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Abstract

:

Nanomaterials are widely used in modern technologies due to their unique properties. Developing methods for their production is one of the most important scientific problems. In this review, the advantages of electrochemical methods for synthesis in molten salts of nanostructured coatings and nanomaterials for different applications were discussed. It was determined that the nanostructured Mo2C coatings on a molybdenum substrate obtained by galvanostatic electrolysis have a superior catalytic activity for the water-gas shift reaction. The corrosion-resistant and wear-resistant coatings of refractory metal carbides on steels were synthesized by the method of currentless transfer. This method also was used for the production of composite carbon fiber/refractory metal carbide materials, which are efficient electrocatalysts for the decomposition of hydrogen peroxide. The possibility to synthesize GdB6 nanorods and Si and TaO nanoneedles by potentiostatic electrolysis was shown.
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1. Introduction


In recent years, nanostructured and nanoscale materials have been of great interest because of the unique mechanical, electrical, optical, and chemical properties possessed by such materials due to the small size of their components (e.g., grains, phase inclusions, layers, pores, etc.). The possibility of obtaining nanomaterials with a given structure provides a wide range of opportunities for the creation of new functional materials with unique sets of characteristics [1]. Nanomaterials are of great applied importance for solving problems of energy storage and conversion energy [2,3,4]; they are also used as catalysts [5,6,7,8], electrocatalysts [9], protective coatings and structural materials [10,11].



To the present day, a great number of different methods and approaches have been developed for the synthesis of nanomaterials [12,13,14,15]. According to [15] they can be divided into three groups: biological, physical, and chemical. In the current study, we will not describe all methods of nanomaterials synthesis in detail, but we will focus on some of the most common ones, including sol-gel [16,17,18,19,20], micellar [21,22,23], hydrothermal [24,25,26,27], vapor deposition [28,29,30,31,32], ultrasonic [33,34,35,36,37], microwave [38,39,40,41], and electrochemical [42,43,44,45,46,47,48,49,50].



Electrochemical methods of synthesizing nanomaterials and functional materials have a number of advantages over other methods [51]. For example:




	
electrolysis of melts using pulsed and reversible currents provides the ability to easily adjust the structure, thickness, porosity, roughness, grain size and texture of electroplated coatings and materials;



	
a large number of environments for synthesis (both aqueous and non-aqueous) used for various purposes;



	
electrodeposition parameters determined at a laboratory scale can be transferred to the industrial scale;



	
high purity of the obtained coatings and materials even if low-quality initial reagents are used, since metals are refined in the process of electrolysis;



	
low operating costs and low costs of electrochemical equipment.








On the other hand, the use of molten salts such as chlorides and fluorides of alkali metals as a medium in the electrochemical synthesis of nanomaterials makes it possible to increase the current density due to a high electric conductivity and thereby to intensify the synthesis processes. Electrochemical synthesis in molten salts leads to the appearance of strong electric and magnetic fields in the near-electrode layer (the electric field strength near the cathode is 109–1010 V m−1 [52]). Therefore, the synthesis can proceed under conditions far from the thermodynamical equilibrium, which significantly expands the number of obtained compounds and their phase modifications as compared to other methods of nanomaterial production.



A large number of studies are devoted to obtaining silicon-based nanomaterials in various molten salts using electrochemical methods [53,54,55,56,57,58,59,60,61]. For example, methods of producing silicon-based nanomaterials for utilization in advanced power engineering are reviewed in [55,57,59,60,61]. By varying the electrolyte composition, electrolysis parameters and process temperature, it becomes possible to synthesize nanowires and nanotubes.



The synthesis of carbon-based nanomaterials in molten salts has been the subject of many reviews and articles. In review [62], the methods and mechanisms of synthesis of nanomaterials based on graphene and its oxide in various melts are discussed in detail. Reducing the amount of carbon dioxide emissions in the atmosphere has become an urgent problem, and the electroreduction of CO2 in molten salts can contribute to solving this challenge. In works [63,64,65,66,67,68,69,70,71,72,73], the processes and mechanisms of electroreduction of carbon dioxide in various melts leading to the production of various carbon nanoparticles have been investigated. One study [64] reveals the effect of the electrolysis temperature in molten Li-Na-K carbonates on the shape of carbon nanomaterials. At a process temperature below 850 K, carbon nanosheets are formed on the cathode, and nanotubes are formed at a higher temperature. In the paper [65], the principle possibility of carbon nanotube generation by the electrolysis of molten salts saturated by carbon dioxide was shown. Kushkov et al. [68] found that, depending on the experimental conditions, the electrolysis of molten alkali metal carbonates led to the synthesis of carbon nanotubes or fullerenes C60 or C70. Electrochemical methods to synthesize carbon nanotubes and various carbon nanostructures from CO2 in molten CaCl2-NaCl-CaO were discussed in [72].



