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Abstract

The presence of water can strongly affect the reactivity of gold catalysts. For this
reason, ab initio density functional simulations have been performed to study
the adsorption and dissociation of water on the anatase-Ti0O2(101) surface, both
clean and in the presence of a supported model gold nanocluster, Auy. When
adsorbed not too close to the cluster, water is adsorbed and dissociated with
roughly the same binding energies and dissociation barriers as in the catalyst-
free surface. If the molecule adsorbs at the Au/TiO4 perimeter interface, making
contact with gold, we find a slight stabilization of molecular water, whereas
dissociated water becomes slightly less stable. The preferential mechanism for
water dissociation is found to be a splitting of the H-OH bond at the TiO,
surface, with the gold cluster playing a minor role. Calculations of the relative
stability of various water-related species show that the gold catalyst favours
accumulation of excess hydroxyls around its perimeter.
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1. Introduction

Titanium dioxide is one of the best studied metal oxides due to its wide rage
of technological applications in catalysis, photochemistry and electrochemistry
[1, 2]. In particular, it is one of the most commonly used oxide supports for
model nanocatalysts. In the last ten years, it has been routinely employed as
a support for gold nanoparticles, which show very promising catalytic activ-
ity for various chemical reactions, like CO oxidation, water gas shift, propene
epoxidation, etc. [3-5].

It has been reported that the presence of water, even at small concentrations,
can strongly affect the reactivity of the gold catalysts [6, 7] for a wide range
of chemical reactions. Water can influence a given reaction in various ways,
the most obvious one by interacting with the reactants or with the products
directly at the gold catalyst. Also, the surface hydroxylation can strongly affect
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the global reactivity, since the Au/TiOy perimeter interface acts frequently as
a favorable reaction region[8, 9]. The presence in such region of either intact
or dissociated water is expected to affect the binding of either reactants or
intermediate compounds, thus altering the reaction mechanisms [10, 11]. The
interaction of gold clusters and nanoparticles with the TiOy surface is likely
to cause electrons to be transferred between the metal cluster and the surface
[12-14], thus changing the stability of neighbouring adsorbed water or hydroxyl
groups.

Among the various titania forms that have been employed as supports, one
of the most interesting is anatase [15]. It is now established that, under stan-
dard reaction conditions (where a sizable partial pressure of water vapor can
be present) clean anatase will adsorb and dissociate water, partially saturat-
ing the surface dangling bonds with hydroxyl groups [16-18]. However, little is
known about the effects that supported catalysts can cause on the ability of the
TiO2 substrate to bind and dissociate HoO [19, 20]. The metal-oxide interaction
may cause substantial changes on the way water interacts with the oxide at the
cluster-oxide perimeter interface, altering the preferred equilibrium coverages,
the ratio of dissociated vs molecular water, or even the relative concentration of
OH and H groups. Also, the presence of the metal could induce a preferential
adsorption of water into it, and could also offer low energy barriers for water
dissociation at its surface, with perharps an important spill-over effect.

This has motivated us to perform a complete study of the way water in-
teracts with titania-supported gold catalysts. Using the Density Functional
Theory (DFT) we have analyzed the energetics of both molecular and dissoci-
ated water adsorption at the Au/TiOy perimeter interface. Besides simulating
water adsorption at various coverages, we have also studied in detail the reaction
pathways for water dissociation on these model catalysts, and the associated ac-
tivation barriers. Finally, we have also explored the possibility of an unbalance
in the relative OH and H concentrations caused by the presence of the gold
catalyst.

2. Computational setup

Density Functional Theory (DFT) calculations were carried out using the
GPAW code [21, 22]. The Perdew-Burke-Ernzerhof (PBE) [23, 24] Generalized
Gradient Aproximation (GGA) for the exchange-correlation functional was used
thoughout this work. The following orbitals were considered as valence: 1s
for hydrogen, 2s and 2p orbitals for oxygen, and 3s, 3p, 3d and 4s orbitals
for titanium (in this latter case, inclusion of 3s and 3p electrons as valence is
convenient in order to avoid errors due to core-polarization). For each geometry,
wave functions are optimized until the total energy changes less than 0.0001 eV
between iterations, and the electronic density less than 0.0003 e~ /AS. Spin
polarized calculations were carried out for open-shell species. The (101) surface
of TiO4y anatase was represented by a slab formed by two O-Ti-O trilayers, the
first one allowed to relax while all the atoms of the bottom layer were fixed at
their bulk positions.



