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This review manuscript considers the conditions of metal co-deposition to obtain alloys in the solid state 

by electrolysis of halide molten salts. The conditions for co-deposition below the melting point of the 

deposited components from molten salts are considered. The possibilities of the method for co-deposition 

of alloys from molten salts under the action of direct electric current were summarized. The review 

considers the main factors affecting the co-deposition process in the solid state, including thermodynamic 

and kinetic aspects. Methods for the synthesis of various alloys system (melting point of which can be 

above 1000 °C) and experimental approaches used to organize the process of joint electrodeposition were 

considered. The results of a comparative analysis of experimental data obtained under various synthesis 

conditions were presented in order to determine the dependences between the electrolysis parameters and 

the composition of the alloys. 
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1. Introduction 

Alloys and alloy coatings play a key role in 

engineering and industry. New materials offer a wide 

range of mechanical, chemical, and physical properties 

that can be used to the specific demands of the end 

application [1]. New methods of alloy production enable 

the development of materials with optimal combinations 

of strength, hardness, corrosion resistance, thermal 

conductivity, and other properties for various types of 

equipment and structures. Using of advanced materials 

contributes to increased efficiency and longevity of 

equipment, reduced maintenance and repair costs of 

structures, and ensures higher levels of safety and 

reliability in various industrial, engineering, and medical 

applications [2, 3]. 

New alloys and coatings can be used to improve the 

performance and service life of different devices and 

components [4]. The alloys can be used to increase the 

resistance of construction materials to wear, material 

fatigue, and other types of mechanical loads [5, 6]. New 

materials are especially relevant for applications in 

conditions of high temperatures, aggressive 

environments or corrosion, when standard materials 

cannot provide sufficient reliability. 

Electrodeposition from molten salts is a promising 

method for the production of metals and alloys. 

Electrodeposition from molten salts, as a rule, has a 

relatively simple hardware design and does not require 

large expenses for the preparation of raw materials. 

Metals and alloys at temperatures below their melting 

point can be produced by electrodeposition from molten 

salts [7, 8]. 

The ability to obtain high-quality coatings with 

carefully controlled morphological, structural and 

functional characteristics is one of the key advantages of 

molten salt electrodeposition [9, 10]. The process of 

electrodeposition from molten salts can be controlled by 

the current density, temperature, and electrolyte 

composition. The use of various parameters of 

electrodeposition makes it possible to obtain materials 
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with the required properties and regulate them by 

changing the composition and structure of the deposit in 

a certain range [11, 12]. 

Products with complex profile [13, 14] and composite 

materials [15, 16], including multilayer and functional 

coatings [17, 18], can be obtained by electrodeposition 

from molten salts. Electrolysis of molten salt is promising 

method to produced thin and uniform coatings with a 

high degree of adhesion to the substrate surface [19], as 

well as to precisely form three-dimensional structures 

and nanomaterials [20, 21]. Thus, molten salt 

electrodeposition is an effective tool for the production 

of a wide range of products and materials, including 

alloys, used in various industrial and technical fields, 

including electronics, aviation, medicine and energy. 

Electrolysis of molten salts can be carried out at 

temperatures not exceeding 1000 °C in order to obtain 

alloys in the solid state. This temperature range is lower 

than the melting point of most elements used to produce 

the basis of high-temperature materials. For example, 

transition metals (except for Zn, Cd, Hg and Ag), 

beryllium, lanthanides (except for La, Ce, Pr, Eu, Yb) and 

silicon are solids up to 1000 °C. 

Manuscripts devoted to the results of producing 

alloys in molten salts can be divided into several main 

areas: 

– electrochemical co-deposition of several 

components from the melt; 

– electrochemical deposition of one component 

from the melt onto a substrate capable of forming an 

alloy; 

– current-free transfer of components from the melt 

to a substrate capable of forming an alloy. 

The focus of this review is on the electrochemical co-

deposition of multiple components from molten salts 

into a solid compact state. Analysis of the results of co-

precipitation of elements from molten salts will allow 

summarizing existing approaches to obtaining functional 

coatings and drawing attention to possible stages for the 

development of practical technological processes. 

2. Theoretical background 

The rate and composition of electrochemical 

deposits from molten salts depend on thermodynamic 

and kinetic factors. Thermodynamics determines the 

possibility of co-deposition, while the kinetics of ion 

transport of melt components affects the rate of the 

process. A high deposition rate is required for practical 

application to ensure that protective coating deposition 

processes can be possible. The deposition rate depends 

on the diffusion coefficient of the ions contained in the 

melt. 

Although the deposition rate is not a critical factor 

in the electrochemical synthesis of thin films and 

nanomaterials, it is still necessary to understand the 

conditions required for co-deposition. Changes in the 

deposition rate result in the composition, morphology, 

and properties of the materials. 

Materials with various characteristics, such as film 

thickness, particle size, and crystal structure, can be 

obtained by electrolysis of molten salt at different 

deposition rates. 

Although the deposition rate may not be the 

primary constraint, dependences of co-deposition 

conditions on material characteristics are crucial for the 

successful synthesis of thin films and nanomaterials via 

electrochemical methods. 

