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The local electronic properties of individual Pt atoms
adsorbed on TiO,(110) studied by Kelvin probe force
microscopy and first-principles simulations+

Ayhan Yurtsever,*>®< Delia Fernandez-Torre,®® Jo Onoda,®" Masayuki Abe,®
Seizo Morita,®® Yoshiaki Sugimoto® and Rubén Pérez*®9

Noble metal nanostructures dispersed on metal oxide surfaces have applications in diverse areas such as
catalysis, chemical sensing, and energy harvesting. Their reactivity, chemical selectivity, stability, and light
absorption properties are controlled by the interactions at the metal/oxide interface. Single-atom metal
adsorbates on the rutile TiO,(110)-(1 x 1) surface have become a paradigmatic model to characterize
those interactions and to understand the unique electronic properties of these supported nanostructures.
We combine Kelvin probe force microscopy (KPFM) experiments and density functional theory (DFT)
calculations to investigate the atomic-scale variations in the contact potential difference of individual
Pt atoms adsorbed on a hydroxylated (h) TiO,(110)-(1 X 1) surface. Our experiments show a significant
drop in the local contact potential difference (LCPD) over Pt atoms with respect to the TiO, surface,
supporting the presence of an electron transfer from the Pt adsorbates to the substrate. We have
identified two characteristic regimes by LCPD spectroscopy. At far tip—sample distances, LCPD values
show a weak distance dependence and can be attributed to the intrinsic charge transfer from Pt to the
oxide support. Beyond the onset of short-range chemical interactions, LCPD values exhibit a strong
distance dependence that we ascribe to the local structural and charge rearrangements induced by the
tip—sample interaction. These findings also apply to other electropositive adsorbates such as potassium
and the hydrogen atoms forming the OH groups that are present on the h-TiO,(110) surface, promoting
KPFM as a suitable tool for the understanding of electron transfer in catalytically active materials.

Introduction

Titanium dioxide (TiO,) surfaces have been extensively used as
substrates in a broad range of applications, including hetero-
geneous catalysis, photocatalysts, surface coating, medical
implants, and gas sensors." Noble metal nanostructures with
sizes down to single atoms (e.g, platinum and gold) supported
on TiO, surfaces are of particularly great interest in funda-
mental as well as in industrial research due to their potential
impact in catalysis, photocatalytic hydrogenation, and fuel
production.”® The electronic interaction of metal nanoclusters
and/or individual atoms with oxide supports and the associ-
ated charge transfer and its direction govern many important
physical/chemical processes at the metal/oxide interface and
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determine the chemical reactivity, the selectivity, and the
thermal stability of the supported catalysts.” " Surface modifi-
cation with noble metal nanoclusters has also shown to
enhance significantly the sensitivity and selectivity of metal-
oxide based gas sensors.'” Therefore, an atomic-scale under-
standing of the interactions of metal nanostructures and/or
isolated atoms with oxide supports is of central importance

This journal is © The Royal Society of Chemistry 2017
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for tailoring the electronic properties of metal/oxide nano-
materials in applications for heterogeneous catalysis and
chemical sensors.

A good indicator for understanding the nature of the inter-
action between metals and oxide supports is the work func-
tion. The changes in the work function induced by atomic
adsorbates are strongly correlated with the adsorbate-substrate
charge transfer, and have been traditionally used"*™° to deter-
mine the direction and extent of the global charge exchange at
the interface. The key challenge is to extend this insight at the
atomic level, determining the modification of the local elec-
tronic structure associated with individual adsorbates. Probing
the interfacial charge transfer and the work function changes
induced by metal adsorbates on TiO, can significantly contri-
bute to our understanding of the complex interface properties
and chemistry. This information is essential to reveal the
fundamental processes behind the enhanced catalytic activity
of supported metal nanoclusters, and to design novel nano-
structured materials for catalytic applications.

Kelvin probe force microscopy (KPFM) - based on atomic
force microscopy (AFM) principles - is the tool of choice to
measure the local contact potential difference (LCPD) vari-
ations, thereby mapping the work function of the sample with
high spatial resolution.'” Several studies have demonstrated
the potential of KPFM to probe local contributions to the
contact potential difference on an atomic scale on various
surfaces,'®? and the theoretical investigations have provided
insights into the origin of the atomic-scale LCPD contrast.>* >
Previously, KPFM has made possible the identification of the
charge state of individual adsorbate atoms,*® molecules,*’ and
surface defects.>’ Recently, the range of applications of KPFM
was further extended to organic molecules, and the observed
LCPD contrast was attributed to differences in the intra-
molecular charge distribution.*** The presence of subsurface
charges on an oxide surface was also realized recently by using
KPFM.>* KPFM has also been employed to explore the charge
transfer between deposited metal nanoparticles and their
support.®>~38

