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We carried out density functional theory calculations to study the influence of oxide–metal charge
transfers on the structure, energetics, and reactivity of Au and Pt atoms, dimers, and trimers adsorbed
on the (101) surface of reduced anatase TiO2 . Pt clusters interact much more strongly with the TiO2
support than Au clusters, and, with the exception of single Pt adatoms, generally behave as electron acceptors on reduced TiO2 , whereas Au clusters can both accept and donate charge on the
reduced surface. The reactivity of the supported clusters was probed by considering their interaction with CO and co-adsorbed O2 . The effect of surface reduction on the interaction with CO is
particularly significant when the CO adsorption site is an interfacial metal atom directly in contact
with the TiO2 surface and/or in the presence of co-adsorbed O2 . Pt clusters interact strongly with
co-adsorbed O2 and form Pt–O2 complexes that can easily accept electrons from reduced surfaces.
In contrast, Au clusters donate charge to co-adsorbed O2 even in the presence of excess electrons
from a reduced support. The computed differences in the properties of the supported Pt and Au clusters are consistent with several experimental observations and highlight the important role of excess
surface electrons in the behavior of supported metal catalysts on reducible oxides. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4982933]
I. INTRODUCTION

Noble metal nanoparticles (NPs) supported on oxide surfaces are widely used in heterogeneous catalysis1–9 and photocatalysis, where they can effectively inhibit the recombination
of photogenerated electron-hole pairs in photocatalytic processes,10,11 and at the same time facilitate/enhance the catalytic
activity.11,12 Among oxide supports for metal NPs, titanium
dioxide (TiO2 ) is known for showing significant promoting
effects of the NPs’ catalytic activity.13–23 In particular, many
studies have focused on TiO2 -supported Au and Pt clusters
and NPs as promising catalysts for various reactions, ranging
from low-temperature CO oxidation to photocatalytic water
splitting.13,20,23–25
To improve the performance of existing catalysts and photocatalysts, a detailed understanding of all the factors that can
affect their activity is crucial. To this end, numerous theoretical and experimental studies have examined the interaction
between the metal NPs and oxide surfaces,9,26–28 as well as the
mechanisms of nucleation, growth, and diffusion of supported
metal NPs.29–31 As a typical reducible oxide, TiO2 usually contains “excess” electrons (i.e., electrons in excess of those that
a)
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can be accommodated in the valence band) that are generated
by intrinsic defects, like oxygen vacancies and Ti interstitials,
and donor impurities.32 Understanding the influence of these
excess electrons on the properties of supported metal clusters
is thus essential for improving their (photo)catalytic activity.
Several studies have already made significant contributions to such an understanding.9,22,28,33–36 To obtain further
insights, in this work we have used first principles density
functional theory (DFT) calculations to analyze the influence
of surface excess electrons on the structure, energetics, and
reactivity of Pt and Au atoms, dimers, and trimers adsorbed
on the (101) surface of anatase TiO2 . Besides being useful
model systems for understanding the different behaviors of Pt
and Au NPs on stoichiometric and reduced TiO2 , such small
clusters are currently of great interest in catalysis because of
their unique properties and lower costs as well.37,38 Of the two
most studied polymorphs of TiO2 , rutile and anatase, here we
consider the latter, which is more relevant in photocatalytic
applications.39,40 In particular, we focus on the thermodynamically stable anatase (101) surface; although the anatase (001)
surface has been reported to be more reactive,41–43 both natural
and synthetic anatase samples expose mainly (101) facets.39
Characteristic features of anatase (101) in comparison to the
well-studied rutile TiO2 (110) surface are that oxygen vacancies reside (well) below the surface44,45 and excess electrons
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form poorly localized polaronic states with energy levels in
the band gap close to the conduction band (CB) edge.46–49
Previous investigations have found that step edges may serve
as nucleation sites for the growth of Pt clusters on anatase
(101)50 and 3D Pt structures are preferred on this surface.51 It
was also shown that the interaction of Au clusters with anatase
(101) is weaker than that of Pt clusters,5 and the contributions
of van der Waals (vdW) forces can be significant.9 In this work,
the reduced support is modeled by considering anatase (101)
slabs that include donor dopants, such an adsorbed hydrogen
atom or a substitutional Nb impurity, and the reactivity of the
supported Pt and Au clusters is probed by focusing on their
interaction with CO and co-adsorbed O2 .
This paper is organized as follows. After presenting
the computational setup (Sec. II), we first examine the different geometries and ground state electronic structures of
the bare Ptn and Aun (n = 1–3) clusters on stoichiometric and reduced anatase (101) surfaces (Sec. III A). We
next turn to the cluster reactivity and investigate the interactions of Pt3 /TiO2 and Au3 /TiO2 with molecular oxygen (Sec.
III B 1) and CO adsorption on these clusters both in the
absence and presence of co-adsorbed O2 (Secs. III B 2 and
III B 3). An analogous study for single Pt and Au adatoms
is presented in Sec. III C. Concluding remarks are given
in Sec. IV.
II. COMPUTATIONAL DETAILS