Determining the conditions for the co-deposition of 

components from a melt is important to control the 

composition and properties of materials. The 

thermodynamic condition for the co-deposition of two 

components from a molten salt is based on the equality 

of electrode potentials. The thermodynamic condition 

for co-deposition of two components is [7]: 

𝐸𝐴
0 +

𝑅𝑇

𝑛𝐴𝐹
𝑙𝑛

𝑎𝐴𝑜𝑥

𝑎𝐴𝑅𝑒𝑑
= 𝐸𝐵

0 +
𝑅𝑇

𝑛𝐵𝐹
𝑙𝑛

𝑎𝐵𝑜𝑥

𝑎𝐵𝑅𝑒𝑑
, (1) 

where: 𝐸𝐴
0, 𝐸𝐵

0 – standard electrode potentials of 

components A and B, respectively, V; 𝑛𝐴, 𝑛𝐵 – number 

of electrons for components A and B, respectively; 𝑎𝐴𝑜𝑥, 

𝑎𝐵𝑜𝑥 – thermodynamic activity of components A and B 

in the melt; 𝑎𝐴𝑅𝑒𝑑, 𝑎𝐵𝑅𝑒𝑑   – thermodynamic activity of 

components A and B in the alloy. 

The value of the thermodynamic activity of the 

components in the reduced form (Equation 1) depends on 

the thermodynamics of the interaction of the alloy 

components. Thermodynamic activity for components 

that do not interact with each other (and are not soluble 

in each other) in the solid state: 

𝑎𝐴𝑅𝑒𝑑 = 𝑎𝐵𝑅𝑒𝑑 = 1. (2) 

For components that can form ideal solid solutions: 

𝑎𝐴𝑅𝑒𝑑 + 𝑎𝐵𝑅𝑒𝑑 = 1. (3) 

For components A and B that can form an AxBy 

intermetallic compound: 

𝑎𝐴𝑅𝑒𝑑
𝑥 ⋅ 𝑎𝐵𝑅𝑒𝑑

𝑦
=

1

𝐾𝑒𝑞.
, (4) 

where 𝐾𝑒𝑞. – reaction equilibrium constant of formation 

of an intermetallic compound AxBy. 
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Due to the absence of mass transfer in the solid 

phase, the concentrations of the alloy components 

depend on the intensity of the flows of the 

corresponding substances directed to the cathode. 

Controlling the flow of ions to the cathode makes it 

possible to control the composition and properties of the 

deposited material: 

𝐼 = 𝐼𝐴 + 𝐼𝐵 =
𝑧𝐴𝐹𝐷𝐴(𝐶0

𝐴−𝐶𝑆
𝐴)

𝛿
+

𝑧𝐵𝐹𝐷𝐵(𝐶0
𝐵−𝐶𝑆

𝐵)

𝛿
, (5) 

where: 𝐼 – electrolysis current, A; 𝐼𝐴, 𝐼𝐵 – electrolysis 

current of component A and B, respectively, A; 𝐷𝐴 , 𝐷𝐵 –

 diffusion coefficients of ions A and B in the melt, 

cm2 · s–1; 𝐶0
𝐴, 𝐶𝑆

𝐴 – concentration of discharged ions A in 

the volume of the melt and near electrode surface, 

respectively, mol · cm–3; 𝐶0
𝐵, 𝐶𝑆

𝐵 – concentration of 

discharged B ions in the volume of the melt and near the 

surface, respectively, mol · cm–3; 𝛿 – diffusion layer 

thickness, cm; 𝐹 – Faraday's constant equal to 

96485.33 C · mol–1; 

The relationship between the electrolysis current 

and the concentration of ions of precipitated substances 

in the melt can be established by Equation (5). The 

concentrations of components in the alloy are 

proportional to the flows of the corresponding ions to 

the cathode. Accordingly, the ratio of the concentrations 

of components in the alloy can be expressed through the 

equation of linear stationary diffusion: 

𝐶𝐴
𝑎𝑙

𝐶𝐵
𝑎𝑙 =

𝑧𝐴𝐷𝐴(𝐶0
𝐴−𝐶𝑆

𝐴)

𝑧𝐵𝐷𝐵(𝐶0
𝐵−𝐶𝑆

𝐵)
. (6) 

Based on existing theoretical knowledge [7] about 

electrochemical co-deposition of metals from molten 

salts, it is possible to imagine the prospects for the 

practical implementation of this method. In work [7], 

academician A.N. Baraboshkin conventionally 

distinguishes two modes of deposition. 

Thermodynamic (quasi-equilibrium) mode – the 

mode of deposition of components close to their 

standard potentials. In this mode, the deposition occurs 

in the range of current densities below the limiting 

diffusion for these components. The alloy composition 

slightly depends on the cathode current density of 

electrolysis under such conditions. 

Kinetic mode – the mode of deposition of 

components at a difference in standard potentials of 

more than 0.2–0.25 V [7, 22]. The composition of alloy 

ceases to depend on the difference in standard potentials, 

and the concentration of the more electropositive 

component in the alloy decreases faster under such 

conditions. 

