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Using the first-principles density functional theory calculations, we investigate the mechanical and electronic
properties of biaxially strained graphitic carbon nitride (g-C3N4). The results show highly isotropic mechanical
properties and large linear elasticity of g-C3N4. Moreover, both the Perdew-Burke-Ernzehof (PBE) and HeydScuseria-Ernzerhof (HSE06) band gaps reach the maximum values at 10% strain. The bonding properties are
analyzed based on the electronic localization function (ELF). In addition, the photon transition between band gap
is weak, suggesting the monolayer g-C3N4 is not suitable for a solar cell material. Enough biaxial strain can
induce the spin splitting of g-C3N4, and it is found that the spin-unrestricted band gap of g-C3N4 can be over
estimated. This work provides valuable insights for designing the new elastic electronic and spintronic devices
based on two-dimensional g-C3N4.

1. Introduction
Graphitic carbon nitride (g-C3N4) is an attractive, inexpensive metalfree semiconductor with a two-dimensional (2D) structure consisting of
π-conjugated graphitic planes formed via sp2 hybridization of carbon
and nitrogen [1,2]. G-C3N4 has attracted significant attention of scien
tists due to its unique properties, such as relatively narrow band gap,
visible light harvest, natural preparation,“earth-abundant” nature,
non-toxicity as well as high thermal and chemical stability [3–6]. In
addition, g-C3N4 has a larger surface area, more reactive sites, and
shorter carrier migration distance compared to bulk materials [1,2,7,8].
However, pristine g-C3N4 has slight absorption within a visible light
region (λ < 460 nm) and a poor photocatalysis efficiency because of the
fast recombination of photogenerated electron-holepairs [9].
Therefore, most researches of g-C3N4 focus on its modification to
improve catalytic performance, such as adsorption, inclusion, and

building heterostructures [8–10]. Both theoretical calculations and
experimental demonstrations have demonstrated that all these methods
are effective for improving photocatalys is efficiency in comparison with
pristine g-C3N4 [10,11]. Notably, for many heterostructures such as
graphene/g-C3N4 [12], g-C3N4/MoS2 [13], g-C3N4/BiVO4 [14,15], and
g-C3N4/Ag3PO4 [16] have significantly enhanced photocatalytic per
formance compared to pure g-C3N4. In these systems, the charge rear
rangement between two structures could induce the rapid separation of
the built-in electric field and carrier mobility, so that the photocatalytic
activity can be further enhanced. All these manners will cause signifi
cant changes of mechanical and electronic properties of materials. Strain
engineering is also one powerful approach for controlling electron
transport in 2D materials. Some previous studies have shown that strain
can regulate the photocatalytic properties of heterostructures, including
CdS/g-C3N4 [17], InSe/g-C3N4 [18], and g-C3N4/BiOI/EG Ref. [19].
Ruan et al. have calculated and analyzed the mechanical properties of
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Fig. 1. Top and side views of optimized
g-C3N4 with 0% strain. The green and
yellow circles represent C and N atoms,
respectively, and arrows indicate the
orientation of biaxial tensile strain.
There are two types of C atoms (singed
as C1 and C2) and three types of N
atoms (signed as N1, N2, N3), and
accordingly the N1–C1, C1–N2, N2–C2
and C2–N3 bonds are represented as B1,
B2, B3 and B4, respectively. Contours
illustrate the ELF within the unit cell,
which is represented by the dashed
black parallelogram. (For interpretation
of the references to colour in this figure
legend, the reader is referred to the Web
version of this article.)

The total energy and force are converged to10 6eV and 0.02 eV/Å. The
tensile biaxial strain is applied from 0% to 20% with an increment of 1%
per step. The biaxial strain is defined as [28]:

pure g-C3N4 [20]. However, the effects of biaxial strain on pristine
g-C3N4 are less clear. Besides, it is also unclear whether the electronic
properties of pristine g-C3N4 is affected by the biaxial strain. These two
problems have to be solved in a bid to obviously enhance the potential
applications of g-C3N4.
In this paper, we have investigated the mechanical and electronic
and properties of biaxially strained g-C3N4 by using first-principles
density functional theory (DFT) [21,22] calculations. The rest of the
paper is organized as follows. Section 2 gives the calculation methods
and optimized structures of g-C3N4. Section 3 describes the effects of
biaxial strain on the regulation of mechanical properties and electronic
structures of g-C3N4. Section 4 presents the conclusions.

ε ¼ ða

a0 Þ=a0 ¼ ðb

b0 Þ=b0

(1)

where a; b and a0 ; b0 are the deformed (stretched or shrunken) and initial
equilibrium lattice constants of the unit cell.
The optimized structure of monolayer g-C3N4 is shown in Fig. 1. The
lattice constant for g-C3N4 without strain is a ¼ b ¼ 7.15 Å, which is the
same with previous theoretical results [29,30]. It shows that there are
six carbon atoms and eight nitrogen atoms in the unit cell of the opti
mized g-C3N4. Based on the structural symmetry, g-C3N4 possesses two
types of C atoms (singed as C1 and C2) and three types of N atoms
(signed as N1, N2, N3). Therefore, there are four types of N–C bonds,
signed as the N1–C1, N2–C1, N2–C2, and N3–C2, which are represented
as B1, B2, B3 and B4, respectively. To study the bonding interactions in
g-C3N4, the electron localization function (ELF) [31] within the unit cell
has been illustrated in Fig. 1. The ELF values vary between 0 and 1. It is
clear that the electron localization occurs around the center of all N–C
bonds of the g-C3N4, showing covalent bonding characters.