For the simulations of the bare anatase (101) surface (that is, without a
supported gold catalyst), we have chosen a 1x3 periodic unit cell, with lateral
dimensions of 10.8 A x 11.4 A. This size is large enough to prevent sizable
interactions between adsorbed species in neighbour cells. Also, it allows us to
study the variation of binding energies with increasing coverage, of up to six
water molecules. As a model of a supported gold nanocatalyst, we ha\@\jced
a Auy cluster on top of the TiO2-anatase surface. We choose such sma: e in
order to keep the simulation as small as possible. Besides, many experimen-
tal studies have shown that small clusters with various sizes can be easily
deposited on the TiOy surface, being highly active catalysts for a broad class
of reactions [25-27]. For supported Auy, we use a 1x4 anatase unit cell. The
larger lateral dimensions are needed both for keeping Auy clusters in neighbour
cells far from each other, as well as for having enough available surface sites
around the gold cluster to study water adsorption. In both cases, we have a
vacuum space of 10 A in the vertical direction, which provides enough separation
between the adsorbed species and the edge of the unit cell. A broad variety of
conformations for the supported cluster were tested; among several conformers
with almost equal binding energies, we have chosen a rhombus structure which
is adsorbed obliquely to the surface (see Figure 6). In all cases, for economy
purposes, we have used a single k point. The large unit cell size makes the use of
a (1x1x1) Monkhorst-Pack sampling a reasonable approximation. In our tests,
larger (2x2x1) or (3x3x1) samplings modify the HoO binding energy only by a
mere 0.001 eV. For some selected cases, Van der Waals dispersion contributions
to the water binding energies were calculated perturbatively using Grimme’s
DFT-D3 semiempirical approximation [28]. Since we are studying a perfect
TiO4 surface with no defects, we do not expect a substantial amount of self-in-
teraction (which, of course, is much larger for systems including oxygen vacan-
cies). This has motivated us to use a pure DFT approach, instead of reporting
semiempirically corrected DFT+U energies. While inclusion of this correction
can help on improving the description of the electronic structure (band gap size,
for example), it is not clear that it will result on sizable changes for the calcu-
lated water adsorption energies. Recently, Kumar et al. have analyzed the effect
of both DFT+U and VAW semiempirical corrections on the binding energy of
water on rutile TiO2 [29], finding that +U corrections to water binding energy
are very small (not larger than 0.05 eV), actually smaller than VAW corrections.
In the cases of clean anatase-TiOs and Auy supported on it, we expect a similar
behaviour, with pure DFT binding energies being reasonable enough.

Geometries were fully relaxed using the BFGS algorithm [30] until the maxi-
mum force was converged with a precision of 0.02 eV/ A—1. This criteria results
in total energies for the relaxed structures with a precission of the order of
0.001 eV. Energy barriers for water dissociation and hydrogen transfer reac-
tions were calculated by a constrained minimization method, involving several
simulations where the reaction coordinate (H-O bond distance) was restricted at
monotonously decreasing values, while allowing the rest of the system to freely
relax [31]. Transition state structures were characterized as energy maxima in
the reaction profile; because of the complexity of the potential energy surface for
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the adsorbed molecule, we took care of checking the saddle point character at
the transition state by relaxing various candidate conformations at the critical
value of the reaction coordinate. With this procedure, we obtained a precision
for the calculated barrier heights of the order of 0.01 eV.

3. Water adsorption at the (101) surface of clean anatase TiO,

Before studing the adsorption of water at the Auy/TiO9 system, it is nec-
essary to understand the features of water binding in the absence of the gold
catalyst. Then by comparing both results, we can obtain useful information on
the effect that the supported catalyst produces on the surface, by checking for
any tendency of adsorbed water to concentrate around the catalyst.

Let us start by reporting the results for molecular adsorption of water at
the (101) surface of clean anatase. Figure 1 collects the equilibrium structures
for adsorption of up to six water molecules at the TiOs surface. This covers
all the range of water surface coverage, from minimal (16%) up to complete
(100%). For the sake of clarity only the upper part of the slab of the 1x3 unit
cell of anatase (101) is shown in the Figure. The total binding energies, E;(n),
for these configurations are also included. These are calculated as the energies
required to disassemble the system into the separate parts, TiO- and n isolated
water molecules:

Ey(n) =nE(H20, gas) + E(Ti02)— (1)
E((nH20)/Ti03), n=1,..6

Therefore, positive values of E,(n) mean that HoO binding is thermodinamically
favourable. In agreement with previous studies, we find an easy chemisorption
of water molecules on top of the five-fold coordinated Ti atoms at the surface.
From now on, we will label these sites as Ti5c. The bond distances between the
oxygen atom of HoO and the Ti5c range from 2.28 A (n = 1) to 2.36 A (n = 6).
Ep(n) increases steadily as the number of adsorbed water molecules increases.
Besides the pure DFT results, we have also evaluated the contribution to the
adsorption energies due to dispersive VAW interactions. In all the cases, such
contribution has a fairly constant value of the order of 0.17 eV per molecule,
which represents about 20% of the total binding energy.

