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ABSTRACT: The structural, electronic, and catalytic properties of Au and Au, supported on the

pristine and defected hexagonal boron nitride (h-BN) surface have been studied theoretically using
density functional theory. It is demonstrated that adsorption and catalytic activation of O, on the h-
BN supported Au and Au, can be affected by the interaction with the support via electron pushing
and donor/acceptor mechanisms. It is shown that even weak interaction of Au and Au, with the
defect-free "inert” h-BN surface can have an unusually strong influence on the binding and catalytic
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activation of the molecular oxygen. This effect occurs due to the mixing of the Sd orbitals of the

supported Au and Au, with the N-p, orbitals. Although the defect-free h-BN surface does not act as
a good electron donor for the supported O,—Au, it promotes an electron transfer from the Au to

R e e Ry

O,, pushing electrons from the gold to the adsorbed oxygen. In the case of the defected h-BN

surface, Au and Au, can be trapped effectively by N or B vacancy and impurity point defects. Strong adsorption on the surface
defects is accompanied by the large charge transfer to/from the adsorbate. The excess of the positive or negative charge on the
supported Au and Au, can considerably promote their catalytic activity. Therefore, the h-BN surface (pristine or defected)

cannot be considered as an inert support for Au and Au,.

B INTRODUCTION

Gold clusters supported on metal oxides possess unique
catalytic activity in various oxidation reactions by molecular
oxygen.'™* The high selectivity of gold clusters at mild
temperatures makes them very attractive for many industrial
applications.® It is commonly accepted that several factors can
influence the catalytic activity of gold. One of the most
important factors is the size effect. The catalytic activity of gold
emerges when the size of clusters decreases down to 1—5 nm,
while larger-sized particles and the bulk gold are catalytically
inert.">%” Furthermore, supported gold clusters consisting of
just a few atoms can also possess extraordinary high catalytic
activity.® This is the regime where each atom counts and
physical and chemical properties of clusters are extremely size
sensitive and cannot be deduced from those known for larger
sizes.>>"0

Interaction with the support is another factor that can
dramatically influence the chemical reactivity of gold
clusters.>™' ™% Most of the experimental studies have been
performed for gold clusters supported on various metal oxides,
such as MgO, ZnO, TiO,, ZrO,, Al,O;, and Fe,O;; see, e.g, ref
S and references therein. It was demonstrated that the catalytic
activity of gold clusters strongly depends on the type of the
support material.>>"" Interaction with the support can modify
considerably the geometry structure and morphology of the
supported cluster.'”'® Charge transfer from the metal oxide
support to the gold results in formation of the highly reactive
charged gold clusters.'”*° For example, in the case of catalytic
oxidation by O,, an electron from the negatively charged gold
cluster readily transfers to the antibonding 27 orbital of the
adsorbed O,, which weakens the O—O bond and activates the
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oxygen molecule for further catalytic reaction or dissociation;
see, e.g, refs 4, 21—-25, and references therein. Such a
mechanism of the charge-transfer-mediated activation and
dissociation of O, on gold clusters has been intensively
studied’"**™*" On the other hand, the positive charge
accumulated on the gold can promote adsorption of some
reactants, such as CO and h)rclroczirbons.32’33 Thus, the charge
state of the supported gold clusters can considerably influence
their reactivity.”** Catalytic activity of the supported clusters
can also be promoted by defects in the support material.
Defects can trap the metal cluster and enhance charge transfer
between the support and the cluster. It was demonstrated that
Aug clusters supported on the MgO(100) surface rich of F-
center defects show high catalytic activity, while Aug deposited
on the defect-poor MgO(100) surface is inert.'”** Defects are
not the only factor responsible for charging of the supported
metal clusters. Recently, it was demonstrated that the charge
accumulated on the supported gold cluster can be tuned by
varying the thickness of the metal oxide layer deposited on the
metal support.'***73? 1t is interesting that very small neutral
gold clusters consisting of a few atoms are relatively inert as free
species but can be catalytically active on the support. Thus, the
support effects can play an even larger role in gold nanocatalysis
than the particle size. On the other hand, it is commonly
accepted that "inert” supports, such as hexagonal boron nitride
(h-BN), do not affect the electronic and geometry structure of
the supported clusters, and hence such clusters can be
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considered as pseudofree. This suggestion is widely used to
study intrinsic properties of metal clusters that are free from the
support effects.” Indeed, h-BN is an electrical insulator with a
wide band gap (~5.8 eV) and high thermal and chemical
stability.**" Tt is unlikely that such a support can influence the
physical and chemical properties of the deposited gold
clusters.** However, very little attention has been paid to
theoretical investigation concerning the role of the h-BN
support on the catalytic properties of gold, with an exception of
our recent work, where we have demonstrated that vacancy
defects on the h-BN surface can functionalize small gold
particles due to the electron transfer between the vacancy and
the adsorbed gold.*

