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ABSTRACT: Gold nanoparticles supported on reduced TiO2 (110) surfaces are widely
used as catalysts for oxidation reactions. Despite extensive studies, the role of oxygen
vacancies in such systems remains elusive and is controversially discussed. Combining ab
initio molecular dynamics simulations with methods originally developed to describe
defects in semiconductor physics we study how the electronic charge originally located at
the vacancy modiﬁes the charge on the cluster. Despite diﬀerences resulting from the
employed level of density functional theory (namely semilocal/GGA, GGA + U, and hybrid
functionals), we consistently ﬁnd that the Au clusters remain either neutral or acquire a
positive charge. The intuitively expected electron transfer from the oxygen vacancy to the
gold cluster can be safely ruled out. Analyzing these ﬁndings, we discuss the role of the
oxygen vacancy in the bonding between Au clusters and support and the catalytic activity of
the system.

■

INTRODUCTION
Oxide-supported metal nanoparticles exhibit structural and
electronic features which are absent in the individual materials.
The resulting properties of the combined system are unique
and utilized, for example, to make eﬃcient catalysts.1−3 In
particular, gold nanoclusters supported on reduced titanium
dioxide surfaces are a widely studied representative of this class
of systems, due to their particular eﬃciency in catalyzing key
chemical reactions, such as the water gas shift reaction,4,5 the
CO oxidation reaction,2,6−10 and others. Oxygen-deﬁcient
TiO2 surfaces seem to be particularly advantageous in the
catalytic context.11,12 This observation has triggered extensive
investigations of reduced, i.e., oxygen-deﬁcient surfaces, which
are characterized by a substantial amount of oxygen vacancies.
A study combining scanning tunnelling microscopy and
density functional theory (DFT) proposed that the vacancy
is an active nucleation site for the formation of the Au
clusters.13 Other experimental14,15 and computational14,16−19
studies conﬁrmed these ﬁndings and revealed that both
individual gold atoms and Au clusters preferentially bind to
oxygen vacancy sites. There is thus a general consensus that
vacancies are important for anchoring gold nanoparticles.
Less clear and controversially discussed are other aspects of
the vacancy-cluster interactions. Various DFT studies discuss
the character of the bond formed between the Au cluster and
the vacancy as being either covalent13,20 or ionic.16,21 The type
of bonding relates directly to another recent topic - the
question whether electronic charge is transferred between gold
and the TiO2 substrate. If present, such a charge transfer could
strongly impact the catalytic activity as well as the
corresponding chemical reaction mechanisms.14,21−28 The
mechanisms underlying charge transfer are sketched in Figure
© 2019 American Chemical Society

1a. The direction of charge transfer is deﬁned by the alignment
(relative position) between the defect level of the vacancy and
the Fermi level of the nanocluster, in close analogy to the
alignment between the redox-levels of molecules. If the defect
level is above (below) the Fermi level, the Au cluster will be
negatively (positively) charged. Interestingly, there is no
agreement in the literature about the direction of the charge
transfer, i.e. whether the vacancy donates its electron to the Au
cluster,20,21,23 whether it accepts electrons from it21 or whether
the electrons stay near the vacancy.13 In general, presence and
direction of such a charge transfer are linked to catalytic
activity: Having excess electrons/holes at the cluster surface
due to negative/positive charging is expected to impact the
catalytic behavior of the Au clusters.20,21,25 In particular, clear
indications have been published that small Au nanoclusters
pinned at an oxygen vacancy on the TiO2 (110) surface which
are locally positively charged19,24,26 result in the transfer of
hydridic rather than protonic hydrogen to the metal particle in
the context of alcohol oxidation reactions.24,26,28 Clearly, such
a transfer of a partially negatively charged hydrogen species to
the Au nanocluster would be a high barrier process in the case
of a negatively charged nanocluster. Moreover, it has been
found that an aqueous phase causes a charge rearrangement at
the gold nanocluster producing sites with enhanced positive
partial charges by virtue of additional charge transfer between
the nanocluster and water,19 which greatly impacts the liquidphase heterogeneous catalysis.28
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In the present paper, we therefore most carefully analyze the
impact of both, ﬁnite temperature eﬀects as well as the impact
of the choice of the exchange-correlation (xc) functional.
Aiming at providing high-quality references, we compare
commonly employed plain GGA-PBE and GGA-PBE + U
calculations to hybrid functional ones (namely PBE041,42 and
HSE0643,44). Ab initio molecular dynamics (AIMD) simulations45 using the GGA-PBE + U approach provide a proper
ﬁnite-temperature ensemble of ﬂuctuating Au clusters on the
reduced rutile surface at the catalytically relevant elevated
temperature. To perform the actual electronic structure
analysis we make extensive use of concepts originally
developed in semiconductor physics. In this community,
questions regarding alignment, charge transfer between defects
and bands etc. have a long tradition and well-established
methodologies exist. For a recent review see for example ref 46.

Figure 1. Schematic picture illustrating the diﬀerences between the
level alignment in a (a) static and (b) dynamic picture. Plotting the
relative positions of the Au and TiO2 energy levels with respect to
each other reveals that the gold Fermi energy lies between the valence
band (VB) and conduction band (CB) of TiO2. Charge will be
exchanged between the Au Fermi energy and the transition level of
the oxygen vacancy (Vq/q
O ′, where q and q′ stand for two diﬀerent
charge states of the oxygen vacancy). In the static case (left) the
direction of electron transfer is clearly deﬁned (indicated by the red
arrow). In the dynamic case (right), charge may be transferred in
either direction, i.e., from the Au cluster to the O vacancy or vice
versa, as a consequence of the broad distribution of Au Fermi energies
due to temperature-induced structural ﬂuctuations of the Au
nanocluster.