Here, we report a study of the atomic-scale lateral and dis-
tance variation of the contact potential difference of individual
Pt atoms on a hydroxylated rutile TiO,(110) [A-TiO,(110)]
surface. We combine KPFM images with distance-dependent
LCPD spectroscopy [Vicep (2)] measurements and first-
principles density functional theory (DFT) calculations of the
local work function changes as a function of the tip-sample
distance for different tip models in order to provide insight
into the LCPD contrast in the presence of metal adsorbates
and OH groups on this prototypical metal oxide surface. Our
results reveal the role played by the tip terminations associated
with the different imaging modes (protrusion, hole, and
neutral) in the formation of the LCPD contrast and identify
two characteristic regimes in the LCPD. At far tip-sample dis-
tances, LCPD values, showing a weak distance dependence,
can be attributed to the intrinsic charge transfer from Pt to the
oxide support. Beyond the onset of short-range chemical inter-
actions, LCPD values exhibit a strong distance dependence
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that we ascribe to the local structural and charge rearrange-
ments induced by the tip-sample interaction. This inter-
pretation is consistent with our results for other electropositive
elements such as potassium adsorbates and the hydrogen
atoms adsorbed on the Oy, atoms, forming OH groups, that
are present on the #-TiO, surface, and where charge transfer to
the substrate has been previously reported. Based on these
results, we conclude that the LCPD drop over the Pt sites with
reference to the 4-TiO, substrate supports the presence of a
charge transfer from single Pt atoms to the oxide, still a contro-
versial issue in this model system for real catalysts based on
metal nanoparticles supported on reducible oxides.

Results and discussion

Non-contact atomic force microscopy (NC-AFM) has been
shown to provide a rich variety of atomic contrasts on the
rutile A-TiO,(110) surface,>*** which have been referred to as
neutral (imaging of bridging oxygen (Oy,) sites together with
hydroxyl (OH) groups as protrusions), hole (imaging of O,
rows as bright stripes and OH groups as dark holes), and pro-
trusion modes (imaging of fivefold coordinated Ti (Tis¢) atoms
and OH groups as protrusions). Fig. 1(a)-(f) show the typical
NC-AFM topography and the corresponding KPFM images of
the A-TiO,(110) surfaces, displaying the most frequently
observed atomic contrasts. KPFM images, taken with an active
Kelvin feedback (see Methods), provide (x,y) maps of the LCPD
between the tip and the sample at a certain frequency shift
(Af) set point. Fig. 1(a) and (b) were recorded with a tip provid-
ing protrusion mode contrast. The corresponding KPFM image

Fig. 1 NC-AFM topographic (Z) and simultaneously measured KPFM
images of the h-TiO,(110) surface at room temperature, acquired with
three tips with different atomic terminations: (a, b) for protrusion mode,
(c, d) for hole mode, and (e, f) for neutral mode tips. The bright/dark
features on the bridging oxygen (Oy,) rows are due to surface OH
groups. The contrast above OH sites in the LCPD map in (b) and (f) is
shifted to lower LCPD values compared to the substrate, while in (d) no
discriminable LCPD contrast is observed above OH sites. The acquisition
parameters were as follows: (a, b) fo = 163.662 kHz and A = 16.7 nm;
(c, d) fo = 163.662 kHz and A = 16.7 nm; (e, f) fo = 155.531 kHz and
A = 13.0 nm. Image parameters: (a, b) 9.8 x 3.6 nm? and Af = —2.5 Hz;
(c, d) 9.8 x 3.6 nm? and Af = —1.2 Hz; (e, f) 9.8 X 3.6 nm? and Af = 1.2 Hz.
KPFM parameters: U, = 0.2-0.5V, f,c = 500 Hz.
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in Fig. 1(b) exhibits a clear distinction of the LCPD contrast
between the surface atomic rows, reflecting the variation of the
local charge distribution of the alternating Oy, and Tis¢ atomic
rows along the [001] surface crystallographic direction. It
should be noted here that the presence of the OH groups on
the surface enables the unambiguous identification of the
surface ionic sublattice in the LCPD map. The LCPD map
recorded by a protrusion mode tip is not in phase with the
surface topograph, and reflects the Oy, atomic rows as bright
stripes (higher LCPD) and the Tiss as dark stripes (lower
LCPD). This is in good agreement with the result reported in
ref. 18, although in that study, individual OH impurity defects
were not resolved.

