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Abstract:

 It is demonstrated that the support effects play a crucial role in the gold nanocatalysis. Two types of support are considered—the “inert” support of hexagonal boron nitride (h-BN) with the N and B vacancy defects and the “active” support of rutile TiO2(110). It is demonstrated that Au and Au2 can be trapped effectively by the vacancy defects in h-BN. In that case, the strong adsorption on the surface defects is accompanied by the charge transfer to/from the adsorbate. The excess of the positive or negative charge on the supported gold clusters can considerably promote their catalytic activity. Therefore gold clusters supported on the defected h-BN surface can not be considered as pseudo-free clusters. We also demonstrate that the rutile TiO2(110) support energetically promotes H2 dissociation on gold clusters. We show that the formation of the OH group near the supported gold cluster is an important condition for H2 dissociation. We demonstrate that the active sites towards H2 dissociation on the supported Aun are located at corners and edges of the gold cluster in the vicinity of the low coordinated oxygen atoms on TiO2(110). Thus catalytic activity of a gold nanoparticle supported on the rutile TiO2(110) surface is proportional to the length of the perimeter interface between the nanoparticle and the support.
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1. Introduction

Since the pioneering work of Haruta on the oxidation of carbon monoxide on small gold nanoparticles supported by metal oxides [1], an extensive interest has been devoted to understanding the catalytic properties of gold. Such an interest is stipulated by the fact that gold nanoparticles are catalytically active even at room temperatures and demonstrate extraordinary selectivity. This feature makes gold clusters very attractive for a wide range of industrial, chemical and environmental applications [2–4].

Two types of catalytic reactions on gold nanoparticles—oxidation by O2 and hydrogenation by H2—are extremely important for applications. The most explored types of oxidation reaction include the oxidation of carbon monoxide at mild temperatures, alcohol oxidation, the direct synthesis of hydrogen peroxide and alkene epoxidation; see, e.g., References [1,5–11] and references therein. Heterogeneously catalyzed hydrogenation is another type of reactions where gold nanoparticles have shown their great potential as catalysts. It has been demonstrated experimentally that gold nanoparticles supported on metal oxides such as SiO2, Al2O3, TiO2, ZnO, ZrO2, and Fe2O3 are effective catalysts for selective hydrogenation of several classes of organic molecules, including α, β-unsaturated aldehydes, unsaturated ketones, and unsaturated hydrocarbons [12–21]. Moreover, supported gold nanoparticles are very selective for the direct formation of hydrogen peroxide from H2/O2 mixtures [9].

In spite of intensive theoretical and experimental studies the origin of catalytic activity of gold nanoparticles remains elusive and has yet to be fully understood. It is commonly accepted that several factors can influence the catalytic activity of gold nanoparticles. One of them is the size effect. It has been shown that the unique properties of gold in oxidation reactions emerge when the size of catalytic particles decreases down to 1–5 nm, while larger sized particles are catalytically inactive [5]. It has been shown that small gold clusters consisting of a few atoms can also possess extraordinarily high catalytic activity [22,23]. This is the regime where each atom counts, physical and chemical properties of clusters are extremely size sensitive and cannot be deduced from those known for larger sizes [4,24,25]. On the one hand, the size effects in nanocatalysis are determined by quantum effects, resulting from the spatial confinement of the valence electrons in the cluster [4]; on the other hand, in such clusters a dominant fraction of atoms are under-coordinated (in comparison with the bulk), hence they exhibit an enhanced chemical reactivity [4,26,27].

The charge state of the gold nanoparticles can considerably influence their reactivity [11,28]. For example, in the case of the negatively charged gold nanoparticles, an extra electron from the gold readily transfers to the anti-bonding 2π* orbital of the adsorbed O2, which weakens the O–O bond and activates oxygen molecule for further catalytic reaction; see, e.g., References [10,11,29–31] and references therein. Such mechanism of the charge-transfer-mediated activation of O2 by gold clusters has been intensively studied [32–35]. On the other hand, the positive charge accumulated on the gold can promote adsorption of some reactants, such as CO and hydrocarbons [36,37].

Interaction with the support material is another important factor that considerably influences the reactivity of gold nanoparticles [4,38]. Most of the experimental studies have been performed for gold nanoparticles supported on various metal oxides, such as MgO, ZnO, TiO2, ZrO2, Al2O3, Fe2O3, see, e.g., Reference [2] and references therein. It was demonstrated that the catalytic activity of gold nanoparticles strongly depends on the type of the support material [2,5,39]. Often, an electron transfer from the support to the gold cluster promotes its catalytic activity because it opens a route for an extra charge transfer to the adsorbed O2. Catalytic activity of the supported nanoparticles can also be promoted by defects in the support material. Defects can trap the metal nanoparticle and enhance charge transfer between the support and the nanoparticle. Thus, it was demonstrated that Au8 clusters supported on the MgO(100) surface rich of F-center defects show high catalytic activity, while Au8 deposited on the defect-poor MgO(100) surface are inert [40,41]. Defects are not the only factor responsible for charging of the supported metal nanoparticles. Recently, it was demonstrated that the charge accumulated on the supported gold nanoparticle can be tuned by varying the thickness of the metal oxide layer deposited on the metal support [42–46]. Thus, the support effects can play even larger role in gold nanocatalysis than the particle size.

