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Abstract

Ultrathin oxide layers can exhibit special behavior by enabling the coupling of structural distortions and charge transfer beyond that
allowed in the bulk. In this work, we show from first-principles calculations that ultrathin layers of titania, a prototypical oxide, are
active in stabilizing adsorption of O, on Au overlayers. The adsorbed O, molecules induce charge redistribution in Au that penetrates
to the Au-titania interface, which responds through structural distortions that lower the total energy of the system. We suggest that this

effect may be of more general nature and useful in catalysis.
© 2006 Published by Elsevier B.V.
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1. Introduction

Ultrathin oxide films have attracted immense interest
because of their numerous technological applications [1].
In parallel development, oxide-supported metal nanostruc-
tures have been shown to be useful as sensors [2] and cat-
alysts [3]. In particular, the oxide support can enhance
the catalytic activity of the metal nanostructure by altering
its electronic properties prior to catalysis, via charge trans-
fer [4,5] and strain [6,7]. In this work, we propose that
when the support is an ultrathin reducible oxide film,
atoms at the buried metal-oxide interface can rearrange
in response to the presence of adsorbates on the metal film,
provided the latter is sufficiently thin. This atomic relaxa-
tion at the interface lowers the total energy of the system,
thereby stabilizing adsorption. We call the ability of inter-
facial atoms to rearrange during adsorption ‘dynamic
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interface fluxionality’. We demonstrate this effect on a
model structure consisting of a thin Au film on an ultrathin
titania layer supported on a molybdenum slab, and suggest
that it will be of more general nature. Specifically, we ex-
pect that when the metal film forms strong covalent bonds
with the reducible ultrathin oxide layer, while the latter
does not interact strongly with its support to render it a
rigid structure, dynamic interface fluxionality can take place.
This effect may be exploited to design better catalysts and
sensors by replacing traditional reducible oxide supports
with ultrathin oxide films. Recent advances in the control
of ultrathin film growth [8] indicate that this is a practical
possibility.

An oxide/metal system that has attracted tremendous
attention is that of oxide-supported Au nanoparticles and
films, which act as excellent catalysts [9]. Theoretical stud-
ies indicate that the active sites include under-coordinated
Au atoms [10,11] with rough orbitals [12], and sites at the
Au-oxide interface [13,14]. Experiments also suggest that
the activity of titania-supported Au films increases mark-
edly when the Au thickness is reduced to one nearest neigh-
bor distance in bulk Au (so-called ‘bilayers’) [15]. A key
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insight from theoretical studies was that the ability of Au
atoms in a nanoparticle to rearrange in response to adsor-
bates is essential for O, adsorption [16]; this effect was
called “fluxionality’ of the nanoparticle. Here, we show that
the notion of fluxionality can be extended to the Au-oxide
interface for ultrathin Au films on ultrathin reduced
titania.

2. Motivation

The possibility of wetting an ultrathin titania support
with Au films was recently demonstrated [15], with
Mo(112) as a substrate on which the TiO, thin film was
grown. CO oxidation activity in this system was >45 times
greater than that reported for other Au/titania catalysts.
The atomic structure of this system is unknown. However,
two salient features are the strong interaction between Au
and titania through Au-Ti bond formation, and the pres-
ence of ultrathin reduced titania beneath the Au film. Both
of these effects have precedent in other systems [17,18].
Reducible oxides grown on a metal substrate have lower
oxidation states than bulk phases due to the reducing char-
acter of the metal surface (in the present case, Mo) [17]. On
bulk TiO, surfaces, Au binds almost exclusively to reduced
Ti sites [18]. The availability of such sites throughout the
ultrathin titania film thus allows wetting by Au. What is
not clear, however, is how a strong interaction with buried
ultrathin titania, or a small Au thickness, can enhance the
activity of Au/titania catalysts [19].

Motivated by these questions, and knowledge [13,20]
that the CO oxidation rate is limited by the availability
of O, or adsorbed O on the catalyst, we study O, and O
adsorption in a model ultrathin Au/titania system.

3. Choice of model

We first explain our choice of a structural model for this
system. While this model may not be an exact representa-
tion of the experimental system (the atomic structure of
which remains undetermined) it has been constructed by
taking into account information from various experiments
as well as from extensive simulations. More specifically,
our model is motivated by the following observations.