Spin polarized DFT calculations were performed
using the Generalized Gradient Approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE)52 within the plane wavepseudopotential scheme, as implemented in the QuantumESPRESSO software package.53 Ultrasoft pseudopotentials
were used to describe electron-ion interactions,54 and the
plane-wave kinetic-energy cutoffs for the smooth part of electronic wave functions and augmented charge density were
25 and 200 Ry, respectively. The use of a simple GGA to
model reduced anatase is justified by the fact that excess electrons are typically quite delocalized in this material.46,48 In
addition, extensive test calculations including an on-site Hubbard U term (U = 3.3 or 3.9 eV) on the Ti3d states showed
trends qualitatively very similar to those obtained with a pure
GGA (see the supplementary material for Table S2). We also
notice that the GGA-PBE functional does not include van der
Waals (vdW) dispersion interactions that have been reported
to introduce significant corrections to the computed adsorption energies of metal clusters on TiO2 in a recent study.8
While test calculations including Grimme-D2 dispersion corrections55 show trends similar to those obtained with a pure
GGA (Table S1 of the supplementary material), further extensive tests using more accurate approaches will be needed
to fully assess the role of vdW interactions for Pt and Au
clusters on TiO2 .
The anatase TiO2 (101) surfaces were modeled by periodically repeated slabs of three TiO2 trilayers, with a vacuum
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width of 18 Å between adjacent slabs. We also used (1 × 3)
surface supercells with an area of 10.21 × 11.33 Å2 , so that
the total number of atoms was 36 Ti and 72 O atoms per unit
cell. The Brillouin zone was sampled at Γ only. Platinum and
gold particles were adsorbed on the upper surface of the slab
only and all layers were fully relaxed until all residual forces
on the ions were smaller than 0.03 eV/Å. Test calculations
using slabs with the atoms of the bottom trilayer fixed at their
bulk positions are reported in Table S1 of the supplementary
material; small differences with respect to the results obtained
using fully relaxed slabs are discussed in more detail in the
following.
We modeled reduced anatase through the addition of a
hydrogen atom adsorbed on the bottom surface of the anatase
slab and/or the substitution of a lattice Ti atom with Nb
impurity inside the slab, see Figure S1 of the supplementary
material. Each adsorbed hydrogen or Nb impurity donates an
excess electron that is essentially delocalized throughout the
TiO2 slab when the surface is free of adsorbates. We shall
denote a slab model containing one (two) excess electron(s)
per unit cell as rTiO2 (r2 TiO2 ) in the following. Test calculations using different donors (e.g., a Na adsorbate or a H
interstitial) show that the structure and properties of the supported clusters are independent of the type of donor used for the
calculations.
To characterize the bonding and charge transfer between
the metal clusters and the anatase TiO2 (101) surface, adsorption energies and projected density of states (PDOS) are analyzed (an alternative possibility, not considered in this work,
would be to determine the vibrational shift of adsorbed CO45 ).
The adsorption energy (Eads ) of the Mn cluster on the bare
TiO2 surface is calculated as
Eads (Mn ) = E(Mn ) + E(TiO2 ) − E(Mn − TiO2 ),

(1)

where E(Mn ) and E(TiO2 ) are the total energies of the metal
cluster in its most stable gas-phase conformation and the clean
TiO2 slab, respectively, and E(Mn –TiO2 ) is the total energy of
the interacting Mn cluster and TiO2 support.
In the presence of co-adsorbed O2 , the adsorption energies
n
2
of O2 (EO
) and Mn (EM
), see, e.g., Table III, are computed
ads
ads
as
2
EO
= E(Mn –TiO2 ) + E(O2 ) − E(O2 –Mn –TiO2 ),
ads

(2)

n
EM
= E(O2 –TiO2 ) + E(Mn ) − E(O2 –Mn –TiO2 ),
ads

(3)

where E(Mn –TiO2 ) and E(O2 –Mn –TiO2 ) are the total energies of the interacting Mn cluster and TiO2 support without
and with co-adsorbed O2 , respectively, E(O2 –TiO2 ) is the total
energy of TiO2 with adsorbed O2 , while E(O2 ) and E(Mn ) are
the energies of O2 (triplet state) and metal cluster in the gas
phase.
Similarly, adsorption energies for CO on supported Ptn
and Aun clusters without and with co-adsorbed O2 (see, e.g.,
Table IV) are evaluated as

ECO
ads = E(Mn –TiO2 ) + E(CO) − E(CO–Mn –TiO2 ) in the absence of co-adsorbed O2 and
ECO
ads = E(O2 –Mn –TiO2 ) + E(CO) − E(O2 –CO–Mn –TiO2 ), when co-adsorbed O2 is present,
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where E(CO–Mn –TiO2 ) and E(O2 –CO–Mn –TiO2 ) are the
total energies of the combined CO–Mn complex and TiO2
support without and with O2 on its surface, respectively.
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TABLE I. Calculated structural parameters (Å) and adsorption energies (eV)
of Ptn and Aun (n = 1, 2) clusters on stoichiometric (TiO2 ) and reduced (rTiO2 )
anatase (101) surfaces.

III. RESULTS AND DISCUSSION

Pt1

A. Bare Ptn and Aun (n = 1–3) clusters
on stoichiometric and reduced anatase TiO2 (101)

Pt2

1. Supported Pt and Au monomers and dimers

The lowest energy structures of Pt and Au monomers
and dimers on anatase (101) are shown in Figure 1, while
the key structural parameter and adsorption energies are summarized in Table I. Additional structures and corresponding
geometric parameter are given in Figure S2 and Table S1 of
the supplementary material.
For a Pt adatom on the stoichiometric surface, the most
stable adsorption configuration is a structure where Pt1 is
directly bonded to three surface atoms, notably a three-fold
oxygen (O3c ), a two-fold oxygen (O2c ), and a six-fold coordinated Ti (Ti6c ), with bond distances of 2.193, 1.994, and
2.372 Å, respectively (Figure 1(a)). The adsorption energy is
large, 2.537 eV, indicating a strong metal-support interaction.
This adsorption structure is only 0.016 eV more favorable than
the O2c –Pt–O2c configuration reported to be most stable by
Gong et al.,5 see Figure S2 and Table S1 in the supplementary material. We verified that this and other small differences
between the two studies (see below) are due to the different
setups for the atoms on the bottom surface of the slab, which
are relaxed in the present work, whereas they are kept fixed at
their bulk positions in Ref. 5.

