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ELECTROCHEMICAL SYNTHESIS AND FUNCTIONAL PROPERTIES OF METAL
AND ALLOY-BASED COMPOSITION COATINGS

This work presents a comprehensive review on the electrochemical synthesis and functional properties
of metal and alloy-based composition coatings. Nowadays, electrochemical synthesis is considered a versatile
and widely used technique for producing metal and alloy coatings with precisely controlled composition,
thickness, and microstructure. These coatings offer a variety of functional properties that can enhance the
performance and durability of various substrates. It typically involves immersing a substrate (cathode) in an
electrolytic solution containing dissolved metal ions. A current is applied between the cathode and an anode,
causing the metal ions to be reduced and deposited onto the cathode surface as a coating. The specific
properties of the coating, such as composition, thickness, and morphology, can be controlled by various
parameters, including electrolyte composition, current density and potential, temperature and pH as well as
substrate material and pretreatment. The utilization of electrochemical methods in coating fabrication has
gained significant attention due to their efficiency, precision, and environmental friendliness. As such, the
focus of this review is on the synthesis processes, structural characterization, and functional properties of
coatings comprising various metals and alloys to help understand electrochemical deposition techniques for
tailored coatings with enhanced properties for diverse applications by summarizing previous studies.

Kew words: electrochemical synthesis, composition coatings, electrolyte composition, substrate material,
synthesis processes.
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DNEKTPOXMMUYECKUIN CUHTES U GYHKLMOHAIbHBIE CBOMCTBA KOMMNO3ULMOHHBIX NOKPLITUN
Ha OCHOBE METa/I/IOB U CNNaBOB

B naHHoWM paboTe npeacTasaeH KOMMAEKCHbIN 0630p 31EKTPOXMMMUYECKOTO CUHTE3a N QYHKLMOHANbHbIX
CBOMCTB KOMMO3WUMOHHbIX MNOKPbITUA Ha OCHOBE METa/NoOB W CMAaBoOB. B HacToAwee Bpems
SNEKTPOXMMUYECKMIN CUHTE3 CYMUTAETCA YHMBEPCA/bHBIM M LUMPOKO WMCMO/b3yEMbIM METOLOM MOJyYeHUA
NOKPbITUIA U3 METAIOB U CNAABOB C TOYHO KOHTPOIMPYEMbBIM COCTaBOM, TOALWMHOM U MUKPOCTPYKTYPOW. 3TU
NOKPbITUA 0613 4a0T MHOXECTBOM QYHKLIMOHANbHbBIX CBOMCTB, KOTOPbIE MOTYT YAYYLWMNTb SKCMIyaTalMOHHble
XapPaKTEPUCTMKM U AONTOBEYHOCTb PA3/IMYHbIX NOBEPXHOCTEN. OBbIYHO 3TO BKAKOYAET NOTPYKEHUE NOANOKKM
(KaTo4a) B SNEKTPOAUTUHECKMIA PACTBOP, COAEPKALLMIA PACTBOPEHHbIE MOHbI METaNN0B. Mexay KaToaom u
aHOZOM NOAAETCA TOK, B pe3y/ibTaTe Yero MoHbl MeTa/l1a BOCCTaHAB/IMBAKOTCA M OCaXKAAKOTCA Ha NOBEPXHOCTH
KaToda B BMAE MOKPbLITUA. KOHKpETHble CBOWMCTBA MOKPbITUA, TakKMe KaK COCTaB, TO/LMHA M Mopdoaorus,
MOYHO KOHTPO/MPOBATb C MOMOLLIO Pa3/IMYHbIX MAapaMeTPOB, BKIOYAA COCTAB 3/1IEKTPOINTA, MAOTHOCTb U
noTeHUMan TOKa, TemnepaTypy WM pH, a TakKe maTtepuan NOANOMKM M npeasaputesnbHyto o0bpaboTky.
Mcnonb3oBaHWe 31eKTPOXMMNYECKMX METOA0B M3rOTOB/IEHMS MOKPbITUI NPUBEKIO 3HAYUTENBHOE BHUMaHWE
6narogapa mx apOeKTUBHOCTM, TOYHOCTU M IKONOTMYHOCTU. TakMM 0Opa3om, OCHOBHOE BHMMaHMWE B 3TOM
o0b630pe yaenseTca NpoLeccam CUHTE3a, CTPYKTYPHbIM XapaKTepucTUMKaM M GYHKUMOHA/bHbIM CBOMCTBAM
MOKPbITUIA, COAEPIKALLMX PA3MYHbIE METa/Ibl U CMaBbl, YTOObI MOMOYb MOHATL METOAbI 3NEKTPOXMMUYECKOTO
OoCaXKAeHUsA AN UHAMBUAYANbHbIX MOKPbLITUA C YAYYLWEHHbIMW CBOMCTBAMM AAA PA3/IMYHbIX NMPUMEHEHWUI
nyTém 0600LEeHNs NpeablayLnX NCCaea0BaHNNA.

