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The electronic and magnetic properties of Fe-, Co-, and Ni-decorated two dimensional (2D) BC3 are 
systematically investigated by first-principles calculations. We find that the Fe, Co, and Ni atoms can 
be strongly adsorbed on the hollow sites of 2D BC3. Fe and Co adatoms are more stable when adsorbed 
on the hollow sites of the carbon rings in the 2D BC3, while the hollow sites of boron-carbon rings in the 
2D BC3 are the most stable sites for the adsorption of Ni adatoms. These proposed metal–BC3 complexes 
exhibit interesting electronic and magnetic behaviors. In particular, the Fe–BC3 and Co–BC3 complexes are 
metals with magnetic ground states , while the Ni–BC3 complex behaves as a nonmagnetic semiconductor 
with a direct bandgap. Furthermore, our magnetic analysis reveals that induced magnetism in the Fe–BC3
and Co–BC3 complexes arises from their local magnetic moments. Functionalization of 2D BC3 through 
these metal–adatom adsorption appears to be a promising way to extend its applications.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Two dimensional materials with a honeycomb structure have 
attracted much attention in condensed matter physics, chemistry, 
and materials science [1–10]. Graphene and silicene are typical 
single-element 2D materials with a honeycomb structure [11–20]. 
Graphene is a Dirac material and shows a Dirac point in its Fermi 
energy [21–23]. Silicene shows a buckled structure, which is dif-
ferent from the planar structure of graphene [24–30]. Besides 
the single-element 2D honeycomb structure materials, compounds 
with a honeycomb structure consisting of boron, carbon and ni-
trogen have attracted much attention. In particular, 2D BC3 with 
a honeycomb structure has been realized in experiments [31–33]. 
The 2D BC3 sheet has been grown epitaxially on the (0001) surface 
of NbB2 [34]. The microscopic structure of 2D BC3 was investi-
gated by scanning tunneling microscope (STM), scanning tunneling 
spectroscopy (STS) and low energy electron diffraction (LEED) [34]. 
The 2D BC3 has a hexagonal crystal structure similar to that of 
graphene [35]. 2D BC3 has a bandgap of about 0.54 eV as calcu-
lated using local density approximation (LDA) [36].

The tailoring of the electronic structures of 2D BC3 for their 
potential applications in designing the hydrogen storage systems is 
important. Many proposals have already been adopted in this re-
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gard [37–41]. The Li-decorated and the Ca-decorated BC3 sheets 
can be used for hydrogen storage [42–45] while the Na-decorated 
BC3 can be used as methane storage materials [46]. Also, the 
density-functional theory calculations regarding the polarization, 
electronic, and magnetic properties of BC3 sheets decorated with 
Li, Na, K, and Ca under the application of external electric field 
have already been reported [47]. Besides alkali metals and alkaline 
earth metals, transition metals (TM) can also be adopted for chem-
ical functionalization of 2D materials. Transition metals decorated 
graphene shows exceptionally rich structural, electronic, and mag-
netic properties [48–55]. However, adsorption of transition metals 
is not strong enough on graphene. In view of the different chem-
ical activity of boron atoms, we have investigated the electronic 
and magnetic properties of transition metals decorated BC3 sheet 
using first principles calculations.

In this paper, we have systematically investigated the elec-
tronic and magnetic properties of Fe-, Co-, and Ni-decorated two 
dimensional (2D) BC3 using first-principles calculations. We find 
that the Fe, Co, and Ni adatoms can be strongly adsorbed on 
the hollow sites of 2D BC3. Fe and Co adatoms are more stable 
when adsorbed on the hollow sites of the carbon rings, while Ni 
adatom tends to be adsorbed at the hollow sites of boron-carbon 
rings in the 2D BC3. These proposed metal–BC3 complexes ex-
hibit interesting electronic and magnetic behaviors. In particular, 
the Fe–BC3 and Co–BC3 systems exhibit metallic nature with mag-
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Fig. 1. (Color online.) Electronic structure of the pristine monolayer BC3. (a) The real space lattices for monolayer BC3. The purple and green balls represent boron and carbon 
atoms, respectively. The unit vectors in real space are indicated. (b) The reciprocal space lattice for monolayer BC3. �, K, M are three symmetry points of the first Brillion 
zone. The three sides (K�, �M, MK) of the purple triangle are three symmetry lines in the first Brillion zone. The unit vectors in reciprocal space are indicated. (c) The 
electronic band structure of the pristine monolayer BC3. (d) The energy dependence of the projected electronic density of states (PDOS) around the valence band top and the 
conduction band bottom. (e) Partial charge densities of the highest occupied crystal orbital (HOCO) and the lowest unoccupied crystal orbital (LUCO). The Fermi level is set 
to be zero.
netic ground states, while the Ni–BC3 system become nonmagnetic 
direct bandgap semiconductor.