■

METHODS
Band Alignment. As discussed in the introduction, band
diagrams, like the ones sketched in Figure 1, are a powerful
tool to understand whether and how surface defects provide
excess charge to a nanocatalyst. Moreover, since they
decompose the full system consisting of the nanocatalyst,
support and defect into its components, such an approach
allows one to study how the thermal ﬂuctuations of the
nanoparticle up to the level of shape variations or the choice of
the xc-functional aﬀects the electronic structure of each
component. Thus, it provides the ideal tool to assess how
the choice of the xc-functional or thermal ﬂuctuations aﬀect
the magnitude and direction of charge transfer. In the
following, we discuss the general steps needed to construct
such a band diagram from the DFT calculations.
The full system for which we want to describe the band
diagram consists of three major constituentsthe gold cluster,
the oxygen vacancy, and the TiO 2 substrate. While
conceptually the decomposition into the individual parts and
the construction of the band diagram are straightforward,
performing them with actual DFT codes poses two key
challenges: (i) ﬁnite-size eﬀects can be present in such
calculations due to the limited number of atoms in a DFT
supercell and (ii) the lack of an absolute alignment. The lack of
an absolute alignment is a direct consequence of periodic DFT
calculations: They are invariant against a constant shift in the
electrostatic potential. This prevents comparison of the energy
levels computed in two separate calculations. As a
consequence, the bands shown in Figure 1 for TiO2 and Au
could be shifted against each other by an arbitrary value,
making an assessment of charge transfer impossible. We will
ﬁrst focus on the ﬁnite-size eﬀects and discuss how they aﬀect
the three components (cluster, vacancy, and slab) we consider
here.
The TiO2 support can be formally decomposed into a
surface connected to a semi-inﬁnite bulk. In actual DFT
calculations, a ﬁnite slab consisting of a few atomic layers
replaces the semi-inﬁnite bulk. While such ﬁnite-size slabs are
suﬃcient to describe surface energy or bonding of adsorbates
or clusters with suﬃcient accuracy, ﬁnite-size eﬀects typically
cause considerable errors in the electronic structure. For
example, for the description of valence and conduction band
edges and band gaps unacceptably large errors of a few tenths
of an electronvolt are common. The reason is that these states
originate for many semiconductors/insulators at the Γ-point.

Most of the previous studies are based on static (T = 0 K)
DFT calculations. However, given the small size of the
discussed gold clusters (less than 50 atoms) and the
temperature at which the catalyst is operative (room
temperature and above4,5,29−38), temperature-induced structural ﬂuctuations may change the alignment between the defect
level and the Fermi level of the cluster with dramatic
consequences for the charge transfer. Indeed, previous AIMD
studies19,25 by others and ourselves have already shown that
small gold clusters may be rather dynamical objects subject to
signiﬁcant structural ﬂuctuations. While Au clusters deposited
at the pristine surface behave similarly to the gas phase, the
same clusters pinned by an oxygen vacancy both change
structure and become ﬂuxional. Such a dynamic behavior may
severely impact the electronic structure (see Figure 1b): A
ﬂuctuating gold nanocluster cannot be described by a single
value for the Fermi energy. Instead, the Fermi energy broadens
and covers a continuous range of values. The consequences for
both, charge transfer and bonding, are illustrated in Figure 1b.
In contrast to the T = 0 K case (Figure 1a), even the direction
of charge transfer may vary in the realistic ﬁnite temperature
scenario.
As shown in Figure 1, next to temperature-induced
broadening, an accurate description of the alignment between
defect and Fermi level is critical. It is therefore crucial to assess
the underlying electronic structure calculations. Semilocal LDA
(local density approximation39 ) and GGA (generalized
gradient corrected, e.g., GGA-PBE40) calculations, even when
applying a +U correction, are known to have deﬁciencies not
only in describing band gaps but also in predicting the position
of defect levels and Fermi energies. Errors related to these
approximations can get as large as a few electronvolts. Errors of
this magnitude can easily override the actual physics and even
lead to a spurious charge transfer in the wrong direction.
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Figure 2. Schematic ﬁgure illustrating how band alignment is achieved. The electrostatic potential averaged perpendicular to the displayed direction
(in blue) is shown for (a) TiO2 (bulk), (b) the considered TiO2/Au interface, (c) Au bulk, and (d) the Au (111) surface. The corresponding
atomistic structure is shown in the background. The positions of the TiO2 (bulk) valence band maximum (VBM) and conduction band minimum
(CBM), the Fermi energy of Au (bulk) and the position of the vacuum level used in the surface calculations to determine the Au(111) work
function ΔΦAu (111), are shown in green. The dashed black lines correspond to the average of the electrostatic potential for the diﬀerent structures
(blue), which is used to obtain the alignment. For details, see text.

Figure 3. (a) TiO2 (110)/Au (111) heterostructure used to calculate the band oﬀset between titanium dioxide and gold. (b) Side view and (c) top
view of one of the structures of a reduced TiO2 surface with a Au cluster adsorbed at the oxygen vacancy (VO) used in the calculations. A blue cross
marks the oxygen vacancy. Spheres depict the atoms: oxygen atoms in red, titanium atoms in greyish-blue, and gold atoms in gold.
bulk
slab
ΔVelst = Velst
− Velst
̅
̅

The long wavelength character of these Bloch states makes
them notoriously poor in size convergence.
Following concepts originally developed in semiconductor
physics46 allows one to overcome these convergence issues
without requiring larger slab sizes. A key concept in
semiconductor band alignment is to utilize the fact that
quantities resulting from integration over the entire Brillouin
zone, such as the charge density or the electrostatic potential,
converge much faster with system size than states related to
high symmetry points, such as the Γ-point. Thus, in a ﬁrst step
the average electrostatic bulk potentials V̅ αelst which rapidly
converge with system size are computed. For the bulk system,
it is simply the integral over the unit cell divided by the volume
Ω of the cell. For the slab, it is obtained by taking the integral
over the bulk-like region in the slab Ω, i.e., in the region a few
atomic layers below the surface
α
Velst
̅ =

