initial and average
values of currents is not great in the potentiostatic mode. This allows us to assume that no
significant changes in the structure of the electrode layers occur during the recording of the
impedance spectrum.
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With the galvanostatic mode, higher current densities were provided both in the
cathodic region (reducing conditions, although the potential for hydrogen evolution was not
reached) and in the anodic one. However, the potentials at the beginning of the anodic region
as a whole turned out to be comparable with the potentials at the similar of current densities
under potentiostatic conditions without a characteristic peak on the anodic branch of the
curve. At the anodic polarization above 5 pA/cm?, the electrode potential is 100 or more mV
higher than the levels at the same current densities at the potentiostatic mode. The latter is
due to the fact that, at the galvanostatic mode of polarization, the growth of the oxide—
hydroxide layer occurs in proportion to the applied current, and this causes an ohmic
potential drop in the layer. If the film is removed mechanically by grinding on a sanding
paper, then in the galvanostatic mode this leads to the expected decrease in polarization (at
+7 nA/cm? by 732 mV) due to the destruction of the oxide and, accordingly, a decrease in
the ohmic drop in the film (point 4).

The impedance spectra in potentiostatic experiments are shown in Figure 2 in Nyquist
coordinates.
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Figure 2. Nyquist plots in the frequency range 20 kHz—0.1 Hz. Ni in 0.001 M NaOH.
Potentiostatic mode: (1) —E=—420 mV; I =—2.0 pA/cm?; (2) —-E=—100 mV; 1 =+0.9 pA/cm?;
(3) —~E=+200 mV; I =+1.3 pA/cm?; (4) ~E =+360 mV; | =+1.8 pA/cm?; (5) —E =+600 mV;

| =+2.2 uA/cm?. The dots mark the experimental data, the lines represent the results for the
simulating equivalent circuit.

It can be seen that for all experiments in the potentiostatic mode that the shapes of the
hodographs are similar, i.e., a small semicircle is observed in the high-frequency region from
20 kHz to 100 Hz and a well distinguishable larger radius arc of semicircles appears in the
low-frequency region.
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Figure 3a. Nyquist plots in the frequency range 5 kHz—0.15 Hz. Ni in 0.001 M NaOH.
Galvanostatic mode. Cathodic polarity: (1) —E =—290 mV; I =0 pA/cm? (“Open circuit”); (2)
—E=-393mV; I=—1 pA/cm?; (3) —E=-431 mV; | =—2 pA/cm?; (4) -E=-493 mV; | =—

5 nA/cm?; (5) ~-E=-513 mV; I =—7 pA/cm?. The dots mark the experimental data, the lines
represent the results for the simulating equivalent circuit.
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Figure 3b. Nyquist plots in the in the frequency range 5 kHz—0.15 Hz. Ni in 0.001 M NaOH.
Galvanostatic mode. Anodic polarity: (1) ~E=+22 mV; | =+1 pA/cm?; (2) —E=+337 mV;

1=+2 uA/cmz; (3)-E=+712mV; 1=+5 p,LA/cmz; (4)-E=+762mV,; | =+7 I,LA/CI’IIZ. The dots
mark the experimental data, the lines represent the results for the simulating equivalent circuit.
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Figure 3c. Nyquist plots in the in the frequency range 5 kHz—0.15 Hz. Ni in 0.001 M NaOH.
Galvanostatic mode. Anodic polarity: (1) ~E=+762 mV; 1 =+7 pA/cm?; (2) -E =+420 mV;
| =+7 pA/cm? after grinding of the surface. The dots mark the experimental data. The solid
lines show the results of simulation for the equivalent circuit in the range of 5 kHz—-1.4 Hz.
The dotted line shows the results of simulation for the full frequency range.

Figures 3a, 3b and 3c represents similar frequency dependences of the impedance
obtained in the galvanostatic mode. It can be seen that, both in the cathodic (Figure 3a) and
in the anodic (Figure 3b, 3c) polarization regions, two semicircular arcs are also formed in
the same frequency ranges as at the potentiostatic polarization. In contrast to the
potentiostatic mode of EIS studies, a larger scatter of experimental points take place at the
galvanostatic polarization, which is associated both with the nature of the films formation in
this mode, and with the impossibility to change the current range at the IPC instrument (see
note 1 above). In addition, when high anodic current densities are reached, the shape of the
low-frequency semicircle becomes more and more distorted as the frequency decreases. This
is clearly seen when the current density reaches +7 pA/cm? and especially on a freshly
polished sample at the same anodic current density. In these experiments, the low-frequency
semicircles were distorted, taking the form of a pseudo-inductive loop, which indicates an
active dissolution of the metal (Figure 3c). A number of researchers believe that a
progressive decrease in the real and imaginary components of the impedance vector with
decreasing frequency (during the exposure time) is caused by discontinuity and a decrease
in the protective properties of surface oxide layers, as a result of which pseudo inductive
loops are formed in the low-frequency region, the appearance of which is explained by
adsorption processes, and also by pitting corrosion [20, 25—28]. In our case, the appearance
of the loop is more pronounced at relatively high current densities. If we bear in mind the
study of the conductivity versus polarization [17], then it is logical to associate the pseudo
inductive loop with an increase in the conductivity of the oxide—hydroxide layer.
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The equivalent circuit of the process and the calculation of the nominal values of its
elements

