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В данной работе исследованы физико-химические свойства механоактивирован-

ных композитов (далее по тексту механокомпозитов), полученных при механической акти-

вации коммерческого порошка дисульфида вольфрама в планетарной мельнице. Механоакти-

вация проводилась в течение 2, 4 и 8 ч, однако в данной работе представлены результаты 

для последних двух экспериментов. Ускорение мелющих тел контролировалось через регули-

ровку частоты, значение частоты в 15,5 Гц, согласно расчетам, соответствует ускорению 

мелющих тел в 50 м/с2 или 5G. Материал, из которого изготовлены размольные шары – не-

ржавеющая сталь. Из-за относительно малых значений ускорения, загрязнения образца ком-

понентами нержавеющей стали в результате эрозии поверхности, возникающей при соуда-

рении шаров между собой и со стенками размольного стакана, не происходит. Механоакти-

вация проводилась в инертной среде аргона, поскольку это были предварительные исследова-

ния, и поэтому была необходимость максимального сокращения учитываемых параметров 

среды. Тем не менее, процесс окисления будет происходить в процессе выгрузки образца из 

размольного стакана планетарной мельницы. Полученные механокомпозиты являются 

предшественниками для синтеза монокомпонентных катализаторов для переработки тя-

желого нефтяного остатка. Для этой цели необходимо получение механокомпозитов, содер-

жащих в своем составе триоксид вольфрама, а также дисульфид вольфрама. Представлены 

результаты влияния продолжительности механоактивации и поверхностно активных до-

бавок на свойства полученных механокомпозитов. Полученные соединения охарактеризо-

ваны методами рентгенофазового анализа (РФА), ИК-спектроскопии, сканирующей элек-

тронной микроскопии (СЭМ, термогравиметрии (ТГ), синхронного термического анализа 

(СТА). 
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In this work, the physicochemical properties of mechano-activated composites (hereinafter 

referred to as the mechanocomposites) obtained by mechanical activation of commercial tungsten 

disulfide powder in a planetary mill were studied. Mechanical activation was carried out for 2, 4 

and 8 h, but this work presents the results for the last two experiments. The acceleration of the 

grinding media was controlled through frequency adjustment; a frequency value of 15.5 Hz, ac-

cording to calculations, corresponds to an acceleration of the grinding media of 50 m/s2 or 5G. The 

material of the balls from which the grinding balls are made is stainless steel. Due to the relatively 

low acceleration values, the problem of contamination of the sample with stainless steel compo-

nents does not occur as a result of surface erosion that occurs when the balls collide with each 

other and with the walls of the grinding bowl. Mechanical activation was carried out in an inert 

argon environment, since these were preliminary studies and therefore there was a need to mini-

mize the environmental parameters taken into account. However, the oxidation process will occur 

during the process of discharging the sample from the grinding bowl of the planetary mill. The 

resulting mechanocomposites are precursors for the synthesis of monocomponent catalysts for the 

processing of heavy oil residue. For this purpose, it is necessary to obtain mechanocomposites con-

taining tungsten trioxide and tungsten disulfide. The results of an experimental study of the influ-

ence, mainly, of the duration of mechanical activation on the production of tungsten mechanocom-

posites are presented. The resulting compounds were characterized by X-ray phase analysis (XRD), 

IR spectroscopy, scanning electron microscopy (SEM), thermogravimetry (TGA) and simultaneous 

thermal analysis (STA). 
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INTRODUCTION 

Tungsten disulfide (WS2) is a 2D material 

from the class of transition metal dichalcogenides. 

They are anisotropic materials with strong intra-layer 

bonding and weak inter-layer interactions. It is known 

that tungsten disulfide is used as an active component 

of oil refining catalysts, as well as in the production of 

photoconductors, as lubricants, impact-resistant com-

posites, etc. [1-5]. 

Currently, researchers are paying much atten-

tion to composites, particularly tungsten disulfide and 

tungsten oxide (WS2/WO3 or WS2-WO3). Due to the 

synergistic effect inherent in such composites, the effi-

ciency of the positive properties will be higher than 

when these components are used separately [6]. 

Thus, the analysis of literature data in the field 

of oil refining has shown that to obtain lighter and 

higher quality fractions from heavy hydrocarbon feed-

stock (heavy oils, residual fractions) use transition 

metals or their compounds (sulfides and oxides), in 

particular, tungsten and its derivatives. 

At the same time, solid-phase processes initi-

ated by mechanical action are currently becoming the 

subject of intensive research. Mechanochemical syn-

thesis in a high-energy ball mill is a rapidly developing 

waste-free technology, which opens wide prospects in 

the field of obtaining new modern materials and com-

posites for various purposes - for example, catalytic 

systems. The principle of mechanochemical pro-

cessing is based on the conversion of mechanical en-
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ergy into chemical energy, which increases the reactiv-

ity and induces a wide range of solid-state chemical re-

actions.  

