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Abstract
Hydrogen evolution reaction (HER) electrocatalysts based on earth-abundant materials are promising 

alternatives to noble metal catalysts. In this work, WS2 thin films were deposited on titanium substrates by RF 
magnetron sputtering with deposition times ranging from 30 to 120 min to investigate the influence of film thickness 
on structural and electrochemical properties. In addition, Ti/CNWs/WS2 composite electrodes were fabricated by 
combining vertically aligned carbon nanowalls (CNWs) with a WS2 catalytic layer. Raman spectroscopy confirmed 
the successful formation of multilayer WS2 films. Electrochemical measurements revealed that HER performance 
strongly depends on the WS2 deposition time. Among the investigated samples, the Ti/WS2 electrode prepared 
with a deposition time of 90 min exhibited the highest catalytic activity, delivering an overpotential of 294 mV 
at 10 mA cm-2 and the lowest charge transfer resistance (Rct = 15.9 Ohm) within the Ti/WS2 series. Following 
electrochemical activation, the overpotential further decreased to 144 mV. Electrochemical impedance spectroscopy 
(EIS) showed that the incorporation of CNWs significantly enhanced charge-transfer kinetics, reducing the Rct to 3.7 
Ohm. However, despite the improved electron transport, the Ti/CNWs/WS2 electrode did not outperform Ti/WS2 in 
HER activity, indicating that catalytic performance depends not only on charge-transfer properties but also on the 
density and accessibility of active sites. These findings highlight the importance of optimizing WS2 film thickness 
and electrode architecture for efficient hydrogen production.

Keywords: hydrogen evolution reaction, tungsten disulfide, RF magnetron sputtering, carbon nanowalls, 
electrocatalysis, electrochemical impedance spectroscopy.
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Introduction

The increasing global energy demand and worsening environmental conditions require the 
development of sustainable and environmentally friendly energy sources. Conventional fossil fuels 
are major contributors to greenhouse gas emissions and climate change. Therefore, significant 
attention is being focused on low-carbon energy technologies, where hydrogen is considered one of 
the most promising and clean energy carriers [1–3].

Hydrogen is considered a highly promising energy carrier because of its high energy efficiency, 
environmental compatibility, and availability from diverse feedstocks. In electrochemical 
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energy systems, its utilization produces water as the main reaction product, minimizing harmful 
environmental impact. Water electrolysis is one of the most attractive approaches for sustainable 
hydrogen generation [4–6]. The efficiency of this technology is mainly governed by the HER, which 
strongly depends on the electrocatalytic performance of the electrode materials.

Precious metal-based materials, particularly platinum catalysts, are currently considered the 
benchmark electrocatalysts for the HER due to their excellent catalytic activity and low overpotential. 
However, the large-scale application of these materials is restricted by their high cost, limited 
availability, and poor economic feasibility for industrial use. Therefore, significant research efforts 
are focused on the development of low-cost and earth-abundant alternatives capable of providing 
high catalytic performance, long-term stability, and efficient hydrogen production [7, 8]. Layered 
transition metal dichalcogenides (TMDs) [9], such as MoS2 and WS2, are widely investigated as 
promising electrocatalysts for the HER in acidic media [10–13]. Their layered structure and tunable 
electronic properties enable the formation of numerous catalytically active sites, making these 
materials attractive for efficient hydrogen production. In these materials, the HER mainly occurs at 
the edge regions containing sulfur or metal atoms. In addition to crystalline TMDs, amorphous forms 
have also attracted considerable interest because their disordered structure can provide enhanced 
electrocatalytic activity and improved reaction performance.

Enhancement of the catalytic activity of WS2 toward the HER is generally achieved through two 
main approaches: increasing the number of catalytically active sites and improving charge transfer 
within the material. To maximize the density of active sites, various structural engineering strategies 
have been employed to fabricate nanostructures with a highly developed surface area and abundant 
exposed edge regions. In particular, loosely stacked WS2 nanosheets [14, 15], nanoflakes [16, 17], 
and WS2/WO3 heterostructures [18–20] have been synthesized in different studies, providing a high 
density of active sites and improved electrolyte accessibility to the catalyst surface. Another important 
strategy involves enhancing the electrical conductivity of WS2, since its semiconducting nature limits 
electron transport during HER. Various approaches, including doping and the formation of composite 
structures, have been explored to overcome this limitation. For example, nitrogen doping has been 
shown to improve the intrinsic conductivity of WS2 [21, 22], while integration with conductive 
graphene networks significantly accelerates charge transfer kinetics [23, 24]. In addition, flower-
like WS2 nanostructures [25, 26] demonstrated enhanced electrocatalytic performance and high 
stability in acidic media due to their defect-rich structure and large accessible surface area. Several  
studies [27–29] have also reported the deposition of WS2 coatings by RF magnetron sputtering, 
which enables control of film morphology through adjustment of deposition parameters and allows 
observation of the transition from two-dimensional to three-dimensional structures. However, 
the influence of the thickness of RF-sputtered WS2 films on the electrochemical properties of the 
electrodes remains insufficiently investigated.

