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We demonstrate a possible structural transition from graphdiyne (GDY) to boron nitride (BN)-diyne (Cgp-
18n(BN)onH1g; n = 0-5) sheets using the density functional theory (DFT). The aim of this study is to
investigate the effects of substitution of carbon atoms by B and N atoms on structural, electronic and
reactivity properties. We found that a structural transition from quasi-planar to planar occurs at n = 2.
The stability decreases with increasing the number of B/N. Moreover, the pristine BNdiyne is only less
stable than pristine GDY by about 0.92 eV/atom. Our calculations also show that the energy gap (Eg) of
the GDY and its BN structural analog models changes in the wide range of 0.45—5.52 eV as the number of

g?;‘gﬁ;?;'ne B and N atoms increases in the system. The Eg of the BNdiyne (n = 5) is found to be 5.52 eV, indicating
BNdiyne electrically an insulating behavior, however, it is 0.45 eV for the BNdiyne (n = 4) which is higher con-
Structural transition ductivity than that of pristine GDY. Molecular dynamics simulations show that temperature induces a
Bonding decrease in the E; due to variations of the bond energy and deformation in the structures under heat

DFT treatment. The ELF analysis also confirms that the B—N bonds in new GDY-like BN sheets potentially
exhibit covalent characteristics. Our results herein show that new BNdiyne sheets can be used in

promising applications from chemical nanosensors to solar cell applications.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Graphdiyne (GDY), which has unique two-hybrid state (sp-sp?),
uniform pores, and highly m-conjugated structure [1,2], has
attracted intense scrutiny in diverse fields of applications such as
lithium-ion storage [3], nanocomposite photocatalyst [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 exhibits high carrier mobility at room
temperature owing to its bandgap of 0.46 eV [11,12]. GDY also has a
high Seebeck coefficient, electrical conductivity and low thermal
conductivity [13]. Based on the properties mentioned above, a GDY-
based electrochemical actuator with a high electromechanical
transduction efficiency of up to 6.03% was fabricated [14]. GDY
electrode has recently been carried out for electrochemical
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supercapacitor [15]. The ultrathin GDY nanofilms significantly
enhance the coulombic efficiency and long-term cycling perfor-
mance of Li metal battery [16,17]. Besides, integrating ultrathin GDY
sheets on silicon electrodes exhibited high-performance silicon
anode [18]. The photocatalytic properties of a novel GDY-ZnO
nanohybrid were examined on the degradation of methylene blue
and rhodamine B [19].

Controlling and utilizing the electronic properties and chemical
activities of carbon-based nanomaterials (CBNs) are a significant
topic of research so that enhance the potential applications of them
[20], doped with a foreign atom or molecule is an effective method
[21—-25]. Moreover, doping effects can be used to effectively adjust
the electronic structures of CBNs. For example, the advances in the
design of 2D-carbon nitride with dopant have been shown that it is
possible to tune and control the energy gap of CBNs, thus change
conductivity [26—31]. Among dopant atoms, in general, nitrogen
(N)-and boron (B)-doped CBNs have been preferred, because the
electrons can be injected into the materials by N atom [32] and thus
tuning the electrical transport properties. In this context, N-doped
CBNs have been extensively studied both theoretically and exper-
imentally [33—37]. On the other hand, many studies show that N-
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Fig. 1. (Colour online) The optimized geometries n = 0 (a), n =1 (b),n =2 (c),n = 3 (d), n = 4 (e) and n = 5 (f) for Cog.18n(BN)onH1g models computed at B3LYP/6-31G(d) level of
theory. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

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 [38,39]. Also,
selectively N-doped GDY and porous GDY can be used as excellent
metal-free catalysts for oxygen reduction [40,41]. A recent study
showed the local structures of N-doped GDY based on computa-
tional X-ray spectroscopy [42]. On the other hand, B-GDY based
materials are suggested as promising candidates for Li, Na and K ion
batteries [43]. The motivation of the current work is to perform a
systematic study on the transition from pristine graphdiyne (GDY)
to BNdiyne (Cgp-18n(BN)onH1g; n = 0-5) as novel two-dimensional
BN sheets. Herein, we carried out the binding energy, formation
energy, vertical ionization energy, vertical electron affinity, HOMO,
LUMO, HOMO-LUMO energy gap, the density of state, charge

distribution, electron localization function, Wiberg bond index,
quantum chemical descriptors such as chemical hardness and po-
tential, the maximum amount of electronic charge index, and
electrophilicity index by density functional theory (DFT). The ob-
tained energy gaps also compared with the long-range corrected
(LC) self-consistent charge (SCC) density-functional based tight-
binding (DFTB) and SCC-DFTB methods. Besides, molecular dy-
namics (MD) method was utilized to study the relationship be-
tween temperature and energy gap of the GDY and BNdiyne sheets.

