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Recently, a new 2D carbon allotrope called Irida-Graphene (Irida-G) was proposed, and its reliable stability
has been previously predicted. Irida-G is a flat sheet topologically arranged into 3-6-8 carbon rings exhi-
biting metallic and non-magnetic properties. In this study, we investigated the thermal transport pro-
perties of Irida-G using classical reactive molecular dynamics simulations. The findings indicate that Irida-
G has an intrinsic thermal conductivity of approximately 215 W mK™ at room temperature, significantly
lower than that of pristine graphene. This decrease is due to characteristic phonon scattering within Irida-
G's porous structure. Additionally, the phonon group velocities and vibrational density of states for Irida-G
were analyzed, revealing reduced average phonon group velocities compared to graphene. The thermal
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conductivity of Irida-G is isotropic and shows significant size effects, transitioning from ballistic to
diffusive heat transport regimes as the system length increases. These results suggest that while Irida-G
has lower thermal conductivity than graphene, it still holds potential for specific thermal management
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1. Introduction

The study of thermal transport properties in nanomaterials
has attracted considerable interest from the scientific commu-
nity due to their potential applications in nanoelectronics,
thermoelectric devices, and thermal management systems." In
particular, two-dimensional (2D) materials have been exten-
sively investigated to understand their thermal conductivities
better. These properties are crucial for efficient heat dissipa-
tion in miniaturized electronic components.” The unique
characteristics of 2D materials stem from their reduced dimen-
sionality, often leading to physical phenomena not observed
in their three-dimensional counterparts.® These attributes
make 2D systems up-and-coming for advanced technological
applications.*
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applications, sharing characteristics with other two-dimensional materials.

Graphene, a single-atom-thick material with a hexagonal
arrangement of carbon atoms, has been extensively studied
due to its exceptional thermal and electrical conductivity,
mechanical strength, and flexibility.>® Since its experimental
realization in 2004,” researchers have extensively investigated
graphene physical properties® and other materials with similar
topologies, such as transition metal dichalcogenides (TMDs),’
hexagonal boron nitride (h-BN),” and silicene."® These
materials offer unique physical properties, broadening their
potential applications across various technological domains.

For carbon-based systems, numerous new structures, often
derived from graphene, are continually being proposed in the
literature."* Carbon’s versatility allows it to form new struc-
tures with diverse characteristics based on different topologies
and hybridizations, leading to a wide range of applications.
Although most of these structures are theoretical propositions,
they hold promise for experimental realization using
modern synthesis techniques.”® Notable advances in this area
include the synthesis of PHA-graphene,'*'® y-graphyne,'®"’
biphenylene,"®'® and fullerene networks.>**" All these struc-
tures were proposed before their synthesis.

Despite significant progress in nanomaterials, the quest to
discover and characterize new 2D systems with novel physical
and chemical properties continues.*”> Our group recently pro-
posed the Irida-Graphene (Irida-G), a new carbon-based nano-
material,”® which has since been the focus of several
studies. Initially, we described Irida-G as having a flat
structure composed of 3, 6, and 8-membered rings, with no
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buckling and a cohesive energy of —7.0 eV per atom. It exhibits
structural and thermal stability at temperatures up to 1000 K.
Irida-G is metallic and non-magnetic, with Young’s modulus of
approximately 400 GPa. It can withstand temperatures up to
4000 K, its sublimation point. Optically, Irida-G is active in the
infrared and ultraviolet regions and has low reflectivity indices.

As mentioned above, other researchers have carried out
further studies on Irida-G. For instance, Zhang and Guo inves-
tigated the effect of lithium decoration on Irida-G for potential
hydrogen storage applications.>* Their findings revealed that
while H, adsorption on pristine Irida-G is weak, it is signifi-
cantly enhanced when the material is decorated with lithium.
Lithium atoms strongly interact with the octagonal carbon
rings, preventing atom aggregation. Li-decorated Irida-G can
adsorb up to 16 H, molecules per unit cell on one face and up
to 24 on both faces, with suitable adsorption energies for
reversible hydrogen storage. The storage density reaches
7.06 wt%, surpassing the 6.5 wt% standards set by the U.S.
Department of Energy (DOE), indicating its promise for
mobile hydrogen storage applications.>*