In the present paper, we report results of a systematic
theoretical investigation of the structural, electronic, and
catalytic properties of Au and Au, deposited on the pristine
inert h-BN surface, as well as on the h-BN surface with B and N
vacancy and impurity defects. We have selected the smallest
gold particles Au and Au, as a simple model to elucidate the
basic mechanisms of functionalization of gold on the inert h-
BN support. The small free neutral gold clusters consisting of a
few atoms are relatively inert toward O, activation and hence
can serve as excellent model objects to study support effects.
Adsorption and catalytic activation of O, on Au/h-BN and
Au,/h-BN are studied with the aim to understand the specific
role played by the h-BN support in the catalytic processes on
gold. It is demonstrated that two different mechanisms
(electron pushing and donor/acceptor) can affect the catalytic
properties of h-BN supported Au and Au,. It is shown that the
activity of Au and Au, toward O, catalytic activation can be
sensitive to the interaction with the h-BN support even in the
case of the ideal defect-free h-BN surface. Therefore, Au and
Au, supported on the h-BN surface (pristine or defected) can
not be considered as pseudofree particles. Such a phenomenon
can be particularly important for understanding the mechanism
of the catalytic activity of the supported small gold molecules in
oxidation reactions employing molecular oxygen.

B THEORETICAL METHODS

The calculations are carried out using density functional theory
(DFT) with the gradient-corrected exchange-correlation func-
tional of Wu and Cohen (WC)* as implemented in the
SIESTA code.””™*" The choice of WC functional is stipulated
by the fact that it allows us to reproduce correctly 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 inter-
actions.”® Thus, the standard Perdew—Burke—Ernzerhof
(PBE)* functional which was successfully used to describe
oxidation reactions on gold clusters supported on the
MgO(001) surface'® shows only marginal binding of the
hexagonal layers in h-BN along ¢, while WC provides very
accurate results that are close to experiment.** Moreover, the
WC functional provides a realistic description of the binding
energies and geometries of a h-BN layer on top of 3d, 4d, and
5d transition metal surfaces, correctly describing interaction of
transition metals with h-BN.**°%%!

Double-{ plus polarization function (DZP) basis sets are
used to treat the 2s™2p’, 2s?2p?, 2s?2p*, and 6s'5d" valence
electrons of B, N, O, and Au atoms, respectively.sz’53 The
remaining core electrons are represented by the Troullier—
Martins norm-conserving ;Jseudopotentials54 in the Kleinman—
Bylander factorized form.>® All calculations are spin polarized.
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Relativistic effects are taken into account for Au via scalar-
relativistic pseudopotentials. It has been shown that such an
approach applied to gold describes correctly geometry and the
electronic structure of small gold clusters and their alloys,**’
adsorption of Au to MgO surfaces,*® as well as adsorption of O,
and CO on small gold clusters.”

In the SIESTA code, the basis functions and the electron
density are projected onto a uniform real-space grid. The mesh
size of the grid is controlled by an energy cutoff, which defines
the wavelength of the shortest plane wave that can be
represented on the grid. In the present work, the energy cutoff
of 200 Ry is chosen to guarantee convergence of 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 107*. For geometry optimization, the
conjugate-gradient approach was used with a threshold of 0.02
eV A", All energies are corrected for the basis set superposition
errors (BSSEs). The atoms in molecules method of Bader
(AIM) has been used for charge analysis.sg’60 The electron
density has been plotted using the XCRYSDEN visualization
program.

Periodic boundary conditions are used for all systems,
including free molecules and clusters. In the latter case, the size
of a supercell was chosen to be large enough to make
intermolecular interactions negligible. To validate our approach
and choice of WC functional, we have calculated the
dissociation energies and interatomic distances for O, and
Au, diatomic molecules. Our calculations demonstrate that the
dissociation energy, D, and bond length in O, (5.88 €V, 1.24
A) and Au, (2.28 eV, 2.55 A) are in good agreement with
experimental data for O, (5.23 eV, 1.21 A) and Au, (229 eV,
2.47 A).* The h-BN lattice has been optimized using the
Monkhorst—Pack® 10 X 10 X 4 k-point mesh for Brillouin
zone sampling. The calculated lattice parameters a = b = 2.504
A and ¢ = 6.656 A are in excellent agreement with the
experimental values of a = b = 2.524 + 0.020 A and ¢ = 6.684 +
0.020 A, reported in ref 64. The h-BN surface is represented by
the two-layer slab containing 7 X 7 unit cells (98 units of BN
per slab) with the surface area of 3.07 nm® The periodically
replicated slabs are separated by the vacuum region of 25 A in
the (001) direction. In all calculations, the bottom layer in the
slab is fixed, and all other atoms are fully relaxed. Only the I'
point is used for sampling the Brillouin zone due to the large
size of the supercell.