Firstly, the substrate consists of a Mo(112) surface,
which has a row-and-trough structure that makes it a use-
ful substrate for ultrathin oxide growth. It has been pro-
posed that the oxide grows along the troughs, forming
O-Mo bonds [21]. Our simulations confirm that this is
energetically preferred.

Secondly, assuming that the Ti and Mo have the same
periodicity along the troughs (as suggested by LEED
experiments) leads to an interface structure in which the
Ti atom positions are compatible with a Au(110) lattice
strained by 9.1% and —5.5% in the [001] and [110] direc-
tions, respectively. Au(110) layers, with strains of 12.5%
and —7.5% along these directions, have previously been
grown on anatase TiO,(110) up to length-scales of at least

4 nm and thicknesses of at least four layers, as shown by
high resolution transmission electron microscopy [22].
Thus, with suitable growth procedures, it is plausible that
the titania/Mo system can support 1 or 2 Au(110) layers
over length-scales significantly greater than 4 nm. We
determined the most stable such structure, shown in
Fig. 1, by exploring 37 distinct initial geometries.

Thirdly, although the Ti:O stoichiometry in this favored
structure is 1:2, the oxide is not fully oxidized since O is
bonded to strongly-reducing Mo. The oxide atoms are
arranged in a motif present on rutile TiO»(110), the most
stable crystal face of TiO,.

Fourthly, each titania row corresponds to a row of
bridging O vacancies on this surface. Such vacancies are
common and can form complete rows [23]. Au can nucleate
at these vacancies [18], forming Au-Ti bonds in a similar
geometry as in our model [23].

We refer to the structures with 1 and 2 Au(110) layers,
which consist of 3 and 5 distinct planes of Au atoms on
the oxide layer, respectively, as titania/Aus (shown in
Fig. 1(a)~(b)) and titania/Aus (shown in Fig. 1(c)).

a

0.9
Au, ‘

Fig. 1. (a) O, adsorbed on titania/Aus. (b) View of (a) down the
[110]-direction. (c) O, adsorbed on titania/Aus. Red, blue, gold and gray
circles denote O, Ti, Au and Mo respectively. Only the top two layers of
the Mo slab are shown. Crystallographic directions corresponding to those
of the Au layers are indicated. Dashed lines separate the Au(110) films
into 3 Au planes in titania/Aus, and 5 in titania/Aus. On the clean Au
surface, all atoms are equivalent by periodicity in the [110]-direction; Ti
rows directly beneath the troughs of the Au(110) layers are also
equivalent by periodicity. Thus, calculations with the clean Au surface
have two Ti atoms per unit cell. For calculations with adsorbates, the
period in the [110]-direction of Au(110) is tripled; inequivalent atoms at
the interface after O, adsorption are labeled for reference in the text. (For
interpretation of the references in colour in this figure legend, the reader is
referred to the web version of this article.)
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4. Computational details

To investigate the adsorption process on this model sys-
tem, we have performed first-principles calculations based
on density functional theory (DFT) as implemented in
VASP [24]. We used the projected augmented wave method
with the generalized gradient approximation for the ex-
change-correlation functional (PW-91) and scalar relativis-
tic pseudopotentials to represent the atomic cores. The Mo
substrate was modeled by a 6-layer slab. The bottom 3 Mo
layers were held fixed at their bulk positions, and all other
atoms were relaxed until the atomic forces were smaller in
magnitude than 0.05 eV/A. The vacuum region separating
slabs was taken to have thickness of >11 A, and reciprocal
space sampling was performed on a k-point mesh of 6 x 12
per (1 x 1) Mo(112) surface unit cell; these computational
parameters ensure adequate accuracy in the reported val-
ues, as determined by careful convergence studies. Spin-
polarization was included in calculating the energies of
structures involving O, molecules.

