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1 Introduction

The reactions of selective oxidation are among the most important processes in
many chemical and industrial applications. Often such reactions involve several
stages with the use of chlorine or organic peroxides resulting in a production of
toxic by-products and waste [1]. Therefore, many efforts are underway to develop
efficient green alternatives to traditional, toxic chemical oxidants [2]. One of the
promising approach in this direction is nanocatalysis, which considers selective
oxidation by the molecular oxygen on supported metal nanoparticles [3]. Using
molecular oxygen as an oxidizing agent can make oxidation process an ideal and
waste free reaction [1]. For example, it has been demonstrated that nanoparticles
of gold have exceptional catalytic properties in oxidation reactions, including the
oxidation of carbon monoxide at mild temperatures, alcohol oxidation, the direct
synthesis of hydrogen peroxide and alkene epoxidation [4–10]. These unique prop-
erties of gold emerge when the size of catalytic particles decreases down to 1-5
nm; while larger sized particles and the bulk form of gold are catalytically inactive
[4–6, 8]. Thus, an inert gold becomes catalytically active at nanoscale.

There are two possible routes for catalytic oxidation on the surface of metal
nanoparticles. The first route consists in a preliminary dissociation of the adsorbed
molecular O2 followed by consequential oxidation of a reactant molecule by atomic
oxygen. The second route is a direct oxidation reaction between an activated O2

and a reactant molecule [11, 12]. The process of direct oxidation by the activated
molecular oxygen seems to be preferable, because it is difficult to control the
reactivity of the dissociated oxygen species on metal nanoparticles [1].

Although catalysis by gold nanoparticles is a very promising approach, gold
and other transition metals (Pt, Pd, Ru, etc.) widely used in nanocatalysis are ex-
pensive for industrial applications. Therefore development of effective and environ-
ment friendly catalysts based on the non-precious abundant elements is emerging
task.

In this work we present theoretical investigation on very unusual catalytic
properties of the material that traditionally was believed to be inert. We demon-
strate that chemically inert hexagonal boron nitride (h-BN) monolayer can be
functionalized and become catalytically active for oxygen activation.

Until recently, the hexagonal BN has never been considered as a possible cat-
alyst, due to its wide band gap of 5-6 eV and high thermal and chemical stability
[13]. However, electronic properties of the low-dimensional h-BN systems differ
considerably from those known for the h-BN bulk. The band gap in a h-BN mono-
layer can be considerably reduced by vacancy and impurity defects due to appear-
ance of the defect states in the forbidden zone of h-BN [14–17]. The point defects
can also induce the spin polarization and spontaneous magnetization of the h-BN
lattice [15, 16]. Such modifications of the h-BN electronic structure can result in
the promotion of interaction between molecules or clusters with the defected h-BN
surface.

Recently, we have demonstrated that small gold particles can be trapped ef-
fectively by N or B vacancy or impurity point defects in h-BN. Strong adsorption
on the surface defects is accompanied by the charge transfer to/from the adsor-
bate which can affect the catalytic activity of gold [18]. It has been shown that
interaction of Au with the h-BN surface can affect considerably the pathways and
barriers of CO oxidation reaction by molecular oxygen [19]. Moreover, adsorption,
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activation and dissociation of O2 on h-BN supported gold atoms and dimers can
be affected even by the interaction with the defect-free inert h-BN support via the
electron pushing mechanism [16–18]. Although the defect-free h-BN surface does
not act as a good electron donor for the supported O2-Au, it promotes an elec-
tron transfer from the Au to O2, pushing electrons from the gold to the adsorbed
oxygen. This effect occurs due to the mixing of the 5d orbitals of the supported
gold with the N-pz orbitals [16–18]. It has been shown, that O2 chemisorbs on
the nitrogen impurity, NB, boron impurity, BN, nitrogen vacancy, VN, and boron
vacancy, VB, point defects with the binding energy of 0.24 eV, 1.62 eV, 3.10 eV,
and 1.96 eV, respectively [13]. Interaction of O2 with the point defects in h-BN
monolayer results in activation of the adsorbed O2 and weakening of the O−O
bond. The O−O bond length in O2 adsorbed on NB, BN, and VN defects in h-BN
is enlarged similar to the superoxide state of oxygen (the O−O bond distances in
O–