Among carbon-based materials, carbon nanowalls (CNWs) have attracted considerable interest 
as promising conductive frameworks for electrochemical and electrocatalytic applications. CNWs 
consist of vertically aligned, interconnected graphitic nanosheets, forming an open and accessible 
architecture with a high density of exposed edges and defect sites. These structural features provide 
favorable conditions for electrolyte diffusion and increase the accessibility of surface sites, while the 
graphitic framework facilitates efficient electronic transport. Owing to their distinctive morphology 
and electrical properties, CNWs have been explored in a variety of energy-related and electrochemical 
applications, including supercapacitors, batteries, sensors, fuel cells, and electrocatalytic  
systems [30–33]. In HER electrocatalysis, CNWs can serve as conductive supports for transition 
metal based catalytic materials, providing an interconnected pathway for electron transport and a high 
surface area platform for catalyst deposition. Such a carbon framework can enhance the utilization 
of the active catalytic phase and facilitate electrolyte access to the electrode surface. In the present 
study, CNWs were employed as a conductive scaffold for WS2 to improve interfacial charge transfer, 
increase the accessible surface area, and promote effective contact between the electrolyte and the 
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catalytic layer. The resulting Ti/CNWs/WS2 architecture was investigated as a potential electrode 
configuration for enhancing the electrochemical performance toward the HER.

Therefore, the present work focuses on investigating the effect of WS2 deposition time by RF 
magnetron sputtering on the structural and electrochemical properties of Ti/WS2 and Ti/CNWs/WS2 
electrodes. RF magnetron sputtering offers several advantages, including low cost, ease of operation, 
high deposition rate, and scalability. Since deposition parameters strongly affect the morphology, 
conductivity, and catalytic activity of the coatings, their optimization is essential for the development 
of efficient electrodes for the HER.

Materials and methods

WS2 thin films were deposited onto titanium foil substrates (Ti, 99.9% purity, 50 μm thickness) 
by RF magnetron sputtering using a HEX-L system (Korvus Technology), following a previously 
reported procedure [34]. Prior to RF magnetron sputtering, the titanium foils were cleaned by 
sequential ultrasonic treatment in acetone and isopropanol for 10 min each. This procedure was 
used to eliminate organic contaminants and residual impurities from the substrate surface. Following 
cleaning, the foils were rinsed thoroughly with distilled water, dried, and subsequently introduced into 
the sputtering chamber. A high-purity WS2 target (99.9%, Kurt J. Lesker Company) was employed 
as the sputtering source. The deposition was carried out in an argon atmosphere with a gas flow rate 
of 30 sccm and a working pressure of 8.5 mTorr. The RF power was maintained at 65 W. During 
deposition, the substrates were heated to 250 °C and continuously rotated at 10 rpm to ensure uniform 
film growth. The film thickness was controlled by varying the deposition time from 30 to 120 min 
with a 30 min interval. Under these conditions, the deposition rate was approximately 0.24 Å s-1.

Ti/CNWs/WS2 electrodes were fabricated through a two-step process. First, vertically aligned 
CNWs were synthesized on titanium foil by capacitively coupled plasma-enhanced chemical 
vapor deposition (CCP-PECVD) according to the procedure described in our previous work 
[35]. Subsequently, WS2 films were deposited onto the CNW coated substrates by RF magnetron 
sputtering under the same deposition conditions. As a result, a series of Ti/WS2 and Ti/CNWs/WS2 
electrodes with different WS2 thicknesses was obtained to investigate the effect of deposition time on 
the structural and electrocatalytic properties of the electrodes.

