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The first-principles calculations are performed to examine structural, mechanical, and electronic properties at large
strain for a monolayer C4N4, which has been predicted as an anchoring promising material to attenuate shuttle effect
in Li–S batteries stemming from its large absorption energy and low diffusion energy barrier. Our results show that the
ideal strengths of C4N4 under tension and pure shear deformation conditions reach 13.9 GPa and 12.5 GPa when the
strains are 0.07 and 0.28, respectively. The folded five-membered rings and diverse bonding modes between carbon and
nitrogen atoms enhance the ability to resist plastic deformation of C4N4. The orderly bond-rearranging behaviors under
the weak tensile loading path along the [100] direction cause the impressive semiconductor–metal transition and inverse
semiconductor–metal transition. The present results enrich the knowledge of the structure and electronic properties of C4N4
under deformations and shed light on exploring other two-dimensional materials under diverse loading conditions.

Keywords: two-dimensional materials, strain effect, structural evolution, electronic properties

PACS: 73.90.+f ,77.80.bn, 83.10.Tv, 87.15.Pc DOI: 10.1088/1674-1056/ad260c

1. Introduction
Two-dimensional (2D) materials including graphene, sil-

icene, metal oxides, transition-metal dichalcogenides, and
transition-metal carbides, have received much attention in the
fields of physics, chemistry, and materials science, especially
in battery materials, because of their outstanding physical and
chemical properties, such as high surface–volume ratio and
unique electronic band structure, charge carrier mobility, and
mechanical properties.[1–7] Lithium–sulfur (Li–S) battery has
potential wide-ranging applications as the next-generation en-
ergy storage devices but the shuttle effect adversely influences
battery longevity and performance.[8] Graphene, as the best
known 2D carbon-based material, is hindered by the relatively
low adsorption energy to be a high-performance anchoring
material restraining the shuttle effect.[9,10] Recently, extensive
research has shown that N-doped carbon materials with larger
adsorption energy can attract lithium polysulfides (LiPSs) and
thus improve the cycling performance of the batteries,[11,12]

in which the newly predicted C4N4 monolayer phase with C1

symmetry exhibits the larger absorption energy and lower dif-
fusion energy barrier as an excellent anchoring material for
Li–S batteries.[13] The C4N4 phase possesses a folded struc-
ture with two atomic layers and is mainly composed of C3N2

five membered rings. In addition, each row of five membered
rings is connected with two nitrogen atoms.[13]

As an anchoring material, the stability of structural, me-
chanical, and electronic properties must be considered in prac-
tical application. C4N4 monolayer phase requires systematic
and in-depth study to elucidate the atomistic mechanisms that

determine key mechanical properties and to explore the other
related properties under the complex application conditions.
When exerting an external force on a material, the structure
will try to resist the external force by the cohesive forces to
avoid deformation, which is defined as stress. Tensile and
shear stress refer to different types of structural responses that
occur when two exerted forces pull in opposite directions, i.e.,
the two forces are parallel to each other but in opposite di-
rections. The relationship between stress and strain (stress–
strain curves) provides the most fundamental information in
strain engineering. Strain engineering is widely used to mod-
ulate the above properties in a controllable manner, which has
developed into an efficacious strategy to enhance functional
performance for electronic devices[14–18] and the stress–strain
relation has developed the important means to depict mechan-
ical properties of materials. Shear strains under appropriate
compression constraints cause a surprising structural soften-
ing, triggering off an uncharacteristic ductile smooth flow in
the rigid diamond crystal.[19–21] The applied external strain
makes the electronic band structures near the Fermi level for
dense H3S vary significantly, correspondingly changing the
superconducting critical temperature.[22] It is crucial to under-
stand the electronic band structure of monolayer C4N4 under
ambient pressure and additional uniaxial tension or pure shear
strain along different directions.

