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Miniaturizing piezoelectric devices calls for the rational design of two-dimensional (2D) materials with
outstanding piezoelectric response and good synthetic feasibility. Here we propose a new ternary 2D pentagonal
structure named penta-CNP by assembling the precursor of 1,2,4-azadiphosphole molecule. Based on state-of-
the-art theoretical calculations, we find that penta-CNP is dynamically, thermally and mechanically stable
with a direct band gap of 2.62 eV, and is anisotropic in its mechanical properties with a negative Poisson’s ratio

in the [110] direction. Due to its non-centrosymmetric geometry and semiconducting characteristic, penta-CNP
possesses a large spontaneous polarization of 4.33 x 1071% ¢/m and significant intrinsic piezoelectric response
with dje = 1.80 pm/V, surpassing the previously reported penta-BCN because of the larger size of phosphorous
atom. This study expands the family of 2D ternary pentagonal structures for piezoelectric applications.

1. Introduction

Piezoelectric materials can realize the interconversion between me-
chanical and electrical energies [1,2] for applications in various fields
including sensing [3], actuating [4] and energy harvesting [5]. How-
ever, we can only expect piezoelectric properties from the materials with
non-centrosymmetry and non-metallicity [6], as is the case in 2D
MoSiaNy [7]. In recent years, 2D piezoelectric materials have attracted
extensive attention primarily due to the need of device miniaturization.
More importantly, 2D sheets can be piezoelectric even if their 3D
counterparts are not [3,8]. Therefore, 2D materials provide more op-
portunities for piezoelectricity. Among the studied 2D materials, penta-
sheets composed of pentagons are of special interest because of their
unique geometries. For example, although graphene shows no piezo-
electricity, penta-graphene is piezoelectric with d3g = -0.065 pm/V [9],
which can be enhanced when going from an unitary to binary sheet by
introducing B to form penta-CBy with d3; = -0.505 pm/V and d3; =
0.273 pm/V, the enhanced polarization is attributed to the large elec-
tronegativity difference between the elements. It would be reasonable to
expect that the piezoelectric performance can be further improved when
going from a binary to ternary 2D material. This is confirmed by a recent
study where a ternary penta-BCN sheet exhibits high spontaneous po-
larization of 3.17 x 1071° C/m and a prominent piezoelectricity with
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do1 = 0.878 pm/V, dys = — 0.678 pm/V, and dig = 1.72 pm/V [10].
Thus, it is highly desirable to synthesize such 2D piezoelectric penta-
sheet.

It is interesting to note that precursor-based bottom-up approach has
been widely used for the synthesis of graphene sheet [11], nanoribbons
[12], nanotubes [13], and many other 2D materials such as BCN
monolayers [14]. However, so far no any precursor molecules are
experimentally available for the synthesis of the theoretically predicted
penta-BCN sheet. Hence, an intriguing question arises: can we design a
ternary piezoelectric penta-sheet by using available precursors as the
structural unit?

To this end, we propose a new ternary pentagon-based 2D structure,
penta-CNP, by assembling the precursor of 1,2,4-azadiphosphole mole-
cule that has been synthesized with several well-developed methods. As
early as 1991, Ionkin et al. prepared 1,2,4-azadiphosphole derivatives
using thermal dimerization of amino-substituted phosphaalkyne [15].
Later on, other groups reported stoichiometric reactions of titanium- and
vanadium-imide complexes as nitrogen sources with phosphaalkynes for
synthesizing 1,2,4-azadiphosphole molecule [16-18]. Very recently,
Liang et al. succeeded in the development of the first vanadium-
catalyzed [2 + 2 + 1] cycloaddition reactions of azobenzenes with
phosphaalkynes to synthesize a variety of 1,2,4-azadiphospholes [19].
These experimental progresses motivate us to design the new ternary
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Fig. 1. (a) Pentagonal skeleton of the experimentally synthesized 1,2,4-azadiphosphole molecule and the nitrogen radical for assembling the structure of penta-CNP.
(b) Top and side views of the optimized structure. Dashed rectangle represents the unit cell of penta-CNP.

penta-sheet and study its properties, especially its piezoelectricity. We
show that the resulting penta-CNP is not only stable, but also exhibits
high spontaneous polarization and strong piezoelectric response.

