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Abstract

:

Two-dimensional Janus materials have unique structural characteristics due to their lack of out-of-plane mirror symmetry, resulting in many excellent physical and chemical properties. Using first-principle calculations, we performed a detailed investigation of the possible stable structures and properties of two-dimensional Janus NbSH. We found that both Janus 1T and 2H structures are semiconductors, unlike their metallic counterparts MoSH. Furthermore, we predicted a new stable NbSH monolayer using a particle swarm optimization method combined with first-principle calculations. Interestingly, the out-of-plane mirror symmetry is preserved in this newly found 2D structure. Furthermore, the newly found NbSH is metallic and exhibits intrinsic superconducting behavior. The superconducting critical temperature is about 6.1 K under normal conditions, which is found to be very sensitive to stress. Even under a small compressive strain of 1.08%, the superconducting critical temperature increases to 9.3 K. In addition, the superconductivity was found to mainly originate from Nb atomic vibrations. Our results show the diversity of structures and properties of the two-dimensional Janus transition metal sulfhydrate materials and provide some guidelines for further investigations.
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1. Introduction


Since graphene was experimentally synthesized in 2004 [1], two-dimensional (2D) materials have attracted increasing attention of scientists, due to their excellent physical and chemical properties. From binary to ternary, a large number of two-dimensional materials have been discovered and synthesized [2], showing unexpected physical and chemical properties [3,4,5,6,7,8]. Unlike other 2D materials, Janus 2D materials are unique 2D materials with an asymmetric structure. This particular type of 2D Janus materials, with different properties on its two sides, cannot commonly be found in nature. The concept of 2D Janus materials was initially theoretically proposed in 2011 for studying the hydrogenation and halogenation of graphene and its derivatives [9]. It was not until 2013 that Zhang et al. successfully synthesized the first real Janus graphene in a laboratory setting, confirming its existence [10]. Since then, many 2D Janus transition metal (TM) dichalcogenides (JTMDCs) like MoSSe [11,12], WSSe thin-film [11], and Janus PtSSe [13] were successfully synthesized. Structurally, one side of JTMDs is composed of one type of transition metal dichalcogenide, while the other side is formed by another different type of transition metal dichalcogenide, hence the out-of-plane structural symmetry is broken [14]. 2D Janus MoSSe/MoSeS, for example, can be synthesized by selectively replacing the top layer chalcogen atom of MoS2/MoSe2 with other chalcogen (Se/S) atoms [12,15]. The novel structural characteristics with the breaking out-plane symmetry make 2D Janus materials have great potential applications in many special fields.



For example, the JMTDs have been found to be excellent catalyst materials. For example, the hydrogen evolution reaction (HER), the practical application of monolayer transition metal dichalcogenides (TMDs) as catalysts, has faced limitations due to the scarce number of catalytically active sites, while the Janus monolayer MoXY (X/Y = S, Se, and Te) materials exhibit exceptional catalytic performances due to the presence of edge sites [16]. It was found that both the Mo-edge and chalcogen atomic edges of Janus monolayer MoXY exhibit catalytic activity, resulting in a better catalytic performance of MoXY compared to that of monolayer MoS2. Furthermore, both the monolayer and multilayer of Janus MoSSe have been identified as efficient photocatalysts for water splitting [17]. These materials show excellent capability in harvesting solar energy and converting it into hydrogen fuel. In addition, the introduction of doping As and Si atoms in the S or Se sites of the 2D JTMDs VSSe monolayer greatly enhances HER performance [18]. This type of doping results in a significant reduction of the hydrogen adsorption free energy, which is even better than that of the traditional Pt catalyst. The Janus Pd-based TMD monolayers, including PdSSe, PdSTe, and PdSeTe, have also been found to have the ability to simultaneously facilitate the hydrogen and oxygen evolution reactions as efficient photocatalysts for water splitting [19].



The breaking of out-plane symmetry in Janus 2D materials allows the creation of special heterogeneous junctions with unexpected physical and chemical properties. For instance, a van der Waals heterostructure consisting of Janus MoSSe and boron pnictide (BP, BAs) monolayers has shown tremendous potential in various fields, such as nanoelectronics, optoelectronics, piezotronics, photovoltaics, low-power digital data processing, and memory devices [20]. JTMDs also demonstrate their superiority as gas sensing materials. In particular, the Janus MoSSe are found to be a superior gas sensing material with higher gas sensitivity, surface, and strain selectivity [21]. Furthermore, enhanced piezoelectric characteristics of 2D Janus materials compared to their pristine structures have been observed [22,23]. Several 2D Janus materials have been predicted theoretically to exhibit out-of-plane piezoelectricity, including MoSSe [24], M2XY (M = Ga, In, and X, Y = S, Se, Te) [23], and multilayer MoSTe [24]. For MoSSe, the out-of-plane piezoelectricity has been finally identified experimentally [12]. The 2D Janus MoSTe [25], ZnAXY [26] (A = Si, Ge, Sn, and X/Y = S, Se, Te, X < Y), and BMX2 (M = Ga, In, and X = S, Se) [27] monolayers were also predicted to have excellent electronic, spintronic, and piezoelectric properties. In addition to piezoelectricity, 2D Janus monolayers possess other interesting properties such as magnetism [28], valley polarization [29,30], and Rashba spin splitting (RSS) [31,32]. The RSS effect refers to the momentum-dependent spin splitting in bands that occurs due to spin–orbit coupling (SOC) in asymmetric structures. Hence the Janus 2D materials, with their natural antisymmetric structure, exhibit RSS in the presence of SOC. This property allows the control of electron current by manipulating spin precession, which forms the basis of spin field-effect transistors (SFETs) [33] and spin injectors [34]. Recent studies have shown that the strong SOC and mirror asymmetry of 2D Janus materials give rise to the RSS phenomenon, making them promising candidates for next-generation spintronic devices. For example, the Janus Ge2XY (X ≠ Y = P, As, Sb, and Bi) monolayers exhibit the out-of-plane piezoelectricity and giant Rashba spin-band splitting [35]. The Janus 2D materials Bi2X3 (X = S, Se) monolayers were reported to exhibit coexistence of anisotropic colossal out-of-plane piezoelectricity, giant RSS, and ultrahigh carrier mobilities [36]. The Janus Sn2XY (X/Y = S, Se, Te) monolayers were also found to have strong piezoelectricity with high electron mobility [37]. All the reported 2D Janus materials show great potential for nano-electronic applications.



