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Abstract 
The purpose of this study was to investigate the anode resistance of manganese monosilicide MnSi in fluoride-containing 
sulfuric acid solutions and the concentration effect of sodium fluoride on the anodic dissolution and passivation of the 
silicide.
The study was carried out on a single-crystal MnSi sample in 0.5 M H2SO4 + (0.0025−0.05) M NaF solutions. The study 
presents micrographs and elemental composition of the electrode surface after anodic polarization from E corrosion to 
E = 3.2 V in 0.5 M H2SO4 and 0.5 M H2SO4 + 0.05 M NaF solutions. A stronger etching of the electrode surface was observed 
in the presence of fluoride ions; elemental analysis showed an increase in the oxygen content in certain areas of the silicide 
surface associated with the formation of manganese and silicon oxides and their partial removal at high polarization values.
The kinetic regularities of the MnSi-electrode anodic dissolution were studied by the methods of polarization, capacitance, 
and impedance measurements. It was established that the addition of fluoride ions leads to weaker barrier properties of 
the silicon dioxide surface film, which determines the high silicide resistance in a fluoride-free medium. The order of the 
reaction was calculated for the MnSi anodic dissolution for NaF depending on the potential. In the region of low anodic 
potentials (from Ecor to E ≈ –0.2 V), the reaction order ranged from 1.8 to 1.1, which was due to the high influence of silicon 
in the composition of the silicide and its oxidation products. With an increase in the polarization value (up to E = 0.9 V), 
the reaction order decreased to 0.5. An increase in the contribution of manganese ionization and oxidation reactions to 
the kinetics of the anodic dissolution of the silicide was observed. The silicide passivation in a fluoride-containing electrolyte 
was characterized by higher values of the dissolution current density (10–4−10–3 A/cm2) as compared to a fluoride-free 
electrolyte (10–6 A/cm2), the reaction order in region of the passive state was ~1.0. Passivation was due to the formation of 
MnO2 and SiO2 oxides on the surface. In the transpassivation region (E ≥ 2.0 V), there was a weak dependence of the current 
density on the concentration of fluoride ions. Oxygen release was observed on the surface of the electrode, and the formation 
of MnO4

– ions was recorded in the near-electrode layer. The article discusses mechanisms and kinetic regularities of anodic 
processes on an MnSi-electrode in sulfuric acid solution in the presence of fluoride ions.
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1. Introduction
Many branches of science and technology 

face difficulties when using fluoride-containing 
solutions [1-10]. This mainly concerns enterprises 
involved in the production of metals from ores 
[3–6]. Due to the technological process, fluorides 
can accumulate in the water system and the 
fume-collecting chimney at the enterprise. The 
main danger of fluorides is associated with their 
concentration and the formation of hydrogen 
fluoride, which destroys metal structures and 
causes various types of corrosion [5, 6].

One way to protect steels from corrosion 
damage is to use alloying additives, which can 
affect the rate of steel dissolution in corrosive 
media. Metallurgy uses transition metal silicides 
as alloying additives, which are introduced into 
steel in the form of finished alloys or so-called 
ferroalloys (ferrosilicon, ferrosilicomanganese, 
ferromanganese, etc.). The introduction of 
ferrosilicomanganese into manganese silicide-
based steel increases the wear and shock 
resistance of steel. It improves its corrosion 
characteristics due to the formation of surface 
barrier films and decreases the melting point of 
the alloy, which significantly reduces the cost of 
steel production [11–13]. A high content of silicon 
in steel favorably affects its elastic properties, 
resistance to corrosion and oxidation at high 
temperatures [11, 12, 14]. Manganese and iron 
form a solid solution, which increases steel 
hardness and strength. Manganese is used for 
desulfurization, which prevents the appearance 
of iron-sulfur bonds [13, 15].