2. Computational methods

The Vienna ab initio simulation package (VASP) [20] is used to
perform the calculations based on density functional theory. The pro-
jector augmented wave method [21,22] with a kinetic energy cutoff of
600 eV is used to describe the interactions between the electrons and
nuclei. The Perdew-Burke-Ernzerhof (PBE) functional within the
generalized gradient approximation [23,24] for the exchan-
ge—correlation interactions is used in geometry optimization and prop-
erties calculations, while the hybrid Heyd-Scuseria-Ernzerhof (HSE06)
functional [25,26] is used for more accurate electronic structure. The
first Brillouin zone is represented by a 9 x 9 x 1 k-point grid in the
reciprocal space using the Monkhorst-Pack scheme [27]. A vacuum
space of 21 A is set along the out-of-plane direction to avoid the in-
teractions between periodic images. The convergence thresholds for
total energy and atomic force are set to 10°% eV and 107° eV/A,

respectively. The finite displacement method [28] implemented in the
Phonopy package [29] is used to check the dynamic stability by calcu-
lating the phonon spectra. As for the thermal stability, ab initio molec-
ular dynamics [30] (AIMD) simulations are conducted by using the
Nosé-Hoover thermostat [31].

3. Results and discussion
3.1. Structure and stability

We use the pentagonal skeleton of 1,2,4-azadiphosphole molecule as
the precursor and the N radical as the linker to construct the 2D penta-
sheet, as shown in Fig. 1(a), the optimized geometry is given in Fig. 1(b)
which possesses P21 symmetry (space group No. 4) with the lattice
constants of a = 3.72 A and b = 3.69 A. In this structure, there are two
carbon, two nitrogen and two phosphorus atoms in its unit cell, occu-
pying three chemically nonequivalent Wyckoff positions, respectively, i.
e. 2a; (0.783, 0.527, 0.500), 2a3 (0.920, 0.855, 0.533) and 2a3 (0.597,
0.174, 0.557) with the C-N, C-P and N-P bond lengths of 1.47, 1.92 and
1.76 A, respectively. The top view of Fig. 1(b) shows a pentagonal
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Fig. 2. (a) Phonon band structure, and (b) total potential energy fluctuations of penta-CNP with time during the AIMD simulation at 1000 K. Insets show snapshots of

the atomic configuration at the end of the simulation.
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Fig. 3. Variation of (a) the in-plane Young’s modulus and

pattern resembling the geometry of penta-graphene [32]. Thus we name
it penta-CNP. The coordinates and lattice parameters of the optimized
geometry are listed in Supporting Information (SI).

The buckling height of penta-CNP is 2.41 A, which is larger than that
of penta-graphene and the ternary 2D sheet penta-BCN [10] because of
the longer N-P and C-P bond lengths in this structure. On the other hand,
the penta-CNP lattice can also be viewed as an orderly modified penta-
CNj [33] structure by replacing half of the N atoms with P atoms. Such
substitution breaks the centrosymmetry of the original structure, leading
to the ternary sheet of penta-CNP. The formation energy of penta-CNP is
calculated to be —0.29 eV/atom by considering the potential energy of
the individual atoms, the one in its most stable conditions. The negative
formation energy implies that the synthesis of penta-CNP via the cor-
responding elementary substances is energetically favorable.

To study the dynamical stability of penta-CNP, we calculate its
phonon spectrum. The results are presented in Fig. 2(a). There are no
imaginary modes in the entire first Brillouin zone, confirming the
dynamical stability of penta-CNP. For checking the thermal stability, we
perform AIMD simulations at different temperatures from 400 to 1200 K
with every 200 K temperature intervals. For each simulation, we use a 4
x 4 x 1 supercell to reduce the fake stability caused by the periodic
boundary conditions and a time step of 1 fs for 10 ps. As shown in Fig. 2
(b), one can see that the structure has no obvious distortion at the end of
the simulation and the total potential energy fluctuates around a con-
stant value during the simulation, suggesting that the structure is ther-
mally stable at 1000 K. However, when the temperature reaches to 1200
K, some C-P bonds are broken, indicating that this structure can with-
stand high temperature up to 1000 K. We then investigate the me-
chanical stability by using the finite distortion method [34] as
implemented in VASP code [20]. The linear elastic constants are
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(b) Poisson’s ratio with the orientation of penta-CNP.

calculated to be C1; = 173.32 N-m ™}, Cop = 183.57 N-m ™, C5 = 4.52
N-m~! and Ces = 99.01 N-m~!. For a 2D material with an orthogonal
lattice, the Born-Huang elastic stability criteria [35-37] are in the
following formulas:

Ci1 > 0;Cy > 0;Ce > 0;C11Cop > C, 1)

which are fully satisfied with the elastic constants of penta-CNP, con-
firming the mechanical stability of penta-CNP.

3.2. Mechanical properties

Next, we study the mechanical properties from the calculated linear
elastic constants whose specific values are Cy; = 173.32 Nm™L, Cyp =
183.57 N-m %, Cj2 = 4.52 N-m ™! and Cgg = 99.01 N-m ™.

