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4.1 Introduction 

 Energy stands as a fundamental necessity for human survival and advancement. 

Nevertheless, the swift depletion of finite fossil fuel resources and their detrimental impact on 

the environment has heightened the demand for clean energy alternatives such as biomass, 

geothermal, solar, hydro, and tidal energy sources [1-4]. Among all the available sources, 

hydrogen serves as a clean energy source endowed with exceptional characteristics like a high 

specific energy-to-mass ratio, convenient storage and transport capabilities, and the potential 

to mitigate harmful emissions [5,6]. However, hydrogen doesn't occur naturally in a readily 

usable form; nevertheless, it can be generated by various methods worldwide. Among these 

methods employed for large-scale hydrogen production, water electrolysis stands out as an 

environmental friendly approach [7-11]. To ensure a continuous supply of hydrogen, it is 

imperative to have efficient electrocatalysts for the HER that boast high conversion efficiency. 

While Pt group materials have long been hailed as top-notch HER electrocatalysts, their high 

cost and limited availability have constrained their application in large-scale hydrogen 

production [12-14]. Consequently, the exploration of non-precious and abundant materials as 

catalysts for hydrogen production has emerged as a highly promising avenue. The remarkable 

characteristics of graphene have paved the way for innovative research, and similar materials 

with layered two-dimensional (2D) structure exhibit unique electronic and structural qualities 

[15-18].  

 2D materials, such as monolayer TMDs [19-27], have exhibited a multitude of 

intriguing properties, including their potential to replace Pt as HER electrocatalysts. The 2D 

materials MoS2 and WS2 have been the subject of extensive research [28]. Given that SnSe2 

falls within the category of TMDs, it's reasonable to anticipate that it shares similar structural 

properties with other members of this group, such as MoS2 and WS2. These materials have 
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garnered significant attention recently as promising candidates for electrocatalysis due to their 

cost-effective production methods and superior electrocatalytic performance [29]. SnSe2, 

stands out as an n-type semiconductor featuring a narrow indirect bandgap spanning 0.75 eV. 

With these characteristics it is a promising candidate for various electronic device applications 

[30]. The synthesis of 2D SnSe2 is conveniently achievable through techniques such as 

molecular beam epitaxy [31] and chemical vapor deposition [32], owing to the weak van der 

Waals interactions that hold its layers together. Moreover, 2D SnSe2 is an economically viable, 

environmentally friendly, and non-toxic material, offering considerable potential in 

optoelectronics and nanoelectronics devices, including thermoelectrics [33], catalysis [29], 

lithium-ion batteries [34], field effect transistors [35] solar cells, and film electrodes [36]. 

Monolayer MX2 boasts a distinctive X–Sn–X sandwich-like structure, which can be easily 

crafted using traditional mechanical exfoliation methods [37,38]. Here, M denotes the 

transition metal element, and X signifies a chalcogen element, which can be sulfur (S), 

selenium (Se), or tellurium (Te). These 2D TMDs exhibit a diverse range of physical and 

chemical properties, including metallic, half-metallic, semiconducting, magnetic, and catalytic 

behaviour.  

 Defect chemistry encompasses different types of imperfections, including edge defects, 

topological defects, vacancies, and dopant-derived defects in 2D materials. These defects hold 

significant importance in electrocatalysis because they often serve as active sites actively 

participating in chemical reactions. Additionally, defects can influence the electronic structure 

of active sites and promote the exposure of more catalytic sites to the electrolyte [39-42]. 

Consequently, defect engineering has emerged as a highly promising approach for finely tuned 

electrocatalytic performance [43,39-40]. For instance, Sun et al. [44] managed to modify the 

magnetic ground state and optical characteristics of a SnS2 monolayer through Zn doping. Tian 

et al. [45] altered the magnetic ground state and optical properties of a CrS2 monolayer through 
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vacancy defects. They conducted a study focusing on the electronic, magnetic, and optical 

characteristics of single-layer CrS2, both with and without vacancy defects. Among the various 

vacancy types considered, it was found that the S vacancy exhibited the highest energy 

favourability, surpassing Cr vacancy, S2 double vacancy, and CrS double vacancy. The presence 

of vacancies induced defect states within the original band gap, leading to a notable reduction 

in the band gaps of single-layer CrS2 when compared to the defect-free structure. In its pristine 

state, single-layer CrS2 behaves as a nonmagnetic direct band gap semiconductor. However, 