In order to check whether the water molecules adsorb independently from
each other, or there is any kind of saturation effects, we have calculated the
successive binding energies for each new water molecule adsorbed on the TiOq
surface, AE;(n):

AEy(n) = Ey(n) — Ey(n—1), n=1,...6 (2)
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Figure 1: Equilibrium structures and binding energies (Ey; in €V) of one to six water molecules
adsorbed on the anatase-TiO2(101) surface. In every case, both DFT and DFT-VAW values
for E;, (using DFT-D3 semiempirical correction) are given. The titanium atoms are coloured
in grey, the oxygen atoms in red and the hydrogen atoms in white.

The results (which compare DFT and DFT4+VdW values) are reported in Table
1. They show that in all cases the DFT energy required to adsorb new water
molecules departs little from its average value of around 0.6 eV. This confirms
that molecular water, at high partial pressures, is expected to cover the surface
by saturating most of the surface Ti sites.

n 1 ] 23] 4756
AE,(n) (DFT) 0.57 | 0.63 | 0.54 | 0.68 | 0.59 | 0.58
Evw 0.13 | 0.17 | 0.18 | 0.17 | 0.18 | 0.17

AE,(n) (DFT+VAW) | 0.70 | 0.80 | 0.72 | 0.85 | 0.77 | 0.75

Table 1: Successive binding energies AE;(n) for the adsorption of water molecules on TiOg.
Energies are given in eV. Both DFT and DFT-VAW data (using DFT-D3 semiempirical
correction) are given.

Next, we have calculated the energy barrier for water dissociation at the
anatase-TiO2(101) surface. In order to analyze the influence of coverage effects,
we have considered three different situations, with the results being shown in
Figure 2. In all cases, we calculate the reaction energy barrier for the dissociation
of a water molecule adsorbed at a Ti5c site, by plotting the evolution of the
energy of the system along the HO—H—O2c reaction coordinate (namely, the
distance between the hydrogen atom of water and the two-fold coordinated O2c¢
surface oxygen atom). The insets show the structures for the initial, transition,
and final states. In order to establish a more direct comparison with the similar
results for the Auy/TiOs system (to be presented later in the paper), we have
performed these calculations in the same anatase (101) (1x4) unit cell.

The top panel shows the results for water adsorbed on a clean anatase-
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Figure 2: Barriers for dissociation (in eV) of one water molecule on the anatase (101) surface.
The top panel shows the results for water adsorbed at a clean TiO2 surface. The dashed
line represents VdW-corrected energies. Insets show the structures of the initial, transition
and final states. The middle and lower panels show the dissociation process for the surface
precovered with five additional water molecules, either intact of dissociated. The blue circles
mark the location of the dissociating HoO molecule. The zero of energies is taken as the sum
of energies of a gas phase H2O molecule and the TiO2 anatase surface without it (either clean
of with five adsorbed water molecules).

TiO5(101) surface. Initially, water adsorbs with a binding energy of 0.57 eV. For
this configuration, the distance between the oxygen atom of the water molecule
and the Ti5c atom is 2.29 A, and the H—O2c distance is equal to 2.26 A. The
transition state is found at a moderate barrier height of 0.41 eV; in this state
the H atom is located at the middle point between HO and one O2c¢ atom,



d(HO—H) = d(H—02c) = 1.2 A, and the length of the HO—Ti5¢ bond is
2.08 A, slightly shorter compared to the initial configuration. Finally, in the
dissociated state, the binding energy is E; = 0.49 eV, the HO—Ti5c distance
is equal to 1.85 A, and the H-O2c bond distance is 0.98 A. In summary, the
results indicate that at relatively low temperatures water easily dissociates at
the clean anatase surface (with the final dissociated state being only marginally
less stable that the initial molecular state). In the figure, we also compare the
pure DFT energies with the VdW-corrected values (dashed curve). The results
confirm that including dispersive interactions (with a fairly constant 0.18 eV
value) only alters the overall H,O binding energy, with the barrier energy being
almost unchanged. It is worth mentioning that our calculated water binding
energies and barrier heights are in good agreement with data from other DFT
studies of water interaction with TiOy [32-34].