To understand the stress responses and underlying atom-
istic deformation mechanisms along different loading con-
ditions, we carry out comprehensive and systematical first-
principles calculations of quasi-static stress–strain relations.
According to the obtained results, we find that the ideal
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strengths for C4N4 under tensile and pure shear deformation
conditions can reach 13.9 GPa and 12.5 GPa, respectively. We
calculate band gap at equilibrium and some key points of strain
along the weaker directions to examine the effect of external
strain on the electronic band gap. Our results demonstrate that
external stress does play a considerable effect on the band gap,
which is mainly reflected from the non-monotonic change in
the [100] tensile strain as well as the reducing variation in
the (100) [010] pure shear strain. In addition, the underlying
mechanism of the change in band gap is analyzed based on the
evolution of the electronic band structure near the Fermi level
under external strain. Our findings reveal excellent mechani-
cal and electronic properties of the C4N4 phase, indicating that
it may have great potential in further nanoscale device manu-
facturing and application.

2. Computational methods
The first-principles calculations of stress–strain relation

and electronic property were performed by using density
functional theory (DFT)[23] as implemented in the Device
Studio program, providing a number of functions for per-
forming visualization, modeling and simulation. And DS-
PAW software was used and integrated into the Device Stu-
dio program.[24–26] The generalized gradient approximation
(GGA) proposed by the Perdew–Burke–Ernzerhof (PBE) was
adopted for the exchange–correlation functional.[27] The pro-
jector augmented wave (PAW) method was used to describe
the electron–ion interaction,[28] where the 2s22p2 and 2s22p3

electrons are taken as the valence electrons for C and N atoms,
respectively. To ensure an energy convergence and residual
forces within 1 meV per atom and 1 meV·Å−1, all of the cal-
culated properties used plane-wave cutoff energy of 550 eV
and the special points sampling integration over the Bril-
louin zone (BZ) was employed by using the Monkhorst–Pack
(MP) method with 7×4×1 special k-point meshes for struc-
tural optimization and 11× 8× 1 special k-point meshes for
band calculation.[29] The phonon dispersion along the high-
symmetry points in the Brillouin zone was computed by us-
ing a 5× 3 supercell. Ab initio molecular dynamics (AIMD)
simulation to evaluate its thermal stability in a relatively large
5×3 supercell (120 atoms) was performed for 12 ps in steps of
1.0 fs at 300 K–2400 K in the simulation. The stress–strain re-
lation was obtained through calculating the stress response to
structural deformation along a series of specific loading direc-
tions combined with the quasi-static relaxation method.[30–33]

The quasi-static relaxation method was used to simulate all
kinds of loading conditions and determine the corresponding
ideal strength and deformation mode.

3. Results and discussion
To verify the dynamic stability and thermal stability of

C4N4, we have carry out the phonon dispersion and AIMD

simulations at different temperatures. The results show that
there is no imaginary frequency phonon mode as shown in
Fig. 1(a), which indicates that C4N4 is dynamically stable. The
mean square displacement (MSD) results show that the mono-
layer C4N4 remains stable below 2100 K during the simulation
in Fig. 1(b). To examine the fundamental structural and elec-
tronic properties, we have systematically calculated stresses,
local bonding patterns and bandgap variations associated with
strains. We first examine the tensile deformation behavior by
first-principles calculations of the tensile stress–strain relation-
ship along the typical [100] and [010] high-symmetry direc-
tion, as illustrated in Fig. 2(a). The calculated peak stresses
are 13.9 GPa and 14.8 GPa at strain ε = 0.07 and 0.17, re-
spectively, indicating that the [100] tensile direction is weaker.
At a small strain (below the strain of 0.07), the two stress–
strain curves almost show an approximately linear relation-
ship. When the elastic deformation reaches the limit, there
will be a turning point in the tensile curve, which means that
the atoms slip from the original lattice position to the new po-
sition to obtain the minimum total energy of the system. The
stress–strain curve along the weaker [100] direction exhibits a
non-monotonic trend with the further increase of strain (first
decreases from 13.9 GPa to 4.9 GPa and then increases to
9.2 GPa). In addition, under the tensile condition of [100],
when the strains reach 0.08 and 0.20 respectively, there is sig-
nificant stress release in C4N4 phase.