introducing either a Cr vacancy or CrS double vacancy transforms it into a magnetic 

semiconductor. Interestingly, the S vacancy and S2 double vacancy still maintain their 

nonmagnetic semiconductor nature but exhibit reduced band gaps. Moreover, the introduction 

of vacancies in single-layer CrS2 resulted in higher static dielectric constants and static 

refractive indices compared to the perfect CrS2 due to the narrowed band gaps. Additionally, 

the first primary absorption peak was observed to weaken, while the other two main peaks 

showed significant enhancement in single-layer CrS2 with vacancies [45]. Niar et al. [46] 

reported that point defects induce a magnetic ground state in graphene. Feng et al. [47] 

investigated the impact of vacancies in a MoS2 monolayer, demonstrating that vacancies can 

influence its optical and magnetic properties. Their research findings indicate that the band 

structure and band gap of a pristine monolayer of MoS2 align well with existing experimental 

and theoretical data. Upon closer examination of the structure, it was observed that ions 

surrounding Mo vacancies exhibited an outward relaxation, while those surrounding S 

vacancies displayed a slight inward relaxation. In terms of electronic properties, defective 

monolayer MoS2 demonstrated smaller band gaps compared to the defect-free counterpart. 

Introducing a neutral S vacancy caused the monolayer MoS2 to shift from having a direct to an 

indirect band gap. Mo vacancies introduced acceptor-like levels and resulted in p-type 

conductivity, while S vacancies introduced donor-like levels leading to n-type conductivity. 
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Furthermore, with increasing charge states of the vacancies, the band gaps diminished, and the 

defect energy levels became more profound. Moreover, the static dielectric constants of 

monolayer MoS2 with Mo vacancies decreased as the charge states of the vacancies increased, 

whereas the static dielectric constants of monolayer MoS2 with S vacancies increased under 

the same conditions [47]. Sun et al. [48] induced magnetism in a SnS2 monolayer through 

intrinsic defects. Among the various intrinsic defects that could occur, it was found that S 

vacancies are the most energetically favoured defects in conditions where there is an excess of 

tin (Sn). Conversely, under S-rich conditions, S-on-Sn anti-site defects are more likely to form. 

Notably, S-on-Sn anti-site defects can confer p-type semiconductor characteristics to the 

material. Furthermore, defects such as Sn vacancies, Sn-on-S anti-sites, and the adsorption of 

S atoms on the top of S atoms from the upper triple layer were identified as triggers for 

magnetism in the material. This magnetism primarily arises from the nearest-neighbour S 

atoms in proximity to the Sn vacancy, Sn substitutional atom, and S adatom, respectively. 

What's intriguing is that at room temperature, it becomes possible to achieve ferromagnetism 

in monolayer SnS2 through the introduction of S adsorption on the top of S atoms from the 

upper triple layer defects. These findings open up new avenues for exploring magnetic 

nanomaterials based on monolayer SnS2 [48]. While Wang et al. [49] introduced magnetism 

into a pristine ZrS2 monolayer via structural defects. Zhou et al. [50] employed DFT to delve 

into the properties of defective MoS2 with varying numbers of S vacancies. With low 

concentration of S vacancies, it was observed that these vacancies tended to aggregate rather 

than disperse evenly across the material. Conversely, at higher vacancy concentrations, 

preference for a combination of local point defects and clustered vacancy chains. This coupling 

between S vacancies resulted in several notable effects. First, it led to a reduction in the band 

gap of the material, making it more conductive. Second, it enhanced the strength of Mo-H 

adsorption on the surface. Importantly, it was identified that the optimal HER activity occurred 
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at a vacancy concentration below 12.50%. The research provides valuable insights at the atomic 

level, shedding light on the role of S vacancies in shaping the HER performance of MoS2.  

 In the present work, we have systematically optimized 1T- SnSe2 monolayer and 

incorporated various defects namely, mono-selenide vacancy (Vse), di-selenide vacancy (𝑉𝑆𝑒2), 

vacancy complex of Sn and nearby three selenide (𝑉𝑆𝑛𝑆𝑒3) and vacancy complex of Sn and 

nearby three di-selenide pairs (𝑉𝑆𝑛𝑆𝑒6). The structural, electronic and catalytic properties of the 

pristine and defected structures are vividly discussed. 