2. Computational details
All the calculations have been performed using DFT calculations

based on the reliable B3LYP exchange-correlation functional with
an empirical dispersion term of Grimme’s three-parameter (GD3 in
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Fig. 2. (Colour online) The binding energy per atom(E,) and formation energy (E) for Cgo-18n(BN)onH1s (n = 0-5) models. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

Table 1
The electronic and reactivity properties of Cgg_18n(BN)onH1g (1 = 0-5) models. All
values are eV.

n
0 1 2 3 4 5
Ep 7.64 7.45 7.09 7.07 6.82 6.73
E¢ - —0.78 -1.40 —0.08 -0.99 -0.38
VIP 6.20 6.18 5.18 6.25 298 7.21
VEA 2.10 1.80 2.39 0.54 2.28 0.20
HOMO —5.46 —54 —4.51 —5.5 —3.94 —6.45
LUMO -2.84 —2.56 —3.06 -1.96 -3.49 -0.93
Eg 2.62 2.84 1.45 3.54 0.45 5.52
n 1.31 1.42 0.73 1.77 0.23 2.76
Quw 6.57 5.58 9.88 3.93 30.67 247
ANqot 3.17 2.80 5.22 211 16.51 1.34

Gaussian 09) [44—46]. In addition, the 6-31G(d) basis set is selected
to obtain the atomic orbitals for ensuring sufficiently accuracy and
efficiency. We systematically investigated the transition from
pristine graphdiyne (GDY) to BNdiyne (Cgg-18n(BN)gnH1s; n = 0-5).
Ends of pristine GDY were capped with hydrogen atoms to saturate
dangling bonds due to fragment stabilization effect. GDY-like BN
models were typically constructed by replacing 18 carbon atoms by
9 boron and 9 nitrogen atoms in pristine GDY (CggH1g). This pro-
cedure continues until each C atom takes up the B and N atoms, and
then all models were fully relaxed.

The binding energies Ej, and formation energies E; are calculated
as follows:

Ep = (n¢ x Ec +np x Eg+ny x Ey +ny x Eg — Egora1)/
x (N¢ +ng+ny +ny) (1)

Ef =Ecpy + (NB_incr. % EB) + (Mn_incr. X EN) — (Nc_decr. % Ec)

- EBNdiyne (2 )

where Eyq), Egpy and Epygiyne are the total energies of GDY or its BN

analogs. Ec, Eg Ey and Ey are the energies of C, B, N, and H atoms. nc,
ny and ny are the numbers of C, N and H atoms. The n¢_gecr , Np_incr.
Nn_inc. are the numbers of decreased C atoms and increased B/N
atoms, respectively.

The vertical ionization potential (VIP) and vertical electron af-
finity (VEA) are calculated as follows: [VIP = Ecation _ greutral] gnd
[VEA = Ereutral _ganion] | these formulas, the VIP is defined as the
difference between two energy levels the ground state of the cation
(Ecationy and the ground state of the neutral (Eeutraly at the geom-
etry of the neutral. The VEA is the difference between two energy
levels the ground state of the neutral (E"eutal) and the ground state
of the anion (E"o") at the geometry of the neutral.

The HOMO and LUMO energies can be given with respect to
Koopman’s theorem by I = -Egomo and A = -Ejymo. In addition,
chemical hardness (), electrophilicity index (w), maximum
amount of electronic charge index (4Ny:) can be calculated as

2
follows: [n = (I — A)/2], {w— (@) /217] and [ANgt = — (I +

A)/2n).

GaussSum [47] and Multiwfn [48] programs are used to calcu-
late the density of states (DOS), Wiberg bond index (WBI) and
electron localization function (ELF), respectively. Besides, Gauss-
view [49] program is used for molecular structure visualizations.
The obtained results are also compared with the LC—SCC—DFTB for
GDY and SCC-DFTB methods implemented in DFTB + code [50]. MD
simulations have been performed using DFTB with ob2-1-1/shift
[51] and matsci [52] sets of Slater Koster parameters. The simula-
tions use the Andersen thermostat [53] sampling an NVT ensemble.
Verlet algorithm [54] was used for numerical integration with a
time step length of 1 fs.

