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We focus on a theoretical investigation using the DFT and LC—SCC—DFTB for investigating the structural,
optical and reactivity properties and electronic structure of pristine graphdiyne (GDY) and nitrogen (N)-
doped hexagonal carbon rings of GDY nanomaterials. Our calculations show that the energy gap (Eg) of
the GDY is 1.00 eV which is excellent agreement with the DFTB. By increasing the content of N, the
Egchanges in the wide range of 0.15-0.98 eV. The absorbance maxima are at 1.91 eV (647 nm) for the
GDY, 1.46 eV (845 nm) for the N-GDY, 2.15 eV (576 nm) and 1.21 eV (1020 nm). The decrease in the value
of the Egwith temperature for the GDY and 3 N GDY is observed due to variations of the bond energy
which reflects the Eg. However, an increase in the value of the Egwith temperature is found linearly for
Nitrogen-doped the N-GDY because the Fermi energy level is pushed higher from —3.722 to —4.027 eV. The dipole
Nanomaterials moment increases when increasing the content of N and temperature. Obtained results herein suggest
DFT the GDY and N-doped GDY nanomaterials can be used as very promising advancements for potentially
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1. Introduction

Recently, carbon-based materials have found use in many areas
such as energy, electronics, biomedical, optical fields, etc. Among
them, Graphdiyne (GDY) has received extensive attention, due to its
fascinating properties such as unique two-hybrid state (sp-sp?),
uniform pores, and highly m-conjugated structure [1,2]. These
properties provide promising potential in diverse fields of appli-
cations such as lithium-ion storage [3], nanocomposite photo-
catalyst [4], the anode of lithium and rechargeable batteries [5,6],
clean energy [7], spintronics [8,9], and so on.

GDY, which has been grown on the surface of copper (Cu) via a
cross-coupling reaction [10], is a novel 2D non-natural carbon
allotrope containing hexagonal carbon rings connected by diac-
etylene bonds [1]. GDY has a bandgap of 0.46 eV and exhibits high
carrier mobility at room temperature [11]. GDY also has a high
Seebeck coefficient and electrical conductivity as well as low
thermal conductivity [12]. In addition to the applications
mentioned above, a GDY-based electrochemical actuator with a
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high electromechanical transduction efficiency of up to 6.03% was
fabricated [13]. GDY electrode has recently been searched for
electrochemical supercapacitor [14]. The ultrathin GDY nanofilms
significantly improve the coulombic efficiency and long-term
cycling performance of Li metal battery [15]. Also, integrating ul-
trathin GDY nanomaterial on silicon electrodes exhibited high-
performance silicon anode [16]. The photocatalytic properties of a
novel GDY-ZnO nanohybrid were examined on the degradation of
methylene blue and rhodamine B [17]. Nowadays, it is a hot topic to
control and utilize the electronic properties and chemical activities
of carbon-based nanomaterials with doping of a foreign atom [18].

The previous studies show that nitrogen (N)-doped CBNs have
been preferred in general, because the electrons can be injected
into the materials by N atom [19] and thus tuning the electrical
transport properties. Up to now, N-doped CBNs have been exten-
sively studied both theoretically and experimentally [20—24]. On
the other hand, many studies show that N-doped GDY has more
desirable properties than undoped GDY. For example, dopant N
gives rise to an increase in the performance of GDY electrochemical
electrodes for new energy fields, such as fuel cells, batteries, solar
cells, Li/Na-ion capacitors [25,26] where the layered and porous N-
doped GDYs are carried out. Also, selectively N-doped GDY and
porous GDY can be used as excellent metal-free catalysts for oxygen
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reduction [27,28]. A recent study showed the local structures of N-
doped GDY based on computational X-ray spectroscopy [29]. On
the best of our knowledge, there is no similar work for N-doped at
different sites the 6C-hexagon of GDY. Hence, we have performed
N-doped at different sites of GDY nanomaterials to figure out its
structural, electronic, optical and reactivity properties and to
compare to the undoped GDY. It is important to note that three
different doping positions of N atom on the pristine GDY were
studied because the GDY undergoes a large deformation after the
addition of more than three nitrogen atoms to 6C-hexagon. We
calculated the binding energy, formation energy, ionization energy,
electron affinity, HOMO, LUMO, HOMO-LUMO energy gap, density
of state, charge distribution, electron localization function, the
quantum chemical descriptors such as chemical hardness and po-
tential, maximum amount of electronic charge index, and electro-
philicity index by density functional theory (DFT). We also analyzed
the UV—visible absorption spectra and optical energy gap using
time-dependent (TD)-DFT. The obtained results also compared
with the long-range corrected self-consistent charge density-
functional based tight-binding (LC—SCC—DFTB) method. Molecu-
lar dynamics simulations (MD) have also been performed to
research temperature-dependent physical properties of the GDY
and N-doped GDY nanomaterials. Our results show that N-doped
GDY is a potential candidate for optoelectronic applications.