4.2 Computational Methods 

 In this research, we conducted all the necessary computations using state-of-the-art 

first-principles DFT techniques, which were implemented through the Quantum Espresso code 

[51]. To account for the exchange-correlation interaction, we employed the widely recognized 

Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) [52]. 

Furthermore, we incorporated Grimme's dispersion correction (D3) into our calculations to 

ensure the accuracy of adsorption energy calculations for hydrogen adsorption on 1T-SnSe2 

[53]. A 5x5x1 supercell was considered for 1T-SnSe2 to ensure sufficient area to create the 

defects and obtain acceptable results. To achieve convergence within specified criteria, we set 

the kinetic energy cut-off at 45 Rydberg. Additionally, we introduced a 21 Å thick vacuum 

layer perpendicular to the monolayer to prevent interactions between successive layers. In 

terms of sampling the reciprocal space, we used a dense 5x5x1 grid based on the Monkhorst-

Pack scheme [54]. The Marzari-Vanderbilt smearing has been incorporated into the required 

calculations. Throughout the calculations, we maintained an energy convergence threshold of 

10-5 eV, and self-consistently iterated until the maximum Hellmann-Feynman forces acting on 

individual atoms fell below 0.001 eV/Å. 
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 The study investigates the HER activity in pristine and defective monolayers of SnSe2 

applying the Sabatier principle as a guiding concept [1-4]. The Sabatier principle essentially 

suggests that the interaction between catalysts and intermediates should be neither too strong 

nor too weak. At equilibrium conditions, the effectiveness of the HER activity on a given 

surface is determined by the exchange current density, which is linked to the change in Gibbs 

free energy of H adsorption (∆GH) at a pH of 0. Pt, a renowned catalyst, exhibits a ∆GH value 

close to zero. Consequently, for exceptional catalytic HER activity, ∆GH should approach zero 

or be very close to it. When ∆GH is overly positive, it indicates weak binding of H to the surface, 

making the adsorption step challenging. Conversely, if ∆GH is highly negative, it implies strong 

binding of H to the surface, making the desorption step difficult. Thus, achieving an optimal 

∆GH is a crucial condition for excellent catalytic HER activity [55-57]. 

4.3 Results and Discussion 

 Before evaluating the Volmer reaction mechanism, we have optimized 5x5x1 supercell 

of SnSe2 and defected SnSe2 monolayers. The created defects are named as, mono-selenide 

vacancy (VSe), di-selenide vacancy (𝑉𝑆𝑒2), vacancy complex of Sn and nearby three selenide 

(𝑉𝑆𝑛𝑆𝑒3) and vacancy complex of Sn and nearby three di-selenide pairs (𝑉𝑆𝑛𝑆𝑒6). The compound 

stabilizes in 1T phase with the space group P-3m1 which has CdI2 as its parent prototype. The 

compound has octahedral coordination where Sn atoms are surrounded by the Se atom which 

is similar to the SnS2 compound. The lattice constant of unit cell is reported to be 3.823 Å 

experimentally as well as theoretically [58,59]. The lattice constant and bond-length of 5x5x1 

supercell are 19.17 Å and 2.73 Å which are in good accordance with previous reported studies. 

The 5x5x1 size of supercell was selected to study the effect of defects which provide sufficient 

area for various defects. The introduction of defects does minor changes in the structural 
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properties of monolayer. The optimized structures of pristine as well as defected SnSe2 

monolayers are pictorially represented in Figure 4.1. 

Firstly, we have evaluated the Volmer reaction over pristine and defected SnSe2 at all 

possible sites. The stable configurations are considered the one’s that provide minimum value 

for ∆GH. In case of pristine SnSe2, it is observed that the configuration providing least ∆GH 

value is the one where H is adsorbed at Sn and Se site. In case of VSe defected SnSe2, the least 

∆GH values are obtained for Sn, Se and hollow sites. For 𝑉𝑆𝑒2  defected SnSe2, the least ∆GH 

values are obtained for Sn, Se and hollow sites. Considering the case of 𝑉𝑆𝑛𝑆𝑒3, the least ∆GH 

values is the one in which H was adsorbed at the two Se and hollow sites. For 𝑉𝑆𝑛𝑆𝑒6, the least 

∆GH values are derived for Sn and hollow sites. The optimized structures for H adsorption on 

pristine and defected SnSe2 on various sites are presented in Figure 4.2.  

