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In this article we report novel composite materials of bucky ball (Cgq fullerene) and llI-nitrides (BN, AIN, GaN,
InN). The experimental feasibility of the novel composite materials is confirmed through negative binding
energies and molecular dynamics simulations performed at 500 K. The structural properties of the novel
composites are explored through density functional theory. An unusual phenomenon of surface bowing
is observed in the 2D structure of the lll-nitride monolayers due to the Cgq sticking. This surface bowing
systematically increases as one proceeds from BN — AIN — GaN — InN. The electron density
difference and Hirshfeld charge density analysis show smaller charge transfer during the complexation,
which is probably due to weak van der Waal's forces. The presence of van der Waal's forces is also
confirmed by the Atom in Molecule analysis, Reduced Density Gradient Technique and Non-covalent
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1 Introduction

The physical properties of materials are generally not depen-
dent on size. However, if the dimension of a material is reduced
to ultra-fine size within the nano range, then quantum
confinement effects are induced in it due to reduced dimen-
sionality. This reduction in size is possible by either reducing
the size of a material in one direction (2D materials), or two
directions (nanotubes etc.) or three directions (nanodots).
Quantum confinement effects significantly modify the elec-
tronic properties of materials from their bulk counterparts. The
critical size for these effects varies from material to material.
These unusual quantum effects in materials due to their low
dimensions have introduced a new class of emerging nano-
materials with exotic properties. These nanomaterials have
attracted enormous attention in science and technology for
their extraordinary physical properties and potential applica-
tions in high-tech devices.

This reduction in size is possible by either reducing the size
of a material in one direction (2D materials), or two directions
(nanotubes etc.) or three directions (nanodots). The reduced
dimensions of materials, with enhanced properties caused by
quantum confinement effects, have introduced a new class of
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the novel phenomenon of systematic bowing in the 2D structure of IlI-nitride monolayers.

nanomaterials. Nanomaterials have attracted much attention in
both science and technology for their potential high-tech
applications in modern technologies.

The wide range of direct band gap nature of III nitrides (BN,
AIN, GaN and InN) make them extensively applicable in the
optoelectronic industry. The band gap of III nitrides can also be
engineered for a specific device application using various tech-
niques like doping, pressure, strain etc. Rare-earth doped III
nitrides are commonly used as phosphor materials in optical
displays.?

Since the discovery of graphene in 2005,* two dimensional
(2D) monolayers have attracted much attention for their
unusual properties, due to the quantum confinement effect
caused by the reduced dimensionality. The search for suitable
non-toxic, environment-friendly, cheaper and long-lasting
novel materials for various technological applications is the
growing need of the day. Two dimensional (2D) monolayers,
2D heterostructures*® and 2D Janus materials are recently at
the forefront of this search for their potential applications.>*°
Among 2D materials, 2D II-nitrides (BN, AIN, GaN, InN) are
wide band gap, sp> hybridized semiconductors. The 2D III-
nitrides were synthesized by different experimental tech-
niques like Chemical-Vapor Deposition (CVD), Physical-Vapor
Transport (PVT), Metal-Organic Vapor Phase Epitaxy
(MOVPE), Molecular-Beam Epitaxy (MBE) and Metal-Organic
Chemical Vapor Deposition (MOCVD) methods.**"** The 2D III-
nitrides semiconductors have numerous applications like field
emitter, biosensor, ideal layer for fabricating flexible devices,
as a substrate in graphene electronic devices, sensors, anode

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Experimental and calculated lattice constant (a (A)), bond length (d (A)), and charge transfer (AQ (C)) for 2D BN, AIN, GaN and InN

monolayers

h-BN h-AIN h-GaN h-InN
Parameters Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal.
a 2.5-2.51 (ref. 32) 2.55 3.11-3.17 (ref. 33 and 34) 3.128 3.189 (ref. 35) 3.19 3.54 (ref. 35) 3.55
d 1.44-1.45 (ref. 33) 1.475 1.80-1.83 1.806 1.82-1.85 1.841 2.15 (ref. 36) 2.05
AQ (C) 0.198 0.4387 0.398 0.445

material for light emitting diode, field effect transistors,
piezoelectric materials, solar cells and high-speed electronics.

