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Abstract

Understanding the mechanism behind the superior catalytic power of single- or few-atom
heterogeneous catalysts has become an important topic in surface chemistry. This is
particularly the case for gold, with TiO2 being an efficient support. Here we use scanning
tunneling microscopy/spectroscopy with theoretical calculations to investigate the adsorption
geometry and local electronic structure of several-atom Au clusters on rutile TiO2(110), with
the clusters fabricated by controlled manipulation of single atoms. Our study confirms that
Aui and Au: clusters prefer adsorption at surface O-vacancies. Aus clusters adsorb at O-
vacancies in a linear-chain configuration parallel to the surface; in the absence of vacancies
they adsorb at Tisc sites with a structure of a vertically pointing upright triangle. We find that
both the electronic structure and cluster-substrate charge transfer depend critically on the
cluster size, bonding configuration, and local environment. This suggests the possibility of

engineering cluster selectivity for specific catalytic reactions.
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The catalytic properties of gold nanoparticles have received considerable attention since the
discovery over three decades ago of low temperature CO oxidation catalysis by Au supported
on metal oxides.! For many years it was thought that the optimum size of the nanoparticles is
about 4 nm in diameter.? More recently, with the availability of aberration corrected
transmission electron microscopy (TEM) results, it seems that much smaller particles could
play an important role.> A corollary is that the metal cluster/metal oxide interaction will be
crucial to the catalytic activity.

More generally, “single atom” catalysts form a novel class of catalysts whose
performance cannot be understood simply by using the conventional d-band model originally
developed for extended metal surfaces.* Instead, they are more akin to inorganic compounds
involved in homogenous catalysis. Their unique properties, together with their superior
catalytic performance,>® have sparked both theoretical and experimental interest from the
surface science community,” with the ultimate aim to unravel the underlying catalytic
mechanisms.

Supported Au clusters exhibit unique catalytic properties.8 They also have application
in areas such as photovoltaics® and bio-sensing.*® As such, Au nanostructures, in particular
those formed on metal oxide supports, have been widely investigated. Au nanoparticles
supported on TiO2 have long been a major study platform owing to their surprising catalytic
behaviour2! and the fact that TiO2(110) is a model oxide substrate.!>4 Recent work
includes studies of reaction sites on nanostructure facets,'>1 the structure, size and shape of
nanoparticles,>” as well as their charge state'® and their nucleation site.?° The charge state of
Au atoms, clusters and nanoparticles has been a subject of considerable debate, with catalytic
studies of CO oxidation concluding that cationic gold is the active catalyst. In contrast, surface

science studies in ultrahigh vacuum (UHV) have found anionic gold to be present after the



growth of Au nanoparticles on TiO2(110).1"*° This difference is thought to be due to the
oxidizing conditions involved in the catalytic studies.?®

Scanning tunneling microscopy and spectroscopy (STM, STS) have been used in earlier
work to obtain atomic scale information about the properties of supported nanostructures.?!23
Surface bridging O-vacancies Vo on reduced (r-) TiO2(110) are found to be the most favoured
adsorption site for both single Au atoms,?-2* which have an apparent height of ~1.9 A in STM,
and some small Au clusters.?> Oxidizing the substrate to (0-) TiO2(110) modifies the electronic
structure of the clusters?® as well as their adhesion strength.*® In part this can arise from the
availability of adsorption sites, with Vo only being available on r-TiO2(110). A difference in
the electronic structure between Aui bound to Vo and to Tisc was recently observed, with metal
induced gap states being observed for Tisc.” However, systematic studies of individual oxide-
supported few-atom clusters with exact size and shape are lacking.?

In this work we use a model system to explore the variation of Au cluster electronic
structure with shape, size and adsorption site on an oxide substrate. TiO2(110) is chosen as the
model support. A combination of STM and density functional theory (DFT) is employed to
probe clusters formed by controlled STM manipulation of single Au atoms. Our results
determine unambiguously the bonding configuration and their associated electronic fingerprint
for each cluster type with size up to nine atoms. The experimentally validated calculations
predict that charge transfer between the Au clusters and the substrate depend strongly on the
cluster size, bond geometry and local environment.