Thus, for both potentiostatic and galvanostatic polarization, impedance frequency spectra
require the models with at least two time constants. This makes it possible to apply the same
type of equivalent circuits containing two parallel-connected RC groups of elements® for
modeling both polarization modes. At the same time, the use of a constant phase element
(CPE) instead of a capacitor allows to describe better the systems with imperfect capacities
caused by physicochemical and/or structural inhomogeneity of the charges distribution on
their plates.
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=

Figure 4. Equivalent circuit for simulation of EIS results.

In this study, we applied the circuit shown in Figure 4. In this circuit, RO corresponds
to an ohmic potential drop in the electrolyte layer near the sample surface. R1 and R2 are the
resistances of the high-frequency and low-frequency processes, respectively, and CPE1 and
CPE2 are the elements of the constant phase for these processes. Thus, CPE1 element
simulates the capacitive properties of the system at the outer boundary between the
electrolyte and the oxide layers on the base metal (Ni). The CPE2 element corresponds to
the capacity of the process associated directly with the electrochemical reaction occurring at
the electrode surface, resulted from its polarization. The reaction rate is inversely
proportional to the resistance R2. Thus, R1 in this model can take into account the volume
inhomogeneity in the structure of the oxide a layer formed on the nickel surface and actually
determines the ohmic potential drop in the oxide—hydroxide layer. Such an equivalent circuit
structure is often used to simulate processes in systems with the surface layers, with a
conductivity that is noticeably different from that for an electrolyte [20]. The inductive
element L, which is formally present in the model, allows us to take into account the possible
effects of inductive factors (wires, cell shape, instruments etc.) in the experiment, but in all
our measurements it turned out to be negligible and was ignored in further calculations.

The results of modeling the frequency response on nickel electrode in an alkaline
medium with potentiostatic and galvanostatic polarization are presented, respectively, in
Tables 1 and 2. Although formally the modulus of the CPE element has the dimension
Ohm~t-¢"-cm~2, if the phase factor n=1, then it can be expressed in units of capacity F/cm?.
Based on the modeling results, it can be seen that the phase factor for the CPE1 element in

3 These circuits can adequately describe only the frequency range without a pseudo-inductive arc appearance. The latter require
a complication of the equivalent circuit and inclusion of additional elements in it.



Int. J. Corros. Scale Inhib., 2020, 9, no. 4, 1516—-1529 1524

both cases is exactly equal to one, and approaches it for the CPE2 element. Therefore, for
convenience of perception, we considered it possible to use capacity units for these elements,
taking into account the above remarks.

Table 1. Equivalent circuit elements values for potentiostatic measurement mode.

E mV 1, RO, R1, R2, CPE1 CPE1, CPE2 CPE2,
; pA/em?  kQ-ecm?  kQ-cm?  kQ-cm?  Qo, pF/em? n Qo, nF/em? n
-320 0 14.92 3.57 671.53 0.076 1 10.83 0.75
-320 —0.05 16.12 4.22 248.71 0.107 1 9.28 0.86
-320 -2.10 15.90 4.34 217.75 0.102 1 8.71 0.87
—420 —2.00 15.91 3.83 57.98 0.062 1 11.26 0.77
—-100 0.90 15.35 4.40 21551 0.089 1 9.24 0.83

100 2.30 16.12 3.98 133.78 0.076 1 10.14 0.78

200 1.30 16.11 3.99 161.18 0.082 1 10.22 0.78

360 1.80 16,16 3.55 111.79 0.089 1 12.73 0.74

500 2.20 15.93 3.59 61.47 0.085 1 15.70 0.73

600 2.20 16.09 3.82 40.08 0.081 1 16.03 0.78
Table 2. Equivalent circuit elements values for galvanostatic measurement mode.

