
550

y = 344.6 Ln(x) – 212.05 

and

y = 1.769e1.465x.

It can be assumed that the obtained 
logarithmic dependence reflects the combination 
of electron-phonon processes (t ~ 0.1 ps) and 
thermal processes of melting and evaporation 
of the material (t < 1 ns). According to the two-
temperature model of titanium ablation used 
in our experiment, the exponential function 
can reflect material ablation with a high rate of 
material release from the cavity (“recast layer”) 
[35, 39, 41–44].

The obtained results of the study of metal 
titanium ablation with circular polarisation of 
radiation showed that the change in the type of 
polarisation of the incident beam significantly 

changes the surface relief at the same power 
of treatment and with a different duration. 
Laser pulses with circular polarisation led to 
the formation of conical cavities with a radial 
distribution of the material along the lateral 
surface.

3.2. Deposition of a thin PVA film and 
calculation of its thickness

It was noted above that a nanometre oxide 
film appeared as a result of the exposure of the 
structured titanium metasurface to radiation. On 
the other hand, it is known [41] that all optical 
plasmon processes are generated in thin metal-
dielectric structural films. It was interesting to 
apply a polymer film on the laser-structured 
titanium surface and to expose it to femtosecond 
laser radiation with circular polarisation. The 
thickness estimate is given below:

Fig. 2. SEM images of the modified titanium surface after femtosecond laser treatment with circular polarisa-
tion of incident IR radiation (l = 1,036 nm) with a total time of treatment of: a) 25 ms; b) 100 ms; c) 250 ms; 
d) 750 ms. Figure 2d shows the SEM quadrants (1, 2, 3, 4) of an ablation cavity: (1) backlit; (2) graph of the 
function of the cavity profile; (3) surface; (4) (insertion) lobed ablated structures of 1 μm (surface debris)
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m m V
m V

SPVA p PVA
PVA= ¥ = =w
r

d; ; . 	 (1)

Where mPVA is the mass of the PVA solution, 
w is the molar mass of the substance, mp is the 
mass of the substance, VPVA is the volume of PVA, 
r is the density of the substance, S is the area of 
the substrate surface, and d is the thickness of 
the film.

Thus, the thickness of the PVA film on the 
surface of the structured titanium was d ~ 750 nm.

Optical density D of the PVA film on the glass 
is shown in Fig. 3. The ellipsometric method was 
used to determine the permittivity function of the 
film in the optical range from 450 to 1,000, which 
has constant values for functions Re(e) ≈ 2.3 and 
Im(e) ≈ 0.1.

3.3. Optical properties of Ti LIPSS after the 
exposure of the PVA film to circularly polarized 
laser radiation and simulation of spectral 
functions
3.3.1. Simulation of laser treatment with 
circular polarisation on the metasurface of 
titanium with PVA

Fig. 4 shows the optical spectra of the 
real Re(e) and imaginary Im(e) permittivity of 
titanium. The surfaces of titanium were modified 
in the form of cavities (Fig. 4) by means of laser 
structuring by sets of femto pulses (Fig. 4) with a 
duration of 100 ms and with circular polarization. 
PVA films (d ~ 750 nm) were applied to the surface 
structured with laser pulses within a square area 
of 2.25 mm2: 1.5×1.5 (Fig. 2b).

The curves in Fig. 4a correspond to the 
experimental and theoretical spectra of the 
permittivity function for the surface of structured 
titanium with PVA.

Let us consider the experimental curves of the 
permittivity function (solid curves). For example, 
in the spectrum of the imaginary component, 
maxima were observed at wavelengths of 500, 
660, 780, and 815 nm. These wavelengths were 
characterised by the absorption of incident 
radiation by the surface. Let us determine the 
regions of plasmonic oscillations for a given 
surface taking into account the experimental 
permittivity spectrum obtained for a smooth 
unstructured titanium surface (Fig. 4b). It should 
be noted that the spectrum obtained for a smooth 
titanium plate corresponded to the literature 

Fig. 3. Spectrum of optical density of a PVA film on 
silicate glass

Fig. 4. Spectra of real Re(e) and imaginary Im(e) permittivity of titanium: (a) solid curve: experimental spectra 
and dotted curve: simulation for structured titanium with a PVA polymer film; (b) permittivity spectra for a 
smooth titanium plate; (c) permittivity spectra for a smooth titanium plate with a polymer PVA film
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data presented in works [35, 47, 52] and the 
spectral distribution of functions confirmed to 
the classical Drude model for a free electron 
gas. For example, since maxima were present 
in the spectrum of negative Re(e) permittivity 
component within the range of 450–700 nm, 
the region of possible generation of surface 
plasmons could be located at wavelengths of 500 
nm and 600 nm. However, the range of positive 
values for Im(e) (Fig. 4а) corresponded to 450–
650 nm and 800–1,000 nm at these wavelengths 
Re(e) ~ 0 (450–650 nm) and Re(e) < 0 (800–1000 
nm). Therefore, it can be argued that on the 
studied surface prepared by means of circular 
polarization of laser radiation, in the presence 
of a polymer film surface plasmons appear in the 
region of 500 and 600 nm. It should be noted that 
the unstructured titanium surface had no maxima 
of this kind in the presence of a polymer film and 
the functions of e remained almost constant over 
the entire wavelength range of 450–1,000  nm 
(Fig. 4c). This means plasmonic oscillations are 
generated and propagated over the rough surface 
(at 500 and 600 nm) on the structure of a metal-
dielectric with a thin PVA polymer film [35, 41, 
44–48, 50–53].

Let us consider the low-frequency range 
with the maximum of the imaginary component 
within the region of 800 nm (Fig. 4a). For example, 
resonance at this wavelength may be due to 
volume plasmon oscillations. Here it is necessary 
to add that this spectrum was quite narrow with 
a half-width of Δl ~ 20 nm, which may indicate 
high-volume and fast (t ~ 1–2 fs) electronic 
processes in the metal. It should be noted that 
in the case of smooth titanium (Fig. 4b), there 
were no such maxima in the spectrum at this 
wavelength due to the complete screening of the 
incident radiation by free electrons.

To determine the contribution of various types 
of electrons (free and bonded) to the spectral 
composition of functions, curves Re(e) and Im(e) 

were simulated by means of ellipsometry. The 
Drude-Lorentz dispersion model was used to 
simulate the optical functions of the structured 
titanium surface with a thin-film polymer coating.

This dispersion model is a combination 
of the Lorentz and Drude models and it takes 
into account the contributions of both types of 
electrons [44–48, 50–54]:
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where e• is high-frequency permittivity; es is the 
difference between es and e• which determines 
the force of the Lorentz oscillator; wt is the reso-
nance frequency of the oscillator, whose energy 
corresponds to the absorption peak; G0 is the 
attenuation coefficient of the Drude oscillator ; 
fj is the force of the oscillator; w0j is resonance 
frequency; and gj  is the spread-out parameter. 
Where w is plasma frequency corresponding to 
the position of the photon energy at e(w) = 0; and 
Gd is the value of the resonance plasmon oscilla-
tor (0.4 < Gd <4).

The parameters of the dispersion model are 
given in Table 1.

The spectra simulation was carried out at 
121 points on a structured titanium surface 
with an area of 1.5×1.5 mm2 in the presence of 
a polymer film. The average spectrum shown in 
Fig. 4a with dotted curves agrees well with the 
experimental spectra. Some differences between 
the value of the oscillator force f1 = –4,308 and 
the theoretical value of f1

theor < 1.0 in the Drude–
Lorentz model can be due to the presence of a 
PVA polymer film whose dielectric properties can 
have a considerate influence in the blue region 
of the spectrum.

It should be noted that when the combined 
Drude–Lorentz model was used, the plasma 

Table 1. Parameters of the dispersion model

e∞ es

wt,  eV 
(l, nm)

wp,  eV 
(l, nm) Г0 Гd f1

w0.1,  eV 
(l, nm) g1 f2

w0.2, eV 
(l, nm) g2

1.304 1.986 1.530 
(784)

1.009 
(1189) 0.224 7.995 -4.308 1.988 

(603) 0.666 2.881 2.110 
(569) 0.519

Note: Pearson correlation coefficient c2 for modelling is c2 = 0.000073 and indicates the possibility of using this model to calculate 
experimental functions.
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frequency of oscillations in the region of 
600 nm (w = 2.023) manifested as the oscillator 
frequency with an oscillator force of 0.104 and 
an attenuation factor of 0.666. This model is of 
some interest and can be considered as an energy-
efficient characteristic of the obtained surface 
with a given geometry of surface structures 
and a dielectric film of a certain thickness. The 
resonance frequency in the region of 580 nm also 
corresponded to plasmon oscillations, however, 
the attenuation factor decreased to 0.519.

At the same time, the simulation allowed us 
to determine the average value (calculated from 
the 121st measurement) of the thickness of the 
polymer coating and to use the experimental data 
to draw a conclusion about the continuity of the 
film applied to the structured titanium surface.

This research is essential for a variety of 
applications. For example, ellipsometry allowed 
establishing that the average thickness of the 
polymer coating was (710 ± 20) nm, which almost 
coincided with the pre-calculated thickness of the 
PVA film (750 nm).

The results of the simulation are as follows: 
it was established that the spectra of surface 
and volume plasmons at l = 600 and 800  nm, 
respectively, can be described within the 
framework of the proposed model. It should 
be noted that the experimental spectrum Re(e) 
(Fig. 4a, red solid curve) had a narrow absorption 
maximum in the region of 815 nm due to the 

absorption of the PVA film. It can be assumed 
that this maximum appeared as a result of dipole-
dipole processes of energy absorption in the PVA 
film, which was also observed on the smooth 
surface of titanium with PVA (Fig. 4c, red solid 
curve). During simulation, this maximum shifted 
to the IR region and was a wide spectrum with 
a half-width of ~200 nm. The obtained spectral 
difference can be explained by the fact that when 
modelling functions, it is difficult to take into 
account the physical and chemical parameters 
of the polymer coating (molecular structure, 
solubility of polymer globules). However, film 
thickness and optical density were taken into 
account.

3.3.2. Reflectance coefficients of s- and 
p-polarized light from the metasurface of 
titanium with PVA

It was of interest to study the optical 
reflectance spectra of linearly polarized laser 
radiation from the metasurface of titanium with 
a PVA film (Fig. 5) pre-treated with circularly 
polarized laser radiation within the range of 450–
1,000 nm.

The reflectance coefficients of s- and 
p-polarized radiation of the structured titanium 
surface are shown in Fig. 5a. It was shown that 
these functions had their minima in the region 
of 450–500 nm and 815 nm. These wavelengths 
coincided with the regions shown in Fig. 4a, which 

Fig. 5. (a) Reflectance coefficients of s- and p-polarised light from the structured surface with a PVA film (sol-
id curves) and the reflectance spectrum of s-polarised light obtained by simulation according to formula (1), 
with a PVA film (black dotted curve). (b) Reflectance coefficients of s- and p-polarised light from unstructured 
surface with a PVA film (solid curves)
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confirms the hypothesis about the generation of 
surface plasmons in this wavelength range. At 
the same time, it was p-polarized radiation that 
contributed more since it was absorbed more than 
s-component. This indicates that for p-polarized 
light, the difference between the values of the 
reflectance coefficients in their local minima 
is close to zero, and at these points the surface 
is almost mirror. What is more, for s-polarised 
radiation, the reflectance coefficients from the 
surface had rather large values of 0.52 and 0.58 for 
wavelengths of 500 and 815 nm, respectively. It 
should be noted that the spectral analysis shown 
in Fig. 4a and Fig. 5a revealed more significant 
differences in the position of the spectral 
maxima in the red region of the visible range at 
wavelengths of 650–850 nm. This may be due 
to the polarizing properties of the polymer film, 
which requires additional optical experiments to 
estimate the optical density of the PVA film based 
on its thickness.