Figure 1a shows an STM topographic image of the reduced TiO2(110) surface [r-TiOz,
characterized by surface O-vacancies (Vo)], taken after deposition of ~0.01 ML Au at room
temperature. Additional features are formed on the surface after Au deposition: single Au
adatoms residing at Vo [Au1(Vo), marked by solid circles],?* and a number of small Au clusters,

where Auz is found to be stable up to at least 600 K.



Previously we have demonstrated the use of voltage pulses in STM to study the bonding
mechanism of single Au atoms on the TiO2(110) surface.?! To establish a method to distinguish
between different Au clusters, here we form Au clusters with exact sizes and shapes, achieved
by displacing each of the Au adatoms using the voltage pulses. This is a similar approach is
similar to that used to form small Pd clusters on MgO(001).2° We note that Au atom transfer
to the tip was not observed, as evidenced by the unchanged apex and the constant number of
cluster gold atoms before and after each tip pulse. After forming the desired cluster we then
study their electronic structure by tunneling spectroscopy in STM. Fig. 1, b and ¢ demonstrate
how voltage pulses (+3 V) were used to form an Auz species from two individual Auadatoms
originally residing at Vos. The Auz species formed is centered at Vo, which we therefore refer
to as Auz(Vo). An additional voltage pulse applied atop the Au2(Vo) displaces it to the
neighboring Tisc site, forming Auz(Ti) (Fig. 1d).

To determine the bonding structure of the Auz clusters on the TiO2(110) surface, we
have performed DFT calculations. The calculations predict two low energy bonding
configurations for Auz(Vo) and Auz(Ti) clusters, which are shown in Fig. 1, e and f,
respectively. In the first configuration, Au atoms in the Auz cluster are bonded to each other
as well as to the substrate Ti atoms beneath the O vacancy and bridging O atoms next to the
vacancy (rav-au = 2.478 A). This configuration has a calculated adsorption energy (Ead) of -
1.86 eV. In the second configuration where no O vacancy is present on the surface (Fig. 1f),
the Au atoms are aligned perpendicular to the Op row direction and are bonded to each other,
as well as to the in-plane Tisc atom, and the surrounding O atoms (raw-au = 2.523 A). This
configuration has a slightly lower Ead 0f -1.94 eV. Their simulated appearance in STM (Fig.
1, g and h), calculated using Tersoff-Hamann approach,® resemble those of the Auz clusters as
observed in our experiment. The apparent size of Auz(Vo) is smaller than Auz(Ti), partly due

to an effective difference in Au-Au distance, and partly to electronic effects.



Two types of Aus clusters were also formed on r-TiO2(110). Fig. 2a shows an STM
image of an Aus cluster formed by merging three single Au adatoms using +3 V tip pulses (see
Supporting Information Fig. S1 for its step-by-step formation). The Aus cluster has a chain-
like structure, with its left part, which resides above a Vo, appearing brighter than its right part
in STM. This cluster has a measured height of ~2.85 A (solid blue line plot in Fig. 2d).
Comparing its height with that of a single atom verifies the flat morphology of the Aus cluster
on the surface. Applying a +3 V tip pulse atop the cluster causes it to flip about the Ob row, so
that it has the right side sitting above the Vo, and appearing brighter (Fig. 2b). This is
corroborated by the line profiles taken across the cluster before and after flipping, which are
mirror images of each other (Fig. 2d). We term this cluster type as Auz(C), where C denotes a
chain-like bonding configuration. We note that our finding also confirms the assignment of
Aus clusters on r-TiOz in earlier work.®

Applying another +3 V pulse atop the Aus(C) cluster in Fig. 2b leads to a significant
change in its bonding configuration. Shown in Fig. 2c, the cluster now appears to have a round
shape that is centered on a Tisc row. The cluster has a measured height of ~5.3 A, indicative
of an upright bonding configuration. On this basis, we term this newly formed cluster as
Aus(U), where U denotes the upright bonding configuration. In addition to voltage pulses,
switching between the two configurations of Aus clusters can also result from an STM scan at
an increased voltage (+2.4 V), see Sl Fig. S2.