The electrochemical behavior of manganese 
silicides (MnSi and Mn5Si3) in a fluoride-free 
acidic medium has been previously studied [16, 
17]. These studies revealed high anode resistance 
of silicides due to the formation of a SiO2-based 
barrier film on their surface. Since silicon dioxide 
is unstable in fluoride-containing media [18], it is 
expected that the anodic behavior of silicides will 
largely depend on the concentration of fluorides 
in the solution. This paper presents the results of 
the study of the anode resistance of manganese 
monosilicide MnSi in 0.5 M H2SO4 + (0.0025–
0.05) M NaF solutions. This study revealed the 
concentration effect of sodium fluoride on the 
anodic dissolution and passivation of manganese 
monosilicide.

2. Experimental
Manganese monosilicide MnSi was obtained 

by the Czochralski method in the industrial single 
crystal growing furnace OKB-8093 (“Redmet-8”). 
The sample was pulled out using an alundum rod 
at a speed of 0.4 mm/min. To provide a better 
mixing of the melt and to create a more uniform 
temperature field, the crucible with melt and 
the seed were rotated in opposite directions 
with frequencies within the ranges of 0–15 and 
0–60 rpm, respectively. The finished sample was 
placed in a fluoroplastic holder and filled with 
epoxy resin, which was then polymerized. The 
working area of the electrode surface was 0.1 cm2.

Electrochemical measurements were carried 
out at a temperature of 25 °С under natural 
aeration conditions in unstirred 0.5 M H2SO4 + 
(0.0025–0.05) M NaF solutions. The solutions 
were prepared with chemically pure H2SO4, NaF 
reagents, and deionized water (water resistivity, 
18.2 MΩ·cm, organic carbon content, 4 μg/l). 
Sodium fluoride was introduced into the solution 
immediately before the experiment.

Polarization and impedance measurements 
were taken using a Solartron 1255/1287 unit 
(Solartron Analytical) in an YASE-2 (pyrex glass) 
electrochemical cell with separated cathode 
and anode sections. A saturated silver chloride 
electrode was used as the reference electrode and 
a platinum electrode was used as the auxiliary 
electrode. The potentials in the work were given 
relative to the standard hydrogen electrode, the 
current densities i were given per unit of the 
geometric area of the electrode.

Cyclic current-voltage curves in a 0.5 M H2SO4 
+ 0.05 M NaF solution were recorded within the 
range from E corrosion to the anodic region at 
a potential sweep rate of n = 10 mV/s. Before 
the measurement of the impedance spectra, the 
current was stabilized at each potential. After 
that, the impedance was measured at this value 
of Е and higher potentials, and the potential was 
changed with a fixed step. Anodic potentiostatic 
curves for a given value of E were plotted based 
on the obtained i values. The range of frequencies 
f(w/2p) used for impedance measurements was 
from 20 kHz to 0.02 Hz, while the amplitude of 
the alternating signal was 5–10 mV.

The morphology and surface composition 
of the samples before and after electrochemical 
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tests were investigated using a Hitachi S-3400N 
scanning electron microscope (Japan) with a Bruker 
Quantax 200 attachment for energy-dispersive 
analysis (Germany). The images were obtained in 
high vacuum at an acceleration voltage of 10 kV in 
the mode of secondary electron scattering.

The polarization and impedance data were 
measured and processed using the programs 
CorrWare2, ZPlot2, and ZView2 (Scribner 
Associates, Inc.).

3. Results and discussion
The anodic potentiostatic curves of the 

MnSi-electrode recorded in the potential range 
from Ecor to E = 3.2 B in solutions of H2SO4 with 
the addition of NaF are shown in Fig. 1. The 
introduction of fluoride ions into the solution 
resulted in significant changes in the shape of 
the silicide polarization curve. With an increase 
in the concentration of fluoride ions the anode 
peaks became noticeably more pronounced. 
The dissolution rate of MnSi in the 0.5 M H2SO4 
solution containing a minimum concentration of 
NaF (at E ≈ 0.5 V) was two orders of magnitude 
higher than that for a fluoride-free sulfuric acid 
solution. In the presence of fluoride ions, the 
transition to the transpassivation region occurred 
at higher anodic potentials.