5. Results and discussion

Fig. 1 shows O, adsorbed at its most favorable site
(involving under-coordinated Au atoms) in a ‘top-bridge-
top’ geometry. This is consistent with other DFT studies
of O, adsorption on Au surface steps [6] and Au clusters
[12,25]. Adsorption of O, is accompanied by a charge
transfer from Au to the O, unoccupied anti-bonding orbi-
tals. The adsorption energies are —0.18 eV in titania/Aus
and —0.03 eV in titania/Aus. At other sites, this energy is
positive, indicating repulsive interactions. It is likely that
O, adsorbs more strongly than predicted by these values,
because the calculated bond enthalpy of isolated O, mole-
cules is —6.65 eV, while the experimentally measured value
is —5.25 eV [26]; in other words, the reference configuration
for adsorption energies, with the O, molecule far from the
surface, is disproportionally favored due to the overestima-
tion of the molecular bond enthalpy, as is common in DFT
calculations of the type reported here [26]. We note, how-
ever, that all subsequent discussion and conclusions are
based entirely on relative adsorption energies, which are
well-described by DFT and are not affected by this
problem.

In titania/Aus, O, adsorption causes the bonds between
the pairs of atoms Au,-Ti, and Au;-Ti, to shorten by
2.2% and 2.5%, and those between the pairs Au,—Tis
and Au;-Ti; to lengthen by 5.8% and 6.2%. No such dis-
tortion is observed in titania/Aus, where the Au-Ti bond
lengths change by less than 1.1% upon O, adsorption.
When the titania/Mo support and Au atoms in contact
with it are held fixed, the adsorption energy in titania/
Auj; becomes —0.04 ¢V, 0.14 eV higher than the value with
full relaxation. The corresponding energy change in tita-
nia/Aus is only 0.01 eV. Thus, the interface distortion ob-
served in titania/Aus plays a major role in stabilizing O,
adsorption.

The different behavior of the two structures could be due
to several factors. One possibility is the difference in densi-
ties of states (DOS) near the Fermi level, projected onto the
Ti atoms. However, the Ti-projected DOS are similar in the
two systems (Fig. 2). The absence of interface distortions in
titania/Aus is therefore likely to be due to the thicker Au
film. This may be related to the relative stability of tita-
nia/Aus compared to titania/Aus: the thicker Au film in
titania/Aus results in a larger cohesive energy, although ac-
tual relative stabilities will have to be evaluated by includ-
ing a chemical potential for Au that is appropriate for the
growth conditions. Analysis of the charge density distribu-
tion also shows that the thicker Au film effectively screens
the buried interface from the effect of O, adsorption. Spe-
cifically, charge density difference plots show that charge
transfer to O, induces a charge redistribution between the
Au planes that is inhomogeneous in the [l 10]-direction,
but the inhomogeneity disappears for n > 3 in titania/
Aus (Fig. 3). O-induced charge inhomogeneity in Au is
thus screened out beyond a depth of approximately 3A
(one nearest-neighbor distance in bulk Au) below O,
which corresponds to about 3 Au planes in titania/Aus.
To quantify this effect, we use the Bader method [27] to
evaluate the charge contribution to O, from each Au plane
in the films (Fig. 1). Unlike Mulliken charge assignments,
the Bader method is independent of the choice of basis.
The charge contribution from the nth Au plane beneath
O, decreases exponentially with n, with zero contribution
from the 5th plane beneath O, in titania/Aus (Table 1).
Titania beneath the thicker Au film is thus insensitive to
the O, adsorption geometry, precluding O»-induced struc-
tural distortions at the interface. In contrast, the Au—
titania interface in titania/Aus can distort in response to
charge inhomogeneity in the [110]-direction.

Au interacts with titania by forming predominantly
covalent bonds with Ti, as reported in previous studies
[23,28]. The interface distortion in titania/Aus is accompa-
nied by a marked increase in covalency between the atom
labeled Ti, and its nearest Au neighbors. Correspondingly,
O, adsorption results in a 0.14e increase in charge on atom
Ti, in titania/Aus. In contrast, the Ti charges in titania/Aus
do not change by more than 0.0le. The O»-induced inter-
face distortions in titania/Au; are therefore related to
changes in the Au-Ti bonding.