In another contribution, Tan and collaborators studied
Irida-G decorated with titanium.?® Their results showed that
titanium atoms strongly bind to the Irida-G hexagonal rings,
unlike lithium, which prefers the octagonal ones. A single tita-
nium atom in the primitive unit cell can bind to 5 H, mole-
cules, with an average adsorption energy of 0.41 eV per H,,
achieving a gravimetric density of 7.7 wt%, again exceeding
the DOE standard. The system’s stability is maintained
through Kubas-type interactions and a diffusion energy barrier
of 5.0 eV, which prevents Ti-Ti aggregation.?® Their ab initio
molecular dynamics simulations demonstrated that the system
remains stable at 600 K, above the desorption temperature of
524 K, indicating its stability during hydrogen recharge and
discharge cycles.*®

Inspired by the synthesis of y-graphyne,'” Majidi proposed
inserting acetylenes into all the bonds of the original Irida-G,
creating a new material called Irida-Graphyne (IGY).>® The
results demonstrated that IGY possesses confirmed thermal
and dynamic stabilities, as evidenced by cohesive energy value,
ab initio molecular dynamics simulations, and phonon dis-
persion data. Like the sp>-hybridized Irida-G, this graphyne-
like system is metallic. It exhibits strong anisotropic photo-
response under light irradiation with parallel and perpendicu-
lar polarizations. IGY showed high dielectric constants and
optical absorption, suggesting its potential for use in energy
storage systems, with broad absorption from the infrared to
ultraviolet regions. Reflection and transmission data indicated
that Irida-G and IGY are transparent, especially at high ener-
gies, making them suitable for optoelectronic devices. In
another study, Majidi and Ayesh proposed Twin Irida-G, which
was analyzed for its structural and thermal stability and elec-
tronic and optical properties.*® Although the stiffness in the
Twin Irida-G plane is lower than that of graphene, it retains
the same potential applications as single-layer Irida-G.

Li and colleagues investigated the mechanical properties of
double-layer and single-layer Irida-G structures and the impact
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of nanocracks.”” Their findings revealed that the fracture
stress of the double-layer Irida-G structure is higher than that
of the single-layer structure. Analysis of cracks in both
materials indicated that cracks perpendicular to the direction
of the applied strain reduce fracture stress as the crack length
increases. Additionally, the authors noted that larger angles
relative to the strain direction further decrease fracture stress
in the presence of nanocracks.

Understanding the thermal properties of 2D systems is
crucial for advancing nanotechnologies, particularly because
efficient heat management becomes increasingly important as
electronic devices shrink in size. A detailed knowledge of a
material’s physical and chemical characteristics can also facili-
tate its synthesis and identify promising applications.

In this study, we carried out classical reactive molecular
dynamics (MD) simulations to explore the thermal transport
properties of Irida-G. Our investigation revealed that the intrin-
sic thermal conductivity of Irida-G at room temperature is
about 215 W mK ™", much lower than pristine graphene’s value
of around 1200 W mK . This decrease is primarily attributed
to enhanced phonon scattering from its porous structure.
Furthermore, we computed the vibrational density of states
and phonon group velocities, finding that Irida-G’s average
phonon group velocity is about 410 m s™' compared to gra-
phene’s 780 m s, providing additional evidence for the
observed decrease in thermal conductivity. It is worth men-
tioning that the methodology employed here, as discussed
below, is well-established and has been used in numerous
other studies.’**?

2. Methodology

We used the well-known LAMMPS software for the MD simu-
lations in this study.*® Interatomic forces were described using
the second-generation REBO potential,®® extensively validated
for various 2D carbon systems.>’*®3 To validate its accuracy
for Irida-G’s atomic bonding, we computed phonon disper-
sions using GULP.*>*' We also tested the original Tersoff
potential** and Lindsay’s modified version,** but neither pro-
duced good Irida-G’s results.

In all MD simulations, the equations of motion were inte-
grated using a timestep of 0.25 fs. The systems were initially
thermalized using a Nosé-Hoover thermostat at 300 K for
100 ps. Periodic boundary conditions were applied along the
xy-plane, while free boundary conditions were imposed along
the z-direction. Each system underwent relaxation at finite
temperatures until zero stress was achieved along the periodic
directions; stress along the z-direction automatically reached
zero. After equilibration, the thermostat was deactivated, allow-
ing the systems to evolve under microcanonical conditions.