KntoueBble C€N10Ba: 3/1EKTPOXMMMUYECKUI CUHTE3, KOMMO3MLMOHHbIE TMOKPbLITUS, COCTaB 3/1EKTPO/UT],
mMaTtepuan NnoasoXKM, NPOLLECChl CMHTE3a.
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MeTtangap MeH KopbITnanap HeridiHae KOMNO3UTTIK KabblHAAPAbIH,
3NEKTPOXUMMUANDIK CUHTE3I KaHe GYHKLMOHANABIK KAacUTeTTepi

By *KyMbICTa METANN }KaHE KOPbITNasbl KOMMO3ULMANBIK *KabblHAAPAbIH SN1EKTPOXUMMUANBIK CUHTE3] MeH
bYHKUMOHANAbIK KacMeTTepiHe KaH-KaKTbl oAy »Kacanapl. Kasipri yakbiTTa 3/1eKTPOXMMUANbLIK CUHTE3
KYPambl, KanblHObIFbl KOHE MUKPOKYPbIAbIMbI A2/ GaKblaHaTblH MeTanaap MeH KopbiTnanapaaH KabblH
anyapiH ambeban KoHe KeHiHeH KOoAJaHblnaTbiH aici 6oabin caHanaabl. byn »kabbiHAap apTypAi beTrepaiH,
eHIMAiNiri meH BepiKTiriH akcapTaTblH KenTereH GyHKUMOHANAbIK KacneTTepre ne. byn agetre cybcTpaTtThl
(kaToaTbl) epireH meTann MoHAapbl Hap aNEeKTPOAUTTIK epiTiHAaire 6aTblpyabl KamTuabl. Katoa neH aHop,
apacblH/a TOK bepineni *aHe HITUKECIHAE MeTanN MOHAAPbI TOTbIKCbI3AaHbIM, KaToa, beTiHe KabblH TypiHAe
TyHOara Tyceai. Komnosmuma, KanbiHAbIK KaHe Mopdonorna cuakTbl KabblHHbIH epeKlle KacueTTepiH
3NEKTPOANT KyPaMmbl, TOKTbIH, ThIfbI3blfbl MEH MOTEHLMANbI, TEMNepaTypa MeH pH, cybcTpaT maTepmanbl XKaHe
aNfiblH ana eHAaey CUAKTblI SPTYPAI NapameTpaep apKpiabl Hackapyfa 6onaabl. MabblHAapabl KacayabiH,
3NEKTPOXMMMUANBIK DAICTEPIH KONAAHY ONapAblH, TUIMAINITIHE, ASNAINIHE XKaHe TypaKTblablFbiHA 6aNaHbICTbI
alTap/blKTai Hasap ayaapabl. Ocbinaniia, 6yn Wonyaa anfbliHebl 3epTTeynepdi Kannbinay apKblibl apTypAi
KongaHbanap VIWiH KaKcapTblifaH KacueTTepi 6ap Keke KabblHAAP YWiH 3NEKTPOXUMMUANBIK TYHAbIPY
JAICTepiH TYCiHYyre KemekTecy VLiH apTypai MeTanaap MeH KopbiTnanapAaH TypaTbiH »abblHAapAblH, CUHTE3
npoLuecTepiHe, KYPbINbIMAbIK CMNaTTamanapbiHa KaHe GYHKUMOHANAbIK KacMeTTepiHe Ha3ap ayaapbliadbl.

