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Abstract:

Surface modification and functionalization are of fundamental importance in actual
application of insulating coating, such as hexagon boron nitride (h-BN) nanosheet.
Our first-principles calculations reveal that oxidized h-BN monolayer supported by
Cu substrate exhibits metallic properties when O adatom vertically bonds with the B
atom. This is mainly due to the hybridization of the p orbital of the BN layer and O
adatom around the Fermi level. Charge transfer from the Cu substrate to the O atom
stabilizes the formation of the vertical O-B bond. Injecting negative charges could
trigger the migration of the O adatom from the B-N bond to B atom for metal or
insulator-supported h-BN monolayer, which will lead to a metallic transition in the
oxidized h-BN nanosheet. Our results provide a viable way to tune the electronic

properties of surface h-BN coating through charge injection mediated O adsorption.
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1. Introduction

Two-dimensional (2D) nanomaterials have attracted numerous scientific interests
and attentions since the discovery of graphene materials and its extraordinary physical
properties . As one of the 2D-nanomaterials, a single hexagon boron nitride (h-BN)
layer consists of a honeycomb basal plane with structural similarity to graphene, and
possesses excellent thermal conducting **, mechanical properties °7 and high
chemical stability 59 Previous experimental and theoretical studies have shown that

h-BN nanosheets hold promises for potential applications in electronic devices '* ',

1214 composite fillers '* and surface coating '®'”. Due to large band

dielectric layer
gap, h-BN nanosheets are good insulators '*. Modulating the electronic properties of
h-BN nanosheets is crucial for its application in electronic devices. Cutting BN
nanosheets into nanoribbons, the band gaps of BN nanoribbons can be effectively
tuned by applying external electric field '°. Doping carbon atoms into BN nanosheets
to form in-plane BCN hybrid nanostructures is another viable way for band gap and
conductivity modulation ****. Moreover, adsorption of hydrogen, fluorine atoms and
functional moieties on the plane of BN nanostructures could also introduce significant
modifications in electronic and magnetic properties 2427,

Hexagon BN nanosheets have excellent capability for oxidation resistance and
could be used as surface protecting layer 2. Although desorption of oxygen molecule
is more favorable on a free-standing h-BN monolayer, oxygen atom prefers to adsorb

and bind over a B-N bond of the h-BN monolayer, which leads to a remarkable

decrease in the band gap * When incorporated into an electronic or functional device,
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the h-BN nanosheets are usually put or transferred on a variety of substrates. The
physical or chemical coupling between BN nanosheet and substrate is actually
inevitable. Recently a lot of studies have been conducted for ultrathin insulating layers
supported by metal substrates because they are able to host electronic states decoupled
from the metallic surface ****. On the other hand, the B-N bonds, covalent in nature
but with ionic characteristics, is sensitive to external charge and electric field.
However, adsorption of oxygen atom on substrate-supported h-BN nanosheet and the
effects of external charges remain unexplored. Further investigation on the electronic
properties of substrate-supported h-BN nanosheet with oxygen adsorption is necessary
for the development of h-BN nanosheet based surface functional coating.

In this study, we reveal two stable adsorption sites of O atom on Cu-supported
h-BN monolayer by first-principles calculations. One site is on the B-N bond, another
is vertically on the B atom that has lower binding energy than that on the B-N bond.
The oxidized h-BN monolayer exhibits metallic properties when the O adatom
vertically bonds with the B atom. Charge transfer from the underlying Cu substrate
plays a key role in stabilizing O adsorption on the B atom. The metallic properties are
enhanced by more O atoms adsorbing on the B atoms of the h-BN nanosheet. For
Cu-supported h-BN bilayer and free-standing h-BN monolayer, there is only one
favorable surface adsorption site where O atom is on the B—N bond. Injecting
negative charges into Cu-supported h-BN monolayer, bilayer and free-standing h-BN
monolayer could eliminate the energy barrier and prompts the O adatom migrating

from the B-N bond to the B atom, and this will lead to a metallic transition in those
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oxidized h-BN nanosheets.