For the nanotechnology of carbon materials, it is of great interest to produce nanodiamonds in molten salts. It was shown in [74] that single Li2CO3 nanocrystals (<30 nm) can be synthesized by the injection of moist CO2 into molten LiCl containing Li2O. The subsequent cathodic polarization of a graphite rod immersed in the molten salt led to the formation of carbon-encapsulated lithium carbonate nanoparticles. Upon heating in ambient-pressure air, these nanostructures acted as high-pressure nanocrucibles, creating diamond crystallites within lithium carbonate.



The electrochemical methods allow to synthesize carbides of different metals, which can be used for surface protection against oxidation or corrosion and as catalysts or electrocatalysts. In studies [75,76] voltammetric investigations of tungsten and carbon-containing melts were carried out to find the conditions for a high-temperature electrochemical synthesis of nanostructured tungsten carbide coatings and nanopowders. Binary tungsten-molybdenum carbide nanopowders were fabricated by high-temperature electrochemical synthesis from tungstate–molybdate–carbonate melts [77].



Analysis of available literature data shows that electrochemical synthesis in molten salts is a promising method for obtaining coatings and nanomaterials.



Of course, this article is not a complete review of all the data available in the literature on the production of coatings and nanomaterials in molten salts. The aim of the present work was to introduce our results on electrochemical synthesis in molten salts of nanostructured coatings and nanomaterials used for different applications.




2. Materials and Methods


In this work, we used chloride-fluoride electrolytes for the synthesis of nanostructured coatings and nanomaterials.



Sodium and potassium chlorides (Prolabo 99.5% min) were recrystallized in distilled water to remove various insoluble impurities. Afterwards they were calcined in a muffle furnace at 773 K. Then, NaCl and KCl were mixed (with a molar ratio of 1:1) and evacuated to a residual pressure of 0.6 Pa at 298, 473, 673, and 823 K; following that, the NaCl and KCl mixture was melted in a purified and dried argon atmosphere.



Sodium fluoride (Prolabo 99.5% min) was refined from impurities using the method of directional crystallization, which is described elsewhere [78].



Li2CO3 (Sigma-Aldrich, St. Louis, MI, USA, 99% min) and Na2MoO4·H2O (Sigma-Aldrich, 99.5% min) were dehydrated for 24 h at 473 K. Chromium trichloride (Sigma-Aldrich, anhydrous, 99.99% min) was used without additional treatment.



Potassium heptafluoroniobate, heptafluorotantalate, and hexafluorosilicate were synthesized at the experimental facility of the Tananaev Institute of Chemistry-Subdivision of the Federal Research Centre, at the Kola Science Centre of the Russian Academy of Sciences. The content of metallic impurities in the synthesized salts did not exceed 10−3 wt.% according to mass spectroscopy data. The purification methods of K2NbF7, K2TaF7, and K2SiF6 are described in literature [79,80,81].



Potassium tetrafluoroborate (Sigma-Aldrich, 99.99% min) was used without additional treatment. GdF3 was synthesized by heating a mixture of Gd2O3 and [NH4][HF2] in an argon atmosphere [78]. The procedures for obtaining K3TaOF6 and CsCl were described in details elsewhere [82].



A detailed description of the experimental setup, instruments and materials used for synthesis, identification and investigation of the morphology, and properties of the synthesized coatings and nanomaterials are given in [83,84,85].



Other specific techniques are described in the sections below.




3. Results and Discussions


3.1. Nanostructured Catalytic Coatings Mo2C


One of the promising areas of hydrogen energy is the direct placement of an integrated device on board a vehicle, which includes a fuel processor in combination with a fuel cell. As a result of the transformation of gasoline or natural gas, hydrogen is obtained, which contains about 12 vol % CO. The carbon monoxide steam reforming reaction (SRR) is used to remove carbon monoxide from the hydrogen-rich gas, since CO is a catalytic poison to the proton exchange membrane of the fuel cell. The high-temperature steam reforming reaction is usually carried out on ferrochrome (Fe3O4/Cr2O3) as a catalyst at temperatures of 573–723 K, which makes it possible to reduce the CO content to 2 vol % and obtain an additional amount of hydrogen. This product is then subjected to a low-temperature steam reforming reaction using a Cu/ZnO/Al2O3 catalyst at a temperature range of 433–523 K, which reduces the CO concentration to 0.1% by volume. However, the low-temperature catalyst occupies approximately 70% of the volume of the entire fuel processor catalytic system and is also pyrophoric due to the oxidation of Cu to Cu2O or CuO, making it potentially hazardous. Strict temperature control is necessary to carry out a low-temperature SRR, which makes the Cu/ZnO/Al2O3 catalyst impractical.



Thus, the search for a catalyst with high activity at 473–523 K, capable of reducing the CO concentration to 0.1 vol % for use in automobiles and other vehicles, remains relevant. A new class of catalytic systems based on refractory metal carbides can be used for the carbon monoxide steam reforming reaction.