Anodic polarization curves for manganese 
monosilicide in 0.5 M H2SO4 + (0.0025−0.05  M 
NaF) solutions can be divided into several 
characteristic sections. Section I (from Ecor to 
E ≈ –0.2 V) corresponds to the region of active 
dissolution characterized by a rapid increase in 
current density with an increase in potential. In 
a solution with a concentration of 0.05 M NaF, 
a slight change in current was recorded. In this 
region, a weak gas emission was observed on the 
electrode surface. The intensity of gas formation 
decreased with an increase in the potential and a 
decrease in the concentration of NaF. According 
to [19], silicon in acidic media is oxidized to form 
silicon dioxide, which can dissolve in the presence 
of HF. According to [20, 21], during the oxidation 
of silicon in fluoride-containing media in the 
region of low anodic polarizations hydrogen can 
form on its surface. Manganese in acidic media is 
unstable, it can spontaneously dissolve with the 
release of hydrogen [22, 23]. Along with chemical 
dissolution, there is electrochemical oxidation of 
manganese with the formation of Mn2+ ions. The 
transformations of silicon and manganese in this 
section of the polarization curve can be described 
by the following equations:

Si + 2H2O = SiO2 + 4H+ + 4e–, E0 = 0.86 V; 	 (1)

SiO2 + 6HF = H2SiF6 + 2H2O; 	 (2)

Mn + H2SO4 = MnSO4 + H2; 	 (3)

Mn = Mn2+ + 2e–, E0 = -1.18 V. 	 (4)

On the surface of MnSi in a 0.5 H2SO4 solution 
without the addition of NaF at low anodic 
potentials there was no gas release. Manganese 
in the composition of the silicide in a fluoride-
free electrolyte was more stable due to the 
formation of a silicon dioxide surface film [16, 
17]. The addition of sodium fluoride weakened the 
passivation action of silicon dioxide and thus led 
to the activation of the processes of manganese 
and silicon dissolution in the composition of the 
silicide, which, apparently, was accompanied by 
the release of hydrogen.

Section II (from –0.2 V to 0.9 V) is characterized 
by a further increase in the density of the 
silicide dissolution current, however, the rate 
of i increase fell with an increase in E (the slope 
of the polarization curve changed). With an 
increase in the concentration of NaF, the range 

Fig. 1. Anodic potentiostatic curves of MnSi-electrode 
in 0.5 M H2SO4 (1) и 0.5 M H2SO4 + (х) M NaF, where 
x = 0.0025 (2); 0.005 (3); 0.01 (4), 0.05 (5)
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of the recorded anode peak markedly expanded. 
Section III (from 0.9 V to 2.0 V) is characterized 
by a gradual decrease in current density which 
ends with a narrow passivation region. Section IV 
(from 2.0 to 3.2 V) characterizes the passivation 
region. At this section of the polarization curves 
at E > 2.6 V small gas (oxygen) bubbles formed on 
the surface of the electrode and the space near 
the electrode was colored crimson. As compared 
to the fluoride-free solution, oxygen release 
was observed at higher values of potential (in a 
fluoride-free medium at E ≥ 2.2 V).

The kinks on the MnSi-electrode polarization 
curves in the fluoride-containing electrolyte are 
probably related to the formation of manganese 
oxides:

Mn + H2O = MnO + 2H+ + 2e–, E0 = –0.65 V; 	 (5)

Mn + 3H2O = Mn2O3 + 6H+ + 6e–, E0 = –0.31 V;	(6)

Mn2O3 + H2O = 2MnO2 + 2H+ + 2e–, E0 = 1.0 V;	 (7)

Mn2+ + 2H2O = MnO2 + 4H+ + 2e–, E0 = 1.23 V. 	 (8)