The middle and low panels show the energy barriers for the cases of water
dissociating at anatase-TiO2(101) surfaces precovered with a high amount of
water, either molecularly of dissociatively adsorbed. The main effect caused by
the large water coverage is a stabilization of both transition and final states,
which lowers the reaction barrier by about 0.15 eV. Such stabilization is due to
a tendency of the dissociating water molecule to form weak hydrogen bonds with
its neighbour water molecules or hydroxyl groups. Therefore, we can conclude
that increasing water coverages favour the process of dissociative adsorption for
additional water molecules.

Now, we consider the issue of whether water dissociation at the surface is
an extensive phenomenon, not being restricted by saturation effects. With this
purpose we have analyzed the successive dissociation of n water molecules (n =
1, ..., 6) at the anatase (101) surface. Figure 3 collects some representative con-
figurations of n dissociated water molecules, n = 1,...6, as well as their binding
energies (in eV) calculated according to the following equation:

Ey(ndiss) =nE(H20, gas) + E(Ti02)— (3)
E(nHyO(diss)/TiO3) n=1,...,6.

Ey(n diss) increases steadily as the number of dissociated water molecules in-
creases. In all cases, the distance between the oxygen atom of the hydroxyl
group and the Ti5c atom oscillates around 1.8 A, independently of the degree of
saturation of the TiOg surface. The comparison of Figures 1 and 3 reveals that
the adsorption energies of the intact water molecules are very similar to the ad-
sorption energies of the dissociated molecules. The successive binding energies
for each new dissociated water molecule are given in Table 2. As in the case
of molecular adsorption, we have calculated the VdW-corrected binding ener-
gies. Again, the effect of dispersion is to add a constant ~0.2 eV extra binding
for each adsorbing water molecule. Let us note that the DFT binding energies
show some sensitivity to the sites occupied by the dissociation fragments, vary-
ing from 0.5 up to 0.8 eV. Since the energies do not decrease by increasing the



number of dissociated molecules, it is clear that water dissociation at the surface
is not a competitive process, and the surface can become easily hydroxylated
under standard reaction conditions.

[o1]

0.48 eV (DFT) 1.19 eV (DFT) 1.66 eV (DFT)
0.66 eV (DFT+VdW) 1.57 eV (DFT+VdW) 2.23 eV (DFT+VdW)

2.25 eV (DFT) 3.04 eV (DFT) 3.73 eV (DFT)
3.01 eV (DFT+VAW) 4.02 eV (DFT+VdW) 4.90 eV (DFT+VAW)

Figure 3: Equilibrium structures of n dissociated water molecules (n = 1, ...6) as well as their
binding energies (in €V). As in Figure 1, both DFT and DFT-VdAW values for E; are given.

n 1 ] 2 ] 3] 4] 5 ] 6
AE,(n) (DFT) 0.48 [ 0.71 | 0.47 | 0.59 | 0.79 | 0.69
Evaw 0.18 [ 0.20 | 0.19 | 0.19 | 0.22 | 0.19

AE,(n) (DFT+VAW) | 0.66 | 0.91 | 0.66 | 0.78 | 1.01 | 0.88

Table 2: Successive binding energies AEy(n) for dissociated water molecules on TiO2. Energies
are given in eV. As in Table 1, both DFT and DFT-VdW data are given.

Since it is evident that the anatase surface will contain sizable amounts of
added OH and H species (one on top of Ti5c, the other on top of O2c atoms), it is
interesting to study the mobility of these entities on the surface. In particular,
one plausible reaction to take place at the anatase (101) surface covered by
dissociated water molecules could be the recombination of two hydrogen atoms
to form Hy (perharps aided by gold catalysts) followed by its desorption, leading
to a situation where a higher concentration of OH radicals are adsorbed on the
surface. If such process is to take place, it is first mandatory that the added
hydrogen atoms should be able to diffuse from one O2c¢ site to another. We
have therefore examined the diffusion of a H atom, by analyzing two different
diffusion paths between O2c sites. In the first case, the H atom attached to an
O2c atom moves to another O2c atom via an intermediate O3c position (Figure
4, panel (a)). The reaction pathway can be split in two succesive symmetrical
steps, i.e., the H atom moves first from the O2c site to the intermediate O3c
site, and then from the O3c site to the other O2c¢ site. Only the first step is
represented in panel (a) of Figure 4. In the initial state, the H atom is at a
distance of 0.98 A from the O2c atom and at 2.2 A from the O3c atom. The