In the case of reflection of s-polarized 
radiation, the simulation of the reflection 
processes of the titanium metasurface was 
performed according to the Fresnel equations 
[45, 48, 49]:
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Where e1, e2 is the permittivity of the metal and 
the plasmon propagation medium, respectively, 
w is the frequency of external radiation, c is 
the speed of light; and k|| is the wave vector of 
plasmons.

The results of comparing experimental and 
modelling reflectance coefficients according 
to the above mentioned formulas are shown 
in Fig.  5a. It is obvious that experimental and 
theoretical data have extremes at the same 
wavelengths. However, it is worth noting that 
the values of the reflectance coefficients in their 
minimums do not coincide. Thus, it was shown 
that the minima model value of the reflectance 
coefficient of s-polarized light was ~0.2 while 

according to the experimental data the reflectance 
coefficient had a value of ~0.5.

It should be noted that the reflectance 
coefficients of s- and p-polarized radiation 
reflected from the unstructured titanium surface 
(smooth titanium, Fig. 5b) with a PVA film 
significantly differed in values in the wavelength 
range of 450–1,000 nm and were equal to RS = 0.33 
and RP = 0.04.

4. Conclusions
Smooth titanium plates were structured 

by femtosecond laser treatment with linear 
and circular polarization with a wavelength of 
l = 1.035 μm and a total time of treatment of: 
ti = 25, 100, 250, and 750 ms and the duration of 
t = 280 fs. This resulted in occasional ablation of 
the material and the formation of cavities <1.0 μm 
in size and a repeated layer with surface ripples 
caused by the shock wave.

Spectral permittivity functions during 
plasmon generation were simulated for the 
titanium metasurface with a PVA film (750 nm 
thick).

When titanium plates were exposed to laser 
radiation with circular polarisation and different 
energy, ripple structures and cavities appeared 
following a completely different optical pattern. 
Thus, for example, exposure to a circular field 
resulted in the formation of cone-shaped 
loped cavities and circular ripple nano- and 
microstructures along the line of action of laser 
beam pulses.

The functions (logarithmic and exponential) 
of laser ablation of the material and their 
dependence on energy were studied along 
the lateral surface of cavities formed as a 
result of electron-phononic and thermal 
processes associated with laser treatment. 
When modelling plasmonic processes on the 
metasurface of titanium with PVA, it was 
established that spectral parameters almost 
fully matched with small offsets of spectra 
maxima of the real Re(e) and imaginary Im(e) 
permittivities. What is more, spectral shifts 
of less than < 20 nm were mostly associated 
with the presence of a polymer PVA film on the 
titanium metasurface. Plasmonic processes 
of reflection of polarised light with RS and RP 
components from the titanium metasurface 
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after it was treated with circular radiation were 
modelled. It was found that the amplitude of 
the RP polarized radiation was significantly 
smaller than that of the RS component and at 
some points on the surface its spectral values 
were close to zero. It should be noted that the 
reflectance coefficients of RS and RP polarized 
radiation reflected from the unstructured 
titanium surface (smooth titanium) with a PVA 
film differed significantly in values within the 
wavelength range of 450–1,000 nm and were 
equal to RS = 0.33 and RP = 0.04. 

At the same time, it was established that 
linear-polarized radiation during a pointwise 
scanning of the titanium surface with a step of 
100 μm can be used to create ripple structures 
with a line density of N ~ 1,200 mm–1 and a gloss 
wavelength of the reflected radiation of 750 nm, 
which can be of great practical importance in the 
field of creating diffractive elements in integrated 
optics.
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Abstract 
The aim of this research was to study the growth kinetics of anodic oxide films on cobalt silicides in sulphuric acid solutions 
under potentiostatic conditions with various pretreatment of the electrode surface. For the study, we used low and high 
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1. Introduction
One of the most important characteristics 

of the corrosion and electrochemical behaviour 
of metals and alloys is the tendency for anodic 
passivation [1]. The passivity phenomenon 
is of great practical importance, because the 
formation of the passivating oxide films makes 
many materials highly resistant to corrosion in 
media where oxide layers are difficult to dissolve. 
In this regard, various aspects of anodic passivity 
are extensively studied, including the kinetics of 
the nucleation and growth of anodic oxide films 
(AOF).

The high corrosion resistance of transition 
metal silicides [2–10] is also attributed to the 
formation of dense passive films. The composition 
of oxide films on the transition metal silicides 
depends primarily on the silicide composition [5], 
the electrode potential [3], and pH of the solution 
[3]. When the silicon content in the silicide 
increases, the composition of the oxide film 
approaches that of SiO2 [3, 4, and 11]. According 
to [12], on Fe-Si alloys (at ≥ 21 at.% of Si), the 
outer part of the oxide film in a solution at рН 9 
contains only Fe, and at рН 5 it contains about 
50 at.% of Fe. In other words, the Fe content in 
the oxide layer decreases as the pH decreases. In 
strongly acidic solutions, almost pure protective 
SiO2 is formed and Fe is dissolved. 

In research [13], the results of the study 
of anodic oxide layers on FeSi, CoSi, and NiSi 
monosilicides in a 0.5 M H2SO4 solution were 
presented. Linear dependences of the layer 
thickness on the electrode potential E in the 
range of 0.5–1.1 V (SHE) were obtained. The 
calculated values of the specific electrical 
resistance of the oxide films demonstrated that 
the anodic oxide may contain small amounts of 
metal. Cyclic voltammetry showed that after the 
initiation of anodic polarisation, the metal atoms 
preferentially dissolved, i.e., silicon accumulated 
on the electrode surface. This is a precondition 
for the formation of oxide films with high barrier 
properties.

The growth patterns of the AOF on alloys 
are more complex than on pure metals [14–18]. 
This also applies to metal-silicon alloys. While 
some data on the composition of oxide films on 
transition metal silicides is available, the kinetics 
of the AOF growth on these materials has not been 

studied. The purpose of this research was to study 
the kinetics of the formation of anodic oxides on 
Co2Si and CoSi2 cobalt silicides in sulphuric acid 
solutions under potentiostatic conditions upon 
different pretreatment of the electrode surface.

2. Experimental
In this study, we used Co2Si and CoSi2 cobalt 

silicides obtained by the Czochralski method. 
To study the AOF growth, the electrode surface 
must be unoxidised before the potential step is 
applied [19]. Therefore, we used various methods 
to ensure an active surface at the beginning of the 
experiment by removing the oxides formed due 
to the contact of the silicide with the air. When 
choosing these methods, we took into account 
possible chemical processes involving cobalt and 
silicon oxides, which may occur on the silicide 
surface. Differences in the state of the surface of 
the silicides resulting from different pretreatment 
methods are evident at the nucleation stage of 
the oxide phase, when the anode potential is 
applied. They affect the growth of the AOF and, 
consequently, the anodic current as a function 
of time. 

The following electrode surface pretreatment 
methods were used:

1) Polishing with abrasive paper (finishing 
by P4000 paper), cleaning with ethyl alcohol, 
and rinsing in the working solution. Mechanical 
surface conditioning also preceded the other 
pretreatment methods.

2) Cathodic activation (1 mA/cm2, 20 min). 
Cathodic oxide reduction is often used (e.g., [14, 
20]) to remove oxide films from the electrode 
surface. We also used this method. Though, in the 
case of cobalt silicides, cathodic activation may be 
ineffective, because anodic oxide films on Co2Si 
are hard to reduce. On CoSi2, cathodic reduction 
of anodic oxides barely takes place [21]. 

3) Exposure to 0.5 M H2SO4 at an open circuit 
potential, Еос, for 30 min. This treatment has 
almost no effect on the silica component of the 
oxide, but can affect cobalt oxides.

4) Exposure to 2% HF at Еос for 5 min, rinsing 
in deionised water and in working solution. HF 
is known to dissolve SiO2 effectively [22], but it 
has almost no effect on silicon (it may dissolve 
one monolayer of silicon atoms) [23]. A 2% HF 
solution can also remove the cobalt component 
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of the oxide. This type of pretreatment probably 
provides the most oxide-free electrode surface.

As a variation of this pretreatment, we also 
used a 10 min exposure to 0.5 M H2SO4 + 0.05 M 
HF at Еос. It was assumed that HF would dissolve 
SiO2 and the presence of sulphuric acid would 
lead to a faster dissolution of the cobalt oxides.

5) Exposure in 2 M KOH at Еос for 40 min, 
rinsing (neutralisation) in the working solution, 
and transfer to the electrochemical cell with or 
without the electrode exposure at Еос. In alkaline 
solutions, both silicon and silicon oxide dissolve 
[24], the silicide surface is enriched with a 
metallic component [2]. The exposure time was 
chosen in view of the results obtained in [25]. The 
study showed that the self-activation of Co2Si 
electrode in 2 M KOH occurs in about 2000  s 
(~33 min). The treatment in a KOH solution does 
not affect the cobalt oxides (if they are present 

in the oxide film). The cobalt oxide may partially 
dissolve after transferring the electrode to a cell 
with a sulphuric acid solution.

The measurements were carried out at 
room temperature (22–25 °C) in non-deaerated 
solutions of 0.5 M H2SO4 and 0.05 M H2SO4 
prepared from a chemically pure reagent 
and deionised water (Millipore). We used the 
following measurement procedure: the potential 
was changed from Еос of the electrode, pretreated 
by one of the above methods, to a given value of 
Ef (in the range of 0.2–1.0 V, all potentials are 
provided for standard hydrogen electrode) for 
50 minutes. The I,t curve (I is the current, t is 
the time) was recorded. The Еос values for each 
of the silicides varied only slightly depending 
on the electrode pretreatment method (Tables 
1, 2). Therefore, the value of Ef – Еос at a given 
Ef was also approximately the same for different 

Table 1. The values of d lg i/d lg t for Co2Si passivation in H2SO4 solutions

Pretreatment of electrode surface Concentration of 
H2SO4, M

Eoc, V Еf, V d lg i/d lg t Time interval, s

Mechanical polishing 0.05 –0.266 0.5 –0.86 < 200
Mechanical polishing 0.05 –0.266 1.0 –0.80 < 200
Mechanical polishing 0.5 –0.232 0.5 –0.61

–0.92
1–10

50–2000 
Mechanical polishing 0.5 –0.232 1.0 –0.70 < 10 

30 min in 0.5 M H2SO4 at Еос 0.5 –0.225 1.0 –1.0
–0.84

5–30 
100–3000 

Cathodic polarization 0.5 –0.233 1.0 –0.71
–0.94

< 10 
30–1000 

Treatment in 2% HF 0.05 –0.270 1.0 –0.94
–0.86

1–10 
500–1000 

Treatment in 2% HF 0.5 –0.235 0.2 –0.76
–0.85

1–100 
200–1000 

Treatment in 2% HF 0.5 –0.235 0.5 –0.65
–1.2

1–30 
500–3000 

Treatment in 2% HF 0.5 –0.235 1.0 –0.78
–1.4

0.3–20 
> 1250 

Treatment in 0.5 M H2SO4 + 0.05 M HF, 
10 min

0.5 –0.233 0.5 -0.77 5–100 

Treatment in 0.5 M H2SO4 + 0.05 M HF, 
10 min

0.5 –0.235 1.0 -0.87 1–220 

Treatment in 2 M KOH 0.05 –0.278 1.0 –0.57
–0.91

3–15 
30–1000 

Treatment in 2 M KOH 0.5 –0.223 0.5 –0.66 1–10 
Treatment in 2 M KOH 0.5 –0.223 1.0 –0.64

–0.84
< 2 

30–1000 
Treatment in 2 M KOH,

30 min in 0.5 M H2SO4 at Еос

0.5 –0.21 1.0 –0.77
–0.89

< 2 
10–1000 
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types of surface treatment. The measurements 
were taken with a Solartron 1287 potentiostat 
(Solartron Analytical). The data collection rate 
was 5 points per second.