TyliH ce3aep: 3N1EKTPOXUMUANBIK CUHTE3, KOMMO3ULMANBIK *KabblHaap, 3NeKTPOAMT Kypambl, cybcTpaT
maTepmanbl, CUHTE3 npouecTepi.

electrochemical  synthesis.  Electrochemical
synthesis is a technique that uses electric current

Introduction

A key component of engineering technology
is materials and the surface is where the
electrochemical, thermal, and mechanical
interactions between the materials start. But
material surfaces are always vulnerable to
deterioration and corrosion, which causes
enormous losses in the industrial sector.
Therefore, it is now inevitable to apply surface
improvement technology to stop or lessen the
loss. Significant advances in metallurgy and
materials science have taken place in the
previous few decades, leading to the
development of novel engineered materials with
improved qualities. It is difficult to develop
appropriate processing to manufacture desired
materials; this involves changing the materials'
intrinsic qualities. The broader economic
perspective and its effects on the environment are
taken into account.

Innovation is fueled by the search for
materials with precisely regulated qualities in a
variety of industries. An effective tool for
creating metal and alloy coatings with specific
functional properties in this endeavor is
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to deposit metal or alloy layers on a substrate. It
is based on the principle that a layer of coating is
formed as a result of the electrode - electrolyte
electrochemical reactions occurring leading to
electrodeposition of ions contained in electrolyte.
The composition of the coating can be controlled
by varying the electrolyte composition, the
applied voltage, the current density, the
deposition time, and other parameters.
Electrochemical synthesis can produce coatings
with different functional properties, such as
corrosion resistance, wear resistance, catalytic
activity, optical reflectivity, and electrical
conductivity. One electrochemical method for
altering the surface structure is electrodeposition.
According to certain theories, the use of
electrodeposition in surface engineering dates
back almost 200 years. Its development of
electrodeposition can be traced back to the early 19th
century, with significant contributions from various
scientists and researchers [1]. The invention of the
galvanic cell in the early 1800s made it possible to
employ electric current as a more economical method
of producing coatings. The first large-scale industrial
plant for electrodeposition was built in the 19th
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century for the deposition of gold, silver and copper
for  decorative applications. Since  then,
electrodeposition has rapidly grown and it has been
applied for the deposition of metals, alloys and
composites with complex shapes (i.e. coatings,
micropillars, nanowires) and to produce dense
nanostructures and amorphous coatings with
increased mechanical, corrosion, electrical and
magnetic properties. Thanks to this progress, today,
electrodeposition is a widely employed technique for
the production of coatings ranging from decorative to
technological applications [2]. There are various
reasons why the electrodeposition process is superior
to other coating procedures [3, 4]:

e lts initial investment is low combined with
high production rate.

e It can be used with a wide variety of shapes
and sizes of substrates.

e [Ease of producing economically viable
guantities of nanocomposite materials, with grain
sizes as small as 10 nm.

e Products of electrodeposition require no
further processing and can be used right away.

o Easy reproducibility in labs and industry with
little difficulty owing to technological limitations.

e Electrodeposited coatings have exhibited
better physical properties.

A wide range of coatings can be produced by
incorporating particles into an electrodeposit and
many materials can be combined in composite
coatings applied by electrodeposition.
Electrodeposition of composite coatings offer the
benefits of good control over deposition rate (hence
thickness), coating composition and deposit
properties [5]. Electrochemical synthesis methods
include direct current electrodeposition, pulse current
electrodeposition and jet electrodeposition.

Coatings made of metal and alloys have several
benefits, in fields such as energy, electronics,
biomedicine, and engineering, such as better wear and
abrasion resistance, greater corrosion resistance, and
special electrical and catalytic qualities. But attaining
the intended capabilities frequently calls for close
attention to composition, microstructure, and
morphology[6]. A new platform for attaining this
kind of control is offered by electrochemical
synthesis, which makes it possible to precisely
deposit metals, alloys, and even composites with the
appropriate properties.

