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This research investigates the electronic and dynamic properties of 2D qHP polymer sheets made of fullerene, with and without
boron and nitrogen doping. Using density functional theory (DFT) with PBE and HSE functionals, including van der Waals in-
teractions and classical simulations, we found that BN-doped qHP C60 materials exhibit enhanced conductivity and adsorption
characteristics, demonstrating semiconducting behaviour with higher carrier mobility. qHP CsgB1N, shows ultra-high conductivity
(~ 102 @~ 'em='s~! at room temperature). These qHP sheets have cohesive energies of -8.75 (Cs), -8.70 (CsgB1N;), and -8.67
(Cs4B3N3), in the unit of eV, indicating greater stability than graphene and h-BN. Optical analysis suggests gHP C60 can absorb
UV photons up to 1.1 eV, with a refractive index greater than one and an estimated optical bandgap of 0.95-1.65 eV. They have
moderate direct electronic bandgaps and anisotropic mechanical properties, with Young's modulus of 180-200 GPa. These struc-
tures transition abruptly from elastic to fracture at a critical strain threshold, with similar thermal stability and melting points around

3900K.

1 Introduction

The allure of metal-free semiconductors with narrow bandgaps
has captured significant attention in recent decades, proving
exceptionally versatile for various electronic applications such
as infrared devices, light-emitting diodes, electrocatalysts, and
thermo-photovoltaics. This interest has been further fueled by
the emergence of two-dimensional nanomaterials in material sci-
ence and engineering following the groundbreaking discovery of
graphene by a collaborative effort in the past decade =41,
Recently, a breakthrough occurred with the experimental realiza-
tion of a single-crystal 2D carbon material, termed monolayer
quasi-hexagonal-phase fullerene (Cg), boasting a semiconduct-
ing bandgap of approximately 1.6 V5], This achievement ad-
dresses the issue of null bandgaps observed in other 2D carbon-
based materials. Using an organic cation slicing strategy, re-
searchers exfoliated quasi-hexagonal bulk single crystals to ob-
tain monolayer polymeric Cg. Using an interlayer bonding cleav-
age strategy, they obtained large-sized Cg, 2D crystals. These
crystals exhibit a unique structure where Cgy polymers form co-
valently bonded cluster cages within a plane. This clustering
mechanism led to the formation of two stable crystals, namely
closely packed quasi-hexagonal (qHP Cgy) and quasi-tetragonal
(qTP Cgp) phases (51,

Monolayer Cgy, distinguishes itself from other 2D materials due
to its larger surface area and increased active sites resulting from
the quasi-OD network structures of Cy, cages. It exhibits excel-
lent thermodynamic stability and high carrier mobility, making
it a promising candidate for photocatalytic water splitting [6-101,
Obtaining monolayer polymeric C60 involved an organic cation
slicing strategy, yielding substantial-sized Cq, 2D crystals with
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remarkable crystallinity and thermodynamic stability. Further
exploration in these areas holds significant potential to unlock
their full capabilities. Notably, Gao and colleagues’ first-principles
findings suggest that N-Cg, fullerene could serve as a promising
cathode catalyst for hydrogen fuel cells by facilitating the wa-
ter formation reaction without encountering activation energy
barriers 11!, Despite valuable insights from previous research,
a comprehensive understanding of their electronic, optical, and
mechanical characteristics is still awaited.

Peng and his team recently discovered that using a weakly
screened hybrid functional in conjunction with time-dependent
Hartree-Fock calculations can accurately reproduce the exper-
imentally measured optical band gap of the monolayer of
Ceo (12,131 The various phases of monolayer fullerene networks
feature suitable band gaps, displaying high carrier mobility and
appropriate band edges. These characteristics render them ther-
modynamically favourable for driving overall water splitting [14],
The deliberate choice of foreign elements in carbon-based 2D ma-
terials, ensuring an optimal carbon-to-doping element ratio, is
crucial for customizing the electronic properties of these newly
developed 2D materials. This process enhances their suitability
for advanced device applications 15201 Various methods have
emerged to refine nanomaterials’ properties, such as surface de-
fects, metal decoration, and transition metal doping. These ap-
proaches are extensively investigated through both experimental
studies and DFT-based calculations. This understanding presents
intriguing opportunities for customizing nanomaterials to fulfil
the specific needs across various scientific and engineering do-
mains [21-241,