In the present work we demonstrate that the charge transfer from the support to the deposited gold clusters is not the only mechanism responsible for the promotion of the cluster's catalytic activity. Two types of support will be considered—the hexagonal boron nitride (h-BN) with N and B vacancy defects and the rutile TiO2(110). Using these two examples we show that the support effects on the catalytic activity of gold clusters can be rather diverse and can have different origins.

It is commonly accepted that “inert” supports, such as, h-BN do not affect the electronic and geometric structure of the supported clusters, and hence such clusters can be considered as pseudo-free. This suggestion is widely used to study intrinsic properties of metal clusters that are free from the support effects [6]. Indeed, h-BN is an electrical insulator with a wide band gap (∼5.8 eV) and high thermal and chemical stability [47,48]. It is unlikely that such a support can promote an electron transfer to or from the deposited gold nanoparticle and influence their physical and chemical properties.

Recently, it has been demonstrated experimentally that small gold clusters deposited on h-BN support are efficient and robust catalysts [6]. However, very little attention has been paid to theoretical investigations concerning the role of the h-BN support on the catalytic properties of gold. Whether the origin of catalytic activity of gold clusters supported on h-BN surface derives from the cluster itself, or h-BN support can modify or tune catalytic properties of gold?

Contrary to the case of the “inert” h-BN support, the rutile TiO2(110) surface is considered as an active surface that can even possess catalytic properties itself. It has been found experimentally that catalytic activity of gold nanoparticles supported on the rutile TiO2(110) surface towards H2 dissociation depends on the number of gold atoms located at the perimeter nanoparticle-support interface, irrespective of the cluster size [38]. It has been also shown that the active sites for the H2 + O2 reaction over a Au/TiO2 nanoparticle catalyst are located at dual perimeter sites at the interface between Au and TiO2 [49]. To the best of our knowledge there are only few theoretical studies concerning the role of the support on the processes of adsorption and dissociation of molecular hydrogen on the supported gold nanoparticles [50–52]. In Reference [50] the authors performed an elegant theoretical study on elucidation of active sites for H2 adsorption and activation on Au13 cluster supported on the anatase TiO2(001) surface. It has been shown that Au atoms that are active for H2 dissociation must have a net charge close to zero, be located at corner or edge low coordinated positions, and not be directly bonded to the support [50]. An important role of the low coordinated oxygen atoms at the nanoparticle/TiO2 interface has been discussed [52]. In Reference [51] it was shown that small two-dimensional Au nanoparticles supported on TiC(001) can dissociate H2 in a more efficient way than when supported on oxides. The active sites for H2 dissociation on Au/TiC(001) are located at the particle edge and in direct contact with the underlying substrate [51]. In the present work we clarify how hydrogen molecule adsorbs and dissociates on the supported gold nanoparticles.

We demonstrate that the support effects are very important in the gold nanocatalysis. Even the “inert” h-BN support, if it contains point defects, can promote or quench the catalytic properties of gold in oxidation reaction by O2. Therefore gold clusters supported on the defected h-BN surface can not be considered as pseudo-free clusters. We demonstrate that rutile TiO2(110) support energetically promotes H2 dissociation on gold clusters. We show that the formation of the OH group near the supported gold cluster is an important condition for H2 dissociation and the conventional charge transfer mechanism does not play an important role for H2 dissociation. The considered phenomena can be particularly important for understanding the mechanisms of the catalytic activity of the supported gold clusters in oxidation reactions by O2 and hydrogenation reactions by H2.



2. Computational Details

The calculations are carried out using density-functional theory (DFT) with the gradient-corrected exchange-correlation functionals of Wu and Cohen (WC) [53] and Perdew, Burke and Ernzerhof (PBE) [54] for O2Aun/h-BN and H2Aun/TiO2(110) systems, respectively. The choice of DFT functionals is stipulated by the fact that WC gives significant improvements for lattice constants, crystal structures, and surface energies over the most popular PBE functional, while PBE remains superior for the energetics of covalent and noncovalent bonds [55]. In particular, the PBE functional demonstrates very poor performance for the layered-systems like graphite or h-BN, whose distances between the layers are determined by rather weak interactions [55]. Thus, in the case of h-BN lattice the PBE functional demonstrate only marginal binding of the hexagonal layers along “c”, while WC provides very accurate results that are close to experiment [55]. On the other hand PBE can reproduce well the tetragonal rutile TiO2 structure, and therefore it has been selected to treat H2Aun/TiO2(110) system.