3.1.1. Electrochemical Synthesis


Based on the analysis of the peculiarities of molybdenum and carbon electrodeposition, an NaCl-KCl-Li2CO3-Na2MoO4 chloride-carbonate-molybdate melt was chosen for electrochemical synthesis. As the substrate, molybdenum plates (99.99 wt.% Mo), 40 mm long, 10 mm wide, and 0.1 mm thick were used. Electrochemical synthesis of Mo2C coatings was carried out at the following conditions: temperature 1123 K, cathodic current density 5 mA cm−2, time of electrolysis 7 h, and the glassy carbon (SU-2000) ampoule was used as the anode. X-ray phase and microstructural analyses, scanning electron microscopy, and the BET method were used to characterize the obtained coatings.



It is important that the obtained coatings are β-Mo2C monophase semi-carbide with a hexagonal crystalline lattice (Figure 1). At the same time, bulk Mo2C contains at least several weight percent of cubic molybdenum carbide, which significantly reduces its catalytic activity and stability in the carbon monoxide steam reforming reaction. The formation of hexagonal Mo2C during electrochemical synthesis is the result of specific electrocrystallization conditions (electric field, double layer, and high temperature) [52].



Joint electroreduction of MoO42− and CO32− ions resulted in the formation of 50 μm thick Mo2C coatings and can be in general described by the reaction:


2MoO42− + CO32− + 16e− → Mo2C + 11O2−.



(1)







The morphology of the Mo2C coating is presented in Figure 2. The figure shows that the obtained coating is nanostructured, and consists of a large number of pores with sizes ranging from 300 nm to 3 μm and Mo2C nanoneedles.




3.1.2. Catalytic Activity


The steady-state steam reforming reaction rate for the Mo2C/Mo composition was three orders of magnitude higher than for the Mo2C bulk phase and the commercial Cu/ZnO/Al2O3 catalyst (Figure 3).



The specific surface area (BET surface) of the Mo2C coating was 38 m2 g−1. The BET surface of bulk Mo2C was much higher (61 m2 g−1) [86]. Despite this, the catalytic activity of the bulk Mo2C was much lower than that of the catalysts obtained by electrolysis. This can be explained by the presence of cubic modification in the bulk Mo2C composition, which significantly reduces the SRR rate.



Methane formation was not observed throughout the entire temperature range in which the Mo2C/Mo coatings were tested. The catalytic activity remained constant over 5000 h of testing. The coatings also remained stable during cyclic temperature tests, while the activity of industrial catalysts decreased.



Thus, by electrochemical synthesis in molten salts, we obtained a new Mo2C/Mo-based catalytic system for a low-temperature steam reforming reaction. The catalytic activity of the composition, obtained by simultaneous reduction of electroactive MoO42− and CO32− particles, was three orders of magnitude higher than that of the bulk Mo2C and commercially available Cu-ZnO-Al2O3 catalyst.





3.2. Wear and Corrosion Resistence Coatings on Steels


The main requirements for hard alloys as cutting, milling, and drilling tools are wear resistance, chemical stability at high temperatures, and superior mechanical properties. Current research shows that the local temperature on the surface of these tools increases greatly during tool usage, resulting in oxidation, changes in composition, and surface degradation over time. In addition, these materials sometimes operate in aggressive environments. The corrosion rate of materials is significantly affected by the pH of the environment. Materials based on the refractory metal carbides show a good resistance in acidic electrolytes [87].



The modification of a tool’s surface with films and coatings of different compositions can be carried out by many methods. These coatings determine the surface properties [88,89]. Currently NbC and TaC, with the addition of WC, are effectively used as cutting tools [90]. Tantalum carbide is used in the engine and aerospace industries due to its resistance to high-temperature oxidation [91].



Various techniques of obtaining chromium carbide coatings, such as chemical vapor deposition [92], metallothermic reduction of Cr2O3/C mixtures [93], and magnetron sputtering [94] were reviewed in [92,93,94,95,96]. It is shown that the deposition of Cr2C3 as a coating on steel leads to an increase in the hardness and wear resistance and reduces the friction coefficient [93,94].



In [97], different methods of synthesis of protecting coatings are discussed. It was concluded [97] that coating deposition by molten salt electrolysis is a prospective way for obtaining smooth and uniform coatings on complex-shape samples.



Previously, we have thoroughly studied [98] the processes of alloy formation during electrodeposition of chromium on the surface of steels with the formation of chromium carbide coatings of different compositions.



3.2.1. Currentless Transfer: A Simple Way to Obtain Refractory Carbide Coatings


An alternative method for synthesizing coatings of refractory metal carbides on steels is currentless transfer (CT) [99]. It is important to note that CT is an electrochemical method, and synthesis by CT is subject to the laws of electrochemical thermodynamics, kinetics, and reaction diffusion in solids [98,100,101,102].



A schematic diagram of CT in molten salts is shown in Figure 4. During the process, metal-salt reactions occur and metal cations with an intermediate oxidation state are formed disproportionately on the surface of steel (or another carbon-containing material) to form a refractory metal carbide and a cation in a higher oxidation state. The driving force of the CT is the Gibbs (ΔGr) energy of the carbide-forming reaction. The carbide with the smallest (more negative) value of ΔGr will be formed [99].