2. Model and Method

We choose a thombus unit cell with lattice length of 1.0224 nm where a 4 x 4 h-BN
monolayer (32 atoms) and a Bernal (AB) stacking h-BN bilayer (64 atoms) are placed
on a 4 x 4 Cu (111) substrate, respectively. The Cu (111) substrate (80 atoms) is
composed of five layers and atoms in the bottom layer are fixed during structural
relaxation, and there is a vacuum region larger than 2.2 nm in the direction
perpendicular to the BN and substrate planes. According to experiment results, the
lattice parameter for the h-BN is 0.2524 nm **. To match with the Cu substrate, the
lattice of the h-BN nanosheets is stretched 1.3%. For Cu-supported h-BN bilayer, it
can be considered as an h-BN monolayer placed on an insulating surface as the
bottom BN sheet remains insulating on the Cu substrate 3!, so the combination of Cu
and bottom BN monolayer (Cuw/BN) could simulate an insulator substrate. All
computations are performed within the framework of density-functional theory (DFT)
as implemented in the VASP code by using the projector augmented wave method
with the Perdew-Burke-Ernzerhof exchange-correlation functional **>”. The influence
of van-der-Waals interactions is considered by using the Perdew-Burke-Emzerhof
exchange-correlation functional and the DFT-D2 method of Grimme * that consists in
adding a semi-empirical dispersion potential to the conventional Kohn-Sham DFT
energy. The whole system is relaxed by using a conjugate-gradient algorithm until the
force on each atom is less than 0.1 eV/nm. Then an energy cutoff of 500 eV and

special k points sampled on a 6x6x1 Monkhorst-Pack mesh 3 are employed to
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calculate the exact energy. Our calculations show that the 1.3% stretching strain
slightly influences the band structure and energy gap of the BN layers. Here the
charge injection is realized by adding or subtracting a predetermined number of
electrons to the total electrons of the system, which adjusts the charge neutrality level

with a homogeneous background charge *°.

3. Results and Discussion

First an O atom is placed on different surface locations of the Cu-supported h-BN
monolayer, and then those systems are relaxed into equilibrium states. Finally, two
stable O adsorption sites are obtained: one is vertically on the B atom and another is
on the B-N bond, as shown by Fig. 1 (a) and (b). On the B atom, the O atom
covalently bonds with the B atom and the length of the O-B bond is 0.138 nm, and the
bonding B atom is lifted up from the BN plane. The average length of three
neighbored B-N bonds is 0.16 nm, stretched about 8.3% comparing with other B-N
bonds. For O adsorbing on the B-N bond, a BNO triangle ring is formed and the
underlying B-N bond is stretched to 0.159 nm. The lengths of O-B and O-N bonds are
0.148 nm and 0.155 nm, respectively. The binding energy of O atom on the surface is
calculated by E, =E, , - E, ., —E,, here E,, is the total energy, Ep, s 1s the energy
of the Cu-supported h-BN sheet, and E, is the energy of a single O atom. The O
binding energies on the B atom and B-N bond are -5.29 eV and -3.29 eV, respectively.
The lower binding energy on the B atom represents stronger interaction and
adsorption of O atom with the BN sheet. For Cu/BN-supported h-BN monolayer,

there is only one stable surface adsorption site where O atom adsorbs on the B-N bond
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and a BNO triangle ring forms, as shown in Fig. 1 (c). This favorable adsorption site
of O atom is the same as that of free-standing h-BN monolayer * The binding energy
of O adatom on the B-N bond of the BN bilayer is -3.28 eV. The difference in the
favorable adsorption sites between Cu-supported and Cu/BN-supported BN

monolayers indicates an important role from the substrate.
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Fig. 1 Stable optimized structures of O adsorbing on Cu-supported and
Cu/BN-supported BN monolayers: (a) O atom on the B atom, (b) O atom on the
B-N bond, and (¢) O atom on the B-N bond of the Cu/BN-supported BN
monolayer. The corresponding contour plots of 2D projection of charge density
change Ap [in units of e/(A)3] for O atom on (d) the B atom, (e) the B-N bond,
and (f) the B-N bond of the Cu/BN-supported BN monolayer. The largest positive
and negative values of the contour plots are shown in each panel. The red, green,

blue and cyan dots are oxygen, boron, nitrogen and copper atoms, respectively.

To unveil the mechanism why O on the B atom is more stable than on the B-N bond,
we calculate the charge density differenceAp=p,, —p,, . — P, here p,, is the
total charge density, p,, ., 1S the charge density of the Cu-supported h-BN sheet,
and p is the charge density of a single O atom. Negative Ap denotes charge

depletion and positive for charge accumulation. The contour plots of 2D projection of
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charge density change Ap for O atom on the B atom and B-N bond of the BN
monolayer are shown in Fig. 1 (d) and (e), respectively. For O on the B atom, there
are a lot of charges accumulating at the O-B bond, and some charges transfer from the
Cu surface to the O atom [Fig. 1 (d)]. On the contrary, no obvious charge exchange
between O and Cu substrate is observed when O atom adsorbs on the B-N bond. The
charge transfer from the Cu substrate to the O atom leads to a stronger O-B bond and
lower binding energy. For the Cu/BN-supported BN monolayer, charge accumulation
and depletion only distribute at the O adsorption site and the top BN layer, as shown
in Fig. 1 (f). The bottom BN layer covered on the Cu substrate is actually an
insulating surface, and no charge moves to the top layer. Therefore, the capability of
substrate providing additional charges for the BN nanosheet determines the stability

of O atom adsorbing on the B atom.
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Fig. 2 The projected DOS (in units of states/atom) of the p orbital of the

Cu-supported BN monolayer and O atom for the O adatom on (a) the B atom
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and (b) the B-N bond. (c¢) The projected PDOSs of the vertical O-B bond for the p,
d orbital of the B atom and s, p orbital of the O atom. The inset shows the band
structure of the BN monolayer where the O adatom is on the B atom and the Cu

substrate is removed. The Fermi level is set to be zero.