The surface morphology of the samples was characterized using a scanning electron microscope 
(SEM, JSM-IT210, JEOL, Japan). The structural and vibrational properties of the synthesized 
materials were examined by Raman spectroscopy using a Solver Spectrum NT-MDT system equipped 
with a 473 nm excitation laser.

Electrochemical characterization was performed at room temperature using a Metrohm 
potentiostat in a conventional three-electrode configuration. An Ag/AgCl electrode containing 3 M 
KCl served as the reference electrode, while a platinum mesh was used as the counter electrode. The 
prepared Ti/WS2 and Ti/CNWs/WS2 samples were employed as working electrodes. All measured 
potentials were converted to the reversible hydrogen electrode (RHE) scale according to the Nernst 
equation. The electrocatalytic performance toward the HER was evaluated by cyclic voltammetry 
(CV) and linear sweep voltammetry (LSV) in 0.5 M H2SO4 (pH ≈ 0.71). Measurements were carried 
out over a potential range from 0.2 to -0.36 V versus RHE at a scan rate of 10 mV s-1. The geometric 
surface area of each working electrode was 1 cm2. Electrochemical activation was performed by CV 
in the potential range from 0.20 to -0.36 V at a scan rate of 50 mV s-1 for 50 cycles. EIS measurements 
were conducted at -0.23 V versus RHE over a frequency range from 100 kHz to 0.1 Hz using an AC 
perturbation amplitude of 10 mV. The Rct was determined by fitting the experimental Nyquist plots.

Results and discussion

SEM images of the Ti/CNWs and Ti/CNWs/WS2 electrodes after 90 min of WS2 deposition are 
shown in Figure 1a,b, respectively. The Ti/CNWs electrode exhibits a dense network of vertically 
oriented and interconnected carbon nanowalls, resulting in a rough and highly textured surface. The 
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open structure of the CNW network provides a large accessible surface area and serves as an effective 
scaffold for the subsequent deposition of the WS2 catalytic layer. After 90 min of WS2 deposition, 
the surface morphology of the Ti/CNWs/WS2 electrode changes noticeably. The surface appears 
more textured and relatively uniformly covered, while the characteristic vertically oriented CNW 
framework remains distinguishable. These morphological features suggest the successful formation 
and deposition of a WS2 layer over the CNW network.

Figure 1 – SEM surface images of (a) Ti/CNWs 
and (b) Ti/CNWs/WS2 electrodes with a WS2 deposition time of 90 min

Figure 2a,b presents the Raman spectra of Ti/WS2 electrodes deposited for different sputtering 
times (30-120 min) and Ti/CNWs/WS2 electrode. For all Ti/WS2 samples, characteristic Raman peaks 
located at approximately 351.4 cm-1 and 417.1 cm-1 were observed, corresponding to the E1

2g and A1g 
vibrational modes, respectively [36, 37]. The E1

2g mode is associated with the in-plane vibrations of 
W and S atoms, whereas the A1g mode originates from the out-of-plane vibrations of sulfur atoms 
perpendicular to the WS2 layers. The frequency difference between these two modes is 65.7 cm-

1, which is characteristic of multilayer WS2 structures and is in good agreement with previously 
reported values for WS2 thin films [38].

In addition to the characteristic WS2 modes, weak Raman bands were detected at approximately 
520.1 cm-1 and 560.4 cm-1. These peaks may be attributed to tungsten oxide species (WOx) formed 
due to partial surface oxidation of WS2 upon exposure to air, or to second-order Raman scattering 
processes [39, 40]. The relatively low intensity of these bands indicates that WS2 remains the dominant 
phase in the deposited films. No additional impurity related peaks were observed, confirming the 
successful formation of WS2 films on titanium substrates by magnetron sputtering and indicating the 
high phase purity of the deposited coatings.

Figure 2 – Raman spectra of Ti/WS2 and Ti/CNWs/WS2 electrodes: 
(a) effect of WS2 deposition time on the structure of Ti/WS2 films; 

(b) comparison of Ti/WS2, Ti/CNWs, and Ti/CNWs/WS2 electrodes 
with a WS2 deposition time of 90 min
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A noticeable modification of the Raman spectrum was observed for the Ti/CNWs/WS2 electrode 
(Figure 2b). The characteristic WS₂ modes were shifted to 333.8 cm-1 and 452.3 cm-1 compared to 
those of the Ti/WS2 samples. Such shifts may be attributed to interfacial interactions between WS2 
and CNWs, which can affect the local crystal structure and vibrational properties of the material. The 
substantial shift of the high-frequency mode toward higher wavenumbers suggests possible changes 
in the local bonding environment of sulfur atoms, as well as charge redistribution at the CNWs/WS2 
interface.

