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INTRODUCTION

The creation of compact equipment and devices without the use
of the latest materials with a wide range of functional properties is
impossible in the period of the rapid development of new directions
in various industries and environmental technologies. One of the
ways to solve this problem is to form thin electrolytic coatings on the
surface of traditional structural materials. Such coatings make it pos-
sible to increase the strength characteristics, increase the temperature
range of use, and also impart a spectrum of new valuable properties
to the materials. To expand the possibilities of using electrolytic
coatings, in addition to pure metals, composites and alloys are used,
consisting of two or more components.

At the moment, a large number of binary and ternary cobalt-con-
taining alloys are known [1 - 6]. Of particular interest are metal alloys,
which are difficult to obtain from agqueous solutions in pure form (W,
Mo, Zr, Ni, etc.), but under certain conditions they can be co-precipi-
tated with other metals, including cobalt. The increased interest of
researchers and technologists in electrolytic thin-film coatings with
metal alloys of the iron triad with d4-elements, in particular molyb-
denum and tungsten, is due to the possibility of obtaining materials
whose functional properties and performance characteristics signifi-
cantly exceed those of alloy-forming components [7-10].

One of the world trends in functional electroplating is the creation of
composite electrochemical coatings (CEC) based on cobalt. The principle
of obtaining CEC is based on coprecipitation from electrolyte sus-
pensions together with metals of dispersed particles of various nature
and size. Being included in the composition of coatings, the particles
of the second phase significantly improve their performance characte-
ristics (hardness, wear resistance, corrosion resistance) and give them
new properties (antifriction, magnetic, catalytic). This predetermines the
widespread use of composite coatings in various industries. However,
an unsolved technology problem remains to ensure the aggregate sta-
bility of electrolyte suspensions for the production of CEC.

The above arguments testify to the relevance of the topic under
consideration. The use of such coatings will allow solving a number of
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practical problems, including the creation of new and improvement of
existing electrochemical technologies of hardening [11-13] and protection
against corrosion [14, 15].

Among the advantages of using these technological solutions, it
should be noted that there is no thermal effect on the material of the
products, which can cause undesirable changes in the structure and
physical and mechanical properties of the metal; insignificant mate-
rial costs for work; formation of coatings of a given thickness with a
minimum allowance for machining and increased functional pro-
perties; the ability to automate the process with the simultaneous
processing of a significant number of parts, which generally reduces
the cost of the technological process.

An equally important area of application of multicomponent
coatings based on cobalt alloys is electrocatalytic materials. They are
more accessible in comparison with traditional materials based on
platinum group metals [16 - 18] and are no less effective, in particu-
lar, in the synthesis of hydrogen. The creation of efficient autono-
mous energy sources has been and remains one of the most urgent
areas that ensure the energy stability of any country. Among a wide
range of energy sources, fuel cells are positioned as the most
environmentally friendly and promising, since the reactions in them
are reduced to the formation of water from fuel - hydrogen and
oxygen [19 - 21]. In a number of works [15, 22 - 25], it is proposed
to use transition metal alloys to replace precious metals. This is
especially promising in the context of the use of new types of fuel
(methanol, ethanol, formaldehyde, and hydrocarbons) in fuel cells
[26]. Such liquid fuels have significant advantages over pure hydro-
gen because they are easy to store and transport.

Note that the use of coatings with multicomponent alloys as mate-
rials for catalytic converters [27] gave a new impetus to solving the
problem of synthesizing non-platinum catalysts for the chemical in-
dustry, eco- and energy technologies.

Thus, the development of scientific foundations for the synthesis of
multicomponent alloys and composites based on cobalt from aggrega-
tively stable and stable electrolyte solutions, as well as flexible control of
the composition and functional properties of materials, is an urgent scien-
tific and technical problem, the solution of which is the presented study.
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Chapter 1

FEATURES OF OBTAINING COMPOSITE
ELECTROLYTIC COATINGS BASED ON COBALT

1.1 Functional materials based on cobalt

The main part of the obtained cobalt is consumed in the production
of various metallurgical alloys [28, 29], since the addition of cobalt
makes it possible to increase the heat resistance and wear resistance
of steels, and provides an improvement in their mechanical and other
operational properties. Magnetic cobalt alloys are especially in demand,
in particular, hard magnetic alloys such as SmCos, PrCos, which are
characterized by significant magnetic energy [30].

Alloys of cobalt with molybdenum have found application as cata-
lysts for organic synthesis processes, and are also classified as efficient
electrocatalysts for the hydrogen evolution reaction [31]. It should be
noted that the properties of galvanic alloys of cobalt with molybdenum
can vary significantly depending on the ratio of the components. Alloys
with a high cobalt content exhibit magnetic properties and can be used
in devices for recording and storing information. The increased content
of molybdenum in the alloy determines the indicators of hardness,
chemical and corrosion resistance. Therefore, such materials can be used
to increase the wear resistance of machine parts operating at elevated
temperatures or in aggressive environments [32, 33].

A fairly large number of electrolytic systems based on cobalt
with refractory metals and methods for their preparation are known.
For example, to obtain a Co-W alloy with anti-corrosive and cata-
Iytic properties in [34], a citrate-pyrophosphate electrolyte was used,
with a composition, mol / dm?: CoSO; - 0.1; Na;,WO; - 0.2; NasCit -
0.2; K4P,O7 - 0.2; NaxSO4 - 0.5; with the addition of 2 ml/L of water-
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soluble resin neonol, the effectiveness of which was shown earlier [35].
The alloy was deposited in the range of current densities 5.0-30.0 mA /
cm? at a temperature of 50 °C. The resulting coatings contain about 22
at.% W, and the current efficiency is in the range of 40-70%.

A polyligand citrate-pyrophosphate electrolyte was also used in
[36] to obtain a Co-Mo alloy. It is shown that an increase in the
current density in the range of 1.0-10.0 A / dm? leads to a decrease in
the content of refractory metal in the alloy from 45.6 to 33.8 wt.%,
And an increase in temperature in the range of 25-70 °C promotes an
increase in the content of molybdenum from 37.6 to 42.2 wt.%.

A number of works are devoted to the electrodeposition of cobalt-
containing coatings with molybdenum [32, 37 - 39], tungsten [41],
phosphorus or sulfur [40]. The materials obtained, according to the
authors, can be used as electrocatalysts for the evolution of hydro-
gen, incl. on an industrial scale.

Analysis [42] shows that Co-W alloys obtained from citrate-
pyrophosphate electrolyte have high corrosion resistance in chloride
solutions, comparable to that of electrolytic chromium. The coatings
also demonstrate high electrocatalytic activity in the reaction of
hydrogen evolution in an alkaline medium.

In works [14, 43 - 48] it is noted that inductive coprecipitation of
molybdenum with cobalt at a low content of a refractory component
in the coatings allows preserving the magnetic properties of the
obtained functional material.

The main limitation of the widespread introduction of techno-
logies for the electrochemical synthesis of cobalt alloys with d-
elements remains the problem of predicting the composition and
properties of the obtained coatings associated with rather complex
processes occurring both in the electrolyte and at the electrolyte /
electrode interface during cathodic polarization.

1.2 Features of coprecipitation of cobalt with refractory
metals

Electrochemical deposition of alloys is a very important and
promising area of electroplating. At present, several tens of techni-



cally important alloys are obtained by electrolysis on a large scale,
most of which are two-component [49].

As is known, the conditions for obtaining an electrolytic alloy of
two or more metals on the cathode are close values of their release
potentials, due to which the deposition of these metals is joint. The
potentials of metal precipitation can be brought closer by varying the
activities of ions and overvoltage [50]. The activities of ions can be
changed due to complexation [51], as well as by using surfactants.

The study of the regularities of the general discharge of several
types of ions is of paramount importance for electrochemistry, since
in almost all cases in aqueous solutions of electrolytes there are
various ions participating in the reduction reactions at the electrode.
In addition to its theoretical value, the study of the mechanism of
joint discharge of ions is also of considerable practical interest, since
it allows one to control the process of obtaining electrolytic alloys
with a set of new properties [52].

Electrochemical deposition of tungsten, molybdenum, and zirconium
with cobalt into the alloy is difficult because of the significant dif-
ference in the standard electrode potentials of the alloy-forming com-
ponents. It is impossible to obtain individual coatings with tungsten
and molybdenum from aqueous solutions, but with metals of the iron
family (Fe, Co, Ni), they can be coprecipitated into an alloy [53-55].
At the same time, the question of the form in which refractory metals
are included in the composition of the resulting coatings remains
unclear and debatable and is the subject of research.

According to N. Fukushima et al. [56], the role of metals of the
iron subgroup as co-precipitants is that they are catalytically active.
At the same time, a significant amount of atomic hydrogen is released
on their surface, and partially reduced refractory metals form an oxide
film, which subsequently contributes to the reduction of oxoanions
by atomic hydrogen to the metallic state.

N. Elias and E. Gileadi, using the Ni-W alloy as an example,
proposed a model characterizing the process of alloy formation from
moderately alkaline citrate electrolytes in the presence and absence
of NHz [57, 58]. According to the authors, the reduction of alloy-
forming components occurs due to the formation of a metal-mixed
complex, which is an intermediate citrate complex of a metal ion of
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the subgroup of iron and tungsten. According to this mechanism, the
deposition of a metal of the iron subgroup can also occur independently
from any complex in solution (citrate, ammonia, etc.). The synergistic
interaction of Ni and W is shown, as well as the dependence of the
content of the refractory component in the alloy on the pH of the
electrolyte and the nature of the ligand due to the difference in the
stability constants of the complexes. N. Elias and E. Gileadi also
found diffuse limitations in tungsten reduction.

A.T. Vasko in his works [59, 60] proposed a radical-film model
[61], according to which the electrodeposition of a binary alloy
occurs due to the formation of reactive particles of the radical type
with the formation of a film of heteropolyanions of refractory metals
with subsequent electrochemical reduction of ions of coprecipitated
metals at the film boundary / alloy. In this case, the reduction of
metals of the iron family occurs through particles (monads) adsorbed
at the cathode, which are formed from MOH™* hydroxocations by a
one-electrode reaction with the subsequent formation of a complex
intermediate [61].

Partial confirmation of this point of view was obtained in the
works of I. Epelboin with R. Wiart [62] and V.S. Rachinskas [63].
This allows us to conclude that the process of alloy formation is
preceded by a chemical reaction of the interaction of metal hydroxoforms
of the iron triad with oxoanions.

The study by Podlaha and Landolt [64] showed that the Mo
content in the alloy does not correlate with the amount of hydrogen
released in the side reaction during electrodeposition. It is noted that
a high content of Mo in the alloy can be obtained from aqueous
electrolytes at different rates of current efficiency (CE).

According to the authors of [65], the most probable mechanism
for the coprecipitation of cobalt with molybdenum is the mechanism
of reduction of oxoanions to the intermediate oxide MoQO; in the
presence of citrate cobalt complexes in the solution, which act as a
catalyst:

CoCit
MoO4* + 2H,0 + 2e — MoO; + 40H", (1.1
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with the subsequent formation of an adsorbed intermediate M(I)Lag,
(M — Ni, Co, Fe; L — ligand). It is noted that this compound, upon
reduction, competes with the refractory component for free active
centers on the electrode surface [66-68]:

CoCit™ + 2e — Co + Cit* (1.2)
CoCit + M0oO2 — [MoO; — CoCit Jad (1.3)
[MoO; — CoCit Jag + 2H,0 + 4e — Mo + CoCit + 40H~.  (1.4)

The proposed model of the catalytic action of the cathode surface
[69, 70] is based on the assumption of the course of the electrodeposition
process through the stage of reduction of oxoanions or hydroxide of
a refractory metal, followed by its reduction with hydrogen into a
metal hydride of the iron subgroup. Taking this into account, it is
assumed that the first metal of the iron subgroup is deposited on the
cathode, after which the refractory component is deposited.

A. Survila et al. [71] proposed a mechanism for coprecipitation
of Co with Mo in the presence of citric acid. Based on the data [72 -
74], it was found that at pH <7, one can limit the consideration of the
following reversible reactions:

Co?* + pCit*> + gH *<> CoCitpHq* " (1.5)
Mo0O4> + pCit* +qH* <>MoO4CitHq 2+ (1.6)
Cit* + mH* CitH,™? (1.7)

It should be noted that the proposed mechanisms, on the one
hand, are to a certain extent a reflection of the scientific views of
various electrochemical schools, and on the other, are based on the
results of studies of electrochemical systems with specific initial data
(concentration of components and their ratio in solution, pH of
electrolyte, etc.). therefore, they cannot be sufficiently used to describe
all possible reactions during alloy formation.

Special attention should be paid to scientific works devoted to
the methods of deposition of electrolytic multicomponent coatings
based on cobalt with refractory metals and the study of the factors
influencing the alloy formation process.

Electrolytic alloys of cobalt with d*-metals
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For the deposition of binary and ternary alloys of cobalt with
tungsten and molybdenum, glycinate, citrate, chloride-citrate, pyro-
phosphate, and pyrophosphate-citrate electrolytes are most often used
[75]. It is noted that the introduction of EDTA (ethylene di-amine
tetra acetate) acid into the composition of the electrolytic bath
promotes an increase in the content of refractory components in the
alloy [76]. In most electrolytes, alloy-forming metals are introduced
in the form of cobalt sulfate and sodium tungstate / molybdate, and
organic substances are used as ligands.

In [77, 78], the ratio of alloy-forming metals [C0?*]: [M0O.*] =
8: 1 was used and it was found that the composition of the deposited
coatings included from 5 to 25% molybdenum. An increase in the
concentration of molybdate ions in the solution contributes to an
increase in the content of the refractory component in the alloy
composition, but at the same time the quality of the coating
deteriorates sharply, the current efficiency and the deposition rate of
the alloy decrease. The introduction of ammonium hydroxide into the
composition of the citrate electrolyte promotes an increase in the
molybdenum content, but the current efficiency of the alloy does not
exceed 20% in an acidic medium, and upon alkalinization of the
solution’s current output, it decreases even more [79, 80].

E. Gomez, E. Pellicer et al. [81], using the example of binary cobalt-
molybdenum alloys, note a significant effect on the properties of not
only the ratio of alloy-forming metals in the coating, but also the
structure of the resulting cathode deposits. Coatings with Co-Mo alloys
with a molybdenum content of up to 20 - 23 wt.% Were deposited from
sulfate-citrate solutions at a fixed sodium citrate concentration of 0.2
mol / dm3 and varying amounts of cobalt sulfate and sodium molybdate
[40]. The content of molybdenum in the alloy increases with increasing
cathodic polarization. The structure of the deposits is close-packed
hexagonal, but changes to a mixed crystalline-amorphous one with
increasing current density [82]. The authors note that the degree of
crystallinity depends on the thickness of the deposits: an amorphous
structure is characteristic of thin films. The inclusion of molybdenum in
cobalt deposits leads to a significant decrease in the coercive force, in
particular, coatings with a molybdenum content of 6-10 at.% Are
characterized by significantly lower Hc values.
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Compact continuous coatings of Co and Co-Mo (@ (Mo) = 1-8 wt.%)
Were deposited on copper substrates from ionic liquids of eutectic
composition based on choline chloride (ChCI): ChCI - urea and ChCl
- ethylene glycol at a current density in within 7-25 mA / cm? at
temperatures of 90-100 ° C [83].

To obtain amorphous Co-Mo alloys, a unipolar current with a
maximum amplitude of 20 A / dm? and a pulse duration of 1 ms was
used. The content of molybdenum in the alloy depends on the Mo /
(Mo + Co) ratio in the solution at constant and pulsed currents. It
was found that in the studied modes, the content of molybdenum in
the coating does not exceed 40 wt%. the pulse mode provides the
highest degree of homogeneity of the amorphous phase. The authors
of [84] believe that the deposition of amorphous Co-Mo alloys
occurs from the adsorbed intermediate hydrated complex
Co0-xMo0O; yHO.

Since the overvoltage of hydrogen evolution on molybdenum and its
alloys is low, the deposition rate and the current efficiency of Mo-
containing alloys are significantly reduced. In some cases, hydrazine is
added to electrolytes to accelerate the process of electrodeposition of
molybdenum alloys [85, 86]. An approach is known [87] in which
sodium hypophosphite acts as an accelerator, since the introduction of a
small amount of phosphorus into the alloy does not change the
morphology and functional properties of the material. In this case, the
incorporation of phosphorus into the alloy changes the kinetics of
coprecipitation of molybdenum with cobalt. A similar effect was
obtained in the case of the inclusion of phosphorus in the composition of
ternary alloys of tungsten with Co, Ni, and P [84-89]. Investigation of
the processes of phosphorus incorporation into the Co-Mo-P alloy is
also the subject of papers [90-92].

Known ternary electrolytic alloys of cobalt with molybdenum
(tungsten), to which non-metallic impurities - boron, phosphorus,
carbon - are incorporated from the electrolyte in small quantities.
Amorphous electrolytic alloys Co-Mo-B (51% Co, 47% Mo, and 2%
B) with high microhardness, corrosion resistance, wear resistance,
and sufficient plasticity were obtained from citrate-phosphate-
amiakate electrolyte [93]. The cathode current efficiency is in the
range of 29-65%. Citrate-phosphate electrolyte was also used to
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obtain coatings with Co-Mo-P alloys containing 8% Mo and 20% P
[94-96].

Amorphous Co-Mo-C coatings were obtained by electrodeposi-tion
in a magnetic field with the orientation of the field lines parallel to
the working electrode [97]. It is noted that the content of molybdenum
in the coatings ranges from 27.6 at.% to 34.2 at.%, Which ensures a
decrease in the overvoltage of hydrogen evolu-tion on these
materials.

The authors of [98] proposed a method for producing a ternary
Co-Mo-W alloy from a citrate electrolyte with the ad-dition of
Ethylenediaminetetraacetic acid (EDTA). However, such coatings
are uneven and have a network of cracks.

In [99], the effect of the current density on the mechanical and
tribological properties of coatings with alloys of cobalt with
molybdenum and tungsten was established. Experiments have shown
that an increase in the current density in the range 2 - 9 A/dm? during
electrodeposition promotes an increase in the microhardness of the
obtained coatings.

In a number of works [100 - 102], the influence of hydrodynamic
conditions and temperature on the composition, morphology, and
functional characteristics of coatings was investigated. On the basis
of the studies carried out, the optimal composition of the electrolyte
(mol/dm?3) was proposed: Na,WO, — 0,2; CoSOs — 0,2; CeHsO7 —
0,04;: NaszCe¢Hs0O; — 0,25; H3BO3; — 0,65, pH 6,8, the dEpOSitiOH
temperature is 60 ° C, the average current density is 0.5-3 A / dm?.
At a stirring speed of 400 rpm, the current efficiency was about 90%,
and the tungsten content of the alloy was about 40 wt%. With these
parameters, the coatings had a maximum microhardness of 570 kg /
mm?.

One of the ways to control the composition and properties of the
resulting coatings is the use of various modes of electrolytic alloys.

The Co-W coating deposited at a temperature of 60 ° C in the
galvanostatic mode [103] has the appearance of a gray matte layer.
An increase in the current density leads to a sharp increase in the
current efficiency of the alloy, but has almost no effect on its
chemical composition. A decrease in the electrolyte temperature to
room temperature causes a drop in the process efficiency to 20%, but
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the tungsten content in the alloy remains at the level of 30%. The use
of the pulsed mode does not significantly affect the current
efficiency, and the dependence of the tungsten content in the alloy on
the current amplitude has a maximum at the point 10 A / dm? and is
o (W) = 27%.

The authors of [104] carried out a comparative analysis of the
effect of stationary and pulsed modes on the content of impurities in
the Co — W alloy. Thus, in a stationary mode at a current density of 1
A / dm?, an alloy was obtained containing 2.4 wt% nonmetallic
impurities and 5.3 wt% tungsten, and with an increase in the current
density at i = 10 A / dm?, the impurity content increases to 35 wt.%,
and tungsten is reduced to 1.1 wt.%. At the same time, for coatings
obtained in a pulsed mode, the content of impurities significantly
decreases to 0.33 wt.%, And tungsten increases to 28.2 wt.% With an
almost unchanged current efficiency at the level of 80%. Thus, the
use of a pulsed current in comparison with a constant one contributes
to a noticeable decrease in the content of non-metallic impurities in
the Co-W coatings and an increase in the percentage of tungsten with
a constant process efficiency, current output (CO).

Binary Co-W coatings obtained in the galvanostatic mode from a
gluconate-chloride electrolyte at a temperature of 80 © C [105] have
rather high indicators of wear and corrosion resistance, comparable
to electrolytic chromium.

In [106], Co — W coatings were obtained from a complex
electrolyte based on regenerated tungsten salts using citric acid as a
ligand. According to the research results, the authors conclude that
dense amorphous Co-W coatings with a maximum tungsten content
of 44.2 wt. % and hardness (Hv) 550 kg / mm2 can be obtained from
the proposed electrolyte with pH 7 at a temperature of 60 °C in
galvanostatic mode at a current density of 0.5 A / dm? The authors
note a rather high speed and efficiency of the process - 3.487 g/ (m? - h)
and current output 65%.

The authors of [107] developed a peroxide electrolyte from
which a cobalt-tungsten alloy with a refractory metal content of up to
30 wt.% And VT up to 70% can be deposited. But the main
disadvantage of the proposed electrolyte is its instability, which
makes it impossible to use it in industry.
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In [108], it was concluded that the efficiency of the process of
deposition of a Co — W alloy with a high tungsten content at room
temperature in both stationary and pulsed modes was concluded. An
increase in the electrolyte temperature to 60 °C, a decrease in the
frequency of unipolar pulses (duty cycle g = 11) and a simultaneous
increase in the amplitude allows increasing the current efficiency.
With a decrease in the pause duration, the current efficiency of the
alloy at high values of the current amplitude decreases, while at low
values, it increases. In addition, an increase in the pause duration
leads to an increase in the tungsten content in a wide range of current
densities, which is probably due to the equalization of the concentration
of hydrogen ions in the near-cathode layer, as a necessary prerequisite
for the implementation of a multistage process of reduction of
tungsten (V1) ions.

Since it is known that molybdenum and, especially, tungsten are
effective amorphizers of the structure of alloys, this aspect also
causes considerable attention to them, since in such systems one can
expect a significant increase in the consumer properties of thin-film
materials and coatings. The authors of [107] showed that with an
increase in the tungsten content to 45 wt.%, The microhardness (Hv)
of Co-W deposits increases to 500-600 kg / mm?, which is comparable
to electrolytic chromium. At the same time, the corrosion resistance
of coatings in corrosive media also increases, however, only when
the concentration of tungsten in the alloy does not exceed 40 wt%.
This is explained by the appearance of a network of cracks on the
surface of the samples with an increased content of the refractory
component.

A group of scientists [109] proposed to obtain Co-W coatings
from citrate-chloride electrolytes with polarization by a unipolar
pulse current. It is proved that with the same composition of
precipitates, the use of non-stationary electrolysis makes it possible
to increase the microhardness of the coatings by an average of 15%
in comparison with the stationary one. Along with the increased
microhardness (400-700 kg / mm2), there is a superadditive increase
in the catalytic activity of the obtained coatings in comparison with
alloy-forming metals in model reactions of electrolytic hydrogen
evolution and catalytic oxidation of benzene [110].
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The maximum catalytic effect, according to the data presented, is
achieved when the tungsten content in the alloys is 25-35 wt%. The
authors draw attention to the fact that in the specified range of the
content of the refractory component in the Co-W coating, not only
the maximum values of the hydrogen exchange current density are
recorded, but also the lowest ignition temperature of the flameless
oxidation of benzene [111].

It should be noted that not only their qualitative and quantitative
composition, but also their microstructure plays a significant role in
ensuring the increased functional properties of coatings. The listed
parameters together provide high consumer properties of the
obtained materials [112].

The study of the properties of nanocrystalline Co-W coatings
deposited from an electrolyte containing cobalt sulfate, sodium
tungstate, sodium gluconate, sodium chloride, and borate acid is the
subject of the work of the authors [113]. It is shown that varying the
current density in the range of 1 - 5 A/dm? makes it possible to
deposit coatings of different composition and surface morphology.
At low current densities, coatings of the crystal structure are
deposited, and when the current density is increased to 5 A/dm?, they
are amorphous. Obviously, this is due to an increase in the content of
the refractory component in the alloy with an increase in the current
density, which plays the role of an amorphizer.

To reduce the roughness and increase the microhardness of Co-
W coatings, the authors of [114] proposed an electrolyte composition, g
/ I: cobalt sulfate CoSO47H,O — 56,2, citric acid C¢HsO7 — 7,68,
sodium citrate NasCe¢HsO7-2H,O — 73,5, boric acid HsBOs — 40,
sodium tungstate Na,WO,2H,O — 66,0 with additions of sodium
oleate and butynediol. The electrolysis was carried out at a current
density of 1 A/dm? and a temperature of 60 °C. The authors note the
formation of a spheroidal structure of the coating and a decrease in
its roughness when these additives are introduced into the working
electrolyte. However, an increase in the concentration of additives in
the electrolyte leads to an underestimation of the current efficiency,
and when the concentration of surfactants in the solution increases by
a factor of 2 - 2.5, the microhardness of the coatings decreases
threefold.
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The authors of [115] investigated the effect of leveling additives
(water-soluble neonol resin and OP-10) on the composition and
morphology of Co-W coatings deposited from a citrate-pyro-
phosphate electrolyte. It was found that the introduction of a
surfactant does not affect the content of the refractory component in
the coating, o (W) is at a level of 22 at.%. In this case, the
introduction of neonol into the electrolyte allows, at i = 5 mA/cm?, to
deposit compact shiny coatings and to increase the current efficiency
to 68%, and OP-10 promotes the formation of spherulites and the
development of the surface. It is noted that the deposited alloys are
characterized by high corrosion resistance in chloride solutions,
which correlates with the stability of electrolytic chromium. The
authors emphasize a significant decrease in the overvoltage of
hydrogen evolution in an alkaline medium on Co-W alloys (by 360
mV at i = 30 mA/cm?) in comparison with electrolytic cobalt. At the
same time, attention is drawn to the undesirable effect of additives in
electrolytes on the electrocatalytic properties of the formed
precipitates through the leveling effect of surfactants. They improve
the mechanical and anti-corrosion properties of coatings, but reduce
their true surface area.

In [116], the corrosion and catalytic properties of Co-W coatings
with o (W) = 20-22 at.%, Obtained from citrate-diphosphate
electrolytes, were investigated. It has been established that Co-W
alloys have high corrosion resistance in chloride solutions, compa-
rable to that of electrolytic chromium. The coatings have a fine-
crystalline and spheroidal structure and demonstrate electrocatalytic
activity in the reaction of hydrogen evolution in an alkaline medium.
Nanocrystalline coatings with a Co — W alloy with a tungsten content
of 35 wt% and a grain size of 15 nm were also obtained by N.
Fathollahzade and K. Raeissi [117]. The microhardness of these
coatings was up to 360 Hv.