1
Ω

∫Ω Velstα dΩ

(2)

allows one to align the one-particle energies between slab and
bulk calculation
εislab = ϵibulk − ΔVelst

(3)

The electrostatic potential diﬀerences between bulk and slab
are denoted in Figure 2 as ΔVTiO 2 bulk and ΔVAu bulk,
respectively.
The above approach works if the bulk and slab system
consist of the same material. To align the band structures of
two diﬀerent bulk materials, the oﬀset between their
electrostatic bulk potentials is needed. This oﬀset, ΔVinterface,
is obtained from an explicit interface calculation and added to
eq 3 for one of the materials. The interface calculation is
performed employing a heterostructure, i.e. a supercell in
which the slab of one material is in direct contact with the slab
of the other material, as shown in Figure 3a. The oﬀset
between the two bulk electrostatic potentials is calculated as

(1)

with α = {bulk or slab}. Since the actual electrostatic average in
a perfect bulk or in a bulk-like region far away from the surface
has to be the same, knowing the diﬀerence between them

ΔVinterface =

1
ΩI

∫Ω Velstmat dΩI − Ω1 ∫Ω
I

I

II

matII
V elst
dΩ II

II

(4)
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where ΩI and ΩII are the bulk-like volume parts at each side of
the interface over which we perform the integration to obtain
I
the electrostatic potential of the respective material, i.e. Vmat
elst
matII
and Velst .
Following the procedure outlined above we align the TiO2
and the Au bulk band structures relative to each other. An
essential ingredient to perform this alignment is the possibility
to represent the interface between the two materials as
epitaxial and to represent it in a moderately sized supercell.
Let us now extend this concept to align the electronic levels
of the Au clusters with the TiO2 support. Because of the small
size of the Au clusters consisting of only a few or tens of atoms,
ﬁnite-size eﬀects in the electronic structure are pronounced.
Since these ﬁnite-size or quantum conﬁnement eﬀects
represent the actual physics we are not allowed to use the
alignment obtained for the bulk Au system in order to analyze
electronic properties and chemical bonding in case of
supported Au nanoparticles. An additional complication arises
since at these small cluster sizes Au becomes a semiconductor
with a band gap of a few tenth of an electronvolt. Furthermore,
even at room temperature atomic vibrations of the Au atoms
forming the cluster become large up to the point of inducing
shape ﬂuctuations of the metal nanoparticle, which results in
non-negligible shifts in the valence and conduction band of the
cluster. Thus, an accurate determination of the alignment
between a representative ensemble of ﬂuctuating Au clusters
and the TiO2 support at catalytically relevant temperatures is
critical.
A possible approach to determine this alignment would be
to employ the identical concept used for computing the
alignment between bulk Au and TiO2. Doing this for the actual
system, i.e., the Au cluster and the O vacancy at the TiO2
surface, would result already in a charge transfer. This was not
an issue for the bulk alignment, since the (110) TiO2 surface
structure we use is semiconducting, thus providing no donor or
acceptor states where electrons can be transferred to or from
the Au. To prevent any charge transfer we therefore perform
two separate calculations: a calculation for the O vacancy in
TiO2 bulk and another one for the Au cluster. To include the
eﬀect the thermal vibrations have on the electronic structure of
the small Au clusters we sampled snapshots of Au clusters
taken from an actual ﬁnite temperature AIMD simulation
carried out in the canonical ensemble at T = 450 K as
described in the computational details. In these dynamical
simulations relying on the GGA-PBE + U approach the Au
clusters are placed on a TiO2 (110) surface with a single O
vacancy as depicted in parts b and c of Figure 3 for one
representative snapshot conﬁguration. Note that an Au cluster
adsorbed at the pristine surface has been shown previously to
move rather freely and to even conserve its gas phase structure
after deposition, while the same cluster essentially melts if it
gets anchored at an oxygen vacancy.25 Moreover, there is
experimental evidence that these clusters get pinned at oxygen
vacancies on titania surfaces, whereas they start to sinter once
all such vacancies are occupied.15 Therefore, we restrict our
investigation to the catalytically relevant scenario where the Au
cluster is pinned at such a vacancy, thus being subject to
considerable thermal ﬂuctuations.
The central step in the alignment shown in Figure 2 requires
bringing the two separate systems together. Unfortunately,
performing a joint calculation of the cluster on the surface with
vacancy could result in charge transfer. Since such a charge
transfer would aﬀect the alignment we employ another well-

