Int. J. Corros. Scale Inhib., 2024, 13, no. 2, 683—-707 683

Investigation of nickel electrochemical impedance spectra
under conditions of anodic polarization in hydroxide solutions
with chloride ion additives

V.E. Kasatkin,@* L.P. Kornienko, A.l. Shcherbakov, 1.V. Kasatkina,
1.G. Korosteleva®™ and V.N. Dorofeeva

A.N. Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy
of Sciences, Leninsky pr. 31, 119071 Moscow, Russian Federation
*E-mail: danabl3@yandex.ru

Abstract

Nickel in a slightly alkaline medium with chloride additives was chosen as a model system for
studying a metal prone to passivation and the formation of point defects during anodic
polarization. For this system, electrochemical impedance spectra were obtained at different
ratios of concentrations of sodium hydroxide and chloride under conditions of anodic
polarization. We intended to use them to assess the thickness and uniformity of the passive layer
on the metal surface. The existence of two time constants, manifested in the high frequency and
low-frequency regions, was found on the impedance spectra. To process the EIS results,
Mansfeld’s equivalent circuit was chosen which corresponds to the physical model of a metal
with an oxide layer on the surface. It is shown that at high frequencies, the charge transfer at the
interface between the solution and the oxide layer is performed by anions. The low-frequency
part of the impedance spectrum is due to the Faraday process of solid-phase oxidation of nickel
at the oxide and metal interface. As in the previously studied chloride free system, the same
patterns are observed: a power-law dependence of the resistance to ion charge transfer across
the oxide layer/solution boundary on the concentration of anions has been established, which
can be described in terms of the Freundlich isotherm. Moreover, this charge transfer resistance
is practically independent of the potential. The capacitance of the double layer at the same
boundary is directly proportional to the square root of the total concentration of alkali and
chloride, which indicates compliance with the classical Gui—Chapman model. With an increase
in the anodic potential and the concentration of anions, there is a tendency to decrease the
resistance and increase the capacitance factor of the Faraday reaction. According to the
resistance values related to the high-frequency part of the impedance spectrum and the overall
capacitance of the double electric layer, it is not possible to track the change in the thickness of
the oxide layer formed on the surface during anodic polarization.
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Introduction

Nickel is used in industry as a structural material for the manufacture of chemical [1, 2] and
special equipment [3], as a catalyst for many chemical processes [4—7, 29], as a material for
anticorrosive coatings [8—11] and as an electrode material in the manufacture of batteries
[12, 13, 34]. Its electrochemical behavior has been well studied [7, 14-18, 31, 32]. It, like
stainless steels, is prone to passivation due to the formation of oxidation products films on
the surface that are resistant to a corrosive environment and prevents further corrosion
destruction of the metal. The composition, structure and thickness of the surface films on the
metal determine the degree of passivation and conditions in which there are violations of
their continuity caused by the appearance of pitting corrosion. One of the strongest factors
causing pitting is the presence of chloride ions in the solution [19-21, 33].

Pure metallic nickel, unlike multicomponent stainless steels (which can also include it
in their composition), is a convenient object for modeling. It is a single-component metal,
the properties of which have been well studied [7, 29]. Therefore, this metal was chosen as
a model object for studying the effect of the thickness of the oxide—hydroxide passive film
formed on the nickel surface during anodic polarization in an alkaline medium on the
patterns of pitting formation in the presence of chlorides in solution.

To control the thickness of the passive films formed, it was assumed to use the method
of electrochemical impedance spectroscopy (EIS). This method has found wide application
in modern research, since it allows obtaining information about the state of the surface of
the metal under study in a corrosive environment, including under the influence of external
polarization [11].After processing the EIS results in terms of an equivalent circuit, it was
assumed that the values of the nominal values of the capacitive and resistive circuit elements
would estimate the change in thickness (and integrity) of surface oxide—hydroxide films on
metal, depending on the conditions of their formation [22]. In other words, we assumed that
the capacitance of the element which is related to a high-frequency process in the equivalent
circuit should be inversely proportional to the thickness of the formed resistive surface film,
and the resistance of this element increases with increasing thickness.

Although high-frequency arcs, which were observed in the Nyquist diagrams
traditionally, associated with the appearance of poorly conductive layers on the metal
surface, it turned out that their shape practically does not depend on the potential and
duration of polarization in solutions of the same composition [23]. These experimental
results contradicted our expectations, since an increase in the polarization potential and time
cannot but affect the thickness of the surface film and its continuity [24]. Obviously, the
thickness of the oxide—hydroxide film on nickel should increase over time with anodic
polarization in an alkaline medium. In addition, pitting corrosion occurs in chloride-
containing solutions at high anodic potentials, which violates the uniformity of the surface
film [25]. At the same time, no significant changes in the shape of high-frequency arcs are
noticeable on the impedance spectra obtained in solutions of the same composition, even at
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high anode potentials, when the low-frequency hodograph arcs take the form of a pseudo-
inductive loop [11, 23]. The latter indicates the appearance of local pitting corrosion lesions.