The outline of this paper is as follows: Section 2 describes the 
calculation methods. In Sec. 3, we show the structures of 2D BC3

decorated with Fe, Co, and Ni and discuss the electronic and mag-
netic properties of the system. Section 4 is the summary.

2. Methods

We have performed spin-polarized density functional theory 
(DFT) calculations implemented in the Vienna ab initio simula-
tion package (VASP) [56,57]. We adopted the projector-augmented 
wave (PAW) potentials to model the core electrons. We have used 
a plane wave basis set with an energy cutoff of 500 eV to model 
the valance electrons. For exchange and correlation, we use the 
generalized gradient approximation (GGA) of Perdew, Burke, and 
Ernzernhof (PBE) [58]. A 2 ×2 BC3 supercell including 32 nonmetal 
atoms and an adsorbed transition metal atom is employed. The 
vacuum region between adjacent BC3 layers is larger than 15 Å. 
The Brillouin zone (BZ) sampling is obtained using a 6 × 6 × 1
Monkhorst–Pack grid for relaxation calculations and a 9 × 9 × 1
Monkhorst–Pack grid for static calculations [59]. The tolerance of 
the energy convergence is 10−5 eV. We relax all the structures un-
til the force on each atom is smaller than 0.01 eV/Å.

A 2 ×2 supercell is adopted in our calculations. The distance be-
tween the adjacent adatoms is about 1 nm, which is large enough 
to avoid interactions between the adjacent adatoms. The binding 
energies Eb , calculated as a difference between the TM-BC3 and the 
energy of the BC3 plus energy of the isolated atom. We calculated 
the properties of the BC3 decorated with Fe, Co and Ni in differ-
ent supercell: in the case of a 2 × 2 supercell, the binding energy 
of H1 Fe–BC3, H1 Co–BC3 and H2 Ni–BC3 are −3.08 eV, −3.25 eV, 
−3.01 eV, respectively; in the case of a 3 × 3 supercell, the bind-
ing energy of H1 Fe–BC3, H1 Co–BC3 and H2 Ni–BC3 are −3.09 eV, 
−3.18 eV, −3.02 eV, respectively; in the case of a 4 × 4 supercell, 
the binding energy of H1 Fe–BC3, H1 Co–BC3 and H2 Ni–BC3 are 
−3.10 eV, −3.17 eV, −3.01 eV, respectively. From the point view of 
binding energy, the results are well convergent. Especially, for the 
larger 4 × 4 supercell, the net magnetic moments of H1 Fe–BC3, 
H1 Co–BC3 and H2 Ni–BC3 are 2 μB , 1 μB and 0 μB , respectively, 
which are in accordance with those (2 μB , 1 μB and 0 μB ) of the 
2 × 2 supercell.
3. Results and discussions

Similar to graphene, 2D BC3 has a honeycomb structure. The 
2D BC3 shows planar configuration without buckling. A primitive 
cell of the 2D BC3 has two boron (B) atoms and six carbon (C) 
atoms, as depicted in Fig. 1(a). The C–C and B–C bond lengths are 
1.42 Å and 1.57 Å, respectively. In the electronic band structure, 
there is an indirect bandgap of 0.643 eV between the valence band 
maximum (VBM) located at the � point and the conduction band 
minimum (CBM) located at the M point [shown in Fig. 1(c)], which 
agrees well with the previous studies [42–44,47]. The analysis of 
energy dependence of the projected electronic density of states 
(PDOS) indicates that the 2px and 2pz orbitals of B atoms and C 
atoms provides major contribution near VBM, while the main con-
tribution comes from the 2p y orbitals of B and C atoms near CBM. 
The partial charge densities of the highest occupied crystal orbital 
(HOCO) and the lowest unoccupied crystal orbital (LUCO) of the 
pristine monolayer BC3 are shown in Fig. 1(e). The partial charge 
densities have the C3v symmetry with a boron atom as the center 
of the threefold rotational axis which is perpendicular to 2D BC3
plane.