2. Computational details

The structural relaxation of pristine graphdiyne (GDY) and
nitrogen-doped graphdiyne (N-doped GDY) nanomaterials were
carried out using the Gaussian 09 program [30] based on density
functional calculation (DFT) [30]. During the relaxation process,
reliable B3LYP [31,32] exchange-correlation functional with suit-
able split-valence basis set 6-31G(d) [33] was preferred. The GDY
contains 72 carbons (C) and 12 hydrogens (H) atoms (C72Hq2),
which was taken such as the basic building block of GDY, in the
proposed model. Dangling bonds were capped with H atoms, and
then GDY, N-GDY (NC71Hi2), 2N-GDY (N2C70Hi2) and 3N-GDY
(N3CggH12) were fully relaxed.

The binding and formation energies are represented Ejand Ey,
respectively and calculated as follows:

Ep=(nc x Ec +ny x EN+ny x Ey — Eropq) /(Nc +0n+1y) (1)

Ef =EN_doped Gpy + (Nc_reduced % Ec) — (andoped x EN) — Ecpy
(2)

where Ejqp, Egpy and Ey_gopeq cpyare the total energies of GDY or
N-doped GDY. E¢, Ey and Ey are the total energies of C, N, and H
atoms. nc, ny and ny are the numbers of C, N and H atoms. The
Nc_reduced aNd Ny_gopeq are the numbers of reduced C atoms and
doped N atoms, respectively.

The vertical ionization potential (VIP) and vertical electron af-
finity (VEA) are calculated as follows: [VIP = Et— E%] and
[VEA= EO —E~]. Where VIP s defined as the difference between two
energy levels the ground state of the cation (E™) and the ground
state of the neutral (E°) at the geometry of the neutral. VEA is the
difference between two energy levels the ground state of the
neutral (E9) and the ground state of the anion (E~) at the geometry
of the neutral.

The HOMO and LUMO energies can be given with respect to
Koopman’s theorem by I = -Eyomo and A = -E;ymo. Thus, the
quantum chemical descriptors including chemical hardness (),
chemical potential (u), electrophilicity index (w), maximum
amount of electronic charge index (4N)can be calculated as

follows [34,35]: [n = (I — A)/2], [u = — (I +A)/2], [w= u?/27] and
[ANtor = —u/m] where I and A correspond to vertical ionization po-
tential and vertical electron affinity, respectively.

GaussSum 2.2 program [36] is implemented to determine the
density of states (DOS) and partial density of state (PDOS) plots.
Also, TD-DFT calculation based on the CAM-B3LYP functional [37]
and 6-31G(d) basis set has performed to predict UV—visible
(UV—vis) absorption spectra and optical energy gap. The obtained
results also compared with the LC—SCC—DFTB method imple-
mented in DFTB + code [38]. MD simulations have been performed
using DFTB with ob2-1-1/shift [39] set of Slater Koster parameters.
The simulations use the Andersen thermostat [40] sampling an NVT
ensemble. Verlet algorithm [41] was used for numerical integration
with a time step length of 1 fs.

3. Results and discussions
3.1. Structural analysis

The geometries of the GDY, N-GDY, 2N-GDY, and 3N-GDY, which
are completely optimized at the B3LYP/6-31G(d) level, are given in
see Fig. 1 and Fig. S1 (in Supporting information). Besides, the point
group symmetries (Symm.), electronic states (E.S.) and total en-
ergies (Eto) of the GDY and N-doped GDY nanomaterials are also
tabulated in Table S1 in Supporting information. The point group
symmetry of GDY is a quasi-planar geometry with Csy (see Fig. 1)
and it has 'A; (singlet) electronic state. The atomic framework of
GDY can see to be C hexagons interconnected by acetylene
C = C=C = C=C = C chains. Due to hybridization in these chains, the
CC near-neighbor bond distances along the chain are the following:
1.39, 1.22, 1.33, 1.22, and 1.40 A, aligned from one C atoms of a
hexagon to the nearest C of an adjacent hexagon. However, the CC
near-neighbor bond distances in the hexagons are larger, with an
average distance of 1.42 A. These results are obtained with a very
good precision comparing with the literature [42]. In addition, the
structure of GDY contains 6C-hexagon and 18C-hexagon. For the
GDY, the parallelogram with a broken line is plotted as a unit cell as