B THEORETICAL RESULTS

Surface Model and Adsorption of Au and Au, on the
Defect-Free and Defected h-BN. The h-BN lattice has a
layered structure which is very similar to graphite. The planar
networks of B;N; hexagons are regularly stacks on top of each
other.”* Due to the partially ionic character of the B—N
bonding, the B atoms in one layer are located on top of the N
atoms of the neighboring layer and vice versa, as shown in
Figure 1(a).

In the present work, we study adsorption of Au and Au, on
the defect-free h-BN surface as well as h-BN surfaces with
boron vacancy (Vg), nitrogen vacancy V), nitrogen impurity
(Ng), and boron impurity (By) point defects, which are
schematically shown in Figure 1(b). These are the simplest and
relatively stable types of defects in h-BN. It is important to note
that spontaneous magnetization of the lattice can occur in
systems with point defects such as impurities or vacancies.*®
Thus, we have found that the considered systems with V and
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Figure 1. h-BN surface models: (a) side view of the two-layer h-BN
p(7 X 7) slab; (b) schematic presentation of the defect-free h-BN
surface and h-BN surface with boron vacancy (Vy), nitrogen vacancy
(Vy), nitrogen impurity (Nj), and boron impurity (By) defects (only
part of the top layer is shown).

Vy vacancy defects are in the quartet and doublet spin states,
respectively. The enhancement of the spin polarization on Vg
and Vy defects in the h-BN monolayer has recently been
reported in ref 66.

The stability of point defects in the h-BN surface has been
intensively investigated. It was demonstrated that Ny and By
impurity defects have low formation energies, comparable to
those of the vacancies Vy and V5.*”%® Thus, it was found that
Nj is the most stable defect in h-BN under N-rich conditions
followed by the nitrogen vacancy.®” This is consistent with
experimental findings of large concentrations of nitrogen
interstitials and vacancies and of the trapping of nitrogen in
the hexagonal phase of BN thin films grown by ion-
bombardment-assisted deposition techniques; see ref 67 and
references therein. The stability of divacancies in graphitic
boron nitride (g-BN) sheets has been studied in ref 69. It was
shown that the divacancies are more frequently formed in
graphene than in the g-BN.%” However, it was found that in the
BN single-wall nanotubes the most stable type of point defect is
the BN divacancy.”® Formation of the triangle defects in the h-
BN monolayer has also been investigated; see, e.g., refs 71, 72,
and references therein. It was demonstrated that N(B) triangle
defect states of the h-BN atomic layer with N(B) edge atoms
have acceptor (donor) levels.”> Cohesive energy calculations

indicate that the h-BN atomic layer with N triangle defects is
more or less stable, respectively, than that with B triangle
defects when it is negatively or positively charged.”* The
relative stability of the particular type of defects in h-BN often
depends on the experimental conditions and the environment.
Therefore, in the present work, we study only the simplest
types of point defects in h-BN.

To obtain the most stable geometries of Au and Au,
supported on the h-BN surface, we have created a large
number of starting configurations by adding gold particles with
different orientation with respect to the surface. These
structures have been fully optimized on the surface, with
accounting for relaxation of all gold atoms as well as the top
layer of h-BN. The bottom layer of h-BN in the slab was fixed.
Thus, we have taken into account structural relaxations on the
h-BN surface due to its interaction with the supported gold
particles. A similar approach has been used in our recent work
to describe interaction of Au, Au,, Aug, and Au,, with the TiO,
rutile support.**”* Figure 2 presents the optimized geometries
of Au and Au, adsorbed on the defect-free and defected h-BN
surface. In the case of the defect-free h-BN surface, both Au and
Au, adsorb on top of the N atom. Figure 2 demonstrates that
Au adsorbs on top of Vg, Vy, and Ny point defects and bridges
boron impurity with the nearest boron atom in the case of the
By defect. Gold dimer adsorbs either vertically (defect-free h-
BN and Ny@h-BN) relative to the surface plane or inclined
from the surface normal (Vz@h-BN, Vy@h-BN, and By@h-
BN). Note that the defected h-BN surface undergoes structural
relaxations upon Au and Au, adsorption which are especially
strong for By@h-BN. The total spin state of the considered
systems is a singlet for Au/Vy@h-BN, Au,/h-BN, Au,/Ny@h-
BN, and Au,/By@h-BN; a doublet for Au/h-BN, Au/Ny@h-
BN, Au/By@h-BN, Au,/Vy@h-BN, and Au,/Vy@h-BN; and a
triplet for Au,/Vy@h-BN.

