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Abstract: Adsorbate-induced band gap states in semiconductors are of particular interest due to the potential
of increased light absorption and photoreactivity. A combined theoretical and experimental (STM,
photoemission) study of the molecular-scale factors involved in the formation of gap states in TiO; is
presented. Using the organic catechol on rutile TiO,(110) as a model system, it is found that the bonding
geometry strongly affects the molecular electronic structure. At saturation catechol forms an ordered 4 x
1 overlayer. This structure is attributed to catechol adsorbed on rows of surface Ti atoms with the molecular
plane tilted from the surface normal in an alternating fashion. In the computed lowest-energy structure,
one of the two terminal OH groups at each catechol dissociates and the O binds to a surface Ti atom in
a monodentate configuration, whereas the other OH group forms an H-bond to the next catechol neighbor.
Through proton exchange with the surface, this structure can easily transform into one where both OH
groups dissociate and the catechol is bound to two surface Ti in a bidentate configuration. Only bidendate
catechol introduces states in the band gap of TiO..

1. Introduction

Catechol adsorbed on TiO, has received considerable attention
in recent years both as a model system for the photocatalytic
oxidation of organic pollutants' and as a model dye sensitizer
for TiO,-based dye sensitized solar cells (DSSC).** Catechol
adsorbed on TiO, nanoparticles5 shows a band in the absorption
spectrum at ~430 nm (i.e., below the onset of the band-to-
band TiO, absorption at ~380 nm, and well below the
intramolecular excitation at 300 nm) that is attributed to the
indirect excitation from the molecular HOMO in the TiO,
bandgap to the conduction band of the nanoparticle.* This
finding has prompted several theoretical studies of the bonding
geometry and molecule—semiconductor charge transfer process
by various approaches, including semiempirical quantum-
chemical, density functional theory (DFT), and time-dependent
quantum methods.**~® Other simple aromatic molecules such
as benzoic acid do not introduce states into the band gap,*®
making them unsuitable for modeling photoexcited charge
transfer.

Given the interest in catechol, there has been little to no
atomic scale experimental study of its adsorption geometry on
TiO, surfaces, possibly because bonding properties similar to
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those of the carboxylic acids have been assumed.”'® In this
work, we use UV photoemission spectroscopy (UPS), scanning
tunneling microscopy (STM), and DFT calculations to inves-
tigate the adsorption properties of catechol on the prototype
rutile TiOy(110) surface, which is the best microscopically
characterized surface of TiO,.

Our STM measurements show that catechol molecules form
an ordered densely packed monolayer on the TiO,(110) surface,
and UPS finds that this overlayer gives rise to electronic states
above the TiO, valence band edge in the band gap. DFT
calculations can explain these findings by assuming that two
structures are simultaneously present: one involving only
partially dissociated (monodentate) adsorbed molecules, and the
other involving alternating monodentate and bidentate (fully
dissociated) molecules. The first structure is computed to be
most stable, but the mixed monodentate—bidentate structure,
which is the next most stable one and 0.18 eV/molecule higher
in energy, is essential to explain the UPS data. Our calculations
further suggest that the two monolayer structures can easily
transform one into the other via proton exchange with the
surface. Both finite temperature entropic effects and the reduc-
tion of the TiO, sample (not accounted for in our calculations)
may contribute to the stabilization of the mixed monolayer
structure.
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2. Experimental and Theoretical Details

Scanning tunneling microscopy (STM) measurements were
performed at room temperature and low temperature in an ultrahigh
vacuum (UHV) chamber with base pressure of 2 x 107! mbar
and a variable-temperature STM. Catechol was dosed through a
leak valve onto sputtered/annealed TiO,(110) substrates. Clean and
catechol-dosed TiO, surfaces were characterized by X-ray photo-
electron spectroscopy (XPS) and shown to be free from contami-
nants. UPS was performed on the 3m TGM beamline at the Center
for Advanced Microstructures and Devices (CAMD) in Baton
Rouge, LA. All photoemission measurements were taken with 40
eV photons and an analyzer that could be moved about two
azimuthal orientations. The TiO,(110) surface was prepared with
standard cleaning procedures involving sputtering and annealing
in UHV. Catechol (Alfa Aesar, 99%) was purified through a
combination of heating and vacuum sublimation. The as-purchased
product is a powder with a light-brown coloration, and after further
purification the catechol changed to a light-yellow color. Small
amounts of water were evident upon analysis by mass spectrometry.
XPS and UPS show no indication of fragmentation of the aromatic
ring upon adsorption.