We first consider a single Fe atom adsorption on the 2 × 2 BC3
unit cell. The distance between Fe–Fe in the supercell is about 
1 nm so that the interactions between the neighboring Fe atoms 
could be ignored. Six possible adsorption sites are available on the 
monolayer BC3 i.e. two hollow sites (H1 and H2), two top sites 
(T1 and T2) and two bridge sites (B1 and B2). More precisely, B1
and B2 represent the C–C and B–C bridges, respectively. Our cal-
culations indicate that the two bridge sites (B1 and B2) are not 
suitable for the adsorption of Fe, Co and Ni atoms. To be more 
specific, the configurations with Fe atoms initially residing on the 
B1 and B2 sites are not stable at all and the atoms move to the H1
and H2 sites, respectively, after structure relaxation. Similar struc-
tural variation is observed for the Co and Ni atoms as well because 
the Co atoms lying on the B1 and B2 sites move to the H2 and H1
sites, whereas Ni atoms relocate from the B1 and B2 sites to the 
H2 and T1 sites, respectively, after structural relaxation. These four 
possible stable adsorption sites (H1, H2, T1 and T2) are depicted in 
Fig. 1(a). However, the configurations with Fe and Co atoms on the 
T1 sites are not stable and the atoms move to the H1 sites after re-
laxation. The most stable adsorption sites for Fe–BC3, Co–BC3 and 
Ni–BC3 are H1, H1 and H2, respectively. The optimized structure 
of transition-metal-decorated 2D BC3 with transition-metal-atoms 
in the most stable adsorption sites are shown in Fig. 2. The bind-
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Fig. 2. (Color online.) The optimized structure of transition-metal-decorated 2D BC3 with transition-metal-atoms in the most stable adsorption sites. Top view and side view 
of (a) Fe-, (b) Co- and (c) Ni-decorated 2D BC3, respectively.

Fig. 3. (Color online.) Magnetic, energy and structural properties of the Fe-, Co-, and Ni-decorated BC3 sheet. (a) The magnetic moment, (b) the binding energy and (c) the 
height of the transition atoms over the BC3 plane (hM−p ), the metal–carbon bond length (dM−C ), the metal–boron bond length (dM−B ). The results of the Fe and Co atoms 
on the T1 sites should be considered as those of the Fe and Co atoms on the H1 sites because the Fe and Co atoms on the T1 sites are not stable and the atoms move to H1

sites after relaxation.
ing energy is defined as Eb = Ed − E0 − Em , where Ed and E0 are 
the energies with and without transition metal atoms adsorbed, 
respectively, and Em is the energy of a free transition metal atom.

We find that the Fe- and Co-decorated BC3 sheets are mag-
netic while the Ni-decorated BC3 sheet is nonmagnetic, as shown 
in Fig. 3(a). The energy differences between the ferromagnetic state 
and nonmagnetic one for the Fe–BC3 and Co–BC3 are −0.710 eV 
and −0.346 eV per supercell (containing 8 B atoms and 24 C 
atoms), respectively. The magnetic moment of Fe–BC3 is about 
2.0 μB when the Fe atoms are adsorbed in the most stable ad-
sorption sites H1. The magnetic moment of Fe–BC3 is larger than 
2.0 μB when the Fe atoms are on the H2 and T2 sites. However, 
the configurations with the Fe atoms on the H2 and T2 sites are 
less stable than the configurations with the Fe atoms on the H1

sites. The Co–BC3 sheet has a magnetic moment of about 1.0 μB

when the Co atoms are adsorbed in the most stable adsorption 
sites H1. The magnetic moment is also 1.0 μB when the Co atoms 
are on the H2 sites. The binding energy of the H1 Co–BC3 is a little 
smaller than that of the H2 Co–BC3, as depicted in Fig. 3(b).