Thus, the nature of the high-frequency section of the electrochemical impedance
spectrum of nickel samples turned out to be insensitive to changes in the thickness of the
oxide—hydroxide film formed on the surface during their polarization in an alkaline medium.
At the same time, the change in concentration had a significant effect on the elements of the
impedance spectrum. For experiments in NaOH solutions, the dependence of the resistance
and capacitance of high-frequency elements of the equivalent circuit on the alkali
concentration of has been established [26]. This publication continues the study of the nature
of the electrochemical impedance spectra on nickel in slightly alkaline NaOH media with
different chloride contents.

Experimental Technique

Chemical grade reagents were used to prepare NaOH solutions with NaCl additives. As in
our previous studies [23, 26], the experiments were carried out at 30°C in a three-electrode
cell with natural aeration of the solution. A high purity nickel cylinder with 3.62 cm?
working surface served as a working electrode. Before each individual measurement, it was
ground on M40 abrasive paper and fixed coaxially in a current supply isolated from the
electrolyte. We used a saturated silver chloride reference electrode. All potentials are given
relative to this electrode. The auxiliary electrode was made of platinum. Special measures
were taken to prevent the penetration of CI~ ions from the electrolytic bridge and to
accurately fix its position relative to the sample surface.

EIS measurements were carried out using an IPC-Pro MF potentiostat with an
impedance unit FRA-2 (Russia) in the frequency range from 5 kHz to 0.15 Hz with harmonic
signal amplitude of 10 mV. The experiments were carried out in a potentiostatic mode,
starting with the “open circuit” potential, and then the potential was shifted anodically in
increments of 100 mV to achieve potentials causing a sharp increase in the anode current,
which indicates a violation of the passive state of nickel. At each potential value, the
impedance spectrum was taken.

Based on the obtained EIS data, the optimal equivalent circuit was selected. Using
specially developed software Dummy Circuits Solver, the values of the equivalent circuit
elements were calculated. Nyquist and Bode diagrams were built using ZMonitor software.!

Results and Discussion

Nyquist diagrams for nickel in an alkaline medium in the presence of chlorides have a
characteristic shape in the form of two semicircles. The same form of the diagrams was
obtained earlier [23] in electrolytes without chloride additives. We studied NaOH solutions
at the concentrations of 0.001 M, 0.01 M and 0.1 M with and without chloride ions addition

The Dummy Circuits Solver and ZMonitor programs were developed by V.E. Kasatkin specifically for
working with the IPC-FRA electrochemical complex.
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(0.0005 M, 0.001 M and 0.003 M). For example, Figure 1 shows sample impedance spectra
at different ratios of alkali and chloride concentrations obtained at the same potential
E=+170 mV corresponding to the passive state of nickel.

High-frequency arcs of small radius are clearly distinguishable in a solution with the
lowest alkali concentration 0.001 M NaOH (Figure 1.1). With an increasing in the sodium
hydroxide content by an order of magnitude (0.01 M NaOH), the ratio of radii of low- and
high-frequency semicircles on the impedance hodograph changes (Figure 1.2). When the
alkali concentration increases by another order of magnitude to 0.1 M NaOH, these high-
frequency arcs practically disappear due to the small scale of the initial section (Figure 1.3).

The logarithmic scale of the axes in small diagrams for the high-frequency sections of
the spectra (Figure 1.1-1.3) makes it possible to better represent the results. Of course, when
using a logarithmic scale, the hodograph arc will not have the shape of regular semicircles
typical for parallel connection of RC circuit elements. However, these graphs allow us to
demonstrate the similarity of the shape of high-frequency sections of hodographs when the
concentration of ions in solution changes by several orders of magnitude, which strongly
affects the conductivity of solutions. It is obvious that in a solution with the same
concentration of alkali, high-frequency arcs have approximately the same radius, regardless
of the concentration of chloride. At the same time, the displacement of the hodographs along
the Zg. axis towards lower resistances is clearly noticeable, since the total concentration of
ions in the solution increases with the addition of chloride, causing an increase in the
conductivity of the electrolyte. This effect is most pronounced at the lowest concentration of
alkali, since this solution has the lowest conductivity and even a small addition of chloride
significantly increases it (Figure 1.1). Obviously, with an increase in the alkali concentration
(and with an increase in the conductivity of the solution), the effect of chloride additives on
the overall conductivity will be less and less significant (Figures 1-2 and 1.3). The similarity
of the nature of the high-frequency regions in the EIS spectra in experiments with different
chloride contents at constant NaOH concentrations is also clearly seen in the Bode phase
diagrams (Figure 1.1-1.3).

It should be noted that arcs in the high-frequency part of the impedance spectrum are
most noticeable in solutions with a low alkali concentration. With the growth of its content,
they are greatly smoothed out. Probably due to the high concentration of alkali (1 M NaOH),
the authors [11] did not observe high-frequency arcs on Nyquist diagrams.

