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INTRODUCTION 

Energy has always been the backbone of human civilization and has played a 

vital role in the advancement of almost every aspect of our lives, from basic 

survival to the development of technology and subsequent shaping of the 

modern world. With the rapid growth of global population, and the ceaseless 

strive for progress, the global energy demand increases almost exponentially. 

This raises a few concerns, foremost among them being the current 

dependence on fossil fuels for energy production [1]. Combustion of fossil 

fuels results in the emission of excessive amounts of methane CH4, carbon 

dioxide CO2, and nitrous oxide N2O gasses, collectively called greenhouse 

gasses. The greenhouse effect, exacerbated by these gasses, induces global 

warming, resulting in changes of the ecosystems, abnormal weather patterns, 

and the rise of sea-level [2]. Therefore, the search and development of 

sustainable alternatives for fossil fuels is of utmost importance, and one of the 

proposed alternatives in consideration is hydrogen fuel [3]. 

Hydrogen is particularly attractive as a fuel due to its high gravimetric 

energy density (3 times higher than fossil fuels) and zero carbon emissions [4, 

5]. Only <1% of hydrogen is present on Earth as hydrogen gas H2, however, 

and most commonly employed (~90-95% of total H2 produced) hydrogen 

production methods, such as steam methane reforming, partial oxidation of 

hydrocarbons or coal gasification use fossil fuels and release significant 

amounts of greenhouse gasses during H2 production [6, 7]. A more sustainable 

method of producing hydrogen is obtaining it from water via water 

electrolysis. Water electrolysis involves splitting of water molecules into their 

constituent components, hydrogen and oxygen, via hydrogen and oxygen 

evolution reactions [8]. The produced hydrogen could be considered “green” 

if the electricity required for the hydrogen evolution reaction (HER) were to 

be obtained from renewable sources [9], therefore water splitting shows great 

promise as an alternative and sustainable method of hydrogen production. 

However, a suitable electrocatalyst is needed in order to facilitate HER and 

achieve a significant amount of generated hydrogen gas. Currently, scarce and 

costly noble-metal catalysts like Pt, RuO2 or IrO2 are considered the best 

electrocatalysts of HER [10, 11], prompting the development of novel, non-

noble metal electrocatalysts for HER which would be more sustainable and 

commercially available. 

Recently, much effort has been put into development of alternative, earth-

abundant electrocatalysts for OER and HER. Transition metal phosphates 

[12], oxides [13], hydroxides [14], perovskites [15], and chalcogenides [16, 

17] are being investigated for their application as OER electrocatalysts. 



11 

Meanwhile, materials such as transition metal phosphides [18], carbides [19], 

nitrides [20], and chalcogenides [21] are considered as potential HER 

electrocatalysts. Transition metal dichalcogenide MX2 nanomaterials (M – 

transition metal, X – chalcogenide), and in particular molybdenum disulfide 

MoS2, has garnered significant attention for their potential application in 

hydrogen generation [22] owing to their layered two-dimensional structure 

and nano-scale thickness, which give rise to peculiar chemical, physical, or 

electronic properties compared to their bulk counterparts [23, 24]. MoS2 

nanomaterials possess nearly neutral Gibbs free energy of hydrogen 

adsorption (∆GH*), which is only slightly higher than that of Pt [25], making 

it a promising alternative. However, a few challenges, namely, the scalable 

and feasible synthesis of MoS2 nanomaterials, the increase of HER activity 

and electrocatalyst stability, and integration of MoS2 nanomaterials into 

practical water electrolysis systems ought to be overcome for these materials 

to become commercially viable options for hydrogen production. 

 

MAIN GOAL 

To investigate the influence of amino acid additives on the enhancement of 

activity and stability of hydrothermally synthesized nanoplatelet-shaped MoS2 

electrodes for hydrogen evolution reaction and determine the nature of the 

most active HER sites on fabricated MoS2. 

 

TASKS 

 To fabricate MoS2 films with glycine, L-cysteine and DL-histidine amino 

acids and study the influence of amino acid additives on the 

electrocatalytic HER activity and stability. 

 To characterize MoS2/amino acid films and explore possible intercalation 

of guest species into the interlayers of MoS2. 

 To investigate the effects of anodic pretreatment on hydrothermally 

synthesized MoS2 electrodes. 

 To distinguish the HER active sites of MoS2 and assess the increase of 

active site relative content after anodic pretreatment. 
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SCIENTIFIC NOVELTY 

 The influence of amino acids on the hydrothermal synthesis of 

molybdenum disulfide was investigated for the first time. It was 

determined, that the addition of amino acids to the ammonium 

heptamolybdate and thiourea solution results in the formation of 

nanoplatelet MoS2 films with a relatively high content of metastable, 

metallic 1T-MoS2 phase during the hydrothermal synthesis. 

 It was established for the first time that hydrothermally synthesized MoS2 

films with amino acids possess higher electrocatalytic HER activity and 

stability, compared to MoS2 films, fabricated without amino acids due to 

formation and insertion of amino acid fragments. 

 A novel method of increasing the electrocatalytic activity of molybdenum 

disulfide electrode via anodic pretreatment was determined and 

investigated. It was distinguished that during anodic pretreatment the 

relative quantity of catalytically active bridging S2
2- groups is increased. 

 

STATEMENTS OF DEFENCE 

 Hydrothermally synthesized MoS2 films with amino acid additives exhibit 

enhanced hydrogen evolution reaction activity and stability, compared to 

hydrothermally synthesized MoS2 films without amino acids. 

 Increase in activity and stability of MoS2/amino acid electrodes is linked 

with the formation of metastable 1T-MoS2 phase due to intercalation of 

charged guest species or fragments between neighbouring nanoplatelets. 

 Increase in electrocatalytic activity of MoS2/amino acid electrode is 

achieved via anodic pretreatment by increasing the relative content of 

bridging S2
2- groups, which are considered as the active sites for hydrogen 

evolution, during anodic processing. 

 

CONTRIBUTIONS OF AUTHOR 

Preparation of substrates, anodizing of Ti and hydrothermal synthesis of MoS2 

films and powders described herein were carried out by the author of this 

dissertation. All samples for the experiments reported in this work were 

fabricated by the author. The author also performed HER measurements of 

synthesized MoS2 films via cyclic voltammetry and chronopotentiometry, as 

well as anodic pretreatment and electrochemical measurements of pretreated 
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electrodes. Furthermore, the author carried out the deconvolution and fitting 

of XPS spectra, analysis of other obtained results, designing their graphs and 

figures, and preparing all publications listed below. The author wrote this 

dissertation himself, with proper referencing employed for all information 

obtained from sources other than the original works of the author. 
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1. LITERATURE REVIEW 

1.1. Properties of molybdenum disulfide 

1.1.1.  MoS2 structure and polytypes 

Molybdenum disulfide is a layered 2D structure transition metal 

dichalcogenide (TMD), with each individual layer consisting of a plane of 

molybdenum atoms sandwiched in between two planes of sulfur atoms, with 

the average layer thickness of 0.65 nm [26]. The atoms in one S-Mo-S layer 

are bonded together predominantly by covalent bonds, while interlayer 

bonding stems from weak van der Waals forces [27]. MoS2 has three main 

polytypes: 1T with trigonal structure symmetry, hexagonal 2H, and 

rhombohedral 3R, with the digits indicating the number of layers in a unit cell 

(Fig. 1.1. a-f). In each individual layer, the Mo atom is coordinated by six S 

atoms (Fig. 1.1. g, h) and the Mo-S coordination is octahedral in 1T, while in 

2H and 3R the coordination is trigonal prismatic [28]. The 2H phase is 

thermodynamically stable and is the main naturally occurring phase, while 3R 

and 1T are both metastable, with only small amounts of 3R found in nature 

[29], and 1T phase is only obtained synthetically. Both 2H and 3R phases are 

semiconducting and bulk MoS2 crystals are indirect band gap (1.3 eV) 

semiconductors [30], while a monolayer of MoS2 is a direct band gap (1.8 eV) 

semiconductor [31, 32]. Contrarily, the 1T phase is metallic and paramagnetic 

due to two spin-parallel 4d electrons located in dxy, dxz, and dyz orbitals in 

octahedral coordination, while two spin-antiparallel electrons occupy dz2 

orbital in trigonal prismatic coordination (2H and 3R) and are thus 

diamagnetic [33-35]. The conductivity of 1T phase is reported to be ~107 times 

higher than the conductivity of semiconducting 2H or 3R phases [36]. Being 

thermodynamically metastable, 1T phase gradually transforms to the stable 

2H polytype in ambient conditions [37], and quite readily when heated to 100 

°C [38]. However, Chhowalla’s group described a linear increase in 2H phase 

fraction up to 150 °C when heating chemically exfoliated 1T-MoS2, and XPS 

analysis determined that predominantly 2H phase was obtained only when 

annealing was carried out at 300 °C [39]. 
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Figure 1.1. Schematic illustration of the crystal structures for the most 

common MoS2 polytypes: 2H (a, d), 3R (b, e), and 1T (c, f). Side-view from 

the a-axis (a-c) and bilayer top-views from the c-axis (d-f) show the unit cell, 

layer directions, and stacking sequence (a-c). Mo-S trigonal prismatic (2H, 

3R) and octahedral (1T) coordination schematic illustrations are displayed in 

(g, h). In the portrayed stacking sequences (a-c), uppercase letters indicate S 

atoms, while lowercase letters indicate Mo atoms [40]. 

 

Several approaches to achieve the 2H to 1T phase transformation have 

been reported. One of the commonly used methods is alkali metal intercalation 

into the interlayers of MoS2, inducing the transition from 2H to 1T [41]. Phase 

transition by generating sulfur vacancies was also reported by Cai et al. [42]. 

Charge injection and strain effects were also employed for the formation of 

1T phase from 2H-MoS2 [43, 44]. The 2H → 1T phase transition could be 

visualized as a clockwise 60° rotation of S atoms with respect to the central 

Mo atom, resulting in the misalignment of S atom planes (Fig. 1.2. a-b), with 

the upper or lower S plane gliding resulting in octahedral coordination of Mo 

[45, 46]. Further distortion of 1T phase results in the formation of 1T’ phase, 

where Mo atoms form a zigzag chain in a distorted octahedral structure (Fig. 

1.2. c). There are contradicting reports about 1T’ phase properties, as some 

report that it possesses slightly higher conductivity than 1T [47], while it is 

described as a semiconductor with ~0.09 eV band gap in other reports [48]. 
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Figure 1.2. Schematic illustration of 2H (a), 1T (b), and 1T‘ (c) structures, 

observed from c-axis (upper) and a-axis (lower). Only the upper plane S atoms 

are seen for 2H structure, since the lower plane S atoms are precisely 

underneath. The S plane glide motion, depicting 2H→1T transformation is 

depicted by red arrows (a,b), and the motion of Mo atoms for 1T‘ phase is 

depicted in (b, c) [45]. 

 

Stable polytypes of MoS2 have been used for lubrication in extreme 

conditions [49] due to their chemical inertness as well as weak van der Waals 

forces holding the layers together and enabling the layers to slide on top of 

one another [50]. MoS2 is also commonly employed as a hydrodesulfurization 

catalyst in petrochemistry, where it is used to remove sulfur in various 

petroleum products [51]. The semiconducting properties of 2H phase find 

application in various fields such as solar cells [52], batteries [53], gas sensors 

[54], field-effect transistors [55], or flexible electronics [56]. Owing to the 

broken inversion symmetry, the 3R phase displays outstanding nonlinear 

optical properties with promising applications [57]. The presence of a metallic 

1T phase eliminates the Schottky barrier when in contact with metals, thus 

enhancing the charge transfer, thereby providing distinct benefits in 

electrochemical applications [43]. 

 

1.1.2.  Characterization of MoS2 

The existence of various polytypes of molybdenum disulfide and the 

possibility of obtaining different structures via numerous synthesis routes 

gives rise to various diverse properties, greatly expanding the potential for 

application in different fields, albeit unambiguous characterization of 

molybdenum disulfide and determination of polytype is of utmost importance. 

A few of the most used methods for MoS2 characterization are highlighted 

below. 
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Scanning electron microscopy (SEM) is widely used for the 

determination of bulk MoS2 morphology as it is readily accessible and works 

well with both conducting and semiconducting MoS2 samples. SEM can be 

utilized in examining sample degradation by analyzing the samples before and 

after processing or natural degradation during storage [58]. Similarly, SEM 

can assist in controlling the synthesis parameters by investigating the 

morphology of samples fabricated with different synthesis parameters or 

intermediate products when stepwise syntheses are carried out [59, 60].  

 
Figure 1.3. HAADF-STEM images and simulated images with atomic models 

of monolayer: a) 1H, b) 1T, c)1T′, d) bilayer 2H (AA′), e) bilayer 3R (AB)-

stacked, and f) trilayer 3R (ABC)-stacked MoS2. Depicted below are the 

intensity profiles of each atomic model. The scale bars in HAADF-STEM 

images are 0.5 nm [61]. 

 

High-resolution transmission electron microscopy (HRTEM) and high-

angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) enables the examination of mono- or few-layered MoS2 

materials (Fig. 1.3.). A repeating hexagonal structure, with a gap in the center, 

is observed for the 2H phase with Mo atoms appearing slightly brighter than 

S atoms (Fig. 1.3. d). Meanwhile, only a series of Mo atoms in a closer packed 

trigonal lattice is observed for the 1T phase (Fig. 1.3. b) as the intensity of S 

is much lower due to the misalignment of S atoms in the upper and bottom 

planes [62]. 3R phase is also feasibly distinguished (Fig. 1.3. f), as Mo and 

both S atoms provide uniform intensity profiles due to AbA CaC BcB stacking 

[61]. TEM is also routinely employed for the evaluation of interlayer spacing, 

nanosheet thickness, and the number of layers present [63, 64].  



18 

X-ray diffraction (XRD) is used for the evaluation of sample crystallinity, 

as crystalline materials give rise to sharp peaks, whereas broad peaks of lower 

intensity are observed for amorphous materials. MoS2 is routinely investigated 

by XRD using Cu Kα X-ray source and the major peak is ascribed to the (002) 

reflection with 2θ ≈ 14.4 deg for 2H-MoS2, which corresponds to the lattice 

spacing of 6.1 Å [65]. Determination of 1T phase via XRD is not 

straightforward. There are reports of a new (001) peak appearing at 2θ ≈ 7.3 

deg, which is presumed to be an indication of a metallic phase with a reported 

d-spacing of ~ 11.8 Å [36, 66]. Other reports describe the shift of the (002) 

peak of 2H-MoS2 to lower 2θ values as the interlayer is expanded via 

intercalation, where the magnitude of interlayer expansion, and consequently, 

the shift of (002) peak depends on the size of intercalated species [67]. 

Because phase transformation from 2H to 1T usually involves intercalation, 

the possibility of both (001) of 1T and (002) of 2H peaks coexisting as only 

part of 2H is transformed to 1T and the fact that other hkl peaks are found in 

both phases with minimal shift, characterization of phase via XRD is difficult 

and therefore should be supplemented by other techniques.  

The composition of fabricated MoS2 materials, as well as phase content, 

can be evaluated using X-ray photoelectron spectroscopy (XPS). In the Mo 3d 

spectrum, the doublet of 2H-MoS2 is observed at binding energies of 229.4 

eV for 3d5/2 and 232.5 eV for 3d3/2 [68], while 1T-MoS2 doublet resides at 

binding energies of 228.5 eV and 231.6 eV for 3d5/2 and 3d3/2, respectively 

[39]. Variations of 3d doublet binding energy are reported and mostly occur 

due to different sample fabrication, however, the separation between 2H and 

1T is generally accepted to be ~ 0.9 eV, with the peaks corresponding to the 

1T located at lower binding energy than those of 2H [69-71]. In addition to 

the peaks attributable to Mo+4, peaks from higher oxidation states can be 

observed in the 3d spectrum of Mo. Peaks at ~232.6 eV are ascribed to Mo+6, 

which is usually from MoO3 [72], thus providing an insight into sample 

degradation. Peaks for Mo+5 [73] or Mo+4 oxysulfides [74] at a binding energy 

of ~230.3 eV are also observed. Similarly, an approximately 0.9 eV shift 

between 1T and 2H phases is observed in the sulfur S 2p spectrum [75]. 2p3/2 

peaks at 162.4 eV and 161.6 eV are ascribed to 2H and 1T, respectively, while 

corresponding 2p1/2 peaks appear at higher by 1.16 eV binding energies.  

Visible light techniques are also used for MoS2 phase confirmation. 

Raman spectroscopy is employed to study lattice vibrations, where 

characteristic phonon modes for different crystal structures are observed. Bulk 

(2H) MoS2 Raman spectrum consists of four active modes: E2
2g (32 cm-1), E1g 

(281 cm−1), E1
2g (379 cm−1), and A1g (405 cm−1) [76]. However, the obtained 

Raman spectra, i.e. which modes are detected, depend on the excitation 
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wavelength. Placidi et al. obtained Raman spectra of mechanically exfoliated 

2H-MoS2 nanosheets using different wavelength excitation, from ultraviolet 

(325 nm) to infrared (1064 nm) [77]. It was determined that two modes, 

namely E1
2g and A1g, were observed regardless of wavelength used and are 

now generally accepted as the two dominant features of MoS2 Raman spectra. 

The E1
2g mode arises from the in-plane vibration of S atoms in one direction 

and the vibration of Mo atom in another direction, while vibrations in adjacent 

layers are out of phase. The A1g mode stems from out-of-plane stretching of S 

atoms, where the vibrations of S atoms are in opposite directions [78]. 

Analysis of these two peaks can also give an approximation of the layer 

thickness based on the wavenumber difference (∆ν̅) of these peaks as E1
2g 

blueshifts and A1g redshifts when the number of layers decreases from 5 to 1; 

for more than 5 layers ∆ν̅ becomes indistinguishable from bulk MoS2 [76]. 

Raman spectroscopy also enables the identification of 2H and 1T phases. 2H 

→ 1T conversion leads to a considerable decrease or disappearance of the E1
2g 

and A1g peaks altogether, with the emergence of three peaks, which are not 

seen in 2H phase: J1 (147 cm−1), J2 (222 cm−1), and J3 (333 cm−1) [79, 80]. In 

some cases, only the E1
2g peak disappears, while a low-intensity A1g peak 

could be observed. Moreover, the E1g (281 cm−1) becomes more pronounced 

in the 1T phase, even though it can also appear in the 2H phase [81]. Due to 

similarities between 1T-MoS2 and MoO3 Raman spectra [82], care should be 

taken when determining the phase of MoS2 via Raman spectroscopy, as high 

energy irradiation may lead to the oxidation of MoS2, subsequently increasing 

MoO3 content [83]. Photoluminescence spectroscopy is also a viable 

technique for determining whether the MoS2 sample is metallic or 

semiconducting. A photoluminescence spectrum with two peaks at ~630 nm 

and ~670 nm is observed for few-layered semiconducting 2H-MoS2, and the 

photoluminescence intensity is influenced by the number of layers, as it is 

significantly higher for monolayered 2H-MoS2 than the photoluminescence 

intensity of 2 to 4 layers of MoS2 [76]. In contrast, the metallic 1T-MoS2 has 

no band gap and therefore does not exhibit photoluminescence, as was detailed 

by Zhu et al. [84]. In their work, a patterned polymethyl methacrylate 

(PMMA) mask was placed on a 2H-MoS2 sample, which was then subjected 

to Ar plasma treatment, resulting in 2H → 1T phase transition at unmasked 

areas of the sample. The emergence of J1, J2, and J3 was observed in the Raman 

spectrum of exposed regions and the photoluminescence was gradually 

quenched with respect to the duration of plasma treatment. Meanwhile, only 

the E1
2g and A1g Raman peaks were observed at the masked regions which 

exhibited intense photoluminescence, therefore confirming that the masked 
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regions were of 2H phase, while a phase transition to 1T occurred at unmasked 

regions subjected to plasma treatment. 

 

1.2. Synthesis of molybdenum disulfide nanomaterials 

MoS2 is naturally found as a crystalline mineral molybdenite, a rather 

abundant mineral similar in appearance to graphite, or jordisite, a much rarer 

amorphous mineral. Relatively pure MoS2 is produced via froth flotation of 

molybdenite ore [85]. However, for application in electrocatalysis, 

nanomaterials of MoS2 are preferred, and most of the publications surrounding 

MoS2 as a catalyst for HER make use of various nanomaterial synthesis 

methods and the MoS2 catalysts are usually comprised of nanomaterials. 

As is the case for other layered materials, the two main approaches for 

the synthesis of molybdenum disulfide nanomaterials are top-down and 

bottom-up approaches [86]. Top-down synthesis methods involve reducing 

the dimensions of bulk MoS2 materials into nanoscale-sized materials by 

various mechanical methods. Bottom-up approaches employ chemical 

reactions, during which the growth of MoS2 nanomaterials starts from atoms 

or molecules, producing various molybdenum disulfide nanostructures. 

By using different methods of synthesis, a plethora of molybdenum 

disulfide nanostructures could be obtained with diverse physical and chemical 

properties. Thus, the HER activity and stability of MoS2 strongly depend on 

the choice of synthesis method. 

 

1.2.1.  Exfoliation of MoS2 

As mentioned previously, molybdenum disulfide has a layered structure, 

where adjacent layers are held together by van der Waals interactions. Hence, 

MoS2 nanolayers can be obtained using the so-called ‘scotch-tape‘ or 

mechanical exfoliation technique, as was first demonstrated by Novoselov et 

al. [87]. In essence, bulk MoS2 crystals are micromechanically cleaved by 

repeated application of an adhesive tape, resulting in few-layered flakes, 

which are then transferred onto a Si wafer. Obtained flakes are of high purity 

with few defects and retain the same crystal structure as the bulk crystal since 

during mechanical exfoliation no chemical reactions take place [88]. 

Ottaviano et al. fabricated MoS2 nanoflakes via mechanical exfoliation onto 

SiO2/Si wafer and reported that by using optical microscopy and atomic force 

microscopy along with Raman and photoluminescence spectroscopies, the 
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number of obtained layers could be precisely characterized [89]. The 

mechanical exfoliation technique is fairly simple and applicable to any large 

layered crystal material. However, it requires intensive labour in order to 

obtain single layers. Furthermore, it is hindered by a lack of scalability and 

control of obtained nanomaterial dimensions, making it feasible only for 

laboratory purposes [88, 90]. 

Another prevalent category of exfoliation techniques is liquid phase 

exfoliation (LPE). During LPE, powders of bulk layered material are added to 

a liquid medium, and exfoliation is achieved using ultrasonic or shear energy. 

Then, the nanosheets are separated from unexfoliated material by 

centrifugation of obtained dispersion [91]. A process called cavitation occurs 

in liquid media subjected to ultrasonic waves, where microbubbles or voids 

form and collapse in the liquid [90]. As the cavitation bubbles collapse, shock 

waves and jets of liquid act on the bulk material, leading to the exfoliation of 

the layer. However, high local temperatures and pressures during cavitation 

may lead to fragmentation or an increase of defects in exfoliated nanolayers 

[92]. 

During solvent-assisted exfoliation, layered bulk crystals are exfoliated 

by ultrasonication in organic solvents. Matching the surface tension of the 

organic solvent with the surface energy of layered material facilitates the 

overcoming of interlayer van der Waals interaction. Additionally, the resultant 

nanosheet dispersions are stabilized via solvent-nanosheet interaction [93]. 

The choice of organic solvent could also determine the structure of obtained 

nanomaterials, as Dong et al. demonstrated that by using a mixture of H2O2 

and 1-methyl-2-pyrrolidone, porous MoS2 nanosheets were obtained [94]. 

Solvent-assisted exfoliation is a relatively straightforward method, albeit 

obtaining nanosheets with uniform thickness and lateral size is difficult [95]. 

Moreover, the best solvents for exfoliation are usually toxic, and complete 

removal of organic solvent is crucial prior to coating a substrate with obtained 

nanoflakes [96]. A more environmentally friendly LPE technique is 

surfactant-assisted exfoliation. In this case, rather than using organic solvents, 

the exfoliation is performed using aqueous solutions of surfactants. The 

surface tension of the liquid media can be tuned by using surfactant molecules, 

thus promoting exfoliation and stabilizing the resultant nanosheets. 

Restacking of obtained nanosheets is prevented by the adsorption of surfactant 

molecules on the nanosheet surface [97]. Generally, nanosheets obtained via 

surfactant-assisted exfoliation retain the structure of the bulk crystal, although, 

in the work of Zhao et al., very small quantum dots stabilized by a polymeric 

surfactant with more than 80% of the metastable 1T phase were reported [98]. 

Exfoliation could also be carried out in pure water by controlling the 
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temperature, as described by Kim et al. [99]. The temperature was controlled 

by adjusting the cooling of the sonic bath, with the heat generated from the 

dissipation of sonic energy being sufficient for exfoliation. Characterization 

of obtained MoS2 by XPS, Raman, and PL spectroscopies revealed that 

pristine 2H-MoS2 monolayers were formed. Nevertheless, Bodik and 

coworkers argue that water molecules may facilitate oxidation of few-layered 

MoS2 and thus exfoliation in water may result in increased content of MoOx 

and MoO3 phases [100]. The main drawbacks of LPE are a lack of scalability 

and poor control over both the lateral size and the number of layers present in 

obtained nanosheets [101]. The process is also hindered by long sonication 

times and the use of liquid media itself. In solvent-assisted exfoliation, this 

hindrance is the removal of organic high-boiling point solvents, while 

nanosheets obtained via surfactant-assisted exfoliation require post-treatment 

in order to remove the adsorbed surfactants that stabilize the nanosheets and 

prevent their re-agglomeration [102]. To overcome the issue of scalability 

shear-mixing exfoliation, an alternative method to exfoliation with ultrasonic 

waves, was described by Paton et al. [103]. Instead of using ultrasonic waves, 

exfoliation is carried out by high-shear mixing of liquid medium, resulting in 

large quantities of unoxidized, defect-free nanosheets. It was demonstrated 

that exfoliation could be achieved if the local shear rate exceeds a critical value 

of 104 s-1, which, according to the authors, can be achieved with a variety of 

mixers, including household kitchen blenders. Shear exfoliation is shown to 

be more efficient than sonication-induced exfoliation, with the difference in 

efficiency being more pronounced with increasing volume. 

Another prominent technique for the exfoliation of layered materials is 

ion intercalation. During this process, various species are intercalated in the 

gaps of MoS2 layers, thus expanding the interlayer distance. An external 

driving force, like ultrasonication, then separates the layers [104]. Joensen et 

al. first described the exfoliation of MoS2 with n-butyllithium [105]. In their 

work, bulk MoS2 powder was soaked in a solution of n-BuLi in hexane for 48 

h., and the resultant LixMoS2 powder was immersed in water and 

ultrasonicated. It was determined that exfoliation occurs due to the evolution 

of H2 gas, which forms due to a reaction of Li with water, while sonication 

was shown to improve exfoliation and promote the formation of monolayers. 

Later, it was shown that high concentrations of intercalated Li promote the 

phase change of obtained MoS2 nanomaterial from 2H to 1T, which was 

claimed to be irreversible [106]. Chhowalla’s group reported that Li 

exfoliation results in a predominantly metallic metastable 1T phase for as-

exfoliated MoS2 [39], however, annealing restores the semiconducting phase. 

Moreover, after annealing the exfoliated material above 300 °C band gap 
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photoluminescence was observed, indicating that the exfoliated nanosheets 

consist of semiconducting monolayers. The possibility to obtain the 1T phase 

makes ion intercalation more suitable than other exfoliation methods for the 

synthesis of MoS2 electrocatalysts. Yin et al. fabricated porous 1T-MoS2 

nanosheets via liquid-ammonia-assisted lithiation by placing bulk MoS2 

powder with Li metal in a test tube, filled with ammonia gas [107]. After 

intercalation, the ammonia gas was evaporated and exfoliation of MoS2 was 

carried out in deionized water. Their findings show that both porous 1T and 

conventional 1T, obtained with n-BuLi exfoliation, possess superior HER 

activity than exfoliated 2H-MoS2. 