Figure 3 presents the calculated binding energy of Au and
Au, to the defect-free and defected h-BN surface. The binding
energy of a gold cluster Au, consisting of n atoms to the
pristine and defected h-BN surface is defined as

E,(Au,/h-BN) = E,(Au,) + E,(h-BN)
— E,(Au,/h-BN)

248 % 2.26 R 2.26 2.40 2.05
ctibrre ot ese B V¥EIre civhstes ebeirer.
TR STy AFTFEE S TR HRER
Au/h-BN Au/Vg@h-BN Au/Vy@h-BN  Au/ Ng@h-BN Au/ By@h-BN
T2<53 T2-53 2'57/7.
2.25 J . 2‘20 2_31 2.06
o e o
EETEEET o oI CEITIITF e oEEIITIP e atHIT
[\Ug/h-I3}J /XUQ/\/B@@hrISTJ /\UQ/\Hq@Dh-IBPJ /\UQ/T@B@@hrIBPJ /\uZ/ISNQ@}PlBPJ

Figure 2. Optimized geometries of Au and Au, adsorbed on the defect-free h-BN surface, as well as on the h-BN surface with Vg, Vy, Ng, and By
point defects. The interatomic distances are given in Angstroms. Only part of the h-BN slab is shown.
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Figure 3. Calculated binding energy of Au and Au, to the pristine and
defected h-BN surfaces.

where E,(Au,/h-BN) denotes the total energy of the Au,/h-
BN system, while E,(Au,) and E,(h-BN) are the total
energies of the noninteracting Au, cluster and h-BN slab,
respectively.

Our calculations confirm that Au and Au, interact weakly
with the pristine h-BN surface. Thus, the calculated binding
energies of Au and Au, on h-BN are E,(Au/h-BN) = 0.25 eV
and E,(Au,/h-BN) = 0.77 eV, respectively. However, the
interaction of Au and Au, with the support becomes
considerably stronger when the h-BN surface contains Vj,
Vn and By point defects. Thus, nitrogen and boron vacancy
defects trap the gold atom with the binding energy of 3.48 and
3.72 eV, respectively. The gold dimer adsorbs on Vi and Vg
with the binding energy of 3.07 and 3.24 eV, respectively.

We found that there is little charge transfer from the pristine
h-BN surface to the adsorbed gold. According to the Bader
analysis, the charges localized on the adsorbed Au and Au, are
—0.08e and —0.14e, respectively, where e is an elementary

charge.

1.0
0.8+
0.6+
0.4+
0.2
0.04
-0.24
-0.44

Charge(|e|)

-0.8+
-1.0 T T T T T

P P
A\ 4 ‘@‘0

S

B
N

<@ NG

Figure 4. Calculated Bader charge localized on Au and Au, adsorbed
on the pristine and defected h-BN surfaces.

The vacancy and impurity defects in the h-BN surface
influence considerably its electronic structure. Thus, the
considerable reduction in the work function of defected h-BN
monolayers was demonstrated with an exemption of V%
Figure 4 demonstrates that the strong adsorption on vacancy
defects is accompanied by the large charge transfer to/from the
gold particles. Thus, the Bader charges localized on Au trapped
by Vy and Vy defects are —0.39e and +0.70e, respectively. The
gold dimer adsorbed on Vi and Vy defects possesses Bader
charge of —0.59¢ and +0.57e, respectively. It is important to
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note that the charge of the adsorbed gold particles strongly
depends on the type of vacancy defects and can possess either
negative or positive values. Thus, Vy, N, and By donate
electrons to the adsorbed Au and Au,, while Vj acts as an
electron acceptor. Hence, it is possible to modify considerably
the cluster’s electron donor—acceptor capacity and its catalytic
properties by the support design.

Adsorption and Activation of O, on Au/h-BN and Au,/
h-BN. One can suggest that catalytic activity of Au and Au,
supported on the defect-free h-BN surface is not affected by the
interaction with the support, while adsorption of gold particles
on the defected h-BN surface might result in a strong change in
their catalytic activity. However, our calculations show that in
the case of the defect-free h-BN support the ability of small
gold particles to activate the molecular oxygen can be changed
dramatically. To demonstrate this unexpected effect and to
study the specific role played by the h-BN support in formation
of catalytic properties of the small gold particles, we perform
systematic investigation of adsorption and activation of O, on
Au/h-BN and Au,/h-BN systems.

