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Nanocrystalline films of tungsten oxide bronzes with hexagonal and cubic 

structures have been deposited on platinum substrates by electrolysis of 

0.30 K2WO4 - 0.25 Li2WO4 - 0.45 WO3 melt by a pulsed potentiostatic 

technique in the 700-750 ºС temperature range. The thicknesses of the films 

obtained are shown to consist of one to several monolayers. The effects of 

temperature, overpotential, deposition time, and substrate structure on the 

deposit morphology have been studied. The detailed mechanism of the 

formation of tungsten bronze films with hexagonal structure on rolled (110)-

textured Pt foils as substrates has been suggested. It has been also 

demonstrated that the hexagonal tungsten bronze films exhibit good thermal 

stability in a wide 20-800 ºС temperature range.  
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INTRODUCTION  

 
Tungsten oxide bronzes, or simply tungsten bronzes (TB) are a group of complex compounds generally forming in 

ternary metal oxide systems. Their chemical form can be thus presented as MxWO3, where M is mostly an alkali or 

alkaline earth metal, 0<x<1. These compounds exhibit unique physical properties, such as high corrosion resistance, 

variable (depending on the composition) electrical conductivity, selectivity toward certain types of cations in aqeous 

solutions, color change in a broad spectral range, etc. This makes the TB materials very promising for applications in 

medicine, electrical engineering in the radio frequency range, food and chemical industries. They can be used for 

producing ion-selective elements in micro-environmental analysis, electro-chromic displays, cold cathodes, catalysts 

for chemical reactions and numerous other materials and devices.  

Presently, the development of novel effective methods for producing nanomaterials, including nanocrystalline 

films as organized nanosystems, in which the nanosize emerges only in one dimension, is of great interest both 

scientifically and technologically [1]. Many diverse methods for obtaining thin nanostructured films have been 

developed so far. For example, WO3 thin films have been synthesized by using numerous physical and chemical 

methods. The former include physical vapor deposition (PVD) from the gas phase [2-6], pulsed laser deposition [7], 

drop dispersion [8], magnetron sputtering [9, 10], reactive radio-frequency pulverizing [11], thermal evaporation [12, 

13], Langmuir–Blodgett technology [14], etc. Among the chemical methods, chemical deposition from the gas phase 

(CVD) [15, 16], electrodeposition [17, 18], and sol-gel deposition [19, 20] are most efficient. 

We had studied earlier [21] the growth rate anisotropy and morphology of potassium-lithium tungsten oxide 

bronze single crystals formed during the electrolysis of a 0.30 K2WO4 - 0.25 Li2WO4 - 0.45 WO3 melt at 700° C under 

potentiostatic conditions with the overpotential ranging from 0 to 70 mV. An anomalous decrease in the growth rate of 

the {10 1 0} faces was observed at the overpotential values exceeding 30 mV. It was suggested that a specific 
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mechanism of selforganization took place in course of the crystal growth process. The selforganization was associated 

with selection of electroconductivity between separate blocks of the growing crystal. 

Recently, we have demonstrated the actual possibility of obtaining nanocrystalline coatings [22] and TB films 

of nanometric thickness by the electrochemical method. The KxLiyWO3 nanofilms of hexagonal TB on a rolled (110)-

textured Pt foil have been obtained by electrodeposition from a 0.30 K2WO4 - 0.25 Li2WO4 - 0.45 WO3 melt in a pulsed 

potentiostatic regime at a temperature of 700 °C [23]. The purpose of the present work is to extend these studies in 

order to elucidate the exact nature of physical mechanisms underlying the electrodeposition of KxLiyWO3 TB 

nanocrystalline films. This investigation encompasses the effect of various processing parameters, such as temperature, 

overpotential, deposition time, and substrate structure on the deposit morphology as well as on thermal stability of the 

obtained films. 