Au1
Au2

M–O2c (O)

M–M

M–Ti

n
EM
ads

Figure

TiO2
rTiO2
TiO2
rTiO2

1.994(2.193)
1.992(2.198)
2.028
2.041

···
···
2.485
2.427

2.372
2.369
2.457
2.491

2.537
2.500
1.600
2.246

1(a)
1(c)
1(b)
1(d)

TiO2
rTiO2
TiO2
rTiO2

2.336
2.333
2.140
2.139

···
···
2.521
2.522

2.786
2.787
3.140
3.165

0.350
1.069
0.815
0.819

1(e)
1(g)
1(f)
1(h)

For a Pt dimer, the most stable adsorption configuration,
Pt2 (Ti,O), is characterized by one Pt atom of the dimer being
bound to a Ti5c ion and the other to an O2c ion, with bond
lengths of 2.457 Å and 2.028 Å, respectively (Figure 1(b)).
The Pt–Pt bond distance is 2.485 Å, to be compared to a bond
length of 2.373 Å for a gas-phase Pt dimer. The adsorption
energy is 1.600 eV, i.e., almost 1 eV smaller than that of a Pt
adatom.
The interaction of Au clusters with the anatase surface is
much weaker than that of Pt clusters. The preferred binding
site for Au1 is on top of a Ti5c ion, with Au–O2c and Au–Ti5c
bond lengths of 2.336 and 2.786 Å, respectively (see Figure
1(e)). The corresponding adsorption energy is Eads = 0.350 eV.
For an Au dimer, the most stable adsorption configuration is a
structure where one Au atom binds to O2c and the other binds
to Ti5c , with bond lengths of 2.140 and 3.140 Å, respectively

FIG. 1. Stable adsorption configurations of Pt and Au
adatoms and dimers on stoichiometric (TiO2 ) and
reduced (rTiO2 ) anatase (101) surfaces.
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(Figure 1(e)). The Au–Au bond length is 2.521 Å, to be compared to a bond length of 2.527 Å in the gas phase, and the
Au2 adsorption energy is 0.815 eV, which is about half that
of Pt2 (1.600 eV). Our results for Au clusters agree well with
the studies by Gong et al.5 and Puigdollers et al.;9 small quantitative differences between the present study and Ref. 5 are
due to the above mentioned differences in the computational
setups.
Turning next to the reduced surface (rTiO2 ), Table I shows
that the adsorption energy of a Pt adatom is nearly the same
as on stoichiometric TiO2 , whereas that of an Au adatom
increases from 0.350 to 1.069 eV. Vice versa, the adsorption
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energy of Pt2 increases by almost 0.6 eV on the reduced surface, whereas that of the closed-shell Au2 dimer is essentially
unchanged on rTiO2 .
Insight into the bonding mechanism of the Pt and Au
clusters to the anatase surface is provided by the PDOS in
Figure 2. The metal-induced states in the anatase surface band
gap are predominantly Pt or Au 5d and 6s states, so that the
overall gap is reduced to about 1 eV. An occupied Ti 3d state is
present in the PDOS of Pt1 on the partially reduced rTiO2 surface, indicating that the excess electron remains in the TiO2
support and is not transferred to the metal. The absence of
charge transfer between the surface and Pt1 suggests that the

FIG. 2. Partial densities of states
(PDOS) of Pt and Au adatoms and
dimers on stoichiometric (TiO2 ) and
reduced (rTiO2 ) anatase (101) surfaces.
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main contribution to the bond originates from the metal polarization. For Pt2 on reduced TiO2 , instead, no occupied Ti 3d
state is observed in the PDOS, indicating that the TiO2 excess
electron has been transferred to the metal dimer. For Au, a
single adatom retains its open-shell 6s1 configuration on the
stoichiometric surface (Figure 2(e)), indicating that it remains
neutral. Its binding to the surface can be thus attributed mainly
to polarization effects, even though vdW-forces (not included
in PBE) can also play a role.8 When the Au adatom is adsorbed
on rTiO2 , instead, a completely filled Au 6s state is present in
the PDOS (Figure 2(g)), indicating that the excess electron
has been transferred from the reduced surface to the adatom,
which then becomes Au . This also explains the enhancement of the Au1 adsorption energy on the reduced surface.
For the closed-shell Au2 dimer, no charge transfer is observed
neither on stoichiometric (Figure 2(f)) nor on reduced TiO2
(Figure 2(h)), where the presence of a half-filled Ti 3d orbital in
the PDOS indicates that the excess electron remains localized
in the support.
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TABLE II. Calculated structural parameters (Å) and adsorption energies (eV)
for different triangular (t) and quasi-linear (l) configurations of Pt3 and Au3
clusters on stoichiometric (TiO2 ), reduced (rTiO2 ), and strongly reduced
(r2 TiO2 ) anatase (101) surfaces. The adsorption energies in bold indicate the
most stable structure on each surface.
M

M–O2c (O)

M–M

M–Ti

Eads3

Figure

Pt3 –TiO2 (101)
(t1)-Pt3 –rTiO2
(t2)-Pt3 –rTiO2
(l1)-Pt3 –rTiO2
(t1)-Pt3 –r2 TiO2
(t2)-Pt3 –r2 TiO2
(l1)-Pt3 –r2 TiO2