transition state occurs for the H atom approximately midway between the O2c
and O3c atoms, and the height of the barrier is 0.68 eV. Then, the H atom
ends up bonded to the O3c with a distance d(H-O3c)= 0.98 A. As indicated
above, this is the intermediate step, and another (symmetrical) jump from the
O3c to the final O2¢ position is required. An alternative reaction pathway for
the H diffusion between the two O2c atoms is shown in panel (b) of Figure
4. The initial state is the same as in panel (a) but the diffusion pathway is
direct, without the intermediate step. In the transition state, where the H atom
is placed at approximate distances of 1.0 and 1.8 A from the two O2c atoms,
respectively, the height of the barrier is 0.61 eV. Both reaction pathways are
likely to occur at moderate temperatures, with energy barriers lower than 0.7
eV, with the second one being more favorable.
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Figure 4: (a) Diffusion barrier for the motion of the H atom from an O2c¢ to another O2c
atom. In panel (a) the H atom diffuses through an intermediate step in which the H atom is
on a O3c atom. The panel only shows the energies for the path between the initial state and
the intermediate step. (b) Diffusion barrier for the motion of the H atom directly from an
O2c to another O2c atom.

The process of hydrogen recombination can take place only if the accumula-



tion of excess OH is not thermodynamically unfavourable. For the clean anatase
surface, we have analyzed this issue by studying the stability of an excess of hy-
droxyl groups. Figure 5 shows the results obtained for the progressive saturation
of the TiOg surface with up to 6 hydroxyls. The cumulative binding energies
Ey(n), calculated with respect to the free OH radicals,

Ey(n) =nE(OH, gas) + E(TiO3)— (4)
E((nOH)/TiOs) n=1,..6,

steadily increase with the number of adsorbed OH radicals. Again, we have
calculated (see table 3) the succesive binding energies of the individual hydroxyl
radicals, and these do not differ much from an average value of 1.0 eV. This value
is actually rather small; we will see in the next section that, in the presence of a
gold cluster, values of around 2.0 eV are not high enough to render the process of
hydrogen recombination (in a situation with initial equal concentrations of H and
OH species) thermodynamically favourable. This implies that, for clean anatase,
dissociating water will produce well balanced concentrations of adsorbed H and
OH species.

Figure 5: Equilibrium structures and total binding energies (Ep; in eV, see eq. (4)) of n
hydroxyl groups adsorbed at the anatase-TiO2(101) surface (n = 1,... 6).

n 1 2 3 4 5 6
AE, | 1.22 | 0.98 | 0.95 | 1.00 | 0.91 | 1.07

Table 3: Successive binding energies AE; for the OH hydroxyls on the TiOg surface. All
energies are given in eV.
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4. Water adsorption at an Auy cluster supported on anatase-TiO5(101)

In order to investigate the possible catalytic effect of supported Au clusters
on water adsorption and dissociation at the TiO4 surface, we have first studied
the stability of a single HoO molecule adsorbed in the neighbourhood of a sup-
ported Auy cluster. Figure 6 shows the relaxed structures and binding energies
of the most representative conformations, with the water molecule either in-
tact (configurations a, c, e) or dissociated (configurations b, d, f). The binding
energies are respectively defined

Ey(n) =nE(H20, gas) + E(Auy /TiO2)— (5)
and
Ey(n) =nE(H20, gas) + E(Auy/TiO2)— (6)

E((nH20(dissoc))/Auys /TiO3)

where, in the present case, n = 1. As in the case of the clean TiOs surface, we
have analyzed the effect of adding dispersive VAW corrections to the binding
energies. Again, Grimme’s semiempirical correction stabilizes each conforma-
tion by a quite constant factor, now of the order of 0.25 eV. The extra 0.05 eV
stabilization (with respect to the clean anatase-TiOs case) can be attributed
to the extra VAW interaction between adsorbed water and the gold cluster).
Panels a) and b) illustrate a situation where the water molecule is located close
to the gold cluster, but not in direct contact with this one. The DFT binding
energies are only slightly larger than those obtained for the clean anatase (101)
surface (0.66 eV, as compared to 0.57 eV for the intact water molecule; and 0.57
eV, as compared to 0.48 eV for the dissociated molecule). This means that the
interaction between the Auy cluster and the surface does not affect much the
electronic structure of the TiOy surface. The other conformations, ¢) to f), il-
lustrate situations where the water molecule is directly bonded to the supported
Auy cluster.