The change in the potential (and duration of polarization from the beginning of EIS
experiment) has little effect on the shape and radius of the high-frequency arc in the solution
of unchanged composition, unlike the shape and the radii of low-frequency semicircles. With
an increase in the anodic potential and with an increase in the electrolyte concentration, the
radii of the low-frequency arcs of the impedance spectra decrease, and at the highest potentials
they take the form of a pseudo-inductive loop. The decrease in the radii of low-frequency arcs
is due to the intensification of the Faraday Nickel oxidation process with an increase in anodic
polarization. The appearance of a pseudo-inductive loop indicates a violation of the uniformity
of the passive film on nickel and the formation of pitting lesions [26, 27].
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Figure 1.1. Nyquist plot (A) and Bode diagram (B) for Nickel at the polarization E=+170 mV
in 0.001 M NaOH solutions with chloride additives: a— 0 M, b —0.0005 M, ¢ —0.001 M, d —

0.003 M.
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Figure 1.2. Nyquist plot (A) and Bode diagram (B) for Nickel at the polarization E=+170 mV
in 0.01 M NaOH solutions with chloride additives: a— 0 M, b — 0.0005 M, ¢ —0.001 M, d —

0.003 M.
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Figure 1.3. Nyquist plot (A) and Bode diagram (B) for Nickel at the polarization E=+170 mV
in 0.1 M NaOH solutions with chloride additives: a—0 M, b —0.0005 M, ¢ — 0.001 M, d —

0.003 M.
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These patterns are clearly visible from Figures 2.1-2.3, selected as an illustration for
three systems in which NaOH content varies by two orders of magnitude (from 0.01 M to
0.1 M) at the same concentration of ClI- ions (0.001 M).
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Figure 2.1. Nyquist plot for nickel in the solution of 0.001 M NaOH+0.001 M CI" at the
polarization: a— E=-270 mV, b - E=-170mV, c-E=-70 mV,d - E=+70 mV, e —
E=+170 mV, f—-E=+270 mV, g — E=-370 mV, h—E=-470 mV, i — E=-570 mV.
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Figure 2.2. Nyquist plot for nickel in the solution of 0.01 M NaOH+0.001 M CI~ at the
polarization: a— E=-380 mV, b - E=-280 mV, ¢ —E=-180 mV, d - E=-80 mV, e —
E=+70 mV, f-E=+170 mV, g-E=+270 mV, h—E=-370 mV, i —E=-470 mV, j —
E=-570 mV.
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Figure 2.3. Nyquist plot for nickel in the solution of 0.1M NaOH + 0.001M CI~ at the
polarization: a— E=-360 mV, b - E=—260 mV, c — E=-160 mV, d - E=-60 mV, e —
E=+70 mV, f—-E=+170 mV, g—- E=+270 mV, h—E=-370 mV, i - E=—470 mV.

To establish quantitative patterns, the impedance spectra are processed in terms of
electing an equivalent circuit adequate to experimental results. All the hodographs obtained
in our EIS experiments are formed by a pair of semicircles (i.e. they have two time
constants). Therefore, an equivalent circuit must contain two pairs of RC elements connected
in parallel. The equivalent circuit proposed by F. Mansfeld [27] is well suited for processing
impedance spectra on metals with a passive film on the surface (Figure 3).

1
L

Y CPEZ
1

R2

Figure 3. The equivalent circuit for modeling the EIS results.

In this circuit, the resistor RO corresponds to the resistance of the electrolyte between
the tip of the Luggin capillary and the outer surface of the sample. Element C1 corresponds
to the capacitance of the double layer formed at the outer boundary of the oxide—hydroxide
coating on the metal surface. Resistance R1 simulates the process of charge transfer by ions
through the passive oxide—hydroxide layer. The parallel-connected resistor R2 and the
constant phase element CPE2 characterize, respectively, the resistance and capacitance of
the Faraday process on the surface of metallic nickel. It is obvious that an increase in anode
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polarization is accompanied by an increase in the nickel oxidation process, causing an
increase in current and, accordingly, a decrease in resistance R2. We used a constant phase
element CPE2 instead of the traditional capacitance to better account for the flattening of the
low-frequency arc shape. It modulus Qo allows you to evaluate the capacitive properties of
an element if the phase factor n is close to 1. At the same time, the value of n depends on the
diffusion properties of the interface and the uniformity of the sample surface [27].

Zepe =Qp M (jo) ™, (1)

where o is the cyclic frequency.

Such equivalent circuit is traditionally used to describe a system where experimental
hodographs are formed by two semicircles. However, pseudo-inductive loops arise in the
Impedance spectra at the highest potentials, requiring the inclusion of additional elements in
the circuit [11, 26 and 27]. In order not to complicate the analysis of the results, in this work
we limited ourselves to modeling only the potential and frequency regions where the purely
capacitive behavior of the electrode takes place. Since pseudo-inductive effects at high
potentials are manifested in the region of the lowest frequencies when processing spectra,
we have limited the lower frequency boundary when processing spectra so that the fitting
error does not exceed 2% (i.e. excluding the pseudo-inductive loop zone). The low frequency
boundaries used for calculations, as well as the fitting values of the equivalent circuit
elements are presented in Tables 1-3.2

Table 1. Calculated values of the equivalent circuit elements for 0.001 M NaOH solutions.