DFT calculations predict three possible bonding configurations for Aus on TiO2(110)
(Fig. 2, e to j). In one (Fig. 2, e and h), three Au atoms are bonded to each other in a chain.
The Au atom on the left is at the Vo site, and is bonded to the Ti atoms beneath the vacancy.
Gold atoms at the center and right of this asymmetric chain are bonded to a Tisc ion, and to the
Tisc atom and in-plane O atoms, respectively (rav-au = 2.603 A and 2.519 A, respectively). This

bonding configuration has an Ead of -3.14 eV. In the second configuration (Fig. 2, f and i),



three Au atoms are bonded to each other also in a chain-like fashion (rav-au = 2.528 A), but
with the Au atoms on the sides bonded to the Op ions. This configuration has a less favorable
Ead 0f -1.58 eV. In the third configuration (Figure 2, g and j), the Au atoms are bonded to each
other in an upright triangular arrangement (rav-au = 2.573 A), with the Au atoms at the base
also bonded to the Op ions (rav-au = 2.918 A). This configuration has an Eaq of -2.88 eV, which
IS an adsorption energy approaching that of the asymmetric chain. The simulated appearance
in STM of these three configurations is shown in Fig. 2, h-j. Their comparison with experiment
indicates that the Aus(C) cluster in Fig. 3a corresponds to the asymmetric chain-like bonding
configuration shown in Fig. 2e, while Aus(U) (Fig. 2c) corresponds to the upright bonding
configuration in Fig. 2g. Note that in our experiment we have not observed an image of a Aus
cluster that resembles that shown in Fig. 2i. SI Figs. S3, S4 show the step-by-step formation of

larger Au clusters up to Aug

Au clusters comprised of a few atoms are not strongly bound on TiO2(110).1%2°
Therefore, they can be displaced or dispersed into smaller clusters by the STM tip even in
moderate tunneling conditions. To minimize such tip-induced modifications during tunneling
spectroscopy measurements, differential conductance (d1/dV) as a function of bias voltage (V)
spectra were recorded in the closed feedback loop condition. In this scheme the tip-sample
distance is varied in response to the voltage ramp so that the current (1) that flows across the
tunneling junction is always maintained at its set-point value. This constant-current (cc-)
tunneling spectroscopy mode has previously been used to study the molecular orbitals of single
fullerene and their aggregates,?® and for mapping the spatial variation of the surface work
function within the MgO film on Mo(100).3! Further details about this spectroscopic method
can be found in Refs 3233,

Fig. 3a presents a series of cc-dl/dV spectra recorded from the TiO2(110) substrate, as

well as those from five different Aun clusters, with their corresponding STM images shown in



Fig. 3, b to f. The spectra were recorded in the bias voltage range between 0.5 and 4 V above
the Fermi level. We first discuss the spectra recorded from the TiO2(110) substrate shown in
Fig. 3a. The spectra obtained from the Op (black) and Ti rows (grey) of the TiO2(110) substrate
exhibit two peaks each, one at ~2 V and another at 3 V. These two peaks correspond roughly
to the t2g and eg antibonding orbitals of mainly Ti 3d character found in the bulk.3*3 However,
their character will be modified by the surface sensitive nature of the measurement; for the
DOS shown in Fig. 4a, 40% of the Ti atoms in the slab are five-fold coordinated.

The spectroscopic signatures of the Aun clusters are markedly different both from each
other and the substrate. The spectrum of the Aui(Vo) cluster (red curve in Fig 3a) is
characterized by two peaks: a shallow peak at 1.5 V and a very pronounced peak at 3.2 V. As
for the Au: clusters, that of Auz(Vo) (dark green) is characterized by two main peaks, one at
1.3 V and another at 2.4 V, and a shallow peak at 3.6 V. In the spectrum of Auz(Ti) (light
green), only two peaks are present, one at 1.7 V and another at 2.45 V. We attribute such shifts
in the energy positions of the two major peaks in the spectra of the Au: clusters to the difference
in the degrees of hybridization between the molecular orbitals of the Auz clusters and the
substrate, arising from their different bonding geometries on the surface.3*

The spectra of the two types of Aus cluster are also very different. The spectrum of
Aus(C) (light blue) is characterized by two peaks, one at 1.45 V and another 2.2 V. On the
other hand, that of Aus(U) is characterized by a major peak at 2.4 V, and a very broad shoulder
at ~0.7 V. This broad shoulder peak is also observed as a sharp peak at 1.2 V in the dl/dV
spectrum of Aus(U) recorded in the constant height condition (Fig. S5). Such energy shifts of
peaks between the two spectroscopy modes have been explained systematically by the work of
Hellenthal®? and Pronschinske et al.>3 Note that unlike the Aui(Vo) and Au: clusters, the Aus

clusters are rather unstable in spectroscopy measurements. They tend to hop, and switch



between the two bonding configurations at higher bias voltage (Fig. 3a). We have also recorded
spectroscopy data from Au clusters of larger sizes, which are shown in Fig. S6.