Fullerene (Cg) is a carbon allotrope having closed cage like
structure, discovered in 1985 by Kroto et al. has opened a new
era of nanoscience." It consists of sp> hybridized carbon atoms
and is the only soluble material among all elemental carbon
allotropes.™ The Cg is also called Buckminster fullerene is the
mostly studied fullerene due to its unique 0D cage like struc-
ture, charge acceptor character (holding up to six electrons),
high temperature, nanometer dimension and large polariz-
ability.'® The properties of fullerene can be tuned by interaction
with metals and semiconductors. The unique cage like closed
0D structure of fullerenes enables it to be used as important
building blocks for the construction of supramolecular assem-
blies and micro/nano hybrid materials, having numerous
technological applications like fast phototransistor, hydrogen
storage, photocatalyst, thermoelectric devices and UV-visible
photodetectors.'”* Fullerene can also be regarded as an elec-
tron deficient-polyalkene, so, it is chemically reactive.”” Hence,
to extend the functionalities of Fullerene, derivation is feasible.
Many efforts have been made to adsorb fullerene on graphene
and its derivative for to modify its properties.?**>* The adsorp-
tion of C,g, C34, C4, and Cg, fullerenes on graphene was studied
and a sizeable band gap opening was observed.*® The adsorp-
tion of C,y and Cgo fullerenes on the nitrogenated-holy gra-
phene (NHG) sheet for investigating band gap engineering was
performed by DFT method. A decrease in the band gap energy of
NHG sheet by fullerene adsorption was observed. Furthermore,
the calculations revealed that C,, adsorption on NHG sheet to p-
type semiconductor and Cg, fullerene adsorption changes NHG
sheet to n-type semiconductor.

In this paper we report novel composite materials of Cg,
fullerene and 2D-III nitrides (h-BN, h-AIN, h-GaN, h-InN
monolayer). The experimental feasibility of the novel mate-
rials is confirmed by using the binding energies and molecular
dynamics simulations at 500 K. Density functional theory
calculations are used to explore the structural properties of
these compounds. The fascinating, aspect of these studies was
the bowing effect in the III nitride monolayers. The bowing
effect was increased as we proceeded from BN to InN. The Atom
in Molecule, Electron Density Difference, Reduced Density
Gradient and Non-covalent Interaction analysis are performed
to understand the bonding nature (forces) among the
complexes and stability of the complexes. This study is a base-
line for further experimental and theoretical studies on the
surface bowing effect and physical properties for the potential
applications of the novel composite materials.

© 2024 The Author(s). Published by the Royal Society of Chemistry

2 Computational method

We used density functional theory (DFT) to simulate our materials.
We cleave 5 x 5 x 1 hexagonal supercell of X-N (where X = BN,
AIN, GaN, InN) monolayer of 50 atoms for our DFT simulations
with vacuum gap of 20 A to avoid the interaction of different layers.
The geometry optimizations were performed by Dmol3 code* in
material studio software using GGA-PBE functional®® with double
numerical plus polarization (DNP) basis set.*® The k-point grid of 7
x 7 was generated for 2D monolayers and 4 x 4 for composites
from the Monkhorst pack-scheme. The double numerical plus
polarization (DNP) basis was used for the geometries optimization
and electronic properties calculations, where the orbital cut-off
and energy cut-off were set at 4.6 A and 450 eV to improve
computational efficiency. For van der Waal's corrections in inter-
molecular interactions the DFT-D2 Grimme method* was chosen.
The 2D structures were fully relaxed until the force on each atom
was less than 0.002 Ha A™". For SCF density convergence 1.0 x
107> hartree was set for energy. All composites structures were fully
relaxed until the force on each atom was less than 0.002 Ha A" to
improve computational efficiency. The calculated lattice constants
of these 2D optimized structures were 2.55 A for BN, 3.13 A for AIN,
3.19 A for GaN and 3.55 A for InN and the calculated bond lengths
for these materials were 1.48 A, 1.81 A, 1.84 A and 2.05 A, which
match well with the experimental lattice constants given in
Table 1, so our calculations are logical. We used ab initio molecular
dynamic (AIMD) simulations with GGA-PBE functional by DMol3
code to examine the thermodynamic stability of the studied
systems. The AIMD simulations were performed in the NVT
ensemble with Nose-Hoover thermostat with a time step of 1 fs at
500 K temperature. The atom in molecule (AIM) analysis was used
to study the nature of bonding in these 2D materials using Mul-
tiwfn code.* The binding energy (E,) was calculated by the
following formula

Ey = (Ec,, xn) — (Ec,, + Ex N) (1)

Here Ec,_xn, Ec, and Ex_y are the total electronic energy of
composite material, Cg, fullerene and Ill-nitride nanosheet,
respectively.

