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Abstract: Compositions of the products of the electrolysis of melts based on a eutectic mixture of sodium chloride–lithium fluoride and 

sodium tungstate, which contains molybdenum (VI) and tungsten (VI) oxides, molybdates, tungstates, and carbonates of lithium or sodium, 

are investigated. It is shown that, depending on the content of melt components, the products of electrolysis are carbon, molybdenum, 

tungsten, and their bronzes and carbides. The conditions of the deposition of galvanic coatings of molybdenum and tungsten carbides on 

carbon, nickel, and copper matrices are determined. 
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1. Introduction 

Increased interest in the development of new effective methods 

for obtaining refractory compounds such as carbides, borides, 

silicides, alloys, and intermetallic compounds of Groups IV–VIB of 

the periodic table is dictated by their use in modern technique. A 

comparative analysis of the synthesis of metal-like refractory 

compounds showed that high-temperature electrochemical synthesis 

(HTES) is one of the most promising but still poorly known 

methods [1–3]. It is based on processes of the electrical separation 

of metals and nonmetals from ion melts. The absence of 

information on the theoretical foundations and principles of control 

over these processes made it impossible to perform HTES in 

practice.  

The goal of this study was to investigate the composition of 

cathode products of carbon-containing melts based on the eutectic 

mixture of sodium chloride and lithium fluoride and melts based on 

sodium tungstate depending on the electrolysis conditions, as well 

as to fulfill the HTES of galvanic coatings by molybdenum and 

tungsten carbides [3, 4]. 

2. Experimental 

The steady-state and time-dependent current-voltage 

characteristics were obtained using a PI-50-1 pulse potentiostat. The 

steady-state characteristics were recorded using a DPD-4 two-

coordinate recorder, while time-dependent ones were recorded 

using a PO-5122M polarograph. The potentials of equilibria and 

processes were measured with respect to platinum–oxygen 

reference electrode [3, 4]. The electrolysis of the NaCl–LiF–

Na2MoO4–Na2CO3 and NaCl–LiF–Na2WO4–Na2CO3 melts was 

performed in containers made from MPG-7 grade graphite. The 

melt was prepared from preliminarily dried chemically pure grade 

NaCl and LiF and analytical grade Na2MoO4, Na2WO4, and 

Na2CO3. Impurities were removed from the electrolyte by 

electrolysis with a cathode current density of 10–15 A/dm2 until a 

continuous precipitate was stably obtained. Cathodes were nickel, 

copper, and steel plates 1  2 cm in size. 

The precipitates were investigated by X-ray diffraction and 

metallographic analysis. Microhardness on a transverse slice was 

determined using a PMT-3 device with an indenter load of 0.1 kg, 

the lattice parameters were measured using a DRON-3 

diffractometer in CuK radiation, and the coating thickness was 

measured using a 2IGM multi-turn indicator; in some cases it was 

measured by metallographic analysis. 

3. Result and discussion 

3.1 Halogenide–Oxide Melts 

Electrochemical reactions on electrodes are described in detail 

in [3, 4]. On the cathode, refractory metal and carbon are isolated: 

MO4
2– + 6e  M + 4O2– (M is Mo or W), 

CO3
2– + 4e  C + 3O2– 

with their subsequent interaction with the formation of oxides. 

The composition of cathode products of the systems under study 

is presented in Table 1. The potential for the electrochemical 

reduction of molybdenum from the molybdate ion at the 

background of the NaCl–LiF melt is 0.2 V more positive than the 

potential for the electrochemical reduction of tungsten from the 

tungstate ion and almost coincides with the potential for the 

electrochemical reduction of carbon from the carbonate ion [3, 4]. 

This circumstance, as well as the existence of molybdenum carbide 

of the only composition Mo2C, allows us to perform the conditions 

of crystallization of molybdenum carbide in a form of continuous 

precipitate. Tungsten and carbon form two carbides, WC and W2C. 

It is impossible to crystallize WC in a form of a continuous 

precipitate, because WC forms at a certain excess of free carbon, 

which inhibits the growth of electrolytic precipitates. Therefore, in 

order to crystallize tungsten carbide in a form of a continuous 

precipitate, more careful control over the electrochemical synthesis 

is necessary, and it should be performed in a mode of obtaining 

W2C [5]. 

Table 1: Composition of cathode products of electrolysis of the melts NaCl–
LiF(3:1 wt. fractions)–Na2MoO4–Na2CO3 and NaCl–LiF(3:1 wt. fractions)–

Na2WO4–Na2CO3. 