N. Tsyntsaru et al. [118] deposited coatings with a Co-W alloy in
a galvanostatic mode from a citrate-borate electrolyte with discrete
variation of its acidity pH from 5 to 8 at a temperature of 60 ° C and
current densities of 3-10 mA / cm?. According to the data presented,
at a cobalt / tungsten ratio in the electrolyte of 1: 1, the tungsten content
in the coating increases from 3 at.% To 36 at.% With increasing current
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density and increasing pH. Researchers pay attention to the transition
from the crystalline to the globular structure of the coatings with an
increase in the acidity of the solution from 5 to 8 and a significant
decrease in the crystallite size due to an increase in the tungsten
content in the coating. An extreme dependence of the microhardness
of the Co-W alloy on the amount of the refractory component was
found, the maximum of which is observed at a tungsten content of
25 at.% And is 13 GPa. The researchers also note an increase in the
coercive force from 170 Oe for pure Co films to 470 Oe for films
with 2-3 at.% Tungsten, which is attributed to the formation of solid
magnetic Co3W clusters, which can partially be responsible for the
semi-solid ferromagnetic behavior. The NS coercive force decreases
with an increase in the tungsten content, which, according to the
authors, may be due to a gradual decrease in magnetocrystalline
anisotropy during the transition of coatings to a nanocrystalline or
amorphous structure.

According to the data presented [120 - 122], uniform Co — W
coatings with a tungsten content of 30-40 wt% were obtained from
citrate electrolytes. The authors note that the composition of the
coatings is practically independent of the current density; however,
with an increase in ik, the microstructure of the deposited films
becomes more perfect. During the electrocrystallization of CosW, the
formation of a bcc structure was observed, which creates conditions
for a solid ferromagnetic behavior of the alloy, and amorphous Co —
W alloys with a fcc texture are characterized by soft magnetic behavior.

The authors of [121] presented the results of the deposition of
binary Cu-W, Co-W and ternary Co-W-Cu coatings from a citrate-
borate electrolyte in a potentiostatic mode at a temperature of 20 ° C
and 60 ° C. The authors argue that the efficiency of the deposition
process for both binary and ternary Co-Cu-W alloys is more
influenced by the tungsten content than by the temperature rise.
When the tungsten content in the Co-W coating is 14 - 20 at.%, The
process efficiency is close to 50% in comparison with BT = 27.5% at
a tungsten content of 20 at.%. At the same time, the authors note that
with an increase in the tungsten content to 30 at. % current efficiency
does not exceed 20%.
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The prospects for using electrolytic alloys of cobalt with
molybdenum and tungsten, obtained from citrate-pyrophosphate
electrolytes, in the reaction of electrochemical hydrogen evolution
are shown in [122]. Z. Ghaferi, S. Sharafi, report that, despite the
higher surface defects during the deposition of the Co-W-Fe alloy at
lower electrolyte pH values, it is these coatings that have the maxi-
mum microhardness at the level of 260 Hv, which is due to the rather
high tungsten content in alloy [123, 124].

For these reasons, the control of the formation process of electro-
Iytic coatings of a given composition, although based on the general
laws of electroplating, is in many respects empirical and requires the
refinement of many methodological aspects.

Composite electrolytic coatings

Composite materials (CM) with a metal matrix are used in many
industries. Combining metals with substances of a different nature
can significantly increase their performance properties. In this
regard, the creation and use of CM is a technologically and economi-
cally advantageous condition for production. At present, the impro-
vement of technologies for the production of such materials has
made it possible to use them in the aerospace, automotive, shipbuil-
ding and other branches of technology, where a combination of high
strength, microhardness, as well as an increase in resistance to wear,
exposure to high temperatures and corrosive environments is re-
quired. Strengthening of composite materials with a metal matrix is
carried out with particles of various shapes and sizes, continuous and
discontinuous fibers. CMs with reinforcing particles differ from
fiber-reinforced CMs in isotropic properties, lower production costs
and the possibility of further processing. The use of modern methods
for obtaining composite materials with improved physical, mechani-
cal and chemical properties made it possible to increase the functio-
nal properties of metals by applying composite coatings with high
strength indicators on their surface.

Such processes for obtaining composites based on a metal matrix
are known:

- liquid phase - directional crystallization and / or impregnation
of prepared filler frameworks;
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- solid-phase - powder technology, diffuse splicing and other ther-
momechanical technologies;

- gas and vapor phase - condensation from the gas (vapor) phase;

- chemical - chemical, electrochemical and thermochemical de-
position [125-128].

One of the many methods of forming a matrix material in the
production of metal composites is its precipitation from electrolytes
containing a strengthening phase. In industrial electroplating, the
technology of deposition of composite electrochemical coatings
(ECC) is used by obtaining a metal layer on the cathode, in the
volume of which solid dispersed particles are incorporated. In such
dispersion-hardened composite materials, dispersed particles are
distributed in the volume of the metal matrix. A necessary condition
for the formation of a CEC is the presence of a nano- or micro-fine
dispersed phase in the electrolyte solution, from which the metal is
electrodeposited. In this case, electrolytes are suspensions.

Composite coatings can be obtained from foamy media or
emulsions formed when hydrophobic liquids are introduced into
electrolytes. When an electric current is applied to the surface of the
substrate to be coated, the metal is deposited - the first phase or
matrix, as well as powder particles - the second phase, which is
cemented by the matrix. The deposition of composite electrolytic
coatings is usually carried out with continuous stirring of the
suspension, while the particles of the second phase are in suspension
and deposition is faster. The choice of the mixing method is
determined by the shape of the particles, electrolysis conditions and
economic feasibility. In small baths, mechanical stirring is used, in
large ones, bubbling with air or inert gas is used. In addition, it is
possible to obtain uniform stirring of the suspension by rotating the
cathode or circulating the electrolyte [129, 130].

The efficiency of using composite coatings is largely determined
by the nature of the dispersed phase, which can be oxides, carbides,
borides, nitrides, silicides, the particle size of which does not exceed
3-5 microns. The second phase of composite coatings can also be
metal

In [131], the electrodeposition of composite electrochemical
coatings from a colloidal nickel-plating electrolyte containing ultra-
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fine zirconium diboride powder was studied. Composite coatings Ni-
ZrB; have a high microhardness of about 10-11 hPa, which exceeds
the microhardness of pure nickel by 1.5-2 times. With an increase in
microhardness, the internal stresses of the Ni-ZrB, CEC decrease.
The wear resistance of this CEC is 2-5 times higher than that of
chrome coatings, which makes it possible to use the proposed
composition for surface hardening of parts of special equipment and
industrial equipment.

In [132], a chloride electrolyte was proposed for applying a
composite electrolytic coating of nickel-cobalt-aluminum oxide. The
paper investigates the effect of electrolysis modes and electrolyte
composition on the physical and mechanical properties of ECCs and
shows the possibility of replacing wear-resistant chromium coatings
with them.

The authors of [133, 134] studied the patterns of incorporation of
zirconium dioxide nanoparticles into a nickel matrix during electro-
deposition of Ni-ZrO, composite coatings from methanesulfonate and
sulfate electrolytes. It was shown that nanocomposites with a large
amount of zirconium dioxide (up to 5 - 15 wt%) were obtained from
methanesulfonate electrolyte, which is explained by a higher partial
concentration of ZrO, with an increase in the aggregate stability of
the dispersed phase in an electrolyte of this type.

A known method [135] for obtaining a composite coating of
nickel-zirconium dioxide at a cathode current density of 1 A/dm?, a
temperature of 50 ° C and pH = 4.5 from an electrolyte, which
includes (g / dm3): NiSO4 ¢ 7H,0O - 240; NiCl, - 45; H3BOs - 40;
ZrO3 (40 nm) - 4-30. The content of ZrO; in the resulting sediments
is 22 - 42 wt.%. However, as a disadvantage, it should be noted a
narrow range of electrodeposition current densities and low aggregate
stability of a suspension electrolyte containing zirconium dioxide
nanopowder.

In [136], nanocomposite coatings Ni-Mo and Ni-W were obtained
by electrochemical deposition in a galvanostatic mode from a nickel
plating bath containing nanopowders of molybdenum (<100 nm) or
tungsten (<150 nm). The study of the kinetics of the hydrogen
evolution reaction showed a high electrochemical activity of the Ni-
Mo electrode in comparison with Ni-W.
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In [137], the authors investigated a chemical method for the
formation of composite electrochemical coatings and foils based on
nickel, reinforced with nanosized aluminum oxide. A mechanism for
the formation of composites and a mathematical model reflecting the
relationship between the content of the strengthening phase in the
CEC and the concentration of the Al,O3 hydrosol in the electrolyte
were proposed. The incorporation of Al,Os; nanoparticles into the
base metal matrix contributes to a decrease in the grain size and an
improvement in the mechanical properties of composites: the
microhardness and ultimate strength of composites increase by 1.5 -
2 times, a significant increase in the yield strength is observed in
comparison with a nickel coating.

Known composite coatings of the Co-W alloy, reinforced with
nanoparticles of aluminum oxide [138], which can be used to replace
coatings with hard chromium. This method provides obtaining a Co-W
alloy with nanoparticles of aluminum oxide with high wear resistance.
But the insufficiently high sedimentation stability of the electrolyte-
suspension makes it necessary to maintain the particles in suspension by
special operations, for example, ultrasonic or magnetic field treatment.

The authors of [139] developed an electrolyte for the deposition
of Co-Mo-TiO2 coatings. The deposition of cobalt on a substrate of
copper, chromium-nickel alloys and stainless steels is ensured by the
formation of an ammonia-trilonate complex. The ammonium ion
catalyzes the electrochemical reaction of the reduction of molybdates
to the metal; therefore, the addition of ammonium sulfate to the
electrolyte provides an increase in the percentage of molybdenum in
the Co-Mo-TiO; alloy. The resulting coatings have high adhesion to
the carrier and are uniform.

In [140], the principles of the formation of oxide composite
nanostructured materials by the electrochemical method are considered,
methods are considered, and the advantages of transient electrolysis
in the production of such materials are shown. Thus, a review of
literary sources does not allow one to determine the ways of forming
composite coatings of cobalt with refractory metals directly from
aggregatively stable electrolyte solutions with varying parameters
and modes of electrolysis.

Thus, from the analysis of the literature it follows that recently
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there has been an increase in the interest of researchers in the
electrochemical synthesis of both multicomponent alloys based on
cobalt and composite coatings with metals of the iron subgroup with
refractory components. This is due to the possibility of combining in
such coatings a whole range of unique properties inherent in alloy-
forming components, and in some cases - superadditive enhancement
of operational characteristics. However, the variety of ionic forms of
electrolyte components, the presence of a number of competing reactions
during the establishment of ionic equilibria, as well as the multistage
nature of the electrode process, complicate the interpretation of the
results for determining the mechanism of formation and predicting
the composition and properties of deposited thin-film materials. At
the same time, the results of the analysis of scientific and technical
information made it possible to identify the following problem areas
in the existing developments, which are the basis for the authors'
own research, namely:

- electrolytic systems of cobalt with refractory components have
not been sufficiently studied both in Ukraine and abroad. Most of the
presented results concern the electrodeposition of binary coatings
Co, Ni-W, Mo;

- Electrodeposition of triple coatings based on cobalt with tungsten
and molybdenum makes it possible to level the internal stresses
inherent in electrolytic thin-film materials, low adhesion, and also to
increase the physical and mechanical properties.

- binary systems Co-Mo (W) are aimed at creating mainly catalytic
and magnetic materials. In our opinion, Co-Mo-W, Co-Mo-Zr, Co-
W-Zr coatings, as well as composites based on them Co-Mo-WOX,
Co-Mo-Zr0O,, Co -W-ZrO,, since the implementation in thin layers of
simultaneously increased wear and corrosion resistance, magnetic
and catalytic properties makes such coatings universal and allows
you to significantly expand the scope of their application.

It should also be noted that to date, systemic studies of the
dependence of the elemental composition and morphology of the
surface of coatings on electrolysis modes and their correlation with
indicators of physicochemical parameters and functional properties
have been insufficiently illuminated. The literature completely or
partially lacks data on the phase composition of coatings and its
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dependence on the nature of polarization (formation by direct or
pulsed current).

Thus, taking into account the complexity of the processes of
formation of multicomponent coatings and the uncertainty of the
conditions for their consumer properties, the solution of such
problems has a clearly defined focus on meeting the needs of the
industrial complex, in particular, in eco- and energy technologies, in
the creation of new materials and coatings with a high level of
functional characteristics. Despite a fairly significant amount of
research in this direction, the issues of control and management of
the quantitative and phase composition, surface morphology, and,
accordingly, the properties of coatings remain topical. This determined
the goal and objectives of the presented study.
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Chapter 2

KINETIC REGULARITIES OF OBTAINING
ELECTROLYTIC COATINGS AND COBALT
COMPOSITES WITH REFRACTORY METALS

The solution of the tasks requires the study of ionic equilibria in
electrolyte solutions and the verification of the working hypothesis
about the possibility of cathodic synthesis of multicomponent com-
posites from aggregatively stable and stable electrolyte solutions due
to the formation of a strengthening phase of oxides directly in the
electrode process. This assumption is based on known information
about the stage-by-stage reduction of oxometallates (tungstates and
molybdates) during cathodic polarization. This process is also
associated with the reduction of cobalt, which makes it possible to
flexibly control the electrodeposition process [141] by changing the
parameters of the cathode process.

It is known that the features of the co-reduction of cobalt with
refractory metals (Mo, W, Zr) directly from the electrolyte solution
are due to the mutual influence of thermodynamic and Kinetic cha-
racteristics of alloy-forming components. The thermodynamic characte-
ristics, first of all, include the equilibrium potentials of metals (Table
2.1), electron and oxygen affinity, ability to complexation and hydro-
lysis. As can be seen from the above data, the inclusion of zirconium
in an alloy with cobalt and molybdenum looks the most problematic
due to the potential difference at the level of 1.3-1.7 V.

The crystal chemical parameters reflect the structure and para-
meters of the crystal lattice of individual metals, the sizes of cations,
oxometallates, etc., which significantly affect the mutual
arrangement and embedding of atoms in the crystal lattice of the
alloy. The ratio of concentrations of salts of alloy-forming metals,
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modes and parameters of electrolysis are tools that ensure
overcoming the energy and geometric differences of metals, which
are restored con-jugately.

Table 2.1
Equilibrium potentials of electrode reactions [177 - 180]

| Reaction Electrode potential E, V
Cobalt
1 | Co? +2¢=Co —0,277 — 0,02951 lgc(Co?*)
2 Co(OH)2 + 2H* + 2¢ = Co + 2H20 0,095 — 0,059 pH

Molybde

num

MoO4#? + 4H* + 2e = M0O; + 2H20

0,606 — 0,1182pH +,0295lgc(MoO2)

MoO42 + 8H* + 3e = M0%* + 4H2,0

0,508 — 0,1576pH +
0,0197Ig[c(MoO#2 )/c(Mo*")]

MoO: + 4H* + 4e = Mo + 2H20

—0,072 — 0,059pH

Tungsten

6 | WO4* + 4H* + 2¢ = WO2 + 2H20 | 0,386 -0,1182 pH +,2951 Igc(WO4#)
7 | WO2 +4H* + 4e =W + 2H20 —0,119 - 0,0591 pH
Zirconium
8 | Zt*+4e=2r —1,54+0,0148 Ig[Zr*]
9 | ZrO* + Ha0 + 4e = Zr + 20H- —1,570—0,0295 pH +0,0148Ig[Zr0*]
lonic equilibria
10 | Zr* + H20 = ZrOz + 4H* 0,91 — 4pH
11 | ZrO? + H20 = ZrOz + 4H* 1,15-2pH

The competition of metals is also due to their acceptor ability,
which is quantitatively characterized by electronegativity and affinity
for oxygen (Table 2.2). Sufficiently close values of the relative
electronegativity of metals indicate almost identical acceptor pro-
perties. However, the strength of bonds with oxygen, which is an
electron donor during the formation of heteronuclear complexes with
the participation of these metals, will differ, since the binding energy
with oxygen is significantly different. So, based on the maximum
binding energy of Zr-O among the metals considered, it can be
assumed that, other things being equal, zirconium in the electrolyte
solution will exist in the form of ZrO»+ oxocation, and in coatings
there is a high probability of the formation of a phase of ZrO;
oxides.
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Table 2.2
Thermodynamic and crystal chemical characteristics
of alloy-forming metals

Parameters Co Mo W Zr
Ewm-o, kJ/mol 238,5 274,5 223,0 493,0
Envon, kJ/mol 238,5 2954 305,4 220,0
Electronegativity, X 1,88 2,16 2,36 1,33
Atomic radius, nm 0,125 0,130 0,141 0,160
lonization energy, eV 7,86 7,10 7,98 6,84
Grid structure hexagonal OIIK OIIK | hexagonal
Grid Parameters, A | a=2505c=4,089 | 3,147 | 3160 | 27 gﬁé

When forming alloys, it is necessary to take into account the
difference in the crystal chemical parameters of alloy-forming metals
(Table 3.2). The difference in the crystal lattice of cobalt and zirconium
from tungsten and molybdenum, as well as the difference in the para-
meters of the crystal lattices of alloy-forming metals, undoubtedly
causes deformation of the alloy lattice and inhibition of linear crystal
growth. The atomic radii of molybdenum, tungsten and zirconium
exceed the atomic radius of cobalt by 4, 13 and 28%, respectively
(Table 2.3), which will cause the displacement of atoms from the
equilibrium state during the formation of a monoatomic layer, which
increases the probability of the formation of amorphous alloys [142].

From the analysis of Eu.o data, it follows that molybdenum,
which has a higher energy compared to tungsten, will push it out of
the coordination sphere of cobalt. Of particular practical importance
is the high thermal solubility of oxygen in zirconium: in B-zirconium
it is 2% by weight, whereas in a-zirconium from 5 to 8% by weight
of oxygen is dissolved [143]. Thus, according to the strength of the
Ewm-o bond, metals can be arranged in a row [178]: W <Co <Mo <Zr.

2.1 Justification of the choice of ligands for the preparation
of composite electrolytic coatings

Considering the value of the standard electrode reduction poten-
tials of cobalt, tungsten, molybdenum and zirconium, the co-deposi-
tion of their multicomponent alloys from simple electrolytes is im-
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possible [144]. As is known, the convergence of metal potentials is
achieved by using ligands forming complex ions with different insta-
bility constants [145, 146]. The overwhelming number of ligands are
tri- and tetradentant, and, accordingly, have several donor electron
pairs. The vast majority of tetradentant ligands can be divided into
linear and tetrahedral. When Co(ll), having an octahedral acceptor
sphere, coordinates the ligand, six nodes are available. And accor-
dingly, ligands of tetrahedral structure will occupy four of the six
nodes, leaving two open. These two open nodes can be occupied by
two monodentant groups or bidentant ligands. A purposeful combi-
nation of ligands can contribute in some cases to the strengthening of
all bonds and the formation of mixed complexes superior to monoli-
gand ones in strength, in others - intermediates whose dissociation
proceeds with noticeable inhibition. The third group of ligands is
characterized by a lack of overall coordination at all. Consequently,
the combination of ligands of different nature provides opportunities
for conscious control of the electrodeposition process as a whole.

Modern ideas about the mutual influence of ligands in all types
of complex compounds, regardless of their geometry [147], suggest
that the pyrophosphate ion [148], as a dentate ligand, creates uncom-
pensated induced dipoles, and the resulting dipole strengthens the
metal bond with one of the groups, and weakens with the other.
Therefore, if neutral substituents or coordination groups are intro-
duced into the solution of an electrolyte containing pyrophosphate
complexes as a second ligand, which slightly reduce the effective
charge on the central atom, then both ligands can be compatible in
the same coordination sphere and can form complex mixed com-
plexes. The citrate ion is considered to be such a ligand.

2.2 Kinetics of cathodic processes of co-deposition
of cobalt with refractory metals

To substantiate the rational composition of electrolytes and electro-
lysis modes, it is necessary to conduct kinetic studies of the regularities of
the joint discharge of metals into an alloy or composite coatings.

The study of the mechanism and kinetics of deposition of com-
posite coatings Co-Mo-WOx, Co-Mo-ZrO,, Co-W-ZrO, was carried
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out on a specially manufactured electrode, which was a steel wire St3
with a working surface of 0.09 cm?2. A mesh electrode of the Pl 99.9
brand was used as an antielectrode. Before each measurement, the
surface of the platinum electrode was treated in a solution of nitrate
acid and thoroughly washed with distilled water.

Deposition of composite coatings Co-Mo-WOy, Co-Mo-ZrO, Co-
W-ZrO, was carried out from citrate-pyrophosphate electrolytes based
on cobalt (1) with a varied concentration of components (Table 2.3).

Table 2.3

Compositions of electrolytes for electrolytic deposition of composite
coatings based on cobalt alloys

Electrolyte Components Conr(rz]eor:};arﬂg) N range, pH
Co-Mo-WOx
CoS04 - 7 H20 0,1-02
Na2MoOs - 2 H2O 0,04 -0,12
Na:WO;4 - 2 H20 0,06 - 0,16
NasCsHsO7-2 Hz0 02-03 85-105
K4P207 0,3-0,7
Na2SO4 0,3-0,5
Co-Mo-ZrOz
CoS04 - 7 H20 0,1-0,3
Na:MoQs - 2 H20 0,02-0,1
Zr(S04)2-4H20 0,01 -0,05
NasCeHs07:2 H20 0,1-0,3 7,0-105
K4P207 0,1-0,2
Na2SO4 0,3-0,5
Co-W-ZrO>
CoSO4 - 7 H20 0,1-0,3
Na;WOs - 2H20 0,02-0,1
Zr(S04)2-4H20 0,01 -0,05
NasCeHs07-2 H20 0,1-0,3 6,0-10,5
K4P207 0,1-0,2
Na2SO0a4 0,3-0,5
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Dilute solutions were prepared for kinetic studies of cathode proces-
ses, and the concentration of components varied within, mole/dm?;




CoS0O47TH20 0,005 - 0,02;

Na;Mo04-2H,0 0,002 - 0,01;
Na;WQ4-2H,0 0,002 - 0,01;
N8.3C5H5O7'2H20 0,01 — 0,05;
K4P207 0,01 -0,03;
Zr(SO4),-4H,0 0,001 — 0,005;
NaxSO4 1,0.

Let us consider the results of linear voltammetry of cathodic reduction
of cobalt with molybdenum, tungsten and zirconium from model solu-
tions of citrate-pyrophosphate electrolytes to establish the mechanism of
the cathodic process, kinetic parameters and criteria are calculated, on the
basis of which a conclusion is made about the sequence of stages and the
nature of the limiting stage in the joint recovery of components.

The application of a systematic approach to the analysis of kinetic
patterns in multicomponent systems provides for the analysis of the reco-
very of individual alloy-forming components with successive complica-
tion of the system by adding particles of co-deposited metals and varying
ligands. Therefore, it is advisable to establish the mechanism of formation
of cobalt composites and alloys according to the following scheme (2.1):

Co*'-H,0
Co’ -Cit* -H,0 Co™-Cit™-P:0;"-H:0

' v

v
Co™-Cit" -WO," -H.0 Co™-Cit" -WO,” -P,0;* -H.0

Co*"-Cit -Mo0,? -H.0 " Ce¥-Cit -Mo0 P05 -H.0

Co” -Cit" -P10, -WO, 7 -MoO, -H,0 <

Co’'-Cit"™-P,0,"-W0,-Zr0* -H,0 -«

Co™ -Cit’ -P,0+' -MoOy* -Zr0™ -H,0 =

Figure 2.1 - Systems for the study of kinetic patterns of co-reduction of cobalt
with molybdenum, tungsten and zirconium
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Cathodic reactions in systems:

C02+-H20, C02+-Cit37-H20,
C02+-P2074ﬁ-H20, C02+-Cit3_-P2074ﬁ-H20.

Voltammograms obtained on a steel electrode in solutions with a
variable concentration of Co?* ions against a background of 1 mol/dm? of
sodium sulfate (Fig. 2.2) have a classical form with an adsorption
pre—wave in the range of potentials from —(0.4-0.58) of the cobalt
reduction current at potentials from —(0.58—0.66) V with a clearly
pronounced peak at potentials Ep = —(0.63-0.66) V and a subsequent
decrease in current density at potentials from -0.63 to -0.80 V, due to
the inhibition of the diffusion of Co?* cations and an increase in the
true cathode surface area during the formation of a mono- and poly-
layer of cobalt [205]. At potentials more negative than -0.8 V, the
reaction of hydrogen release is intensified. It should be noted that
peak currents naturally increase with an increase in the concentration
of Co?" in solution, and peak potentials become more negative.

i, A/nm’

04} /

0,0 2 3
0,6 -0,9
E.B

Figure 2.2 - Voltamerograms of a steel electrode on the background
1M Na2S04 when ¢(Co?*), mole/dm?3: 1 —0,02; 2 —0,01; 3 — 0,0075;
s=1-102VI/s, T=293 K

Calculated by equation (2.5), the value of the product of the
transfer coefficient by the number of electrons az and the Semerano
Xs criterion (Table 2.4), the nature of the dependence i, / \'s - s (Fig.
2.3, a), as well as the decrease in az with concentration indicate the
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irreversibility of the cathode process, that is, the deceleration of the
charge transfer stage.

Table 2.4
Kinetic parameters of the cathode reaction in the system Co?*-H.0
(background: Na2SO4 — 1 mole/dm3); s=0,01 V/s
¢(Co?*), mole/dm?® E, V az Xs Xe
0,0075 —0,42 1,2 0,40
0,01 —0,40 1,0 0,43 0,63
0,02 —0,40 0,85 0,40

Linear dependences of i, - s do not originate from the origin in
the entire range of cobalt ion concentrations studied (Fig. 2.3), which
can be explained by the effect of adsorption of Co?* cations on an
electrode made of a foreign metal (steel). A slight decrease in the
criterion i, - \'s with the rate of potential sweep, which indicates a
subsequent chemical reaction.
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Figure 2.3 - Dependence of the characteristic criterion ip / Vs (a) and the current
density of the peak ip (b) of cobalt recovery on the potential sweep rate against the
background 1M NazSO4; ¢(Co?*), mole/dmé: 1 - 0,0075, 2 — 0,01, 3 — 0,02

The value of the concentration criterion X, (Table 3.6), as well as
the nature of the dependencies in the coordinates i, / c- ¢ and i, - C
(Fig. 2.4) also indicate the presence of the following chemical
reaction, the contribution of which to the overall cathode process
increases with increasing concentration of cobalt ions in solution.
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Taking into account the propensity of cobalt(ll) to hydrolysis and
an increase in the pH of the near-electrode space due to the parallel
reaction of hydrogen evolution, it can be assumed that adsorbed
hydroxocations are formed on the cathode surface. COON* (Ky = 4.4
- 10-5), the discharge of which will be accompanied by the following
reaction of the release of hydroxide ions.