Along with the first-principles DFT, the larger system size using
force-field-based molecular dynamics (MD) simulations can pave
the way for the thermodynamic stability and fracture patterns of
qHPCgy and qTPCgy. Nevertheless, the doping effect on structural
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integrity with thermodynamic stability can impact their perfor-
mance in their application as a new generation of carbon func-
tional nanomaterials. In this regard, the mechanical and ther-
mal stability of qHPCg, qHP CsgB; N, and qHP Cs4B3 N3 were sys-
tematically investigated in the scope of fully-atomistic force-field-
based molecular dynamics simulations. A heating ramp protocol
simulations were performed to obtain the melting point, and the
mechanical behaviour was studied using the stress-strain relation-
ship. The calculated Young Modulus agree with the experimental
and theoretical findings. This article primarily focuses on a com-
prehensive analysis of the properties of qHPCgy (System-I) and
qHP CsgB|N; (with the highest mobility) (System-II), and qHP
Cs4B3N3 (System III) polymeric sheets, demonstrating unique
characteristics. We present the calculation methodology, detail-
ing the DFT methods and classical simulations. The Results and
Discussion section explores the doped materials’ structural and
lattice dynamic stability. We examine the electronic band struc-
ture and projected density of the nanosheets’ states, analyzing
their mechanical and optical properties and comparing them with
polymeric fullerene. Finally, we provide a concise summary of the
significant findings obtained in this study.

2 Methodology

Using the Density Functional Theory (DFT) framework, first-
principle simulations offer valuable quantum insights into nanos-
tructured materials with high precision and cost-effectiveness.
We conducted DFT calculations in this study using the QUANTUM
ESPRESSO software package?>]. The Perdew-Burke-Ernzerhof
(PBE) [26]  functional described the electron-ion interaction
using the generalized gradient approximation (GGA)[271. A
plane wave basis set with a kinetic energy cut-off of 50 Ry for
electron density and 500 Ry for charge density was utilized to
optimize the structural configuration of fullerene-based systems.
Brillouin zone (BZ) integration was performed using a 8 x 8 x 1
k-point grid for geometry optimization and 10 x 10 x 1 for
electronic structure calculations (28], Atomic positions and cell
parameters were fully relaxed until 10~8 eV energy convergence
was achieved. Van der Waals interactions were accounted for
using DFT-D3 dispersion corrections 2%, The HSE functional 130!
was also employed to compute bandgaps with 5 x 5 x 1 k-points
due to the PBE functional’s tendency to underestimate them.
Electrical conductivity was calculated using the semi-classical
Boltzmann equation under constant relaxation approximation,
employing a dense 20 x 20 x 1 k-mesh for transport property
calculations. The unit cell was designed to include pure and one
and three pairs of BN atoms doped per Cg, fullerene, with a 20A
vacuum region introduced perpendicular to the sheet to prevent
unwanted interactions between periodic images.

To examine the thermal and mechanical stability, the
fully atomistic classical molecular dynamics simulations were
performed using the tersoff potential as implemented in
LAMMPS 311, The fullerene structures have dimensions of
80.1%73.4 A% with periodic boundary conditions and are com-
posed of 4800 atoms. The length of the simulation box along the
z-direction is 130 A. The equations of motion are integrated us-
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ing the velocity-Verlet algorithm, with a time-step of 0.5 fs. Before
heating and stretching, the structures were equilibrated using an
NPT ensemble at a constant temperature of 300 K using a Nose-
Hoover thermostat for 200 ps. The structures were continuously
stretched up to their complete structural failure (fracture) by ap-
plying a maximum strain of 25%. The tensile stretching simula-
tions were performed here by only deforming in the y directions.
Their thermal stability was investigated by heating up the struc-
tures from 300 K to 10,000 K by linearly increasing the temper-
ature during 1 ns in an NVT ensemble. The molecular dynamics
snapshots and trajectories were visualized using the visualization
software VMD [32],

3 Results and discussion

3.1 Structural properties

Figure 1(a,b,c) depicts the fully relaxed structures of qHP’s of Cg,
CsgB1 N, and Cs4B3N3. During optimization, atomic positions and
cell parameters were relaxed using the vc-relax module of QE.
The calculated lattice parameters "a" and "b" for (a) qHP Cg, and

(b) qHP CsgBN;, and ¢) qHP Cs4B3N3 along the x-axis (y-axis)
were determined to be 15.87 A (9.14 A), 15.87 A (9.14 10\), and
15.84 A (9.14 A), respectively. With a B-N pair mimicking a C-C
bond regarding electron count, the overall cell volume remains
consistent with Cg following B-N doping.

The thermodynamic and structural stability of the three proposed
nanosheets were evaluated by computing their formation and co-
hesive energies. The formation energy (Ey,,) is determined using
Equation 1, while the cohesive energy (E.,;) can be calculated
using Equation 2.