Most importantly, the atomic hydrogens in the OH groups
are also clearly resolved in the LCPD map. The individual
hydrogen atoms reduce locally the LCPD over Oy, by about
10 to 20 mV, which tentatively points to a positive charge on
H atoms. This charge transfer is consistent with recent valence
band photoemission measurements reporting an increase of
the band gap shift in the surface spectra by the adsorption of
H adatoms on Oy,.** This increase can be understood in terms
of a charge transfer from the H adatoms to the surface that
leaves the H atoms as positively charged adsorbates. We have
repeated these measurements with other tips that display pro-
trusion mode contrast. In all the cases, the KPFM images show
the same basic features, with a clear distinction of the Oy, and
Tis¢ surface atomic rows, and a local reduction of the LCPD on
the OH sites with respect to the substrate (see ESI Fig. S17).

For reliable KPFM measurements, it is very important to
explore the influence of the distinct tip states on the measured
LCPD contrast. Therefore, we have used other tip-apex termi-
nations that generate the neutral and hole mode imaging
contrast of the surface to register an image of the LCPD map
above the 2-TiO,(110) surface. We have obtained a similar ten-
dency of the LCPD shift with a neutral mode tip (see Fig. 1(f)
and S27), displaying a higher LCPD over Oy, and a lower LCPD
over OH groups with a more pronounced contrast (~350 mV).
On the other hand, the LCPD map provided by a hole imaging
mode tip does not show a discernible potential signal over OH
sites or the surface atomic rows, even at different imaging set
points (see Fig. 1(c) and (d)).

As a next step, we investigate the LCPD variation induced by
the adsorption of individual Pt atoms on the A-TiO,(110)
surface. A typical NC-AFM topography image of the individual
Pt atoms at room temperature (RT), obtained after exposure of
the h-TiO,(110) surface to Pt, is shown in Fig. 2(a). The
Pt atoms, which appear as bright elongated features, preferen-
tially adsorb at the center of the Tiss rows and are confined
between two Oy, rows.’® This is in good agreement with the
results of previous theoretical studies®”™° and also with the
observations by aberration-corrected scanning transmission
electron microscopy imaging.’® The elongated appearance of
the Pt atoms in the NC-AFM images has been explained by the
diffusion of Pt atoms in a very local region along one-
dimensional channels connecting the two favorable atomic
sites on the A-Ti0,(110) surface.*®*® The corresponding KPFM
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Fig. 2 NC-AFM topography (2) and simultaneously measured KPFM
images of the h-TiO,(110) surface exposed to a low-coverage of (a, b) Pt
and (c, d) K atoms, recorded with a tip generating protrusion mode
image contrast. A clear depression over Pt and K atomic positions
appears in the LCPD map, indicating that the Kelvin potential over these
sites is more negative compared to the supporting TiO, substrate. We
note that the LCPD map over the Pt atom position in (b) appears as a
ring-like structure. We attribute this to a tip-induced effect (see the ESI,
for further discussion). The white arrows indicate single Pt and K atoms.
The blue square in (a) and (c) indicates the surface OH groups. A small
number of dark features also appear in (c), one of which is highlighted
with a green circle. We attribute this to an image artifact caused by con-
trast inversion as the tip enters the repulsive region of the short-range
interaction forces when probing a protruding atomic species.
The acquisition parameters were as follows: (a, b) fo = 166.426 kHz and
A =6.45 nm; (c, d) fo = 163.662 kHz and A = 16.7 nm. Image parameters:
(a, b) 15 x 15 nm? and Af = —14.4 Hz; (c, d) 15 x 15 nm? and Af = —2.5 Hz.
KPFM parameters: U,. = 0.2-0.5V, f,c = 500 Hz.

image in Fig. 2(b) exhibits an atomic contrast with a lower
LCPD above the Pt atom site with respect to the surrounding
TiO, substrate. For a comparison, we have also investigated the
LCPD variation over the potassium (K) atoms with an identical
tip termination providing the protrusion mode image
(Fig. 2(c)). It has been well-established from the spectroscopic
measurements that the adsorption process is accompanied by
a complete charge transfer from K to the substrate at low K
coverage,” with K becoming a positively charged ion. This has
also been confirmed by the photoemission spectra,’® which
show the K-induced band-gap states at 0.9 + 0.1 eV. The occur-
rence of such charge transfer was evidenced by our KPFM
measurements on the K/TiO, surface (see Fig. 2(d)), which
indicate a reduction in the LCPD at the K atoms with respect
to the supporting TiO, surface, as for the Pt atoms. According
to the classical Langmuir model,”* the lowering of the LCPD
implies the presence of surface dipoles with a component
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pointing outward, which in turn indicates that the Pt and K
atoms behave as positively charged adsorbates. This is also in
line with the concept of the KPFM working principle, the
sample has to be biased more negatively to compensate posi-
tive charges on the Pt and K atoms. The LCPD features
described above are well reproduced with other tips providing
protrusion mode contrast. On the contrary, the KPFM images
(not shown here) generated by a hole mode tip do not indicate
any visible changes associated with the LCPD over Pt as well as
on K atom sites with respect to the supporting TiO, surface,
similarly to what we have observed for the OH groups on the
pristine TiO, surface (Fig. 1(d)).