Consequently, the general process of cathodic reduction of cobalt
can be represented in the form of successive stages:

(Co?*)L+ H,0 <> (CoOH")s + H* (2.4)
(CoOH")s + 2 _, (COOH)s (2.5)
(COOH)s <> Co + OH, (2.6)

which coincides with the results presented in [202].
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Figure 2.4 - Dependence of the characteristic criterion ip/s (a) and the current
density of the peak ip (b) of cobalt reduction on the background 1M Naz2SO4 o1
c(Co?);s,B/c:1-5-103,2-2-102, 3~ 5-102

The addition of sodium citrate to solutions with a varied cobalt
concentration predictably causes a significant change in pH (pH =
6.3 - 6.8). Taking into account the cobalt hydrolysis constant of the
heterogeneous Co?*-H,O system and the diagram of ionic equilibria
in the Cit3- H,O system in the specified pH range, the formation of
citrate complexes is most likely.

The stationary potentials of the steel electrode in Co? - Cit*- H.O
solutions become more negative compared to the Co?*-H,O system, the
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cathode current density decreases by 1.5 times, and the peaks on the
polarization dependences degenerate in the limiting current wave. (fig.
3.20). The slope of the voltammograms becomes more gentle, which
indicates a slowdown in the discharge stage and adsorption complica-
tions of the process; the potential interval corresponding to the reduction
of cobalt becomes twice as large (from -0.60 to -0.70 V), and in the

range from -0.70 to -0.90 V, a plateau of limiting current occurs.
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Figure 3.20 - Cathode voltammograms of a steel electrode against
a background of 1M NazSOQa in solutions of the composition, mole/dm?:
Cit>- = 0,03; Co?" — 0,0075 (1), 0,01 (2), 0,02 (3); s=1-102V/s, T=293 K

The linear nature of the dependence in the coordinates i, - Vs, the
Semerano Xs criterion and the calculated values of the product of the
transfer coefficient by the number of electrons oz, which decrease
with the acceleration of the potential sweep, the greater the smaller
the ratio ¢(Cit*):c(Co?*) (Table 3.7), indicate a deceleration of the
charge transfer stage.

Table 3.7
Kinetic parameters of cathode reactions in the system
Co?*-Cit*-H20 (¢, mole/dm?3: Cit®> - 0,03; Na2SO4 — 1), s=0,01 V/s

c(Co?"), mole/dm? E.,V az Xs Xe
0,0075 —0,48 0,76
0,01 —0,46 0,78 0,46 0,95
0,02 —0,45 0,85

The approximation of the concentration criterion X, to 1 confirms
the kinetic control of the cathode process.
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The tendency to decrease in i, /s with the rate of potential
sweep (Fig. 3.21), as well as the decrease in iy / ¢ with an increase in
the concentration of Co?" ions and the nature of the dependence in
the coordinates of i, — ¢ (Fig. 3.22) indicate the contribution of the
chemical stage to the overall cathode process.
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Figure 3.21 - Dependence of the characteristic criterion ip / Vs (a) and the current
density of the peak ip (b) cobalt recovery on the potential sweep rate against the
background of 1M Na»SOs in solutions of the composition, mole/dm?:

Cit> -0,03; ¢(Co?*), mole/dm?: 1 - 0,0075,2 - 0,01, 3 — 0,02

The Co?*-Cit*-H,0 system has been studied [206 - 209], and based
on the ionic equilibria and the established kinetic parameters [201, 203,
210 - 212], it can be argued that the dissociation of complex ions occurs
reversibly, and the limiting stage of the cobalt reduction process from
citrate complexes is the addition of 2 electrons to Co?*.
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Figure 3.22 - Dependence of the characteristic criterion ip /s (a) and the current
density of the peak ip (b) reduction of cobalt from ¢(Co?*) on the background of 1M
Na2SO4 from solution, mole/dm?3: 0,03 Cit®; s, mV/s: 1 -5, 2 — 20, 3 - 50

The reduction of cobalt from a citrate electrolyte can be represented
as a complex of sequential reactions:

[CoCit] L <> [CoCit] s (3.7)
[CoCit] s +2e — [CoCit]*s (3.8)
[CoCit]*s <> Co + Cit* (3.9)

The form of cathode polarization dependences of cobalt reduction
from pyrophosphate electrolyte is similar to the voltammograms
obtained for citrate electrolytes, which indicates a similar mechanism.
But it is necessary to take into account the stepwise nature of the
reduction of particles [Co(P207)2]®. Thus, the mechanism of cobalt
reduction in the Co?*-P,07*-H,0 system at different concentrations of
pyrophosphate will have the following form:

[Co(P207)2]¢ L — [CoP207])* s + P,O7*, (3.10)
[COP207]273 +e— [COP207]373, (3.11)
[CoP207)* s+e — Co + P,O7*. (3.12)

When Co?*-Cit*-H,O pyrophosphate ion is added to the system,
the nature of the polarization dependences changes. The stationary
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potentials of the steel electrode in the presence of citrate and
pyrophosphate ions in solutions shift towards more negative values
compared to Co?*-H,0 and Co?*-Cit*-H,O systems, the cathode current
density decreases by 2 times compared to Co*-Cit>-H,O (Fig. 3.23).
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Figure 3.23 - Cathode voltammograms of a steel electrode against a background of
1M NazS0s in solutions of the composition, mole/dm3: Co?* - 0,01; Cit* - 0,02;
P207+ - 0,01 (1), 0,02 (2), 0,03 3); s=1-102V/s, T=293 K
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The slope of the voltammograms becomes more gentle, which
indicates a slowdown in the discharge stage and adsorption complications
of the process, the potential interval corresponding to the reduction
of cobalt does not change (0.60 -0.70 V), and the limiting current
waves are not sufficiently pronounced. Most likely, simultaneously
with the reduction of cobalt from mixed complexes, a hydrogen release
reaction occurs, as evidenced by oscillations on voltmetograms.

The calculated values of az~1,1 indicate a deceleration of the
charge transfer stage, which increases with an increase in the
concentration of P,O7* relative to Co?* and citrate (Table 3.8). This
can be explained by the greater stability of cobalt pyrophosphate
complexes compared to citrate ones, and mixed complexes compared
to monoligand ones (see Table.3.3). With the ratio of the concentra-
tions of ligands and the complex—forming agent ¢(P,O+*) :

(Cit*): ¢(Co?) 1:2:1, citrate and mixed cobalt complexes dominate in
the solution, therefore the kinetic parameters are similar to those
given in Table.3.7, that is, reactions 3.7-3.9 mainly occur at the
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cathode. With an increase in the concentration of P,O7* relative to
citrate, pyrophosphate and mixed complexes already predominate in
the solution, hence the mechanism of the cathode process changes, as
indicated by the corresponding Kkinetic criteria (Table 3.8).

Table 3.8
Kinetic parameters of cathode reactions in the system Co?*-Cit*- P207*- H20
(¢, mole/dm3: Co?* — 0,01; Cit* — 0,02; Na2SO4 — 1); s=102 V/s

. 4

B0 ), EoV oz Xs Xe
0,01 0.4 102 0,50
0,02 20,50 072 0,56 08
0,03 0,49 0,62 09

The linear nature of the dependence in the coordinates of i, - Vs,
as well as the independence of i, / Vs from the potential sweep rate
(Fig. 3.24) at the concentration of ions P,O7*- = 0.01 mole/ dm3
indicate the irreversibility of the cathode process and complications
of the subsequent chemical stage.
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Figure 3.24 - Dependence of the characteristic criterion ip / Vs (a) i -th of
the peak current density ip (b) recovery of cobalt on the potential sweep rate
against the background of 1M NazSO4 from solution, mole/dm3:
Co% —0,01; Cit> — 0,02; P2074 - 0,01 (1), 0,02 (2), 0,03 (3)

With a further increase in the concentration of pyrophosphate
ions in solution greater than 0.01 mole/ dm3, the mechanism changes
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to a slowdown in the adsorption stage, which is probably due to an
increase in the charge of the complex ions.

The values of i, /s decrease with the concentration of P,O7*-ion,
and the wave current density practically does not depend on ¢(P-07*)
(Fig. 3.24 a), this is evidence of the discharge at the cathode of cobalt
pyrophosphate complexes. To establish the total chemical formula of
the substance involved in the discharge stage, the order of the
electrode reaction was calculated by the P,O-* ions, which was p = 0,
which confirms the preliminary conclusion.

The value of the concentration criterion X, (Table 3.8), as well as
the nature of the dependencies in the coordinates i, — ¢ (Fig. 3.25 b)
indicate the presence of the following chemical reaction, the
contribution of which to the overall cathode process increases with
an increase in the concentration of pyrophosphate ions.
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Figure 3.25 - Dependence of the characteristic criterion ip/s (a) and the
current density of the peak ip (b) reduction of cobalt from c(P207*") on the
background of 1M Na2SO4 from solution, mole/dm?3: Co?* — 0,01; Cit>~ — 0,02;

s, VIs:1-51022-2:1023-5102

The totality of the experimental data obtained, taking into
account the ionic equilibria in the Co?*-Cit*-P,0;*-H,0 system, the
values of the instability constants of pyrophosphate, citrate and
mixed cobalt complexes and the results presented in the scientific
literature [149], suggests that the reduction of cobalt from citrate-
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pyrophosphate electrolyte occurs mainly from mixed [P.0;Co(Cit)]*
complexes (Ky=2,5-10"1% and can be represented as a complex of
sequential reactions:

[P207Co(Cit)]* L «> [CoP.O7)* L + Cit* (3.13)
[CoP.O7] L <> [CoP2O07]>s (3.14)
[COP207]273 +2¢ — Cos + P,07* (3.15)
Cos — Coxr (316)

in which the indices ( ), ()s and ()xg means particles in solution, on
the surface of the electrode and in the crystal bed, respectively.

Electrochemical behavior of systems

Co?*-Cit*-WO4*-H,0, Co?*-Cit*-Mo04* - H,0,

C02+-Cit3_-W0427-P20747-HQO Ta C02+-Cit3_-MOO427-P2074ﬁ-H20

Cathodic reduction of tungstate and molybdenum ions (M - Mo
or W) is a multistage process [150-153]:

MO + 2H;0 + 2e —MO2(WO2)+ 40H, (3.17)
MO; + 2H,0 + 4e ->M(W) + 40H", (3.18)
and most often ends with the first stage of the formation of
molybdenum oxide or tungsten (IV), which blocks the surface
through a higher resistivity (8.8 x 10-7 Ohm * m) compared to metal.
This explains the presence of a wave, not a peak, and a decrease in
the limiting current on the polarization dependences [154].

In the Co*-Cit*-WO,*>-H,O system, unlike Co®*-Cit*-H,0,
peaks appear on the polarization dependences, the height of which
practically does not depend on the concentration of tungstates, and
the potential range is within —(0.8-0.9) V (Fig. 3.26).
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Figure 3.26 - Cathode voltammograms of a steel electrode against a background of
1M NazS0s in solutions of the composition, mol/dm3: Co?* —0,01; Cit> - 0,01;
WO4> - 0,002 (1), 0,005 (2), 0,01 (3); s=1-102V/s, T=293 K
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The clearly expressed peak of the voltammogram of the Co%-
Cit*-WO,*-H,O system indicates a conjugate metal reduction
process originating from an unstable complex [WO4Co(Cit)]*~. This
is confirmed by the increase in the peak current density compared to
the Co?*-Cit*-H,O system, which is accompanied by a shift in the
peak and half-peak potentials in the positive direction. The values of
the product of the transfer coefficient by the number of electrons az
and the Semerano criterion Xs are calculated (Table 3.9), as well as
the nature of the dependence i, / Vs - s (Fig. 3.27, a), indicate the

irreversibility of the cathode process.

Table 3.9

Kinetic parameters of cathode reactions in the system
Co%*-Cit*-WO04?-H20 (¢, moan/am®; Co?*—0,01; Cit*> - 0,01; Na2SO4 — 1)

c(WO4%),
mole/dm3 Ee V oz Xs X
0,002 —0,38 0,79 0,69
0,005 —0,36 0,94 0,61 0,97
0,01 —0,35 0,79 0,58
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Figure 3.27 - Dependence of the characteristic criterion ip / Vs (a) and the current
density of the peak ip (b) with the half-recovery of cobalt and tungsten on the rate of
potential sweep against the background of 1M Na2SO4 from solution, mole/dma3:
Co? —0,01; Cit>~ - 0,01; WO42— 0,002 (1), 0,005 (2), 0,01 (3)
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The dependences of the characteristic criterion i, / Vs (Fig. 3.27)
and the peak current density on the scanning rate of the potential
indicate the inhibition of the preliminary chemical reaction at all
concentrations of tungstate ions.

The dependences of i, / ¢ and i, on the concentration of tungstate
ions (Fig. 3.28), as well as the values of the concentration criterion
X (Table 3.9) confirm the inhibition of the preliminary chemical
reaction.
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Figure 3.28 - Dependence of the characteristic criterion ip/s (a) and the current
density of the peak iy (b) of cobalt and tungsten co-deposition on c(WQO4%) against a
background of 1M Na2SO4 from solution, mole/dm3: Co?* - 0,01; Cit* —0,01; s,
V/s: 1-510%,2-2-102%3-51072

The polarization dependencies of the steel electrode in solution
of Cit*-MoO,*-H,0 at 0,002 M Na:MoO, (Fig.3.29) there is a
plateau, as for Co*-Cit*-H,O (figure 3.20), while increasing the
concentration of molybdate there is a pronounced peak in the
potentials(0,7-0,85) V.

The course of the dependencies i,—Vs or iy/Ns—s (Fig. 3.30) with
varying concentrations of MoO4*-ions, and the value oz and
criterion Semerano X indicate the irreversibility of the process and
product adsorption.
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Figure 3.29 - Cathode voltammograms of a steel electrode on the
background of 1M NazSOs in solutions of the remaining load,
mole/dm3:; Co?* —0,01; Cit* — 0,01; MoO4+*> — 0,002 (1), 0,005 (2), 0,01
(3);s=1-102V/s, T=293 K
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Figure 3.30 - Dependence of the characteristic criterion ix / Vs (a) and the current
density of the peak in (b) of cobalt and molybdenum co-deposition on the potential
sweep rate against the background of 1M Naz2SOs from ratsovr, mole/dma3:
Co% —0,01; Cit>=— 0,01; MoO4? — 0,002 (1), 0,005 (2), 0,01 (3)

The value of the concentration criterion X, (Table 3.10), as well
as the nature of the dependencies in the coordinates i, — ¢ (Fig. 3.31),
indicate a preliminary chemical reaction, the contribution of which
to the overall cathode process increases with an increase in the con-
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centration of molybdenum ions in solution. And the concentration
dependence of i,/c confirms the assumption of the presence of a
chemical stage.

Tabauya 3.10
KuHeTHuecKue mapamMeTphl KaToHbIX peakimii B cucteme Co?*-Cit*-MoO4?-H20 (c,

mole/dm?: Co?*— 0,01; Cit®> —0,01; Na2SO4 — 1)
¢(Mo04%), mole/dm?® E.,V az Xs Xe
0,002 —0,38 0,43
0,005 —0,36 0,47 0,65 1,0
0,01 —0,35 0,53
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Figure 3.31 - Dependence of the characteristic criterion in / ¢ (2) and the current
density of the peak ix (b) of cobalt and molybdenum co-deposition on c(MoQ4?")
against the background of 1M Naz2SO4 from solution, mole/dm3: Co?* - 0,01; Cit* —
0,01;s, V/s:1-5-10%,2-2-102 3-5-1072

Since the co-deposition of tungsten and malben show antagonism
towards each other, their recovery from the individual complex
compounds of composition [WO.Co(Cit)]* and [MoO+Co(Cit)]*.

Thus, based on the analysis of data sets and the nature of the
polarization dependence can be concluded about the braking phase
charge transfer is complicated by adsorption of the product and prior
chemical reaction. The above factors are the basis for the conclusion
that the process of reduction of cobalt with tungsten or molybdenum
occurs as a sequential course of reactions:
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[MeO4Co(Cit)]* L <> [MeO:Co(Cit)]*s (3.19)

[MeO:Co(Cit)]*s + 26 + 2H,0 —s > (3.20)
[MeO.Co(Cit)] s+ 40H-

[MeO2C0(Cit)] ~s + 2 <> Co[MeO; + Cit®- (3.21)

Co|H20 + e «» Co[H,, + OH~ (3.22)

Co|MeO; + 4H,, <> Co + Me + 2H,0, ne Me — Mo, W. (3.23)

Stationary potentials of the steel electrode in solutions Co?*-Cit3
-P,0-*-W04>-H,0 are shifted towards values of —(0.7-0.8) In
comparison with the Co?*-Cit*-WO,?>-H,0 system. The peaks on the
polarization dependences degenerate into waves, the current density
of which decreases by a factor of 2 (Fig. 3.32). The slope of the
voltammograms becomes more gentle, which indicates a slowdown
in the discharge stage and adsorption complications of the process.

The calculated values of oz and the Semerano X; criterion (Table
3.11), as well as a significant decrease in oz with an increase in the
concentration of WO,?~ions indicate a deceleration of the charge
transfer stage, that is, the irreversibility of the cathode process.
However, the growth of az for the system under study in comparison
with Co?*-Cit*-M0O,*-H,0 indicates a joint reduction of cobalt and
refractory metal at least to an intermediate oxide.
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Figure 3.32 - Cathode voltammograms of a steel electrode against a background of
1M Na2S0s in solutions of the composition, mole/dm3: Co?* - 0,01; Cit*—0,01;
P2074 - 0,02; WO42— 0,002 (1), 0,005 (2), 0,01 (3); s=1-102 V/s, T=293 K
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Table 3.11
Kinetic parameters of cathode reactions in the system Co?*-Cit3-P207*- WO -
H20 (c, mole/dm?3: Co?— 0,01; Cit> — 0,01, P2O7* —0,02; Na2SO4 — 1), s=1-10?

V/s
c(WO4%), mole/dm? E, V az Xs Xe
0,002 -0,48 1,29
0,005 —0,46 1,21 0,65 1,0
0,01 —0,45 1,04

The course of the dependences of i, —\s and i, /Vs - s (Fig. 3.33)
with varying concentrations of WO.?-ions testifies to the inhibition
of adsorption processes.
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Figure 3.33 - Dependence of the characteristic criterion in / Vs (a) and the current
density of the peak ix (b) of cobalt and tungsten co-deposition on the potential sweep
rate on the background. 1M NazSOa in solutions of the composition, mole/dm3:
Co% —0,01; Cit> - 0,01; P207* - 0,02; WO4? - 0,002 (1), 0,005 (2), 0,01 (3)

The value of the concentration criterion X, (Table 3.11), as well
as the nature of concentration dependences in the coordinates i,/ ¢
and in — ¢ (Fig. 3.34), also indicate a complication of the adsorption
of the reagent. The peak current density in the range of low potential
sweep rates is linear, which confirms the assumption of adsorption
inhibition.

Thus, the analysis of the totality of the obtained characteristic
criteria (Table 3.11), as well as the dependence of peak currents,
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indicate the irreversibility of the process complicated by the
adsorption of the reagent.
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Figure 3.34 - Dependence of the characteristic criterion ix / ¢ (a) and the current density
of the peak in (b) of cobalt and tungsten co-deposition reduction from ¢c(WQ4%") against
the background of 1M NazSOx4 in solutions of the composition, mole/dm3:
Co?*—0,01; Cit—0,01; P207* —0,02; 5, V/s: 1-5-103, 22102, 3 -5-102

The stationary potentials of the steel electrode in solutions of
Co?*-Cit* -P,07* -M004? -H,0 naturally shift towards more negative
values compared to the Co**-Cit*-Mo004>-H,0 system, the peaks on
the polarization dependences degenerate into waves whose current
density decreases by 3.5 times (Fig. 3.35). The slope of the
voltammograms becomes more gentle, which indicates a slowdown
in the discharge stage and adsorption complications of the process.

The dependence of i, —s (fig.3.36 b) has a linear character and
the peak current density increases with increasing s, the characteristic
criterion i,/\'s — s (Fig. 3.36 a), as well as the kinetic parameters (az,
Xs) (Table 3.12) indicate that the discharge stage is complicated by
the adsorption process.
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Figure 3.35 - Cathode voltammograms of a steel electrode against a background of
1M NazS0s in solutions of the composition, mole/dm3: Co?* - 0,01; Cit*—0,01;
P207+ — 0,02; MoO4? — 0,002 (1), 0,005 (2), 0,01 (3); s=1-102V/s, T=293 K
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Figure 3.36 - Dependence of the characteristic criterion in / \'s (a) and the current

density of the peak i (b) of cobalt and molybdenum co-deposition on the potential

sweep rate against the background of 1M Na2SO4 in solutions of the composition,

mole/dm3: Co?* - 0,01; Cit> - 0,01; P207* — 0,02; MoO4? — 0,002 (1), 0,005 (2),
0,01 (3)

At the same time, the growth of az for the system under study in
comparison with the tungstate-containing system indicates the joint
reduction of cobalt and refractory metal, and the reduction of
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molybdenum is more complete compared to tungsten.the reduction in
comparison with tungstate-containing indicates the joint reduction of
cobalt and refractory metal, and the reduction of molybdenum is

more complete compared to tungsten.

Table 3.12
Kinetic parameters of cathode reactions in the system Co?*-Cit*-H20 (c,
mole/dm?3: Co%-0,01; Cit*> - 0,01, P.O7*— 0,02; Na2SOs — 1)

2

Cé]“é'l‘;%4ml’ E., az Xs X
0,002 ~0.48 1,37 0.6
0,005 0,46 1,39 0,55 1,0
0,01 0,45 157 0,48

The concentration dependences (Fig. 3.37) and the value of the
concentration criterion of X. confirm the inhibition of the adsorption
of the reagent.
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Figure 3.37 - Dependence of the characteristic criterion i / ¢ (a) and the current

density of the peak in (b) of cobalt and molybdenum co-deposition on c(MoO4?")
against the background of 1M Naz2S0s in solutions of the composition, mole/dm?
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Thus, based on the analysis of the totality of data and the nature
of the polarization dependencies, it can be concluded that the cathode
process is inhibited at the discharge stage, complicated by the
adsorption of the reagent.

The above factors are the basis for the conclusion that the
process of updating cobalt with tungsten or moliden occurs
according to a sequential scheme, including ionic equilibria in
solutions, the formation of complexes and polyanions with the
participation of cobalt and oxometalates. MoQOs* (WO4*) (Fig.
3.38).

[COL (L] S ALy (L2 by} e [Co L ] #¥L2 ’i-l ous
: /i r
Z =dp [ t

H* H
Li ¢ {P207 ==HP;O-" == ==HP: 0}

Hir)  HO -H==H:0
.

| P |
t
Ha(aa) === Hy
H H _:{:;.J-“ o P2O7IMO | — [CoM O]
L2 ¢ {CiF-===HCit* ===, —=H,Cut} Lon A

P

"oM]ip

OH ke
HNsOn ===MOG r—Ha==="': Har) M={Mo. W}
H 4
1
MO, |
' '.