D

Efor = [Esystem — (ncclcc +npyusn]/n

whereas their cohesive energy (E,,,) can be calculated by using
equation 2

Econ = [Eror — Y niEj]/n (i=GC,B,N) 2

1

In equation 1,ncc and npy represent the CC and BN pairs in
the proposed sheets, respectively, with the total number of C-C
bonds in pristine qHP fullerene unit cell is assumed to be 180.
The symbols pcc and upy denote the chemical potential of C-C
and B-N, respectively. The chemical potentials pucc and pgy ob-
tained from graphene and BN sheets were -310.15 and -358.35
eV, respectively. The Ef,, for qHP’s of Csy, CssB1 N1, and Cs4B3N3
are found to be 201.95, 202.09, and 202.33, in units of €V, re-
spectively. In the equation 2, E;, denotes the total energy of
three individual sheets, E; represents the gas phase atomic en-
ergies of Carbon, Boron, and Nitrogen, and n represents the to-
tal number of atoms in the sheet. The calculated cohesive ener-
gies of Cgy, Cs53B1 N1, and Cs4B3N3 were found to be -8.76, -8.70
and -8.67, in units of eV, respectively. This shows that stability
decreases monotonically with increasing B-N dopant concentra-
tion. A molecular structure with a more negative cohesive energy
value indicates greater structural stability 33-34], Qur observa-
tions show that pristine Cgy exhibits a notably higher negative
cohesion energy value, whereas doped nanosheets showcase pre-
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Fig. 1 (a,b) Schematic representation of the optimized atomic
configuration of (a) gHP Cgy (System 1), and (b) gHP CsgB1N; (System
1), and ¢) qHP Cs4B3N5 (System llI) unit cell. The green, red, and blue
balls denote the Carbon, Boron, and Nitrogen atoms.
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dominant variations in other properties. The literature also con-
firmed that the Cgy polymer exhibits positive frequencies across
the Brillouin zone, indicating dynamical stability 131

3.2 Electronic structure and Chemical reactivity

Strain and defect engineering are powerful techniques for tailor-
ing the optoelectronic properties of two-dimensional (2D) mate-
rials. However, the interaction between mechanical strain and
defects in these systems is poorly understood 35!, Strain engi-
neering, or "straintronics," has proven particularly effective for 2D
materials due to their ability to endure significant elastic strain
before deformation or fracture. For instance, graphene can with-
stand up to 18% elastic strain [36], while MoS2 can handle up to
11% 371, We examined the impact of low defect concentrations
under external axial tensile strain along 2D plane. Although com-
pressive strain is possible, significant values are unlikely due to
the tendency of 2D materials to buckle or fold. Therefore, we
simulated the effects of small compressive/expansion strain up to
+2.0%. In Figure 2(a,b,c), we have demonstrated the variation
in bandgap as a function of applied strain (both compression and
expansion) along the x- and y directions.
The effect of strain on qHP Cgy and qHP Cs4B3N3 shows similar
behaviour compared to qHP CsgBN; sheet. This anomaly arises
as the cyclic arrangement of three BN pairs provides an environ-
ment equivalent to three CC pairs (iso-electronic). On applying
negative strain, the bandgap for system II shows a large deviation
compared to systems I and III. In contrast, applying positive strain
along the x-axis leads to a decrease in band gap for systems I and
I1I, but for system I, it increases then decreases. The band gaps
of fullerene monolayers decrease roughly linearly with increasing
tensile strain. However, their band gaps’ response to compres-
sive strain is non-linear, as the conduction band maximum shifts
among various high-symmetry k-points. Additionally, the effec-
tive masses of electrons and holes show significant anisotropy and
can be adjusted by applying compressive and tensile strains. This
suggests that the monolayer of doped BN fullerene sheets holds
considerably better potential for device modelling applications.
Figure 3 presents the calculated band structures and total den-
sity of states (DOS) for qHPs for (a) Cgg, (b) CsgB1N;, and (c)
Cs4B3N3. All three systems display a direct bandgap with the
valence band maximum (VBM) and conduction band minimum
(CBM) at the I'-point of the Brillouin zone, showing significant
band dispersion. The parabolic nature of the CBM and VBM in
gHP CsgBN; indicates the applicability of the deformation po-
tential theory compared to the other two structures, which have
comparatively flat bands. In a recent study, the qTP structures
of fullerene and its similar doped counterparts demonstrate VBM
and CBM located at I and X -point of the Brillouin zone with
an indirect band gap 34, There appears to be a slight mismatch
between the band structure and DOS in Figure 3. This minor dis-
crepancy is due to the smearing applied to the NSCF calculations,
which helps to smooth the DOS and eliminate wrinkles in the
curve. Due to the known underestimation of bandgaps by DFT
with the PBE functional 38391 the HSE functional was also used
for accurate bandgap determination. The bandgaps calculated us-
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Fig. 2 Bandgap Vs Strain plot for (a) gHP Cgg, and (b) gHP CsgB N, systems, respectively.
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Systems
Properties [[ qHP Ceo [ gHP CsgBiN, [ gHP Cs4B3N;
Lattice parameter a(A) 15.87 15.87 15.84
Lattice parameter b(f\) 9.14 9.14 9.14
Cohesive Energy E_,j,(eV) -8.75 -8.70 -8.67
HOMO (eV) -1.03 -0.87 -0.87
LUMO (eV) -0.14 -0.25 -0.01
Egqp (HSE) (eV) 0.89(1.46) 0.62(1.07) 0.86(1.47)
Efermi (€V) -0.63 -0.56 -0.48
Chemical Potential u(eV) -0.59 -0.56 -0.44
Hardness i (eV) 0.44 0.31 0.43
Softness S(eV ") 0.22 0.16 0.22
Electrophilicity o (eV) 0.08 0.05 0.04
Elastic Constant Cop[C;4(Cy,)] 438.01(459.26) 430.03(452.18) 423.60(452.56)
Conductivity ¢/t at 300K 2.59x10" 9.80x10'~ 5.09x10"
Work function (eV) 491 4.82 4.78