Adsorption of molecular oxygen on free gold clusters has
been intensively investigated; see, e.g, refs 3, 4, 21—24, 29, and
references therein. It was found that O, readily adsorbs and
becomes catalytically activated on small neutral gold clusters
with an odd number of atoms as well as on gold cluster anions;
see, e.g, ref 3 and references therein. Such an ability of small
gold clusters to bind and activate molecular oxygen has been
explained by the transfer of unpaired valence electron from the
cluster to the oxygen antibonding 27* orbital, see, e.g., refs 3, 4,
21-24, and references therein. Our calculations demonstrate
that O, adsorbs on the free Au and Au, with the binding energy
of 049 and 048 eV, respectively. The O—O bond length
enlarges from 1.24 A (free O,) to 1.27 A and 1.26 A, upon O,
adsorption on the gold monomer and dimer, respectively. A
slight increase in the O—O bond length of the adsorbed O,
demonstrates its catalytic activation. It is important to note that
the correct description of interaction between O, and a single
Au atom is a rather difficult problem for DFT.*" The popular
PBE, PW91, and TPSS functionals do not show good
performance and overestimate binding of O, to Au. It was
demonstrated that to obtain accurate results for O,—Au
interaction the functionals used have to be able to treat the
long-range interaction well.*' Although the WC functional used
in the present work overestimates binding of O, to Au, it is a
good compromise choice for simultaneous discription of the
0,—Au and Au—h-BN interactions, as well as a weak long-
range interaction between layers in h-BN. Moreover, in the
present work we are interested not in the exact values of O,
adsorption energy but in a relative change of adsorption
energies due to the support effect. For this task, the choice of
the DFT functional is not so critical, and the WC functional
gives a qualitatively correct description of the process.

Can h-BN support modify the catalytic properties of gold?
Our calculations demonstrate that O, readily adsorbs on Au
and Au, supported on the pristine and defected h-BN surface.
Figure S presents optimized geometries of O, adsorbed on
Au,,/h-BN, Au,,/Vy@h-BN, Au,,/Vy@h-BN, Au,,/Ny@h-
BN, and Au, ,/By@h-BN systems. It is seen from Figure S that
the oxygen molecule adsorbs on top of the Au atom supported
on the defect-free h-BN surface and trapped by the Vg, N, and
By defects but bridges Au and the surface B atom in the case of
O, adsorption on the Au/Vy@h-BN center. O, adsorbs on
Au,/h-BN, similar to the case of the free Au,, forming the angle

dx.doi.org/10.1021/jp300684v | J. Phys. Chem. C 2012, 116, 9054—9062
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Figure S. Optimized geometries of O, adsorbed on the supported Au and Au,. The interatomic distances are given in Angstroms. Only part of the h-

BN slab is shown.

of 106° between the O—O and Au—Au bonds. However, in the
case of the Au,/Vy@h-BN system, O, bridges two gold atoms,
while for the Au,/Vy@h-BN system, O, bridges nearest to the
surface Au atom, which is located on top of Vy and B atom on
the surface. Therefore, an interface between the supported gold
cluster and the h-BN surface might play an important role in
oxidation reactions on h-BN supported gold clusters. This
suggestion requires further theoretical and experimental
investigation that goes far beyond the aims of the present study.

It is seen from Figure S that the interaction of Au and Au,
with the support results in additional activation of the adsorbed
O, and weakening of the O—O bond. This effect is especially
strong for Vy vacancy defect, which acts as an electron donor
for the supported Au and Au,. Figure S5 demonstrates that the
O-O0 bond length in adsorbed O, is enlarged similar to the
superoxide state (the calculated O—O bond length in O, is
1.38 A), with an exception of O,—Au,/h-BN, O,—Au,/N@h-
BN, and O,—Au,/By@h-BN, where interaction of Au, with the
support does not lead to additional activation of O,. We found
that O, adsorbs on the supported Au atoms (all considered
supports) and Au, dimers trapped by the Vg and Vy defects in
the singlet spin state, while O, adsorbed on Au,/h-BN, Au,/
Np@h-BN, and Au,/By@h-BN is in the triplet state.

The results of our calculations demonstrate that interaction
of Au with the inert defect-free h-BN surface can lead to a
dramatic change in the ability of gold to activate the adsorbed
O,. In addition, the presence of the vacancy and impurity point
defects on the h-BN surface results in a drastic change in the
charge state of the trapped Au and Au, and hence also
influences the catalytic activity of the supported gold particles.
Although it is well established that F-center defects in metal-
oxides can promote catalytic activity of gold clusters via the
charge transfer,’”>>7* to the best of our knowledge the similar
effect for gold clusters supported on the h-BN surface has not
been studied yet.