L : Mas

Figure 3.38 - Diagram of the process of co-deposition of cobalt with tungsten
or molybdenum from a citrate-pyrophosphate electrolyte

The scheme of the process of co-deposition of cobalt with
tungsten or molybdenum from a citrate-pyrophosphate electrolyte
reflects the adsorption of intermediates on the cathode surface, the
preliminary chemical stage of ligand release, the delayed stage of
cobalt discharge with tungsten or molybdenum, including the
formation of intermediate oxides of refractory metals that can be
reduced by hydrogen atoms. The scheme takes into account ionic
equilibria in solutions, namely: hydrolysis reactions, the formation of
complexes and polyanions involving cobalt, zirconium and
oxometalates MoO4> (WO4>).
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2.2.3 Electrochemical behavior of systems Co?"-Cit*-P,O7*-
WO.,% - MoO4*-H,0, Co?*-Cit*>- P,07*-WO4>-ZrO?*- H,0 ta Co**-
Cit*-P,07*-M00.? - ZrO*- H,0

The polarization dependences obtained on a steel electrode in the
Co?*-Cit*-P,07*-WOs*- MoO4*-H,O  system  against  the
background of a 1M sodium sulfate solution with fixed
concentrations of ligands, cobalt (I1) and tungstate and varying the
content of molybdates at a potential sweep rate of 1-107* V/s (Fig.
3.39) are characterized by the presence of limit current waves in
potential intervals from —(0.75-0.85) V.

i, A/mn?
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Figure 3.39 - Cathode voltammograms of a steel electrode against a background of
1M NazSOs in solutions of the composition, mole/dm3: Co?* —0,01; Cit* - 0,02;
P207* - 0,02; W02 - 0,002; MoO4? -0,001 (1), 0,0025 (2), 0,005 (3);
s=1-102V/s, T=293 K

Linear dependences of i, on the potential sweep rate proceed
from the origin (Fig. 3.40), the concentration criterion X. = 1.0, as
well as the Semerano criterion Xs ( (Table 3.13) characterize the
process as irreversible.
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Figure 3.40 - Dependence of the characteristic criterion in / Vs (a) and the
current density of the peak ix (b) of the ratio Co, Mo and W on the scanning
speed on a potential background of 1M Na2SOx4 in solutions of the
composition, mole/dm3: Co?* - 0,01; Cit>~ —0,02; P.07* —0,02; WO4*> —
0,002; Mo0O4? -0,001(1), 0,0025(2), 0,005(3)

Graphoanalytical processing of polarization measurement data in
coordinates i/\s— s (Fig. 3.40 a) indicates a change in the
mechanism of co-reduction of cobalt with molybdenum and tungsten
depending on the concentration of MoO4>. If the concentration of
molybdates is less than tungstate (Fig. 3.40, Dependence 1), the
discharge stage is accompanied by a chemical reaction, and with an
increase in the ratio of c(MoO>)/c(WO.%) in the electrolyte in favor
of the molybdates, the chemical reaction already precedes the
discharge stage. Taking into account the oxidizing properties of
oxomethylates and the stability of the corresponding complexes, it
can be assumed that this reaction is associated with the displacement
of tungstates by molybdates from complex ions. In addition, it should
be noted that the delayed stage of discharge is hindered by the
adsorption of reactive particles, since the wave current density
depends on the concentrations of alloy-forming components [154].
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Table 3.13

Kinetic parameters of cathode reactions in the system Co%*- Cit®~- WO~
MoO4*—- P207*- H20 (¢, moan/am®: Co?*— 0,01; Cit* - 0,01; P.O7* - 0,02;

WO -0,002; Na;SO4— 1)

¢(M004?),
r(nole/dmg E,V az Xs Xe
0,001 —0,42 1,46 0,6
0,0025 —0,53 1,43 0,55 1,0
0,05 —0,57 1,54 0,54

The peak current density (Fig. 3.41 b) does not depend on the

concentration

of MOO42H

ions-- with varying potential sweep rate,

which indicates the reduction of molybdates from complex particles,
MoO.% ions- and delayed adsorption of reaction

and not free
particles

/e, A/ (am Mostb)

200

160 F

120

0 0,003 0.006

€, MOJIb/AM”?

a

I Al

0,25

02 |

0,15 f

01

005

0,003

0,006 0,00

¢, Monk/ i’

0

Figure 3.41 - Dependence of the characteristic criterion i, / ¢ (8)
and the current density of the peak i, (b) of Co deposition, Mo i W
vid ¢c(Mo042-) on the background of 1M Na,SO, in solutions of
the composition, mole/dm3: Co* —0,01; Cit> — 0,01; P,O7* —
0,02;W0,* -0,002; s, V/s: 1-5-103,2-2-102 3 -5-102

The polarization dependences obtained on a steel electrode in the
Co?*-Cit*-P,07"-WO0,*-ZrO**-H,0 system against the background
of a 1M sodium sulfate solution with fixed concentrations of ligands,
cobalt (I1) and tungstate and varying the content of ZrO?" ions at a
potential sweep rate of 1-102 V/s (Fig. 3.42) are characterized by
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the presence of limit current waves in potential intervals from —(0.6-
0.9) V.
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Figure. 3.42 - Cathode voltammograms of a steel electrode on the background of
1M NazS0s in solutions of the composition, mole/dm3:Co%* - 0,01; Cit>~ - 0,02;
P2074 — 0,02; WO42 — 0,002; ZrO?* —0,001 (1), 0,005 (2), 0,01 (3); s=1-10"2
Vs, T=293K

The dependence of the i, on the potential sweep rate is linear, but
does not follow from the origin (Fig. 3.43 a), which indicates the
irreversibility of the process. Analysis of the dependences of i,/V's on
the potential sweep rate (Fig. 3.43 b), as well as the product of the
transfer coefficient by the number of electrons az and the Semerano
Xs criterion (Table 3.14), allow us to conclude that the process of
metal co-recovery is irreversible. However, it follows from Fig. 3.43
b that, depending on the concentration of ZrO?* ions, there is a
change in the inhibition of individual stages of the general cathode
process. With the ratio c(WOs2)/c(ZrO*) as 2:1, i/\s grows
insignificantly in the entire s interval (Fig.3.43, b dependence 1),
and, consequently, the deceleration of the discharge stage is
accompanied by delayed adsorption.
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Figure 3.43 - The dependence of the characteristic criterion j, / s
(a) and the current density of the peak i, (b) of the co-deposition of
cobalt, tungsten and zirconium on the sweep rate of the potential on

the background. 1M Na.SO; in solutions of the composition,

mole/dm3: Co?* —0,01; Cit> — 0,02; P,O;* — 0,02; WO4> — 0,002;

ZrO?* -0,001 (1), 0,005 (2), 0,01 (3)

Table 3.14
Kinetic parameters of cathode reactions in the system Co%*-Cit3>~-P207*-WOQO4*—-
Zr**-Hz0 (¢, mole/dm3: Co?*-0,01; Cit®> - 0,01, P.O7* — 0,02, WO4* — 0,002;

Na2SOs — 1)
c(Zro?),
mole/dm? E,V oz Xs Xe
0,001 —0,49 1,67 0,50
0,002 —0,46 0,87 0,49 0,15
0,005 —0,43 0,86 0,50

An increase in the concentration of ZrO?* ions relative to
tungstates to the level of 5:2 (Fig. 3.43, b dependence 2) leads to an
increase in adsorption complications only in the range s 2 — 20 mV/s.
With a ratio of c(WO.*)/c(ZrO**) as 1:5 (Figure 3.43, and
dependence 3), the mechanism changes depending on the potential
sweep rate: in the range s = 2-20 mV/s, the discharge stage is
accompanied by a chemical reaction, and the acceleration of
potential scanning enhances the contribution of adsorption..
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The concentration dependences (Fig. 3.44) also indicate a change
in the complications of the chemical reaction to the adsorption of the
reagent depending on the rate of potential unfolding. In addition, it
should be noted that complex ions containing zirconium (1V), and
not free ZrO?* cations, are involved in the cathode process.
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Figure 3.44 - Dependence of the characteristic criterion ix / ¢ (a) and the current
density of the peak in (b) of the co-deposition of cobalt, tungsten and zirconium
on ¢(ZrO?*) against the background of 1M Naz2SOs in solutions of the composition,
mole/dm?: Co?* —0,01; Cit> — 0,01; WO4* —0,002; P20 —0,02;s, V/c: 1 —
5-10%,2-2-102 3-5-107?

The polarization dependences obtained on a steel electrode in the
Co?*-Cit*-P,07*-M004*-ZrO%*-H,0 system against the background
of a 1M sodium sulfate solution with fixed concentrations of ligands,
cobalt (1) and molybdenum and varying the content of ZrO?* ions at
a potential sweep rate of 1:102 /s (Fig. 3.45) are characterized by
the presence of limit current waves in potential intervals from —(0.6-
0.9) V.
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Figure 3.45 - Cathode voltammograms of a steel electrode against a background of
1M Na2SO0s in solutions of the composition, mol/dm3; Co?* - 0,01; Cit>~ - 0,02;
P207* - 0,02; MoO4 — 0,002; ZrO% -0,001 (1), 0,005 (2), 0,01 (3);
s=5-10°V/s, T=293 K

The dependence of i,/\s on the potential sweep rate (Fig. 3.46 a)
on the concentration of ZrO?* ions indicates the limiting stage of
charge transfer and the chemical reaction of dissociation of
complexes. The dependence of ip on the potential sweep rate is
nonlinear and does not go out of the origin (Fig. 3.46 b). The product
of the transfer coefficient by the number of electrons az and the
Semerano criterion Xs (Table 3.15), allow us to conclude that the
process of metal co-recovery is irreversible.
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Figure 3.46 - Dependence of the characteristic criterion ix / \'s (a) and the current

density of the peak in (b) of co-deposition of cobalt, molybdenum and zirconium

on the rate of potential sweep on the background. 1M NazSO4 in solutions of the

composition, mole/dm3: Co?* — 0,01; Cit>* — 0,02; P207* — 0,02; MoQs> — 0,002;
Zr0O% -0,001 (1), 0,005 (2), 0,01 (3)
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Table 3.15

Kinetic parameters of cathode reactions in the system Co?*-Cit*=-P207*-Mo00O4*~
- ZrO%*- H20 (¢, mole/dm3: Co?*-0,01; Cit>-0,01;
P207* - 0,02; M0oOs> - 0,002; Na2SO4 — 1)

¢(Zr0?*), mole/dm?® E,V oz Xs Xe
0,001 —-0,48 0,85 0,49
0,002 —0,46 1,40 0,41 0,5
0,005 —0,45 1,81 0,46

Concentration dependences (Fig. 3.47) indicate a complication of

the chemical reaction depending on the rate of potential unfolding.
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Figure 3.47 - Dependence of the characteristic criterion ix / ¢ (2) and the
current density of the peak ix (b) of the co-deposition of cobalt, molybdenum and
zirconium on ¢(ZrO?*) from a solution, against the background of 1M Naz2SOa in

solutions of the composition, mole/dm?3: Co?* — 0,01; Cit>- — 0,01; MoO4* — 0,002;
P.07* -0,02; s,V/s:1-5-10%,2-2-102,3-5-107?

The totality of the results obtained allows us to present the
mechanism of co-deposition of metals into alloys and composites
Co-Mo0-WOy, Co-Mo-ZrO,, Co-W-ZrO, by a generalized scheme
(Fig. 3.48), which reflects the adsorption of intermediates on the
cathode surface, the preliminary chemical stage of ligand release, the
delayed stage of cobalt discharge with tungsten, molybdenum and
zirconium, including the formation of intermediate oxides of
refractory metals capable of being reduced by ad atoms of hydrogen.
The scheme takes into account ionic equilibria in solutions, namely:
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hydrolysis reactions, the formation of complexes and polyanions
involving cobalt, zirconium and oxometalates MoO4* (WO4*).
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Figure 3.48 - Diagram of the deposition process of electrolytic composite coatings
based on cobalt with refractory metals of citrate-pyrophosphate electrolyte: : vas, vd -
rates of surface and volumetric diffusion of components from solution (x=) to the
surface of the electrode (x=0) or reaction layer (x=J ); ks, ks, kb - rate constants of
P

electrochemical, forward and reverse chemical reactions

60



The proposed scheme allows us to identify ways to control the
deposition of cobalt-based alloys and composites with refractory
metals, namely, varying the ratio of concentrations of electrolyte
components and electrolysis modes that contribute to a more
complete flow of both chemical and electrochemical reactions..

The established parameters of complex compounds of cobalt,
molybdenum, tungsten and zirconium, Kinetic patterns and the stages
of the process of joint recovery of the extracted metals, as well as the
proposed schemes, form the basis for the development of electrolytes
and modes of electrochemical deposition of cobalt-based alloys and
composites with refractory metals. This scheme opens up
possibilities for controlling the electrodeposition process in the
systems under consideration by varying the methods (direct or pulsed
current) and polarization parameters for the targeted synthesis of
coatings with alloys or composites of a given composition.

3.3 Features of the use of citrate-pyrophosphate electrolytes
for the production of CEC

One of the prerequisites for obtaining high-quality galvanic
coatings is the electrical conductivity of electrolyte solutions the high
level of which contributes to the uniform distribution of the electric
field in the electrolyte, reduces electricity consumption and allows
you to obtain high-quality coatings.

Based on the analysis of the experimentally determined temperature
dependence of electrical conductivity (Table 3.16), it can be argued that
complex citrate-pyrophosphate electrolytes for deposition of coatings
based on cobalt alloys have a sufficiently high scattering capacity.

Table 3.16
Electrical conductivity of citrate-pyrophosate electrolytes of CEP deposition

Coatings Electrical conductivity of electrolytes (Om1-m 1) at
temperatures (K)
298 303 313 323
Co-Mo-WOsx 7.4-102 82102 9,6-102 11101
Co-Mo-ZrOg, 5,8:1072 6,9-1072 7,6:1072 8,7-1072
Co-W-ZrO2 5,6:1072 5,9-102 6,7-102 7,4-1072

61



The activation energy of the electrical conductivity of complex
electrolytes, calculated for graphical analysis of the temperature
dependence of electrical conductivity, is in the range of 22-29 kJ /
mole, which is a sign of the mass transfer processes in the diffuse
mode. An increase in temperature reduces the inhibition of diffusion
processes and contributes to an increase in operating current
densities, information about the temperature dependence of the
electrical conductivity of electrolytes is in demand when determining
the operating parameters of technological processes.

Since the experimentally determined values of the electrical
conductivity of solutions for the deposition of the coatings under
study are in the range of y = 0,055-0,07 ohms?* m the
temperature range of 25-30 ° C can be considered optimal.

An important technological parameter of electrochemical
deposition of composite coatings is the distribution of local velocities
over the substrate surface, which in turn is determined by the current
distribution over the treated surface [155]. In relation to this process,
such an indicator is the scattering capacity, which is understood as
the ability of the electrolyte to change the primary current
distribution due only to geometric parameters.

A Hull cell with a collapsible cathode located at an angle to the
anode was used to measure the electrolyte scattering capacity (RH).
When using a Hull cell, the RZ is estimated by the distribution
curves of the metal mass gain from the interelectrode distance,
plotted in the coordinates &i/d¢p—li, where 6 is the mass gain of the i-
th plate of the collapsible cathode,

dcp 1s the average mass gain calculated as X &i/n, (n is the number
of plates, which usually ranges from 6 to 10); [; is the distance from
the collapsible cathode plate to the anode. According to Gost 9.309—
86, RH measurements are recommended to be made in a cell using a
collapsible cathode consisting of 10 plates. The scattering capacity is
calculated by the formula:

_ (Bi=D+(B;~1)+-+(By—1)
6,37

RH = (1 )100,

where 6.37 is the coefficient due to the primary current distribution.
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Measurements in the Hull cell allow more accurate modeling of
the surface of a complex profile.

The electrical conductivity of the electrolyte was measured in a
conductometric cell using the E7-13 device with a variation in the
electrolyte temperature t = 298 — 323 K.

Before performing the experiment, the cell for measuring electrical
conductivity was thoroughly washed, steamed and rinsed with a
research solution. To determine the stable C Cell, The Resistance Rkc
of a standard solution of 0.1 mole/dm? of potassium chloride, whose
specific electrical conductivity yxci=0,01288 Ohms ‘cm™!  at a
temperature t = 298 K, was measured, and the C, was calculated using
the equation [163]:

C= ke Rkel.

The value of the electrical conductivity Hel of the studied
electrolyte solutions was calculated from the value of the rel
resistance [163]:

Xen = CK/Ren.

The results of the RH measurements indicate that with an
increase in the current density of the electrolyte for deposition of
composite coatings, the Co-Mo Shop decreases (Fig. 3.49).
However, in the range of current densities of 0.5-2.0 A/ dm?, the
value of this parameter is more than 85%.
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Figure 3.49 - Effect of current density on the scattering capacity of electrolyte No. 5
deposition of composite coating Co-Mo-WOx
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The ability of the citrate-pyrophosphate electrolyte of the
application of the Co-Mo-ZrO, CEP to evenly distribute metal over
the electrode surface was determined at different current densities.
The resulting CEP have a uniform matte dark gray color, only on the
first and second sections of the cathode, which were closer to the
anode, it is noticeable at the edges of the darkening of the coatings,
which is associated with an excess of the boundary current density
on these sections and excessive hydrogen release.

The dependence of the distribution of metals across the cathode
sections at current densities of 5-8 A/dm? is uneven (Fig. 3.50,
dependences 1-3). Thus, in the first and second sections of the
cathode, the sediment mass gain is almost twice as much as in the 3-
6 sections, which is explained by the influence of electrochemical
parameters on théa (s}cattering capacity.

1 2 3 4 5 6
Howmep cekuii katoaa

Figure 3.50 - Dependence of the cathode mass gain on the section number,
electrolyte No. 3 (1-3) and electrolyte No. 3 + 50 g/dm?® Na>SOs (4) at current

densities, A/dm?:1-5:2—6,5; 3,4 -6

The polarizability during deposition of the composite coating Co-
Mo-ZrO;is low, since the formation occurs at high current densities
(3-10 A/ dm?). This explains the significant difference in the mass
gain on the cathode sections located in the Hula cell at different
distances from the anode (Fig.4.37), which indicates an insufficiently
high scattering capacity of the electrolyte. Therefore, an electrically
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conductive additive is introduced to increase the scattering capacity
of the working electrolyte. - 50 g/dm® Na;SO.. This somewhat
improves the scattering ability, that is, it contributes to a more
uniform distribution of metal over the cathode surface (Fig. 3.50,
dependence 4). The results of the measurements of the scattering
capacity indicate that with an increase in the current density, the RH
of the electrolyte for deposition of the composite coating Co-Mo-
ZrO increases slightly (Fig.3.51).

P3, %
75

70 r

60 L 1 1 L
0 54 4 6 8 10
i, A/mv?
Figure 3.51 - Effect of current density on the scattering capacity of citrate-
pyrophosphate electrolyte No. 3 for deposition of composite coatings Co-Mo-ZrO:

PesynpTaThl  mpOBEAEHHBIX ~ M3MEPEHUH  paccenBarolieit
crocobHocTH 3ekTposnnTta Ne5 s ocaxnaenus mokpeitus Co-W-
ZI'02 CBUACTCILCTBYIOT O TOM, YTO C MMOBBIIICHUEM IIJIOTHOCTU TOKa
P3 snexrponura cHmxkaercs (puc.4.39). Takoe moBeaeHHE MOMKET
ObITh cBsi3aHO ¢ amopduzanuei crpyktypsl KOII Co-Mo-WOy i Co-
W-ZI‘Oz.

The results of the measurements of the scattering capacity of
electrolyte No. 5 for deposition of the Co-W-ZrO- coating indicate
that with an increase in the current density, the HP of the electrolyte
decreases (Fig 3.52). This behavior may be due to the amorphization
of the structure of the CEP Co-Mo-WOy and Co-W-ZrOx.
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Figure 3.52 - Effect of current density on the scattering capacity of citrate-
pyrophosphate electrolyte No. 5 for deposition of composite coating Co-W-ZrO2
But when Co-W-ZrO2 CEP is deposited at a current density of up to 4 A/dm?,
the value of this parameter is more than 85%.

3.4 Selection of anode material for electrodeposition of
multicomponent cobalt-based CEP

Electrodeposition of composite coatings based on cobalt alloys
from citrate-pyrophosphate electrolytes is sensitive to changes in
their composition, therefore, requirements such as corrosion
resistance, absence of oxidation reactions of electrolyte components
leading to changes in the composition of the electrolyte are imposed
on anode materials. For electroplating processes, anodes made of the
same metal as coatings are usually used. However, when electrolytic
deposition of multicomponent coatings is carried out, the selection of
a soluble anode made of several metals is complicated by different
dissolution rates of the components, and, accordingly, the enrichment
of the electrolyte with only one type of ions.

To determine the characteristics of electrode processes, polarization
dependences for different anode materials are obtained. Since the
reduction of metals is not the only process, such dependencies are
cumulative and are characterized by the simultaneous course of all
anode reactions.
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The vast majority of scientists conduct experimental studies
using an inert electrode [156], and platinum or stainless steel is most
often used. Taking into account the need to identify the influence of
the concentration of alloy-forming components on the composition
of coatings, this approach is quite justified, since inert electrodes do
not affect the content of electrode-active particles in the electrolyte
[157]. The peculiarities of electrodeposition of cobalt-based
composite coatings consist, in particular, in the difference not only of
cathodic reactions, but also of the anodic behavior of outlined metals,
therefore, the use of soluble anodes in this case is the subject of an
extensive separate study. However, in this work, the possibility of
using inert stainless steel anodes is proved and the anode current
density intervals are justified, at which the course of the anode
reaction has an insignificant effect on the structure and number of
electro-active particles.

When deposition of composite coatings Co-Mo-WOy, Co-Mo-

ZI’Oz,
Co-W-ZrO, anode potential on steel X18H10T shifts in a positive
direction with an increase in the cathode current density and does not
exceed 1.9 V in the range of the studied current densities i, (2.0 -
12.0 A/ dm?) (Table 3.17).

Studies of the anodic behavior of various electrode materials in
solutions of electrolytes deposition of composite coatings allow us to
draw the following conclusion. The absence of any active processes
on the anode made of steel X18N10T in the range of potentials up to
+0.8 V for Co-Mo-WOy and +1.2 V Co-Mo-ZrO;, Co-W-ZrO;
confirms the possibility of using these anodes as inert.

Table 3.17
Anode potential under current when coating alloys (anode - steel X18H10T;
Sa:Sk=10:1)
Anode potential under current Ea, V
Coatings polarization current density ix, A/dm?
2,0 4,0 6,0 8,0 10,0 12,0
Co-Mo-WOx 1,42 1,50 1,58 1,66 1,74 1,82
Co-W-ZrO2 1,48 1,61 1,70 1,78 1,85 1,79
Co-Mo-ZrO; 1,43 1,54 1,62 1,69 1,75 1,90
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As is known [158], the use of insoluble anodes makes it possible
to improve the quality of coatings and the efficiency of the cathode
process. Cobalt anodes dissolve to form Co?* at low polarization at a
high rate, as evidenced by the rapid increase in current density on
voltammograms (Fig. 3.53-3.55).
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Figure 3.53 Anode voltammograms on cobalt (1), graphite (2) and steel X18N10T
(3) electrodes in an electrolyte solution for the formation of composite coatings Co-
Mo-WOx; s =2-103 V/s

The formation of soluble cobalt anodes can only provide
compensation for cobalt costs during electrolysis and prolongation of
the electrolyte resource [159, 160], but, on the other hand, leads to a
violation of the ratio of concentrations of complex holes in solution,
since it is not possible to achieve the appropriate rate of dissolution
of cobalt with refractory metals (cycronium) when using folded
anodes. Also, after the use of soluble anodes, staining and a decrease
in the electrolyte resource are observed. This is due to the formation
of hydroxide ions in the side reaction of hydrogen evolution and the
lack of the possibility of compensating for their effect on the pH
from the anode reaction, since oxygen release, accompanied by
acidification of the solution, does not occur on the soluble anode.

Anode polarization dependences for graphite anode (Fig. 3.53 -
3.55 dependence 2) have a plateau at potentials of 0.7 - 0.9 V for Co-
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Mo-WOy, Co-Mo-ZrO,;, Co-W-ZrO, CEP, which indicates the
impossibility of using them as an anode material.
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Figure 3.54 Anox Anode voltammograms on cobalt (1), graphite (2), steel
X18N10T (3) and zirconium (4) electrodes in an electrolyte solution for the
formation of composite coatings. Co-Mo-ZrOz; s = 2x103 V/s

Therefore, it is advisable to use inert stainless steel anodes for the
process, and the anode current density, as can be seen from Fig. 3.55,
should be maintained at 0.2 '] 0.3 A / dm?, that is, the ratio of the
area of the anode to the cathode should be Sa : Sk =10 : 1 [161].
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Figure 4.42 Anon Anode voltammograms on cobalt (1), graphite (2), steel
X18N10T (3) and zirconium (4) electrodes in an electrolyte solution for the
formation of composite coatings. Co-W-ZrOz; s = 2x10-3 V/s
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According to the results of the study, it was found that the anode
material affects the efficiency of the process: during the deposition of
coatings Co-Mo-WOy in galvanostatic mode at |1 = 4 A/dm? with a
cobalt anode sun is higher than tungsten (table. 3.18).

Table 3.18 the Influence of anode material on the content of components of
composite electrolytic coatings of Co-Mo-WOx and the current output in
galvanostatic and pulse modes of electrolyte No. 5

Anode ConepkiuMoe KOMITOHEHTOB, Macc. % BT,%
Co | Mo | W
Galvanostatic mode (i = 4 A/dm?)

Cobalt 82,3 16,2 15 71

Tungsten 86,1 11,8 2,1 34
impulse mode (i = 10 A/dm?, ti = 5 ms, tu = 20 ms)

Cobalt 77,4 16,3 6,3 85

Tungsten 79,4 15,3 53 33

The study of the effect of the anode material on the deposition of
Co-Mo-WOy CEP in pulsed mode, at i = 10A/dm? with a pulse
duration of 5 ms and a pause of 20 ms confirms (Table 3.18) that the
use of a cobalt anode allows to increase the total content of refractory
components by 2% and increase BC.

The tungsten anode during electrolysis is covered with a thick
oxide film and acts as an insoluble anode, and for its activation it is
necessary to use appropriate means, change the component
composition of the electrolyte by introducing activator ions, etc.,
which will certainly affect the performance of the process and the
quality of coatings.
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Chapter 3

APPLICATION OF POLYLIGAND
ELECTROLYTE COMPOSITE COATINGS

The nature and methods of formation and properties of
composite coatings are inextricably linked and are links of the same
chain. In particular, there are significant differences in the structure
and properties of metallurgical and galvanic alloys, as well as the
concentration ratios of the components, especially considering their
redistribution in the surface layers and the bulk of the material [162].
Electrolytic composite coatings in their phase composition, surface
morphology, and, accordingly, properties, significantly differ from
alloys obtained by thermal means, which significantly expands the
technical capabilities of electrolytic alloys and their areas of
application. The influence of the main external and internal factors
on the formation of the composition and properties of
multicomponent coatings is well known and logical [163-165].

4.1 Composite electrolytic coatings Co-Mo-WOx

4.1.1 Electrolyte for the formation of composite coatings
Co-Mo-WOx

To determine the rational composition of the complex citrate-
pyrophosphate electrolyte, the Co-Mo-WOx composite coatings
were applied to a stainless steel substrate in a galvanostatic mode.
The concentration ratio of the alloy-forming components of the
electrolyte Co?*:WO4>:Mo004> was varied in the range 1: 1: 1 - 1: 2:
2 [166].
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Table 4.1
Compositions of electrolytes for the deposition of composite coatings Co-Mo-WOx

Electrolyte Concentration, mol / dm?®
composition 1 2 3 4 5 6 7
CoSOs 01 | o1 | o1 |01 02 | 02 | 02
Na:WO4
0,06 0,12 | 0,16 0,3 0,16 0,16 0,16
Na2MoQO4 0,04 0,08 0,12 0,3 0,08 0,08 0,08
NasCsHsO7 0,2 0,2 0,2 0,3 0,2 0,3 0,4
K4P207 0,3 0,3 0,3 0,2 0,4 0,5 0,7

From poly-ligand citrate-pyrophosphate electrolytes at pH 8.5—
10.0, shiny homogeneous composite coatings with high adhesion to
the substrate are deposited. The content of molybdenum in the
composition of coatings, as well as VT (Fig. 4.1), increases with a
decrease in the total concentration of oxometallates c(Co?*)/c(WO4*
+ MOO427).

®, Mac.% BC, %
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Figure 4.1 - Dependence of the composition of composite coatings Co-Mo-WOx
and VT on the ratio of the concentrations of complexing agents ati =4 A/ dm?,
pH=9.0
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This fact can be explained by the following circumstances: with
an excess of oxometallates, their polymerization occurs; therefore,
the true concentration of monoforms participating in the formation of
heteronuclear complexes decreases. At a high concentration of
oxometallate, the latter can act as ligands for cobalt, which also
somewhat reduces the content of refractory metals in CEC with Co-
Mo-WOxyalloys.

From electrolyte No. 4 with an increased content of oxometallates,
shiny composite coatings of a gray-blue tint are deposited, which
probably indicates an incomplete reduction of oxometallates and the
presence of tungsten and molybdenum oxides in the coatings (the so-
called "molybdenum blue"), therefore, an increase in the
concentration of refractory components in the electrolyte above this
value is impractical.

An integral part of determining the rational content of ligands in
the composition of the electrolyte is the procedure for establishing
the effect of their concentration on the content of refractory
components in the composition of composite coatings. When
performing this study, we used electrolytes with a stable content of
complexing agents, mol / dm?: ¢ (Co?") = 0.2; ¢ (WO4*) = 0.16; ¢
(MoO42) = 0.08 at pH = 9.5 (Figure 4.2).

It was found that an increase in the concentration of citrate and
pyrophosphate leads to an increase in the number of ligands in the
composition of the complexes and the total negative charge of the
particles. In view of this, the strength of the complexes increases, and
energy complications are observed at the discharge stage. On the
other hand, difficulties increase at the stage of transporting particles
to the cathode surface (migration component of the transfer) and,
accordingly, the process is inhibited. Both reasons lead to a decrease
in BT, since an increase in the concentration of ligands does not
significantly affect the hydrogen discharge.