E mV 1, RO, R1, R2, CPE1 CPE1, CPE2 CPE2,
' pA/em?  kQ-cm?  kQ-cm?  kQ-cm?  Qo, pF/em? n Qo, pF/cm? n
—290 0 14.98 3.41 431.45 0.079 1 11.21 0.75
-393 -1 16.36 3.85 80.44 0.064 1 9.12 0.84
—431 -2 16.85 3.41 50.18 0.067 1 11.18 0.77
—493 -5 17.31 3.91 29.06 0.065 1 12.27 0.78
-513 -7 17.70 3.67 39.26 0.067 1 13.38 0.72

22 1 16.67 4.18 84.42 0.076 1 11.34 0.84
337 2 16.50 3.09 31.96 0.066 1 21.49 0.66
712 5 16.32 3.49 11.70 0.073 1 16.47 0.79
762 7 16.13 3.70 8.86 0.064 1 16.62° 0.85
(oo 1698 360 2508  0.065 1 15.33 0.68

4In Tables 1 and 2, the open circuit potential is highlighted in dark gray. The light gray background refers to the state after
cathodic reduction at —640 mV. The rest cells without background represent the anodic polarization.
® Frequency range from 5 kHz to 1.4 Hz.
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In all cases, the average relative discrepancy between the experimental and calculated
values of the impedance vectors [23], as a rule, was within 1-2% and only in some cases
reached 5% (with a strong scatter of experimental points or with a significant distortion of
the semicircles shape). In some cases, as, for example, for a sample after grinding
(Figure 3b), where the arc is strongly deformed in the region of the lowest frequencies, the
frequency range for modeling was limited to the “problem-free region”, i.e. frequency
interval from 5 kHz to 1.4 Hz.

When comparing the results of Table 1 and Table 2, it can be seen that, in general, the
values calculated for the equivalent circuit elements are very close for each parameter,
regardless of the nature of the polarization mode “potentiostat” or ‘“galvanostat”. This
confirms the correctness of the choice of the amplitude of the exciting harmonic signal that
does not violate the quasilinear response of the system at the selected polarization levels [29].

The electrolyte resistance RO depends little on the polarization conditions and in both
cases shows a tendency to a slight increase with an increase in both cathodic and anodic
polarization. The value of the resistor R1 is also insensitive to the polarization mode
(potentiostat or galvanostat). Its value is proportional to the high-frequency arc diameter on
Nyquist plot and slightly varies at a level ~4 kQ-cm?. From Figure 2 and Figure 3, it is
evident that the initial high-frequency arcs are practically superimposed on each other in all
polarization modes. It turned out that after grinding the surface, no noticeable effect on the
resistor R1. In any case, this resistor R1 simulates some surface state that is not associated
with Faraday’s process, since it does not depend at all on the electrode polarization. It also
cannot be unambiguously associated with the resistance of the oxide—hydroxide film, since
there is no visible dependence on the film thickness associated with the potential and
duration of polarization. It was assumed in the papers [30, 31] that this parameter is
associated with the volume inhomogeneity of the oxide layer on the stainless steel 304. This
conclusion probably explains the absence of a clear dependence of the resistance R1 on
polarization for a two-layer film, when one of the layers remains constant in thickness. With
a single-layer homogeneous film, this resistance is the sum of diffusion-migration ionic and
electron-hole conductivities in the film, as well as charge transfer through the film-solution
surface. In this case, its value is determined by the larger of the two series-connected
resistances. Apparently, this determining resistance is the resistance to charge transfer across
the film-solution interface, which is least associated with polarization.

Resistance R2 turned out to be the most sensitive parameter to the applied polarization
conditions. Its value varies within two orders of magnitude. The highest values refer to current-
free conditions (i.e. when the open circuit potential was maintained or the current was set to
zero at the galvanostatic mode). In this case, R2 turns out to be at the level of hundreds kQ,
and when both cathodic and anodic polarization are applied, it naturally decreases to tens or
even several kQ. This effect is especially pronounced during galvanostatic polarization, where
higher current densities were used, and, therefore, the electrode reaction proceeded further
from equilibrium and the reverse current was less affected. This feature of R2 allows
associating it with the polarization resistance of the electrochemical reaction of nickel
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oxidation (or reduction) at the applied external polarization. Indeed, if the reaction at the
metal-film interface obeys the Tafel’s equation, then:

R2=5E/3l =by/I (1)

where E is the potential, b is the coefficient in the Tafel’s equation. In general, the
dependence of the resistance on the reverse current is close to linear, but the values of “b”
are extremely high (about 1 V). This indicates mixed control of the reaction. Apparently,
there are diffusion restrictions in the film in the supply of anions and removal of cations.