Very recently, a Janus 2H-MoSH monolayer was synthesized through the selective removal of the top-layer sulfur atoms with hydrogen atoms [12]. The 2D Janus 2H-MoSH exhibits a metallic nature, and was predicted to be a 2D superconductor [38]. Recently, the 2H/1T-MoSH monolayers were investigated theoretically by Wang [39]. In their work, the Janus 1T-MoSH was found to be a charge-density wave (CDW) material, and both 1T and 2H-MoSH possess a superconducting state, with the superconducting behavior able to change greatly when they are subjected to strain.



Two-dimensional TMDS form a large family, and have different phases such as 2H, 1T, 1T′, and 2a × 2a phases etc. [40]. The subsequent 2D transition metal sulfhydrate materials (TM-SH) might also have different phases, so further investigation of the other TM-SH might bring us newer 2D materials with exciting properties. Among the various metal transition metal dichalcogenides (TMDCs), 2H-NbS2 stands out as a unique case. In contrast to other TMDCs such as 2H-NbSe2 and 2H-MoS2, 2H-NbS2 is the only known superconductor without any charge density wave (CDW) instabilities [41]. This observation is quite unusual and suggests a different behavior of 2H-NbS2 compared to its isostructural and isoelectronic counterparts. Based on this understanding, we anticipate that Janus NbSH will exhibit significant differences in both structure and properties compared to Janus MoSH. Considering the contrasting behavior of 2H-NbS2 and 2H-MoS2, it is expected that Janus NbSH may exhibit distinct properties not observed in Janus MoSH. These different features could manifest themselves in various aspects, including electronic, structure, and stability, making Janus NbSH an intriguing material for further exploration and potential applications.



In this paper, we examined already known phases of NbSH monolayers such as 2H and 1T, and also searched the possible stable phases using the swarm method together with first-principle calculations. The structure prediction method can search the potential energy surface of NbSH more widely and find more stable phases. This is especially true for the 2D Janus structure, which might exist as a metastable state because all the same type of atoms are on the same side. Just as we thought, a new stable NbSH phase with the out-of-plane mirror symmetry was first identified. We then investigated the properties of three NbSH phases such as structural stabilities, electronic structures, mechanical properties, and superconducting behavior. We believe that the investigations of the structural properties for 2D NbSH phases in this work could provide some important clues for further theoretical and experimental investigations of the 2D TM-SH materials.




2. Computational Methods


The global minimum structures of two-dimensional NbSH were predicted by using a first-principles swarm-intelligence structure search method implemented in the CALYPSO software [42,43]. Simulation cells containing 1, 2, and 4 formula units of NbSH were considered for structure-searching. Both the population size and the number of generations were set to 30 to ensure convergence. The calculations of the electronic and mechanical properties of NbSH were performed with the VASP package [44]. The projector augmented wave (PAW) method was adopted to analyze the interaction between the valence electron and the core ion, and the generalized gradient approximation in the form of the Perdew–Burke–Ernzerhof (PBE) [45,46] was used to estimate the exchange-correlation energy. The plane-wave cut-off energy was 520 eV, and the structure was relaxed until the residual force was less than 0.001 eVÅ−1/atom. The Brillouin zone was sampled using a k-point grid spacing of 2π × 0.03 Å−1 [47]. The vacuum thickness was set to 20 Å for eliminating interlayer interaction. The vdW interactions were treated using the (Grimme) DFT-D2 approximation [48]. Ab initio molecular dynamics simulations (AIMD) with the Nosé–Hoover thermostat and NVT ensemble [49] were used to estimate the thermal stability by using the 4 × 4 supercell at 300 K with the time step of 2 fs.



The superconducting transition temperature (TC) was calculated using the Allen–Dynes formula based on BCS theory [50]


   T C  =    ω  log     1.20   exp ( −   1.04    ( 1   +    λ )   λ − μ  * ( 1   +   0.62    λ )   )  



(1)




where    ω  log    ,  λ ,   μ *   are the logarithmic average of the phonon energy, electron-phonon coupling constant, and the electron-electron coulomb repulsion parameter, respectively. The    ω  log     and λ were calculated according to the two following formulas [51]:


   ω  log   = exp (  2 λ     ∫ 0 ∞    α 2     F ( ω  ) log  ω   d ω  ω  )  



(2)






  λ = 2    ∫ 0 ∞      α 2  F ( ω )  ω     d ω  



(3)




where    α 2  F ( ω )   is the electron-phonon spectral function, which can be further calculated in terms of the phonon linewidth as


   α 2  F ( ω ) =  1  2 π N (  ε F  )     ∑   q ν     δ ( ω −  ω   q ν    )      γ   q ν      ℏ  ω   q ν       



(4)




where   N (  ε F  )  ,    γ   q ν      are the DOS at the Fermi level, and the linewidth of phonon mode at the wave vector q, respectively.



In this paper,  λ  and Tc were calculated using the density functional perturbation theory as implemented in the QUANTUM ESPRESSO codes [52]. Ultrasoft pseudopotentials [53] for Nb, S, and H atoms were used, with a kinetic cutoff energy of 45 Ry. To obtain accurate values, the electron and phonon grids were set to 24 × 24 × 1 and 12 × 12 × 1, respectively. A Gaussian of width 0.02 Ry was used in the EPC calculations.



Mechanical properties such as elastic constant, Young’s modulus, and Poisson’s ratio were calculated using the VASPKIT software through an energy-strain method [54].