Figure 6 presents the calculated binding energy of O,, to the
free and h-BN supported Au and Au,. We found that O,
adsorbs on the free Au and Au, with the binding energy of 0.49
and 0.48 eV, respectively. It is seen from Figure 6 that
interaction of Au and Au, with the h-BN support results in the
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Figure 6. Binding energy of O, to the free and supported Au (filled
squares) and Au, (filled dots).

considerable change in oxygen binding. Thus, O, adsorbs on
Au/h-BN, Au/Vy@h-BN, Au/Vy@h-BN, and Au/Ny@h-BN
with binding energies of 1.05, 0.90, 1.10, and 1.19 eV,
respectively. This is two times larger than the binding energy
of O, to the free Au. Although the strong binding of O, to Au
trapped by Vy, Vy, and Ny defects can be explained by the large
charge transfer between the corresponding vacancy defects and
the trapped Au atom, the giant increase in binding energy of O,
to a gold atom supported on the defect-free h-BN surface is
surprising. Indeed, the gold atom interacts weakly with the
defect-free h-BN surface, and hence, one can expect that the
role of the h-BN support in oxygen binding to Au/h-BN is
negligible. Our calculations clearly demonstrate that this
suggestion is not correct. It is interesting that binding of O,
to Au,/h-BN and Au, trapped by Vj, Ny, and By defects is
weaker if compared with free Au,Au,. However, adsorption of
O, on the Au,/Vy@h-BN center is highly promoted. In the
latter case, O, bridges one of the gold atoms and the nearest
boron atom on the surface, with binding energy of 1.30 eV.
Thus, the oxygen binding to the supported gold particles
considerably de}:;ends on the number of gold atoms and the

type of support.
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Figure 8. Partial density of electronic states (PDOS) projected on the O, molecule (solid line) and Au atom (dashed line): O, adsorbed on Au atom
(left) and O, adsorbed on h-BN supported Au atom (right). The location of the Fermi level is indicated by a dashed vertical line at 0 eV. A Gaussian

broadening of half-width 0.2 eV has been used.

Activation and reactivity of the adsorbed O, are strongly
affected by the charge transfer from the gold hybridized 5d6s
orbitals to the antibonding 27* orbital of O,. Figure 7
demonstrates how the Bader charges localized on O,, Au, and
Au, in O,—Au and O,—Au, systems depend on the support. In
Figure 7, lines with filled squares represent the Bader charge
localized on O, in free and supported O,—Au, , systems, while
lines with filled dots represent the Bader charge on Au and Au,.
Lines with filled stars represent the total charge of O,—Au and
0,—Au, systems that corresponds to the total electron transfer
from the support to the adsorbate. Lines with open dots
represent the charge localized on the supported Au and Au,
without coadsorbed O,.

In the case of O, adsorption on free Au, the Bader charge
localized on O, is —0.19e. Figure 7(a) demonstrates that
interaction of Au with the defect-free h-BN support results in
the drastic increase in charge transfer to the adsorbed O,. Thus,
the charge localized on O, in the O,—Au/h-BN system is
—0.46e, which is more than twice as large if compared with the
case of unsupported O,—Au. As discussed above, the
adsorption of Au on the defect-free h-BN is accompanied by
the small electron transfer from the surface to the gold atom,
equal to —0.08e. Adsorption of O, on Au/h-BN results in a
slight increase of the charge transfer from the support to O,—
Au, which is equal to —0.13e. However, the drastic increase in
the charge localized on O, in O,—Au/h-BN cannot be
explained only by the charge transfer from the support. That
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means that the interaction of Au with the defect-free h-BN
support considerably promotes the charge transfer from Au to
O,. Such an effect becomes even more clear for O, adsorbed on
the Au/Vy@h-BN center. As we have discussed above, the B
vacancy acts as an electron acceptor. Thus, Au trapped by the
Vp@h-BN defect possesses a positive charge. It is well-known
that free gold cluster cations are inert toward molecular oxygen.
However, our calculations demonstrate that O, readily adsorbs
and becomes highly activated on the positively charged Au/
Vp@h-BN center. Figure 7(a) demonstrates that interaction
with the Vz@h-BN support promotes additional charge transfer
(in comparison with O, adsorbed on free Au) from the gold to
the adsorbed O,, even if the adsorbed Au has a positive charge.
This effect is rather similar to that of promotion of oxygen
activation by the small gold clusters with coadsorbed
hydrog.;en76 or ethylene®® molecules. In the case of O,
adsorption on the Au/Vy@h-BN center, a gold atom trapped
by the N vacancy has a negative charge. That promotes charge
transfer to the adsorbed O,. However, in contrast to the Au/h-
BN, Au/Vy@h-BN, Au/Ny@h-BN, and Au/By@h-BN centers,
in the case of O, adsorption on the Au/Vy@h-BN center, the
additional charge transfer to the oxygen occurs mainly due to
the charge transfer from the support.