An increase in the concentration of ligands has a less effect on
the precipitation of cobalt, since its constants for the formation of
complexes increase to a lesser extent in comparison with refractory
metals. Therefore, the total content of cobalt in the composition of
the composite coating increases. As a consequence, on a surface
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enriched with cobalt, due to its catalytic activity in the reaction of
hydrogen evolution, the hydrogen current efficiency increases [167]
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Figure 4.2 - Influence of the ratio of ligand concentrations on the total content of
tungsten and molybdenum in composite coatings
Co-Mo-WOx (a) and VT (6) (i = 4 Aldm?)

An important condition for the synthesis of high-quality
composite coatings Co-Mo-WO, of a given composition is the
stability of the electrolyte pH, since the acidification of the medium
leads to the polymerization of oxoanions, and the formation of
hydroxides and / or other cobalt hydroxo compounds is possible in
the alkaline region [230]. Thus, in particular, in the pH range 1-6,
coatings are formed with a low level of adhesion to the substrate, a
low content of refractory components, and a current efficiency of
15-43% (Fig. 4.3).
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Figure 4.3 - Influence of acidity of citrate-pyrophosphate electrolyte
on the composition of composite coatings
Co-Mo-WOx () and VT (b) ati=4 A/dm?

However, as the pH of the electrolyte rises to 8-10, both the
current efficiency and the total content of refractory metals increase.
It turned out to be interesting that the total content of refractory
components in the range of pH = 1 - 6 remains practically constant o
(W + Mo) # f (pH), but as the solution alkalizes, ® (Mo) increases
and o (W) decreases.

4.2.2 Formation of composite coatings Co-Mo-WOy in
galvanostatic mode

In addition to the electrolyte composition, the current density and
deposition time have a significant influence on the formation of high-
quality composite coatings Co-Mo-WOx. With an increase in the
current density, the content of refractory components in the
composition of the obtained coatings changes symbatically (Fig.
4.4). Thus, composite coatings obtained from electrolyte at i =6 A /
dm? contain 5-6% more tungsten and molybdenum than ati =2 A/
dm2,
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Figure 4.4 - Influence of current density on the total content of tungsten with
molybdenum and the deposition rate of Co-Mo-WOx coatings

Also, with an increase in the cathode current density, the rate of
CEC deposition also naturally increases. Note that the dependence ®
= f (i) has an extreme character with a maximum at i = 6 A / dm?,
The same value is the upper limit of the cathodic current density,
above which the quality of the coatings decreases (burning of the
deposit and deterioration of adhesion due to an increase in the rate of
the partial reaction of hydrogen evolution are observed). The
dissipative power of the electrolyte at the indicated current density is
only 61%.

The selection of the lower limit of the current density was carried
out experimentally by visual assessment of the quality of the
resulting precipitation. By current densities lower than 2 A / dm?, the
coatings have a blue-brown color, which is inherent in tungsten and
molybdenum oxides of intermediate oxidation states.

The effect of the deposition time of Co-Mo-WO, composite
coatings on their composition is shown in Fig. 4.5, a. The results
obtained can be explained as follows: in the initial seconds of
electrolysis, a thin continuous monolayer of cobalt is
electrochemically deposited on the sample surface. After that,
refractory metals are coprecipitated into the Co-Mo-WOy coating
competitively due to changes in the rates of partial reduction
reactions of individual components with a change in polarization.
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With an increase in the electrolysis belt, this leads to a gradual
enrichment of the coating with molybdenum due to a decrease in the
tungsten content.
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Figure 4.5 - Influence of the deposition time on the content of tungsten and
molybdenum (a) and BC (b) of the Co-Mo-WOx coating

To determine the efficiency of the process, the effect of the
deposition time on the current efficiency was established (Fig. 4.5,
b). So the current efficiency of composite coatings Co-Mo-WOXx
practically does not depend on the electrolysis time and is at a fairly
high level in the range of 70-80%.

4.1.2 Formation of composite coatings Co-Mo-WOx in pulsed
mode

The use of a galvanostatic mode, as well as a variation in the
composition of electrolytes, does not allow obtaining high-quality
composite coatings Co-Mo-WOx with a total content of refractory
components of more than 20%. The use of a non-stationary mode
contributes to the enrichment of coatings with alloying components
and a decrease in the content of non-metallic impurities. In addition,
it was found that the use of a non-stationary electrolysis mode allows
obtaining a more uniform perfect surface of coatings with fewer
micropores and cracks (Fig. 4.6), which has a positive effect on the
functional characteristics of composite coatings, as shown in [168].
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Pulse electrolysis is a promising method for the deposition of
composite coatings, since it allows improving the technological
process without changing the composition of the electrolyte by
redistributing the rates of electrochemical and chemical stages during
polarization and current interruption.
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Figure 4.6 - Surface microstructure (x100) (a, b) and component composition (c,
d) of composite coatings (wt.%) Co-Mo-WOX, deposited and electrolyte No. 4, i
=4 A/dm2 in stationary (a, c) and pulsed ti= 2 * ms, tp = 10 ms (b, d) modes.
Temperature T=50°C

To determine the efficiency of the process, the influence of the
current density on the content of refractory components and the
current efficiency of the VT composite coating was established (Fig.
4.7). Yes, the current efficiency Co-Mo-WOy practically does not
depend on the amplitude of the pulse current and is at a rather high
level of 70-80%. With an increase in the cathodic current density,
the composite coating is enriched with refractory components.
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Figure 4.7 - Influence of the pulse current density on the content of refractory
metals in composite coatings Co-M0-WOx and current efficiency at ti =5 ms,
to = 10 ms. Temperature T =50 °C

With an increase in the amplitude of the pulsed current,
refractory metals are composited in the CEC Co-Mo-WOx
competitively due to a change in the rate of partial reactions of
reduction of individual components with a change in polarization,
which leads to a gradual enrichment of composite coatings Co-Mo-
WOx with tungsten due to a decrease in the content of molybdenum
(Fig. 4.8 ) and, accordingly, a slight increase in the percentage of
oxygen (up to 8 wt.%) due to the formation of tungsten oxides WOsx.

From the analysis of the dependences (Fig. 4.7, 4.8), it can be
concluded that the deposition of Co-Mo-WOyx coatings most
effectively occurs at a pulse current density u=4 - 10 A/ dm?.

In pulsed electrolysis during a current pulse, the partial rates of
metal and hydrogen evolution are redistributed in favor of metals.
This leads to a decrease in the likelihood of alkalization of the near-
cathode layer, as a result of which the formation of cobalt hydroxides
on the surface of the electrode is inhibited. Estimating the
distribution of components over the surface of the coatings (Fig. 4.9,
a), it can be concluded that the composition of the composite
coatings is rather uniform (Fig. 4.9, b). During the pause, first, there
is a replenishment of the near-electrode layer with electrode active
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particles due to diffusion and a kind of relaxation of the composition
of this layer and the resulting precipitation. Secondly, conditions are
created for the chemical reduction of intermediate oxides of
molybdenum and tungsten by ad-hydrogen atoms.
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Figure 4.8 - Influence of current density on the composition of composite coatings
Co-Mo-WOx, deposited from electrolyte No. 5; current amplitude ti=15 ¢ ms, tp =5
*ms
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Figure 4.9 - Morphology (a) and elemental composition (wt%) (b) of Co-Mo-WOx
composite coatings obtained by pulsed electrolysis ti=5 ms, t, =5 ms, i = 10
Aldm?, T = 60 °C.
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An increase in the pulse duration above 20 ms leads to an increase
in the overvoltage of the release of refractory metals into coatings and a
deterioration in their quality [169], and the duration of pauses leads to a
decrease in the productivity (HT) of electrolysis. In these circumstances,
it is necessary to analyze the effect of the pulse duration (Fig. 4.10) on
the metal content and the efficiency of the process. The course of the
dependences is quite predictable, since for a fixed pause time, an
increase in the pulse duration reduces the contribution of the chemical
stage of reduction to the implementation of the cathodic process, which
leads to a decrease in the content of refractory components.

In this case, with an increase in the pulse duration over 10 ms,
the tungsten content decreases with a simultaneous increase in the
molybdenum content (Table 4.2.). Analysis of the effect of the pulse
frequency on the composition of the coatings reflects (Fig. 4.11) the
general trend for the inclusion of refractory metals in the
composition of composite coatings.
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Figure 4.10 - Influence of the pulse duration on the current output of the pulse
duration on the current output and the content of refractory components of
composite coatings Co-Mo-WOx in a pulsed electrolysis mode at i = 10 A/dm?,

tp = 20 ms. Temperature T =25 ° C, pH = 8. Electrolyte No. 1
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As seen from Fig. 4.11 with an increase in the pulse frequency
from 30 to 90 Hz, the current efficiency and the content of refractory
metals in the composite coatings Co-Mo-WOx increase.

Table 4.2
Content of refractory components in Co-Mo-WOx coatings when varying the pulse
duration in the pulsed electrolysis mode at i = 10 A/ dm?, tp = 20 ms. Temperature
T =25 ° C. Electrolyte No. 1

Metal content, wt. % Pulse duration, ms
2 5 10 20
Mo 15,7 16,3 18,8 18,5
W 5,9 6,0 3,7 3.4
BC. % o, mac.%
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Figure 4.11 - Influence of the pulse frequency on the current efficiency of
composite coatings Co-Mo-WOx at i =4 A / dm2. Temperature T =25 ° C, pH = 8.

The maximum content of these metals is observed at a frequency
of 88 Hz (ti = 2 ms, tp = 10 ms), and with a further increase in f, the
mass fraction of Mo, W and in the CEC composition decreases. It
was found that an increase in the pulse duration above the proposed
value leads to an increase in the overvoltage of the release of
refractory metals into the composition of composite coatings and,
accordingly, to a deterioration in the quality of coatings, and the
duration of pauses leads to a decrease in the productivity of
electrolysis.
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The results of studying the distribution of the metal content over the
thickness of Co-Mo-WOx ECCs obtained by pulsed current on copper
substrates revealed a tendency towards a decrease in the percentage of
tungsten in the direction from the substrate to the coating surface (Fig.
4.12, a). It is essential that this is reflected in the change in surface
morphology (Fig. 4.12, b). With an increase in the content of molyb-
denum in composite coatings Co-Mo-WOx, the percentage of tungsten
decreases, which proves the competitive reduction of metals. The
surface morphology also changes: the grain size decreases slightly, but
large globules and conglomerates appear (Fig. 4.12, b).
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Figure 4.12 - Distribution of metals by thickness (a) and change in surface
morphology (b) of Co-Mo-WOx composite coatings. Pulse electrolysisi=4 A/
dm2, ti =5 ms, tp = 10 ms. Electrolyte No. 5, T=25°C

4.2 Composite electrolytic coatings Co-Mo-ZrO,
4.2.1 Electrolyte for the formation of composite coatings Co-
Mo-ZrO;

To determine the rational composition of the citrate-pyrophosphate
electrolyte, composite Co-Mo-ZrO, coatings were deposited on a
copper substrate by varying the concentrations of the solution
components [170].
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From polyligand citrate-pyrophosphate electrolytes at pH 6.4-10,
shiny homogeneous coatings with high adhesion to the substrate are
deposited [171]. From electrolyte No. 5 (Table 4.3), the highest
guality shiny CECs of a gray shade are deposited, therefore, an
increase in the concentration of oxomolybdates in the electrolyte
above 0.06 mol/dm? is inappropriate.

For citrate-pyrophosphate electrolytes used for the deposition of
a composite coating Co-Mo-ZrO,, it is characteristic that the degree
of protonation of ligands (citrate and pyrophosphate) decreases with
increasing pH. Accordingly, the strength of the corresponding
complexes of cobalt will increase, and the potential for its reduction
will shift towards approaching the reduction potentials of molybdate
ions and zirconium [172] (Fig. 4.13).

Table 4.3
Compositions of electrolytes for the deposition of composite coatings
Co-Mo-ZrO:
Electrolyte Concentration, mol / dm?
composition 1 2 3 4 5
CoSOs 01 01 01 0,15 0,15
Na:MoO4 0,02 0,02 0,02 0,06 0,06
Zr(SO4)2 0,05 0,05 0,05 0,1 0,05
NasCsHsO7 0,2 0,2 0,1 0,25 0,2
K4P207 0,2 0,1 0,1 0,1 0,1
®(Mo), mac. % o(Zr), mac. %
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1,2
14
12 0.8
10
0.4
8
G 1 1 1 0

4 6 10

8
pH
Figure 4.13 - Influence of solution acidity on the elemental composition of
composite coatings Co-Mo-ZrO2, deposited in a pulsed mode: i =8 A/ dm2, ti =
S ms, tp = 10 ms. Temperature T =25 ° C.
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However, attention should be paid to the fact that with the
transition to the alkaline region, the danger of the formation of cobalt
hydroxides in the electrolyte increases, which leads to their
undesirable inclusion in the composition of the coatings. In addition,
the acidity of the solution has a significant effect on ionic equilibria
in solutions of oxometalates, and with increasing pH,
polyoxometalates dissociate into mono-forms, the sizes of which, as
well as the ability to form heteronuclear complexes, are significantly
higher [171]. However, the reduction of monooxomolybdates bound
into stable complexes, like zirconium (1V), which in an alkaline
medium exists mainly in the form of the HZrO* oxoanion, is
complicated. Consequently, the effect of electrolyte pH on the
coating composition seems ambiguous and requires research.

According to the results of the experiments, it was found that the
content of refractory components in composite coatings Co-Mo-ZrO,
decreases with increasing pH of the solution.

In parallel with the metal reduction reaction, the hydrogen
evolution reaction also proceeds, which has a significant effect on
the current efficiency of composite coatings. Since the reduction of
hydrogen from an alkaline solution proceeds at more negative
potentials, an increase in the CEC current efficiency with an increase
in the pH of the electrolyte looks quite natural (Fig. 4.14)
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Figure 4.14 - Influence of solution acidity on the current efficiency of Co-Mo-ZrO2
composite coatings deposited in a pulsed mode: i =8 A/ dm?, ti =5 ms, tp = 10 ms.
Temperature T =25 ° C.
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4.2.2 Formation of composite coatings Co-Mo-ZrO- in
galvanostatic mode

It is known from the literature [172] that in the galvanostatic
mode, zirconium is not deposited into coatings with cobalt and
molybdenum. But we found that from a complex citrate-
pyrophosphate electrolyte, fine-crystalline uniform coatings with
composites Co-Mo-ZrO; (Fig. 4.15) are formed in a wide range of
direct current density. With an increase in the current density, the
zirconium content in the composition of the composite coating
changes symbatically, and the dependence of the molybdenum
content has an extreme character with a maximum at i = 6 A/dm?,
However, low values of the current efficiency at high current
densities do not allow the efficient use of the galvanostatic mode for
the deposition of a composite electrolytic coating Co-Mo-ZrO; (Fig.
4.15)
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Figure 4.15 - Influence of current density on the content of molybdenum and
zirconium (a) and VT (b) of the composite coating Co-Mo-ZrOz, precipitated from
electrolyte No. 5

The effect of the deposition time of Co-Mo-ZrO, composite
coatings on their composition is shown in Fig. 4.16.

86



20 BC. %

95 Fk
19: |

(73

w(Mo), mac.

16 . . ¢ L5

0 10 fxn 20 30 0 10 = 20
a o
Figure 4.16 - Influence of deposition time on the content of molybdenum and
zirconium (a) m VT (b) composite electrolytic coating Co-Mo-ZrOz precipitated
from electrolyte No. 1

Experimental studies have shown the absence of zirconium in the
composition of the composite coating after the first minute of
electrolysis, which is probably due to the catalytic effect of the cobalt
sublayer on the discharge of oxomolybdates. Further incorporation of
zirconium occurs already in the Co84-Mo16 coating and the Co-Mo-
ZrO, CEC is formed. With an increase in the deposition time, an
increase in the content of zirconium up to 0.8 wt.% Is observed with
a simultaneous enrichment with molybdenum up to 17-19 wt.%.

To determine the efficiency of the process, the effect of the
deposition time on the current output of the CEC was established
(Figure 4.16, b). The current efficiency of Co-Mo-ZrO; decreases
with the deposition time, since an increase in the content of
molybdenum with zirconium in the Co-Mo-ZrO- coating provides a
decrease in the hydrogen overvoltage and, as a consequence, a high
catalytic activity in the reaction of hydrogen evolution.

4.2.3 Formation of a Co-Mo-ZrO, composite coating in a
pulsed mode

The study of the effect of electrolysis modes on the composition,
structure, and current efficiency of Co-Mo-ZrO- coatings, as well as
the establishment of their relationship with the properties of
synthesized coatings, is the basis for recommendations on the use of
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materials. The use of the galvanostatic mode of deposition of Co-
Mo-ZrO; coatings, as well as varying the composition of electrolyte
components, does not allow obtaining high-quality coatings with a
high current efficiency. Therefore, to improve these properties, it is
proposed to use pulsed electrolysis.

An increase in the amplitude of the pulse current density, as well
as the constant one, from 5 to 12 A/dm? with a constant pulse and
pause duration, contributes to the enrichment of composite coatings
with refractory metals - ® (Mo) to 16.2 wt% and o (Zr) to 2, 1 wt%
(Fig. 4.17).
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Figure 4.17 - Influence of the pulse current density on the content of molybdenum

and zirconium in the composite electrolytic coating Co-Mo-ZrO2 precipitated from
electrolyte No. 3atti=2ms, t,=10ms, T=25°C

The enrichment of composite coatings with alloying components
with increasing current density is quite predictable, since the
reduction of these metals is at least a two-step process and requires
greater polarization and is accompanied by chemical reduction of
intermediate molybdenum oxides by adsorbed hydrogen atoms Had.
Indeed, it has been experimentally established that the range of
deposition potentials of the Co-Mo-ZrO2 composite coating is -
(1.8-2.8) V (Fig. 4.18).
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Figure 4.18 - Influence of current density on VT and potential of deposition of
composite coatings Co-Mo-ZrO2 from electrolyte No. 3 in pulsed mode at ti = 2 ms,
tp=10ms, T=25°C

Thus, with an increase in the current density, the electrode
potential shifts in the negative direction, which increases the partial
reduction rate of zirconium (IV) and oxomolybdates.

The dependence of the current efficiency of the composite
coating on the current density is extreme (Fig. 4.18): VT increases
from 20% and reaches 63% with an increase in the current density
from 5 to 8 A/dm?; however, a further increase in i reduces the
current efficiency to 44%. This behavior can be associated with the
intensification of the side reaction of hydrogen evolution with
significant fluctuations in the cathodic potential.

Energy parameters and conditions of electrolysis have a
significant effect on the microstructure of the CEC surface. Indeed,
at a current density of 3 A/dm?, room temperature and a t / tp = 2/10
ms ratio, light coatings with a microglobular structure are formed
(Fig. 4.19, a). An increase in the current density up to 8 A/ dm2, all
other things being equal, completely changes the surface morphology
- microcracks appear due to an increase in internal stresses in the
coatings, separate spheroidal conglomerates and globules are formed
(Fig. 4.19, b) and occurs by a change in the CEC color.
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Figure 4.19 - Micrographs (x 3000) of the surface of the Co-Mo-ZrO2 ECC
precipitated from a citrate-pyrophosphate electrolyte in a pulsed mode at ti = 2 ms,
tp=10ms,i,A/dm2:a-3,b-8;T=20-25°C

Evaluating the distribution of components over the surface of
composite coatings, we can conclude that the composition of the ECC is
not uniform: Co dominates on the ridges, while in the depressions the
oxygen concentration is significantly higher than the average one (Fig.
4.20). An increase in the current density does not lead to a significant
increase in the percentage of refractory components, although the
oxygen concentration naturally increases. In contrast to two-component
Co-W coatings [173], the tungsten content decreases with increasing
current amplitude. The time parameters of pulse electrolysis (pulse and
pause duration) affect the composite composition and the deposition
efficiency of the Co-Mo-ZrO2 coating. The minimum impulse value
should be sufficient to achieve the potential for co-deposition of metals
in the CEC, and the maximum one should be sufficient to ensure high-
quality coating and electrolysis efficiency.
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Figure 4.20 - Morphology (a) and elemental composition (wt%) (b) of Co-Mo-
ZrO composite coatings obtained by pulsed current
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i=4 A/dm? at ti=5 ms, =10 ms, T = 25 °C.

It was found that with an increase in the pulse time from 0.5 to
5.0 ms at a steady current density amplitude (i = 8 A/ dm?) and a
constant pause duration of 10 ms, the molybdenum content in Co-
Mo-ZrO, composite coatings decreases from 15, 9 to 13.7 mass. %,
and zirconium, on the contrary, increases from 0.8 to 1.5 wt.% (Fig.
4.21). This is due to an increase in the effective current due to
complete signal processing, due to which the deposition potential of
zirconium in the composite coating is achieved. This dependence
also shows different mechanisms of the deposition of zirconium and
molybdenum in composite coatings under the studied conditions.

An extension of the pause from 5 to 50 ms at a steady current
density and pulse duration (2 ms) provides an increase in the
zirconium content in composite coatings from 0.8 to 2.1 mass%,
followed by a decrease in ® (Zr) at high currents (Fig. 4.22).
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Figure 4.21 - Influence of the pulse duration on the morphology (ti: 2 (a), 5 (b), 10
(c) ms) and the content of molybdenum and zirconium (d) in the Co-Mo-ZrO2 CEC,
deposited from electrolyte No. 3 by a pulse current 8 A/dm? attp=10ms, T=25°C

Thus, the maximum concentration of zirconium in the ECC is
achieved at the ratio ti / tp = 2/10 ms. At the same time, the content
of molybdenum in the composite coating increases from 16.0 to 22.0
wt% with an increase in the pause duration due to a more complete
course of the chemical reaction of reduction of intermediate oxides
formed during polarization. The current efficiency decreases from 60
to 36% with an increase in the pulse time, and an increase in the
pause has a positive effect on the efficiency of the Co-Mo-ZrO2
CEC deposition. Thus, the current efficiency reaches 78% at tp 50
ms and ti 2 ms.
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Figure 4.22 - Influence of the pause duration on the content of molybdenum and
zirconium in CEC Co-Mo-ZrO:2 deposited from electrolyte No. 3 with a pulse
current of 8 A/ dm2 atti=21110-3s, T=25°C

The maximum content of refractory metals in the CEC
composition (Figure 4.23, a) is observed at a pulse frequency of 88
Hz (ti / tp = 2/10 ms), and with a further increase in frequency, the
mass fraction of Mo, Zr and the oxygen content decrease.
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Figure 4.23 - Impact of the pulse frequency on the composition (a) and VT (b)

of the Co-Mo-ZrO2 ECC, deposited from electrolyte No. 3 with a pulse current of 4
A/dm2, T=25°C.

With an increase in the pulse frequency from 30 to 50 Hz, the
current efficiency of the Co-Mo-ZrO, composite coatings increases
(Fig. 4.23, b), and a further increase in the pulse frequency leads to a
sharp decrease in VT.

An increase in the electrolyte temperature to 50 °C contributes to
an increase in the content of cobalt and zirconium in the Co-Mo-

ZrO, CEC with a decrease in the percentage of molybdenum (Fig.
4.24)
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Figure 4.24 - Effect of temperature on the composition (a) and BC (b) of Co-Mo-

ZrO2 composite coatings, deposited from electrolyte No. 3 with a pulse current of 4
A/dm2, ti=5ms, tp=10ms, T=25°C.
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The increase in the current efficiency of Co-Mo-ZrO, with
increasing temperature (Fig. 4.24, b) can be explained not only by
the acceleration of diffusion of electrode-active particles to the
cathode surface and an increase in the limiting current density at
which deposition of high-quality coatings is possible, but also by the
acceleration of combined reactions recovery of metals in CEC.

The results of studying the distribution of metals over the
thickness of Co-Mo-ZrO; coatings deposited by a pulsed current on a
copper substrate revealed a tendency towards an increase in the
content of molybdenum and zirconium (Fig. 4.25, a). The surface of
the Co-Mo-ZrO; composites becomes more developed and
microglobular with increasing coating thicknesses (Fig. 4.25, b).
During the formation of zirconium-containing CECs, molybdenum
and zirconium compete with cobalt, and the Co-Mo-ZrO2 coatings
are enriched in refractory components from the substrate to the
surface.
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Figure 4.25 - Distribution of metals over thickness (a) and change in surface

morphology (b) of Co-Mo-ZrO2 composite coatings deposited from electrolyte No.
5 with a pulse current of 4 A/ dm? at ti=5ms, tp =10 ms, T =25 °C

10

4.3 Electrolyte for the formation of composite coatings Co-
W-ZrO2

To determine the optimal composition of the electrolyte,
composite electrolytic coatings Co-W-ZrO2 were applied to a St3
steel substrate in a galvanostatic mode [236]. The concentration ratio
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of the salts of the alloying components in the Co?":WQ,*:ZrO?
electrolyte was varied in the range 1: 2: 1 - 1: 5: 2.

From polyligand citrate-pyrophosphate electrolytes at pH 6-10,
shiny homogeneous composite coatings with high adhesion to the
substrate are deposited [173].

Table 4.4
Compositions of electrolytes for the deposition of a composite coating
Co-W-ZroO:
Electrolyte Concentration, mol / dm?3

composition 1 2 3 4 5
CoSOs 01 01 0.1 01 0,15
Na2WO4 0,02 0,02 0,02 0,02 0,06
Zr(S04)2 0,05 0,1 0,05 0,05 0,05
NasCesHsO7 0,2 0,2 0,2 0,3 0,2
K4P207 0,2 0,2 0,1 0,1 0,1

An increase in the concentration of pyrophosphate ions in
solution contributes to the enrichment of CEC with tungsten and
zirconium due to a decrease in the content of cobalt (Fig. 4.26, a),
which confirms the previously established fact of the competitive
reduction of the mentioned metals. This can be explained by an
increase in the number of ligands in the composition of cobalt
complexes, and, accordingly, in the total negative charge of
electrode-active particles, an increase in the strength of the
complexes, which causes inhibition of cobalt reduction. Very
interesting is the dependence of the content of alloying metals in the
CEC Co-W-ZrO; on the concentration of zirconium (1V) sulfate (Fig.
4.26, b). On the contrary, with an increase in the concentration of
zirconium (IV) in the electrolyte, the content of this metal in the
coatings decreases. The same pattern was found for cobalt, while the
percentage of tungsten in the Co-W-ZrO, CEC increases. The reason
for this behavior should be sought in the tendency of zirconium to
form sulfate complexes, the probability of the formation of which
increases with an increase in the concentration of sulfates in relation
to other ligands. Indeed, from electrolyte No. 2 (Table 4.4) with an
increased content of zirconium (1V) sulfate, loose matte coatings of a
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gray hue were obtained, therefore, the optimal concentration of Zr
(504)2 0.05 mol/dm?,
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Figure 4.26 - Dependence of the composition of Co-W-ZrO2 composite
coatings on the concentration of pyrophosphate ions (a) and ZrO2 + (b), current 4
Aldm?, pH 9.0

It is known from practice that the acidity of the electrolyte has a
significant effect on the productivity of the electrodeposition process
- the current efficiency and the quality of the coatings. Even a slight
change in the pH of the electrolyte can lead to disruption of the
electrolysis process and the deposition of poor-quality coatings.

