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ABSTRACT 

               Transition metal dichalcogenides are among the emerging two-dimensional materials nowadays due to 

their unique and extraordinary properties. Niobium Diselenide (NbSe2) is a transition metal dichalcogenide that 

has been formed by sandwiching one Nb atom with two Se atoms. In this work, we dope H atoms to 1 x 1 x 1 

monolayer NbSe2 and performed topological analyses to find the charge transfer and binding mechanism of the 

resulting H-NbSe2 complexes. Calculations of the binding energies revealed that the strength of interaction is 

proportional to H coverages in the system. Further, charge redistributions have been observed in the system. 

Bader charge analysis reveals that the charge transfer is towards the H atoms with a magnitude of up to 1.13 e. 

Finally, it was revealed that the strength of interaction between the H and NbSe2 depends on where H bonds 

directly. 

               Keywords: Transition metal dichalcogenides, two-dimensional materials, NbSe2, monolayer, 

topological analyses, binding energies 

INTRODUCTION 

               The postmodernist leverage of science has motivated many scientists to unravel prevalent 

technologies that could stipulate our demands. The advancement of two-dimensional materials [1, 3, 

12,13] has unleashed a new era for nanoelectronic devices. The discovery of graphene [10, 11] led the 

search for other two-dimensional materials. Some of the interesting two-dimensional materials 

nowadays are the transition metal dichalcogenides [7]. These are formed by sandwiching one 

Transition metal atom with two Chalcogen atoms [12]. 

               Pido, A.A. & Bryan, P. [12] recently studied the Oxygen impurities on monolayer Niobium Diselenide 

(NbSe2) [6] to investigate how the resulting complexes behave. Calculations of the charge density difference 

(CDD) [15] and Bader charge analysis [14] revealed that O and O2 served as oxidizing agents when interacting 

with the monolayer. Nguyen, et.al [9] investigated the atomic defects and impurities in NbSe2 to see how 

foreign atoms react to defects. Accordingly, these impurities can stabilize the defected monolayer, particularly 

in the Se divacancies. According to a study by Yeon. K.H., et.al [18], hydrogen adsorption causes a metal to 

semiconductor transition of NbSe2. However, despite many studies about impurities to NbSe2, the nature of 

charge transfer and binding mechanism of H-NbSe2 is still not well understood.  

               In this work, we investigate the interaction of H atoms with different coverages with the monolayer 

NbSe2 and calculated the magnitude and direction of charge transfer and the binding mechanism of the resulting 

complexes using the Ab initio Density Functional Theory [2] in Quantum Espresso [4] to provide insights about 

the behaviour of the resulting complexes that could lead to possible practical applications in the future. 
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Figure 1. (a) Front, (b) top, and (c) side views of monolayer 2H-NbSe2. From [12]  

COMPUTATIONAL DETAILS 

               We make use of the Ab initio Density Functional Theory in Quantum Espresso [4] for all our 

calculations. The exchange-correlation was described within the Local Density Approximation (LDA) [16]. All 

the structures were optimized with a convergence criterion of 10
-08

 au in self-consistent field (SCF) calculation 

of energy and structure. We allow them to fully relax until the individual ionic forces are less than 1.0 x 10
-05

 

eV/au. We used a 1 x 1 x 1 supercell to mimic the NbSe2. Finally, we mesh the reciprocal space at 16 x 16 x 1 

using Monkhorste-pack meshes [8].   

               To avoid the interaction of neighboring monolayers of NbSe2, we introduced a 14 Å vacuum slab with 

respect to the z-axis.  Convergence testing allowed us to set the energy cut-off to 40 Ry. To obtain the stability of 

our structures, we calculated the binding energies using 

 

                                (1) 

 

for the pristine NbSe2 where ENb and ESe  are the energies of the isolated Nb and Se respectively. For the 

hydrogenated NbSe2, the binding energy is given by 
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where EHNbSe2 and ENbSe2 are the energies of the hydrogenated and pristine NbSe2, EH is the energy of isolated H 

atom and n is the number of H. 