Figure 5 shows the temperature dependencies of the Gibbs energy per 1 mole of the product for the formation of chromium, tantalum, and niobium carbides from the elements. It was shown that the formation of Cr7C3, TaC, and NbC carbides is the most preferable. It also follows from the thermodynamic data that the synthesis of chromium carbides on steels is preferable at higher temperatures, as evidenced by the decrease in ΔGr with increasing temperature. For niobium and tantalum carbides the temperature dependence of ΔGr is different, and ΔGr increases (becomes less negative) with increasing temperature. However, with increasing temperature the melt viscosity decreases, and diffusion fluxes of metal complexes in various degrees of oxidation through the electrolyte increase. This leads to the intensification of NbC and TaC formation on steels with increasing temperature despite being less thermodynamically favorable.



Based on these considerations, the optimal conditions for the synthesis of carbide coatings by the CT method were selected. An equimolar NaCl-KCl mixture was used as an electrolyte, the process temperature was 1173 K, the concentrations of refractory metal salts (CrCl3, K2TaF7 and K2NbF7) were 30 wt.%, and the synthesis time varied from 3 up to 24 h [103].



The obtained coatings were analyzed by XRD, which showed the formation of Cr7C3 TaC and NbC coatings (Figure 6), in perfect agreement with the thermodynamic data. The peaks of diffraction patterns corresponding to the substrate are caused by the insignificant thickness of the synthesized coatings.




3.2.2. Protective Properties of Refractory Carbide Coatings


Cross-section was used to determine the thickness of synthesized refractory metal carbide coatings. In general, the thickness of the coatings obtained by the CT method depends on the duration of the process, the diffusion rate, and the carbon content in the substrate. In our case, the coating thicknesses were 1–2 microns. The morphologies of niobium carbide coatings formed at various synthesis durations on St.3 steel are presented in Figure 7. The coatings were composed of densely packed spherical particles with a diameter of 1–2 µm. If the synthesis time was 3 h (Figure 7a), the coating was not continuous. To obtain continuous coatings, the synthesis time was increased to 8 h (Figure 7b).



Samples coated with Cr7C3, NbC and TaC were tested for corrosion resistance in concentrated mineral acids and for wear resistance by the following methods. The corrosion rate was determined by a gravimetric method using cylindrical samples with a length of 30 mm and a diameter of 7 mm. After deposition of the coatings and electrolyte removal, the samples were degreased with refined ethyl alcohol. The corrosion rate was determined at 298 K for 48 h as a mass loss of the sample through a surface area unit per unit of time. At the end of the sample exposure in concentrated mineral acids, corrosion products were removed mechanically, the samples were degreased again, and were weighed on analytical scales with an accuracy of up to 1 × 10−5 g.



The wear rate was measured as the weight loss of the coated sample relative to the original sample, on the SMTs-2 friction machine (LLC “Precision Instruments”, Ivanovo, Russia) at a specific load of 5 mPa, in transformer oil, at a slip velocity of 1.2 m s−1, and on a path segment of 2000 m.



The results of the corrosion and wear resistance tests are shown in Figure 8. Refractory metal carbide coatings substantially reduced the corrosion rate of steel samples in concentrated acids, especially for H2SO4 and HCl (Figure 8a). Of course, the quality of obtained coatings (porosity) affects the results to a certain degree. Due to high hardness values of refractory metal carbides and their good adhesion with the substrate, the loss of mass as a result of mechanical wear is reduced by 3–5 times compared with the reference sample (Figure 8b).



Our studies showed that to achieve a good corrosion resistance of samples with Cr7C3, NbC and TaC coatings, the required thickness of protective coatings should be 1–3 µm. At the same time, thin films with a thickness of 100–700 nm obtained at a shorter duration of synthesis are sufficient only to impart resistance to mechanical wear.



The combination of high corrosion and wear resistance makes the investigated coatings a promising material for aggressive media with abrasive wear. These coatings have been tested in industrial facilities. Deposition of niobium carbide coatings on parts of crude oil pumps improved their lifetime by 3–4 times (tested by LLC “New technology”, Russia, Nefteyugansk). Tests carried out by LLC “Ecotech” (Russia, Apatity) showed that the coatings of Cr7C3 or TaC on the rubber-cutting knifes made of St3 can increase their wear resistance and increase a tool service life by a factor of 2.0 (Cr7C3) and 2.5 (TaC).





3.3. Electrocatalytic Compositions Carbon Fiber/Refractory Metal Carbide


The application of cheap refractory metal carbides as catalysts and electrocatalysts instead of expensive noble metals is preferable for some oxidation or reduction processes [104]. Carbon fibers can serve as a substrate for the electrochemical deposition of coatings and crystals of refractory metal carbides from molten salt media. Obtaining refractory metal carbide-carbon fiber composites using such processes is operationally quite simple and not energy consuming.



Conducting electrocatalytic reactions instead of traditionally catalytic ones has a number of advantages. For example, it is possible to control the reaction kinetics by adjusting the potential, which directly affects the activation energy of the conducted process [105], as well as the environmental friendliness of electrocatalysis since an electron is involved in the reaction as an oxidizing or reducing agent, and there are no hazardous reaction by-products [105,106].