2.056
2.100
2.073
2.780
2.097
2.039
3.011

2.516
2.607
2.620
4.461
2.608
2.616
4.308

2.664
2.472
···
···
2.484
···
···

2.626
3.033
2.676
1.296
3.051
2.734
1.851

3(a)
3(b)
3(c)
3(d)
3(e)
3(f)
3(g)

Au3 –TiO2 (101)
(l1)-Au3 –rTiO2
(l2)-Au3 –rTiO2
(t)-Au3 –rTiO2
(l1)-Au3 –r2 TiO2
(l2)-Au3 –r2 TiO2
(t)-Au3 –r2 TiO2

2.079
2.862
2.365
2.076
2.871
2.450
2.077

2.701
5.035
2.559
2.702
5.042
2.570
2.703

···
···
···
···
···
···
···

1.414
1.472
1.058
1.419
1.510
1.114
1.316

3(h)
3(i)
3(j)
3(k)
3(l)
3(m)
3(n)

2. Supported Pt3 and Au3 clusters

Several low-energy isomers of Pt3 and Au3 on stoichiometric and reduced anatase (101) are shown in Figure 3, while
adsorption energies and geometric parameters are given in
Table II. The preferred adsorption configuration of the supported Pt3 cluster is triangular on both the stoichiometric and
reduced anatase (101) surfaces. On stoichiometric TiO2 , two Pt
atoms of the trimer bind with two neighboring O2c at distance
2.056 Å and two Ti5c at distance 2.664 Å. Consequently, the
Pt–Pt bond parallel to the surface is slightly longer (2.516 Å)
than the other two Pt–Pt bonds (2.508 Å) pointing away from

the surface. The adsorption energy is 2.626 eV. For Pt3 on
the rTiO2 surface, the most stable structure, (t1)-Pt3 –rTiO2 , is
again a triangle, but this is tilted further toward the surface and
has adsorption energy 0.407 eV larger than Pt3 on the stoichiometric surface. Another triangular structure, (t2)-Pt3 –rTiO2 ,
is 0.357 eV lower in energy than the most stable one, while a
nearly linear (l1)-Pt3 –rTiO2 configuration is ∼1.7 eV lower in
energy. On further reduced r2 TiO2 , the structure and adsorption
energy of Pt3 remain very similar to those on rTiO2 .

FIG. 3. Triangular (t) and “quasi-linear” (l) adsorption configurations of Pt3 and Au3 clusters on stoichiometric (TiO2 ), reduced (rTiO2 ), and strongly reduced
(r2 TiO2 ) anatase (101) surfaces.
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Similarly to Pt3 , Au3 on stoichiometric anatase (101) also
prefers a triangular structure, but tilted to the opposite, [101̄],
direction (Figure 3). In this way Au3 interacts with the (101)
surface only via two Au–O2c bonds of length 2.079 Å. Unlike
Pt3 , Au3 prefers a much more open (“quasi-linear”) conformation on the reduced rTiO2 surface. In this structure, two
terminal Au atoms of the trimer form bonds with two surface
O2c atoms, while the middle Au atom is above another O2c
atom. The Au–Au bond lengths are 2.566 Å and 2.574 Å and
the angle between the two Au–Au bonds is 156.8◦ . Considering that Au3 is linear in the gas phase,56–58 such a large bond
angle suggests that some charge is transferred from the surface
to Au3 on the reduced rTiO2 surface. Very similar results are
obtained for Au3 on the r2 TiO2 surface. The Au3 adsorption
energy increases only slightly on the reduced surfaces, from
1.414 eV on TiO2 to 1.472 eV and 1.510 eV on rTiO2 and
r2 TiO2 , respectively.
The PDOS for the supported Pt3 and Au3 clusters are displayed in Figure 4. For Pt3 , we can see a large number of metal
states in the TiO2 band gap, which makes the overall band gap
nearly vanishing. On the stoichiometric surface (Figure 4(a)),
no Ti occupied state is present near the Fermi level (EF ), as
expected. Instead, the empty Pt 6s state is just above EF , suggesting that the cluster can easily trap electrons. In fact, there is
no occupied Ti 3d state on the reduced surface (Figure 4(b)),
indicating that the excess electron of rTiO2 has been transferred to the supported cluster. For Pt3 on r2 TiO2 , the presence
of a filled Ti 3d state (Figure 4(c)) implies that only one of
the two excess electrons is transferred to the cluster while the
other remains in the anatase slab.
Interestingly, an occupied Ti 3d state near EF is observed
also in the PDOS of Au3 on the stoichiometric surface
(Figure 4(d)). This means that the cluster unpaired 6s electron
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is transferred to the surface and the cluster transforms to Au3 + .
In contrast, no occupied Ti 3d state is present for Au3 on
the reduced surface, as shown by the PDOS in Figure 4(e).
This implies that the TiO2 excess electron is transferred to
the cluster, which then transforms to the closed shell Au3
anion. Finally, the PDOS in Figure 4(f) for Au3 on r2 TiO2 indicate that one of the two excess electrons is transferred to the
cluster, which becomes Au3 , while the other remains on the
surface.
B. Interaction of Pt3 /TiO2 and Au3 /TiO2 with O2 and CO
1. Pt3 and Au3 with co-adsorbed O2

Molecular oxygen is a key reactant in catalytic oxidation reactions as well as a widely used electron scavenger
in TiO2 photocatalysis. In fact, O2 binding to TiO2 occurs
through the transfer of one or two excess electrons from the surface to the molecule, leading
 to the formation of a superoxide