 

1.2.2.  Chemical/physical vapour deposition 

Chemical vapour deposition is a frequently used method for the synthesis of 

MoS2 films with various thicknesses and lateral sizes. CVD is typically carried 

out by one of three routes: (1) sulfurization of deposited Mo metal layer by S 

precursor, (2) sulfur vapour reaction with MoO3-x, and (3) thermal 

decomposition of ammonium thiomolybdate. A report by Zhan describes the 

first route [108]: Mo thin film, deposited on SiO2 substrate was placed in a 

quartz tube furnace. Pure sulfur was placed in the low-temperature zone of the 

quartz tube, which was kept slightly above the melting point of sulfur. The 

temperature is gradually raised to 750 °C. Sulfur vapour reacts with the Mo 

film, forming a thin MoS2 film. The thickness and size of MoS2 are directly 

related to the parameters of pre-deposited Mo metal, making this method 

highly scalable. In a similar fashion, Lee et al. fabricated MoS2 films on 

Si/SiO2 substrates by sulfurization of MoO3. Powders of sulfur and MoO3 

were placed in a quartz tube, along with the substrate. By heating to 650 °C 

MoO3 powder was reduced to MoO3-x by sulfur vapour. Volatile suboxide then 

reacted with sulfur vapour to form crystalline MoS2 on the substrate. The 

authors infer substrate pre-treatment with graphene-like molecules facilitates 

MoS2 layer growth [109]. A MoS2/graphene hybrid heterostructure was 

described by Shi et al. using ammonium thiomolybdate solution in DMF as a 

precursor for MoS2 [110]. Graphene was first deposited on Cu foil via CVD, 

then ammonium thiomolybdate was carried to the substrate by Ar gas flow. 

After annealing at 400 °C, MoS2 layers formed on the graphene surface were 

shown to have high crystallinity and an abundant quantity of edge sites, which 

are favourable for electrocatalysis. Thermal decomposition of ammonium 

thiomolybdate may also lead to the formation of amorphous MoSx, as reported 

by Hsu et al. Carbon cloths were immersed in a solution of ammonium 



24 

thiomolybdate in DMF and were annealed in a CVD furnace at 120 °C in 

H2/Ar environment. Characterization of obtained molybdenum sulfide 

catalyst revealed that obtained material is indeed amorphous, as no Raman or 

XRD features were observed. Additionally, by adding NbCl5 to the synthesis 

solution, obtained electrocatalysts attain even greater HER activity. XPS 

revealed that the addition of NbCl5 affects the structure of MoSx, as almost no 

peaks are seen for Nb, whereas an increase in unsaturated sulfur S2
2- content 

is observed and correlates with the enhancement of HER [111]. 

Physical vapour deposition is seldom used to fabricate MoS2 

electrocatalysts, as the method is better suited for the synthesis of single-

crystal semiconductor materials. By using molecular beam epitaxy, high-

quality monolayers of TMDs could be fabricated with the ability to control the 

thickness and doping of obtained thin films [112]. Magnetron sputtering 

method enables the synthesis of MoS2 films with various properties, ranging 

from those similar to exfoliated materials [113, 114], to amorphous MoS2 

[115], or MoS2-Ti composites [116]. Zhang et al. reported the fabrication and 

investigation of amorphous MoS2 electrocatalyst film on carbon cloth [115]. 

According to the authors, by using magnetron sputtering power of 100 W at 3 

mtorr pressure, dense MoS2 nanosheet arrays were formed on a carbon cloth 

substrate. Lower sputtering power was found to yield short and sparsely 

distributed nanostructures, whereas a much smoother film-like surface was 

obtained when the sputtering power was set to 150 W. The MoS2 films 

obtained at 100 W sputtering power displayed the best HER activity, while 

the smooth films revealed the worst HER activity, as both the Tafel slope and 

overpotential at -10 mA cm-2 current density are higher for the sample, 

fabricated at 150 W. 

 

1.2.3.  Hydrothermal/solvothermal synthesis 

Hydrothermal and solvothermal synthesis methods are probably one of the 

most useful methods for the synthesis of HER electrocatalysts due to the ease 

of obtaining various nanostructures. During hydrothermal synthesis, an 

aqueous solution of Mo and S precursors is poured into a suitable pressure 

vessel (usually a PTFE-lined steel autoclave) which is then heated at a fixed 

temperature for up to 24 hours [86]. During synthesis, MoVI complexes are 

usually reduced by S2- that also acts as a sulfur source. However, the reaction 

mechanism is perplexing, as it depends largely on the precursors used and the 

exact mechanism of MoS2 synthesis is not yet elucidated [117]. After cooling 

down to room temperature, MoS2 precipitates are then removed from the 
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vessel and washed thoroughly to remove traces of precursor solution. 

Solvothermal synthesis proceeds in much the same way, differing only in that 

non-aqueous solutions of precursors are used. The ability to control the 

morphology of the material, as well as its physical and chemical properties, is 

readily available. By altering the type of precursors and solvents used, 

synthesis temperature and time, and by inserting substrates, various 

nanomaterials could be obtained, such as nanowires, nanorods, nanospheres, 

or nanoplatelets [86]. 

One of the first reports of nanocrystalline MoS2 solvothermal synthesis 

was published in 1998 [118]. A mixture of molybdenum trioxide and 

elemental sulfur was used as Mo and S precursors, hydrazine monohydrate 

was used as a reducing agent and pyridine was used as a solvent. It was found 

that thin platelets of nanocrystalline 2H-MoS2 were formed when the Mo:S 

precursor ratio was 1:2 or 1:3, whereas a mixture of MoS2 and MoO2 had 

formed when the precursor ratio was 1:1, suggesting that MoO2 might be a 

reaction intermediate. More recently, Lin et al. fabricated MoS2 nanorods via 

hydrothermal synthesis at 220 °C for 24 h by adding silicotungstic acid to an 

aqueous solution of sodium molybdate and thioacetamide [119]. It was found 

that the addition of silicotungstic acid promotes the formation of uniform 

nanorods with a diameter of 20–50 nm and a length of 400–500 nm. This was 

ascribed due to the intermediate product H4SiMo12O40 possibly serving as a 

template since the addition of other inorganic acids or synthesis without any 

additional acids did not yield nanorods, but rather combined nanoparticles. 

Xie et al. obtained oxygen-incorporated MoS2 via hydrothermal synthesis by 

controlling the crystallization process [120]. Decreasing the synthesis 

temperature leads to insufficient reduction of the molybdenum precursor, in 

this case ammonium heptamolybdate, thus Mo-O bonds may be incorporated 

into the MoS2 nanosheets. Moreover, it was reported that higher synthesis 

temperatures lead to higher crystallinity of products and the lowest degree of 

disorder, whereas highly disordered MoS2 nanosheets were obtained by 

lowering the synthesis temperature to 140 °C. HER investigations portrayed 

the intermediate temperature (180 °C) MoS2 to be the most active, with the 

overpotential at -10 mA cm-2 current density being 30 – 45 mV lower than for 

other tested samples in their work. Similarly, Zhao et al. reported the 

solvothermal synthesis of oxygen-incorporated MoS2-x nanosheets [121]. By 

comparing the XPS of as-grown samples and commercially available bulk 

MoS2 oxygen incorporation was identified as temperature-dependent, with the 

highest synthesis temperature (260 °C) sample possessing the highest quantity 

of oxygen content. The sample synthesized at 220 °C was shown to possess 

the best HER activity due to the largest ECSA and better conductivity than 
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samples fabricated at other temperatures. Dunne et al. proposed a scalable 

continuous-flow hydrothermal synthesis method, which allowed the stepwise 

investigation of the MoS2 synthesis [122]. Continuous-flow hydrothermal 

synthesis boasts considerably faster reaction times and scalability to industrial 

levels. During synthesis, a stream of ammonium heptamolybdate aqueous 

solution was mixed with a preheated stream of thiourea and an additional 

stream of acetic acid was added to speed up the reaction process and to 

precipitate the reaction intermediates as amorphous MoS3. The authors 

proposed a mechanism of MoS2 synthesis as proceeding by sulfidation of 

molybdate anions to form MoS4
-, which then forms amorphous MoS3 in the 

acidification step, and further hydrothermal processing decomposes MoS3 into 

nanosheets of MoS2. 

One of the advantages of hydrothermal/solvothermal synthesis methods 

is the facile fabrication of MoS2 nanosheet films directly onto a suitable 

substrate. This was described in a publication by Miao et al. where MoS2 films 

were obtained on Ti foil substrates [123]. This was achieved by placing a piece 

of Ti foil into an autoclave, filled with an aqueous solution of sodium 

molybdate and thiourea. By placing the piece of foil at an angle, different 

growth of MoS2 was observed for the up and bottom sides of the foil. It was 

determined from SEM images that the upside is covered with flowerlike 

nanospheres whose diameter ranged from 2 to 6 µm as the hydrothermal 

synthesis was carried out from 3 to 24 hours at 220 °C, respectively, while a 

continuous film of nanosheets was observed at the bottom. Interestingly, when 

synthesis was performed for 3 hours at 200 °C, both sides were covered with 

regularly arranged MoS2 nanosheet films, and increased synthesis time to 6 

hours at the same temperature resulted in flowerlike microspheres on the 

upside of the foil. XRD analysis revealed a (002) diffraction peak shift from 

14.2° to 9.4° for the samples synthesized for 3h, as well as those, that were 

synthesized at 200 °C, indicating an enlargement of interlayer spacing, while 

other samples matched well with the diffraction peaks of pure hexagonal 

MoS2. 

Arguably one of the most beneficial, as far as the fabrication of HER 

electrocatalysts is concerned, is the ability to obtain the 1T-MoS2 phase via 

hydrothermal/solvothermal synthesis. The first identification of 

hydrothermally synthesized material as 1T-MoS2 might be credited to the 

work of Song et al. published in 2015 [124]. It was reported that by using 

ammonium heptamolybdate and thiourea as Mo and S sources, with a Mo:S 

ratio of 1:2.14, 1T-MoS2 was obtained via ammonium ion intercalation into 

the MoS2 interlayer spacing by coordination with S. Ammonium ions were 

described as forming due to amine molecule hydrolysis from reactant 
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materials and protonation by water under hydrothermal synthesis conditions. 

Interestingly, the authors declare that changing the Mo precursor to sodium 

molybdate with the same Mo:S ratio results in 2H-MoS2 and 1T-MoS2 could 

only be obtained from this precursor if the Mo:S ratio is increased to 1:3. 

Various characterization techniques were used to confirm that the synthesized 

material consists of the metallic phase and their results were in good 

agreement with characterizations of 1T-MoS2 obtained via Li-ion exfoliation. 

The authors also proved that obtained 1T-MoS2 was a more efficient HER 

catalyst than pristine 2H-MoS2. Ammonium-intercalated MoS2 has been 

prepared using ammonium bicarbonate as an intercalant [125, 126]. Sun et al. 

reported the synthesis of a 3D microsphere-like structure with a diameter of 2 

– 5 µm using ammonium heptamolybdate and thiourea synthesis solution with 

a Mo:S precursor ratio of 1:4 and adding ammonium bicarbonate [125]. The 

prepared nanospheres were composed of individual MoS2 flakes with an 

average thickness of 10 nm. An increased interlayer spacing to 0.93 nm and 

enhanced hydrophilicity were reported. Similarly, Wang and coworkers report 

on multiphasic 1T/2H MoS2 from ammonium molybdate, thiourea, and 

ammonium bicarbonate [126]. Contrary to the previous report, synthesized 

MoS2 was composed of 50 – 60 nm size nanoflowers, with the same 0.93 nm 

interlayer spacing confirmed by HRTEM, while also confirming the co-

existence of both 1T and 2H phases. It is important to note, that in [126] the 

Mo:S precursor ratio was 1:2.48 which may be one of the reasons why no 3D 

microspheres were formed, as Sun et al. report that without adding ammonium 

bicarbonate, Mo:S 1:2 ratio leads to the synthesis of 2H-MoS2 and increasing 

the sulfur content leads to 1T/2H-MoS2 [125]. The fabricated 1T/2H 

multiphasic electrocatalyst displayed improved HER performance with a 

Tafel slope value of 46 mV dec-1 and, according to the report, 1T content could 

be controlled by adjusting the synthesis temperature. A report by Geng and 

coworkers claim that hydrothermally grown 1T-MoS2 could also be stabilized 

by water molecules [66]. In their work, 1T-MoS2 was synthesized using 

MoO3, thioacetamide, and urea as a molybdenum precursor, sulfur precursor, 

and reducing agent, respectively. Raman, XPS and XRD were used to 

characterize the grown MoS2 as metallic. It is reported, that the increased 

interlayer spacing of hydrothermally synthesized 1T-MoS2 matches the 

theoretically calculated spacing of 11.8 Å, corresponding to a bilayer of water 

molecules between adjacent MoS2 layers. Heterogeneous 1T/2H nanosheets 

were synthesized with a mixture of propionic acid and water as a solvent 

[127]. Two distinct lattice matrices were identified in the MoS2 basal plane by 

HRTEM. The average size of the 1T-MoS2 phase regions, indicated by 

trigonal lattice features, was determined to be approximately 5 nm, while the 
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honeycomb lattice of trigonal prismatic coordination indicated 2H-MoS2 

formation. Additionally, defects were observed, especially at the interface 

between crystalline 1T and 2H domains, and were attributed to lattice misfit 

between the two phases. Propionic acid was determined to influence the 

quantity of 1T phase formed. When the propionic acid:water ratio was 2:1 or 

1:2, the quantity of 1T was reported to be about 70%, while decreasing the 

amount of propionic acid (1:5 ratio) resulted in 43% of 1T phase in 1T/2H 

heterogeneous nanosheets. The authors also reported that the overpotential 

needed to achieve -10 mA cm-2 current density was -220 mV for 1T/2H-MoS2 

electrocatalyst, which is 100 mV lower than the overpotential of their 

fabricated 2H-MoS2, indicating improved HER efficiency. Fabrication of 1T-

MoS2 phase in the hydrothermally synthesized nanomaterials could also be 

achieved by using ethanol. Li et al. obtained high 1T concentration using the 

synergistic effect of ethanol and nitric acid [128]. It was reported that MoS2 

synthesis from ammonium heptamolybdate and thiourea aqueous solution 

with additional HNO3 and C2H5OH yields up to 83.6% of 1T phase in the 

fabricated nanosheets, while the 1T phase content was reported at 33% when 

only nitric acid was added. The obtained high-content 1T-MoS2 was reported 

to be stable for up to 6 months. A two-step hydrothermal synthesis route to 

fabricate 1T-doped 2H-MoS2 was described by Yao and coworkers [129]. The 

nanosheets are first synthesized from ammonium heptamolybdate and 

thiourea aqueous solution at 200 °C. Then, the obtained nanosheets are rinsed 

and autoclaved again, this time in ethanol at 220 °C, resulting in sulfur 

vacancy formation at the nanosheet surface. It is claimed that these sulfur 

vacancies promote the phase transition from 2H to 1T. 

Various modifications of conventional techniques were also reported for 

the fabrication of 1T phase via hydrothermal/solvothermal synthesis, showing 

promising results for HER electrocatalyst fabrication. Vertically aligned 1T-

MoS2, which was called a monolithic catalyst, bonded to a plate of 

molybdenum metal was reported by Wang et al. [130]. This was done using 

an aqueous solution of sodium molybdate, thiourea, and additional 

polyethylene glycol (PEG-6000) surfactant and a vertically inserted Mo plate 

introduced into the autoclave. The authors claim that the charged particles do 

not need to cross the interlayer spacing, but rather could be transferred directly 

from the Mo plate to the catalyst nanosheets, greatly facilitating the electron 

transfer. The 1T-MoS2 monolithic catalyst exhibited substantial HER activity 

and was shown to perform stably at -350 mA cm-2 for up to 60 hours in 0.5 M 

H2SO4. Venkateshwaran et al. achieved the selective formation of 1T-MoS2 

by using a mesoporous silica template Santa Barbara Amorphous-15 (SBA-

15) [131]. SBA-15 is composed of a porous silica network, resembling a 



29 

honeycomb structure, with a uniform pore size of 10 – 15 nm. SBA-15 was 

found to facilitate 1T-MoS2 phase formation due to confined pore channel 

space. Interestingly, it was reported that (002) peak shift was observed in XPS 

only in the sample synthesized with ammonium heptamolybdate without 

SBA-15, while Raman analysis showed most intense bands, attributable to 1T-

MoS2, were observed for samples synthesized with SBA-15, especially the 

sample where sodium molybdate was used. The latter was ascribed to the 

possibility of more sluggish insertion of Mo7O24
6- ions into the pores of SBA-

15, compared to MoO4
2- ions from sodium molybdate. XPS analysis revealed 

that samples synthesized from sodium molybdate with SBA-15 contain up to 

90% of 1T-MoS2, which was the highest content from their samples, and 

excellent reproducibility was pointed out by repeating the synthesis 14 times 

with unvarying results. Ding and coworkers described the phase-controlled 

synthesis of 1T-MoS2 via hydrothermal synthesis under high magnetic fields 

[132]. In what was described as magneto-hydrothermal processing, an 

autoclave filled with ammonium molybdate and thiourea aqueous solution 

was heated at 210 °C in a heating sleeve with circulating water cooling, which 

was placed between two superconducting magnets, capable of operating up to 

10T. Obtained MoS2 nanosheets had high crystalline quality and it was shown 

that nanosheet thickness decreased when the applied magnetic field was 

increased. The diagonal atomic-scale edge structure was ascertained via 

HAADF-STEM, confirming the formation of 1T-MoS2. From the XPS 

analysis, the influence of magnetic fields on the 1T phase content was 

investigated. Pure 100% 1T-MoS2 was detected when the applied magnetic 

field was at 9T, while 76.4%, 48.9%, and 24.7% were determined for samples 

synthesized at 8T, 5T, and 0T, respectively. After ageing the magneto-

hydrothermally synthesized 1T-MoS2 for one year XRD, HAADF-STEM, and 

XPS analysis revealed no obvious changes, corroborating the exceptional 

stability of 1T-MoS2 nanosheets. 

Lastly, the HER activity of MoS2 electrocatalysts could be increased by 

doping various heteroatoms, forming heterostructures, or introducing basal 

plane defects. Increased HER performance of MoS2 via transition metal 

doping was reported by Shi et al. [133]. Metal-doped MoS2 was fabricated by 

adding ammonium tetrathiomolybdate to DMF and FeCl2, Co(NO3)2, 

Ni(NO3)2, Cu(NO3)2, or Zn(NO3)2 solution and autoclaved at 200 °C.  

Characterization of obtained transition metal doped MoS2 revealed the 

different electronic densities of MoS2, which were determined from a varying 

negative shift of binding energies via XPS, while no variations in morphology 

or crystal structure of MoS2 were determined. It is stated that different 

electronic densities of MoS2 affect the HER catalytic activity, and it was 
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reported that Fe and Co doping decreased HER electrocatalytic activity, while 

Ni doping had negligible effect. Meanwhile, Cu and Zn-doped MoS2 

possessed increased HER activity, particularly Zn-MoS2 for which a 13 times 

larger current density, compared to a non-doped sample, was observed at -200 

mV. Gao et al. described the phase transition of 2H-MoS2 to 1T-MoS2 due to 

electron injection by Co and Ni co-doping [134]. This was achieved via 

hydrothermal synthesis with additional CoSO4 and NiSO4 added to the 

standard synthesis solution. It was found that co-doped Co,Ni-MoS2 contained 

about 69% of 1T phase, while for single atom doped Co-MoS2 and Ni-MoS2 

the 1T phase contents were reported at 26%, and 21%, respectively. The HER 

activity of Co,Ni-MoS2 was substantially higher than for single-atom doped 

MoS2, with the overpotential at -10 mA cm-2 being -102 mV in 1M KOH 

solution. By introducing reduced graphene oxide (RGO) during hydrothermal 

MoS2 synthesis an RGO/1T-MoS2 heterostructure was fabricated by He and 

coworkers [135]. Aside from the addition of graphene oxide to the synthesis 

solution, the authors also report on what was called slow successive heating 

where citric acid was added to the synthesis solution, and hydrothermal 

synthesis was carried out by a stepwise temperature change, maintaining the 

synthesis reactor for 2 hours at 50 °C, 70 °C, 100 °C, 130 °C and at the last 

stage a temperature of 160 °C was maintained for 16 hours. The role of citric 

acid/successive heating was to slow down the formation of MoS2 and thus 

facilitate the formation of the 1T phase. Reduced graphene oxide and citric 

acid/successive heating were found to decrease the average particle size of 

MoS2 nanosheets leading to an increase in active surface area. Because of this, 

RGO/1T-MoS2 displayed enhanced photo- and electrocatalytic hydrogen 

evolution activity. Recently, a bifunctional MoS2 electrocatalyst for both 

hydrogen and oxygen evolution reactions was fabricated using Fe/Ni bi-

metallic organic framework (b-MOF) supported 1T/2H-MoS2 heterostructure 

[136]. This was achieved by hydrothermal synthesis of sodium molybdate, 

thiourea, and Fe/Ni-MOF, which was prepared by a separate hydrothermal 

process and was used as the framework for 1T/2H-MoS2. Obtained 

MoS2@Fe/Ni-MOF possessed flower-like morphology with furcated 

nanosheet petals, which are assumed to induce numerous distortions or 

dislocations making such a defect-rich structure preferable for catalysis. The 

increase of HER and OER electrocatalytic activity was ascribed to the 

synergistic effect of specific 3D structure formation, electronic modulation of 

MoS2 by Fe/Ni, and 1T/2H phase formation. Xie et al. reported a scalable 

synthesis method to engineer defects on MoS2 and increase the number of 

active sites [137]. This was achieved by using a high concentration of thiourea, 

as it was claimed that excess thiourea could adsorb to the growing 
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nanocrystallites and impede the oriented growth of the crystal, thus forming 

defect-rich structures. It was pointed out that by decreasing both precursor 

concentrations, whilst still maintaining an excess of thiourea, thick nanosheets 

with defect-rich structures were obtained, while higher concentrations resulted 

in thinner nanosheets. Defect-rich MoS2 possessed an overpotential of -120 

mV, which is comparable to overpotentials obtained with 1T-MoS2, while the 

number of active sites for the defect-rich MoS2 was reported to be 13 times 

greater than that of bulk MoS2. A rapid one-pot MoS2 electrocatalyst synthesis 

on a glassy carbon electrode was described by Nakayasu and coworkers [138]. 

MoS2 films on glassy carbon electrodes (GCE) were fabricated via 

hydrothermal electrodeposition, during which GCE was used as a working 

electrode, and Au foil was used as a counter electrode, while sodium 

tetrathiomolybdate and KCl were used as an electrolyte. Electrodes were 

submerged in the electrolyte and placed in a pressure reactor, which was 

pressurized to 10 MPa using Ar and the reactor was heated to 200 °C. A 

negative potential of -1.5 V was applied for up to 60 s to the glassy carbon 

electrode which was used as a substrate for MoS2 film. It was determined that 

a uniform coating of MoS2 forms on the GCE surface when electrolysis was 

used, and an edge-exposed surface was obtained when hydrothermal 

electrodeposition was carried out at 200 °C, while synthesis at 150 °C leads 

to a cracked surface with limited exposed edges. Moreover, XPS revealed that 

synthesis at 200 °C for 60 s results in the highest 1T phase content, whereas 

peaks attributable to Mo5+ and Mo6+ were considerably more pronounced 

when synthesis was carried out at 150 °C. The formation of the 1T phase was 

attributed to high sulfur defect content on the surface of MoS2 films, as the 

formation of sulfur defects is claimed to be due to proton and electron transfer 

to the S atoms during electrodeposition. As synthesis for 10 min at 200 °C 

produced predominantly 2H-MoS2 and MoS3, synthesis for just 60 seconds 

resulted in the best electrocatalyst of those tested by the authors, making this 

synthesis method immensely faster than conventional hydrothermal methods. 

 

1.3. Electrochemical water splitting 

The hydrogen evolution reaction is a half-reaction of the water splitting 

process, where the oxygen evolution reaction (OER) occurs on the anode and 

the hydrogen evolves at the cathode under applied voltage [139]. Hydrogen 

evolution is a two-step reaction (Fig. 1.4. a) during which in the first step, 

called the Volmer reaction, H3O+ (in acidic media) or H2O (in alkaline media) 

adsorbs on the active site of the catalyst and hydrogen intermediates (H*) are 
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produced via electrochemical reduction step. In the second step, desorption of 

H2, formed by Heyrovsky or Tafel reactions, occurs [140]. During the 

Heyrovsky reaction, adsorbed H* combines with H3O+ or H2O to form H2, 

while during the Tafel reaction H2 is formed by combining two adsorbed H*. 

As the adsorbed H* is involved in all three reaction pathways, the hydrogen 

adsorption free energy (∆GH*) is crucial for the HER – if the hydrogen is 

bonded to the surface too weakly, the adsorption (Volmer) step limits the 

reaction rate, whereas too strong bonding limits the desorption steps 

(Heyrovsky/Tafel) [141]. Therefore, an ideal electrocatalyst should possess 

∆GH* that is close to zero (Fig. 1.4. b), and according to theoretical 

calculations, ∆GH* of Pt metal is 0.06 eV, making it the best electrocatalyst so 

far [25].  

 

Figure 1.4. (a) Schematic illustration of the HER mechanisms in acidic and 

alkaline media [142]. (b) Exchange current density as a function of ∆GH* for 

different HER electrocatalysts [141]. 

 

MoS2 was determined to possess nearly neutral hydrogen adsorption free 

energy (∆GH* = 0.08 eV, when H* coverage is 50%), however, the exchange 

current density is lower than those observed on Pt [25]. Nevertheless, various 

strategies to decrease the ∆GH* of MoS2 are being considered, such as doping 

of MoS2 with phosphorous and oxygen, as reported by Huang and coworkers 

[143]. Based on DFT calculations, Tsai et al. reported that an increase of 0.037 

nm in the interlayer spacing of MoS2 (equivalent to a 6% expansion between 

layers) leads to a reduction of 0.05 eV in the hydrogen adsorption free energy 

compared to non-expanded pristine MoS2 [144]. It was determined by 

Jaramillo et al. that the edge sites of MoS2 are the active sites for HER 

electrocatalysis, while the basal plane is inert [145]. Although the basal plane 

is generally accepted to be inert [146, 147], Bentley and coworkers reported 

that the activity of the basal plane could be undervalued by numerous other 

reports [148]. Using scanning electrochemical cell microscopy, it was 
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determined that the basal plane of 2H-MoS2 possesses HER activity 

comparable to, if not somewhat higher, than glassy carbon, and the 

discrepancy from previous reports was attributed to perplexing HER activity 

evaluation using macroscale measurements due to high ohmic resistance of 

bulk 2H-MoS2. 

The overall water splitting reaction (H2O→H2+
1

2
O2) requires an energy 

input of ΔG = 237.1 kJ/mol (at STP), which is equal to a thermodynamic 

potential of 1.23 V and the potential of HER is 0 V vs. RHE [149]. During 

electrochemical hydrogen evolution, the actual potential of HER is larger than 

0 V due to electrode polarization, reaction activation energy, and internal 

resistance. This difference is defined as the overpotential of HER and is 

frequently used to characterize different HER electrocatalysts. Usually, the 

overpotential needed to generate -10 mA cm-2 is used as a benchmark in 

various publications, along with onset potential, i.e. the potential at which 

cathodic current appears. Lower values of said potentials mean higher HER 

activity of the electrocatalyst in question. Another commonly used parameter 

for the characterization of HER electrocatalyst is the Tafel slope, which 

describes the dependence of steady-state currents when the overpotential is 

increased. It can be regarded as a value of additional overpotential needed to 

increase the current density by one order of magnitude. Smaller Tafel slopes 

correspond to better HER electrocatalytic activity. Furthermore, the value of 

the Tafel slope is used to determine the rate-determining step of the HER 

[150]. It is widely accepted and reported in the literature that the Tafel slope 

values of 120 mV dec-1, 40 mV dec-1, and 30 mV dec-1 correspond to the 

Volmer, Heyrovsky, and Tafel steps as the rate-determining steps, 

respectively. Similarly, exchange current density, i.e. the current density when 

electrode reactions are in equilibrium, is used to characterize the rate of 

electrochemical reactions. Electrocatalysts with higher exchange current 

densities require less energy for the reaction to occur. The stability of the 

electrocatalyst during operation is also a key parameter. It is usually 

investigated via cyclic voltammetry, where the electrocatalyst is subjected to 

at least 1000 cycles of potential sweeps, or chronoamperometry and 

chronopotentiometry, during which a fixed potential or current is applied for 

a set amount of time (at least 12 hours). Observation of changes in current 

density or overpotential indicate the stability (or lack thereof) of the analyzed 

electrocatalyst. To evaluate the HER activity and compare different 

electrocatalyst materials, turnover frequency (TOF) is occasionally reported. 