The Raman spectra of the Ti/CNWs and Ti/CNWs/WS2 electrodes exhibit characteristic bands 
associated with graphitized carbon materials. The D band, located at approximately 1364.7 cm-1, is 
attributed to structural defects, vacancies, crystallite boundaries, and edge sites within the carbon 
lattice. The G band at 1585.4 cm-1 corresponds to the vibrational mode of sp2-hybridized carbon 
atoms and indicates the formation of a graphitic structure [41, 42]. The D′ band observed at around 
1621.4 cm-1 is also related to defects in the sp2 carbon network and reflects the presence of structural 
disorder. The 2D band at 2728.1 cm-1 represents the second-order overtone of the D band and is 
a characteristic feature of graphene-like carbon structures. In addition, the D+G band located at 
approximately 2963.1 cm-1 originates from two-phonon scattering processes and is commonly 
observed in defective graphitized carbon materials. The ID/IG ratio increased from 1.09 for Ti/CNWs 
to 1.37 after the deposition of WS2. This increase indicates a higher degree of structural disorder and 
a greater contribution of defect-related sites in the carbon framework. The observed change in the 
Raman response suggests that the formation of the WS2 layer affects the local structural environment 
of the CNWs.

The electrocatalytic activity of the fabricated electrodes toward the HER was investigated by CV 
and LSV. The obtained results are presented in Figure 3a,b.

Analysis of the CV curves (Figure 3a) reveals that all Ti/WS2 electrodes exhibit significantly 
higher cathodic current densities compared to the bare Ti substrate, unambiguously confirming 
the catalytic contribution of the deposited WS2 layer to the HER process. The observed systematic 
increase in cathodic current density with increasing deposition time from 30 to 90 min indicates 
a progressive enhancement in the concentration of electrochemically active sites responsible for 
proton adsorption and reduction. The Ti/WS2 (90 min) electrode demonstrates the highest cathodic 
current density among the entire series of investigated samples, reflecting the most favorable HER 
kinetics and superior catalytic activity.

Figure 3 – Electrochemical characterization of Ti/WS2 
electrodes prepared with different WS2 deposition times (30-120 min): 

(a) CV and (b) LSV curves

However, a further increase in deposition time to 120 min results in a decrease in cathodic 
current density, which may be attributed to the formation of an excessively thick catalytic film that 
impedes interfacial charge transfer and restricts the accessibility of catalytically active edge sites of 
WS2 to the reactants.
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The LSV results (Figure 3b) are consistent with the CV data and further corroborate the 
electrocatalytic performance of the Ti/WS2 (90 min) electrode. The overpotential required to achieve 
a current density of 10 mA·cm-2 for this electrode was determined to be 294 mV, representing the 
lowest value among all investigated Ti/WS2 samples and confirming its enhanced HER activity. The 
improved electrocatalytic performance of the Ti/WS2 (90 min) electrode can be rationalized by the 
optimal catalytic film thickness, which provides the maximum number of accessible active sites 
while simultaneously maintaining efficient electron transport within the catalyst layer and Ti. Taken 
together, the electrochemical measurements demonstrate that the HER catalytic activity of Ti/WS2 
electrodes is governed by the WS2 deposition time, with 90 min representing the optimal deposition 
duration within the scope of the present study.

The charge transfer kinetics at the electrode/electrolyte interface were investigated by EIS at an 
applied potential of -0.23 V. The Nyquist plots are presented in Figure 4. The EIS spectra were fitted 
using an Rs-(Rct||CPE) equivalent circuit.

Figure 4 – Nyquist plots of Ti and Ti/WS2 electrodes prepared with different WS2 
deposition times (30-120 min), recorded in 0.5 M H2SO4 at -0.23 V vs. RHE, 

the solid lines represent the fitted curves

The obtained Rct values decrease monotonically with increasing deposition time from 30 to 
90 min (78.2-15.9 Ohm), followed by a slight increase to 18.9 Ohm for the 120 min sample. The 
bare Ti substrate yielded an Rct value of 21.2 Ohm. The markedly elevated Rct observed for the Ti/
WS2 (30 min) electrode is indicative of incomplete surface coverage and an insufficient density of 
active catalytic sites at the early stage of deposition. The progressive decrease in Rct with increasing 
deposition time up to 90 min reflects the formation of a continuous, highly conductive WS2 layer 
with an enhanced density of active sites. The moderate increase in Rct for the 120 min sample relative 
to the optimal 90 min electrode may be attributed to excessive film thickness, which restricts electron 
transport through the catalyst layer and reduces the accessibility of the active edge sites of WS2.