Fig. 1. (Colour online) The optimized structure of GDY at B3LYP/6-31G(d) level of
theory. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. (Colour online) The density of states (DOS) for the GDY and N-doped GDY nanomaterials. The black line, red line and blue line represent the density of the system, C atoms
and N atoms, respectively. Green lines show the locations of the Fermi level. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

seen in Fig. 1. The lattice constant or cell parameter for GDY is found
to be ag = 9.52 A (see in Fig. 1), in agreement with the previous
values of 9.44—9.48 A [11,43—47]. The point group symmetry of N-
GDY is a planar geometry with Coy and it has 2B; (doublet) elec-
tronic state. Because a C atom is replaced by an N atom, structurally
three different CCCCCC chains (seen in Fig. S1a as cyan, green, and
orange colors) are formed for CC bond distances. Besides, the CC
bond distances on the CCCCCC chains indicated by the same colors
are equal and their bond numbers (single, double, and triple) are
compatible with each other. In addition, hybridization continues as
in GDY. The bond distances for the N == C=C = C=C = C chain, where
N atom is doped, are following: 1.34, 1.21, 1.35, 1.22, and 1.41 A,
aligned from one C hexagon to the nearest C of an adjacent hexa-
gon. 2N-GDY has a planar geometry with Cpy point group sym-
metry and 'A; (singlet) electronic state. Here, structurally two
different CCCCCC chains (seen in Fig. S1b as cyan and green colors)
are formed for CC bond distances due to the displacement of C
atoms and N atoms. The CC bond distances on the CCCCCC chains
indicated by the same colors are equal. The bond distances for the
N = C=C = C=C=C chains, where N atoms are doped, are the
following: 1.33, 1.21, 1.35, 1.22, and 1.41 A, aligned from one C
hexagon to the nearest C of an adjacent hexagon.

3N-GDY belongs to the Cyy point group with a planar geometry
and 2A; (doublet) electronic state. Structurally two different
CCCCCC chains (seen in Fig. S1c as cyan and green colors) are
formed for CC bond distances due to the substitution of C atoms by
N atoms. The CC bond distances on the CCCCCC chains indicated by
the same colors are equal. The bond distances for the N== C=C =C=
C = C chains, where are doped N atoms, are the following: 1.34,1.21,
1.35,1.22, and 1.41 A, aligned from one C hexagon to the nearest C of
an adjacent hexagon.

The calculated binding energy per atom (E,) for the GDY and N-
doped GDY nanomaterials is tabulated in Table S1. The E, value of
GDY is calculated to be 7.64 eV, in good agreement with previous

studies [43,48]. Moreover, E,, decreases slightly from 7.64 eV to
7.53 eV when N atoms are doped to pristine GDN (see Table S1). The
E, of the GDY and N-doped GDY nanomaterials is found to be in the
following decreasing order: GDY > N-GDY > 2N-GDY > 3N-GDY.
This indicates that the pristine GDY is slightly more stable than N-
doped GDY. In addition, the formation energies (E;) of N-doped
GDY are lie in the range of —2.85 and —3.42 eV, are very close to
each other (see Table S1).

3.2. Electronic and reactivity properties

The density of state, charge distribution, ionization potential,
electron affinity, HOMO and LUMO energies are some of the most
fundamental electronic properties of nanomaterials. Fig. 2(a—d)
shows the density of states (DOS) of GDY and N-GDY, which is
calculated in the energy range —20 to 20 eV. The peak maximum in
different energy intervals is noticed due to the overlapping of C
atoms in the acetylene linkages along the GDY. The nitrogen (N)
substitutions on GDY enhance the DOS at the Fermi energy level
and cause the decrease of energy gap, thus increase the conduc-
tivity of GDY. Also, they are promising conditions for the possible
use of chemical nanosensors. In addition, a change in the peak
maximum for N-GDY occurs due to the transfer of charge between C
and N atoms.