established concept from semiconductor theoryabsolute
alignment. The key idea is to reference both calculations to
the same reference, commonly the vacuum level. Translated to
our problem, this means that we compute in a ﬁrst step the
alignment of the TiO2 valence and conduction band to the
vacuum level.
In practical DFT supercell calculations, the work function,
which can be regarded as the Fermi level referenced to the
vacuum potential, is conceptually easier to compute for a metal
than for a semiconductor. The reason is the very eﬃcient
electronic screening (and the ensuing negligible self-interaction
error) and the fact that the work function does not depend on
doping. We thus align the bulk bands of TiO2 to the vacuum
level via a series of three individual alignments shown in Figure
2.
For the Au cluster, we can carry out the alignment with
respect to the vacuum level directly, i.e., by determining the
diﬀerence between the Fermi level and the constant electrostatic potential in the vacuum, i.e., far away from the Au
cluster. Having for both the bands of TiO2 bulk and the Au
clusters the alignment with respect to the same levelthe
vacuum potentialallows us to reference these levels before
charge transfer.
The remaining task is to determine the position of the defect
states of the O vacancy on an absolute scale. As mentioned
above, well-established approaches exist to perform these
calculations. For a detailed discussion, see, e.g., refs 46 and 53.
In the following, we will use defect levels obtained from
calculations for an oxygen vacancy in bulk TiO2, as they
present a reasonable ﬁrst approximation to the defect levels of
an oxygen vacancy at the TiO2 surface. Only most recently has
a scheme correcting the spurious interactions arising between
periodically repeated charged point defects at a surface or
interface become available.54 Therefore, if needed, defect levels
for an oxygen vacancy at the TiO2 surface can now be
computed accurately, as well. The procedure to do so remains
the same, but the TiO2 bulk in the required supercell
calculations with and without a defect has to be replaced by
a slab.
Computational Details. All static density-functional
theory (DFT) calculations are performed using the Vienna
ab initio simulations package (VASP) .55−59 The employed
projector augmented wave (PAW) method60 was used with a
kinetic-energy cutoﬀ of 500 eV for the plane-wave basis set. A
total of 6, 12, and 11 electrons are treated as valence states for
O, Ti, and Au, respectively. Γ-centered k-point grids with (4 ×
4 × 6) k-points for rutile TiO2 and (8 × 8 × 6) k-points for fcc
Au bulk are used for Brillouin-zone integrations. Equivalently
folded meshes are used for all other structures. The atomic
geometry and electronic structures are calculated using the
generalized gradient approximation (GGA) by Perdew, Burke,
and Ernzerhof (PBE),40,61 a Hubbard U augmented method
(PBE + U) in which a self-consistently computed linearresponse theory based62,63 U-parameter of U = 4.2 eV64 is
applied to the Ti 3d states,65 and the hybrid functionals
PBE041,42 and HSE0643,44 in which an amount α of Hartree−
Fock (HF) exchange is intermixed with the PBE exchange. For
the hybrid functionals (PBE0 and HSE06), where the
Coulomb potential for exchange is partitioned into a shortrange and a long-range part, the recommended66 screening
parameter of ω = 0.11 bohr−1 is consistently used. Since the
hybrid functionals overestimate the band gap energy of TiO2
when the default HF-mixing of α = 0.25 is used, we also
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Table 1. Calculated Bulk Properties for Rutile TiO2: Equilibrium Lattice Constant a, c/a Ratio, Direct Band Gap Energy Eg,
and Heat of Formation ΔHfa
xc-functional

a0 (Å)

c/a

Eg (eV)

ΔHf (eV/f.u.)

PBE
PBE + U (U = 4.2 eV)
PBE0 (α = 0.15)
PBE0 (α = 0.25)
HSE06 (α = 0.20)
HSE06 (α = 0.25)
PBE47
HSE0647 (α = 0.20)
experiment

4.652 (1.3)
4.673 (1.8)
4.610 (0.4)
4.588 (−0.1)
4.601 (0.2)
4.589 (0.0)
4.65
4.59
4.59448,49

0.639 (−1.0)
0.648 (0.3)
0.642 (−0.4)
0.644 (−0.2)
0.643 (−0.4)
0.644 (−0.2)
0.639
0.642
0.64548,49

1.803 (−40.5)
2.244 (−25.9)
3.162 (4.4)
4.138 (36.6)
3.033 (0.1)
3.370 (11.2)
1.77
3.05
3.0350,51

−9.06 (−7.4)
−9.42 (−3.6)
−9.39 (−4.0)
−9.64 (−1.5)
−9.48 (−3.0)
−9.60 (−1.8)
−9.33
−9.73
−9.7849

a

Deviations from the respective experimental values (in percent) are shown in brackets. Literature values are reported in the last three rows and are
taken from the cited publications.

several diﬀerent supercells. We construct the heterostructure
using a ﬁve-layer Au (111) slab and a ﬁve O−Ti−O trilayer
TiO2 (110) slab. The resulting Au(111)/TiO2(110) interface
is shown in Figure 3a. The lateral dimensions of the interface
unit cell are deﬁned by the support, i.e., the TiO2 lattice
parameters. Because of the lattice mismatch between the TiO2
and Au lattices the Au slab is laterally stained. On the basis of
the computationally determined equilibrium lattice constants
we ﬁnd a lattice mismatch in the range of 3.0% to 4.4%
between TiO2 ⟨11̅0⟩ and Au ⟨12̅1⟩ and of −0.5% to −2.5%
between TiO2 ⟨001⟩ and Au ⟨1̅10⟩, depending on the choice
of functional. The lattice mismatch values obtained for PBE +
U (3% for TiO2 ⟨11̅0⟩//Au ⟨12̅1⟩ and −2.5% for TiO2⟨001⟩//
Au ⟨1̅10⟩) are closest to the experimental ones of 2.1% and
−2.9%, respectively. The U value used here and throughout
the manuscript has been computed self-consistently from linear
response theory62−64 and has not been adjusted any further to
match experimental observables.
To determine the work function of Au we use a supercell
containing a 13-layer Au (111) slab and a 18 Å vacuum region.
To perform the absolute alignment for the Au clusters we use
20 uncorrelated snapshots of nanocluster conﬁgurations
consisting of 11 Au atoms on a reduced TiO2 (110) support
sampled from an AIMD trajectory as explained in the
computational details. Recall that Au clusters on the pristine
surface neither show pronounced thermal ﬂuctuations25 nor
are catalytically relevant due to sintering15 and, therefore, are
not considered here. We estimate the performance of the
various DFT xc approximations by performing calculations
using several diﬀerent xc-functionals. The plain GGA-PBE40
xc-functional is standardly used in DFT calculations.
Unfortunately, it underestimates the band gap of TiO2 by
almost 40%, as can be seen from calculations by others and by
us (Table 1). An alternative to GGA-PBE, which improves the
description of the TiO2 band gap at a similar computational
cost, is the augmentation of this functional by an Uparameter65 applied to the Ti 3d states. The value of U =
4.2 eV used within this work has been computed64 from the
self-consistent linear-response technique62,63 without any
adjustment. The resulting GGA-PBE + U method has been
extensively used in AIMD simulations of excess electron
dynamics at the reduced TiO2 (110) surface,64 and to study
properties and catalytic reactions using the Au/TiO 2
system.18,19,24,26 Applying the self-consistently determined
Hubbard correction U reduces the error in the band gap and
the formation energy by half, at similar accuracy for the lattice
parameters.