Conformations c) and e) show that, whenever the adsorbed water molecule is
close enough to the Auy cluster, one of the hydrogen atoms forms a weak bond,
of strength about 0.2 eV, with the gold cluster, and this enhances the adsorp-
tion binding energy of the water molecule. The DFT binding energies are 0.92
and 0.89 eV, respectively. Conformation d) shows a different situation: water
dissociation on top of a surface oxygen anion bonded to Auy leads to a slightly
lower binding energy of the dissociated water molecule by approximately 0.1 eV
compared to panel b). Finally, conformation f) illustrates another interesting
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0.66 eV (DFT) 0.57 eV (DFT)
0.87 eV (DFT+VdW) 0.80 eV (DFT+VdW)

0.89 eV (DFT) 0.67 eV (DFT)
1.13 eV (DFT+VdW) 0.90 eV (DFT+VdW)

Figure 6: Equilibrium structures of a water molecule (either intact or dissociated) adsorbed
near a Auy cluster supported on anatase-TiO2(101). Both pure DFT and VdW-corrected
binding energies are given on each case.

effect: there is a favourable interaction between the gold cluster and the oxygen
atom of the adsorbed OH group after water dissociation. The conclusion from
the data reported in Figure 6 is that the adsorption and the dissociation of
water on the surface of TiOy anatase is only affected by the presence of a Auy
cluster when this is in the close neigboorhood of the water molecule.

Next we have investigated the reactivity of the TiOs surface towards for-
mation of a high concentration of hydroxyl radicals, now in the presence of the
adsorbed Auy cluster. Figure 7 gives the equilibrium conformations and the
total binding energies E;(n) of up to five dissociated water molecules. Ey(n)
is given by equation (6). In this case, since the presence of the gold cluster
causes the surface binding sites not being completely equivalent to each other,
we can expect slight variations of the total binding energy for various inequiv-
alent conformations of n adsorbed hydroxyls. Because of the large number of
possible configurations, we have chosen a representative set, where for small and
intermediate OH concentrations, most of the hydroxyl groups are placed away
from the supported Auy cluster. As we did for the clean TiO4 surface, we have
calculated the successive binding energies for each additional water molecule
(see Table 4). In the presence of the Auy cluster, there is not much influence
of the coverage on the adsorption binding energy of the dissociated molecules.
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Figure 7: Equlibrium structures and binding energies of n dissociated water molecules (n =
1-5) on the anatase TiO2(101) surface with an adsorbed Auy cluster.

The decrease of the binding energy of the 4th water molecule and the slight
increase for the 5th one can be explained by the way those molecules bind to
the anatase surface. Dissociation of the 4th water molecule delivers a H atom
adsorbed on top of a surface oxygen atom situated below the Auy cluster (which
is slightly unfavourable, as we have seen in Figure 6d). When the 5th water
molecule dissociates, the OH group formed binds to the Auy cluster through the
oxygen atom, which results in a higher binding energy.

n 1 2 | 3 | 4 | 5
AE,(n) | 0.55 | 0.65 | 0.64 | 0.38 | 0.79

Table 4: Successive binding energies, AEy(n), for dissociated water molecules on a TiO2
surface with a supported Auy cluster. Energies are given in eV.

n 1 2 3 4 )
AEy(n) | 2.51 | 1.72 | 1.39 | 2.36 | 2.64

Table 5: Successive binding energies, AE;(n), for the sequential adsorption of OH groups on
a TiOg2 surface with a supported Auy cluster. Energies are given in eV.

As well as for the clean anatase surface, we have analyzed the possibility of
an excess concentration of OH groups on the surface, as a result of the recom-
bination of H atoms into Hs molecules followed by desorption of the molecules.
Figure 8 shows the equilibrium structures of up to five OH groups adsorbed on
top of Tibc surface atoms, as well as the total binding energies calculated with
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Figure 8: Equlibrium structures and total binding energies of up to five OH groups adsorbed
around a supported Auy cluster.

respect to n free OH radicals (similar to eqn. (4)). Table V shows the succesive
binding energies. We observe, for the second and third OH radicals, a slightly
competitive effect, reflected in a small decrease on the succesive binding ener-
gies. Binding energies raise again for the 4th and 5th radicals, a result that can
be explained by their special adsorption configurations, in direct contact with
the supported Auy cluster.