DFT calculations are used to provide an understanding of the STS spectra and to
examine cluster-substrate charge transfer. To elucidate the impact of Vo on the electronic
structure of the adsorbed Au clusters, first we calculate the electronic structure of the TiO2(110)
surface in both the stoichiometric (s-TiOz2) and in the reduced form (r-TiOz). Here s-TiO2 was
modeled in the slab calculations by having five TiO2 layers with 3x2 TiOz unit cells per layer
with each slab, and separation distance of >12 A between slabs. r-TiO2 was modeled by
removing an O at the surface, leaving two excess electrons in the TiOz2 slabs as a result of the
Vo formation. This results in surface O vacancy concentration of 16.7% in the model (see Sl
Computational Details). It is well established that when it comes to calculating the electronic
structure of the TiO2(110) surface, DFT with the generalized gradient approximation (GGA)
approach suffers from the so-called self-interaction error, leading to the erroneous descriptions
of the (i) TiO2 band-gap, (ii) the Ti 3d defect state within the band gap (namely band gap state,
or BGS), and (iii) the localization of the excess electrons. To partly correct this error, we have
used the DFT+U approach, with the Hubbard U parameter set at 3 eV for the Ti 3d states (see
SI Computational Details). With this scheme we find a band-gap of 1.92 eV for s-TiO2 (Fig.
4a), which is still ~1 eV less than the experimentally found bulk value of ~3 eV.%®> On r-TiOz,
we find that the BGS lies ~0.6 eV below the conduction band minimum (CBM). This is in
reasonable agreement with photoemission data, where the BGS lies ~0.8 eV below Er.%¢ The
Vo-associated excess electrons are localized at two different sub-surface Ti ions, resulting in a
triplet state (Fig. 4c). This is in good agreement with the work of Morgan et al.%’

The calculated projected density of states (PDOS) of the Au clusters are shown in Fig.
4, d-i. Depending on their bonding configurations, the PDOS were calculated with either s- or

r-TiO2 as the substrate. We first discuss the results for Aui(Vo), calculated on r-TiO2. As



shown in Fig. 4d, the Au 6s state at around 1 eV below CBM is completely filled, indicating
that one of the excess electrons is transferred from the substrate to the Au atom. Such charge
transfer leads to a negatively charged Au: species (Bader charge -0.48 | el , Table 1), with a
significantly increased adsorption energy of 1.7 eV®-1.81 eV.3*

A number of unfilled states are also present above the CBM. As for the results of
Auz(Ti) calculated on s-TiOz2 (Fig. 4e), its PDOS has a closed-shell Au 6s states just above the
valence band maximum (VBM) of the substrate, which we assign to the Au-Au bond formation;
a corresponding antibonding component with 6s character can be observed at about 2 eV above
the CBM. No major charge transfer between Auz(Ti) and s-TiO2 occurs, as confirmed also by
the Bader charges on Au seen in Table 1. This also holds true for Auz(Vo). Shown in Fig. 4f,
the filled Au 6s states of Auz(Vo) shift slightly towards lower energies going from the s- to r-
TiO2 supports. This could be due to the stabilization of those states by interaction of the highest
occupied molecular orbital (HOMO) of the Auz species with the excess electrons at Vo sites,
or increased overlap of its HOMO with the surface states of the r-TiO2 localized on the bridging
and the in-plane oxygen atoms, or a combination of both.3* A very pronounced 6s antibonding
state can be observed at about 2 eV above the CBM, Fig. 4(f).