E, \ RO RL Ry CL  CPE2Qo  CPE? fre'aﬁg‘;lcy
mV  pA/em? kQ-cm?  kQ-cm?  kQ-cm pF/em pF-cm=-s" n limit, Hz
0.001 M NaOH
370 030 13579  3.494 12427  0.0735 9.42 0.756 0.15
270 038 14149 3289 17311  0.0817 9.15 0.766 0.15
170 100 13680 3.183 16117  0.0826 8.42 0.774 0.15
70 124 14563 3498 14014  0.0900 8.48 0.783 0.15
30 116 14659 3514 14836  0.0816 8.73 0.776 0.15
70 065 15314 3293  200.35  0.0702 8.96 0.782 0.15
170 104 15505 3296 14430  0.0750 10.04 0.758 0.15
270 123 15459 3912  106.74  0.0796 10.81 0.768 0.15
370 120 15783 3419  79.83  0.0668 12.38 0.746 0.15
470 157 15776  3.605 3157  0.0716 13.56 0.780 0.15

2 The results for the impedance spectra clipped at the lower frequency limit are shown in the tables in italics.
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E, I, , RO, , R1, , R2, , C1, , CPEZ_ZQo,_1 CPE2 frelc;ﬁ\é\;]cy
mV nA/cm?  kQ-cm?  kQ-cm kQ-cm pF/cm pF-cm—=-s" n limit, Hz
0.001 M NaOH+0.0005 M CI-
—450 0.01 6.525 1.580  598.93 0.1765 11.31 0.762 0.15
—350 0.03 6.671 1.986 379.50 0.2234 9.28 0.838 0.15
—250 0.32 6.804 1.826 275.64 0.2492 8.74 0.854 0.15
—150 0.65 6.670 1.860 182.94 0.1990 8.93 0.846 0.15
-50 0.92 6.702 1.793 142.76 0.2008 9.26 0.833 0.15
70 1.27 6.734 1.724 131.35 0.1901 9.89 0.819 0.15
170 0.90 6.703 1.700 130.38 0.1792 10.60 0.810 0.15
270 1.17 6.702 1.659 112.68 0.1682 11.76 0.795 0.15
370 1.34 6.771 1.539 82.95 0.1726 13.46 0.777 0.15
470 1.44 6.777 1.559 59.37 0.1744 15.06 0.775 0.15
570 2.09 6.753 1.573 36.56 0.1827 15.89 0.790 0.15
0.001 M NaOH+0.001 M CI-
—270 —0.09 5.758 1.529 626.32 0.2518 9.19 0.841 0.15
-170 0.32 5.803 1.694 276.88 0.2479 8.36 0.864 0.15
-70 0.54 5.717 1.710 187.45 0.2444 8.45 0.853 0.15
40 1.15 5.704 1.627 126.17 0.2172 9.23 0.831 0.15
70 0.71 5.748 1.626 157.46 0.2068 9.19 0.848 0.15
170 0.99 5.796 1.664 136.34 0.2365 9.96 0.833 0.15
270 0.94 5.737 1.533 111.32 0.2375 10.86 0.831 0.15
370 1.30 5.786 1.442 73.43 0.2338 12.41 0.820 0.15
470 1.73 5.718 1.481 49.48 0.2370 13.81 0.821 0.15
570 6.74 5.641 1.245 21.97 0.1911 18.54 0.757 0.15
0.001 M NaOH+0.003 M CI-
-320 —-0.48 3.709 0.914 92.34 0.2823 11.60 0.815 0.15
—-220 0.20 3.774 1.126 130.78 0.3702 10.88 0.868 0.15
-120 154 3.784 1.077 87.11 0.2987 10.24 0.840 0.15
-20 1.46 3.787 1.098 103.16 0.3102 9.97 0.855 0.15
70 151 3.786 1.083 104.21 0.2998 10.49 0.849 0.15
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E, I, , RO, , R1, , R2, , C1, , CPEZ_ZQo,_1 CPE2 frelc]ﬁ\é\:]cy

mV  pA/em? kQ-cm?  kQ-cm?  kQ-cm pF/em pF-cm=-s" n limit, Hz
170 1.39 3.799 1.037 101.20 0.2980 11.37 0.840 0.15
270 1.50 3.798 1.040 88.45 0.2943 12.63 0.834 0.15
370 1.80 3.817 1.005 58.55 0.2985 14.88 0.817 0.15
470 8.65 3.801 0.945 15.97 0.2973 17.01 0.827 0.36

Table 2. Calculated values of the equivalent circuit elements for 0.01 M NaOH solutions.
E. mv I, , RO, , R1, , R2, , C1, . CPE%ZQO,_1 CPE2 frelc_|8\e,\:1cy
pA/em?  kQ-cm?  kQ-cm? kQ-cm pF/cm pF-cm<-s" n limit, Hz
0.01 M NaOH
—-300 -0.16 1.091 0.497 143.71 1.3095 11.45 0.903 0.15
—280 0.14 1.103 0.458 157.56 1.1121 12.15 0.891 0.15
—180 -0.27 1.117 0.489 171.30 1.1197 11.03 0.903 0.15
-80 0.11 1.129 0.465 107.14 1.0990 11.18 0.898 0.15
40 0.62 1.131 0.430 98.83 0.9870 12.15 0.887 0.15
70 0.00 1.146 0.457 102.72 1.0119 11.74 0.899 0.15
170 0.39 1.151 0.436 68.98 0.9814 12.78 0.895 0.15
270 0.82 1.151 0.436 68.98 0.9814 12.78 0.895 0.15
370 1.82 1.158 0.420 23.18 1.0187 14.92 0.929 0.15
470 1.67 1.168 0.410 16.69 1.0822 14.19 0.956 0.15
570 8.70 1.208 0.353 9.10 1.6693 15.08 0.953 0.15
0.01 M NaOH+0.0005 M CI-