3. Results and discussion
In some cases, the lgi,lgt dependences had 

a simple form of a single linear section (with 
a negative slope slightly less than 1) with the 
current density reaching a steady-state value 
at high t (Fig. 1). However, in most cases, 
chronoamperograms had a more complex shape 
with several linear sections, inflection points, etc. 
(Fig. 2). The values of the d lg i/d lg t slopes for the 
Co2Si electrode are provided in Table 1.

Preliminary cathodic polarisation of the Co2Si 
electrode in 0.5 M H2SO4 had very little effect on 
the i,t-curves (Fig. 2). The current density slightly 
increased, while the shape of lgi,lgt-dependence 
did not change. Pre-exposure of the electrode in 
a 2 M KOH solution had a more prominent effect 
(Fig. 2). At short passivation time (up to t ~ 50 s), 
the shapes of the lgi,lgt-curves depend on the 
pretreatment of the electrode surface. The lowest 
values of the current density were observed when 
the electrode was washed in deionised water and 
transferred to the measuring cell after exposure 
in a KOH solution. Higher current densities were 
observed when the electrode was washed in a 0.5 
M H2SO4 solution after exposure in a KOH solution 
(in this case, the alkaline solution remaining on 
the electrode was quickly neutralised) and then 

transferred to the measuring cell. Even higher 
current densities were observed when, after 
exposure to a KOH solution and neutralisation 
in 0.5 M H2SO4, the electrode was kept for 30 
min at the open circuit potential in a cell with 
a working solution of 0.5 M H2SO4. The increase 
in i at low t in the latter case was probably not 

Table 2. The values of d lg i/d lg t for CoSi2 passivation in H2SO4 solutions

Pretreatment of electrode surface Concentration of
H2SO4, M

Eoc, V Еf, V d lg i/d lg t Time interval, s

Mechanical polishing 0.5 +0.12 1.0 –0.87 2–20 
Treatment in 2 M KOH 0.5 –0.09 1.0 –0.67

–0.78
–0.84

< 10 
10–100 

100–1000 
Treatment in 2 M KOH 0.5 –0.09 0.5 –0.64

–0.86
1–10 

100–1000 
Treatment in 2% HF 0.5 –0.10 1.0 –0.83

–1.4
< 10 

200–450 
Treatment in 2% HF 0.5 –0.10 0.5 –0.72

–0.98
< 10 

200–500 
Treatment in 2% HF 0.5 –0.10 0.2 –0.50

–1.0
10–50 

200–1000 
Treatment in 2% HF 0.05 –0.145 1.0 –0.88

–0.71
–1.1

1–5 
60–200 

300–1000 

Fig. 1. Chronoamperograms of the Co2Si electrode in 
0.05 M H2SO4. 1 – Еf = 1.0 V, 2 – Еf = 0.5 V. Pretreated 
by mechanical polishing
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due to an increase in the true surface area (since 
at large values of t, the current densities were 
approximately the same both with exposure 
at Еос and without it), but to a more complete 
dissolution of cobalt oxides on the electrode 
surface due to its exposure at Еос. Exposure of the 
Co2Si electrode at the open circuit potential to 
the working solution without pretreatment in a 
KOH solution resulted in lower current densities. 

The chronoamperograms for the CoSi2 
electrode in logarithmic scale were also similar to 
the linear dependences (Fig. 3). As in the case of 
Co2Si, lower current densities were observed for 
the electrode with mechanically polished surface. 
The values of the d lg i/d lg t slopes for CoSi2 are 
provided in Table 2. At the same pretreatment of 
the electrode, the values of d lg i/d lg t for CoSi2 
were slightly greater than for Co2Si (at least at 
low t). 

A characteristic feature of the passivation of 
cobalt silicides is an inflection on the lg i,lg t-curve 
at t = 30–100 s, when the surface was pretreated 
with 2% HF (Fig.4, 5). The inflection was less 
prominent for the CoSi2 electrode than for the 
Co2Si electrode. Upon the transition from Co2Si to 
CoSi2, the value of tip decreased noticeably, while 
iip changed less (tip and iip are the coordinates 
of the inflection point). The inflection section 
became longer with an increase in Ef. In the case 
of CoSi2, the influence of Ef on the inflection 
point coordinates was more pronounced than 
in the case of Co2Si. When the concentration 
of sulphuric acid decreased at the same Ef, the 
value of tip decreased slightly, and iip increased. 
The values of tip and iip are provided in Table 3. 
After the inflection, the d lg i/d lg t slope becomes 
steeper. 

The formation of oxide films on cobalt 
silicides can be associated with the following 
overall reactions (in the studied potential range 
up to 1 V) 

Si + 2H2O = SiO2 + 4H+ + 4e, Eo = -0.857 V 	 (1)
Co + H2O = CoO + 2H+ + 2e, Eo = 0.166 V 	 (2)
3CoO + H2O = Co3O4 + 2H+ + 2e, Eo = 0.777 V	 (3)

The standard potentials for the reactions 
were taken from [26]. Reactions (1) and (2) 
directly describe the oxidation of silicide 
components, while reaction (3) describes a 
possible transformation in cobalt oxide.

Fig. 2. Chronoamperograms of the Co2Si electrode in 
0.5 M H2SO4 at Еf = 1.0 V for different types of the 
electrode surface pretreatment: ( ) – mechanical 
polishing; ( ) – cathodic pre-polarisation of the elec-
trode; ( ) – exposure of the electrode to 2 М КОН, 
washing in the deionised water; ( ) – exposure of the 
electrode to 2 М КОН, washing (neutralisation) in 0.5 
M H2SO4; ( ) – exposure of the electrode to 2 М КОН, 
washing (neutralisation) in 0.5 M H2SO4, exposure to 
0.5 M H2SO4 for 30 min at Еос; and ( ) – etching in 2% 
HF 

Fig. 3. Chronoamperograms of the CoSi2 electrode in 
0.5 M H2SO4 at Еf = 1.0 V. 1 – mechanical polishing; 
2 – exposure to 2 М КОН for 45 min
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To describe the kinetics of anodic passivation, 
different models were proposed: the high electric 
field model [27, 28], point defect model [20, 29–
31], generalised oxide growth model [32], and 
mass-charge balance model [33]. The brief review 
of the models is provided in [32, 34]. The high field 
model (HFM) and the point defect model (PDM) 
can be considered as the key models of the AOF 
growth, they have been tested on a large number 
of systems. 

The high electric field model describes the 
movement of ions through interstitial positions 
in an oxide film by a thermally activated hopping 
mechanism. Due to this mechanism, a moving ion 
crosses a certain potential barrier that depends 

on the electric field in the film. According to the 
HFM, the rate-determining stage of the oxide film 
growth is the migration of ions in the oxide or the 
injection of cations into the oxide at the metal/
oxide interface. According to the model, the electric 
field strength during the oxide growth is very high 
(> 1 MV/cm). The film growth results in a decrease 
of the electric field strength in the film (under 
potentiostatic conditions), and hence in a decrease 
of the anodic current density. The HFM leads to the 
approximate fulfilment of the logarithmic growth 
law or the inverse logarithmic law [27]. 

According to the point defect model, the ion 
current in the AOF is carried by nonequilibrium 
anion and cation vacancies which are generated at 
the metal/oxide and oxide/electrolyte interfaces. 
The value of the electric field in the oxide film 
can be much lower than that in the HFM [28]. It 
is assumed that the electric field is independent 
(or little dependent) on the film thickness and 
electrode potential (this is the main difference 
between the PDM and HFM). The model takes 
into account the potential drops at the metal/film 
jm/f and film/solution jf/s interfaces, and jf/s is 
the linear function of the applied potential and 
the рН of the solution. It also takes into account 
the chemical dissolution of the oxide. The PDM 

Fig. 4. Chronoamperograms of the Co2Si electrode in 
0.5 M H2SO4 (1–3) or 0.05 M H2SO4 (4). The surface was 
pretreated in 2% HF. Potential Ef, V: 1 – 0.2; 2 – 0.5; 
and 3, 4 – 1.0

Fig. 5. Chronoamperograms of the CoSi2 electrode in 
0.5 M H2SO4 (1–3) or 0.05 M H2SO4 (4). The surface was 
pretreated in 2% HF. Potential Ef, V: 1 – 0.2; 2 – 0.5; 3, 
4 – 1.0

Table 3. Inflection point coordinates 
(pretreatment with 2% HF)

Silicide CH2SO4
, M Ef, V lg tп lg iп

Co2Si 0.05
0.5
0.5
0.5

1.0
0.2
0.5
1.0

1.95
1.93
1.94
2.03

–4.53
–4.73
–4.73
–4.83

CoSi2 0.05
0.5
0.5
0.5

1.0
0.2
0.5
1.0

1.39
1.34
1.63
1.74

–4.50
–4.62
–4.80
–4.87
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provides a logarithmic law of the oxide layer 
growth.

To distinguish between the mechanisms 
determining the passivation kinetics of silicides, 
the diagnostic criteria proposed in [20] can be 
used. When the current densities i(t) are much 
higher than the steady-state current density, 
the dependence of F(i) = (–i¢)1/2/i on lni is plotted, 
where i¢ = di/dt is the derivative of the current 
density with respect to time. If the value of 
(–i¢)1/2/i is constant, the data are consistent with 
the point defect model. If (–i¢)1/2/i increases 
linearly with lni, the high field model of film 
growth is applicable. When the current densities 
become comparable with the steady-state current 
density is, the dependence of [–i¢/i(i – is)]

1/2 on lni 
should be considered [20].

The theoretical expression for (–i¢)1/2/i in the 
case of the high electric field model is presented 
as [20]:

-
= -

( / )
(ln ln )

di dt
i zF

RTV
aV

i Am1
	 (4)

where A = 2FaCMv exp(–W/RT), 2а is the ion jump 
distance, СМ is the concentration of interstitial 
ions in the oxide film, v is the ion vibration fre-
quency, W is the activation energy at zero field, 
z is the ion charge, V is the potential drop in the 
film, and Vm is the molar volume of the oxide.

The theoretical expression for (–i¢)1/2/i in the 
case of the point defect model is presented as [20]:

-
=

( / )di dt
i

V
RT

ma e2 		  (5)

where a2 is the transfer coefficient for the oxygen 
vacancy generation reaction at the metal/oxide 
interface, e = V/L is the electric field strength in 
the oxide film, and L is the film thickness.

Examples of the dependence of F(i) = (–i¢)1/2/i 
on lni are shown in Fig. 6, 7. The derivative at 
the kth point of the data set was calculated by the 
formula: –i¢k = (ik–1 – ik+1)/(tk+1 – tk-1). As can be seen, 
in many cases, linear dependence is executed. 
So, it can be assumed that in these cases, the 
anodic oxide film grows on the studied silicides 
in H2SO4 solutions by the mechanism of ion 
migration in a high electric field. In general, linear 
dependences of (–i¢)1/2/i on lni are well executed 
for low values of time and correspondingly lesser 

thickness of the oxide films. This is in agreement 
with the general conclusion that the high field 
model should work better for very thin films [32], 
because in such films the electric field strength 
is the highest.