.2.1.5-1.0.50 0.511.52

Table 1 Lattice parameter (A), Cohesion energy E.,;, (eV), HOMO energy (eV), Fermi Level (eV), LUMO energy (eV), Band gap E,,;, (eV), Chemical
Potential u (eV), Hardness 1 (eV), Softness S (eV), Electrophilicity @ (eV), Elastic Constant (N /m(Jm~?)), Conductivity (2~ 'em~'s~"), and work
function (eV) for (a) qHP Cg, (b) gHP CsgB 1Ny, and (c) gHP Cs4B3N3, respectively.
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ing PBE (HSE) were 0.89 eV (1.46 eV) for gH Cgo> 0.62 €V (1.07
eV) for gHP C5¢B;Ny, and 0.86 eV (1.47 €V) for qHP C54B3N,, as
shown in Figure 4.

From HSE results, one can predict that both qHPs of Cgy and
Cs4B3N3 systems exhibit a wider bandgap semiconductor (~ 1.5
eV) whereas qHP-CsgB|N; demonstrate bandgap in the range of
1.0 eV. It is well known that Silicon, which has revolutionized
the micro-electronic industry, exhibit an indirect bandgap (~1.50
eV). Herein, we showed that both the BN doped Cg sheets ex-
hibit an interesting material that shows a range of bandgap very
close to that of Silicon. Based on the bandgap, we conclude that
these doped materials can be used for future nano- and optoelec-
tronic devices (as the band gap is below 2.0 eV). We also exam-
ined the total and partial density of states (PDOS) of all three
systems, shown in Figure SI 4. From the PDOS, it is apparent that
gHP CsgB1 N have a smaller bandgap than the other two systems,
matching well with band structure and bandgap calculations. As
our systems are carbon-rich, it is observed that both CBM and
VBM are dominated by Carbon p-orbital in all three cases.
Doping in 2D materials significantly alters their chemical reac-
tivity by introducing foreign atoms or molecules into the lattice,
modifying electronic properties, and creating active sites. This
can enhance catalytic activity, tailor band gaps, and improve sen-
sor performance. Consequently, calculating comprehensive de-
scriptive DFT parameters like chemical potential u (491, global
softness (S), global hardness 41! and electrophilicity o [42]
provide an effective method for understanding the effects of dop-
ing on chemical reactivity. The equations are as follows:

_ Enomo +Erymo
2

n= Erymo —Edomo

€]

The results based on equations 3 are given in Table 1. Incorpo-
rating dopants has broadened the range of applications for these
nanosheets, making them suitable for use in areas such as batter-
ies, medical, and other semiconducting devices. HOMO,/LUMO
results (not displayed) for the doped systems indicate that charge
accumulation or depletion primarily occurs around the BN site.
This makes it an ideal location for adsorption and catalysis. [16:34],