3.3.1. Synthesis of Refractory Metal Carbide Coatings on Carbon Fibers


The synthesis of transition metal carbide/carbon fiber composites was carried out by the CT method described above (Section 3.2.1). X-ray diffraction patterns of all synthesized composites are presented in Figure 9. According to XRD analysis, tantalum carbide had a cubic structure with a border-centered crystal lattice, niobium carbide had a cubic crystal lattice, and crystals of the Mo2C phase had a hexagonal structure.



Figure 10 shows micrographs of carbon fibers coated with tantalum carbide (a) and a cross-section of a single fiber (b). The micrographs show that the fibers were not spliced together, and the coatings were uniform both in the cross-section and along the fiber.



Carbon fibers with niobium carbide coatings are shown in Figure 11. The diameter of the carbon fibers was approximately 7 ± 1 μm. The thickness of the tantalum and niobium carbide coatings on the carbon fiber was from a few tens of nanometers to a couple hundred nanometers. No other compound phases were detected between the carbon fiber and the coating.



The Mo2C phase was also obtained on carbon fibers by CT in molten salts. The melt in this case contained sodium molybdate, Na2MoO4. It was found that increasing the exposure time of the carbon fiber in the melt leads to an increase in the amount of Mo2C crystals. The Mo2C crystals had a well-defined structure with a crystal size of ~7–21 μm (Figure 12).




3.3.2. Investigation of the Electrocatalytic Activity of Composites Based on Refractory Metal Carbide on Carbon Fiber


The kinetics of electrocatalytic decomposition of hydrogen peroxide on the surface of refractory metal carbides (TaC, NbC, Mo2C) can be investigated by measuring the volume of evolved gases per unit of time. Decomposition of hydrogen peroxide proceeds with the emission of gaseous products: oxygen is emitted at the anode, which was the studied composite material, and hydrogen is emitted at the cathode, which was an uncoated carbon fiber.



To compare the results of studying the kinetics of the hydrogen peroxide decomposition reaction on refractory metal carbide-carbon fiber composites with the kinetics of the same reaction using traditional catalysts as copper and platinum, we used 5 mm2 metal electrodes. However, it is difficult to estimate the surface area of electrodes made of composites of refractory metal carbides. Their specific surface area is 5–15 m2 g−1. In all our experiments, the same linear dimensions of the composite electrodes were used, and the same immersion depth in hydrogen peroxide solution was maintained.



The graphical analysis of the kinetic dependences (Figure 13) established the zero order of the electrocatalytic reaction of hydrogen peroxide decomposition [107]. It can be described by the kinetic equation of the form υ = k, where υ is the reaction rate, and k is the reaction rate constant.



The activation energies of the studied H2O2 decomposition were calculated from experimental data obtained at different temperatures in steps of 10 K. Figure 13 shows the kinetic data at 303 K for all studied composites. Similar dependencies were also observed at higher temperatures, so only one example is presented in this article. It can be seen that the rate of electrocatalytic reaction of hydrogen peroxide decomposition increases in the following series: Mo2C/C < TaC/C < Pt < Cu < NbC/C.



The obtained values of the rate constants for the hydrogen peroxide decomposition at different temperatures were used to calculate activation energies. It was found that the activation energy values for the Mo2C/C, TaC/C, Pt, Cu and NbC/C electrodes are equal to 107.2, 82.2, 74.8, 48.2, and 37.1 kJ mol−1, respectively.



It should be noted that the activation energy of the hydrogen peroxide decomposition process is given here from the general chemical point of view. Since it is impossible to reliably determine the value of the potential difference between the electrode surface and any point in the solution, we do not have a reliable method for the experimental determination of the activation energy for the specific electrode process. Therefore, the calculated activation energies are given for a formal decomposition process taking place on the anode.



It has been established that the reaction rate does not change over time, in accordance with the zero-order kinetic equation, which has no dependence on the concentration of reacting substances, and the diffusion rate to the surface of electrode is smaller than the rate of chemical transformation.





3.4. Electrochemical Synthesis of Gadolinium Borides Nanorods in Molten Salts


Highly pure rare earth metals and their refractory compounds with oxygen, carbon, nitrogen, and boron are widely used in special alloys in metallurgy, semiconductor electronics and laser techniques; they are used for production of permanent magnets, new types of catalysts, optical glasses, and hydrogen accumulators. Gadolinium boride is especially prospective in nuclear engineering for neutron adsorption. Nanomaterials based on gadolinium hexaboride are promising materials for modern technology due to their unique electric, magnetic, and optical properties. For example, GdB6 nanorods are characterized by a very low electron work function (∼1.5 eV), which makes this nanomaterial very interesting for the fabrication of point electron emitters. GdB6 nanorods are strong light absorbers in the near infrared region, and they are transparent to visible light.



