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The catalytic activity toward H2 dissociation of several Au nanoparticles of different shape, supported on
stoichiometric and reduced TiO2 surfaces, has been investigated by means of periodic DF calculations. Gold
nanoparticles become positively charged when supported on stoichiometric TiO2 and negatively charged when
adsorbed on the reduced surface, although this finding does not appear to be relevant for H2 dissociation
activity. It is shown that Au atoms active for H2 dissociation must be neutral or with a net charge close to
zero, and be located at corner or edge low coordinated positions and not directly bonded to the support. The
particles with the largest number of potentially active sites for H2 dissociation are 2L isomers consisting of
at least one bottom layer of gold atoms in contact with the support and therefore inactive, and one top layer
with low coordinated gold atoms on which H2 is adsorbed and activated. The presence of Ovacancy defects in
reduced surfaces preferentially stabilizes the most active 2L particles, while less active 1L isomers are the
most stable on the stoichiometric surfaces.

1. Introduction

In contrast to chemically inert bulk gold,1 small gold particles
finely dispersed on inorganic oxide supports have attracted much
attention in the last years as catalysts for a wide number of
reactions including the water gas shift reaction,2 CO and alcohol
oxidation,3-8 propylene epoxidation,9,10 C-C bond formation,11

and selective hydrogenations.12-17 The activity of nanogold-
based catalysts is usually related to structural effects such as
the size and shape of the gold particles as well as to the nature
of the interactions with the metal oxide support. It is also known
that precise control of catalyst synthesis and activation proce-
dures is a key factor to obtain active materials.3

The mechanism of CO oxidation and the effects responsible
for the catalytic activity of gold nanoparticles toward this
reaction have been experimentally3-6,18,19 and theoretically20-23

investigated. It seems to be generally accepted that the CO
oxidation activity of gold nanoparticles is determined by the
number of low coordinated gold atoms, which increases with
decreasing particle size but is also dependent on particle
shape.24-26 There is also agreement concerning the higher
oxidation activity of gold supported on reducible oxides such
as TiO2, Fe2O3, or CeO2,2-4,6,12 and although the mechanism of
O2 activation is unclear, it has been suggested that it occurs at
the metal-support interface27,28 or on oxygen vacancy defects
present in reduced oxide surfaces.29-31 With respect to the role
of these oxygen vacancy defects, it has also been demonstrated
that they act as nucleation sites for gold nanoparticles.32

In spite of its larger importance for industrial catalysis,
selective hydrogenation on gold catalysts has received consider-
ably less attention. It has been demonstrated experimentally that
hydrogen is dissociated by gold atoms in corner or edge
positions,33 and it is suggested that besides the particle size,

the shape of the gold particles plays a role on the catalyst activity
for this process.34 In this sense, the interaction with the support
may induce particle shapes with varying amounts of low
coordinated gold atoms, but it remains unknown whether the
activity toward H2 dissociation of sites at the metal-support
interface is different from that of sites at the top of the particle.
H2 adsorption and dissociation on gold surfaces and on isolated
gold particles of different size have been theoretically investi-
gated,35-42 and it has been shown that the active sites are low
coordinated gold atoms, no matter whether they belong to
defective extended surfaces or to large or small isolated particles.
However, no theoretical study concerning the influence of the
support on the H2 dissociation activity of gold has been reported
in the literature. We have now investigated the properties of
different gold nanoparticles supported on TiO2, focusing our
attention on the relationship between gold particle shape,
presence of oxygen vacancy defects in the support, and H2

activation ability.