3.3 Mechenical and optical properties

The elastic constants of solids are significant for both fundamental
and practical reasons. Fundamentally, elastic constants represent
the second derivatives of a thermodynamic potential concern-
ing strain, directly linking them to atomic bonding and structure
(Federov 1968) [43], They provide critical information about a
material’s stability, stiffness, brittleness, ductility, and anisotropy.
The elastic modulus (C,p) for longitudinal strain in the x and y

5

directions of the longitudinal acoustic wave is calculated using
parabolic fitting of the equation (E — Eg)/So = Cope?/2, where
E is the total energy of the deformed system, Ej is the equilib-
rium energy, and Sy is equilibrium area. Strain is applied in both
directions (xy plain), ranging from -2% to +2%. The computed
elastic constants Cyp in units of Jm 2 are 438.01 (459.26), 430.03
(452.18), and 423.60 (452.56) along the x (y) direction for qHP’s
of Cg, C5gB;N;, and C;,B;3Nj, respectively. For comparison, the
experimental and theoretical elastic constants (CP) are 260 J/m?2
for BN, 350 Jm 2 for graphene, and 385 J/m? for qTP Cg, indi-
cating their strain-induced stability [44-46],

The conductivity of the given systems was determined using semi-
classical Boltzmann theory within the constant relaxation time ap-
proximation, employing the BoltzTrap code 71, Using the Boltz-
Trap code, conductivity and mobility can be obtained only under
the relaxation time approximation. In this approach, the conduc-
tivity is calculated using the equation

RIS

Oup(T) =% [ 4] @
Here f is the Fermi-Dirac distribution function, and v is the chem-
ical potential determined by the number of free carriers. The
conductivity tensor is given o4 g (i,k) = T vali, k)vg (i, k), where
v(i,k) = 1! ‘;’z'k represents the group velocity of i band for o
component. From the figure 5, it is apparent that CsgB;N; shows
conductivity (o/7) behaviour at lower temperature as compared
to Cgp and Cs4B3N3. The computed values of conductivity of gHP’s
of Cgp, CsgB1N; and Cs4B3N3 at 300 K are 2.59 x 1019, 9.80 x 10'2,
and 5.09 x 10'0, in units of Q 'em~!s~!, respectively. Here It
was found that qHP CsgB|N;| shows a thousand times (x 1,000)
higher conductivity compared to the other two systems. Interest-
ingly the qHP Cs4B3N;3 also shows higher conductivity compared
to qHP Cgo. In previous work on qTP Cgy and its similar doped
systems, the conductivity at 300 K for Cs4B3Nj3 is found to be zero
and only shows conductivity at higher temperature 341, It can
be concluded that replacing a CC pair with a BN pair in the Cg,
fullerene sheet significantly affects the system’s conductivity due
to the generation of polarity into the bond.

The work function (®) of all the compounds is calculated using
the equation ® = E,uccum — E fermi, Which represents the energy
needed to remove an electron from the Fermi level to a point far
away in the vacuum. The work function is a crucial parameter in
surface science, catalysis, and related fields, as it characterizes a
given surface. The computed work function of the pristine qHP
Ceo is 4.91 €V, demonstrating good congruence with the exper-
imental value of 4.56 eV[48? 1 for graphene and 4.85 qTP Cg.
The work function for qHP of CsgB;N; and Cs4B3N3 is found to
be 4.82 eV and 4.78 eV, respectively and is shown in Figure SI 4.
The work function of impurity-doped graphene varies depending
on the concentration of the impurity defects. 481,

The frequency-dependent complex dielectric constant was calcu-
lated using Density Functional Theory (DFT) within the random
phase approximation (RPA)[*9]. This calculation assesses and
characterizes the optical properties of materials. The real (g;)
and imaginary (&;) parts of the dielectric function (g) were com-
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Fig. 3 The calculated band structures and total density of states (DOS) for (a) gHP Cg, and (b) gHP CsgBN;, respectively.

puted using relevant equations (Equation No. 5)[3450-531  Thjs
complex dielectric constant is crucial for understanding optical
characteristics such as optical absorption, electron energy loss
spectra, refractivity, extinction coefficient, reflectivity, and trans-
mittance 54551,

e(0) =& (o) +&(0)

2 /°° 0'g(0)do'
0

AT a0 ®

471.2 2 '
ex(0) = gr T M) A1 - FOXB(E e~ B~ )k

Figure 6 displays the real and imaginary parts of the dielectric
constant for monolayers Cg,, C5gB;N;, and C5,B3N;. The real
part, which indicates electronic polarizability, can be determined
using the Clausius-Mossotti relation (>3], It provides insights into
the material’s electronic polarizability. The static dielectric func-
tion, or optical dielectric constant, refers to the real part at zero
; ﬁP Ce c SB 1N 1 c }3 3N 3 phot(.)r% energy. The imaginary part corresponds to the .inter-band
arLs gpP bs transition of electrons from the valence to the conduction band.