Content of melt components, wt. % Composition and structure of 

the cathode precipitate Na2MoO4 Na2WO4 Na2CO3 

1–15 – – Mo coating 

15–30 – – Mo–MoO2 precipitate 

– 1–20 – W coating 

– 20–30 – W–WO2 precipitate 

– – 1–30 C powder 

5 – 0.5–2.0 Mo–Mo2C coating 

5 – 2–4 Mo2C coating 

5 – 
5–10 

Unadherent Mo2C–C 

precipitate 

– 5 0.1–0.2 W–W2C coating 

– 5 0.2–0.5 W2C coating 

– 5 0.5–1.0 W2C–WC coating 

– 5 1.0–5.0 WC–C powder 

Note: T = 1173 K; cathode is C, Ni, Cu; anode is graphite; and ic = 5.0–7.5 

A/dm2. 
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Experiments at T = 1173 K and cathode current density ic = 8 

A/dm2 showed that continuous molybdenum precipitates are formed 

at the Na2MoO4 concentration in the melt of ≤15 wt %. At a higher 

molybdate content, molybdenum oxides precipitate along with 

molybdenum. Continuous tungsten precipitates are obtained at the 

Na2WO4 concentration in the melt of ≤20 wt %; at its higher 

concentration, tungsten oxides also co-precipitates. Amorphous 

carbon powder isolates from the melts containing only carbonate. 

To investigate the influence that other parameters (temperature, 

current density, and electrolysis mode) have on the properties and 

structure of the Mo, W, Mo2C, and W2C coatings, we selected the 

following optimal alloys: NaCl–LiF – 5 wt % Na2MoO4 (Na2WO4), 

NaCl–NaF – 5 wt % Na2MoO4 – 2 wt % Na2CO3, and NaCl–LiF – 

5 wt % Na2WO4 – 0.4 wt % Na2CO3. Continuous precipitates were 

obtained at T = 1073–1323 K. At lower temperatures, along with 

metal or carbide, metal oxides are precipitated. Well-adhered 

continuous pore-free coatings are observed at a current density of 

2–15 A/dm2 and deposition rate of 2–20 μm/h. The current yield of 

carbide coatings is 40–50%; their depth reaches 30 μm. A low 

current yield in the case of carbide coatings is caused by the 

violation of the growth front of the precipitate as a result of its 

passivation with lithium oxide, which is formed during the electrode 

reaction [3, 4]. Further, carbides are precipitated in the form of 

powder. 

A coarse-crystalline structure of formed coatings was made 

finer using the reverse of the dc during the electrolysis. The ratio of 

durations of the cathode and anode pulses (τc/τa) varied in the limits 

of 30–60, the duration of the anode period was 0.5–1.5 s, and its 

current density was 0.15–0.50 A/dm2. As a result, we succeeded in 

increasing the thickness of metal coatings to 200 μm and that of 

carbide coatings to 100 μm. The optimal parameters of the reverse 

mode were τc = 45 s, τa = 1.5 s, ic = 8–10 A/dm2, and ia = 20–30 

A/dm2. 

3.2 Oxide Melts 

In addition to halogenide–oxide carbonate-containing melts for 

the electrochemical deposition of molybdenum, tungsten, and their 

carbides, we also used oxide tungstate–molybdate–carbonate melts. 

The composition of cathode products in the systems under study, 

depending on the electrolysis conditions, is presented in Tables 2–5. 

Table 2: Composition of cathode products of electrolysis of the Na2WO4–

Li2MoO4–Li2CO3 melts. 

Content of melt components, wt. % Composition and structure of the 

cathode precipitate Li2MoO4 Li 2CO3 

1–10 1–10 Mo2C coating 

2.5–5.0 5–10 
Unadhered C, Mo, Mo2C 

precipitate 

5–10 2.5–5.0 Mo coating 

10–20 2.5–5.0 Large MoO2 crystals 

2.5–5.0 10–20 C powder 

– 5–10 WC powder 

5–10 – Mo coating 

Note: T = 1173 K; cathode is C, Ni, Cu; anode is graphite; and ic = 0.05–

0.075 A/cm2.  

Table 3: Composition of cathode products of electrolysis of the Na2WO4–

MoO3–Li2CO3 melts 

Content of melt components, wt. % Composition and structure of the 

cathode precipitate MoO3 Li 2CO3 

1–10 2–20 Mo2C coating 

2.5–5.0 10–20 
Unadhered C, Mo, Mo2C 

precipitate 

5–10 5–10 Mo coating 

10–20 5–10 Large MoO2 crystals 

2.5–5.0 20–40 C powder 

– 5–15 WC powder 

1–5 – Mo coating 

5–10 – Large MoO2 crystals 

Note: T = 1173 K; cathode is C, Ni, Cu; anode is graphite; and ic = 0.05–

0.075 A/cm2.  

Table 4: Composition of the cathode products of electrolysis of the Na2WO4–
Li2WO4–Li2CO3 melts 

