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A B S T R A C T   

Several 2D carbon-based materials have been computationally designed in the last years due to the success 
achieved by graphene. Using a bottom-up approach, we propose a new 2D all-sp2 carbon allotrope, Irida- 
Graphene (IG). IG is composed of fused rings containing 3-6-8 carbon atoms. Density functional theory calcu
lations and reactive (ReaxFF) molecular dynamics simulations were carried out to examine its mechanical, 
structural, electronic, and optical properties. DFT results showed that IG exhibits good dynamical and thermal 
stabilities. Its estimated elastic modulus is approximately 396 GPa. IG is a metallic non-magnetic material, and 
presents a Dirac cone above the Fermi level in the center of the band. The intense optical activity of IG is 
restricted to the infrared and violet regions. IG can act as a violet collector for photon energies of about 3.0 eV 
since it presents very low reflectivity and refractive index greater than one.   

1. Introduction 

The design [1,2] and synthesis [3–5] of new carbon allotropes have 
experienced enormous growth since the advent of graphene [6,7]. Its 2D 
honeycomb arrangement with an atomic thickness exhibits unique me
chanical, optical, and electronic properties, which are of significant in
terest for many potential applications in nanoelectronics [8]. Due to this 
reason, several 2D carbon-based materials have been computationally 
proposed in the last few years [9–17]. The monolayer amorphous carbon 
[3], biphenylene network [4], and monolayer fullerene network [5] 
were synthesized recently. The successful synthesis of these materials 
has helped to stimulate the designing of new 2D carbon allotropes that 
can be obtained experimentally. 

A trend in developing new carbon allotropes has been to propose 
structures with non-hexagonal rings and large pores. The ultimate 
motivation is that carbon-based materials with non-hexagonal ring 
structures are better adsorbers of Lithium atoms when contrasted with 
graphene [18,19]. One can highlight the popgraphene (composed of 
5–8-5 carbon rings) [16], phagraphene [14], and psi-graphene [20], 
which are composed of 5–6-7 carbon rings. They are intrinsically 
metallic and have a high theoretical capacity to adsorb Li atoms (1487, 
556, and 372 mA h g− 1, respectively), which are crucial traits for 
developing efficient Li-ion batteries. Based on these performances for Li 
storage capacity, it can be helpful in energy storage applications to 

design other porous 2D metallic materials containing fused rings with 
eight carbon atoms. 

In this study, we employed a bottom-up approach to computationally 
propose a new 2D all-sp2 carbon allotrope composed of 3–6-8 rings 
named Irida-Graphene (IG). This name is due to its atomic arrangement 
that resembles the flower (Sisyrinchium Halophilum - Iridaceae), popu
larly called ”Nevada Blue-Eyed Grass” in the United States (see Fig. 1). 
We carried out density functional theory (DFT) and reactive (ReaxFF) 
molecular dynamics (MD) simulations to study the electronic, optical, 
and mechanical properties of this material. DFT and MD results revealed 
that IG is metallic and structurally stable, as confirmed by its integrity at 
4176 K and by the absence of imaginary phonon modes in its phonon 
dispersion spectra. Its optical activity is restricted to the infrared and 
violet regions. All the MD results are presented in the Supplementary 
Material. 

2. Methodology 

The lattice structure of IG is shown in Fig. 1. Its unit cell is flat and 
composed of 12 carbon atoms. As one can see in this figure, IG is a 2D all- 
sp2 carbon allotrope composed of fused 3-6-8 rings. Its structure has 
three types of carbon–carbon bonds: C1-C2/C11-C12/C1-C5/C2-C8/C8-C11 
= 1.439 Å, C2-C3/C4-C5/C1-C6/C7-C12/C8-C9/C10-C11 = 1.410 Å, and C3- 
C4/C3-C7/C4-C7/C6-C10/C9-C10 = 1.413 Å. IG crystallizes in the 
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hexagonal P6/mmm (191) space group. Its formation energy is − 6.96 
eV/atom. The areal density of carbon atoms in IG is 3.45× 1015cm− 2. 
This value is similar to the graphene one (3.82× 1015cm− 2) [21]. 