Fig. S3 and Fig. 3(a—f) show the partial density of states (PDOS)
of s and p levels of C and N atoms for the GDY and N-GDY in the
energy range —20 to 20 eV, respectively. The contribution of C
atoms for GDY is presented in Fig. S3 where it can be obviously seen
that onlypy and p; orbitals for C atoms contribute to both valence
band (VB) and conductance band (CB), whereas pxorbitals have no
contribution. Also, the contribution from pyorbitals is more than py
and p,. These results are also supported by the previous results
[45,46]. The contributions of C for N-doped GDY are presented in
Fig. 3(a, ¢, e). All the p-orbitals of C are contributing to both the VB
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Fig. 3. (Colour online) The partial density of states on the s (blue), px (green), py (red) and p, (cyan) levels of C and N atoms for N-doped GDY nanomaterials is represented. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

and CB, and the contribution from py orbitals is more than py and p,.
The contributions of C atoms for the GDY and N-doped GDY
nanomaterials are presented in Fig. S3 and Fig. 3(a, ¢, f). Figs. show
that all the p-orbitals on C contribute to both the VB and CB. In the
case of N atoms, mostly pyorbitals contribute to basically VB, and
the contribution of pyincreases with increasing the content of N
atoms (see Fig. 3(f)). However, the contribution from p, and p,
orbitals for the VB is too small. In addition, p-orbitals of N atoms
contribute less to the CB than that of the VB.

The natural population analysis of the GDY and N-doped GDY
nanomaterials are shown in Figs. S2(a—b) in Supporting Informa-
tion. We compared the effects of charge in the case of displaced C
atoms with N atoms. Figs. S2(a—b) show that the N atoms carry a
high negative charge (red rectangles indicated). However, each C
atom bound three nearest C atoms has a small number of positive
charges (green rectangles indicated). This is considered to be

mainly because of the negatively charged on the basis of N atoms
which causes the electrostatic charge distribution. The charges of C
atoms in the range of —0.238 and —0.251 |e| at the corners (green
circles indicated), where H atoms are captured by C atoms, are
higher than that of other C atoms (see Figs. S1a—S1b). Here, the
charge transitions are from H atoms to C atoms.

The HOMO-LUMO energy gap (Eg) for the GDY and N-doped
GDY nanomaterials is tabulated in Table 1. TheEgof GDY is pre-
dicted as 1.00 eV and 1.03 eV using DFT and LC—SCC—DFTB cal-
culations, respectively, which are in excellent agreement with the
literature [42,49—52]. It can be comparable to theEgof Si (1.14 eV),
GaAs (1.43) and CdTe (1.5 eV) materials and recommends potential
applications of GDY to be the supersede of these materials as a
new semiconductor [53]. According to experimental results, the
conductivity of GDY is reported in the range of 2.5 x 10~ and
3.2 x 1074 S/m, which is also similar to that of silicon [54,55]. It
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Table 1

Electronic and reactivity properties of GDY and N-doped GDYs. All values are in eV.
(All values are from DFT calculations except for Eg* which is obtained from
LC—SCC—DFTB calculations).

GDY N-GDY 2N-GDY 3N-GDY
VIP 5.92 5.21 5.31 5.54
VEA 2.95 2.78 2.97 2.86
HOMO -5.20 —4.35 —4.43 —4.86
LUMO —4.20 —4.20 —4.21 —3.88
Eg 1.00 0.15 0.22 0.98
Eg* 1.03 0.12 0.21 0.25
n 1.49 1.22 1.17 1.34
W —8.88 —7.98 —8.28 -8.39
9] 26.52 26.23 29.30 26.26
ANior 5.98 6.57 7.08 6.26

also indicates that the porous GDY has a low carrier barrier which
can be properly prepared under the experimental conditions. On
the other hand, previous studies have pointed out that with N-
doping, the electronic character of carbon nanotubes changes
from semiconductor to conductor [56—58]. Therefore, it is very
important how the N doping affects theEgof the GDY. The E; de-
creases significantly from 1.00 eV to 0.15 eV when an N atom is
doped to pristine GDN. However, when two (for 2N-GDY) and
three (for 3N-GDY) N atoms are doped, Eg increases to 0.22 eV and
0.98 eV, respectively (see Table 1). The similar trend was observed
with LC—SCC—DFTB method. For example, theEgfor N-GDY is
0.12 eV, i.e., about 0.03 eV smaller than DFT calculations. Similarly,
it is predicted for 2N-GDY as 0.21 eV, i.e., about 0.01 eV smaller
than DFT. The increasing trend for 3N-GDY is also observed both
the DFT and LC—SCC—DFTB methods. From the results, it is sig-
nificant to note that N-GDY could be used as an electron transport
material.