It is seen from Figure 7(b) that the interaction of Au, with
the defect-free h-BN does not lead to any additional charge
transfer to the adsorbed O,. However, adsorption of O, on
Au,/Vy@h-BN is accompanied by the additional charge
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transfer from Au,, while the total charge transfer from the Vy@
h-BN support to the Au, and O,—Au, adsorbates remains
unchanged. Hence, interaction of Au, with the Vy defect
promotes charge transfer from the gold to the oxygen.
However, in the case of O, adsorption on the Au,/Vy@h-
BN center, an additional charge transfer to O, occurs mainly
due to the charge transfer from the Viy@h-BN surface, but not
from the gold dimer. In both cases, charge transfer to O, is
accompanied by its strong activation.

Thus, we demonstrated that interaction of Au and Au, with
the pristine and defected h-BN surface strongly influence
adsorption and catalytic activation of O,. Although one can
expect that the defected h-BN surface can influence the ability
of the supported gold to activate the adsorbed O,, a similar
effect found for the pristine h-BN surface is surprising. To gain
more insight into the origin of the unusual activity of Au
supported on the defect-free h-BN surface, we present the
partial density of electronic states (PDOS) projected on the O,
molecule and Au atom for O,—Au (Figure 8, left) and O,—Au/
h-BN (Figure 8, right) systems. The maxima of the PDOS
corresponding to the O, molecule adsorbed on the free and h-
BN supported Au atom can be assigned to the peaks of the
PDOS spectra of the free O, (see Figure 8). Bonding of O, to
the gold atom involves mixing of the 1 and 27* orbitals of the
adsorbed O, with the 5d and 6s orbitals of gold. One can notice
a prominent splitting of the 1z and 27* orbitals on the
"parallel”, 7, and "perpendicular”, z;, components, where the
corresponding orbitals of 7 character close to the O, molecule
lie in the plane (7)) and perpendicular (7,) to the plane
defined by the O, and Au*'

The down-spin 27* orbital of free O, is unoccupied and
located above the Fermi level. Adsorption of O, on the free Au
atom leads to the appearance of the partly filled down-spin s
+27% and d+27* components in the PDOS spectra and
depopulation of the 6s orbital of gold. Partial population of the
antibonding 27* orbital of O, is responsible for the catalytic
activation of the adsorbed oxygen and stretching of the O—O
bond. Such a mechanism of activation of the oxygen molecule
adsorbed on small gold clusters has been extensively described
in the literature.>*'

Bonding of Au to the defect-free h-BN surface is mainly
driven by mixing of N-p, with metal-d> orbitals. Interaction of
Au with the defect-free h-BN surface results in a broadening of
the d;> PDOS and its overlapping with the N-p, PDOS. A
similar effect of mixing of N-p, and B-p, orbitals of the h-BN
monolayer with d,? orbitals of 3d, 4d, and 5d transition metals is
responsible for binding of the h-BN monolayer to metal
surfaces.>

Figure 8 demonstrates a wide broadening of the 5d peak of
the supported Au resulting in overlapping of the 5d states of Au
with the S0 and 17 states of the adsorbed O,. This effect leads
to a strong mixing of the Sd states of Au with the 5¢ and 17
states of O,. Thus, interaction of Au with the h-BN support
promotes mixing of Au and O, states. Moreover, such an
interaction leads to the population of the down-spin 27* orbital
of O, and complete depopulation of the 6s orbital of Au.
Population of the 27* state results in the additional activation
of O, adsorbed on the Au/h-BN center in comparison with the
free Au atom. Thus, interaction of Au with the defect-free h-BN
surface leads to the strong promotion of binding and catalytic
activation of the adsorbed O,. This is a rather surprising effect
because it is widely believed that h-BN support is inert. Indeed,
Au adsorbs weakly on the h-BN surface with the binding energy
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of 0.25 eV, and O, does not bind to h-BN at all. Nevertheless,
mixing of the 5d states of the supported Au with N-p, states of
h-BN results in a strong modification of the Au-5d states, which
in turn influence the adsorption of O, on the supported Au.
Figure 9 demonstrates isosurfaces of the electron density
difference in O,—Au induced by the interaction of Au with the

