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INTRODUCTION 
The modern trend of electrochemical materials science is the creation 

of smart materials with inexhaustible areas of application. But one of the 
most common problems hindering the introduction of such materials is 
their high cost, the need to attract precision equipment and high 
technology, multi-stage manufacturing processes. These and other 
factors, similar in nature, significantly constrain the use of such 
materials, and, on the other hand, contribute to the development of new 
technologies and the acquisition of new knowledge. One of the ways to 
overcome some of these problems is the use of smart materials not in the 
form of a consolidated substance, and coatings of varying thickness, 
formed on the surface of metal carriers. This allows to achieve 
significant savings of precious metals, alloys and their compounds. Such 
a methodology is almost always justified, because in the vast majority of 
cases the use of functional materials involves the work of only their 
surface layer. Therefore, protective, dielectric, catalytic, high-
conductivity, resistive and other properties are realized in thin surface 
layers, regardless of the degree of its roughness. To a large extent, this 
applies to the whole variety of metal oxide systems (MOS) – from 
monoxide composite (MOC) to heterooxide electrochemical coatings. 
However, views on the structure and phase formation in polymetallic and 
oxide systems differ, which does not allow from a single standpoint to 
carry out their design, and hence the optimization of production 
processes. Therefore, the development of a generalized description of the 
MOS is an urgent need today. So, we have proposed

1
 the latest method 
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of constructing a phenomenological description of metal oxide systems, 
regardless of their nature and functional purpose. 

 
1. The current state of the problem and the working hypothesis 
At present, composite electrochemical coatings (CEPs) and materials 

with a metal matrix, in which oxides of aluminum, titanium, zirconium, 
or particles of other nature, such as carbides, borides, and others, are 
incorporated, play a significant role among galvanochemical coatings. 
The use of a metal matrix, which is formed on a metal substrate, has 
many advantages

2,3
. 

At the same time, oxide and conversion coatings are no less common, 
mainly on valve metals – titanium, zirconium, aluminum, niobium, 
tantalum. In some industries (heterogeneous and photocatalysis, sensor 
elements, nano– and microelectronics) such oxide coatings include 
metals and their oxides as alloying components, which allows to 
significantly improve the functional properties of such heteroxide 
composites

4,5,6
.  

Among the practically implemented technologies of composite 
materials and coatings can be distinguished numerous groups of methods 
that differ in the principles of organization – metallurgical, thermal 
condensation, impregnation and firing, polymerization, sol-gel, etc. 
However, we can distinguish a set of electrochemical methods – cathodic 
deposition, anodic oxidation, including plasma electrolyte, 
electrophoresis. The hallmarks of these methods are single-stage, the 
possibility of implementation on serial equipment, a high level of 
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adaptation to automation and robotics, flexible process control, high 
productivity and other, no less important elements that make such 
technologies almost unalterable.  

It can be argued that the range of electrochemical methods of surface 
treatment fully meets the requirements of modern technologies in the 
third industrial revolution and the transition to the fourth (Industry 4.0). 

It should also be noted another, almost unrealized possibility of such 
technologies, in particular the ability to integrate in one technological cycle 
of several different galvanochemical methods of synthesis. As an example 
we can cite the technological chain implemented by us in the creation of 
magnetoelectric nanolaminates, which included plasma-electrolytic 
oxidation and electrophoretic deposition

7
. These theses are elements of a 

logical tuple that forms the basis for a new paradigm of electrochemical 
materials science in the field of creating smart materials is an inversion of 
the nature of the structural elements of metal oxide composites due to 
variation of technological principles and synthesis parameters

1
. 

Examples include systems such as Ni-TiO2, Ni-Al2O3, Fe-ZrO2 and 
others

8,9
, in which the structural elements “matrix” and “second phase” can 

be inverted by changing the modes and parameters of electrolysis and 
component composition of electrolytes. It is on such principles that it is 
possible to radically change the content and ratio of individual phases, to 
form a predetermined surface geometry – from almost mirror-shiny to 
evenly porous or with a high specific area. System research inversion of the 
structure of metal oxide composites will provide new knowledge about the 
factors influencing the fine structure of materials, detect quantum effects in 
nanoscale layers

10,11
, alloy such structures within a wide range of 

components, and conduct a targeted search for highly efficient materials and 
structures many branches of the industrial complex. 
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Note that a priori composite materials and coatings are synergistic 
structures in which the presence of several (at least two or more) 
components significantly increases the functional properties relative to 
the level of the original components. 