3. Results and discussions

As well as the point group symmetries and electronic states, the
geometries of pristine GDY and its boron nitride (BN) analog
models (Cgg-18n(BN)gnH1g; n = 0-5) are completely optimized at the
B3LYP/6-31G(d) level of theory and are presented in Fig. 1. Also, the
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Fig. 3. (Colour online) Density of states (DOS) plots of n =0 (a),n =1 (b),n=2(c),n =3 (d),n =4 (e) and n = 5 (f) for Cop-18n(BN)onH1s models. (For interpretation of the references

to colour in this figure legend, the reader is referred to the Web version of this article.)

optimized cartesian coordinates of pristine GDY and its BN analogs
are given in Tables S1—S6 (as Supporting Information).

CgoHi1g has a quasi-planar geometry with D34 point group sym-
metry and 1A1g electronic state (see Fig. 1a). Bond types for the
linking C—C bonds in CggHig appear alternately as single (a single
bond plus a delocalized p bond), double and triple bonds. The atomic
framework of CggHig can see to be C hexagon interconnected by
acetylene C = C=C = C=C = C chains. C—C bond distances along the
chain are following: 1.41,1.22,1.35,1.22, and 1.41 A, whereas the C—C
bond lengths in the C hexagon are larger, with an average value of
1.42 A. This result is in excellent agreement with previous studies
[55]. In addition, C—C bond lengths along the chains outside CgoH1g
are larger than those of towards center. When parallelogram with a
broken (blue) line is plotted a unit cell (see Fig. 1a), the lattice

constant of CogH1g is found to be ag = 9.51 A, in good agreement with
the previous values of 9.44—9.48 A [11,56—60]. It can be easily seen
when C atoms are replaced by B and N atoms, emerging models can
be defined as BN analogs due to similarity with the GDY from view of
topology. The first BN model (n = 1) is C7,BgNgH1g, has a quasi-planar
geometry with Czy point group symmetry and 'A; electronic state
(see Fig. 1b). The atomic framework of C75BgNgH1g changes to be BN
hexagon and so the geometry of CgooHyg (GDY) is distorted when
eighteen carbon atoms are replaced by nine B and nine N atoms.
Interestingly, this replacement does not affect C—C bond distances in
C72BgNgH1g model. B—N bond lengths in the hexagon ring are larger,
with an average value of 1.45 A than those of chains. In Fig. 1c-e,
three BN models (Cs4B1gN1gH1g; n = 2, C36B27N27H1g; n = 3, and
CygB3gN3gH1g; n = 4) have a planar geometry with D3}, point group
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Fig. 4. (Colour online) LUMO, HOMO and HOMO-LUMO energy gap (Eg) (a), vertical ionization potential (VIP) and vertical electron affinity (VEA) (b) for Cgp-18n(BN)onH1s (n = 0-5)
models. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

symmetry and 'A;’ electronic state. It is note that a structural tran-
sition from quasi-planar (three-dimensional; 3D) to planar (two-
dimensional; 2D) occurs in Cs4B1gN1gH1g (at n = 2). For n = 2, the
shortest bond of 1.26 A has a bond type of B(sp) = N(sp). Similarly, for
n = 3-4, BN chains exhibit an approximate character of single and
double bonds alternation. Moreover, it can be seen that the B—N
bond length in hexagon ring is increased from 1.45 A to 1.48 A (in
range of n = 1-4) with increasing the number of B and N atoms (see
Fig. 1). B4sNgsHig has a planar geometry with D3y point group
symmetry and 'A;’ electronic state (see Fig. 1f). Outwardly, the only
difference from pristine GDY (see Fig. 1a) is that B and N atoms
alternately replace C atoms in the framework. The atomic framework
of B45N45H1g can see to be BN hexagon interconnected by B— N— B—
N — B — N chains. B—N bond distances along the chain are following:
1.38,1.28, 1.34, 1.28 and 1.38 A. In contrast, B—N bond lengths in the
BN hexagon are larger; with an average value of 1.48 A. B—N bond
lengths along the chains outside B4sN45H1g are larger than those of

towards center. Besides, the longest BN bond in the optimized
B4sN4sHig (pristine BNdiyne) is 1.48 A, slightly larger than the
calculated values of 1.42 A (longest CC bond) in the optimized CogH1g
(pristine GDY). Owing to these structural properties, the B45N45H1g
are so similar with CggHig. When parallelogram with a broken
(green) line is plotted a unit cell, the lattice constant for B45N45H1g is
found to be ag = 9.64 and by = 9.62 A (see Fig. 1f). Compared with
GDY, the lattice constant of B4sNy5H1g is increased, this difference
can be strong evidence of the presence of sp and sp? hybridization
states between B and N atoms. These results agree well with the
geometric characteristics predicted by periodic models [61—63]. We
note that all the optimized models have no imaginary frequencies,
indicating that these structures are stable.