The solubility of manganese (II) oxide in 
acidic media is quite high, and it cannot cause 
deep passivation of the electrode [24]. According 
to [22], the passivation of manganese is possibly 
due to the formation of Mn2O3 and MnO2 oxides on 
its surface. However, manganese (III) oxide in an 

acidic medium is unstable and disproportionate 
to the formation of manganese (II) and (IV) 
compounds. Manganese dioxide is more stable 
in acids and its formation can cause passivation 
of the electrode. Oxidation of manganese dioxide 
with the formation of permanganate ions leads to 
its removal from the surface of the electrode [23]:

MnO2 + 2H2O = MnO4
– + 4H+ + 2e–, E0 = 1.69 V.	(9)

The results of microscopic examination of the 
surface of manganese monosilicide before and 
after electrochemical tests are shown in Fig. 2. 
Anodic polarization of the MnSi-electrode in a 
0.5 M H2SO4 solution caused partial etching of 
the electrode surface (Fig. 2b). The addition of 
fluoride ions to the solution (Fig. 2c) led to the 
formation of a more developed surface relief, 
there were pronounced convex regions.

Elemental analysis of the silicide surface 
(Table 1) showed that in the fluoride-free solution 
the surface layer of the electrode was depleted 
of manganese and there was an increase in the 
oxygen content (as compared to the original 
sample). The latter was probably due to the 
selective dissolution of manganese from the 
silicide surface layer at low anodic polarizations 
and due to the oxidation of silicon to low-soluble 
silicon in the acidic media of silicon dioxide. In 

                            a                                                                    b                                                                  c
Fig. 2. Microphotographs of MnSi surface (×400) before (a) and after etching in 0.5 М H2SO4 (b) and 0.5 М 
H2SO4 + 0.05 М NaF (c) at E = 3.2 V

Table 1. Elemental analysis of the MnSi electrode surface at the point (Fig. 2)

Elements Mn, at.% Si, at.% O, at.%
Initial sample 46.5±2.3 49.6±2.5 3.9±0.2

Sample after polarization from 
Еcor to Е = 3.2 V at n = 0.1 mV/s

in 0.5 M H2SO4 21.2±0.6 58.4±2.9 20.6±0.6
in 0.5 M H2SO4 + 0.05 М NaF (×) 45.9±2.3 49.3±2.5 4.8±0.2
in 0.5 M H2SO4 + 0.05 М NaF (●) 28.5±1.4 31.3±1.6 40.2±2.0
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the fluoride-containing electrolyte, an increased 
oxygen content was recorded in the region of 
the convex areas; the ratio of the amount of 
manganese and silicon corresponded to the ratio 
of the elements in the MnO2 and SiO2 oxides. 
Outside the convex region, the composition of 
the silicide surface differed slightly from that of 
the original sample.

Similar dependencies indicate the formation 
of oxides on the MnSi surface with its anodic 
polarization up to 3.2 V. In a fluorine-free 
medium, a film consisting mainly of silicon 
dioxide was formed; in the presence of sodium 
fluoride, manganese and silicon oxides (probably 
MnO2 and SiO2) were formed, which partially 
dissolved in the solution when interacting with 
the components of the electrolyte.

The degree of fluoride ion concentration 
influencing the rate of anodic processes on 
the silicide is shown in Fig. 3. It can be seen 
that the dependence of the reaction order 
nNaF=

 ∂ lg i/∂ lg CNaF of the manganese monosilicide 
anodic dissolution for F– ions is a mirror reflection 
of the anodic curve with the lowest of the 
studied sodium fluoride concentrations equal 
to 0.0025  M. At low concentrations of fluoride 

ions, the content of silicon dioxide on the 
silicide surface was still high and the rate of the 
oxidation process seemed to be limited by the 
rate of dissolution of silicon dioxide interacting 
with HF (which formed when NaF was introduced 
into an acidic medium). The film thickness at each 
potential value was determined by the successive 
processes of electrochemical oxidation of silicon 
and chemical dissolution of silicon dioxide until 
it reached a steady state.