Accordingly, we can conclude that the 

thermodynamic mode provides an opportunity for the 

implementation of alloys co-deposition processes of the 

required thickness. When implementing the kinetic 

mode, due to the large difference in electrode potentials, 

only cathode deposits of limited volume, gradient in 

composition, can probably be obtained. In this case, 

electrodeposition can be proceeded until the more 

electropositive component ends up in the melt. 

Analysis of the theoretical background allows us to 

conclude that to maintain the required concentration of 

several components simultaneously in the molten salts 

during the electrodeposition of alloys is a complex 

scientific and technical task. 

In practice, the implementation of both modes is 

probably only possible at the electrochemical reduction 

in a cell with an inert or gas-evaluating anode. 

However, even if the electrode potentials of the 

deposited components are sufficiently close, maintaining 

their concentration in an electrochemical cell with inert 

or gas-evaluating anode de is a difficult task. Electrolysis 

in a refining-type cell with sacrificial anodes is 

complicated by contact exchange reactions between the 

more electropositive dissolved component of the melt 

and the more electronegative anode material. 

In this case, during electrolysis in practice, an 

important role will be played by the choice of 

electrolysis temperature range and, as a consequence, the 

choice of the composition of the solvent melt. 

3. Production of alloys by co-deposition from 

molten salts 

The production data of alloys from molten salts 

should be summarized to analyze of the technical and 

technological possibilities of molten salt electrolysis. 

Identifying the similarities and differences obtained at 

different alloy electrodepositions will allow a deeper 

understanding of the application possibilities of alloy 

deposits in technological areas. 

The number of fundamental studies on the co-

deposition of metals from molten salts in the focus of our 

review is not large [23–34]. This can be explained by the 

fact that the unique properties of refractory and noble 

metals and the possibilities of the high-temperature 

electroplating method have been sufficient to meet the 

technical and technological needs of modern technology. 

Nevertheless, co-deposition of metals in molten salts 

offers opportunities to obtain materials and coatings 

with a new set of properties. The alloys production data 

by molten salt electrolysis were summarized in Table 1. 
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Table 1 – Preparation of alloys from molten salts. 

# Alloy Melt, mol. % ΔT, °C 
Form metals 

in melt 
Deposit Note Ref 

1 Ir-Ru NaCl-KCl- 

-CsCl(eut.) 

550–700 Chloride ion 

of Ir and Ru 

coating, 

dendrite 

𝑖𝑘 = 0.007–0.4 A · cm2, compact deposits 

were produced by electrolysis up to 

0.05 A · cm2 

[23, 24] 

2 Ir-Rh NaCl-KCl- 

-CsCl(eut.) 

not 

indicated 

Chloride coating, 

dendrite 

Total concentration of Ir and Rh in the melt 

2.5–4 wt. % 

[25] 

3 Ta-W (60.4)LiF- 

-(38.6)NaF- 

-(1)K2TaF7 

800 K2TaF7 coating Content of W ions in the melt was 1–8 wt. %. 

Phases of Ta-7W, Ta-4W and Ta-1W were 

identified in deposits. Cathode material: low-

carbon steel 

[26, 27] 

4 Ti-Nb (42.25)NaCl-

-(42.25)KCl- 

-(15.5)NaF 

700 K2TiF6; 

K2NbF7 

powder Nb-Ti alloy powder (35.78 wt. %-Nb) by 

electrolysis of melt: NaCl-KCl-NaF 

(10.4 wt. %) 

K2TiF6 (10 wt. %)-K2NbF7 (1.4 wt. %) 

[28] 

5 Cr-Ni (40)NaCl- 

-(40)KCl- 

-(20)NaF 

800 Cr2O3, NiO coating 𝑖𝑘 = 0.3 A/cm2, cathode: low-carbon steel [29] 

6 Ta-Cr (46.5)LiF- 

-(11.5)NaF- 

-(42)KF 

750–800 K2TaF7, 

TaF5, CrF3, 

CrO2 

coating 𝑖𝑘 = 0.008–0.050 A/cm2, at TaF5 

10 wt. %/K3CrF6-Ta-rich tantalum-chromium 

alloys at CrF3 6 wt. %/TaF5 0.05 wt. %-Cr-

rich chromium-tantalum alloys 

[30] 

7 Al-Pt (61)AlCl3- 

-(26)NaCl- 

-(13)KCl 

175 PtCl2 coating Phases of Pt, AlPt2, AlPt3, were identified in 

deposits produced by potentiostatic 

electrolysis (culonostatic 40 C · cm−2) 

[31] 

8 Al-Ta (61)AlCl3- 

-(26)NaCl- 

-(13)KCl 

150 TaCl5 coating Concentration of Ta ions in molten salt was 

20 mM. Potentiostatic electrolysis vs 
Al/Al(III): −0.05 V (Al96Ta4), −0.02 V 

(Al73Ta27), and (c) 0.1 V (Al28Ta72). 

potentiostatic electrolysis (culonostatic 

30 C · cm–2), cupper substrate, concentration 

7 · 10–2 mol. · dm–3 

[32] 

9 Al-Cr- 

-Ni 

(61)AlCl3- 

-(26)NaCl- 

-(13)KCl 

150 CrCl2; 

NiCl2 

coating Glassy carbon substrate 

The saturated concentration of CrCl2 and 

NiCl2 dissolved in the molten salt was found to 

be about 8 · 10–2 and 5 · 10–2 mol. · dm–3 

potentiostatic electrolysis (culonostatic 

40 C · cm–2) 

[33] 

10 Ti-V LiCl- 

-KCl(eut.) 