Using the following formulas [38], we calculate the in-plane Young’s
modulus and Poisson’s ratio of penta-CNP along different directions,

2
CCy —CY,
ClCn-C, 2
—2C C2S2

[ 12)

(2)

E(0) =
Ciis* + Cuct + (

CuCn—-Chy\ 22 4 4
Cii+ Cp — 2y 22 (e + 5
v(0) = 7( 1 2 Coo ) 1 ) 3

C11Cpn—C?2
C11S4 + C22C'4 + Bl I 2C12 c2s?
Ces

where ¢ = cos 6 and s = sin 6. The calculated results are plotted in Fig. 3.
The lowest and highest values of the Young’s moduli are 172 N/m and
190 N/m, respectively, exhibiting mechanical anisotropy. Although
these values are smaller than those of penta-BCN (E; = 223 N/m and E},
= 189 N/m), they are still much larger than that of MoS; [39] monolayer
(130 N/m), indicating that penta-CNP has relatively strong bonding
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Fig. 4. (a) Electronic band structure at the PBE and HSE06 levels, and total DOS and PDOS at the HSEO06 level of penta-CNP. (b—e) Band-decomposed charge density
of the 2nd VBM, VBM, CBM, and 2nd CBM of penta-CNP. (Isosurface value = 0.008 A3,



W. Sun et al.

Fig. 5. Charge distribution on the atoms in penta-CNP.

within the 2D plane and moderate mechanical properties. For § = 45°,
135°, 225° and 315°, the Poisson’s ratio has a negative value of —0.04 in
the [110] direction and its equivalents.

3.3. Electronic properties

We then calculate the electronic band structure, total density of
states (DOS) and partial density of states (PDOS) to study the electronic
properties. The calculations for band-decomposed charge density are
also carried out to investigate the contribution of atoms to different
energy bands. Fig. 4(a) shows the results of electronic band structure.
Penta-CNP has a direct band gap of 1.50 eV at the PBE level, which
becomes 2.62 eV at the HSE06 level as is well known that the PBE
functional underestimates the band gaps. From the PDOS and the band-
decomposed charge density distributions, as shown in Fig. 4(a—e), one
can see that the valence band maximum (VBM) is mainly contributed
from N atoms, while the conduction band minimum (CBM) is almost
equally contributed by C, N, and P atoms.

To tune the band gap, we apply tensile strain of 3% and 5%,
respectively. Our calculated results suggest that penta-CNP remains
dynamically stable, as shown in Fig. S1(a, b) in SI, no any imaginary
frequencies appear, while the band gap is slightly reduced from its
original value of 2.62 eV to 2.57 and to 2.56 eV, respectively. The
calculated band structures under strain are plotted in Fig. S2. It is worth
noting that 2D sheets usually become unstable in compressive strain,
which is also true for penta-CNP. As shown in Fig. S1(c), the imaginary
modes appear near the I' point even under 1% strain.

3.4. Spontaneous polarization

We then evaluate the charge distribution among the different atoms.
The band-decomposed charge density distributions of the valence bands
are presented in Fig. 4(b) and (c), which show the asymmetry of electron
cloud around the atoms, implying the polarity of the covalent bonds
between the different atoms. The results of Bader charge analysis
[40,41] shows that each P atom donates 1.26 electrons to its neigh-
boring atoms, while each C and N atom gains 0.02 and 1.24 electrons
(see Fig. 5), respectively, demonstrating the highly polarized nature of
the N-P bond. The electron transfer from P to N in penta-CNP can be
explained with the theory of electronegativity [42], because the elec-
tronegativity of C (2.55) falls in between that of P (2.19) and N (3.04).
The polarization of the N-P bonds in the penta-CNP lattice adds up in the
[01 0] direction while cancels each other out along the [100] and [001]
directions, thus leading to strong spontaneous polarization in penta-
CNP.

To quantify the spontaneous polarization, we calculate the dipole
moment by using the finite electric field method based on the Berry
phase theory [43,44],

P, = P 4 pele )]
Natom

Z AN 5)

i=1

on __ L]
pon =14
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Table 1
Elastic stiffness tensor (in N/m), piezoelectric stress tensor (in 107!° ¢/m) and
piezoelectric strain tensor (in pm/V) of penta-CNP.

Property Parameter

Elastic stiffness tensor Ci11 Ci12 = Co Can Cee
173.32 4.52 183.57 99.01

Piezoelectric stress tensor e [ ei6 €3
2.37 -1.21 1.78 —0.11

Piezoelectric strain tensor doy dosy die dse
1.39 —0.69 1.80 -0.1

where P, P°" and P are the total polarization, the ionic contribution
and the electronic contribution, respectively, and Q is the volume of unit
cell, and |e|Z! and Ar; represent the valence charge and the displacement
of i-th atom, respectively.