Previous research [18] distinguishes two 
ways of dissolving silicon dioxide depending 
on the amount of silicon in the samples. With 
a high silicon content in silicides, silicon atoms 
are not isolated from each other, which can lead 
to the formation of ≡Si-O-Si≡ siloxane groups, 
therefore, etching will proceed according to 
equation (10) and a second reaction order for HF 
should be expected:

≡Si-O-Si≡ + 2HF → 2 ≡Si-F + H2O. 	 (10)

With a low silicon content, isolated Si-OH 
silanol groups can be formed, the limiting stage 
of their dissolution will be reaction 11, according 
to which the HF reaction order is equal to one:

≡Si-OH + HF → ≡Si-F + H2O. 	 (11)

As a result of the silicon dioxide dissolution, 
the processes associated with the ionization of 
manganese are activated. The electrochemical 
dissolution of manganese in acidic media can be 
represented by the following stages [25]:

Mn + H2O = MnOHads + H+ + e–; 	 (12) 

MnOHads + H+ = Mn2+ + H2O + e–.	 (13)

When the solution contains hydrofluoric 
acid, HF molecules can take part in the process 
of manganese ionization, for example, according 
to the scheme:

Mn + HF = MnFads + H+ + е–; 	 (14) 

MnFads + H+ = Mn2+ + HF + e–.	 (15)

Due to the fact that the dissolution of silicon 
dioxide is characterized by the first (reaction 
11) or second (reaction 10) order for HF and the 
dissolution of manganese has the first order 
(reaction 14), it can be concluded that in the 
region of the first anodic section the process of the 
MnSi-electrode dissolution will be predominantly 
determined by the dissolution of silicon dioxide. 

Fig. 3. Graphs of the dependences of electrochemical 
quantities on the potential of the MnSi-electrode: (1) 
Anodic potentiostatic curve in 0.5 M H2SO4 + 0.0025 M 
NaF; (2) The dependence of nNaF on the potential in 
0.5 M H2SO4 + (0.0025–0.05) M NaF
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The values for the reaction order in this region 
gradually decreased from 1.8 to 1.1 (Fig. 3), which 
seems to indicate the mixed nature of the bonds 
on the silicide surface: both silanol and siloxane 
groups were present.

With increasing polarization, the values of 
the reaction order decreased to ~ 0.5; according 
to Fig.  3, the minimum of the reaction order 
corresponded to the maximum on the anodic 
curves (E ≈ 1.0 V). The papers [22-24, 26] describe 
the abnormal dissolution of manganese in 
acidic fluoride-free media, while in the silicide 
composition manganese is more stable [16, 17]. 
The addition of sodium fluoride appears to activate 
the anodic dissolution of manganese from the 
silicide. As a result, the recorded current mainly 
corresponded to the processes of manganese 
oxidation and dissolution (reactions 3, 4, and 5), 
which were weakly dependent on the presence 
of HF in the composition of the electrolyte. The 
latter caused low nNaF values.

At E > 0.9 V, the reaction order began to 
gradually increase and reached a peak at the 
potentials of the passivation region on the 
polarization curves. Apparently, this was due 
to the accumulation of passivating products of 
manganese and silicon anodic oxidation (Mn2O3, 
MnO2, and SiO2 oxides) on the surface of the 

electrode, which dissolved with the participation 
of HF molecules. The authors of [27, 28] proposed 
a scheme for the process of nickel (II) and iron 
(III) oxides dissolution in an acidic fluoride-
containing electrolyte. According to [28], for 
manganese (IV) oxide it is:

Mnox
4+ + HF = MnFads

3+ + H+; 	 (16)

MnFads
3+ + 5HF = [MnF6]

2– + 5H+. 	 (17)

In the transpassivation region, the reaction 
order approaches zero.