There is a long-standing debate over the interpretation of
the atomic-scale contrast in KPFM images, and, in particular,
the role of the tip,*"*>** the influence of interactions different
from the purely electrostatic ones,”>>*>® and the presence of
(instrumental) potential artifacts.”” Distance-dependent KPFM
measurements on semiconductors®® and molecules®® have
provided significant insight. This is the route that we have
followed in our oxide system. We have performed force and
distance-dependent LCPD spectroscopy [Vicep (2)] measure-
ments with two distinct types of tips (protrusion and hole)
that provide different contrast for the topography and KPFM
images. It needs to be noted that the neutral mode tips were
not stable enough for spectroscopy measurements. We had
difficulties in performing force spectroscopy measurements
with neutral mode tips due to tip changes during the force
curve acquisition, implying that these tips have a strong ten-
dency to contamination with surface materials. Therefore, it is
extremely difficult to collect reliable force and LCPD spec-
troscopy data with neutral mode tips. Fig. 3(a) and (b) show
the simultaneously measured short-range force (Fsg (z)) and
Vicep (2) curves obtained using an active Kelvin feedback (see
Methods) at single Pt, Oy, Tiss, and OH surface defect sites
acquired with a tip generating the protrusion mode image.
The z-axis of both Fsy (z) and Vicpp (2) curves has been shifted
to take into account the topographic correction over the Pt
atom, setting a common origin for all the sites. The final dis-
tance reference has been determined by aligning the attractive
force maxima on the Pt atom with the theoretically calculated
results (see ESI Fig. S3(c)T), as discussed in ref. 46. The LCPD
signals over both Pt atoms and OH groups reveal a reduction
from the mean Kelvin signal of the surrounding TiO, substrate
as the tip approaches the sample.

The Vicpp (2) curves in Fig. 3(b) clearly display two different
regimes. For distances larger than 5.2 A the curve over Pt
shows a weak distance dependence, with a variation of only
~0.1 V from the LCPD at 6.2 A, while the LCPD over the OH
site remains essentially constant within this distance range.
Below 5.2 A there is a sharp drop in the Pt LCPD curve (see the
arrow in Fig. 3(b)), followed by a rapid decrease in distance
(0.5 V in ~0.9 A), reaching a minimum around 4.3 A, and
increasing rapidly for shorter distances. The OH LCPD curve
shows a similar trend, with a smaller decrease to a minimum
at ~3 A, and increasing again when we further approach the
substrate. At variance, LCPD curves on the Oy, and Tis; sites
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Fig. 3 (a) Experimental short-range forces over Pt (green line), hydroxyl
(OH) (black line), Oy, (red line), and Tis¢ (blue line) sites acquired with a
protrusion mode tip. (b) Distance-dependent variation of the LCPD
acquired over the same atomic positions considered in (a) using an
active KPFM feedback to nullify the existing electrostatic forces at each
particular distance. Calculated (c) variation of the local work function
and (d) change of tip dipole moment upon approaching the protrusion-
model tip over the Pt, OH, Oy,, and Tis sites. The region highlighted by a
yellow transparent color indicates the intrinsic LCPD due to Pt atom
charge transfer. Inset: The ball-and-stick model of the tip structure used
in simulation, showing the O-terminated TiO,-based cluster tip. The
z-axis of curves in (a) and (b) has been shifted to take into account the
topographic correction over the Pt atom. The final distance reference
has been determined by aligning the attractive force maxima on the Pt
atom with the theoretically calculated results. Acquisition parameters:
fo = 160.171 kHz, A = 12.3 nm, Af = —3.36 Hz. KPFM parameters: U, =
0.5V, foc =500 Hz.
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remain almost constant across the whole distance range
explored in the experiments. The comparison with the Fsy (2)
curves in Fig. 3(a) shows that the abrupt LCPD drop over Pt
and the subsequent strong variation occur at distances where
the short-range chemical force starts to increase rapidly. Both
force and LCPD curves reach extreme values at roughly the
same distance, and follow the same distance dependence as
we approach the substrate. The same correlation is found for
the OH site, with both curves showing the same characteristic
distance dependence. The reproducibility of the characteristic
LCPD variation on the Pt and OH sites was investigated with
different cantilevers and tips providing protrusion mode con-
trast (see an example in Fig. S3(b)t). The main findings are
well reproduced in different experimental runs: the presence
of two different regimes, the correlation of the LCPD distance
variation with the short-range forces, and the significantly
smaller LCPD values associated with Pt atoms compared to the
OH and surface sites. While the LCPD variation in the far dis-
tance regime seems to be very similar in all the cases, the
shape of the curve and the minimum LCPD value are rather
dependent on the particular tip used. We have also investi-
gated the Vicpp (2) variation on K atoms deposited on the
h-TiO, surface with a similar tip termination (see topography
and KPFM images with a protrusion mode (Fig. S61) and a
neutral mode (Fig. S77) tip). The LCPD vs. distance results
display an identical behavior to that found on the Pt atom (see
Fig. S8%), with the rapidly varying regime starting around 4 A.
The shape of the Vicpp (2) curves on K and OH sites very much
resembles those in Fig. 3(b) and S3(b),} thus corroborating the
generality of our results. From the distance analysis presented
above, we conclude that the LCPD contrast measured in our
KPFM experiments with protrusion mode tips in the far dis-
tance regime can be attributed to the local changes in the
surface potential due to the intrinsic charge transfer between
the adatoms and the substrate. This result is consistent with
the tip-independent nature of the LCPD contrast reported on
an ionic crystal surface.>” The direction of the LCPD shift on
the OH and Pt atom sites, also identical to that on the K atom,
is consistent with the assumption that both Pt and K adsor-
bates and the OH group are positively charged and, therefore,
tend to reduce the surface local work function. As discussed
below, we think that the evolution (further reduction) of the
LCPD signal at closer distances is related to charge rearrange-
ments induced by the enhanced tip-sample interaction that
are very sensitive to both the nature of the tip and the
approached atom.