 

1. Experimental 

 

1.1 Electrochemical deposition 

 

The kinetics of KxLiyWO3 nanofilm electrodeposition was studied using 0.30 K2WO4-0.25 Li2WO4-0.45 WO3 

melt in ambient atmosphere at 700 and 750 °C. The starting materials were analytically pure K2WO4 and Li2WO4 and 

superpure grade WO3 powders. They were dried at temperatures ranging from 200 to 300 °C for several hours, weighed 

with the accuracy of  ± 0.01 g and mixed in ratios defined above.  The mixed powder batch was melted in a platinum 

crucible, heated above the melting point for a few hours, and transferred into an electrochemical cell. The latter was 

accommodated in a vertical resistance furnace equipped with the R25.3.2 temperature controller. The operating 

temperature was sustained with an accuracy of ±1°С. It was measured with Pt-Pt13%Rh thermocouple immersed into 

the electrolyte close to the electrodes.   

Electrolysis was carried out by the pulsed potentiostatic method in a three-electrode cell. A platinum wire 

served as an anode; a platinum foil with a surface area of 1 cm
2
 was employed as a reference electrode which was semi-

submersed into the melt. The cathode, a rolled (110)-textured Pt foil, was preliminary cleaned in ethyl alcohol and 

annealed in air at 700 °C for over 2 hours. A platinum crucible served as a container. The PI-50-1.1 (Russia) 

potentiostat was used as a power supply. The magnitude and duration of the overpotential pulse were controlled using a 

PR-8 (Russia) programmer. The detailed schematic drawing of the electrochemical cell and an extended description of 

the experimental technique are given elsewhere [22, 24]. The cathode was immersed into the melt at the 760 mV 

equilibrium potential and then overpotential pulse was set. 

  The potentiostatic current-time transients (I-t curves) was registered with the AUTOLAB PGSTAT302N 

(Metrohm, Netherland) potentiostat-galvanostat. At each fixed value of the overpotential (200, 250, 300 mV) film 

deposition was carried out at pulse durations of 0.1, 0.3, 0.5, 1, 5, 10, and 15 s. It was established earlier [22] that 

nanoneedled deposits of TB are formed at the tungsten cathode in the overpotential range of 200-300 mV. The present 

choice of a similar overpotential range allowed a convenient analysis of the effect of material and substrate structure on 

the morphology of deposits obtained. 

At the final stage of the experiment the Pt substrate with the deposited films, or cathode deposits, were rinsed 

in an alkali solution (10-15 wt. % KOH) at room temperature. This procedure was performed in a glass-carbon crucible 

in excess of 12 hours. Finally, the deposit-covered substrates were rinsed with water and ethyl alcohol and dried. 

 

1.2 Characterization 

   

The deposits obtained by electrodeposition were characterized using the SEM, XRD, ellipsometric, and 

thermogravimetric methods. The effect of electrochemical parameters on the deposits morphology was studied using 

the JSM-5900 LV (Jeol, Tokyo, Japan) electron microscope. In order to obtain the phase composition of the cathode 

products, lattice parameters and volume of elementary cell, XRD analysis was performed using a RIGAKU D/MAX-

2200VL/PC (Rigaku Corporation, Tokyo, Japan) automatic diffractometer with a monochromatic CuKα X-ray source 

emission and the X-ray power of 40 kV, 30 mA. 

The thicknesses of films grown on the surfaces of Pt substrates were determined by ellipsometry [25] using the 

laser photometrical ellipsometer LEF-3M (Russia) employing the standard “absorptive substrate - transparent film” 

ellipsometry program. With this method, the accuracy of determination of the film thickness depended largely on the 

substrate preparation details and characterized by accordance of the optical constants (refraction index n=2.08 and 

absorption factor k=4.49), obtained by us with the reference data [26]. The technique of substrate preparation chosen 

for this work contributed an error of  0.1 nm to the overall film thickness values determined. 