In spite of that the Ni–BC3 is nonmagnetic whatever the ad-
sorption sites is chosen for the Ni atoms. The binding energy is 
smallest for Ni–BC3 when the Ni atom is placed on the H2 sites, 
which is different from the most stable H1 adsorption sites of 
Fe–BC3 and Co–BC3 sheets. The results of the Fe and Co atoms 



1398 J. Zhu et al. / Physics Letters A 382 (2018) 1395–1400
Fig. 4. (Color online.) (a) Spin-up and spin-down total DOS, PDOS on the BC3 sheet, and PDOS on the Fe atom d states for Fe atoms on the H1 sites of BC3. The Fermi energy 
is set to be zero. (b) The top and side view of spatial spin charge density distributions of Fe atoms on the H1 sites of BC3.

Fig. 5. (Color online.) (a) Spin-polarized total DOS, PDOS on the BC3 sheet, and PDOS on the Co atom d states for Co atoms on the H1 sites of BC3. The Fermi energy is set 
to be zero. (b) The top and side view of spatial spin charge density distributions of Co atoms on the H1 sites of BC3.
on the T1 sites should be considered as those of the Fe and Co 
atoms on the H1 sites because the Fe and Co atoms on the T1 sites 
are not stable, making the atoms to relocate to the H1 sites af-
ter structural relaxation. The typical values of binding energies are 
about −3 eV. The binding energies of H1 Fe–BC3, H1 Co–BC3 and 
H2 Ni–BC3 are −3.08 eV, −3.25 eV, −3.01 eV, respectively.

The metal adatoms we used have larger binding energies on 
BC3 sheet as compared with those on graphene surface [52]. To 
explain qualitatively, we have performed the Bader analysis for all 
considered systems. Fe, Co, Ni on BC3 have the net charges of 
about 0.82e, 0.71e, 0.53e, respectively, which are larger than the 
net charges (0.43e, 0.38e, 0.45e) of Fe, Co, Ni on graphene [52]. 
Qualitatively, the binding energy increases with the increase of net 
charge of the adatoms, thus the metal adatoms have larger binding 
energies on BC3 sheet as compared with those on graphene sur-
face. Secondly, the heights of Fe, Co, Ni on BC3 are about 1.26 Å, 
1.31 Å, 1.37 Å, respectively, which are smaller than the heights 
(1.53 Å, 1.50 Å, 1.54 Å) of Fe, Co, Ni on graphene [52]. Qualitatively, 
the binding energy increases with the decrease of the heights of 
the adatoms, thus the metal adatoms have larger binding energies 
on BC3 sheet as compared with those on graphene surface [52].

The adatom adsorption heights for H1 Fe–BC3, H1 Co–BC3 and 
H2 Ni–BC3 are 1.26 Å, 1.31 Å and 1.37 Å, respectively, as shown 
in Fig. 3(c). The typical lengths between the metal atoms and the 
nearest carbon atoms (dM−C ) are about 2.0 Å. It is important to 
mention that the lengths between the metal atoms and the nearest 
boron atoms (dM−B ) simply depend upon the chosen adsorption 
sites. The typical lengths are 3.3 Å and 2.1 Å for H1 and H2 sites, 
respectively.

To give a deeper insight regarding the induced magnetism for 
the H1 Fe–BC3 and H1 Co–BC3, we have utilized the spin-polarized 
density of states (DOS) of H1 Fe–BC3, H1 Co–BC3 as shown in 
Figs. 4 and 5, respectively. Fig. 4 shows that the H1 Fe–BC3 DOS 
near the Fermi energy along with the projection of the DOS onto 
BC3 and the Fe d states. The most obvious peak is at the Fermi 
level and it stems from the spin-down d orbitals of Fe. The other 
two peaks are at about −1.6 eV and 1.3 eV, respectively. The spa-
tial spin charge density distribution of the H1 Fe–BC3 is depicted 
in Fig. 4(b). It clearly shows that the magnetism in the case of the 
H1 Fe–BC3 mainly originates due to Fe atoms. Similarly, the mag-
netism induced in the case of the H1 Co–BC3 mainly stems from 
Co atoms, as shown in the spatial spin charge density distribution 
of the H1 Co–BC3 in Fig. 5(b). Fig. 5(a) shows the spin polarized 
total DOS, PDOS of the BC3 sheet, and PDOS of the d state of the 
Co atom for the H1 Co–BC3. The most obvious peak lies just below 
the Fermi level and it comes from the spin-down d orbitals of Co 
atoms.