The reverse nonequilibrium molecular dynamics (RNEMD)
method”* was employed to induce a heat flux within the
system. This methodology, which we have previously used on
thermal transport in various 2D systems,***>™*” partitions the
system into n slabs along its length, with two of these slabs
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designated as “hot” and “cold” regions, as illustrated in
Fig. 1(a). In our setup, the first slab was designated as the cold
region, while the middle slab served as the hot region. Due to
periodic boundary conditions, slabs 0 and n were identical.
Each slab contained an average of 200-300 atoms.

The heat flux is induced by exchanging kinetic energy
between slow-moving particles in the hot region and fast-
moving particles in the cold area, thereby establishing a temp-
erature gradient. The heat flux is computed based on the
exchanged kinetic energy between the designated layers, as per
ref. 44:

1

J(t):m

Z [Ksource - Ksink]7

swaps

(1)

where At represents the time interval from the start of swaps,
Ksource and Kgini denote the kinetic energies of atoms in the
heat source and sink, respectively. The summation encom-
passes all swaps. Here, A denotes the cross-sectional area of
the sheet, calculated as the product of its width and thickness.
All simulated systems shared a standard width of 20 nm along
the y-direction, with a thickness assumed to be 0.33 nm along
the z-direction. The factor of 2 accommodates the distribution
of heat flux between both sides of the heat source. In this
investigation, energy swaps were executed every 500 timesteps,
covering a total simulation duration of 80 million timesteps,
equivalent to 20 ns.

The simulations encompassed systems of considerable size,
ranging from 13 824 to 1105920 atoms. These systems varied
in nominal lengths from 10 nm to 800 nm, covering different
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Fig. 1 Set up for the RNEMD method: (a) the heat flux is applied along
the Irida-G x-direction by exchanging kinetic energy between slower-
moving particles in the cold region and faster-moving particles in the
hot area. (b) A typical temperature profile is shown for an Irida-G sheet
measuring 20 nm X 20 nm under steady-state conditions.
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sizes. This broad scope ensured the robustness and reliability
of our simulations by providing statistically significant atom
representation and comprehensive coverage of structural
dynamics.

After the system reaches its stationary state, marked by a
constant heat flux, we estimate the temperature within each
slab by averaging the kinetic energy of particles using the
energy equipartition theorem:**

=1
1o

T, =——
! 3Nikg i mj’

(2)
where T; represents the temperature of the i-th slab, Nj is the
number of atoms in it, kg is Boltzmann’s constant, m; is the
mass of atom j, and p; refers for its linear momentum. The
temperature gradient of the system is then obtained from the
average temperature in each slab.

Once the heat flux and temperature gradient are steady, the
thermal conductivity for a sample of length L can be directly
obtained from Fourier’s law:

()

k(L) = —"—

oT/o%) )

where 0T/ox is the arithmetic mean of the temperature gradi-
ent along x-direction considering both sides of heat flux, as
shown in Fig. 1(b). The brackets ( ) represent the time average
of the quantities.

3. Results

3.1. Phonon dispersion

To assess the accuracy of the second-generation REBO poten-
tial in describing the atomic bonding structure of Irida-G, we
computed its phonon dispersions by diagonalizing the dyna-
mical matrix using the lattice dynamics software GULP.***!
Fig. 2 illustrates the phonon dispersions along high symmetry
points of the Brillouin Zone, obtained from the unit cell con-
taining 12 carbon atoms. The absence of phonon modes with
negative (imaginary) frequencies in the dispersion indicates
the stability of Irida-G’s crystal structure when modeled with
the chosen potential.