Γ X H C H Y Γ C

0

10

20

30

40

50

F
re

q
u
e
n
c
y
 (

T
H

z
)

(a)

0 2 4 6 8 10 12

(b)

M
S
D

 (
A

2
) 

Time (ps)

  300 K
  600 K
  900 K
  1200 K
  1800 K
  2100 K
  2400 K 

0

1

2

3

4

5

Fig. 1. (a) Phonon dispersion of C4N4, (b) time-dependent mean-
squared displacements (MSD) for atomic positions of carbon in C4N4
at 300 K–2400 K.

For better clarifying the underlying mechanism, we now
analyze the related atomic deformation mode under the [100]
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tensile strain. Figures 2(b)–2(e) clearly show the transforma-
tion of the chemical bond transition before and after the stress
critical point in the direction of the easy tensile deformation.
When the strain increases from the value of 0.00 to 0.08, the
layer thickness decreases from the value of 0.378 Å to 0.000 Å
together with the fracture of the N–N bond. However, the fur-
ther rising tensile strain leads to the enhancement of the layer

thickness. For example, the layer thickness is 0.164 Å at a
strain of 0.15. When the strain continues to increase to 0.20,
the C–C bond breaks and the layer thickness rises to 0.838 Å,
exceeding the equilibrium value. The ups and downs of the
stress range after the peak value considerably enhances the
ability of crystal to resist ductile deformation,[34,35] increas-
ing the toughness of C4N4.
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Fig. 2. (a) Stress–strain curves of C4N4 in the [010] tensile direction and [100] tensile direction, and (b)–(e) structural snapshots of C4N4
deformed in [100] tensile direction at key strain points.
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Fig. 3. (a) Stress–strain curves of C4N4 in (010) [100] direction and (100) [010] pure shear direction, and (b)–(e) structural snapshots of C4N4
deformed in (100) [010] pure shear direction at key strain points.

Then, we explore stress–strain relations of C4N4 under
pure shear loading conditions along the (010) [100] and (100)
[010] crystal directions. When subjected to pure shear strain,
the two stress–strain curves both rise rapidly, reaching their
high peak stresses. When exceeding the peak stress, a pre-
cipitous drop appears, which can be seen normally in strong
covalent crystals in the shear direction,[36,37] leading to the
failure of the original crystal structure. Figure 3(a) shows that
the weaker shear stress response occurs along the deforma-
tion path in the (100) plane with [010] direction, with the peak
stress of 12.5 GPa at a strain of 0.28, which is almost the same
as the peak value of 13.9 GPa in the [100] tensile direction.
This phenomenon is similar to that of diamond and c-BN, and
they also have ideal tensile and shear strengths close to each
other.[36,37] For another pure shear direction, the shear peak
value is 17.8 GPa in the (010) [100] shear direction, which is
42% greater than the value obtained in the (100) [010] direc-
tion. Figure 3(a) indicates that C4N4 exhibits large anisotropy
in its peak shear stress under pure shear mode. Despite the
large anisotropy in the peak stress, the stress–strain relation

shows that an isotropic behavior at small strain with visible
deviation starts to occur at about 3% shear strain.[38] Interest-
ingly, the current results show that strong structural deforma-
tion of the monolayer C4N4 occurs under strain loading, stem-
ming from the corresponding modulation of its chemical bond
length and bond angle. According to these results, we present
in Figs. 3(b)–3(e) the structural snapshots of the strained C4N4

crystal structures, showcasing the detailed bond-weakening
process and bond-breaking process of C4N4 along the weaker
(100) [010] direction. It is noteworthy that the C4N4 structure
retains its original atomic arrangement and the deformation
mode under pure shear strain is mainly manifested in the vari-
ation of layer thickness. As the strain rises, the layer thickness
first decreases from 0.383 Å to 0.000 Å and then increases to
0.383 Å.