The present work focuses on understanding the
intricate  relationship  between electrochemical
synthesis parameters, coating composition, and
resulting functional properties since electrochemical
synthesis and functional properties of metal and
alloy-based composition coatings are a significant
area of research due to their potential applications in

various fields, including energy storage, corrosion
protection, and surface engineering. Through a
combination of experimental investigation and
theoretical analysis, it aims to shed light on the
underlying mechanisms governing the formation and
properties of these coatings. In summary, recent
advancements in the electrochemical synthesis of
metal and alloy-based composition coatings have
demonstrated the potential for creating materials with
improved corrosion resistance and functional
properties, which are crucial for various industrial
applications. This review explores the synthesis and
functional characteristics of composition coatings
made by electrochemical techniques, providing an in-
depth look at this fascinating field.

Electrodeposition

Electrodeposition is a widely employed versatile
and ecofriendly technique for coating fabrication. The
electrochemical analysis deals with chemical
reactions of samples or solutions with the applied
electrical potential. The rate of redox reactions is
analyzed and controlled by a potentiostat, connected
to electrodes submerged in an electrolyte [7]. It is an
electrochemical process applied for surface structure
modification and is considered as an easy and cost-
effective technique for preparation of alloy coating.
Electrodeposition processes are usually performed
with aqueous-based electrolytes, at ambient pressure,
and low operating temperatures (i.e. lower than 100
owing to an increased understanding of the
electrodeposition fundamentals, with a proper control
of the deposition parameters, it is possible to fine-tune
the material characteristics (e.g. composition and
microstructure) and consequently the material
properties. The deposition process involves the
reduction of metal ions onto a conductive substrate,
leading to the formation of a coherent coating. This
deposition technique is mostly used to deposit thin
films of material to the surface of an object to change
its external properties such as to increase corrosion
protection, increase abrasion resistance, improve
decorative quality, or simply to deposit a layer which
is part of a more complicated device. In this technique
three electrodes are used which are working,
reference, and counter (sometimes secondary)
electrodes, respectively. The electrodes are connected
to a potentiostat which is the instrument which
controls the deposition process. These electrodes
were kept within a container containing a liquid
which has ionic species dissolved within it, such as
copper ions dissolved in water [8]. Schematic of
electrodeposition is shown in Figure 1.
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Potentiostat

‘3 WE: Working Electrode
I R: Reference Electrode

i C: Counter Electrode

Figure 1 — Schematic of electrodeposition method.
Adapted from [8]

Pulse Current Electrodeposition

Over the years, pulse electrodeposition (PED)
has been used in metal-alloy composition coatings
with a particular interest for the synthesis of
anticorrosive coatings with controlled morphology
and composition [10]. In PED, The properties of the
coatings are affected by three fundamental
parameters: peak current (Ipeax), pulse imposition time
(ON-time, Ton) and switch off time (OFF-time, Torr).
Mathematically, these parameters can be related to
evaluate pulse frequency (Eq.1), duty cycle (Eq.2)
and average current density (Eq.3) [11]
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where y is the duty cycle, f is the frequency, lpeax is the
peak current density, and lae IS the average current
density.

In pulse electrodeposition, current density has a
significant effect on structure, mechanical,
tribological, and corrosion properties of composite
coatings [12] and it showed several advantages over
DC electrodeposition, such as improved wear
resistance and hardness, particle distribution,
structure, morphological structure and the ability to
control the grain sizes of the deposits [13].

Jet Electrodeposition

In this type of electrodeposition, a jet of plating
solution is directed at the cathode surface directly.
There exists an electrical field between the anode
(located in the nozzle) and cathode (substrate). The
following Figure 2 demonstrate a setup of schematic
representation of jet electrodeposition technique.

P Servo

/ motor

-

Numerical

control device

pump

Thermostatic
apparatus

Pulse power
source

Figure 2 — Schematic of electrodeposition method. Adapted from [14]
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As the plating solution flows, electric current is
transferred along the stream of fluid to the substrate
surface. This enables deposition to occur on the
cathode surface where the jet flows over [15]. Jet
electrodeposition is a high-speed electroplating
technique that provides a wide range of advantages
over other coating techniques including: high
deposition rate and more efficient grain size refining
effect [16].