3 Results and discussion

3.1 Structural and energetic analysis of Cs,@XN composite
system

The optimized geometries of 2D-III nitrides and Cg,-fullerene
nanostructure is represented in Fig. S1 and S2.7 The overall
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Fig. 1 The optimized geometry of Cgo@h-BN (a), Ceo@h-AIN (b), Ceo@h-GaN (c) and Cgo@h-InN (d) composite.

Table 2 Computed bond distances (A), lattice constant (a (A)),
changes in bond lengths (4 (A)), binding energies (E,, (eV)) and volume
((A)®) of fullerene and 2D IlI-nitrides composites

geometrical parameters like bond distances, lattice parameters
are equivalent (as shown in Table 1) to already reported
results.®**® We investigated the composites of Ceo-fullerene and
2D-III nitrides.

Composite X-C X-N C-N a 4 Ey 14
The optimized geometries of the composites (Cso@h-BN,
C60@BF 29 148 3.07 1278 0.03  —0.94 2903.19 . @h-AIN, Ce@h-GaN and Cg@h-InN) material is illus-
Ceo@AIN 3.17 1.82 3.18 15.64 0.02 —1.8 4241.9 . s . A .
trated in Fig. 1, while the optimized structural parameters like
Ceo@GaN  3.24 1.87 329 1594 0.07 —2.17 44458 ) g b p p
Ceo@INN 3.0 241 2.92 1775 0.06 —2.20 5713.49 lattice parameters, bond lengths are collected in Table 2. The
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Fig. 2 Geometries of Cgo—XN (X = B, Al, Ga, In) composites after MD simulations and corresponding potential energy fluctuation plots.
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Table 3 Computed electron density (p (a.u)), Laplacian (V2p (a.u)), energy density (H (a.u)), charge (Q (C)) and gravimetric density (W) for Ceo—XN

(where X = B, Al, Ga, In)*

Materials p V2 H Qc Qx On Gravimetric density W (%)
Cgo—BN 0.001 0.029 0.0011 0.0088 0.1901 —0.2000 54
Cgo-AIN 0.01 0.027 0.008 0.01 0.4243 —0.4346 41
Cgo—GaN 0.012 0.026 0.005 —0.001 0.3950 —0.3940 26
Cgo-InN 0.012 0.025 0.004 —0.016 0.4500 —0.4364 18

“ Qc, Qx, Qn represent charge on carbon atom, X atom and N atom.

composite materials are designed as the Cg, fullerene is placed
over the top of the III-nitrides monolayers and fully geometry
relaxation is performed. Initially the fullerene molecule is kept
onto the top of monolayers by keeping it at about 2.00 A
distance. After geometry relaxation it is found that the fullerene
system is physiosorbed over the surface of nitrides monolayers
by interacted through van der Waal's forces having an average
bond distance up to 3.00 A between the C atoms of Cg, fullerene
and X-N (X = B, Al, Ga, In) atoms of monolayers. The bond
lengths X-N increases from 0.03 to 0.07 A shown by 4 in Table 2
due to the fullerene adsorptions on these monolayers. More-
over, the geometry relaxation shows some interesting results
about the planar structure of III-nitrides. As we moved from
Coo@h-BN composite to Ceo@h-BN, Cso@GaN and AIN@Cego
composite the structure distortion enhanced. The planar
geometry of monolayers (except h-BN monolayer) changes from
planar to bowl shape. This variation is more pronounced in the
order Cgo@h-InN > Cgo@h-GaN > Cgo@h-AIN > Cgo@h-BN

€)