 
2. Formalized description of the inversion of two-component systems 

In our opinion, the generalized scheme of inversion of a two-
component system formed by two metals and their compounds (M1 and 
M2) should be provided in the form of an oriented graph, which allows 
to visually display the nature of transformations and establish 
quantitative parameters of dynamics of these processes. We write down 
the transformations that will take place in such a metal oxide system in 
the form of gross equations, and we will associate the individual phases 
with the nodes of the graph. 

These transformations include the formation of individual oxides 
М1 → (М1Ох),                                         (1) 
М2 → (М2Оу),                                        (2) 

and mixed oxide (heterometal oxide) 
(М1М2) → (М1Ох·М2Оу).                             (3) 

In addition, take into account the formation of a bimetallic alloy 
(intermetallic), without taking into account the stoichiometric ratios of 
the components of the compound 

М1 ↔ (М1М2) ↔ М2,                                    (4) 
as well as the actual composite with a metal matrix of varying nature 

М1 → (М1·М2Оу) ← (М2Оу),                         (5) 
М2 → (М2·М1Ох) ← (М1Ох).                         (6) 

Naturally, equations (1) – (6) reflect only the meaning of the 
formation of phases, but not the mechanism of reactions, and in each 
case must be detailed. For example, the formation of M1Ox·M2Oy 
heteroxide can be provided as a consequence of the reactions along route 
(3), or as a result of partial transformations (1) and (2). In addition, such 
important conjugated and combined reactions should be considered. 
Such reactions can be: the release of hydrogen in the cathode reaction, 
and in the presence of solutions of electrolytes oxometallics (in 
particular, molybdenum and tungsten) and their stepwise reduction by 
electrochemical mechanism and the participation of hydrogen atoms

12,13
, 

as well as a number of others, no less significant transformations: 
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Н3О
+
 + е → Нad + Н2О,                                      (7) 

2

4WO  + 4H
 +

 + 2e → WO2 + 2H2O,                          (8) 

WO2 + 4 Нad→ W + 2H2O.                                (9) 
Taking into account the above, the nodes of the state graph will be the 

following structural elements: 
(М1), (М2), (М1М2), (М1Ох), (М2Оу), (М1Ох·М2Оу),     (10) 

which include both individual metals (M1) and (M2) and their alloy 
(intermetallic) (M1M2), and monoxides (M1Ox) and (M2Oy), as well as 
heterooxide (M1Ox·M2Oy). 

Obviously, the set of the given equations and the corresponding links 
of the graph, reflecting the dynamics of transitions between its structural 
elements (10), allow to form a two-dimensional graphic image in the 
form of a cyclic figure. At the same time, to call it a graph is to some 
extent not quite correct, because in 2D format the graphic image will 
have intersecting edges, while according to the rules of graph 
construction such a procedure is unacceptable. However, this aspect of 
the proposed scheme reflects the main idea – the inversion of the 
structural matrices of CEP. But given the possibility of introducing 
another universal element of the graph – the intermediate Im, which 
corresponds to the set of intermediate states at all stages of 
transformation of the metal oxide system (alloying, forming a composite 
electrochemical or heteroxide coating, etc.), the generalized scheme 
takes a complete form. 

The intensities of the transitions between the individual vertices of 
the graph in Fig.1. there are electrochemical reactions, the rates of which 
are determined by a significant number of factors (Fig. 2). 

Among them are the nature, composition and ratio of electrolyte 
components, the nature of polarization (anode, cathode, reversible), 
electrolysis mode (stationary, non-stationary, pulsed, programmable, 
etc.), as well as its amplitude and time parameters

14
. 

It is the combination of these and a significant number of other 

factors ultimately determine not only the composition of the consolidated 

material or coating, but also its structure and morphology, the degree of 

localization of individual phases, their distribution by material thickness, 

and finally properties and areas of application. It is clear that for the 
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formalization of polymetallic, in particular ternary systems, as noted in
15

, 

visualization in this way is difficult to do, here will be useful scientific 

work of physical chemistry on the topological description of 

multicomponent silicate systems. 
 

 
 

Fig. 1. Graph for states of bimetallic metal oxide system 

 

The scheme shown in Fig. 1 has a deep philosophical connotation, as 

it represents some physico-chemical “avatar”, as the embodiment of the 

relationship and interdependence of processes with their internal content 

and the beauty of external manifestation. 