To assess the effect of external strain on electronic prop-
erties, we calculate the band gap of C4N4 under tensile strain
as presented in Fig. 4(a). The anomalous structural deforma-
tion of monolayer C4N4 has profound influence on its elec-
tronic properties. In the present monolayer C4N4, various
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strains are continuously loaded, coincidentally lead the elec-
tronic bandgap to decrease under the small loading conditions.
The increase of the strain along the [010] tensile direction
suppresses the band gap and then reopens the band gap as
the tensile strain further increases. The C4N4 phase remains
non-metallic throughout the [010] tensile strain. It is obvious
that more significant structural changes occur along the [100]
tensile direction than under the other loading conditions. As
the [100] tensile strain increases, the stress decreases quickly
after having passed through the peak value of 13.9 at strain
ε = 0.07 driven by the breaking mechanism of partial N–N
bonds, which is shown in Fig. 2(c). Recent theoretical calcula-
tions indicate that the application of strain can cause the bond
length to significantly elongate, thereby breaking symmetry,
splitting and broadening band, and even metalize insulators
and semiconductors, e.g., diamond and solid molecular hy-
drogen. Our results show that the band gap initially decreases
along the [100] direction with tensile strain rising, and the met-
allization of C4N4 is achieved at strain ε = 0.08, driven by the
mechanism of bandgap closure along several high-symmetry
directions, which coincides with a sudden increase of elonga-
tion of the N–N bonds at the same tensile strain. As the [100]
tensile strain increases from 0.08 to 0.20, the C–C bonds be-
come the main load resistance, generating a second elastic re-
sponse regime. A significant structural deformation accompa-
nied by the sudden breaking of part of C–C bonds and gradual
increasing the layer thickness results in bandgap reopening at
the tensile strain from 0.20 to 0.22.
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Fig. 4. Electronic band gap of deformed C4N4 along (a) tensile and (b)
pure shear paths.

This bandgap closing-reopening process occurs along
with the switching of band-state characteristic between the

conduction band minimum (CBM) and valence band maxi-
mum (VBM) as shown in the orbit-resolved band structure
shown in Fig. 5. At equilibrium, the C4N4 phase is a semicon-
ductor with a band gap of 1.02 eV, as presented in Fig. 5(a),
which is slightly larger than the previously calculated value of
0.618 eV,[13] because a larger kinetic energy cutoff is used in
the current calculation. It is worthy to mention that the stan-
dard density functional calculations tend to underestimate the
band gap of semiconductor by about 30%, thus its true band
gap can reach 1.5 eV, leading to the potential optical applica-
tions in water splitting and sunlight absorption.

When the tensile strain rises from 0.08 to 0.19, the over-
lap between the conduction band and the valence band makes
C4N4 structure metallic, confirming the occurrence of met-
allization. Particularly, there is an energy band crossing the
Fermi level in the range between the X–H–C direction and
the C–H–Y direction, which gives rise to hole pockets and flat
bands as indicated in Figs. 5(b) and 5(c). This overlap shrinks
with strain increasing and vanishes at a strain of 20%. The ten-
sile strain drives C4N4 into a semiconductor with an indirect
band gap of 0.25 eV at a strain of 0.20 as shown in Fig. 5(d).
These results suggest that the deformed C4N4 can be tuned
by external strain to go through a sequence of semiconduc-
tor, metal, semiconductor, and metal transition under the [100]
tensile strain.

We have also performed calculations to examine the elec-
tronic band gap variation under pure shear crystal directions
including (010) [100] and (100) [010]. The results are pre-
sented in Fig. 4(b), revealing that the band gap of C4N4 is
sensitive to the change of external pure shear strain. As the
pure shear strain increases, the band gap of C4N4 decreases
in magnitude along two different shear directions. For C4N4

phase under pure shear strain, there is no appearance of a
semiconductor-to-metal transition through the closure of a
band gap. The evolution of the band structure of C4N4 pro-
vides a better description of the band gap variation. When
subjected to shear strain, due to the symmetry breaking, the
VBM and the CBM around the BZ boundary along the Γ –
X direction repel each other. The band structures, especially
those near the Fermi energy, decrease due to the reduction of
the bandwidth by shear strain. When the strain rises to 0.12,
the deformed C4N4 is converted into a semiconductor with an
indirect band gap of 0.65 eV as shown in Fig. 6(a). As the
shear strain further increases, the deformed structure is still a
narrow-band gap semiconductor with an indirect band gap of
0.39 eV as indicated in Fig. 6(b).