Electrodeposition parameters for metal and
alloy-based composition coatings

The effects of deposition parameters such as
current density, bath composition, electrolyte, pH,
and temperature on the coating properties are can be
thoroughly investigated. By adjusting the electrolyte
composition and polarization mode (static or pulse,
reverse  current  or  potential decrease),
electrochemical synthesis technique offers the
flexibility to alter component concentration, rate of
deposition, and surface condition. In [17], composite
coatings of Fe-W-WO2 and Fe-Mo-MoO2 were
deposited on cast iron substrate by different
electrolysis modes from citrate Fe(lll)-based bath.
The hardening phase of refractory metal oxides is
formed directly in the cathode process and is included
in the alloy matrix, which helps to increase the
uniformity of the distribution of components over the
thickness of the coating and its surface. The use of
pulse current electrolysis allows obtaining more
uniform coatings enriched with alloying components
with a smaller amount of adsorbed nonmetallic
impurities. Composite Fe-Mo-MoO2 has a higher
corrosion resistance due to the chemical stability of
molybdenum and its oxides in environments of
various aggressiveness including chloride-containing
solutions. The physic-mechanical properties such as
microhardness, friction coefficient, and wear
resistance of Fe-W-WO2 composites surpass not only
the base material but also the molybdenum-
containing coatings. Combination of higher strength
characteristics and increased corrosion resistance of
composite coatings Fe-W-WQO2 and Fe-Mo-Mo0O2 in
comparison with cast iron allowed to consider them
as promising materials in the technology of surface
hardening and restoration of worn surfaces of parts.

As indicated in [18], by adjusting the
concentration ratios of iron(lll) sulfate and sodium
molybdate (tungstate), uniformly brilliant and
lustrous deposits of binary Fe-Mo and ternary Fe-Mo-
W alloys can be generated from the citrate electrolyte
(pH 3-4) in both dc and pulsed mode with current
efficiency of 65.0-85.0%. Ternary galvanic alloys of
cobalt with molybdenum and zirconium of different
composition and morphology are obtained from

Recent Contributions to Physics. Ne1 (88). 2024
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polyligand citrate-pyrophosphate electrolyte in a
pulsed mode by varying the current density and
duration of pulse and pause. It is shown that coatings
with micro-globular morphology with low level of
stress and cracks are formed at a current density of 4—
6Adm—2 and polarization on/off time 2/10 ms [19].
When ternary Fe-Co-W alloys with micro globular
surface of different composition were deposited by
direct and pulse current from citrate Fe (llI)
electrolyte, current density and time parameters of
pulse electrolysis are shown to be effective tools to
control the refractory metals content and electrolysis
efficiency, providing increased tungsten content [20].
Electrodeposition of binary and ternary coatings Co-
Mo, Co-W and Co-Mo-W from bi-ligand citrate
pyrophosphate electrolyte has been investigated in
[21] with determination of the effect of both current
density amplitude and pulse on/off time on quality,
composition and surface morphology of the galvanic
alloys resulting in improved physical and mechanical
properties of deposits as well as high corrosion
resistance.

Functional Properties

Functional properties of metal and alloy-based
composition coatings such as corrosion resistance,
mechanical properties (coating hardness, adhesion,
and wear resistance) as well as electrical and thermal
conductivity depend on various factors, including
composition, microstructure, and surface
morphology. Studies have focused on tailoring these
properties to meet specific application requirements.