The atom-centered, strictly confined, numerical basis functions [56,57] are used to treat the valence electrons of H (1s1), B (2s22p1), N (2s22p3), O (2s22p4), Ti (4s23d2) and Au (6s15d10). Double-ζ plus polarization function (DZP) basis sets are used for B, N, O, Ti, Au and triple-ζ plus polarization function (TZP) for H. Basis set for hydrogen was optimized with the use of the Nelder–Mead simplex method [58] according to the procedure described in Reference [57]. The core electrons are represented by the Troullier–Martins norm-conserving pseudopotentials [59] in the Kleinman-Bylander factorised form [60]. Relativistic effects are taken into account for Au.

In the present work, the h-BN lattice has been optimized using the Monkhorst-Pack [61] 10 × 10 × 4 k-point mesh for Brillouin zone sampling. The calculated lattice parameters a = b = 2.504 Å and c = 6.656 Åare in excellent agreement with the experimental values of a = b = 2.524 ± 0.020 Å and c = 6.684 ± 0.020 Å, reported in Reference [62]. The h-BN surface is represented by the two-layer slab containing 7 × 7 unit cells (98 units of BN per slab) with the surface area of 3.07 nm2. The bottom layer in the h-BN slab is fixed while the top layer is fully relaxed. The rutile lattice was optimized using the 6 × 6 × 9 k-point mesh. The calculated lattice parameters a = 4.594 Å and c = 2.959 Å are in agreement with the experimental values of a = b = 4.587 Å, c = 2.954 Å at 15 K [63,64]. The optimized lattice of the bulk rutile was used to construct slabs for the TiO2(110) surface. The six-layer slab containing four units of TiO2 represents the element of the (110) rutile face with the surface area of [image: there is no content]. For rutile surface the bottom two layers in the slab are fixed, and all other atoms are fully relaxed. In the present work we study adsorption of Aun clusters containing n = 1, 2, 8 and 20 atoms on the rutile (110) surface. In the case of Au and Au2 the TiO2(110) surface is modeled by the p (2 × 5) slab (40 units of TiO2 per slab), while for Au8 and Au20 we use p (3 × 6)(72 units of TiO2) and p (4 × 9)(144 units of TiO2) slabs, respectively. The periodically replicated slabs for h-BN and TiO2(110) surfaces are separated by the vacuum region of 25 Å. Only the Γ point is used for sampling the Brillouin zone of the slabs due to the large size of the supercell.

The cluster geometries have been determined with the use of the cluster fusion algorithm [65] which belongs to the class of genetic global optimization methods. This method has been successfully used in order to find the optimized geometries of various types of metal clusters [66–68]. Additionally, the global reaction route mapping (GRRM) technique within the scaled hypersphere search (SHS) method has been used in order to find equilibrium structures [69–71]. The optimized structures of the gold clusters are in a good agreement with those reported in previous theoretical studies; see, e.g., References [30,72–75]. The most stable isomers of gold clusters have been further optimized on the support starting from the several (up to 15) initial orientations and positions of the cluster on the surface.

All calculations have been carried out with the use of the SIESTA package [76–78]. Within the SIESTA approach, 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. The self-consistency of the density matrix is achieved with a tolerance of 10−4. For geometry 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 [79,80]. The electron density has been plotted using XCRYSDEN visualisation program [81].

To validate our approach we have calculated the dissociation energies and interatomic distances for several diatomic molecules. Our calculations demonstrate that the dissociation energy, De, and bond length in H2 (4.55 eV, 0.75 Å), O2 (5.88 eV, 1.24 Å), Au2 (2.28 eV, 2.55 Å) are in a good agreement with experimental data H2 (4.74 eV, 0.74 Å), O2 (5.23 eV, 1.21 Å), Au2 (2.29 eV, 2.47 Å)[82]. We also tested the gold–hydrogen interaction by optimizing AuH dimer. The calculated dissociation energy and bond length in AuH (3.09 eV, 1.547 Å) are in a good agreement with experimental data (3.36 eV, 1.524 Å)[82].



3. Theoretical Results


3.1. Adsorption and Activation of O2 on Au/h-BN and Au2/h-BN. Role of the Defected h-BN Support

We start our study with investigation of the catalytic activity of small gold clusters supported on the defected hexagonal BN surface. The h-BN lattice has a layered structure which is very similar to graphite. The planar networks of B3N3 hexagons are regularly stacks on top of each other [83]. 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 it is shown in Figure 1(a). Both graphite and h-BN materials are strongly bonded within the layers, while interaction between the layers is weak. In spite of similar structures, physical and chemical properties of graphite and h-BN are different. Thus, graphite is an electrical conductor, while h-BN is a dielectric with a wide band gap of 5–6 eV.

