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A B S T R A C T   

The family of two-dimensional materials is already a reality in the application of several technological devices. It 
is the motivation behind the search for unknown 2D structures using computational simulations, which can 
reveal the synthesis potential and their properties, thereby assisting experimentalists in targeting their appli-
cations. This is the case with the inorganic graphenylene-like silicon carbide (IGP-SiC), which is proposed and 
theoretically investigated in this paper for the first time. The IGP-SiC has an indirect band gap energy (3.22 eV) 
and thermal dynamic stability (~2100 K). Among its many applications, it has the potential to be used as an 
anode in next-generation batteries, as a gas sensor, and in band gap engineering in electronic devices.   

1. Introduction 

Silicon carbide (SiC) [1,2] can be found in a variety of crystalline 
forms [3], piqueing the interest of research groups in revealing new 
structures and properties associated with this material. Among its 
possible crystallographic phases, 2H-SiC is particularly appealing due to 
its hexagonal wurtzite structure [4], from which a one-atom thick 
monolayer analogous to graphene [5] can be obtained, as demonstrated 
by Freeman and coworkers, who predicted theoretically that wurtzite 
SiC and ZnO will adopt a graphitic-like structure if thinned down to a 
few atomic layers [6]. Moreover, this prediction was experimentally 
confirmed for both ZnO [7] and AlN [8] wurtzite ultrathin films. 

However, the transformation of silicon carbide into a single-layer 
material requires the transformation of sp3 hybridization into sp2 hy-
bridization, which increases the complexity of the synthesis of graphene- 
like silicon carbide surfaces (g-SiC) [9]. 

Graphenylene (GP) [10] stands out among graphene-derived struc-
tures as a monolayer with symmetrically distributed rings, a band gap of 
~0.83 eV [10], and potential applications in energy storage [11–13], 
gas separation [14,15], and as a catalyst [16,17]. Graphenylene has 
recently gained attention due to its chemical synthesis via an intra- and 
intermolecular polymerization process [18]. Furthermore, there is a 
growing interest in modifying its properties through B and N atom 
doping, which can change its electronic, mechanical, and piezoelectric 
behavior [19–22], and can be extended to its other inorganic forms [23]. 
Nevertheless, there are inorganic structures identical to GP, such as 

inorganic graphenylene-like boron nitride (IGP-BN) [10,20,24], IGP- 
ZnO [25], and IGP-Si [26], which also have great potential for techno-
logical applications. 

In this sense, by pondering over the possibility of new properties 
coming to light due to the combination of the special morphology of GP 
with the properties of SiC, we demonstrate for the first time here the 
existence of the inorganic graphenylene-like silicon carbide (IGP-SiC). 
Thus, we outline its structural, electronic, and vibrational properties 
while demonstrating its thermal stability to encourage experimentalists 
to synthesize it, as the current study based on computational modeling 
and simulation serves as a guide of interest. 

2. Computational setup 

The simulations were carried out on the CRYSTAL17 software [28] 
using the density functional theory (DFT) in conjunction with the B1WC 
[27] functional, with an all-electron basis set for all atoms. The elastic 
constants (C11, C12), Young’s modulus (Y), and Poisson’s ratio (v) were 
calculated using the same methodology as Fabris et al. [10], while the 
electron density topology was analyzed according to Quantum Theory of 
Atoms in Molecules and Crystals (QTAIMC) [29,30]. Vibrational anal-
ysis, phonon dispersion, and cohesive energy calculations were used to 
confirm the structure’s stability. Further details on the computational 
setup can be found in the Supplementary Information (SI). 
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3. Results and discussions 

IGP-SiC is planar and belongs to the P6/m space group, with lattice 
parameters a = b = 8.35 Å, containing two irreducible atoms (see the 
Crystallographic Information File in the SI) and has three different rings, 
which are classified as follows: (I) dodecahedron (C6Si6); (II) hexagonal 
(C3Si3), and (III) squared (C2Si2), as shown in Fig. 1. In comparison to GP 
and IGP-Si, the network parameters expand by 24.7% and contract 
21.2%, respectively. Furthermore, because of the presence of carbon 
atoms in the network, Si-C bonds are 22.9% smaller than those seen in 
IGP-Si. Compared to GP, there is an expansion of 17.5% due to the high 
covalent bond character of the C–C bond concerning the Si-C bond. The 
structural stability analysis using cohesive energy reveals that the IGP- 
SiC is more stable than g-Si and IGP-Si, as shown in the SI. 