TOF is defined as the number of product, which is H2 in the case of HER, 
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obtained per active site in a time period [151]. Turnover frequency is 

calculated by: 

TOF =
𝑗𝐴

𝑧𝑛𝐹
     (1) 

 

where j is the current density, A is the electrochemically active surface area 

(ECSA), z is the number of electrons involved in the reaction, n is the number 

of moles of active material, and F is the Faraday constant [142]. One of the 

main advantages of TOF is the ability to directly compare different 

electrocatalysts, whether they are of the same material or not. However, 

difficulty in calculating n hinders accurate calculation of TOF, as not all active 

sites might be identical or uniformly accessible to the reactants. As the edge 

sites of MoS2 are the active sites, and the basal plane is inert (or substantially 

less active), the ECSA may not represent the number of active sites, thus 

leading to an overestimation of TOF. 

To summarize, the fabrication of molybdenum disulfide based catalysts, 

especially MoS2 nanomaterials with high 1T-MoS2 phase content, for 

hydrogen evolution via water splitting hold great promise. However, 

substantial additional research is necessary to better our understanding of 

MoS2 catalyst synthesis and their potential application. The abundance of 

molybdenum disulfide nanomaterial fabrication methods and post-synthesis 

treatments discussed previously enables the synthesis of diverse MoS2 

materials, each possessing distinct catalytic capabilities and characteristics, 

some of which are yet to be systematically investigated. The influence of 

amino acid additives on the structure and catalytic properties of 

hydrothermally synthesized MoS2 films has not been thoroughly explored and 

therefore it is investigated in the following sections. Moreover, a novel and 

facile post-synthesis treatment method of increasing the effectiveness of 

fabricated MoS2/amino acid electrode for hydrogen evolution reaction via in 

situ anodic pretreatment (occurring in the same setup prior to HER processing, 

hence referred to as pre-treatment) is reported in section 3.4.  
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2. MATERIALS AND METHODS 

2.1. Materials and chemicals 

All chemicals used were of analytical grade and used as-received unless stated 

otherwise. The list of chemicals used in experiments is provided in Table 1. 

  

Table 1. Materials and reagents used for the experiments in this work 

Material Formula Purity Source 

Titanium foil 

(0.127 mm) 
Ti 99.7% 

Sigma-Aldrich, 

United States of 

America 

Molybdenum foil 

(0.127 mm) 
Mo ≥99.9% 

L-cysteine C3H7NO2S ≥97% 

D,L-histidine C6H9N3O2 ≥99% 

Propan-2-ol (CH3)2CHOH ≥99.5% 
Carl Roth, 

Germany 

Ammonium 

fluoride 
NH4F 98% Merck, Germany 

Phosphoric acid H3PO4 85% 

Reachem, 

Slovakia 

Ammonium 

heptamolybdate 

tetrahydrate 

(NH4)6Mo7O24 

·4H2O 
≥99.5% 

Potassium chloride KCl ≥99.6% 

Glycine C₂H₅NO₂ 98.5% 

Acetone (CH3)2CO 99.5% 

Chempur, Poland Sulfuric acid H2SO4 98% 

Thiourea CH4N2S ≥99.5% 

 

2.2. Substrate preparation 

Substrates for fabricated MoS2 electrodes were cut from Ti or Mo foil, with 

their size being 7 x 7 mm (electrochemical measurements) or 10 x 10 mm 

(structure characterization investigations). After cutting, the surface of the 

substrates was cleaned in a 1:1 mixture of acetone and propan-2-ol to remove 

any surface contaminants. The substrates were fully submerged in the cleaning 

mixture and ultrasonicated for 30 minutes. Afterwards, they were thoroughly 

rinsed with deionized water and ultrasonicated in deionized water for 10 

minutes, repeating the deionized water cleaning procedure three times. 
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2.3. Anodizing of titanium substrates 

To obtain a porous TiO2 structure which could provide better surface adhesion 

properties than pure metallic Ti, titanium nanotubes were fabricated via 

anodizing of Ti substrates. A solution of phosphoric acid and ammonium 

fluoride was prepared by dissolving 3.704 g of NH4F in 250 mL of deionized 

water. In a volumetric flask, filled with about 125 mL of deionized water, 67.4 

mL of H3PO4 was slowly added, stirred and then the resultant solution was 

filled with deionized water, resulting in 250 mL of acidic solution. Both 

solutions were mixed in a plastic bottle, stirred and left to cool down to room 

temperature. 

Anodizing of Ti substrates was carried out using a PeakTech 6227 power 

supply (PeakTech Prüf- und Messtechnik, Germany) in a plastic cell filled 

with 2 M H3PO4 and 0.2 M NH4F solution, where Ti substrates were used as 

an anode and two parallel Pt plates were used as a cathode. The anodizing 

voltage was set at 20 V and anodizing of Ti was conducted for 60 minutes, 

constantly maintaining 100 rpm stirring to dissipate heat. Before the start of 

anodizing at 20 V, the potential was set at 10 V for 1 min in order to prevent 

a rapid rise in temperature and current. After anodizing, the prepared anodized 

Ti substrates were thoroughly rinsed with copious amounts of deionized 

water, dried using N2 gas stream and then annealed at 420 °C for two hours. 

During annealing, the formed Ti nanopores undergo recrystallization, 

resulting in the formation of anatase phase TiO2 nanopores, eliminating F- ions 

in the process.  
 

2.4. Molybdenum disulfide synthesis 

Molybdenum disulfide films were fabricated via hydrothermal synthesis using 

a solution of ammonium heptamolybdate and thiourea. 5 mM of ammonium 

heptamolybdate and 90 mM of thiourea were dissolved in deionized water, 

stirred, and then poured into the PTFE cell of the autoclave. Additionally, 

different amino acids (L-cysteine, DL-histidine, glycine) were added to the 

synthesis solution during the fabrication of particular electrodes or MoS2 

powders, with the concentrations of amino acids reported in the respective 

sections. The prepared solution was then poured into the PTFE-lined stainless 

steel autoclave, while the substrate which was to be coated with MoS2 was 

mounted in a specially made mounting point in the PTFE cell so that the 

substrate could be fully submerged and remain fixed in a perpendicular 

position throughout the whole synthesis process. 
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Synthesis was carried out by heating the autoclaves in a Zhermack DM40 

furnace (Zhermack SpA, Italy) at 220 °C for 5 to 15 hours, with the 

temperature ramp being 10 °C min-1. After the autoclaves naturally cool down 

to ambient temperature, the fabricated electrodes were carefully removed from 

the mounting point, thoroughly rinsed with deionized water, and dried at room 

temperature using low-pressure N2 gas stream.  

MoS2 powder synthesis was done by the same procedure described 

above. Key differences were: 1) no electrode substrate was placed in the 

autoclave during powder synthesis and 2) rinsing of MoS2 powders was 

performed more rigorously, compared to rinsing of fabricated electrodes, as 

the risk of mechanically damaging the electrode surface necessitates the use 

of milder rinsing protocols. After the autoclave cooled down to ambient 

temperature, the synthesized powder was collected into a centrifuge tube, 

filled with 15 mL of deionized water and centrifuged at 9000 rpm for 30 

minutes. The water was then carefully removed and the tube was once more 

filled with 15 mL of deionized water, repeating the process no less than five 

times. Afterwards, the rinsed MoS2 powder was carefully dried at room 

temperature using N2 gas stream and stored under Ar or N2 atmosphere.  

Electrochemical measurements and characterization of fabricated MoS2 

films and powders were conducted with minimal delays after synthesis when 

possible, in order to prevent any damage to the samples due to oxidation or 

phase conversion in air. To avoid structural changes of fabricated MoS2 due 

to storage in air, samples for belated experiments were sealed in a tube filled 

with Ar or N2. 

 

2.5. Electrochemical measurements 

Electrochemical measurements of molybdenum disulfide HER efficiency, 

working stability, electrochemical impedance spectroscopy, and anodic 

pretreatment were performed using a Zahner Zennium electrochemical 

workstation (Zahner-Elektrik, Germany). A standard three-electrode cell was 

used for all electrochemical measurements, with the fabricated electrode used 

as a working electrode, Ag/AgCl, KClsat. with a Luggin capillary used as a 

reference electrode, and a graphite rod used as a counter electrode. The 

electrolyte used in all electrochemical measurements described in this work 

was 0.5 M H2SO4 solution. Prior to experiments, the electrolyte in a set-up 

cell was purged with N2 gas for 60 minutes. All potentials in text refer to SHE 

unless stated otherwise. 
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The activity and stability of fabricated MoS2 electrodes were investigated 

by cyclic voltammetry. A potential region of +0.05 V – -0.35 V was selected 

for HER activity measurements and stability was investigated by cycling the 

electrodes for up to 2000 potential cycles. All cyclic voltammetry 

measurements were carried out with the scan rate being 0.01 V s-1 unless 

specified otherwise. Anodic pretreatment via linear sweep voltammetry or 

cyclic voltammetry was carried out by scanning the fabricated electrodes from 

-0.25 V or -0.35 V to different anodic switching potentials (+0.9 V, +1.7 V, 

+2.0 V, +2.5 V) and back at a 0.01 V s-1 or 0.005 V s-1 scan rate. Anodic 

pretreatment was also carried out at a fixed potential (+0.1 V, +0.3 V, +0.4 V, 

+0.6 V, +0.72 V, +0.8 V, +0.85 V, +1.2 V) for a duration of 15 s or 900 s. The 

anodic pretreatment and subsequent cathodic HER activity investigations 

were carried out in the same 0.5 M H2SO4 solution without changing the 

electrolyte and electrode. Chronopotentiometry was also used to evaluate 

electrode stability, subjecting the samples to a fixed current density of -10 mA 

cm-2 for the duration of the experiment.  

The electrode kinetics during HER were investigated via electrochemical 

impedance spectroscopy. The spectra were recorded in a frequency range from 

0.1 Hz to 50 kHz using potentiostatic mode with the sine amplitude of 10 mV. 

Obtained data was normalized to the geometric surface area of the working 

electrode, and the data fitting was carried out using Zview 2.8 (AMETEK 

Scientific Instruments, United States of America) software. 

2.6. Characterization of synthesized MoS2 films 

Scanning and high-resolution transmission electron microscopy. The 

morphology of synthesized MoS2 films was investigated using a Helios 

Nanolab 650 scanning electron microscope (FEI, The Netherlands) equipped 

with an energy dispersive X-ray spectrometer (Oxford Instruments, United 

Kingdom). Cross-sectional cuts were made using a 30 keV Ga ion beam. 

Nanoplatelet interplanar distance was investigated using Tecnai F20 

transmission electron microscope (FEI, The Netherlands). 

X-ray diffraction. Structural analysis and crystallinity of synthesized 

MoS2 was evaluated using SmartLab X-ray diffractometer (Rigaku, Japan) 

equipped with a rotating CuKα anode X-ray tube. Diffractograms were 

obtained in Bragg-Brentano scan mode with a 2θ = 0.02 deg step and a scan 

rate of 2 deg per minute. Obtained diffractograms were analyzed using PDXL 

software and PDF4+ database. 

Raman spectroscopy. Raman spectroscopy was carried out using 

Renishaw inVia spectrometer (Renishaw, United Kingdom)  equipped with 
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thermoelectrically cooled (-70 °C) CCD camera and microscope. Raman 

spectra were excited with either 442 nm or 532 nm radiation from diode-

pumped solid-state laser. The 50x/0.75 NA objective lens and 1800 lines/mm 

grating were used to record the spectra, for which the accumulation time was 

400 s. To avoid damaging the sample, the laser power was restricted to 0.06 

mW. The laser line was focused to ~2 mm diameter spot on the sample. Raman 

scattering wavenumber axis was calibrated by the silicon peak at 520.7 nm. 

Parameters of the bands were determined by fitting the experimental spectra 

with the Gaussian-Lorentzian shape components using GRAMS/A1 8.0 

(Thermo Scientific, United States of America) software. 

X-ray photoelectron spectroscopy. The chemical state of elements 

comprising the MoS2 film was studied by XPS spectroscope VERSAPROBE 

PHI 5000 (Physical Electronics, United States of America), equipped with a 

Monochromatic Al Kα anode (λ = 1.540 Å). The spectra were collected at a 

45° angle with respect to the electron energy analyzer, with a sample spot size 

of 200 µm. The C1s peak at 284.6 eV was used as a reference for calibration 

of binding energies (BE). A dual beam charge neutralization with an electron 

gun (~1 eV) and an Ar ion gun (≤10 eV) was used for built up charge 

compensation on the sample surface. Deconvolution and fitting of obtained 

XPS spectra were performed using CASA XPS (Casa Software, United 

Kingdom) software.  

Thermogravimetric analysis/Mass spectroscopy. Investigation of the 

thermal decomposition of L-cysteine was carried out using a simultaneous 

thermal analyzer (TGA-DSC) STA PT 1600 (Linseis, Germany) equipped 

with a MS Thermostar GDS 320 (Linseis/Pfeiffer, Germany) mass 

spectrometer. 10 mg of sample were placed in a PtRh can, which was heated 

with 10 °C min-1 ramp in an argon atmosphere. Evaluation and Quadera 

software v 4.62 (INFICON, Switzerland) were used for the data collection and 

fitting. 

Fourier-transform infrared spectroscopy. FTIR spectra were recorded 

in attenuated total reflection (ATR) mode using ALPHA FTIR spectrometer 

(Bruker, Germany), while the pure MoS2 sample spectrum was recorded in 

transmission mode, with the sample dispersed in KBr pellet. All spectra were 

acquired from 100 scans in the range of 400-4000 cm-1 with the resolution of 

4 cm-1. Air measurements were used as the background. Analysis of obtained 

spectra was performed using GRAMS/A1 8.0 (Thermo Scientific, United 

States of America) software.  
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3. RESULTS AND DISCUSSION 

3.1. Synthesis and characterization of MoS2/Glycine films 

3.1.1.  Morphology of MoS2/Glycine films 

Molybdenum disulfide was synthesized via hydrothermal synthesis at 220 °C 

for 5 to 15 hours using 5 mmol L-1 ammonium heptamolybdate, 90 mmol L-1 

thiourea, and glycine, with the concentration of glycine varying from 0 to 150 

mmol L-1.  

 
Figure 3.1. Topside (a,c) and cross-section (b,d) SEM images of MoS2 films 

on Mo substrates hydrothermally synthesized for 5 hours without glycine 

(a,b), and containing 100 mmol L-1 of glycine (c,d).  

3.1. pav. MoS2 dangų, hidrotermiškai sintetintų 5 val. be (a,b) ir su 100 mmol 

L-1 glicino (c,d) ant Mo pagrindo paviršiaus (a,c) ir skerspjūvio (b,d) SEM 

nuotraukos.  
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Mo or Ti metal foils were used as substrates and a uniform black-coloured 

film was observed on the surface of the substrates after synthesis. Scanning 

electron microscopy (SEM) images of the hydrothermally synthesized MoS2 

films are shown in Fig. 3.1. It can be observed that the addition of glycine to 

the synthesis solution does not influence the morphology of the MoS2 films – 

similar nanoplatelets were formed both with and without glycine. The size of 

a single nanoplatelet was approximated to be 200 ± 50 nm, while the thickness 

was 5 ± 2 nm.  Based on the thickness, the nanoplatelet is estimated to consist 

of 5 to 12 stacked S-Mo-S nanosheets. Note, that the films obtained with 

glycine were found to be less cracked and slightly thicker than those obtained 

under the same conditions without glycine. However, no noticeable difference 

in morphology of the samples with different concentrations of glycine was 

determined (Fig. 3.2.). The thickness and uniformity of MoS2 films were 

found to depend on the synthesis duration, where syntheses for 5 hours at 220 

°C resulted in 0.8 – 0.9 µm thick films, while 2 µm thick films were obtained 

when the synthesis duration was increased to 15 hours. 

 

 
Figure 3.2. Topside (a) and cross-section (b) SEM, and HRTEM (c) images 

of the film synthesized with 40 mmol L-1 of glycine for 5 hours. 

3.2. pav. MoS2 dangų, sintetintų 5 val. su 40 mmol L-1 glicino, paviršiaus (a) 

ir skerspjūvio (b) SEM, bei HRTEM (c) nuotraukos. 

 

Various lattice distortions and defects were observed in the HRTEM 

image (Fig. 3.2 c). It can be observed that the lattice spacing is non-uniform 

and diverges from the 0.615 nm value for pure 2H-MoS2. The estimated lattice 

spacing for the synthesized MoS2 films with glycine reaches 0.89 nm in some 

areas. This implies that the intercalation of guest species into the interlayers 

of MoS2 was achieved when glycine was used during the hydrothermal 

synthesis [152]. 
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3.1.2.  Characterization of MoS2/Glycine films 

The crystallinity of synthesized molybdenum disulfide films was investigated 

via XRD. The obtained X-ray diffractograms of pure MoS2, grown 

hydrothermally without glycine (Fig. 3.3. a1) are in good agreement with the 

standard 2H-MoS2 (molybdenite) diffractograms (PDF card 00-037-1492). 

The peaks at 2θ values of  14.37°, 33.51°, and 35.87° were attributed to (002), 

(101), and (102) planes, respectively, of a hexagonal lattice with cell constants 

a = b = 3.161 Å, c = 12.298 Å, which are comparable with the values expected 

for 2H-MoS2. On the other hand, differences from pure 2H-MoS2 are observed 

in the XRD patterns of MoS2 synthesized with glycine (Fig. 3.3. a2-a4). The 

key difference is the shift of the (002) diffraction peak at 2θ = 14.37°, to 2θ = 

9.4°. As mentioned in the literature review section 1.1.2., the shift of (002) 

diffraction peak to lower 2θ values is indicative of interlayer expansion via 

intercalation of guest species. The observed shift in XRD is in accord with the 

previously described HRTEM, indicating that the addition of glycine to the 

hydrothermal synthesis solution brings about the interlayer expansion of MoS2 

films. 

 

 
Figure 3.3. X-ray diffractograms (a) and Raman spectra (b) of MoS2 

hydrothermally synthesized on Ti substrates for 5 hours without glycine (1) 

and with additional 40 (2), 70 (3), and 100 (4) mmol L-1 of glycine. 

3.3. pav. MoS2 dangų, susintetintų per 5 val. ant Ti pagrindo be glicino (1) ir 

su 40 (2), 70 (3), bei 100 (4) mmol L-1 glicino, Rentgeno difraktogramos (a) 

ir Raman spektrai (b). 

 

For insight into the 1T/2H phase determination of the synthesized MoS2 

films Raman spectroscopy measurements were performed and the obtained 

Raman spectra are shown in Fig. 3.3. b. In the spectrum of MoS2 synthesized 

without additional glycine in the synthesis solution (Fig. 3.3. b1), two distinct 
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Raman modes, namely E1
2g (383 cm−1), and A1g (409 cm−1), were 

distinguished. As mentioned previously, the S atom in-plane vibration (E1
2g) 

and S atom out-of-plane stretching (A1g) modes are characteristic of 

crystalline 2H-MoS2 [153]. In contrast, the incorporation of glycine into the 

synthesis solution resulted in the fabrication of MoS2 films with a lower 

degree of crystallinity, as evidenced by less prominent Raman peaks. The A1g 

mode experiences a redshift from 409 cm-1 to 413 cm-1, while the E1
2g 

disappears completely and the appearance of previously absent modes at 316 

cm-1, 936 cm-1, and 1534 cm-1 is observed. The disappearance of E1
2g and 

decrease in A1g intensity could be a sign of 1T/2H phase mixture, as described 

in section 1.1.2. [79, 80]. The spectra of MoS2 films with different 

concentrations of glycine appear similar, with only a slight increase of a low-

intensity peak at 1534 cm-1 attributed to glycine was determined when the 

concentration of glycine was increased from 40 mmol L-1 to 100 mmol L-1. 

The small peak at 936 cm-1 could be attributed to a small amount of 

ammonium heptamolybdate residue from the synthesis solution [154]. 

Further evaluation of MoS2 film phase composition was carried out by 

XPS. The spectrum from 222 eV to 240 eV region (Fig. 3.4. a) represents the 

photoelectrons emitted from the Mo 3d core state and the S 2s core state. Mo 

3d spectrum was deconvoluted into three doublet components, with two 

doublets ascribed to Mo4+ of 2H-MoS2 at 229.4 eV (3d5/2) and 232.5 eV (3d3/2), 

and Mo4+ of 1T-MoS2 at 228.3 eV (3d5/2) and 231.5 eV (3d3/2), and the third 

one ascribed to Mo6+ of MoO3 at 232.2 eV (3d5/2) and 235.3 eV (3d3/2). The 

relative contribution of these components was calculated, respectively, at 

36%, 49%, and 15%. Two main doublets were distinguished in the S 2p 

spectrum (Fig. 3.4. b) at the 157 eV – 173 eV region. These were ascribed to 

S2- of 1T-MoS2 at 161.1 eV (2p3/2) and 162.2 eV (2p1/2), and of 2H-MoS2 at 

162.1 eV (2p3/2) and 163.2 eV (2p1/2). The small doublet at ~168 eV stems 

from SOx, likely due to a low extent of surface oxidation. Thus, it can be 

determined that sulfur atoms are predominantly involved in S-Mo bonds, as 

no other features were observed in the S 2p spectrum. The N 1s spectrum (390 

– 410 eV) overlaps with the spectrum of photoelectrons emitted from the Mo 

3p core state (385 – 420 eV), therefore the obtained spectrum (Fig 3.4. c) was 

deconvoluted into four components, with the first three ascribed to Mo 3p3/2 

components from 1T-MoS2 (394.2 eV), 2H-MoS2 (395.1 eV), and MoO3 

(397.8 eV). The fourth component at 401.2 eV could be due to glycine, as a 

peak for protonated NH3
+ is located at 402.4 eV, whereas the neutral amino 

group (NH2) peak is located at 400.5 eV [155]. It has been suggested by 

Tzvetkov and Netzer that the occurrence of this peak could be attributed to 

adsorbed molecular fragments from partially decomposed glycine. 
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Figure 3.4. Deconvoluted X-ray photoelectron spectra of MoS2/Glycine 

films. (a) Mo 3d core state region, (b) S 2p core state region, (c) overlapping 

N 1s and Mo 3p core state regions. 

3.4. pav. Išskaidyti MoS2/Glicino Rentgeno fotoelektronų spektrai: Mo 3d ir 

S 2s spektras (a), S 2p spektras (b), N 1s ir Mo 3p spektras (c).  

 

3.1.3.  Investigation of MoS2/Glycine electrode HER performance 

The catalytic activity and stability of synthesized MoS2/Glycine electrodes 

was investigated by cyclic voltammetry in 0.5 M H2SO4 and the recorded 

voltammograms are displayed in Fig. 3.5. It was determined that the addition 

of glycine has an influence on the HER activity and stability of the fabricated 

electrode. When no glycine was used (Fig. 3.5. a), the initial current densities 

at -0.35 V reached 56.8 mA cm-2, however, after more than 50 potential scan 

cycles the current densities at -0.35 V were substantially lower, and after 250 

cycles the current density was 17.1 mA cm-2 or almost one-third of the initial 

current density. On the other hand, MoS2 electrodes with glycine did not 

display such poor stability. In the case of films synthesized with 40 mmol L-1 

of glycine (Fig. 3.5. b), the initial current densities were similar to those 
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observed when no glycine was used, yet, after 250 potential cycles, the drop-

off in current densities at -0.35 V was determined to be no more than 10%. 

Increase in glycine concentration to 70 mM (Fig. 3.5. c) led to an increase in 

both the activity of MoS2/Glycine electrode, as initial current density was 

slightly higher (62.5 mA cm-2 at -0.35 V), and stability, since no significant 

changes in current density after 500 potential cycles were distinguished.  

 

 
Figure 3.5. Cyclic voltammograms of MoS2/Glycine electrodes fabricated on 

Mo substrates with 0 mM (a), 40 mM (b), 70 mM (c), and 100 mM (d) of 

glycine. Insets in (a, d) shows the calculated Tafel slopes of the synthesized 

electrodes after indicated potential cycles in H2SO4.  

3.5. pav. MoS2/Glicino elektrodo, susintetinto ant Mo pagrindo su 0 mM (a), 

40 mM (b), 70 mM (c), ir 100 mM glicino (d) voltamperogramos. (a) ir (d) 

paveikslų intarpuose pavaizduoti Tafel nuolinkiai po atitinkamo ciklų 

skaičiaus.  

 

A further increase in glycine concentration to 100 mmol L-1 resulted in MoS2 

films with enhanced HER activity, where the initial current densities reached 

82 mA cm-2 and subsequently increased to ~100 mA cm-2 during CV, whilst 

retaining the stability observed with 70 mM glycine samples for up to 2000 

cycles. Calculated Tafel slopes (Fig. 3.5. d inset) were determined to be 55 
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mV dec-1 for the electrode synthesized with 100 mmol L-1 of glycine. The 

onset potential was estimated at ~0.2 V and was independent of the glycine 

concentration used, with the exception of (Fig. 3.5. a), when after potential 

cycling, the onset potential increased and reached ~0.24 V after 250 cycles. 

 

 
Figure 3.6. Topside (a, c) and cross-sectional (b, d) SEM images of 

MoS2/Glycine film, fabricated with 100 mmol L-1 of glycine, before (a, b) and 

after (c, d) HER processing by CV for 2000 potential scan cycles. 

3.6. pav. MoS2/Glicino dangos, susintetintos su 100 mmol L-1 glicino 

paviršiaus (a, c) ir skerspjūvio (b, d) SEM nuotraukos prieš (a, b) ir po (c, d) 

2000 potencialo skleidimo ciklų. 

 

Additionally, MoS2 with 150 mmol L-1 of glycine was synthesized and tested. 

Their HER stability was found to be similar to 100 mmol L-1 of glycine 

samples, however, these electrodes possessed lesser HER activity. The 

stability of fabricated MoS2/Glycine electrode was additionally confirmed by 
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evaluating the electrode mass loss after HER processing. When no glycine 

was used, the change in electrode mass (Δm) was determined to be ~60% after 

500 cycles, whereas the Δm of electrode with 100 mmol L-1 of glycine was 

found at ~0.1% after 2000 potential sweep cycles. Visible changes to the 

fabricated electrode without glycine were observed, as the colour of the 

catalyst changed from deep black to dark gray, and black particles were seen 

in the electrolyte after CV tests. The SEM images of the MoS2 film with 

glycine before and after hydrogen evolution reaction (Fig. 3.6.) did not exhibit 

any discernible alterations in the structural morphology of MoS2/Glycine film. 

Specifically, the image of post-CV film appeared highly similar to the pre-CV 

image, indicating the absence of any significant changes in the structure of 

MoS2. 

 

3.2. Molybdenum disulfide films hybridized with L-cysteine 

3.2.1.  Morphology of MoS2/Cysteine films 

Molybdenum disulfide films with L-cysteine amino acid were fabricated via 

hydrothermal synthesis for 5 to 10 hours from ammonium heptamolybdate 

and thiourea solution, with up to 3 mmol L-1 of L-cysteine added to the 

solution. The morphology of obtained films is shown in Fig. 3.7. From the 

SEM images, it can be determined that the structure of MoS2 films remains 

similar, whether formed without (Fig. 3.7. a) or with (3.7. b) L-cysteine added 

to the synthesis solution. The substrate chosen was anodized titanium, as TiO2 

nanotubes (Fig. 3.7. b Inset), formed during anodizing of Ti, were found to 

improve the attachment of MoS2 films to the substrate. The thickness of MoS2 

films is dependent on the synthesis duration, although films with L-cysteine 

were found to be somewhat thicker (Fig. 3.7. d) than their counterparts without 

L-cysteine. Distortion of atomically flat MoS2 layers was observed from the 

HRTEM image (Fig 3.7. c). The interlayer spacing between adjacent S-Mo-S 

layers was estimated to be 8.4 Å, which is significantly larger than the 6.15 Å 

spacing, characteristic to crystalline 2H-MoS2. Furthermore, the HRTEM 

images revealed irregular distribution of atoms along with multiple twists and 

differences in interlayer spacing. In some areas the spacing between 

monolayers was greater than 10 Å, thus indicating possible intercalation of 

guest species. 
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Figure 3.7. Topside (a,b) and cross-sectional (d) SEM and HRTEM (c) 

images of molybdenum disulfide film fabricated on anodized Ti (b Inset) 

synthesized without (a), and with 2 mM (b-d) of L-cysteine. 