2 is 1.33 Å[20]). In the case of O2 adsorption on the VB defect in h-BN monolayer
oxygen molecule is partially dissociated with the distance between O atoms of 1.79
Å. Activation of the adsorbed O2 is accompanied by the charge transfer from the
defected surface to the oxygen. Such mechanism of the charge-transfer-mediated
activation of O2 has been intensively studied for O2 adsorbed on metal clusters;
see, e.g., [11, 18, 21–27] and references therein. As it was discussed in [13] the
h-BN monolayer with BN, VN, and VB defects can not be a good catalyst due
to the strong bonding of O2 to the surface. However, N-doped h-BN monolayer
demonstrates catalytic activity for the oxygen reduction reaction [13].

Support effects can significantly modulate the band gap in two-dimensional
(2D) nanostructures. Much attention has been paid to h-BN monolayer adsorbed
on transition metal surfaces because of possible applications in nano-electronics
and chemistry, see, e.g., [28–30] and references therein. Results of experimental
and theoretical studies on the electronic properties of h-BN monolayer adsorbed on
transition metal surfaces are still very controversial. In earlier experiments by an-
gle resolved ultraviolet photoelectron spectroscopy and angle resolved secondary-
electron spectroscopy, it was found that h-BN monolayer is weakly bound to the
metal surfaces and remains insulator [31]. However, in later experiments performed
by the same group using the high resolution electron loss spectroscopy some mix-
ing of the π h-BN and d metal bands has been reported [32]. On the other hand
near-edge x-ray adsorption fine structure, photoemission and Auger spectroscopy
demonstrate strong orbital hybridization between Ni 3d and h-BN π states, which
indicates strong interaction between h-BN and Ni(111) substrate [33–35]. The
analysis of the electronic structure of the bulk h-BN and the h-BN/Ni(111) inter-
face demonstrates that the gap between bonding and antibonding states of h-BN
monolayer on Ni(111) surface becomes filled mostly by the N-pz and B-pz states
due to a strong interaction with the metal d-band [36, 37]. Theoretical calculations
show that the electronic and magnetic properties of a h-BN monolayer supported
on 3d, 4d and 5d transition metal surfaces can be modified as a result of mix-
ing of the dz2 metal orbitals with N-pz and B-pz orbitals of the h-BN monolayer
[28, 37–42].

It is known that adsorption and activation of O2 on the catalytic surface can
be strongly affected by the density of electronic states (DOS) near the Fermi level
of the catalyst. Therefore, the metal substrate can influence on the molecular ad-
sorption and chemical reactions on the supported h-BN surface due to the mixing
between metal d and h-BN π bands. Such an effect can open a new way to tune
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adsorption characteristics of O2 and reactant molecules on h-BN by the selection
of metal substrate.

In the present work we present results of a theoretical investigation of the
binding preference and catalytic activation of O2 adsorbed on the h-BN monolayer
supported on the Ni(111) and Cu(111) surfaces. We show that h-BN/metal systems
can possess very interesting catalytic activity for oxygen activation as a result of
mixing of the metal d and h-BN π bands.

2 Methods

The calculations are carried out using density-functional theory (DFT) with the
gradient-corrected exchange-correlation functional of Wu and Cohen (WC) [43].
The choice of DFT method is stipulated by the fact that the WC functional pro-
vides a good description of the lattice constants, crystal structures and surface
energies of solids with layered structures like graphite or h-BN, whose distances
between the layers are determined by rather weak interactions [44]. Moreover, the
WC functional gives a realistic description of the binding energies and geometries
of h-BN layer on top of 3d, 4d and 5d transition metal surfaces, correctly describ-
ing the interaction of transition metals with h-BN [37, 44, 45]. The WC functional
was successfully used in our previous works to describe ORR on N-doped h-BN
monolayer [13], and catalytic activity of small gold particles on the pristine and
defected h-BN surfaces [16, 17, 19].