All first-principles calculations were based on DFT theory as imple
mented in the SIESTA code [22–24]. These calculations were carried out 
within the scope of the generalized gradient approximation (GGA) with 
the Perdew-Burke-Ernzerhof (PBE) [25,26] functional for the exchan
ge–correlation term. Norm-conserving Troullier-Martins pseudopoten
tial [27] was employed to describe the core electrons. The wave 
functions were defined by localized atomic orbitals and a double-zeta 
plus polarization (DZP) basis set. 

We used 500 Ry for kinetic energy cut-off, sampling the reciprocal 
space with 30 × 30 × 1 k-point grid. The vacuum region along the z- 
direction is set to 10 Å to prevent spurious interactions between the 
sheet and its periodic images. The basis vector along the z-direction was 
fixed during the lattice optimization. The other vectors and atoms were 
fully relaxed. The convergence criterion for maximum forces on each 
atom was 0.001 eV/Å. To investigate the stability of IG, we performed 
phonon dispersion calculations based on the force constant algorithm 
for T = 0 K, as implemented in Phonopy [28], and Born–Oppenheimer 
ab initio molecular dynamics simulations (AIMD) for 300 K, 500 K, and 
1000 K with the canonical ensemble NVT. For the electronic band 
structure calculation, we considered the following path along the lattice: 
Γ = (0, 0) to K = (0, 1/2) to Y = (1/3,1/3) to Z = (1/2,0) to Γ = (0,0). 

An external electric field of value 1.0 V/Å was applied along three 
possible polarization planes to estimate the optical coefficients. The 
optical coefficients were come from complex dielectric function ∊ =

∊1 + i∊2, in which the imaginary part, ∊2, is derived from the direct 
interband transitions through Fermi’s golden rule. A detailed descrip
tion of the procedure to calculate the optical properties (used in this 
work) is given in reference [29]. 

3. Results 

The discussion is divided into three subsections: I) structural stability 
and mechanical properties and II) electronic and optical properties. The 
Supplementary Material presents the MD snapshots for the uniaxial 
tensile loading and the heating of IG, MD stress–strain curves, and the 
Density of States (DOS) for calculations, which included spin polariza
tion. We also show the real and imaginary parts of the dielectric constant 
as a function of photon energy for IG. The crystallographic information 
file (CIF) containing the IG structure is also included in the Supple
mentary Material. 

3.1. Structural stability and mechanical properties 

We examined the dynamical stability of IG by calculating the phonon 
dispersion relations along the high symmetry directions shown in Fig. 2. 

Furthermore, we carried out 20 ps of AIMD at 300 K, 500 K, and 1000 K 
to ensure the IG stability, as depicted in Fig. 3. The 300 K and 500 K 
cases are shown in the Supplementary Material. In Fig. 2, one can see 
that most phonon frequencies are positive without any imaginary modes 
in the Brillouin zone. Imaginary frequencies (softened modes) appear in 
the spectrum but are less than 0.5% of the total frequencies. Physically, 
intrinsic ripples of 2D carbon-based materials can yield negative phonon 
modes due to significant out-of-plane atomic fluctuations. This feature is 
also present in graphene [30–32]. In this sense, the phonon spectrum 
confirms the IG dynamical and structural stability. Moreover, the 
highest phonon frequency is about 47 THz, similar to graphene [33] and 
indicating the presence of only sp2 carbon–carbon bonds. 

Fig. 3 shows the results for the AIMD simulation at 1000 K. The insets 
illustrate the top and side views for the AIMD snapshot of the IG lattice 
in the final stage of the simulation. For this case, we adopted a 2× 2× 1 
supercell containing 64 carbon atoms. One can note that the total energy 
per atom for the IG lattice fluctuates around a steady level in the heating 
process (equilibrium state). Moreover, in the MD snapshot for IG at 20 
ps, the lattice structure maintains its planarity and has no bond re
constructions. The features revealed in the AIMD simulations suggest 
that IG has good thermal stability. It is worth stressing that other ap
proaches have been successfully employed to study the stability of 
nanostructured materials. Machine-learning interatomic potentials were 
developed to evaluate their phononic properties, lattice thermal con
ductivity, and piezoelectric/flexoelectric responses [34,35]. 