The nanocrystalline deposits were found to belong to the hexagonal bronze structure. They were further tested 

using “NETZSCH” STA 449C Jupiter
®
 (Germany) simultaneous thermal analyzer in order to study the bronzes thermal 
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stability. This device allows performing thermochemical tests, such as differential scanning calorimetry (DSC), in a 

wide temperature range. The heating rate in the DSC experiments was 10 С/min. These studies were performed in an 

ambient atmosphere, and Al2O3 crucibles served as sample containers.  

 

2. Results and discussion 
 

Thin nanometer scale films of TB have been grown on (110)-textured Pt foil substrates by electrodeposition 

from 0.30 K2WO4–0.25 Li2WO4–0.45 WO3 melts at 700 С under variable processing conditions. Four sample 

micrographs of the resulting films are shown in Fig. 1. The values of the overpotential (η) and electrical pulse duration 

(τ) employed and the thicknesses of films (δ) obtained are listed in the figure caption. Based on the indicated 

parameters, the growth rate of the film is as fast as 15 nm/s at a pulse duration of 0.3 s and an overpotential of 250 mV 

(Fig. 1(a)). When a lower overpotential is applied, e.g. 200 mV, the growth rate slows down to the level of about 4 

nm/s. This is valid for a rather broad range of pulse duration values, namely between 0.5 and 5 s, which we have used 

in a series of our complementary experiments (see also Fig. 1 (b)). Considering the tungsten bronze crystal lattice 

parameters (a = 7.33±0.01Å  and  с = 7.54±0.01Å), we realize that in the latter case the thickness of the nanocrystaline 

film is only a few monolayers thick. This result is quite distinct from the deposition of thicker layers of hexagonal 

nano-needle clusters on (100)-textured tungsten foil substrates under similar conditions: identical molten salt 

composition, η = 200 mV and τ = 0.5 s [22, 27]. 

The XRD results show that the overpotential plays a crucial role in determining the film’s crystallographic 

structure. We have been established that TB films with a hexagonal structure, isostructural with the K0.33WO3 

compound, form at overpotential lower than 300mV (Fig. 1 (a) and (b)). The corresponding XRD pattern is shown in 

the upper part of Fig. 2. On the contrary, bronze films with a cubic structure, isosctructural with the Li0,36WO3 

compound, form at overpotential ≥ 300 mV (Fig 1(c, d)). Moreover, at a potential over 300 mV the film breaks down 

into a “flower-like” morphology which can be clearly observed in the microphotograph of Fig. 1(d). In some cases, 

during a prolonged electrolysis, PtO2 lines are present in the XRD pattern (Fig. 2). Detailed XRD analysis shows also 

that platinum oxide is not formed on the Pt substrate in air at temperatures up to 700 °C in course of at least 2 hours. 

Moreover, platinum oxide has not been ever found on the annealed Pt substrate immersed into the melt during the first 

10 minutes without an electrical current flow. Therefore, it may be assumed that platinum oxide forms either directly 

during electrolysis or right after the current cutoff. It is known [22, 24] that  during the TB electrochemical synthesis 

oxygen ions, О
2-

, are formed, and they are likely to react with the platinum metal forming an oxide [28, 29]. 

Apparently, there is an orientational correspondence between cathode surface and the deposited TB film 

structure and morphology, i.e. the latter is directly related to the substrate structure (texture). A specific example is 

given in Fig. 1(b), where the hexagonal pores within the hexagonal TB film are observed. It is possible to explain the 

formation of such porous films in the following way. Initially, rounded islets nucleate on the platinum foil, which have 

preferential azimuthal orientation. This can be explained by the orientational correspondence between the substrate and 

the deposited material. At a later stage, during the growth process, these islets acquire a hexagonal shape.  

Such change in the shape of layers, from rounded to hexagon, was observed at formation of the hexagonal 

oxide tungsten bronze microcrystal (the technique for crystal growing is described in details elsewhere [24]).  The last 

stage of microcrystal formation is presented in Fig.3. Initially, the layers spreading over the basic plane of the 

microcrystal are seen to be rounded. After reaching the diameter of 250-300 nm the layers take the form of a hexagon, 

the boundaries of which are parallel to the forming crystal faces.  