According to [22], the advantage of coatings
with alloys in comparison with individual metals, as
well as the realization of synergism during the
electrolytic alloy formation, manifest themselves in a
change in the microhardness of materials depending
on their composition and structure. In a study
conducted to analyze influence of the compositions of
Fe—Co-Mo, Fe-Co-W, and Co—Mo-W coatings on
the corrosion resistance in media with different
acidities, it is demonstrated that molybdenum (and
tungsten) significantly boosts the coatings' chemical
resistance when compared to the substrate material.
Simultaneously, an increase in solution pH and the
addition of refractory components to the alloy reduce
the rate of corrosion [23]. Moreover, in the process of
deposition of composite electrolytic coatings, two
kinds of adsorption were discovered playing an
essential role in the formation of these coatings,
namely, the adsorption of dispersed particles on the
cathode and the adsorption on the surfaces of these
particles in the process of their introduction in the
electrolyte. It is also indicated in [24, 25] that when
ternary Fe-Co-Mo(W) alloys with micro-globular
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surface of different composition were deposited by
direct and pulse current from citrate Fe(lll) based
electrolyte, the current density and time parameters of
pulse electrolysis have been shown to be effective
tools to control the refractory metals content. Here,
the micro-globular surface of the Fe-Co-Mo(W)
alloys is caused by refractory metals incorporation.
The amorphous-crystalline structure of deposits with
coherent-scattering region sizes of the amorphous
part of 2—8 nm has been found and the microhardness
of the ternary Fe-Co-Mo(W) alloys is about 4-5 times
that of the mild steel substrate and has been shown to
increase with tungsten incorporation. Moreover, the
magnetic characteristics of the amorphous Fe-Co-
Mo(W) coatings were measured in dependence of
thickness and deposition time supposedly proving
that the content of magnetic phase in upper layers of
coating is greater than in the bottom ones. In a study
where nano-composite electrolytic coatings (nano-
CEC) has been applied on steel, corrosion resistance
of the substrate was found to be increased
substantially [26].

For the creation of mixed oxide systems with
varying dopant contents, the composition of citrate-
pyrophosphate electrolytes with the inclusion of iron
triad metal sulfates was put fort [27, 28]. The
formation and properties of oxide films on titanium
using plasma electrolytic oxidation with the addition
of iron triad metals such as iron, cobalt, and nickel is
discussed and explored that composition of citrate-
pyrophosphate electrolytes with dopants to create
mixed oxide systems focusing on voltage formation
of the oxide systems, the corrosion resistance of the
coatings, surface development, and catalytic activity
of the mixed oxide coatings. The obtained mixed
oxide coatings can potentially be used in catalytic
purification systems.

Important consumer properties like corrosion
resistance, wear resistance, hardness, and other
functional properties of coatings of iron (cobalt)-
tungsten alloys in environments of different acidity
depends on the content of the refractory component,
and the increase in corrosion resistance in an acidic

environment is due to the formation of acidic tungsten
oxide on the surface [29, 30]. According to the deep
corrosion index coatings with Co(Fe)-W alloys with
a tungsten content of 20-40 mas. % belong to the
group of very resistant, which allows them to be used
as protective coatings in corrosive environments,
especially weakly acidic. Here, the microhardness of
tungsten electrolytic alloys with iron (cobalt) depends
on its content and exceeds the characteristics of
coatings with individual metals, which allows us to
recommend such materials as an alternative to hard
chromium coatings. One of the reasons for the
increased corrosion resistance and microhardness of
coatings with alloys was found to be the formation of
a fine-crystalline, and sometimes, X-ray amorphous
structure of the surface layers when using non-
stationary modes of electrodeposition.

Conclusion

This review has considered electrochemical
synthesis and functional properties of metal and
alloy-based composition coatings. The concept of
electrodeposition as a versatile, cost-effective and
widely used environmentally friendly technique for
producing metal and alloy coatings is discussed. It is
reviewed how this technique can be used to enhance
desired properties of substrates such as corrosion
resistance, surface hardness and morphology as well
as other technical properties. Types of
electrodeposition techniques along with their
comparative advantages and drawbacks is discussed.
Besides, parameters for metal and alloy-based
composition coatings such as bath concentration, pH,
temperature and electrolyte are reviewed. Finally, the
kind of functional properties most widely considered
to perform electrochemical synthesis techniques on
various substrates are reviewed. Researches indicated
that electrodeposition techniques have a lot to offer
when it comes to enhancing desired physical and
chemical properties of various substrates under
controlled parameters.
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