 

 
 

Fig. 2. External factors of electrolysis 
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An example of the implementation of mutual transformations in such 

a bimetallic system is the Ni-Al system (well known in metallurgy as 

PM-NYU50 according to TU 14-22-101-96). For such a system, the 

formation of the alloy can be realized by electrolysis in non-aqueous 

solutions, the formation of composites with metal and/or oxide matrices 

is widely known, and the heterooxide coating is applied in the mode of 

plasma-electrolytic oxidation. Thus, in particular, reinforcement of CEP 

with a nickel matrix of alumina increases the physical and mechanical 

properties of the composite
16

, and the incorporation of nanosized metal 

particles into the oxide matrix increases the chemical resistance of CEP 

in alkaline media and gives such a coating catalytic properties. 

Another, very important aspect of the problem of inversion of 

matrices of metal oxide composites is the definition in their phase space 

of the area of implementation of a particular electrochemical technology. 

If we denote the initial components of the metal oxide composite A 

and B, and some functional property of the material as X (Fig. 3), the 

task will be to establish ways to control the synthesis of IOC in the range 

of changes in the composition of the composite 0≤ω(А) ≤Аm та 

0≤ω(В)≤Вm. A characteristic feature of the dependence X = f (A, B) will 

be, first, its extreme nature, which reflects the synergistic properties of 

the composite, and, secondly, the presence of a region of compositions 

Am ≤θ≤ Bm, for which the continuity of the functional is violated. 

 

 
 

Fig. 3. Diagram for the state of a two-component system with a synergistic 

nature of the change in the property of X 

 

The reason for this discontinuous nature of the dependence  

X = f (A, B) is the cancellation of the nature of electrochemical 
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processes that ensure the formation of the MOC of a certain composition 

in the intervals 0≤ω(А)≤Аm та 0≤ω(В)≤Вm. If, for example, for MOS in 

the range 0≤ω (M1) ≤Am metal matrix of the composite is formed in the 

cathode reaction 

M1
z+

 + ze →M1
0
,                                      (11) 

and the second phase is the oxide (M2Oy), which is obtained by reaction 

(2), the oxide matrix of the composite is the result of the anodic 

oxidation reaction of the component B 0≤ω (M2Oy) ≤Bm, and the 

strengthening phase – metal clusters A. 

In such a system, the simultaneous course of conjugate reactions in 

the zone Am ≤θ≤ Bm is not possible, because the driving force of the 

reactions are different in nature electrochemical reactions. The 

formalized state of such a metal oxide system is an open graph 

M1
z+

 → M1
0 
→ θ ← (М2Оу) ← М2,                        (12) 

in which in the area of compositions θ the driving force of transitions 

between separate states is not defined, in contrast to the simultaneous 

existence of structural elements of graph (12), from which the considered 

IOC is constructed. 

But despite such a pessimistic scenario of analysis of the 

discontinuous graph of IOC states (12), there is a variant of 

approximation to the realization of the state θ → 0. That is, the 

annihilation of the uncertainty of the driving forces of transformations, 

namely the nature, intensity and parameters of electrochemical processes, 

which are the basis for the formation of the IOC precisely due to the 

inversion of their structural elements. If we consider the formation of 

IOC with oxometals, such as molybdenum or tungsten, we can see that 

the reduction of oxometalate ions to the metal occurs gradually through 

the formation of oxides in the intermediate oxidation state of MOx 

(where M = Mo, W, V…). The formed oxides subsequently participate in 

the subsequent electrochemical transformations with the formation of 

already phase metal precipitate. Note that a significant number of 

cathodic reactions is complicated by the presence of a partial reaction of 

hydrogen evolution (7), the ad atoms of which can participate in the 

subsequent reduction of intermediate oxides (9) with the formation of a 

metal coating. But it should be taken into account the fact that direct 

electrochemical formation of coatings with molybdenum, tungsten and a 

number of other metals from aqueous solutions is impossible, while with 
metals of the iron family, they co-precipitate in alloys. This is a 

prerequisite that the coating of the Mo composition (MoOx) under such 

conditions will no longer be monometallic.  
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A detailed analysis of the influence of electrolysis conditions on the 

composition and morphology of coatings revealed the interesting fact 

that the composition of sediments, in particular the oxygen content, 

significantly depends on the nature of the polarization of the electrodes. 

Thus, with increasing current density of electrodeposition from 2 A/dm
2
 

to 4 A/dm
2
 in coatings formed by direct current, there is an increase in 

the amount of oxygen from 36 to 47 at.% (Fig. 4), which is due to 

insufficiently complete processes of reduction of intermediate oxides of 

molybdenum to metallic molybdenum. 