Double-ζ plus polarization function (DZP) basis sets are used to treat the
2s22p1, 2s22p3, 2s22p4, 3d84s2 and 3d104s1 valence electrons of B, N, O, Ni and
Cu atoms, respectively [46, 47]. The core electrons are represented by the Troullier-
Martins norm-conserving pseudopotentials [48] in the Kleinman-Bylander factor-
ized form [49]. All calculations have been carried out with the use of the SIESTA
package [50–52]. Periodic boundary conditions are used for all systems, including
free molecules. In the latter case the size of a supercell was chosen to be large
enough to make intermolecular interactions negligible. The h-BN and metal (Ni,
Cu) lattices have been optimized using the Monkhorst-Pack [53] 10×10×4 and
10×10×10 k-point mesh for Brillouin zone sampling, respectively. The calculated
h-BN lattice parameters a = b = 2.504 Å and c = 6.656 Å are in a good agree-
ment with the experimental values of a = b = 2.524 ± 0.020 Å and c = 6.684
± 0.020 Å, reported in [54]. The calculated lattice parameters of Ni and Cu face-
centered cubic (fcc) bulk structures are a = 3.524 and 3.626 Å, respectively. The
obtained lattice parameters of Ni and Cu are in the excellent agreement with the
experimental data of 3.5238 [55] and 3.6149 Å [56], respectively.

The optimized lattices of the bulk Ni and Cu were used to construct slabs
for h-BN/Ni(111) and h-BN/Cu(111) surfaces, respectively. The four-layer slabs
containing 6×6 unit cells (144 atoms per slab) represent the Ni(111) and Cu(111)
surfaces. The calculated lattice parameter of h-BN monolayer 2.504 Å has a close
value with the surface lattice constants of Ni(111), 2.492 Å and Cu(111), 2.564 Å,
resulting in a good match of the h-BN, Ni(111) and Cu(111) lattices. The period-
ically replicated slabs are separated by the vacuum region of 20 Å. In calculations
the bottom three layers in the slabs are fixed, and all other atoms are fully relaxed.
Only the Γ point is used for the Brillouin zone sampling due to the large size of
the supercell. The energy cutoff of 200 Ry is chosen to guarantee convergence of
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the total energies and forces. A common energy shift of 10 meV is applied. The
self-consistency of the density matrix is achieved with a tolerance of 10−4. For ge-
ometry optimization the conjugate-gradient approach was used with a threshold
of 0.02 eV Å−1. The atoms in molecules method of Bader (AIM) has been used
for charge analysis [57, 58]. In order to obtain the most stable configuration of the
adsorbed O2 we have generated a large number of starting geometries. The start-
ing structures have been optimized without any geometry constraints. The similar
approach has been successfully used in our previous works for oxygen reduction
reaction on the N-doped h-BN monolayer [13], on adsorption of O2, H2, and C2H4

molecules on the free and supported gold clusters [11, 12, 16, 17, 19, 59, 60] as
well as on molecular and cluster structure optimization [61–65].

3 Results and discussion

3.1 Geometry and electronic structure of a pristine h-BN monolayer, and h-BN
monolayer deposited on Ni(111) and Cu(111) metal surfaces.

Adsorption and activation of O2 on the catalytic material is one of the most
important steps for oxidation reactions by molecular oxygen. In the present work
we study several possible sites for O2 adsorption on h-BN monolayer deposited on
the Ni(111) and Cu(111) surfaces. The considered surface models are schematically
shown in Figure 1.

