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Abstract: The structural stability and electronic properties of Vanadium Nitride, Oxygen substituted 

Vanadium Nitride and Titanium substituted Vanadium Nitride structures in the form of 2D and 3D structures 

were studied using Gaussian 09 program package with B3LYP/LANL2DZ basis set. The geometrical 
optimization of structures implies that the oxygen or titanium atom substituted.  The dipole moment of the 

structures depends on the geometry of the structures and it found to be minimum in 2D Oxygen substituted 

Vanadium Nitridestructure represent more neutralized structures.  The HOMO-LUMO, Ionization potential, 
binding energies and electron affinity, chemical hardness of different structures are calculated and reported.  
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Introduction 

 

The transition metal nitrides have attractive physical and chemical properties [1] which has been studies 

as additive in steels to enhanced their hardness, tenacity and abrasive resistance [2,3].  The applications of these 
materials are in magnetic and electrical components [4].  Vanadium nitride (VN) is one of the typical transition 

metal nitrides whose transition temperature is ranging from 2 to 9 K, depending on the nitrogen content and 

residual stress strongly [2].  VN high melting point, extreme hardness, wears resistance, high thermal 
conductivity, low electrical resistivity and corrosion resistance [5].VN films have been deposited by pulsed 

laser ablation [6], reactive electron beam evaporation [7], and reactive magnetron sputtering [8] etc.  The VN 

film, a refractory nitride which has high melting point and low electrical resistivity, seem fit for the basic 

diffusion barrier requirement [9]. Theoretical studies of relative pure vanadium nitrides have not received their 
due attention[10].  In the present study the ground state properties and phase stability of pure vanadium nitrides 

and substitute either Ti or O in vanadium nitrides via density functional electronic structure calculations.  This 

study also becomes important view of the potential application of pure and substituted vanadium nitrides. 

 

Computational details 

The different structure of Vanadium Nitride and Ti and O substituted Vanadium Nitride are 

geometrically optimized through Gaussian 09 package [11] employing Becke’s  three-parameter hybrid 

functional combined with Lee-Yang-Parr correlation functional (B3LYP) method optimized with LANL2DZ 

basic set[12,13].  HOMO-LUMO gap calculations for different optimized VN clusters are carried out using 
Gauss sum 3.0 packages [14]. To replace the complex effects of bound electrons in the atoms and the effective 

potential of the nucleus will have a modified potential term, the pseudopotential approximation [15], is in 

quantum chemical calculations. 
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Results and discussion 

Structural stability of pure and impurity substituted Vanadium Nitride 

The different Vanadium Nitride with substitution impurities of Ti and O, in the form of nanosheet (2D) 

and nanocone (3D) structures are optimized.  The optimized structures of pure Vanadium Nitride (VN), O 

substituted vanadium nitride (VN-O) and Ti substituted vanadium nitride (VN-Ti) are shown in Fig..1.  Further 
in both 2D and 3D structures, first one Ti atom substituted to V atom in pure Vanadium Nitride (VN-Ti1) and 

two Vanadium atoms replaced by two Ti atoms (VN-Ti2).  Similarly one O atom substituted to N atom in pure 

Vanadium Nitride atom (VN-O1) and two N atoms replaced by two O atoms (VN-O2). For all the 
nanostructures the band length is kept as 1.7A

0
.All the nanostructures gas CS point group, molecules in this 

group have one symmetry operation which is a mirror plane except VN-Ti1 cone and VN-Ti2 cone structures.  

These two structures having C1 point group which is also called identity symmetry element.  

 

V 

N
  

 

       VN cone                                     VN-O1 cone                             VN-O2 cone                             VN-Ti1 cone 

   

       VN-Ti2 cone                                     VN sheet                           VN-O1 sheet                     VN-O2 sheet 

 

 

 

 

 

 

          VN-Ti1                                               VN-Ti2             

Fig. 1The optimized 3D and 2D structures of VN,VN-O and VN-Ti  

The calculated energy of optimized structures is shown in Fig.2.  The energy observed for pure VN 

sheet and VN cone are -1398.70 and -1130.76 Hartrees respectively.  The energy value decreases with O to N 

substitution and for Ti substitution it increases. Due to the increasing trend in Ti substituted atom resulting 
increase in stability in both 2D and 3D structures.   

The calculated dipole moments are tabulated in Table.1. The dipole moments observed higher in 3D structure 
and lower in 2D structure which implies that the charge distribution.  In case of, 3D structures, the dipole 
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moment almost equal because of balanced charges but in contract, the dipole moment of the 2D structure vary 
arbitrarily, which has not produced any sequence of changes due to unbalanced charges. 

 

 

 

 

 

 

 

Fig.2. Calculated and Observed Energy for optimized 3D and 2D structures of VN,VN-O and VN-Ti 

Electronic properties of VN and substituted VN 

The electronic properties of VN,VN-O and VN-Ti structures for 2D and 3D are discussed in terms of  

lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO).  Fig..3. shows 

the range of Density of States (DOS) values provides insight to density of charge along the Fermi level.  