O2 − or peroxide O2 2− adsorbed species.59–61 Consistent
with previous DFT studies, our computed adsorption energies
2
for O2 on bare anatase (101) are EO
= 0.343, 0.665, and
ads
1.154 eV on the stoichiometric, singly reduced (rTiO2 ), and
doubly reduced (r2 TiO2 ) surfaces, respectively, and the corresponding O–O bond lengths are 1.237, 1.328, and 1.452 Å.
For O2 on stoichiometric TiO2 , the negative adsorption energy
indicates that adsorption is unfavorable.
The stable geometries and relevant adsorption energies of
co-adsorbed O2 and Pt3 on stoichiometric and reduced TiO2
are reported in Figures 5(a)–5(c) and Table III. In all cases,
O2 is bound to Ti5c on one end only, while the oxygen at the
other ends forms a relatively tight bond (1.98–2.04 Å) with
an atom of the cluster, which tilts towards O2 . One can also
notice that the cluster is increasingly tilted toward the surface

FIG. 4. PDOS for the stable adsorption configurations of Pt3 and Au3 clusters on stoichiometric (TiO2 ), reduced (rTiO2 ), and strongly reduced (r2 TiO2 ) anatase
(101) surfaces.
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FIG. 5. Adsorption geometries of Pt3
and Au3 clusters with co-adsorbed
O2 on stoichiometric (TiO2 ), reduced
(rTiO2 ), and strongly reduced (r2 TiO2 )
anatase (101).

with increasing surface reduction. On stoichiometric TiO2 , the
adsorption energy of the Pt3 cluster (Table III) in the presence
of coadsorbed O2 is more than 1 eV larger than on the bare
anatase surface (Table II). At the same time, the O2 bond length
(1.351 Å) suggests an adsorbed superoxide species. Since no
excess electron is present in the stoichiometric surface, we
might conclude that an electron has been transferred from Pt3
to the molecule. However, the PDOS does not show empty Pt
5d states above the Fermi level but rather mixed Pt–O2 states
lying right at EF (Figure S3(a) of the supplementary material),
which rather suggests the formation of a strongly interacting
O2 –Pt3 complex. For co-adsorbed O2 and Pt3 on rTiO2 , the
O2 bond length and adsorption energy are similar to those
on stoichiometric TiO2 (Table III). In this case, however, the
absence of occupied Ti 3d states and the presence of one mixed
Pt 6s–O2 state just above EF in the PDOS (Figure S3(b) of the
supplementary material) indicate that the excess electron of
rTiO2 is transferred to the O2 –Pt3 complex. Finally, on the
strongly reduced r2 TiO2 surface the O2 bond length increases
by ∼0.02 Å and its adsorption energy increases by 0.7 eV. The
calculated PDOS (Figure S3(c) of the supplementary material)
do not show filled Ti3d states at the bottom of the a-TiO2
CB, but two mixed Pt–O2 states just below EF , indicating the
transfer of both excess electrons from the support to the O2 –Pt3
complex.
The stable configurations of co-adsorbed O2 and Au3
are shown in Figures 5(d)–5(f). Both O atoms of O2 are
adsorbed on the same Ti5c , as found on rutile (110),62 and
TABLE III. Calculated structural parameters (Å) and adsorption energies
(eV) of co-adsorbed O2 and Pt3 /Au3 clusters on stoichiometric (TiO2 ),
reduced (rTiO2 ), and strongly reduced (r2 TiO2 ) anatase (101) surfaces.
M

d(O–M)

d(O–O)

Eads2 a

O

Eads3 b

Figure

O2 –Pt3 –TiO2
O2 –Pt3 –rTiO2
O2 –Pt3 –r2 TiO2

1.981
1.991
2.039

1.351
1.358
1.378

1.015
1.090
1.733

3.983
3.458
3.660

5(a)
5(b)
5(c)

O2 –Au3 –TiO2
O2 –Au3 –rTiO2
O2 –Au3 –r2 TiO2

2.444
2.099
2.136

1.357
1.472
1.473

0.908
1.841
1.977

2.665
2.596
2.128

5(d)
5(e)
5(f)

a EO2 = E(M –TiO )
3
2
ads
b EM3 = E(O –TiO )
2
2
ads

+ E(O2 )

E(O2 –M3 –TiO2 ).

+ E(M3 )

E(O2 –M3 –TiO2 ).

one of the O atoms is bound also to an Au of the cluster,
with the bond distance in the range 2.14–2.44 Å (first column
in Table III). On the stoichiometric surface, the O–O bond
length, 1.357 Å, indicates the formation of an O2 − species
resulting from electron transfer from the Au3 cluster to the
co-adsorbed molecule. On the reduced rTiO2 and r2 TiO2 surfaces, the O2 bond length is 1.47 Å, a characteristic of a
peroxide species, and the O2 adsorption energy is more than
twice larger with respect to that found on the stoichiometric
surface. The PDOS (Figures S3(e) and S3(f) of the supplementary material) confirm the formation of a peroxide species
since all the states of O2 are below EF . No occupied Ti 3d
state is observed on rTiO2 while the PDOS show that one
excess electron remains localized on a surface Ti 3d state on
the r2 TiO2 surface. Therefore, on both surfaces the formation
of the peroxide species results from the transfer to O2 of one
excess electron of the support and one electron from the Au3
cluster.
In summary, the results presented in this section suggest
that in the presence of co-adsorbed O2 the supported Pt3 cluster
tends to form a tightly bound Pt–O2 complex that is capable
to accommodate excess electrons from the TiO2 support. In
contrast, when O2 is co-adsorbed with an Au3 cluster, it is
always favorable for the adsorbed O2 to withdraw one electron
from Au3 , even in the presence of excess electrons in the TiO2
support. For both Pt3 and Au3 , the computed adsorption energy
in the presence of O2 is much larger than that obtained on the
bare surface.
2. CO adsorption on Pt3 /TiO2 and Au3 /TiO2