2. Model Catalysts and Computational Details

The interaction of molecular hydrogen on Au nanoparticles
supported on TiO2 was studied by means of periodic models
by using large supercells to avoid interaction between the
periodically repeated Au particles or between the repeated
hydrogen molecules. For the TiO2 support the anatase poly-
morph, most commonly used in experiments, and the corre-
sponding (001) surface, the most reactive facet in anatase
nanoparticles,43,44 have been chosen and represented by a (4×4)
supercell slab model. This model contains three TiO2 layers and
hence the unit cell contains 9 atomic layers and 144 atoms. A
vacuum region larger than 20 Å was placed between vertically
repeated slabs. This vacuum width is larger than the usual
choices in the literature but one has to realize that since Au
nanoparticles are later deposited on that support it is necessary
to avoid any spurious interaction. Since it has been suggested
that gold nanoparticles are initially formed on defects in the
TiO2 support32 we considered, besides the stoichiometric surface,
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a surface with an O vacancy defect. The atomic positions of
the two uppermost layers in the two models, regular and
defective, were always fully relaxed and spin-polarization was
included when necessary.

A nanoparticle containing 13 Au atoms, Au13, has been
chosen as representative of the ones used in the catalytic
experiments for the chemoselective hydrogenation of nitroaro-
matic compounds.16 Three different isomers of Au13 containing
one (1L), two (2L), and three (3L) atomic layers have been
considered which were directly cut out from bulk gold, placed
in the same periodic box used to set up the supercell used for
the TiO2 support, and first optimized without the presence of
the support. Particle 1L is planar and consists of 13 atoms
belonging to the (111) surface (see Figure 1). Particle 2L initially
consisted of two layers of 4 and 9 atoms parallel to the (001)
surface and with (111) side facets. However, geometry optimi-
zation resulted in a particle with two atomic layers containing
10 and 3 atoms, respectively, and, not surprisingly, more or
less parallel to (111), which is the most stable surface termina-
tion. Finally, particle 3L consists of three layers of 3, 7, and 3
atoms parallel to (111). In a second step, these Au13 particles
were supported on the stoichiometric TiO2 surface (sup-TiO2)
and on the surface model with one O vacancy point defect (sup-
Ovacancy). For the supported particle models, the positions of all
Au atoms and of the Ti and O atoms of the two uppermost
atomic layers of the support were fully relaxed.

On the basis of the results of a previous computational study
of the mechanism of H2 dissociation on different gold catalyst
models,42 it has been assumed that only Au atoms able to bind
molecular H2 in a rather strong way will also be able to
dissociate it. Consequently, the adsorption of molecular H2 on
different positions in the supported Au nanoparticles is the
reactivity predictor parameter used to analyze the chemistry of
these model catalysts. Thus, molecular H2 was placed near
different gold atoms in each of the supported nanoparticles, the
position of the two H atoms, of all Au atoms, and of the Ti and
O atoms of the two uppermost layers of the support were fully
optimized, and the resulting geometries were analyzed and used
to calculate adsorption energies.

Finally, and to better analyze and rationalize the results, the
gold atoms in each nanoparticle were classified according to
two different criteria: the coordination number (CN) or number

of metal-metal bonds, and the geometrical arrangement (GA)
of the neighboring atoms. The coordination number can be low
(L) (2-3 metal-metal bonds), medium (M) (4-5 metal-metal
bonds), or high (H) (6 or more metal-metal bonds). With
respect to the geometrical arrangement we considered the
following atom types: inside, terrace, edge, and corner. Inside
atoms always have a large coordination number, terrace and
edge atoms may have a high or medium coordination number,
and corner atoms have a medium or low coordination number.

All calculations are based on density functional theory (DFT)
and have been carried out with the VASP code,45 using the
perdew-Wang (PW91)46 exchange-correlation functional within
theGeneralizedGradientApproximation(GGA).TheKohn-Sham
orbitals used to obtain the electron density were expanded in a
plane wave basis set with a kinetic energy cutoff of 415 eV,
and the effect of the core electrons was taken into account by
means of the Projected Augmented Wave (PAW) method.47

Given the large size of the unit cell calculations were carried
out at the Γ k-point of the Brillouin zone. The atomic positions
were optimized by means of a conjugate-gradient algorithm until
atomic forces were smaller than 0.01 eV/Å. Charge distributions
were estimated by making use of the theory of atoms in
molecules (AIM) of Bader.48