The spontaneous polarization is calculated to be 4.33 x 1071° C/m,
which is larger than that of penta-BCN (3.17 x 10710 C/m). The un-
derlying reason is that the difference in bond length (0.45 A) between
the C—N (1.47 }0\) and C—P bonds (1.92 A) in penta-CNP is three times
larger than that (0.14 10\) between the C—N (1.49 f\) and C—B bonds
(1.63 A) in penta-BCN, namely, the geometry of penta-CNP is more non-
centrosymmetric than that of penta-BCN. The longer C—P bond length
separates the center of positive and negative charges more effectively,
similar to the case in CrSe; and CrTe, [45,46], thus leading to a stronger
spontaneous polarization. In addition, the buckling height of 2.41 A in
penta-CNP is larger than the value of 1.34 A in penta-BCN due to the
longer C-P and N-P bond lengths. Usually the larger buckling height of a
2D material provides a broader space for charge accumulation on the
edges of the both sides [47]. Thus, penta-CNP exhibits higher sponta-
neous polarization than penta-BCN.

3.5. Intrinsic piezoelectricity

The semiconducting characteristic, the large permanent dipole and
the lack of centrosymmetry of penta-CNP make it promising for piezo-
electricity according to the basic principles of data mining for potential
2D piezoelectric monolayer [48]. Based on the lattice symmetry of this
structure and the theory of continuum mechanics [49,50], the rela-
tionship among the piezoelectric stress tensor, piezoelectric strain tensor
and elastic stiffness tensor is given below

0 0 ep 0 0 ds Ci Cn Ci
ey en 0 =|dy dn O Gy Cn Cy (6)
0 0 ey 0 0 ds Gy Cn Gy

From Eq. (6), we derive the following Egs. (7)-(10) to calculate the
piezoelectric strain coefficients. The calculated results are given in
Table 1.

dig = 2 7
6= Cor @
Crrenn — Cxney
dy = ————— ®
T CuCn — GGy
Table 2

Comparison of the piezoelectric coefficients e (in 107'° C/m) and d (in pm/V) of
penta-CNP with those of some other 2D materials.

Structure e d

1.39 (d21), 1.80 (d16)

Penta-CNP 2.37 (e21), 1.78 (e16)

Penta-BCN [10] 1.93 (e21), 1.80 (e16) 0.878 (d21), 1.72 (d16)
h-BN [51] 1.38 (e11) 0.60 (d11)
H-AIN-H [52] 0.65 (e11) 1.15 (d11)
H-GaN-H [52] 0.35 (e11) 0.63 (d11)
H-InN-H [52] 0.40 (e11) 1.36 (d11)
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As shown in Table 1, penta-CNP posesses remarkable in-plane
piezoelectric responses to both tensile and shear strains with dig =
1.80 pm/V and dy; = 1.39 pm/V along the [100] and [01 0] directions,
respectively. For comparison, the piezoelectric stress and strain tensors
of penta-CNP and some other 2D piezoelectric materials are listed in
Table 2. One can see that the in-plane piezoelectricity of penta-CNP is
stronger than that of h-BN [51] and penta-BCN, and much stronger than
that of the hydrogenated 2D materials [52]. The d; of penta-CNP is
about 1.5 times as large as that of penta-BCN, and the piezoelectricity is
enhanced overall. In general, softer materials possess larger d coefficient
[48]. From the comparison of mechanical properties between penta-
BCN and penta-CNP, we note that penta-CNP is softer than penta-BCN,
thus leading to a larger value of d.

Usually, surface modification can increase the thickness of a nano-
sheet, and is favorable for enhancing piezoelectric effect [52]. While
even if without surface modification, penta-CNP possesses much larger
in-plane piezoelectric strain coefficient as compared to the hydroge-
nated AIN, GaN and InN [52], exhibiting the superiority in piezoelectric
effect.

4. Conclusions

In summary, based on first-principles calculations, we have proposed
a new 2D ternary pentagonal material, penta-CNP, by using the
pentagonal skeleton CyPoN of 1,2,4-azadiphosphole molecule as the
precursor and the N radical as the linker. The resulting sheet is purely
composed of pentagonal rings and has the following properties: (1)
Penta-CNP is dynamically, thermally, and mechanically stable, and is
semiconducting with a direct band gap of 2.62 eV at the HSEO06 level; (2)
It has anisotropic mechanical properties with a negative Poisson’s ratio
under tensile strain along the [110] direction; (3) The polarized N—P
bonds in this structure are responsible for the high spontaneous polari-
zation of 4.33 x 1071° C/m along the [010] direction; (4) Penta-CNP
exhibits large piezoelectric coefficients with dp; = 1.39 pm/V and d;¢
= 1.80 pm/V, showing advantages in its piezoelectricity and feasibility
of synthesis as compared to the previously reported penta-BCN sheet.
We hope that this study can stimulate experimental efforts in synthe-
sizing the penta-CNP sheet for expanding the 2D ternary pentagon-based
family with promising technological applications.
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