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First Principles Study on Electronic Property of Ni3(2, 3, 6, 7, 10, 
11-hexaaminotriphenylene)2 monolayer under Biaxial Strain 

De You Tie and Zheng Chen* 

Applying first principles calculations, the electronic structure of Ni3(HITP)2 (HITP=2,3,6,7,10,11-hexaaminotriphenylene) 

monolayer have been investigated with both GGA and GGA+U methods. Ni3(HITP)2 monolayer is semi conductive with a 

narrow indirect band in an unstrained system. Under biaxial strain, our computation reveals that the monolayer becomes 

metallic after the band gap gradually decreases to zero with increased strain. The 2D sheet is verified to be typical π-

conjugated characteristics with each Ni atom adopt the dsp2 hybridization at zero strain. We demonstrates the variation of 

charge density of the monolayer to show the gradually weakening of the Ni-N bond as the strain increases. Our band 

structure and charge density analysis indicates the variation of band gap can be the result of charge redistribution 

between Ni and N atoms due to the biaxial strain applied.

1. Introduction 

Monolayer nanosheet materials have changed the knowledge 

of material science since the mechanical exfoliation of 

graphene by Novoselov and Geim1. Many great efforts have 

been made to extend the research on their physical and 

chemical property derived from their two-dimensional (2D) 

nature. For example, graphene is one of the most prominent 

nanosheet materials with in-plane pi-conjugation1, which has 

an extremely high electron mobility due to the linear 

dispersion relation in its band structure around the Dirac 

point2. However, the disadvantage of graphene is the 

application in semiconductor-based devices due to its zero 

bandgap 3-5. Since the modification of graphene cannot 

perfectly solve this problem6, 7, researchers start to focus on 

investigating other types of 2D nanosheet materials which 

exhibit similar electronic property without zero band gap, such 

as hexagonal BN sheet8, transition metal dichalcogenides9, 10, 

silicone11, germanane12 and metal organic frameworks13-15. 

With the advances in synthesis and experimental techniques, 

“top-down” and “bottom-up” are the most effective methods 

when those graphene analogues are considered16-19. Recently 

some of the “bottom-up” solution-based synthetic methods 

have showed that many sophisticated ligands bridging by 

certain metal ions exhibit non-zero bandgaps and considerable 

electrical conductivity in 2D plane20. Therefore, these 2D 

metal-organic networks described as semiconducting metal-

organic graphene analogues (s-MOGs) seem to be promising 

for future electronics. 

Inspired by the success of dithiolene-based s-MOGs, a new 

crystalline s-MOG with very high electrical conductivity called 

Ni3(HITP)2 (HITP=2,3,6,7,10,11-hexaaminotriphenylene) was 

synthesized and analysed as bulk powders and thin films20. 

Although the electronic property of 3D Ni3(HITP)2 bulks was 

found to be metallic recently, the monolayer framework 

turned out to be semi conductive21, which made us wonder if 

there exists some methods to modify its band gap so that we 

could trigger some more interesting properties. 

Instead of other various methods such as nanostructuring22, 23, 

doping24, chemical functionalization25, the application of 

external electric field26, 27, substrate absorption to break 

symmetry28, the application of strain becomes our choice. A 

controlled introduction of biaxial strain provides a convenient 

and reversible way to investigate both the tuning of electronic 

structure and mechanical property at the same time, so that 

we are able to find out the connection between the band gap 

and the biaxial strain. 

In this work, we investigated the basic geometric and 

electronic property of 2D Ni3(HITP)2 monolayer through its 

band structure. We also simulate the change of cell structure 

and electronic structure when the monolayer was applied 

increasing isotropic biaxial strain. In the end, we investigate 

the mechanism of how the biaxial strain effect the electronic 

structure. 

2. Computational Details 

Geometry optimizations were performed using the Vienna ab 

initio simulation package (VASP)29, 30. The exchange-correlation 

energy was described by the generalized gradient 

approximation (GGA) in the form of Perdew, Burke, and 
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Ernzerhof (PBE)31. The electron-ion interactions were 