performed calculations using mixing values reproducing the
experimental band gap, i.e., α = 15% for PBE0 and α = 20% for
HSE06. The modiﬁed α values are determined following the
approach of ref 47.
For the slab calculations of rutile TiO2(110) an asymmetric
slab with four O−Ti−O triple layers and 13 Å of vacuum is
constructed for a p(4 × 2) surface unit cell. Partially ﬁlled O
and Ti dangling bonds at the TiO2(1̅1̅0) surface are passivated
by pseudohydrogen atoms of valence 2/3 e− for the O dangling
bonds and 4/3 e− for the Ti dangling bonds, to mimic a bulklike system; this speciﬁc slab model has been introduced and
carefully benchmarked in extensive convergence tests in ref 67.
In order to investigate the charge states of the oxygen
vacancy VO we used a (2 × 2 × 3) rutile TiO2 supercell from
which a single oxygen atom is removed. To check the
convergence and exclude the inﬂuence of spurious interactions
between periodic images of the changed oxygen defect we also
considered in addition a (3 × 3 × 4), a (3 × 3 × 5) and a (4 ×
4 × 6) supercells. Because experimental observations68−70 and
the hydrogenic model71 indicate that the VO in TiO2 is a
shallow donor defect, the shallow donor correction introduced
in ref 46 is applied in each case. We ﬁnd that the results
obtained for the (2 × 2 × 3) supercell are consistent with the
results for the bigger cells. The calculations were performed for
each possible defect state with each of the mentioned
exchange-correlation functionals employing the respective
equilibrium lattice parameters for bulk rutile TiO2.
The investgated Au nanoclusters contain 11 atoms and are
located at the vacancy site on the TiO2 (110) surface as
described above. The alignment within the Au-cluster/reduced
TiO2 (110) system has been studied based on 20 uncorrelated
conﬁguration snapshots as follows. In order to rigorously
generate thermal ﬂuctuation eﬀects, AIMD simulations45 of
that system19 have been carried out in the canonical ensemble
at a catalytically relevant temperature of 450 K. The trajectory
has been generated using the PBE + U implementation63 in the
Car−Parrinello molecular dynamics (CPMD) program package72 using the aforementioned U = 4.2 eV.64 After some
equilibration period, we sampled 20 snapshots each 360 fs.

■

RESULTS
Band Diagram for the Au Cluster/Reduced TiO2 (110)
System. We now describe the actual calculations used to
perform the alignment described in the previous section. As
discussed and schematically sketched in Figure 2, we ﬁrst
determine the alignment between bulk TiO2 and Au on an
absolute scale. To perform the necessary calculations we use
5499
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The two hybrid functionals PBE041,42 and HSE0643,44 with
standard mixing (α = 0.25) improve the description of the
lattice parameters and the formation energy, but overshoot
when it comes to the description of the band gap. In the case
of PBE0 the band gap error is almost as large as the plain PBE
one, albeit in the opposite direction. Reducing the amount of
exact exchange in PBE0 to α = 0.15 and in HSE06 to α =
0.2047 signiﬁcantly improves the description of the band gap,
while retaining a similar accuracy for the remaining materials
properties, as can be seen in Table 1.
The Au(111) work function and the band oﬀset between Au
and TiO2 calculated using the Au/TiO2 heterostructure shown
in Figure 3a are also listed in Table 2. Here, a positive value for

the conduction band minimum (CBM). The boundary line
between the two colored regions gives the transition level
between these two charge states. The remaining four band
diagrams in Figure 4a relate to the Au clusters. Because of
thermal ﬂuctuations, the various Au clusters are structurally
diﬀerent. As a consequence, each of them has its own distinct
VBM, CBM, and band gap. Three selected clusters shown in
the right part of Figure 4a illustrate these eﬀects. These are the
initial cluster (sampled from the initial part of the AIMD
simulation) shown in Figure 3a, the cluster with the highest
and the cluster with the lowest VBM. We thus obtain the
temperature induced spread in the VBM and CBM. To
account for temperature induced broadening of the bands,
which may lead to a disappearance of the band gap at elevated
temperatures, we also show the EF positions of the Au clusters
as the middle of the band gap. This spread is highlighted in the
Au band diagram shown next to the TiO2 band structure by
the red and the blue shaded regions. The actual values deﬁning
this distribution are compiled in the histogram on the right and
are enlarged in Figure 4b. The spread with respect to the used
functionals is shown in Figure 4c.
Origin and Direction of Charge Transfer. The
constructed band diagram for the reduced TiO2/Au-cluster
system enables us to discuss the direction of charge transfer in
the system. For an oxygen vacancy to assume a given charge
state the corresponding number of electrons must be
transferred to or from the gold cluster. For example, a doubly
positively charged oxygen vacancy VO2+ can be realized if two
electrons from the vacancy are transferred to the CBM of the
gold cluster. Such a transfer can occur only if the CBM is lower
in energy than the respective charge transition level of the
defect. For the discussed example this means that there must
be a CBM value which lies below the transition level given by
the boundary between the green and the orange regions in the
TiO2 band gap. Since the lowest CBM value we calculated for
the Au clusters aligns with the CBM of TiO2, a VO2+ defect
cannot be realized by a charge transfer to the gold cluster.
However, the VBM positions of several Au clusters lie higher
in energy than the CBM of TiO2. For these, a transfer of
electrons from the Au to the TiO2 is expected to occur, which
will result in a positive charge on the Au cluster solely as a
result of thermal ﬂuctuation eﬀects of the supported metal
nanoparticle.
We ﬁnd a spread in the VBM and CBM values calculated for
the gold clusters with the various xc-functionals we use, as seen
in the band diagrams shown in Figure 5. The covered energy
range is rather diﬀerent. Both PBE and PBE + U suggest a
rather narrow spread of energies for both the VBM and CBM,
while the hybrid functionals extend over a much wider range of
energies. The much larger spread of valence and conduction