The O adatom also gives rise to a significant change in electronic properties of the
oxidized h-BN nanosheet. Fig. 2 (a) and (b) show the projected density of state
(PDOS) of the p orbital of the Cu-supported h-BN monolayer and O atom with O
adsorbing on the B atom and the B-N bond, respectively. There are peaks crossing the
Fermi level for both BN layer and O atom when the O adatom is on the B atom. This
kind of oxidized BN nanosheet exhibits metallic electronic properties. The peak of the
PDOS around the Fermi level of the BN layer overlaps with that of the O adatom,
which means the hybridization of the p orbital between them. When the substrate is
removed, the left BN nanosheet with the O-B bond remains metallic, as shown by the
inset in Fig. 2 (a). The formation of vertical O-B bond remarkably modifies the
electronic properties of the oxidized BN nanosheet. Fig. 2 (c¢) shows the PDOSs of the
vertical O-B bond including the p, d orbital for the B atom and s, p orbital for the O
atom. The hybridization between the s, p orbital of the O adatom and the p orbital of
the bonded B atom is observed. A small PDOS peak of the d orbital of the B atom
appears near the Fermi level, which overlaps with that of the p orbital of the O atom.
This is the results of charge transfer from the Cu substrate. It should be mentioned
that this vertical O adsorption site is unstable without the underlying substrate.

Meanwhile, the Cu or Cu/BN-supported h-BN monolayer remains insulating when the
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O adatom is on the B-N bonds or without O adsorption, as shown by Fig. 2 (b). To
better understand the effects of O adsorption, the corresponding energy band structure
of the Cu-supported h-BN monolayer with O adatom on the B atom are shown in Fig.
3. Here the bands crossing the contour plots are contributed by the B, N and O atoms,
and band spectra weights and contributions from those atoms are highlighted by
different colors. It is clearly shown that some bands around the Fermi level cross the
contour plots. Accordingly, this oxidized BN monolayer after the B atom vertically
bonds with the O atom becomes metallic, which is mainly attributed to the
hybridization of the p orbitals of the BN layer and O adatom at the Fermi level. In
other cases, the BN nanosheets are still insulating but the energy gap decreases when

the O atom adsorbs on the B-N bond.

Energy (eV)

> >
W 2/ 4
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Fig. 3 Band structure of the Cu-supported BN monolayer with O adatom on the
B atom. The bands crossing the contour plots are contributed by the B, N and O
atoms. The colors also indicate different spectra weights and contributions from

the B, N and O atoms.

In order to consider the influence from the variation in O adatom density, we have
studied two O atoms adsorbing on the Cu-supported h-BN monolayer. Here two O

atoms will become an O, molecule if they are too close or stay at near sites. The O,
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molecule will move away from the BN plane and no bonding with B or N atom occurs.

The O adatoms on the B atoms or the B-N bonds are stable when they are separated at
a distance larger than the nearest sites of two B atoms or two B-N bonds. After
structural relaxation, three typical stable adsorption states are achieved: two O atoms
on two B atoms, one O atom on a B atom and another O atom on a B-N bond, and two
O atoms on two B-N bonds. The two former states of the oxidized BN monolayer
exhibit metallic electronic properties, as shown by the PDOSs in Fig. 4. For two O
atoms on two B atoms, two peaks contributed by the BN monolayer and O atoms
cross the Fermi level. The corresponding BN monolayer without the substrate is also
metallic, as shown by the band structure of the inset. Similar trend is observed for the
case that one O atom on the B atom and another O atom on the B-N bond, but with
lower peak heights. The h-BN nanosheet is still insulating when two O atoms bind
with two B-N bonds. Moreover, our calculations show that the total energy and bind
energy of two O atoms on the B atoms are lower than that on the B-N bonds,
suggesting the formation of vertical O-B bonds is still favorable with increasing the

density of O adatoms.
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Fig. 4 The projected DOS (in units of states/atom) of the p orbital of the
Cu-supported BN monolayer and two O adatoms for (a) two O atoms on two B
atoms, (b) one O atom on a B atom and another O atom on a B-N bond. The
insets show the adsorption sites of the O atoms. The inset in (a) shows the band
structure of the oxidized BN monolayer where two O atoms are on two B atoms

and the Cu substrate is removed.