Fig. 1 depicts the results of the simulations regarding the mechanical 
properties and band gap energy, revealing that IGP-SiC is ~2.2 times 
more susceptible to deformations than GP. It is also 3 times more rigid 
than IGP-Si, possibly due to the planarity and configuration of Si-C 
bonds. Except for IGP-Si, IGP-SiC has a higher Poisson’s ratio (ν) than 
all other related materials, indicating that its structure is more 
deformable in the transverse direction. 

Fig. 2 depicts the band structure, density of states, and electron 
density of IGP-SiC, which helps in the understanding of its electronic 
behavior. The simulation results for g-SiC are also shown for 
comparison. 

IGP-SiC has an indirect band gap energy (Egap) of 3.22 eV (Fig. 2A), 
with apparent flat bands between the region of the M and K points in the 
top and bottom of valence bands (VB) and conduction bands (CB), 
respectively, which indicates an increase in electron effective mass and a 
decrease in electronic mobility, a behavior similar to that of GP. 

Unlike graphene and g-Si, which have zero Egap, g-SiC has an Egap of 
3.65 eV at the ~K point, which is slightly higher than IGP-SiC, as shown 
in Fig. 2. Such a reduction in the band gap can be attributed to a sig-
nificant structural and orbital superposition change in the formation of 
IGP-SiC. The density of states reveals that the edge of the VB of IGP-SiC 
has a substantial contribution from both Si and C atoms, and a very small 
contribution from C atoms in CB, which differs from the inverse 
behavior observed for g-SiC. 

The analysis of the Laplacian and the gradient of the electron density 
at the bond critical points (BCP) (see Fig. 2) provides relevant infor-
mation on the trajectory of charge density and aids in understanding the 
behavior of chemical bonds in this new structure, where the blue dotted 
lines represent charge depletion and the red lines represent charge 
accumulation, respectively. For IGP-SiC, it can be observed that the 
gradients intersect in the center of the rings; however, it was discovered 
that the density is located near the border of the dodecahedron, which 
can facilitate the diffusion of atoms or small molecules. On the other 

hand, high density is found in rings II and III (Fig. 1). In the case of g-SiC, 
charge accumulation in the Si atom directs the electron transfer toward 
C, which is more negative. Table S2 contains a comparison of the results 
of other two-dimensional materials, as well as additional comments. 

The simulations show that there are no imaginary frequencies in the 
phonon calculation, signaling the dynamic stability of IGP-SiC, as shown 
in Table S3. Furthermore, it is demonstrated that IGP-SiC is thermally 
stable, as the structure remains intact up to 2100 K, and starts to break at 
~2180 K, whereas g-SiC supports more than 3000 K, as shown in our 
simulation, due to the similar morphology to graphene. The video of 
thermal stability and details about the simulation can be found in the SI. 

To determine the fingerprint of IGP-SiC (Fig. 2C), the Raman spec-
trum was analyzed, as well as the spectrum of GP, IGP-Si, g-Si, and g-SiC. 
By doing so, it was possible to identify that IGP-SiC has 10 active modes, 
Γ = 4E2g + 4Ag + 2E1g, with the most intense at 733.9 cm− 1 (E2g) and 
1263.4 cm− 1 (E2g), while IGP-Si [26] has active modes at 357.6 cm− 1 

(E2) and 394.1 cm− 1 (E2), and GP [10] has 8 active modes, with the most 
intense at 1743.5 cm− 1 (A1g). Contrariwise, g-SiC and g-Si [26] have a 
single active Raman mode at 1017.7 cm− 1 (E) and 555.5 cm− 1 (E), 
respectively. For comparison purposes, the experimental G-band of 
graphene obtained by Dresselhaus et al. [31] and our theoretical esti-
mate were added. This result demonstrates that the g-SiC peak is nearly 
the average of the g-Si (E) and graphene (E’) peaks. The accuracy of our 
graphene theoretical results provides us with a high degree of reliability 
for the predicted data based on our methodology. 