The present findings offer the important structure infor-
mation of C4N4 under the tensile and shear loading for in-
vestigating adsorption, diffusion, and transport of LiPSs of
the strained C4N4, and relative research analyses and meth-
ods may extend to a broad range of other 2D materials.[39,40]

Strain offers a new effective tool to engineer materials for elec-
trochemical properties, e.g., less than 0.1% strain on an Ni-
based metal–oxide nanostructure leads to anodic and cathodic
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peak potential shifts of about 30 mV in an electrochemical
cell.[41] Our results show that the anomalous structural defor-
mation of the monolayer C4N4 has profound influence on its
electronic properties, which is expected to improve its electro-
chemical performance by strain engineering, instead of search-
ing or synthesizing new phases in this material family. How-
ever, the studies of the strain-modulated electro-chemistry in
the monolayer C4N4 are beyond the scope of the present work.
Recently, the experimental studies[41–44] showed that the ma-
terial failure of nanomaterials with significantly reduced in-

ternal defects and surface flaws mainly depends on the intrin-
sic limits of atomic bonds, so the strain and strength obtained
experimentally are close to the theoretical limits, such as the
ultrahigh elastic strain of diamond nanoneedles (13.4%), and
15% strain of an Ni–Ti–O-based metaloxides formed on the
superelastic shape memory NiTi alloys. Thus, the maximum
elastic strain and strength of this type of C4N4 nanosheet sys-
tem is expected to be achievable by further skilled experimen-
tal measurements.
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4. Conclusions
In this work, we have employed the first-principles calcu-

lationsto obtain the stress relationship under tensile and shear
loading conditions and the directly related strain-induced elec-
tronic band structures for C4N4, a potential high-performance
anchoring material for Li–S batteries. The folded five-
membered rings and diverse bonding modes between carbon
atom and nitrogen atom facilitate orderly bond-rearranging af-

ter stress peak value, which enhances the ability to resist plas-
tic deformation, thereby increasing the toughness of C4N4 un-
der tensile loading paths. C4N4 possesses a structure with two
atomic layers, so C4N4 can retain the original atomic arrange-
ment under pure shear strain, only manifesting in the varia-
tion of layer thickness. The tensile strain causes the impres-
sive semiconductor–metal and inverse semiconductor–metal
transition of deformed C4N4. The calculated electronic band
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structures indicate that the C4N4 is still an indirect band gap
semiconductor under shear strain. The present results provide
the essential structure information of C4N4 under tensile and
shear loading for further probing adsorption, diffusion, and
transport of LiPSs of strained C4N4 and relative research anal-
ysis are suitable for extending to a broad range of other 2D
materials.

Acknowledgements
We thank HZWTECH for providing computation facil-

ities, and also thank Xiaowen Shi from HZWTECH for his
useful help and discussion.

Project support by the National Natural Science Founda-
tion of China (Grant Nos. 11704044 and 12074140).

References
[1] Xu R, Zhai H, Wang D, Song X Q, Zhou D and Li Q 2023 ACS Mater.

Lett. 5 2747
[2] Gu Z, Yu S, Xu Z, Wang Q, Duan T, Wang X, Liu S, Wang H and Du

H 2022 Chin. Phys. B 31 086107
[3] Li Y, Zhu S, Wu E, Ding H, Lu J, Mu X, Chen L, Zhang Y, Palisaitis

J, Chen K, Li M, Yan P, Persson P O Å, Hultman L, Eklund P, Du S,
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