For the citrate-pyrophosphate electrolytes used in this study for
the deposition of the Co-W-ZrO, CEC, it is characteristic that with
an increase in pH, the degree of protonation of ligands (citrate and
pyrophosphate) decreases, and, accordingly, the strength of the
corresponding cobalt complexes increases, and the potential of its
reduction becomes negative. side and approach the renewal
potentials of tungstates and zirconium [202]. Therefore, there is an
increase in the content of W and Zr in the CEC Co-W-ZrO;
precipitated from the investigated electrolytes at pH> 7 (Fig. 4.27, a).

On the other hand, stronger complexes are discharged with
greater complications, and accordingly, the process of coating
formation is inhibited, which leads to a decrease in VT (Fig. 4.27, b).
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Figure 4.27 - Effect of solution acidity on the elemental composition (a) and VT

(b) of composite coatings Co-W-ZrOz, deposited with a pulse current of 8 A/ dm?at
ti =5 ms, tp = 10 ms. Temperature T =25 ° C.

One of the general reasons for the decrease in the stability of the
electrolyte is the alkalization of the near-electrode layer as a result of
the side reaction of hydrogen evolution, which consumes up to 80%
of the current in the processes under consideration. On the basis of
the studies carried out, it was found that the optimal pH range for the
formation of composite coatings Co-W-ZrO- is 7-9 [232].

Alkalization of the solution to pH more than 9 leads to a sharp
decrease in the current efficiency of the composite Co-W-ZrO,
coating, and after reaching pH 10, an insoluble precipitate of cobalt
hydroxides is formed in the electrolyte and at the electrode layer,
and, as a consequence, deterioration of the quality of the coatings.

4.3.1 Formation of composite coatings Co-W-ZrO; in
galvanostatic mode

The study of the effect of electrolysis modes on the composition,
structure, and current efficiency of the Co-W-ZrO, CEC is the basis
for recommendations on the technology of composite coatings. With
an increase in the current density, the content of refractory
components in the composition of the composite coating practically
does not change and remains in the range of 8.7 - 10.0 wt.% (Fig.
4.28). At current densities less than 2 A/dm?, coatings of a blue-
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brown color, characteristic of nonstoichiometric tungsten oxides, are
deposited. Therefore, the lower limit of the current density should be
considered 3 A/dm?.
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Figure 4.28 - Effect of current density on the content of tungsten and zirconium
(a) and BC (b) of the Co-W-ZrO2 composite coating
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Note that the dependence o = f (i) is linear in the range of current
densities from 3 to 6 A / dm? [174]. The latter value should be
considered the upper limit of the cathodic current density, above
which the quality of the composite coatings decreases - there is
burning of the deposit and deterioration of adhesion due to an
increase in the rate of the partial reaction of hydrogen evolution.

The effect of the deposition time of Co-W-ZrO, composite
coatings on their composition is shown in Fig. 4.29, a. The results
obtained can be explained as follows: in the first seconds of
electrolysis, a continuous thin  (monolayer) cobalt is
electrochemically deposited on the sample surface. After the first
minute of electrolysis, no zirconium was found in the composition of
the Co-W-ZrO, coatings, which is probably due to the catalytic effect
of the cobalt sublayer on the oxo-tungstate discharge. Further
incorporation of zirconium occurs already in the Co72-W28 coating.
After 5 minutes of deposition, the zirconium content in the Co-W-
ZrO2 ECC is ~ 1.0 wt. %, but with an increase in the electrolysis
time, a decrease in the content of zirconium in the coatings to 0.4
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wt.% is observed with a simultaneous depletion in tungsten to 12 wt.
% (Fig. 4.29, a).
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Figure 4.29 - Influence of the deposition time on the content (a) of tungsten and
zirconium and BC of composite coatings Co-W-ZrO2 (b) deposited at a current
density of 6 A/ dm?

The current efficiency of the Co-W-ZrO, composite coating after
10 minutes of deposition is practically independent of the electrolysis
time and is within 35-40% (Figure 4.29, b).

4.3.2 Formation of composite coatings Co-W-ZrO; in a
pulsed mode

The use of a galvanostatic mode for the deposition of Co-W-
ZrO, CEC, as well as varying the composition of electrolytes, does
not allow obtaining high-quality composite coatings with a Zr
content of more than 0.7 wt. %. Therefore, pulsed electrolysis was
used, which makes it possible to improve the technological process
without changing the composition of the electrolyte.

To determine the efficiency of the process, the effect of the
current density on the composition of the coatings (Fig. 4.30, a) and
the current efficiency of the VT (Fig. 4.30, b) was established. At a
current density of 4 A / dm?, coatings with a tungsten content of 22
wt% were obtained. 10 A / dm?. Co-W-ZrO; coatings contain non-
metallic impurities, in particular, oxygen and carbon, which is
associated with the presence of citrates in the electrolyte, as well as
the inclusion of incompletely reduced oxides of refractory metals in
the matrix of the composite coating. The carbon content in the
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composition of Co-W-ZrO, coatings practically does not depend on
the current density and ranges from 3.5 to 3.7 wt.%. At the same
time, the oxygen content with a current density increases from 5.7 to
10.9 wt.%, And the percentage of tungsten decreases, in contrast to
two-component Co-W alloys [175]
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Figure 4.30 - Effect of current density on the composition (a) and BC (b) of the
Co-W-ZrO2 CEC, deposited in a pulsed mode at ti = 2 ms, tp = 10 ms. Temperature
T=25°C,pH=28

Based on the experimental results, it has been established that for
the deposition of high-quality composite coatings Co-W-ZrO,, the
optimal pulse current amplitude range is from 4 to 8 A/dm?.

To determine the efficiency of the process, the influence of the
current density on the current output of the alloys VT was
established (Figure 4.30, b). It has been established that the current
efficiency of the Co-W-ZrO, composite coating is significantly lower
than that of VT Co-Mo-WOx, which is explained by the lower
oxidizing ability of tungstates and zirconium in comparison with
molybdates.

An increase in the oxygen concentration in the composition of
the composite coating leads to a decrease in the content of the
crystalline phase of solid solutions and an increase in the percentage
of the amorphous component of the deposits (Fig. 4.31). The
peculiarities of the formation of the structure of the coatings have a
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direct effect on the surface morphology, with the most significant
effect being the cathodic current density. So, with an increase in the
current density, the rate of nucleation of crystallization centers
increases to a greater extent in comparison with the rate of crystal
growth, therefore, the grain size decreases and the CEC becomes
fine-grained (Fig. 4.31)

Figure 4.31 - Effect of current density on the morphology of Co-W-ZrO2
coatings deposited with a pulsed current with a density, A/dm?: 4 (a), 6 (b), 10 (c) at
ti =2 ms, tp = 10 ms. Temperature T =25 °C, pH =8

An increase in the cathode current density and more than 10
A/dm? leads to the formation of loose Co-W-ZrO, coatings due to the
increased influence of diffuse complications in comparison with the
charge transfer stage. In addition, alkalization of the near-cathode
layer occurs and the likelihood of the formation of cobalt hydroxides
increases, which are included in the composition of the coatings and
deteriorate their quality.

Analysis of the effect of the pulse duration on the composition of
the Co-W-ZrO; coatings (Fig. 4.32, a) makes it possible to state an
increase in the content of zirconium and cobalt and a decrease in the
percentage of tungsten with an increase in the polarization time. At
the same time, the current efficiency decreases (Figure 4.32, b) with
lengthening the pulse time. This behavior can be explained by the
intensification of the side reaction of hydrogen reduction with an
increase in the polarization time.
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Figure 4.32 - Impact of the pulse duration on the composition (a) and BC (b) of
the Co-W-ZrO, CEC, deposited with a pulse current of 6 A / dm? at tp = 10 ms.
Temperature T=25°C, pH =38

The effect of the pulse alternation frequency on the coating
composition (Fig. 4.33, a) reflects the general trend of an increase in the
tungsten content and a decrease in the percentage of zirconium in the Co-
W-ZrO, CEC, which fully correlates with the effect of the pulse time.

The optimal content of refractory metals in the composition of
the Co-W-ZrO, composite coating is observed at frequencies of 70—
90 Hz (ti = 2-5 ms, tp = 10 ms), and with a further increase in the
pulse frequency, the mass fraction of Zr in the composition of
composite materials decreases. tungsten grows. The HT of composite
coatings Co-W-ZrO2 increases with an increase in the pulse
frequency from 30 to 90 Hz (Fig. 4.33, b), in contrast to the CEC Co-
Mo-WOx and Co-Mo-ZrO; [240].

The electrolyte temperature has a significant effect on the surface
morphology and chemical composition of the CEC. Thus, coatings
with small microcracks are formed at room temperature. For the Co-
W-ZrO, CEC, the temperature dependence has the following form:
the mass fraction of zirconium is no more than 0.5 wt% and
decreases with an increase in the electrolyte temperature, and the
temperature dependence of the tungsten content in the coating
composition passes through a minimum (Fig. 4.34)

102



[

2 45
15
£ 3 ¢
218 1 = e
= z 33
g é
% = 30
14 0.5 §
25
10 N " ' " " 0 20 . .
0 50 60 70 80 90 100 40 60 80 100
fiTn S Iu
a o

Figure 4.33 - Impact of the pulse frequency on the composition (a) and BC (b)
of composite coatings Co-W-ZrO2, deposited with electrolyte No.3 with a pulse
strum 4 A/dm?, T=25°C,pH=9
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Figure 4.34 - Effect of temperature on the composition (a) and VT (b) of Co-W-
ZrO2 composite coatings deposited from electrolyte No. 4 with a pulse current of 8
A/dm2atti=5ms, tp=10ms, pH=7

The different effect of temperature on the composition of the Co-
Mo-ZrO; and Co-W-ZrO, CECs can be explained by the differences
in the coating formation mechanism due to a number of reasons.
First, the rather high content of refractory metals in the coating at
low temperatures (up to 20 °C) is associated with an insignificant
contribution of hydrolysis to the general multistage process of CEC
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formation. Second, the equilibrium reduction potentials of
molybdates are higher than those of tungstates, and, therefore, an
increase in the limiting current density for obtaining high-quality
coatings with increasing temperature will affect to a greater extent
precisely the systems containing tungsten [176].

Thus, temperature has an ambiguous effect on the formation of
composite coatings. On the one hand, as the temperature rises, the
rate of ion diffusion increases, which makes it possible to increase
the current density at which dendrites and spongy deposits have not
yet begun to form. In addition, an increase in the electrolyte
temperature leads to an increase in the crystal growth rate, which
contributes to the formation of coarse-grained structures.

An increase in the current output with an increase in the
electrolyte temperature can be explained not only by the acceleration
of the diffusion of electrode-active particles to the cathode surface
and the corresponding boundary current density, but also by the
acceleration of conjugate metal reduction reactions. For the Co-W-
ZrO; composite coating, the current efficiency reaches 90% at 60 °C.
The results of studying the distribution of the content of alloy-
forming metals over the thickness of the Co-W-ZrO; coatings
obtained by pulsed current revealed a tendency towards a decrease in
the percentage of tungsten and zirconium content in the direction
from the substrate to the surface (Fig.4.35, a)
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Figure 4.35 - Distribution of metals over thickness (a) and changes in surface
morphology (b) Co-W-ZrO2 CEC, deposited from electrolyte No. 4 with a pulse
currentof 4 A/dm2 atti =5 ms, tp =10 ms, T =25 °C
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It is essential that this is reflected in the change in surface
morphology with increasing thickness (Fig. 4.35, b). On the surface
of Co-W-ZrO, composite coatings, an increase in the size of globules
with a coating thickness of 10 um and a peculiar leveling of the
surface profile are observed.

Based on the results obtained, it can be stated that tungsten and
zirconium compete with cobalt in the deposition of Co-W-ZrO;
CEC. Consequently, the electrolysis time, and, accordingly, the
thickness of the coatings becomes a lever for controlling the
composition of the surface layers.

4.4 Scattering power and electrical conductivity of citrate-
pyrophosphate electrolytes for CEP deposition

One of the prerequisites for obtaining high-quality galvanic
coatings is the electrical conductivity of electrolyte solutions (), a
high level of which contributes to a uniform distribution of the
electric field in the electrolyte, a decrease in energy consumption and
allows obtaining high-quality coatings. Based on the analysis of the
experimentally determined temperature dependence of electrical
conductivity (Table 4.5), it can be argued that complex citrate-
pyrophosphate electrolytes for the deposition of coatings based on
cobalt alloys will have a sufficiently high scattering power.

Table 4.5
Electrical conductivity of citrate-pyrophosate electrolytes for CEC deposition

Coating Electrical conductivity of electrolytes (Ohm ~ «m ~1) at
temperatures (K)
298 303 313 323
Co-Mo-WOx 7,4:10°2 8,2:10°2 9,6:10°2 1,1-101
Co-Mo-ZrOz, 5,810 6,9:1072 7,6:1072 8,7-10°2
Co-W-ZrO; 5,6:102 5,9:10°2 6,7-1072 7,4:1072

The activation energy of electrical conductivity of complex
electrolytes, calculated from a graphical analysis of the temperature
dependence of electrical conductivity, is in the range of 22-29 kJ /
mol, which is a sign of the course of mass transfer processes in a
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diffuse mode. An increase in temperature reduces the inhibition of
diffusion processes and contributes to an increase in operating
current densities; information on the temperature dependence of the
electrical conductivity of electrolytes is in demand when determining
the operating parameters of technological processes.

Since the experimentally determined values of the electrical
conductivity of solutions for the deposition of the investigated
coatings are in the range y = 0.055 - 0.07 Ohm™m - the
temperature range of 25-30 °C can be considered optimal.

An important technological parameter of the electrochemical
deposition of composite coatings is the distribution of local velocities
over the substrate surface, which in turn is determined by the current
distribution over the treated surface [177]. With regard to this
process, such an indicator is the scattering ability, which is
understood as the ability of the electrolyte to change the primary
current distribution, due only to geometric parameters. The results of
the measurements of the SA indicate that with an increase in the
current density, the SA of the electrolyte for the deposition of
composite coatings Co-Mo-WOx decreases (Fig. 4.36). However, in
the range of current densities 0.5-2.0 A / dm?, the value of this
parameter is more than 85%.

P3,%
95

85

55

“ i, A/mm?

Figure 4.36 - Influence of the current density on the scattering ability of the
electrolyte No. 5 of the deposition of the composite coating Co-Mo-WOx
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The ability of the citrate-pyrophosphate electrolyte for deposition
of Co-Mo-ZrO? CEC to uniformly distribute the metal over the
electrode surface was determined at different current densities. The
obtained CECs have a uniform matte dark gray color only on the first
and second sections of the cathode, which were placed closest to the
anode. Darkening of the coating is noticeable along the edges, which
is associated with exceeding the limiting current density in these
sections and excessive hydrogen evolution. The dependence of the
distribution of metals over the sections of the cathode at current
densities of 5 - 8 A/dm? is nonuniform (Fig. 4.37, dependences 1 -
3). So, in the first and second sections of the cathode, the increase in
the mass of the sediment is almost twice as large as in 3 - 6 sections,
which is explained by the influence of electrochemical parameters on
the scattering ability of the electrolyte.
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Figure 4.37 - Dependence of the increase in the cathode mass on the section
number, electrolyte No. 3 (1 - 3) and electrolyte No. 3 + 50 g / dm® Na2SO0s (4) at
current densities, A/dm% 1-5;2-6,5;3,4-6

The polarization during the deposition of the Co-Mo-ZrO2
composite coating is low, since the formation occurs at high current
densities (3 - 10 A/ dm2). This explains the significant difference in
mass gain on the cathode sections located in the Hull cell at different
distances from the anode (Figure 4.37). The results obtained indicate
an insufficiently high scattering power of the electrolyte. Therefore,
to increase the scattering ability indicator, an electrically conductive
additive is introduced to the working electrolyte - 50 g/dm® Na;SO..
This somewhat improves the scattering power, i.e. promotes a more
uniform distribution of metal over the cathode surface (Fig. 4.37,
dependence 4). The results of the performed measurements of the
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scattering ability indicate that with an increase in the current density
of the SA of the electrolyte for the deposition of the composite
coating Co-Mo-ZrOy, it slightly increases (Fig. 4.38).
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Figure 4.38 - Influence of current density on the scattering ability of citrate-
pyrophosphate electrolyte No. 3 for the deposition of composite coatings Co-Mo-ZrOz

The results of the measurements of the scattering power of
electrolyte No. 5 for the deposition of the Co-W-ZrO, coating
indicate that with an increase in the current density, the SA of the
electrolyte decreases (Fig. 4.39). This behavior can be associated
with the amorphization of the structure of composite coatings Co-
Mo-WOx i Co-W-ZrO..
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Figure 4.39 - Influence of current density on the scattering ability of citrate-pyrophosphate
electrolyte No. 5 for the deposition of a composite coating Co-W-ZrO:

But during the deposition of composite coatings Co-W-ZrO; at a
current density of up to 4 A / dm2, the value of this parameter is
more than 85%.
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4.5 Choice of anode material for CEC deposition Co-Mo-WOx,
Co-Mo-ZrO; and Co-W-ZrO;

The electrodeposition of composite coatings based on cobalt alloys
from citrate-pyrophosphate electrolytes is sensitive to changes in their
composition. Therefore, such requirements are imposed on anode
materials for electrolysis as corrosion resistance, the absence of
oxidation reactions of electrolyte components, leading to a change in the
composition of the electrolyte. For electroplating processes, anodes of
the same metal as the coatings are usually used. However, when
electrolytic deposition of multicomponent coatings is carried out, the
selection of a soluble anode made of several metals is complicated by
the different dissolution rates of the components, and, accordingly, the
enrichment of the electrolyte with only one type of ions.

To determine the characteristics of electrode processes, polarization
dependences were obtained for different anode materials. Since the
reduction of metals is not the only process, such dependences are
cumulative and are characterized by the simultaneous flow of all anodic
reactions.

The overwhelming majority of scientists conduct experimental
research using an inert electrode [178], and most often they use
platinum or stainless steel. Taking into account the need to reveal the
influence of the concentration of alloy-forming components on the
composition of the coatings, this approach is quite justified, since
inert electrodes do not affect the content of electrode-active particles
in the electrolyte [179].

The peculiarities of the electrodeposition of composite coatings
based on cobalt are, in particular, in the difference not only of
cathodic reactions, but also of the anodic behavior of the metals
used; therefore, the use of soluble anodes in this case is the topic of
an extensive separate study.

During the deposition of Co-Mo-WOy, Co-Mo-ZrO,, Co-W-ZrO;
composite coatings, the anode potential on Kh18N10T steel shifts in
the positive direction with an increase in the cathodic current density
and does not exceed 1.9 V in the range of investigated current
densities IR (2,0-12.0 A/ dm?) (Table 4.6).

Studies of the anodic behavior of various electrode materials in
electrolyte solutions for the deposition of composite coatings allow
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us to draw the following conclusion. The absence of any active
processes on the X18N10T steel anode in the potential range up to
+0.8 V for Co-Mo-WOx composite coatings and +1.2 V for Co-Mo-
Zr0O,, Co-W-ZrO, confirms the fact of the possibility of using these
anodes are inert.

Table 4.6
Anode potential under current when coating with alloys
(anode - steel X18H10T; Sa: Sk =10: 1)

Anode potential under current Ea, V
coating polarization current density ik, A / dm?
2,0 4,0 6,0 8,0 10,0 12,0
Co-Mo-WOx 1,42 1,50 1,58 1,66 1,74 1,82
Co-W-ZrO2 1,48 1,61 1,70 1,78 1,85 1,79
Co-Mo-ZrO2 1,43 1,54 1,62 1,69 1,75 1,90

As is known [180], the use of insoluble anodes can improve the
quality of coatings and the efficiency of the cathodic process. Cobalt
anodes dissolve with the formation of Co?* at low polarization at a
high rate, as evidenced by the rapid increase in the current density in
voltammograms (Fig. 4.40-4.42)
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Figure 4.40 - Anodic voltammograms on cobalt (1), graphite (2) and steel X18H10T
(3) electrodes in an electrolyte solution for the formation of Co-Mo-WOXx composite
coatings; s =2 - 1023V /s

The use of soluble cobalt anodes can only provide compensation
for the consumption of cobalt during electrolysis and prolong the life
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of the electrolyte [181], but, on the other hand, leads to a violation of
the ratio of the concentrations of complexing agents in the solution,
since the corresponding rate of dissolution of cobalt with refractory
metals (cycronium ) fails when using such anodes. Also, after using
soluble anodes, alkalization and a decrease in the life of the
electrolyte are observed. This is due to the formation of hydroxide
ions in the side reaction of hydrogen evolution and the inability to
compensate for their effect on pH from the anodic reaction, since
oxygen evolution, accompanied by acidification of the solution, does
not occur on the soluble anode.

Anodic polarization dependences for a graphite anode (Fig. 4.40
- 4.42 dependence 2) have a plateau at potentials 0.7 - 0.9 V for CEC
C0-Mo0-WOy, Co-Mo-ZrO,, Co-W-ZrO,, which indicates inability to
use them as anode material
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Figure 4.41 - Anodic voltammograms on cobalt (1), graphite (2), steel
X18H10T (3) and zirconium (4) electrodes in an electrolyte solution for the
formation of Co-Mo-ZrO2 composite coatings; s =2 - 103 V/s

Consequently, for carrying out the process, it is advisable to use
inert stainless steel anodes, and the anode current density, as can be
seen from Fig. 4.42 should be maintained at the level of 0.2 - 0.3
A/dm?, i.e. the ratio of the anode to cathode area should be Sa: Sk =
10: 1 [182].
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Figure 4.42 - Anodic voltammograms on cobalt (1), graphite (2), steel
Kh18N10T (3) and zirconium (4) electrodes in an electrolyte solution for the
formation of Co-W-ZrO> composite coatings; s =2 - 103 V/s

According to the results of the study, it was found that the anode
material affects the efficiency of the process: during the deposition of
Co-Mo-WOx coatings in the galvanostatic mode at i = 4 A/dm? with
a cobalt VS anode is higher than with a tungsten anode (Table 4.7).

The study of the influence of the anode material on the
deposition of Co-Mo-WOx composite coatings in a pulsed mode at i
= 10A / dm? with a pulse duration of 5 ms and a pause of 20 ms
confirms (Table 4.7) that the use of a cobalt anode allows an increase
in the total content of refractory components of 2% and increase the
sun.

During electrolysis, the tungsten anode is covered with a thick
oxide film and acts as an insoluble anode, and for its activation it is
necessary to use appropriate means, change the component
composition of the electrolyte by introducing activator ions, etc.,
which will certainly affect the performance of the process and the
guality of coatings.

To obtain high-quality composite coatings Co-Mo-WOx, it is
recommended to use the ratio of the concentrations of electrolyte
components ¢(Co%) : ¢(MoOs*) : ¢(WO,*) =10:04:08 and
ligands c( Cit*): ¢(P.O7*) = 1,0:2,0; current density 2-8 A/dm? with
varying temperature in the range of 293-333 K. The low tungsten
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content in the composition of composite materials deposited in a
stationary mode gives the coatings a fine-crystalline structure and
reduces the level of internal stresses. The use of a pulsed mode with
a pulse / pause duration ratio, ms: (1 - 10) / (5-20) and a current
density amplitude of 4 - 20 A / dm2, makes it possible to obtain
composite Co-Mo-WOx coatings with an increased content of
refractory metals, in particular tungsten up to 20 wt.%, halving the
oxygen content and more uniform distribution of elements over the

surface compared to the stationary regime.
Table 4.7
Influence of the anode material on the content of components of composite
electrolytic coatings Co-Mo-WOx and current efficiency in galvanostatic and
pulse modes in electrolyte No. 5

Anod Content of components, wt. % VT,%
Co | Mo | W
Galvanostatic mode (i = 4 A/dm?)

Cobalt 82,3 16,2 15 71

Tungsten 86,1 11,8 2,1 34
Pulse mode (i = 10 A/ dm?, ti =5 ms, tp = 20 ms)

Cobalt 77,4 16,3 6,3 85

Tungsten 79,4 15,3 53 33

CEC Co-Mo-ZrO; precipitated at a ratio of component
concentrations  ¢(Co?"):c(Cit*):c(P2074-):c(M00Q4*):c(Zr*) =
1,0:1,4:0 ,7:0,4:0,3. It was found that fine-crystalline Co-Mo-ZrO,
coatings are formed in the range of direct current densitiesu =2 - 8
A / dm? With an increase in the current density, the zirconium
content in the coating composition changes symbatically, and the
molybdenum content has a maximum at u = 6 A/dm?, but the current
efficiency does not exceed 35%. The use of a pulse current with an
amplitude of 3 - 10 A/ dm?, a pulse duration ti 1-10 ms and a pause
tp 5 - 50 m makes it possible to obtain fine-crystalline composite
electrolytic coatings Co-Mo-ZrO, containing up to 4 wt. %
zirconium and up to 25 wt. % molybdenum at a current output of 50
- 80%.

The optimal ratio of the concentrations of components in
electrolytes for the deposition of Co-W-ZrO, is ¢(Co?") : c¢(Cit*) :

113




c(P207%) : ¢(WO4*) : c(Zr*)=1:3:1:0,2:0,5. The optimal pH
range is 7-9. With an increase in the steady-state current density, the
content of refractory components in the Co-W-ZrO2 coating
practically does not change and remains in the range of 8.7 - 10.0
wt.%, And the Zr content in the coating composition is not more than
0.7 wt. %, while the current efficiency is up to 30%. It is shown that
the use of a unipolar pulse current with an amplitude of 4-8 A / dm2
at a pulse / pause duration ratio of (2-10) / (10) ms ensures the
deposition of Co-W-ZrO, composite electrolytic coatings with a
tungsten content range of 2 -%, zirconium - 1 - 2.5 wt. % and a
current output of 40 - 60%.

It was found that the distribution of the content of refractory
components in the composition of composite coatings Co-Mo-WOx,
Co-Mo-ZrO; and Co-W-ZrO, over the thickness of the coatings is
nonlinear, and changes symbatically to the thickness in the case of
Mo and antibate in the case of W. that, in the galvanostatic mode,
high-quality CECs based on cobalt with a high content of refractory
metals are deposited only at T> 30 °C, while at a pulsed current it
allows the temperature to be reduced to T = 20 - 30 °C without loss
of quality.