Figure 1. h-BN surface models: (a) side view of the two-layer h-BN p (7 × 7) slab; (b) schematic presentation of the defect-free h-BN surface and h-BN surface with boron (VB) and nitrogen (VN) vacancy defects (only part of the top layer is shown).
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In the present work we study adsorption of gold clusters on the h-BN surface with boron (VB) and nitrogen (VN) vacancy defects, which are schematically shown in Figure 1(b). The point VB and VN defects are the simplest and relatively stable types of defects in h-BN. It was suggested that single boron and nitrogen vacancy defects can exist in h-BN and VN is more stable than VB [84,85]. The stability of divacancies in graphitic boron nitride (g-BN) sheets has been studied in Reference [86]. It was shown that the divacancies are more frequently formed in graphene than in the g-BN [86]; however, it was demonstrated that in BN single-wall nanotubes the most stable type of point defect is the BN divacancy [87]. Formation of the triangle defects in h-BN monolayer has been also investigated; see, e.g., References [88,89] and references therein. It has been demonstrated that N(B) triangle defect states of h-BN atomic layer with N(B) edge atoms have acceptor (donor) levels [89]. A cohesive energy calculation indicates 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 [89]. The relative stability of particular type of defects in h-BN often depends on the experimental conditions. Therefore, in the present work we study only the simplest types of single point defects, such as VB and VN.

Recently, it was demonstrated that h-BN monolayer binds to surfaces of many 3d, 4d, and 5d transition metals, forming the so-called nanomesh structure [90]. The interaction between the h-BN monolayer and transition metal support is mainly driven by mixing of N-pz and B-pz orbitals of h-BN monolayer with the dz2 transition metal orbitals [91]. Similar effect is responsible for bonding of gold clusters to the h-BN surface. In the case of defect-free h-BN surface, both Au and Au2 adsorb on top of the N atom. Our calculations confirm that Au and Au2 interact weakly with the pristine h-BN surface. Thus, the calculated binding energies of Au and Au2 on h-BN are Eb(Au/h-BN) = 0.25 eV and Eb(Au2/h-BN) = 0.77 eV, respectively. Here, the binding energy of Au and Au2 to the h-BN surface is defined as
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(1)




where Etot(Au1,2/h-BN) denotes the total energy of the Au1,2/h-BN system, while Etot(Au1,2) and Etot(h-BN) are the total energies of the non-interacting Au or Au2 and h-BN slab, respectively. We also found that there is a 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 Au2 are −0.08 e and −0.14 e, respectively, where e is an elementary charge.
However, the interaction of Au and Au2 with the support becomes stronger when the h-BN surface contains VB or VN point defects. The strong adsorption on vacancy defects is accompanied by the large charge transfer to/from the gold particles. The calculated binding energies of Au and Au2 to h-BN, VB@h-BN and VN@h-BN as well as Bader charges localized on the adsorbed gold are summarized in Table 1.

Table 1. Binding energies of Au and Au2 to the support, and the Bader charges localized on the supported Au and Au2.


	Surface
	Eb(Au) (eV)
	QAu(|e|)
	Eb(Au2) (eV)
	QAu2 (|e|)





	h-BN
	0.25
	−0.08
	0.77
	−0.14



	VB@h-BN
	3.72
	0.70
	3.24
	0.57



	VN@h-BN
	3.48
	−0.39
	3.07
	−0.59








It is important to 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. Figures 2 and 3 present the electron density differences Δρ(r) in Au/VB@h-BN and Au/VN@h-BN, respectively. Upper rows in Figures 2 and 3 present the electron density differences Δρ(r) projected on the plane passing through the adsorbed Au atom; while lower rows demonstrate Δρ(r) projected on the plane passing through three atoms N (B) atoms in the vicinity the VB (VN) vacancy defect on the h-BN surface. Blue and violet regions are electron poor, whereas red and pink are electron rich. It is seen from Figures 2 and 3 that VN donates electrons to the adsorbed Au and Au2; while VB acts as an electron acceptor. Hence, it is possible to modify considerably the cluster's electron donor-acceptor capacity and its catalytic properties via the support design. To demonstrate this effect and to study the specific role played by the defected h-BN support in formation of the catalytic properties of gold we perform systematic investigation of adsorption and activation of O2 on Au/h-BN and Au2/h-BN systems.