Structure and stability of h-BN on transition metal surfaces have been a sub-
ject of many theoretical [28, 37–39, 66] and experimental [31, 33–35, 41, 67, 68]
studies. Our calculations demonstrate that the most stable configuration of h-BN
on Ni(111) is that with N atoms on top of the Ni atoms in the first metal layer
with the N-Ni distance of 2.11 Å, while B atoms are located on top of the fcc
hollow sites on the surface in accord with the previous theoretical studies [37, 38].
The calculated binding energy of h-BN monolayer to Ni(111) surface is 0.36 eV per
BN pair, which is in a reasonable agreement with the theoretical data of 0.19 eV
[37] and 0.39 eV [28] obtained with the use of WC [43] and revPBE+D3 [69, 70]
DFT functionals, respectively. Another possible configuration, where N atoms are
located on top of Ni atoms and B atoms occupy the hcp hollow sites instead of
fcc sites is less favorable energetically by 13 meV per BN pair. The optimized
geometry structure of the h-BN monolayer on the Cu(111) surface is similar to
that obtained for the h-BN/Ni(111) system – the N atoms are located on top of
the metal atoms in the first surface layer with the N-Cu distance of 2.65 Å, while
B atoms are located on top of the fcc hollow sites. The interaction of h-BN mono-
layer with the Cu(111) surface is much weaker than with the Ni(111) support – the
calculated binding energy of h-BN to the Cu(111) surface is only 0.07 eV per BN
pair. Therefore the N-Cu interatomic distances are considerably larger than N-Ni
ones. Since the lattice constant of h-BN matches almost perfectly with the lattice
constants of Ni(111) and Cu(111) surfaces there is no large geometric corrugation
of the h-BN monolayer upon its adsorption on Ni(111) and Cu(111). However, h-
BN monolayer on Ni(111) is buckled by 0.12 Å, with B atoms closer to the metal
surface than N atoms. In the case of Cu(111) support the buckling of the adsorbed
h-BN monolayer is only 0.03 Å. One should note that although h-BN monolayer on
the Cu(111) surface is not corrugated geometrically, the corrugation of the h-BN
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2.39 Å 

         

a) 
0.12 Å buckling 

                 2.11 Å 

 

 

2.03 Å                            

 

     

h-BN/Ni(111) (side view)                h-BN/Ni(111) (top view) 

b) 

2.65 Å 

 

2.08 Å 

 

h-BN/Cu(111) (side view)              h-BN/Cu(111) (top view) 

c) 

3.19 Å 

 

 

h-BN/Au(111) (side view)              h-BN/Au(111) (top view) 

 

Fig. 1 Surface models: side (left) and top (right) views of the optimized h-BN/Ni(111) (a)
and h-BN/Cu(111) (b) structures. All distances are given in Angstroms.

electronic structure and formation of the electronic Moire-like superstructure in
h-BN/Cu(111) system has been reported in [71]. Overall, the optimized structures
of h-BN/Ni(111) and h-BN/Cu(111) are in a good agreement with the available
experimental data [72, 73] and results of previous theoretical calculations [37, 38].

To gain more insight into the electronic structure of the considered h-BN based
systems we have calculated the spin polarized DOS which are presented in Fig-
ure 2. Our calculations demonstrate that the defect-free h-BN monolayer has a
wide band gap of 4.6 eV. Experimental values of the band gap energy for solid
h-BN are widely dispersed in the range between 3.6 and 7.1 eV depending on
the experimental method [74]. Recent results obtained from the analysis of laser-
induced high-resolution fluorescence excitation spectrum of h-BN powder have
determined the band gap energy of the solid h-BN: Eg = 4.02 ± 0.01 eV [74].

Figure 2 shows that the PDOS of h-BN monolayer adsorbed on Ni(111) is
strongly modified due to interaction with the metal, demonstrating the appearance
of the significant density of both occupied and unoccupied gap states with the N-
pz and B-pz characters. Such an effect occurs due to mixing of the Ni-dz2 orbitals
with N-pz and B-pz orbitals of the h-BN monolayer in a full agreement with
the results of previous theoretical calculations [36, 37]. One can also notice a
spin polarization effect, which shifts the down-spin PDOS to the slightly higher
energies and resulting in some differences in the up-spin and down-spin gap states.
Similar effect has been discussed in [28] and references therein. The existence
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Fig. 2 Spin polarized density of electronic states (DOS) calculated for the defect free h-BN
monolayer as well as partial DOS (PDOS) projected on B and N atoms for h-BN/Ni(111) and
h-BN/Cu(111) systems. The location of the Fermi level is indicated by a dashed vertical line
at 0 eV. Arrows directed up and down indicate the up-spin and down-spin DOS, respectively.
A Gaussian broadening of half-width 0.1 eV has been used.
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of the gap states of h-BN adsorbed on Ni(111), Rh(111) and Pt(111) surfaces
has been recently proved experimentally and explained by the orbital mixing and
electron sharing at the interface [35]. In the case of Cu(111) surface the PDOS
of the supported h-BN monolayer is also modified, however not so strong as for
the Ni(111) surface. One can note appearence of the gap states at the top of the
valence band of h-BN supported on Cu(111), as it is seen in Figure 2. We have
also found a slight protrusion of the unoccupied BN states towards the Fermi level,
clearly seen in the case of Cu(111) support. Therefore one can conclude that the
changes in PDOS of h-BN deposited on transition metal surfaces correlate with
the strength of the h-BN-metal bonding, as it was already mentioned in [37].

