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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
silicon silicides (Co,Si and CoSi,) in 0.05 and 0.5 M H,SO,.

We obtained the chronoamperograms in the time interval ¢t = 0.3-3000 s with the oxide formation potentials of E = 0.2,
0.5,and 1.0 V (SHE). It was determined that the kinetics of the growth of oxide layers on cobalt silicides in acidic solutions
greatly depends on the method of the silicide surface pretreatment (mechanical polishing; cathodic pre-polarisation in a
H,SO, solution; exposure to H,SO, solution at the open circuit potential; exposure in a 2 M KOH solution; and exposure to
2% HF solution). In most cases, at low t (up to 30-50 s), the oxide films grew due to the ion migration in the strong electric
field generated in the film during anodic polarisation.

In some cases (Co,Si silicide with higher cobalt content; pretreatment of Co,Si in alkaline solution, further enriching the
silicide surface with cobalt; and the region of high values of t), the point defect model seemed to be executed.
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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 SiO, [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 pH 9
contains only Fe, and at pH 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
Si0, 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 H,SO, 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
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studied. The purpose of this research was to study
the kinetics of the formation of anodic oxides on
Co,Si and CoSi, cobalt silicides in sulphuric acid
solutions under potentiostatic conditions upon
different pretreatment of the electrode surface.

2. Experimental

In this study, we used Co,Si and CoSi, 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/cm?, 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 Co,Si
are hard to reduce. On CoSi,, cathodic reduction
of anodic oxides barely takes place [21].

3) Exposure to 0.5 M H,SO, at an open circuit
potential, E  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 E__for 5 min, rinsing
in deionised water and in working solution. HF
is known to dissolve SiO, 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 H,SO, + 0.05 M
HF at E_. It was assumed that HF would dissolve
SiO, and the presence of sulphuric acid would
lead to a faster dissolution of the cobalt oxides.
5) Exposure in 2 M KOH at E__ for 40 min,
rinsing (neutralisation) in the working solution,
and transfer to the electrochemical cell with or
without the electrode exposure at E_ . 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 Co,Si
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
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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 H,SO, and 0.05 M H,SO,
prepared from a chemically pure reagent
and deionised water (Millipore). We used the
following measurement procedure: the potential
was changed from E__ of the electrode, pretreated
by one of the above methods, to a given value of
E, (in the range of 0.2-1.0 V, all potentials are
provided for standard hydrogen electrode) for
50 minutes. The Lt curve (I is the current, t is
the time) was recorded. The E__ values for each
of the silicides varied only slightly depending
on the electrode pretreatment method (Tables
1, 2). Therefore, the value of E, - E__ at a given
E.was also approximately the same for different

Table 1. The values of dlgi/dlgt for Co,Si passivation in H,SO, solutions

Pretreatment of electrode surface Con%erslgatll\zn of E_,V E,V | dlgi/dlgt | Time interval, s
2 4
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 1-10
-0.92 50-2000
Mechanical polishing 0.5 -0.232 1.0 -0.70 <10
30 minin 0.5 M H,SO, atE_ 0.5 -0.225 1.0 -1.0 5-30
-0.84 100-3000
Cathodic polarization 0.5 -0.233 1.0 -0.71 <10
-0.94 30-1000
Treatment in 2% HF 0.05 -0.270 1.0 -0.94 1-10
-0.86 500-1000
Treatment in 2% HF 0.5 -0.235 0.2 -0.76 1-100
-0.85 200-1000
Treatment in 2% HF 0.5 -0.235 0.5 -0.65 1-30
-1.2 500-3000
Treatment in 2% HF 0.5 -0.235 1.0 -0.78 0.3-20
-1.4 > 1250
Treatment in 0.5 M H,SO, + 0.05 M HF, 0.5 -0.233 0.5 -0.77 5-100
10 min
Treatment in 0.5 M H,SO, + 0.05 M HF, 0.5 -0.235 1.0 -0.87 1-220
10 min
Treatment in 2 M KOH 0.05 -0.278 1.0 -0.57 3-15
-0.91 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 <2
-0.84 30-1000
Treatment in 2 M KOH, 0.5 -0.21 1.0 -0.77 <2
30 minin 0.5 MH,SO, atE -0.89 10-1000
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Table 2. The values of dlgi/dlgt for CoSi, passivation in H,SO, solutions

Pretreatment of electrode surface Concentration of E ,V E,V | dlgi/dlgt | Time interval, s
H, SO, M oc P
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 <10
-0.78 10-100
-0.84 100-1000
Treatment in 2 M KOH 0.5 -0.09 0.5 -0.64 1-10
-0.86 100-1000
Treatment in 2% HF 0.5 -0.10 1.0 -0.83 <10
-1.4 200-450
Treatment in 2% HF 0.5 -0.10 0.5 -0.72 <10
-0.98 200-500
Treatment in 2% HF 0.5 -0.10 0.2 -0.50 10-50
-1.0 200-1000
Treatment in 2% HF 0.05 -0.145 1.0 -0.88 1-5
-0.71 60-200
-1.1 300-1000

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 d1gi/dlgt slopes for the
Co,Si electrode are provided in Table 1.