Except for n=3, the sucessive OH binding energies have values between 1.7
and 2.6 eV, about double the value of the corresponding binding energies on the
clean anatase surface (that is, in the absence of Auy). Therefore, the supported
Auy cluster greatly enhances the reactivity of TiOs towards the adsorption
of hydroxyls, a species which strongly attracts electrons upon binding. The
reason for this can be explained by comparing the electronic structure of the
OH/Au,/TiO4 and the OH/TiO3 systems. Figure 9 shows the electronic density
of states (DOS) for the valence electrons in both cases, as well as the most
relevant projected densities of states (PDOS). When Auy adsorbs on TiOa,
the relatively high energy of the Auy orbitals causes some of the gold-related
electronic levels (blue curve in the upper panel of Figure 9) to fall well above the
top of the TiOs valence band. On the other hand, the 2p levels for the oxygen
atom of adsorbed OH (red line) fall well below the top of the TiO5 valence band.
As a result, the OH adsorbate completes its 8-electron closed shell. The inset
in the upper panel of the figure shows that the extra electron transferred to OH
actually comes from the Auy orbital located within the band gap. This level,
filled with two electrons in the free Auy cluster, is only filled with one electron in
our case. We then conclude that the adsorption of OH is associated to an easy
electron transfer, through the TiOs surface, of electrons from the deposited gold
cluster to the OH group. This effect has already been reported for the adsorption
of Og, an adsorbate which also extracts charge from the surface upon binding
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Figure 9: Top panel: Total density of electronic states (DOS) and some relevant partial
densities of states (PDOS) for OH adsorbed on Auyg/TiO2. The vertical line indicates the
position of the Fermi level. Lower panel: Analogous results for OH adsorbed on TiO2. In the
insets, blue, red, brown and green balls correspond, respectively, to H, O, Ti and Au atoms.

[12, 13]. The lower panel shows the situation in the absence of Auy. Now, the
adsorbed OH also extracts one electron upon binding; however, such an electron
comes from the top of the TiOs valence band, which lies 1 eV deeper that the
Au-related level of the previous case. This results in a substantial decrease in
the adsorption energy of OH compared to the case with Auy present. The inset
in the lower panel of Figure 9 shows the electron distribution for the O-2p level
where the electron coming from TiOs is transferred.

Simulating the adsorption of OH groups allows us to calculate the energy
balance of the water dissociation reaction followed by hydrogen recombination
into gas phase Ha, leaving excess OH on the surface. The corresponding reaction
energy is:

S :E(H20> + E(AU4/TZOQ) — 1/2E(H2)— (7)

15



For each OH radical adsorbed we obtain a value close to -1 eV, which means that
the reaction is endothermic. This value must be compared with the correspond-
ing value for the clean TiOs surface, which is about -2 eV per OH group (due
to the weak OH binding). Although hydrogen recombination is unfavourable in
either case, it is clear that the presence of supported gold favours excess OH
concentrations. This means that, in reactions involving molecules that can be
easily hydrogenated (alkenes, for example) gold may facilitate the donation of
hydrogen atoms from the TiOy support.

5. Activation barriers for H>O dissociation at Auy/TiO2

Now, we discuss the process of dissociation of HoO at the Auy/TiO2 model
system, by reporting the calculated energy barriers during the dissociation reac-
tion. First, we have explored the possibility of dissociation of water directly on
an isolated Auy cluster, without the influence of the TiO5 surface. The reaction
energy during the dissociation process is shown in Figure 10. Initially, the HoO
molecule is adsorbed on the cluster through the oxygen atom, with a moderate
binding energy of 0.52 eV. At the transition state, the dissociating hydrogen
atom is located fairly close to the cluster, with a bond distance to neighbouring
Au atoms of around 1.7 A. The distance between the hydroxyl group and its
neighbor gold atom is also 1.7 A. This transition state is quite unstable, with
a 1.09 eV reaction barrier, and is located well above (+0.6 eV) the reference
energy of the gas phase water molecule. Finally, the dissociated state (with
a negative binding energy of -0.3 eV) is much less stable than the molecular
one. Comparing this with the dissociation of water directly at the clean TiO,
surface, which shows much lower barriers and a sizable binding energy for the
final dissociated state, it seems unlikely that water could dissociate at Au sites
not in contact with the surface.

The energy barriers for water dissociation on the TiOy surface, now in the
neighborhood of the adsorbed Auy cluster, are shown in Figures 11 and 12.
Four different reaction pathways have been selected. The top panel of Figure
11 shows the dissociation barrier when the water molecule is adsorbed in the
neighbourhood of Auy, but not making direct contact with the cluster. This
plot is strikingly similar to the one for water dissociation on the clean anatase
surface in Figure 2. In the two cases, the initial water binding energy, the barrier
heights, and the stabilities of the dissociated states are nearly equal. This means
again that the presence of adsorbed Auy does not induce severe modifications on
the electronic structure of the anatase surface, which could affect the stability
of transition states.