To exemplify one of the potential applications of this new material, 
the energy barrier (Ebar) for the diffusion of alkaline metals and noble 
gases at ring I (Fig. 3) was calculated, as well as the height barrier (|r0|) 
with correction for the basis set superposition error (BSSE) and Bader 
charges (Q), the values of which can be found in the SI. 

Fig. 3 shows that there is a spontaneous diffusion of the Na atom in 
ring I, as well as a small (very low) energy barrier for the Li (~0.18 eV) 
and K (11 meV) atoms. This behavior indicates a preference for diffusion 
in the central ring, allowing the design of an anode composed of IGP-SiC 
layers, where atom diffusion between layers can be guaranteed, thereby 
favoring the process of electric charge and discharge. Furthermore, the 
presence of metal atoms in the IGP-SiC semiconductor monolayer 

Fig. 1. (A) IGP-SiC unit cell with bond length (Å) and bond angles (◦). (B) 
Elastic constants (GPa) and Poisson’s ratio (v), and (C) band gap energy of IGP- 
SiC and related materials. I, II, and III represent the dodecahedral, hexagonal, 
and squared rings, respectively. 

Fig. 2. Band structure, density of states, Laplacian of the electron density (blue 
dashed lines), and trajectory of charge density (red lines) of (A) IGP-SiC, (B) g- 
SiC, and (C) Raman vibrational spectrum of IGP-SiC, GP [10], IGP-Si [26], g-Si 
[26], g-SiC, graphene [10] and the experimental graphene [31]. 
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imparts a conductive character to the material, implying that this 
structure could be used as an anode in next-generation batteries as well 
as in other technological applications. The energy barriers were also 
investigated in the case of noble gas diffusion (Fig. 3B). The He atom 
exhibits almost spontaneous diffusion with a very low barrier energy (2 
meV), while the Ar atom exhibits a small barrier energy (0.11 eV). 
Additionally, the Ne atoms can be trapped in the center of the dodeca-
hedral pore, demonstrating that the IGP-SiC can function as a porous 
membrane in the noble gases separation. More information can be found 
in the SI. 

IGP-SiC can also be transformed as a magnetic and catalytic material 
with multiple functionalities, as shown in Fig. 4. 

The incorporation of transition metal atoms on IGP-SiC (for example, 
replacing two Si atoms with two Fe atoms) can trigger modulable 
magnetic properties. Fig. 4 depicts the Fe-doped IGP-SiC in ferromag-
netic solution as a possibility to modulate the electronic configuration of 
IGP-SiC, lowering its band gap energy to 1.52 eV. (Fig. 4A). Another area 
for future research is gas adsorption, such as nitrogen monoxide NO, 
which is characterized by physisorption (Eads = − 8.76 kcal/mol) with a 
low change in the band gap (Fig. 4B). 

The adsorption of NO on Fe-doped IGP-SiC was carried out to test the 
effect of the transition metal on the interacting system (Fig. 4C). The 
adsorption on the Fe site was most favorable (Eads = − 58.11 kcal/mol), 
with a significant band gap decrease (Egap = 0.87 eV), allowing the use of 
Fe-doped IGP-SiC as a potential selective toxic gas sensor. The influence 
of magnetic states in NO adsorption/desorption behavior requires 
further investigation; this is an insight that could lead to new theoretical 
and experimental studies. More details about the configurations can be 
found in the SI. 

Conclusions 

Because it has a planar structure with symmetrically distributed 
rings, IGP-SiC is more resistant than IGP-Si. It also has high thermal and 
dynamic stability, withstanding temperatures above ~2100 K, which 
indicates its broad synthesis potential. The presence of a low charge 
density in ring I confirms its barrier energy, which is favorable to the 
diffusion of atoms and small molecules in this ring, as IGP-SiC begins to 
have a conductive character from interactions with Li, Na, and K, 
demonstrating its applicability in energy-generating devices. Further-
more, IGP-SiC is presented as a promising porous membrane for noble 
gas separation, as evidenced by the diffusion process of He, Ne and Ar in 
the central ring. 

Finally, initial studies of Fe-doped IGP-SiC in ferromagnetic solution 
indicate a change in the surface electronic configuration, demonstrating 
that doping with a transition metal can reveal a magnetic material. As a 
result of its interaction with NO, the Fe-doped IGP-SiC can also be a 
potentially toxic gas sensor. 
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