—.-0-—-0-—-{-‘—-0——.«0—

% 6.0 .6 .0 .-

Figure 9. Isosurfaces of the electron density difference in O,—Au
induced by the interaction of Au with the h-BN surface, i.e., pio,(O,—
Au/h-BN) — pi(O,—Au) — poe(h-BN). Yellow regions correspond
to excess electronic charge, and green ones correspond to electron
loss. The contours shown are at +0.006 and —0.006 electrons per A%,

h-BN surface. We find that the distribution of the electron
density in the free and h-BN supported O,—Au systems differs
considerably. As we have discussed above, the interaction of the
Au atom with the h-BN support results in an additional charge
transfer to the adsorbed O, in the O,—Au/h-BN system.
Interestingly, that additional charge transfer to the oxygen
molecule adsorbed on Au/h-BN occurs mainly from the Au
atom itself, but not from the h-BN surface. Thus, the defect-free
h-BN surface does not work as a good electron donor (the h-
BN surface donates only —0.1e to the supported O,—Au), but
it promotes an electron transfer from Au to O,, pushing
electrons from gold to oxygen. Figure 9 shows that the
isosurface of an excess of the electron density localized on O, is
similar to the electron distribution of the 2™ orbital in O,,
while the plot of the electron density loss on the Au atom is
similar to the hybridized 5d6s-Au orbital. Note that there is also
small electron density loss localized on the N atom directly
interacting with Au. This electron loss corresponds to the small
electron transfer from h-BN to the supported O,—Au.

Bl CONCLUSIONS

In summary, the present theoretical study demonstrates that
the ability of Au and Au, to activate the adsorbed O, is sensitive
to the interaction with both defect-free and defected h-BN
support. There are two different mechanisms responsible for
such a support effect. The first one we call an electron pushing
mechanism, and the second one is a donor/acceptor
mechanism.

It is commonly believed that the pristine defect-free h-BN
surface is an inert support for metal particles. Indeed, we have
found that Au and Au, interact weakly with the regular defect-
free h-BN surface. However, this weak interaction of gold
particles with h-BN support leads to the strong promotion of
binding and catalytic activation of O, adsorbed on Au/h-BN.
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On the other hand, adsorption of O, on Au,/h-BN is
suppressed, if compared with the case of free Au,. It is
demonstrated that this interesting novel and unexpected effect
occurs due to the mixing of the Sd states of the supported Au
and Au, with N-p, states. Such a mixing is responsible for
bonding of Au and Au, to the surface of h-BN and results in a
strong modification of the Au-5d orbitals. Rearrangement of the
Au-5d orbitals strongly influences the adsorption and activation
of O, on the h-BN supported gold particles. It is shown that
although the defect-free h-BN surface does not act as a good
electron donor for the supported O,—Au it promotes an
electron transfer from the supported Au to O,, pushing
electrons from the gold to the oxygen.

In the case of the defected h-BN surface, the supported Au
and Au, can be trapped effectively by N or B vacancy defects.
Strong adsorption on the surface defects is accompanied by the
charge transfer to/from the adsorbate. The value and the sign
of the charge accumulated on the adsorbate depend on the
adsorption sites. Thus, Vy, Nj, and By donate electrons to the
adsorbed Au and Au,, while Vy acts as an electron acceptor.
The excess of the positive or negative charge on the supported
gold clusters can considerably promote their catalytic properties
and enhance activation of the adsorbed O,.

Our finding leads to a very important conclusion that Au and
Au, supported on the h-BN surface (pristine or defected) can
not be considered as pseudofree particles. The support effects
have to be taken into account, even when the interaction of the
pure gold particles with the support is weak. Thus, even inert
support can count.

In the present paper, we have elucidated mechanisms of
adsorption and catalytic activation of O, on the smallest gold
particles—Au and Au,. Activation of the molecular oxygen is
the first step in further oxidation reactions that can occur via
either O, dissociation and further oxidation of the reactant by
the atomic oxygen or direct oxidation of the reactant by the
activated molecular oxygen. The effect of the h-BN support on
dissociation of the adsorbed O, and direct oxidation of simple
model molecules such as CO by activated molecular O, will be
investigated in a further study. Another important problem is to
investigate how the h-BN support influences the catalytic
properties of gold clusters of larger sizes up to 1—5 nm, where
the strong size-dependence of the catalytic activity of gold
clusters has been observed experimentally. One can suggest that
mixing of the N-p, and B-p, orbitals of h-BN with d 2 orbitals of
gold can modify the local electronic structure of the gold atoms
in the contact area between the cluster and the support. As it is
known, such an interface can play a crucial role in catalytic
activity of the supported clusters.">’>”” Therefore, it is
nessesary to clarify whether or not the perimeter interface
between the cluster and the h-BN support affects the catalytic
activity of gold clusters. Understanding the mechanisms that
influence the catalytic activity of supported clusters is a priority
task.
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