The features of the electronic structure of h-BN monolayer supported on transi-
tion metal surfaces can affect the process of O2 adsorption and activation. Indeed,
the catalytic activation of the adsorbed O2 is related to an electron transfer from
the support to the anti-bonding 2π∗ orbital of oxygen. Presence of defect levels or
the gap states nearby the Fermi level can promote the electron transfer from the
support to the adsorbed O2 and hence result in its catalytic activation.

3.2 Adsorption of O2 on a free and metal supported h-BN monolayer.

In order to understand how the metal support can affect the chemical properties
of the h-BN monolayer we consider adsorption of the molecular oxygen on the
stand-alone pristine h-BN monolayer, h-BN/Ni(111) and h-BN/Cu(111) systems.

Our calculations demonstrate that molecular oxygen physisorbs on the defect-
free h-BN monolayer in a configuration where the O−O bond is oriented parallel
to the surface plane at the distance of 3 Å above the surface, as it is shown in
Figure 3. The physisorbed oxygen remains catalytically non-activated in its triplet
state with the binding energy of 0.06 eV to the h-BN monolayer. Here, the binding
energy of O2 to h-BN is defined as

Eb = Etot(O2) + Etot(h−BN)− Etot(O2/h−BN), (1)

where Etot(O2/h-BN) denotes the total energy of the O2/h-BN system, while
Etot(O2) and Etot(h-BN) are the energies of the non-interacting fully optimized
O2 and h-BN subsystems, respectively.

 

 

 

                         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Optimized structure of the molecular oxygen physisorbed on a free h-BN monolayer.
The distances are given in Angstroms.

The weak interaction of O2 with the pristine h-BN monolayer is expected,
as the defect-free h-BN is chemically inert material. However, Ni(111) support
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Fig. 4 Optimized structure of the molecular oxygen chemisorbed on the h-BN/Ni(111) surface
in (a) on-top (in a doublet spin state) and (b) bridge configuration (in a singlet spin state).
The distances are given in Angstroms.

strongly affects the chemical properties of h-BN monolayer and its ability to adsorb
simple molecules. The results of our calculations show that molecular O2 readily
adsorbs on h-BN/Ni(111) in a top configuration (in a doublet spin state) with Eb

= 0.64 eV and in a bridge configuration (in a singlet spin state) with Eb = 1.51
eV, as shown in Figures 4a and 4b, respectively. We also found the dissociative
state of oxygen on the h-BN/Ni(111) surface with the binding energy of Eb =
0.60 eV, which is smaller than Eb calculated for the molecular adsorption of O2.
Therefore, one can suggest that O2 dissociation is not favorable energetically on
h-BN/Ni(111) surface. Similar conclusion has been made for the N-doped h-BN
system [13].