For two-dimensional materials, when only the x-y plane of the crystal is taken into account, the relationship between strain and stress can be expressed in a specific form as follows [55]


         σ 1         σ 2         σ 3        =        C  11        C  12        C  16          C  21        C  22        C  26          C  61        C  62        C  66         ⋅        ε 1         ε 2         ε 6         



(5)




where Cij (i, j = 1, 2, 6) is the in-plane stiffness tensor. The corresponding strain tensor    ε  2 D     can be expressed as follows, when a small strain  ε  is applied in a 2D crystal.


   ε  2 D   =        ε 1       ε 6  / 2    0       ε 6  / 2      ε 2     0     0   0   0       



(6)







Using the strain-energy method, the elastic strain energy per unit area can be expressed as follows [56]


  Δ E ( S , {  ε i  } ) =    S 0   2  (  C  11    ε 1 2  +  C  22    ε 2 2  + 2  C  12    ε 1   ε 2  + 2  C  16    ε 1   ε 6  + 2  C  26    ε 2   ε 6  +  C  66    ε 6 2  )  



(7)




where    S 0    is the equilibrium area of the system.    C  ij     is equal to the second partial derivative of the strain energy E with respect to strain  ε , namely,


   C  ij   =  1   S 0    (    ∂ 2  E   ∂  ε i  ∂  ε j    )  



(8)




As a consequence, for 2D materials, the unit of elastic constants is force per unit length (N/m) instead of GPa. There are six independent elastic constants for 2D materials: C11, C12, C16, C22, C26, and C66.



All three NbSH phases investigated in this paper crystalize in hexagonal structure; for the 2D hexagonal structure, there are only two independent elastic constants, C11 and C12. The elastic constants C11 and C12 were calculated via two strain modes as listed in Table 1. Finally, to obtain accurate elastic constants, a total of nine strains were used to fit the strain-energy Equation (7).



After obtaining the results for elastic constants Cij, we further evaluated angular-dependent Young’s modulus    Y  2 D     and Poisson’s ratio  ν , to examine the mechanical characteristics of the three 2D structures. The angular-dependent    Y  2 D   ( θ )   and   ν ( θ )   were calculated with the following equations [57,58]


   Y  2 D   ( θ ) =    C  11    C  22   −  C  12  2     A 4   C  11   +  B 4   C  22   −  A 2   B 2  ( 2  C  12   − ∏ )    



(9)






  ν ( θ ) =   (  A 4  +  B 4  )  C  12   −  A 2   B 2  (  C  11   +  C  22   − ∏ )    A 4   C  11   +  B 4   C  22   −  A 2   B 2  ( 2  C  12   − ∏ )    



(10)




where   ∏ = (  C  11    C  22   −  C  12  2  ) /  C  66    , A = sinθ, and B = cosθ, with θ being the angle to the armchair direction.




3. Results and Discussion


3.1. Structure and Stability


Although TMDS has many different phases, such as 2H, 1T, 1T′, 2a × 2a phases, etc., previous work [39] showed that 1T′ and 2a × 2a TMDS phases are not stable phases. Therefore, we mainly examined the 2H- and 1T-NbSH structures in this paper. The top view diagrams of the 2H- and 1T-NbSH are shown in Figure 1a,b, respectively, while their corresponding side views are shown in Figure 1d,e, respectively. Each structure is a layered structure with the space group P3m1 and includes one unit in the unit cell. The optimized lattice constants of 2H- and 1T-NbSH are 3.1142 Å and 3.1568 Å, respectively. By means of particle-swarm optimization method and density functional theory calculations, the lowest energy structure was predicted, the atomic arrangement of which is illustrated in Figure 1c (top view) and Figure 1f (side view), respectively. The predicted new NbSH phase also has the space group of P3m1, and it can be viewed as a double layer of 1T-NbSH. The unit cell contains two Nb, two S, and two H atoms in a hexagonal structure with lattice parameters of a and b being 3.2301 Å. It is also worth noting that the out-of-plane mirror symmetry is preserved in this newly found 2D structure.



To examine the stability of NbSH, the cohesive energy per atom in NbSH is defined as    E  coh   = (  E  t o t   − n  E  Nb   − n  E S  − n  E H  ) / 3 n  , where    E  t o t    ,    E  Nb    ,    E S    and    E H    are the total energies of one unit cell, isolated Nb, S, and H atoms, respectively. The more negative the cohesive energy of a monolayer, the more thermodynamically stable the structure. The calculated cohesive energy of predicted NbSH is −6.72 eV/atom, which is lower than the two known structural values of 2H-NbSH (−6.41 eV/atom), and 1T-NbSH (−6.46 eV/atom). By comparing the cohesive energy of the three phases, we can conclude that the predicted NbSH is more stable thermodynamically than the 2H/1T phases. Additionally, the cohesive energy value of the predicted phase is also lower than that of other typical 2D materials such as MoS2 (−4.97 eV/atom) [59], silicene (−3.98 eV/atom), germanene (−3.2 eV/atom) [60], and phosphorene (−3.61 eV/atom) [61,62], demonstrating good thermodynamic stability of the predicted phase.



To further evaluate the stability of the three NbSH phases against thermal fluctuations, AIMD simulations were performed employing the NVT ensemble. The final snapshots taken at the end of each simulation are shown in the inset of Figure 2. From Figure 2, it can be seen that each NbSH structure remains intact and no bond is broken. The results indicate that all the NbSH have good thermal stability at a temperature of 300 K. We also calculated the phonon curves of the 1T/2H NbSH, which are shown in Figure S1 in the Supplementary Materials. It was found that there are no negative frequencies in the entire Brillouin zone (BZ), confirming the dynamical and structural stability. As for the predicted NbSH phase, its phonon curve also meets the requirement of dynamical stability, as discussed in more detail later.