Figure 2. The electron density difference in Au/VB@h-BN induced by the interaction of Au with the boron vacancy VB@h-BN, i.e., ρ(Au/VB@h-BN) − ρ(Au) − ρ(VB@h-BN) and projected on the planes parallel to the h-BN surface. Plane passing through the adsorbed Au atom (upper row); plane passing through three N atoms nearby the boron vacancy VB (lower row). Blue and violet regions correspond to the electron loss, whereas red and pink regions correspond to the excess of the electron charge.
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Figure 3. The same as in Figure 2, but for Au/VN@h-BN.
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Adsorption of molecular oxygen on free gold clusters has been intensively investigated; see, e.g., References [10,29–31] and references therein. It was found that O2 readily adsorbs and becomes catalytically activated on small neutral gold clusters with an odd number of atoms as well as on gold cluster anions. 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 anti-bonding 2π* orbital, see, e.g., References [10,29–31] and references therein. Our calculations demonstrate that O2 adsorbs on the free Au and Au2 with the binding energy of 0.49 eV and 0.48 eV, respectively. The O–O bond length enlarges from 1.24 Å (free O2) to 1.27 Å and 1.26 Å, upon O2 adsorption on gold monomer and dimer, respectively. Slight increase in the O–O bond length of the adsorbed O2 demonstrates its catalytic activation.

Can the defected h-BN support modify the catalytic properties of gold? Our calculations demonstrate that O2 readily adsorbs on Au and Au2 trapped by the defected h-BN surface. Figure 4 presents optimized geometries of O2 adsorbed on the free and supported Au and Au2. It is seen from Figure 4 that oxygen molecule adsorbs on top of the Au atom trapped by the VB@h-BN defect and bridges Au and B atoms in the case of adsorption on Au/VN@h-BN. In the case of the supported gold dimer, O2 bridges two gold atoms on Au2/VB@h-BN; while for the Au2/VN@h-BN system, O2 bridges nearest to the surface Au atom, which is located on top of VN 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 the supported gold clusters.

Figure 4. Optimized geometries of O2 adsorbed on the free and supported Au and Au2. The interatomic distances are given in Angstroms. Only part of the h-BN slab is shown.
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Interaction of Au and Au2 with the support results in additional activation of the adsorbed O2 and weakening of the O–O bond. This effect is especially strong for VN vacancy defect, which acts as an electron donor for the supported Au and Au2. Figure 4 demonstrates that the O–O bond length in adsorbed O2 is enlarged similar to superoxide and peroxide states (the O–O bond distances in O2− and [image: there is no content] are 1.33 Å and 1.49 Å [92], respectively). The results of our calculations demonstrate that interaction of Au and Au2 with the defected h-BN surface can lead to a dramatic change in the catalytic activity of gold.

Table 2 presents the binding energies of O2, Eb(O2), to the free and h-BN supported Au and Au2. Interaction of Au and Au2 with the h-BN support results in the considerable change in oxygen binding. Thus, O2 adsorbs on Au/VB@h-BN and Au/VN@h-BN with binding energies of 0.90 eV and 1.10 eV, respectively. This is twice larger than the binding energy of O2 to the free Au. The strong change in binding of O2 to Au/VB@h-BN and Au/VN@h-BN can be explained by the large charge transfer between the corresponding point defects and the trapped Au atom. It is interesting that binding of O2 to Au2/VB@h-BN center is weaker if compared with free Au2. However, adsorption of O2 on Au2/VN@h-BN is highly promoted. In the latter case O2 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 depends on the number of gold atoms and the type of the support. Activation and reactivity of the adsorbed O2 are strongly affected by the charge transfer from the gold hybridized 5d6s orbitals to the anti-bonding 2π* orbital of O2. In the case of O2 adsorption on free Au, the Bader charge localized on O2 is −0.19 e. The charge transfer from Au to O2 is responsible for the catalytic activation of the adsorbed O2 and weakening of the O−O bond. Interaction of Au with the defected h-BN support results in the drastic increase in charge transfer to the adsorbed O2. That means that the interaction of Au and Au2 with the defected h-BN support considerably promotes the charge transfer from the gold to O2. Such an effect becomes very clear for O2 adsorbed on the Au/VB@h-BN center. As we have discussed above, the B vacancy acts as an electron acceptor. Thus, Au trapped by the VB@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 O2 readily adsorbs and becomes highly activated on the positively charged Au/VB@h-BN center. Interaction with the VB@h-BN support promotes additional charge transfer (in comparison with O2 adsorbed on free Au) from the gold to the adsorbed O2, 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 hydrogen [27] or ethylene [11] molecules. In the case of O2 adsorption on the Au/VN@h-BN center, gold atom trapped by the N vacancy has a negative charge. That promotes charge transfer to the adsorbed O2. However, in contrast to the case of the Au/VB@h-BN adsorption center, the additional charge transfer to the oxygen adsorbed on Au/VN@h-BN occurs mainly due to the charge transfer from the support.

Table 2. Binding energies of O2 to free and supported Au and Au2; the O–O bond length, dO–O, and the Bader charges localized on Au1,2, O2 and O2-Au1,2 calculated for free and supported Au and Au2 with the adsorbed O2.


