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EXTENDEDABSTRACT

Introduction: Graphene, a two-dimensional material with unique electronic
and optical properties, has attracted extensive attention in nanoelectronics,
optoelectronics, and sensing. However, its zero intrinsic band gap limits
semiconductor applications. Boron doping and cluster adsorption are
effective strategies for tuning graphene’s electronic structure. Boron
incorporation can induce p-type behavior, modify carrier properties, and
enhance electrochemical, catalytic, and sensing performance. Small boron
clusters, particularly Bio and Bi, also exhibit distinctive electronic and
magnetic properties and can induce band-gap opening and changes in the
density of states. Our previous studies showed that boron adsorption on
monolayer graphene can generate band gaps of 0.4-1 eV. Here, the effects
of B2, Bs, Bio, and Bi2 clusters adsorbed on monolayer and bilayer graphene
are systematically investigated using density functional theory (DFT) and
the CASTEP code. This study provides comparative insights into the
structural, electronic, and magnetic properties of boron—graphene systems.

Computational Methods: All structural optimizations and property
calculations were performed using the CASTEP code. Monolayer and
bilayer graphene were modeled using 5 x 5 supercells, with the bilayer
configuration constructed according to the Bernal stacking method [1,2].
An initial interlayer distance of 10 A was considered. Under periodic
boundary conditions, the lattice parameters were settoa =b =12.3 Aand y
= 120°. A vacuum spacing of 50 A along the direction perpendicular to the
graphene planes was introduced to prevent interactions between periodic
supercells [3,4]. The C—C bond length was set to 1.42 A.

Ultrasoft pseudopotentials were employed, and the exchange-correlation
functional was described within the generalized gradient approximation
(GGA), using the Perdew—Burke—Ernzerhof (PBE) functional [5]. A plane-
wave cutoff energy of 340 eV was used. The maximum spacing between
reciprocal-space sampling points was set to 0.03 A, and an electronic
smearing of 0.01 eV was applied. Structural optimization was continued
until the residual forces on all atoms were below 0.02 eV/A.

The adsorption energy for systems containing monolayer graphene was
calculated using Eq. (1), while that for bilayer graphene systems was
obtained from Eq. (2):

Eadsorption = E(Bn/nB+graphene) - Egraphene - EBn/nB (1)
Eadsorption = E(Bn+bilayergraphene) - Ebilayergraphene - EBn (2)

where E(g_/np+graphene) @ E g i+bilayergraphene) represent the total
energies of monolayer and bilayer graphene, respectively, with n boron
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atoms or a boron cluster adsorbed on the graphene structure. Eg,.qppene and
Epilayergraphene denote the total energies of pristine monolayer and bilayer
graphene, respectively, while Ep 5 represents the total energy of the

isolated n boron atoms or boron cluster [6-8].

First, the selected boron clusters and pristine monolayer (G) or bilayer
(GG) graphene structures were fully optimized. Subsequently, the structural
and electronic properties of the resulting graphene-boron systems were
investigated.

Results and Discussion: Optimization results indicate that the Bio cluster is
stable and nonmagnetic, whereas Biz exhibits weak magnetism, consistent
with previous theoretical studies [9,10]. These clusters retain their structural
stability upon interaction with graphene.

After structural optimization, B, Bs, Bio, and B2 clusters were adsorbed
on monolayer graphene or inserted between bilayer graphene sheets. For B2
adsorption, the most stable configuration corresponds to the C—C bond site,
where the adjacent C—C distance increases from 1.42 to 1.527 A and a B-C
bond of 1.609 A is formed. Bs adsorption increases the adjacent C—C
distance to 1.504 A and produces B—-C bonds of approximately 1.602 A.
Adsorption of Bio substantially distorts the cluster and increases the
neighboring C—C distance to 1.518 A, with a maximum B—C bond length of
1.603 A. When Buo is placed between graphene layers, it forms three bonds
with each layer, resulting in a significant structural rearrangement and
reducing the interlayer distance from 10 to 5.843 A. In contrast, Bi
undergoes only minor structural changes. Its adsorption on monolayer
graphene produces a single B-C bond of 1.703 A and is accompanied by an
interatomic charge redistribution. Between two graphene layers, B> forms
two B—C bonds of 1.683 A and decreases the interlayer distance to 7.611 A.

Charge-transfer analysis shows that graphene acquires negative charges
of 0.22, 0.38, 0.87, 0.59, 0.15, and 0.28 e for Bz, Bs, B1o/G, B1s/GG, B12/G,
and Bi2/GG, respectively. The corresponding adsorption energies are
—1.122, —-1.013, —1.087, —2.020, —0.258, and —1.924 eV. Based on the
conventional adsorption-energy criteria [11,12], all configurations exhibit
chemisorption except Bi2/G, which corresponds to physisorption.

Electronic-structure calculations reveal that B2/G is spin-polarized and
exhibits a pseudometallic character, with a magnetic moment of 0.83 uB.
Bs/G is nonmagnetic and develops a band gap of 0.553 eV, converting
graphene into a semiconductor. Bio/G is also nonmagnetic and shows a
band gap of 0.870 eV, while B1o/GG exhibits a smaller indirect gap of 0.144
eV. Bi2/G is weakly magnetic, with spin-dependent gaps of 0.075 and 0.057
eV. In contrast, Bi/GG becomes metallic because additional states cross
the Fermi level.

Overall, magnetism is observed only in B2/G, Bi2/G, and B12/GG. These
results demonstrate that the type of boron cluster plays a decisive role in
inducing magnetism and tuning the electronic properties of graphene,
suggesting potential applications of B2- and Bi.-functionalized graphene in
spintronic devices.

Conclusion: This study systematically investigated the structural,
electronic, and magnetic properties of monolayer and bilayer graphene
modified by boron atoms and clusters. The results show that Bio is stable
and nonmagnetic, whereas Bi. is stable and magnetic, with these
characteristics largely preserved upon interaction with graphene. Boron
adsorption significantly modifies graphene’s electronic structure, including
its band gap, density of states, and magnetic properties. In monolayer
graphene, Bz and Bi2 induce magnetism, with band gaps of 0.075-0.057 eV
for Bi2/G, while Bio produces a larger gap of 0.870 eV. In bilayer graphene,
Bio and Biz substantially modify the interlayer distance and induce weak
magnetism. The adsorption energies indicate predominantly chemisorptive



interactions, except for Bi2/G. Overall, these findings demonstrate that
boron-cluster selection provides an effective strategy for tailoring graphene
properties for spintronics, field-effect transistors, gas sensors, catalysis, and
energy-storage applications.
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ABSTRACT

In this study, the effect of adsorption of two and three boron atoms as well as
Bio and Biz clusters on the structure and properties of monolayer and bilayer
graphene has been investigated. The results show that the adsorption of these
clusters particularly B on monolayer graphene and B> both on monolayer
and between bilayer graphene—induces magnetic properties in the structure.
The adsorption of boron clusters also leads to significant changes in the
electronic properties of graphene, including the opening of a band gap and
alterations in spin characteristics. Most of the adsorption processes occur
chemically; however, the adsorption of Bi. on monolayer graphene is
physical in nature and is with weaker bond. These findings highlight the high
potential of boron clusters for engineering the properties of graphene in future
electronic and spintronic applications.

KEYWORDS
Electronic Properties, Structural Properties, Boron Nanocluster, Monolayer
Graphene, Bilayer Graphene.
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