3. Results and Discussion

3.1. Structure and Relative Stability of Isolated Au13

Particles. The geometry and the relative stability of the three
structural models of the isolated Au13 nanoparticle are depicted
in Figure 1 whereas the description of the Au atoms in each
structure is summarized in Table S1 in the Supporting Informa-
tion. The most stable isomer is the planar 1L one. It has four
atoms of terrace type, three of them with a coordination number
equal to 6, three atoms in edge positions, and six atoms
occupying corner sites. The spherical 3L particle is 1.82 eV
less stable, and has one Au atom in the center surrounded by
12 corner Au atoms each with a coordination number of 5. For
both 1L and 3L Au nanoparticles, the initial and optimized
geometries are very similar. This is at variance of the situation
found for the 2L nanoparticle, which upon optimization appears
to be highly distorted from the structure cut from the bulk. This
is not so surprising since the initial structure most exposed face
is the less stable (001) one, while in the final optimized structure
the particle consists of two layers of 10 and 3 atoms more or
less parallel to (111). The geometrical arrangement of the atoms
in the initial and optimized structures is quite similar, but the
coordination number of all atoms has increased considerably.

3.2. Structure and Relative Stability of Supported Au13

Particles. The different Au13 isomers previously described and
shown in Figure 1 were supported on the stoichiometric TiO2

surface (sup-TiO2) and on a O vacancy defect (sup-Ovacancy)
model and their geometry was optimized as described above.
Interaction with the support provokes noticeable deformations
in the shape of the gold nanoparticles, especially in the case of
the 2L and 3L isomers (see Figures 2 and 3), and important
changes in their relative energies (see Figure 1). Since the results
obtained for the two types of support considered are similar,
they are described together in the following discussion. The
optimized geometries of the supported nanoparticles together
with the numbering of the gold atoms are depicted in Figures
2 and 3, and Table S2 in the Supporting Information summarizes
the geometrical arrangement and bonding with the support of
the gold atoms in each particle.

Adsorption of the 1L particle on the support does not modify
the geometrical arrangement of the gold atoms, that is to say,

Figure 1. Relative stability of the different isomers of isolated and
supported Au13 nanoparticles. The energy of the planar 1L particle has
been taken as the origin of energies. The geometry of the isolated
nanoparticles is depicted.
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the number of terrace, edge, and corner atoms is conserved as
in the isolated particle, but their coordination number increases
due to the formation of Au-Ti bonds. As shown in Figure 3,
particle 1L supported on stoichiometric TiO2 maintains its
planarity, but when it is deposited on a Ovacancy defect, the terrace
atom 1 is displaced downward to the center of the defect, while
the edge atom 7 and especially the corner atoms 12 and 13 move
upward, far from the oxide surface. For the 2L supported

particles, two different cases were considered. Besides the fully
optimized isolated particle, the initial structure directly cut out
from the bulk was also adsorbed on the stoichiometric and
reduced TiO2 surfaces and optimized together with the support.
In this last case, quite regular particles were obtained (2LA),
with atom 1 inside the particle in contact with the support, and
the rest of the Au atoms situated more or less symmetrically
around it. This disposition causes a decrease in the number of

Figure 2. Top views of the different Au13 isomers supported on a stoichiometric (left) and a reduced (right) TiO2 surface.
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corner atoms with respect to the isolated particle, and an increase
in the coordination number due to the formation of Au-Ti bonds
(Table S2, Supporting Information). Adsorption of the fully
optimized Au13 particle on TiO2 results in highly distorted or
irregular structures (2LB), with very different geometrical
arrangements of the Au atoms. On stoichiometric TiO2, the 2LB
particle has only 3 corner atoms (11, 12, and 13), while the
number of terrace and edge atoms has increased. On the Ovacancy

defect, two of the gold atoms, 1 and 2, are inside the particle in
contact with the support, but the number of corner atoms is
still high. It should be noted that despite these geometrical

differences, the regular 2LA isomer is only 0.03 eV on the TiO2

support and 0.14 eV on the Ovacancy defect more stable than the
irregular 2LB system. This is a strong indication that the
interaction with the support can indeed stabilize particle shapes
which are very different from those of the isolated gas phase
structures. This is clear from the results corresponding to the
interaction of particle 3L with the support, which causes such
a strong deformation that the particle practically looses its
spherical shape and becomes a sort of distorted disk perpen-
dicular to the oxide surface. Gold atoms in this system form
few bonds with the atoms of the support, and tend to increase