4 4 Figure 6 (a,b,c) shows that the static dielectric constant is approx-
Fig. 4 Band gap of qHP of Cs, CssB1N;, and Cs4B3N3 using PBE and imately 4.07, 4.24, and 3.88 €V for in-plane (E||X) and around
HSE functional, respectively. 2.55, 2.64, and 2.49 eV for out-of-plane (E L Z) polarization.
This data indicates anisotropic optical properties, with greater
electronic polarization along the in-plane direction. Notably, a
negative value around 4.25 (+ 0.50) eV at E||X for all three qgHP
systems suggests metallic characteristics at this photon energy,
but it does not show any metallic character along E | Z polariza-
tion. In contrast, this metallic character completely vanished in

Bandgap (eV)
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Fig. 5 Conductivity in units of (Q~'em~'s~') as a function of temperature, (a) qHPCg, and (b) gHP CsgBi N, respectively.

the qTPs of C5gB;N; and C5,B;N; shows no negative values nei-
ther in E||X nor in E | Z polarization [34]. Significant peaks (max-
ima) occur at 6.58 (3.41) €V, 5.64 (3.19) €V, and 5.54 (3.26) eV
for E||X (E L Z) and maximum electronic polarizability is iden-
tified at 1.20 (0.90, 1.20) eV (E||X) and 1.30 (0.85, 1.35) eV
(E L Z) for gHPs of Cy, (C5¢B;N; and C5,B3N3), respectively.
Figure 6(d,e,f) presents the imaginary part of the dielectric func-
tion associated with interband transitions. In the low-frequency
range, it shows the minimal response to electromagnetic radia-
tion up to about 1.80(1.25, 1.85) eV for parallel and 1.81(1.55,
1.85) eV for perpendicular polarization in qHPs of Cg, (C5¢B{N;
and Cg,B;N3). This agrees with the Density of States (DOS) anal-
ysis in Figure 4 (HSE results), indicating no interband transitions
from the Valence Band Maximum (VBM) to the Conduction Band
Minimum (CBM) within the bandgap.

Figure 7 (a) shows the frequency-dependent absorption coef-
ficient averaged across three electric field orientations, which is
crucial for assessing optical properties in optoelectronic applica-
tions. The absorption coefficient (o/(®)) measures light intensity
attenuation over a unit distance as an electromagnetic wave prop-
agates through a medium. It is directly related to the imaginary
part of the dielectric function and the extinction coefficient, as
shown in Figure 6(d,e,f). A lower absorption coefficient indicates
less light absorption by the material. For all three systems, the
first absorption peak appears between 1.0-2.0 €V, with the high-
est peak around 5.1 and 11.20 €V in the UV region. The absorp-
tion coefficient is minimal at lower energies (~ 1.5 eV). The high
(a(w)) value of ~ 4.11x10°cm ™! potential use of Cg, CggB;Ny,
and C54B5;N; monolayers as UV absorbers.

The energy loss function L(w) is depicted in Figure 7(b). Multiple
distinct peaks are evident at approximately 1.6 €V, 6.02 eV, and
11.40 eV for the electric field aligned parallel to the single layer of
all sheets. These peaks correspond to the (7 + o)( plasmon exci-
tation. Conversely, there are no noticeable peaks at energy levels
below 0.9 eV for parallel or perpendicular polarizations. A few
faint peaks are observed within the energy range of 1.0 eV to 1.5
eV, attributed to subtle resonances of incident light. For the pro-
posed monolayers, the plasmonic peaks experience a shift toward
higher energies and display increased sharpness (blueshift) when
the material reflects frequencies of electromagnetic radiation be-
low the plasma frequency. This phenomenon occurs because the
electrons within the substance effectively shield the electric field

7

of the radiation. Conversely, if electromagnetic radiation sur-
passes the plasma frequency, it is transferred through the material
when the electrons within it cannot shield it [57-591,