427 VCl3, TiCl2 dendrites Potentiostatic electrolysis, 0.45 mol. % TiCl2-

0.34 mol. % VCl3 (Ti-60 V) 0.09 mol. % 

VCl3-0.46 mol. % TiCl2 (Ti-11 V) 

[34] 

The electrochemical co-deposition of Ir-Ru from 

NaCl-KCl-CsCl containing С𝐼𝑟3+ 0.8 mol. % and С𝑅𝑢3+ 

0.95 mol. % was investigated. Stationary potentials of Ir 

and Ru were measured at 500–700 °C in eutectic melts 

of NaCl-KCl-CsCl containing a mixture of Ir and Ru 

chlorides. Stationary potentials of Ir and Ru were more 

positive than their equilibrium values due to alloying in 

the surface layer by metal [23]. During the 

electrodeposition of compact layers of Ir-Ru alloys at low 

current densities, preferential deposition of the more 

electronegative Ru into the alloy was observed. 

Depolarization was observed at the cathodic deposition 

of alloys. Ir-Ru alloys (solid solutions) were deposited by 

electrolysis at current densities up to the limiting 

diffusion current. A powdery dendritic mixture of 

separate Ir and Ru crystals were electrodeposited at 

higher current densities than the limiting diffusion 

current. 

The exposure of Ir and Ru electrodes in a NaCl-KCl-

-CsCl(eut.) melt containing Ir3+ and Ru3+ ions in an open 

circuit was studied. Chemical interactions (7)–(10) were 

identified based on the results of the data analysis [22]. 

Cementation reaction: 

Ir3+ + 2Ru = (Ir-Ru) + Ru3+, (7) 
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Contact exchange reaction: 

Ru3+ + 2Ir = (Ir-Ru) + Ir3+, (8) 

Alloy production by disproportionation reactions: 

4Ru3+ + Ir = (Ir-Ru) + 3Ru4+, (9) 

4Ir3+ + Ru = (Ir-Ru) + 3Ir4+. (10) 

Cementation, contact exchange, and 

disproportionation reactions are the main mechanisms of 

the chemical processes that accompany electrochemical 

deposition [22]. The possibility of reactions of type (7)–

(10) must be taken into account to control the 

composition and properties of alloys. In this case, the 

possibility of reactions strongly depends on the nature of 

the co-deposited substances. Understanding these 

mechanisms is of great importance, along with the 

electrode electrocrystallization of individual 

components, to optimize the processes of obtaining 

alloys in molten salts. 

Reactions (8)–(10) significantly affect the process of 

obtaining alloys by currentless deposition in the 

electrochemical cell. Reaction (7) has a significant impact 

and will be present under any conditions, except for 

ΔG = 0 at thermodynamic equilibrium. Co-deposition of 

two noble elements is an excellent model experiment that 

has allowed identification of the chemical processes 

accompanying the electrochemical reduction process. 

Continuous coatings can be produced by 

electrodeposition of two components from molten salt 

[2]. The dependence of the composition of Ir-Ru alloys 

on the cathodic current density and the electrolyte 

composition (CsCl-NaCl-KCl)eut-IrCl3-RuCl3 was 

determined [24]. The structure and composition of the 

Ir-Ru alloys as a function of electrolysis conditions were 

studied. It was found that the maximum temperature at 

which continuous layers of Ir-Ru can be obtained is 

higher than that of pure Ir or Ru. Continuous layers 

were deposited as solid solutions over the entire range of 

compositions (from 0 to 100 % of each component). 

Preferential deposition of the more negative component 

(ruthenium) into the alloy was observed. The 

composition of Ir-Ru alloys as a function of the 

deposition conditions is presented in Figure 1. Several 

types of alloy structure were identified: columnar, 

spherulitic, layered, and spiral. The conditions leading to 

the deposition of layered structures were analyzed. 

 

Figure 1 The dependences of compositions of Ir-Ru alloys: (a, c) – hcp alloys (melt contains 4.3 wt. % Ir and 2 wt. % Ru); (b, d) –

 fcc alloys (melt contains 3.4 wt. % Ir and 0.5 wt. % Ru) [22–23]. 
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The study of the phase composition of the deposits 

(Figure 1) showed that the crystallization of the alloys in 

terms of chemical composition was consistent with the Ir-

Ru phase diagram [35]. In the work [25], the technical 

feasibility of using Ir-based alloys (Ir-Rh) produced by 

electrolysis of a melt (CsCl-NaCl-KCl)eut containing 

iridium and rhodium ions was demonstrated. 

Electrochemical Ir-Rh alloys were used for liquid-

propellant thruster production. 