Figure 3. Side views of the different Au13 isomers supported on a stoichiometric (left) and a reduced (right) TiO2 surface.
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their coordination number through the formation of new Au-Au
bonds. Thus, on the sup-TiO2 system there is only one Au-Ti
bond involving gold atom 13, and when the 3L particle is
adsorbed on the Ovacancy defect only three atoms (5, 11, and 13)
are directly bonded to Ti atoms of the oxide support. As a result
of these geometrical arrangements, the number of corner atoms
decreases considerably, and gold atoms in terrace and edge
positions, which were lacking in the isolated particle, appear
now. In the forthcoming discussion we will see that this has
important implications for H2 adsorption.

Analysis of Figure 1 reveals that the order of stability of the
different Au13 isomers supported on stoichiometric TiO2 follows
that of the isolated nanoparticles, although the 2L structures
have been destabilized and the 3L isomer has been stabilized
with respect to the 1L particle, which is taken as reference. The
situation on the Ovacancy defective surface is slightly different;
the less stable 3L isomer is only 1.3 eV higher in energy than
the 1L (Figure 1) but the most stable species are now the 2L
isomers. The scrutiny of the energetic data is completed by
analysis of the adsorption energy (Eads), deformation energy
(Edef,) and interaction energy (Eint) for each of the supported
nanoparticles considered in this work, summarized in Table 1.
The adsorption energy is calculated as the difference between
the total energy of the Au13-support system and the total energies
of the support and the isolated particles separately:

Eads )E(Au13-support)opt -E(support)opt -E(Au13)opt

and therefore includes both the metal-support interaction and
the effect of geometry relaxation of the gold nanoparticle. The
definition of Edef and Eint allows us to decompose the interaction
in meaningful contributions. The deformation energy is calcu-
lated as the difference between the energy of the Au13 nano-
particle in the conformation it adopts on the support and the
energy of the corresponding isolated Au13 isomer:

Edef )E(Au13)supported geometry -E(Au13)opt

whereas the interaction energy has been calculated as the
difference between the total energy of the Au13-support system

and the sum of the energies of the support and the particle in
the conformation adopted on the support:

Eint )E(Au13-support)opt -E(support)opt -

E(Au13)supported geometry

Adsorption of gold nanoparticles on the TiO2 support is
energetically favorable in all cases, with calculated values for
Eads ranging between -4.5 and -5.5 eV. It is important to
remark that no preferential stabilization on the Ovacancy defects
is found for similar gold nanoparticles although the presence
of the Ovacancy defects is probably necessary for nucleation to
start. Nevertheless, adsorption energies on the stoichiometric
and the reduced surfaces are similar for the 2L particles, while
Eads of the 1L particle on the Ovacancy defect is 0.8 eV smaller
than that on the stoichiometric surface, and the same trend is
observed for the 3L particle. Deformation energies for the 1L
and 2L particles are positive, meaning that there is an energy
cost to change the particle shape from the gas phase to the
adsorbed state that has to be compensated by the new bonds
that are formed with the atoms of TiO2 support. In the case of
the 3L particle, however, the energy of the adsorbed on the
support optimized structure is more stable than the almost
spherical one cut out from the bulk, and therefore the specific
metal-support interaction is the smallest. Thus, while the
calculated Eint for the 3L particle is only -4.7 eV, the values
obtained for the 2L isomers are almost -7 eV.