3.7. pav. MoS2 dangos ant anoduoto Ti padėklo (b intarpas) be cisteino (a) ir 

su 2 mM cisteino (b-d) paviršiaus (a,b) bei skerspjūvio (d) SEM ir HRTEM 

(c) nuotraukos.  

 

3.2.2.  Characterization of fabricated MoS2/Cysteine films 

Investigation of possible intercalation of guest species into the fabricated 

MoS2 films was performed by Raman spectroscopy. The Raman spectra of as-

grown MoS2 film, as well as MoS2/Cysteine film before and after hydrogen 

evolution reaction processing via CV, are presented in Fig. 3.8. In the Raman 

spectrum of MoS2 film without L-cysteine (Fig. 3.8. a), two well-defined 
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peaks at 409.1 cm-1 and 379.0 cm-1 were distinguished and attributed to A1g 

and E1
2g, respectively. These two peaks in the MoS2 spectra without L-

cysteine are characteristic of crystalline 2H-MoS2, as they are unambiguously 

observed regardless of the excitation wavelength used, as stated previously. 

 

 
Figure 3.8. Raman spectra of hydrothermally synthesized MoS2 films without 

L-cysteine (a), with 3 mM of L-cysteine (b), and the same MoS2/Cysteine film 

(abbreviated as MoS2/Cys) as in (b) after 1000 potential scan cycles (c). 

Excitation wavelength = 532 nm. 

3.8. pav. MoS2 dangų be L-cisteino (a), su 3 mM L-cisteino (b), bei to paties 

MoS2/Cisteino elektrodo (sutrump. MoS2/Cys) po 1000 CV ciklų (c) Raman 

spektrai.  

 

The synthesized MoS2/Cysteine sample exhibited some differences in the 

Raman spectrum (Fig. 3.8. b). The A1g mode was found to be slightly 

blueshifted to 405.4 cm-1 and possessed significantly less intensity, whereas 

the peak ascribed to E1
2g had disappeared. Two new peaks at 143.9 cm-1 and 

293.7 cm-1 were identified, which could be ascribed to J1 and E1g modes of 

1T-MoS2, respectively, while a broad peak at the 1100-1700 cm-1 region could 

arise due to cysteine molecules or their fragments. After subjecting the 

MoS2/Cysteine sample to HER via CV for 1000 potential scan cycles, the 

Raman spectra (Fig 3.8. c) appears similar to the spectra of as-grown 

MoS2/Cysteine. In this case, the main differences were determined to be the 
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increase of A1g mode peak intensity and the reappearance of E1
2g, albeit at low 

intensity. These findings seem consistent with reports of 1T/2H-MoS2 Raman 

spectra, as the aforementioned changes to A1g and E1
2g and the appearance of 

new peaks are indicative of 1T-MoS2. 

Investigation of the chemical states of the elements present in the surface 

region of the synthesized MoS2/Cysteine films was carried out using X-ray 

photoelectron spectroscopy. The surface of the MoS2/Cysteine film was found 

to contain Mo, S, O, N, and C elements according to the XPS survey spectrum 

depicted in Figure 3.9. 

 

 
Figure 3.9. XPS survey spectrum of MoS2/Cysteine film hydrothermally 

synthesized for 5 hours at 220 °C using 3 mmol L-1 of L-cysteine. 

3.9. pav. MoS2/Cisteino dangos, susintetintos su 3 mmol L-1 cisteino ties 220 

°C 5 val. Rentgeno fotoelektronų tiriamasis spektras. 

 

The Mo 3d spectrum (Fig. 3.10. a) was deconvoluted into five separate 

doublets. The first two doublets correspond to Mo4+ of 1T-MoS2 and 2H- 

MoS2, with the 3d5/2 and 3d3/2 component binding energies being 228.5 eV and 

231.7 eV (1T), and 229.0 eV and 232.2 eV (2H), respectively. Another doublet 

was ascribed to Mo4+ of MoO2 with 230.4 eV (3d5/2) and 233.6 eV (3d3/2) peak 

binding energies. A low-intensity doublet at 229.7 eV (3d5/2) was conjectured 

to arise from Mo-N bonding. The last doublet observed at 232.5 eV (3d5/2) and 

235.6 eV (3d3/2) was ascribed to Mo6+ of MoO3.  

In the deconvoluted S 2p spectrum (Fig. 3.10. b), three doublets with 2p3/2 

and 2p1/2 components were observed. The first two doublets were ascribed to 

S2- of MoS2, where the component with peak binding energies at 161.5 eV 

(2p3/2) and 162.6 eV (2p1/2) ascribed to 1T-MoS2 and the component with 

163.0 eV (2p3/2) and 164.1 eV (2p1/2) peak binding energies ascribed to 2H-
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MoS2. The third doublet with 168.4 eV (2p3/2) and 169.6 eV (2p1/2) peak 

binding energies was attributed to SOx. As in the case of Mo 3d spectrum, the 

most intense peak in the S 2p spectrum is observed for the doublet ascribed to 

1T-MoS2. 

 

 
Figure 3.10. X-ray photoelectron spectra of MoS2/Cysteine films: Mo 3d (a), 

S 2p (b), N 1s and Mo 3p (c), and C 1s (d) binding energy regions.  

3.10. pav. MoS2/Cisteino Rentgeno fotoelektronų spektrai: Mo 3d (a), S 2p 

(b), N 1s ir Mo 3p (c), bei C 1s (d) ryšio energijų ruožai. 

 

In the N 1s and overlapping Mo 3p spectra (Fig. 3.10. c), three Mo 3p 

doublets were determined and attributed to Mo4+ of 1T-MoS2 (394.2 eV), 2H-

MoS2 (395.9 eV), and MoOx (398.6 eV). The peak BE values provided herein 

are for the 3p3/2 component, as the doublet separation for Mo 3p3/2 and 3p1/2 

components is ~18 eV, thus the 3p1/2 component is not observed in the 

spectrum. Additionally, two N 1s peaks were distinguished and attributed to 

N-Mo (397.0 eV) and NH4
+ (401.6 eV). The C 1s spectrum (Fig. 3.10. d) 

revealed carbon and various carbon compound derivatives, which could arise 

from the thermal decomposition of L-cysteine. The calculated relative 

(b) (a) 

(c) (d) 

Mo 3p 
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concentrations from XPS analysis was 32.8 at.% for C, 11.5 at.% for Mo, 25.3 

at.% for S, 26.4 at.% for O, and 4.0 at.% for N. 

3.2.3.  Electrochemical HER performance of fabricated 

MoS2/Cysteine electrodes 

The electrocatalytic activity of fabricated MoS2 electrodes with L-cysteine 

was investigated via cyclic voltammetry in 0.5 M H2SO4 electrolyte. The 

stability of synthesized electrodes was examined by continuous CV cycling 

for up to 2000 potential sweep cycles. The obtained cyclic voltammograms 

are depicted in Fig. 3.11. From the cyclic voltammograms, it was determined 

that the initial onset potential for hydrogen evolution reaction was -0.2 V vs. 

SHE for the electrodes with cysteine and similar onset potential was estimated 

for pure MoS2 electrodes (Fig. 3.5. a). During CV, the onset potential for MoS2 

with L-cysteine did not change noticeably, whereas for pure MoS2 the onset 

potential readily increased and reached about -0.24 V. Moreover, a difference 

in HER stability was observed for the electrodes fabricated with or without L-

cysteine. In the case of pure MoS2 electrode (Fig. 3.5. a), the initial current 

densities at -0.35 V potential were 56.8 mA cm-2 and subsequently decreased 

after CV cycling, as mentioned previously.  

 

 
Figure 3.11. Cyclic voltammograms of MoS2 electrodes synthesized on 

anodized Ti for 10 hours with 1 mmol L-1 (a), and with 3 mmol L-1 of L-

cysteine (b). The CV curves were recorded in 0.5M H2SO4 solution at 10 mV 

s-1 scan rate. Calculated Tafel slopes at the indicated CV cycle are depicted in 

the insets.  

3.11. pav. MoS2 elektrodų, susintetintų ant anoduoto Ti pagrindo 10 val. su 1 

mmol L-1 (a) ir 3 mmol L-1 (b) L-cisteino ciklinės voltamperogramos. Grafikų 

intarpuose pavaizduoti apskaičiuoti Tafel nuolinkiai atitinkamo ciklo metu. 
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On the other hand, the electrodes fabricated with L-cysteine possessed 

substantially better HER stability, with the current densities decreasing 

insignificantly over the course of cyclic voltammetry measurements. For both 

MoS2 with 1 mmol L-1 of L-cysteine (Fig. 3.11. a) and 3 mmol L-1 of L-

cysteine (Fig. 3.11. b) the initial current densities were about 62 mA cm-2, 

which were slightly higher than the initial current densities observed for pure 

MoS2 electrode. During CV, a slight increase (~5 mA cm-2) in current densities 

was observed for both electrodes with L-cysteine after approximately 100 – 

200 potential scan cycles, however, after 1000 or 2000 cycles the current 

densities were once again ~62 mA cm-2. Analysis of the Tafel slopes (insets 

of Fig. 3.11) revealed that electrodes with L-cysteine exhibit substantially 

lower Tafel slope values, compared to pure MoS2 electrodes. For pure MoS2 

(Fig. 3.5. a inset), the Tafel slope during the first CV cycle was determined at 

92.8 mV dec-1 and was found to slightly decrease during HER processing, 

reaching ~75 mV dec-1 after HER processing. In contrast, the Tafel slope 

values for electrodes with L-cysteine were determined to be lower both before 

and after potential cycling, as the slopes decreased from 57.8 mV dec-1 for the 

sample with 1 mmol L-1 of L-cysteine to 40.2 mV dec-1, and slightly increased 

from 32.6 mV dec-1 to 36.2 mV dec-1 for the sample with 3 mmol L-1 of L-

cysteine. Note, that the 32.6 mV dec-1 Tafel slope value is close to the 

theoretical value of 30 mV dec-1, implying that the Tafel step (2Hads→H2) is 

the rate-determining step, whereas for pure MoS2 the Tafel slope values are in 

between the values for rate-determining Volmer, and Heyrovsky steps (120 

mV dec-1 and 40 mV dec-1, respectively). 

 

3.2.4.  Insight into possible intercalation of L-cysteine 

To study the influence of L-cysteine on the hydrothermal synthesis of 

molybdenum disulfide, thermogravimetry with mass spectrometry was carried 

out. It was determined from the thermogravimetric plot (Fig. 3.12. 1) that 

thermal decomposition of L-cysteine commences at ~200 °C and gaseous 

species with m/z = 17 (NH3), m/z = 34 (H2S), and m/z = 44 (CO2) were 

observed via mass spectrometry during decomposition (Fig. 3.12. 2-5), where 

the ionic current maximum for these species was found at 222 °C. According 

to Klimas et al. [156], only H2O and NH3 evolved around 200 – 220 °C during 

the annealing of pure, hydrothermally synthesized MoS2, while the ionic 

currents of CO2 and H2S were insignificantly low at this temperature interval. 

It was also established that emission of CS2, a possible thiourea residue, 

proceeds in the 200 – 400 °C temperature range with a single peak at 340 °C 
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for pure MoS2, while two temperature regions with peaks at 240 °C and 470 

°C for CS2 emission were observed for MoS2 hydrothermally synthesized with 

L-cysteine. The thermal decomposition of cysteine was also studied by Weiss 

and coworkers [157]. It was reported, that the thermal decomposition of L-

cysteine could occur by the removal of –COOH and –SH groups, while the 

remaining NH2-Cα-C* chain could undergo external cyclization. 

Consequently, it could be assumed that the functional groups of L-cysteine (-

COOH, -SH, -NH2) should detach during hydrothermal synthesis of MoS2 at 

220 °C, as L-cysteine undergoes thermal decomposition at 200 °C and above. 

Therefore, it is difficult to expect intercalation of L-cysteine molecules 

between MoS2 layers, yet, adsorption of fragments on and between MoS2 

nanoflakes could be plausible. Intercalation of charged guest species or 

fragments, formed due to the thermal decomposition of thiourea and L-

cysteine is also plausible and would correspond well with the appearance of 

XPS peaks, attributed to 1T-MoS2 and the increased interlayer distance 

observed via HRTEM.  

 

 
Figure 3.12. Thermogravimetric plot (1) and ionic currents determined by 

mass spectroscopy of gaseous species evolved during annealing of L-cysteine: 

CO2 (2), H2O (3), NH3 (4), and H2S (5). 

3.12. pav. Termogravimetrinė kreivė (1) bei joninės srovės, nustatytos 

išsiskyrusių CO2 (2), H2O (3), NH3 (4), ir H2S (5) dujų masių spektroskopijos 

būdu, gautos kaitinant L-cisteiną. 

 



55 

3.3. Investigation of MoS2/Histidine electrochemical HER performance  

3.3.1.  Morphology of MoS2/Histidine films 

In this study, molybdenum disulfide films were synthesized onto anodized Ti 

substrates via hydrothermal synthesis from ammonium heptamolybdate and 

thiourea for 5 hours at 220 °C, adding up to 3 mmol L-1 of D,L-histidine to the 

synthesis solution. The morphology of obtained MoS2/Histidine films is 

shown in Fig. 3.13.  

 

 
Figure 3.13. Cross-sectional (a,b) and top-side (Insets of a,b) SEM images of 

anodized Ti substrates prior to (a) and after synthesis (b) of MoS2/Histidine 

films, and HRTEM image of MoS2/Histidine (c). 

3.13. pav. Anoduoto titano pagrindo skerspjūvio (a,b) ir paviršiaus (a,b 

intarpai) SEM nuotraukos prieš (a) ir po MoS2/Histidino dangų sintezės (b), 

bei MoS2/Histidino HRTEM nuotrauka (c). 

 

From the SEM images (Fig. 3.13 a,b), the height of TiO2 nanotubes was 

estimated to be ~0.56 µm and the average diameter of the nanotubes was 85 – 

90 nm. The thickness of MoS2/Histidine film was 0.9 – 1.1 µm and the 

nanoplatelet morphology of the films was found to be similar to pure, 

hydrothermally synthesized MoS2 films. A slight difference was noted, as 

MoS2/Histidine nanoplatelets appear longer, while for pure MoS2 the 

nanoplatelets appear more densely packed. The layered morphology with a 

varied interlayer spacing of stacked layers was observed in the HRTEM image 

(Fig. 3.13. c). Various distortions and bends are observed, while the distance 

between adjacent layers was found to vary from 0.69 nm to 1.02 nm, implying 

possible intercalation of guest species into the interlayers of MoS2/Histidine 

films. 
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3.3.2.  Electrochemical investigations of MoS2/Histidine electrodes 

The electrocatalytic HER activity of fabricated MoS2/Histidine electrodes was 

investigated via cyclic voltammetry. Differences in the hydrogen 

electroreduction performance, as well as stability, were observed from the 

obtained CV curves (Fig. 3.14.). For MoS2 fabricated without histidine (Fig. 

3.14. a), the initial current density was determined to be 94.7 mA cm-1, 

however, the stability of the electrode was poor, with a decrease to 75.7 mA 

cm-1 observed after 100 potential scan cycles, and just 8.1 mA cm-1 after 1000 

cycles. Concurrently, the MoS2/Histidine electrode (Fig. 3.14. b) exhibited 

significantly superior HER performance, compared to the MoS2 electrode, 

fabricated without histidine. The initial current density of MoS2/Histidine was 

96.6 mA cm-1, which is just slightly higher than the initial current observed 

for pure MoS2, yet, the current density increased during potential cycling and 

was determined to reach 108.4 mA cm-1 after 100 cycles. Only a slight 

decrease of current density was observed after 1000 cycles and the electrode 

still retained improved HER activity for up to 2000 cycles when compared to 

both the initial current density of MoS2/Histidine and the overall performance 

of pure MoS2. 

 

 
Figure 3.14. Cyclic voltammograms recorded in 0.5 M H2SO4 solution of 

fabricated MoS2 (a), and MoS2/Histidine (b) electrodes.  

3.14. pav. Gryno MoS2 (a) ir MoS2/Histidino (b) elektrodų ciklinės 

voltamperogramos, užrašytos 0.5 M H2SO4 tirpale.  

 

The calculated Tafel slopes for MoS2 electrode without histidine (Fig. 

3.14. Inset of a) show, that the HER reaction proceeds via Volmer – 

Heyrovsky mechanism, and the 75 – 79 mV dec-1 value lies in between the 

theoretical values for the Volmer and Heyrovsky rate-determining steps. The 

Tafel slope of MoS2/Histidine electrode (Fig. 3.14. Inset of b) during the first 
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potential scan cycle was 74.2 mV dec-1, similar to that of pure MoS2, although, 

during subsequent cycling, the Tafel slope decreased to 48.2 mV dec-1 after 

1000 cycles and remained similar thereafter, signifying the Heyrovsky step as 

the rate-determining step. This suggests that the electron transfer to the 

reactive sites of MoS2/Histidine is improved during prolonged HER 

processing.  

Figure 3.15. Nyquist plots obtained from electrochemical impedance 

spectroscopy of HER at fabricated electrodes: MoS2 (a), MoS2/Histidine (b), 

and MoS2/Histidine/CV.  

3.15. pav. Gryno MoS2 (a), MoS2/Histidino (b) ir MoS2/Histidino/CV (c) 

Nyquist grafikai. 

 

Further investigation of fabricated MoS2 electrode HER performance was 

carried out via electrochemical impedance spectroscopy. The electrochemical 

impedance spectra were recorded at -0.2 V, -0.25 V, and -0.3 V to portray the 

increasing HER rate. At more negative potentials, the generated H2 bubbles 

started to disturb the signal acquisition, therefore EIS at -0.35 V was not 

carried out. In the obtained Nyquist plots (Fig. 3.15) two semi-circles were 

distinguished in the measured potential range, with the second semi-circle 

becoming more apparent at higher potentials. The shapes of obtained spectra 

at a given potential appear similar for all investigated electrodes. This 

indicates that the mechanism of HER does not change, which corresponds well 

with the calculated Tafel slopes, where Volmer-Heyrovsky mechanism was 

predicted by the values of Tafel slopes for both MoS2, and MoS2/Histidine. 
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Both MoS2/Histidine and MoS2/Histidine/CV (electrode, subjected to 1000 

potential scan cycles prior to EIS) electrodes exhibited lower impedance 

magnitudes at a given potential, compared to pure MoS2, signifying higher 

electrocatalytic activity. 

As two capacitive regions were determined, the system was described 

using an equivalent electric circuit (EEC) with two components, one of which 

is attributable to electrical double layer capacitance Cdl, while the other, Cp, is 

related to the adsorption of hydrogen onto MoS2 (Inset of Fig. 3.15. a). This 

EEC is frequently used when describing electrode processes involving one 

adsorbed species with subsequent desorption with Rp > 0 [158]. According to 

Castro et al, this EEC is adequate when used to simulate EIS data at higher 

HER overpotentials (~ -0.25 V) [159]. Surface inhomogeneity was taken into 

account by using constant phase elements (CPE) instead of capacitance in the 

EEC. The calculated EEC parameters are presented in Table 2. Calculation of 

Cp values was carried out using Brug et al.’s equation (Eq. 2) [160]: 

𝐶𝑝 = 𝑇𝑝

1

𝑛 (
1

𝑅𝑠+𝑅𝑐𝑡
+

1

𝑅𝑝
)
1−

1

𝑛
   (2) 

 

where Tp are the values of CPEp element, n is the constant phase 

exponent, and Rct, Rs, and Rp are, respectively, the charge transfer, 

uncompensated solution and polarization resistances. The value of charge 

transfer resistance Rct is inversely proportional to the rate of the reaction, i.e. 

lower Rct results in higher hydrogen evolution reaction rate. Lower values of 

Rct were observed for pure MoS2 electrodes rather than for MoS2/Histidine, 

however MoS2/Histidine/CV also exhibited lower Rct values, which was 

especially evident at higher potentials, inferring that the reaction rate increases 

during HER processing. The pseudocapacitance Cp is influenced by surface 

coverage of adsorbed species, which in the case of HER is Hads. According to 

Lasia [161], as the overpotential increases, the surface coverage θH approaches 

unity, which indicates that Cp values should either increase or stabilize at 

higher overpotentials. However, the opposite was observed for MoS2 

electrodes with histidine. Highest Cp values were observed for 

MoS2/Histidine, while the lowest were, expectedly, observed for pure MoS2. 

At -0.2 V the MoS2/Histidine electrode had exhibited Cp values three times 

larger than pure MoS2 (150.10 mF cm-2 and 49.59 mF cm-2, respectively), 

which indicates that the addition of histidine to the hydrothermal synthesis 

solution results in a greater quantity of HER active sites at fabricated MoS2 

films. After HER processing, the Cp values were substantially lower, which 

suggests that the catalytically active surface of MoS2 is affected during HER. 
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Lastly, the polarization resistance Rp was determined to markedly decrease 

when the potential was increased for all investigated electrodes. The most 

notable decrease was observed for pure MoS2, despite the fact that the Rp value 

of pure MoS2 at -0.2 V was more than twofold higher than the Rp values 

observed for MoS2 with histidine. Furthermore, the Rp of MoS2/Histidine/CV 

were lower than MoS2/Histidine at all measured potentials, which indicates 

that the H2 adsorption/desorption rate increases after prolonged HER 

processing at MoS2 electrodes. 

As mentioned in section 1.3., the electrochemically active surface area 

has an influence on the hydrogen evolution reaction. Due to the nature of 

hydrothermally fabricated MoS2 electrodes, the exact surface area can hardly 

be estimated. Nevertheless, double layer capacitance (Cdl) can be used as an 

indicator to evaluate the interfacial area between an electrolyte and the surface 

of the electrode. To determine the Cdl, cyclic voltammetry was used in the 

potential range of -0.10 V – 0.10 V (Fig. 3.16.) with various scan rates (υ = 

25, 50, 75, 100, 125, 150, 175, 200 mV s-1), where the current response is 

mostly due to the charging of the double layer.  

 

 
Figure 3.16. Current density difference Δj at 0 V plotted vs. the scan rate. 

3.16. pav. Srovės tankio skirtumo (Δj) ties 0V priklausomybė nuo skleidimo 

greičio. 

 

The double-layer capacitance was estimated by plotting the current 

density difference Δj (ja - jc) at 0 V against the scan rate, where the slope is 

double Cdl. The lowest Cdl (26.88 mF cm-2) was determined from Fig. 3.16. to 

be for pure MoS2. Synthesis of MoS2 with histidine significantly increases the 
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Cdl (44.74 mF cm-2). However, utilization of MoS2/Histidine electrodes for 

prolonged HER results in a decrease of Cdl to 37.14 mF cm-2, indicating the 

deterioration of electrochemically active surface area. 

 

3.3.3.  Characterization of MoS2/Histidine films 

The elemental composition of the fabricated electrode surface before and after 

cyclic voltammetry measurements was investigated using XPS. The obtained 

Mo 3d spectra are shown in Fig. 3.17. The obtained Mo 3d spectra were 

typically deconvoluted into four doublets with Mo 3d5/2 and 3d3/2 components. 

The doublet possessing the highest intensity with 3d5/2 and 3d3/2 components 

at 228.6 eV and 231.8 eV, respectively, was ascribed to Mo4+ of 1T-MoS2, the 

second Mo4+ doublet with components at 229.4 eV and 232.5 eV to 2H-MoS2, 

and the third Mo4+ doublet with components at 230.6 eV and 233.8 eV to 

MoO2. The last doublet was ascribed to Mo6+ of MoO3, with 3d5/2 and 3d3/2 

components at 232.8 eV and 235.9 eV, respectively. 

 

 
Figure 3.17. Mo 3d X-ray photoelectron spectra of MoS2/Histidine electrodes 

before (a) and after ion irradiation (c), and after CV for 50 (b), and 2000 (d) 

potential scan cycles. 

3.17. pav. MoS2/Histidino elektrodų prieš (a) ir po paviršiaus valymo (c), bei 

po CV matavimų praskleidus 50 (b) ir 2000 ciklų (d) Mo 3d Rentgeno 

fotoelektronų spektrai. 

(a) (b) 

(c) (d) 
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As a layer of carbon was detected after continuous HER processing, mild ion 

irradiation was used to remove the carbon layer from the surface of the 

electrode. Photoelectrons from carbon were still detected after ion irradiation, 

suggesting that a thin layer or non-uniform regions of carbon were deposited 

on MoS2 films with histidine. 

A comparison of the calculated 1T relative content from Mo 3d spectra 

before and after CV, and ion irradiation is provided in Table 3. No significant 

difference in the content of 1T-MoS2 phase was detected for the samples 

before and after CV measurements, which implies that the 1T phase is 

stabilized and does not readily transform to 2H during HER processing. 

 

Table 3. The 1T-MoS2 phase relative content (at. %), calculated from Mo 3d 

spectra of MoS2/Histidine with and without ion irradiation, before and after 

CV measurements. 

3 lentelė. Santykinis 1T-MoS2 fazės kiekis (at. %) apskaičiuotas iš 

MoS2/Histidino Mo 3d spektrų prieš ir po CV matavimų bei paviršiaus 

valymo. 

Mo 3d 1T 

ratio  

Before cycling After 50 cycles After 2000 cycles 

Before ion 

irradiation 

61 60 60 

After ion 

irradiation 

52 51 52 

 

For evaluation of possible intercalation of guest species, FTIR 

spectroscopy was carried out. In the obtained FTIR spectra (Fig. 3.18), the 

band located at 605-607 cm-1 was ascribed to Mo-S stretching, while the band 

at 928 cm-1 represents S-S bonding [162]. The prominent band at 1394 cm-1 

for pure MoS2 was ascribed to deformational N-H vibrations, while this band 

for MoS2/Histidine is shifted to 1400-1402 cm-1. The bands in the 750-1000 

cm-1 region indicate Mo-O coordination, with the band at 1090 cm-1 ascribed 

to terminal stretch vibration of Mo-O [163]. Two broad low-intensity bands at 

~1630 cm-1 and ~1670 cm-1 were observed for samples with histidine, and 

were assigned to C=O stretching in amides, indicating peptide bonding. 

Moreover, the band at ~1230 cm-1 could be ascribed to CN stretching and NH 

bending vibrations in amides, while the band at 574 cm-1 could be assigned to 

C=O out-of-plane bending in amides [164]. 

According to Weiss et al. [157], histidine molecules may undergo a 

condensation reaction when heated to 220 °C during hydrothermal synthesis, 
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with the N-terminus and C-terminus of adjacent histidine molecule reacting to 

form a planar peptide bond. The appearance of bands, attributable to peptide 

bonding suggest this to be the case. It is possible that these residues from 

thermal decomposition of histidine could adsorb onto MoS2 nanoflakes and 

thus lead to improved stability of 1T-MoS2, correlating well with the XPS and 

electrochemical investigation results, along with intercalation of charged 

guest species or fragments as observed via HRTEM. 

 

 
Figure 3.18. FTIR spectra of: pure MoS2 (#0), MoS2/Histidine (#1), and 

MoS2/Histidine after drying for 12 h at 60 °C (#2). 

3.18. pav. Gryno MoS2 (#0), MoS2/Histidino (#1), ir išdžiovino 12 val. ties 60 

°C MoS2/Histidino (#2) FTIR spektrai 

  

3.4. Improving the HER performance of hydrothermally synthesized MoS2 

via anodic pretreatment 

In addition to modification of hydrothermal synthesis, various post-synthesis 

treatment methods, such as electrochemical incorporation of sulfur vacancies 

[165], application of an external electric field [166], or engineering of grain 

boundaries via laser irradiation [167] could be employed to modify 

hydrothermally synthesized MoS2, leading to enhanced HER activity of MoS2 

electrocatalysts.  

In this study, the MoS2/Cysteine electrodes were fabricated via 

hydrothermal synthesis onto anodized Ti substrates by the same procedure as 

the electrodes reported in sections 2.4. and 3.2., which were then subjected to 
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in situ anodic pretreatment prior to HER measurements. Anodic pretreatment 

was carried out by applying a positive potential to the working electrode 

(MoS2/Cysteine), by linear sweep voltammetry, or by cyclic voltammetry, as 

described previously, with the potential range expanded to encompass the 

anodic region. In the latter case, the potential was initially swept towards the 

anodic region before being shifted to the cathodic region. 