described by the projector-augmented wave (PAW) method 

with an energy cutoff of 400 eV (the convergence criteria is 

0.01 eV), which is primarily a frozen-core all-electron 

calculation32. Spin-polarized GGA+U calculations were also 

performed with a Ueff value of 3 eV for the Ni ions since DFT 

often provides an unsatisfactory description for the strongly 

correlated transition-metal system with localized d subshells, 

which have been tested and used in previous theoretical 

studies33. We also checked the band structure with Ueff value 

of 4 eV and 5 eV to check the best value of Ueff. We applied the 

2D periodic boundary condition with the unit cell forced into 

P6/mmm symmetry, and a vacuum space of 15 Å along the z 

direction was adopted to avoid the interactions between two 

layers in nearest-neighbouring unit cells. For the structure 

optimization, the atoms were relaxed in the direction of the 

Hellmann-Feynman force using the conjugate gradient method 

until a stringent convergence criterion (=0.03eV/ Å) was 

satisfied. Since our model was based on 2D Ni3(HITP)2  

nanosheet, the Brillouin zone was represented by Monkhorst-

Pack k-point mesh of 3×3×1 for geometry optimizations (the 

convergence criteria is 0.001 eV), and a large grid (9×9×1) was 

used for self-consistent calculations. The 3D bulk structure was 

also briefly calculated to be compared with the geometry 

structure of 2D nanosheet. The Monkhorst-Pack k-point mesh 

for geometry optimizations is set to be 2×2×6. The periodic 2D 

framework and 3D bulk were constructed under the 

consideration of previous work20, 21. 

3. Result and Discussion 

3.1 2D Ni3(HITP)2 Nanosheet and 3D bulk structure 

In the beginning we compare the geometric properties of 

strain-free monolayer nanosheet of Ni3(HITP)2 with its bulk 

structrure. The lattice parameter of Ni3(HITP)2 unit cell is 

optimized to be 21.96 Å, which is slightly bigger than 21.78 Å 

in bulk structure. We also identified the Ni3(HITP)2 monolayer 

is a porous material with a very large pore size of 19.695 Å (N-

N)~20.633 Å (C-C) showed in Figure 1, and the Ni-N bond 

length (LNi-N), N-C bond length (LN-C) are 1.838 Å and 1.357 Å, 

respectively. While in bulk structure, the pore size is 19.655 Å 

(N-N) ~20.452 Å (C-C) and the LNi-N, LN-C are 1.820 Å and 1.358 

Å. The comparison of the 2D and 3D structure of Ni3(HITP)2 

indicates that the single layer of bulk is constrained since its 2D 

parameters are slightly larger than 3D parameters. 

 
Figure 1. Optimized structure of 2D Ni3(HITP)2 monolayer. The atoms of unit cell 
are forced into P6/mmm symmetry represented by the dashed rhombus. H 
atoms are used to terminate the edges. 

Consisted with the work of Chen et al21, Figure 2 depicts the 

monolayer Ni3(HITP)2 framework is predicted to be a 

semiconductor with an indirect band gap of 0.118 eV at the 

GGA level, slightly less than 0.128 eV at the GGA+U level (Ueff = 

3 eV) due to the valance band maximum (VBM) decreases. As 

we increase the value of Ueff to 4 eV and 5 eV, the band gap 

increases to nearly 0.14 eV. Compared with ref.21, we believe 

Ueff = 3 eV is the most appropriate value in these calculations. 

This narrow band gap is much smaller than traditional 

semiconductors. 

 
Figure 2. Computed band structure with GGA (a) and GGA+U (b) method. The 
Fermi level is marked by a thin Purple line while the blue and red line are used to 
show the change of conduction band minimum (CBM) and valance band 
maximum (VBM). 

3.2 Biaxial Strain to Ni3(HITP)2 Monolayer 

We choose to apply increasing biaxial tensile strain in plane 

which is defined by the relation ε= (a - a0)/a0×100, where a and 

a0 are the lattice parameters of strained and unstrained 

systems, respectively. In order to have a good understanding 

of the process, Δε is set to be 1%. The strain energy of each 

step is defined by the relation Es =Eε­E0, where Eε is the total 

energy of the strained unit cell and E0 is the corresponding 

energy in equilibrium. 

Figure 3 Shows the tuning of electronic structure has been 

achieved as we expected. Though there is no change of the 

nonmagnetic property, the electronic property is slowly 
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effected by the magnitude of the applied strain. We find it 

interesting that the band gap decreases with the strain and 

become zero when ε is 7% in Figure 3(d). Figure 3 also 

demonstrates that the electronic property of 2D sheet changes 

from semi conductive into metallic due to its highest occupied 

valance band (HOVB) decreases and lowest unoccupied 

conduction band (LUCB) increases. The HOVB at Κ point 

increases from -0.0582 eV to 0 eV and the LUCB at Γ point 

decreases from 0.0696 eV to -0.0228 eV. The band gap 

vanishes due to the value of HOVB becomes higher than the 

value of LUCB at ε = 7%. 

 
Figure 3. Electronic band structure of the 2D Ni3(HITP)2 monolayer at ε = 1% (a),  

3% (b), 5% (c) and 7% (d). 