EXPERIMENTAL TECHNIQUE 

Mechanical activation of tungsten disulfide 

powder (“Reakhim”) was carried out in a planetary 

mill under the following conditions: duration of me-

chanical activation 2, 4 and 8 h, medium - argon, ac-

celeration of grinding bodies 50 m/s2 (~5G), ball mate-

rial - stainless steel, mass ratio sample:grinding ele-

ments - 1:72. 

To study using Fourier transform infrared 

spectroscopy (Nicolet 5700 from Thermo Fisher Sci-

entific), samples were pressed into disks with spec-

trally pure KBr. The weights of the substance and ma-

trix were constant, each spectrum was obtained as a re-

sult of 64 scans in the range of 400-4000 cm-1 with a 

resolution of 4 cm-1. 

X-ray diffraction (XRD) was carried out on a 

D8 Advance powder diffractometer equipped with a 

Lynx-Eye one-dimensional detector and a Kβ filter 

with CuKα radiation. The shooting was carried out in 

the angle range 10° < 2θ < 86°. The structural parame-

ters were refined using powder diffraction patterns us-

ing the Rietveld method using Topas 4.2 software. 

The morphology of the samples was studied on 

a JCM-6000 microscope at an accelerating voltage of 

15 kV. 

Complex thermal analysis was carried out us-

ing a synchronous thermal analyser STA 449C Jupiter 

(NETZSCH) combining simultaneous measurement of 

mass changes (thermogravimetry) and heat fluxes (dif-

ferential scanning calorimetry), combined with a quad-

rupole mass spectrometer QMS 403 C Aeolos (NE-

TZSCH) to analyse gases released during heating of 

the sample.  The sample was heated from a temperature 

of 50 °C to 750 °C at a rate of 15 °C/min in a dynamic 

air atmosphere (gas flow rate of 30 ml/min). 

RESULTS AND DISCUSSION 

The XRD of the obtained mechanocomposites 

at different duration of the mechanoactivation process 

was compared. For all processes conditions were the 

same: temperature - 350 °C, medium - argon, surfac-

tant - ethanol; acceleration of grinding bodies - 5 G 

(~50 m/s2), ball material - steel, ball/compound mass 

ratio -1:72. 

The initial tungsten disulfide as a comparison 

sample and mechanically activated tungsten disulfides 

after 4 and 8 h of mechanoactivation were selected. 

Fig. 1 demonstrates the comparison of the obtained dif-

fractograms: 

 
Fig. 1. Comparison of X-ray diffraction patterns: (a) raw WS2, (b) 

sample M-1, (c) sample M-2 – obtained mechanocomposites after 

4 and 8 h, respectively WxOy reflexes are represented as  

Рис. 1. Сравнение рентгеновских дифрактограмм: a) исход-

ного дисульфида (WS2), (b) образца М-1, (с) образца М- 

2 – полученные механокомпозиты после 4 и 8 ч, соответ-

ственно. Рефлексы WxOy представлены как  

 

According to the results of the obtained X-ray 

diffraction patterns, it can be concluded that the pow-

ders of mechanocomposite based on tungsten oxide 

and tungsten disulfide consist of well-formed crystal-

line phases. Presumably, this indicates that despite the 

increase in the dispersibility of individual crystallites 

due to mechanical action under mechanical activation 

conditions, a significant number of unamortised phases 

remain in general. The obtained profile of the initial 

tungsten disulfide powder shows high-intensity narrow 

peaks corresponding to the positions of hexagonal 

WS2. In addition, low intensity reflections characteris-

tic of tungsten oxides are also present in the initial di-

sulfide. After ball milling, both the appearance of the 

reflex at 12°, [7-12] related to the tungsten trioxide 

phases, and an increase in the intensity of the other re-

flexes associated with the trioxides are observed, as 

shown in Fig. 1 (M-1 and M-2). A slight broadening of 

the reflex (002) indicates a decrease in the degree of 

packing [13]. In contrast to vibrating mills and stirred 

media mills [14], a high-energy planetary mill at a 

grinding acceleration value equal to 5G can generate a 

significant breaking stress, resulting in a reduction in 

size along the basal plane, which can be detected by the 

broadening of peak (110). 