Global reactivity descriptors such as 7, ¢, wand 4Ny defined in
methodology part which are some of the most fundamental
reactivity properties of nanomaterials, are given in Table 1. The VIP
of the GDY is predicted to be 5.92 eV (see Table 1). Moreover, VIP
decreases with N doping, but it increases from 5.21 to 5.54 eV
when the number of doped N atoms increases. Thus, VIP is found
as in the following decreasing order: GDY > 3N-GDY > 2N-
GDY > N-GDY. The VEA value of GDY is found to be 2.95 eV (see
Table 1). In addition, VEA exhibits oscillation behavior, but does
not significantly affected by N doping. The 7 value of the GDY is
calculated to be 1.49 eV. With doping N, the 7 values of the GDY
and N-doped GDY nanomaterials vary between 1.22 and 1.34 (see
Table 1). Similarly, w and 4N values vary slightly with N-doping,
whereas 2N-GDY is slightly higher than N-GDN and 3N-GDN. It
also points out that 2N-GDY has a high tendency to accept elec-
tron(s). This is considered to be mainly because it has a closed-
shell electronic configuration. Comparing to electronic and reac-
tivity properties, pristine GDY is slightly more stable than N-
doped GDN.

3.3. Optical properties

Absorption spectra and optical energy gap (Egpt)are some of the
most fundamental optical properties of nanomaterials.
Ultraviolet—visible (UV—vis) absorption spectra for the GDY and N-
doped GDY nanomaterials are calculated by using time-dependent
DFT (TD-DFT) and given in Fig. 4. The maximum UV—vis absorption
spectrum value of GDY indicates an absorption peak located at
647.8 nm (around 1.9 eV) in the visible light region, which is good
agreement with experimental results [2,59,60]. Moreover, it is
shown that 2N-GDY is observed at a wavelength of 576.3 in the
visible light region, whereas N-GDY and 3N-GDY give an absorption
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Fig. 4. (Colour online) The UV—visible absorption spectra of the GDY and N-doped GDY
nanomaterials. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

peak at 845.3 and 1020.0 nm, which are in the near-infrared region
(NIR) of the electromagnetic spectrum, respectively (see Fig. 4). The
absorption spectra of N-doped and 3N-doped GDY are slightly red
shifted as compared to pristine GDY, respectively, but that of 2N-
doped is blue shifted. The red shift in the absorption is observed at
lower energy gap <1.55 eV, whereas the blue shift is observed at
higher energy gap >1.55 eV. Consequently, the absorption shifts to
lower wavelengths (higher energies) and higher wavelengths
(lower energies) corresponds to blue and red shifts, respectively.
The Eg‘” for the GDY and N-doped GDY nanomaterials is plotted

in Fig. 5. Egp " can be calculated from UV—vis absorbance data using
Tauc plot method [61], is defined as follows:

ahy = K(hv - E‘g)p['>n (3)

where «, hy and K are absorption coefficient, incident photon en-
ergy and energy independent constant, respectively, and n is 2 for
direct bandgap material and 1/2 for indirect bandgap nano-
materials. According to the analysis of the Tauc plot, GDY is a direct
bandgap semiconductor with the Egpt =1.55eV, in good agreement

with previous studies [7,11,49,62,63]. EgP* value decreases for N-
GDY, but increases for 2N-GDY, and then sharply decreases for 3N-
GDY (up to 0.78 eV). According to these results, the electronic
character of N-doped GDY shows a semiconductor behavior with
the Eg” between 0.78 eV and 1.68 eV after N doping to GDY (see
Fig. 5).