The mechanical properties of IG are also studied through DFT sim

Fig. 1. Schematic representation of the Irida-Graphene structure. The right panels show the top and side views of its unit cell and a representation of the Sisy
rinchium Halophilum - Iridaceae flower. The lattice vectors are a1 = a2 = 6.34 Å. 

Fig. 2. Phonon band structure of Irida-Graphene with a 4 × 4 × 1 supercell.  
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ulations. As a general trend, IG lattices have two well-defined stages for 
the stress–strain relationship. The IG lattice has periodic boundary 
conditions and is subjected to a uniaxial tensile strain between 0–30%. 
Fig. 4 presents the stress–strain curve under uniaxial strain loading 
along the x and y directions (blue and red circles, respectively). This 
figure shows the stress–strain interplay until the moment of the lattice 
fracture. The Young’s modulus values YMX and YMY (along the x- and y- 
directions, respectively) are calculated considering the first linear 
regime, up to 5% of strain for each curve. 

In the first regime, the stress rises sharply up to 10% of strain in both 

directions. The IG lattice keeps its integrity, but the carbon rings suffer 
deformations during the stretching process. Between 10%–18% and 
10%–19% of strain in the x- and y-direction, respectively, the IG lattice 
suffers its first bond breaking, producing a crack, which propagates 
through the structure. Above these critical strain thresholds (second 
regime for the stress–strain relationship), the stress drops abruptly, 
indicating the rupture of the IG lattice. 

The estimated elastic moduli are YMX = 396 GPa and YMY = 397 
GPa. These results revealed that IG has piratically isotropic mechanical 
properties, as expected from the structure topology. The eight- 
membered rings of carbon atoms are responsible for the smaller me
chanical resilience presented by IG compared with graphene (about 1 
TPa) [36]. However, the YM values calculated for IG are similar to those 
reported for other graphene-like allotropes [37,38]. The IG fracture 
strain (FS) and ultimate stress (US) are FS = 18% and US = 46.8 GPa in 
the x-direction and FS = 19.0% and US = 52.9 GPa in the y-direction. It 
is worth mentioning that FS is obtained from the strain percentage 
corresponding to the higher stress value, i.e., the US. These mechanical 
properties are also similar to those for other graphene-like allotropes 
[37,38]. 

3.2. Electronic and optical properties 

The calculated band structure, related density of states (DOS), and 
partial density of states (PDOS) are shown in Fig. 5. The inset in Fig. 5(a) 
illustrates the high symmetry directions used to calculate the electronic 
band structure. On the GGA/PBE level, no band gap was found between 
the valence and conduction bands (see Fig. 5), indicating that IG is 
metallic. The DOS near the Fermi level is essentially formed by 2pz 
atomic orbitals, confirming its metallic signature. We performed calcu
lations, including spin polarization. The DOS results show that the ma
terial is not magnetic (see Supplementary Material). 

IG valence bands are predominantly composed of 2pz atomic or
bitals, with a small contribution of 2py orbitals. On the other hand, the 
conduction bands are formed by 2s, 2py, and 2pz orbitals with higher 
contributions. This trend for the higher contribution of 2pz orbitals to 
the conduction bands is typical in 2D carbon-based systems [39]. A 
Dirac cone is situated above the Fermi level and in the center of the band 

Fig. 3. Time evolution of the total energy per atom in the IG lattice at 1000 K. 
The insets show the top and side views of the final AIMD snapshot at 20 ps. 

Fig. 4. Stress–strain relationships of IG under uniaxial tensile loading in (blue) 
the x-direction and (red) y-direction. 

Fig. 5. Electronic band structure and related partial density of states (PDOS) of 
IG. We considered the following path along the high symmetry directions: Γ =

(0, 0) to K = (0,1/2) to Y = (1/3, 1/3) to Z = (1/2, 0) to Γ = (0, 0). 
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at the Y-point. Other 2D materials also present such a trend for the 
localization of the Dirac cone [10,14]. 