 

3.4.1.  Anodic pretreatment and electrochemical investigation of 

MoS2/Cysteine electrodes 

Anodic sweeps from -0.2 V to +2.0 V were applied to the MoS2/Cysteine 

electrodes and the obtained current-voltage curves are shown in Fig. 3.19.  

 

 
Figure 3.19. Anodic (a,b), and cathodic (c,d) curves of MoS2/Cysteine 

obtained by CV in the -0.25 V – +2.0 V potential range at 0.5 mV s-1 (a,c), 

and 10 mV s-1 (b,d) scan rates. Numbers in the legend indicate anodic 

pretreatment cycle. 

3.19. pav.  MoS2/Cisteino anodinės (a,b), bei katodinės (c,d) kreivės, gautos 

CV metu potencialą skleidžiant 0.5 mV s-1 (a,c), bei 10 mV s-1 (b,d) greičiu. 

Legendoje pateikti numeriai nurodo anodinio apdorojimo ciklų skaičių. 
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During the first anodic cycle (Fig. 3.19. a,b), an anodic peak is observed 

at ~ +1.0 V, decreasing markedly during the following cycles. These findings 

correlate with Bonde et al. report [168], although no decrease in HER 

performance was observed, in contrast to what Bonde et al. reported. 

Contrarily, the MoS2/Cysteine electrode exhibited enhanced HER activity 

after first anodic pretreatment cycle, and the electrode retained the activity 

even after subsequent anodic pretreatments, where the anodic current density 

approaches zero. According to the aforementioned report, the decrease of the 

anodic current peak should indicate a decrease of MoS2 content on the 

substrate, yet, no indication of damage to the MoS2/Cysteine samples was 

observed and the pretreated samples were found to possess higher HER 

activity, compared to as-grown MoS2/Cysteine. 

It was also established that varying the anodic switching potential 

(Eswitch), i.e. the potential, at which the CV scan changes direction, during 

anodic pretreatment within a narrower potential range (Fig. 3.20. a) affected 

the HER activity during subsequent cathodic potential scans (Fig. 3.20. b).  

 

 
Figure 3.20. Anodic (a) and cathodic (b) region of cyclic voltammograms of 

MoS2/Cysteine electrode continuously cycled from -0.35 V to incrementally 

increased anodic potential range. The depicted curves are averaged from 10 

CV cycles for every switching potential value. 

3.20. pav. MoS2/Cisteino ciklinės voltamperogramos anodinė (a) bei katodinė 

(b) dalis. Voltamperogramos užrašytos nuo -0.35 V iki laipsniškai keičiamo 

anodino potencialo ruožo. Pavaizduotos kreivės atitinka 10 ciklų vidurkį 

kiekvienai posūkio potencialo vertei. 

 

When the polarization was increased to +0.55 V, the HER efficiency either 

remained the same or decreased insignificantly compared to the pre-

polarization values. However, when the Eswitch was set to +0.6 V or more, 

enhanced HER activity was observed, with the most significant increase 
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observed after anodic pretreatment to +0.75 V. It was reported by Kautek et 

al. that the corrosion of MoS2 edges is observed when 2D-MoS2 nanoplatelet 

films are anodically treated in acidic solutions [169]. On that account, the 

anodic peak, observed at ~ +0.85 V could signify electrochemical MoS2 edge 

etching, where the current density is proportional to the length of MoS2 edges, 

and the peak potential depends on the anodic scan rate. 

The interpretation of the second peak, observed at higher scan rate (Fig. 

3.19. b) is unclear. As mentioned in reference [168], it may possibly be linked 

to the etching of the MoS2 basal plane. However, it is important to note that 

MoS2 etching involves not only the oxidation of molybdenum (Mo4+→Mo6+), 

but simultaneous oxidation of sulfur is also plausible (S2-→S2
2-; S2

2- and/or S2-

→SO4
2-). As a result, the anodic curve may exhibit additional peaks that could 

be attributed to sulfur oxidation. Kautek et al. did not observe etching of MoS2 

basal plane at +1.2 V [169], and the second peak was not distinguished in this 

work when lower scan rates were applied (Fig. 3.19. a). This implies that the 

determined increase in HER activity of MoS2/Cysteine electrodes after anodic 

pretreatment cannot be linked with the increase in active edge quantity via 

etching of the basal plane. Most likely the HER activity increase could be 

attributed to an increase in activity or length of MoS2 nanoplatelet edges. 

The reduction of HER activity after prolonged anodic pretreatment could 

stem from a decrease of MoS2 nanoplatelet quantity on the TiO2 surface or the 

deactivation of MoS2 edges caused by the destruction of energetically more 

active HER positions. As reported by Kibsgaard and coworkers [170], a 

constant Tafel slope value and decreasing exchange current density values are 

observed if the electrochemically active surface area of the electrocatalyst 

decreases without a change in the hydrogen adsorption free energy (∆GH*). 

Calculated Tafel slope (b) and exchange current density (j0) values are 

presented in Table 4. It was determined from CV, that the Tafel slope did not 

significantly change in the +0.1 V to +0.55 V Eswitch region. Further increase 

of Eswitch resulted in a decrease of Tafel slope values, and remained relatively 

constant in the +0.8 V to +0.9 V Eswitch region. The exchange current density 

increased up to +0.75 V, while a rapid decrease was observed at higher 

switching potentials. The initial increase of j0 could be attributed to an increase 

in HER active site quantity, while the subsequent decrease of j0 and a stable 

Tafel slope suggest that only the active surface area of the electrocatalyst is 

decreasing. Different Tafel slopes for as-grown and anodically pretreated 

MoS2/Cysteine infer a change in the rate-determining step of HER, and 

possibly a change in the characteristics of active positions, since the HER 

activity is directly influenced by the ∆GH* of active positions. 
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Table 4. Tafel slope and exchange current density values of HER at various 

switching potentials of anodic polarization 

4 lentelė. Tafel nuolinkio kampo bei HER mainų srovės vertės esant 

skirtingiems posūkio potencialams 

Eswitch, V 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.9 

b, mA dec-1 56.5 52.9 49.7 48.9 47.2 46.0 44.2 45.1 

j0, µA cm-2 1.12 1.32 1.78 2.63 3.54 0.76 0.30 0.18 

 

Constant anodic potential impulses were also applied to study the 

influence of passed charge on the increase of HER activity of MoS2/Cysteine 

electrodes (Fig. 3.21.). Initially, both the passed charge and the HER activity 

of the fabricated electrode increased (Fig. 3.21. a), while a decrease of passed 

charge during each subsequent anodic impulse was observed after the fourth 

anodic impulse. Only a slight HER activity decrease was observed after nine 

anodic potential impulses and subsequent HER processing, with the cathodic 

current density decreasing by ~10 mA cm-2 from the maximum obtained 

current density throughout the course of the experiment (Fig. 3.21. b). This 

could be ascribed to the saturation of energetically more active positions at 

MoS2 edges.   

 

 
Figure 3.21. HER current density at -0.35 V after each anodic polarization 

cycle (a curve 1) and values of charge passed during anodic polarization cycles 

(15 s at +0.72 V) of MoS2/Cysteine (a curve 2). The dependence of HER 

current density at -0.35 V on the total passed charge during anodic 

pretreatment is depicted in (b). 

3.21. pav. HER srovės tankis ties -0.35 V po kiekvieno anodinio 

poliarizavimo ciklo (a 1 kreivė) ir pratekėjusio krūvio vertė anodinio 

poliarizavimo (15 s at +0.72 V) metu (a 2 kreivė). HER srovės tankio 

priklausomybė nuo suminio pratekėjusio krūvio pateikta (b) grafike. 
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3.4.2. Characterization of anodically pretreated MoS2/Cysteine 

electrodes 

It was determined from SEM images (Fig. 3.22.) that the MoS2/Cysteine film 

uniformly covers the whole Ti/TiO2 surface, and is very similar to the films 

described in Section 3.2. After anodic pretreatment at +0.72 V for 12 minutes, 

the film surface appears to remain unchanged, with the only difference being 

the emergence of a few cracks in the MoS2/Cysteine film (Fig. 3.22. b). When 

the anodic potential was increased further to +2.5 V, the morphology of the 

film changed significantly, as a partial loss of MoS2 nanoplatelets was 

observed. The S/Mo ratio was determined via EDX to be 1.93 – 2.03 for both 

as-grown MoS2/Cysteine, and the electrodes after anodic pretreatment at 

+0.72 V for 12 minutes.  

 

 
Figure 3.22. Top-side SEM images of MoS2/Cysteine films before (a), and 

after anodic pretreatment at +0.72 V for 12 min. (b), and CV scan to +2.5 V 

at 0.5 mV s-1 scan rate (c). 

3.22. pav. MoS2/Cisteino prieš (a), ir po anodinio apdorojimo ties +0.72 V 12 

min. (b), bei po CV skleidimo iki +2.5 V skleidžiant 0.5 mV s-1 greičiu (c) 

SEM nuotraukos. 

 

XPS was used to investigate any compositional changes to the surface of 

MoS2/Cysteine after anodic pretreatment in the 0.5 M H2SO4 electrolyte. The 

S/Mo ratio from the XPS was determined to be 2.05 for as-grown 

MoS2/Cysteine, while the ratio for anodically polarized to +2.5 V sample 

increased to 3.32. The S/Mo ratio dependence on the anodic pretreatment 

potential is shown in Fig. 3.23. It was determined that the S/Mo ratio and the 

relative content of bridging S2
2- and apical S2- groups increases when the 
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anodic potential is increased, regardless of the duration of polarization. The 

S/Mo ratio variations, obtained via EDX and XPS, suggest that the increase 

of HER activity should not stem from the formation of sulfur vacancies during 

anodic pretreatment. 

 

 
Figure 3.23. Variation of S/Mo ratio (1,2) and relative quantity of bridging 

S2
2- and apical S2- groups (3,4) due to varying applied anodic pretreatment 

potential for 15 s (1,3), and 900 s (2,4).  

3.23. pav. S/Mo santykio (1,2) bei santykinio tiltelinių S2
2- ir viršūninių S2- 

grupių kiekio (3,4) priklausomybė nuo anodinio apdorojimo potencialo, 

kuomet apdorojimo trukmė 15 s (1,3), ir 900 s (2,4). 

 

The Mo 3d and S 2p spectra (Fig. 3.24.) were subjected to deconvolution, 

fitting the spectra with doublets corresponding to Mo 3d5/2 and 3d3/2 for the 

Mo 3d spectrum, and S 2p3/2 and 2p1/2 for the S 2p spectrum. The binding 

energies for the Mo 3d5/2 and S 2p3/2 peaks are provided in Table 5. Note, that 

the Mo 3d3/2 and S 2p1/2 peak binding energies are not listed – this was done 

intentionally to keep Table 5 less cumbersome, as these components have a 

constant binding energy separation of 3.15 eV for Mo 3d3/2 and 1.16 eV for S 

2p1/2.  

According to the literature, the Mo 3d5/2 BE of pristine 2H-MoS2 cleaved 

in vacuum equaled to 229.1 eV – 229.4 eV, whereas BE of S 2p3/2 – 162.0-

162.4 eV [69]. Intercalation of Li+ into 2H-MoS2 structure invokes the 

appearance of additional peaks in the Mo 3d and S 2p spectra, with the BE of 

the former peak being 1.1 eV and the latter 0.8 eV lower than the peaks of 

pristine 2H-MoS2 [68]. After exfoliation with butyl-lithium derivatives and 
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leaching of Li, various BE of Mo 3d and S 2p spectra have been reported, with 

the spectra unchanged from pristine 2H-MoS2 [171], comprising of broader 

peaks with their BE unaltered [172] or with additional peaks appearing at 0.8-

0.9 eV lower BE [39, 70]. 

 
Figure 3.24. Deconvoluted Mo 3d and S 2p X-ray photoelectron spectra of 

MoS2/Cysteine electrodes after anodic pretreatment. Samples treated for 900 

s (a) at +0.1 V (a1), +0.3V (a2), +0.6V (a3), +0.8 V (a4) and treated for 15 s 

(b) at -0.35 V (b1) +0.40 V (b2), +0.85 V (b3), and +1.2 V (b4).  

3.24. pav. Išskaidyti MoS2/Cisteino elektrodų Mo 3d ir S 2p Rentgeno 

fotoelektronų spektrai po anodinio apdorojimo. Pavyzdžiai apdoroti 900 s (a) 

ties +0.1 V (a1), +0.3V (a2), +0.6V (a3), +0.8 V (a4) bei apdoroti 15 s (b) ties 

-0.35 V (b1) +0.40 V (b2), +0.85 V (b3), ir +1.2 V (b4). 

 

In the case of hydrothermally synthesized 2D-MoS2, observation of one 

[173] or multiple doublets were reported [174, 175]. The Mo 3d and S 2p XPS 

peaks distinguished at lower binding energies than the aforementioned pristine 

2H-MoS2 are frequently attributed to the formation of the 1T-MoS2 phase or 

distorted 1T’-MoS2 phase. Other than Mo6+ 3d5/2 component at ~232.8 eV, 

higher Mo 3d and S 2p  binding energies (229.7 eV – 230.4 eV, and 163.0 eV 

– 163.6 eV for Mo 3d and S 2p, respectively) were also elucidated. The peaks 

in the mentioned region of Mo 3d are commonly attributed to Mo5+ of sulfides, 

oxides, or oxysulfides [71, 176, 177], while the S 2p peaks at higher binding 

energies are indicative of amorphous MoSx, where 2<x<6. For amorphous 

molybdenum sulfides, the S 2p3/2 peaks at 163.1 eV – 163.5 eV could be 



71 

ascribed to bridging S2
2- and apical S2- groups, while the peaks at 161.6 eV – 

161.8 eV could be ascribed to unsaturated S2- and terminal S2
2- groups [178, 

179]. 

 

Table 5. Deconvoluted X-ray photoelectron spectra Mo 3d5/2 and S 2p3/2 

component peak positions of MoS2/Cysteine nanoplatelet surface after anodic 

polarization. The numbering of the samples is the same as in Figure 3.24. 

5 lentelė. Išskaidytų anodiškai apdoroto MoS2/Cisteino elektrodų Rentgeno 

fotoelektronų spektrų Mo 3d5/2 ir S 2p3/2 komponentų smailių padėtys. 

Pavyzdžių numeracija tokia pat, kaip ir 3.24. pav. legendoje. BE – ryšio 

energija, A – santykinis smailės plotas. 

Sample 

# 

Mo 3d5/2 S 2p3/2 

# 

Mo 3d5/2 S 2p3/2 

BE, 

eV 

Area, 

% 

BE, 

eV 

Area, 

% 

BE, 

eV 

Area, 

% 

BE, 

eV 

Area, 

% 

a1 

228.9 52.0 161.8 82.2 

b1 

228.9 54.0 161.8 84.9 

229.8 25.5 163.2 13.7 229.8 22.5 163.3 12.6 

230.9 12.8 168.8 4.1 230.8 16.2 168.8 2.5 

232.4 9.7   232.4 7.3   

a2 

228.9 50.2 161.8 81.2 

b2 

228.8 57.9 161.7 81.2 

229.8 21.9 163.3 13.3 229.8 24.6 163.2 18.8 

230.9 17.4 169.1 5.5 230.8 11.8   

232.5 10.5   232.4 5.7   

a3 

229.0 44.8 161.9 66.8 

b3 

228.9 52.1 161.8 57.9 

230.0 22.9 163.4 23.6 229.9 28.6 163.3 42.1 

230.9 12.7 169.1 9.6 230.8 14.1   

232.4 19.6   232.4 5.2   

a4 

229.0 54.1 161.9 64.1 

b4 

229.0 47.6 161.8 40.9 

230.0 26.7 163.4 35.9 230.0 27.3 163.3 59.1 

230.9 15.1   230.8 18.9   

232.4    232.4 6.2   

 

In the Mo 3d spectra (Fig. 3.24.), the 3d5/2 component with the lowest 

binding energy (228.8 eV – 229.0 eV) was ascribed to Mo4+ of 1T-MoS2, and 

the 3d5/2 peak at 229.7 eV – 230.0 eV BE was ascribed to Mo4+ of 2H-MoS2. 

Peaks with higher binding energies were also distinguished, with the 3d5/2 

component peak at 230.8 eV – 230.9 eV ascribed to Mo5+ of molybdenum 

oxide, oxysulfide or sulfide, while the peak at 232.4 eV – 232.5 eV was 

ascribed to Mo6+ of MoO3. It is reported that Mo5+ compounds could be 

observed as intermediates in the sulfidation reaction of (NH4)2Mo7O24 [180], 

MoO3 [181], and the thermal decomposition of molybdates [182], inferring 
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that Mo5+ compounds, for instance,  MoOxS4-x
2- [183], MoS4

2-, MoS3 [122], 

[Mo2S12]2-, [Mo3S13]2- [184, 185] could be anticipated to form during 

hydrothermal synthesis of MoS2/Cysteine. The S 2p spectra were fitted with 

two doublets, with the S 2p3/2 component peak at 161.6 eV – 161.9 eV found 

at slightly lower binding energies than those of pure 2H-MoS2 (~162.2 eV), 

however, the binding energy values are close to those ascribed to terminal S2
2- 

and unsaturated S2- groups. The second doublet at 163.2 eV – 163.4 eV could 

be ascribed to bridging S2
2- and apical S2- groups, while in some samples a 

low-intensity third doublet at ~169 eV is observed, which stems from SOx, 

formed due to sample oxidation during storage. 

No links between the different applied potentials or the duration of anodic 

pretreatment and the Mo 3d and S 2p X-ray photoelectron spectra were 

distinguished, with the only notable exception being the peak area increase of 

S 2p3/2 component at 163.2 – 163.4 eV with an increase of applied anodic 

potential (Fig. 3.24. and Table 5). This implies that the HER activity increase 

of MoS2/Cysteine should be attributed to the increase of bridging S2
2- and 

apical S2- group quantity, which is in good agreement with the calculated Tafel 

slope values (Table 4), as the Tafel slopes values of 38-57 mV dec-1 are, 

reportedly, indicative of molybdenum sulfides containing bridging S2
2- and 

apical S2- groups [111, 177]. Note, that the apical S2- groups are claimed to be 

ineffective for HER [179, 186], inferring that the increase of HER activity is 

most likely related only to the increase of bridging S2
2- groups when the anodic 

pretreatment potential is increased. 

 

3.4.3. Influence of annealing on the MoS2/Cysteine electrodes and 

their activation via anodic pretreatment 

The influence of annealing on the HER activity, the S/Mo ratio and the relative 

content of bridging S2
2- and apical S2- groups were reported in [184, 185]. 

Similarly, after annealing anodically polarized at +0.85 V MoS2/Cysteine for 

2 hours at 300 °C in vacuum, the S/Mo ratio was determined via XPS to 

decrease from 3.2 to 2.2. No significant changes in the Mo 3d spectra were 

observed, whereas the 2p3/2 component at 163.2 eV, attributed to bridging S2
2-

and apical S2- groups, peak area was determined to decrease from 59.1 % to 

27.2 % after annealing (Fig. 3.25.).  

A substantial decrease in HER activity of annealed MoS2/Cysteine was 

observed after annealing, as the current density at -0.35 V reached 11.9 mA 

cm-2, which is almost ten times lower than as-grown MoS2/Cysteine. 

Moreover, both the HER Tafel slope and exchange current density (Table 6) 
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markedly increased after annealing. The Tafel slope of 131.1 mV dec-1 

suggests that the anodically pretreated and subsequently annealed 

MoS2/Cysteine possesses comparable HER activity to that of bulk 2H-MoS2, 

as suggested in [187], while the value of Tafel slope indicates that the Volmer 

step is the rate-determining step of HER after annealing. 

 

 
Figure 3.25. Mo 3d (a,c) and S 2p (b,d) X-ray photoelectron spectra of 

MoS2/Cysteine after anodic pretreatment for 15 s at +0.85 V before (a,b) and 

after (c,d) annealing at 300 °C in vacuum. 

3.25. pav. Anodiškai apdoroto 15 s ties +0.85 V MoS2/Cisteino elektrodo Mo 

3d (a,c) ir S 2p (b,d) Rentgeno fotoelektronų spektrai prieš (a,b) ir po 

atkainitimo (c,d) vakuume ties 300 °C 

 

After subsequent anodic cycling of pretreated and annealed 

MoS2/Cysteine (Fig. 3.26.), the HER activity increased once again with the 

current density reaching ~46 mA cm-2 after CV scan from -0.05 V to +1.15 V, 

which albeit is still lower than as-grown MoS2/Cysteine, but almost four times 

higher than annealed MoS2/Cysteine. The Tafel slope and exchange current 

density values (Table 6) were found to decrease with an increase in Eswitch up 

to +1.3 V, while further increase of Eswitch led to a decrease of only the 

exchange current density, while the Tafel slopes remained fairly constant. It 

is reported that the aforementioned changes should signify a decrease of MoS2 

quantity on the surface, rather than the decrease of 1T-MoS2 relative content 

[126], or the decrease in length of the catalytically active edge sites [137]. 
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Table 6. Calculated HER Tafel slopes exchange current density values of 

pretreated and annealed MoS2/Cysteine at different anodic polarization 

potentials. 

6 lentelė. Apskaičiuotos anodiškai apdoroto ir atkaitinto MoS2/Cisteino 

elektrodo Tafel nuolinkio ir mainų srovės vertės papildomai apdorojant ties 

skirtingais anodiniais potencialais.  

 Eswitch, V 
b, mV 

dec-1 

j0, mA 

cm-2 
Eswitch, V 

b, mV 

dec-1 

j0, mA 

cm-2 

Annealed 131.1 0.124 1.20 77.8 0.028 

0.70 95.3 0.048 1.25 76.7 0.026 

0.75 91.2 0.042 1.30 74.6 0.023 

0.80 90.5 0.042 1.35 77.5 0.026 

0.85 88.1 0.039 1.40 76.9 0.024 

0.90 87.1 0.039 1.45 76.9 0.023 

0.95 86.5 0.038 1.50 76.7 0.022 

1.00 83.8 0.033 1.55 75.9 0.021 

1.05 81.8 0.033 1.60 76.8 0.021 

1.10 79.6 0.030 1.65 76.5 0.020 

1.15 77.3 0.027 1.70 75.2 0.019 

 

  
Figure 3.26. Cyclic voltammograms of anodic pretreatment to various Eswitch 

potential values of MoS2/Cysteine (a) and the dependence of HER current 

densities at -0.35 V after anodic pretreatment on the Eswitch (b). Prior to CV, 

the MoS2/Cysteine electrode was pretreated for 15 s at +0.85 V and annealed 

at 300 °C.   

3.26. pav. MoS2/Cisteino anodinio apdorojimo ties skirtingais posūkio 

potencialais ciklinės voltamperogramos (a) ir HER srovės tankio 

priklausomybė nuo posūkio potencialo (b). Prieš CV, MoS2/Cisteino 

elektrodas apdorotas 15 s ties +0.85 V ir atkaitintas 300 °C temperatūroje. 
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3.4.4. Investigation of HER stability of anodically pretreated 

MoS2/Cysteine electrodes  

According to reports, the overpotential of HER for MoSx electrocatalysts 

increases when subjected to prolonged cathodic potentials [188, 189]. 

Consequently, the HER activity at a given potential decreases, along with the 

S/Mo ratio and the S 2p3/2 XPS peak area ascribed to bridging S2
2- and apical 

S2- groups. 

The HER stability of MoS2/Cysteine electrodes were investigated via 

chronopotentiometry (Fig. 3.27.), observing the changes in overpotential 

values at a fixed current density of 10 mA cm-2 over 12 hour time period.  

  

 
Figure 3.27. Chronopotentiometry curves at a constant -10 mA cm-2 current 

density of as-grown MoS2/Cysteine (1), the same electrode after first anodic 

processing via CV from -0.25 V to +0.85 V at 10 mV s-1 scan rate (2), and 

after second (3) and third (4) anodic processing along with 12 hours of HER 

processing cycles. 

3.27. pav. Neapdoroto MoS2/Cisteino (1), to paties elektrodo po anodinio 

apdorojimo nuo -0.25 V iki +0.85 V (2), bei po antro (3), ir trečio (4) anodinio 

apdorojimo kartu su 12 val. katodinio poliarizavimo chronopotenciometrinės 

kreivės, užrašytos uždavus pastovų -10 mA cm-2 srovės tankį. 
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An initial overpotential of -0.248 V was determined for the as-grown 

MoS2/Cysteine electrode, with the change in overpotential (E) over 12 hours 

of HER processing being negligible (Fig. 3.27. curve 1). When anodic 

polarization via CV from -0.25 V to +0.85 V potential range was applied to 

the same electrode (Fig. 3.27. curve 2), a substantial overpotential decrease 

was observed and determined to reach -0.236 V, while the overpotential after 

12 hours of HER processing reaches the same -0.253 V value as was observed 

for as-grown MoS2/Cysteine after HER. Even though the initial overpotentials 

are lower than those observed for as-grown MoS2/Cysteine, second and 

subsequent anodic processing via CV from -0.25 V to +0.85 V along with 12 

hours of HER processing at -10 mA cm-2 of the same electrode (Fig. 3.27. 

curves 3,4) facilitates the increase of overpotential during 12 hour cathodic 

processing. It was determined that the prolonged successive anodic processing 

along with 12 hours of HER processing has a negative impact on the overall 

HER stability of the electrode, as after third cycle of such processing, the 

overpotential reaches the same value of -0.253 V almost three times faster 

compared to as-grown MoS2/Cysteine. 

XRD was used to investigate the crystallinity of as-grown and anodically 

treated MoS2/Cysteine electrodes. From the obtained diffractograms (Fig. 

3.28.), the as-grown MoS2/Cysteine (Fig. 3.28. 1) pattern is in good agreement 

with the PDF card of MoS2. The (002) peak is shifted from 2θ = 14.1 deg to 

2θ = 9.0 deg due to the intercalation of guest species into the interlayers of 

MoS2. As described previously in section 1.1.2. the 2θ shift from ~14 deg to 

lower 2θ values might signify the formation of 1T-MoS2, albeit the peak shift 

is not conclusive evidence of the 1T-MoS2 phase, as the expanded layers might 

still consist of 2H-MoS2. Changes in the XRD patterns were observed for the 

electrode after HER processing (Fig. 3.28. 2), where the diffraction peaks at 

2θ = 9.0 deg and 2θ = 18.6 deg had disappeared, and a peak at 2θ = 13.2 deg 

emerged, and the overall diffractogram resembles that of bulk 2H-MoS2. No 

discernible changes to the diffractogram were distinguished after quick anodic 

pretreatment cycles to +0.72 V (not shown). However, after anodic 

pretreatment via CV scan to +2.5 V (Fig. 3.28. 3) a broad peak at 2θ = 14.0 

deg is observed, whereas the (100) and (110) peaks at 2θ = 32.9 deg and 2θ = 

38.7 deg, respectively, had disappeared, likely due to formation of amorphous 

MoSz with high S/Mo ratio, or a low MoS2 quantity on the surface.  
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Figure 3.28. XRD patterns of MoS2/Cysteine before (1) and after HER 

processing via 1000 potential scan cycles (2), and after anodic pretreatment 

by potential sweep to +2.5 V at 0.5 mV s-1 scan rate (3). Peak positions of PDF 

cards: (4) 01-075-1539 (MoS2), (5) 00-044-1294 (Ti), (6) 01-075-2544 (TiO2), 

(7) 04-013-3645 (MoO2), and (8) 00-005-0508 (MoO3). 

3.28. pav. MoS2/Cisteino difraktogramos, užrašytos prieš (1) ir po HER 

apdorojimo praskleidžiant 1000 ciklų (2), ir po anodinio apdorojimo 

potencialą skleidžiant 0.5 mV s-1 greičiu iki +2.5 V (3). PDF kortelių (4-8) 

smailių padėtys: (4) 01-075-1539 (MoS2), (5) 00-044-1294 (Ti), (6) 01-075-

2544 (TiO2), (7) 04-013-3645 (MoO2), ir (8) 00-005-0508 (MoO3). 