2. Computational methods and optimized structures
First-principles calculations are performed with the Vienna ab initio
Simulation Package (VASP) [21–24] program based on DFT using the
projector augmented wave (PAW) [21,22,25] approach and the gener
alized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE)
form [26]. For accurate electrical calculations, the Monkhorst-Pack
k-point meshes [27] of 5 � 5 � 1 is used for the PBE and
Heyd-Scuseria-Ernzerhof screened hybrid functional (HSE06) methods.

Fig. 2. (a) Young’s modulus EðθÞ and (b) Poisson’s ratio νðθÞ for g-C3N4.
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Fig. 3. (a) Is stress-strain curve for g-C3N4, (b) and (c) are the bond length-strain curves, and (d) is the ELF for g-C3N4 under 10% strain.

3. Results and discussions

showing large linear elasticity, which is similar to other 2D materials,
like graphene, MoS2 and borophene [33,34], whose deformation are
mostly produced by bond stretching. We note that in the porous struc
ture of g-C3N4, the first deformation is mainly implemented from the
structural deflection rather than the bond stretching, which can induce
better malleability compared with the complete 2D materials like gra
phene, borophene et al. [34,35]. And the maximum stress is about 59.27
N/m at 10% strain. Because of its porous structure, during the initial
stretch, the deformation is mostly due to the structural deflection
instead of the bond stretch. Then the stress decreases nonlinearly with
the increasing strain, indicating higher brittleness of g-C3N4 under
biaxial tensile strain.
To further investigate the strain-induced mechanism of g-C3N4, we
show the bond length-strain curves in Fig. 3b and c, where we consider
four different N–C bonds marked in Fig. 1. It is found that the B1, B2, and
B3 bonds increase first and then decreases lowly with the increasing
biaxial tensile strain, which reduces the stress in Fig. 3a. However, the
B4 bond will always increase with strain, and its stretch is more sig
nificant than the B1, B2, and B3 bonds, since the stress of g-C3N4 is
concentrated around the tip of pores. This result is similar to the
nanoporous graphene [36,37]. In Fig. 3d, we show the ELF contour of
g-C3N4 at 10% strain, and we found that the B4 bond suddenly breaks at
10% strain. But the ELF values around B1, B2, and B3 bonds are all 0.85,
suggesting the complete covalent bonding of these bonds under
stretching tension. Besides, the phonon spectrum for the g-C3N4 under
large strain is investigated and shown in supporting information
Figs. S1a–S1b. Here, the g-C3N4 under 10% and 17% strains are taken as
example. We can see obvious imaginary frequency modes under large
strain, exhibiting the g-C3N4 is dynamically unstable to the lattice
distortion, which is similar to the results of other materials under large
strain [38].

3.1. Mechanical properties
For a 2D g-C3N4, its elastic constants can be represented through the
following equation [32]:
0
1
C11 C12 0
@
Cij ¼ C12 C22 0 A
(2)
0 0 C44
accordingly, the Young’s modulus EðθÞ and Poisson’s ratio νðθÞ along
arbitrary in-plane of g-C3N4 can be calculated from the elastic constants
by the following equations [32]:
Δ
�

EðθÞ ¼
C11 s4 þ C12 c4 þ
�

�
2C12 c2 s2

�
c2 s2
�
C11 s4 þ C22 c4 þ CΔ44

C11 þ C12

νðθÞ ¼

Δ
C44

Δ
C44

C12 ðc4 þ s4 Þ
�
2C12 c2 s2

(3)

(4)