—-320 -0.39 0.940 0.247 193.75 0.9621 13.25 0.824 0.15
—220 0.27 0.947 0.387 7597  1.0416 11.36 0.879 0.15
-120 0.67 0.943 0.375 124.17  0.9715 10.87 0.891 0.15
-20 0.99 0.949 0.352 98.21  0.9770 11.56 0.874 0.15
70 1.16 0.948 0.327 86.95  0.9819 12.49 0.863 0.15
170 1.29 0.940 0.312 75.45  0.9265 13.80 0.860 0.15
270 1.46 0.947 0.309 53.52  0.9746 15.99 0.855 0.15
370 1.62 0.961 0.357 31.88  1.2334 17.58 0.883 0.15
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E. mv I, , RO, , R1, , R2, , C1, , CPE%on,_1 CPE2 frelc;ﬁ\é\;]cy
pA/em?  kQ-cm?  kQ-cm?  kQ-cm pF/cm pF-cm2-s" limit, Hz
470 2.30 0.953 0.351 21.09 1.1491 17.77 0.907 0.15
570 6.95 0.963 0.308 10.11  1.4523 18.28 0.914 0.15
0.01 M NaOH+0.001 M CI-
—380 —-0.55 0.856 0.311 83.18  0.9942 14.52 0.825 0.15
—280 0.01 0.861 0.322 108.25 0.9976 12.85 0.876 0.15
—180 1.94 0.863 0.323 86.52  1.0025 12.14 0.851 0.15
-80 1.49 0.866 0.309 95.06  1.0247 11.99 0.857 0.15
70 2.00 0.861 0.281 90.35  0.9658 13.33 0.847 0.15
170 1.08 0.864 0.297 9423  0.9943 14.07 0.860 0.15
270 1.14 0.864 0.307 67.70  1.0464 16.52 0.852 0.15
370 1.58 0.866 0.286 4332  1.1374 19.45 0.858 0.15
470 1.80 0.868 0.281 2856  1.1908 21.00 0.865 0.15
570 4.25 0.865 0.268 12.84  1.1956 23.42 0.859 0.15
0.01 M NaOH+0.003 M CI-
-320 -0.74 0.807 0.333 269.25  1.0691 11.36 0.866 0.15
—-220 -0.05 0.817 0.392 95.87  1.1550 10.92 0.875 0.15
—-120 0.75 0.808 0.312 96.67  1.0651 11.03 0.872 0.15
—-20 0.93 0.811 0.306 97.49  1.0712 11.53 0.858 0.15
70 1.00 0.815 0.254 100.45 1.2444 11.79 0.858 0.15
170 1.16 0.814 0.297 8236  1.1120 13.21 0.856 0.15
270 1.21 0.814 0.300 62.10 1.1447 14.87 0.857 0.15
370 1.39 0.815 0.279 39.34  1.1835 17.04 0.861 0.15
470 2.36 0.816 0.268 26.29  1.1988 18.04 0.875 0.15
570 4.53 0.815 0.254 11.93 1.2444 19.36 0.880 0.15
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Table 3. Calculated values of the equivalent circuit elements for 0.1 M NaOH solutions.

emy L RO RL R CL  CPE2Qu  CPE2 frelagz\;]cy
pA/em?  kQ-cm?  kQ-cm?  kQ-cm?  pF/cm pnF-cm=2-g" limit, Hz
0.1 M NaOH

-340 -1.34 0.104 0.205 52.33 5.0485 10.49 0.908 0.15
-240 0.38 0.103 0.113 47.90 4.3557 11.03 0.883 0.15
—-140 1.80 0.102 0.102 46.28 4,1899 12.76 0.833 0.15
-40 1.26 0.102 0.099 36.66 41782 11.98 0.872 0.37
70 1.42 0.103 0.102 31.39 4.4087 12.59 0.877 0.37
170 1.35 0.103 0.092 26.13 4.5079 13.64 0.883 0.20
270 2.69 0.103 0.089 16.12 4.7546 13.59 0.924 0.15
370 4.01 0.103 0.080 10.24 5.1466 15.07 0.930 0.70
470 7.84 0.103 0.072 6.12 5.4181 15.06 0.949 0.98
570 43.79 0.102 0.043 0.47 5.2948 267.46 0.820 2.6

0.1 M NaOH+0.0005 M CI-

320 162 008 0258 8200 50517 10.10 0877 0.5
-220 -0.23 0.087 0.126 80.04 4.2635 11.96 0.856 0.15
-120 0.10 0.087 0.108 67.41 41133 13.19 0.830 0.15
-20 0.92 0.087 0.105 49.74 41821 15.26 0.805 0.15
70 0.97 0.087 0.100 32.88 4.3208 14.51 0.851 0.27
170 0.27 0.087 0.102 34.39 47071 14.79 0.875 0.15
270 1.40 0.087 0.101 18.05 5.1729 14.26 0.913 0.15
370 2.85 0.087 0.090 10.75 5.5358 15.96 0.910 0.70
470 454 0.087 0.074 6.94 6.1094 15.87 0.931 0.98
570 33.41 0.088 0.042 0.32 6.9312 330.87 0.789 3.6