3.4 Photo-electro catalysis

Two-dimensional materials have been extensively researched as
catalysts for hydrogen generation over the past two decades
due to their exceptional catalytic properties and unique atomic
structure [16:34.601 ' This study investigated these compounds’ hy-
drogen evolution reaction (HER) and oxygen evolution reaction
(OER) activities, focusing on their suitable band gaps. It is well-
known that an attractive semiconductor for HER/OER must have
band edges that align with the redox potentials of water. Specif-
ically, the valence band maximum (VBM) should be more pos-
itive than the H,O/H, level. The conduction band minimum
(CBM) should be more negative than the H,0/0; level, ensur-
ing favourable water-splitting energetics without needing an ap-
plied bias voltage. To design an efficient photo-catalyst for water-
splitting, it is crucial to determine the semiconductor’s band edge
positions relative to the H,0/0, and H,O/H, levels in water. A
straightforward approach involves calculating these band edge
positions relative to a standard reference, typically the vacuum
level. The standard redox potentials of water are -4.44 €V for
reduction H,O/H, and -5.67 €V for oxidation H,0/0; using the
vacuum level as a reference. Thus, the positions of the valence
and conduction bands relative to the vacuum potential of the re-
spective sheets were determined using the equations EY3E/CBE —
EVBM/CBM _p . In all three Cgp configurations studied, the
Fermi energy (Ef.;) is around -0.60 eV, leading to an overpoten-
tial of about 4.28 eV relative to the HER redox potential. Figure 8
shows that by employing PBE functional, the HER potential lies
within the bandgap, highlighting the ability of C,, and C5,B3N5
sheets to reduce H' to H,, thus presenting new possibilities in
electrocatalysis. Whereas results based on HSE functional demon-
strate that all three systems can reduce H' to H,. HSE results
also indicate that Cg, has the potential for Oxygen Evolution Re-
action (OER) activity. Based on HSE calculation, these systems’
valence and conduction band edges effectively straddle the HER
redox potential, suggesting their potential as metal-free electro-
catalysts. Overall, HSE functional calculations indicate that the
electronic structures of these systems favour their HER activity.
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Given that BN-doped Cg, can potentially replace Pt-based elec-
trocatalysts, careful manipulation of its bandgap through defect
engineering (e.g., altering the BN arrangement) could lead to the
development of efficient non-metal photo- and electro-catalysts
for HER.

3.5 C(lassical Molecular Dynamics Simulations

As mentioned that the classical molecular dynamics (MD) simu-
lations could analyze the thermal stability and structural trans-
formation of qHPCy, qHPCsgB1N; and qHPCs4B3N3, we plot the
total-energy at various temperatures in Figure 9 (a). The curve for
the qHPCy (black line), is lower in energy than qHPCsgB N, and
qHPCs4B3N3 indicating its greater stability. The higher stability
of pristine qHPCj is also supported by our first-principles simu-
lation results predicting its notably higher negative formation en-
ergy value. However, the qHPCy, qHPCsgB|N| and qHPCs4B3N3
show similar trend for the drop in their energies. Each curve
in Figure 9 (a) can be divided into three regions based on the
slope: before the jump in the total energy (I), the jump itself
(ID and after the jump (III). Region I corresponds to the phase
where the qHPCy cages are a bit structurally deformed as the
temperature rises, as shown in Figure S1(a-b), S2(a-b) and S3(a-
b). In this wide range, it contains large numbers of local con-
figurations of pentagons, hexagons and heptagons, etc., which
keeps the overall number of C—C bonds unchanged. As a result,
the system’s total energy does not increase sharply with temper-
ature. The region where larger rings were lost and linear atomic
chains (LACs) formed before the lattice atomization started oc-
curring in Region (II). The qHPCg system begins to lose structural
integrity, signalling the onset of the melting process at around
3900K. This causes the cage to rupture and unravel, as shown
in Figures S1(c), S2(c) and S3(c). At the final stage, Region III
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with T > 3900 K [See Figs. S1(d)-S2(d)], the phase transition
occurs corresponding to the gaseous phase of the system where
only atoms/short atomic chains are observed. The system looks
uniform, as it should be in gas, leading to a sharp energy increase.
It is important to note that the melting temperature of qHPCy at
~ 3900 K is comparable to those from[®!l, where sublimation
was observed using reactive force field ReaxFF, and a bit lower
than the monolayer graphene (4095K) [%2]. While, the melting
process for qHPCy at all the stages is similar to gHPCs4B3N3 and
qHPCsgB| Ny, but the melting temperature of qHPCy is negligi-
bly higher than the doped ones as evident from the slow decay
of Region II in qHPCy Figure 9. The morphology evolution is
consistent with the change in the local structure as shown by the
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radial distribution function (RDF) for qHPCy in Figure 9 (b). It
should be mentioned that the trend of RDFs for gHPCsgBN; and
qHPCs4B3N; is similar to the ones shown here for qHPCyy. At
room temperature of 300K, the black curve with a lot of max-
ima and minima is the characteristic of a perfect crystalline-like
system. The first few maxima of RDFs decrease but get broader
as the temperature is raised. At moderate temperatures before
3000K, the minima of RDFs fall almost to zero when the melt-
ing process starts around 3800K. During melting, as evident from
RDF at 3900K, the third minimum possesses a finite value, de-
termining the loss of rings and formation of LACs. We observe
a smoothening and steady loss in the few peaks of pair correla-
tion as the temperature is further raised to 7000K. At 7000 K,
the system is almost melted and on the way to becoming a gas
phase supported by the snapshots of atomization at 7000K. [See
Fig.S1(d), S2(d) and S3(d)]. The stress response as a function
of the uniaxial applied strain is presented in Figure 10 when sub-
jected to temperature regimes ranging from 300K to 900K, con-
sidering a uniaxial strain applied in y-directions here. As can it
can be perceived, they were stretched at a constant rate where
these materials initially show a well-defined (linear) elastic re-
gion until total rupture. Young’s modulus is defined as the slope
of the linear part of this stress-strain curve, while the fracture
stress is the point where the peak stress is reached. In our calcu-
lations, 5 % of strain is used to estimate Young’s modulus values
for qHPCGO, qHPC5gBlN1 and qHPC54B3N3: 181.22 GPa, 176.08
GPa and 187.35, respectively as mentioned in Table 2. The re-
sults of graphene and hexagonal Boron Nitride are also provided
in Table 1 as we performed extra simulations to reproduce and
to compare our results with the previous literature values©!,
Although these values are much lower than graphene and hBN
structures, they are comparable to previous results of gHPCy (611,
It is very much obvious that increasing the temperature from
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[ Systems [| Fracture Stress (GPa) | Young Modulus (GPa) |
graphene 121.14 953.93
h-BN 105.55 697.66
qHP Ceo 33.11 181.22
qHP CssB1Ny 34.99 176.08
QHP Cs4B3N; 37.87 187.35