Finally, we discuss the optical properties of IG. Figs. 6(a–c) show the 
absorption coefficient (α), refractive (η), and reflectivity (R) indexes as a 
function of the photon energy value for the light propagation in the x- 
direction. The real and imaginary parts of the dielectric constant as a 
function of photon energy for IG are shown in the Supplementary Ma
terial. Importantly, we did not notice a significant difference in the 
optical activity of the IG between the x- and y-directions. In this figure, 
one can note that the intense optical activity of IG is restricted to the 
infrared and violet regions, and a small activity in the ultra-violet region 
can also be noted. 

The α profile presented in Fig. 6(a) revealed that the first optical 
transition peak occurs for nearly the same photon energy in all di
rections, about 1.0 eV (i.e., within the infrared spectrum). The second 
peak transition peak occurs within the violet region, about 3.0 eV. The 
maximum absorption intensities are approximately 2.0 × 105 cm− 1 and 
1.2 × 105 cm− 1 within the infrared and violet regions, respectively. In 
the context of carbon-based materials, intense absorption within the 
infrared region denotes the presence of sp2-like carbons [40]. 

Figs. 6(b) and 6(c) show the refractive and reflectivity indexes, 
respectively, as a function of the photon energy. The maximum peak for 
refractive index occurs at 0.7 eV, as depicted in Fig. 6(b). Light atten
uation occurs for photon energies higher than 0.7 eV. η values converge 
to 1.2, suggesting that the incident light tends to be refracted similarly in 
all directions. 

The reflective index has the maximum peak at 1.2 eV and drops to 
almost zero in the infrared region. A small reflection activity of IG, 
around 5%, is noted within the violet region. In this sense, all the inci
dent violet and ultra-violet lights tend to be absorbed, as shown in Fig. 6 
(c). On the other hand, almost 50% of the incident light is reflected in 

the infrared region. These results suggest that IG can act as a violet 
collector for photon energies of about 3.0 eV since it presents very low 
reflectivity and refractive index greater than one. 

4. Conclusions 

In summary, we used DFT and reactive ReaxFF MD simulations to 
propose a new 2D all-sp2 carbon allotrope named Irida-Graphene (IG) by 
employing a bottom-up approach. IG is composed of fused rings con
taining 3–6-8 carbon atoms. To examine the structural stability of IG, we 
calculated its phonon spectrum and formation energy. We found that the 
IG formation energy is − 6.96 eV/atom. AIMD simulations were also 
used to confirm its structural and dynamic stability. 

The calculated phonon frequencies confirm the stability of IG. 
Moreover, the highest phonon frequency is about 47 THz, similar to 
graphene and indicating the presence of only sp2 carbon–carbon bonds. 
In the AIMD simulations, the total energy per atom for the IG lattice 
fluctuates around a steady level during the heating process at 1000 K 
and 20 ps. The lattice structure maintained its planarity with no bond 
reconstructions at the final stage of the simulation. These features sug
gest that IG also has good thermal stability. 

The estimated elastic moduli are YMX = 396 GPa and YMY = 397 
GPa. IG has apparent in-plane isotropic mechanical properties, as ex
pected from its topology. The eight-membered rings of carbon atoms are 
responsible for the smaller mechanical resilience presented by IG 
compared with graphene (about 1 TPa). 

In the calculated band structure, no band gap was found between the 
valence and conduction bands, indicating that IG is metallic. A Dirac 
cone is situated above the Fermi level and in the center of the band at the 
Y-point. The DOS near the Fermi level is essentially formed by 2pz 
atomic orbitals, confirming its non-magnetic metallic signature. 

The intense optical activity of IG is restricted to the infrared and 
violet regions. A small optical activity in the ultra-violet zone was also 
noted. In carbon-based materials, intense infrared absorption denotes 
the presence of sp2-like carbons. A small reflection activity of IG (around 
5%) is noted in the violet zone. All the incident violet and ultra-violet 
lights tend to be absorbed. 

On the other hand, almost 50% of the incident light is reflected in the 
infrared region. These results suggest that IG can act as a violet collector 
for photon energies of about 3.0 eV since it presents very low reflectivity 
and refractive index greater than one. 

Regarding possible applications of IG in flexible electronics, its 
unique topology, and structural and thermal stabilities suggest that, if 
synthesized, this material (or other nanostructured material with similar 
topology) can act for developing, for example, efficient Li-ion batteries. 
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