Within the HFM, the expression for the slope 
of the lg i,lg t-dependence was obtained [35]:

- = - =
+

d i
d t

d i
d t

i A
i A

ln
ln

lg
lg

ln( / )
ln( / )2

	 (6)

The implications of equation (6) are: 1) the 
slope of -dlgi/dlgt is always less than 1 and it 
can vary over a wide range; 2) the dependence of 
lg i on lg t is not strictly linear, but at significant 
values of ln(i/A) and a relatively small time 
interval the curvature of the chronoamperogram 
is almost imperceptible. The experimental data 
(Fig. 1–5, Tables 1, 2) are consistent with (6), at 
least at low values of t.

The experimental values of the slopes of the 
dependences of (–i¢)1/2/i on lni are provided in 
Tables 4, 5. According to (4), the theoretical slope 
of the dependence of (–i¢)1/2/i on lni within the 
framework of the HFM is (1/zF)(RTVm/aV)1/2. The 
values of Vm and a for those oxides which can grow 
on silicides can only be estimated approximately 
because: a) the properties of very thin oxide films 
may differ from those of bulk oxides [19]; b) the 
exact composition of the oxide film growing on a 
silicide is not known. There is also an uncertainty 
regarding the value of V, as the set electrode 
potential Ef generally does not coincide with the 
potential drop on the oxide film. 

For cobalt oxide CoO, we calculated 
Vm = 11.64 cm3/mol from the molecular weight 
and density. From the crystallographic data, we 
obtained the jump distance of the interstitial 
ions of 0.21 nm. Therefore, the theoretical slope 
of the dependence of (–i¢)1/2/i on lni for СоО at 
V = 1 V is 8.6 (C/cm2)–1/2. For silica, the molar 
volume is 27.27 cm3/mol [36]. The value of 2a is 
close to the length of the Si–O bond [37], i.e., it is 
about 0.16 nm. So, the theoretical slope for SiO2 
at V = 1 V is 7.53 (C/cm2)–1/2 at z = 4. Therefore, 
the theoretical slopes for the considered oxides 
vary insignificantly, and at V = 1 V they are in 
the range 7.5–8.6 (C/cm2)–1/2. These values are 
in satisfactory agreement with the results in 
Tables  4, 5, although in some cases there are 
noticeable discrepancies. Some of them are 
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Fig. 6. Dependence of F(i) on lni for: а: Co2Si/0.05 M H2SO4, Ef = 1.0 V, the electrode pretreated by mechanical 
polishing; b: Co2Si/0.5 M H2SO4, Ef = 0.2 V, pretreatment in 2% HF; c: Co2Si/0.5 M H2SO4, Ef = 0.5 V, pretreatment 
in 2% HF; d: Co2Si/0.5 M H2SO4, Ef = 1.0 V, pretreatment in 2% HF; e: Co2Si/0.5 M H2SO4, Ef = 1.0 V; pretreatment 
in 2 M KOH; f: Co2Si/0.5 M H2SO4, Ef = 1.0 V; pretreatment in 2 M KOH followed by 30 min at the open circuit 
potential; g: Co2Si/0.05 M H2SO4, Ef = 1 V; pretreatment in 2 М КОН; and h: Co2Si/0.5 M H2SO4, E = 0.5 V, pre-
treated by mechanical polishing. The density of the current i is expressed in A/cm2, the value of F(i) is in 
(C/cm2)–1/2
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explained by the fact that V is different from 1 V. 
The slope (1/zF)(RTVm/aV)1/2 should increase 

as the potential drop in the oxide film decreases 
(upon the same electrode pretreatment). This 
was well achieved for the CoSi2 electrode in 0.5 M 
H2SO4, pretreated in 2% HF. The slope increased 
from 9.5 to 24.5 as Ef decreased from 1.0 to 0.2 V 
(Table 5). In the case of the Co2Si electrode with 

the same pretreatment, the slope only increased 
when Ef decreased from 1.0 V to 0.5 V (Table 4).

For the Co2Si electrode, the dependences of 
(–i¢)1/2/i on lni were linear for the mechanically 
polished electrode or pretreated in 2% HF 
(Fig.  6a–d). For the Co2Si electrode pretreated 
in 2 M KOH solution, when the silicide surface 
is enriched with cobalt and cobalt oxide may be 

Fig. 7. Dependence of F(i) on lni for CoSi2/0.5 M H2SO4: a: Ef = 0.2 V, pretreatment in 2% HF; b: Ef = 0.5 V, pre-
treatment in 2% HF; c: Ef = 1.0 V, pretreatment in 2% HF; and d: Ef = 1.0 V, pretreatment in 2 M KOH. The 
density of the current i is expressed in A/cm2, the value of F(i) is in (C/cm2)–1/2

Table 4. The values of the slopes of the dependences of (-di/dt)1/2/i on lni for the Co2Si electrode

Pretreatment of electrode 
surface

Concentration of 
H2SO4, mol L–1 Еf, V

Slope of (-di/dt)1/2/i vs. ln i 
plot, (C cm-2)–1/2

Time 
interval, s

Mechanical polishing 0.05 1.0 5.0 1.5–90
Mechanical polishing 0.5 1.0 5.4
Mechanical polishing 0.5 0.5 11.5

~0
0.5–8 
> 20

Cathodic polarization 0.5 1.0 6.4 
Treatment in 2% HF 0.5 0.2 6.2 10–100
Treatment in 2% HF 0.5 0.5 10.7 < 20
Treatment in 2% HF 0.5 1.0 6.9 1.2–20

Treatment in 2 M KOH 0.05 1.0 15.0
~0

1.5–10
> 15

Treatment in 2 M KOH 0.5 1.0 Weak dependence > 2
Treatment in 2 M KOH,

30 min in 0.5 M H2SO4 at Еос

0.5 1.0 Complex weak dependence
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present on the surface, the value of (–i¢)1/2/i in 
a rough approximation does not depend on the 
current density (Fig. 6e, f). In some cases (Fig. 6g, 
h), during the growth of the oxide film, there is 
a transition from a linear change in F(i) with lni 
(in accordance with the HFM) to constant F(i) 
(in accordance with the PDM). Approximately 
constant values of F(i) for the Co2Si electrodes 
pretreated in an alkaline solution are 22–24 
(C/cm2)–1/2 at sufficiently large t (Fig. 6e–g). To 
obtain 22 (C/cm2)–1/2 from relation (5) derived 
from the PDM, at a2 = 0.5 and Vm= 11.6 cm3/mol 
(as for CoO), the electric field strength in the 
oxide film must be 2.1·105 V/cm, which can be 
considered a plausible value for the PDM. In 
contrast to Co2Si, for the CoSi2 electrode, where 
the oxide is significantly enriched in silicon 
dioxide [11], the HFM is also achieved upon 
pretreatment in 2 M KOH (Fig. 7d). 

Thus, with a higher cobalt content on the 
electrode surface (Co2Si silicide with higher 
volume concentration of cobalt, the Co2Si surface 
pretreated in a KOH solution), the point defect 
model is either approximately fulfilled in a wide 
range of t, or becomes fulfilled at comparatively 
high t. Under the above conditions, the anodic 
oxide contains higher amounts of cobalt oxide. 
The main types of point defects in CoO are 
cation vacancies [38]. The Со3О4 oxide also 
contains a stoichiometric excess of oxygen [39]. 
The formation of point defects in SiO2 is more 
complicated compared to CoO [40]. These factors 
contribute to the execution of the PDM for cobalt-
rich oxide and do not promote the execution of 
the PDM for SiO2. 

The lg i,lg t-curves with an inflection were 
observed when using the electrodes pretreated 

in 2% HF (Fig. 4, 5). The current density in the 
lgi,lgt-dependence section after the inflection 
were higher compared to the continuation of 
the initial section into the region of large t. This 
probably indicates that an additional process is 
taking place: a) oxidation of cobalt in addition 
to oxidation of Si resulting in a bilayer structure; 
b) oxidation of Co(II) to a higher oxidation degree 
(reaction (3)). The higher current densities in 
0.05 M H2SO4 (Fig. 4, 5) can be explained by the 
fact that with an increase in pH, the equilibrium 
potential of oxidation reactions (1)–(3) shifts in 
the negative direction. That is, at a given Ef, a 
higher anodic overpotential is generated, which 
provides an increase in i at the beginning of 
passivation.

For Co2Si pretreated in 2% HF, the dependences 
F(i) on lni for the whole studied interval of t (up 
to 3000 s) have a complex shape (Fig. 8): at low t 

Table 5. The values of the slopes of the dependences of (–di/dt)1/2/i on ln i for the CoSi2 electrode

Pretreatment of electrode 
surface

Concentration of 
H2SO4, mol L–1

Еf, V Slope of (–di/dt)1/2/i vs. ln i 
plot, (C cm–2)–1/2

Time 
interval, s

Mechanical polishing 0.5 1.0 21.7 0.6–40
Treatment in 2% HF 0.5 0.2 24.5 

14.3 
0.5–7.5
7.5–42

Treatment in 2% HF 0.5 0.5 10.8 0.4–10
Treatment in 2% HF 0.5 1.0 9.55 1.1–19
Treatment in 2% HF 0.05 1.0 19.1 3.5–12

Treatment in 2 M KOH 0.5 1.0 4.5 1–85
Treatment in 2 M KOH 0.5 0.5 8.0 1–48

Fig. 8. Chronoamperograms for Co2Si/0.5 M H2SO4 over 
a wide time interval, pretreatment in 2% HF. Potential 
Ef, V: ( ) – 0.2; ( ) – 0.5; ( ) – 1.0
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(large i) there is a linear section, then there is a 
minimum (corresponds to the inflection on the 
lgi,lgt-curves), and then F(i) becomes almost the 
same constant value for all Ef. The constant value 
of F(i) at large t could indicate that the point 
defect model is executed. At high t (relatively 
thick oxide films), F(i) has the same value of 22–
24 (C/cm2)-1/2 as after pretreatment in a solution 
of 2 M KOH. Apparently, when thicker films are 
formed, the oxide is gradually enriched with 
cobalt also when the electrode is pretreated in 
2% HF or two-layer structures are formed. The 
structures consist of a SiO2 layer and a layer 
enriched with cobalt oxide under it. 

4. Conclusions
The study showed that the kinetics of the 

anodic oxide film growth on cobalt silicide in 
sulphuric acid solutions significantly depends on 
the pretreatment of the electrode surface. This 
agrees with the literature data indicating that 
the presence of the native oxide film and surface 
pretreatment are important factors influencing 
the formation of the passive films [41, 42]. 

It was shown that a large number of results 
are adequately described by the high field model. 
This is particularly true for the data obtained at 
short passivation time (up to 30–50 s) without 
the pretreatment of the Co2Si electrode in an 
alkaline solution. When the silicide surface is 
enriched with metal (Co2Si pretreated in a 2 M 
KOH solution) before passivation, the point 
defect model is executed with sufficiently high 
values of time.

Author contributions
All authors made an equivalent contribution 

to the preparation of the publication.

Conflicts of interest
The authors declare that they have no 

known competing financial interests or personal 
relationships that could have influenced the work 
reported in this paper.

References
1. Maurice V., Marcus P. Current developments of 

nanoscale insight into corrosion protection by passive 
oxide films. Current Opinion in Solid State and Materials 
Science. 2018;22(4): 156–167. https://doi.org/10.1016/j.
cossms.2018.05.004

2. Shein A. B. Electrochemistry of silicides and 
germanides of transition metal*. Perm: Perm State Univ. 
Publ., 2009. 269 p. (In Russ)

3. Schmidt C., Strehblow H.-H. The passivity of Fe/
Si alloys in aqueous electrolytes at pH 5 and 9 studied 
by X-ray photoelectron spectroscopy and ion scattering 
spectroscopy. Journal of the Electrochemical Society. 
1 9 9 8 ; 1 4 5 ( 3 ) :  8 3 4 – 8 4 0 .  h t t p s : / / d o i .
org/10.1149/1.1838353

4. Strehblow H.-H., Maurice V., Marcus P. Passivity 
of metals. In: Corrosion Mechanisms in Theory and 
Practice. P. Marcus (ed.). CRC Press, Taylor & Francis 
Group; 2012. pp. 235–326.