In addition, the elastic constants of NbSH were also evaluated to examine the structural mechanical stability. The second-order elastic constants (SOECs) are crucial in determining the mechanical and dynamical properties of materials, especially their stability and stiffness. The calculated elastic constants are listed in Table 2. For the 2D hexagonal structure, there are two independent elastic constants C11 and C12, while the non-independent elastic constant is determined as    C  66   = (  C  11   −  C  12   ) / 2  . It is obvious that all the elastic constants satisfy the necessary mechanical equilibrium conditions    C  11    C  22   −  C  12  2  > 0   and    C  11    ,    C  22    ,    C  66   > 0   [62], confirming the mechanical stability of all the 2D NbSH. Moreover, the Poisson’s ratio and Young’s modulus as a function of the angle for the three NbSH phases are shown in Figure 3a,b, respectively. It can be seen that all three phases display isotropic mechanical behavior. The in-plane Young’s modulus of NbSH are 122.8, 103.1, 118.8 N/m for 2H-NbSH, 1T-NbSH, and new NbSH phases, respectively. The in-plane Young’s moduli of all three structures are higher than those of silicene (61 N/m), germanene (42 N/m) [59], and black phosphorene (83 N/m) [63], and comparable to that of MoS2 (129 N/m) [64]. The Poisson’s ratio characterizes the material’s resultant strain in the longitudinal direction for a material under lateral stress. All the Poisson’s ratios of the three phases also show isotropic behaviors, just like the Young’s moduli. The Poisson’s ratio values of the 2H-NbSH, 1T-NbSH, and new NbSH phases are 0.22, 0.17, and 0.32. The predicted NbSH has the largest Possion’s ratio, indicating a more sensitive structural response to external strain of the predicted structure.




3.2. Electronic Properties


After verifying that NbSH had structural stability, the electronic properties including energy band structures and density of states were examined. As presented in Figure 4a,b the results show that the 2H-NbSH and 1T-NbSH are indirect band gap semiconductors with band gaps of 0.66 and 0.81 eV, respectively. We also calculated the magnetic behavior of the three phases. The corresponding total densities of states (TDOS) with spin-polarized effect considered are shown in Figure S2 in the Supplementary Materials. The upper and lower TDOS are symmetric, indicating that the three phases are non-magnetic. When calculating the band structures of the three phases, we further considered the spin-orbit coupling (SOC) effect. Although the SOC results in some slight spin-slitting in the bands, overall, the SOC effect is not significant, as shown in Figure 4. The total and projected densities of states of the two structures are presented in Figure 4d,e, respectively. The valence band maximum and conduction band bottom of these two structures are composed of d-orbitals of Nb atoms and p-orbitals of S atoms. For the new predicted NbSH structure, the band structure and density of states are shown in Figure 4c,f, respectively. It was found that this structure exhibit metal character and the Fermi level is mainly occupied by the d-orbital of Nb.




3.3. Superconductivity


Since superconductivity is found in some TMDS and MoSH, we also estimated the superconducting transition temperature    T C   . The  λ  and    ω  log     as functions of  ω , together with the phonon dispersion and the projected phonon density of states, are shown in Figure 5. The corresponding  λ  and    ω  log     for the predicted NbSH were found to be 0.71 and 170.7 K, respectively. The corresponding    T C    of the predicted 2D NbSH is about 6.10 K when setting   μ *   to 0.1. The electron–electron coulomb repulsion parameter   μ *   is an empirical constant, the typical value of which is about 0.1–0.3. The different value of   μ *   can lead to slight deviations of the    T C    results. In this work, we set   μ *   to 0.1 based on previous experiences of similar systems, such as bulk NbS2 [65] and 2D Janus MoSH [39]. Our predicted 2D NbSH phase exhibits a similar    T C    value when compared with other reported layered TMDS, such as TaS2 with    T C    below 2.0 K [66], NbS2 with a    T C    of approximately 3 K [67], and WS2 with a    T C    of 8.8 K [68]. However, the    T C    of our predicted NbSH phase is lower than that of the Janus 1T/2H-MoSH, which has a    T C    range of about 25–26 K [39]. In addition, from Figure 5a, we can see that there are no negative phonons in the whole BZ zone, indicating the predicted 2D NbSH is also dynamically stable.



We further analyzed the origination of superconductivity of the predicted NbSH. Analysis of the total and partial phonon density of states in Figure 5b suggests that the high-frequency vibrations above 1070 cm are dominated by H atoms, while the intermediate-frequency vibrational region from 250 cm to 436 cm exhibits a strong mixture of S and Nb atoms. The low-frequency vibrations below 190 cm are dominated by Nb atoms. Based on the BCS theory, the electron-phonon coupling constant λ can be integrated into the phonon linewidth    α 2  F ( ω )   over the frequency ω using Equation (3). Therefore, the origin of λ can be understood by analyzing    α 2  F ( ω )  .    α 2  F ( ω )   is a physical quantity that depends on the frequency ω of atomic vibrations and the phonon linewidth γ, as described by Equation (4). Hence, we can analyze corresponding relationships between λ and ω/γ. The low-frequency vibrational modes determined by Nb atoms below 190 cm comprised approximately 78.5% of the total λ, as illustrated in Figure 5c, indicating that the superconductivity of NbSH mainly originates from Nb atomic vibrations. Furthermore, as shown in Figure 5a, in phonon dispersions, the hollow red circles indicate the phonon linewidth γ with a radius proportional to the strength. We can therefore see that γ shows large contributions around the  Γ  point, so that the superconductivity of the predicted phase in this work mainly comes from the Nb atomic vibrations around the  Γ  point. Contrarywise, for both the 2D Janus 1T/2H MoSH, the superconductivities were reported to originate mainly from the Mo atomic vibrations at the M point [39].



We also applied a biaxial strain to investigate the stress-induced changes in superconductivity, and the calculated results are shown in Table 3. It was found that with increasing strain, the total λ initially increases and then decreases, while    ω  log     increases linearly overall. Even a small biaxial strain of −1.08% can increase    T C    to approximately 9.38 K, suggesting that the superconductivity of the predicted 2D NbSH is very sensitive to biaxial strain.