	Surface
	Eb(O2)(eV)
	dO−O (Å)
	QAu1,2 (|e|)
	QO2 (|e|)
	QO2–Au1,2 (|e|)





	Au
	0.49
	1.27
	0.19
	−0.19
	0.00



	Au/VB@h-BN
	0.90
	1.31
	0.98
	−0.33
	0.66



	Au/VN@h-BN
	1.10
	1.44
	−0.10
	−1.31
	−1.41



	Au2
	0.48
	1.26
	0.15
	−0.15
	0.00








It is seen from Table 2 that adsorption of O2 on Au2/VB@h-BN is accompanied by the additional charge transfer from Au2, while the total charge transfer from the VB@h-BN support to the Au2 and O2–Au2 adsorbates remains unchanged. Hence, interaction of Au2 with the VB@h-BN defect promotes charge transfer from the gold to the oxygen. However, in the case of O2 adsorption on Au2/VN@h-BN center an additional charge transfer to O2 occurs mainly due to the charge transfer from the VN@h-BN center, but not from the gold dimer. In both cases charge transfer to O2 is accompanied by its strong activation.

Thus, we found that strong adsorption of Au and Au2 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, VN donates electrons to the adsorbed Au and Au2; while VB 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 O2.



3.2. Adsorption and Dissociation of H2 on Aun/TiO2(110). Interface Effects

Let us consider catalytic activity of gold clusters supported on the active surface of rutile TiO2(110). The TiO2(110) surface contains oxygen and titanium atoms with different coordination. The fivefold coordinated Ti atoms are undercoordinated relatively to the bulk sixfold coordinated Ti, as it is shown in Figure 5. The O atoms raised above the plane of Ti atoms are twofold coordinated. These atoms are called bridge-site O. The oxygen atoms lying in the plane of Ti atoms are threefold coordinated. Relaxation of the TiO2(110) surface results in a surface rumpling, as it is shown in Figure 5. The undercoordinated Ti and O atoms are moving inward by 0.10 Å, decreasing the distance with subsurface atoms. The sixfold coordinated Ti atoms and threefold coordinated O atoms are moving outward by 0.1 Å and 0.2 Å, respectively. The similar puckered structure of the rutile (110) surface has been reported in References [93,94].

Figure 5. Side view of the TiO2(110) p (2 × 5) slab. The bridge-site twofold coordinated O(2) atom, threefold coordinated O(3) atom, five- and six-fold coordinated Ti(5) and Ti(6) atoms are marked, respectively. Relaxation of the TiO2(110) surface results in a surface rumpling.
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Our calculations demonstrate that H2 can be adsorbed on the pure, defect-free TiO2(110) surface, even in the absence of the gold particle. The most stable geometries calculated for the molecular and dissociative adsorption of H2 on the pure rutile TiO2(110) surface are presented in Figure 6. It is seen that H2 preferably adsorbs on top of the Ti(5) atom with the binding energy of 0.14 eV. The H–H bond length of 0.78 Å is slightly increased in comparison with the free H2. The dissociative state of H2 on TiO2(110) corresponds to the situation when both H atoms form the OH group with the low coordinated O(2) bridge atoms on the rutile surface. The binding energy of the dissociated configuration of H2 is 1.50 eV; however, the distance between two rows of O(2) atoms on TiO2(110) is 6.50 Å, which is too large to promote dissociation of the H2 adsorbed on top of Ti(5) atom. In this case H2 would dissociate in the vicinity of the adsorption center as a first step, followed by adsorption of H atoms on O(2). This process requires to overcome a dissociation barrier of ∼4.3 eV which is much higher than the energy of the molecular adsorption. In this situation H2 would desorb from the surface and fly away rather than dissociate. Therefore, to promote H2 dissociation on TiO2(110), it is necessary to have adsorption centers on the rutile surface in the vicinity of low coordinated O(2) atoms. Supported gold clusters can serve as a source of such centers.

Figure 6. Optimized geometries for molecular (left) and dissociative (right) adsorption of H2 on the pure rutile TiO2(110) surface.
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In the present work we consider adsorption of H2 on the most stable isomers of free and supported gold clusters Aun consisting of n = 1, 2, 8 and 20 atoms. Figure 7 presents the optimized geometries of H2−Aun systems in the case of molecular and dissociative adsorption of H2 on free Aun clusters. In order to obtain the most stable configuration of H2 adsorbed on Aun, we have created a large number of starting geometries by adding H2 molecule in different positions (up to 30) on the surface of the considered clusters. The starting structures have been optimized further without any geometric constraints. We have successfully used a similar approach to find the optimized geometries of O2 and C2H4 molecules adsorbed on small neutral, anionic and cationic gold clusters [10,11,37,95]. The binding energies for molecular, [image: there is no content], and dissociative, [image: there is no content], adsorption of H2 on free Aun as well as the H–H bond length [image: there is no content] in H2 adsorbed molecularly are summarized in Table 3.