5. Wolff U., Schneider F., Mummert K., Schultz L. 
Stability and electrochemical properties of passive 
layers on Fe-Si alloys. Corrosion. 2000;56(12): 1195–
1201. https://doi.org/10.5006/1.3280507

6. Chen H., Ma Q., Shao X., Ma J., Huang B. X. 
Corrosion and microstructure of the metal silicide 
(Mo1-xNbx)5Si3. Corrosion Science. 2013;70: 152–160. 
https://doi.org/10.1016/j.corsci.2013.01.024

7. Tang C., Wen F., Chen H., Liu J., Tao G., Xu N., 
Xue J. Corrosion characteristics of Fe3Si intermetallic 
coatings prepared by molten salt infiltration in sulfuric 
acid solution. Journal of Alloys and Compounds. 
2019;778: 972–981. https://doi.org/10.1016/j.
jallcom.2018.11.198

8. Hu L., Hu B., Gui, Y. Study on the melting and 
corrosion resistance of Fe-Cr-Si dual phase alloy. IOP 
Conference Series: Materials Science and Engineering. 
2020;782(2): 022031. https://doi.org/10.1088/1757-
899X/782/2/022031

9. Zhang Y., Xiao J., Zhang Y., Liu W., Pei W., 
Zhao A., Zhang W., Zeng, L. The study on corrosion 
behavior and corrosion resistance of ultralow carbon 
high silicon iron-based alloy. Materials Research 
E x p r e s s .  2 0 2 1 ; 8 ( 2 ) :  0 2 6 5 0 4 .  h t t p s : / / d o i .
org/10.1088/2053-1591/abdc52

10. Shadrin K. V., Panteleeva V. V., Shein A. B. 
Passivation of chromium dicilicide in acidic media. 
Bulletin of Perm University. Chemistry. 2021;11(3): 
202–211 (In Russ., abstract in Eng.). https://doi.
org/10.17072/2223-1838-2021-3-202-211

11. Baklanov M. R., Badmaeva I. A., Donaton R. A., 
Sveshnikova L. L., Storm W., Maex K. Kinetics and 
mechanism of the etching of CoSi2 in HF-based 
solutions. Journal of the Electrochemical Society. 
1 9 9 6 ; 1 4 3 ( 1 0 ) :  3 2 4 5 – 3 2 5 1 .  h t t p s : / / d o i .
org/10.1149/1.1837192

12. Strehblow H.-H. Passivity of metals. In: 
Advances in Electrochemical Science and Engineering. 
Vol. 8. R. C. Alkire (ed.). Wiley; 2002. pp. 271–374. 
https://doi.org/10.1002/3527600787.ch4

13. Panteleeva V. V., Shein A. B. Growth of anodic 
oxide films on iron-triad metal monosilicides in 
sulfuric acid electrolyte. Russian Journal of 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2022;24(4): 559–571

A. B. Shein, V. I. Kichigin	 Growth kinetics of anodic oxide layers on cobalt silicides in sulphuric acid solutions



570

Electrochemistry. 2014;50(11): 1036–1043. https://doi.
org/10.1134/S102319351411007X

14. Behazin M., Biesinger M. C., Noël J. J., Wren J. C. 
Comparative study of film formation on high-purity 
Co and Stellite-6: Probing the roles of a chromium 
oxide layer and gamma-radiation. Corrosion Science. 
2012;63:  40–50. https:/ /doi .org/10.1016/j .
corsci.2012.05.007

15. Lutton K., Gusieva K., Ott N., Birbilis N., 
Scully  J.  R. Understanding multi-element alloy 
passivation in acidic solutions using operando 
methods. Electrochemistry Communications. 2017;80: 
44–47. https://doi.org/10.1016/j.elecom.2017.05.015

16. Lutton Cwalina K., Ha H. M., Ott N., Reinke P., 
Birbilis N., Scully J. R. In operando analysis of passive 
film growth on Ni-Cr and Ni-Cr-Mo alloys in chloride 
solutions. Journal of the Electrochemical Society. 
2 0 1 9 ; 1 6 6 ( 1 1 ) :  C 3 2 4 1 – C 3 2 5 3 . h t t p s : / / d o i .
org/10.1149/2.0261911jes

17. Wang Z., Di-Franco F., Seyeux A., Zanna S., 
Maurice V. , Marcus P. Passivation-induced 
physicochemical alterations of the native surface oxide 
film on 316L austenitic stainless steel. Journal of the 
Electrochemical Society. 2019;166(11): C3376–C3388. 
https://doi.org/10.1149/2.0321911jes

18. Choudhary S., Thomas S., Macdonald D. D., 
Birbilis N. Growth kinetics of multi-oxide passive film 
formed upon the multi-principal element alloy 
AlTiVCr: Effect of transpassive dissolution of V and 
Cr. Journal of the Electrochemical Society. 2021;168: 
051506. https://doi.org/10.1149/1945-7111/ac0018

19. Burstein G. T. Passivity and localized corrosion. 
In: Corrosion. Vol. 1. Metal/Environment Reactions. 
L. L. Shreir, R. A. Jarman, G. T. Burstein (eds.). Oxford: 
Butterworth-Heinemann; 1994. pp. 1:118–1:150. 
https://doi.org/10.1016/b978-0-08-052351-4.50013-3  

20. Zhang L., Macdonald D. D., Sikora E., Sikora J. 
On the kinetics of growth of anodic oxide films. Journal 
of the Electrochemical Society. 1998;145(3): 898–905. 
https://doi.org/10.1149/1.1838364

21. Kichigin V. I., Shein A. B. Effect of anodising on 
the kinetics of the hydrogen evolution reaction on cobalt 
silicides in sulphuric acid solution. Condensed Matter 
and Interphases. 2017;19(3): 359–367 (In Russ., abstract 
in Eng.). https://doi.org/10.17308/kcmf.2017.19/212

22. Liu D. Q., Blackwood D. J. Mechanism and 
dissolution rates of anodic oxide films on silicon. 
Electrochimica Acta. 2013;105: 209–217. https://doi.
org/10.1016/j.electacta.2013.04.024

23. Thissen P., Seitz O., Chabal Y. J. Wet chemical 
surface functionalization of oxide-free silicon. Progress 
in Surface Science. 2012;87(9-11): 272–290. https://doi.
org/10.1016/j.progsurf.2012.10.003

24. Seidel H. , Csepregi L. , Heuberger A. , 
Baumgärtel  H. Anisotropic etching of crystalline 
silicon in alkaline solutions. I. Orientation dependence 

and behavior of passivation layers. Journal of the 
Electrochemical Society. 1990;137(11): 3612–3626. 
https://doi.org/10.1149/1.2086277

25. Kichigin V. I., Shein A.B . Anodic behavior of 
Co2Si in potassium hydroxide solutions. Bulletin of 
Perm University. Chemistry. 2011;1(3): 4–14 (In Russ., 
abstract in Eng.). Available at: https://www.elibrary.
ru/download/elibrary_17563295_89020211.pdf

26. Sukhotin  A. M. (ed.) . Handbook  o f 
Electrochemistry*. Leningrad: Khimiya Publ.; 1981. 
488 p. (In Russ.).

27. Lohrengel M. M. Thin anodic oxide layers on 
aluminium and other valve metals: high field regime. 
Materials Science and Engineering: R: Reports. 
1993;11(6): 243–294. https://doi.org/10.1016/0927-
796X(93)90005-N

28. Vanhumbeeck J. F. , Proost J. Current 
understanding of Ti anodisation: fundamental, 
morphological, chemical and mechanical aspects. 
Corrosion Reviews. 2009;27: 117–204. https://doi.
org/10.1515/CORRREV.2009.27.3.117

29. Macdonald D. D. The point defect model for 
the passive state. Journal of the Electrochemical Society. 
1 9 9 2 ; 1 3 9 ( 1 2 ) :  3 4 3 4 – 3 4 4 9 .  h t t p s : / / d o i .
org/10.1149/1.2069096

30. Roh B., Macdonald D. D. Passivity of titanium: 
part II, the defect structure of the anodic oxide film. 
Journal of Solid State Electrochemistry. 2019;23: 1967–
1979. https://doi.org/10.1007/s10008-019-04254-0

31. Bösing I., La Mantia F., Thöming J. Modeling 
of electrochemical oxide film growth – a PDM 
refinement. Electrochimica Acta. 2022;406: 139847. 
https://doi.org/10.1016/j.electacta.2022.139847

32. Seyeux A., Maurice V., Marcus P. Oxide film 
growth kinetics on metals and alloys. I. Physical model. 
Journal of the Electrochemical Society. 2013;160(6): 
C189–C196. https://doi.org/10.1149/2.036306jes

33. Momeni M., Behazin M., Wren J. C. Mass and 
charge balance (MCB) model simulations of current, 
oxide growth and dissolution during corrosion of Co-
Cr alloy Stellite-6. Journal of the Electrochemical Society. 
2 0 1 6 ; 1 6 3 ( 3 ) :  C 9 4 – C 1 0 5 .  h t t p s : / / d o i .
org/10.1149/2.0721603jes

34. Lutton K., Scully J. R. Kinetics of oxide growth 
of passive films on transition metals. Encyclopedia of 
Inter fac ia l  Chemistry, Sur face  Sc ience  and 
Electrochemistry . 2018;284–290. https://doi.
org/10.1016/B978-0-12-409547-2.13576-0

35. Burstein G. T., Davenport A. J. The current-time 
relationship during anodic oxide film growth under 
high electric field. Journal of the Electrochemical Society. 
1 9 8 9 ; 1 3 6 ( 4 ) :  9 3 6 – 9 4 1 .  h t t p s : / / d o i .
org/10.1149/1.2096890

36. Franssila S. Introduction to Microfabrication. 
John Wiley & Sons; 2010. 518 p. https://doi.
org/10.1002/9781119990413

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2022;24(4): 559–571

A. B. Shein, V. I. Kichigin	 Growth kinetics of anodic oxide layers on cobalt silicides in sulphuric acid solutions



571

37. Nascimento M. L. F., Zanotto E. D. Diffusion 
processes in vitreous silica revisited. Physics and 
Chemistry of Glasses - European Journal of Glass Science 
and Technology Part B. 2007;48(4): 201–217. Available 
at: https://www.ingentaconnect.com/contentone/sgt/
ejgst/2007/00000048/00000004/art00001

38. Koel G. J., Gellings P. J. The contribution of 
different types of point defects to diffusion in CoO and 
NiO during oxidation of the metals. Oxidation of Metals. 
1972;5: 185–203. https://doi.org/10.1007/BF00609658

39. Razina N. F. Oxide electrodes in aqueous 
aolutions*. Alma-Ata: Nauka Publ.; 1982. (In Russ.).

40. Deml A. M., Holder A. M., O’Hayre R. P., 
Musgrave C. B. Intrinsic material properties dictating 
oxygen vacancy formation energetics in metal oxides. 
The Journal of Physical Chemistry Letters. 2015;6(10): 
1 9 4 8 – 1 9 5 3 .  h t t p s : / / d o i . o r g / 1 0 . 1 0 2 1 / a c s .
jpclett.5b00710

41. Vargas R., Carvajal D., Galavis B., Maimone A., 
Madriz L., Scharifker B. R. High-field growth of 
semiconducting anodic oxide films on metal surfaces 
for photocatalytic application. International Journal of 
P h o t o e n e r g y .  2 0 1 9 :  2 5 7 1 9 0 6 . h t t p s : / / d o i .
org/10.1155/2019/2571906

42. Ma L., Pascalidou E.-M., Wiame F., Zanna S., 
Maurice V., Marcus P. Passivation mechanisms and 
pre-oxidation effects on model surfaces of FeCrNi 
austenitic stainless steel. Corrosion Science. 2020;167; 
108483. https://doi.org/10.1016/j.corsci.2020.108483

* Translated by author of the article.