               To find the magnitude and direction of the charge transfer between atoms we calculate the charge 

density difference (CDD) [15] and Bader charge analysis [14] which includes the identification of critical points 

where the gradient of the density vanishes, such that, 
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               For the binding mechanism, we calculate the electron localization function (ELF) which is known to 

identify the type of interaction of certain nanostructures [5]. The ELF is given by, 
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RESULTS AND DISCUSSIONS 

               We considered different doping sites for H on the monolayer NbSe2. In Figure 2, we define HNbSe2 as 

the system where H is attached to the Nb, NbHSe2 for H attached to Se and Nb2HSe2 for two H atoms attached 

to the individual Se atoms of the monolayer.   

           

 

(a)                                                       (b)                                                         (c) 

Figure 2. Optimized H-NbSe2 complexes for (a) HNbSe2, (b) NbHSe2, and (c) Nb2HSe2. Here, n stands for the 

number of H atoms. 

 

             We then calculated the binding energies using equations 1 and 2.   Figure 3 shows the proportionality of 

H coverages to the strength of interaction. As seen in the plot, configuration 3 which describes the Nb2HSe2 is 

the most stable one.   

 

 

Figure 3. Binding energies of H-NbSe2 complexes. 
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                 As shown, the introduction of H to NbSe2 has significantly lowered the binding energy. Table 1 is the 

tabulated binding energies of the complexes.  

Table 1. Binding energies of pristine and doped NbSe2. 

Structure Binding energy (eV) 

NbSe2 -10.90 

HNbSe2 -3.82 

NbHSe2 -2.39 

NbH2Se2 -8.30 

 

              Finally, we performed some topological analyses to investigate the charge transfer and binding 

mechanism of the complexes. The details are as follows. 

Charge Density Difference 

               Figures 4a to Figure 4c show the CDD of our different configurations for H-doped NbSe2. Charge 

transfer can be seen all throughout the structures. When one H atom was attached to the Nb atom, we can see 

that it has both accumulated (yellow) and depleted (cyan) charges. Figure 4b shows that charge accumulation is 

obvious for the Se-H bond while charge depletion can be seen from the Nb. Figure 4c depicts the charge transfer 

redistribution in Nb2HSe2. It was revealed that by increasing the H coverage in the NbSe2 by adsorbing H in 

each of the Se atoms, the charge transfer was almost identical for the two Se-H bonds while charge depletion is 

still present in the Nb atom.  

 

 

(a)           (b)                                                            (c) 

Figure 4. Charge density difference (CDD) of (a) HNbSe2, (b) NbHSe2, and (c) NbH2Se2. 

                              By making use of the Bader charge analysis, we were able to calculate the magnitude and 

direction of the charges on each atom induced by H-doping. The net charge transfer was calculated by 

subtracting the Bader charge of pristine NbSe2 and H-NbSe2. The results are shown in the following Tables. 

               Table 2 shows the Bader charges on each atom of pristine NbSe2 and HNbSe2. We observed that the 

charges on each atom of the NbSe2 decreased by a magnitude of ~ 0.10 e and 0.18 e for the Se and Nb 

respectively, after H-doping. We also calculated the Bader charges of isolated and complex H atoms (complex 

means the one attached to the monolayer). It was revealed that the isolated H atom has a Bader charge of 1.0 e. 

After doping the monolayer with H, the charge in the complex H increased by ~0.39 e.  
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Table 2. Magnitude of charge transfer for HNbSe2. 

Individual Atoms NbSe2 (e) HNbSe2 (e) Charge Transfer (e) 

Se1 6.637973 6.533939 -0.10403 

Se2 6.634903 6.530415 -0.10449 

Nb 11.7272 11.543 -0.1842 

H  1.392542 0.392551 

 

               We then attached the H atom on one Se atom. Table 3 reveals that the charge redistribution mostly 

happened in the Se-H bond. Particularly, the Se in the Se-H bond has depleted charges with a magnitude of 

~1.28 e. This value is quite large as compared to the previous configuration of HNbSe2. This result reveals that 

charge depletion of Se atom is more obvious when having direct contact with H atom. Further, it was observed 

that the Nb atom has accumulated ~0.15 e while the complex H atom has accumulated ~1.12 e.  