Subsequent coalescence of separate islets TB nanofilms into filled crystalline layers is followed by formation 

of hexagonal pores.  

As the TB islets spread over the substrate surface, the stage of their incoherent coalescence is reached leading 

to the generation of growth imperfections in the form of various crystal lattice defects. These defects serve as active 

sites [24], at which the dendritic growth begins. The typical dendrite crystals are shown in the microphotograph of Fig. 

4. 

In order to study the peculiarities of the initial stages of nanofilm formation the chronoamperometry technique 

has been employed. Fig. 5 shows the current-time curves (I-t) taken under various electrodeposition conditions. The 

actual parameters are indicated in the figure caption. Clearly, in all cases, a sharp rise of the cathode current occurs at 

the moment of the electrical pulse application. This is quite likely associated with the simultaneous formation of the TB 

islets on the platinum surface and the beginning of their spreading out process. Such assumption is in god agreement 

with the theory of collective growth of TB crystals in accordance with the principle of geometrical selection firmly 

based on the principle of the simultaneous crystal formation at the electrode [24]. 

Further time evolution of the I-t curves shows that the cathode current typically decreases and reaches a 

minimum value, which is due to coalescence of the TB islets. The subsequent rise of the cathode current which is also 

observed under all processing parameters can be explained by an increase of the electroactive surfaces due to the 
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formation and growth of the separate crystals on the active sites. We recall that this occurs at the stage incoherent 

coalescence of the TB islets. It is also apparent from Fig. 5 (curves 1-3) that higher overpotential yield higher cathode 

currents. This results in a faster coalescence of the TB islets, and the cathode current minimum is reached earlier. 

A comparison of the I-t characteristics of curves 3 and 4 in Fig. 5 shows that when the electrodeposition 

temperature is raised from 700 to 750 °C the current minimum is reached at a later time. This implies that a longer time 

is required for the coalescence of islets with hexagonal structure.  In this case, the deposit morphology changes as well. 

Fig. 6 demonstrates that dendrites grow along with the basic film. We have reported earlier [22] that an increase of the 

process temperature leads to a change in the morphology of the TB crystals due to the anisotropy of their growth rate. 

In fact, flat crystallites turn into prisms when the growth rate in the <0001> direction becomes higher than that in the 

direction perpendicular to it. We presume that the TB film islets on the platinum substrate behave in a similar way, 

namely: they grow faster in the direction perpendicular to the substrate rather than along its surface at higher 

temperatures. As a result, there is a delay in coalescence of the TB islets. 

We reiterate that the TB nanocrystalline film growth described above is typical for the case of using (110)-

textured flat Pt foils as substrates. In other cases, like when platinum a wire is used as an electrode, hexagonal needles 

are deposited on its surface [30]. Such a deposit is shown in Fig. 7. 

Finally, we address the thermal properties of the potassium-lithium tungsten oxide bronze nanofilms with a 

hexagonal structure grown on the (110)-textured Pt substrates. The results of the differential scanning calorimetry 

(DSC) analysis are presented in Fig. 8. Curves 1-4 related to the nanofilms exhibit weak negative heat flow minima (as 

opposed to the distinct broad minimum representing a TB single crystal) indicate the presence of weak exothermic 

processes. The reproducibility of the baseline (or the instrument error) has been ± 2.5 mW. Therefore, the observed 

exothermic effects featuring the films are within instrumental error. Nevertheless, the regularity of the DSC signal 

altering with the film thickness change is clearly detectable. The thicker is the nanofilm, the more pronounced is the 

thermal effect, and the shallow maxima are shifting to the higher temperature range. It has been found that diffusion of 

alkali metal ions from the film volume to its surface takes place with a subsequent oxidation by the atmospheric 

oxygen.  Since the volumes in the thin films are very small, the observed thermal effects are practically negligible. In 

fact, the thermal effect value in the single crystal is relatively small as well.  This fact allows to infer that the TB 

nanocrystalline films obtained under the growth parameters used in this work maintain a good thermal stability. Our 

preliminary thermogravimetric (TG) measurements have revealed that the weight loss of the hexagonal nanocrystalline 

TB samples does not exceed 0.2%, namely does not exceed the experimental error, upon heating up to ca. 800 ºС. 