The values of resistances RO, R1 and R2 characterize the potential drop in these areas.
Comparing their values, it should be noted that R2 at low polarizations is an order of
magnitude higher than R1. In other words, the potential ohmic drop for the charge transfer
across the metal—film interface is significantly higher than across the film—solution
interface. But increasing the galvanostatic polarization cancels out this difference.

The capacitive properties of the system are determined by the phase-sensitive elements
CPEL1 and CPEZ2. Since the phase factor for both elements turned out to be close to unity,
they can be considered as capacitors with varying degrees of “nonideality” of the plates. The
CPEL element simulates the capacitance of a capacitor, which plates of are the metal surface
of nickel and a layer of adsorbed ions in the electrolyte on the outer surface of the oxide
layer. The CPE1 module values were at the level of 0.06—0.10 uF/cm?. This is almost two
orders of magnitude lower than the electrical double layer capacitance at the electrodes
without surface films and makes it possible to evaluate in general the properties of the layers
on the metal surface. It is interesting to note that with galvanostatic polarization in the “open
circuit” mode and with cathodic polarity in the potentiostatic mode, the capacitance of these
elements turns out to be somewhat higher, and in the anodic process, no significant
differences are noticeable. Surface grinding has almost no effect on this parameter. It can
also be assumed that, on a freshly grinded surface, the thickness of the air oxide layer and
the layer after anodic polarization are of the same order at the studied process durations.
However, there are differences in the internal structure, which is noticeable when comparing
the values of the CPE2 element. In conclusion, it should be noted that, since the phase factor
of the CPEL1 element is almost exactly equal to unity, this element can be considered a perfect
capacitor. Such element is described well enough within the framework of the model with
two boundaries and, accordingly, with three capacitors connected in series. These are
capacities at the interface between the metal and the oxide-hydroxide film, the interface
between this layer and the solution, as well as the capacitance formed by the hydroxide film
itself with two plates from the two above-mentioned capacitors. The capacitance measured
by the electrochemical impedance method is actually close to the smallest of the three listed.
The first capacitance is large and does not affect the measurement at high frequencies. The
capacitance of the film with two plates should depend on the film thickness and change with
polarization, which is not noted. Consequently, the measured capacitance corresponds to the
film-solution interface and is an almost ideal small capacitor responsible for the high-
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frequency semicircle in the Nyquist diagram. Unfortunately, the capacity of the coated film
IS not determined in in situ experiments of this kind.

The CPE2 element in the discussed model refers to the capacitive process at the
interface between the metal and the inner regions of the oxide layer where the Faraday
process of nickel oxidation or reduction takes place, depending on the direction of the
external current. It belongs to the area where the main potential jump is localized, and
according to the CPE2 modulus level, which mainly are within the range of 10—-20 pF/cm?,
it can be assumed as a capacitor with very close plates. This component causes the
appearance of a large semicircle at the low frequencies. There is a definite dependence on
the polarization conditions, although not entirely unambiguous. In general, it can be seen
that there is some correlation between the increase in current density and the level of the
CPE2 module, especially at the galvanostatic mode of polarization. The phase factor
“CPE2-n” in the potential ranges until the breakdown of the film is achieved and the
equivalent circuit is adequate to the experiment basically falls within the range of 0.7-0.9,
which can be due to some inhomogeneity in the structure of the capacitor. At the higher
anodic potentials the film breakdown was happened, so the discussed model ceases to be
adequate to experiment and the formally calculated values of the phase factor are not correct.

Conclusion

Thus, by EIS method, the formation of a surface layer on nickel surface in a weak alkaline
medium is established, the electrical characteristics of which are practically not affected by
the polarization conditions in the investigated potential range, cathodic and anodic current
densities. An equivalent circuit has been chosen that adequately describes the behavior of
nickel electrode in the frequency range 20 kHz—0.1 Hz. The nominal values of the elements
of this circuit were calculated for various polarization conditions. The resistivity of this
surface layer has been determined, which can be associated with oxide—hydroxide layers
formed on nickel and discussed in the papers. Also, the parameters of the circuit elements
corresponding to the polarization resistance and the capacity of redox reactions at the
electrode were estimated. These studies show that using EIS measurements it is quite well
possible to distinguish two processes that contain a capacitive component: the Faraday
process of nickel oxidation reaction at the metal—oxide interface and the process of ion
charge transfer across the oxide—solution interface. According to the calculated resistance
values, in principle, it is possible to estimate the true value of the potentials in the
electrochemical reaction zone. These studies will require additional refinement experiments
that are planned in the future.
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