The magnetic moments of the isolated Fe, Co, Ni atom are 4 μB , 
3 μB and 2 μB , respectively. The H1 Fe–BC3, H1 Co–BC3 and H2
Ni–BC3 show 2 μB , 1 μB and 0 μB magnetic moment, respec-
tively. The reduction of the magnetic moments for Fe, Co and Ni 
are all 2 μB . The charge transfer is intimately connected to the 
local magnetic moment variation. It can be understood that the 
spin component (4s ↑) in the isolated atom becomes the minority 
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Fig. 6. (Color online.) Electronic structure of the Ni atoms on the H2 sites of BC3. 
(a) The electronic band structure of the Ni atoms on the H2 sites of BC3. (b) The 
energy dependence of the spin polarized electronic density of states around the 
valence band top and the conduction band bottom. (c) Partial charge densities of 
some occupied crystal orbital and the lowest unoccupied crystal orbital. The Fermi
level is set to be zero.

component (3d ↓) in the TM-BC3, which causes the reduction of 
the magnetic moments for Fe, Co and Ni to be all 2 μB .

The calculated spin polarized band structure for the Ni adatom 
residing on the H2 sites of the BC3 sheet are depicted in Fig. 6. 
Some flat electronic impurity bands appear just below the Fermi 
energy of the H2 Ni–BC3. To elaborate the spatial distribution of 
the electrons due to which these flat impurity bands arises, we 
have shown the partial charge densities of some highest occupied 
orbitals and the lowest unoccupied orbitals in Fig. 6(c). Also, the 
spin polarized electronic density of states (Fig. 6(b)) supports this 
nonmagnetic characteristics of the H2 Ni–BC3. The band gap of H2
Ni–BC3 is about 0.38 eV, which is smaller than the band gap of the 
pristine BC3 sheet.

It is interesting to compare the electronic and magnetic proper-
ties between the adsorbed and the doped BC3 with Fe, Co and 
Ni [60]. The adsorption on the H1 site for Fe–BC3 and Co–BC3
leads to metallic feature, whereas the Ni–BC3 with the H2 site ad-
sorption exhibits the semiconducting nature. For the doped BC3, 
the substitution of Ni for B leads to a semiconductor–metal tran-
sition, whereas the other systems maintain the semiconducting 
nature as that of pristine 2D BC3 [60]. With H1 adsorption site, 
the net magnetic moment of 2 μB and 1 μB is induced for the 
Fe–BC3 and Co–BC3 sheets, respectively, whereas if the H2 site is 
chosen for adsorption, the Ni–BC3 sheet becomes to nonmagnetic. 
For the doped BC3, the substitution of Fe for B or substitution of 
Co for C induces the net magnetic moments of 1 μB in the BC3
honeycomb structure, whereas the other systems are nonmagnetic 
[60]. The adsorption or substitution of Fe, Co and Ni may lead to 
semiconductor–metal transitions or induce net magnetic moments 
in the BC3 honeycomb structure [60].

4. Conclusion

We have studied the electronic and magnetic features of Fe-, 
Co-, and Ni-decorated BC3 by first-principles calculations. The Fe 
and Co atoms can be strongly adsorbed on the hollow sites of the 
carbon rings, while the Ni atom tends to reside on the hollow sites 
of the C–N rings. The H1 Fe–BC3 and H1 Co–BC3 show 2 μB and 
1 μB magnetic moment, respectively. The H2 Ni–BC3 is nonmag-
netic. BC3 transforms from insulator to metallic states after the 
adsorption of Fe or Co atoms. However, the BC3 keep its insula-
tor state after the adsorption of Ni atoms. The band gap of the BC3
honeycomb structure becomes smaller after the adsorption of Ni 
atoms. Functionalization of 2D BC3 through these metal–adatom 
adsorption appears to be a promising way to extend its applica-
tions.
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