Table 3. Magnitude of charge transfer for NbHSe2. 

Individual Atoms NbSe2 (e
-
) NbHSe2 (e

-
) Charge Transfer (e) 

Se1 6.637973 5.3602 -1.277795 

Se2 6.634903 6.6402 0.005265 

Nb 11.7272 11.877 0.149389 

H  2.123 1.123042 

            Table 3 shows the tabulated magnitude of charge transfer for the Nb2HSe2 complex. Accordingly, the 

individual Se atoms have depleted ~ 1.23 e while the Nb has accumulated 0.20 e. It was evident that the 

complex H atoms have accumulated charges with a magnitude of ~1.13 e. 

Table 4. Magnitude of charge transfer for Nb2HSe2. 

Individual Atoms NbSe2 (e
-
) Nb2HSe2 (e

-
) Charge Transfer (e) 

Se1 6.637973 5.4061 -1.231853 

Se2 6.634903 5.407 -1.227932 

Nb 11.7272 11.928 0.200856 

H1  2.1301 1.13007 

H2  2.1287 1.128743 

            In all the configurations considered, we observed that Se atoms have depleted charge while Nb atoms 

have accumulated charge except for the case where we have an Nb-H bond. In all circumstances, the H atoms 

served as charge acceptors which could be attributed to the metallic behaviour of NbSe2 [17] that allows it to 

donate electrons. Thus, this study confirms that H atom accepts electrons when interacting with metals. 
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Electron Localization Function 

            As known, ELF values between 0.7 and 1.0 correspond to regions with high probability of localized 

electrons, indicating a covalent bonding while values lesser than 0.7 correspond to regions of delocalized 

electrons like in metallic bonds. Figures 5a to Figure 5c show the 2D displays of the ELF of our H-doped 

NbSe2.  

 

 

(a)                                        (b)                                                    (c)      

Figure 5. 2D ELF cuts of (a) HNbSe2, (b) NbHSe2, and (c) NbH2Se2 displaying only the regions near the H-

NbSe2 interaction where n is the number of H atoms. 

            It was observed that H atoms have very high probability of localized electrons, consistent with the 

charge transfer going towards the H atoms as calculated in Bader charge analysis. In Figure 5a, we can see a 

region of delocalized electrons in the Nb-H bond, though the respective basins of the Nb and H are touching, 

indicating a weak bonding [5]. In Figure 5b, the Se-H bond shows deep red region of localized electrons 

revealing a strong interaction between the Se and H. This is consistent with the magnitude of charge transfer in 

the previous section where the charge accumulated by the H atoms are greater than 1.00 e for NbHSe2 and 

Nb2HSe2 complexes. It is also noted that the strong interaction of Se-H is maintained, regardless of the H 

coverage. 

SUMMARY AND CONCLUSIONS 

               In this work, we considered the H-doping of 1 x 1 x 1 monolayer NbSe2 and provided a theoretical 

prediction about the charge transfer and binding mechanism of the resulting complexes. We considered three 

optimized configurations for our materials, particularly, HNbSe2, NbHSe2 and Nb2HSe2. Among these 

configurations, Nb2HSe2 is the most stable.  It was revealed in the CDD that H doping of the monolayer causes 

major charge redistributions. Bader charge analysis revealed that Se atoms serve as charge donors while H 

atoms as charge acceptors.  

               Further calculations showed that the strength of interaction between the H and NbSe2 depends on 

where H bonds directly. This is consistent with the findings in the Bader charge analysis where the charge 

accumulated by H for the Nb-H bond is less than 1.00 e while greater than 1.00 e for Se-H bonds. These 

findings may serve as future reference for some electronic properties calculations of nanostructures. 
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