Our KPFM measurements shed light on the nature of the
charge transfer between a single Pt atom and a hydroxylated
TiO, surface that is still a controversial issue. Charge transfer
from a Pt atom to a Ti*" ion at the metal/TiO, interface has
been proposed in ref. 58 based on electron magnetic resonance
spectra, while other studies have reported charge transfer
from the support to the metal Pt.>>°® A later study correlated
the charge exchange with the surface condition: no significant
charge transfer was detected for Pt on a stoichiometric TiO,
sample, whereas a complete electron transfer from Ti** to a Pt
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atom was reported for a reduced sample.®’ On the other hand,
a combined NC-AFM and KPFM study® concluded that Pt
atoms at the Oy, vacancy site donate charges to the substrate,
which is inconsistent with the previous experimental
results®™®! and the recent theoretical studies.®*** This discre-
pancy could be due to the fact that the bright features inter-
preted as Pt in ref. 62 are, in fact, mostly H atoms in the OH
groups. Latter investigations®”*®°**> and our own theoretical
calculations clearly exclude the adsorption of Pt atoms on top
of the Oy, site. Pt atoms prefer to adsorb at a hollow site
between two in-plane oxygen (O;,) atoms with the Pt atom
bound to one Tis; and one Oy, atom on the TiO, surface.
Another site, on top of an Oj, atom where the Pt atom is
bonded simultaneously to an O;, and to a Tis; atom, has also
been reported. These results are confirmed by our experi-
ments, where Pt atoms are found to be located on the Tis¢
atomic rows and are confined between two Oy, atomic rows.
Furthermore, single Pt atoms can be clearly distinguished
from H adsorbates due to their characteristic appearance in
NC-AFM images obtained with tips with different apex struc-
tures (leading to three qualitatively different contrast modes),
as we have done in our previous work.”® Based on this evi-
dence, we can conclude that the bright features appearing on
the Oy, atomic rows in Fig. 4(a) of ref. 62 are unarguably H
atoms in the OH groups, rather than Pt atoms, imaged by a tip
generating protrusion mode contrast of the TiO, surface. We
want to stress here the importance of recording images of the
same surface area with different contrast modes. Using these
images we can clearly differentiate between Pt atoms and OH
groups as shown by our work.

The significant drop in the LCPD on a single Pt atom found
in both our KPFM images and the Vicpp curves clearly sup-
ports the charge transfer from the Pt atoms to the oxide
surface. This result agrees with the recent case studies of Pt
clusters on the TiO,(110) surface.®®®” This charge exchange is
also consistent with theoretical studies*®*®® where the
adsorption of a single Pt atom on the TiO,(110) surface is
accompanied by some degree of charge transfer from the Pt
atom to the surface. This charge transfer creates a local dipole
moment, pointing away from the surface to the vacuum, that
is responsible for the direction of the LCPD shift in both the
KPFM image (Fig. 2(b)) and the slowly varying regime of the
Vicep (2) curve (the 6-5.2 A distance range highlighted in
Fig. 3(b)).