The analysis of the net charge on the Au atoms of the
supported particle in Table S3 in the Supporting Information
reveals that interaction of gold nanoparticles with the TiO2

support involves a certain degree of charge transfer. The first
clear-cut conclusion that can be obtained is that Au nanoparticles
become slightly positively charged when adsorbed on stoichio-
metric TiO2 and slightly negatively charged when the particles
sit on top of an Ovacancy defect. A second conclusion is that the
net charge on the nanoparticle is not equally distributed among
all atoms, but it is clearly localized on some of them. Thus,
while most Au atoms remain neutral, with net charges between
-0.05 and 0.05 e, some special atoms have net charges as large
as +0.30 or -0.30 e. The gold atoms exhibiting a net positive
charge larger than 0.1 e are always directly bonded to a O atom
forming a Au-O-Ti bridge, with calculated O-Au distances
between 2.0 and 2.3 Å. The O atoms directly bonded to Au

TABLE 1: Adsorption, Deformation and Interaction
Energies (in eV) and Net Charge on the Particle (in e)
Calculated for Four Different Isomers of Au13 Nanoparticles
Supported on Stoichiometric TiO2 and on a Ovacancy Defect

sup-TiO2 sup-Ovacancy

Eads Edef Eint q Eads Edef Eint q

1L -5.34 0.79 -6.13 +0.45 -4.53 1.07 -5.59 -0.46
2LA -5.14 1.61 -6.74 +0.51 -5.41 1.40 -6.81 -0.05
2LB -5.10 1.27 -6.38 +0.53 -5.27 1.27 -6.54 -0.20
3L -5.55 -0.86 -4.69 +0.48 -5.04 -0.37 -4.66 -0.30

TABLE 2: Summary of Activity Data for H2 Adsorption on
the 1L Au13 Supported Particle

atoms CN GA O-bonded
adsorbs

H2?
Eads

(kcal/mol)
rHH

(Å)

1L sup-TiO2 5 M edge yes no -0.65 0.75
6-7 M edge no yes -3.91 0.82
8-9 M corner no yes -4.89 0.81
10-11 M corner yes noa

12-13 L corner yes no -1.05 0.75
1L sup-Ovacancy 5-6 M edge no no -1.08 0.75

7 M edge no yes -5.03 0.82
8-9 M corner no yes -3.78 0.81
10-11 M corner yes noa

12-13 L corner no yes -5.13 0.81

a Equivalent to atoms 12-13 in particle 1L sup-TiO2, directly
bonded to O.

TABLE 3: Summary of Activity Data for H2 Adsorption on
the 2L Au13 Supported Particle

atoms CN GA O-bonded
adsorbs

H2?
Eads

(kcal/mol)
rHH

(Å)

2LA sup-TiO2 6-9 M edge no yes -3.95 0.82
10-11 M corner no no -0.85 0.75
12-13 L corner no yes -5.43 0.81

2LA sup-Ovacancy 8-9 M corner yes noa,b

10-13 M corner no yes -9.77 0.81
2LB sup-TiO2 5-6, 10 M edge no yes -9.70 0.82

7-8 M edge yes no -0.36 0.75
9 M edge no noc

12 L corner no yes -15.4 0.82
11, 13 L corner yes no -0.41 0.75

2LB sup-Ovacancy 6-7 M edge no no -0.49 0.75
8 M corner no yes -6.76 0.83
9 M corner yes no -1.33 0.75
10 M corner no yes -3.40 0.79
11 M corner yes no -0.85 0.75
12-13 L corner no yes -3.15 0.80

a Equivalent to atoms 12-13 in particle 1L sup-TiO2, directly
bonded to O. b Equivalent to atoms 10-11 in particle 2LA
sup-TiO2, not easily accessible. c Nonaccessible.
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atoms are less negatively charged (qO between -0.93 and -0.99
e) than those coordinated only to Ti atoms (qO between -1.01
and -1.16 e) while no special charging of Ti atoms directly
coordinated to gold is observed. Negatively charged gold atoms
are only found in particles supported on the Ovacancy defect, and
are usually inside or terrace-type atoms coordinated to six or
more other Au or Ti atoms. Other Au atoms with a negative
charge slightly larger than -0.1 e are low or medium coordi-
nated gold atoms close to the oxide surface but not directly
bonded to it.