Figure 7. Optimized geometries of H2–Aun clusters in the case of molecular (left) and dissociative (right) adsorption of H2.
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Table 3. Binding energies for molecular, [image: there is no content], and dissociative, [image: there is no content], adsorption of H2 on the most stable free Aun clusters and the H–H bond length, [image: there is no content], in the case of molecular adsorption of H2.


	Cluster
	rH–Hmol(A˚)
	Ebmol(eV)
	Ebdis(eV)





	Au
	0.780
	0.13
	0.04



	Au2
	0.845
	0.59
	0.59



	Au8
	0.806
	0.26
	0.68



	Au20
	0.768
	0.09
	0.14








Results of our calculations demonstrate that H2 binds weakly to Au as a molecule, with Ebmol=0.13eV. Dissociation of H2 on Au is not favorable energetically. The H–H bond length in H2 adsorbed on Au is slightly enlarged in comparison with the free H2. Adsorption of H2 on Au2 is relatively strong, with the binding energy equal to 0.59 eV both for the molecular and the dissociative adsorption. Table 3 demonstrates that the H–H bond length increases to 0.845 Å in H2–Au2, indicating that H2 is highly activated. With the further increase in cluster size the binding energy calculated for molecular adsorption of H2 decreases to 0.26 eV for Au8 and 0.09 eV both for Au20. On the other hand, the dissociative adsorption of H2 becomes energetically favorable both for Au8 and Au20.

One of the factors that influence H2 dissociation is coordination of Au atoms interacting with hydrogen and flexibility of cluster structure, as was discussed in [96]. It is seen from Figure 7 that H2 dissociates at the low coordinated corner Au atom with formation of the slightly bent H–Au–H bond. Note, that the Au–Au bond length in Au2 does not change noticeably upon molecular adsorption of H2; but increases up to 2.753 Å for dissociative adsorption. In the case of Au8 and Au20 dissociation of H2 on the cluster surface is accompanied by the structural (at least local) transformations, although Au20 demonstrates rather strong structural stability, due to the “magic” nature of this cluster.

How does the interaction with the support influence the reactivity of gold clusters? In the present work we perform a systematic theoretical study of the structure and energetics of H2 adsorbed on Au1, Au2, Au8 Au20 clusters supported on the rutile TiO2(110) surface. The analysis of the energetics of H2 adsorption on the supported gold clusters provides deep insights into the nature of bonding and dissociation of the H2 molecule and reveals the details of the reaction mechanism. Figure 8 shows the most stable geometries of H2 adsorbed on the supported gold clusters. The binding energies calculated for molecular, [image: there is no content], and dissociative, [image: there is no content], adsorption of H2 on Aun/TiO2, and the H–H bond length, [image: there is no content], in the case of molecular adsorption of H2 are summarized in Table 4.

Figure 8. The most stable geometries of H2 adsorbed on Aun/TiO2 clusters in the case of molecular (left) and dissociative (right) adsorption of H2.
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Table 4. Binding energy calculated for molecular, [image: there is no content], and dissociative, [image: there is no content], adsorption of H2 on Aun/TiO2, and the H−H bond length, [image: there is no content], in the case of molecular adsorption of H2.


	Cluster
	rH–Hmol(A˚)
	Ebmol(eV)
	Ebdis(eV)





	Au/TiO2
	0.906
	1.15
	2.06



	Au2/TiO2
	0.821
	0.37
	1.55



	Au8/TiO2
	0.792
	0.24
	1.55



	Au20/TiO2
	0.795
	0.17
	0.83








It is seen from Table 4 that H2 adsorbs molecularly on Au/TiO2 with a binding energy of 1.15 eV, which is considerably larger than the corresponding energy calculated for H2 adsorbed on free Au atom. The adsorbed H2 is highly activated, with the H–H bond length rH−Hmol=0.906A˚. As a result of H2 adsorption, the supported Au atom shifts slightly towards the row of the low coordinated O(2) bridge atoms. In the previous section we demonstrated that H2 dissociation is not favorable on the free Au atom. However, in the case of the supported Au atom, dissociation of H2 can occur with formation of the OH group with the O(2) atom located either in the nearest to Au row of O(2) or in the next row of O(2), as is shown in Figure 8. In the latter case the calculated binding energy Ebdis=2.06eV is higher, not only if compared with the binding energy for molecular adsorption of H2 on Au/TiO2(110), but also if compared with the binding energy of the dissociated state of H2 on the pure TiO2(110) surface. Thus, we can conclude, from the energetic point of view, that the TiO2(110) support considerably promotes H2 dissociation on Au atom.

We found that molecular H2 binds to the supported Au2 in a similar way as for the free Au2. However, the binding energy calculated for the molecular adsorption of H2 on Au2/TiO2 is lower than the corresponding energy obtained for free Au2. The dissociated hydrogen atom can migrate to the row of O(3) atoms, or to the row of O(2) bridge atoms on the rutile surface, forming OH bonds. The interaction of Au2 with the support results in the energetic promotion of H2 dissociation on the supported Au2.