A completely different behavior is observed when perform-
ing the LCPD measurements with a hole mode tip. Fig. 4(a)
and (b) show the Fsg (z) and Vicpp (2) curves measured above
the Pt and Oy, atoms. The LCPD does not change and gives
identical values for both atoms over a distance range between
7 and 3.5 A. It is only beyond the maximum of the Pt Fg that
an increment in the LCPD on the Pt atom is observed. As the
tip further approaches the surface, a clear distinction in the
LCPD values between the Pt atom and the surface Oy, rows can
be attained. However, imaging at such close distances would
generate a strong enhancement of the lateral interaction force
that would result in unwanted modifications in either the tip

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Experimental short-range interaction forces over Pt (green
line) and Oy, (red line) sites acquired with a tip generating hole mode
imaging contrast. (b) Distance dependence of the LCPD above the Pt
and Oy, atoms acquired simultaneously with force spectroscopy data
shown in (a). (c) Calculated variation of the local work function upon
approaching the hole-model tip over the Pt and Oy, atoms. Inset shows
the ball-and-stick model of the tip structure used in first-principles cal-
culations, showing the OH-terminated TiO,-based cluster tip. The tip—
sample distance in the experimental curves has been shifted to align the
attractive force maxima of the Pt atom with the theoretical calculations.
Acquisition parameters: fo = 158.335 kHz, A = 16.9 nm, Af = -3.36 Hz.
KPFM parameters: U,c = 0.5V, f,c = 500 Hz.

or surface structures during the scan. Furthermore, the
NC-AFM feedback would have problems working at such close
distances where the slope of Af might be inverted in some
positions. Thus, KPFM image acquisition is limited to dis-
tances close to the onset of the short-range interaction force,
where LCPD has identical values on the Pt and Oy, atoms,
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explaining the absence of atomic-scale contrast in the KPFM
images.

In order to unravel the underlying mechanism of the
atomic-scale contrast in the LCPD and the role of tips on the
distance dependence of the LCPD signal, we have performed
DFT calculations using the VASP code®® (see Methods for the
technical details). Our theoretical approach is based on the
link between the LCPD and the work function changes. We
determine the variation of the local work function in the pres-
ence of the tip using its definition as the energy difference
between the Coulomb potential in a vacuum and the Fermi
level of the combined tip and surface system that we extract
from our DFT calculations for each tip position. Changes in
the local work function should reflect the lateral and distance
variation of the LCPD obtained in the experiments. It has to be
noticed that a proper theoretical treatment of KPFM, as the
one described in ref. 27 is extremely challenging as it should
include the effects associated with the macroscopic electric
field created by the applied bias. These effects result in a long-
range contribution to the force (that is essentially site-indepen-
dent), and, more importantly, a contribution to the short-
range force due to the extra polarization added by the macro-
scopic electric field. Our approach disregards this last term as
the response to the electrostatic field created by the tip apex is
expected to be dominant. As discussed below, our theoretical
results do capture the main trends in the magnitude and dis-
tance evolution of the LCPD but are systematically smaller
than those found in the experiments, particularly for the most
polarizable Pt site. It is likely that the inclusion of the macro-
scopic electric field and the associated polarization would
bring a better quantitative agreement between theory and
experiment.

The tips used to evaluate the work function changes are
small (TiO,)s clusters oriented to expose a singly coordinated
O (for protrusion mode) or an OH group (for hole mode)
pointing towards the surface. We have shown that these tips
reproduce the topography images and force spectroscopy
results for the protrusion and hole mode contrast.** Besides
TiO,-based clusters, we also considered tips modeled by
silicon-based clusters with their apices contaminated with
singly and/or doubly bonded O or H atoms or an OH func-
tional group. While the contaminated Si tips can, in principle,
be compatible with the forces and associated contrast modes
at typical imaging distances, they failed to reproduce the force
data close to the force minima in the case of protrusion and
hole imaging modes on the 4-TiO,(110) surface. These theore-
tical results do not contradict the fact that sputtered Si tips are
initially used in the experiment. Imaging oxides with atomic
resolution requires working at close distance to the surface.
Under these conditions, accidental contact with the surface
and tip contamination are very likely as confirmed by the fre-
quent contrast changes in the experiments.

Our DFT results for the local work function changes (see
Fig. 3(c) and 4(c)) reproduce well the trends in the LCPD
changes found in our experiments for the full distance range
and for both tip models. For the protrusion mode (Fig. 3(c)),
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the shape of the local work function variation as a function of
distance nicely follows the LCPD variation extracted from the
experiments, with work function values at the Pt adatom posi-
tion lower than those on the OH and substrate. On the other
hand, the work function change obtained with a hole mode tip
(i.e., OH terminated TiO, cluster tip) (Fig. 4(c)) also reproduces
the experimental results: it displays the same constant value
for both the Pt and Oy, sites up to 3.5 A, where it starts raising
on the Pt site when the tip enters the repulsive branch of the
interaction force (see Fig. S4 of the ESIt for the calculated
forces).