At 14°, a high-intensity reflex characteristic of 

tungsten disulfide phases is observed in the (002) 

plane. Intense reflexes are also observed at 23.4°,33.8°, 

44°, 50°, 58° and 61°, belonging to the WO3 phases. A 

low-intensity reflex at 12° also belongs to the tungsten 

trioxide phase. This indicates that the mechanoactiva-

tion for 4 h is insufficient to obtain the required amount 

of oxide phases, but the duration of 8 h contributes to 

a significant growth of tungsten oxide phases. Appar-

ently, this is due to a fairly significant increase in the 

dispersibility of tungsten disulfide. Also at longer du-

ration of mechanical activation more internal energy is 
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accumulated, that in pair with increase of dispersity 

contribute to more intensive initiation of oxidation in 

the process of transition from inert medium to air 

medium. 

Diffractograms of M-1 and M-2 almost com-

pletely coincide with each other, no lateral shifts are 

observed. The intensities of characteristic bands almost 

completely coincide. The reflexes at higher angles 2Θ 

for MS-2 are slightly more intense than for M-1 - the 

values diverge on average by about 15%, this may be 

due to the error of the measurement method.  

Fig. 2 shows a comparison of X-ray diffraction 

patterns of the obtained mechanocomposites when var-

ying the nature of the added surfactant.  All X-ray dif-

fraction patterns have a similar profile, the difference 

is only in the intensity of the reflex on the (001) plane 

at 14°. Compared to the original molybdenum disulfide 

without surfactant (M-1), the addition of different sur-

factants decreases the intensity of this plane, which 

presumably indicates that molybdenum disulfide is 

more consumed in reactions for the formation of mo-

lybdenum compounds, mainly represented by molyb-

denum oxides (M2-M5). However, on the other hand, 

there is no significant difference between the effect of 

surfactants on increasing the reactivity of molybdenum 

disulfide during the mechanoactivation process. Since 

the mechanoactivation is not carried out in solution, 

but using small amounts of surfactants, there are no 

problems of their removal from the system. Thus, 

when choosing the nature of surfactant should be 

guided by availability and economic feasibility, the 

most suitable to such criteria of the proposed com-

pound is distilled water. 

 

 
Fig. 2. Comparison of X-ray diffraction patterns of the obtained 

mechanocomposites with varying the nature of surfactant:  

M-1 - mechanocomposite without surfactant; M-2 - with ethanol; 

M-3 - with water; M-4 - with hexane; M-5 - with hexadecane 

Рис. 2. Сравнение рентгенограмм полученных механокомпо-

зитов с варьированием природы ПАВ: М-1 – механокомпозит 

без ПАВ; М-2 – с этанолом; М-3 – с водой; М-4 – с гексаном; 

М-5– с гексадеканом 

To obtain more detailed information about the 

phases present, it is necessary to compare the data ob-

tained in XRD with the results of thermal methods. 

 

 
Fig. 3. Region of the IR spectra of the original tungsten disulfide 

and mechanocomposites (4 and 8 h) 1 – initial tungsten disulfide; 

2 – mechanocomposite after 4 h; 3 – mechanocomposite after 8 h 

Рис. 3. Область ИК-спектров исходного дисульфида воль-

фрама и механокомпозитов (4 и 8 ч) 1 – исходный дисульфид 

вольфрама; 2 – механокомпозит после 4 ч; 3 – механокомпо-

зит после 8 ч 

 

Fig. 3 shows the IR spectra of the obtained 

mechanocomposites and the original tungsten disul-

fide. Due to the superposition of some peaks on each 

other there is a broadening of peaks in the regions of 

450-750 cm-1. The peaks of the broad absorption band 

at 576 cm-1, 613 cm-1 as well as the kink in the region 

of 625-655 cm-1 can be attributed to the valence vibra-

tions of the W-O-W functional groups with oxygen po-

sitions at the edges and/or between the tungsten atoms 

[15-17]. In addition, based on literature data in the re-

gion of this broad absorption band there should be 

peaks of valence vibrations of the functional group W-

S [18]. Also in the IR spectra of pure WS2 and mecha-

nocomposites, the peaks at 1613 and 3125 cm-1 and the 

kink at 1401 cm-1 are associated with valence and strain 

vibrations of the W-S functional group. The peak in the 

region of 1002 cm-1 can be attributed to the valence vi-

brations of W=O. The symmetric valence vibrations of 

W-O-W groups are characterized by a prominent peak 

at 887, 850 cm-1. At 1062 cm-1, a peak associated with 

the strain vibrations of W-OH is observed. In addition 

to the above peaks, it should be noted that outside the 

enhanced region of the IR spectrum, peaks at 1627 and 

3200 cm-1 are also present, related to the strain and va-

lence vibrations of the -OH group of water, respec-

tively. No changes in the number and positions of ab-

sorption bands are also observed. The differences be-

tween the IR spectra were found to be in the intensity 

of the peaks. The obtained data can only demonstrate 

the change in the concentration of compounds with the 

corresponding functional groups [19-21]. Based on the 
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above, the functional group data obtained by IR spec-

troscopy method does not provide specific and clear 

information about the difference of the obtained ob-

jects. This may indicate an insignificant difference in 

the composition of the objects due to the lack of possi-

bility of formation under these conditions of com-

pounds containing different functional groups from 

those described above. 