In works [26, 27], the possibility of electrochemical 

deposition Ta-W alloys from LiF-NaF-K2TaF7 melt was 

studied. Deposition was carried out by a method called 

MARC (Multi-Anode Reactive Alloy Coating). The 

MARC method uses an electrochemical cell design that 

provides for the use of 2 anodes (Ta and W). Ta and W 

anodes were used to maintain the concentration of the 

Ta and W ions in the melt during electrolysis. Two 

modifications of the MARC method (MARC 1 and 

MARC 2) were developed (Figure 2). 

Both MARC methods have advantages that can be 

used for electrodeposition of solid-state alloys by 

electrolysis of molten salt. 

MARC 1 provides the ability to obtain gradient 

coatings on the cathode surface. 

The MARC 2 method provides the possibility of 

alloy coatings production with a specific ratio. 

The MARC 2 method had allowed changing the 

composition of the deposit due to the distribution of 

current lines in the electrochemical cell. Increasing the 

distance between the anodes of different metals and the 

cathode had also allowed influencing the composition of 

the cathodic deposit by changing the resistance of the 

melt layer and the length of the ion path from the anode 

to the cathode. 

 

Figure 2 Design of MARC methods [4]. 

Ta-W coatings [26] were obtained by electrolysis of 

melts on a SUS316 substrate using the MARC method. 

The coatings were found to consist of a Ta-W solid 

solution with a tantalum-rich phase and a single-phase 

tungsten. The Ta-W alloy deposit in the initial coated 

film had smaller grains (probably due to the more 

suitable nucleation sites at the SUS316L substrate 

interface), which are the dominant parameters. The 

hardness of the pure tantalum coating film was 153.7 Hv, 

so the increase in hardness resulting from the 

concentration of tungsten, ranging from 5.98 % 

(165.2 Hv) to 12.9 % (244.5 Hv), will contribute to its use 

in a wide variety of harsh engineering process 

environments. 

Co-deposition of Ti-Nb alloys was investigated [28]. 

Niobium–titanium alloys can be prepared by co-

deposition in NaCl-KCl-NaF melts. The electrochemical 

behavior of niobium and titanium was investigated first 

separately, then together, using the following methods: 

linear sweep voltammetry, semi-integration and semi-

differentiation of cyclic voltammograms, and square-

wave voltammetry. The reduction processes of niobium 

(V) and titanium (IV) are, respectively, 

Nb(V) → Nb(IV) → Nb and Ti(IV) → Ti(III) → Ti. Each 

of the first steps proceeds in the same potential range, 

whereas niobium metal is obtained at a more positive 

potential than titanium. 

In the case of mixtures of Ti and Nb ions in the melt, 

the electrochemical curves derive from the addition of 

each separated system and show three peaks 

(Nb(V) → Nb(IV) and Ti(IV) → Ti(III); Nb(IV) → Nb; 

Ti(III) → Ti) in the cathodic sense. Co-deposition of Nb-

Ti alloys was prepared by galvanostatic electrolysis and 

further analyzed with a microprobe. 

The Nb-Ti alloys can be obtained by electrolysis of 

NaCl-KCl-NaF-K2TiF6-K2NbF7 at an electrode potential 

more negative than the potential of Ti deposition. The 

alloy composition depends on the Nb content in the 

melt, since Nb is a more electropositive metal. Thus, Nb 

was deposited by electrolysis at the limiting current. It 

was hypothesized that, since the Nb current is limiting, 

the total current will mainly determine the Ti content. 

That is, increase of the current density leads to increase 

in the titanium concentration in the cathodic deposit. 

In work [29] Cr-Ni alloy/low-carbon steel surface 

composites were prepared by molten salt co-deposition 

in NaCl, KCl, NaF, Cr2O3, and NiO melt salt system at 

1073 K. The kinetics of the Cr-Ni alloy electrodeposition 

was studied. 

A gradient layer of Cr-Ni alloy was formed on the 

surface of low-carbon steel. The Cr-Ni alloys were 

produced    by    electrochemical    reduction    and  high- 
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Table 2 – Conditions of Ta-Cr coatings electrodeposition Ta-Cr coatings from FLiNaK melt [30]. 

# 
Solute 1 

TaF5 a, wt. % 

Solute 2 

CrF3 b, wt. % 
T, °C Current density, mA · cm–2 

Current 

efficiency, 

% 

Deposition 

rate, μm · h–1 
Coating 

1 10  755 17.5 99.3 13 Ta 

2 10  755 27.7 99.6 23 Ta 

3 10 0.5 800 18.7 92.2 14 Ta-(2.2 wt. %) Cr 

4 10 1.0 800 36.1 89.4 23 Ta-(4.7 wt. %) Cr 

5 10 1.0 800 29.1 88.2 20 Ta-(4.7 wt. %) Cr 

6 10 1.5 800 20.4 74.4 13 Ta-(6.6 wt. %) Cr 

7 10 0.5–1.5 750–800 5–40 – – Ta-rich alloys 

8 0.05 6 800–835 0.8–50 – – Cr-rich alloys 
a – as K2TaF7; b – as K3CrF6.

temperature solid diffusion through a combination of 

chromium and nickel ions mass transfer in the molten 

salt. Chromium and nickel ions were simultaneously 

reduced on the cathode surface through two and one 

steps, respectively. The diffusion coefficients of 

chromium and nickel atoms in the surface composite 

were calculated to be 1.16 · 10–14 m2 · s–1 and 

1.44 · 10–14 m2 · s–1 according to the detection data of the 

deposition layer. The concentration of ions in the 

electric double layer near the cathode cannot be rapidly 

supplemented due to the low mass transfer rate. The low 

mass transfer rate limits the speed of the entire 

preparation process. The results show that chromium 

and nickel ions were simultaneously reduced on the 

cathode surface through two and one steps, respectively. 