It is observed in the case of pristine SnSe2, H binds with the Se atom for both cases. In 

case of VSe defect, H atom binds with Se atom for Sn and Se-site adsorption and in case of 

hollow site, it bonds with the Sn atom. For 𝑉𝑆𝑒2, the H atom binds with Se atom for the Sn and 

Se adsorption site while it is adsorbed at the bridge site of Sn atoms in case of hollow site 

adsorption. For 𝑉𝑆𝑛𝑆𝑒3, the H atom prefers to bind with the Se atoms in all three adsorption 

sites. In case of 𝑉𝑆𝑛𝑆𝑒6, the H atom in case of Sn-site adsorption prefers to bind with Se atom 

while in case of hollow site adsorption, it prefers the bind with the Sn atom.  

It is reported in various studies that the basal plane shows inactivity as compared to the 

edge sites of TMDs [60]. Here, in order to discuss the catalytic efficiency of pristine as well as 

defected SnSe2, we have calculated ∆Eads
H  and ∆GH. The calculated values of ∆Eads

H  and ∆GH 

are presented in Table 4.1. It is observed that various defects impact the H binding to the surface 

differently. Here, we observe that in case of VSe defect, the ∆GH for all three adsorption sites 

show positive values that can be attributed to the fact that the interactions between H and SnSe2 
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basal plane are still too weak. It can be deduced that the basal plane remains insufficient to 

establish the necessary bonds required to facilitate the proton-electron transfer process. In case 

of 𝑉𝑆𝑒2 defect, the ∆GH values show a similar trend for positive values that concludes the weak 

interaction between H and basal plane of SnSe2. Whereas, in case of 𝑉𝑆𝑛𝑆𝑒3 defect, we observe 

that the H adsorption on all three sites provide ∆GH value approaching to zero which indicates 

stability as HER catalysts. Also, in case of 𝑉𝑆𝑛𝑆𝑒6 defect, we observe that ∆GH shows highly 

negative values for Sn site, determining the strong interaction which can result in difficulty in 

desorption at the end of the process and for hollow site ∆GH is close to zero which makes it 

suitable for HER activity. It is observed that in case of pristine SnSe2, the ∆GH value for Sn 

adsorption site (0.76 eV) is better as compared to Se site which yields a value of 0.88 eV but 

indicating inertness for HER activity. The defect engineering is employed to enhance the 

catalytic efficiency which should also be observed in the obtained data. In case of VSe defect, 

the hollow site provides a satisfactory ∆GH value of 0.40 eV as compared to Sn and Se site 

which has value 0.54 and 0.48 eV respectively. In case of 𝑉𝑆𝑒2 defect the ∆GH value shows that 

the Se site is favourable for catalysis as compared to Sn site and hollow site. In case of 𝑉𝑆𝑛𝑆𝑒3 

defect, the Se sites as well as hollow sites provide good ∆GH value of 0.27, -0.22 and 0.19 eV 

respectively. Lastly, 𝑉𝑆𝑛𝑆𝑒6 defect has better catalytic efficiency for H adsorption at hollow site 

as compared to Sn site. Among all the defects it is evident that 𝑉𝑆𝑛𝑆𝑒3  hollow site is the best 

candidate for HER followed by 𝑉𝑆𝑛𝑆𝑒3  and 𝑉𝑆𝑛𝑆𝑒6Se site and hollow site respectively. The 

obtained values clearly illustrate that within the defect regions, the ∆GH values associated with 

H adsorption sites are significantly lower compared to those of the pristine SnSe2 basal plane 

surface, which has a Gibbs free energy of 0.76 eV and 0.88 eV for Sn and Se sites respectively. 

This observation strongly suggests that these structural defects have the capability to disrupt 

the inherent stability of the basal plane and, as a result,  
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improve the interaction between H atoms and the adsorption sites. Hence, defects lead to the 

significant improvement in the HER activity of monolayers.  

 Understanding the chemical properties of materials is contingent upon the fundamental 

electronic structure beneath. Analyzing the PDOS can provide  

 

 

(a) 

(d) (c) 

(b) 

(e) 

Figure 4.1: Optimized geometries of (a) pristine (b) Vse defected, (b) 𝑉𝑆𝑒2  

defected, (c) 𝑉𝑆𝑛𝑆𝑒3defected and (d) 𝑉𝑆𝑛𝑆𝑒6   defected SnSe2 monolayers. 
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(c) 