The work function change induced by an adsorbate is deter-
mined by the surface dipole which results from the local
charge redistribution at the interface.”® In order to understand
our results and to find a possible correlation between the
change in LCPD observed in the experiments and the local
electronic structure modifications induced by the interaction
of the tip with the Pt/A-TiO,(110) surface, we have investigated
the evolution of the tip and/or surface dipole moment directed
along the surface normal while approaching the model tips
toward the surface. Fig. 3(d) displays the resulting tip local
dipole moment change induced upon approaching the protru-
sion-model tip over the Pt, OH, Oy, and Tiss sites. The tip
dipole moment remains essentially constant in the distance
range from 7 to 3 A when the tip approaches over Oy, and Tis¢
atomic rows, while there is an steady increment in the tip
dipole moment over the Pt and OH sites for tip-sample dis-
tances shorter than 5.5 A. As can be seen in Fig. 3(c) and (d),
the distance range where changes in the local work function
take place matches well with the interaction distances associ-
ated with the changes in the tip/surface dipole moment. Since
these two quantities, i.e., work function and tip dipole change,
are obtained in an independent way, the results in Fig. 3(c)
and (d) clearly unveil a strong correlation between an increase
in the tip local dipole moment and a decrease of the local
work function during the approach of the tip to Pt and OH
atomic sites.

The difference in the LCPD behavior between the protru-
sion and hole mode tip is associated with a quite different
response of the charge density distribution to the tip-sample
interaction. The hole mode tip is rather inert compared to the
protrusion mode tip, as shown by the significantly smaller
short-range forces (see Fig. 4(a) and S4f), and no significant
changes in the tip dipole are found for distances larger than
3.5 A. This is consistent with the constant value for the local
work function found for both the Pt and Oy, sites in our calcu-
lations and in the experiments. This points out the significant
role of the tip polarizability in the contrast observed at closer
distances.”*

Our calculations for the protrusion mode tip further reveal
a significant charge transfer from the tip to the surface at the
onset of short-range interaction at the position of Pt and OH
sites (see Fig. S51). At distances around z ~ 4.0-5.5 A, a charge
accumulation between Pt and the closest tip atom is observed,
which is indicative of the collapse of the vacuum barrier and
the onset of a chemical bond between the O atom at the tip
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apex and Pt (see the inset of Fig. 3(c) and S3(c)f). The for-
mation of such a chemical bonding state between the tip and
surface facilitates the charge density polarization across the
interface.*® This results in a drastic change in the local dipole
moment of the tip and adsorbate/surface conjugate system,
which, in turn, leads to further modifications in the local work
function and to the LCPD variation. Based on these results,
together with the distance-dependent LCPD shift, we conclude
that the LCPD variation along the tip-sample distance shows
two different regimes: (i) for distances above the onset of
strong short-range interactions, there is an intrinsic LCPD due
to Pt atom charge transfer, (ii) for shorter distances, the LCPD
is significantly influenced by the local change of the electronic
structure induced by the interaction between the tip and
Pt/TiO, system. Our results provide support for the theoretical
semi-empirical approach developed in ref. 55, where the
authors introduce an additional chemical force, associated
with the orbital hybridization taking place at short distances,
to the multipole electrostatic interaction, in order to reproduce
the atomic-scale resolution in KPFM images on semiconductor
surfaces.

Conclusions

In conclusion, we have measured the spatial variation of the
LCPD of individual Pt atoms on A-TiO, surfaces. The atomic-
scale LCPD maps provided by different tip terminations,
associated with distinct topographic contrasts, show the
same qualitative behavior. However, the magnitude of the
LCPD shift shows a strong tip dependence, and, in the case
of tips producing hole mode contrast, seems to completely
disappear. A closer inspection of the Vicpp spectroscopic
curves has revealed two characteristic regimes with distinctly
different distance dependence. At far tip-sample distances,
LCPD values, showing the weak distance dependence, were
attributed to the intrinsic charge transfer from Pt to the oxide
support. Beyond the onset of short-range chemical inter-
actions, LCPD values exhibit a strong distance dependence
that we ascribed to the local structural and charge rearrange-
ments induced by the tip-sample interaction. This interpret-
ation is supported by our DFT calculations of the changes in
the local work function as a function of tip-sample distance
for two tip models that reproduce the image contrast and
force spectroscopy measured in the protrusion and hole
imaging modes. Our DFT calculations reproduce remarkably
well the important qualitative trends in the LCPD distance
variation found in our experiments. We have identified a
strong correlation between the variation of the tip local
dipole moment directed along the surface normal and the
local work function change as the tip approaches the sample
surfaces. The electronic modification induced by the tip-
sample interaction in close proximity reinforces the effect of
the intrinsic dipole resulting from the Pt atom charge trans-
fer to the TiO, substrate, and reduces further the local work
function on the Pt atom.