The Aus clusters exhibit a doublet state in the gas-phase. As noted above, Aus adopts
one of the two bonding configurations on s-TiO2, namely the flat, symmetric chain-like
configuration [Aus(C)], and the upright triangle configuration [Aus(U)]. Both of these
configurations lead to singlet states (Fig. 4, g and h). For Aus(C) on s-TiO2, pronounced
unfilled Au states with 6s character are observed just at the CBM (Fig. 49), and are shifted to
~0.5 eV above the CBM for Aus(U) (Fig. 4h). For both Aus clusters on s-TiO2, an occupied
Ti 3d state within the TiO2 band gap is found, hinting that electron transfer is from the Aus
clusters to the substrate. This is corroborated by a Bader charge of +0.13 |e| per Au atom seen

in Table 1. Compared to Aus(C), the Aus(U) on s-TiO2 has a significantly higher energy
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splitting of its HOMO and lowest unoccupied molecular orbital (LUMO). This accounts for
the much greater calculated stability of the Aus(U) cluster on s-TiO2 (Fig. 2) compared with
the symmetric chain. The amount of charge transfer from Aus(U) to TiOz, however, is similar
(see Table 1).

Fig. 4i shows the PDOS calculated for a Aus cluster adsorbed on r-TiOz in a chain-like
structure. This corresponds to the Aus(C) cluster shown in the STM image in Fig. 2a. This
cluster has its HOMO to LUMO splitting approximately the same as that of Aus(U) on s-TiOz,
meaning that the Aus(C) is stable on the reduced surface when formed. Intriguingly, its
formation on r-TiOz results in a BGS which is noticeably smaller than that for Auz(Vo). This
suggests electron transfer from the oxide support to the Aus cluster. This is consistent with the
presence of two 6s-derived Aus orbitals below the Fermi level, pointing to the formation of a
Aus™ species. Indeed, the Bader analysis shows that now the Au atoms have an average charge
of —0.16 |e| each. Results of the calculated charge transfer directions for different clusters as
well as their adsorption energies are summarized in Table 1. The electronic structure of Au
trimers is relatively simple, with the Au atom 5d shell being filled. They do not contribute
substantially to the bonding, which is dominated by 6s interactions that give rise to bonding,
non-bonding, and anti-bonding states. On the stoichiometric support only the bonding 6s state
is filled, and Aus carries a positive charge; on the reduced support, also the non-bonding state
is filled, and Aus carries a negative charge. The energy minimized structures of the clusters
calculated in this work differ to an extent from those calculated in earlier work®*, which can be
ascribed to the different computational methodology employed (PBE+U with dispersion
present work, PW91 in ref 34). Nevertheless, there is good qualitative agreement in the cluster
adsorption energies and charge transfer directions.

The Au clusters formed on the TiO2(110) surface are characterized by a number of

occupied and unoccupied Au states in the electronic structure (Fig. 4). The combination of
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these states is unique for each Au cluster type. For example, open shell species such as Aui or
Aus tend to exchange electrons with the support (Aus behaves as an electron donor on s-TiO2
and Auz1 and Aus act as electron acceptors on r-TiOz2), while closed shell species such as Auz
are covalently bound to the support. This suggests the possibility of identifying the size and
geometry of a cluster by comparing STS data with the results of DFT calculations. To validate
this idea on a qualitative basis, we compare the energy positions observed in tunneling
spectroscopy for each cluster type with those predicted by the Au DOS obtained from DFT
(see Fig. S7). Good agreement is observed apart from the Auz results, where the experimental

spectra are expected to be strongly influenced by the substrate.

In summary, we have used STM tip pulsing of Au atoms at oxygen vacancies on
TiO2(110) to create Auz and Aus clusters with varying geometries and adsorption sites. Using
STS and STM topographic data in combination with DFT calculations, we find that the
electronic structure of the clusters is critically dependent on both the shape and anchoring site
of the clusters. This includes the direction of charge transfer to the substrate, with both anionic
and cationic gold clusters being formed. Our study therefore provides insights for the design
of few-atom Au catalysts on TiO2 supports for optimal catalytic performance. Moreover, the
rapid change in properties with the number of Au atoms in a cluster is in line with the prediction

of a hierarchy of activity with the size of supported Au clusters.®
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Table 1. A table listing for each of Au cluster type the substrate used (reduced or
stoichiometric TiO2) in the calculations, the calculated adsorption energies, and the direction
and magnitude of electron transfer between the Au cluster and the TiO2 substrate for each Au

cluster type

Direction Computed
Au cluster
Calculated of  electron Bader
Substrate type experimentally
Ead (eV) transfer charge on
observed?