In the top-configuration (Figure 4a), O2 adsorbs on top of the B atom on the
h-BN/Ni(111) surface and inclined from the surface normal, while in the bridge-
configuration (Figure 4b) O2 is oriented parallel to the surface and bridges two
B atoms. In both cases the h-BN monolayer possesses structural relaxations upon
O2 adsorption. Thus, the B atoms localized in the vicinity of the adsorbed O2

protrude above the surface plane by ∼ 0.5 Å. Strong interaction of O2 with h-
BN/Ni(111) results in the catalytic activation of the adsorbed O2 and weakening
of the O−O bond. The O−O bond length in O2 adsorbed on h-BN/Ni(111) in
on top configuration (Figure 4a) is elongated to 1.34 Å, similar to the superoxide
state of oxygen (the O−O bond distances in O–

2 is 1.33 Å[20]), while in the case of
a bridge configuration the O−O bond length elongated to 1.49 Å, similar to the
peroxide state of oxygen (O2–

2 ).

It is interesting that adsorption preferences of O2 on h-BN/Cu(111) and h-
BN/Ni(111) surfaces are is very similar. Figures 5a) and 5b) demonstrate that O2

adsorbs in the top-configuration on top of the B atom on the h-BN/Cu(111) surface
with Eb= 0.61 eV and in the B-B bridge-configuration parallel to the surface,
with the binding energy of 1.54 eV. Interaction of O2 with h-BN/Cu(111) results
in the catalytic activation of the adsorbed O2 and weakening of the O−O bond,
similar to the case of h-BN/Ni(111) surface. However, structural deformations in
h-BN monolayer upon O2 adsorption are rather different for Ni(111) and Cu(111)
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Fig. 5 Optimized structure of the molecular oxygen chemisorbed on the h-BN/Cu(111) surface
in (a) on-top (in a doublet spin state) and (b) bridge configuration (in a singlet spin state).
The distances are given in Angstroms.

supports. As it was discussed above, in the case of h-BN/Ni(111) system B atoms
participating in the bonding with O2 protrude above the h-BN surface plane by
∼ 0.5 Å. However, in the case of h-BN/Cu(111) system, these B atoms protrude
above the surface only by ∼ 0.15 Å, while N atoms nearest to the adsorbed O2

dip below the h-BN surface by ∼ 0.3 - 0.6 Å. Such deformation results in decrease
of the Cu–N bond length for N atoms in the vicinity of the adsorbed O2 and in
increase of the strength of h-BN - Cu interaction. Thus, adsorption of O2 on h-
BN/Cu(111) promotes binding of h-BN to the Cu(111) surface. The flexibility of
the h-BN monolayer is crucial for the strong adsorption of O2 on h-BN/Cu(111).

In order to clarify mechanism of O2 activation on the metal supported h-BN
monolayer we present analysis of the partial density of electronic states of the
adsorbed oxygen. The maxima of the PDOS corresponding to the O2 molecule
adsorbed on the h-BN and h-BN/metal surfaces can be assigned to the peaks of
the PDOS spectra of the free O2. Oxygen molecule possesses the occupied up-spin
antibonding 2π∗ orbital below the Fermi level and the unoccupied down-spin 2π∗

orbital above the Fermi level.

Figure 6a demonstrates that in the case of O2 physisorption on the pristine
h-BN monolayer the spin-polarized PDOS spectrum of O2 remains unperturbed
by the weak interaction with the support. However, when O2 adsorbs on the h-
BN/Ni(111) surface one can see a considerable change in PDOS spectra. As it was
discussed above, the interaction of h-BN monolayer with the Ni(111) substrate
results in formation of the gap states in h-BN with pz character. These gap states
are located in the same energy region as the antibonding O2-2π

∗ orbitals, and
strongly mixed with each other. Figure 6b demonstrates that in the case of on
top adsorption of the molecular oxygen on h-BN/Ni(111) the O2-2π

∗ orbitals split
into two components, which lie in the plane and perpendicular to the plane defined
by the O2 and B atom. The down-spin 2π∗ orbital of a free or physisorbed O2

is unoccupied and located above the Fermi level. Adsorption of O2 on top of B
atom on h-BN/Ni(111) leads to the appearance of the partly filled down-spin 2π∗