Supported Pt and Au catalysts show different CO oxidation characteristics, which are in part determined by the
differences in their adsorption of the reactant gases.25 To investigate the effects of TiO2 excess electrons on CO adsorption,
we restrict here to CO adsorption on the low coordinated top
site of Pt3 and Au3 (Figure 6 and Table IV), which is not
in direct contact with the TiO2 surface; we shall address CO
adsorption on a metal site which is in direct contact with the
TiO2 surface (reported to be more favorable in some studies24 ) in Sec. III C, where we study the reactivity of Pt and
Au adatoms. As a reference, we find ECO
ads = 0.279 eV for CO
on bare anatase (101), a value in agreement with the results of
previous studies.18,45
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FIG. 6. Adsorption geometries of CO
on Pt3 and Au3 clusters supported
on stoichiometric (TiO2 ), reduced
(rTiO2 ), and strongly reduced (r2 TiO2 )
anatase (101).

As shown in Figures 6(a)–6(c), there are clear differences
in the adsorption geometries of CO–Pt3 on the different TiO2
surfaces, as CO tilts increasingly away from the surface and
the Pt3 plane on more reduced surfaces. On the other hand,
the computed CO adsorption energies on stoichiometric and
CO
reduced TiO2 are all rather similar, ECO
ads ∼ 2.1 eV (vs.Eads
= 2.516 eV for CO adsorbed on gas-phase Pt3 ). The adsorption energy of the CO–Pt3 complex (Table IV) is ∼0.3 eV
smaller than that of the bare Pt3 cluster (Table II), indicating
that the interaction between CO and Pt3 weakens the interaction between Pt3 and the surface. From the PDOS in Figure S4
of the supplementary material, it appears that no metal-support
charge transfer occurs on stoichiometric TiO2 (Figure S4(a)
of the supplementary material), whereas one excess electron
is transferred from the support to the cluster on rTiO2 (Figure
S4(b) of the supplementary material). On the strongly reduced
TABLE IV. Calculated structural parameters (Å) and adsorption energies (in
eV) for CO on Pt3 and Au3 clusters supported on stoichiometric (TiO2 ),
reduced (rTiO2 ), and strongly reduced (r2 TiO2 ) anatase (101) surfaces, with
and without co-adsorbed O2 .
M * d,e

O

b,c E 3
d(O–M) d(O–O) Eads2 a ECO
ads
ads

Figure

CO–Pt3 –TiO2
CO–Pt3 –rTiO2
CO–Pt3 –r2 TiO2
O2 –CO–Pt3 –TiO2
O2 –CO–Pt3 –rTiO2
O2 –CO–Pt3 –r2 TiO2

···
···
···
1.939
1.981
2.042

···
···
···
1.330
1.358
1.377

···
···
···
0.585
0.924
1.372

2.219
2.129
2.141
1.789
1.962
1.749

2.319
2.636
2.666
3.247
2.895
2.883

6(a)
6(b)
6(c)
7(a)
7(b)
7(c)

CO–Au3 –TiO2
CO–Au3 –rTiO2
CO–Au3 –r2 TiO2
O2 –CO–Au3 –TiO2
O2 –CO–Au3 –rTiO2
O2 –CO–Au3 –r2 TiO2

···
···
···
2.160
2.152
2.152

···
···
···
1.324
1.473
1.473

···
···
···
1.154
2.225
2.249

1.162
1.154
1.238
1.408
1.538
1.520

0.695
0.693
0.674
2.192
2.253
1.768

6(d)
6(e)
6(f)
7(d)
7(e)
7(f)

a EO2 = E(CO–M –TiO ) + E(O ) E(O –CO–M –TiO ).
3
2
2
2
3
2
ads
b ECO = E(M –TiO ) + E(CO) E(CO–M –TiO ), without O .
3
2
3
2
2
ads
c ECO = E(O –M –TiO ) + E(CO) E(O –CO–M –TiO ), with co-adsorbed O .
2
3
2
2
3
2
2
ads
d EM3 * = E(TiO ) + E(CO–M ) E(CO–M –TiO ), without O .
2
3
3
2
2
ads
e EM3 * = E(O –TiO ) + E(CO–M ) E(O –CO–M –TiO ) with co-adsorbed O .
2
2
3
2
3
2
2
ads

r2 TiO2 support, the simultaneous presence of filled Pt 6s and
Ti 3d states indicates that one surface excess electron is transferred to the cluster while the other remains in the surface
(Figure S4(c) of the supplementary material).
Unlike the bare supported Au3 cluster (Figure 3), Au3
with an adsorbed CO prefers to remain triangular on reduced
TiO2 (Figures 6(d)–6(f)). This suggests that there is no charge
transfer from the reduced surface to the cluster, consistent
with the fact that the adsorption energy of the CO–Au3 complex is essentially the same on the different surfaces. The
adsorption energy of CO on supported Au3 is smaller than on
supported Pt3 and depends weakly on the surface reduction.
Nonetheless, the computed adsorption energy of the CO–
Au3 complex is ∼0.7 eV smaller than that of the bare Au3
cluster (Table II), suggesting that CO adsorption may favor
the sintering of the supported clusters.63,64 In accord with
the computed geometries, the PDOS results (Figures S4(d)–
S4(f) of the supplementary material) show that CO–Au3
does not withdraw excess electrons from the reduced anatase
surfaces, as indicated by the occurrence of filled Ti 3d
states.
3. CO adsorption on Pt3 /TiO2 and Au3 /TiO2
in the presence of co-adsorbed O2