The optimized geometries of H2 in the case of its molecular adsorption on the supported Au8 cluster similar to those obtained for the corresponding free Au8. However, the dissociative adsorption of H2 on Au8 results in the considerable rearrangement of the cluster structure. The dissociative configuration of H2 on the supported Au8 is promoted energetically. Migration of H on the low coordinated O(2) atom results in formation of the OH bond and considerable increase in binding energies calculated for H2 adsorbed dissociatively.

The Au20 clusters supported on TiO2(110) are the largest systems studied in the present work. It was shown above that the hydrogen molecule binds weakly to the free Au20 clusters. We have found that, in the case of the supported Au20, the hydrogen molecule adsorbs on top of the Ti(5) atoms on the rutile surface in the vicinity of Au20, rather than directly on the Au20 clusters. After H2 dissociation in the vicinity of Au20/TiO2 one of the H atoms binds to the edge of Au20 that are oriented perpendicularly to the rows of O(2) surface atoms, while another H forms the OH bond with the O(2) atom on the rutile surface. However, this configuration is not stable in comparison with the situation when both of H atoms form OH surface group. Therefore, H atom on the edge of the supported Au20 cluster will further migrate towards the low coordinated O(2) atoms on the rutile surface.

Our calculations demonstrate that combination (interplay) of several factors such as geometric structure, presence of the low coordinated oxygen atoms in the vicinity of the cluster-surface interface, etc., are important for H2 dissociation. What is the role of the charge transfer from the gold cluster to hydrogen in H2 dissociation? As it was discussed in previous section, the charge transfer from the gold to the antibonding orbital of O2 is responsible for the catalytic activation of O2. However, in the case of H2 dissociation the analysis of the Bader charges [79,80] demonstrate that there is no considerable charge transfer between the adsorbed hydrogen and the gold clusters (free or supported). Thus, the largest charge transfer occurs for H2 adsorbed molecularly on Au/TiO2. In this case the calculated Bader charge localized on H2 is +0.11 e, where e is the elementary charge. Although such a charge transfer is relatively small, it might be responsible for the strong enlargement of the H–H bond length in H2–Au/TiO2 up to 0.906 Å. In most cases of molecular adsorption of hydrogen, the adsorbed molecule possesses some small positive charge. However, after dissociation, the hydrogen atoms can get an excess of negative charge. Depending on the geometric configuration, either both of the hydrogen atoms possess some small negative charge, or one H is charged negatively, while another H is charged positively. Thus, for example the H–H bond cleavage on the unsupported Au2 can be considered as heterolytic—one H possesses negative charge of −0.11 e, while another H possesses very small positive charge of +0.01 e. In this case the gold dimer becomes positively charged upon H2 dissociation with the net charge of +0.1 e. On the other hand, formation of the OH group with the bridge O(2) atom on the rutile surface is accompanied by the large charge transfer from H atom to O(2), resulting in a Bader net charge of H in OH equal to +0.75 e. Another H on Au cluster remains negatively charged. Note that formation of the hydrogen anions on the gold surface can influence probability of further hydrogenation reactions catalyzed by the supported gold clusters.

We can conclude that the catalytic activity of gold nanoparticles for O2 dissociation would depend on the electronic structure and the size of the nanoparticles; however in the case of H2 dissociation it will be proportional to the number of gold atoms located in the vicinity of the low coordinated O(2) atoms at the nanoparticle-surface interface.




4. Conclusions

The present theoretical study demonstrates the support effects are very important in the gold nanocatalysis. Even “inert” h-BN support, if it contains vacancy defects, can promote the catalytic properties of gold clusters in oxidation reaction by O2. It is demonstrated that Au and Au2 interact weakly with the regular defect-free h-BN surface; however they can be trapped effectively by N or B vacancy defects in h-BN. 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, VN donates electrons to the adsorbed Au and Au2, while VB 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 O2. Our finding leads to a very important conclusion that gold clusters supported on the defected h-BN surface can not be considered as pseudo-free clusters. The support effects have to be taken into account.

We also demonstrate that the “active” rutile TiO2(110) support energetically promotes H2 dissociation on gold clusters. For this reaction the conventional charge transfer mechanism does not play an important role. However, adsorption of H2 on Aun and Aun/TiO2(110) (n = 1, 2, 8, 20) strongly depends on cluster size, geometric structure, flexibility and interaction with the support material. We demonstrate that the formation of the OH group near the supported gold cluster is an important condition for H2 dissociation. We have shown that the active sites towards H2 dissociation on the supported Aun are located at corners and edges of the gold cluster in the vicinity of the low coordinated oxygen atoms on TiO2(110). Therefore catalytic activity of a gold nanoparticle supported on the rutile TiO2(110) surface is proportional to the length of the perimeter interface between the nanoparticle and the support, in accordance with the recent experimental findings [38].
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