component in the PDOS spectra, below the Fermi level, as shown in Figure 6b.
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Fig. 6 Partial density of electronic states (PDOS) projected on the O2 molecule (a) ph-
ysisorbed on h-BN monolayer, and adsorbed on the h-BN/Ni(111) surface in the (b) top
(superoxo-like) and (c) bridge (peroxo-like) configurations. The position of the Fermi level is
indicated by a dashed vertical line at 0 eV. Arrows directed up and down indicate the up-spin
and down-spin PDOS, respectively. Gaussian broadening of half-width 0.1 eV has been used.
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One can also notice a prominent broadening of O2-5σ1π orbitals due to the strong
interaction with the support. Partial population of the antibonding 2π∗ orbital of
O2 is responsible for the catalytic activation of the adsorbed oxygen and stretching
of the O–O bond. According to the Bader analysis, the charge localized on the O2

adsorbed in on-top configuration is -0.92e, where e is an elementary charge. Such
mechanism of the charge-transfer-mediated activation of O2 has been intensively
studied for O2 adsorbed on metal clusters; see, e.g., refs [11, 16, 17, 19, 21–27]
and references therein. Adsorption of O2 on h-BN/Ni(111) in a bridge configura-
tion results in a further population of the down-spin 2π∗ orbital which becomes
completely occupied and lies below the Fermi level. There is no considerable spin
polarization of O2 orbitals. The calculated Bader charge localized on O2 adsorbed
in the bridge configuration is -1.81 e, which confirms that this configuration corre-
sponds to the highly reactive peroxide state. The mechanism of O2 activation on
the h-BN/Cu(111) support is very similar to that described for h-BN/Ni(111).

It is interesting to compare adsorption of O2 to h-BN/Ni(111) and h-BN/Cu(111)
supports with the case of the pure Ni(111) and Cu(111) surfaces. Earlier theoret-
ical calculations have determined two molecular configurations of O2 on Ni(111)
surface when O2 adsorbs at the bridge-site with two atoms oriented towards the
neighboring substrate atoms (top-bridge-top configuration), and at the threefold
hollows (fcc or hcp), when the molecule stretching from top to bridge (top-hollow-
bridge configuration) [75]. The binding energies of O2 to Ni(111) are 1.34-1.41 and
1.55-1.67 eV, calculated for the top-bridge-top and top-hollow-bridge configura-
tion, respectively [75, 76]. In the case of Cu(111) surface O2 binds to the surface in
a paramagnetic superoxo-like state, O–

2, adsorbed in a flat top-bridge-top geometry
with the binding energy of 0.45 eV, and in a nonmagnetic peroxo-like state, O2–

2 ,
adsorbed in a bridge-hollow-bridge configuration with the binding energy 0.56 eV
[77]. The results of our calculations demonstrate that in the case of O2 adsorption
on h-BN/Ni(111) and h-BN/Cu(111) systems there are two possible configurations
of O2, corresponding to the superoxo-like and peroxo-like states, similar to adsorp-
tion on Ni(111) and Cu(111). The superoxo-like state of O2 on h-BN/Ni(111) has
considerably smaller binding energy if compared with the pure Ni(111) surface.
On the other hand the peroxo-like state of O2 on h-BN/Ni(111) has the bind-
ing energy similar to that calculated for Ni(111). In the case of h-BN/Cu(111)
support the superoxo-like state of O2 on h-BN/Cu(111) has the binding energy
to the surface similar to the superoxo-like state of O2 on Cu(111), however the
peroxo-like state of O2 binds to h-BN/Cu(111) considerably stronger than to the
pure Cu(111) surface.

4 Conclusions

In conclusion, we have reported results of the theoretical calculations of O2 adsorp-
tion and activation on the stand-alone and the metal supported h-BN monolayer.
It is demonstrated that inert h-BN monolayer can be functionalized by the metal
support and become active for O2 activation. It is shown that O2 adsorbs on
h-BN/Ni(111) and h-BN/Cu(111) systems in two configurations, corresponding
to the superoxo-like and peroxo-like states of oxygen. It is shown that the metal
substrate influences the molecular adsorption and chemical reactions on the sup-
ported h-BN surface via the mixing between metal d and h-BN π bands. Such an
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effect can open a new way to tune adsorption characteristics of O2 and reactant
molecules on h-BN by the selection of metal substrate.
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