 

XPS was used to study the compositional changes of MoS2/Cysteine after 

HER processing. Aside from Mo6+ component at 232.6 eV, other doublets in 

the Mo 3d spectra after HER processing (Fig. 3.29. c) appear at slightly lower 

binding energies compared to as-grown MoS2/Cysteine Mo 3d spectra (Fig 

3.29. a). Moreover, the most intense peak was observed at 228.5 eV. In the S 

2p spectra (Fig. 3.29. d), only one doublet was observed after the HER 

processing, with the 2p3/2 and 2p1/2 components distinguished at 161.4 eV and 

162.6 eV, respectively. The S/Mo ratio from the XPS of as-grown MoS2 was 

2.05, while after HER processing it was found to decrease to 1.85. 
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Figure 3.29. X-ray photoelectron spectra of as-grown MoS2/Cysteine (a,b) 

and the same electrode after HER processing for 12 h at 10 mA cm-2 (c,d) Mo 

3d (a,c) and S 2p (b,d) regions.  

3.29. pav. MoS2/Cisteino prieš (a,b) ir po 12 val. HER ties 10 mA cm-2 (c,d) 

Mo 3d (a,c) ir S 2p (b,d) Rentgeno fotoelektronų spektrai.  

 

The XPS and XRD data infer that during hydrothermal synthesis of 

MoS2, a randomly oriented layered structure with peculiar Mo and S atom 

configuration is formed at the edges of nanoplatelets, similarly as reported by 

Joensen et al. in the case of Li exfoliated MoS2 [190]. Moreover, the increase 

of HER activity after anodic pretreatment correlates with the increase of 

relative quantity of bridging S2
2- and apical S2- groups observed via XPS. 

During anodic treatment of MoS2 two possible oxidation reactions could 

occur: 

MoS2 + 8H2O → Mo6+ + 2SO4
2- + 16H+ + 18e-   (3) 

MoS2  → Mo6+ + S2
2- + 4e-      (4) 

The former reaction (Eq. 3) suggests that the S2- oxidizes to form sulfate ions, 

leading to a decrease in the sulfur content on the surface of the electrode. The 

latter reaction (Eq. 4) indicates the formation bridging S2
2- groups, which are 

HER active and therefore could explain the increase of HER activity after 

anodic pretreatment. The decrease in HER activity after cathodic processing 

correlates with the decrease or a total loss (Fig. 3.29. d) in bridging S2
2- and 

apical S2- group XPS peak area. The structural changes observed in XRD (Fig 
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3.28. patterns 1,2) and a resemblance to a possible change in Mo oxidation 

state (peaks of lower Mo oxidation states should appear at lower binding 

energies) observed in XPS (Fig. 3.29. a,c) implies that the catalytically active 

sites of MoS2 undergo chemical changes during HER. Despite this, the 

bridging S2
2- and apical S2- groups are not the sole HER active sites of MoS2 

[191], hence the loss of the aforementioned groups does not make MoS2 

incapable of electrocatalyzing the hydrogen evolution reaction [192]. 

 

3.5. Activity comparison of hydrothermally synthesized MoS2/amino acid 

electrodes 

An activity comparison of different MoS2/amino acid electrodes for hydrogen 

evolution reaction described in previous sections is depicted in Fig. 3.30. 

 

 
Figure 3.30. Cyclic voltammograms of different fabricated MoS2/amino acid 

electrodes and their respective substrates. Voltammograms were recorded in 

0.5 M H2SO4 electrolyte at 0.01 V s-1 potential scan rate. 

3.30. pav. Skirtingų MoS2/aminorūgščių elektrodų bei pagrindų ciklinės 

voltamperogramos, užrašytos 0.5 M H2SO4 elektrolite, potencialą skleidžiant 

0.01 V s-1 greičiu. 
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CONCLUSIONS 

 Nanoplatelet molybdenum disulfide structures are formed during 

hydrothermal synthesis in the aqueous solutions of ammonium 

heptamolybdate and thiourea, with their surface morphology unaltered by 

the presence of amino acid additives, while the thickness is dependent on 

the duration of the synthesis. 

 The formed MoS2 films with amino acid additives exhibit larger 

interplanar distances, compared to MoS2 films formed without amino acid 

additives. The interplanar distance of MoS2 is increased due to charged 

guest species or fragment intercalation into the interlayers of MoS2. 

 The addition of amino acids into the synthesis solution results in MoS2 

films with significantly higher quantity of metastable 1T-MoS2 phase, 

compared to films without amino acid additives. 

 Inserted amino acid fragments stabilize the metastable 1T, thus increasing 

the stability of fabricated electrodes 

 Due to a relatively high content of 1T-MoS2 phase, the fabricated 

MoS2/amino acid electrodes exhibit enhanced activity for hydrogen 

evolution reaction.  

 Increase in the rate of hydrogen evolution reaction at MoS2 films after 

anodic pretreatment is linked with the increase of bridging S2
2- and apical 

S2- sulfur group content due to anodic pretreatment. 

 Anodic pretreatment could be employed as a method of increasing the 

activity of synthesized molybdenum disulfide electrodes for hydrogen 

evolution reaction. Up to 30% increase in electrocatalytic hydrogen 

evolution reaction activity could be obtained via application of a short 

anodic impulse. 
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SANTRAUKA 

ĮVADAS 

Dėl vis spartėjančios technologijų raidos bei populiacijos augimo, pasaulinis 

energijos poreikis nenumaldomai didėja. Tai verčia sunerimti, visų pirma dėl 

to, jog itin didelė energijos dalis šiuo metu yra gaunama naudojant iškastinį 

kurą [1]. Deginant iškastinį kurą į aplinką išmetami dideli kiekiai dujų (CH4, 

CO2, N2O), skatinančių šiltnamio efektą, dėl kurio stebimi Žemės klimato 

pokyčiai, kyla jūros lygis, bei daroma žala įvairioms ekosistemoms [2]. Todėl 

yra itin svarbu ieškoti bei vystyti tvarias alternatyvas iškastiniam kurui.  Viena 

iš tokių alternatyvų yra vandenilio kuras [3], kuris pasižymi aukštu 

gravimetriniu energijos tankiu (~3 kartus didesnis, nei iškastinio kuro), bei 

tuo, jog degimo metu nesusidaro jokių aplinką teršiančių dujų [4, 5]. Tačiau, 

gamtoje tik <1% vandenilio randama H2 dujų pavidalu, o pagrindiniai 

vandenilio dujų gamybos metodai, tokie kaip garų riformingas, dalinė 

angliavandenilių oksidacija ar anglies dujofikacija, naudoja iškastinį kurą ir 

išskiria nemažus kiekius šiltnamio dujų [6, 7]. Tvaresnis vandenilio gamybos 

metodas yra vandens elektrolizė, kurios metu vandens molekulės yra 

elektrochemiškai skaldomos į vandenilį ir deguonį [8]. Naudojant elektros 

energiją iš atsinaujinančių šaltinių, šis metodas galėtų būti laikomas aplinkai 

nekenksmingu vandenilio gamybos būdu [9], tačiau norint efektyviai išgauti 

vandenilį vandens elektrolizės metodu, būtina naudoti elektrokatalizatorius. 

Šiai dienai efektyviausiais laikomi brangūs ir gamtoje mažai paplitę tauriųjų 

metalų elektrokatalizatoriai, tokie kaip Pt, RuO2 ar IrO2 [10, 11], kas 

apsunkina pramoninį vandens elektrolizės pritaikymą vandenilio gamybai. 

Dėl šios priežasties naujų, prieinamesnių ir neturinčių tauriųjų metalų savo 

sudėtyje elektrokatalizatorių vystymas bei tobulinimas yra ypač aktuali tema 

ieškant tvaresnių energijos šaltinių. 

Pastaruoju metu daug dėmesio skiriama potencialiais HER 

elektrokatalizatoriais laikomiems pereinamųjų metalų junginiams, tokiems 

kaip fosfidai [18], karbidai [19], nitridai [20], bei chalkogenidai [21]. 

Pereinamųjų metalų dichalkogenidų nanomedžiagos, o ypač molibdeno 

disulfido MoS2, yra aktualios galimam pritaikymui vandens skaldyme [22] 

tuo, jog pasižymi sluoksnine dvidimensine struktūra, bei nanometrinės skalės 

sluoksnio storiais, kas lemia skirtingas šių nanomedžiagų chemines, fizikines 

ar elektronines savybes, lyginant su mikrometrinės eilės ir didesnėmis MoS2 

medžiagomis [23, 24]. Be to, MoS2 nanomedžiagos pasižymi maža vandenilio 

adsorbcijos Gibbs‘o laisvąja energija (∆GH*), kuri yra tik vos didesnė nei Pt 

metalo [25]. Tačiau, siekiant jog MoS2 nanomedžiagos taptų pritaikomos 
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vandenilio gamybai pramoniniu mastu, reikia įveikti keletą iššūkių, tokių kaip 

nanomedžiagų sintezės optimizavimas bei kontroliavimas, HER efektyvumo 

bei elektrokatalizatoriaus stabilumo padidinimas bei MoS2 nanomedžiagų 

integravimas į praktiškas vandens elektrolizės sistemas.  

 

DARBO TIKSLAS 

Ištirti aminorūgščių įtaką vandenilio išskyrimo reakcijai skirtų hidrotermiškai 

susintetinų nanolapelinės struktūros MoS2 elektrodų aktyvumui ir stabilumui 

bei nustatyti efektyviausiųjų MoS2 aktyvių pozicijų prigimtį. 

 

DARBO UŽDAVINIAI 

 Susintetinti MoS2 dangas su glicino, L-cisteino ir DL-histidino 

aminorūgštimis ir ištirti aminorūgščių įtaką suformuotų dangų aktyvumui 

bei stabilumui. 

 Charakterizuoti MoS2/aminorūgščių dangas ir ištirti galimą priemaišų 

įsiterpimą į MoS2 tarpsluoksnius. 

 Ištirti anodinio apdorojimo įtaką hidrotermiškai susintetintiems MoS2 

elektrodams. 

 Nustatyti aktyvių HER pozicijų prigimtį MoS2 dangose ir įvertinti jų 

santykinio kiekio padidėjimą po anodinio apdorojimo. 

 

MOKSLINIS NAUJUMAS 

 Pirmą kartą nustatyta aminorūgščių įtaka hidroterminei molibdeno 

disulfido sintezei. Parodyta, jog į amonio heptamolibdato ir tiourėjos 

tirpalą pridėjus kai kurių aminorūgščių, hidroterminės sintezės metu 

susiformavusi nanolapelinės struktūros MoS2 danga pasižymi santykinai 

dideliu metastabilios, metališkosiomis savybėmis pasižyminčios 1T-

MoS2 fazės kiekiu.  

 Pirmą kartą parodyta, jog hidrotermiškai susintetintos MoS2 dangos su 

aminorūgštimis pasižymi didesniu vandenilio išskyrimo reakcijos greičiu 

bei stabilumu, lyginant su MoS2 dangomis, susintetintomis be 

aminorūgščių. 

 Atliktas bei ištirtas naujas molibdeno disulfido elektrodo aktyvumo 

padidinimo būdas anodiškai apdorojant susintetintas MoS2 dangas. 



83 

Parodyta, jog anodinio apdorojimo metu padidėja santykinis katalitiškai 

aktyvių tiltelinių S2
2- grupių kiekis. 

GINAMIEJI TEIGINIAI 

 Hidrotermiškai susintetintos MoS2 dangos su aminorūgščių priedais 

pasižymi didesniu vandenilio išskyrimo reakcijos greičiu bei stabilumu, 

lyginant su hidrotermiškai susintetintomis MoS2 dangomis be 

aminorūgščių. 

 Suformuotų MoS2/aminorūgščių elektrodų aktyvumo bei stabilumo 

padidėjimas siejamas su metastabilios 1T-MoS2 fazės susiformavimu dėl 

krūvį turinčių aminorūgščių skilimo fragmentų įsiterpimo į MoS2 

tarpsluoksnius. 

 Anodinis apdorojimas papildomai padidina MoS2/aminorūgščių elektrodų 

aktyvumą dėl anodinio proceso metu padidėjusio santykinio tiltelinių S2
2- 

grupių, kurios laikomos aktyvesnėmis vandenilio išskyrimo pozicijomis, 

kiekio. 

 

AUTORIAUS INDĖLIS 

Padėklų paruošimas, titano anodavimas, MoS2 bei nanodalelių hidroterminė 

sintezė atlikta disertacijos autoriaus. Autorius paruošė visus pavyzdžius šioje 

disertacijoje aprašytiems eksperimentams. Taip pat, autorius atliko 

suformuotų MoS2 elektrodų vandenilio išskyrimo reakcijos tyrimus ciklinės 

voltamperometrijos bei chronopotenciometrijos metodais, atliko anodinį 

apdorojimą ir anodiškai apdorotų elektrodų elektrocheminius matavimus. Be 

to, autorius atliko XPS spektrų analizę bei prisidėjo nagrinėjant kitus gautus 

rezultatus, kūrė grafikus bei paveikslus ir prisidėjo prie mokslinių publikacijų 

rengimo. Autorius pats parašė šią disertaciją, o visa iš kitų šaltinių gauta 

informacija atitinkamai cituojama.  



84 

4. EKSPERIMENTO METODIKA 

MoS2 dangos buvo nusodintos ant 7 x 7 mm dydžio Ti arba Mo padėklų. Prieš 

sintezę padėklai nuvalomi 1:1 acetono ir 2-propanolio mišiniu, plaunant 

padėklus ultragarsinėje vonelėje 30 min, bei po to plaunant 10 min 

dejonizuotu vandeniu tris kartus. Ti/TiO2 padėklai pagaminti anoduojant Ti 

padėklus 2 M H3PO4 ir 0.2 M NH4F tirpale. Ti padėklas, naudojamas kaip 

anodas, buvo patalpinamas į plastikinę celę, tuo tarpu dvi lygiagrečios platinos 

plokštelės buvo naudojamos kaip katodas. Anodavimas vykdytas 60 min 

uždavus 20 V įtampą bei palaikant pastovų elektrolito maišymą. Po 

anodavimo elektrodai kruopščiai praplauti dejonizuotu vandeniu, išdžiovinti 

ir tuomet atkaitinti 2 valandas 420 °C temperatūroje. 

Molibdeno disulfido dangos suformuotos hidroterminės sintezės būdu 

naudojant amonio heptamolibdato ir tiourėjos tirpalą. 5 mM amonio 

heptamolibdato ir 90 mM tiourėjos tirpalas buvo supilamas į PTFE celę, 

papildomai pridedant įvairių amino rūgščių (L-cisteino, DL-histidino, 

glicino). Pagrindas, ant kurio buvo formuojamos MoS2 dangos buvo įtaisomas 

tam skirtame PTFE celės tvirtinimo taške taip, jog būtų pilnai pamerktas į 

tirpalą ir būtų vertikalioje padėtyje visos sintezės metu. Sintezė atlikta 

patalpinus PTFE celę į autoklavą, kaitinant ties 220 °C temperatūra nuo 5 iki 

15 valandų. Po sintezės gauti elektrodai praplauti dejonizuotu vandeniu ir 

išdžiovinti kambario temperatūroje naudojant N2 dujas. MoS2 nanodalelės 

buvo sintetinamos analogiška tvarka. Siekiant išvengti paviršių oksidacijos ar 

MoS2 fazės pokyčių, gautų MoS2 dangų bei dalelių tyrimai atlikti nedelsiant, 

o nesant tokiai galimybei, susintetinti pavyzdžiai buvo patalpinti į sandarius 

mėgintuvėlius, užpildytus Ar arba N2 dujomis. 

Molibdeno disulfido elektrodų elektrocheminiai matavimai atlikti 

naudojant Zahner Zennium potenciostatą (Zahner-Elektrik, Vokietija). 

Matavimai atlikti trijų elektrodų celėje, kurioje darbinis elektrodas – 

susintetintas MoS2 elektrodas, Ag/AgCl, KClsat. su Luggin’o kapiliaru – 

palyginamasis elektrodas ir grafito strypelis – pagalbinis elektrodas. Visuose 

aprašytuose elektrocheminiuose matavimuose elektrolitu naudotas 0,5 M 

H2SO4 tirpalas. Visi potencialai, nurodyti šioje disertacijoje, yra pateikti pagal 

SHE skalę. Morfologijos tyrimai atlikti naudojant Helios Nanolab 650 (FEI, 

Olandija) skenuojantį elektronų mikroskopą su Rentgeno spektrometru 

(Oxford Instruments, Jungtinė Karalystė). Nuotraukos, gautos naudojant 

Tecnai F20 peršvietimo elektronų mikroskopą (FEI, Olandija) panaudotos 

įvertinant MoS2 tarpplokštuminius atstumus. Struktūrinė analizė atlikta 

naudojant SmartLab (Rigaku, Japonija) Rentgeno difraktometrą. Raman 

spektrai gauti naudojant Renishaw inVia (Renishaw, Jungtinė Karalystė) 
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spektrometrą. Siekiant išvengti pavyzdžio oksidacijos, lazerio galia apribota 

iki 0.06 mW. MoS2 dangų elementų cheminė būsena analizuota 

VERSAPROBE PHI 5000 (Physical Electronics, Jungtinės Amerikos 

Valstijos), Rentgeno fotoelektronų spektrometru. Gautų XPS duomenų 

analizė atlikta naudojantis CASA XPS (Casa Software, Jungtinė Karalystė) 

programine įranga. Terminis L-cisteino skilimas tirtas STA PT 1600 (Linseis, 

Vokietija) termogravimetriniu analizatoriumi kartu su MS Thermostar GDS 

320 (Linseis/Pfeiffer, Vokietija) masių spektrometru. FTIR spektrai gauti 

naudojant ALPHA FTIR (Bruker, Vokietija) spektrometrą. 
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5. TYRIMO REZULTATAI 

5.1. MoS2/Glicino dangų sintezė ir charakterizavimas 

5.1.1. MoS2/Glicino dangų morfologija 

Molibdeno disulfidas buvo susintetintas hidroterminės sintezės metodu 

naudojant 5 mmol L-1 amonio heptamolibdato, 90 mmol L-1 tiourėjos ir glicino 

tirpalus, kuriuose glicino koncentracija tirta nuo 0 iki 150 mmol L-1. Sintezės 

atliktos ties 220 °C temperatūra sintezę vykdant nuo 5 iki 15 valandų. Mo arba 

Ti metalų folijos naudotos kaip pagrindai, ant kurių buvo susintetinamos 

tolygios, juodos spalvos MoS2 dangos.  

Skenuojančiu elektronų mikroskopu (SEM) gautos hidrotermiškai 

susintetintų MoS2 dangų nuotraukos pateiktos 3.1. paveiksle (žr. 40 p.). Iš jų 

matoma, jog glicino įdėjimas į sintezės tirpalą nedaro įtakos MoS2 dangų 

morfologijai – tiek sintezės be glicino, tiek su 100 mmol L-1 glicino metu 

susidaro tokios pat nanolapelinės struktūros. Apytiksliai nustatytas vieno 

nanolapelio dydis yra 200 ± 50 nm, o storis 5 ± 2 nm, kas leidžia manyti, jog 

vienas nanolapelis yra sudarytas iš 5-12 S-Mo-S nanosluoksnių. Pastebėta, jog 

dangos su glicinu yra mažiau sutrūkinėjusios, lyginant su dangomis, gautomis 

tokiomis pačiomis sąlygomis be glicino. Aiškių skirtumų tarp dangų 

morfologijos naudojant skirtingas glicino koncentracijas neaptikta (3.2. pav.; 

žr. 41 p.). Nustatyta, jog dangos storis bei tolygumas priklauso nuo sintezės 

laiko, kai sintezė atlikta 5 val. 220 °C temperatūroje, dangos storis siekia 0.8 

– 0.9 µm, tuo tarpu prailginus sintezę iki 15 val. gaunamos ~2 µm storio 

dangos. 

Gautose HRTEM nuotraukose (5.2.c pav) matomi MoS2 dangos defektai 

bei gardelės iškraipymai, taip pat pastebima, jog tarpplokštuminiai atstumai 

yra išsidėstę netolygiai ir yra nukrypę nuo 0.615 nm vertės, būdingos grynai 

2H-MoS2 fazei. Iš MoS2/Glicino dangų HRTEM nuotraukų įvertintas 

tarpplokštuminis atstumas tam tikrose vietose siekia 0.89 nm, kas leidžia 

manyti, jog atliekant hidroterminę MoS2 sintezę su glicinu, MoS2 

tarpsluoksniai yra išplečiami dėl galimos sąveikos su sintezės tirpale esančiais 

komponentais [152].  

5.1.2. MoS2/Glicino dangų charakterizavimas 

Susintetinto molibdeno disulfido kristališkumo bei fazės tyrimai atlikti 

Rentgeno spindulių difrakcijos (XRD) metodu. Gauta hidrotermiškai 

susintetinto gryno MoS2 (nenaudojant glicino) difraktograma (3.3. pav. a1; žr. 
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42 p.) atitinka standartinę molibdenito 2H-MoS2 difraktogramą (PDF kortelė 

00-037-1492). Smailės, esančios ties 14.37°, 33.51°, ir 35.87° 2θ vertėmis 

atitinkamai priskirtos (002), (101) ir (102) heksagoninės gardelės, kurios 

parametrai a = b = 3.161 Å, c = 12.298 Å, plokštumoms, kas prilygsta 

teorinėms 2H-MoS2 fazės vertėms. Kita vertus, susintetinto MoS2 su glicinu 

difraktogramoje (3.3. pav. a2-a4; žr. 42 p.) pastebimi skirtumai nuo grynam 

2H-MoS2 būdingos difraktogramos. Esminis skirtumas yra tai, jog (002) 

plokštumos difrakcijos smailė ties 2θ = 14.37° pasislenka į 2θ = 9.4°. Toks 

(002) plokštumai priskiriamos smailės poslinkis link mažesnių 2θ verčių, 

pasak literatūros šaltinių, rodo MoS2 tarpsluoksnių išsiplėtimą dėl pašalinių 

dalelių įsiterpimo [67]. Šis pastebėtas poslinkis atitinka anksčiau aprašytą 

HRTEM, o tai rodo, kad atliekant hidroterminę sintezę su glicino priedu, 

gaunamos MoS2 dangos pasižymi išplėstu tarpsluoksnių atstumu. 

Siekiant nustatyti susintetinto molibdeno disulfido fazę buvo atlikti 

Ramano spektroskopijos matavimai, gauti Raman spektrai pateikti 3.3. b 

paveiksle. Gryno MoS2 spektre (3.3. pav. b1; žr. 42 p.) matomos dvi aiškiai 

išreikštos Raman modos: E1
2g (383 cm−1) ir A1g (409 cm−1). Šios S atomų 

plokštuminei vibracijai (E1
2g) bei neplokštuminiam S atomų tempimui (A1g) 

priskiriamos modos yra charakteringos kristaliniam 2H-MoS2 [153]. Tuo 

tarpu pridėjus glicino į hidroterminės sintezės tirpalą, gautos Raman smailės 

(3.3. pav. b2-b4; žr. 42 p.) yra mažiau išreikštos, kas gali reikšti, jog tokiu 

būdu susintetintos mažiau kristališkos MoS2 dangos. A1g moda pasislenka nuo 

409 cm-1 iki 413 cm-1, o E1
2g moda išnyksta ir pastebimos naujos modos ties 

316 cm-1, 936 cm-1 ir 1534 cm-1. Pasak literatūros šaltinių, A1g modos poslinkis 

bei E1
2g modos intensyvumo sumažėjimas arba jos dingimas gali būti 

susiejamas su 1T-MoS2 faze arba 1T/2H-MoS2 fazių mišiniu [79, 81]. Dangų 

su skirtinga glicino koncentracija Raman spektrai mažai skiriasi, stebimas tik 

neryškus smailės ties 1534 cm-1, kuri gali būti priskiriama glicinui, 

intensyvumo padidėjimas, kuomet glicino koncentracija padidinama nuo 40 

mmol L-1 iki 100 mmol L-1. Mažo intensyvumo smailė ties 936 cm-1 gali būti 

priskiriama nesureagavusio amonio heptamolibdato likučiui iš sintezės tirpalo 

[154]. 

Papildomi MoS2 dangų fazės tyrimai atlikti naudojant Rentgeno 

fotoelektronų spektroskopiją (XPS). Spektre (3.4. pav. a; žr. 44 p.), 

užrašytame 240 eV – 222 eV ryšio energijos ruože, pavaizduotos išmuštų iš 

Mo 3d bei S 2s lygmenų fotoelektronų smailės.  

Mo 3d spektras buvo išskaidytas į tris dubletus, iš kurių pirmieji du 

priskirti Mo4+ iš 2H-MoS2 su dubletiniais komponentais ties 229.4 eV (3d5/2) 

ir 232.5 eV (3d3/2), ir Mo4+ iš 1T-MoS2 ties 228.3 eV (3d5/2) ir 231.5 eV (3d3/2). 

Trečiasis dubletas priskirtas Mo6+ iš MoO3 ties 232.2 eV (3d5/2) ir 235.3 eV 
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(3d3/2). Santykinis šių komponentų indėlis visam Mo 3d spektrui apskaičiuotas 

atitinkamai 36%, 49% ir 15%. S 2p spektre (3.4. pav. b, žr. 44 p.), užrašytame 

157 eV – 173 eV ruože, nustatyti du pagrindiniai dubletai. Jie priskirti S2- iš 

1T-MoS2 ties 161.1 eV (2p3/2) ir 162.2 eV (2p1/2), bei iš 2H-MoS2 ties 162.1 

eV (2p3/2) ir 163.2 eV (2p1/2). Neryškus dubletas ties ~168 eV priskirtinas SOx 

dėl galimos nežymios paviršiaus oksidacijos. Kitų smailių nebuvimas S 2p 

spektre leidžia manyti, jog sieros atomai daugiausia dalyvauja S-Mo ryšiuose. 

N 1s spektras (390 – 410 eV)  persidengia su Mo 3p spektru (385 – 420 eV), 

todėl gautas spektras (3.4. pav. c, žr. 44 p.) išskaidytas į keturis komponentus, 

kurių pirmi trys priskirti Mo 3p3/2 komponentams iš 1T-MoS2 (394.2 eV), 2H-

MoS2 (395.1 eV), ir MoO3 (397.8 eV). Ketvirtasis komponentas ties 401.2 eV 

priskirtinas glicinui, kadangi NH3
+ smailė stebima ties 402.4 eV, o neutralios 

amino grupės NH2 smailė stebima ties 400.5 eV [155]. Tzvetkov ir Netzer 

teigimu, šios smailės atsiradimas gali būti susijęs su adsorbuotais dalinai 

suskilusio glicino molekuliniais fragmentais. 

 

5.1.3. MoS2/Glicino elektrodų HER savybių tyrimas  

Susintetintų MoS2/Glicino elektrodų katalizinis aktyvumas bei stabilumas 

ištirti ciklinės voltamperometrijos būdu 0.5 M H2SO4 elektrolite; gautos 

voltamperogramos pavaizduotos 3.5. paveiksle. Nustatyta, jog glicino 

pridėjimas daro įtaką suformuoto elektrodo aktyvumui bei stabilumui. Gryno 

MoS2 atveju (3.5. pav. a; žr. 45 p.) pradinis srovės tankis ties -0.35 V siekė 

56.8 mA cm-2, tačiau po 50 skleidimo ciklų stebimas ryškus srovės tankio 

sumažėjimas, o po 250 ciklų srovės tankis ties -0.35 V sumažėja beveik 

triskart iki 17.1 mA cm-2. Tuo tarpu MoS2/Glicino elektrodai pasižymėjo 

ženkliai geresniu stabilumu. Kuomet dangos buvo susintetintos su 40 mmol 

L-1 glicino (3.5. pav. b; žr. 45 p.), pradinis srovės tankis registruotas panašus į 

gryno MoS2, tačiau po 250 ciklų srovės tankio ties -0.35 V sumažėjimas 

nesiekė 10%. Padidinus glicino koncentraciją iki 70 mmol L-1 (3.5. pav. c; žr. 

45 p.) buvo pastebėtas didesnis pradinis srovės tankis (62.5 mA cm-2), o 

praskleidus 500 ciklų srovės tankio sumažėjimas neužfiksuotas. Dangos su 

100 mmol L-1 glicino (3.5. pav. d; žr. 45 p.) atveju pradinis srovės tankis buvo 

82 mA cm-2, toliau skleidžiant išaugo iki ~100 mA cm-2, bei išliko pastovus 

praskleidus 2000 ciklų. 