The traditional manufacturing of rare-earth borides is based on the direct reaction of pure initial components at high temperatures (up to 2700 K), which negatively affects the microstructure of the product. Electrochemical synthesis at moderate temperatures (973–1023 K) is a cost-effective alternative to direct reaction techniques and it has been successfully applied to the production of high-quality refractory borides. Electrochemical techniques provide not only the required stoichiometry and narrow size distribution of the product, but also the designated morphology. Prior to our studies, there was no information on the preparation of GdB6 nanorods and nanowires in the literature.



For the electrochemical synthesis of GdB6 it is necessary to know the electrochemical behavior of boron and gadolinium in their joint presence in the melt. Waves on the voltammogram in the NaCl-KCl-NaF-GdF3-KBF4 melt (Figure 14) reflected the boron reduction from BF4- complexes (RB, the least negative wave at about −0.8–−1.0 V) and gadolinium discharge on a boron deposit (RGd-B, at potentials −1.5 V and −1.8 V). The ascending section on the voltammogram corresponds to the discharge of gadolinium and alkali metal cations. Significant differences in the electroreduction potentials of boron and gadolinium allows us to make a reasonable assumption about the so-called “kinetic regime” [52] of their compound synthesis in the melt. Thus, the hexaboride can be synthesized only at current densities higher than the limiting current density for a more positive constituent (boron) discharge process. During co-deposition with boron, gadolinium reduced not on a silver surface, but on the layer of already deposited boron. The high depolarization value of this process leads to the formation of boron-gadolinium compound at potentials near −1.5 V and −1.8 V.



Potentiostatic electrolysis (7 h duration) was carried out, at potentials −1.5 V and −1.8 V. The deposits were scraped off and any electrolyte adhering to the deposits were leached with a warm dilute HCl, then 2% NaOH, and finally washed with distilled water and ethanol. XRD analysis identified the products of electrolysis as gadolinium hexaboride [78]. At the potential of –1.5 V the gadolinium hexaboride was synthesized in the form of coral-like dendrites. Micro- and nanorods were obtained at the potential of −1.8 V (Figure 15). Along with nanorods, a GdB6 nanowire was also formed on the cathode; the length of the nanostructure significantly exceeded its diameter, and, in some cases, the nanowire was bent. The intercalation mechanism was suggested for the formation of nanorods and nanowire [78].




3.5. Synthesis of One-Dimensional Nanostructures: Si and TaO Nanoneedles


One-dimensional nanomaterials, such as nanorods, nanotubes, nanowires, and nanofibers, are promising for catalysis and electrocatalysis [108]. Firstly, this is due to their large surface area with a high concentration of active centers [109]. Secondly, such nanostructures have a unique channel structure, which can be used as a fast pathway for the transfer of electric charges [110,111]. Finally, many adjacent one-dimensional nanostructures create a large number of pores and channels for the supply of reagents and escape of reaction products. Another important advantage of such structures is the possibility of obtaining them directly on the desired substrate without the use of additional binding agents [111].



3.5.1. Electrochemical Synthesis of Si-Nanoneedles in Molten Salts


Silicon technology has created computers, cell phones, and other electronic devices [59,112]. The use of silicon nanoneedles for medical purposes is known [113,114], for example, to grow new blood vessels. Such nanoscale needles are involved in the delivery of genetic material to stimulate blood vessel growth and can deliver drugs directly to living cells.



Electrochemical methods of synthesis make it possible to produce nanoscale silicon, regulating its growth and the size of the final product [56].



A chloride-fluoride melt, NaCl-KCl-NaF (10 wt.%)-K2SiF6, was used for the production of silicon [115]. The cyclic voltammogram of this melt is presented in Figure 16 and in the cathodic semi-cycle, two electroreduction peaks R1 and R2 corresponding to Si(IV) were registered.



Potentiostatic electrolysis at the first wave did not led to the formation of solid product at the cathode, but after washing off the electrolyte remaining on the electrode, needle- and flake-form crystals were observed (Figure 17). The XRD analysis showed that the crystals correspond to elementary silicon [115].



Thus, the recharge process of Si(IV) to Si(II):


Si(IV) + 2e → Si(II),



(2)




is accompanied by the disproportionation reaction [116]:


2Si(II) ⇄ Si(IV) + Si.



(3)







According to the XRD data, electrolysis at the potentials of the second wave led to the formation of large silicon crystals (Figure 18) during the electroreduction of Si(II) to Si, and fine needle crystals were also observed due the disproportionation reaction (3).




3.5.2. Obtaining of TaO Nanoneedles by Electroreduction of K3TaOF6 in Molten Salts


Tantalum monoxide can replace the tantalum pentoxide in high-density electric capacitors because of its high dielectric constant and low leakage current [117]. This material has been commercially integrated in capacitors which are used in computer dynamic random-access memory [118].



The formation of TaO was mentioned in several papers [119,120,121,122,123], but in [122,123] the electrocrystallization of tantalum monoxide was not confirmed by XRD analysis.