As the substrate-supported h-BN nanosheets exhibit different band structures upon
the O adsorption, control of the adsorption site becomes a key issue to tune the
electronic properties of the oxidized BN coating. In contrast to the Cu/BN-supported
h-BN monolayer and suspended h-BN monolayer, there are two stable adsorption sites
on the Cu-supported h-BN monolayer. The two stable adsorption sites are relaxed
again for injecting negative and positive charges into the substrate. It is found that the
O atom initially binding with the B-N bond moves to the B atom after structural

relaxation under -le. So we calculate the minimum energy paths (MEPs) for the O
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atom moving from the B-N bond to the B atom by using the nudged elastic band
method *' based on the DFT technique. In the MEPs, the relative energy with
respective to the total energy of an initial state is obtained. As shown in Fig. 5 (a), the
energy barrier for the O migration from the B-N bond to B atom is 0.49 eV at the
neutral state. Nevertheless, the energy barrier disappears through injecting one
negative charge into the Cu substrate. Under -le injection, the O atom on the B-N
bond is unstable and binding on the B atom becomes the only favorable site. Injecting
one positive charge leads to a converse situation. O adsorption on the B-N bond
becomes more stable than that on the B atom. The energy barrier for O moving to the
B atom is 0.35 eV while from the B atom to the B-N bond is 0.25 eV. Our further DFT
calculations show that negative charge injection on the substrates could drive the O
adatoms on the B-N bonds to move to the B atoms for both the Cu/BN-supported
h-BN monolayer and suspended h-BN monolayer. Charge induced migration of O to
B atom is also observed when more O atoms adsorb on the BN nanosheets. The
change in the O adsorption demonstrates that charge injection could control the
binding site of O atom on the substrate-supported h-BN nanosheets and the electronic
properties of the h-BN coating are accordingly modified with the change of O

adsorption site.

Page 12 of 19



Page 13 of 19

Nanoscale

2 4
Configurations

(b) 0.6 (C) 0.2

Y # e || 0.0

o ) ) w 0.2 e u < “ -0.5

Fig. 5 (a) Minimum energy pathways of the O atom on the B-N bond moving to
the position on the B atom with and without charge injection on the
Cu-supported BN monolayer. The insets show the initial and final configurations.
Contour plots of 2D projection of charge density change Ap“ [in units of e/(A)’]
for injecting (b) -1e and (c) +1e charge into the Cu-supported BN monolayer with
O on the B-N bond. The denotation of contour plots and dots is the same as that

in Figure 1.

The underlying mechanism for adsorption modulation induced by external charge is
elucidated in terms of the charge difference Ap“ for O on the B-N bond, which is
calculated by Ap™® = p — p"* here p“¢ is the charge density of uncharged
system, and p“¢is that of charged system. It can be seen from Fig. 5 (b) and (c) that
under -le injection charge depletion mostly distributes around the N atom bonding
with the O adatom while charge accumulation mostly distributes at the O atom.
Charge depletion at the N atom weakens the bonding state between N and O atom,

and makes the O atom favorably bond with the B atom. For injecting +1e, charge
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accumulation is dominating around the N atom, which strengthens the bonding state
of N with O atom. The opposite response of O-N bond to negative and positive charge
injection is consistent with the significant difference in the MEPs. For
Cu/BN-supported BN monolayer under charge injection, the charge accumulation and
depletion around the O adsorption site are similar to that of Cu-supported BN
monolayer. This suggests that the charge induced adsorption site change of O atom is

independent to the underlying substrate.

4. Conclusion

Our extensive first-principles calculations present two stable O adsorption sites on
Cu-supported h-BN monolayer. One is O atom on the B-N bond, and another site that
has a lower binding energy between O and the underlying BN nanosheet is vertically
on the B atom. Charge transfer from the metal substrate to the O atom is crucial for
stabilization and formation of the vertical O-B bond. The adsorption of O atom on the
B atom as well as the hybridization of the p orbital of the BN layer and O atom
around the Fermi level leads to a metallic transition in the oxidized h-BN nanosheet.
The migration of O atom from on the B-N bond to the B atom could be triggered by
negative charge injection on metal or insulator-supported h-BN monolayer. These
results provide insights into modulating the electronic properties of

substrate-supported h-BN nanosheets through charge injection mediated O adsorption.
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Insulating to metallic transition of oxidized h-BN nanosheets supported by substrates

is induced by charge injection mediated O adsorption.