0.1 M NaOH+0.001 M CI-

-360 -0.69 0.085 0.123 35.44 4.3031 11.22 0.904 0.15
-260 1.13 0.084 0.113 52.58 4.4795 11.36 0.865 0.15
-160 1.78 0.083 0.101 52.56 4.3658 13.24 0.819 0.15
-60 1.36 0.082 0.096 42.75 43173 12.73 0.858 0.27

0 1.13 0.083 0.113 41.70  4.6383 12.01 0.877 0.51
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E. mv I, , RO, , R1, , R2, , C1, , CPEZ_ZQO,_1 CPE2 fre:gz\:]cy

nA/em?  kQ-cm?  kQ-cm®  kQ-cm?  pF/em pF-cm=-s" limit, Hz
70 1.19 0.083 0.108 3592 4.7934 13.32 0.869 0.27
170 131 0.083 0.093 2741  4.9972 14.02 0.885 0.27
270 1.63 0.083 0.087 18.38  5.3465 14.51 0.914 0.37
370 2.08 0.083 0.080 11.54  5.8045 15.34 0.931 0.51
470 241 0.082 0.069 7.19 6.2298 15.66 0.953 0.70

0.1 M NaOH+0.003 M CI-

—-370 -0.31 0.079 0.125 3527 4.3654 11.87 0.897 0.15
—-270 1.10 0.078 0.103 49.34  4.4057 11.20 0.878 0.15
-170 1.53 0.078 0.120 56.19  4.5799 12.61 0.833 0.15
~70 1.59 0.078 0.116 52.86  4.5806 13.82 0.820 0.15
0 1.35 0.078 0.097 48.84  4.4969 14.52 0.827 0.15
70 1.19 0.078 0.101 50.96  4.8231 15.19 0.849 0.15
170 0.09 0.078 0.094 43.84  5.2626 15.80 0.881 0.15
270 3.48 0.077 0.083 16.39  5.4155 17.65 0.879 0.15
370 3.21 0.078 0.074 11.83  5.9641 17.26 0.917 0.51
470 5.39 0.078 0.070 6.63 6.5907 16.98 0.938 0.70
570 23.68 0.078 0.036 0.36 7.3013 293.83 0.817 3.6

When analyzing the results of the fitting, it should be noted that the resistance of RO
practically does not depend on the change in potential with a constant composition of the
solution. On the contrary, there is a sharp decrease in the resistance RO as the total
concentration of ions in the solution increases, affecting the conductivity of the electrolyte.
Previously, we showed the presence of a linear correlation between the tabular and measured
conductivities of alkali solutions without additives [26]. Currently, such a calculation has
not been carried out for solutions with chloride additives, however, it is obvious that the
specific electrical conductivity of the solution is inversely proportional to the resistance RO
and increases with an increase in the total concentration of ions in the electrolyte. The
strongest effect on RO is exerted by the addition of chloride to the solution with the lowest
concentration of alkali, since its conductivity itself is minimal. Thus, the same addition of
0.03 M CI" to an electrolyte with 0.001 M NaOH reduces the resistance of RO by 75%, and
in more well-conducting solutions of 0.01 M NaOH and 0.1 M NaOH by 29% and 24%,
respectively. In any case, the resistance RO is not related to the state of the nickel surface.
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Figure 4 shows the dependence of the resistance R1, due to charge transfer through the
oxide layer on the nickel surface, on the potential of the electrode at different concentrations
of the solution components. Obviously, this parameter of the model is almost independent
of polarization. Only in the most concentrated solutions (0.1 M NaOH) there is a noticeable
decrease in the resistance of R1 in the potential range above +370 mV, where the formation
of pitting corrosion begins and thermodynamic oxygen release is possible. On the contrary,
it can be seen that the values of R1 form a plateau of values, ranked depending on the total
concentration of ions in the solution. With a minimum alkali content (0.001 M NaOH),
comparable concentrations of chloride additives significantly affect the total ion
concentration (and electrolyte conductivity), which has a noticeable effect on R1. With an
increase in the concentration of alkali by one and two orders of magnitude, the effect of small
chloride additives becomes less significant and less affects the value of R1.

10
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Figure 4. Dependence of the charge transfer resistance through the oxide layer R1 on the
potential for alkaline solutions with different chloride content

If we average the values of R1 in the potential range, where this parameter changes
little (from —300 mV to +300 mV), and build a dependence on the logarithm of the total
concentration of ions in solution (Figure 5), these data are described by an equation of the
exponential type:

Rl=k-C™, )

where Kk is a constant, C is the concentration of ions in solution and m is the exponent.