The minimum Rct value of 15.9 Ohm recorded for the Ti/WS2 (90 min) electrode is consistent 
with its superior performance in CV and LSV measurements, confirming that a deposition time of 90 
min represents the optimal condition, providing the most favorable balance among film thickness, 
electrical conductivity, and active site density.

Based on the optimal WS2 deposition time of 90 min established for the Ti/WS2 series, the same 
deposition duration was employed for the fabrication of the Ti/CNWs/WS2 composite electrode. The 
introduction of an intermediate CNWs layer between the Ti substrate and the WS2 catalytic layer was 
intended to increase the effective surface area and provide a conductive network facilitating charge 
transport.

The electrocatalytic performance of the Ti/CNWs/WS2 electrode was evaluated in comparison 
with the optimized Ti/WS2 electrode and the bare Ti substrate using CV and LSV before and after 
electrochemical activation. The corresponding results are presented in Figure 5a,b.
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Figure 5 – Electrochemical characterization of Ti, Ti/WS2, and Ti/CNWs/WS2 electrodes: 
(a) CV and (b) LSV curves

The CV curves (Figure 5a) reveal that the Ti/WS2 electrode exhibits the highest cathodic 
current density among all investigated samples, whereas the Ti/CNWs/WS2 electrode shows a less 
pronounced cathodic response. This observation suggests that direct deposition of WS2 onto the Ti 
substrate results in a higher density of electrochemically accessible active sites compared to the 
CNWs based architecture.

The LSV curves recorded before and after electrochemical activation (Figure 5b) demonstrate a 
significant improvement in HER performance for all electrodes following the activation procedure. 
For the Ti/WS2 electrode, the overpotential required to achieve a current density of 10 mA cm-2 
decreases from 314 to 144 mV after activation, representing the best performance among the 
investigated samples. The enhanced activity is attributed to electrochemical surface restructuring 
of WS2, removal of surface contaminants, and increased accessibility of catalytically active sites. 
In contrast, the bare Ti substrate exhibits negligible HER activity both before and after activation, 
confirming that the observed catalytic performance originates from the WS2 layer.

To further evaluate the HER kinetics, Tafel plots were derived from the LSV polarization curves 
recorded after electrochemical activation (Figure 6a). The Tafel slopes of Ti, Ti/WS2, and Ti/CNWs/
WS2 were 207.6, 59.4, and 125.7 mV/dec, respectively. Among the investigated electrodes, Ti/WS2 
exhibited the lowest Tafel slope, indicating the most favorable HER kinetics. Although Ti/CNWs/
WS2 showed significantly lower charge transfer resistance, its higher Tafel slope suggests slower 
reaction kinetics. This indicates that HER performance depends not only on charge transfer efficiency 
but also on the number and accessibility of catalytically active sites. The high Tafel slope of the bare 
Ti substrate confirms its poor intrinsic HER activity.

The charge transfer kinetics of Ti, Ti/WS2, and Ti/CNWs/WS2 electrodes were further 
investigated by EIS, and the corresponding Nyquist plots are presented in Figure 6b. The Rct values 
were determined to be 21.2 Ohm for bare Ti, 15.8 Ohm for Ti/WS2, and 3.7 Ohm for Ti/CNWs/WS2.

The lowest Rct value obtained for Ti/CNWs/WS2 indicates substantially enhanced interfacial 
charge transfer kinetics. Compared with Ti/WS2 and bare Ti, the Rct decreases by factors of 4.3 and 
5.7, respectively. This improvement can be attributed to the highly conductive CNWs network, which 
provides efficient electron transport pathways between the Ti substrate and the WS2 catalytic layer.