4. Conclusions


In conclusion, we investigated the possible structures of the 2D Janus NbSH monolayer by means of first-principles calculations. We showed that both 2H and 1T-NbSH monolayer meet the stability, mechanical, and dynamical requirements. However, unlike the metallic Janus 2H/1T-MoSH monolayer, both 2H and 1T-NbSH monolayers were unexpectedly found to be semiconductors. We also explored the possible stable NbSH monolayers using an ab initio swarm-intelligence global minimum structure-searching methods. A newly stable 2D MoSH with metallic character was identified for the first time. We showed that the predicted phase is an intrinsic phonon-mediated superconductor, which has a    T C    of 6.1 K under normal conditions. Interestingly, we found that the    T C    for the newly found phase is relatively sensitive to applied stress. With a small strain of −1.08, the    T C    can increase to 9.39 K. We further demonstrated that the superconducting behavior of the newly predicted 2D NbSH is mainly attributed to the Nb atomic vibrations around the Γ point. Our work highlights the structural diversity of TM-SH materials and suggests the possibility of discovering more TM-SH with new physical and chemical properties in the future. In fact, we found that the newly found NbSH phase also appears in other TM-SH 2D materials during our initial structure prediction results. Our investigations provide an essential theoretical basis and an experimental reference for the investigation of more 2D TM-SH materials in the future.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules28145522/s1, Figure S1: The phonon dispersion relations. (a) 2H-NbSH, (b) 1T-NbSH. Figure S2: The calculated total density of states (TDOS) of the three NbSH phases with spin-polarized effect considered. (a) 1T-NbSH, (b) 2H-NbSH, and (c) predicted-NbSH.





Author Contributions


Conceptualization, Y.L. and D.Z.; formal analysis, Y.L. and C.P.; writing—original draft preparation, Y.L. and D.Z.; writing—review and editing, D.Z. and C.P.; funding acquisition, D.Z. and C.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (grant No. 52272219, U1904612), the Natural Science Foundation of Henan Province (grant Nos. 222300420506, 222300420255).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is available from the authors.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are available from the authors.




References


	



Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric field effect in atomically thin carbon films. Science 2004, 306, 666–669. [Google Scholar] [CrossRef] [PubMed]

	



Novoselov, K.S.; Jiang, D.; Schedin, F.; Booth, T.; Khotkevich, V.; Morozov, S.; Geim, A.K. Two-dimensional atomic crystals. Proc. Natl. Acad. Sci. USA 2005, 102, 10451–10453. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.-Y.; Sun, S.-H.; Sun, X.-J.; Zhao, Y.-R.; Chen, L.; Yang, Y.; Lü, W.; Li, D.-B. Plasma-induced, nitrogen-doped graphene-based aerogels for high-performance supercapacitors. Light Sci. Appl. 2016, 5, 16130. [Google Scholar] [CrossRef] [PubMed]

	



Wei, W.; Sun, K.; Hu, Y.H. An efficient counter electrode material for dye-sensitized solar cells-flower-structured 1T metallic phase MoS2. J. Mater. Chem. A 2016, 4, 12398–12401. [Google Scholar] [CrossRef]

	



Zhuang, H.L.; Hennig, R.G. Single-layer group-III monochalcogenide photocatalysts for water splitting. Chem. Mater. 2013, 25, 3232–3238. [Google Scholar] [CrossRef]

	



Ding, Y.C.; Xiao, B.; Li, J.L.; Deng, Q.J.; Xu, Y.H.; Wang, H.F.; Rao, D.W. Improved Transport Properties and Novel Li Diffusion Dynamics in van der Waals C2N/Graphene Heterostructure as Anode Materials for Lithium-Ion Batteries: A First-Principles Investigation. J. Phys. Chem. C 2019, 123, 3353–3367. [Google Scholar] [CrossRef]

	



Liu, W.; Guo, X.; Schwartz, J.; Xie, H.; Dhale, N.U.; Sung, S.H.; Kondusamy, A.L.N.; Wang, X.; Zhao, H.; Berman, D. A three-stage magnetic phase transition revealed in ultrahigh-quality van der Waals bulk magnet CrSBr. ACS Nano 2022, 16, 15917–15926. [Google Scholar] [CrossRef]

	



Liu, W.; Osanloo, M.R.; Wang, X.; Li, S.; Dhale, N.; Wu, H.; Van de Put, M.L.; Tiwari, S.; Vandenberghe, W.G.; Lv, B. New Verbeekite-type polymorphic phase and rich phase diagram in the PdSe 2−xTex system. Phys. Rev. B 2021, 104, 024507. [Google Scholar] [CrossRef]

	



Singh, R.; Bester, G. Hydrofluorinated graphene: Two-dimensional analog of polyvinylidene fluoride. Phys. Rev. B 2011, 84, 155427. [Google Scholar] [CrossRef]

	



Zhang, L.; Yu, J.; Yang, M.; Xie, Q.; Peng, H.; Liu, Z. Janus graphene from asymmetric two-dimensional chemistry. Nat. Commun. 2013, 4, 1443. [Google Scholar] [CrossRef]

	



Trivedi, D.B.; Turgut, G.; Qin, Y.; Sayyad, M.Y.; Hajra, D.; Howell, M.; Liu, L.; Yang, S.; Patoary, N.H.; Li, H. Room-temperature synthesis of 2D Janus crystals and their heterostructures. Adv. Mater. 2020, 32, 2006320. [Google Scholar] [CrossRef] [PubMed]

	



Lu, A.-Y.; Zhu, H.; Xiao, J.; Chuu, C.-P.; Han, Y.; Chiu, M.-H.; Cheng, C.-C.; Yang, C.-W.; Wei, K.-H.; Yang, Y. Janus monolayers of transition metal dichalcogenides. Nat. Nanotechnol. 2017, 12, 744–749. [Google Scholar] [CrossRef] [PubMed]