The indicators of the scattering ability and specific electrical
conductivity of electrolytes for the deposition of composite coatings
Co-Mo-WOx, Co-Mo-ZrO; and Co-W-ZrO, were established. The
electrical conductivity grows linearly with an increase in the
electrolyte temperature, but at a temperature of 25-30 ° C, its value
is sufficient for the deposition of high-quality coatings on parts of a
complex configuration.

The use of inert stainless steel anodes is substantiated. It is
shown that the use of combined active anodes is not possible due to
the different dissolution rates of coprecipitated metals in composite
coatings.
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Chapter 4

FUNCTIONAL PROPERTIES OF
COMPOSITE ELECTROLYTIC COATINGS
BASED ON COBALT WITH REFRACTORY
METALS

The functional properties of multicomponent coatings and
composites directly depend on the qualitative, quantitative and phase
composition, morphology, surface topology and roughness, distribution
of components over the surface and coating thickness. In turn, the listed
characteristics depend on the composition of the electrolyte and the
modes of electrodeposition, which was discussed earlier. Establishing
the effect of the composition of the CEC based on cobalt alloys on the
relief and surface structure is an indispensable element in predicting the
functional properties of the obtained systems.

4.1 Topography and surface roughness of coatings

Along with morphology, an analysis of the topography and
determination of the class of surface roughness of electro-deposited
films provides rather comprehensive information on the structure of
coatings [183].

In materials science, roughness is a characteristic of the surface
quality and depends on the processing method (grinding, polishing,
etc.) of the material. During the deposition of electroplated coatings,
this parameter reflects the degree of roughness of the substrate. At
the same time, roughness is the result of a number of processes:
nucleation on a substrate of foreign material and subsequent crystal
growth during the formation of the coating. The ratio of the rates of
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these processes, together with morphology, can be an additional
indicator for assessing the degree of surface development [184]. To
obtain information on the surface relief, the method of atomic force
microscopy was used.

The roughness of the surface of the composite coatings Co-Mo-
WOx, Co-Mo-ZrO,, Co-W-ZrO, was determined using a scanning
atomic force probe microscope (ACM) NT-206. Scanning was
carried out by the contact method using a CSC-37 probe, cantilever
B with a lateral resolution of 3 nm [185].

Scanning was carried out on areas of the surface of samples of
various areas: 40.0 x 40.0 um, 20.0 x 20.0 um, 10.0 x 10.0 pm and
5.0 x 5.0 um, and the height of the surface relief was fixed with a
resolution of 256 x 256 pixels. Areas for scanning were selected in
the center of the samples; to take into account the diversity of the
surface, the studies were repeated for two areas at a distance of 1500
um from each other [186].

The visualization of the results was carried out by means of relief
reconstruction in the form of 2D and 3D topography maps (the
height is reflected in color) and 2D-torsion maps obtained by
twisting the measuring console, which reflects surface friction.

The processing of the obtained AFM images was carried out
using the Explorer software by analyzing the average amplitude
parameters of the surface roughness in accordance with international
standards - the arithmetic mean Ra (ISO 4287/1), which determines
the surface roughness in the form of a two-dimensional arithmetic
value, and the root-mean-square Rq (ISO 4287 / 1), which is the
defining characteristic of the surface roughness [187].

Based on the results of the analysis of the surface profile, which
was plotted along the section on topographic maps, as well as
histograms of the distribution of heights, the angles of inclination of
elementary surface sections, and the angles of orientation of the
normal to the surface, the size, shape of grains and the presence of
anisotropy of properties were determined.

On all structures, the identity of the surface characteristics in
different scanning areas was noted, which made it possible to
extrapolate the data to the characteristics of the sample under study
as a whole.
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The surface of the polished St3 steel backing, which is prepared
for electrodeposition, is fairly uniform. Analysis of the histograms of
the distribution of heights and the distribution of the angles of
inclination of the normal to the surface (Fig. 5.1, 5.2) indicates its
disordered structure.
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Figure 5.1 - 2D and 3D maps (a), the profile of the surface section between
markers 1 and 2 (b), the histogram of the distribution of heights, tilt angles of
elementary surface areas and orientation angles (c) for the St3 lining. Scanning area
48 x 48 um.

Analysis of the profile of the surface section between markers 1
and 2 shows that the grain sizes of the substrate are in the range of 2
- 4 microns (Fig. 5.1, b; 5.2, b). The nature of the histogram of the
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orientation angles of the normal to the surface (90 ° — 270 °)
indicates the isotropy of the properties of the substrate material (Fig.
5.1,¢;5.2,¢).
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Figure 5.2 - 2D-, 3D-map of the surface (a), the profile of the section between
markers 1 and 2 (b) and the histogram of the distribution of heights, inclination
angles of elementary surface areas and orientation angles (c) of the St3 substrate.
Scanning area 10 x 10 pum.

Composite coatings Co-Mo-WOx (Fig. 5.3, 54, a, b) are
characterized by a uniformly developed globular surface, the relief which
significantly differs from the substrate (Fig. 5.1, 5.2), on which they are
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formed. Investigation of the topography of the coating surface with the
ratio of alloy-forming metals Co60M023W17 using AFM makes it
possible to evaluate the grain size and the uniformity of the structure of
the surface layers. As seen from Fig. 5.3, the coating consists of spherical
grains and is characterized by a sufficiently high density, uniformity of
the structure. A small number of peaks up to 870 nm are visualized. As it
was established earlier [188], the formation of a spheroidal surface
structure is caused by the presence of refractory metals in the obtained
CEC.
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Figure 5.3 - 2D-, 3D-map of the surface (a), the profile of the section between
markers 1 and 2 (b) and the histogram of the distribution of heights, angles of
inclination of elementary surface sections and angles of orientation (c) CEC based
on Co60M023W17. Scanning area 48 x 48 um.

It should be noted that with an increase in the current density and
a sufficiently high content of refractory components (39-41 wt%), a
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network of cracks forms on the surface of the coatings due to internal
stresses. This is due to the high deposition rate and the difference in
the type and parameters of the crystal lattice of the alloy-forming
metals. Analysis of the AFM data indicates the nanoglobular nature
of the surface of Co-Mo-WOx coatings (Fig. 5.4, a, b), on which
cone-shaped associates with a diameter of 2-5 um are formed as a
result of coalescence of small globules with a diameter of 20-80 nm.
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Figure 5.4 - 2D-, 3D-map of the surface (a), the profile of the section between
markers 1 and 2 (b) and the histogram of the distribution of heights, inclination
angles of elementary surface sections and orientation angles (c) of the CEC based
on Co60Mo023W17. The scanned area is 5 x 5 um.

Coatings with the ratio of alloy-forming metals Co62M033Zr5,
deposited by a pulsed current (i = 4 A / dm?), differ from both the
substrate and the composite electrolytic coating Co60M023W17 by a
more developed surface. The surface consists of uniformly
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distributed conical associates with a diameter of 5-7 microns (Fig.
5.5, 5.6, a, b), the dimensions of which exceed the parameters of the
Co60M023W17 coating by 1.5-2.5 times.

Profile analysis of surface's cross-section between markers 1 and
2 indicates the formation of small cone-shaped grains with a size of
0.2 - 0.3 microns and their joining into crystallites, the size of which
ranges from 1.5 - 3.5 microns (Fig.5.5).
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Figure 5.5 - 2D-, 3D-map of the surface (a), the profile of the section between markers

1 and 2 (b) and the histogram of the heights' distribution, inclination angles of elementary
surface sections and orientation angles (c) of the CEC based on Co62Mo033Zr5. Scanning

area 48 x 48 um
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The transition to the nanorelief (scanning area 5 x 5 um) makes it
possible to analyze the surface of detached agglomerates, on which
small substructures are observed, the size of which ranges from 1.4
to 1.8 um. In shape and size, they are similar to the grains of the
main surface layer (Fig. 5.6).
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Figure 5.6 - 2D-, 3D-map of the surface (a), the profile of the section between
markers 1 and 2 (b) and the histogram of the distribution of heights, inclination
angles of elementary surface sections and orientation angles (c) of the CEC based
on Co62Mo033ZrS. Scanning area 5 x 5 pm.
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The results of studies of the topography of the Co-Mo-ZrO2 CEC
with a molybdenum content of 31 at.% And zirconium of 3.5 at.%,
Deposited by a unipolar pulse current (i = 6 A / dm?), also indicate
the formation of a more developed surface in comparison with the
substrate material. For scanning areas of 48 x 48 um and 5 x 5 um,
there is a large difference in the heights of the protrusions and
depressions of the surface relief compared to the Co62Mo033Zr5
coating (Fig. 5.7, ¢).
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Figure 5.7 - 2D-, 3D-map of the surface (a), the profile of the section between
markers 1 and 2 (b) and the histogram of the distribution of heights, elementary
surface sections' angles of inclination and angles of orientation (c) CEC based on
Co065Mo031Zr4. Scanning area 48 x 48 um.
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Profile analysis of surface's cross-section between markers 1 and 2
indicates the formation of small cone-shaped agglomerates, the base
diameter of which reaches 1.5 um (Fig. 5.8, b). Unlike Co-Mo-WOx
coatings, the character of the histogram of orientation angles indicates
anisotropy of properties within the entire scanning area (Fig.m 5.8,&c).
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Figure 5.8 - 2D-, 3D-map of the surface (a), the profile of the section between
markers 1 and 2 (b) and the histogram of the distribution of heights, inclination
angles of elementary surface sections and orientation angles (c) of the CEC based
on Co65Mo031Zr4. Scanning area 5 x 5 pm.

The results of contact force microscopy studies of the composite
coatings' surface topography with the ratio of alloy-forming metals
(mass%) Co91W7Zr2 deposited using a stationary current (Fig. 5.9,
5.10), and Co86W13Zrl deposited by a pulsed current (Fig. 5.11,
5.12), are in good agreement with the results of scanning electron
microscopy (Fig. 4.31). Both methods show that the surface of
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coatings formed by unipolar pulsed current (Figs. 5.11, 5.12) is more
uniformly developed in comparison with those deposited on direct
current (Figs. 5.9, 5.10) [189].
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Figure 5.9 - 2D-, 3D-map of the surface (a), the profile of the section between
markers 1 and 2 (b) and the histogram of the distribution of heights, inclination
angles of elementary surface sections and orientation angles (c) of the CEC based
on Co91W7Zr,. Scanning area 48 x 48 um.

The morphology and surface relief of the Co-W-ZrO, coatings
are similar to those of Co-Mo-ZrO, (Fig. 5.7, 5.8). At the same time,
it should be noted a decrease in the tungsten content in alloys
obtained under the same electrolysis conditions in comparison with
the Co-Mo-WOx coatings (Fig. 5.3), as well as a decrease in the
percentage of zirconium content in the Co-Mo-ZrO; coating (Fig. 5.7 ).
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A decrease in the size of associates (agglomerates) and the absence
of cracks in the CEC can be associated with the effect of tungsten on
the electrocrystallization process.

The surface relief of the Co-W-ZrO; coatings deposited in the
galvanostatic mode differs from the substrate regardless of the scanning
area, and is more ordered and uniform. On the surface, stand-alone
cone-shaped agglomerates with a size of 1 - 4 microns (Fig. 5.9, b) are
determined, which are formed by a number of smaller and sharper
grains with an average size of 150 - 500 nm (Fig. 5.10, b). It should be
noted that such a globular structure is due to the inclusion of refractory
metals in the composition of the obtained coatings.
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Figure 5.10 - 2D-, 3D-map of the surface (a), the profile of the section between markers 1
and 2 (b) and the histogram of the distribution of heights, inclination angles of elementary
surface sections and orientation angles (c) of the CEC based on Co91W7Zr,. Scanning
area 5 X 5 um.
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The histograms of heights' distribution, the orientation of the normal
and distribution of normal slope to the surface make it possible to
estimate the size and geometry of grains and agglomerates over the
entire scanning field of the sample. The results of the analysis indicate
that for coatings deposited by stationary electrolysis, sharp protrusions
of various heights prevail, the distribution of grains over the surface is
uniform, however, the histogram of the distribution of inclination angles
of grains that have angles with a large slope are absent (Fig. 5.9, c; 5.10,
¢ ) indicates rather sharp differences between the heights.
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Figure 5.11 - 2D-, 3D-map of the surface (a), the profile of the section between markers
1 and 2 (b) and the histogram of the distribution of heights, inclination angles of
elementary surface sections and orientation angles (c) CEC based on Co8613Zr1.
Scanning area 48 x 48 pm.
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The use of a pulsed electrolysis mode contributes to the
enrichment of the coatings with tungsten, however, the zirconium
content is reduced to 0.5 mass% (Fig. 5.11). The transition to the
nanorelief (scanning area 5 x 5 um) makes it possible to analyze the
surface of detached agglomerates, on which a small substructure is
visualized, in shape and size similar to the grains of the main surface
layer (Fig. 5.12). However, regardless of the scanned area, these
indicators are higher compared to the substrate material, which
indicates the development of the surface.
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Figure 5.12 - 2D-, 3D-map of the surface (a), the profile of the section between
markers 1 and 2 (b) and the histogram of the distribution of heights, inclination angles
of elementary surface sections and orientation angles (c) of the CEC based on
Co86W13Zr1. Scanning area 5 X 5 um.
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The results obtained confirm the fact that the surface characteristics
change with a change in the scanning scale, which was established as a
result of studies of films and coatings' surface obtained under various
conditions [190].

Surface roughness characteristics of composite coatings based on
cobalt alloys, obtained using atomic force microscopy in accordance
with GOST 2409-94, are presented in Table 5.1.

Table 5.1
Indicators of surface roughness of materials with various nature

Coating Roughness parameters
composition, Scanning Ra, Rq, Rmax, Rsk Rku
mass. % area, um pm um um
48x48 155 | 228 | 240 08 7.0
Steel St3
10x10 188 | 253 70 06 4,3
48x48 99 110 150 | 0,01 3,0
Co60Mo23W17 5 3 8 9 30 | 043 2.9
48x48 164 | 268 | 2500 | 2.6 10,9
C062Mo33Zr5 5%5 369 | 479 | 1100 | 009 3.6
43x48 76 120 | 450 4.4 49,5
Co65Mo31Zr4 5%5 39 57 | 170 | 13 55
48x48 170 | 254 | 600 18 9.4
CoIIW7Zr2 5%5 280 | 379 600 12 50
43x48 114 | 189 | 1500 | 3.3 205
Co86W13Zrl 5%5 190 292 290 0,5 6,3

The results obtained show that an increase in the content of
zirconium in the composition of alloys causes an increase in the
surface roughness of coatings (Ra) by 1.4-2.1 times, which is
associated with the inclusion of Zr oxides in the composition of the
coating. An increase in the tungsten content in the CEC composition,
on the contrary, contributes to a decrease in the arithmetic mean
roughness. Thus, the surface relief is smoothed due to the embedding
of tungsten and its oxides into the depressions of the surface layer of
the coating. However, Co65Mo031Zr4 coatings have the most uniform
surface. The use of pulsed electrolysis, along with an increase in the
current density, reduces the surface roughness parameters of cobalt-
based composite alloys.
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The parameter (Rq) is more sensitive to extreme values of surface
irregularities than (Ra), which makes it possible to define Co60Mo023W17
coatings as CEC with the most uniform structure, which is confirmed by
the surface topography (Fig. 5.3b, 5.4b). The Rq parameter for most
surfaces of the investigated CECs based on alloys exceeds the Ra index
by 1.4-1.7 times, however, for Co60M023W17 coatings, this value does
not exceed 1.1 for all scan areas.

The value of the Rsk parameter for Gaussian surfaces, which are
Co-Mo-WOx alloy coatings, approaches 0, and the value itself describes
the shape of the probability distribution function that the profile
corresponds to the height Z. In profiles with a positive asymmetry
coefficient, microroughnesses with clear high peaks dominate, which
are different from the average. All other investigated coatings based on
cobalt alloys have a value of Rsk >1.5, which indicates that the surface
has a complex shape and usual parameters (Ra and Rq).

Another important characteristic of surface roughness is RKku,
which is a measure of the height distribution over the surface. So the
coatings Co-Mo-ZrO2, Co-W-ZrO2, as well as the lining St3 have
Rku> 3, which indicates that the surface has a wide and low peak of
the distribution function of irregularities. For Co-Mo-WOx coatings,
the Rku index is ~ 3, which corresponds to a Gaussian surface;
therefore, we can safely assert that the sample surface is leveling due
to the formation of a coating.

Based on the studies of the features of the topography of the
coating surfaces based on the KEP Co-Mo-WOx, Co-Mo-ZrO,, and
Co-W-Zr0O- alloys, one can classify roughness as 9-11 class [191].

However, the topography and the degree of surface development
of all the above coatings, as was shown earlier [192, 193], are
favorable for catalytic processes that pass through the stage of
adsorption and are also realized in a diffusion mode.

4.2 X-ray phase analysis of electrochemical systems

Along with the formation of a developed globular surface, the
phase composition of coatings can be an important factor affecting
their properties, in particular, catalytic activity, since it determines
the distribution of active acCECtor centers over the surface.
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It is known that electrolytic alloys in their physicochemical
properties may differ from those obtained by the metallurgical method.
In terms of phase structure, they do not correspond to the equilibrium
diagrams of thermal alloys. The conditions of electrodeposition and the
composition of electrolytes are the determining factors in the formation
of a certain structure of electrolytic deposits [194].

To establish the phase composition, we compared the X-ray
diffractograms of Co-Mo-WOx CECs deposited on a copper
substrate by a pulse current with an amplitude of 8 A/ dm2 at a ratio
tp / tp = 2/10 ms (Fig. 5.13, 1) and a direct current with a density of 4
A/ dm2 (Figure 5.13, 2).

In the diffraction spectra, the high intensity peaks at angles of 60°
and 90° correspond to a copper substrate. In addition, replicas
corresponding to the a-Co phase of intermetallic compounds Co7W6
and Co7Mo6 were revealed, and a rather wide halo of about 15° at 26
angles of 43-58° (Fig. 5.13), which reflects the amorphous structure
of the coatings. The most important fact is the appearance of
reflections of metallic molybdenum and tungsten on the X-ray
diffraction patterns of the CEC based on the Co-Mo-WOx alloy
deposited by a pulsed current. Metallic Mo and W are formed in
accordance with the mechanism proposed in [264] during the
reduction of intermediate oxides of refractory metals by ad atoms of
hydrogen upon interruption of the polarization current. The sizes of
the coherent scattering zones of the amorphous part of the alloy are
2-8 nm [195].

X-ray diffractograms (Fig. 5.14) demonstrate the difference in
the phase composition of electrolytic coatings Co-Mo-ZrO, obtained
by pulsed current of various amplitudes of 6 A / dm? (Fig. 5.14, 1)
and 4 A/ dm2 (Fig. 5.14, 2).

The figure shows the a-Co lines, intense reflections at the angles
of 52°, 60° and 90° correspond to the copper base. In addition, lines
of intermetallic compounds Co3Mo, Co7Mo6 and a small halo 10 °
wide at angles 20 48-58 ° were found, which reflects the amorphous
structure of the materials. The absence of lines corresponding to
zirconium or its intermetallic compounds is explained by the low
content of this metal. The most significant result should be
considered the presence of metallic molybdenum in coatings

131



deposited with a pulsed current of 4 A / dm?. In addition, the high
intensity of the lines of intermetallic compounds of this sample is
due to the enrichment of the alloy with a high-temperature
component. The dimensions of the coherent scattering zones of the
amorphous part of the alloy are 2-6 nm [196].
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Figure 5.13 - X-ray diffractograms of the CEC Co-Mo-WOx: 1 -8 A/ dm?; ti =2
ms,tp=10ms, 2 -4 A/ dm?,
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Figure 5.14 - X-ray diffractograms of the CEC Co-Mo-ZrO2:
1-6A/dm2;2-4A/dm2ti=2ms, tp=10 ms.
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X-ray diffraction patterns of Co-W-ZrO, CECs obtained by
pulsed currents of various amplitudes differ from Co-Mo-WOx and
Co-Mo-ZrO; by a high content of intermetallic compounds and the
absence of metallic phases of tungsten or molybdenum (Fig. 5.15).
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Figure 5.15 - X-ray diffractograms of the CEC Co-W-ZrO2:
1-6 A/dm2;2-4 A/dm2ti=2ms,tp=10 ms.

The intensity of the lines of the Co7W6 intermetallic compounds
increases with the tungsten content, and a rather wide halo at 26
angles of 48-65° confirms the presence of an X-ray amorphous
structure. The sizes of the coherent scattering zones of the
amorphous part of the alloy are smaller in comparison with those
considered above and amount to 2-5 nm.

Thus, the analysis of diffractograms of composite coatings based
on Co-Mo-WOx alloys indicates an amorphous-crystalline structure,
and for Co-W-ZrO and Co-Mo-ZrO; - the presence of a sufficiently
large amount of o-Co. The difference in the morphology and
structure of the surface, as well as the phase composition of
electrolytic alloys, affects their electrochemical behavior, namely,
corrosion resistance and catalytic activity in electrode reactions.
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4.3 Physical, mechanical and corrosive properties

It is known that the mechanical properties of thin-layer systems,
as well as internal stresses in coatings, are determined, among other
things, by the macrostructure of the latter. By varying the
electrolysis conditions, it is possible to form materials with different
degrees of structure dispersion and, consequently, properties. The
crystal structure of galvanic systems depends on two processes:
nucleation of crystallization centers at the cathode and subsequent
crystal growth, as well as the ratio of the rates of these processes.

The microhardness of the studied materials Co-Mo-WOx, Co-
Mo-ZrO, and Co-W-ZrO2, as well as the substrate material (st. 3)
was determined by the method of indentation of a diamond pyramid
on a PMT-3 hardness tester at a load of P = 0.02 - 0, 2 kg and a
holding time of 10 s. The experiment was carried out after 24 hours
aging of the obtained coatings at room temperature. The CEC
thickness for analysis was no less than 30 um. The measurements
were carried out at least at 3 points with subsequent averaging of
the data; the confidence interval was + 10.

It was found that the content of refractory metals does not
significantly affect the microhardness of cobalt coatings with such
metals [197]; however, such a dependence on the conditions of
electrodeposition was revealed [198]. The specific features of the
formation of the structure of the coatings directly affect the
morphology of the surface formed during deposition, with the most
pronounced effect of the cathodic current density [199]. So with an
increase in the current density, the rate of nucleation of
crystallization centers increases faster than the rate of crystal
growth, therefore, the grain size decreases, and the coatings become
fine-grained (Fig. 4.6, 4.19, 4.31) or even acquire an amorphous
structure.

The dependence of the microhardness Hv of the CEC Co-Mo-
WOx, Co-Mo-ZrO2 and Co-W-ZrO2 on the cathode current density
is extreme (Fig.5.16): in the range from 2 to 8 A / dm? Hv increases
with increasing and reaches maximum Hv = 1100 kg / mm? for
ECC Co-Mo-WOx, Hv = 490 kg / mm? for ECC Co-Mo-ZrO2 i Hv
=220 kg / mm2 for ECC Co-W-ZrO2.
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Figure 5.16 - Influence of current density on microhardness of CEC Co-Mo-
Zr0z2 (1), Co-W-ZrO: (2) and Co-Mo-WOx (3). Impulse electrolysis mode:
t=5-103s, t,=1.102 5. pH=8

This is due to a decrease in the size of grains and conglomerates on
the surface of the coatings. In addition, small values of the current
density contribute to a more uniform distribution of the coating over the
surface of the substrate due to the low crystallization rate. Ati=10A/
dm?, the microhardness of the CEC based on cobalt alloys decreases,
and for zirconium-containing coatings this dependence is sharper (Hv =
51 kg / mm?) due to the formation of loose cracking layers on the
surface, which clearly contain cobalt hydroxides. This assumption is
confirmed by the results of micro-X-ray spectral analysis.

It is known from practice that the acidity of the electrolyte
significantly affects the productivity of the electrodeposition process
- the current efficiency, the quality of the coating, and, consequently,
their physical and mechanical properties. Even a slight change in the
pH of the electrolyte can lead to disruption of the electrolysis process
and the deposition of poor-quality coatings.

For pyrophosphate-citrate electrolytes used in this study for the
deposition of CEC Co-Mo-WOx, Co-Mo-Zr0O2, Co-W-ZrOg, it is
characteristic that the degree of protonation of ligands (citrate and
pyrophosphate) decreases with increasing pH. Accordingly, the
complex compounds of cobalt in the electrolyte will be strengthened,
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and the potential for its reduction shifts to the negative side and
approaches the reduction potentials of tungstates (molybdates) and
zirconium [199].

However, it is necessary to pay attention to the fact that with the
transition to an alkaline medium, the danger of the formation of
cobalt hydroxides in the electrolyte increases, which leads to their
undesirable inclusion in the coating composition. In parallel with the
metal reduction reaction, the hydrogen evolution reaction proceeds,
which significantly affects the alloy formation process as a whole.

On the basis of the studies carried out, it was found that the optimal
range for the formation of CEC with cobalt alloys is the pH range = 8-9
[200]. Moreover, at pH more than 9, the current efficiency of the CEC of
cobalt-based alloys decreases sharply, and after reaching pH 10, an
insoluble precipitate is formed in the electrolyte and the near-electrode
layer. The result of this process is the formation of hydroxo salts and co-
balt hydroxides, and, as a consequence, the quality of the coatings dete-
riorates, and, consequently, a decrease in their microhardness (Fig. 5.17).

The effect of temperature on the formation of electroplated coatings
is not unambiguous. On the one hand, as the temperature rises, the
diffusion of ions accelerates, which makes it possible to increase the
current density at which the process of dendrite formation and the
formation of spongy sediments has not yet begun. On the other hand, an
increase in the electrolyte temperature leads to an increase in the crystal
growth rate, which causes the formation of a coarse-grained structure.

At temperatures T < 50 © C, the influence of the first of the factors
considered prevails, as a result of which the quality of the coatings
improves, and, accordingly, their microhardness increases, especially for
Co-Mo-ZrO; and Co-W-ZrO- coatings (Fig. 5.18). It should be noted
that the microhardness Hv of the Co-W-ZrO, CEC quite naturally
depends on the tungsten content, which was noted in [200]. It is not
advisable to establish the effect of temperature on the microhardness of
the Co-Mo-WOx CEC, since high-quality coatings in the galvanostatic
mode can be deposited only at elevated temperatures (T > 40 ° C).