The lower panel of Figure 11 shows an alternative dissociation pathway where
the water molecule initially binds to a Ti surface cation right at the perimeter
of the gold cluster. As we have observed before, water binds to the Auy cluster
through a hydrogen atom, and this enhances slightly the binding energy of the
molecule to Auy/TiOs . Then, in order to dissociate the water molecule, that
H-Au bond needs to be broken; the intermediate conformation shown in the
figure illustrates the energy cost, almost 0.2 eV, of breaking such bond. The
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Figure 10: Barrier for the dissociation of HoO on a free Auy cluster. The energy zero corre-
sponds to gas-phase molecular water.

next inset shows the geometry of the transition state, which is very similar to
the one found in the dissociation path of panel a). The hydrogen atom is again
shared between the OH group and the surface oxygen anion, at a distance of
1.2 A from either of them. The total energy barrier, measured from the initial
state, is 0.69 eV. After subtracting the cost of breaking the H-Au bond, the
barrier height is very similar to that in panel a).

Figure 12 shows two additional reaction pathways for water dissociation.
In the upper panel, the energy profile corresponds to a slightly different initial
conformation of the adsorbed Auy cluster. Again, a slightly larger energy barrier
(of 0.74 €V) is obtained due to the cost of breaking the weak H-Au bond. In
this case, the final state gets a little extra stabilization, around 0.1 eV, due to
an attractive interaction between the oxygen atom of the hydroxyl group and
the Auy cluster. Interestingly, such stabilization does not occur in the transition
state. In spite of the close distance, the dissociating HoO molecule does not bind
to the gold cluster, and the binding energy at the transition state is the same
as for the other cases. Finally, the lower panel of Figure 12 shows a dissociation
pathway where the departing hydrogen atom binds to the oxygen surface anion
bound to one of the atoms of the gold cluster. The energy barrier is again
0.7 eV. The final dissociated state is a bit less stable compared to those found
for the other dissociation paths. This occurs because it is unfavourable for the
hydrogen atom to form a hydroxyl group just below the Auy cluster, as we have
already discussed in the previous section.
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6. Conclusions

We have studied the interaction of water with TiOs-supported gold nanocat-
alysts. In agreement with previous studies, we find that water can easily cover
the bare anatase-TiOy (101) surface, with an adsorption energy of around 0.6
eV per molecule (0.8 eV, if VAW interactions are included). There are no
competitive adsorption effects, and the binding energy per molecule is almost
insensitive to the coverage. Dissociated water is only marginally (0.1 eV) less
stable than molecular water; in this case competitive effects are also absent, and
the binding energy per water molecule almost does not change with increasing
coverage. For clean anatase-TiO5(101), we find a low activation barrier for wa-
ter dissociation of only 0.41 eV; therefore, at moderate temperatures we can
expect a relatively large degree of hydroxylation of the surface. As the water
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coverage increases, hydrogen bonding results in even lower values for the dis-
sociation barrier. Finally, we have calculated the diffusion barrier for hydrogen
adatoms. Its moderate value (around 0.6 eV) suggests that these atoms have
some mobility, and after water dissociation they may move some distance away
from the neighbouring OH group. Overall, the reported energetics shows that,
for any reaction which involves even minute quantities of water, a high degree
of hydroxylation of the surface needs to be taken into account if one tries to
correctly model the catalytic activity of any supported metal.

Next, we have placed a Auy cluster on the anatase surface, studying the
influence of its presence on the energetics of various processes involving water
adsorption and dissociation. Adsorption of molecular water is slightly stabilized
on the perimeter region of the adsorbed gold cluster, due to the attractive
interaction between hydrogen and gold atoms [35]. This causes a small increase
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in the energy barrier for water dissociation. As a result, breaking of the water
O—H bond takes place preferentially away from the cluster, with the water
molecule initially bound to a titanium cation of the surface.

Finally, we have studied the stability of dissociated water in the neighbour-
hood of the supported cluster. There is a small stability decrease when hydroxyls
are formed at O2c surface cations just below the supported Auy cluster. Also,
due to electron transfer from the catalyst to the surface, the supported gold
catalyst can favour a concentration of excess OH groups at its perifery. This
means that, for reactions involving species with a tendency towards hydrogena-
tion, surface hydrogen atoms originating from water dissociation can play an
important role in the reaction. In contrast, for the bare anatase surface, any
breaking of the 1:1 stoichiometry for adsorbed OH and H species is energetically
unfavourable.
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