Information about the authors 
Anatoliy B. Shein, Dr. Sci. (Chem.), Full Professor, 

the Department of Physical Chemistry, Perm State 
University (Perm, Russian Federation).

https://orcid.org/0000-0002-2102-0436
ashein@psu.ru
Vladimir I. Kichigin, Cand. Sci. (Chem.), Research 

Fellow at the Department of Physical Chemistry, Perm 
State University (Perm, Russian Federation).

https://orcid.org/0000-0002-4668-0756
kichigin@psu.ru
Received 27.05.2022; approved after reviewing 

04.07.2022; accepted for publication 15.09.2022; 
published online 25.12.2022.

Translated by Anastasiia Ananeva
Edited and proofread by Simon Cox

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2022;24(4): 559–571

A. B. Shein, V. I. Kichigin	 Growth kinetics of anodic oxide layers on cobalt silicides in sulphuric acid solutions



572

ISSN 1606-867Х (Print)
	 ISSN 2687-0711 (Online)

Condensed Matter and Interphases
Kondensirovannye Sredy i Mezhfaznye Granitsy

https://journals.vsu.ru/kcmf/

Original articles
Research article
https://doi.org/10.17308/kcmf.2022.24/10561

Anodic oxide coatings with a hierarchical micronanostructure 
on  sintered titanium powders
N. M. Yakovleva1, A. M. Shulga1, I. V. Lukianchuk2, K. V. Stepanova1, A. N. Kokatev1, 
E. S. Chubieva1   *

1Petrozavodsk State University,  
33 Lenina prospekt, Petrozavodsk 185910, Russian Federation
2Institute of Chemistry of the Far Eastern Branch of the Russian Academy of Sciences,  
159 100-Letiya Oktyabrya ul., Vladivistik 690022, Russian Federation

Abstract 
TiO2 nanotubes formed by electrochemical anodising of Ti (titanium foil) are normally X-ray amorphous. To improve their 
functional properties, they are usually converted into crystalline nanotubes by annealing at T ≈ 400–500 °С. What is more, 
under certain conditions, oxide films with a hierarchical micronanostructure can be formed on titanium foil by anodising 
in fluorine-containing electrolytes. Such films contain nanostructured microcones whose atomic structure corresponds to 
anatase (a-TiO2). It is interesting to find out whether it is possible to form anodic oxide coatings with a hierarchical 
micronanostructure on the surface of sintered powders of titanium sponge, which should have much larger specific surfaces 
and a wider range of applications. This paper is aimed at the study of the process of anodising porous samples of sintered 
powders of titanium sponge in an aqueous electrolyte (1 М Н2SO4 + 0.15 wt % HF).
The object of our study were sintered titanium powders in the form of samples of porous powder materials with a specific 
area of Ssp = 1,350 cm2/g. Anodising was conducted in a 1 М Н2SO4 + 0.15 wt % HF electrolyte at various values of current 
density (jm). Surface morphology before and after anodising was investigated by scanning electron microscopy and atomic 
force microscopy. X-ray diffractometry was used to study the phase composition.
The research involved the study of the influence of conditions for the galvanostatic anodising of samples of porous powder 
materials made from titanium sponge on the growth, morphology, and atomic structure of anodic oxide coatings. For the 
first time, it was shown that anodising at the values of current density jm = (230÷1,890) mA/g leads to the appearance of 
nanostructured a-TiO2 microcones (with base diameters and heights of up to 4 μm) in an amorphous nanoporous/nanotube 
oxide matrix (with an effective pore/tube diameter of about 50 nm). Since such coatings have a high specific area and a 
hierarchical micronanostructure, they are promising for the design of devices for photocatalytic environment purification 
and production of superhydrophobic surfaces.
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1. Introduction 
Electrochemical anodising allows forming TiO2 

films directly on titanium substrates. Depending 
on the process parameters such as electrolyte 
composition and concentration, voltage/current, 
and the duration of anodising, anodic oxide 
coatings (AOCS) of different morphologies and 
atomic structures can be created.

Anodising Ti  in f luorine-containing 
electrolytes results in the formation of self-
organised nanotube or nanoporous AOCs with 
evenly distributed nanosized structural elements 
(tubes or pores) [1–7]. TiO2 nanotubes obtained 
by electrochemical anodising are normally 
X-ray amorphous. In many cases, amorphous 
nanotube AOCs are converted into crystalline 
AOCs by annealing at T ≈ 400–500 °C to improve 
their functional properties (catalytic activity, 
electronic conductivity or mechanical strength), 
which expands the range of their applications 
[1,2,6]. Therefore, it is important to form anodic 
TiO2 nanotubes with a crystalline structure 
without any additional thermal treatment. A 
number of methods for Ti anodising have been 
proposed. They allow obtaining TiO2 nanotubes at 
room temperature with a crystalline component 
in the form of anatase (hereinafter, a -TiO 2) 
and completely crystalline a-TiO 2 nanotubes 
at T = 60 °C [3, 8, 9]. In particular, some authors 
have reported one-stage synthesis of arrays of 
a-TiO2 crystalline nanotubes by anodising at 
room temperature by using polyols [10]. Despite 
certain technological difficulties, researchers 
have been actively developing the method for 
converting amorphous TiO2 nanotubes into 
crystalline nanotubes with a a-TiO2 structure by 
water or water vapour treatment [11–13].

Over the past 10 years, a number of works [14–
20] have shown that under certain conditions of 
anodising titanium foil in fluorine-containing 
aqueous electrolytes, oxide coatings can be 
formed, whose amorphous matrix has microcone 
a-TiO2 formations. Thus, in 2011, Wang C. et al. 
[14] reported about a method of anodising Ti foil 

(99.6%) in aqueous solutions of NH4F at room 
temperature which resulted in the formation 
of AOCs, on the surface of which there were 
homogeneously distributed cone-shaped micron 
formations with a a-TiO2 structure. According to 
the authors, the shape of crystalline formations 
was flower-like, although it would be more 
appropriate to call them “microcones” given their 
geometric shape and dimensional parameters. 
Each microcone, in its turn, was nanostructured 
and had a set of layers with a thickness of about 
20 nm. It should be noted that similar a-TiO2 
structures were also found when studying the 
formation of AOCs on titanium foil in aqueous 
solutions of acids (sulphuric, orthophosphoric) 
without adding fluorine [21–25].

Later, it was reported that similar oxide films 
on Ti were obtained in aqueous solutions of acids 
(H3PO4, H2SO4, and C2H2O4) with a HF additive 
[17–20]. It was found that the critical parameters 
affecting the appearance of a-TiO2 microcones 
in the amorphous oxide matrix are the value 
of the applied potential and the concentration 
of the fluorine-containing additive (NH4F [14–
16] or HF [17–20]). Due to their high surface 
area, morphological regularity, and a crystalline 
structure, a-TiO2 micronanostructures obtained at 
room temperature directly on a titanium substrate 
can be used in various ways. For example, they are 
a promising material for water photoelectrolysis, 
solar energy conversion [14], and the manufacture 
of lithium-ion battery anodes [20, 26, 27]. At 
present, only the initial assumptions have been 
made about the mechanism of the formation of 
anatase microcones when anodising titanium foil 
in aqueous solutions with fluorine ions. Therefore, 
this issue needs to be further researched.

Porous powder materials (PPM) obtained 
by pressure treatment and the sintering of Ti 
sponge powders are characterised by a set of 
unique physicochemical properties, including 
antibacterial effect, accelerated osseointegration 
with bone tissues, etc. [28, 29]. The formation of 
nanostructured AOCs on the surface of sintered 
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powder particles should lead to a noticeable 
increase in the specific area of the sample and 
a range of its functional applications. In [7], it 
was shown for the first time that under certain 
conditions of anodising samples of titanium 
sponge PPM samples (hereinafter, TS PPM) in 
a 1 M H2SO4 + 0.15 wt% HF aqueous electrolyte, 
an X-ray amorphous TiO2 film with a thickness 
of about 300 nm was formed on the surface of 
the sintered powder microparticles. This film 
was characterised by the presence of evenly 
distributed open pores/tubes with effective 
diameters between 30 and 70 nm. What is more, 
the microinhomogeneous surface of anodised 
samples both had areas with pores and areas with 
tubular structures. There is no information on the 
formation of anodic oxide coatings (AOCS) with 
hierarchical micronanostructures on the surface 
of sintered powders of sponge titanium, that is 
why it is very important to find out whether it 
is possible to obtain coatings of this type. For 
this purpose, this paper studies the process of 
anodising porous materials made from sintered 
powders of Ti sponge in a 1 M H2SO4 + 0.15 wt % 
HF aqueous electrolyte.

2. Experimental
In our study, we used sintered titanium 

powders in the form of samples of porous powder 
materials (PPM). PPM samples were prepared 
by pressing sponge powder of technically pure 
titanium with a fraction of 0.63-1.0 mm at 
100–120 MPa followed by vacuum sintering at 
a temperature of 1,090°C for 70 minutes. As 
a result, we obtained disc-like samples with a 
diameter of 20–30 mm, a thickness of 3 mm, and 
a specific area of Ssp = 1,350 cm2/g [7,28,30].

The samples were preliminarily degreased 
in acetone and ethanol in an ultrasonic bath, 
washed in distilled water, and dried in the air. 
Anodising was performed in three-electrode 
electrochemical cells with a tantalum cathode 
and platinum counter electrode in a 1 M H2SO4 + 
0.15  wt% HF aqueous electrolyte at room 
temperature in a galvanostatic mode (GSM). To 
determine the cell current during galvanostatic 
anodising of sintered powders, it is necessary 
to know the surface area of the sample, which 
can be found if the value of the specific surface, 
Ssp, is known. Thus, to anodise TS PPMs with a 

mass of m = 1 g and Ssp = 1,350 cm2/g at a current 
density ja  =  0.15 mA/cm2, it is necessary to set 
the value of the cell current at Ia ≈ 202 mA. When 
anodising samples of sintered powders of various 
sizes (masses) under galvanostatic conditions, it 
is advisable to compare voltage-time transients 
in the electrolytic cell, Ua(t), obtained at constant 
current values per unit mass of the sample 
jm = Ia/m (mA/g) [31].

In this work, anodising was carried out at 
the values of jm = 202, 230, 405, and 1,890 mA/g. 
Normally, the duration of the process was 
ta  =  1  hour. At jm = 1,890 mA/g, we studied 
anodising for ta = 45, 60, and 90 min. During the 
growth of AOCs, voltage-time transients, Ua(t), 
were recorded using an ERBIY-7115 electronic 
recorder connected to a computer. The detailed 
description of the anodising method is presented 
in the works [7, 31–33].

Scanning electron microscopy (SEM), atomic 
force microscopy (AFM), and X-ray diffraction 
were used to study the morphology, elemental 
composition, and atomic structure of the samples. 
The surface morphology of the samples before 
and after anodising was investigated by SEM 
using high-resolution microscopes Mira (Tescan, 
Czech Republic) and S-55009 (Hitachi, Japan). 
The elemental composition was evaluated by 
energy dispersive X-ray spectroscopy (EDS) using 
a Thermo Scientific attachment (USA). The data 
were collected for 5–10 sections, including those 
of microscopic size (up to 50×50 μm2) as well as 
“dots” of 50×50 nm2 and 10×10 nm2. The sections 
were chosen according to previously obtained 
SEM images of the surface and their elemental 
composition was quantitatively analysed.