This change in Au-Ti bonding is related to the reducibil-
ity of titania. In reducible oxides, the occupation of valence
metal d-orbitals can change with little energy cost. As on
bulk TiO, surfaces, vacancy-induced states in our models
have Ti 3d character. In TiO,(110), these states appear
in the band-gap of the oxide [29]. In our models, the con-
centration of vacancies is so high that Ti 3d states occur
at the Fermi level. The energy cost to alter the Au-Ti bond-
ing by changing the occupation of Ti 3d orbitals is there-
fore negligible. This picture should be contrasted to that
of Au interacting with vacancies on irreducible oxides such
as alumina. In the latter case, the simple metal Al easily
loses all its valence electrons to its neighbors, forming a
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Fig. 2. Projected densities of states (DOS) on Ti atoms directly beneath the Au layers: (a) Ti atoms in Au troughs (labeled Ti,, Ti,, Ti; in Fig. 1(a)); (b) Ti
atom in Au bridges (labeled Tig, Tis, Tie in Fig. 1(a)), in titania/Au; (solid lines) and titania/Aus (dashed lines), for systems without adsorbates. DOS are in
units of number of states per unit energy per unit cell, and are projected onto spherical harmonics centered on the Ti atoms (within spheres of radii
1.323 A), summed over s, p and d contributions. The DOS close to the Fermi levels (Ef) are very similar in the two systems.

Fig. 3. Charge density difference isocontours (pale gray) for O, adsorbed on (a) titania/Auz and (b) titania/Aus. Atoms are shown with the same
symbols as in Fig 1 (the Mo substrate is not shown). The systems are viewed down the [00 1]-directions. The charge density difference is calculated by
splitting the systems into two components: (i) the adsorbed O, on n Au planes, and (ii) the remaining Au planes and the titania/Mo support; the charge
difference is between superposition of the two components (separated by a dashed white line in each panel) each considered separately and the entire
system. Each panel is labeled by n, the number of Au planes in the first component, which ranges from 0 to 3 for titania/Auz and from 0 to 5 for titania/

AUS.

stable closed shell ion, AI*". It would be energetically unfa-
vorable for AI*" to change its electronic configuration dur-
ing catalysis. To check this hypothesis, we have performed
calculations using the same types of structures shown in
Fig. 1, with Ti replaced by Al. As expected, we find no
O,-induced interface distortion in the alumina/Au
structures.

The adsorption of individual O atoms on titania/Aus
also induces stabilizing interface distortions. Fig. 4(a)
shows O adsorbed at the two most stable sites (out of a to-
tal six sites that we have considered). As in O, adsorption,
the most favorable adsorption site (P) involves under-
coordinated Au atoms. The adsorption of individual H
on the Au film, relevant to hydrogenation reactions in
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Table 1 Table 2
Charge gained (in ¢) per O, Adsorption in (a) titania/Aus, (b) titania/Aus and (c) titania/Au,
1 2 3 4 5 Titania/Mo  Total BE dEejax  dPmax (€) dIAU-Ti)pax  AAUV-AU)max

Titania/Aus 031 012 003 - - 005 0.51 (€V) (eV)  [site] (70) (0)

Titania/Aus  0.32  0.10 0.04 0.01 0.00 0.04 0.51 (a) Titanial Aus

Column #n gives the charge gained by O, from the nth Au plane beneath 0, —0.03 0.1 n 1.2 (0.0) 7.7(3.9)

O,, calculated by subtracting the charge on O, when it is attached to n (b) Titanial Aus

planes, from the corresponding charge with (n — 1) planes. Values in 0, —0.18 0.14 0.14 [Tis] 6.2 (0.0) —13.1 (-10.8)

column n are ~3x those in column n + 1. The titania/Mo support con- OP -3.56 0.19 0.15 [Tiy] 6.2 (0.0) —12.5 (13.1)

tributes charge to O, by changing the overall Au charge. 0(Q -343 013 0.09 [Tis] 5.7(0.0) 19.8 (13.9)
H(@®P) -226 0.10 0.11 [Tiy] 5.1 (0.0) —11.1 (6.7)
(c¢) Titanial Au,
O(R) —340 0.07 —0.03 [Ti3] —1.5(0.0) 8.9 (6.7)
O(S) —334 025 0.12 [Ti;]  11.0 (0.0) 6.8 (12.0)
H -2.25 0.11 0.05 [Tis] 5.8 (0.0) 5.8 (5.8)

Fig. 4. O adsorbed in (a) titania/Au; and (b) titania/Au,. We show
adsorption at the 2 most stable sites in each case, out of a total of 6 sites
considered in (a) and 4 in (b).

Au catalysis [30], also induces similar interface distortions.
This shows that the ability to induce such distortions in
titania/Aus is not limited to O,. These general observations
are quantified by detailed analysis of the energetics and
structural distortions of the relevant structures, given in
Table 2.