Despite exhibiting the lowest Rct value, the Ti/CNWs/WS2 electrode does not outperform Ti/WS2 
in terms of cathodic current density and HER overpotential. This result indicates that HER activity is 
governed not only by charge transfer kinetics but also by the density and accessibility of catalytically 
active sites. The presence of the CNWs interlayer may influence the morphology and distribution 
of the deposited WS2, thereby reducing the number of exposed edge sites known to be responsible 
for HER activity. Furthermore, the three-dimensional CNWs architecture may introduce additional 
proton diffusion limitations within the catalytic layer. Consequently, although the CNWs interlayer 
significantly improves electron transport, these factors limit the overall electrocatalytic performance 



429

ҚАЗАҚСТАН-БРИТАН  ТЕХНИКАЛЫҚ 
УНИВЕРСИТЕТІНІҢ  ХАБАРШЫСЫ Том 23, № 3, 2026

of the Ti/CNWs/WS2 electrode. Further optimization of CNWs morphology and WS2 deposition 
conditions may enable more effective utilization of the advantages offered by this hybrid electrode 
architecture.

Figure 6 – (a) Tafel slope of Ti, Ti/WS2, and Ti/CNWs/WS2 electrodes; 
(b) Nyquist plots of Ti, Ti/WS2, and Ti/CNWs/WS2 electrodes 

recorded in 0.5 M H2SO4 at -0.23 V vs. RHE, the solid lines represent the fitted curves

Conclusion

WS2 thin-film electrocatalysts were successfully fabricated on titanium substrates by RF 
magnetron sputtering with deposition times ranging from 30 to 120 min. Raman spectroscopy 
confirmed the formation of multilayer WS2 coatings with characteristic E1

2g and A1g vibrational 
modes. The electrocatalytic performance toward the HER was found to be strongly dependent on the 
deposition time. Among the investigated samples, the Ti/WS2 electrode prepared with a deposition 
time of 90 min exhibited the best HER performance, characterized by the highest cathodic current 
density, the lowest overpotential of 294 mV at 10 mA cm-2, and the minimum Rct of 15.9 Ohm within 
the Ti/WS2 series. Electrochemical activation further improved the catalytic activity, reducing the 
overpotential to 144 mV.

The incorporation of a carbon nanowall interlayer resulted in a significant decrease in Rct to 3.7 
Ohm, demonstrating the beneficial role of CNWs in facilitating electron transport. Nevertheless, the 
Ti/CNWs/WS2 electrode showed lower HER activity than the optimized Ti/WS2 electrode, indicating 
that enhanced electrical conductivity alone is insufficient to maximize catalytic performance. The 
results suggest that the density and accessibility of catalytically active WS2 edge sites play a dominant 
role in determining HER activity.

Overall, the study demonstrates that RF magnetron sputtering is an effective method for the 
fabrication of WS2 based HER electrocatalysts and highlights the importance of optimizing film 
thickness and electrode architecture. These findings provide useful guidelines for the development 
of efficient, low-cost, and scalable WS2 based electrodes for sustainable hydrogen production. 
Future work will involve systematic optimization of the CNWs height to determine its effect on the 
electrochemical and electrocatalytic performance of Ti/CNWs/WS2 electrodes.

Information on funding. This research has been funded by the Ministry of Science and Higher 
Education of the Republic of Kazakhstan (Grant No. BR28712419).
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Ti ЖӘНЕ Ti/КНҚ ТӨСЕМДЕРІНДЕ RF МАГНЕТРОНДЫ ШАШЫРАТУ 
АРҚЫЛЫ АЛЫНҒАН WS2 ЖҰҚА ҚАБЫҚШАЛАРЫ: 

ҚҰРЫЛЫМДЫҚ СИПАТТАМА ЖӘНЕ СБР ӨНІМДІЛІГІ

Аңдатпа
Жер қыртысында мол таралған материалдарға негізделген сутегі бөліну реакциясының (СБР) электро