The AFM studies were conducted in air on 
a Solver Next (ZAO NT-MDT, Russia) scanning 
probe microscope in a tapping mode. High-
resolution diamond-like carbon tips (NSG01) with 
the length of 125 μm, resonance frequency of 87-
230 kHz, and curvature radius of the needle of 10 
nm were used. The size of the scan area varied in 
the range from 1 to 25 μm2. From 2 to 5 surface 
sections were scanned. The thickness of the oxide 
films was assessed by AFM images of the samples 
[7]. The sequence of processing AFM images is 
described in [32].

X-ray diffractometry was used to study the 
phase composition. The samples were studied 
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using the X-ray technique before and after 
anodising on a D8 ADVANCE (Bruker, Germany) 
automated diffractometer using СuKa radiation 
in the angular range 2q = (10–90)° at 0.02о 
intervals. The phase composition of AOCs was 
identified by comparing a set of d-spacings 
calculated according to the experimental data and 
the corresponding values for Ti and crystalline 
modifications of titanium oxides.

3. Results and discussion
The first stage of the research of galvanostatic 

anodising of porous samples of sintered powders 
of Ti sponge in a 1 M H2SO4 + 0.15 wt% HF 
aqueous electrolyte involved the study of the 
growth kinetics of anodic oxide coatings (AOCs) 
at constant current values per unit mass of 
the sample, jm, equal to jm = 202, 230, 405, and 
1,890  mA / g. Figure 1 shows the voltage-time 
transients in the electrolytic cell, Ua(t), registered 
during the growth of AOCs. We can see that 
Ua(t) changed noticeably with an increase in the 
current value.

At values of jm = 202 and 230 mA/g, during 
the first 30 minutes of the process, kinetic 
dependencies (Fig. 1, curves 1 and 2) corresponded 
well to the growth of self-organised porous/
tubular AOCs [2, 7, 32] and were characterised 
by the values of steady-stage voltage between 5 
and 9 V. There were successively distinguished 
sections of Ua(t) curves that are commonly 
interpreted as those corresponding to different 
stages of the formation of self-organised oxide 
films: the growth of a barrier layer, initiation and 
self-organisation of pores, and the steady-state 
growth of the porous/tubular layer. However, 
further voltage began to grow and reached 
values of about 20 V (jm = 202 mA/g) and 30 V 
(jm = 230 mA/g) at the end of the process (ta = 1 h).

The dependencies Ua(t) (Fig. 1, curves 3-6) 
recorded at large current values, jm = 405 mA/g 
and jm = 1,890 mA/g, were also close to the 
typical galvanostatic growth curves of self-
organised porous/tubular AOCs. However, the 
value of steady-stage voltage in such conditions 
was noticeably higher and close to Ua

st ~ (25–
27) V. Also, at jm = 405 mA/g (Fig. 1, curve 3), 
60 minutes of anodising was required for the 
transition to the stage of steady-state growth, 
while at jm = 1,890 mA/g, it took 40 minutes (Fig. 1, 

curves 4–6). We can see that at jm = 1,890 mA/g, 
the variation of the anodising time between 45 
and 90 minutes practically did not cause any 
changes in Ua(t). It should be noted that the 
presence of numerous voltage peaks at the stage 
of self-organisation and the steady-state growth 
of pores was characteristic of Uа(t) obtained both 
at jm = 405 mA/g and jm = 1,890 mA/g (Fig.  1, 
curves 3 and 4). Such voltage behaviour can be 
caused by multiple local breakdowns in the barrier 
layer [35]. The analysis of the initial sections of 
the Ua(t) transients for all of the used values of jm, 
with the exception of jm = 202 mA/g, showed [31] 
that in the initial sections, a few seconds after 
the beginning of anodising, there was a change 
in the slope of Ua(t), which is usually associated 
with the appearance of the crystalline component 
a-TiO 2 in the composition of the amorphous 
oxide layer [34].

During the next stage, a microscopic study 
of the surface morphology of the samples before 
and after anodising was conducted using SEM. 
According to the data [7], the surface relief of the 
sample before anodising indicated a sufficiently 
developed structure characteristic of a titanium 
sponge [28, 36]. The analysis of the elemental 
composition of the samples before anodising 
showed that its main element was Ti (СTi ≈ 90–
100 wt%). The presence of C (between 5.5 and 
9  wt%) was also established. It was found that 
some areas had individual defects (micron 
inclusions whose composition included Si, Ca, Al, 

Fig. 1. Voltage-time transients, Ua(t), recorded during 
anodising of the samples of porous powder materials 
made from titanium sponge in a 1 М Н2SO4 + 0.15 wt % 
HF solution at different values of current jm: 202 mA/g 
(curve 1, ta = 60 min); 230 mA/g (curve 2, ta = 60 min); 
405 mA/g (curve 3, ta = 60 min); 1,890 mA/g (curves 
4–6, ta = 45, 60, 90 min)
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and O (up to 20 wt%), which corresponds to the 
state standard GOST 17746-96 Titanium sponge.

Fig. 2 shows that after anodising at 
jm = 202 mA/g, the surfaces of the TS PPM samples 
had self-organised AOCs with open pores and 
effective diameters from 40 to 60 nm, which 
corresponds well to the results [7]. The estimation 
based on the pore size and the thickness of the 
oxide layer [7] showed that the surface area of 
TS PPM samples anodised under such conditions 
would increase by approximately 10 times.

The study of the morphology of AOCs anodised 
at jm = 230 mA/g (ta = 1 h) mainly revealed regions 
with a regular-porous relief similar to that 
shown in Fig. 2. It also revealed separate regions 
containing a set of rounded formations with a size 
of 0.2 to 2.0 μm (Fig. 3 a,b) which, according to the 
results [3,34,35], can be interpreted as crystalline 
nuclei with a a-TiO2 structure (anatase).

After anodising at jm = 405 mA/g, unevenly 
distributed rounded formations of cone-like 
morphology were observed on the surface of all 
studied areas of the porous oxide layer (Fig. 4). 
Their shape was close to conical, their estimated 
base diameters were between 0.7 and 3.5 μm and 
their heights were between 0.3 and 3.0 μm (Fig. 
4 b, c), which allows calling them microcones 
(MCC). Each formation, in its turn, was a set of 
heterogeneous layers with a thickness of about 
20–35 nm (Fig. 4c), i.e. they were nanostructured. 
There were cracks around the cone-like MCCs 

and separate depressions, craters (Fig. 4b). It can 
be assumed that the craters had been filled with 
MCCs. It means that after anodising for ta = 60 
min at jm = 230 mA/g, multilayer formations only 
began to appear on the surface of the porous/
tubular oxide film, while at jm = 405 mA/g, their 
number and size increased.

During the final stage, we examined the 
surface of AOCs obtained at jm = 1,890 mA/g. 
Despite bubbling the electrolyte, by the end 
of the anodising process the temperature near 
the surface of the sample increased by 15-20°C. 
Anodising at jm = 1,890 mA/g for 45 minutes 
(Fig. 5a) resulted in the uneven distribution of 
multilayer conical formations of various sizes on 
the surface of the samples with porous/tubular 
AOCs. The values of their base diameters varied 
between 0.8 and 3.0 microns, and their heights 
varied between 0.8 and 4.0 microns. The thickness 
of the layers was about 30 nm. As compared to 
the MCCs formed by anodising at jm = 405 mA/g 

(Fig. 4), these MCCs were more elongated and 
their height in most cases exceeded their base 
diameter. The analysis of SEM images obtained 
at larger magnification suggests that the MCC 
layers were nanoporous, which is consistent with 
the data in [26]. All studied areas within most 
MCCs were characterised by cracks around the 
bases with a width of ~90–150 nm. Cracks also 
appeared in the areas between MCCs, the number 
of craters with diameters between 1.0 and 2.5 μm 

Fig. 2. SEM images of the surface of the samples of porous powder materials made from titanium sponge after 
anodising in a 1 М H2SO4 + 0.15 wt % НF electrolyte for 1 hour at jm @ 202 mA/g. The images were obtained at 
various magnifications (a, b)
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Fig. 3. SEM images of sections on the surface of the samples of porous powder materials made from titanium 
sponge after anodising in a 1 М H2SO4 + 0.15 wt % НF electrolyte for 1 hour at jm @ 230 mA/g. The images were 
obtained at various magnifications (a, b)

Fig. 4. SEM images of a section on the surface of the samples of porous powder materials made from titanium 
sponge after anodising in a 1 М H2SO4 + 0.15 wt % НF electrolyte for 1 hour at jm @ 405 mA/g. The images were 
obtained at various magnifications (a, b, c)

Fig. 5. SEM images of the surface of the samples of porous powder materials made from titanium sponge after 
anodising in a 1 М H2SO4 + 0.15 wt % НF electrolyte for 45 (a) and 60 (b) min at jm @ 1,890 mA/g
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also increased. Increasing the anodising time to ta 
= 60 min did not result in any noticeable changes 
in the appearance of the AOC surface. Multilayer 
MCCs were unevenly distributed on the surface 
of the AOCs, the diameters of their bases were 
in the range from 0.8 to 3.0 μm, their heights 
were between 1.9 and 4.1 μm (Fig. 5b), and the 
number of craters and cracks between microcone 
formations increased. The AFM was used to 
study in detail the surface relief of the AOC 
sections between large microcone formations. 
It can be seen (Fig. 6a, b) that along with surface 
areas characterised by the presence of regular 
open pores/tubes (dp ~ 20–30 nm), there were 
unevenly distributed cone-shaped formations 
with base diameters in the range from 50 to 200 
nm and heights below 200 nm. This means that 
anodising at a current value of jm = 1,890 mA/g for 
ta = 60 min leads to the formation of nanoporous/
nanotubular oxide coatings on microparticles 
of porous powder samples. These coatings 
have multilayer conical formations whose base 
diameters and heights vary over a wide range.

After ta = 90 min, the studied sections of 
the AOC surface had multilayer MCCs with 
base diameters between 0.6 and 3.9 μm and 
heights between 1.7 and 4.5 μm. The number 
of craters sharply increased and their estimated 
diameters were between 0.3 and 3.0 μm (Fig. 7). 
The elemental composition of AOCs which 
were formed within ta = 90 min was studied 
within different areas: (I) within microcones, 
(II) between craters/microcones, (III) in the 
conjugation area of craters and the surface of 

the AOC, (IV) at the bottom of craters (Table 1). 
The obtained data indicate that the MCCs had 
Ti and O in their composition. The values of 
weight percent of the elements were CTi ≈ 60 wt %, 
CO ≈ 40 wt%, which corresponded well to TiO2. 
Additionally, an insignificant amount of F (up 
to 4 wt%) was found in some microcones. The 
elemental composition of AOCs outside cones 
and craters also corresponded to TiO2. There 
were traces of sulphur S (less than 0.2 wt%). The 
presence of S could be due to the inclusion of 
SO4

2– anions into the porous oxide layer of AOCs 
during its growth [36]. All studied surface sections 
were characterised by the presence of 2 to 10 wt% 
of carbon. It was found that only titanium was 
present at the bottom of the craters.