Where Δ ¼ C11 C22 C212 , s ¼ sin θ and c ¼ cos θ, θ is the angle between
the unit vectors in the xOy plane and the x-axis in Fig. 2. The calculated
elastic constants (Cij ) are C11 ¼ 198:197, C12 ¼ 45:736, C22 ¼ 197:454
and C44 ¼ 75:863 respectively. It is obvious that the monolayer g-C3N4
is isotropic and has a high Young’s modulus (Figs. 2a and 187 N/m). The
Poisson ratio is constant in the angle θ (Figs. 2b and 0.23), which further
verifies the planar isotropy the monolayer g-C3N4.
Fig. 3a shows the stress-strain curve of g-C3N4 under biaxial strain
from 0% to 20%. It is found that the stress-strain curve presents almost
linear growth with the biaxial strain increasing from 0% to 10%,
3
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Therefore, it is challenging to predict the band gap accurately. The PBE
and HSE06 calculated band structures of g-C3N4 are shown in Fig. 5a–c
and Fig. 5g–i, respectively. It is clear that g-C3N4 is an indirect band gap
semiconductor at 0% strain (Fig. 5a and g), and PBE method shows
semiconductor-metal transitions under 17% strains, respectively
(Fig. 5c). Previous studies [40,42–45] on other 2D honeycomb materials
have proven that the band gap calculated by DFT obeys similar
strain-dependency, suggesting that the electronic properties can be
effectively regulated by changing strain, and g-C3N4 is so flexible that
may have potential applications in flexible devices. In addition, we have
also calculated the PBE high transition probabilities between the upper
most valence band (VB) and the lowest conduction band (CB) of g-C3N4,
which are shown by the squares of the dipole transition matrix elements
[46], P2, at k points in Fig. 5d–f. For the strain of 0% and 17% (Fig. 5d
and f), we can see that the dipole matrix elements are zero between CB
and VB edges at all k points, indicating that there is no photon transition
between CB and VB edges. However, at strain of 10% (Fig. 5e), the
calculated dipole transition matrix element increases as the k point
change from Γ to M point. Hence, the single layer g-C3N4 shows weak
photon transition between band gap, that is to say, the biaxial tensile
strain could not make the pure g-C3N4 to be an ideal material for
thin-film solar cell applications.
We further simulate the spin electronic properties of the biaxial
strained g-C3N4 using PBE spin-unrestricted and spin-restricted calcu
lations upon the singlet ground state. Here, we take the g-C3N4 at 0%,
10% and 17% strain for example. First of all, for the spin-unrestricted
calculation, the magnetic moment of g-C3N4 is calculated to be 0 at
0% and 10% strain. This is mainly because both C and N atoms do not
have highly localized d electrons. However, the magnetic moment is
0.213 μB at 17% biaxial strain, indicating that enough biaxial strain can
induce spin-splitting. For spin-restricted calculations upon 0% and 10%
strained systems, we artificially set the total magnetic moment as 2 μB,
realizing the spin inversion of one electron, that is to say, the lowest
triple state. We plot the spin-unrestricted and spin-restricted spin

Fig. 4. PBE and HSE06 calculated band gap-strain curves for g-C3N4.

3.2. Electronic properties
Fig. 4 shows the band gap-strain curves calculated by the PBE and
HSE06 methods. At the same strain, the HSE06 band gaps for the single
layer g-C3N4 are found to be higher than the PBE values. Generally, the
HSE06 band gaps are closer to the experimental values [39] compared to
the PBE results. This is because HSE06 corrects the underestimation of
band gap by partially removing the self interaction. Previous studies
have shown that the hybrid-functional HSE06 method shows significant
improvement of band gap of 2D materials [40–43]. Moreover, both PBE
and HSE06 methods have shown the same variation trends of gap-strain
curves. For example, both of their band gaps are increasing with the
increasing strain, and the maximum of band gap is at 10% strain.

Fig. 5. (a)–(c) and (d)–(f) are PBE calculated band structures and transition matrix elements for g-C3N4 under strain of 0%, 10% and 17%. (g)–(i) are HSE06
calculated band structures for g-C3N4 under strain of 0%, 10% and 17%. The Fermi energy is set at zero energy and indicated by the red dashed line. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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densities of g-C3N4 in the supporting information Figs. S2a–S2d, at 0%
and 10% strain, showing the D6h symmetry, mainly because the biaxial
deformation is subjected to the equibiaxial case. This is really different
from these uniaxial and shear deformations [40,42,43,47], which can
induce symmetry-breaking. The projected density of states (PDOS) of
g-C3N4 without strain in Fig. S3 shows that, when the system is excited
from the ground state to the lowest triple state, the electron located on py
state of N atom transfers to pz state of C atom. In addition, we show the
spin band structures of g-C3N4 in Figs. S4a–S4d. It is obvious that the
band gap of spin-unrestricted system is higher than that of the corre
sponding spin-restricted, showing that the spin-unrestricted calculation
can yield overestimated band gaps. Compared with previous studies
upon g-C3N4 [39,48], the biaxial strained pure g-C3N4 demonstrates
more interesting potential applications in elastic spintronic devices and
new 2D magnets.
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4. Conclusions
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In summary, we perform first-principles calculations based on DFT to
study the mechanical and electronic properties of g-C3N4 under biaxial
strain range from 0% to 20%. Through research, we found that g-C3N4
shows highly isotropic mechanical properties, and the Young’s modulus
is estimated to be187 N/m. Under the same strain, the HSE06 band gap
energies are higher than PBE values. PBE calculated band structures
show semiconductor-metal transitions under 17% strain. Moreover, at
10% strain, the B4 bond breaks and both the stress and band gap of gC3N4 reach the maximum values. The g-C3N4 under biaxial strain has a
weak photon transition between its band gap. When the biaxial strain
increases to 17%, there is spin splitting, and the magnetic moment is
0.213 μB. Both the spin-unrestricted and spin-restricted spin densities of
g-C3N4 show D6h symmetry because of the deformation is applied by the
equibiaxial strain. Besides, the spin-unrestricted calculation can yield
overestimated band gap of g-C3N4. This work presents a simple and
promising approach for developing high-efficiency g-C3N4 based elastic
electronic and spintronic devices.
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