DFT calculations were performed on a 4 x 1 supercell of a TiO,
(110) slab with four O—Ti—O trilayers, using the PBE exchange-
correlation functional,'" within the plane-wave pseudopotential
method as implemented in the Quantum-Espresso package.'?
Ultrasoft pseudopotentials'? included O 2s and 2p and Ti 3s, 3p,
3d, and 4s electrons. Plane-wave basis set cutoffs for the smooth
part of the wave functions and the augmented density were 25 and
200 Ry, respectively. A 1 x 2 x 1 mesh of k-points was used to
sample the Brillouin zone. Molecules were adsorbed on one side
of the slab only, and a vacuum of 15 A was introduced to separate
adjacent replicas. All atomic positions were fully relaxed except
the atoms in the bottom trilayer of the TiO, slab, which were kept
fixed. Geometry optimizations were carried out until the largest
component in the ionic forces was less than 0.03 eV/A. Our
theoretical STM images were calculated from the local density of
states in the vacuum region'* at distance of ~2.0 A from the highest
molecular apex.

3. Results and Discussion

Parts a—c of Figure 1 show the TiO,(110) surface with
increasing amounts of catechol, dosed at room temperature. The
clean TiO,(110) surface contains a few percent of oxygen
vacancies as is typical for this surface. Depending on the vacuum
conditions during dosing, these vacancies were partially filled
with hydroxyls through dissociation of water from the residual
gas before introducing catechol. The experimental results shown
here were independent of the degree of surface hydroxylation
of O vacancies. At the lowest coverage, STM shows isolated
catechol molecules, adsorbed at the undersaturated TiSc atoms
of the TiO,(110) surface (part a of Figure 1). As the coverage
increases, the molecules begin to form pairs and short rows,
extended along the [110] direction (parts b and ¢ of Figure 1).
At saturation coverage, STM shows the formation of a well-
ordered superstructure with a 4 x 1 periodicity (Figure 2); this
complete monolayer is the focus of the current work. The
formation of the (4 x 1) overlayer was independent of dosing
temperature, except for the lowest temperatures (145 K, part d
of Figure 1), where catechol forms poorly ordered [110]-oriented
rows, probably due to low mobility. No indication of multilayer
formation was observed.
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Figure 1. (a—c) STM images (30 x 30 nm?) of a TiO,(110) surface with
increasing catechol coverage at room temperature and (d) of a saturation
coverage of catechol dosed at 145 K. Note that the sample orientation is
rotated in (d). Indicated are hydroxyls at bridging oxygen rows (black
arrows), isolated catechol molecules (blue arrows), pairs of catechol
molecules (green arrows), and [110]-oriented rows of catechol molecules
(white arrows).
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Figure 2. STM images (10 x 10 nm?) of a TiO(110) surface covered
with a4 x 1 overlayer of catechol, recorded on the same area with sample
bias voltages of (a) +0.9 V and (b) +0.6 V and a tunneling current of
~0.03 nA. The green and blue arrows mark the position of the line profiles
displayed in (c) and (d), respectively. The substrate and overlayer unit cells
are sketched in (a).

The 4 x 1 superstructure constitutes a catechol coverage of
half a monolayer (i.e., one catechol molecule per two TiO,(110)
unit cells), as confirmed with XPS. Interestingly, the appearance
of the 4 x 1 superstructure depends on the tunneling conditions
in STM. In part a of Figure 2, each molecule has the same
apparent height, whereas every other [110]-oriented row appears
slightly different in part b of Figure 2 using a different tunneling
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Figure 3. UV photoemission in mirror plane configuration from a clean
TiO,(110) surface and after exposure to a saturation coverage of catechol
at room temperature. UV light (hv = 40 eV) was incident along the sample’s
[110] direction; schematics for allowed and forbidden detector geometries
are shown in the upper right-hand corner. The catechol HOMO is located
at a binding energy of 2.4 eV, above the edge of the clean TiO, valence
band. Orbital symmetries for spectral features are indicated. The inset on
the top left shows the intensity variation of the HOMO states with the
analyzer takeoff angle, indicating a molecular tilt (15—30°).

voltage. As we will argue below, the difference in STM contrast
is attributed to different bonding configuration of the catechol
molecules.