To gain information about chemical bonds and bond interactions,
we performed the topological analysis of electron localization func-
tion (ELF) (see Fig. 6). The ELF analyses have a range of values between
0 and 1, where 0 and 1 values correspond to the absence of electrons
and perfect localization, respectively [64]. Besides, ELF = 0.5 also
corresponds to the free electron gas. Briefly, electrons are less local-
ized as ELF values decrease. Thus, the nature of a bond could be
transformed into a non-covalent type. ELF values of C—Cbonds in GDY
are in the range of 0.9 and 1.0, as seen in Fig. 6. This indicates that C—C
bonds confirm the covalent bonding in GDY. Besides, as it is clear from
the ELF contours calculated for the N-GDY, 2N-GDY and 3N-GDY, the
electron localization also occurs in the center of the C—N and C—C
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Fig. 7. The variations of the HOMO and LUMO energies of GDY and N-doped GDY nanomaterials as a function of temperature.
36 s T T T T T T T T 3.4. Temperature-dependent physical properties
09 ‘\o\“\*\ . i Representative results from MD simulations are shown in Fig. S4
g in Supporting information, where we plot the potential energy (Ep)
0.8 . curve versus temperature of the GDY and N-doped GDY nano-
o materials. In each case theE, curve displays straight-line behavior
o 7 in the range 100 K—1700 K. The Epreflects the fact that the GDY
% . “\‘n i without doping N has the larger the E; than N-doped GDY due to
= “‘°~~~\°N difference of the energy of atomic orbitals of C and N (see Fig. 2).
W o5 4 e E The changes in the HOMO and LUMO energy levels with tem-
o e o perature are shown in Fig. 7 (a, b, c and d) for the GDY and N-doped
4 " 9o o o ,?@gg},ﬁé\g\t\ ] GDY nanomaterials. For GDY, the energy of the LUMO reduces
03 4 / o ‘*o\o ‘;9 i from —3.646 eV to —3.951 eV, but the energy of the HOMO in-
0_/4}/“ 97'“0,,,70—""’/ " creases from —4.646 eV to —4.452 eV at 100 K and 1665 K,
024 4 o9 . respectively (see Fig. 7(a) and Table S2 in Supporting information).
T T T T T T T T As aresult of these changes, the value of the E; slightly decreases up
0 200 400 600 800 1000 1200 1400 1600 1800 to about 1000 K and then it sharply decreases up to 1665 K due to
Temperature (K) increasing the intermolecular distance between C—C binary in-
Fig. 8. (Colour online) The bandgaps of the GDY and N-doped GDY nanomaterials tel‘aCtIOI.]S aljld the laclk of the Symmetry in the chains (see Fig. S5 in
based on temperature. (For interpretation of the references to color in this figure Supporting information) of the GDY with temperature, as seen in
legend, the reader is referred to the Web version of this article.) Fig. 7. The decrease in the value of the Egwill give rise to an increase

in the inhibition efficiency because the energy required to remove
an electron from the last occupied orbital will be low [66]. On the
other hand, after N doping, the value of LUMO decreases
bonds. For both pristine GDY and N-doped GDY, ELF values around the from —3.544 eV to —3.555 eV in the range of 101 K—1609 K for N-

center of all C—C and C—N bonds are greater than 0.8. It confirms the GDY, from —3.503 eV to —3.660 eV in the range of 108 K—1654 K for
covalent bonding in studied nanomaterials. These results are in 2N-GDY and from -2.939 eV to —3.351 eV in the range of
excellent agreement with the literature [65]. We note that as the 105 K—1574 K for 3N-GDY. However, interesting chemistry is pre-
number of doped N atoms increases ELF analyses indicate an insig- dicted that HOMO energy shows an increasing trend with tem-
nificant decrease in covalency of the C—C bond. perature (see Fig. 7b, c and 7d). Therefore, we can conclude that the



8 I. Muz, M. Kurban / Journal of Alloys and Compounds 842 (2020) 155983
4 T T T T T T T T 14 T T T T T T T T
(a) GDY o 0 % %0 . ) (b) N-GDY o
2 - -4 124 o L o
o2 o 3o o o
9 P 9 °
9 o o9 ) ° o
° 04 Pt > 1 104 9o 4
2 @ °
[ o X
a @
- -2 4 ° X N 84 oy -
é ° : Y ° oz
s ° R Zl 6 |
E -4 ° 7 o0 9 %4
2 ° oo °
2 9 4 o—° .
= 6 9 i o
o ? -]
. 2
° . ° 4
8 %o o MRS S e o i * b
o
T T T T T T T T T T T T T T T T
14 e ] 204 o )
(c) 2N-GDY > (d) 3N-GDY "
o 9 °
p— =] 16 ° -1
© 9 o 9
> 10 °o A °
g ° o 0
a ] s o 12 4 C po .
:'; ? g 9 ° :
g 6 9 4 @ 9
9 4 4
o e 9 . 8 @ v °
£ 9 /9 X P o 9 X
2, o . & -y 4 » pe B Yy
g 7 3- " - P -z 1 77 o o ? oz y
3 Q
Q 0o 9 oo ° >
ol 8 ° i
2 . o °
24 . 9
9 - ° o?
°
-4 4
T T T T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 O 200 400 600 800 1000 1200 1400 1600 1800