Content of melt components, wt. % Composition and structure of the 
cathode precipitate Li2WO4 Li 2CO3 

– 1–15 W2C coating 

– 15–30 WC coating 

– 30–50 C powder 

10–30 – W coating 

5–10 5–10 W2C coating 

5–10 10–20 WC coating 

5–10 20–40 C powder 

Note: T = 1173 K; cathode is C, Ni, Cu; anode is graphite; and ic = 0.05–

0.075 A/cm2.  

Table 5: Composition of cathode products of electrolysis of the Na2WO4–

WO3–Li2CO3 melts 

Content of melt components, wt. % Composition and structure of the 

cathode precipitate WO3 Li 2CO3 

– 1–15 W2C coating 

– 15–30 WC coating 

– 30–50 C powder 

5–15 – W coating 

5–10 10–20 W2C coating 

5–10 20–40 WC coating 

5–10 40–60 C powder 

– 1–15 W2C coating 

Note: T = 1173 K; cathode is C, Ni, Cu; anode is graphite; and ic = 0.05–

0.075 A/cm2.  

Coatings of molybdenum carbide are precipitated from 

electrolyte Na2WO4–Li2MoO4–Li2CO3 with the equality (in the 

limits of 2.5 mol %) of concentrations of lithium molybdate and 

lithium carbonate; they should not exceed 10 mol %. At lower 

molybdate contents in the precipitate, carbon, molybdenum, and 

molybdenum carbide were found in the precipitate; and at higher 

contents, molybdenum oxides are observed. At lower carbonate 

concentrations, molybdenum prevails in the precipitate, and at 

higher concentrations, mainly free carbon is isolated. Molybdenum 

oxide is a more available commercial reagent and the source of 

molybdenum. With its use in this role, the required amount of 

carbonate is approximately a factor of 2 larger than in the case of 

the use of lithium molybdate (see Tables 2, 3). 

Continuous coatings of molybdenum carbide were obtained at T 

= 1073–1223 K and ic > 0.5 A/cm2. At T < 1073 K and current 

densities higher than 0.5 A/cm2, the precipitates are presented by 

highly dispersed powders of molybdenum carbide with a specific 

surface up to 30 m2/h. Well-adhered, uniform, continuous, and 

absolutely pore-free coatings from electrolyte Na2WO4 – 5 mol % 

MoO3 – 10 mol % Li2CO3 at T = 1173 K are observed at cathode 

current densities from 0.01 to 0.10 A/cm2. The deposition rate of 

coatings in the range of ic under study is 5–25 μm/h; the current 

yield of molybdenum carbide reaches 80%. The maximum 

thickness of the coatings does not exceed 100 μm. 

The use of the reverse mode of the electrolysis allowed us to 

make the coarse-crystalline structure finer and increase the coating 

thickness to 200 μm. The optimal parameters are as follows: τc/τa = 

20–40, the duration of the anodic period is 0.5–2.0 s, and the current 

density is 0.15–0.50 A/cm2. 

Coatings of tungsten carbide W2C are precipitated from 

electrolyte Na2WO4–Li2CO3 at Li2CO3 concentrations <15 mol %. 

At higher amounts of Li2CO3, coatings of tungsten carbide WC are 

obtained. The powder of free carbon is isolated at the Li2CO3 

contents >30 mol %. In the absence of lithium carbide at 

concentrations of Li2WO4 >10 mol %, tungsten coatings are 

deposited (see Table 4). 

When using tungsten oxide as the tungsten source, the observed 

regularities are similar. The distinction is that the region of isolation 

of sodium–tungsten bronzes is observed at WO3 concentrations > 

30 mol % (see Table 5). 
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The results of investigations of the composition of cathode 

products of chloride–fluoride molybdenum(tungsten)–carbon-

containing molten systems indicate that, in order to deposit the 

galvanic coatings by the HTES method, the abovementioned 

electrolytes can be suggested. The regions of the electrochemical 

deposition of molybdenum, tungsten, their bronzes and carbides, 

and carbon are determined. The data of Tables 1–5 show that the 

phase composition of the products of electrolysis and characteristics 

of cathode precipitates are determined by the concentration of the 

carbon source in the melt, namely, lithium and sodium carbonates. 

4. Conclusion 

(i) It is shown that cathode products of the electrolysis of the 

melts based on the eutectic mixture of sodium chloride and lithium 

fluoride and the melts based on sodium tungstate, in which 

molybdenum (VI) or tungsten (VI) oxides are dissolved, are 

molybdenum, tungsten, their bronzes and carbides, and carbon. 

(ii) It is established that the phase composition of the products 

of electrolysis is determined by the carbonate concentration in the 

melt. 

(iii) The deposition conditions of galvanic coatings of 

molybdenum and tungsten carbides on carbon, nickel, and copper 

substrates are determined. 
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