It was determined that during electroreduction of tantalum monoxofluoride complexes in the CsCl-K3TaOF6 melt, several phases containing tantalum are formed. The variation of cathodic products obtained at different parameters of electrolysis are presented in Figure 19. As can be seen from the diagrams in Figure 19, tantalum monoxide crystallized at the cathode with other tantalum compounds and did not form at a temperature of 1173 K. The micrograph of tantalum monoxide formed during electrolysis of the CsCl-K3TaOF6 melt is shown in Figure 20. It demonstrates that tantalum monoxide crystallizes at the cathode as nanoneedles up to 12,000 nm in length with a cross-section of ~100 nm.



Table 1 presents a brief summary of all functional coatings and nanomaterials considered in the present paper, the corresponding synthesis conditions in molten salts, and possible applications.






4. Conclusions


The advantages of high-temperature electrochemical synthesis of nanostructured coatings and various nanomaterials in molten salts were demonstrated:




	
By electrochemical synthesis in molten salts, a new Mo2C/Mo-based catalytic system for a low-temperature steam reforming reaction was obtained. The catalytic activity of this composition, produced by the simultaneous reduction of electroactive MoO42− and CO32− species, was three orders of magnitude higher than that of the bulk Mo2C phase and commercial Cu-ZnO-Al2O3 catalyst.



	
The currentless transfer for the synthesis of nanoscale coatings of carbide refractory metals on substrates containing carbon was studied. It was shown that these coatings on steels increase corrosion resistance by several orders of magnitude and increase wear resistance by 3–5 times. Tests carried out by industrial facilities showed that the coatings of Cr7C3 or TaC on rubber-cutting knifes made of St3 can improve their wear resistance and increase a tool lifetime by 2.0 (for Cr7C3) and 2.5 (for TaC) times.



	
It was found that NbC, TaC, and Mo2C carbides deposited on carbon fibers by currentless transfer in molten salts can be used as highly active electrocatalysts for hydrogen peroxide decomposition. The kinetics of the electrocatalytic decomposition of H2O2 were studied and the following series of electrocatalytic activity was established: Mo2C < TaC < Pt < Cu < NbC.



	
Using potentiostatic electrolysis, GdB6 nanorods for different applications were synthesized in the KCl-NaCl-NaF(10 wt.%)-GdF3-KBF4 melt.



	
The synthesis of one-dimensional nanomaterials based on Si and TaO for application in modern electronic devices was discussed. Silicon nanoneedles were synthesized by potentiostatic electrolysis in the NaCl–KCl–NaF(10 wt.%)-K2SiF6 melt. The possibility to synthesize TaO using the CsCl-K3TaOF6 melt was shown. TaO crystallized at the cathode as nanoneedles, together with other tantalum compounds. It was found that TaO can be obtained by the electrolysis of molten salts only at temperatures below 1173 K.
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Figure 1. X-ray powder diffraction patterns of the molybdenum carbide coating on molybdenum substrates obtained at 1123 K and a current density of 5 mA cm−2 from the NaCl-KCl-Li2CO3 (1.5 wt.%)-Na2MoO4 (8.0 wt.%) melt (solid line), data points indicate the reference sample. 
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Figure 2. Morphology of molybdenum carbide coating on a molybdenum substrate. T = 1123 K, i = 5 mA cm−2, melt–NaCl-KCl-Li2CO3 (1.5 wt.%)-Na2MoO4 (8.0 wt.%). 
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Figure 3. Temperature dependence of the steam reforming reaction rate over different catalysts. Reaction conditions:    p  C O   = 300   Pa  ,    p   H 2  O   = 760   Pa  ,    p  c  o 2    = 1.2   kPa  ,    p   H 2    = 40   kPa   and balanced helium. The gas flow rate is 50 cm3 min−1 (STP). 
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Figure 4. Principle scheme of coating synthesis by the CT in molten salts. (a)—Cr7C3 chromium carbide; (b)—MeC carbides (Me = Nb, Ta). 
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Figure 5. Temperature dependencies of the Gibbs energy for the formation reactions of (a)—chromium, (b)—tantalum, and (c)—niobium carbides from the elements. 
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Figure 6. XRD patterns of the refractory carbide coatings on the St3 steel substrate (solid line), data points indicate the reference samples. 
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Figure 7. St.3 substrate surface morphology after its (a)—3 h exposure and (b)–8 h exposure in the NaCl-KCl-K2NbF7 (30 wt.%)—Nb melt at 1173 K. 
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Figure 8. (a)—Corrosion rates of steel/refractory metal carbide coatings in concentrated mineral acids and (b)–mass loss due to mechanical wear. 
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Figure 9. X-ray diffraction patterns of TaC, NbC coatings and Mo2C crystals obtained by electrochemical methods in molten salts on the surface of carbon fibers (solid line). Data points indicate the reference samples. 
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Figure 10. Micrographs of the tantalum carbide-carbon fiber composite at different scale. (a)—Overall view and (b)—cross-section of a single fiber. Synthesis conditions: CT in NaCl-KCl-K2TaF7 (30 wt.%)–Ta melt at 1123 K for 24 h. 
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Figure 11. Micrographs of the niobium carbide-carbon fiber composite at different scale. (a)—Overall view and (b)—cross-sections of fibers. Synthesis conditions: CT in NaCl-KCl-K2NbF7 (30 wt.%)–Nb melt at 1123 K for 24 h. 
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Figure 12. Micrographs of the molybdenum carbide-carbon fiber composite at different scale. (a)—Overall view and (b)—a single Mo2C crystal. Synthesis conditions: CT in NaCl-KCl-Na2MoO4 (15 wt.%)–Mo melt at 1123 K and for 1 h. 
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Figure 13. Zero-order kinetic dependencies of the electrocatalytic decomposition of H2O2, taken on the electrodes at the same temperature 303 K. 
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Figure 14. Voltammogram of the KCl-NaCl-NaF (10 wt.%)-GdF3-KBF4 (B/Gd = 2.6) melt,    C  K B  F 4    = 1.8 ×   10   − 5        mol   cm    − 3    , Ag—working electrode, A = 0.5 cm2, GC—counter electrode, GC-quasi-reference electrode; ν = 0.5 V s−1, T = 1023 K. 
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Figure 15. SEM image of the GdB6, synthesized in the KCl-NaCl-NaF (10 wt.%)-GdF3-KBF4 melt at −1.8 V vs. GC quasi-reference electrode. 
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Figure 16. Cyclic voltammogram of the NaCl-KCl-NaF(10 wt.%)–K2SiF6 melt. Concentration of K2SiF6 is 6.87 × 10–5 mol cm–3; v = 0.2 V s−1; T = 1023 K; A = 0.162 cm2. The quasi-reference electrode was the SU-2000 glassy carbon. 
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Figure 17. Needle and flake silicon crystals obtained during potentiostatic electrolysis at E = −0.75 V vs. the glassy carbon electrode, after rinsing the remaining electrolyte off the electrode after its removal from the melt. 
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Figure 18. Electron microscope image of silicon crystals on a silver electrode obtained by potentiostatic electrolysis at E = −1.2 V vs. the glassy carbon electrode. 
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Figure 19. Diagrams of the phase composition of the cathodic products deposited at a current density of 0.15 A cm−2 at (A) 923 K, (B) 1023 K, (C) 1173 K. The concentration of K3TaOF6 in the CsCl melt was (1) 1.25, (2) 2.5, (3) 5.0, and (4) 10.0 wt.%. 
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Figure 20. SEM image of TaO obtained by electrolysis of the CsCl-K3TaOF6 (2.5 wt.%) melt at 1023 K and a current density of 0.15 A cm−2. 
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Table 1. Summary of electrochemical synthesis of functional coatings and nanomaterials in molten salts.
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	Molten Salt System
	Deposition