The calculated binding energy per atom (E,) for GDY and its BN
analog models is plotted in Fig. 2 and tabulated in Table 1. The E,
value of CggHig (n = 0) is calculated to be 7.64 eV, in excellent
agreement with a value of 7.65 value [64]. Moreover, Ey, decreases
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from 7.64 eV to 6.73 eV when B and N atoms are replaced with C
atoms. This indicates that the pristine BNdiyne is less stable than
pristine GDY. We also note that the GDY and BNdiyne models are
less stable than graphene by about 0.31 and 1.22 eV/atom, which is
in good agreement with previously predicted studies [65,66]. On
the other hand, the formation energies (E;) of GDY-like BN and
BNdiyne models exhibit pronounced odd-even oscillation behavior
are lie in the range of —0.08 and —1.40 kcal/mol (see Table 1).

Fig. 3 shows the density of states (DOS) and the HOMO-LUMO
energy gap (Eg) of GDY and its BN analog models. The upper
valence bands originate primarily from the states of C atoms in
range of n = 0-2 (Fig. 3a—c). Besides, the lower valence bands are
also derived from the states of N atoms after n = 3 (Fig. 3d—f). On
the other hand, the conduction bands basically arise from the states
of C atoms up to n = 2. Conversely, they are derived from the states
of B atoms in range of n = 3-5. We note that decreases from when B
and N atoms are replaced with C atoms.

The Eg shows an increasing/decreasing (i.e. a fluctuating) trend

when B and N atoms are replaced with C atoms (see Fig. 4a). HOMO
states increase significantly from —5.46 to —3.94 eV in range of
n = 0-4, whereas LUMO states shift from —2.84 to —3.49 eV (see
Figs. 3—4a). The Eg decreases significantly from 2.62 to 0.45 eV at
n = 4 (CigB3gN3gH1g). However, the HOMO and LUMO states of
pristine BNdiyne (at n = 5) model shift to higher energies (see
Fig. 3f), and thus Eg increases sharply up to 5.52 eV, indicating
electrically an insulating behavior. This agrees extremely well with
the values of 5.52 eV predicted for BNdiyne models [61]. In addi-
tion, the energy gap results obtained in the B3LYP functional are
compared with HSE (in Table S7 as Supporting Information). These
calculations show that HSE functional is in good agreement with
B3LYP. It is interesting to note that the substitution causes a
considerable shift in the relative position of the VB and CB. Our
calculations indicate that the conductivity of C1gB3gN3gH1g model is
higher than that of the others. Comparing to the Eg of Si (1.14 eV),
GaAs (1.43) and CdTe (1.5 eV) [67], C1gB3sN3gH1g as a GDY-like BN
model could be recommended as potential candidate and it could
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be used as an electron transport material as well as a suitable
material for the possible use of chemical nanosensors.

The VIP of the pristine GDY (at n = 0) is calculated to be 6.20 eV
(see Table 1). VIP shows a fluctuating and decreasing trend except
n = 1 state (see Fig. 4b), whereas the pristine BNdiyne (at n = 5)
displayed a clear peak with the substitution of the C atoms by B and
N atoms. On the other hand, the VEA of the pristine GDY (at n = 0) is
found to be 2.10 eV (see Table 1). The VEA shows a decreasing trend
except n = 2 and 4 states, both have similar values, exhibiting odd-
even oscillation behavior (see Fig. 4b). Besides, the graphs of w and
AN¢or show the similar trend with that of VEA. Also, the w and ANt
give a maximum at n = 2 and 4, indicating that high tendency to
accept electron (see Fig. 5a). The n value of the pristine GDY (n = 0)
is calculated to be 1.31 eV (see Table 1). With the substitution of the
C atoms by B and N atoms, the n shows an increasing trend about
0.23—2.76 eV (see Fig. 5b). It can be seen that the plot of 1 exhibit
generally the similar trend with that of VIP.