The shape of CVA curves indicates the 
occurrence of several MnSi-electrode oxidation 
and dissolution processes in a fluoride-containing 
electrolyte (Fig. 4). In the first polarization cycle, 
three anode peaks in both forward and reverse 
directions were recorded on the CVA curve in 
the potential range from Ecor to E = 3.2 V. As the 
number of the polarization cycle increased, a 
slight decrease in the values of the dissolution 
current density were observed. With a gradual 
decrease in the reversal potential, first to 2.2 V 
(up to the passivation region), then to 1.4 V 
(up to the beginning of the passivation region), 
the shape of the CVA curves in the forward 
and reverse directions remained unchanged. 
A more noticeable decrease in the manganese 
silicide dissolution currents with an increase 
in the polarization cycle at a reversal potential 
of 3.2 V as compared to E reversal to 1.4 and 
2.2 V indicates the accumulation of passivating 
products of anodic oxidation on the silicide 
surface which were not completely removed 
in the presence of fluoride and caused partial 
passivation of the electrode.

Fig. 5 shows the dependence of the differential 
capacitance of the MnSi-electrode on the 
potential in semi-logarithmic coordinates. The 
values of the differential capacitance were 
calculated from the ratio C = –1/(wZ≤), where 
w is the angular frequency of the alternating 
current, Z≤ is the imaginary part of impedance 
at a frequency of 10 kHz. The maximum values 
of the differential capacitance were observed at 
potentials close to Ecor and were ~16.5 μF/cm2 in 
a solution containing 0.05 M NaF. With a gradual 
increase in the potential, the differential capacity 
decreased sharply. The drop was sharper with 
a higher concentration of fluoride ions in the 
solution. At potentials above 1.0 V, the values of 

Fig. 4. Cyclic voltammetric curves of the MnSi-elec-
trode in 0.5 M H2SO4 + 0.05 M NaF. The number is the 
polarization cycle. In the upper right corner - 5 cycles 
of polarization at the reversal potential Erevers = 1.4 V
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the differential capacitance did not depend on 
the concentration of fluoride ions. Similar to the 
polarization curves (Fig. 1), C,E -dependencies 
can be divided into four linear sections, the 
change in the slope of which indicates changes 
in the surface state. A gradual decrease in the 
values of the differential capacitance from 
16.5 to 2 μF/cm2 may indicate the formation of 
compounds on the silicide surface characterized 
by low conductivity (resistivity r(SiO2) ≈ (1012–
1016) Ω·cm [21]; r(Mn2O3) ≈ 105 Ω·cm; r(MnO2) ≈ 
(10–1–102) Ω·cm [29]). According to reactions 
10 and 11, a large number of Si-F bonds should 
be expected. According to authors [30, 31], the 
polarizability of Si-F bonds is less than that of 
Si-OH bonds.

The MnSi-electrode impedance spectra in 
sulfuric acid solutions with the addition of sodium 
fluoride are more complex than in a fluoride-free 
solution [16]. The form of the impedance spectra 
changed with the shape of the polarization curve 
and the variation in the concentration of fluoride 
ions (Fig. 6), which indicates the diversity of the 
silicide dissolution and passivation processes.

At the potentials of anodic section I, in 
solutions with a low concentration of NaF (≤ 0.01 
M), capacitive semicircles with the center in 
the region Z≤ > 0 were recorded on the complex 

Fig. 5. Dependence of the logarithm of the differential 
capacitance on the potential of the MnSi-electrode in 
0.5 M H2SO4 (1) and 0.5 M H2SO4 + (х) M NaF, where 
x = 0.0025 (2); 0.005 (3); 0.01 (4), 0.05 (5)

Fig. 6. Impedance spectra of MnSi electrode in 0.5 M 
H2SO4 + 0.05 M NaF at Е, V: -0.32 (1); 0 (2); 0.9 (3); 
1.1 (4); 1.8 (5); 2.6 (6)
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Z-plane. The system was characterized by high 
values of the impedance modulus |Z| (~90 kΩ·cm2). 
|Z| increased with an increase in polarization. 
Similar dependencies were also observed for MnSi 
in a fluoride-free sulfuric acid solution (|Z| ≈ 250 k 
Ω·cm2), in which the behavior of the silicide 
was determined by a silicon dioxide barrier film 
[16]. Apparently, with a low content of fluoride 
ions, the passivating effect of silicon dioxide 
persists, but the barrier properties of the oxide 
film weaken. With a concentration of NaF equal 
to 0.05 M, an additional capacitive semicircle 
appeared on the impedance spectra in the low 
frequency (LF) region (Fig. 6A). This indicates 
the staged nature of the oxidation processes of 
the components of manganese silicide, which 
are accompanied by adsorption of intermediates 
on the electrode surface (reactions 10–15). The 
form of the impedance spectra confirms the 
assumptions made on the basis of constant 
current measurements and calculations of the 
nNaF reaction order.