Regime
	Experimental Condition
	Substrate
	Product
	Possible

Application





	NaCl-KCl-Li2CO3-Na2MoO4
	Galvanostatic electrolysis
	i = 5 mA cm−2

τ = 7 h

T = 1123 K
	Mo plate
	Mo2C nanostructured coating [84]
	Catalyst for steam

reforming reaction



	NaCl-KCl-CrCl3-Cr
	Currentless transfer
	τ = 8 h

T = 1173 K
	Steel St.3
	Cr7C3 coating [98,103]
	Protective corrosion- and

wear-resistant coating



	NaCl-KCl-K2TaF7-Ta
	Currentless transfer
	τ = 8 h

T = 1173 K
	Steel St.3
	TaC coating [103]
	Protective corrosion- and

wear-resistant coating



	NaCl-KCl-K2NbF7-Nb
	Currentless transfer
	τ = 8 h

T = 1173 K
	Steel St.3
	NbC coating [103]
	Protective corrosion- and

wear-resistant coating



	NaCl-KCl-K2TaF7-Ta
	Currentless transfer
	τ = 24 h

T = 1123 K
	Carbon fibers
	TaC coating [107]
	Electrocatalyst for H2O2

decomposition



	NaCl-KCl-K2NbF7-Nb
	Currentless transfer
	τ = 24 h

T = 1123 K
	Carbon fibers
	NbC coating [107]
	Electrocatalyst for H2O2

decomposition



	NaCl-KCl-Na2MoO4-Mo
	Currentless transfer
	τ = 1 h

T = 1123 K
	Carbon fibers
	Mo2C crystals [107]
	Electrocatalyst for H2O2

decomposition



	NaCl-KCl-NaF-GdF3-KBF4
	Potentiostatic electrolysis
	E = −1.8 V vs. GC

τ = 7 h

T = 1023 K
	Ag rod
	GdB6 nanorods and nanowires [78]
	Material for point

electron emitters;

Material for the neutron

adsorption



	NaCl-KCl-NaF-K2SiF6
	Potentiostatic electrolysis
	E = −0.75 V vs. GC

τ = 2 h

T = 1023 K
	Ag rod
	Si nanoneedles [115]
	Material for Li-ion batteries;

Drug delivery into living cells



	CsCl-K3TaOF6
	Galvanostatic electrolysis
	i = 0.15 A cm−2

τ = 1 h

T = 1023 K
	Mo rod
	TaO nanoneedles [80]
	Material for high-density

electric capacitors
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