The alloy layer (Fe content of 64.52 wt. %, Ni content of 

28.96 wt. %, and Cr content of 6.52 wt. %) was 

deposited on the surface of a low-carbon steel substrate. 

In work [30] electrodeposition of Ta-Cr coatings 

from FLiNaK was investigated. The conditions of 

electrodeposition of Ta-Cr coatings are presented in 

Table 2. Ta-Cr coatings were electrodeposited as a 

continuous layer of alloy. In fluoride melts, Ta and Cr 

considered in [30] are characterized by oxidation states 

when dissolved in the melt: Ta5+ [36], Cr3+ [37]. The 

results of work [9] are consistent with the conclusions 

that can be drawn based on Equation (6). The data from 

[8] illustrate that the ratio of the fluxes of the deposited 

ions is proportional to the ratio of the concentrations of 

these ions in the electrode deposit. 

Data from [9] make it possible to plot the 

dependence of the concentration ratio in the sediment 

on the concentration ratio in the electrolyte (Figure 3). 

The dependence presented in Figure 3 [30] is 

consistent with Equation (6). The slope of the 

approximating line (Figure 3) obviously depends 

significantly on the difference in concentrations in the 

bulk and near-electrode region. Developing a process for 

 

Figure 3 Experimental dependence of the ratio of tantalum and 

chromium concentrations in the electrode deposit and in the 

electrolyte. 

alloy electrodeposition with a specific concentration 

ratio of components will require constructing 

experimental dependences similar to that shown in 

Figure 3. In the deposition of alloys, as shown in [23, 24], 

cementation and contact exchange reactions could occur. 

The rate of cementation and contact exchange reactions 

significantly depends on the process temperature. 

In [3–34], it was proposed to use low-temperature melts 

based on the NaCl-KCl-AlCl3 system for alloys 

electrodeposition. NaCl-KCl-AlCl3 melts are 

characterized by very low melting temperatures. 

However, experimental work with NaCl-KCl-AlCl3 melts 

is extremely complicated due to their hygroscopicity. 

Reproducible data in [31–33] indicate careful preparation 

and high experimental technique. As can be seen from 

the results, the low temperature of the experiments [31–

33] significantly reduced the influence of cementation 

and contact exchange reactions on the final result of 

electrodeposition. 

In work [31], the electrodeposition of Al-Pt alloys 

using potentiostatic electrolysis in a molten AlCl3-NaCl- 

-KCl containing PtCl2 was investigated. To form Al-Pt 
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alloys with high melting points, molten salt electrolysis 

was attempted using AlCl3-NaCl-KCl molten salt 

containing PtCl2 at 448 K. The voltammogram showed 

cathodic reduction of Pt ions to start at a potential of 

1.4 V vs Al/Al(III) in the molten salt. The deposition of 

pure Pt was possible at 1.2 V, and there was co-deposition 

of Al and Pt at potentials more negative than 1.0 V. The 

co-deposit was a mixture of intermetallic compounds of 

AlPt2 or AlPt3. The ratio of the Pt in the electrodeposits 

decreased with increasingly negative potentials from 

100 at. % at 1.2 V to 25 at. % at 0.0 V. 

In work [32] electrodeposition of Al-Ta alloys in 

NaCl-KCl-AlCl3 molten salt containing TaCl5 was 

investigated. Al-Ta alloys were electrodeposited by 

electrolysis of AlCl3-NaCl-KCl melt containing TaCl5 at 

423 K. The voltammogram showed two cathodic waves 

at 0.45 V and 0.7 V vs Al/Al(III), which may 

correspond to reduction from Ta(V) to Ta(III) and from 

Ta(III) to tantalum metal, respectively. Electrodeposits of 

Al and Ta were obtained in the range from −0.05 to 

0.3 V and the highest concentration of Ta in the 

electrodeposit was 72 at. % at 0.3 V. With increasing Ta 

concentration in the alloy, the morphology of the 

electrodeposits became powdery and the particle size 

smaller. 

In work [33] co-deposition of elements for 

production of Al-Cr-Ni alloys, using constant potential 

and potential pulse techniques in AlCl3-NaCl-KCl molten 

salt were studied. To improve the oxidation resistance of 

TiAl intermetallic compound under high temperature 

condition, cathodic co-deposition of Al-Cr and Al-Ni 

alloy was carried out by constant potential control or 

potential pulse control in AlCl3-NaCl-KCl molten salt 

containing CrCl2 and/or NiCl2 at 423 K. Cathodic 

reduction of Ni and Cr starts at potential of 0.8 and 

0.15 V versus Al/Al3+ in the molten salt, respectively. 

The co-deposition of Al, Cr, and Ni occurred at 

potentials more negative than −0.1 V to form a mixture 

of intermetallic compounds of Cr2Al, Ni3Al, and Al3Ni. 