For this system, the parameters of this equation turned out to be: k=0.0174 and
m=0.714 with a correlation coefficient R2=0.970, indicating adequate compliance with
experimental results.
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Figure 5. Dependence of the charge transfer resistance R1 of the barrier oxide—hydroxide
layer on the total concentration of anions in solution. Large purple dots indicate solutions that
do not contain chlorides.

Previously we studied of a similar system in alkali solutions without additives. It has
been shown [26] that such a dependence of resistance on the alkali concentration corresponds
to a model in which the current at the oxide film—solution interface is due to activated charge
transfer of OH™ anions through the electric double layer C1. For ion penetration from the
state of the adsorption plate into the surface film it must be overcome by the activation
barrier, the height of which will be affected by the electric field strength. Then formally, the
charge transfer current through the barrier can be expressed as:

lo=1,-C,eXp(~A/R-T +n-F-£/R-T), (3)

where C, is the ions concentration in the adsorption plate, A is the activation energy, n is the
charge, R and F are the universal gas constant and the Faraday number, § is the potential
drop in the double layer (more precisely, between the outer plate and the activated complex),
lo is the current at a single concentration and zero value under the exponent (when the electric
field eliminates the activation barrier).

Differentiating equation (3) by potential, we obtain the conductivity of the system o:

c=dL/dE=1,-C,-n-F/R-Texp(-A/R-T+n-F-&/R-T). (4)
Since the resistance R is inversely proportional to the conductivity:
R=(l,-C,-n-F/R-T)'exp(A/R-T—n-F-&/R-T). (5)

It is known that the concentration of ions C, in the adsorption plate is related to the
volume concentration C with the Freundlich isotherm:
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C,=K-C", (6)

where K is a constant, m is an exponent lying in the range from 0.1 to 1.

By combining (5) and (6) equations, it is possible to obtain a dependence of resistance
on the concentration of ions in solution corresponding to the experimentally obtained
Equation 2.

In this study, we used alkaline solutions with chloride additives. Therefore, a good
description of the experimental data by Equation 1, in which C represents the total
concentration of hydroxyl and chloride, indicates that both types of ions participate in the
activated charge transfer. Thus, it is the patterns of activated charge transfer in the EDL field,
and not the ohmic resistance of the surface film, that have a decisive influence on the
resistance of R1. The resistance of the latter, of course, should change during the oxidation
of nickel (during anodic polarization over time), but it is obviously much lower than the
resistance of activated charge transfer and its contribution is minimal.

The dependence of the overall capacitance of the EDS on the surface of oxidized nickel
on the total concentration of ions in the electrolyte and the polarization potential is shown in
Figure 6. The capacitance C1 increases progressively with an increase in the concentration
of components in the solution and depends slightly on the potential of the electrode in the
studied boundaries. Only in the most concentrated alkaline solutions, there is a slight
increase in C1 in the region of high potentials.

#2++0,001M NaOH
«+®2++0,001M NaOH+0,0005M ClI-
¢+ 0,001M NaOH+0,001M CI-
: S 6 <=0+ 0,001M NaOH+0,003M Cl-
/ = = «©=-0,01M NaOH
= <=+ 0,01M NaOH+0,0005M Cl-
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"""" = 0= 0,01M NaOH+0,003M CI-
0’1 PORERE LA o A T TR peeeeOeg, .. s (),1M NaOH
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et 0,1M NaOH+0,001M Cl-
cmtree 0,1M NaOH+0,003M Cl-
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Figure 6. Dependence of the EDL capacitance on the potential for alkaline solutions with
different chloride content.

The dependence of the electrical double layer capacitance C1 on the square root of the
total concentration of ions in solution is based on the averaged values of the capacitance (see
Figure 7).
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Figure 7. Dependence of the EDL capacitance on the root of the total concentration of anions
in solution. Large purple dots indicate solutions that do not contain chlorides.

A linear dependence with a correlation coefficient R>=0.995 is obtained, therefore, this
process obeys the Gui—Chapman theory for specific ion adsorption on the electrode surface.
Although the addition of chloride ions to the solution (blue dots) has practically no effect on
the course of the approximating straight line, which tends more towards the values for alkali
solutions without additives (large purple dots), a certain trend can still be noticed. In the
most concentrated 0.1 M NaOH solution, the addition of chlorides still provides a slight
increase in capacitance compared to the approximating line, which may indicate an increase
in the specific absorption of these ions relative to hydroxyl ions.

Thus, the capacitance of C1 element depends mainly on the concentration of ions in
solution and turned out to be insensitive to changes in the thickness of the oxide—hydroxide
film on the nickel surface formed during anodic polarization while the impedance spectrum
was taken.® In general, the discovered patterns of the predominant dependence of the
elements R1 and C1 on the concentration of ions in solution explain the constancy of the
high-frequency arcs radii in the of the hodographs with a change in polarization.