Thus, for the formation of CEC Co-Mo-WOx, Co-Mo-Zr0O2, Co-
W-ZrO2 with high microhardness, it is necessary to carry out
electrolysis at an elevated electrolyte temperature and current density
of ~8 A/dm?
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Figure 5.17 - Influence of the acidity of the electrolyte solution on the
microhardness of the CEC Co-Mo-ZrOz (1) and Co-W-ZrOz (2). Pulse electrolysis
mode: i =8 A/dm?, ti=5ms, tp = 10 ms. Temperature T =25° C.
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Figure 5.18 - Influence of temperature on microhardness (a) ECC of alloys Co-
Mo-ZrOz (1) and Co-W-ZrOz (2). Pulse electrolysis mode: i =8 A/ dm?,
t=5-10"%s, tp=1-10? s. pH=7

Corrosion resistance of coatings

The determination of the corrosion resistance of the synthesized
materials was carried out by the method of polarization resistance by
recording anodic and cathodic voltammograms [200]. Corrosion
current density Icor was determined by extrapolation at the point of
intersection of linear sections of partial anodic and cathodic
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polarization dependences near the corrosion potential Ecor (sections
up to 50 mV) in Tafel coordinates lgi — 4E

From the known values of the corrosion current, the depth index
of the corrosion rate ky was calculated using the equation:

8,76 * Ky iiop (2.29)
k, =———
h
Pcn
where K. - electrochemical equivalent of metal or composite coating,

kg/C;
icor IS the corrosion current density, A / m?;
pec is the density of the composite coating, kg / m®,

The results of corrosion tests were verified by electrode impedance
spectroscopy (ESI) [201] in a 2% NaCl medium. SEI was recorded in a
two-electrode cell on electrodes of the same composition with an area of 1
cm2, planar located at a distance of 1 cm from each other. For measure-
ments, we used an Autolab-30 electrochemical module, model
PGSTAT301N Metrohm Autolab, equipped with an FRA-2 (Frequency
Response Analyzer) module in the frequency range 1072 - 10° Hz. The
module was controlled using the Autolab 4.9 program according to the
standard procedure with subsequent processing of the data set in the
ZView 2.0 package. Modeling of the structure and state of the phase
boundary was carried out by the method of equivalent circuits. Parameters
with an equivalent circuit modeling error of no more than 10% are
acCECted for consideration. The measurements were carried out at a
temperature of 18 + 1 °C.

Along with the formation of a developed globular surface, the
phase composition of coatings is an important factor affecting their
properties and, in particular, corrosion resistance. A preliminary
assessment of the influence of the chemical composition of the Co-
Mo-WOy, Co-Mo-ZrO,, Co-W-ZrO, CECs on their corrosion
behavior indicates that the stationary potential (corrosion potential)
significantly depends on both the composition and morphology of
the coating and the acidity of corrosive environment. It should be
noted that the corrosion of all the investigated CECs based on cobalt
alloys proceeds with oxygen depolarization, regardless of the acidity
of the solution.
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Corrosion behavior of Co-Mo-WOx, Co-Mo-ZrO2, Co-W-ZrO2
coatings with a wide range of alloy-forming metals in media of different
acidity against the background of 1M sodium sulfate [202] was evaluated
by recording and further analysis of cathodic and anodic polarization
dependencies (fig. 5.19-5.21). The depth index of the corrosion rate kp
was calculated from the values of the polarization resistance.
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Figure 5.19 — Polarization dependences of CEC
Co-Mo-WOx (1), Co-W-ZrOz2 (2), Co-Mo-ZrO2 (3) in acidic medium (pH=3)
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Figure 5.20 — Polarization dependences of CEC
Co-Mo-WOx (1), Co-W-ZrOz2 (2), Co-Mo-ZrOz (3) in neutral medium (pH=6,5)
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Figure 5.21 - Polarization dependences of CEC
Co-Mo-WOx (1), Co-W-ZrOz2 (2), Co-Mo-ZrOz2 (3) in alkaline medium
(pH =10.5)

Analysis of the results shows that a significant difference in
stationary electrode potentials for each group of CECs is observed
when the composition of the model medium changes. The
dependence on the pH of solutions is especially pronounced, which
additionally makes it possible to position the obtained materials as
type Il metal oxide electrodes. That is why it is impossible to
compare the corrosion resistance of the metal components of the
CEC by the values of the potentials, which were measured under
different conditions.

It is expected that the most positive are the corrosion potentials
(Table 5.2) of the studied CEC samples in media with a minimum
pH, and the most negative — in an alkaline solution. This is due to
the fact that, in terms of their chemical properties, tungsten and
molybdenum are capable, in the presence of an oxidizing agent, of
forming acidic oxides that are stable in acidic media.

In a neutral environment in the presence of chloride ions, a local
corrosion process occurs, which is accompanied by alkalization of
the surface layer of the electrolyte due to the conjugate reaction of
oxygen reduction and destruction of the protective layer of refractory
metal oxides. At the same time, in an alkaline environment, cobalt is
able to passivate to form oxides or hydroxides, which are chemically
stable at high pH values.
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The values of corrosion resistance Rp of composite coatings
based on cobalt alloys were calculated. The smallest Rp value, which
is 590 Ohm, was obtained for Co83W16Zrl coating in an acidic
medium, while in neutral and alkaline media, Rp increases by 5-10
times, depending on the CEC composition. The highest corrosion
resistance is inherent in the Co091W7Zr2 CEC in a neutral
environment.

Table 5.2
Corrosion properties of CEC Co-Mo-WOy, Co-Mo-ZrOz, Co-W-ZrO:

The composition pH3 pH 6,5 pH 10,5
of the covers, Ecor, B kn, Ecor, B kn, Ecor, B Kn,
% Mmacc. MMm/year MMm/year Mm/year
Steel 0,34 1,4-102 | -0,35 9-10°3 -0,32 | 1,3:107?

Co71M020W9 —0,26 305104 | -0,36 | 1,53-10% | 0,49 | 32-10*

Co82Mo15W3 —0,33 2,9:10% | 0,37 | 2,1-10* | -0,39 | 3,2-10*

Co83M014Zr3 —0,21 2,7:10% | -0,29 | 095-10* | 0,35 | 1,5-10"

Co81Mo18Zr1 -0,13 2,8:104 | 036 | 1,65:10% | 044 | 3,12-10*

Co64M033Zr3 —0,42 1,3-104 | -0,36 | 3,0-10° | -045 | 1,6:103

Co91W7Zr2 0,27 3,8:104 | 029 | 0,15-10% | 044 | 1,7-10*
Co83W16Zr1 —0,26 6,1:10% | 0,33 | 1,56-10* | 0,45 | 1,8-10*
Co85W14zr1 0,18 33104 | 0,19 | 1,69-10* | 0,35 | 2,4-10*

The corrosion potential of samples with a composite coating Co-
Mo-WOx in all model media shifts in the negative direction with an
increase in the percentage of Mo from 10.4 to 29.5 wt.% And a
constant total content of refractory components [203]. At the same
time, the depth index of the corrosion rate decreases.

Analysis of the behavior of zirconium-containing CECs indicates
that the content of zirconium practically does not affect the corrosion
resistance of systems, which can be explained by its small amount.
However, the corrosion resistance of samples with Co-Mo-ZrO; and
Co-W-Zr0O-, coatings in alkaline and neutral media is higher than Co-
Mo-WOx.

For the practice of corrosion protection, corrosion resistance
under open circuit conditions is of particular interest. Long-term tests
of CEC Co-Mo-WOx, Co-Mo-ZrO,, Co-W-ZrO, deposited on steel
substrates indicate that already on the 4th day there is a relative
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stabilization of corrosion potentials in acidic, neutral and alkaline
media (Fig.5.22 -5.24, a). The shift of the potential towards positive
values can be explained by a gradual increase in porosity and
destruction of the CEC (Figs. 5.22 -5.24, b) and the contribution of
the substrate potential.

Figure 5.22 - Chronopotentiograms of CEC Co-Mo-WOx (¢), Co-Mo-ZrOz (m),
Co-W-ZrO2 (A) on steel (a) and copper (b) at pH =3

Comparative analysis of the corrosion resistance of Co-Mo-WOX,
Co-Mo-Zr0O,, Co-W-ZrO,, coatings deposited on various substrates of
steel and copper indicates that their use as an anodic coating is
impractical, since on the Co-Mo-WOx, Co-Mo-ZrO, microcracks are
present (Fig. 5.21, 5.22), which accelerates corrosion processes.

The corrosive behavior of the studied CECs based on cobalt in an
acidic medium is similar, which is explained by the rather high content
of cobalt. In this case, one cannot neglect the contribution of refractory
metals and their oxides to the inhibition of the corrosion process.

In a 3% NaCl solution, after 4 days, there is a slow decrease in
the stationary potential (corrosion potential) (Fig.5.23), which is
associated with the diffusion of chloride ions through protective
films and accelerated corrosion, however, the Co-Mo-WOx CEC is
characterized by the highest stability
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Figure 5.23 - Chronopotentiograms of CEC Co-Mo-WOx (¢), Co-Mo-ZrO2
(m), Co-W-ZrO2 (A) on steel (a) and copper (b) at pH = 6.8

The corrosion behavior of CEC Co-Mo-WOy, Co-Mo-ZrO,, Co-
W-ZrO, in an alkaline environment indicates that the coatings that
contain ZrO, have a more positive corrosion potential compared to
Co-Mo-WOx (Fig. 5.24).

The corrosion behavior of CEC Co-Mo-WOx, Co-Mo-ZrO2, Co-
W-ZrO2 in an alkaline environment indicates that coatings that
contain ZrO2 have a more positive corrosion potential compared to
Co-Mo-WOx (Fig. 5.24).
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Figure 5.24 - Chronopotentiograms of CEC Co-Mo-WOx (¢), Co-Mo-ZrOz (m),
Co-W-ZrO2 (A) on steel (a) and copper (b) at pH = 11
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The electrode impedance (SEI) spectra of coated electrodes
(Figs. 5.25, 5.26) in the Nyquist coordinates (Figs. 5.25 a, 5.26 a)
and Bode (Figs. 5.25 b, 5.26 b) reflect the fact that the systems can
be described by a modified equivalent Voight's scheme, which is
characteristic of multiphase systems [275].
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Such a circuit usually contains elements: R1 is the resistance of the
electrolyte, L is the resistance of the inductor, CPE is the element of the
constant phase (capacitance of the phase interface), Faraday resistance
Rf. The CPE elements determine the fractality of the phases, and their
inclusion in the antiphase indicates the limitation of the rate of charge
transfer. The resistance of the L1 inductor is due to the occurrence of the
galvanomagnetic Hall effect in the high-frequency region, which is
characteristic of metals that form hydrated oxide films of variable
valence on the surface. The occurrence of the galvanomagnetic effect is
confirmed by the transition of the phase angle toward the positive values
in the Bode diagrams.
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Figure 5.25 - Electrochemical impedance spectra in Nyquist (a) and Bode
coordinates (b) and equivalent low (c) and high (d) frequency substitution
scheme for the Co-Mo-WOx electrode

At low frequencies of 102-10% Hz, the equivalent circuit of electrodes
with Co-Mo-WOXx coating includes two elements - the Faraday resistance
R2 and the element of the constant phase CPE2 (Fig. 5.25, ¢), and the va-
lue of CPE2 is in the range of 0.46 + 0.15, which corresponds to an ave-
rage value of 0.5 and characterizes the diffusion in a thin layer. At me-
dium and high frequencies of 102-106 Hz, additional elements appear: the
inductance L2, which is associated with the presence of intrinsic magne-
tic properties of the sample and the second element CPE1, which charac-
terizes the double layer at the electrolyte/coating interface (Fig. 5.25, d).
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Thus, we can say that diffusion occurs in a thin surface layer, and
the boundary between the film and the surface of the metal phase
does not interfere with the flow of electric current, since the absolute
values of the ohmic resistance vary in the range of 22-25 Ohms. At
the same time, at the potential of free corrosion, the Faraday
resistance of the system corresponds to a corrosion rate below 0.05
mm / year, which indicates the chemical resistance of the material.

The Co-Mo-ZrO, coated electrode is described by a more
complex equivalent circuit (Fig. 5.26, ¢, d). In the low-frequency
range, in addition to the resistance of the electrolyte R1 and the
Faraday resistance R3, the circuit includes an open Warburg element
W1 and an imperfect capacitor (Fig. 5.26, c¢), with CPE2 = 0.76 +
0.7, which is characteristic of the capacitive behavior of the system
diffusion. At high frequencies, the inductance L1 associated with the
intrinsic magnetic properties of the material and the diffuse element
of Warburg in the thin layer WS1 are included (Fig. 5.26, d).
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Figure 5.26 - Electrochemical impedance spectra in Nyquist (a) and Bode
coordinates (b) and equivalent Co-Mo-ZrO2 electrode circuit at low (c) and high
(d) frequencies
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Thus, at high frequencies, the imperfect capacitor exhibits its
own self-induction, and diffusion is limited to a thin surface layer.
The corrosion resistance of the electrode coated with Co-Mo-ZrO; is
an order of magnitude higher than that of Co-Mo-WOy, which
provides a depth of less than 0.01 mm / year and allows to consider
such a coating more stable in aggressive environments. Obviously,
this is due to the inclusion of resistive and stoichiometric zirconium
oxides in the composition of the surface layers.

The good coincidence of the experimental data (points on SEI
Figs. 5.25, 5.26, a, b) and the calculated dependences (solid lines)
testifies to the correctness of the approach to the assessment of the
corrosion behavior of electrodes with CEC.

4.4 Catalytic properties of CEC

Catalytic properties of CEC in the electrochemical reaction of
hydrogen evolution

The electrocatalytic properties of CECs and alloys of various
compositions were evaluated according to the kinetic parameters of
the model hydrogen evolution reaction, since these parameters are
known for the most efficient catalysts (platinum) and individual
metals [276]. The hydrogen exchange current density and the Tafel
coefficients (a, b), which reflect the influence of the nature of the
electrodes on the process kinetics, were determined on the basis of
the analysis of polarization dependences (Figs. 5.27-5.29).

The hydrogen evolution reaction belongs to the number of
multistage processes and depending on the conditions (medium,
electrode material, temperature), can take place by various
mechanisms. For example, at the mercury electrode the limiting
stage is the discharge of hydroxonium ions with the formation of
adsorbed hydrogen, which is further removed through a rapid stage
of electrochemical desorption:

H30 + + & <> Hags + H20, (5.1)

H30 + + Hags + & <> Ha + H20 (5.2)

In alkaline solutions, electrochemical desorption can occur with
the participation of water molecules:

H20 + & <> Hags + OH" (5.3
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Hags + H2O + & <> Hp + OH" (5.4)

Under certain conditions, the stage of electrochemical desorption
may become slower than the stage of discharge and the release of
hydrogen will occur by the mechanism of electrochemical desorption
(Folmer-Geirowski mechanism). Possible mechanism of hydrogen
evolution, in which the discharge stage is slow (5.1, 5.3) and the
removal of adsorbed hydrogen occurs by recombination (Folmer-
Tafel mechanism).

2Hags <> Ho (5.5)

In turn, when the conditions of hydrogen evolution change, the
recombination stage (5.5) may act as a slow stage when the discharge
stage (5.1) proceeds rapidly. For a certain range of electrode
materials in some region of overvoltages, an adsorption-chemical
mechanism is possible, the first stage of which is the adsorption of
hydrogen molecules from solution on the electrode surface, followed
by electrochemical desorption (5.2). In addition, the electrochemical
stage can proceed with the simultaneous transfer of two electrons:

H3O"surfy + 28 <> Hagsur + OH" (5.6)
or
2H30" surp + 28 <> Hour + 2H20 (5.7)

Stage electron transfer is also possible in accordance with the
scheme:

H3O+(surf) +tE€« HSO(surf) (58)

H3Osurf) + & <> Hour + OH" (5.9)

One or another hydrogen evolution mechanism depends on the
overvoltage region and on the binding energy of the adsorbed
hydrogen atom with the metal surface. A conclusion about the true
nature of the process of cathodic hydrogen evolution can be made on
the basis of a comparison of the kinetic regularities arising from the
mechanism and analysis of experimental data.

An analysis of the results of studying hydrogen evolution on
samples with synthesized ECCs showed that, in the investigated
potential range, the cathode polarization dependences are linearized
in Tafel coordinates. The electrocatalytic properties of CEC based on
Co-Mo-WOx and Co-Mo-ZrO- alloys (Fig. 5.27, 5.28) differ from
CEC Co-W-ZrO; (Fig. 5.29), which is especially noticeable in an
alkaline medium
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Figure 5.27 - Overvoltage of hydrogen evolution in acidic (1), neutral (2) and
alkaline (3) media on a CEC of composition, mass %: Co71Mo020W9
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Figure 5.28 - Overvoltage of hydrogen evolution in acidic (1), neutral (2) and
alkaline (3) media on a CEC of composition, mass %: Co80M019Zr1

Obviously, this behavior is explained by the more significant
influence of molybdenum on the process of hydrogen evolution in
an alkaline medium, since the content of molybdenum in the

composition of these CEC is practically the same.
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Figure 5.29 - Overvoltage of hydrogen evolution in acidic (1), neutral (2) and
alkaline (3) media on a CEC composition, mass %: Co85W14Zr1
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In addition, the composite coatings Co-Mo-WOx and Co-Mo-
ZrO, have a more uniformly developed microglobular surface
compared to the Co-W-ZrO, CEC.

The Tafel constant (bc), regardless of the acidity of the solution
and the CEC composition, is 0.4-0.5 V (Table 5.3), which indicates a
delayed stage of the discharge and removal of hydrogen atoms
formed by recombination (Volmer-Tafel mechanism). This confirms
the well-known fact that for metals of the iron subgroup, which have
a high adsorption capacity with respect to hydrogen, the most likely
to be the removal of hydrogen atoms by catalytic recombination.

The value of a varies within a wide range from 1.6 to 3.0, which
is associated with the presence of metal oxides on the surface of the
CEC and possibly, an insufficiently developed surface of the
coatings.

Table 5.3
Electrocatalytic characteristics of various materials
Electrode
material, metal Cpena
content, mass
% acidic neutral alkaline
-a, | -b | Ig i](_)l —a, | b, | |g lﬁ I O - A ig
B B ' B B B B '
[A/sm?] [Alsm?] [A/sm?]
Pt100 [276] 0,1 | 0,03 -3,33 - - - 0,31 | 0,10 -3,10
Col100 [276] 0,62 | 0,14 4.4 - - - 06 | 0,14 4,3
Mo100 [276] 0,66 | 0,08 -8,2 - - - 0,67 | 0,14 -4.8
W100 [276] 043 | 01 43 - - - - — —
Co71Mo20W9 | 1,6 | 0,38 —4,0 19 | 0,46 —4,2 2,0 | 0,44 4,1
Co85W147rl 16 | 0,39 —4,2 3,0 | 0,50 4,5 19 | 0,39 4,2
Co80Mo019Zr1 | 15 | 0,36 —4,2 2,3 | 0,50 —4,6 21 | 0,43 —4,2

Elementary Co, W and Mo are nanodispersed in nature and
therefore interact more actively with adsorbed atomic hydrogen,
which is continuously formed during electrolysis by the one-electron
Volmer mechanism.

Atomic hydrogen, as follows from its standard electrode

potential Eﬂ[+m= -2,1065 V, has a high reactivity, which can lead to
the formation of monohydrides CoH, WH and MoH by a chemical
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mechanism, which causes a decrease in the overvoltage of hydrogen
evolution on nickel and cobalt alloys [277 ].

For the entire pH range under study, the values of the hydrogen
exchange current density for composite coatings Co-Mo-WOx, Co-
Mo-ZrO;, and Co-W-ZrO, are comparable and close to those of
nanodispersed cobalt (Table 5.3). At the same time, CEC
Co71M020W9 has the highest catalytic activity in an acidic
environment, which exceeds the indices of alloy-forming metals.

The transfer coefficient (a) calculated from the results of
experimental data for the reaction of hydrogen evolution at the CEC
is in the range of 0.1-0.2, depending on the composition of the alloys
and the acidity of the medium.

The reactions taking place on the CEC electrodes and cobalt
alloys in acidic (5.10) and alkaline (5.11) media can be represented
by the following schemes:

CoxM,0x; + sH30" + (ntm)e < CoxnMy-mOX; + NCoHags +
MMHags + (s-(n+m))H-0, (5.10)

CoxM,0x; + SH20 CoxnMy-mOX; + NCoHads + MMHags +

(s-(n+m))OH" (5.11)

Cox-nMy-mOX; + NCoHags + MMHags <> CoM,0x; + ((n+m)/2) H;

(5.12)
ne M — Mo, W; Ox — tungsten or zirconium oxides.

An analysis of the experimental results shows that the hydrogen
exchange current density on CEC and ternary cobalt alloys exceeds
the indices of not only individual components, but also exceeds this
parameter for binary alloys [278, 279]. This is due to the
coprecipitation into the alloy of elements located on opposite sides of
the trend line of the dependence of the hydrogen exchange current on
the difference in the binding energy "metal - hydrogen" and "metal -
oxygen", as well as the influence of the dimensional parameter and
the nature of the surface relief of ternary alloys. In combination, this
provides the formation of a synergistic system similar in properties to
platinum and palladium.

Electro- and photocatalytic properties of CEC

The use of nanostructured thin-film materials based on
catalytically active metals and oxides creates the prerequisites for an
effective solution to the problems of water purification from organic
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pollutants and infectious agents [204]. Redox reactions on the
surface of the films contribute to the decomposition of pollutants to
environmentally friendly components. Photocatalysis under the
influence of visible and ultraviolet radiation acts as a stimulating
factor in these processes [205]. Photocatalysis is usually described by
the group model [206], in which two reactions occur simultaneously:
oxidation with photogeneration of holes and reduction with
photogeneration of electrons.

The increased activity of nanosized photocatalysts can be
explained by the high degree of dispersion of materials, that is, the
number of atoms on the surface or on the faces of crystals can be
compared with the number of atoms located inside. In addition, as the
particle size of semiconductor photocatalysts approaches to several
nanometers, the electron wavelength becomes comparable to the
crystal size. In this case, charge carriers are considered at the quantum-
mechanical level, as particles in a box, the dimensions of which are
determined by the dimensions of the crystal. Such nanosized particles
of a solid in which quantum effects are manifested are called Q-
particles.

The concentration of the azo dye methyl orange (MO) in the course
of photocatalytic destruction was determined by measuring the optical
density of a colored solution using a KFK-2 photoelectric colorimeter
[207]. To convert polychromatic light into monochromatic, a blue light
filter was used during measurements, which transmits light with a
wavelength of X = 430 - 460 nm and is maximally absorbed by the test
solution. Optical density was determined in cells with a thickness of
5.060 mm [208].

Before testing the photocatalytic properties of composite coatings
under the action of UV radiation, the dye solution in contact with the
catalyst was kept in the dark for 30 min to establish adsorption
equilibrium [209].

When the surface of the coatings is irradiated with ultraviolet
light, the process of photoexcitation of the catalyst occurs due to the
formation of electrons and holes, which either directly interact with
dye molecules or initiate the formation of OH radicals with high
reactivity. Thus, the process of destruction of MO occurs with
intense decolorization of the solution.
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It was found that composite coatings Co-Mo-WOx obtained by
pulsed electrolysis from a citrate-pyrophosphate electrolyte have
higher photoactivity compared to zirconium-containing composites
obtained under the same conditions.

Based on the results of the study of photodegradation and MO
(Fig.5.48, a), it was found that the efficiency of removing the azo dye
methyl orange from the solution was 24%, 18% and 10% for 30 min
of ultraviolet irradiation on the

Co-Mo-WOy, Co-Mo-ZrO, CEC and Co-W-ZrO,, respectively.
To study the kinetics of MF photodegradation under the action of
light in the presence of the obtained photocatalysts, the dependences
In(C/Cy) = f(t) were plotted. The slope of the linearized dependence
(Figure 5.48, b) determines the rate constant k, which was 1,06-1072
min~, 0,80-102 min? i 0,47-102 min* for Co-Mo-WOy, Co-Mo-
Zr0; i Co-W-ZrO,, respectively.

The higher photoactivity of the Co-Mo-WOx CEC can be explained
by the presence of two non-stoichiometric oxides of molybdenum and
tungsten, capable of forming mobile radical oxygen-containing particles
under the influence of ultraviolet irradiation and a developed micro-
globular surface.
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Figure 5.48 - Chronograms of the concentration of the azo dye methyl orange
from the time of exposure on the photocatalyst:
Co-W-Zr0Oz2 (1); Co-Mo-ZrOz2 (2); Co-Mo-WOx (3)
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CONCLUSIONS

Thus, it was established that the surface of the Co60Mo23W17
coatings consists of spherical grains and is characterized by a
sufficiently high density, homogeneity and uniformity of the structure
with a small number of high peaks up to 870 nm. With an increase in the
current density on the surface of the coatings, a network of cracks is
formed through an internal stress associated with a high deposition rate
and a difference in the type and parameters of the crystal lattice of alloy-
forming metals.

The results of studies of the surface topography of the Co-W-
ZrO, CEC deposited using a stationary mode and a pulsed current
show that the surface of coatings formed by a unipolar pulsed current
is more uniformly developed as compared to those deposited at a
constant current. The surface relief of the Co-W-ZrO; coatings
deposited in the galvanostatic mode differs from the substrate and,
regardless of the scanning area, is more ordered and uniform. On the
surface, stand-alone cone-shaped agglomerates of 1 - 4 um are
visualized, formed by a number of small and sharp grains with an
average size of 150 - 500 nm.

It was found that the electrodeposition current density and
temperature affect the microhardness of the obtained cobalt-based
systems. Systems containing both molybdenum and tungsten Co-Mo-
WOy exhibit high microhardness up to 1100 kg / mm2 in comparison
with zirconium-containing Co-Mo-ZrO and Co-W-ZrO,, for which
this indicator does not exceed 550 kg / mm?2.

A study of the corrosion resistance of samples with Co-Mo-
WOx, Co-Mo-ZrO,, Co-W-ZrO; coatings proved that the presence of
molybdenum or tungsten increases the chemical resistance in
comparison with the substrate material in all corrosive environments.
According to the value of the depth index of corrosion, they can be
assigned on a ten-point scale to be very stable.

The regularities of the cathodic hydrogen evolution on the CEC
Co-Mo-WOx, Co-Mo-ZrO, and Co-W-ZrO;, have been established.
Based on the analysis of kinetic regularities, a mechanism of
hydrogen evolution is proposed. The values of the exchange current
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of the electrochemical reaction of hydrogen evolution from solutions
of different acidity on the materials under study correlate with those
for metals of the platinum family and exhibit high electrocatalytic
activity in comparison with individual metals.

It was found that the coatings Co-Mo-WOx, Co-Mo-ZrO, and
Co-W-ZrO, exhibit photocatalytic activity in the reaction of
destruction of the azo dye under the action of UV irradiation. In this
case, the Co-Mo-WOXx systems have a higher catalytic activity in
comparison with the Co-Mo-ZrO; and Co-W-ZrO, CEC, and can be
compared with the conversion coatings of titanium oxides. The
results obtained indicate the possibility of creating photocatalytic
converters using mixed composite materials formed on metal carriers
for purifying wastewater from organic aromatic compounds.
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