 
Fig. 1. Microphotographs of TB films grown on (110)-textured Pt foil substrates at Т = 700 С:  

a)  η = 250 mV, τ = 0.3 s,  = 4.5 nm; b) η = 200 mV, τ = 5 s,  = 20 nm (an enlarged pore image is shown in the 

upper right corner); c) η = 300 mV, τ = 0.1 s,  = 0.5 nm; d) η = 310 mV, τ = 0.1s.  

a) and b) represent hexagonal structure films, c) and d)  - cubic structure films. 
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Fig. 2. XRD pattern of the TB film with hexagonal structure deposited on a (110)-textured Pt foil substrate,  

η = 200 mV, τ = 5 s. The platinum lines are deleted. 

 

 
 

Fig. 3. Last stage of the TB hexagonal submicron size crystal formation. Film layers spread across the (0001) 

surface. 
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Fig. 4. Appearance of dendritic crystals on active nucleation sites of the TB film grown on a Pt foil substrate.  

Т = 700 С,  η = 300 mV, τ = 1 s. 

 
 

Fig. 5. Current-time curves recorded during the process of TB film deposition on a (110)-textured Pt foil.  

1) η = 300 mV, 700 С; 2) η = 250 mV, 700 С; 3) η = 200 mV, 700 С; 4) η = 200 mV, 750 С. 
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Fig. 6. TB deposit morphology on a (110)-textured Pt foil at Т =750С, η = 200 mV, τ = 5 s. 

 

 
 

Fig. 7. Section of the TB needled deposit with hexagonal structure grown on a platinum wire electrode. 
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Fig. 8. Temperature dependence of the heat flow (DSC) of TB nanofilms with hexagonal structure deposited on a 

(110)-textured Pt foil (curves 1-4) and a TB single crystal (curve 5).  

1)  = 0.5 nm; 2)  = 2 nm; 3)  =4.5 nm; 4)  = 20 nm. 

 

 

Conclusions 
 

We demonstrate for the first time that formation of nanocrystalline TB films with both hexagonal and cubic 

structures on (110)-textured Pt-foil substrates can be achieved by electrolysis of molten salts. The film thickness is on a 

nanometer scale and, considering the TB unit cell parameters, it ranges from one to a few monolayers. If the 

electrolysis is conducted at 700 °C the TB films with a hexagonal structure (isostructural with the K0.33WO3 bronze) 

forms at overpotentials < 300mV, while the TB film with a cubic structure (isostructural with the Li0.36WO3 bronze) 

forms at overpotentials ≥ 300mV. At overpotentials > 300mV the smooth film morphology disrupts, and flower-like 

structures emerge.  

At the initial stages of TB films with a hexagonal structure multiple islets are formed on the (110)-textured Pt 

substrate simultaneously. Their continuous growth is followed by an incoherent coalescence leading to the formation of 

active sites, at which new crystals, including dendrites, begin to grow. This growth kinetics is associated with the 

existence of the orientational correspondence between the TB crystal lattice and the substrate structure. It differs from 

the nanoneedle deposit formation through electrolysis of similar melts on Pt wire or (100)-textured tungsten substrates. 

The processing temperature increase from 700 to 750 °C results in formation of dendrites at the cathode (Pt 

substrate) along with the TB film with hexagonal structure. We assume that the temperature increase causes the TB 

islets to grow faster in the direction perpendicular to the substrate than along its surface. 

The DSC thermal analysis of the TB nanofilms with hexagonal structure has indicated that they exhibit a good 

thermal stability in the 20 - 800 °C temperature range. 
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