 

 
а 

 
b 

 
c 

 
d 

Fig. 4. Micrographs of the original tungsten disulfide (a, c) and 

the resulting mechanocomposite M-2 (b, d), taken in a scanning 

electron microscope at a resolution of 200 and 50 μm, respectively 

Рис. 4. Микрофотографии исходного дисульфида вольфрама 

(a, c) и полученного механокомпозита М-2 (b, d), сделанные в 

сканирующем электронном микроскопе при разрешении 200 

и 50 мкм, соответственно 

In Fig. 4a shows a micrograph of tungsten di-

sulfide powder. 4d particles with   

Compared to SEM images of the original tung-

sten disulfide (Fig. 4c), loose bulk particles with asym-

metric irregular shape with inclusions of smaller light 

particles are observed in sample M-2 (Fig. 4d). The av-

erage particle size is 10 µm and the light-colored par-

ticles are about 1 µm. The small light colored areas are 

tungsten trioxide particles and the asymmetrical irreg-

ularly shaped particles are tungsten disulfide particles. 

Tungsten trioxide particles are observed to stick to-

gether. 

 

 

 
Fig. 5. TG and DSC thermal decomposition curves of tungsten di-

sulfide (a) and mechanocomposite (b) 

Рис. 5. ТГ и ДСК кривые термического разложения дисуль-

фида вольфрама (а) и механокомпозита (b) 

 

The thermal studies demonstrate that com-

pared to the original molybdenum disulfide, the mech-

anocomposite obtained in the process of mechanical 

activation has different thermal properties. Thermo-

gravimetric curve (TG) analysis shows that there are 

four stages of mass loss process in the mechanocom-

posite, and the final mass loss of the mechanocompo-

site is higher compared to the disulfide, 25.1% and 

20.3%, respectively. Synchronous thermal analysis 

(STA) of the initial tungsten disulfide and the obtained 

mechanocomposite was also carried out. The first mass 
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loss in the region of 180-210 °C can be attributed to the 

removal of chemically sorbed water. The second loss 

at 390 °C and 445 °C, is attributed to the partial oxida-

tion of tungsten disulfide to tungsten trioxide. Accord-

ing to literature sources [22-28] the oxidation process 

of tungsten disulfide to tungsten trioxide is confirmed 

by the presence of a strong exothermic peak at 445 °C 

and a weight loss of 5.8%, which is close to the theo-

retical expected weight loss during the oxidation of tung-

sten disulfide to tungsten trioxide (-6.4%). In Fig. 5b, this 

peak is shifted to the left by about 50 °C, which may 

additionally indicate partial oxidation of tungsten di-

sulfide. This may be due to the fact that less energy is 

required for a compound whose surface has already 

been partially oxidized. It is noteworthy that at temper-

atures above 600 °C no further weight loss is observed 

for tungsten disulfide, indicating complete oxidation of 

WS2. These data are in full agreement with the disap-

pearance of the characteristic peak of WS2 in the XRD 

spectra corresponding to the annealing temperature of 

600 °C. At the same time in the mechanocomposite 

there is a mass loss in the high-temperature region in 

the region from 620 to 700 °C, which is apparently re-

lated to the endothermic effect associated with the pro-

cess of partial sublimation of surface oxide structures. 

CONCLUSIONS 

Thus, a number of mechanocomposites were 

synthesised in the course of the work.  The obtained 

results indicate that at mechanoactivation more than 4 h 

oxidation of tungsten disulfide to tungsten oxides, 

mainly to tungsten trioxide begins. The oxidation pro-

cess occurs at the stage of unloading the sample from 

the milling cup with argon, after contact of me- 

chanically activated particles on the outer surface with 

air oxygen. According to XRD data, it can be con-

cluded that mechanoactivation for 8 h is the most opti-

mal. At the same time, a regular reduction in the inten-

sity of tungsten disulfide reflexes is confirmed by the 

results of thermal analysis. In the case of surfactant ad-

dition to the system, it was found that the addition of 

any surfactant by nature (water, ethanol and hexane, 

hexadecane as an example) favours to obtain mecha-

nocomposites with the required structure. Analysis of 

IR spectroscopy data did not give significant results. 

SEM data also show a decrease in the particle size and 

a change in their shapes, from which it follows that me-

chanical activation increases the specific surface area 

of the obtained mechanocomposites relative to the 

original powders.  
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