Apskaičiuoti Tafel nuolinkiai elektrodui su 100 mM glicino po 1000 

ciklų buvo 54.6 mV dec-1. Įvertintas reakcijos pradžios potencialas lygus ~0.2 

V ir nepriklauso nuo glicino koncentracijos, tuo tarpu gryno MoS2 atveju, po 

250 ciklų reakcijos pradžios potencialas padidėjo iki ~0.24 V. Papildomai 
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buvo atlikti tyrimai, kuomet MoS2 dangos susintetintos su 150 mmol L-1 

glicino. Šių dangų stabilumas panašus kaip ir 100 mmol L-1 glicino atveju, 

tačiau šios dangos pasižymėjo mažesniu HER greičiu. 

Pagamintų elektrodų su glicinu stabilumas papildomai patvirtintas 

įvertinus elektrodų masės pokyčius po HER apdorojimo. Gryno MoS2 

elektrodo atveju, elektrodo masė po 500 ciklų sumažėjo apie 60%, tuo tarpu 

elektrodo, susintetinto su 100 mmol L-1 glicino masės pokytis buvo ~0.1% po 

2000 ciklų. Grynas MoS2 elektrodas ciklinės voltamperometrijos metu 

prarado savo juodą spalvą ir buvo pilkos, metališkos spalvos, o elektrolite 

buvo matomos nedidelės juodos spalvos dalelės. MoS2/Glicino elektrodo 

SEM nuotraukose prieš ir po vandenilio išskyrimo reakcijos struktūrinių 

pokyčių nepastebėta. 

 

5.2. MoS2 dangos su L-cisteinu 

5.2.1. MoS2/Cisteino dangų morfologija 

Molibdeno disulfido elektrodai su L-cisteino amino rūgštimi buvo susintetinti 

hidroterminės sintezės būdu iš amonio heptamolibdato, tiourėjos ir L-cisteino 

tirpalo, kur L-cisteino koncentracija neviršijo 3 mmol L-1, o pasirinktas 

sintezės laikas – 5 valandos. Gautų dangų morfologijų pateikta 3.7. paveiksle 

(žr. 48 p.).  

Pateiktose SEM nuotraukose matoma, jog L-cisteino įdėjimas į sintezės 

tirpalą neturi įtakos MoS2 dangos struktūrai. Pagrindu buvo pasirinktas 

anoduotas titanas, dėl geresnio MoS2 dangų sankabumo su anodavimo metu 

susiformavusiais TiO2 nanovamzdeliais (3.7. pav. b intarpas; žr. 48 p.). Buvo 

nustatyta, jog dangos storis priklauso nuo sintezės laiko, tačiau dangos su L-

cisteinu buvo nežymiai storesnės, lyginant su gryno MoS2 dangomis. HRTEM 

nuotraukoje matomas MoS2 sluoksnių iškraipymas, nustatytas 

tarpplokštuminis atstumas tarp gretimų S-Mo-S sluoksnių buvo 8.4 Å, o tai 

yra žymiai didesnis atstumas, nei kristaliniam 2H-MoS2 būdingas 6.15 Å 

atstumas. Be to, HRTEM nuotraukose galima įžvelgti netvarkingą atomų 

išsidėstymą, įvairius posūkius ir skirtingus tarpplokštuminius atstumus. Kai 

kuriose vietose atstumas tarp sluoksnių viršijo 10 Å, kas galėtų būti galimo 

pašalinių dalelių įsiterpimo indikacija. 
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5.2.2. Susintetintos MoS2/Cisteino dangos charakterizavimas 

Galimas MoS2 fazės pokytis dėl priemaišų įsiterpimo į pagamintų dangų 

tarpsluoksnius tirtas Raman spektroskopijos būdu. MoS2 dangų po sintezės 

bei po elektrocheminių matavimų užregistruoti Raman spektrai pateikti 3.8. 

paveiksle (žr. 49 p.). 

Grynos MoS2 dangos Raman spektre (3.8. pav. a; žr. 49 p.), matomos dvi 

aiškiai išreikštos smailės ties 409.1 cm-1 bei 379.0 cm-1, kurios atitinkamai 

priskirtos A1g bei E1
2g modoms. Šios modos būdingos kristaliniam 2H-MoS2 

ir yra stebimos nepriklausomai nuo sužadinimo spinduliuotės bangos ilgio, dėl 

to yra laikomos charakteringomis puslaidininkinei 2H fazei [77]. 

MoS2/Cisteino spektruose (3.8. pav. b,c; žr. 49 p.) matomi pokyčiai nuo gryno 

MoS2 Raman spektro. Buvo nustatyta, jog A1g modai priskirtina smailė 

pasislenka nuo 409.1 cm-1 iki 405.4 cm-1, o E1
2g išnyksta. Taip pat, stebimos 

naujos smailės ties 143.9 cm-1 bei 293.7 cm-1, kurios gali būti priskiriamos J1 

ir E1g modoms iš 1T-MoS2. Išplatėjusi smailė 1100-1700 cm-1 ruože gali būti 

stebima dėl cisteino molekulių ar jų fragmentų virpesių. Po ciklinės 

voltamperometrijos užrašyti Raman spektrai (3.8. pav. c; žr. 49 p.) nežymiai 

skiriasi nuo ką tik susintetinto MoS2/Cisteino spektro. Pagrindinis skirtumas 

yra padidėjęs A1g modai priskiriamos smailės intensyvumas, bei E1
2g modai 

priskiriamos smailės atsiradimas, nepaisant pastarosios smailės itin mažo 

intensyvumo. Šie rezultatai koreliuoja su literatūroje pateiktais 1T/2H-MoS2 

Raman spektrais, o tokie A1g bei E1
2g modų pokyčiai parodo, jog 

MoS2/Cisteino sintezės metu formuojasi 1T arba 1T/2H fazių mišinys [80, 

81]. 

MoS2/Cisteino dangų paviršiaus elementų cheminė būsena įvertinta 

Rentgeno fotoelektronų spektroskopijos metodu. Užrašius tiriamąjį spektrą, 

dangose buvo nustatyti Mo, S, O, N ir C elementai. Mo 3d spektras (3.10. pav. 

a; žr. 51 p.) buvo išskaidytas į penkis dubletus. Pirmieji du dubletai priskirti 

Mo4+ iš 1T-MoS2 ir 2H- MoS2, kurių 3d5/2 bei 3d3/2 komponentų ryšio energijos 

atitinkamai nustatytos: 228.5 eV ir 231.7 eV (1T), bei 229.0 eV ir 232.2 eV 

(2H). Sekantis dubletas priskirtas Mo4+ iš MoO2 su 230.4 eV (3d5/2) bei 233.6 

eV (3d3/2) smailių ryšio energijomis. Mažo intensyvumo dubletas ties 229.7 

eV (3d5/2) greičiausiai matomas dėl Mo-N ryšių. Paskutinis matomas dubletas 

ties 232.5 eV (3d5/2) ir 235.6 eV (3d3/2) buvo priskirtas Mo6+ iš MoO3.  

Išskaidytame S 2p spektre (3.10. pav. b; žr. 51 p.) matomi trys dubletai, 

sudaryti iš 2p3/2 bei 2p1/2 komponentų. Pirmi du dubletai priskirti S2- iš MoS2, 

kur 161.5 eV (2p3/2) bei 162.6 eV (2p1/2) priskirtas 1T-MoS2, o dubletas su 

163.0 eV (2p3/2) bei 164.1 eV (2p1/2) ryšio energijomis priskirtas 2H-MoS2. 

Trečiasis dubletas su 168.4 eV (2p3/2) bei 169.6 eV (2p1/2) komponentais 
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priskirtas SOx. Kaip ir Mo 3d spektre, intensyviausia smailė S 2p spektre 

stebima 1T-MoS2 priskirtam dubletui. 

Persidengiančiame N 1s bei Mo 3p spektre (3.10. pav. c; žr. 51 p.) buvo 

išskirti trys Mo 3p dubletai, kurie priskirti Mo4+ iš 1T-MoS2 (394.2 eV), 2H-

MoS2 (395.9 eV), bei MoOx (398.6 eV). Pateikiamos tik 3p3/2 komponento 

smailės ryšio energijos, kadangi Mo 3p1/2 ryšio energijos skiriasi ~18 eV ir 

nėra matomos šiame spektro ruože. Papildomai buvo išskirtos dvi N 1s 

smailės, kurios priskirtos N-Mo (397.0 eV) bei NH4
+ (401.6 eV). C 1s spektre 

(3.10. pav. d; žr. 51 p.) matomos anglies ir anglinių darinių, kurie galėtų būti 

L-cisteino terminio skilimo produktai, smailės. Apskaičiuotos santykinės 

koncentracijos iš XPS analizės buvo: 32.8 at.% C, 11.5 at.% Mo, 25.3 at.% S, 

26.4 at.% O, ir 4.0 at.% N. 

 

5.2.3. MoS2/Cisteino elektrodų HER savybių tyrimas  

Elektrokatalizinis MoS2/Cisteino dangų aktyvumas tirtas ciklinės 

voltamperometrijos būdu. Siekiant įvertinti susintetintų elektrodų stabilumą 

tyrimas buvo atliekamas iki 2000 potencialo skleidimo ciklų, gautos 

voltamperogramos pateiktos 3.11. paveiksle (žr. 52 p.). Nustatyta, jog pradinis 

reakcijos pradžios potencialas yra -0.2 V tiek grynoms, tiek MoS2/Cisteino 

dangoms. Vykdant CV, vandenilio išskyrimo reakcijos pradžios potencialas 

išliko pastovus MoS2/Cisteino atveju, o gryno MoS2 dangoms padidėjo iki -

0.24 V. Negana to, buvo nustatyta, jog dangos su cisteinu pasižymi didesniu 

kataliziniu aktyvumu, lyginant su gryno MoS2 dangomis. Kuomet MoS2 buvo 

susintetintas su cisteinu, pradiniai srovės tankiai ties -0.35 V potencialu tiek 1 

mM (3.11. pav. a; žr. 52 p.), tiek 3 mM cisteino (3.11. pav. b; žr. 52 p.) atvejais 

buvo ~62 mA cm-2, tai yra ~10% didesnės, nei gryno MoS2 atveju. Vykdant 

CV, srovės tankiai išaugo per ~5 mA cm-2 per pirmus 100 – 200 ciklų, tačiau 

tolimesnių skleidimų metu sugrįžo netoli pradinių verčių. 

Atlikus Tafel nuolinkių skaičiavimus (3.11. pav. intarpai; žr. 52 p.) 

nustatyta, jog elektrodai su cisteinu pasižymi ženkliai mažesnėmis Tafel 

nuolinkių vertėmis, lyginant su gryno MoS2 elektrodais. Gryno MoS2 atveju, 

pradiniai Tafel nuolinkiai yra ~90 mV dec-1, o vykstant vandenilio išskyrimo 

reakcijai sumažėja iki ~75 mV dec-1. Tuo tarpu elektrodai su L-cisteinu 

pasižymi mažesnėmis vertėmis tiek prieš, tiek po HER apdorojimo. 1 mM 

glicino atveju pradiniai Tafel nuolinkiai buvo 57.8 mV dec-1 ir po 1000 ciklų 

sumažėjo iki 40.2 mV dec-1, tuo tarpu 3 mM glicino atveju pradiniai nuolinkiai 

buvo 32.6 mV dec-1, o po 1000 ciklų siekė 36.2 mV dec-1. Verta paminėti, jog 

gauta 32.6 mV dec-1 Tafel nuolinkio vertė yra artima teorinei 30 mV dec-1 
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vertei, parodančiai, jog Tafel stadija (2Hads→H2) yra vandenilio išskyrimo 

reakcijos greitį lemianti stadija, tuo tarpu nustatytos Tafel nuolinkių vertės 

grynam MoS2 patenka tarp teorinių verčių, būdingų Volmer (120 mV dec-1) ir 

Heyrovsky (40 mV dec-1) reakcijos greitį lemiančioms stadijoms. 

 

5.2.4. Įžvalgos apie galimą L-cisteino įsiterpimą 

Siekiant nustatyti L-cisteino įtaką hidroterminei molibdeno disulfido sintezei 

buvo naudota termogravimetrija su masių spektroskopija. Iš gautos 

termogravimetrinės kreivės (3.12. pav. 1; žr. 54 p.) matyti, jog terminis L-

cisteino skilimas prasideda ties ~200 °C, o terminio skilimo metu masių 

spektroskopijos būdu (3.12. pav. 2-5; žr. 54 p.) nustatytos išsiskyrusios dujos, 

kurių m/z = 17 (NH3), m/z = 34 (H2S), bei m/z = 44 (CO2), joninės srovės 

maksimumas nustatytas ties 222 °C. 

Pasak Klimo ir bendraautorių [156], kaitinant gryną, hidrotermiškai 

susintetintą molibdeno disulfidą, 200 – 220 °C temperatūroje stebimas tik H2O 

ir NH3 išsiskyrimas, tuo tarpu  CO2 bei H2S joninės srovės yra be galo mažos 

šiame temperatūrų intervale. Taip pat nustatyta, jog CS2, galimo tiourėjos 

skilimo produkto, išsiskyrimas vyksta 200 – 400 °C temperatūrų intervale, 

kuriame gryno MoS2 atveju stebima viena smailė ties 340 °C, tuo tarpu 

MoS2/Cisteino atveju matomos dvi smailės ties 240 °C bei 470 °C. Terminis 

cisteino skilimas taip pat nagrinėtas Weiss et al. publikacijoje [157]. 

Teigiama, jog terminis L-cisteino skilimas gali vykti pašalinant –COOH ir –

SH grupes, o likusi NH2-Cα-C* grandinė gali dalyvauti ciklizacijos reakcijoje. 

Kadangi L-cisteino skilimas prasideda nuo 200 °C, galima daryti prielaidą, 

jog cisteino funkcinės grupės (-COOH, -SH, -NH2) turėtų būti pašalintos 

MoS2 hidroterminę sintezę atliekant 220 °C temperatūroje. Todėl, L-cisteino 

molekulių įsiterpimas į MoS2 tarpsluoksnius mažai tikėtinas, tačiau adsorbcija 

ant ir tarp MoS2 nanolapelių gali būti įmanoma. Kitų krūvį turinčių 

priemaišinių dalelių ar fragmentų, susidariusių skylant L-cisteinui ar tiourėjai, 

įsiterpimas yra labiau tikėtinas ir koreliuotų su nustatytu padidėjusiu 

tarpplokštuminiu atstumu užfiksuotu HRTEM, bei 1T-MoS2 priskirtinoms 

smailėms Mo 3d Rentgeno fotoelektronų spektre. 
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5.3. MoS2/Histidino dangų elektrocheminių HER savybių tyrimas 

5.3.1. MoS2/Histidino dangų morfologija 

Šio tyrimo metu, molibdeno disulfido elektrodai susintetinti ant anoduoto Ti 

padėklų hidroterminės sintezės metodu iš amonio heptamolibdato ir tiourėjos 

tirpalų. Sintezė atlikta 5 val. papildomai pridėjus iki 3 mmol L-1 D,L-histidino 

į sintezės tirpalą. Gautų MoS2/Histidino dangų morfologija pavaizduota 3.13. 

paveiksle (žr. 55 p.). 

Iš SEM nuotraukų (3.13. pav. a,b; žr. 55 p.) nustatyta, jog TiO2 

nanovamzdelių aukštis yra ~0.56 µm, o vidutinis skersmuo 85 – 90 nm. 

Nustatytas MoS2/Histidino dangos storis yra 0.9 – 1.1 µm, o paviršiaus 

morfologija panaši į hidrotermiškai susintetinto gryno MoS2. Vienintelis 

pastebėtas skirtumas buvo tai, jog MoS2/Histidino nanolapeliai atrodo ilgesni, 

tuo tarpu gryno MoS2 atveju nanolapeliai atrodo išsidėstę tankiau. Sluoksninė 

MoS2/Histidino morfologija buvo matoma HRTEM nuotraukoje (3.13. pav. c; 

žr. 55 p.). Joje pastebėti įvairūs plokštuminiai iškraipymai bei linkiai, o 

tarpplokštuminis atstumas varijuoja nuo 0.69 nm iki 1.02 nm, kas galėtų būti 

dėl pašalinių dalelių įsiterpimo MoS2/Histidino dangų tarpsluoksniuose. 

 

5.3.2.  MoS2/Histidino elektrodų elektrocheminiai tyrimai 

Suformuotų MoS2/Histidino dangų elektrokatalizinės HER savybės tyrinėtos 

ciklinės voltamperometrijos būdu. Gautose voltamperogramose (3.14. pav.; 

žr. 56 p.) matomi tiek elektrodų aktyvumo, tiek stabilumo skirtumai, lyginant 

su gryno MoS2 dangomis. 

Nustatytas elektrodo be histidino (3.14. pav. a; žr. 56 p.) pradinis srovės 

tankis buvo 94.7 mA cm-1, tačiau šio elektrodo stabilumas buvo prastas, 

kadangi po 100 ciklų srovės tankis sumažėjo iki 75.7 mA cm-1, o po 1000 ciklų 

siekė tik 8.1 mA cm-1. Tuo tarpu MoS2/Histidino elektrodas (3.14. pav. b; žr. 

56 p.) pasižymėjo ženkliai geresniu aktyvumu bei stabilumu. Pradinis srovės 

tankis beveik nesiskyrė nuo gryno MoS2 ir buvo 96.6 mA cm-1, tačiau 

tolimesnių skleidimų metu didėjo ir po 100 ciklų pasiekė 108.4 mA cm-1. Po 

1000 ciklų buvo pastebėtas nežymus srovės tankio sumažėjimas, tačiau 

skleidžiant iki 2000 ciklų, MoS2/Histidino elektrodas pasižymėjo geresniu 

aktyvumu, lyginant tiek su pradiniais srovės tankiais MoS2/Histidino atveju, 

tiek su gryno MoS2 srovės tankiais viso CV matavimo metu. 

Apskaičiuotos Tafel nuolinkių vertės gryno MoS2 elektrodui (3.14. pav. 

a intarpas; žr. 56 p.) parodo, jog HER vyksta pagal Volmer – Heyrovsky 
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mechanizmą, o gautos 75 – 79 mV dec-1 vertės patenka tarp teorinių verčių 

reakcijos greitį lemiančioms Volmer ir Heyrovsky stadijoms. MoS2/Histidino 

elektrodo Tafel nuolinkiai po pirmojo ciklo buvo 74.2 mV dec-1, tai yra, 

panašūs kaip ir gryno MoS2 atveju. Tačiau, po ciklinimo, Tafel nuolinkiai 

sumažėjo iki 48.2 mV dec-1 (po 1000 ciklų) ir mažai keitėsi praskleidus iki 

2000 ciklų. Tai leidžia manyti, jog būtent Heyrovsky stadija yra reakcijos 

greitį lemianti stadija, o vykstant vandenilio išskyrimo reakcijai yra 

pagerinama krūvio pernaša į MoS2/Histidino aktyviąsias pozicijas. 

Papildomi susintetintų elektrodų tyrimai atlikti naudojant 

elektrocheminio impedanso spektroskopiją. Elektrocheminio impedanso 

spektrai užrašyti ties -0.2 V, -0.25 V, ir -0.3 V siekiant atvaizduoti greitėjančią 

vandenilio išskyrimo reakciją. Gautuose Nyquist grafikuose (3.15. pav. ; žr. 

57 p.) buvo matomi du pusrutuliai, o gautų spektrų kreivės visiems tirtiems 

elektrodams buvo panašios, kas gali reikšti, jog HER mechanizmas nesikeičia, 

o tai koreliuoja su anksčiau minėtu Tafel nuolinkių apskaičiavimu. Tiek 

šviežiai susintetintas MoS2/Histidino elektrodas, tiek MoS2/Histidino/CV 

(prieš EIS matavimus atlikta 1000 potencialo skleidimo ciklų) elektrodas 

pasižymėjo mažesniu impedanso dydžiu ties konkrečiu potencialu, lyginant 

su grynu MoS2, kas parodo, jog MoS2/Histidino elektrodai pasižymi didesniu 

elektrokataliziniu aktyvumu. 

Sistemai aprašyti buvo naudojama ekvivalentinė grandinė, pavaizduota 

3.15. paveiksle (a intarpas; žr. 57 p.). Tokia ekvivalentinė grandinė dažnai 

naudojama aprašant HER rūgštiniuose ar šarminiuose elektrolituose [158]. 

Atsižvelgiant į paviršiaus nehomogeniškumą, ekvivalentinėje grandinėje 

vietoje talpos naudojami pastovios fazės elementai (CPE). Apskaičiuoti 

ekvivalentinės grandinės parametrai pateikiami 2 lentelėje (žr. 59 p.). 

Krūvio pernašos varža Rct yra atvirkščiai proporcinga reakcijos greičiui, 

t.y. mažesnė Rct reiškia greitesnę vandenilio išskyrimo reakciją. Grynas MoS2 

elektrodas pasižymėjo mažesne Rct už MoS2/Histidino elektrodą, tačiau, 

MoS2/Histidino/CV elektrodai taip pat pasižymėjo mažesnėmis Rct, ypač ties 

aukštesniais potencialais, kas leidžia manyti, jog vykstant vandenilio 

išskyrimo reakcijai, šios greitis didėja. Pseudotalpa Cp priklauso nuo 

adsorbuotų dalelių, kas vandenilio išskyrimo reakcijoje yra Hads, paviršiaus 

padengimo laipsnio. Cp vertės apskaičiuotos naudojant Brug et al. lygtį (1 

lygtis) [160]: 

𝐶𝑝 = 𝑇𝑝

1

𝑛 (
1

𝑅𝑠+𝑅𝑐𝑡
+

1

𝑅𝑝
)
1−

1

𝑛
   (1) 

Čia  Tp  – CPEp elemento vertė, n – pastovios fazės eksponentė, o Rct, Rs, bei 

Rp – atitinkamai, krūvio pernašos, tirpalo ir poliarizacinės varžos. Pasak Lasia 
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[161], kylant viršįtampiui, paviršiaus padengimo laipsnis θH artėja link 1, o Cp 

vertės turėtų arba didėti, arba nesikeisti aukštesniuose viršįtampiuose. Tačiau 

MoS2 katalizatorių su histidino atvejais stebima priešinga tendencija. 

Didžiausios Cp vertės nustatytos MoS2/Histidino elektrodui, o mažiausios – 

grynam MoS2. Ties -0.2 V MoS2/Histidino elektrodas pasižymėjo triskart 

didesnėmis Cp vertėmis (150.10 mF cm-2) nei grynas MoS2 (49.59 mF cm-2), 

kas parodo, jog hidroterminės sintezės su histidinu metu susiformuoja MoS2 

dangos su daugiau katalitiškai aktyvių HER pozicijų. MoS2/Histidino/CV 

elektrodas pasižymėjo ženkliai mažesnėmis Cp vertėmis, o tai gali reikšti, jog 

vykstant vandenilio išskyrimo reakcijai yra paveikiamas katalitiškai aktyvus 

MoS2 paviršius. Nustatyta, jog didinant potencialą poliarizacijos varža Rp 

ženkliai sumažėjo visiems tirtiems elektrodams. Didžiausias pokytis 

pastebėtas grynam MoS2 elektrodui, nepaisant to, jog ties -0.2 V šio elektrodo 

Rp vertės buvo kiek daugiau nei dvigubai didesnės už MoS2 elektrodų su 

histidinu. Taip pat, MoS2/Histidino/CV elektrodo Rp vertės buvo mažesnės nei 

MoS2/Histidino elektrodo, kas leidžia manyti, jog vykstant HER greitėja H2 

adsorbcija/desorbcija. 

Elektrokatalizatorių aktyvumas taip pat priklauso nuo elektrochemiškai 

aktyvaus paviršiaus ploto. Tikslų hidrotermiškai susintetinto MoS2 paviršiaus 

plotą nustatyti sunku, tačiau dvigubo elektrinio sluoksnio talpos Cdl  

apskaičiavimais galima įvertinti tarpfazinį plotą tarp elektrolito ir elektrodo 

paviršiaus. Siekiant nustatyti Cdl buvo atlikta ciklinė voltamperometrija -0.10 

– 0.10 V potencialų ruože keičiant skleidimo greitį (υ = 25, 50, 75, 100, 125, 

150, 175, 200 mV s-1). Cdl nustatyta iš grafiko (3.16. pav. ; žr. 60 p.), kuriame 

pavaizduota srovės tankio skirtumo priklausomybė nuo skleidimo greičio, o 

šios tiesės nuolinkis yra dviguba Cdl. Mažiausia Cdl (26.88 mF cm-2) nustatyta 

grynam MoS2 elektrodui. MoS2/Histidino elektrodas pasižymėjo beveik 

dvigubai didesne Cdl (44.74 mF cm-2), tačiau po HER apdorojimo Cdl sumažėjo 

iki 37.14 mF cm-2, kas rodo, jog vykstant HER elektrochemiškai aktyvus 

paviršiaus plotas mažėja. 

 

5.3.3.  MoS2/Histidino dangų charakterizavimas 

Suformuotų elektrodų paviršiaus prieš ir po ciklinės voltamperometrijos 

matavimų elementinės sudėties analizei atlikta Rentgeno fotoelektronų 

spektroskopija. Gauti Mo 3d spektrai (3.17. pav. ; žr. 61 p.) išskaidyti į keturis 

dubletus su 3d5/2 ir 3d3/2 komponentais. Didžiausio intensyvumo dubletas ties 

228.6 eV (3d5/2) ir 231.8 eV (3d3/2) buvo priskirtas Mo4+ iš 1T-MoS2, sekantis 

Mo4+ dubletas, kurio komponentai buvo ties 229.4 eV ir 232.5 eV priskirtas 
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2H-MoS2, o trečiasis Mo4+ dubletas ties 230.6 eV ir 233.8 eV priskirtas MoO2. 

Paskutinysis dubletas, kurio 3d5/2 ir 3d3/2 komponentai stebimi ties 232.8 eV ir 

235.9 eV, priskirtas Mo6+ iš MoO3. 

Galimam priemaišinių dalelių įsiterpimui į tarpsluoksnius įvertinti buvo 

atlikti FTIR spektroskopijos tyrimai. Gautame FTIR spektre (3.18. pav. ; žr. 

63 p.) matoma smailė ties 605-607 cm-1 priskirta Mo-S tempimo vibracijai, 

tuo tarpu smailė ties 928 cm-1 sietina su S-S ryšiais [162]. Aiškiai išreikšta 

smailė ties 1394 cm-1 gryno MoS2 atveju priskirta N-H deformacinėms 

vibracijoms, tuo tarpu MoS2/Histidino atveju ši smailė pasislenka į 1400-1402 

cm-1. Smailės, esančios 750-1000 cm-1 ruože priskirtinos Mo-O ryšiams, o 

pasak literatūros, smailė ties 1090 cm-1 priskirtina terminalinio Mo-O 

tempimo vibracijai. Dvi mažo intensyvumo smailės ties ~1630 cm-1 bei ~1670 

cm-1 matomos pavyzdžiuose su histidinu ir priskiriamos amidinio C=O ryšio 

vibracijoms. Be to, smailė ties ~1230 cm-1 gali būti priskiriama CN tempimo 

ir NH lenkimo vibracijoms amiduose, tuo tarpu smailė ties 574 cm-1 gali būti 

priskiriama neplokštuminio C=O lenkimo vibracijai [164]. 

Pasak Weiss et al. [157], kaitinant 220 °C temperatūroje histidino 

molekulės N galas gali reaguoti su gretimos molekulės C galu ir sudaryti 

peptidinį ryšį, o tai galėtų paaiškinti FTIR spektruose matomas peptidiniams 

ryšiams būdingas smailes. Yra tikėtina, jog šie terminio histidino skilimo 

produktai galėtų adsorbuotis ant MoS2 nanolapelių, taip padidindami 1T fazės 

stabilumą, o tai koreliuotų su XPS bei elektrocheminės analizės metu gautais 

duomenimis. 