The second-generation REBO potential typically accurately
describes acoustic phonons but not so well the optical
phonons. However, since acoustic phonons are the primary
heat carriers in 2D systems,’”*®8>1 this force field can
reliably simulate thermal transport in our study. Nevertheless,
the overall thermal conductivity value obtained with this
potential is expected to be lower than those obtained using
ab initio methods that employ the Boltzmann transport
equation. In Fig. 2, among the three acoustic phonon modes,
both in-plane modes (longitudinal (LA) and transverse (TA))
exhibit linear dispersions. In contrast, the out-of-plane mode
(flexural (ZA)) displays a quadratic dispersion around the I’
point. Conversely, optical branches demonstrate relatively flat
dispersions, indicating that phonons in these branches have

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Phonon dispersion for Irida-G was modeled using the second
generation of REBO potential. The absence of negative (imaginary) fre-
quencies indicates the stability of the structure with the chosen potential
parameters. The inset shows the high symmetry points in reciprocal
space coordinates: I"' = (0, 0, 0), M = (1/2, 0, 0), K = (1/3,1/3,0) and I =
(0, 0, 0).

small group velocities and do not contribute significantly to
thermal transport.

3.2. Thermal conductivity dependence with sample length

Fig. 3 illustrates that the lattice thermal conductivity varies
depending on the system length. Through error propagation
from the average heat flux and temperature gradient, uncer-
tainty analysis consistently yielded uncertainties below 5% for
all data points. Strong size effects emerge due to phonon con-
finement, which means the heat reservoirs delimit accessible
paths within the region. This behavior is consistent with the
theoretical framework proposed by Schelling and co-authors:*

SR

Here, k. represents the material’s intrinsic (length-inde-
pendent) conductivity, and A denotes the effective mean free
path of the heat carriers. Therefore, by fitting the above
expression to the simulation data obtained for systems of
increasing length, we can estimate both «., and A for Irida-G.

In the investigation performed here, the intrinsic lattice
thermal conductivity at room temperature is predicted to be

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Thermal conductivity of Irida-G as a function of sample length.
Data points from RNEMD simulations and curve from eqn (4).

approximately 130 W mK ™. At the same time, the effective
accessible phonon mean free paths are around 55 nm. The
fitting was conducted without the two largest systems, which
were obtained later and presented more significant uncertain-
ties but aligned with the fitted lines within the error bars. In
fact, including the two largest systems in fitting eqn (4) would
result in a change of less than 5% in the intrinsic lattice
thermal conductivity .. This agreement illustrates the
remarkable predictive power of eqn (4), enabling the esti-
mation of intrinsic lattice thermal conductivity from simu-
lations with relatively small systems.>**>>3>*

We only present the heat flux results along the x-direction
(see Fig. 1). However, all calculations were also performed for
the y-direction, indicating that Irida-G is practically isotropic
concerning the material’s intrinsic conductivity (134 W mK ™)
and effective mean free path of the heat carriers (58 nm).

When analyzing the behavior of « (L), we observe three dis-
tinct heat transport regimes, as shown in Fig. 3. Initially, in
the ballistic regime (region B), characterized by small L (up to
approximately 30 nm), (L) scales linearly with L. Here, the
phonon mean free path exceeds the system length, constrain-
ing heat transfer. Conversely, for L > 100 nm, the diffusive
regime emerges (region D), showcasing a weak dependency of
thermal conductivity on system length. This phase’s phonon
mean free path falls short of the system length. Between these
two regimes lies the ballistic-diffusive transition regime
(region T), where the system length approaches the phonon
mean free path, leading to a decreased dependence on
thermal conductivity on sample length. Thus, phonons with
intrinsic mean free paths longer than the sample’s character-
istic length exhibit ballistic transport. In contrast, those with
shorter intrinsic mean free paths facilitate diffusive heat trans-
fer. This behavior is consistent with the findings of Bae et al.,
who observed a ballistic to diffusive crossover of heat conduc-
tance in graphene ribbons of varying sizes.>

The intrinsic thermal conductivity of Irida-G is at least one
order of magnitude smaller than the approximately 1200 W

Nanoscale, 2024, 16,16430-16438 | 16433
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mK ™" obtained for pristine graphene using the same empirical
potential (see ESIt). This significant difference in «,, between
Irida-G and graphene can be qualitatively attributed to the
heightened phonon scattering induced by the structural poro-
sity, characterized by triangles and octagons, within Irida-G.
This trend increases the scattering of heat carriers, reducing
the thermal conductivity of this material. Molecular dynamics
simulations have similarly predicted a decreased thermal con-
ductivity relative to graphene for both penta-graphene*® and
phagraphene.®®