The concentration of Cr in the deposit increased to 

43 at. % at −0.1 V; however, the Ni concentration in the 

deposit was 6 at. % at the same potential. The 

concentration of Ni and Cr further decreased with more 

negative potential to 1 at. % at −0.4 V. The potential 

pulse technique enhanced the Ni concentration in the 

deposit to about 30 at. %, due to anodic dissolution of 

Al content from the deposit at the higher side of 

potential on the potential pulse electrolysis. For 

preparation of an oxidation resistance layer under high 

temperature condition, co-deposition of intermetallic 

compounds of Cr2Al, Ni3Al, and Al3Ni as well as 

metallic Al was done by potentiostatic electrolysis in 

61 mol. % AlCl3-26 mol. % NaCl-13 mol. % KCl 

containing CrCl2 and NiCl2 at 423 K. 

In works [31–33] it was shown that the dissolution of 

platinum, tantalum, nickel, and chromium chloride 

compounds in molten AlCl3-NaCl-KCl occurs at 

approximately the same rate, and after 1 hour, the melts 

become saturated with potential-determining elements. 

In work [34] co-deposition of Ti and V from a 

eutectic LiCl-KCl electrolyte contained of VCl3 and TiCl2 

at 700 K was investigated. While the addition of metallic 

titanium to the electrolyte caused vanadium depletion 

by a displacement reaction, metallic vanadium addition 

created and stabilized divalent vanadium ions in the melt, 

which are supposed to positively affect the deposition 

process. Electrochemical experiments were carried out 

using different electrolyte concentrations [34], in which 

the correlation between applied potential, electrolyte 

concentration, and composition of the deposit was 

established. The composition and morphology of the 

obtained deposits were strongly affected by the 

electrolysis conditions. Electrodeposited vanadium-rich 

Ti-V alloys were found to grow as dendrites, whereas the 

titanium-rich alloys exhibited a dense cauliflower-like 

surface morphology. In contrast to deposits of the single 

elements, which are composed of comparably large, 

faceted crystals, the Ti-V alloys obtained in this study 

were very fine grained, especially those with vanadium 

contents around 10–15 at. %. Transmission electron 

microscopy revealed that, depending on the composition 

of the deposit, either a biphasic 𝛼 + 𝛽 microstructure in 

the case of low vanadium contents or 𝛽-(V, Ti) with small 

amounts of 𝜔 phase for high vanadium contents were 

found. 

The available data on alloys production by co-

deposition from molten salts allow the development of 

alloy production technologies in several directions: 

- electrodeposition of alloys from melts with feeding 

of the electrolytic cell by chemical compounds; 

- electrodeposition of alloys from molten salts in 

cells with soluble metal anodes at close standard 

potentials conditions; 

- electrodeposition of alloys from molten salts with a 

large difference in conditional standard potentials in low-

temperature melts under conditions of cementation and 

contact exchange reactions with low rate. 

4. Structure and morphological structure of 

cathode alloys produced by electrodeposition of 

from molten salts 

The structure and morphology of the alloys play a 

crucial role in determining their final application. The 
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structure of an alloy can be characterized by the 

arrangement and size of the various phases and 

components, while the morphology describes the shape 

and size of these phases. These characteristics influence 

the mechanical, electrical, and chemical properties of the 

alloy [39–42]. For instance, alloys with a fine-grained 

structure and smooth morphology exhibit higher 

strength and wear resistance. This makes them suitable in 

components subjected to high loads and friction. On the 

other hand, alloys with a dendritic structure tend to have 

a higher surface area. This makes them suitable as 

catalysts. Therefore, understanding and controlling the 

structure and morphology of alloys is crucial to 

developing materials that meet specific performance 

requirements [43]. 

The absence of oxygen impurities in the electrolysis 

of molten salts has a significant influence on the 

structure of electrodeposited coatings. Oxygen, being a 

strong oxidant, can react with metals, forming oxides and 

other compounds, which leads to a change in the 

physicochemical properties of the deposits. In the 

absence of oxygen, these reactions are suppressed, which 

allows the production of cleaner and more homogeneous 

coatings. 

Electrodeposited coatings manufactured in the 

absence of oxygen can be characterized by their higher 

coating density [43]. Metal atoms have the opportunity 

to form a more perfect crystal lattice, which leads to 

improved mechanical and electrical properties of the 

deposits. In addition, oxygen in the melt causes the 

appearance of defects (microcracks, micropores) in the 

electrolytic deposit. 

The absence of oxygen affects the morphology on 

electrodeposited coatings. Deposits obtained under low 

oxygen conditions yield a smoother and more 

homogeneous surface due to even crystal growth, 

without the formation of dendrites or other undesirable 

structures which can be experienced in the presence of 

oxygen. Improved morphology contributes to better 

adhesion to the substrate and higher performance 

characteristics. 