Table 2. Work Function ΔΦ Calculated for the Au (111)
Surface and Band Oﬀset ΔV Obtained from a Calculation
for a Au/TiO2 Heterostructure
xc-functional
PBE
PBE + U (U = 4.2 eV)
PBE0 (α = 0.15)
PBE0 (α = 0.25)
HSE06 (α = 0.20)
HSE06 (α = 0.25)
experiment

ΔΦ (eV)
5.19
5.18
5.17
5.13
5.12
5.1 ± 0.152

ΔV (eV)
−0.42
0.38
0.13
0.54
0.19
0.42

the band oﬀset indicates that the valence band of TiO2 lies
below the Au Fermi energy, i.e. further away from the vacuum
level. Note that, because the on-site potential U is only applied
to the Ti 3d states, the PBE work function of Au(111) is used
for the absolute alignment in the PBE + U case.
The energy levels calculated for TiO2 with diﬀerent
functionals are listed in Table 3. We can compare these
values, because we aligned the calculated energies on an
absolute scale. A comparison of the VBM and CBM positions
obtained with the diﬀerent functionals reveals that PBE + U
and the hybrid functionals improve the PBE band structure
description by down-shifting the VBM position. In comparison, shifts in the CBM values or the positions of the transition
states are much smaller.
Using the listed values we construct for the reduced TiO2/
Au cluster system a band diagram for each employed xcfunctional. Before we discuss these results, let us ﬁrst consider
the band diagram constructed from the HSE06 calculations
shown Figure 4a. The left-most band structure is for TiO2 and
shows next to its band edges the regions within the TiO2 band
gap where the oxygen vacancy is stable in a given charge state.
Here, the vacancy VO in the +2 charge state (green region) is
stable over the predominant part of the band gap, while the +1
charge state (orange region) becomes stable in the vicinity of

Table 3. Position of the Valence Band Maximum (VBM) and Conduction Band Minimum (CBM) of TiO2 and of the
Transition Level of an Oxygen Vacancy VOq in TiO2 Bulk on an Absolute Scale, i.e., with Respect to the Vacuum Level, in
Electronvolts
xc-functional

VBM

CBM

+1/0

+2/0

+2/ + 1

PBE
PBE + U (U = 4.2 eV)
PBE0 (α = 0.15)
PBE0 (α = 0.25)
HSE06 (α = 0.20)
HSE06 (α = 0.25)

−6.58
−7.24
−7.62
−8.40
−7.52
−7.87

−4.78
−5.00
−4.46
−4.26
−4.49
−4.50

−4.80
−5.37
−4.32
−4.83
−4.31
−4.57

−4.85
−5.26
−4.55
−4.79
−4.50
−4.53

−4.91
−5.15
−4.78
−4.76
−4.69
−4.48

5500

DOI: 10.1021/acs.jpcc.8b12015
J. Phys. Chem. C 2019, 123, 5495−5506

Article

The Journal of Physical Chemistry C

Figure 4. (a) Band alignment for the Au/VO:TiO2 system on an absolute scale obtained by HSE06 (α = 0.20) calculations. The valence band (VB)
is shown in red and the conduction band (CB) in blue. The red shaded area at the top of the VB of Au and the blue shaded area at the bottom of
the CB of Au show the range of the VB maxima and CB minima obtained for diﬀerent gold clusters. Shown are also the band structures of three
representative Au clusters (see text). The distribution of VB maxima (red) and CB minima (blue) for all the considered Au clusters from
uncorrelated snapshots of the AIMD trajectory is shown in the left part of the ﬁgure. The middle of each band gap is used to plot the distribution
denoted by EF (yellow). (b) Zoom-in into the band edges distribution of the clusters. (c) Plot showing the correlation between the Fermi energy
(see above) of the gold clusters calculated by HSE06 (α = 0.20) in comparison to the other used exchange-correlation functionals. Since the on-site
potential U is only applied to the Ti 3d states and we use calculations involving solely the gold nanoparticles for their alignment on the absolute
scale (see text), the PBE and the PBE + U results are identical.