	



Sant, R.; Gay, M.; Marty, A.; Lisi, S.; Harrabi, R.; Vergnaud, C.; Dau, M.T.; Weng, X.; Coraux, J.; Gauthier, N. Synthesis of epitaxial monolayer Janus SPtSe. npj 2D Mater. Appl. 2020, 4, 41. [Google Scholar] [CrossRef]

	



Tang, X.; Kou, L. 2D Janus transition metal dichalcogenides: Properties and applications. Phys. Status Solidi (B) 2022, 259, 2100562. [Google Scholar] [CrossRef]

	



Zhang, J.; Jia, S.; Kholmanov, I.; Dong, L.; Er, D.; Chen, W.; Guo, H.; Jin, Z.; Shenoy, V.B.; Shi, L. Janus monolayer transition-metal dichalcogenides. ACS Nano 2017, 11, 8192–8198. [Google Scholar] [CrossRef]

	



Shi, W.; Fan, K.; Wang, Z. Catalytic activity for the hydrogen evolution reaction of edges in Janus monolayer MoXY (X/Y = S, Se, and Te). Phys. Chem. Chem. Phys. 2018, 20, 29423–29429. [Google Scholar] [CrossRef]

	



Guan, Z.; Ni, S.; Hu, S. Tunable electronic and optical properties of monolayer and multilayer Janus MoSSe as a photocatalyst for solar water splitting: A first-principles study. J. Phys. Chem. C 2018, 122, 6209–6216. [Google Scholar] [CrossRef]

	



Ge, L.; Fu, Z.; Lu, Y. Activating basal plane of Janus VSSe for efficient hydrogen evolution reaction by non-noble metal element doping: A first-principal study. Int. J. Hydrogen Energy 2022, 47, 34924–34931. [Google Scholar] [CrossRef]

	



You, L.; Wang, Y.; Zhou, K. 2D Pentagonal Pd-Based Janus Transition Metal Dichalcogenides for Photocatalytic Water Splitting. Phys. Status Solidi RRL 2022, 16, 2100344. [Google Scholar] [CrossRef]

	



Mohanta, M.K.; De Sarkar, A. Interfacial hybridization of Janus MoSSe and BX (X = P, As) monolayers for ultrathin excitonic solar cells, nanopiezotronics and low-power memory devices. Nanoscale 2020, 12, 22645–22657. [Google Scholar] [CrossRef]

	



Jin, C.; Tang, X.; Tan, X.; Smith, S.C.; Dai, Y.; Kou, L. A Janus MoSSe monolayer: A superior and strain-sensitive gas sensing material. J. Mater. Chem. A 2019, 7, 1099–1106. [Google Scholar] [CrossRef]

	



Cui, Y.; Peng, L.; Sun, L.; Li, M.; Zhang, X.; Huang, Y. Structures, stabilities and piezoelectric properties of Janus gallium oxides and chalcogenides monolayers. J. Phys. Condens. Matter 2019, 32, 08LT01. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.; Zhou, S.; Bai, Y.; Zhao, J. Enhanced piezoelectric effect in Janus group-III chalcogenide monolayers. Appl. Phys. Lett. 2017, 110, 163102. [Google Scholar] [CrossRef]

	



Dong, L.; Lou, J.; Shenoy, V.B. Large in-plane and vertical piezoelectricity in Janus transition metal dichalchogenides. ACS Nano 2017, 11, 8242–8248. [Google Scholar] [CrossRef] [PubMed]

	



Yagmurcukardes, M.; Sevik, C.; Peeters, F. Electronic, vibrational, elastic, and piezoelectric properties of monolayer Janus MoSTe phases: A first-principles study. Phys. Rev. B 2019, 100, 045415. [Google Scholar] [CrossRef]

	



Ghobadi, N.; Rudi, S.G.; Soleimani-Amiri, S. Electronic, spintronic, and piezoelectric properties of new Janus Zn A X Y (A = Si, Ge, Sn, and X, Y = S, Se, Te) monolayers. Phys. Rev. B 2023, 107, 075443. [Google Scholar] [CrossRef]

	



Bezzerga, D.; Haidar, E.-A.; Stampfl, C.; Mir, A.; Sahnoun, M. Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M = Ga, In and X = S, Se): Ab initio investigations. Nanoscale Adv. 2023, 5, 1425–1432. [Google Scholar] [CrossRef]

	



Frey, N.C.; Bandyopadhyay, A.; Kumar, H.; Anasori, B.; Gogotsi, Y.; Shenoy, V.B. Surface-engineered MXenes: Electric field control of magnetism and enhanced magnetic anisotropy. ACS Nano 2019, 13, 2831–2839. [Google Scholar] [CrossRef]

	



Abdollahi, M.; Tagani, M.B. Janus 2H-VSSe monolayer: Two-dimensional valleytronic semiconductor with nonvolatile valley polarization. J. Phys. Condens. Matter 2022, 34, 185702. [Google Scholar] [CrossRef]

	



Zhang, C.; Nie, Y.; Sanvito, S.; Du, A. First-principles prediction of a room-temperature ferromagnetic Janus VSSe monolayer with piezoelectricity, ferroelasticity, and large valley polarization. Nano Lett. 2019, 19, 1366–1370. [Google Scholar] [CrossRef]

	



Koo, H.C.; Kim, S.B.; Kim, H.; Park, T.E.; Choi, J.W.; Kim, K.W.; Go, G.; Oh, J.H.; Lee, D.K.; Park, E.S. Rashba effect in functional spintronic devices. Adv. Mater. 2020, 32, 2002117. [Google Scholar] [CrossRef] [PubMed]

	



Bihlmayer, G.; Rader, O.; Winkler, R. Focus on the Rashba effect. New J. Phys. 2015, 17, 050202. [Google Scholar] [CrossRef]

	