𝑉𝑆𝑛𝑆𝑒3   -Se site 
𝑉𝑆𝑛𝑆𝑒3   -Se site 𝑉𝑆𝑛𝑆𝑒3   -hollow site 

𝑉𝑆𝑛𝑆𝑒6     -Sn site 𝑉𝑆𝑛𝑆𝑒6     -hollow site 

𝑉𝑆𝑒2-Sn site 𝑉𝑆𝑒2-Se site 𝑉𝑆𝑒2-hollow site 

VSe-Sn site VSe -Se site VSe -hollow site 

(b) 

Pristine-Sn site Pristine-Se site 

(a) 

(d) 

(e) 

Figure 4.2: The most stable adsorption site for H adsorption on (a) pristine and (b) 

VSe, (c) 𝑉𝑆𝑒2, (d) 𝑉𝑆𝑛𝑆𝑒3    and (e) 𝑉𝑆𝑛𝑆𝑒6defected SnSe2 monolayers. 
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valuable insights into the interaction between H atoms and defects in SnSe2, shedding light on 

the varying HER activities exhibited by these imperfect structures. The PDOS plots for pristine 

and H-adsorbed pristine SnSe2 are shown in Figure 4.3. The PDOS plots for H adsorption 

providing better catalytic efficiency are discussed further. 

 

 

System Adsorption site ∆𝐄𝐚𝐝𝐬
𝐇 (𝒆𝑽) ∆GH(eV) 

Pristine SnSe2 Sn 0.52 0.76 

 Se 0.64 0.88 

(VSe) defect Sn 0.30 0.54 

 Se 0.24 0.48 

 Hollow 0.16 0.40 

(𝑽𝑺𝒆𝟐) defect Sn 0.27 0.51 

 Se 0.21 0.45 

 Hollow 0.48 0.72 

(𝑽𝑺𝒏𝑺𝒆𝟑) defect Se 0.02 0.26 

 Se -0.46 -0.22 

 Hollow -0.05 0.19 

(𝑽𝑺𝒏𝑺𝒆𝟔) defect Sn -1.11 -0.87 

 Hollow -0.46 -0.22 

  

 Here, in case of pristine SnSe2, we can observe that it is semiconductor in nature and 

has band gap of 0.75 eV which is in accordance with previous reported studies [61]. Moreover, 

the PDOS plot denotes that the contribution of Se-p orbital is dominant towards valence band 

followed by Sn-p orbital in the same. The contribution of Sn-s and d orbital is negligible. The 

Table 4.1: Calculated ∆𝐸𝑎𝑑𝑠
𝐻  and ∆GH of HER activity over pristine and defected SnSe2 

monolayers. 
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PDOS analysis is carried out to uncover the perturbations in electronic properties of SnSe2 

monolayer after H adsorption. The PDOS plots reveal that the H adsorption in case of pristine 

alters the band gap converting the system from semiconducting to metallic. This reveals that  

 

the conductivity of SnSe2 monolayer is improved after H adsorption. We can see that H 1s 

orbital profoundly hybridizes with the p orbital of the Se atom. Their bonding states locate at 

the energy range from -2.5 eV to -5 eV. For the corresponding antibonding states, no 

contribution is observed near the Fermi energy level, most of them distribute above ranging 

from 2.2 eV to 5 eV. Figure 4.4 below shows the comparison of PDOS for VSe and 𝑉𝑆𝑒2 defects 

and hollow site and Se-site H-adsorption. In case of VSe defect SnSe2, we observe that the 

contribution of Se-p is dominant towards valence band whereas the contribution of Sn-p orbital 

is dominant towards conduction band. After H-adsorption the contribution of Sn-s orbital 

towards conduction band is visible. There is a small peak of H contribution near the Fermi level 

but the higher peak is observed towards valence band indicating its sufficient interaction with 

the surface. This is attributed to the interaction between them. In case of 𝑉𝑆𝑒2  defected SnSe2, 

monolayer shows a semiconducting nature. The contribution of Se-p orbital is dominant 

(a) (b) 

Figure 4.3: PDOS of (a) pristine SnSe2 and (b) H-adsorbed pristine SnSe2 

monolayer. 
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towards valence band whereas for Sn-p it is dominant towards the conduction band. The H-

adsorption makes the defected system metallic in nature and contributes more towards 

conduction band away from Fermi level indication interaction with the system and 

physisorption nature. 