(Fig. 1). This result shows that the Cq,@h-BN composite is
more stable compared to other studied composites. This
distortion may be due to the enhanced repulsive forces between
the pi-conjugated electrons of fullerene system and lone-pair
electrons of N atoms of IlI-nitrides monolayer. This can be
explained as there is opposite forces operational between these
system like the positive B atoms of III-nitrides and pi-electron of
fullerene atoms and the electropositive C atoms of fullerene and
lone-pair of N atoms of III-nitrides. Thus, there is a competition
between the attractive and repulsive forces between the two
materials. Finally, the repulsive forces dominant over the
attractive forces and both systems repels each other and they
are stabilized at certain distance and formed stable composite
material. The sequence of distortion is in the order Cgo@h-InN
> Cgo@h-GaN > Cgo@h-AIN > Cgo@h-BN because lattice
parameter i.e. X-N (X = B, Al, Ga, In) distance is larger as we
moved down the group. This resulted dominant vibrations of
X-N bond moving from B-N to In-N system. Thus, the rigidity

Fig. 3 Electron density difference plots of (a) BN-Cgg, (b) AIN-Cgq, (c) GaN-Cgp, and (d) INN-Cgo composites. Red lobes represent rich electron

density regions and yellow represents poor electron density region.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in h-BN system is more compared to other III-nitrides which has
the ability to these vibrations without any structural distortion
and evince the most stable composite structure.

The binding energy for all these composites (calculated by eqn
(1)) are negative (—0.94 to —2.20 €V), confirm the thermodynamic
stability and feasibility of experimental synthesis. The binding
energy increases from —0.45 eV which represent the chemisorp-
tion state but actually the composites are in physiosorbed state.
This increasement in the binding energies is due to the dominant
distortion in these systems. This order of binding energy is Cqo@h-
INN (—2.20 €V) > C4o@h-GaN (—2.17 V) > Cgo@h-AIN (—1.80 eV) >
Cso@h-BN (—0.94 €V) as shown in Table 2.

The molecular dynamic (MD) simulations of these compos-
ites were performed to check the thermal stability of a material
at 500 K for 2.0 ps equilibrium at a time period of 1 fs. The
potential energy plots and structures variation after MD simu-
lation are displayed in Fig. 2. Due to out of planes vibrations
modes at 500 K temperature, there are dangling bonds in these
structures and a small variations in potential energies specially

View Article Online

Paper

for Cgp-GaN and Cgo-InN which are consistent with the re-
ported result.*” It is clear from the Fig. 2 the potential energy
varies nearby a specific magnitude and no breakdown of any
bond in any material is observed so all these materials are
thermodynamically stable at 500 K, which are consistent with
the energetic analysis.

The charge transfer was determined by Hirshfeld charge
transfer analysis. Here it is clear from Table 3 in case of C4o-BN
the charge transfer take place from fullerene to BN, same is the
case of Ceo—AIN. In these composites the fullerene is a charge
donor molecule and behaves as n-type dopant. While in case of
Ceo—GaN and Cgo-InN charge is transferred from monolayers
sheets to fullerene, so fullerene is charge acceptor molecule and
behave as p-type dopants. The charge transfer between the 2D
III-nitrides monolayers and fullerene molecule is small. The
large bond distances and small charge transfer identify the
weak interactions between 2D Ill-nitrides sheets and fullerene
molecule. Hence fullerene is weakly physiosorbed on these
monolayers.

Fig. 4 Atom in molecule analysis plots of (a) BN-Cgp, (b) AIN-Cg, (c) GaN-Cgq, and (d) INN-Cgo composites. The number represents the bond

critical points.
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Fig. 5 Reduced density gradient and non-covalent interaction plots for the studied composite materials.
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3.2 Electronic properties analysis of Cso@XN composite
system

The interaction among fullerene and 2D III-nitrides monolayers is
also confirmed by electron density difference (EDD) plots shown in
Fig. 3. The figure clearly shows that there is no over lapping exists
between the red lobes (high electron density) of fullerene and III-
nitrides while there is small overlapping occurred between the
yellow regions (less electron dense region) of fullerene and III-
nitrides. This gives evidence of small charge shifting between
the two-system due to weak interactions. The results are in
agreement with the Hirshfeld charge shift analysis.