Preliminary cathodic polarisation of the Co,Si
electrode in 0.5 M H,SO, had very little effect on
the i,t-curves (Fig. 2). The current density slightly
increased, while the shape of 1gi,1gt-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,Igt-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 ina 0.5
MH,SO, solution after exposure in a KOH solution
(in this case, the alkaline solution remaining on
the electrode was quickly neutralised) and then
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transferred to the measuring cell. Even higher
current densities were observed when, after
exposure to a KOH solution and neutralisation
in 0.5 M H,S0,, the electrode was kept for 30
min at the open circuit potential in a cell with
a working solution of 0.5 M H,SO,. The increase
in i at low t in the latter case was probably not

3 -
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-
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log (t/s)
Fig. 1. Chronoamperograms of the Co,Si electrode in
0.05 MH,SSO,. I - E = 1.0V,2- E= 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 E__and without it), but to a more complete
dissolution of cobalt oxides on the electrode
surface due to its exposure at E_ . Exposure of the
Co,Si 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 CoSi,
electrode in logarithmic scale were also similar to
the linear dependences (Fig. 3). As in the case of
Co,Si, lower current densities were observed for
the electrode with mechanically polished surface.
The values of the dlgi/dlgt slopes for CoSi, are
provided in Table 2. At the same pretreatment of
the electrode, the values of dlgi/dlgt for CoSi,
were slightly greater than for Co,Si (at least at
low t).

A characteristic feature of the passivation of
cobalt silicides is an inflection on the 1gi,Ig 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 CoSi, electrode than for the
Co,Si electrode. Upon the transition from Co,Si to
CoSi,, the value of t, decreased noticeably, while
i, changed less (t, and i, are the coordinates
of the inflection point). The inflection section
became longer with an increase in E. In the case
of CoSi,, the influence of Ef on the inflection
point coordinates was more pronounced than
in the case of Co,Si. When the concentration
of sulphuric acid decreased at the same E, the
value of ¢, decreased slightly, and i increased.
The values of t, and i, are provided in Table 3.
After the inflection, the dlgi/dlgt slope becomes
steeper.

The formation of oxide films on cobalt
silicides can be associated with the following
overall reactions (in the studied potential range
upto1V)

Si+2H,0=Si0, +4H" + 4e, E°=-0.857V (1)
Co+H,0=CoO +2H" + 2e,E°=0.166 V (2)
3C00 + H,0 = Co,0, + 2H" + 2¢, E°=0.777V (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.
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Fig. 2. Chronoamperograms of the Co,Si electrode in
0.5 M H,SO, at E, = 1.0 V for different types of the
electrode surface pretreatment: (O) — mechanical
polishing; (&) - cathodic pre-polarisation of the elec-
trode; (¢) — exposure of the electrode to 2 M KOH,
washing in the deionised water; (0) — exposure of the
electrode to 2 M KOH, washing (neutralisation) in 0.5
MH,SO,; (V) — exposure of the electrode to 2 M KOH,
washing (neutralisation) in 0.5 M H,SO,, exposure to
0.5 M H,SO, for 30 min at E_; and (+) - etching in 2%
HF

3

log i/ A cm-2)

-6 T | ]
1 2
log (t/s)

Fig. 3. Chronoamperograms of the CoSi, electrode in
0.5 M H,SO, at E, = 1.0 V. I — mechanical polishing;
2 — exposure to 2 M KOH for 45 min
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3 -

log (i/ A cm-2)

log (t/s)

Fig. 4. Chronoamperograms of the Co,Si electrode in
0.5MH,SO, (1-3) or 0.05 MH,SO, (4). The surface was
pretreated in 2% HF. Potential E,, V: 1 - 0.2; 2 - 0.5;
and 3,4-1.0