We carried out the electron localization function (ELF) analyses

to evaluate the knowledge of the bond interaction (see Fig. 6). The
ELF have a range of values between 0 and 1, where 0 and 1 values
correspond to the absence of electrons and perfect localization,
respectively [68]. The type of bond can become non-covalent
because the reduction of ELF values causes less localization of
electrons. The ELF values of bonds for CggH1g are found to be in the
range of 0.9 and 1.0, which is in excellent agreement with previous
study [69]. Similarly, the ELF values for GDY-like BN models (n = 2,
4, 5) are generally greater than 0.8 based on B and N atoms alter-
nately replace C atoms. Note that electrons generally accumulated
around N atoms rather than B atoms, and so they are held more
tightly to N atoms. One reason is that because the N atom has a
higher electronegativity than B. These results indicate the strong
chemical covalent bonds which is in complete agreement with
energetic and electronic results. We also note that the calculated
ELF analyses indicate the stability of GDY-like BN models.

Fig. 7 shows the Wiberg bond index (WBI) of GDY and its BN analog
models. The WBI is used to predict the bonding strength among C, B
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Next, we turn our attention to study the variation of the HOMO,
LUMO, fermi energy levels and energy gap with temperature are
shown in Fig. 8 for the GDY (n = 0) and GDY-like BN model (n = 4)
sheet. Here, we compared the GDY with only for n = 4 which gives
lowest energy gap value among all considered models (see Fig. 8a).
For GDY sheet, the energy of the LUMO reduces from —3.476 eV
to —-3.791 eV, but the HOMO increases from -5.864 eV
to —5.696 eV at 0 K and 1500 K, respectively (see Fig. 8b). Due to
these changes, the value of the Eg slightly decreases up to about
1500 K due to increasing the intermolecular distance between C—C
binary interactions and the lack of the symmetry in the chains of
the GDY with temperature (see Fig. 8a). The decrease in the value of
the Eg will 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 [70]. On the other hand, after B and N
doping, the value of LUMO decreases from —4.261 eV to —4.428 eV
in the range of 0 K—1500 K for n = 4 (see Fig. 8c). However, inter-
esting chemistry is predicted that HOMO energy shows an
increasing trend with temperature. Therefore, we can conclude that
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Fig. 8. (Colour online) The variations of energy gap (at n = 0 and 4) (a), HOMO, LUMO
and Fermi energy levels n = 0 (b) and n = 4 (c) depending on temperature for Cyo.
18n(BN)onH1g models. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

the temperature for both cases causes a considerable shift in the
relative position of the VB and CB. On the other hand, it is important
to emphasize that a decrease in the value of the E; is found for GDY
(at n = 0) and GDY-like BN model (at n = 4) sheets (see Fig. 8a). It is
interesting to note that after 1400 K, an increase in the Eg from
0.106 eV to 0.119 eV is calculated for n = 4 (see Fig. 8a), which 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 -4.481 eV at 1400 K
to —4.487 eV at 1500 K (see Fig. 8c), hence temperature-induced
considerable change in the band structure.
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4. Conclusions

This study focuses on a structural transition from graphdiyne
(GDY) to boron nitride (BN)-diyne and explores the effects of
increasing the number of B and N atoms on structural, electronic
and reactivity properties of GDY and its BN analog models (Cgg-
18n(BN)gnH1g; n = 0-5) using DFT. It is found that a structural
transition from quasi-planar geometry to planar geometry occurs
in Cs4B1gN1gH1g (at n = 2). Moreover, we found that the stability
decreases with increasing the number of B/N on GDY. In this case,
the pristine GDY is found to be the most stable model with a value
of 7.64 eV/atom, whereas the pristine BNdiyne is less stable than
pristine GDY by about 0.92 eV/atom. The ELF analysis indicates that
the electron density is higher at the positions occupied by N atoms.
In addition, it confirms the B—N interactions in new BNdiyne sheets
exhibit covalent bonding. It is interesting to note that the energy
gap shows a increasing/decreasing trend in the wide range of
0.45—5.52 eV in terms of substitution of C atoms by B and N atoms.
We note that the substitution causes a significantly shift in the
relative position of the valence and conduction bands. The BNdiyne
for n = 5 has the highest energy gap with a value of 5.52 eV,
indicating an insulating character. However, CigB3gN3gH1s model
with energy gap of 0.45 eV has higher conductivity than all models.
Temperature induces a decrease in the energy gap for the GDY and
BNdiyne (for n = 4). Therefore, new materials with desirable
properties can be easily obtained by varying the number of the B/N
atoms and temperature. The advantages of these stable BNdiyne
models include 2D and porous structure, and so we believe that
BNdiyne sheets will attract interest due to their porous texture and
structure properties. Especially, they can be used in opto/nano-
electronic as well as many technological applications ranging
from drug carrier to energy storage. More importantly, our study
provides new insight into the atomic engineering of BNdiyne
models based on the content of the boron and nitrogen atoms.
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