 

 

 

 

 

 

 

 

Fig. 3. The DOS image of optimized 3D and 2D structures of VN, VN-O and VN-Ti 
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The HOMO-LUMO gap varies arbitrarily because of overlapping of 3d orbitals of Vanadium and 
nitrogen 2p orbitals.  From Fig..3 it is observed that VN-O1 and VN-Ti1 structures are exhibit alpha and beta 

energy bands due to its unbalanced spin up and spin down electrons.  From table.1 the VN sheet and VN cone 

band gap are found 0.79eV and 0.8eV respectively. For 2D structure one oxygen or titanium substituted the 
band gap increases with respect to VN sheet structure due to the alpha and beta energy bands. And gradually 

increases the substituted atoms which give decrease in band gap due to single energy band.  In contrast, in 3D 

structure the HOMO-LUMO gap which gradually increases with substituted either O or Ti due to its closed 
structure.  The higher band gap restricts the movement of electron from HOMO to LUMO that will not actively 

take part in electrical conductivity and which are responsible for transparency for the material. In VN-Ti1 sheet 

and VN-Ti1 cone structure, the large HOMO-LUMO gap implies that the structure are chemically inert because 

it is unfavorable to add electrons to a high lying LUMO level or to remove electrons from a low-lying HOMO 
level [16,17].   

Table 1.  Dipole moment and Energy gap of geometrically optimized 3D and 2D structures of VN, VN-O 

and VN-Ti 

S. 

No. 
Structure 

Dipole 

moment 

(Debye) 

Eg 

(eV) 

1 VN cone 4.826 0.8 

2 VN-O1 cone 5.533 0.98 
3 VN-O2 cone 5.549 1 

4 VN-Ti1 cone 5.925 1.12 

5 VN-Ti2 cone 5.294 0.67 

6 VN sheet 1.385 0.79 
7 VN-O1sheet 1.002 1.06 

8 VN-O2 sheet 0.289 0.59 

9 VN-Ti1 sheet 1.781 1.39 
10 VN-Ti2 sheet 1.483 0.88 

 

The HOMO-LUMO energy gap (Ehomo − Elumo = η) is used to calculate the chemical hardness of the 
structure. Usually a hard molecule has a wide HOMO-LUMO gap. The chemical hardness of various structures 

is tabulated in Table 1. The maximum hardness is found for VN-Ti1 sheet, VN-Ti1 cone and VN-O1 sheet 

structures.  These structures are harder the other structures [18]. 

Ionization Potential and Electron Affinity 

In density functional analysis, according to Koopman’s theorem the obtained HOMO value can be 

considered as Ionization Potential (IP) and the LUMO value can be taken as Electron Affinity (EA) [19].  From 

Fig..4, we observe the variation of IP and EA for different structure of VN, VN-O and VN-Ti. The maximum IP 
is found 4.3eV in VN-Ti1 sheet structure and the minimum is in VN-Ti2 cone which is 3.55eV.  However, both 

2D and 3D structures IP is higher in VN-Ti1, VN-O1 and lower in VN-Ti2, VN-O2 to electron spin in 

molecular structure. In the case of substituted atom increases results gradual decrease in the IP value. 

 

 

 

 

 

 

 

Fig.4. Variation of Ionization Potential and Electron Affinity withoptimized 3D and 2D structures of VN, 

VN-O and VN-Ti 
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The Electron Affinity (EA) represents how the structures can easily accept the electrons to it, the high 
value of EA indicates that the cluster has an active involvement in chemical reactions.  Among all the 

structures, the VN-O2 sheet and VN-O1 sheet structures have 3.33eV and 3.17eV respectively which are highly 

reactive. [20, 21].   In the impurity substituted to VN structure, the electron affinity increases gradually because 
the atomic number increases with same number of shells, so the nuclei of these elements will possess more 

positive charges.  Then the nuclei will be able to attract electron more tightly according to the rule of 

electrostatic forces. 

Binding energy of VN 

The binding energy per atom (BE) of nanoclusters can be found using the following relation (1) 

EBE=(n1∗ E[V] + n2∗ E[N]+ n3*E[x] − E[VNx])/ (n1+n2+n3) ----------  (1) 

where E[V] is the energy of the Vanadium atom , E[N] is the energy of Nitrogen atom, E[x] is the energy of 

x=Ti, O atom and n1, n2, n3 are the number of vanadium atom, nitrogen atom and Ti or O atom respectively 

[22].Fig..5 shows the variation of binding energy with 2D and 3D structure.  From the plot, it is found that 
VNTi1sheet having higher value of BE than all VN structures and can be considered for higher stability. The 

maximum value of BE is calculated for 0.162eV and the minimum value is about 0.092eV for VN-Ti2cone and 

VN-Ti1 sheet respectively. More the electron affinity produce harder it is to form ions, in this study compare to 

3D structure the 2D structures are harder to form ions.  In 2D structures VN-Ti1, VN-O1and VN-Ti2 has 
greater electron affinity because their atomic structure allows them to gain electrons. 

 

 

 

 

 

  

 

 

 

Fig. 5Variation of binding energy withoptimized 3D and 2D structures of VN, VN-O and VN-Ti 

Conclusion 

The realistic structures of VN and VN-O and VN-Ti are completely optimized using DFT technique.  

An important observation that needs to be highlighted is that the energy of the optimized VN-Ti structures is 
found to be stable than the other VN and VN-O structures. Using HOMO-LUMO energy gap the maximum 

chemical hardness is found for VN-Ti1 sheet, VN-Ti1 cone and VN-O1 sheet structures. The dipole moment of 

2D structure like VN- O2 sheet is low since the atoms are not form a closed loop structure like cone structure 
but in 3D structures the dipole moment of VN and substituted VN having ~5Debye. Compare with the both 2D 

and 3D VN structures, the energy gap of the substituted VN structure is high and gradually decreases with 

increasing the substituted atom.The binding energy in 3D structure, which increases with Oxygen atom 
increases and decreases with Titanium atom increases.  In contrast, in 2D structure, either single Oxygen or 

single Titanium substituted to base VN structure the Binding energy increases and then decreases with 

increasing the substituted atom.  The information given in this article provides a superfluity for the 

experimental lists to orient new materials for further development of the applications 
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