 

 
 

Fig. 4. Influence of current density on the oxygen content in the composition  

of Fe-Co-Mo coatings depending on the electrolysis mode: 

1 – galvanostatic, 2 – pulse, ton/toff = 5 ms/10 ms; 3 − pulse, ton/toff = 10 ms/50 ms 

 

For coatings obtained by pulsed electrolysis at a ratio of pulse time to 

pause time ton/toff = 5 ms/10 ms, the dependences differ with increasing 

cathode current density. It was found (Fig. 4) that the oxygen content 

decreases to 24 at.%, and with increasing the duration of the pause to 

50 ms − up to 21 at.%. 

Another confirmation of the above thesis on the influence of hydrogen 

atoms on the course of the cathode process is the dependence of the alloy 

current on the alloy current density of the polarization (Fig. 5). 

It is interesting to note that the electrolytic hydrogen, which is 

released in the combined reaction (7), which is usually considered to be 

excessive electricity consumption for a non-target process, in this case is 

an example of a positive effect on the result of electrolysis. Indeed, the 

performance of the electrolytic hydrogen generation process depends 

only on the polarization current density. Therefore, the amount of 

electricity expended on this reaction does not depend on the nature of the 

polarization − galvanostatic or pulsed. At the same time, the current yield 
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of the alloy in the pulsed mode is 10–15% higher than that of 

galvanostatic due to the positive role of hydrogen atoms, which due to 

participation in reaction (9) increase the yield of the target product – the 

metal component of the composite. 

 

 
 

Fig. 5. Influence of current density on the current output of Fe-Co-Mo alloys 

obtained in the following modes: 1– galvanostatic, 2 – pulse, ton/toff = 5 ms/10 ms; 

3 − pulse, ton/toff = 10 ms/50 ms 

 

Taking into account the obtained results, it can be concluded that 

electrodeposition of coatings with Fe-Co-Mo alloy can be performed 

both in the galvanostatic mode and by polarization with a unipolar pulsed 

current. Coatings obtained by direct current, due to a much higher 

amount of oxygen are classified as composite materials, and the use of 

pulsed electrolysis is appropriate for the formation of more uniform 

metal coatings, in which the amount of incorporated oxide phase is less. 

It is from such structural elements that the coating of the composition 

M(MOx) is formed, which contains both metal and metal oxide 

components. It should be noted that by definition it is a monometallic 

system in which both the oxide phase and the metal matrix are formed by 

the same element. In this case, a number of properties of such MOS fully 

correspond to the definition of synergistic compositions X = f (M, MOx) 

in particular by microhardness, photo– and electrocatalytic properties, 

etc.
17

. Note that to consider such an IOC as a model version of the 

inversion of the structural elements of the IOC is quite difficult. 
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CONCLUSIONS 
Based on the results of the analysis of information sources, a 

phenomenological description of metal oxide systems with a wide range 

of applications, the synthesis technologies of which have an 

electrochemical basis. It is proposed to construct the description of the 

state of such systems with the involvement of graph theory, which 

provides an opportunity to visually reflect the nature of transformations 

and to establish quantitative parameters of the dynamics of these 

processes as the intensity of transitions between individual states. 

A generalized inversion scheme of a two-component bimetallic system is 

constructed, which takes into account the presence of individual metals, 

their alloy (intermetallic), two monoxides and a heteroxide compound. 

The factors influencing the nature and intensity of transitions between 

graph nodes are analyzed and an example of inversion of structural 

elements of metal oxide composite is given. The influence of electrolysis 

regimes on the formation of the oxygen-containing component of the 

composite was analyzed on the example of Fe-Co-Mo alloy coatings and 

the role of hydrogen atoms in the formation of composites with the 

participation of oxometallate ions was highlighted. 

 

SUMMARY 

The paper presents the results of research on the creation of so-called 

smart materials using electrochemical technologies. It is shown that the 

basis for the creation of smart materials is the inversion of the nature of 

the structural elements of metal oxide composites due to the variation of 

technological principles and synthesis parameters. 

A generalized inversion scheme of a two-component bimetallic 

system has been developed, which takes into account the presence of 

individual metals, their alloy (intermetallic), two monoxides and a 

heteroxide compound.  

The factors influencing the nature and intensity of transitions between 

graph nodes are analyzed and an example of inversion of structural 

elements of metal oxide composite based on the analysis of 

electrosynthesis of Fe-Co-Mo coatings is given. 
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