катализаторлары асыл металл катализаторларына перспективті балама саналады. Бұл жұмыста қабықша 
қалыңдығының құрылымдық және электрохимиялық қасиеттерге әсерін зерттеу мақсатында WS₂ жұқа 
қабықшалары RF магнетронды шашырату әдісімен титан төсемдеріне 30–120 минут аралығындағы әртүрлі 
шашырату уақыттарында тұндырылды. Сонымен қатар, тігінен бағытталған көміртекті наноқабырғаларды 
(КНҚ) WS₂ каталитикалық қабатымен біріктіру арқылы Ti/КНҚ/WS₂ композиттік электродтары дайындалды. 
Раман спектроскопиясының нәтижелері көпқабатты WS₂ қабықшаларының сәтті түзілгенін растады. 
Электрохимиялық өлшеулер СБР өнімділігінің WS₂ тұндыру уақытына тығыз байланысты екенін көрсетті. 
Зерттелген үлгілердің ішінде 90 минут тұндыру уақытымен дайындалған Ti/WS₂ электроды ең жоғары 
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каталитикалық белсенділік көрсетті: 10 мА см⁻² ток тығыздығында асқын кернеу 294 мВ-ты құрады, ал 
заряд тасымалдау кедергісі Ti/WS₂ сериясындағы ең төмен мәнге (Rct = 15,9 Ом) жетті. Электрохимиялық 
активтендіруден кейін асқын кернеу 144 мВ-қа дейін төмендеді. Электрохимиялық импеданстық 
спектроскопия (ЭИС) КНҚ енгізу заряд тасымалдау кинетикасын айтарлықтай жақсартып, Rct мәнін 3,7 
Ом-ға дейін төмендеткенін көрсетті. Алайда электрон тасымалының жақсаруына қарамастан, Ti/КНҚ/WS₂ 
электроды СБР белсенділігі бойынша Ti/WS₂ электродынан жоғары нәтиже көрсетпеді. Бұл каталитикалық 
өнімділіктің тек заряд тасымалдау қасиеттеріне ғана емес, сонымен қатар белсенді орталықтардың 
тығыздығы мен қолжетімділігіне де тәуелді екенін көрсетеді. Алынған нәтижелер тиімді сутегі өндіру 
үшін WS₂ қабықшасының қалыңдығы мен электрод архитектурасын оңтайландырудың маңыздылығын 
айқындайды.

Түйін сөздер: сутегі бөліну реакциясы, вольфрам дисульфиді, RF магнетронды шашырату, көміртекті 
наноқабырғалар, электрокатализ, электрохимиялық импедансты спектроскопия.
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ТОНКИЕ ПЛЕНКИ WS2, НАНЕСЕННЫЕ НА ПОДЛОЖКИ Ti И Ti/УНС 
МЕТОДОМ RF МАГНЕТРОННОГО РАСПЫЛЕНИЯ: СТРУКТУРНАЯ 

ХАРАКТЕРИЗАЦИЯ И ЭФФЕКТИВНОСТЬ РЕАКЦИИ ВЫДЕЛЕНИЯ ВОДОРОДА

Аннотация
Электрокатализаторы реакции выделения водорода (РВВ) на основе распространенных в природе 

материалов являются перспективной альтернативой катализаторам из благородных металлов. В данной 
работе тонкие пленки WS2 были нанесены на титановые подложки методом RF магнетронного распыления 
при временах осаждения от 30 до 120 мин. с целью исследования влияния толщины пленки на структурные 
и электрохимические свойства. Кроме того, были изготовлены композитные электроды Ti/УНС/WS2 путем 
сочетания вертикально ориентированных углеродных наностенок (УНС) с каталитическим слоем WS2. Ра-
мановская спектроскопия подтвердила успешное формирование многослойных пленок WS2. Электрохи-
мические измерения показали, что эффективность РВВ существенно зависит от времени осаждения WS2. 
Среди исследованных образцов электрод Ti/WS2, приготовленный при времени осаждения 90 мин., про-
демонстрировал наибольшую каталитическую активность: перенапряжение при плотности тока 10 мА·см-2 
составило 294 мВ, а сопротивление переносу заряда оказалось наименьшим в серии Ti/WS2 (Rct = 15,9 Ом). 
После электрохимической активации перенапряжение дополнительно снизилось до 144 мВ. Электрохими-
ческая импедансная спектроскопия (ЭИС) показала, что введение УНС значительно улучшает кинетику 
переноса заряда, снижая Rct до 3,7 Ом. Однако, несмотря на улучшенный электронный транспорт, электрод 
Ti/УНС/WS2 не превзошел Ti/WS2 по активности в РВВ, что свидетельствует о том, что каталитическая 
эффективность определяется не только свойствами переноса заряда, но и плотностью и доступностью 
активных центров. Полученные результаты подчеркивают важность оптимизации толщины пленки WS2 и 
архитектуры электрода для эффективного производства водорода.

Ключевые слова: реакция выделения водорода, дисульфид вольфрама, RF магнетронное распыление, 
углеродные наностенки, электрокатализ, электрохимическая импедансная спектроскопия.