Let us now discuss the impact of spatial localization and
thermal ﬂuctuations on this picture. As mentioned before, for
the small cluster sizes even Au, which is metallic in its bulk
phase, opens a sizable band gap of a few tenths of an
electronvolt. A charge transfer can thus be only realized if the
bottom of the Au cluster conduction band drops below the
energy level where the vacancy becomes positively charged, i.e.,
where it can donate its electrons. Note that also an electron
charge transfer from the Au to the TiO2 surface (not the
vacancy) becomes possible, if the Au valence band moves
above the TiO2 conduction band.
As can be seen from the data shown in Figure 5 the CBM of
the Au clusters is practically always above the CBM of TiO2,
i.e. there will be no charge transfer from the vacancy to the Au
clusters. This ﬁnding applies to all cluster conﬁgurations and is,
very importantly, independent of the choice of xc-functional.
This is an unexpected result in view of the large variation in the
electronic structure with respect to band gaps of the Au and
the spread due to thermal excitations.
Let us now consider the second possible mechanism of
charge transfer, i.e., the one that is not related to the vacancy.
This mechanism is thus not speciﬁc, but it would occur even if
the cluster was not attached to a surface vacancy. As shown in
Figure 5 for the semilocal xc-functionals, this mechanism will
be active for essentially all cluster conﬁgurations, whereas for
the hybrid functionals it is only active for some cluster
conﬁgurations, while others show no charge transfer. For this
mechanism, the choice of the xc-functional aﬀects the result
qualitatively. The semilocal xc-functionals predict a full charge
transfer whereas for the hybrid functionals the charge transfer
ﬂuctuates strongly. This mechanism can thus provide
(positive) excess charge on the clusters and consequently
make them catalytically more active.

band in all calculations using hybrid functionals may be not a
purely electronic eﬀect but could also indicate that the energy
of the clusters is very diﬀerent. If this would be the case the
snapshots obtained from AIMD simulations using PBE + U
may not be applicable to hybrid functionals. To test the impact
of the functional we computed for each of the cluster
conﬁgurations and for each xc-functional the cluster energy
per atom referenced to the atom energy in Au bulk. The results
are shown for each functional in the right-most histogram with
purple bars. As can be seen, the width due to thermal
broadening is very similar for all functionals, indicating that the
large diﬀerences in the electronic structure found by the
various functionals have only a small impact on the energetics
and thus the trajectories. This insight allows us to use in the
following for each functional the same set of cluster structures
as obtained from AIMD using the PBE + U functional. Figure
5 further shows that the Fermi energy of the clusters is
systematically higher than the one for the Au bulk. This
behavior is a direct consequence of the pronounced spatial
quantum conﬁnement of the electrons in the Au clusters.
In the following, we use the results collected in Figure 5 to
discuss the impact the xc-functional has on the direction and
magnitude of the charge transfer between the cluster and the
vacancy. Let us start with the limiting case where the Au cluster
is replaced by Au bulk. In this case, ﬁnite-size eﬀects, as well as
thermal ﬂuctuations, can be neglected. As shown by the black
dashed line in Figure 5, a very consistent result is found: The
charge state of the vacancy is in all cases, except for a single xcfunctional (PBE+U), +2. This implies that the vacancy
transfers two electrons to the Au, which would become as a
consequence negatively charged. The only exception is found
for the PBE + U calculation where the vacancy remains
uncharged, i.e. no electron transfer occurs.
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Figure 5. Band alignment in the Au-cluster/VO:TiO2 system shown on an absolute scale for all the functionals used within the present study. VB
states are shown as red dashed areas, CB states are shown as blue dashed areas. Energy ranges within the TiO2 band gap associated with diﬀerent
stable VO charge states are shown as diﬀerently colored areas. The respective charge values are listed above the band structure. The spread of VBM
and CBM obtained for the gold clusters are shown as red, respectively blue, shaded areas in the Au band structure. The distribution of the values is
seen in the connected histogram. The second histogram with purple bars shows for each cluster the average energy of Au atoms in a cluster relative
to the energy of a gold atom in Au bulk. The position of the bulk Au Fermi energy EF is indicated by a dashed black line, aligned via the work
function of the Au (111) surface.

interaction between cluster and vacancy by charge transfer
does not hold, we investigate in the following the character of
the interaction. For this purpose, we study the response of the
electronic charge density when the two separate systemsthe
isolated Au cluster and the TiO2 surface with a vacancyare
brought together. We do this by taking ﬁrst a snapshot of the
full system (TiO2 surface including both the vacancy and Au
cluster) and compute its charge density. In a second step, we
compute the charge density of the isolated systems (surface

From the above discussion we can conclude that the vacancy
will not be able to charge (or discharge) the Au clusters. This
result is independent of the choice of the xc-functional and can
be considered as safe. An ionic binding between a TiO2 surface
vacancy and the Au clusters as has been proposed in some
previous studies16,21 can thus be excluded.
Nature of the Interaction between the Reduced TiO2
Surface and the Au Cluster. Since the above analysis clearly
shows that the commonly assumed picture of an attractive
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rigid, but will be modiﬁed in the contact region where the two
densities overlap. To be more speciﬁc, in this region
hybridization between the orbitals of the two systems will
occur and lead to the formation of bonding and antibonding
orbitals. These hybridized states may be regarded as polarized
covalent bonds.
Keeping this in mind, we can now inspect some of the
individual interface features of Figure 6, parts b and c. The
most striking diﬀerence between them is the strong charge
accumulation seen at the Au/TiO2 interface in Figure 6c,
which is absent in Figure 6b. We believe that the ability of the
Au cluster in Figure 6b to transfer part of its charge to the CB
of TiO2 localizes the charge redistribution in the regions where
the two systems come closest together. In this region of closest
proximity the atoms at the edge of the Au cluster approach the
bridging O atoms at the TiO2 surface, which are slightly
protruding. As a consequence, a signiﬁcant part of the charge
which would have otherwise participated in bonding via the
hybridization mechanism is already bound. This does not
happen when the VBM of the Au cluster is located below the
CBM of the TiO2 substrate. If this is the case, all the Au cluster
valence electrons are available to form bonds via hybridization.
This enables the formation of the highly localized bond seen in
the middle of the Au-cluster/TiO2 interface. This bond is
formed in addition to the already existing bonds between the
interface Au atoms at the periphery of the cluster and the
bridging O atoms protruding from the TiO2 surface. The
observed stronger charge redistribution at the interface in
Figure 6c results in a stronger binding between Au cluster and
reduced TiO2 surface, with an ≈0.5 eV stronger binding energy
compared to the system in Figure 6b.
The absence of a direct interaction between the TiO2 surface
oxygen vacancy and the Au cluster raises questions about the
role of the oxygen vacancy. Two points are particularly
puzzling: Why does the cluster remain at the vacancy, as seen
in our AIMD simulations and discussed in both the
computational and experimental literature,13,15 and why is
the reduced TiO2 surface/Au cluster catalytically more active
than the system without a vacancy? A possible answer to both
of these questions is that the absence of a bond between the
cluster and the vacancy makes the atoms in its vicinity more
polarizable. As a consequence, the Au cluster binds stronger to
the TiO2 substrate. There is a signiﬁcant charge redistribution
at the interface, which makes these sites more reactive. Indeed,
our nanocatalyst model studied here in detail has already been
instrumental to explain the mechanism of both, methanol
oxidation24,26 and oxygen activation73 using Au/TiO2 catalysts
in concert with joint experiments. This is in accord with similar
studies where interfacial (or “perimeter”) sites have been
shown to be catalytically highly active.25,74 Thus, we conclude
that the presence of the vacancy indirectly enhances the
performance of the nanocatalyst.