The electrodeposition of compact deposits is of 

greatest interest for the production of products using 

high-temperature electroplating in molten salts [44–47]. 

The regularities of obtaining continuous layers of 

cathodic deposits allow for the development of 

technological processes for the production of products 

and protective coatings. 

Figure 4 shows photographs of cross-sections of 

continuous alloy deposits obtained by electrolytic 

deposition in molten salts. The structure and 

morphology of the continuous deposits (Figure 4) of the 

alloys are typical for the electrolytic deposits of 

individual metals obtained from molten salts. In the 

example of noble metal alloys, it can be seen that the 

deposits have a columnar structure (Figures 4a and 4b). 

Overall, there is a range of conditions under which 

continuous coatings can be obtained. That is confirmed 

by data of works [23, 25–27, 30, 32, 34]. 

When alloys are used, it is important to understand 

whether the alloys are chemically and phase-

homogeneous. In work [24], it was shown that the 

composition of the Ta-Cr alloy with a total content of 

6.6 at. % Cr can vary along the cross-section The 

available literature regarding the phase composition of 

the deposited alloy layer is contradictory [22, 26, 32]. 

The phase composition patterns of electrolytic deposits 

had to be investigated for each new alloy produced by 

electrolysis of molten salts. The results of works 

[22, 26, 32] suggested that phase composition could be 

predicted by focusing on the ratio of component 

concentrations in the melt, provided that there was an 

experimental relationship between the concentration 

ratios (Figure 3). In this case, the phase composition 

could be predicted using phase diagrams of alloy 

elements. For instance, the Ta-W phase diagram [37] 

indicated that the components had unlimited solubility 

in each other. The Ta-W phase diagram [37] has been in 

agreement with the XRD data (Figure 5 [26]). 

Electrolysis of molten salts is a promising method 

for producing coatings and products from various alloys. 

The electrolytic process allows control over the 

composition and structure of deposits, creating materials 

with unique properties. It is necessary to know the 

conditions of electrolysis, including current density, 

temperature, and electrolyte composition to obtain 

continuous deposits that met the requirements of 

practical application. 
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Figure 4 Cross-section observation of alloy electrolytic deposits produced by electrolysis of molten salt: (a) – [23]; (b) – [25]; 

(c) – [26, 27]; (d) – [34]; (e) – [30]; (f) – [32]. 

 

Figure 5 XRD patterns of alloys produced by electrolysis: (a) – Al-Cr-Ni alloys prepared in AlCl3-NaCl-KCl at 150 °C [33]; 

(b) – Ta-W alloy coatings prepared in LiF-NaF melts containing 1 mol. % K2TaF7 at different W contents at 800 °C [26]. 
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5. Conclusions 

Upon reviewing the available literature on the 

production of functional coatings, and their alloys using 

high temperature electrochemical reactors, it can be 

demonstrated the feasibility of the technology. 

Electrolysis performed in molten salt systems can be 

achieved at temperatures lower than the melting point of 

their respective components. A key technological 

characteristic of the process of producing alloys is the 

dependence of the ratio of alloy components in the 

electrolytic deposit and melt, tied to the electrolysis 

conditions. Prediction of the phase composition can be 

carried out in accordance with phase diagrams of co-

precipitated elements at the temperature of the 

deposition process. Preparation of alloys by electrolysis 

of melts at close values (with a difference of less than 

0.25 V) of equilibrium potentials using soluble anodes. 

The production of alloys with a greater difference in the 

equilibrium potentials of the components is possible 

under conditions of low temperatures, when 

carburization and contact exchange reactions occur at a 

low rate. 

In the process of solid deposit electrodeposition that 

meets the requirements of practical applications, it is 

necessary to take into account the electrolysis 

conditions, including current density, temperature, and 

composition of the electrolyte. 

During the electrolysis of molten salts, various 

electrochemical reactions can occur, leading to the 

formation of multiphase structures. Therefore, particular 

attention should be paid to the patterns of changes in the 

phase and chemical composition along the length of the 

cross-section of the material. Experimental data can 

enable the development of technological electrolysis 

regimes that ensure the production of alloy deposits with 

specified properties and a uniform chemical composition 

throughout the entire thickness of the material. 

The study of co-deposition of an alloy from molten 

salts is accompanied by significant difficulties due to the 

complexity of the experimental conditions and the lack 

of fundamental knowledge in this area. Despite 

significant progress in the electrodeposition of metals 

from molten salts, a wide range of issues related to the 

co-deposition of alloys still remains unexplored. The 

unreliable nature of the data prevents the full potential 

of co-deposition of metals and non-metals from molten 

salts from being fully realized. Limited understanding of 

the fundamental deposition mechanisms that influence 

the alloy production process makes it difficult to 

optimize the parameters and predict the properties of the 

alloys. Electrodeposition of alloys with more than 3 

components is an unexplored area. 

Understanding the factors influencing the 

morphology, composition, and properties of sediments 

will allow us to develop this process and use it to produce 

new materials with improved characteristics. 
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