Next, an X-ray technique was used to examine 
the phase composition of the samples before 
and after anodising at jm = 1,890 mA/g for 60 
and 90 min. In addition to reflections from the 
titanium substrate, the XRD patterns of the 
studied samples after anodising had several 
additional low-intensity lines. Fig. 8 shows a 
typical XRD pattern of a sample anodised in 1 M 
H2SO4 + 0.15 wt % HF solution at a current value 
of jm = 1,890 mA/g for ta = 90 min. Identification 
of the diffraction lines on the XRD patterns 
of powder samples is a very challenging task, 
firstly, due to their low intensity and, secondly, 
due to the coincident positions of several Bragg 
reflections. Hence the need for repeated X-ray 
examination of the samples and strict compliance 
with the accuracy requirements when aligning the 
studied object. As a result, we identified isolated 

Fig. 6. AFM images (2D - a, 3D - b) of the surface of the samples of porous powder material made from titani-
um sponge after anodising in a 1 М H2SO4 + 0.15 wt % НF electrolyte for 1 hour at jm @ 1,890 mA/g.
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lines corresponding to the Bragg reflections (101) 
and (200) for a-TiO2 with d-spacings: d1 = 0.351 
nm (101), d2 = 0.189 nm (200). In addition, the 
asymmetry of the line (002) Ti (d = 0.234 nm) 
may indicate [17] the presence of a reflection 
corresponding to the reflection (004) for a-TiO2 
with d3 = 0.239 nm. This fact suggests that the 
phase composition of the microcone formations 
included in the X-ray amorphous nanoporous/
nanotubular titanium oxide matrix corresponded 
to the crystalline modification of TiO2 (anatase). 
It should also be emphasised that the results of 
qualitative phase analysis correlate with the data 
in papers [16-18] devoted to a comprehensive 
study of the atomic structure of microcone 
formations in AOCs on titanium foil using X-ray 
diffraction and X-ray photoelectron spectroscopy.

As has already been noted above, only 
qualitative models for the formation of such 
microstructures have been proposed to date. 
For example, some authors [14] discuss reasons 
for the formation of anatase microcones during 
the anodising of compact titanium in aqueous 
solutions of acids with fluorine ions. They 
suggest, in accordance with [21–23], that the 
mechanism of growth of anatase microcrystallites 

can be explained by the development of nanosized 
crystalline nuclei that form in defective sites on 
the metal/oxide interface under the influence 
of high local current density. However, they 
do not describe the effect of fluorine ions. 
It is believed [22, 23] that the growth of the 
crystalline component is due, firstly, to local 
heating, secondly, to compressive stresses that 
are present on the metal/oxide interface. It was 
also indicated that one of the reasons for the 
flower-like shape of the anatase microcones may 
be due to the reaction of oxygen evolution [38, 
39]. When explaining the formation of MCCs by 
anodising titanium foil in a 1 M H2SO4 + 0.1 vol.% 
HF electrolyte, authors [18] presented a model 
whose determining factor was considered to be 
the existence of internal compressive stresses 
leading to the detachment of the oxide film and 
the appearance of hollow microcone formations. 
However, the authors did not give any reliable 
justification for the model.

Taking into account the available information 
on the growth of anatase microcone formations 
during anodising of compact titanium [14, 18, 
21, 23], it can be assumed that the formation 
of hierarchical a-TiO2 micro-nanostructures 

Fig. 7. SEM images of a section on the surface of the sample of porous powder material made from titanium 
sponge after anodising in a 1 М H2SO4 + 0.15 wt % НF electrolyte for 90 min at jm @ 1,890 mA/g. The images 
were obtained at various magnifications (a, b) The results of the EDX analysis of the elemental composition of 
sections I–IV (b) are presented in Table 1

Table 1. The main elemental composition of sections I-IV (Fig. 7B) on the surface of the samples of 
porous powder materials made from titanium sponge after anodising in a 1 М H2SO4 + 0.15 wt% НF 
electrolyte for 90 min at jm 1,890 mA/g

Element
Mass fraction of the element, С, wt%

I II III IV
С 10.0±1.9 5.3±1.3 6.9±1.8 –
О 35.2±3.2 41.4±2.9 33.5±3.3 –
Ti 54.8±1.8 53.2±0.3 59.6±3.5 100.0±1.8
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on the surface of TS PPM is also influenced 
by the heterogeneous relief of the surface 
of titanium sponge and oxygen-containing 
inclusions. Moreover, their effect on the process of 
crystallisations should increase with an increase 
in the current density of the galvanostatic 
process, which correlates well with the results of 
the study of the atomic structure and morphology.

Thus, the study of the growth, morphology, 
and atomic structure revealed that the proposed 
treatment conditions for porous materials 
from sintered powders of Ti sponge allow 
forming hierarchical micronastructured anodic 
oxide coatings characterised by a nanoporous 
amorphous matrix containing nanostructured 
anatase microcones.

4. Conclusions
The study of the influence of the conditions 

of the galvanostatic process on the growth of 
anodic oxide coatings on the samples of porous 
powder materials made from titanium sponge in a 
1 M H2SO4 + 0.15 wt% HF electrolyte showed that 
anodising at a current density of jm ≈ 202 mA/g 
leads to the formation of an X-ray amorphous 
layer of TiO2 with a thickness of about 250–
350 nm and evenly distributed pores/tubes with 

effective diameters of (50±20) nm. Anodising 
at large current values of jm in the range from 
230 to 1,890 mA/g leads to the appearance of 
nanostructured a-TiO2 microcones with base 
diameters and heights of up to 4–4.5 μm. These 
microcones are unevenly distributed in the 
X-ray amorphous oxide matrix. The obtained 
coatings on the surface of porous materials made 
from sintered powders of titanium sponge with 
a high specific area and a hierarchical micro/
nanostructure are promising for a whole range of 
applications, in particular, for the design of devices 
for photocatalytic environment purification and 
production of superhydrophobic surfaces, which 
can be an area for further research.
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Gustav Tamman at Yuriev University. Since 
1924, academic work and extensive scientific 
research has been carried out at VSU in the field 
of physical chemistry. These were started under 
the leadership of N. V. Kultashev. The study of 
the processes of vacuum evaporation of zinc from 
alloys with silver and copper for the production of 
metal membranes concluded with the defence of a 
Ph.D. thesis by associate professor F. A. Santalov, 
who was head of the Department from 1938 to 
1939. In the period from 1942 to 1954, associate 
professor S. A. Kretinin was the head of the joint 
Department of Physical and Colloidal Chemistry.

Since 1939, research into electrochemical 
corrosion has performed at the Department of 
Physical Chemistry of Voronezh State University. 
Assistant A. Ya. Shatalov, under the supervision of 
Prof. N. V. Kultashev, for the first time performed 
measurements of the electrode potentials 
of antimony and other metals. The studies 
interrupted during the Great Patriotic War were 
resumed by Associate Professor A. Ya. Shatalov 
in 1950. The corrosion behaviour of metals in 
solutions with various acidity was investigated. 
The defence of his doctoral thesis at the Institute 
of Physical Chemistry of the Academy of Sciences 
of the USSR (Moscow) by A. Ya. Shatalov was 
a notable event that confirmed the productive 
application of the theory of electrochemical 
kinetics for the description of corrosion processes 
on metals in electrolyte solutions. Since 1956, 
under the guidance of Professor A. Ya. Shatalov, 
intensive research has been carried out at the 

Department of Physical Chemistry relating to the 
electrochemical corrosion of metals.

In 1979 Professor I. K. Marshakov, became the 
head of the department and guided systematic 
studies on anodic dissolution and the selective 
corrosion of alloys, which he started back in 1958. 
Professor I. K. Marshakov is one of the founders of 
a new area in corrosion science, "Electrochemistry 
and the corrosion of alloys".

A significant contribution to the general 
theory of alloy dissolution with an analytical 
description of kinetic regularities was made in 
the doctoral thesis of A. V. Vvedensky, who was 
head of the Department  from 2000 to 2019. For 
the first time, a fairly complete and consistent 
physicochemical model of the anodic dissolution 
of a homogeneous alloy was presented in the 
thesis. Professor A. V. Vvedensky continues 
to actively work at the department and he 
is the chairman of the dissertation board on 
physical chemistry, inorganic chemistry, and 
electrochemistry.

The current head of the Department 
of Physical Chemistry of VSU is Doctor of 
Chemical Sciences, Associate Professor O. A. 
Kozaderov. In his thesis (2016) he established the 
physicochemical regularities of the formation and 
development of a nonequilibrium surface layer 
at the alloy/solution interface under conditions 
of simultaneous unsteady diffusion processes, 
phase transformations, and changes in surface 
morphology.

The main scientific area of the Department of 
Physical Chemistry of VSU is "Thermodynamics 
and kinetics of heterogeneous processes in metal 
and metal-polymer systems with electrochemical, 
chemical, adsorption and transport stages 
as a scientific foundation for the creation of 
new principles of electrocatalytic reaction 
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control, production of highly active electrode 
materials and the creation of new principles of 
electrocatalytic reaction control". Fundamental 
research is carried out within the framework of the 
state task for universities in the area of scientific 
research of the Ministry of Science and Higher 
Education, grant projects of the Russian Science 
Foundation and the Russian Foundation for Basic 
Research, the federal scientific and technical 
programme of development of synchrotron and 
neutron techniques and research infrastructure 
and other science support programmes.

The Department has educational and scientific 
laboratories for electrochemistry and the corrosion 
of metals and alloys, photoelectrochemistry, the 
physical chemistry of metal/polymer systems, 
electrocatalysis, and the electrodeposition of 
metals and alloys. The workplaces of researchers, 
teachers, and students are equipped with 
modern electrochemical stations (IPC-Compact, 
IPC‑Pro L, IPC-Pro MF, P-20X, P-40X, etc.) and 
computers with specialised software (Comsol 
Multiphysics, Mathematica , Matlab), which allow 
them to conduct scientific research at a high level.

Academic cooperation between the Depart
ment of Physical Chemistry of Voronezh State 
University and scientific Russian and foreign 
organisations is successfully developing. A joint 
laboratory of Voronezh State University and the 
A. N. Frumkin Institute of Physical Chemistry 
and Electrochemistry of the Russian Academy of 
Sciences “Adjoint processes in Electrochemistry 
and Metal Corrosion” was created. International 
projects with the National Chemical Engineering 
Institute in Paris (France) and the National 
Institute of Technology in Kurukshetra (India) 
are supported by national governments. 
Interactions with real economy enterprises 
were established and based on requests from 
these organisations, commercial R&D projects 

are carried out. The results of fundamental and 
applied research are used in solving urgent 
problems in the field of electrochemical and 
hydrogen energy, in the synthesis of functional 
coatings for micro- and nanoelectronics, in 
the development of effective methods of anti-
corrosion protection. 

The training of staff for specialised sectors 
of the economy is carried out at the department 
within the framework of training courses and 
practical sessions in physical chemistry and 
electrochemistry, chemical current sources and 
electrochemical technologies, quantum chemistry 
and computer modelling of electrochemical 
systems, physical chemistry of adsorption 
processes and thermodynamics of irreversible 
processes, methods of protection against 
corrosion. The graduates of the department work 
at the enterprises of the electronic, energy, and 
food industries (OAO “Concern SOZVEZDIE”, 
OAO NIIPM, AO NIIET, AO VZPP-Mikron, 
Novovoronezh nuclear power station, GC "EFKO", 
etc.), in medical organisations, pharmaceutical 
companies and environmental laboratories 
(Rospotrebnadzor, AO Binergia, Binnopharm 
group, OOO DNA-Technologies, etc.), teach at 
schools and universities, conduct research in 
scientific organisations (A. N. Frumkin Institute 
of Physical Chemistry and Electrochemistry    
and other institutes of the Russian Academy of 
Sciences).

Today  the  Department  of  Phys ica l 
Chemistry is the core of the dynamically 
developing and somewhat original Voronezh 
School of Electrochemists and Corrosionists. 
Congratulations to the staff of the Department of 
Physical Chemistry of Voronezh State University 
on its 90th anniversary and wishes for future 
successes in education and new scientific 
achievements!

The Editorial board  
of the journal Condensed Matter and Interphases
Translated by Valentina Mittova
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