with vacancy and separately the cluster) using the identical
supercell and atomic coordinates as for the full system. The
resulting integrated total diﬀerence charge density is by
construction zero and reveals locally in 3D space how the
electronic charge rearranges when cluster and surface are
brought together.
The resulting diﬀerence charge densities are shown in Figure
6 for our three representative cluster conﬁgurations. Panel (a)

Figure 6. Electron density diﬀerences (Δρ = ρAu‑cluster/VO:TiO2 −
ρVO:TiO2 − ρAu‑cluster) showing the redistribution of electron density
upon adsorption of the Au cluster on the reduced TiO2 surface for
three Au-cluster/VO:TiO2 structures extracted from an AIMD
trajectory: (a) the initial structure, (b) the structure with the highest
VBM, and (c) the structure with the lowest VBM. The top panels
show a top view of the 3D electron density distribution, together with
the respective structural arrangement of the atoms. The bottom
panels show a 2D cut along the green dashed line seen in the
respective top panel, through a plane containing the oxygen vacancy.
Red (blue) areas correspond to electron accumulation (depletion).
The shown electron diﬀerence densities are for an HSE06 calculations
with an optimized mixing parameter (α = 0.20). Electron diﬀerence
density plots obtained from calculations with the other considered
exchange-correlation functionals are similar and thus not depicted.

of Figure 6 represents the ﬁrst snapshot in the AIMD
simulation. This conﬁguration is not yet fully equilibrated and
shows a comparatively modest electron charge redistribution,
as well as the indication of a bond between the surface oxygen
vacancy and the gold cluster. The other two conﬁgurations
sampled from the equilibrated part of the simulation represent
two extreme cases with the VBM level of the Au cluster being
highest/lowest. In both cases there is no charge transfer
between the TiO2 oxygen vacancy and the gold cluster, in
agreement with our conclusions from the alignment analysis.
Similarly, the noticeable charge redistribution between the Au
cluster with a VBM above the TiO2 CBM seen in Figure 6b
and leading to the formation of an ionic bond, is expected. The
equally prominent charge redistribution seen in Figure 6c for a
gold cluster with a VBM below the TiO2 CBM is, in contrast,
unexpected and seemingly contradicts the ﬁndings of the band
diagram analysis. This apparent discrepancy can be resolved by
taking into account that the electronic charge densities are not

■

CONCLUSIONS AND OUTLOOK
In conclusion, by combining methodologies common to
semiconductor physics46 with ab initio molecular dynamics45
as used in recent years for dynamical investigations of
heterogeneously catalyzed chemical reactions,75 we are able
to elucidate the role of oxygen vacancies in the catalytically
active system consisting of a gold nanocluster adsorbed on a
reduced TiO2 (110) surface. The construction of band
alignment diagrams enabled us to discuss the amount and
direction of electronic charge transfer between the adsorbed
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gold cluster and the reduced TiO2 substrate. Despite the
carefully disclosed deﬁciencies of current exchange-correlation
functionals, which cause substantial diﬀerences in the
constructed band diagrams, we nevertheless consistently ﬁnd
that there is no net charge transfer between the surface oxygen
vacancy and the adsorbed Au nanoclusters, which is in stark
contrast to the existing and physically highly intuitive picture in
favor of such a mechanism. While the commonly expected
mechanism is absent, a charge transfer from the Au cluster to
the TiO2 conduction band results in positively charged Au
clusters. An in-depth analysis of the electronic structure of the
Au/TiO2 system reveals that the role of the vacancy is indirect
in nature. By enhancing the polarizability of the atoms in its
vicinity, it induces stronger binding between cluster and
substrate. Moreover, this mechanism results in a charge
redistribution right at the interface, which increases the
reactivity of the supported gold nanoparticle.
The approach devised and implemented in this study is
general and can be readily applied to analyze the direction and
magnitude of charge transfer of nanocatalysts or clusters
deposited or grown on surfaces beyond the speciﬁc gold/
titania system studied here. Signiﬁcant steps beyond this status
could be to study the activation of dioxygen, O2, at perimeter
sites as used in direct oxidation reactions, or the impact of
aqueous solutions on charge transfer and electronic polarization eﬀects in the realm of liquid-phase heterogeneous
catalysis. The latter complexity level could be reached by
extending our semiconductor physics approach to electrochemistry including the impact of the solvent76 and electric
ﬁelds.77
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