Our results for CO adsorption on supported Pt3 and Au3
in the presence of co-adsorbed O2 are summarized in Figure 7
(geometries), Table IV (adsorption energies), and Figure S5
of the supplementary material (PDOS). Except for the presence of the adsorbed CO, the adsorption configurations in
Figure 7 are similar to those of co-adsorbed O2 and M3 clusters
in Figure 5. Also the O–O bond lengths in Table IV are similar
to (or only slightly shorter than) those found in the absence of
CO (Table III). On the other hand, the combined interactions
among the support and the different adsorbed species cause
the computed adsorption energies to differ significantly from
those in the absence of either CO or O2 .
The presence of co-adsorbed O2 appears to have opposite
effects on the computed CO adsorption energies on supported
Pt3 and Au3 : it reduces that of CO on Pt3 /TiO2 by ∼0.3 eV
and increases ECO
ads on Au3 /TiO2 by approximately the same
2
amount (Table IV). Similarly, by comparing the values of EO
ads
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FIG. 7. Adsorption geometries of
CO–Pt3 and CO–Au3 with co-adsorbed
O2 on stoichiometric (TiO2 ), reduced
(rTiO2 ), and strongly reduced (r2 TiO2 )
anatase (101).

in the absence (Table III) and presence (Table IV) of CO, we
can see that the latter are ∼0.3 eV smaller for Pt3 /TiO2 and
∼0.3 eV larger for Au3 /TiO2 . At the same time, the binding
energies of both CO–Pt3 and CO–Au3 on the O2 –TiO2 surfaces
(Table IV) are smaller than those of the bare Pt3 and Au3
clusters on O2 –TiO2 (Table III). The influence of the support reduction is modest (∼0.1–0.2 eV) on ECO
ads , and quite
O2
substantial (∼1 eV) on Eads , as one may intuitively expect.
The above differences in the behavior of Pt3 /TiO2 and
Au3 /TiO2 can be largely understood by considering that Pt3 , in
combination with O2 , acts preferentially as an electron acceptor, whereas Au3 acts preferentially as an electron donor on
the O2 –TiO2 surface. These characteristics are evident in the
PDOS shown in Figure S5 of the supplementary material. For
O2 –CO–Pt3 , we can see mixed Pt 6s–O2 band gap states near
the Fermi level: two of these states (one spin up and one spin
down) are above EF on stoichiometric TiO2 (Figure S5(a) of the
supplementary material), only one state above EF is present on
rTiO2 (Figure S5(b) of the supplementary material), while two
mixed states just below EF occur on the r2 TiO2 surface (Figure S5(c) of the supplementary material). For O2 –CO–Au3 ,
on the other hand, the PDOS in Figures S5(d)–S5(f) of the
supplementary material are similar to those found in the
absence of CO, Figures S3(d)–S3(f) of the supplementary
material. The Au3 cluster always tends to donate an electron

to the co-adsorbed O2 molecule and is not able to withdraw
electrons from the reduced surface.
C. Interaction of single Pt and Au adatoms with O2
and CO

There has been considerable interest in single atom catalysis in recent years,37,38,65 which is a significant motivation for
studying the effect of TiO2 excess electrons on the reactivity
of Pt and Au atoms adsorbed on its surface. The optimized
structures of CO adsorbed on Pt1 /TiO2 and Au1 /TiO2 in the
absence/presence of coadsorbed O2 are shown in Figures 8
and 9, respectively, while structural parameters and adsorption energies are summarized in Table V. Different from the
configurations of the bare Pt1 and Au1 adatoms (Figure 1),
CO–Pt1 and CO–Au1 bind only to a single surface O2c atom
(Figure 8). For CO on Pt1 , the CO adsorption energies do
not depend significantly on surface reduction as Pt1 hardly
accepts or donates charge to the surface (see also the PDOS
in Figures S6(a)-S6(c) of the supplementary material). Our
computed values are in the range 2.537–2.671 eV, which are
∼0.4 eV higher than the binding energies of CO at the top site
of Pt3 /TiO2 (Table IV), but much smaller than our computed
binding energy for CO on gas phase Pt1 , 3.520 eV.
Results are quite different for Au1 /TiO2 . The CO adsorption energies, in the range 1.971–1.128 eV not only depend

FIG. 8. Adsorption geometries of
CO–Pt1 and CO–Au1 on stoichiometric
(TiO2 ), reduced (rTiO2 ), and strongly
reduced (r2 TiO2 ) anatase (101).
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FIG. 9. Adsorption geometries of
CO–Pt1 and CO–Au1 with co-adsorbed
O2 on stoichiometric (TiO2 ), reduced
(rTiO2 ), and strongly reduced (r2 TiO2 )
anatase (101).