Liu, Q.; Guo, Y.; Freeman, A.J. Tunable Rashba effect in two-dimensional LaOBiS2 films: Ultrathin candidates for spin field effect transistors. Nano Lett. 2013, 13, 5264–5270. [Google Scholar] [CrossRef] [PubMed]

	



Chuang, P.; Ho, S.-C.; Smith, L.W.; Sfigakis, F.; Pepper, M.; Chen, C.-H.; Fan, J.-C.; Griffiths, J.; Farrer, I.; Beere, H.E. All-electric all-semiconductor spin field-effect transistors. Nat. Nanotechnol. 2015, 10, 35–39. [Google Scholar] [CrossRef]

	



Liu, H.-Y.; Wang, Y.-Y.; Chen, Z.-Y.; Hou, T.-P.; Wu, K.-M.; Lin, H.-F. Spin–orbit splitting and piezoelectric properties of Janus Ge2XY (X ≠ Y = P, As, Sb and Bi). Phys. Chem. Chem. Phys. 2023, 25, 16559–16569. [Google Scholar] [CrossRef]

	



Tripathy, N.; De Sarkar, A. Anisotropy in colossal piezoelectricity, giant Rashba effect and ultrahigh carrier mobility in Janus structures of quintuple Bi2X3 (X = S, Se) monolayers. J. Phys. Condens. Matter 2023, 35, 335301. [Google Scholar] [CrossRef]

	



Vu, T.V.; Phuc, H.V.; Kartamyshev, A.; Hieu, N.N. Enhanced out-of-plane piezoelectricity and carrier mobility in Janus γ-Sn2XY (X/Y = S, Se, Te) monolayers: A first-principles prediction. Appl. Phys. Lett. 2023, 122, 061601. [Google Scholar] [CrossRef]

	



Liu, P.-F.; Zheng, F.; Li, J.; Si, J.-G.; Wei, L.; Zhang, J.; Wang, B.-T. Two-gap superconductivity in a Janus MoSH monolayer. Phys. Rev. B 2022, 105, 245420. [Google Scholar] [CrossRef]

	



Ku, R.; Yan, L.; Si, J.-G.; Zhu, S.; Wang, B.-T.; Wei, Y.; Pang, K.; Li, W.; Zhou, L. Ab initio investigation of charge density wave and superconductivity in two-dimensional Janus 2 H/1 T-MoSH monolayers. Phys. Rev. B 2023, 107, 064508. [Google Scholar] [CrossRef]

	



Zhuang, H.L.; Johannes, M.D.; Singh, A.K.; Hennig, R.G. Doping-controlled phase transitions in single-layer MoS2. Phys. Rev. B 2017, 96, 165305. [Google Scholar] [CrossRef]

	



Guillamón, I.; Suderow, H.; Vieira, S.; Cario, L.; Diener, P.; Rodiere, P. Superconducting density of states and vortex cores of 2H-NbS2. Phys. Rev. Lett. 2008, 101, 166407. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Lv, J.; Zhu, L.; Ma, Y. Crystal structure prediction via particle-swarm optimization. Phys. Rev. B 2010, 82, 094116. [Google Scholar] [CrossRef]

	



Wang, Y.; Lv, J.; Zhu, L.; Ma, Y. CALYPSO: A method for crystal structure prediction. Comput. Phys. Commun. 2012, 183, 2063–2070. [Google Scholar] [CrossRef]

	



Kresse, G.; Furthmüller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci 1996, 6, 15–50. [Google Scholar] [CrossRef]

	



Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865. [Google Scholar] [CrossRef]

	



Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 1999, 59, 1758. [Google Scholar] [CrossRef]

	



Monkhorst, H.J.; Pack, J.D. Special points for Brillouin-zone integrations. Phys. Rev. B 1976, 13, 5188. [Google Scholar] [CrossRef]

	



Grimme, S. Semiempirical GGA-type density functional constructed with a long-range dispersion correction. J. Comput. Chem. 2006, 27, 1787–1799. [Google Scholar] [CrossRef]

	



Hoover, W.G. Canonical dynamics: Equilibrium phase-space distributions. Phys. Rev. A 1985, 31, 1695. [Google Scholar] [CrossRef]

	



McMillan, W. Transition temperature of strong-coupled superconductors. Phys. Rev. 1968, 167, 331. [Google Scholar] [CrossRef]

	



Giustino, F. Electron-phonon interactions from first principles. Rev. Mod. Phys. 2017, 89, 015003. [Google Scholar] [CrossRef]

	



Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Chiarotti, G.L.; Cococcioni, M.; Dabo, I. QUANTUM ESPRESSO: A modular and open-source software project for quantum simulations of materials. J. Phys. Condens. Matter 2009, 21, 395502. [Google Scholar] [CrossRef] [PubMed]

	



Vanderbilt, D. Soft self-consistent pseudopotentials in a generalized eigenvalue formalism. Phys. Rev. B 1990, 41, 7892. [Google Scholar] [CrossRef] [PubMed]

	



Wang, V.; Xu, N.; Liu, J.-C.; Tang, G.; Geng, W.-T. VASPKIT: A user-friendly interface facilitating high-throughput computing and analysis using VASP code. Comput. Phys. Commun. 2021, 267, 108033. [Google Scholar] [CrossRef]

	



Zhang, S.; Zhang, R. AELAS: Automatic ELAStic property derivations via high-throughput first-principles computation. Comput. Phys. Commun. 2017, 220, 403–416. [Google Scholar] [CrossRef]

	



Landau, L.D.; Lifshitz, E.M. Course of Theoretical Physics; Elsevier: Amsterdam, The Netherlands, 2013. [Google Scholar]

	



Hung, N.T.; Nugraha, A.R.; Saito, R. Two-dimensional MoS2 electromechanical actuators. J. Phys. D Appl. Phys. 2018, 51, 075306. [Google Scholar] [CrossRef]

	