Temperature (K)

Temperature (K)

Fig. 9. The variations of the dipole moments of GDY and N-doped GDY nanomaterials in the x-, y- and z-directions as a function of temperature.

temperature causes a considerable shift in the relative position of
the VB and CB. On the other hand, it is important to emphasize that
an increase in the value of the Egis found linearly for N-GDY (see
Fig. 8). For 2N-GDY, it is clearly shown the Egincrease linearly up to
323 K and continues to increase with a sharp slope. After that, it
remains almost constant up to almost 1000 K and then a decrease is
observed at 1665 K. The nonmonotonic behavior of 2N-GDY at
between 300 and 400 K, which destroys the linear dependence of
the energy, is probably associated with the change in the bond
distance and angle of CCCCCC chains. When it comes to 3N-GDY, the
Egdecreases approximately linearly. Here, the reason for the
decrease in the Egfor GDY and 3N-GDY can be explained with
temperature-dependent electron-phonon interactions effectively
determine semiconductor Eg [67] due to variations of the bond
energy which reflects the Eg. If the temperature is increased, the
chemical bonding as electrons are promoted from VB to CB. On the
other hand, the increase in the Egfrom 0.246 eV to 0.325 eV can be
attributed to the Burstein moss effect. When the temperature is
increased, all states near the CB are being populated. The Fermi
energy level is pushed higher from -3.722 eV at 101 K
to —4.027 eV at 1609 K, hence increasing the Ej.

Fig. 9 shows the variations of the dipole moment (Dy,)of the
GDY and N-doped GDY nanomaterials in the x-, y- and z-directions
as a function of temperature. It is clearly shown that the-
Dyincreases when increasing the content of N and temperature
with the order GDY * N-GDY < 2N-GDY < 3N-GDY. The GDY
Dysincreases with temperature in negative z-directions and positive
x- and z-directions up to almost 1400 K and then an increase was
observed in three directions. With doping N, the Dyincreases in
positive x-, y- and z-directions as a general trend. The increase in

the Dy, may be related to the ability of the Dyto bind an extra
electron for high temperatures [66].

4. Conclusions

DFT/TD-DFT, LC—SCC—DFTB and MD simulations are employed to
investigate the structural, electronic, reactivity and optical properties
of pristine GDY and novel N-doped GDY nanomaterials. Pristine GDY,
which is selected such as the basic building block of graphdiyne, has
a stable quasi-planar geometry and consists of 6C-hexagon and 18C-
hexagon. The N-GDY, 2N-GDY, and 3N-GDY are found to be struc-
turally and chemically stable as GDY. Moreover, theEgof N-GDY, 2N-
GDY, and 3N-GDY are found to be 0.15 eV, 0.22 eV and 0.98 eV,
respectively, which are found compatible with LC—SCC—DFTB. These
results indicate that the electronic character of GDY considerably
changes from semiconductor to conductor with N-doping. However,
theEg” calculations point out that N-doped GDY exhibits semi-
conducting electronic character, on the basis of TD-DFT calculations.
More interestingly, the maximum UV—vis absorption spectra of the
GDY and N-doped GDY nanomaterials indicate absorption peaks
located in the range of 576.3 and 1020 nm in visible light or near-
visible regions. It is noted that the absorption spectrum calculated
by TD-DFT/CAM-B3LYP method for GDY agrees with the experi-
mental results. According to ELF analyses of the GDY and N-doped
GDY nanomaterials, the covalency of C—C and C—N bonds decreases
depend on increasing the number of doped N atoms, but not large
enough to affect their covalent bond. It is interesting to note that the
decrease in the value of the Egwith temperature for the GDYand 3 N
GDY is observed, while an increase in the value of the Eg;with
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temperature is found linearly for the N-GDY. The dipole moment
increases when increasing the content of N and temperature. From
obtained results, the N-doped GDY nanomaterials with porous and
planar structures could open up an opportunity to develop storage
materials with high capacity.
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