Table 2 Comparison of the fracture stress and Young’s modulus for graphene, qHPC60 and its associated structures.
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Fig. 10 (a,b) The tensile stress—strain curves for gHPC gy , qHPCsgB| N,
and qHPCs4B3 N3 at different temperatures.

300K to 900K, there is a decrease in the critical tensile strain val-
ues for qHPCy, qHPCsgB|N; and qHPCs4B3 N3, respectively. (Fig-
ure 10). It is to note that at 300K and 600K, the stress-strain
curves for gHPCy decay faster than the doped counterpart, indi-
cating the lesser stiffness of gHPCy at near equal to room tem-
peratures. But, as evident from higher temperature stress-strain
curves, qHPCy( decays at a larger stress value than qHPCsgB|N;.
This is due to the easy breakage of the more polarized B-N bond
at higher temperatures than the C-C bond. These results indicate
that the qHPCg, may bear lesser stress at room temperature but it
could tolerate the higher stress than the doped counterpart at the
higher temperatures.

4 Conclusions

This study explored the structural, chemical, electrical, and opti-
cal characteristics of pristine Cg, nanosheets, along with the ef-
fects of BN doping. Using quantum mechanical DFT calculations
and classical molecular dynamics simulations, we found that all
studied structures displayed significant negative cohesion ener-
gies, indicating their energetic stability. Both doped and pristine
nanosheets were stable. Our global descriptor-DFT parameters
showed the order of chemical reactivity as C5gB;N; > C5,B3N,
> Cg, Suggesting a degree of chemical reactivity in all nanostruc-
tures. The analysis of the HOMO-LUMO gap and PDOS revealed
that both pristine and BN-doped C¢, nanosheets are semiconduc-
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tors with bandgap ranges from 1.0-2.0 eV. Optical properties, in-
cluding electron absorption spectra and circular dichroism, con-
firmed the optical activity of all nanosheets. Our classical MD
simulations showed high mechanical strength and good thermal
stability for qHP C4, and BN-dopedCg, systems. This comprehen-
sive study highlights the diverse properties of C60 nanosheets and
the influence of BN doping, suggesting their potential use in pho-
tovoltaic devices and 2D field-effect transistors. Future research
will include ab initio calculations with more reliable hybrid func-
tionals and different dopants to design efficient semiconducting
materials for catalysis and optoelectronic devices.

5 Data availability

The data for this study primarily consists of the input files used
in our computational models. Given the nature of our work, the
critical aspects of our findings are derived from these input files
rather than extensive raw datasets. We are more than willing to
share these input files with interested researchers upon reason-
able request.
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