 

The PDOS plots for both VSe defected SnSe2 and 𝑉𝑆𝑒2  defected SnSe2, reveals that the H 

adsorption in case of pristine alters the band gap from semiconducting to metallic. This reveals 

that the conductivity of SnSe2 monolayer is improved after defect creation, which is useful for 

the electron transport in during HER activity. We can see that H 1s orbital profoundly 

hybridizes with the p orbital of the Sn atom in case of VSe defect and H 1s orbital profoundly 

hybridizes with the p orbital of the Se atom in case of 𝑉𝑆𝑒2  defect. The bonding states in case 

of VSe defect locate at the energy range from -1 eV to -5 eV. For the corresponding antibonding 

states, contribution is observed near the Fermi level, distributed from 0 eV to 1.5 eV and above 

(a) 

(b) 

Figure 4.4: PDOS of (a) VSe defect and H-adsorption on hollow site and (b) 𝑉𝑆𝑒2  

defect and H-adsorption on Se site. 
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the Fermi level ranging from 2.9 eV to 5 eV. The bonding states in case of 𝑉𝑆𝑒2  defect locate at 

the energy range from -1.5 eV to -5 eV. For the corresponding antibonding states, no 

contribution is observed near the Fermi level and above the Fermi level ranging from 2 eV to 

5 eV. Figure 4.5 denotes the PDOS for 𝑉𝑆𝑛𝑆𝑒3 and 𝑉𝑆𝑛𝑆𝑒6 SnSe2 as well as H-adsorption on 

hollow sites. 

 

Here, as observed in case of 𝑉𝑆𝑛𝑆𝑒3  defected SnSe2, the contribution of Se-p is dominant 

towards valence band whereas the contribution of Sn-p is dominant towards the conduction 

band. The defect shows a semiconducting nature which becomes metallic after H-adsorption. 

The contributions of Se-p towards valence band remains the same but detriment is observed in 

Sn-p contribution towards conduction band. In case of 𝑉𝑆𝑛𝑆𝑒6  defected SnSe2, the contribution 

(a) 

(b) 

Figure 4.5: PDOS of (a) 𝑉𝑆𝑛𝑆𝑒3  defect and H-adsorption on hollow site and (b) 

𝑉𝑆𝑛𝑆𝑒6defect and H-adsorption on hollow site. 
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of Se-p shows dominance in valence band whereas Sn-p shows towards conduction band. The 

system shows semiconducting nature which converts to metallic upon H-adsorption. After H-

adsorption a peak in the Sn-s orbital contribution towards valence band is evident. There is an 

increment in the Sn-p contribution towards the conduction band after H-adsorption. The H-

adsorption makes the defected system contribute more towards conduction band away from 

fermi level indication interaction with the system and physisorption nature. The PDOS plots 

for both 𝑉𝑆𝑛𝑆𝑒3  defect SnSe2 and 𝑉𝑆𝑛𝑆𝑒6  defect SnSe2, reveal that the H adsorption in case of 

pristine alters the band gap converting the system to metallic. We can see that H 1s orbital 

profoundly hybridizes with the p orbital of the Se atom in case of 𝑉𝑆𝑛𝑆𝑒3  defect and H 1s orbital 

profoundly hybridizes with the p orbital of the Sn atom in case of 𝑉𝑆𝑛𝑆𝑒6  defect. The bonding 

states in case of 𝑉𝑆𝑛𝑆𝑒3  defect locate at the energy range from -4 eV to -5 eV. For the 

corresponding antibonding states, no contribution is observed near the Fermi level, and above 

the Fermi level ranging from 2.3 eV to 5 eV. The bonding states in case of 𝑉𝑆𝑛𝑆𝑒6  defect locate 

at the energy range from 0 eV to -5 eV. For the corresponding antibonding states, no 

contribution is observed near the Fermi level and above the Fermi level ranging from 0.8 eV 

to 5 eV. Figure 4.6 shows the reaction coordinate plot for HER of pristine and defected SnSe2. 