Low-frequency processes in Mansfeld’s model are represented by elements R2/CPE2
of a parallel circuit responsible for the parameters of the electrochemical processes on metal
Ni under an oxide layer. In this paper, we did not set out to investigate the kinetics of nickel
oxidation during anodic polarization. The works of other authors are devoted to this [28, 29].
It is for elements simulating a low-frequency process that the predominant effect of the
polarization potential is observed compared to the ion concentrations in the electrolyte.
Graphs of the dependences for R2 resistance of the Faraday nickel oxidation process and the
corresponding pseudo-capacitance represented by the CPE2 element are shown in

3Recording each impedance spectrum took 30—40 minutes.
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Figures 8.1-8.3. Their fundamental difference from the behavior of the elements of the
above-described R1/C1 scheme is obvious. It is for these elements that the predominant
effect of the polarization potential is observed in comparison with the concentration of ions

in the electrolyte.
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Figure 8.1. Dependence of the resistance R2 of the Faraday solid-phase oxidation of nickel on
the potential for alkaline solutions with different chloride contents.
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Figure 8.2. Dependence of the capacitance the Faraday oxidation process on Ni electrode,
calculated from the model (Qo module of CPE2 element) on the potential for alkaline solutions

with different chloride contents.
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Figure 8.3. Dependence of the phase factor of CPE2 n on the potential for alkaline solutions
with different chloride contents.

Figure 8.1 shows that the resistance R2 naturally decreases with increasing anode
polarization, since the solid-state oxidation of nickel increases. The logarithmic scale of the
resistance axis of the graph highlights the intensity of this influence. This is especially
pronounced in the most concentrated decimole solution of sodium hydroxide, and chloride
additives further enhance this effect. It is well known that nickel oxidation increases with
increasing alkali concentration, especially in the presence of chlorides. In addition, the latter
reduce the potential of pitting formation [15, 17-23]. In our experiments, we consistently
increased the anode potential by 100 mV, so the exact value of the potential for pitting is
unknown. However, their occurrence at a certain potential can be determined from Tables 1—
3 by increasing the specified low-frequency boundary for processing the results in order to
exclude the pseudo-inductive loop in the impedance spectra. It is obvious that with an
increase in the chloride content, especially in more concentrated alkaline solutions, the
potential above which pseudo-inductive loops begin to appear in the low-frequency region
of the impedance spectra decreases.

The capacitive characteristics of the process of solid-phase nickel oxidation can be
assessed by the modulus Qo of the constant-phase element CPE2.Since the phase coefficient
n ranges from 0.75 to 0.95 (Figure 8.3), this element has a capacitive nature with a diffuse
structure of the capacitor plates and/or heterogeneity of their physical-chemical properties.
As the phase factor n is about 1, the Faraday capacitance in pF-cm2 will be numerically
close to the modulus Qo of the CPE2 element in pF-cm=2-s"2,

Unlike element C1, due to the capacitance of the EDL, which occurs, as with any type
of electrode®, element CPE2 is by nature Faraday’s pseudo-capacitance that occurs only
when an oxidation-reduction process occurs on the surface. The products of these

“1t is observed for both perfectly and imperfectly polarized electrodes.
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electrochemical reactions, adsorbed on the surface, create a certain charge, the value of
which depends on the filling degree and varies depending on the electrode. Therefore,
Faraday’s pseudo-capacitance strongly depends on the electrode potential and the nature of
the reaction [30]. From Figure 8.2 it evident that Faraday’s capacitance increases with
increasing anode polarization and, in general, increases slightly with increasing
concentrations of alkali and chloride. On average, the capacitance values range from
uF-cm2, which is common for many electrochemical systems. Only for highly concentrated
alkali solution without and with chloride additives at the highest anode potentials +470 and
+570 mV abnormally high values were obtained, probably caused by a strong distortion of
the impedance hodograph shape and an increase in the error during the formal use of this
equivalent scheme, even with narrowing of the frequency boundaries.

Conclusions

1. Systematic studies of the frequency spectra of the impedance on nickel in alkaline
solutions in the concentration range from 0.001 M to 0.1M NaOH with chloride ion
content from 0 to 0.003 M have shown that two characteristic semicircles in the Nyquist
diagram are associated with processes implemented at the solution—oxide film interfaces
and the oxide film—metal interface.

2. At high anodic potentials, pseudo-inductive loops may appear on the Nyquist diagram in
the low frequency region due to the appearance of pitting corrosion. However, if we
exclude low-frequency sections of the spectra when these loops appear, all impedance
spectra can be adequately described in terms of Mansfeld’s equivalent circuit.

3. The regularities of the high-frequency section of the impedance spectra are due to the
properties of the R1/C1 elements, which connected in parallel. Both of these elements
practically do not change with increasing electrode potential and depend mainly on the
total ions concentration in the solution.

4. The nature of the concentration dependence for the elements R1 and C1 allows us to
associate these elements with the regularities of the formation of an electric double layer
on the electrode and activated charge transfer by OHand CI~ ions in the field of EDL.

5. The low-frequency section of the impedance spectrum described by the R2/CPE2
elements is due to Faraday’s processes of nickel oxidation, which strongly depend on the
potential and concentration of the electrolyte.

6. For the system under study, it turned out that, based on the values of the surface resistance
R1 and the overall capacitance C1 of EDL, it is impossible to track the change in the
thickness of the oxide layer formed on the surface during anodic polarization. Probably,
the contribution of the ohmic resistance of this layer is small compared to the resistance
of the activated charge transfer in the EDL field, and the contribution of changes in the
thickness and dielectric properties of the layer is insufficient to affect the value of R1 and
Cl.
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