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

Silicide CH7SOA, M E,V | Igt, Igi.
Co,Si 0.05 1.0 1.95 | -4.53
0.5 0.2 1.93 | -4.73
0.5 0.5 1.94 | -4.73
0.5 1.0 2.03 | -4.83
CoSi, 0.05 1.0 1.39 | -4.50
0.5 0.2 1.34 | -4.62
0.5 0.5 1.63 | -4.80
0.5 1.0 1.74 | -4.87

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
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Fig. 5. Chronoamperograms of the CoSi, electrode in
0.5MH,SO, (I1-3) or 0.05 MH,SO, (4). The surface was
pretreated in 2% HF. Potential E, V: 1-0.2; 2-0.5; 3,
4-1.0

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
¢, and film/solution ¢, interfaces, and o, is
the linear function of the applied potential and
the pH of the solution. It also takes into account
the chemical dissolution of the oxide. The PDM
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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")/*/i on Ini is plotted,
where i’ = di/dt is the derivative of the current
density with respect to time. If the value of
(-1")"%/i is constant, the data are consistent with
the point defect model. If (-i")"?/i increases
linearly with Ini, the high field model of film
growth is applicable. When the current densities
become comparable with the steady-state current
density i, the dependence of [-i"/i(i —i)]"* on Ini
should be considered [20].

The theoretical expression for (-i")"%/i in the
case of the high electric field model is presented
as [20]:

J—(d{ /dt) _ 1 JRWM (Ini-InA) 4)
aV

i zF

where A = 2FaC, v exp(-W/RT), 2a is the ion jump
distance, C,, 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 V_is the molar volume of the oxide.
The theoretical expression for (-i")"%/i in the
case of the point defect model is presented as [20]:

J-(di/dr) _ \/ochVm
i RT

where o, is the transfer coefficient for the oxygen
vacancy generation reaction at the metal/oxide
interface, € = 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")"%/i
on Ini are shown in Fig. 6, 7. The derivative at
the k™ point of the data set was calculated by the
formula: -i/=(i_, -1i,)/(t,, —t._) -Ascanbe 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 H,SO, solutions by the mechanism of ion
migration in a high electric field. In general, linear
dependences of (-i")"%/i on Ini are well executed
for low values of time and correspondingly lesser

(5)
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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 Igi,lgt-dependence was obtained [35]:

_dlni _ dlgi _ In(i/ A)
dint  dlgt 2+In(/A)

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
lgion Igt is not strictly linear, but at significant
values of In(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")?/i on Ini are provided in
Tables 4, 5. According to (4), the theoretical slope
of the dependence of (-i")"%/i on Ini within the
framework of the HFM is (1/zF)(RTV, /aV)"*. The
values of V__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 E, generally does not coincide with the
potential drop on the oxide film.

For cobalt oxide CoO, we calculated
V_=11.64 cm’/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")"%/i on Ini for CoO at
V=1Vis 8.6 (C/cm?'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 SiO,
at V=1Vis 7.53 (C/cm?)-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/cm?)~-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

(6)

565



Condensed Matter and Interphases / KoHaeHc1poBaHHble cpeabl M MexdasHble rpaHuLbl 2022;24(4): 559-571

A.B.Shein, V. 1. Kichigin  Growth kinetics of anodic oxide layers on cobalt silicides in sulphuric acid solutions

50 ©

(@) %o
40
=
N’
=
30 +
20 L L L ! 10 | 1 ]
-12 11 10 9 -8 -11 10 . 9 -8
Ini Ini
60 50
© @
50 - 40
fam ~~
= N
= =
40 - 30 -
30 1 20 1 1 |
-11 -8 -11 -10 . -9 -8
Ini
40 - 40 -
[}
oo © )
o ©
30
30 +
~ 7~
=20 <
20
10
0 | ! ! J 10 I 1 1 ]
11 10 -9 8 -7 -14 12 -10 8 6
Ini Ini
50 70
(® ()
OO
40 - & 60 |-
A~
T30 ~ 50 -
e
20 - 40
10 ! ! | ] 30 ! ! ! ! ]
-12 -11 -10 -9 -8 -13 -12 -11 . -10 -9 -8
Ini Ini