The reaction coordinate plot determines the HER activity. The value of ∆GH close to the fermi 

level i.e zero, shows better catalytic activity as compared to others. In this case, it is evident 

from the plot that 𝑉𝑆𝑛𝑆𝑒3 and 𝑉𝑆𝑛𝑆𝑒6 show best catalytic efficiency as compared to other defected 

systems. Table 4.2 presents the changes in ΔGH for various TMDs before and after the 

introduction of defects. Specifically, we observe variations in ΔGH for CoTe2, FeS2, CrS2, 

CrTe2, CrSe2, NiS2, VS2, TaS2, NbS2, and NiTe2 when defects involving transition metals (TM) 
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or chalcogen (X) vacancies are created. For CoTe2, initially, the ΔGH value is -0.17 eV. After 

introducing a TM vacancy, it becomes -0.15 eV, and after X vacancy, it decreases further to -

0.21 eV. In the case of FeS2, the ΔGH value before defect creation is 0.13 eV. However, after 

introducing a TM vacancy, it decreases significantly to -0.25 eV, and after X vacancy, it 

becomes -0.01 eV, indicating a notable improvement in catalytic efficiency. For CrS2, the initial 

ΔGH value is -0.11 eV. Moreover, introducing X vacancy results in a higher ΔGH of 0.18 eV, 

indicating an unexpected change in catalytic behaviour. In the case of CrTe2, the ΔGH value 

increases after both TM and X vacancies are created, suggesting a decrease in catalytic 

efficiency. Similarly, CrSe2 exhibits an improved ΔGH value after the introduction of X 

vacancy, indicating enhanced catalytic potential. NiS2 and VS2 follow a similar trend to CrTe2, 

with an increase in ΔGH after both TM and X vacancies are created, suggesting a decrease in 

catalytic efficiency. For TaS2, the ΔGH value shows positive results after the introduction of 

vacancy defects, indicating improved catalytic efficiency. NbS2 displays a higher ΔGH value 

after the creation of X vacancy, suggesting an enhancement in its catalytic properties. Lastly, 

TMX2 (TMX2)              

ΔGH*(eV) 

(TM-vacancy) 

ΔGH*(eV) 

     (X-vacancy) 

     ΔGH*(eV) 

CoTe2 -0.17 -0.15 -0.21 

FeS2 0.13 -0.25 -0.01 

CrS2 -0.11 -0.2 0.18 

CrTe2 -0.14 -0.19 0.28 

CrSe2 -0.11 -0.19 0.03 

NiS2 -0.06 -0.22 -0.25 

VS2 0.08 0.15 0.25 

TaS2 0.18 -0.23 -0.1 

NbS2 0.21 -0.18 0.23 

NiTe2 0.21 -0.12 0.14 

Table 4.2: The comparison of ∆GH of all stable 2D-TMDs. (Ref. [62]) 
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NiTe2 demonstrates an improvement in catalytic efficiency after the creation of both TM and 

X vacancies. These observations highlight the diverse responses of different TMDs to defect 

creation, which can have a significant impact on their catalytic properties.  

 

4.4 Conclusions 

In our investigation, we explored the structural and electronic characteristics of pristine and 

defected SnSe2, along with HER activity. To assess the catalytic activity of these materials, we 

computed ∆𝐸𝑎𝑑𝑠
𝐻 and ΔGH for H adsorption. In the case of pristine SnSe2, we observe that the 

ΔGH values are far from an ideal catalyst which indicates inertness towards HER activity. To 

enhance the catalytic efficiency further, we introduced various defects into these materials, 

which had a profound impact on their electronic properties. For the VSe defect, hollow site 

adsorption results in a satisfactory ΔGH value of 0.40 eV, whereas the Sn and Se sites have 

values of 0.54 eV and 0.48 eV, respectively. In the case of 𝑉𝑆𝑒2 defect, the ΔGH values indicate 

that the Se site is more favourable for catalysis compared to the Sn site and the hollow site. 

Considering the 𝑉𝑆𝑛𝑆𝑒3 defect, both Se sites and hollow sites exhibit favourable ΔGH values of 

Figure 4.6: Reaction coordinate of HER activity for pristine and defected 

SnSe2 monolayer. 
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0.27 eV, -0.22 eV, and 0.19 eV, respectively. Lastly, in the case of 𝑉𝑆𝑛𝑆𝑒6 defect, the catalytic 

efficiency for H adsorption at the hollow site surpasses that at the Sn site. Among all the 

defects, it becomes evident that the 𝑉𝑆𝑛𝑆𝑒3 hollow site is the most promising candidate for the 

HER, followed by the 𝑉𝑆𝑛𝑆𝑒3 and 𝑉𝑆𝑛𝑆𝑒6 Se sites and hollow sites, respectively. In general, 

defects significantly modulates the HER performance of SnSe2 monolayer and approaches in 

range of ideal values in certain cases. We are hoping that our DFT based prediction motivates 

the experimentalists to design SnSe2 based efficient HER catalyst. 
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