The experimental determination of graphene’s thermal con-
ductivity exhibits significant variance depending on the
measurement technique. The reported values in the literature
range from 1500 to 5000 W mK~*.°°®* In contrast, the thermal
conductivity of graphene derived from the REBO force field
used in this study was approximately 1200 W mK™, as pre-
viously discussed.?”*® Classical force field-based methods con-
sistently underestimate experimental or theoretically derived
values, such as those obtained via the Boltzmann transport
equation. Considering a reference thermal conductivity value
of 2000 W mK ™" for graphene, the deviation introduced by the
REBO force field approximates 40%. Extrapolating this linear
deviation to Irida-G, the thermal conductivity corresponding
to this “true” value would be approximately 215 W mK "
(Fig. 4). We compared the value obtained to validate this esti-
mate using a recently proposed method outlined in ref. 61.
This method provides rapid estimates of thermal conductivity
based on semi-empirical calculations. The thermal conduc-
tivity at T = 300 K is derived from an approximate expression:

CwEy
K =
© LT

(5)

where ¢ is the speed of light in m s™', & is the average fre-
quency, Eyp is the vibration activation energy obtained from
the Arrhenius plot, L is the lattice parameter of the minimum

4.0 T T T | T |
— I Arrhenius Fit |
M 3.0 (a= —396.07)
o
2 . i
=
§ 3.0 —
@ L 1
=
O 25 —
& | Byp=—2kga=109x10"2 ] |
2 O | | | | | | | |
1 2 3 4 5

T (x1073 K™
Fig. 4 Arrhenius plot for Irida-G using the method described in ref. 62,

where kg represents the Boltzmann constant in Joules. The linear fit
yields the slope a, determining the Ey,g value.
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unit cell, and 6T is a free parameter that is equal to 3 K for
Irida-G, as discussed in ref. 61.

To apply the methodology outlined in ref. 61, it is crucial to
determine the values of the average @ and the constant
pressure heat capacity Cp, vip based on Irida’s minimal unit
cell. Employing the MOPAC2016 software, we identified the
average @ value, excluding negative frequencies as discussed
in ref. 62, as 1316.3 cm ™. By using the average lattice vectors
L= (L + 1,)/2.0 = 6.34 A as the lattice parameter and substitut-
ing these parameters into eqn (5), we estimated the thermal
conductivity for Irida-G to be approximately 226.9 W mK .
This value closely aligns with the corrected estimate for Irida-
G, which was determined to be 215 W mK ", using graphene’s
thermal conductivity as a reference.

It is worthwhile to stress that the thermal conductivity
values reported for Irida-G in this study are comparable to
those of other known 2D structures such as h-BN (220-550 W
mK™),°*%* PHA-graphene (220-280 W mK ™ "),”° pentagraphene
(167 W mK™),*° borophene-p (90 W mK™"),*® and the bipheny-
lene network (210-240 W mK*).®® Moreover, Irida-G exhibits a
thermal conductivity considerably higher than that of the
fullerene Network (4 W mK™"),*” WS, (32 W mK"),°® MoS, (35
W mK ), silicene (9 W mK™") and germanene (2 W mK),”°
phosphorene (14-30 W mK™),”* PtS, (85 W mK™'),”> and
others.*!

3.3. Vibrational spectrum

To gain deeper insight into the mechanism behind the
reduction in thermal conductivity of Irida-G compared to pris-
tine graphene, we calculated the vibrational density of states
(VDOS). The VDOS was derived through post-processing 100 ps
trajectories with atomic velocities recorded every 5 fs. It was
computed by taking the Fourier transform of the velocity auto-
correlation function (VACF) as follows:

) ()
VDOS(w) = J (v(0) - v(0))

where v is the atomic velocity, w is the angular frequency, and
(v(¢)v(0)) is the velocity autocorrelation function normalized
such that VACF(t = 0) = 1.