3.3. Interaction of H2 with the Supported Au13 Particles.
The analysis of the structures of the supported Au13 in the
previous subsection reveals the existence of a considerable
number of nonequivalent Au atoms differing in coordination
number, geometrical arrangement, net atomic charge, and
neighboring atoms. To determine which are the characteristics
of the most favorable sites for H2 dissociation, it has been
assumed that the mechanism necessarily involves the initial
adsorption and activation of molecular H2 on a low coordinated
gold atom. Thus, only the initial adsorption step and not the
global mechanism for each considered position, and only Au
atoms with medium or low coordination number, and situated
either in edge or corner positions, have been considered. This
strategy permits one to disclose important trends while main-
taining the computations feasible. Nevertheless, some highly
coordinated positions have also been checked and it has been
confirmed that they do not activate H2. Also, special attention
has been paid to Au atoms directly bonded to Ti or O, since
their chemical reactivity might be different. The results obtained
are summarized in Tables 24. Adsorption energies smaller than
-1.5 kcal mol-1 are always associated to dHH calculated bond
length values of 0.75 Å, which is close to the optimized distance
in the gas phase hydrogen molecule, and to Au-H optimized
distances larger than 2.5 Å (not shown). Therefore, they clearly
correspond to nonadsorbed (or weakly adsorbed) states (see
Figure 4a). On the contrary, adsorption energies larger than -3.0
kcal mol-1 are related to structures such as that depicted in
Figure 4b. The Au-H distances are 1.8-1.9 Å and the H-H
bond lengths increase to more than 0.8 Å, indicating that
molecular H2 is activated and is therefore a probable precursor
ready to dissociate.

As expected, and in agreement with previous results,33,34,39,42

it has been found that most Au atoms in corner positions, either
with low or medium coordination number, adsorb and activate
H2. Exceptions are, of course, those Au atoms that after
adsorption on the support become inaccessible or are too close
to the TiO2 surface. The most interesting and unexpected result
is, however, the finding that corner Au atoms with low
coordination number and that are easily accessible by H2 are
not active sites for H2 adsorption when they are directly bonded
to an O atom. This is the case, for instance, for atoms 12 and

13 in particle 1L sup-TiO2. As previously described, these atoms
are involved in a Au-O-Ti bond and have a positive charge
larger than 0.1 e. The optimized geometry of the H2 adsorption
complex on atom 13 depicted in Figure 4a shows an undistorted
H2 molecule at ∼3 Å from the Au atom. When the same 1L
particle is supported on a Ovacancy defect, Au atom 13 is not
directly bonded to a O atom and is not positively charged, and
in this case it does adsorb and activate H2. As shown in Figure
4b and Tables 2-4, the H-H bond length increases to 0.81 Å,
the Au-H distances are 1.90 Å, and the calculated adsorption
energy is -5.13 kcal mol-1. The same behavior is found for all
corner and edge Au atoms belonging to a Au-O-Ti linkage:
they do not activate H2, no matter the particle shape or the nature
of the support. With respect to edge atoms with medium
coordination number and not directly bonded to O, they are
also inactive when they belong to the bottom layer of the
supported gold nanoparticle and are therefore close to the oxide
surface. Altogether, it can be concluded that the active sites for
H2 dissociation in supported Au nanoparticles are corner or edge
atoms in low coordination state, not directly bonded to O, and
not belonging to the first atomic layer in contact with the
support.

3.4. Implications for Catalyst Design. In this section we
discuss how the results described can be used to tune the Au
supported catalysts to maximize its activity toward H2 dissocia-
tion. First, let us consider the one-layer particle. Although the
1L Au13 supported particles considered in this work contain 4-5
active atoms, this type of 1L particles do not seem to be the
most interesting ones from a catalytic point of view, because
the number of inactive terrace atoms will rapidly increase with
increasing particle size, and because most of the remaining
corner or edge atoms will always be in close contact with the
support, which does not favor H2 activation. On the other hand,
only three of the thirteen atoms in the 3L particles have been
found to be active for H2 dissociation. This is in spite of the
rather large number of accessible Au atoms and of the small
number of direct bonds with the support in these systems. The
reason is that most Au atoms in these particles, even those
situated in edge positions, are directly bonded to a large number
of other Au atoms, and therefore do not tend to increase their
coordination number by interacting with H2.