Recent research showed the delocalized d orbitals of Ni atoms 

provide contributions to both the HOVB and LUCB21 indicating 

that Ni-N bond plays a key part in band gap variation as a 

function of the biaxial strain. Figure 4(a) and (b) present the 

computed DOS and PDOS of 2D Ni3(HITP)2 monolayer at ε = 0 

and ε = 7%, respectively. Both of them show the band around 

Fermi level are mostly contributed from Ni-d, C-p and N-p 

orbitals. In Figure 4(a), density of states at HOVB and LUCB at ε 

= 0 are zero, while in Figure 4(b), density of states at the same 

positions increase to 0.44 and 1.18 states/eV. The unoccupied 

Fermi level at ε = 0 becomes occupied at ε = 7%, which 

indicates the change of band structure is mainly caused by the 

change of occupation at Fermi level.  

 
Figure 4. The DOS and PDOS of 2D Ni3(HITP)2 monolayer at ε = 0 (a) and ε = 7% 
(b). Black, red and dark blue lines represent s, p and d orbitals of different atoms. 
LUCB and HOVB at ε = 0 are marked by light blue and green lines. 

In order to understand the changes of PDOS at Fermi level, we 

focus on the bond length of Ni, N and C atoms as well as their 

charge density distribution. The 2D monolayer remains 

metallic when ε ≥ 7%. As the strain is increased, LNi-N and LN-C 

changes as shown in Figure 5(b). It is obvious that LNi-N abrupt 

increases at ε = 9% while LN-C decreases, and in Figure 5(a) the 

slope of Es suddenly changes at ε = 8%, which indicates ε = 8% 

corresponds to the maximal biaxial strain before the 

fragmentation. 

 
Figure 5. The strain energy (Es) of each step (a) and the Ni-N (black), N-C (red) 
bond length (b) of the Ni3(HITP)2 monolayer as a function of the biaxial strain. 

Figure 6(a) verifies that the 2D sheet exhibit typical π-

conjugated characteristics with each Ni atom adopt the dsp2 

hybridization, which is in a good agreement with the earlier 

result21. Figure 6(b) (c) and (d) demonstrate the gradual 

redistribution of charge density as the strain increases. The 

increase of Ni-N bond length induces the charge density to 

redistribute more closely to Ni and N respectively, so that the 

weakening of Ni-N bond will be compensated. The extra 

charge Ni and N get will occupy more energy level which affect 
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the bottom of the HOVB and the top of the LUCB as the band 

gap decreases and Fermi level becomes occupied. 

 
Figure 6. Charge density isosurface of the Ni3(HITP)2 monolayer at ε = 0 (a), 3% 
(b), 5% (c) and 7% (d) . The variation of colour green - yellow – red represents 
the decreasing level of charge density value. The isosurface value for charge 
density is 0.08 e/Bohr3. 

4. Conclusions 

In this study, we investigated the electronic structure of 2D 

Ni3(HITP)2 monolayer under biaxial strain. We compared the 

electronic structure of the monolayer by using GGA and 

GGA+U methods at zero strain. The 2D sheet is semi 

conductive with a narrow indirect band of 0.128 eV when the 

system is in equilibrium. Under biaxial strain, our computation 

revealed the band gap of the monolayer gradually decreased 

with increased strain and became zero at ε = 7%. Our DOS and 

PDOS analysis showed The unoccupied Fermi level at ε = 0 

becomes occupied at ε = 7%, which indicates the band 

structure changes is mainly caused by the occupation changes 

at Fermi level. The monolayer turned into fragment at ε = 9% 

as the Ni-N bond length abrupt increased and N-C bond length 

decreased. In the end we presented the variation of charge 

density of the monolayer. The 2D sheet is verified to be typical 

π-conjugated characteristics with each Ni atom adopt the dsp2 

hybridization at ε = 0. The charge density variation also 

showed the gradually weakening of the Ni-N bond as the strain 

increased. The band structure and charge density analysis 

indicated the variation of band gap could be ascribed to charge 

redistribution between Ni and N atoms due to the biaxial 

strain applied. Our work is just a small exploration of this new 

material. There are so much potential property to be 

discovered. This interesting property may inspire some other 

future application or experimental phenomenon. We hope our 

research will motivate more experimental and theoretical 

studies on this new developed material and its possible 

applications in nanoelectronics. 
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Graphic Abstract 

 

Electronic property of 2D π-conjugated Ni3(HITP)2 monolayer 

changes from semi conductive into metallic due to charge 

redistribution under biaxial strain. 
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