Fig. 6. Dependence of F(i) on Ini for: a: Co,Si/0.05 M H,SO,, E, = 1.0 V, the electrode pretreated by mechanical
polishing; b: Co,Si/0.5 M H,SO,, E,= 0.2V, pretreatment in 2% HF; c: Co,Si/0.5 MH,SO,, E.= 0.5V, pretreatment
in 2% HF; d: Co,Si/0.5 MH,SO,, E,= 1.0V, pretreatment in 2% HF; e: C0,Si/0.5 MH,SO , E,= 1.0 V; pretreatment
in 2 M KOH; f: Co,Si/0.5 M H,SO,, E, = 1.0 V; pretreatment in 2 M KOH followed by 30 min at the open circuit
potential; g: Co,Si/0.05 M H,SO,, E, = 1 V; pretreatment in 2 M KOH; and h: Co,Si/0.5 M H,SO,, E= 0.5V, pre-
treated by mechanical polishing. The density of the current i is expressed in A/cm?, the value of F(i) is in
(C/cm?)-12
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-12 -11 -10 -9 -8
Ini

Fig. 7. Dependence of F(i) on Ini for CoSi,/0.5 M H,S50,: a: E,= 0.2 V, pretreatment in 2% HF; b: E,= 0.5V, pre-
treatment in 2% HF; c: E, = 1.0 V, pretreatment in 2% HF; and d: E, = 1.0 V, pretreatment in 2 M KOH. The
density of the current i is expressed in A/cm?, the value of F(i) is in (C/cm?)~2

Table 4. The values of the slopes of the dependences of (-di/dt)”?/i on Ini for the Co,Si electrode

Pretreatment of electrode Concentration of EV Slope of (-di/dt)"?/i vs. Ini Time
surface H,SO,, mol L i plot, (C cm%)~12 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 0.5-8
~0 > 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 1.5-10
~0 > 15
Treatment in 2 M KOH 0.5 1.0 Weak dependence >2
Treatment in 2 M KOH, 0.5 1.0 Complex weak dependence
30 minin 0.5 MH,SO, atE_,

explained by the fact that Vis different from 1 V.

The slope (1/zF)(RTV /aV)"* should increase
as the potential drop in the oxide film decreases
(upon the same electrode pretreatment). This
was well achieved for the CoSi, electrode in 0.5 M
H,SO,, pretreated in 2% HF. The slope increased
from 9.5 to 24.5 as E, decreased from 1.0 t0 0.2V
(Table 5). In the case of the Co,Si electrode with

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

For the Co,Si electrode, the dependences of
(-=i")*/i on Ini were linear for the mechanically
polished electrode or pretreated in 2% HF
(Fig. 6a-d). For the Co,Si electrode pretreated
in 2 M KOH solution, when the silicide surface
is enriched with cobalt and cobalt oxide may be
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Table 5. The values of the slopes of the dependences of (-di/dt)"?/i on Ini for the CoSi, electrode

Pretreatment of electrode Concentration of E,V Slope of (-di/dt)*?/i vs. Ini Time
surface H,SO,, mol L' plot, (C cm~2)-12 interval, s

Mechanical polishing 0.5 1.0 21.7 0.6-40
Treatment in 2% HF 0.5 0.2 24.5 0.5-7.5
14.3 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

present on the surface, the value of (-i")"%/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 Ini
(in accordance with the HFM) to constant F(i)
(in accordance with the PDM). Approximately
constant values of F(i) for the Co,Si electrodes
pretreated in an alkaline solution are 22-24
(C/cm?)~12 at sufficiently large t (Fig. 6e-g). To
obtain 22 (C/cm?)-2 from relation (5) derived
from the PDM, at o, = 0.5 and V_= 11.6 cm*/mol
(as for Co0), the electric field strength in the
oxide film must be 2.1-10° V/cm, which can be
considered a plausible value for the PDM. In
contrast to Co,Si, for the CoSi, 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 (Co,Si silicide with higher
volume concentration of cobalt, the Co,Si 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 Co,0, oxide also
contains a stoichiometric excess of oxygen [39].
The formation of point defects in SiO, 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 SiO,.

The 1gi,lg t-curves with an inflection were
observed when using the electrodes pretreated
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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 H,SO, (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 E, a
higher anodic overpotential is generated, which
provides an increase in i at the beginning of
passivation.

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

60

wn
(=]
T

F(i) / (C cm-2)-1/2

0 ! I 1 1 1 ]
-14 -13 -12 -11 -10 -9 -8

In(i/A cm2)
Fig. 8. Chronoamperograms for Co,Si/0.5 M H,SO, over

awide time interval, pretreatment in 2% HF. Potential
E,V:(©)-0.2;(©)-0.5;(2) - 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,l1gt-curves), and then F(i) becomes almost the
same constant value for all E.. 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/cm?)12 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 SiO, 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 Co,Si electrode in an
alkaline solution. When the silicide surface is
enriched with metal (Co,Si pretreated in a 2 M
KOH solution) before passivation, the point
defect model is executed with sufficiently high
values of time.
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