The analysis of the two-layer particles shows that three of
the four 2L isomers studied in this work contain four Au atoms
able to dissociate H2. Since Au atoms directly bonded to O are
unable to adsorb H2 one could argue that the presence of Ovacancy

defects would increase the number of active sites, but this is
not the case. Indeed, the largest number of Au active atoms is
found in the most symmetrical 2LA nanoparticle supported on
TiO2. This system consists of one bottom layer of seven gold
atoms in contact with the support and therefore inactive, and

Figure 4. Optimized geometry of the structures corresponding to a
nonadsorbed state of H2 on a Au atom of particle 1L sup-TiO2 (a) and
to adsorbed H2 on the same Au atom of particle 1L sup-Ovacancy.

TABLE 4: Summary of Activity Data for H2 Adsorption on
the 3L Au13 Supported Particle

atoms CN GA O-bonded
adsorbs

H2?
Eads

(kcal/mol)
rHH

(Å)

3L sup-TiO2 6-7 H edge no no -1.08 0.75
8-10 M corner no yes -5.01 0.81
11-12 M corner yes no -1.10 0.75
13 M corner no noa

3L sup-Ovacancy 6-7 M edge no yes -9.06 0.84
8 M corner no yes -3.28 0.80
9-11 M corner no no -1.19 0.75
12 L corner yes no -1.15 0.75
13 H corner no noa

a Nonaccessible.
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one top layer of six low coordinated gold atoms separated from
the support, and therefore active for H2 dissociation. When the
same particle is situated on the Ovacancy defect, one gold atom
moves downward inside the defect, and a large number of
Au-Ti bonds are formed. As a result the particle shape changes
and only four low coordinated Au atoms can be found on the
top layer of the nanoparticle. However, slightly larger particles
of this type will increase the number of low coordinated gold
atoms on the top layer, becoming more similar to the 2LA sup-
TiO2 system. Finally, the beneficial effect of Ovacancy defects is
clearly seen when the relative stability of the different nano-
particles is taken into account. As shown in Figure 1, Ovacancy

defects preferentially stabilize two-layer particles, which are in
general those having the largest number of active sites.

4. Conclusions

The catalytic activity toward H2 dissociation of several Au
nanoparticles of different shape supported on stoichiometric and
reduced TiO2 surfaces has been investigated by means of
periodic DF calculations carried out by using realistic supercell
models. Interaction with the support causes noticeable changes
in the shape of the gold nanoparticles, and modifies their relative
stability. 3L supported isomers are the least stable species, and
the order of stability of 1L and 2L particles depends on the
nature of the support: one-layer particles are the most stable on
the stoichiomeric surfaces, while the presence of Ovacancy defects
in reduced surfaces preferentially stabilizes 2L isomers.

It has been found that gold nanoparticles become globally
positively charged when supported on stoichiometric TiO2 and
negatively charged when adsorbed on the reduced surface,
although the present results indicate that this is not relevant for
H2 dissociation activity. Positively charged Au atoms are usually
involved in Au-O-Ti bonds and are not able to coordinate
and activate H2; negatively charged gold atoms are usually
highly coordinated inside or terrace-type atoms. Therefore,
active Au atoms are neutral or with a net charge close to zero.

It has also been shown that the number of potentially active
sites for H2 dissociation, that are neutral corner or edge gold
atoms in low coordination state and not directly bonded to the
support, depends on the particle shape, which in turn is
influenced by the type of support. The particles with the largest
number of active sites are 2L isomers consisting of at least one
bottom layer of gold atoms in contact with the support and
therefore inactive, and one top layer separated from the support
with low coordinated gold atoms on which H2 is adsorbed and
activated. The presence of Ovacancy defects on the TiO2 surface
preferentially stabilizes these 2L particles, increasing the catalyst
activity.