When the titania/Mo support and Au atoms in contact
with it are held fixed, the local adsorbate-Au geometry re-
mains similar, but the adsorption energy diminishes in tita-
nia/Aus. The differences d E.j.x in energies between the fully
relaxed and constrained systems are 0.19 and 0.13 eV for O
at the sites P and Q, and 0.10 eV for H at site P; this energy
is 0.14 eV for adsorption of O,, as discussed earlier. As a
point of comparison, DFT studies have shown that O
adsorption is 0.16 eV more stable on step defects than on
aflat Au(11 1) surface[7]. The values of dE .. are therefore
significant in stabilizing adsorption. Table 2 also summa-
rizes the adsorption-induced changes in bond lengths and
Ti charges. In titania/Aus, the maximum change in Ti
charge, dpax, varies from 0.09¢ to 0.15¢ and the maximum
change in bond length, d/(Au-Ti)y.x, from +5.1% to
+6.2%. Values of d{(Au—Au)y.x, the maximum change in
Au-Au bond lengths, are significant, ranging from

BE is the adsorption energy with respect to the isolated adsorbate and
clean surface. dE erax, dPmax> AAU-T1)pax and d/(Au-Au)n,., are descri-
bed in the text. Values in brackets in columns d/(Au—Ti),,x and di(Au—
AU).x are the corresponding changes obtained when the Ti atoms and Au
atoms in contact with them are held fixed during adsorption. As dppay is
within 0.02¢ in all constrained relaxations, only values of |dpmax| > 0.02¢
are given, with the corresponding Ti sites in square brackets (using the
labeling scheme of Fig. 1(a)).

—13.1% to 19.8%. This is expected since the adsorbates
are directly adsorbed onto the Au films, and similar changes
in Au-Au bond lengths are also observed in the constrained
relaxations (given in brackets in Table 2).

An important consideration is to what extent the Au
film structure assumed in our model influences the results.
In order to assess this, we considered a different model, re-
ferred to as titania/Au,, in which the top row of Au atoms
from the titania/Auj; structure has been removed (shown in
Fig. 4(b)). The resulting Au filmisa (1 x 1) Au(110) mono-
layer, in contrast to the (2 x 1) Au(110) films in titania/Au;
and titania/Aus. The latter films have a surface reconstruc-
tion that is characteristic of bulk Au(110) but may be
unnecessary for Au(110) monolayers. Overall, adsorption
of single O atoms has similar effects on interface distortions
and charge transfer in titania/Au, as in titania/Au; as seen
from the relevant quantities in Table 2. In the case of H
atom adsorption, interface distortions at the most favor-
able site in titania/Au, are significant and comparable to
those in titania/Aus.

6. Concluding remarks

Larger adsorption energies have implications for cataly-
sis because the availability of adsorbed reactants is a major
rate-limiting factor for Au-based catalysts [7]. We have
shown that interface fluxionality is essential in promoting
adsorption of O, on ultrathin Au layers supported on
ultrathin titania, and that this effect is lost when the metal
layers become thicker. Further studies, involving larger
scale simulations that incorporate dynamical and kinetic
effects, are required to access the stability of these films un-
der reaction conditions. This stability has implications for
the lifetime of catalysts and sensors, and is known to be
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a major problem for catalysts utilizing Au nanoparticles,
which deactivate over time through agglomeration [31].
Our results are promising in the context of recent exper-
imental advancements in the growth of ultrathin nano-
structures on surfaces. For example, metastable
nanostructures of reducible oxides have been grown on me-
tal surfaces [17], and the reducing character of the metal
substrate helps create active vacancy sites across the sup-
ported ultrathin oxide [17], which can allow wetting by tran-
sition metal catalysts [15]. The oxidation state of supported
oxide nanostructures can also be tailored, in two-dimen-
sional titania nanostructures on Au(l111), for example
[32]. Such oxide nanostructures and ultrathin films are
likely to have much more flexibility to distort in response
to adsorbates, compared to bulk oxide supports. The con-
trol of the features of nanostructures on substrates that can
exhibit interface-fluxionality suggests that improved cata-
lysts and sensors can be designed by replacing tradi-
tional reducible oxide supports by ultrathin oxide films.
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