Aun o TiO2 Au atoms

Aui(Vo) | Reduced - “— -0.48 Yes
Auz(Vo) | Reduced -1.93 No 0.00 Yes
Auz(Ti) | Stoichiometric -1.86 No +0.03 Yes
Reduced -2.88 « -0.16 Yes
Aus(C)
Stoichiometric  -1.58 - +0.13 No
Ausz(U) Stoichiometric  -3.14 - +0.15 Yes
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FIGURES

Figure 1. (a) STM image of r-TiO2 recorded at 78 K after deposition of ~0.01 ML Au at room
temperature. A circle marks single Au adatoms at Vo sites [Aui1(Vo)]. (b-c) Images taken (b)
before and (c) after the formation a Auz cluster centered at Vo [Auz2(Vo)], by combining two
individual Au adatoms using +3 V tip pulses. (d) Image of a Auz cluster centered at Tisc Site
[Auz(Ti)], formed as a result of a tip pulse applied atop the Auz(Vo) in (c). Image size: (a) 8x4
nm?, (b-d) 3x3 nm?. Scanning parameters: (a) 0.8 V, 0.1 nA, (b) 1V, 0.1 nA, (c) 1V, 20 pA,
(d) 0.8V, 15 pA. (e-f) Ball and stick models of the calculated minimum energy structures of
Auz(Vo) (e) and Auz(Ti) () clusters on the TiO2(110) surface. (g-h) Corresponding simulated

STM images, calculated with sample bias set at 0.8 V, d(Au-tip) = 1.00 A, and iso-surface of

1x107 |e|/A3. In (g-h), scale bars indicate a span of 1 nm along the [110] direction.
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Figure 2. (a) STM image of a Aus(C) cluster. (b) As (a), taken after the Aus(C) cluster in (a)
was flipped about the Ob row by a +3 V tip pulse. (c) As (b), taken after the Aus(C) cluster in
(b) was transformed to an upright bonding configuration by another tip pulse, becoming a
Ausz(U) cluster. Image size: (3.5 nm)2. Scan parameters: 0.8 V, 0.1 nA. (d) Line profiles
measured across the Aus(C) clusters in (a-b) (solid and dashed blue), and the Aus(U) in (c)
(red). (e-g) Side-view ball and stick models of the calculated structures for Aus cluster in three
different bonding configurations on the TiO2(110) surface: (e-f) the chain-like configurations
(e) with and (f) without the presence of surface Vo, and (g) upright configuration. In the
models, red, blue and orange spheres represent O, Ti and Au atoms, respectively. (h-j) The
corresponding top-view models overlaid with the simulated STM images calculated for each
Aus structure in (e-g). The simulated images were calculated with sample bias set at 0.8 V,

d(Au-tip) = 1.00 A, and an iso-surface of 1x107 |e[/A3. Scale bar = 1 nm.
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Figure 3. (a) Constant-current (cc-) di/dV spectra recorded from the TiO2(110) substrate
(black: On, grey: Tisc), as well as from different Aun clusters shown in the topographic images
in (b-f). Spectra obtained from the Tisc row are overlaid on top of those of the Aun clusters for
visual guidance. Spectra are vertically offset for clarity. Spectroscopy set-point = 20 pA. (b-
f) Atomically resolved images of different Au cluster types, including (b) Aui(Vo), (c)
Auz(Vo), (d) Auz(Ti), (€) Auz(C), and (f) Auz(U). Image size (2.4 nm)2. Scanning parameters
(V, D:(b-d) 1.4 V,0.1nA, (e) 1V, 0.1nA, (f) 1.5V, 50 pA. In each image, the black dot

indicates the position at which the corresponding spectrum in (a) was recorded.
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Figure 4. (a-b) Calculated projected density of states (PDOS) of the (a) stoichiometric (s-
TiO2) and (b) reduced surfaces (r-TiOz) of rutile TiO2(110), the latter of which contains one
surface Vo and two excess electrons in the TiOz slabs. In (b), Ti 3d BGS are located 0.6 eV
below the CBM. (c) Spin-density iso-surface, 0.01 |e|[/A3, of r-TiO2. (d-h) Calculated PDOS
of different Au clusters on the TiO2(110) surface. The PDOS of the (d) Aui(Vo), (f) Auz(Vo),
and (i) Aus(C) were calculated on the r-TiOz2, while those of the (e) Auz(Ti), (h) Aus(U) and (i)
another type of Aus(C) were calculated using s-TiO2 as the substrate. In (d-i), the energy of

the CBM is set to zero to facilitate direct comparison between the PDOS and STS data.
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