Fig. 5 clearly illustrates the different vibrational character-
istics of the carbon atoms in Irida-G (black line) compared to
graphene (gray baseline). Panel (a) shows the in-plane contri-
butions of the longitudinal acoustic (LA) and longitudinal
optical (LO) modes, while panel (b) depicts the in-plane contri-
butions of the transverse acoustic (TA) and transverse optical
(TO) modes. Panel (c) presents the out-of-plane contributions
of the flexural acoustic (ZA) and flexural optical (ZO) modes.
Finally, panel (d) displays the total VDOS.

Flexural phonons make the most important contributions
to the VDOS in the low-frequency regime (below 10 THz), likely
serving as the primary heat carriers in Irida-G. With their
longer wavelengths, low-frequency phonons typically play a
crucial role in heat transport in nanomaterials. These phonons
undergo fewer scatterings and travel longer distances within

exp(—iwt)dt (6)

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Calculated vibrational density of states (VDOS) for pristine gra-
phene (gray baseline) and Irida-G (black line). Panels (a), (b), and (c) illus-
trate the contributions from longitudinal (LA/LO), transverse (TA/TO),
and flexural (ZA/ZO) modes, respectively. Panel (d) shows the total
VDOS.

the material, carrying significant energy and contributing
more effectively to thermal transport. Moreover, the impor-
tance of flexural polarization (ZA) phonons, due to out-of-
plane oscillations, in thermal transport has been well-docu-
mented for graphene,*®**7*7* and other 2D materials."

3.4. Phonon group velocity

To obtain a deeper understanding of the thermal transport
characteristics of Irida-G, we also computed the phonon group
velocities from the phonon dispersion relations within the har-

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Phonon group velocities as a function of frequency calculated
from phonon dispersion relations using harmonic approximation.

monic approximation. The phonon group velocities are deter-
mined by:

(o) = g )

where @ represents the frequency of a given mode and g
denotes the wave vector. Fig. 6 illustrates the absolute values of
the phonon group velocities as a function of frequency for
Irida-G (black circles) and graphene (gray squares), both with
the same number of atoms (48) and similar dimensions.
Notably, data points between ~2 x 10° and 3 x 10°> m s,
ranging up to 15 THz for Irida-G and up to 35 THz for gra-
phene, correspond to the acoustic modes, which are the
primary contributors to thermal transport, as previously dis-
cussed. The data indicate that the phonon group velocities of
Irida-G are lower than those of graphene. The average group
velocities are approximately 410 m s™* and 780 m s~ for Irida-
G and graphene, respectively. Since lattice thermal conduc-
tivity is proportional to the square of the group velocities,”
this highlights the significant difference in thermal conduc-
tivity between these two materials. These results are consistent
with the observed lower thermal conductivity of Irida-G relative
to graphene.

4. Conclusions

In this study, we conducted molecular dynamics simulations
to investigate the thermal transport properties of a newly pro-
posed two-dimensional carbon nanomaterial, Irida-G. Our
investigation focused on elucidating how the system’s struc-
tural characteristics influence its thermal conductivity com-
pared to graphene.

Initially, we verified the stability of Irida-G’s crystal struc-
ture by calculating its phonon dispersion using the second-
generation REBO potential. The absence of phonon modes
with negative frequencies indicates the structural stability of
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the system, confirming that the chosen potential accurately
describes the Irida-G structural features. Using the RNEMD
method to create a temperature gradient within the system,
our simulations unveiled a significant finding. Irida-G, at
room temperature, exhibits an intrinsic thermal conductivity
of approximately 130 W mK ™. This value, notably lower than
that of graphene, is primarily due to increased phonon scatter-
ing induced by the porous structure of Irida-G. Based on esti-
mates derived from semi-empirical methods, we obtained a
correction to the thermal conductivity value of the system,
around 215 W mK ™.

Furthermore, we analyzed the size dependence of thermal
conductivity, revealing three distinct heat transport regimes:
ballistic, diffusive, and a ballistic-diffusive transition regime.
These regimes elucidate how the phonon mean free path influ-
ences heat transfer within Irida-G. The vibrational character-
istics of Irida-G were obtained by calculating the VDOS and
phonon group velocities. Our analysis revealed that flexural
phonons, especially those with low frequencies, play a signifi-
cant role in thermal transport within Irida-G. The lower
phonon group velocities of the material compared to graphene
further corroborate its reduced thermal conductivity.
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