Acknowledgment. Financial support has been provided by
the Spanish Ministry of Education and Science (grants MAT
2006-14274-C02-01 and CTQ2005-08459-CO2-01) and, in part,
by Generalitat de Catalunya (2005SGR-00697). The authors
thankfully acknowledge the computer resources, technical
expertise, and assistance provided by the Barcelona Supercom-
puting Center/Centro Nacional de Supercomputación.

Supporting Information Available: Tables of coordination
numbers and geometrical arrangement of Au atoms in the
isolated Au13 nanoparticles at their optimized geometry; number
of Au atoms in I, T, E, and C geometrical arrangements;
summary of Bader atomic charges for each one of the supported
Au13 models in the regular and defective (001) surface of
anatase; and POSCAR files. This material is available free of
charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Hammer, B.; Norskov, J. K. Nature 1995, 376, 238.
(2) Fu, Q.; Saltsburg, H.; Flytzani-Stephanopoulos, M. Science 2003,

301, 935.
(3) (a) Haruta, M.; Kobayashi, T.; Sano, H.; Yamada, N. Chem. Lett.,

1987, 405. (b) Haruta, M. Catal. Today 1997, 36, 153.
(4) (a) Valden, M.; Lai, X.; Goodman, D. M. Science 1998, 281, 1647.

(b) Chen, M. S.; Goodman, D. W. Science 2004, 306, 252. (c) Meier, D. C.;
Goodman, D. W. J. Am. Chem. Soc. 2004, 126, 1892.

(5) (a) Hutchings, G. J. Gold Bull. 2004, 37, 3. (b) Hutchings, G. J.
Catal. Today 2005, 100, 55.

(6) (a) Carretin, S.; Concepción, P.; Corma, A.; Nieto, J. M. L.; Puntes,
V. F. Angew. Chem., Int. Ed. 2004, 43, 2538. (b) Guzman, J.; Carrettin, S.;
Corma, A. J. Am. Chem. Soc. 2005, 127, 3286.

(7) Porta, F.; Prati, L.; Rossi, M.; Scari, G. J. Catal. 2002, 211, 464l.
(8) Abad, A.; Concepción, P.; Corma, A.; Garcı́a, H. Angew. Chem.,

Int. Ed. 2005, 44, 4066.
(9) Nijhuis, T. A.; Weckhuysen, B. M. Catal. Today 2006, 117, 84.

(10) (a) Hayashi, T.; Tanaka, K.; Haruta, M. J. Catal. 1998, 178, 566.
(b) Chowdhury, B.; Bravo-Suarez, J. J.; Mimura, N.; Lu, J.; Bando, K. K.;
Tsubota, S.; Haruta, M. J. Phys. Chem. B 2006, 110, 22995.

(11) (a) Carrettin, S.; Guzman, J.; Corma, A. Angew. Chem., Int. Ed.
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(42) Corma, A.; Boronat, M.; González, S.; Illas, F. Chem. Commun.
2007, 3371.

(43) Gong, X. Q.; Selloni, A. J. Phys. Chem. B 2005, 109, 19560.
(44) Yang, H. G.; Sun, C. H.; Qiao, S. Z.; Zou, J.; Liu, G.; Smith, S. C.;

Cheng, H. M.; Lu, G. Q. Nature 2008, 453, 638.
(45) (a) Kresse, G.; Furthmüller, J. Phys. ReV. B 1996, 54, 11169. (b)

Kresse, G.; Hafner, J. Phys. ReV. B 1993, 47, 558.
(46) (a) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.;

Pederson, M. R.; Singh, D. J.; Fiolhais, C. Phys. ReV. B 1992, 46, 6671.
(b) Perdew, J. P.; Wang, Y. Phys. ReV. B 1992, 45, 13244.
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