We used Bader quantum atom in molecule theory of atoms
in molecules® to understand the bond strength and nature
formed between the fullerene and IlI-nitrides in composite. For
studying the nature of bonding in molecules we need to exploit
charge density or electron density (p). The AIM analysis of the
fullerene binding onto 2D II-nitrides is shown in Fig. 4. In
characteristics of bonding, the Laplacian (V>p) plays an
important role. In case if V>p < 0 clarify charge concentrations
towards interaction line. This results in lowering potential
energy creating attractive forces. On the other hand, V?p >
0 indicates the repulsive forces act on the nuclei. The electron
energy density (H) is another parameter also helpful in identi-
fying the nature of bonding. According to Bader and Essen the
interactions are covalent if values of V?p and H are negative and
electron density at BCP > 10 ' a.u while values of electron
density less than 107" a.u and positive V?>p and H attribute to
Vander Waal interactions. The calculated values of electron
density (p), Laplacian (V?p) and total electron energy density (H)
are shown in Table 3. The calculated values of electron density
(p) for the Cso-XN (X = B, Al, Ga and In) are 0.001 a.u, 0.01 a.u,
0.012 a.u and 0.012 a.u are less than 10" a.u and the values of
Laplacian and total electron energy density for these materials
are all positive. The calculated values of electron density for
these composites are less than 10~" a.u and positive V?p and H
attribute to van der Waal's interactions. The calculated bond
lengths X-N of these materials shown in Table 1 are in the range
of 1.00 to 2.00 A. The bond distance i.e. X-C and C-N are nearly
in the range of 3.00 A. It is also clear from our calculations of
bond length and AIM analysis that the bond strength decreases
as we move from Cg-BN to Cg,-InN. The same situations
appear in AIMD calculations performed at 500 K, where the
wiggles in the structure increase from h-BN to h-InN
composites.

The maximum storage capacity of fullerene over the 2D III-
nitrides is estimated from gravimetric density** which was
calculated from the following equation

= 2
MCy + M, 2)

where MCg, represents the molecular weight of fullerene and
M; represents the molecular weight of 2D-III nitrides mono-
layers with adsorbed fullerene. The results are shown in Table
3.

According to Table 3 the storage capacity of fullerenes are 54,
41, 26 and 18 for BN, AIN, GaN and InN. Next, the reduced
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density gradient (RDG) and non-covalent interaction (NCI)
analysis are investigated to further understand the nature of
interactions and structural distortion in the studied composite.
The 2D-RDG and 3D-NCI plots are illustrated in Fig. 5, the red,
green and dark blue spikes in the RDG plot represent the
repulsive, van der Waal's and strong electrostatic (covalent or
ionic) forces in the complex system. The RDG clearly shows that
there are green spikes appear at x-axis at the range from —0.005
au to —0.02 au, confirm the presence of van der Waal's forces
between the Cg, fullerene and Ill-nitrides materials. This is
justified by NCI analysis, the appearance of 3D green spot
between the Cg( fullerene and IlI-nitrides evidenced the pres-
ence of van der Waal's forces. While the appearance of red spots
over the 3D green spot in the composite materials indicates the
existence of repulsive forces. The red-spots over green spot is
more dominant by moving from Cg@h-BN composite to
Ceo@h-InN. While this red spot teardown in case of Cqo@h-GaN
and Cg,@h-InN composite which justify the more prominent
repulsive forces between these systems, which caused larger
distortion and instability. These results are in good agreement
with the geometrical and AIM analysis.

4 Conclusions

In this article we report novel composite materials of Cgo
fullerene and III Nitrides (BN, AIN, GaN, InN) using MD simu-
lations and DFT calculations. The negative binding energies of
the compounds and MD simulations at 500 K confirm that these
materials are thermodynamically stable and experimentally
feasible. The geometrical studies show that the Cg, fullerene is
bonded over the top of III nitride monolayers and formed
composites, Cgo@h-BN, Cqo@h-AIN, Cgo@h-GaN and Cgy@h-
InN. The striking feature of this study is the unusual system-
atic bowing induced in the planer monolayers of nitrides by the
C60 fullerene except for BN. The induced surface bowing in the
monolayers increases as we proceed from BN to InN. The Atom
in Molecule, Hirshfeld charge density, Electron Density Differ-
ence, Reduced Density Gradient and Non-covalent Interactions
analysis reveal that van der Waal's forces are operational in
these novel composite materials. This study would provide
a baseline for the further investigation of the interesting
systematically induced bowing effect in the III nitride mono-
layers and other related fascinated properties.
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