The impedance spectra in the potential region 
of anodic section II (Fig. 6a, E = 0 B) contained 
several semicircles: at least two capacitive 
semicircles in the high-frequency (HF) region, 
one inductive semicircle, and one capacitive arc 
in the low-frequency region. With an increase 
in the potential, the diameter of the low-
frequency semicircles decreased and at certain 
potentials several loops were recorded. More 
complex impedance graphs as compared to the 
graphs in section I indicates the presence on the 
silicide surface in this region of the potentials 
of several types of intermediates formed during 
the manganese and silicon ionization (reactions 
10–12, 14). Intermediates formed during the 
dissolution of manganese (II) oxide in the 
presence of fluoride ions were probably also 
recorded.

When the anodic polarization curve 
approached its maximum (at E from 0.5 to 
0.8 V), an increase in the diameter of the second 
capacitive semicircle was observed. Near the 
maximum E ≈ 0.9 V, this section of the impedance 
spectra had the form of an almost vertical straight 
line, in the low-frequency region a distorted 
capacitive semicircle was also recorded (Fig. 6b). 
At the end of anodic section III (at E = 1.8 V), the 
impedance spectra contained a high-frequency 

capacitive semicircle and a low-frequency 
semicircle, which at w → 0 was recorded in the 
region of negative Z¢. With a further increase 
in potential, the diameter of the LF semicircle 
increased markedly faster than the diameter of 
the HF semicircle (Fig. 6c). The form of impedance 
spectra indicates the occurrence of passivation 
processes (reactions 1, 5−8), which correlated 
with the region of negative slope di/dE on the 
anodic polarization curves at these E (Fig. 1).

In the region of oxygen release potentials, 
the impedance spectra of manganese silicide in a 
fluoride-containing electrolyte had the same form 
as in a fluoride-free solution, i.e. two well-divided 
capacitive semicircles. At maximum polarization 
(E = 3.2 V), an inductive low-frequency arc was 
also observed. The latter indicates the destruction 
of the oxide film on the surface of the MnSi-
electrode in a fluoride-free solution and the 
removal of manganese and silicon oxides (MnO2 
and SiO2) in the fluoride-containing electrolyte, 
which provides for a release of oxygen.

4. Conclusions
The study of the anodic behavior of the MnSi-

electrode in 0.5 M H2SO4 + (0.0025 – 0.05) M NaF 
solutions indicates a strong influence of fluoride 
ions on the processes of anodic dissolution and 
passivation of silicide. The silicon dioxide surface 
film, which is stable in acid, dissolves when 
fluoride ions are added. As a result, the process 
of anodic dissolution of manganese monosilicide 
is activated. It was established that at low 
anodic polarizations (from Ecor to E  ≈ –0.2 V), 
the influence of silicon dioxide persists, the 
rate of its dissolution determines the anode 
resistance of the silicide. In the potential range 
(from –0.2 V to 0.9 V), manganese ionization and 
oxidation reactions (up to Mn2+, MnO) make a 
significant contribution to the kinetics of anodic 
processes. Manganese monosilicide passivation 
is observed at potentials (from 0.9 V to 2.0 V) and 
is associated with the formation of manganese 
and silicon oxides (Mn2O3, MnO2, and SiO2). In 
the region of transpassivation (from 2.0 to 3.2 V), 
the processes of oxygen release and further 
manganese oxidation (up to MnO4

−) are recorded.
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