5.4. Elektrocheminių HER savybių pagerinimas anodiškai apdorojant 

hidrotermiškai susintetintą MoS2  

Siekiant padidinti MoS2 elektrokatalizines vandenilio išskyrimo reakcijos 

savybes be hidroterminės sintezės sąlygų modifikavimo taip pat yra 

naudojami ir įvairūs jau susintetintų molibdeno disulfidų apdorojimo metodai, 

tokie kaip elektrocheminis sieros vakansijų įterpimas [165], apdorojimas 

išoriniu elektriniu lauku [166] ar tarpkristalitinių sričių generavimas 

apšvitinant lazerine spinduliuote [167]. 

Šiame darbe MoS2/Cisteino elektrodai buvo sintetinami hidroterminės 

sintezės būdu ant anoduoto Ti pagrindų, naudojant tokią pačią procedūrą, kaip 

aprašyta 4 bei 5.2.1. skyriuose, po sintezės juos anodiškai apdorojant ir po to 

nagrinėjant elektrodų HER savybes. Anodinis apdorojimas buvo atliekamas 

darbiniui elektrodui (MoS2/Cisteinui) užduodant teigiamą potencialą ciklinės 

voltamperometrijos metu, iš pradžių skleidžiant į anodinę pusę, o vėliau į 

katodinę pusę. 
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5.4.1. MoS2/Cisteino elektrodų anodinis apdorojimas ir 

elektrocheminiai matavimai 

MoS2/Cisteino elektrodai anodiškai praskleisti nuo -0.2 V iki +2.0 V, o gautos 

srovės tankio priklausomybės nuo įtampos kreivės pavaizduotos 3.19 

paveiksle (žr. 64 p.). Pirmojo anodinio ciklo metu (3.19. pav. a,b; žr. 64 p.) 

matoma anodinė smailė ties ~+1.0 V, kuri ženkliai sumažėja sekančių 

skleidimo ciklų metu. Tai atitinka Bonde et al. aprašytus matavimus [168], 

tačiau, skirtingai nei minėtoje publikacijoje, vandenilio išskyrimo reakcijos 

greičio sumažėjimas nestebimas. Priešingai, po pirmo anodinio apdorojimo 

ciklo MoS2/Cisteino elektrodas pasižymėjo geresnėmis HER savybėmis ir 

išlaikė didesnį aktyvumą po papildomų anodinio apdorojimo ciklų, kurių metu 

anodinės srovės tankis artėjo link nulio. Pasak [168] anodinės srovės tankio 

smailės mažėjimas turėtų reikšti, jog ant pagrindo mažėja MoS2 kiekis, tačiau 

ženklų, jog MoS2/Cisteino dangos būtų pažeistos nepastebėta, o anodiškai 

apdoroti elektrodai pasižymėjo didesniais HER greičiais, lyginant su 

anodiškai neapdorotu MoS2/Cisteino elektrodu.  

Taip pat nustatyta, jog elektrodo aktyvumui (3.20. pav; žr. 65 p.) turi 

įtakos ir pasirinktas anodinio apdorojimo posūkio potencialas, t.y. potencialas, 

kurį pasiekus CV metu keičiama skleidimo kryptis (iš anodinio skleidimo į 

katodinį arba atvirkščiai). Kuomet anodinio apdorojimo metu potencialas 

skleistas iki +0.55 V, elektrodo aktyvumas nesikeitė nuo prieš apdorojimą 

registruotų verčių. Padidinus posūkio potencialą virš +0.6 V buvo stebimas 

padidėjęs elektrodo aktyvumas, o didžiausias aktyvumas gautas apdorojant iki 

+0.75 V posūkio potencialo. Pasak Kautek et al. anodiškai apdorojant 2D-

MoS2 nanolapelines dangas rūgštiniuose elektrolituose vyksta MoS2 kristalo 

briaunų korozija [169]. Remiantis tuo, anodinę smailę, stebimą ties ~+0.85 V, 

galima priskirti elektrocheminiam MoS2 briaunų ėsdinimui, kur srovės tankis 

yra proporcingas MoS2 briaunų ilgiui, o smailės potencialas priklauso nuo 

anodinio skleidimo greičio. 

Antrosios smailės, stebimos prie didesnių skleidimo greičių (3.19. pav b; 

žr. 64 p.) prigimtis nėra aiški. Pasak [168] šios smailės atsiradimas galimai 

yra MoS2 bazinės plokštumos ėsdinimo indikacija. Tačiau verta paminėti, jog 

MoS2 ėsdinimo metu gali oksiduotis ne tik molibdenas (Mo4+→Mo6+), bet ir 

sieros oksidacija yra tikėtina (S2-→S2
2-; S2

2- ir/ar S2-→SO4
2-). Todėl anodinėje 

kreivėje gali atsirasti papildomų smailių, kurias galima būtų priskirti sieros 

oksidacijai. Kautek et al. savo publikacijoje MoS2 bazinės plokštumos 

ėsdinimo ties +1.2 V neregistravo, o antroji smailė nėra išskiriama esant 
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mažesniems skleidimo greičiams (3.19. pav. a; žr. 64 p.). Tai leidžia manyti, 

jog nustatytas MoS2/Cisteino elektrodų aktyvumo padidinimas neturėtų būti 

siejamas su aktyvių briaunų kiekio padidinimu ėsdinant bazinę MoS2 

plokštumą. Tikėtina, jog HER greičio padidėjimas sietinas su MoS2 

nanolapelių briaunų ilgio ar aktyvumo padidinimu.  

Elektrodo aktyvumo sumažėjimas po ilgo anodinio apdorojimo gali 

atsirasti dėl sumažėjusio MoS2 nanolapelių kiekio ant TiO2 paviršiaus, arba 

dėl energetiškai aktyvesnių pozicijų ėsdinimo iššaukiamos MoS2 briaunų 

deaktyvacijos. Pasak Kibsgaard ir bendraautorių [170], keičiantis 

elektrochemiškai aktyviam elektrokatalizatoriaus paviršiaus plotui ir 

nesikeičiant vandenilio adsorbcijos laisvajai energijai (∆GH*), stebimas mainų 

srovės mažėjimas bei nesikeičiantis Tafel nuolinkis. Iš CV matavimų 

nustatyta, jog Tafel nuolinkis išlieka beveik nepakitęs nuo +0.1 V iki +0.55 V 

posūkio potencialų ruože. Toliau didinant posūkio potencialą stebimas Tafel 

nuolinkio sumažėjimas, o +0.8 V – +0.9 V ruože Tafel nuolinkis vėl 

nesikeičia. Mainų srovės didėja iki +0.75 V, o tolimesniuose posūkio 

potencialuose stebimas staigus mainų srovės sumažėjimas. Tokia tendencija 

galėtų reikšti, jog iš pradžių yra padidinamas aktyviųjų HER pozicijų skaičius, 

o aukštesniuose posūkio potencialuose stebimas elektrokatalizatoriaus 

elektrochemiškai aktyvaus paviršiaus ploto mažėjimas. Tafel nuolinkio 

pokytis leidžia teigti, jog anodinio apdorojimo metu kinta HER greitį lemianti 

stadija. HER greitis yra tiesiogiai siejamas su aktyviųjų pozicijų ∆GH*, o tai 

leidžia manyti, jog kinta aktyviųjų pozicijų prigimtis. 

Anodinio apdorojimo metu pratekėjusio krūvio įtaka MoS2/Cisteino 

elektrodo aktyvumo padidinimui įvertinta užduodant pastovaus anodinio 

potencialo impulsus (3.21. pav.; žr. 67 p.). Iš pradžių, tiek pratekėjęs krūvis, 

tiek HER greitis didėja (3.21. pav. a; žr. 67 p.), o nuo ketvirtojo anodinio 

impulso pratekėjęs krūvis mažėja kiekvieno sekančio impulso metu. Tuo tarpu 

elektrodo aktyvumo mažėjimas pastebėtas tik po 9 anodinių impulsų, o viso 

eksperimento metu HER srovės tankiai sumažėjo ~10 mA cm- 2 nuo 

maksimalaus registruoto srovės tankio (3.21. pav. b; žr. 67 p.). Tai galėtų 

reikšti jog pasiekiamas energetiškai aktyvesnių pozicijų MoS2 briaunose 

įsisotinimas. 

 

5.4.2. Anodiškai apdorotų MoS2/Cisteino elektrodų 

charakterizavimas 

Iš SEM nuotraukų (3.22. pav.; žr. 68 p.) matyti, jog MoS2/Cisteino dangos 

pilnai padengia visą Ti/TiO2 pagrindo paviršių ir atrodo identiškai 5.2. 
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skyriuje aprašytoms dangoms. Atlikus anodinį apdorojimą 12 minučių ties 

+0.72 V potencialu, dangų paviršius išlieka nepakitęs, vienintelis skirtumas 

yra tai, jog šiose dangose matoma keletas įtrūkimų (3.22. pav. b; žr. 68 p.). 

Kuomet anodinis potencialas padidintas iki +2.5 V, dangų morfologija 

ženkliai skiriasi, matomas dalinis MoS2 nanolapelių praradimas. EDX metodu 

nustatyta, jog S/Mo santykis, tiek neapdorotam, tiek poliarizuotam 12 min prie 

+0.72 V MoS2/Cisteinui buvo 1.93 – 2.03. 

MoS2/Cisteino elektrodo paviršiaus struktūriniai pokyčiai anodinio 

apdorojimo metu įvertinti naudojant Rentgeno fotoelektronų spektroskopiją. 

XPS nustatytas S/Mo santykis neapdorotam MoS2/Cisteino elektrodui buvo 

2.05, tuo tarpu anodiškai poliarizuoto iki +2.5 V MoS2/Cisteino S/Mo santykis 

padidėjo iki 3.32. S/Mo santykio priklausomybė nuo anodinio apdorojimo 

potencialo pateikta 3.23. paveiksle (žr. 69 p.). Nustatyta, jog S/Mo santykis 

bei santykinis tiltelinių S2
2- (angl. bridging) ir viršūninių (angl. apical) S2- 

grupių kiekis tiesiogiai priklauso nuo anodinio potencialo ir nepriklauso nuo 

apdorojimo trukmės. EDX bei XPS nustatyti S/Mo santykiai parodo, jog 

MoS2/Cisteino elektrodo aktyvumo padidėjimas nėra sietinas su sieros 

vakansijų suformavimu anodinio apdorojimo metu. 

Pasak literatūros šaltinių, vakuume perskelto gryno 2H-MoS2 kristalo Mo 

3d5/2 komponento ryšio energija yra 229.1 eV – 229.4 eV, tuo tarpu S 2p3/2 

komponento ryšio energijos yra 162.0 eV – 162.4 eV [69]. Li+ įterpimas į 2H-

MoS2 struktūrą iššaukia papildomų smailių atsiradimą Mo 3d ir S 2p 

spektruose, kuriuose papildomos smailės registruojamos, atitinkamai ties 1.1 

eV ir 0.8 eV mažesnėmis ryšio energijomis lyginant su gryno 2H-MoS2 [68]. 

Po eksfoliavimo butilličio junginiais ir pašalinus Li, literatūros šaltiniuose 

pateikiami įvairūs MoS2 Rentgeno fotoelektronų spektrų aprašymai: nepakitę 

nuo gryno 2H-MoS2 [171] ar tik stebimas smailių išplatėjimas [172], iki 

papildomai atsirandančių smailių ties 0.8 – 0.9 eV mažesnėmis ryšio 

energijomis [39, 70]. Hidrotermiškai susintetintų 2D-MoS2 atveju XPS 

spektrai aprašyti vienu [173] ar keliais dubletais [174, 175]. Mo 3d ir S 2p 

spektruose registruojamos smailės su mažesne už grynam 2H-MoS2 būdinga 

ryšio energija dažnai priskiriamos 1T-MoS2 arba netvarkiai 1T‘-MoS2 fazėms. 

Apart 3d5/2 komponento ties ~232.8 eV priskirtino Mo6+, taip pat pateikiamos 

ir kitos, aukštesnės ryšio energijos smailės, stebimos ties 229.7 eV – 230.4 eV 

Mo 3d spektre ir 163.0 eV – 163.6 eV S 2p spektre. Šios Mo 3d smailės 

literatūroje priskiriamos Mo5+ esančio sulfiduose, oksiduose, ar 

oksisulfiduose [71, 176, 177], tuo tarpu S 2p smailės stebimos amorfiniuose 

MoSx, kur 2<x<6. Amorfiniams molibdeno sulfidams būdingos S 2p smailės 

ties 163.1 eV – 163.5 eV gali būti priskiriamos tiltelinėms S2
2- ir viršūninėms 

S2- grupėms, tuo tarpu smailės ties 161.6 eV – 161.8 eV gali būti priskiriamos 
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neprisotintoms (angl. unsaturated) S2- ir galinėms (angl. terminal) S2
2- 

grupėms [178, 179]. 

Gauti Mo 3d ir S 2p spektrai (3.24. pav.; žr. 70 p.) buvo išskaidyti į Mo 

3d5/2 ir 3d3/2 bei S 2p3/2 ir 2p1/2 komponentus, Mo 3d5/2 ir S 2p3/2 smailių ryšio 

energijos pateikiamos 5 lentelėje (žr. 71 p.), o Mo 3d3/2 bei S 2p1/2, 

pasižymintys atitinkamai 3.15 eV ir 1.16 eV didesnėmis ryšio energijomis 

paprastumo dėlei 5 lentelėje nėra pateikiami. Mo 3d spektre matomas 3d5/2 

komponentas su mažiausia ryšio energija (228.8 eV – 229.0 eV) priskirtas 

Mo4+ iš 1T-MoS2, 3d5/2 komponentas su 229.7 eV – 230.0 eV priskirtas Mo4+ 

iš 2H-MoS2. Taip pat nustatytos aukštesnių ryšio energijų 3d5/2 komponentų 

smailės, kur ties 230.8 eV – 230.9 eV matoma smailė priskirta Mo5+ iš 

molibdeno oksidų, oksisulfidų ar sulfidų, o smailė ties 232.4 eV – 232.5 eV 

ryšio energija priskirta Mo6+ iš MoO3.  

Literatūroje teigiama, jog Mo5+ junginiai gali būti tarpiniai 

(NH4)2Mo7O24 [180] ar MoO3 [181] sulfidinimo bei terminio molibdatų 

skilimo [182] junginiai, kas leidžia daryti išvadą, jog Mo5+ junginiai, 

pavyzdžiui MoOxS4-x
2- [183], MoS4

2-, MoS3 [122], [Mo2S12]2-, [Mo3S13]2- [184, 

185] gali susidaryti hidroterminės MoS2/Cisteino sintezės metu. S 2p spektras 

išskaidytas į du dubletus, kurių S 2p3/2 komponentų smailės stebimos ties 

161.6 eV – 161.9 eV. Ši ryšio energijos vertė yra kiek nutolusi nuo grynam 

2H-MoS2 būdingų verčių (~162.2 eV), tačiau pakankamai artima smailių, 

priskiriamų neprisotintoms S2- ir galinėms S2
2- grupėms, verčių. Antrasis 

dubletas ties 163.2 eV – 163.4 eV gali būti priskiriamas tiltelinėms S2
2- ir 

viršūninėms S2- grupėms, tuo tarpu keliuose pavyzdžiuose papildomai 

išskiriamas trečiasis, mažo intensyvumo dubletas ties ~169 eV, kuris atsiranda 

dėl SOx, susiformavusio dėl pavyzdžio oksidacijos laikant juos ore prieš 

tyrimą. 

Aiškių sąsajų tarp Mo 3d Rentgeno fotoelektronų spektrų ir anodinio 

apdorojimo trukmės ar naudoto potencialo nenustatyta. Tuo tarpu S 2p spektre 

pastebėta, jog S 2p3/2 komponento smailės ties 163.2 – 163.4 eV plotas 

tiesiogiai priklauso nuo užduoto anodinio potencialo apdorojimo metu (3.24. 

pav.; žr. 70 p. ir 5 lentelė; žr. 71 p.). Tai leidžia daryti išvadą, jog 

MoS2/Cisteino elektrodo aktyvumo padidinimas turėtų būti siejamas su 

tiltelinių S2
2- ir viršūninių S2- grupių kieko padidinimu anodiškai apdorojant 

pagamintą elektrodą, o tai koreliuoja ir su apskaičiuotomis Tafel nuolinkio 

vertėmis, kur, pasak literatūros, 38-57 mV dec-1 Tafel nuolinkio vertės yra 

būdingos tiltelines S2
2- ir viršūnines S2- grupes turintiems molibdeno sulfidams 

[111, 177]. Verta paminėti, jog laikoma, kad viršūninės S2- grupės nėra 

aktyvios HER [179, 186], todėl labiausiai tikėtina, jog elektrodo aktyvumo 
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padidėjimas susijęs tik su tiltelinės S2
2- grupės kiekio padidėjimu anodinio 

apdorojimo metu. 

 

5.4.3. Atkaitinimo įtaka MoS2/Cisteino elektrodams ir jų 

aktyvavimas anodiniu apdorojimu 

Atkaitinimo įtaka elektrodo aktyvumui, S/Mo santykiui ir santykiniam 

tiltelinių S2
2- ir viršūninių S2- grupių kiekiui aprašyta literatūroje [184, 185]. 

Kaip ir pateiktose publikacijose, atkaitinus anodiškai apdorotą ties +0.85 V 

MoS2/Cisteino elektrodą vakuume ties 300 °C, pastebėtas S/Mo santykio 

sumažėjimas nuo 3.2 iki 2.2. Mo 3d spektre didelių pokyčių nepastebėta, tuo 

tarpu 2p3/2 komponento ties 163.2 eV, priskirto tiltelinėms S2
2- ir viršūninėms 

S2- grupėms, smailės plotas po atkaitinimo sumažėjo beveik dvigubai nuo 59.1 

% iki 27.2 % (3.25. pav.; žr. 73 p.). 

Po atkaitinimo, MoS2/Cisteino elektrodo aktyvumas ženkliai sumažėjo, 

srovės tankis ties -0.35 V siekė 11.9 mA cm-2, t.y. beveik dešimt kartų 

mažesnis, nei neapdoroto MoS2/Cisteino. Taip pat nustatyta, jog po 

atkaitinimo padidėjo Tafel nuolinkio ir mainų srovės vertės (6 lentelė; žr. 74 

p.). Nustatytas 131.1 mV dec-1 Tafel nuolinkis rodo, jog anodiškai apdoroto ir 

atkaitinto MoS2/Cisteino elektrodo aktyvumas panašus į gryno 2H-MoS2 

elektrodo aktyvumą [187], o Volmer stadija tampa reakcijos greitį lemiančia 

stadija. 

Apdorotiems ir atkaitintiems MoS2/Cisteino elektrodams papildomai 

atlikus anodinį apdorojimą, HER greitis (3.26. pav.; žr. 74 p.) vėl padidėjo. 

Kuomet anodinis ciklas praskleistas nuo -0.05 V iki +1.15 V, HER srovės 

tankis išaugo iki ~46 mA cm-2, kas yra nors ir mažesnė vertė, nei nekaitinto 

elektrodo atveju, tačiau beveik tris kartus didesnė, lyginant su MoS2/Cisteino 

elektrodu iškart po atkaitinimo. Nustatyta, jog Tafel nuolinkio bei mainų 

srovės vertės (6 lentelė; žr. 74 p.) mažėja didinant posūkio potencialą iki +1.3 

V, toliau didinant potencialą mažėja tik mainų srovė, o Tafel nuolinkio vertės 

nusistovi ties ~76 mV dec-1. Kaip minėta anksčiau, tokius pokyčius reikėtų 

sieti su MoS2 kiekio ant paviršiaus sumažėjimu, o ne 1T-MoS2 fazės [126] ar 

aktyviųjų briaunų ilgio sumažėjimu [137]. 

5.4.4. MoS2/Cisteino elektrodo HER stabilumo tyrimas po anodinio 

apdorojimo  

Pasak literatūros, MoSx elektrokatalizatoriams uždavus katodinius potencialus 

ilgainiui matomas HER viršįtampio didėjimas [188, 189]. To pasekoje, 
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mažėja HER greitis prie tam tikro potencialo, kaip ir S/Mo santykis bei S 2p3/2 

Rentgeno fotoelektronų spektro smailė, priskiriama tiltelinėms S2
2- ir 

viršūninėms S2- grupėms.  

MoS2/Cisteino elektrodų stabilumas įvertintas chronopotenciometrijos 

metodu (3.27 pav.; žr. 75 p.), stebint viršįtampio pokytį ties fiksuotu -10 mA 

cm-2 srovės tankiu 12 valandų laikotarpyje. Tik susintetinto MoS2/Cisteino 

pradinis viršįtampis buvo -0.248 V ir mažai kito 12 valandų laikotarpyje (3.27. 

pav. 1 kreivė; žr. 75 p.). Tam pačiam elektrodui praskleidus potencialą nuo -

0.25 V iki +0.85 V, o po to registruojant viršįtampio kitimą laike (3.27. pav. 

2 kreivė; žr. 75 p.) pastebėta, jog pradinis viršįtampis sumažėjo iki -0.236 V, 

o po 12 valandų pasiekia tokią pat vertę, kaip ir neapdoroto MoS2/Cisteino 

atveju. Pakartojus šią procedūrą (skleidimo iki +0.85 V ir 12 val. katodinio 

poliarizavimo ties -10 mA cm-2) dar du kartus (3.27. pav. 3 ir 4 kreivės; žr. 75 

p.) stebimas greitesnis viršįtampio didėjimas, tačiau pradiniai viršįtampiai yra 

mažesni, lyginant su neapdorotu MoS2/Cisteino elektrodu. Nustatyta, jog 

ilgalaikis nuoseklus anodinis apdorojimas kartu su 12 val. katodiniu 

poliarizavimu daro neigiamą įtaką elektrodo HER stabilumui, kadangi po 

trečio anodinio-katodinio apdorojimo -0.253 V viršįtampis pasiekiamas 

beveik triskart greičiau, lyginant su neapdorotu MoS2/Cisteinu. 

MoS2/Cisteino dangų kristališkumas prieš ir po anodinio apdorojimo 

įvertintas XRD. Gautose difraktogramose matoma, jog neapdoroto 

MoS2/Cisteino difraktograma (3.28. pav. 1; žr. 77 p.) atitinka MoS2 

priskiriamą PDF kortelę, o smailė, priskiriama (002) plokštumai pasislinkusi 

nuo įprastinės 2θ = 14.4° vertės į 2θ = 9.0° dėl galimo priemaišinių dalelių 

įsiterpimo. Po HER MoS2/Cisteino difraktogramoje (3.28. pav. 2; žr. 77 p.) 

matomi skirtumai, nėra išskiriamos smailės ties 2θ = 9.0° ir 2θ = 18.6°, 

atsiranda smailė ties 2θ = 13.2°, o visa difraktograma panaši į gryno 2H-MoS2. 

Po trumpo anodinio apdorojimo difraktograma išlieka nepakitusi, tačiau 

praskleidus iki +2.5 V (3.28. pav. 3; žr. 77 p.) stebima išplatėjusi smailė ties 

2θ = 14.0°, o (100) ir (110) plokštumoms priskiriamos smailės, atitinkamai 

ties 2θ = 32.9° ir 2θ = 38.7°, išnyksta, kaip manoma, arba dėl per mažo MoS2 

kiekio ant pagrindo, arba dėl besiformuojančio amorfinio MoSx, pasižyminčiu 

didesniu S/Mo santykiu. 

Galimi struktūriniai MoS2/Cisteino pokyčiai po HER apdorojimo 

įvertinti XPS metodu. MoS2/Cisteino elektrodo po HER Mo 3d spektre (3.29. 

pav. c; žr. 78 p.) intensyviausia smailė matoma ties 228.5 eV. Visi Mo 3d 

spektro po HER dubletai, apart Mo6+ priskiriamam dubletui ties Mo 3d5/2 

komponento 232.6 eV ryšio energija, matomi mažesnėse ryšio energijose, 

lyginant su neapdoroto MoS2/Cisteino Mo 3d spektru (3.29. pav. a; žr. 78 p.). 

Verta paminėti, jog žemesnio oksidacinio laipsnio Mo junginių XPS smailės 
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matomos prie mažesnių ryšio energijų. S 2p spektre po HER (3.29. pav. d; žr. 

78 p.) stebimas tik vienas dubletas, kurio 2p3/2 ir 2p1/2 komponentų ryšio 

energija nustatyta atitinkamai ties 161.4 eV ir 162.6 eV. Apskaičiuotas S/Mo 

santykis po HER buvo 1.85, tuo tarpu neapdoroto MoS2/Cisteino elektrodo 

S/Mo santykis yra 2.05. 

XPS ir XRD analizės metu gauti duomenys leidžia manyti, jog 

hidroterminės molibdeno disulfido sintezės metu formuojasi atsitiktinai 

orientuota sluoksninė struktūra, kurios briaunose gali būti netipinė Mo ir S 

atomų konfigūracija, panašiai kaip ir Joensen et al. aprašyto Li eksfoliuoto 

MoS2 atveju [190]. Stebimas HER greičio padidėjimas po anodinio 

apdorojimo koreliuoja su tiltelinių S2
2- ir viršūninių S2- grupių santykinio 

kiekio padidėjimu, užfiksuotu XPS. Anodinio MoS2 apdorojimo metu gali 

vykti dvi tikėtinos oksidacijos reakcijos: 

MoS2 + 8H2O → Mo6+ + 2SO4
2- + 16H+ + 18e-   (2) 

MoS2  → Mo6+ + S2
2- + 4e-      (3) 

Pirmosios reakcijos (2 lygtis) metu S2- oksiduojasi iki sulfato jonų, taip 

sumažinant bendrą sieros kiekį ant elektrodo paviršiaus. Antroji reakcija (3 

lygtis) parodo tiltelinių S2
2- grupių susiformavimo būdą, o šios yra aktyvios 

HER ir tai paaiškintų stebimą HER greičio padidėjimą po anodinio 

apdorojimo. Po ilgalaikio katodinio apdorojimo stebimas elektrodo aktyvumo 

kritimas koreliuoja su šių grupių kieko sumažėjimu (3.29. pav. b; žr. 78 p.). 

XRD matomi struktūriniai pokyčiai (3.28. pav. 1,2; žr. 77 p.), bei XPS 

matoma galima Mo oksidacijos laipsnio pokyčio tendencija (3.29. pav. ; žr. 

78 p.) leidžia manyti, jog HER metu galimi katalitiškai aktyvios MoS2 

pozicijos cheminiai pokyčiai. Nepaisant to, tiltelinės S2
2- ir viršūninės S2- 

grupės nėra vienintelės aktyviosios HER pozicijos [191] ir jų pašalinimas 

nepadaro MoS2 neveiksniu vandenilio išskyrimo reakcijos 

elektrokatalizatoriumi [192].  
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IŠVADOS 

 Hidroterminės sintezės metu susiformuoja nanolapelinės molibdeno 

disulfido struktūros, kurių paviršiaus morfologija nepriklauso nuo 

papildomai pridėtų aminorūgščių bei jų koncentracijos, o storis priklauso 

nuo sintezės laiko. 

 Suformuotos MoS2 dangos su aminorūgštimis pasižymi didesniu nei 

būdingas gamtiniam 2H-MoS2 tarpplokštuminiu atstumu. 

Tarpplokštuminis atstumas padidėja dėl krūvį turinčių amino rūgščių 

skilimo fragmentų įsiterpimo į MoS2 tarpsluoksnius. 

 MoS2 dangose, susintetintose su aminorūgštimis, nustatytas padidėjęs 

metastabilios 1T-MoS2 fazės kiekis, lyginant su MoS2 dangomis 

suformuotomis be aminorūgščių.  

 Įsiterpę aminorūgščių fragmentai stabilizuoja metastabilią 1T fazę, tuo 

padidindami šių elektrodų stabilumą. 

 Santykinai didelis 1T-MoS2 fazės kiekis nulemia didesnį suformuotų 

MoS2/aminorūgščių elektrodų vandenilio išskyrimo reakcijos greitį. 

 Po anodinio MoS2 apdorojimo nustatytas vandenilio išskyrimo reakcijos 

greičio padidėjimas sietinas su tiltelinėms S2
2- ir viršūninėms S2- grupėms 

priskirtinos sieros kiekio padidėjimu.  

 MoS2 paveikus trumpu anodiniu impulsu, elektrodo aktyvumas padidėja 

iki 30%, todėl anodinis apdorojimas gali būti naudojamas vandenilio 

išskyrimo reakcijai skirtų hidrotermiškai susintetinto molibdeno disulfido 

elektrodų aktyvumo padidinimui. 
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