on the surface reduction but are also significantly larger than
our computed binding energy of CO on gas phase Au1 ,
0.765 eV. As shown by the PDOS in Figures S6(d)–S6(f) of
the supplementary material, Au1 always transfers its unpaired
electron to the surface when it is bound to CO, which results
in the formation of a CO–Au1 + complex on both the stoichiometric and reduced surfaces. This explains the enhanced CO
adsorption energy on Au1 /TiO2 with respect to gas phase Au1 ,
as well as the larger binding energy of CO–Au1 on the TiO2
surface in comparison to the bare Au1 adatom (Table I).
The presence of O2 causes a substantial rearrangement
of the CO–Pt1 adsorption structure (Figure 9). The adatom
interacts strongly with CO and both oxygen atoms of the O2
molecule, to which it transfers two electrons, as indicated by
the O–O bond length of ∼1.43 Å, a characteristic of a peroxide
species. The resulting CO–Pt1 –O2 complex appears to be very
stable; for example, the PDOS (Figures S7(a)-S7(c) of the
supplementary material) show that the energy levels in the
TABLE V. Calculated structural parameters (Å) and adsorption energies (eV)
for CO on Pt and Au adatoms supported on stoichiometric (TiO2 ), reduced
(rTiO2 ), and strongly reduced (r2 TiO2 ) anatase (101) surfaces, with and
without co-adsorbed O2 .
d(O–M)

O

b,c EM* d,e Figure
d(O–O) Eads2 a ECO
ads
ads

CO–Pt1 –TiO2
CO–Pt1 –rTiO2
CO–Pt1 –r2 TiO2
O2 –CO–Pt1 –TiO2
O2 –CO–Pt1 –rTiO2
O2 –CO–Pt1 –r2 TiO2

···
···
···
2.071(2.019)
2.071(2.019)
2.071(2.018)

···
···
···
1.432
1.435
1.436

···
···
···
0.693
0.684
0.690

2.537
2.580
2.671
2.468
1.748
1.558

1.554
1.561
1.622
1.630
1.631
1.698

8(a)
8(b)
8(c)
9(a)
9(b)
9(c)

CO–Au1 –TiO2
CO–Au1 –rTiO2
CO–Au1 –r2 TiO2
O2 –CO–Au1 –TiO2
O2 –CO–Au1 –rTiO2
O2 –CO–Au1 –r2 TiO2

···
···
···
2.400
2.012
2.010

···
···
···
1.307
1.393
1.393

···
···
···
0.857
1.661
1.749

1.971
1.254
1.128
2.479
2.352
2.360

1.556
1.555
1.466
1.347
2.150
2.149

8(d)
8(e)
8(f)
9(d)
9(e)
9(f)

a EO2 = E(CO–M–TiO ) + E(O ) E(O –CO–M–TiO ).
2
2
2
2
ads
b ECO = E(TiO –M) + E(CO) E(CO–M–TiO ), without O .
2
2
2
ads
c ECO = E(O –M–TiO ) + E(CO) E(O –CO–M–TiO ) with co-adsorbed O .
2
2
2
2
2
ads
d EM* = E(TiO ) + E(CO–M) E(CO–M–TiO ), without O .
2
2
2
ads
e EM* = E(TiO ) + E(O –CO–M) E(O –CO–M–TiO ), with co-adsorbed O .
2
2
2
2
2
ads

TiO2 band gap are essentially the same on stoichiometric and
reduced TiO2 , with no charge transfer from the surface to the
supported complex. The same holds for the adsorption energies
of CO–Pt1 –O2 on the different TiO2 surfaces (second to last
column in Table V), which are about 1 eV smaller than the
adsorption energy of a bare Pt1 adatom (Table I).
Different from CO–Pt1 , the CO–Au1 complex binds only
one oxygen atom of O2 (Figures 9(d)–9(f)). The binding is
associated to the transfer of an electron from Au1 to O2 , as indicated by both the PDOS (Figure S7(d) of the supplementary
material) and the O–O bond length of 1.307 Å on stoichiometric TiO2 . At the same time, this transfer strengthens the bond
between the resulting positively charged adatom and CO. The
O–O bond length further increases to 1.393 Å on the reduced
surfaces, due to the transfer of a surface excess electron to O2
(Figures S7(e) and S7(f) of the supplementary material). Altogether, the presence of O2 seems to strengthen the stability of
the CO–Au1 complex rather than leading to the formation of
a CO–M1 –O2 complex, as found for Pt.
IV. CONCLUSIONS

In this work we have studied how reducible oxide-metal
cluster charge transfers affect the structure, energetics, and
reactivity of Pt/TiO2 and Au/TiO2 , two prototypical examples of strongly and weakly interacting metal-support systems,
respectively. To understand the difference between these two
systems, we focused on Pt and Au adatoms and small clusters on stoichiometric and reduced anatase TiO2 (101), a surface where excess electrons usually form shallow and fairly
delocalized polaronic states.46 Our results show that with the
exception of single Pt1 , which follows distinct trends, Pt clusters generally behave as electron acceptors, while Au clusters
can both donate and accept charge on bare TiO2 . Surface excess
electrons can have an important effect on the interaction of the
supported clusters with reactant gases. For CO, the effect is
particularly significant when CO is adsorbed at an interfacial
metal site in direct contact with the TiO2 surface and/or in
the presence of co-adsorbed O2 . In the latter case, supported
Pt clusters tend to form tightly bound Pt–O2 complexes that
are able to withdraw excess electrons from reduced TiO2 . In
contrast, Au clusters behave as electron donors in the presence of co-adsorbed O2 , even when excess electrons from
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reduced TiO2 are available. Altogether, the detailed insights
provided by the present study provides an explanation for several of the observed differences between Au/TiO2 and Pt/TiO2
catalysts and represent a solid basis for additional investigations of the role of excess electrons in catalytic reactions on
TiO2 -supported metal clusters.
SUPPLEMENTARY MATERIAL

See supplementary material for additional structures
(Table S1 and Figures S1 and S2), comparison between
results on fully relaxed slab and slab with fixed bottom (Table
S1), comparison between results with and without vdW corrections (Table S1), comparison between results with and
without Hubbard U terms (Table S2), and PDOS results
(Figures S3-S7).
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