This journal is © The Royal Society of Chemistry 2017
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Our combined experimental and theoretical analysis
shows that, although affected by the details of the tip struc-
ture at closer distances, KPFM measurements of the local
work function variation induced by atomic adsorbates at
typical imaging distances can be ascribed to the intrinsic
adsorbate/substrate charge transfer. In particular, the lower
LCPD measured over the Pt atom compared to the A-TiO, sub-
strate supports that the Pt atoms are positively charged by
electron transfer from the Pt to the substrate. These results
shed new light on our understanding of work function
changes induced by atomic adsorbates, underline the impor-
tance of the appropriate choice of AFM tips for obtaining
atomic-scale resolution on the LCPD maps on oxide surfaces,
and promote KPFM as a suitable tool for the characterization
and fundamental understanding of electron transfer in sup-
ported catalysts and organic solar cells where oxide substrates
play a key role.

Methods

Experimental details

We performed our experiments in an ultrahigh-vacuum (UHV)
chamber (with a base pressure of at least 5 x 10~'" Torr),
equipped with a custom built NC-AFM operated at RT. The
NC-AFM was operated using the frequency modulation detec-
tion mode,* keeping the cantilever oscillation amplitude con-
stant. For topographic imaging and KPFM measurements, we
used conductive silicon cantilevers, which were cleaned via
Ar-ion sputtering to remove the native oxide layer and other con-
taminants. The clean rutile TiO,(110) crystal (purchased from
Shinkosha) was prepared using repeated cycles of Ar" ion bom-
bardment (2 keV, 3 x 107° Torr) for approximately 5 min at RT
and annealed to approximately 1100 K for 1 min to restore a
flat substrate surface. When the substrate was cooled down to
RT after the final annealing process, Pt atoms were evaporated
onto the TiO, surface by resistively heating a Ta wire coiled up
with high purity Pt (99.995%). Prior to deposition, the Pt
source was thoroughly outgassed in UHV at high temperatures,
and the typical Pt deposition condition was adjusted to a
heating current of ~7.6-7.9 A and an adsorption time of at
least ~2 min, with the pressure kept at <3 x 10~"° Torr during
the deposition. The K atoms were deposited onto the substrate
by heating a SAES Getter source (previously outgassed) located
approximately 10 cm apart from the sample, with the pressure
kept at <2 x 107'° Torr during the deposition.

The KPFM measurements were conducted in the frequency
modulation mode (FM-KPFM) in which a dc (Ug.) and an ac
voltage (U,.) with frequency (f,.) were applied to the sample
with the tip being grounded. Our approach, different from
other ref. 22, 32 and 33 uses active Kelvin feedback in Kelvin
imaging as well as spectroscopic measurements. In the KPFM
images, the applied bias voltage is varied in order to deter-
mine the compensating voltage dynamically at each scanning
point by using an additional feedback operation (Kelvin com-
pensation). Since the compensation bias voltage was applied
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to the sample, the observed LCPD contrast has the same con-
trast as the local work function. Site-specific force spectroscopy
measurements with KPFM compensation were carried out by
recording the Af with respect to the f; as a function of tip-
sample relative distance (z). The details of force conversion
and the method for the extraction of a long-range force from
the total forces can be found in ref. 43. The detailed setup for
KPFM as well as distance-dependent bias spectroscopy
measurements is described in ref. 20 and 70.

Computational details

Our calculations are based on density functional theory (DFT)
as implemented in the VASP 5.2.12 code.®® Our previous
work® showed that the Perdew-Burke-Ernzernhof (PBE)”*
functional combined with the projector-augmented-wave
(PAW) method and a plane-wave cut-off of 400 eV gives satisfac-
tory results for the simulation of NC-AFM experiments on the
TiO,(110)-(1 x 1) surface, also including the case where a Pt
adsorbate is present.”® Here we maintain the same approach
and use the same calculation parameters for energy and force
convergence and k-sampling. To represent the protrusion and
hole mode imaging tips, we rely on the structural models used
in our previous studies to explain the force spectroscopy
curves associated with the protrusion and hole modes over a
broad range of tip-sample distances.”**® The models consist
of small TiO, clusters terminated with an oxygen atom and a
hydroxyl group, respectively. We vary the tip-sample distance
by focusing the tip onto the surface in a quasi-static way, in
steps of 0.25 A, letting the lowermost tip atoms and uppermost
slab atoms free to relax for each step until the forces are
smaller than 0.02 eV A™. To calculate the tip/surface dipole
along the surface normal for the various distances, we evaluate
the Bader charges for each atom and calculate the corres-
ponding dipole moment using the atomic positions and the
corresponding charges. Finally, the work-function is calculated
by subtracting the Fermi energy from the vacuum level for
each tip-sample model system and every tip-sample distance.
We estimate the Fermi level as the energy of the last occupied
state and the vacuum level as the average electrostatic potential
on a plane parallel to the surface and located in the center of
the vacuum region.
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