Xiang, P.; Sharma, S.; Wang, Z.M.; Wu, J.; Schwingenschlögl, U. Flexible C6BN monolayers as promising anode materials for high-performance K-ion batteries. ACS Appl. Mater. Interfaces 2020, 12, 30731–30739. [Google Scholar] [CrossRef]

	



Ahmad, S.; Mukherjee, S. A comparative study of electronic properties of bulk MoS2 and its monolayer using DFT technique: Application of mechanical strain on MoS2 monolayer. Graphene 2014, 3, 50633. [Google Scholar] [CrossRef]

	



Yang, L.-M.; Bacic, V.; Popov, I.A.; Boldyrev, A.I.; Heine, T.; Frauenheim, T.; Ganz, E. Two-dimensional Cu2Si monolayer with planar hexacoordinate copper and silicon bonding. J. Am. Chem. Soc. 2015, 137, 2757–2762. [Google Scholar] [CrossRef]

	



Guan, J.; Zhu, Z.; Tománek, D. Phase coexistence and metal-insulator transition in few-layer phosphorene: A computational study. Phys. Rev. Lett. 2014, 113, 046804. [Google Scholar] [CrossRef]

	



Mouhat, F.; Coudert, F.-X. Necessary and sufficient elastic stability conditions in various crystal systems. Phys. Rev. B 2014, 90, 224104. [Google Scholar] [CrossRef]

	



Wei, Q.; Peng, X. Superior mechanical flexibility of phosphorene and few-layer black phosphorus. Appl. Phys. Lett. 2014, 104, 251915. [Google Scholar] [CrossRef]

	



Cooper, R.C.; Lee, C.; Marianetti, C.A.; Wei, X.; Hone, J.; Kysar, J.W. Nonlinear elastic behavior of two-dimensional molybdenum disulfide. Phys. Rev. B 2013, 87, 035423. [Google Scholar] [CrossRef]

	



Motizuki, K.; Nishio, Y.; Shirai, M.; Suzuki, N. Effect of intercalation on structural instability and superconductivity of layered 2H-type NbSe2 and NbS2. J. Phys. Chem. Solids 1996, 57, 1091–1096. [Google Scholar] [CrossRef]

	



Navarro-Moratalla, E.; Island, J.O.; Manas-Valero, S.; Pinilla-Cienfuegos, E.; Castellanos-Gomez, A.; Quereda, J.; Rubio-Bollinger, G.; Chirolli, L.; Silva-Guillén, J.A.; Agraït, N. Enhanced superconductivity in atomically thin TaS2. Nat. Commun. 2016, 7, 11043. [Google Scholar] [CrossRef]

	



Yan, R.; Khalsa, G.; Schaefer, B.T.; Jarjour, A.; Rouvimov, S.; Nowack, K.C.; Xing, H.G.; Jena, D. Thickness dependence of superconductivity in ultrathin NbS2. Appl. Phys. Express 2019, 12, 023008. [Google Scholar] [CrossRef]

	



Fang, Y.; Pan, J.; Zhang, D.; Wang, D.; Hirose, H.T.; Terashima, T.; Uji, S.; Yuan, Y.; Li, W.; Tian, Z. Discovery of superconductivity in 2M WS2 with possible topological surface states. Adv. Mater. 2019, 31, 1901942. [Google Scholar] [CrossRef]








[image: Molecules 28 05522 g001 550] 





Figure 1. Top view structural diagrams of 2H-NbSH (a), 1T-NbSH (b), and predicted NbSH (c); Side view structural diagrams of 2H-NbSH (d), 1T-NbSH (e), and predicted NbSH (f). Nb, S, and H atoms are represented by green, yellow, and grey spheres, respectively. 
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Figure 2. Vibration of total potential energy of 2H−NbSH (a), 1T−NbSH (b), and predicted NbSH (c) during the AIMD at the temperature 300 K. The inset is the final snapshot of NbSH with its top view and side view at the end of 10 ps. 
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Figure 3. The orientation angle-dependent 2D Young’s modulus (a) and Possion’s ratio (b) of various NbSH monolayers. 
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Figure 4. Energy band structures of the NbSH derived from the calculation of DFT-PBE (black lines) and DFT-PBE-SOC (red lines) for (a) 2H-NbSH, (b) 1T-NbSH, and (c) predicted NbSH; the Fermi level (dotted line) is set to zero. The projected density of states of NbSH for (d) 2H-structure, (e) 1T-structure, and (f) predicted structure. 
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Figure 5. (a) Calculated phonon dispersion, (b) total and partial phonon density of states, and (c) Eliashberg function with integrated EP coupling constant λ(ω) for predicted NbSH monolayer. Hollow red circles in (a) indicate the phonon linewidth γ with a radius proportional to the strength. 
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Table 1. List of strain modes and the derived elastic constants for the 2D hexagonal system used, based on energy-strain approach.
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	Strain Index
	Strain Vector    ε   
	Elastic Energy      Δ E  V    





	1
	(δ, 0, 0)
	    1 2   C  11    δ 2    



	2
	(δ, δ, 0)
	      ( C    11   +  C  12   )  δ 2    
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Table 2. Calculated elastic constants of 2H-NbSH, 1T-NbSH, and predicted NbSH.
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	Structure
	C11
	C22
	C12
	C66





	2H-NbSH
	129.0
	129
	28.3
	50.4



	1T-NbSH
	106.3
	106.3
	18.5
	43.9



	Predicted NbSH
	132.3
	122.5
	42.2
	45.0
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Table 3. Dependence of the λ, ωlog, and TC on the in-plane biaxial strain of the predicted NbSH.
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	Biaxial Strain
	λ
	ωlog (cm−1)
	TC (K)





	+0.01%
	0.70
	163.6
	5.40



	0.00%
	0.71
	171.1
	6.10



	−0.06%
	0.80
	162.3
	7.62



	−1.08%
	0.81
	194.7
	9.38



	−1.38%
	0.73
	196.1
	7.43



	−0.02%
	0.64
	221.8
	6.03
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