To test the electronic structure of adsorbed catechol, we
performed angle-resolved UV photoemission spectroscopy
(ARUPS) using linearly polarized synchrotron radiation, as seen
in Figure 3. Spectra from the clean TiO,(110) surface show a
small, characteristic gap state around 0.8 eV binding energy.
This state is indicative of (hydroxylated) oxygen vacancies or,
possibly, titanium interstitials.'> Upon adsorption of a saturation
coverage of catechol at room temperature, additional states are
introduced; in particular, a peak around 2.4 eV binding energy
appears in the band gap. The symmetry of this and higher
binding-energy states is assigned using different sample/analyzer
geometries and applying selection rules,'® as seen in Figure 3.
For these mirror plane emission measurements, the sample was
mounted with its [001] axis in horizontal/vertical direction, that
is, parallel/perpendicular to the polarization direction of the
incoming synchrotron light. Spectra were taken with the electric
vector, E, of the incident light parallel to one major surface
mirror plane, i.e. either [001] or [110]. The detector was moved
parallel and perpendicular to this mirror plane, as seen in the
inset of Figure 3. Thus, the photoemission signal is modulated
from allowed to forbidden based on the symmetry of the initial
electron wave function.'® A strong asymmetry is observed
between spectra taken in the allowed and forbidden geometry
with the electric vector E parallel to the [1 10] direction (spectra
shown in Figure 3); in particular, note the large enhancement
of the catechol HOMO in the allowed geometry. The molecular
orbital symmetries deduced from these measurements and
corresponding data with E || [001] are indicated in the spectra.
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Figure 4. Calculated adsorption geometries of 0.5 monolayer of catechol
on TiO, (110) with adsorption energies per molecule listed for each model.
The top row shows configurations (A) where neighboring catechols are tilted
in opposite directions, and in the bottom row (B) every other molecule is
upright. D2 catechols are bonded in a bridging bidentate geometry, whereas
molecules labeled D1 have only one dissociated hydroxyl group. Empty
state simulated STM images (V = 1.8 eV with respect to the computed
Fermi energy, see Figure 6) are shown for each structure. In these images
the spots are in registry with the geometric structure shown just above, e.g.
the brighter spots in the image for D1_D2(A) correspond to the D1 molecule.

From these results, we conclude that the catechol benzene ring
is parallel to the [001] direction of the TiO, surface. It also
appears that the peak at 2.4 eV is composed of two states, which
are assigned to the HOMO and HOMO-1 of catechol. On the
basis of the emission pattern obtained from angle-resolved UPS
measurements (inset Figure 3), it is concluded that the catechol
molecules, which give rise to the band gap state, are tilted by
+15—30° with respect to the surface normal.

DFT calculations for low coverages (!/4, ML) show that the
most stable structure is a completely dissociated (D2) molecule
in a bidentate configuration, bridge-bonded to two TiSc atoms
of the TiO,(110) substrate. Such an isolated molecule adsorbs
with an upright configuration, with the benzene ring oriented
perpendicularly to the surface. With a binding energy of 1.05
eV, this configuration is more stable by 0.11 and 0.36 eV with
respect to adsorbed catechol with one dissociated terminal
hydroxyl (D1) and molecularly adsorbed (Mol) catechol,
respectively. The densely packed phases observed experimen-
tally were modeled with two adsorbed molecules per 4 x 1
unit cell, corresponding to the '/, ML coverage observed
experimentally. A total of nine possible adsorption geometries
were examined. Structures with exclusively upright catechol
molecules, as observed for isolated molecules, are not discussed
here, as these configurations have a 2 x 1 periodicity and weak
adsorption energies due to repulsive interactions between
benzene rings. Figure 4 shows the optimized structures of
configurations that exhibit a 4 x 1 periodicity; they consist of
either alternating left—right tilted (upper row, A) or upright-
tilted molecules (lower row, B) along the [110] direction (tilt
angle ~27°). Three dissociation combinations were considered:
all catechol fully (D2_D?2) or partially (D1_D1) dissociated, and
a 1:1 mixture of partially and fully dissociated molecules
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Figure 5. STM images (10 x 10 nm?) of a TiO(110) surface covered
with a full monolayer of catechol, dosed and imaged at room temperature.
The (4 x 1) overlayer exhibits different types of domain boundaries as
sketched in the schematics. For structural domain boundaries (a, b), labels
in the schematics refer to catechol as left (L) and right (R) tilted. In (a),
two neighboring domains are shifted by one (substrate) unit cell along [001],
and the image in (b) contains a domain boundary where neighboring
molecules switch from a left-tilt configuration to a right-tilt configuration
when going along one [110]-oriented row. In (c-1), no domain boundary is
visible under symmetric tunneling conditions. The same area, imaged with
slightly different tunneling conditions (c-2) gives rise to a domain boundary
of molecules having different (apparent) heights. Observing a domain
boundary is unequivocal evidence that the height difference is due to the
sample and not the STM tip.

(D1_D2). In both D1_D1 and D1_D2, H-bonding between the
hydroxyl on a D1 catechol and the oxygen of the neighboring
D1lor D2 molecule makes these configurations more stable than
any low coverage or the D2_D2 structure. Fully molecular
configurations lead to low binding energies and are not
considered further.

From Figure 4, it appears that the D1_DI1(A) structure with
left/right tilted, monodentate catechol molecules exhibits the
largest binding energy and would thus be predicted to be the
most stable geometry. However, the mixed D1_D2 configura-
tions as well as the D1_D1(B) structure are not much higher in
energy, 0.18 and 0.23 eV, respectively.

To make a closer connection between theory and experiment,
(empty states) STM images have been calculated; these are also
reported in Figure 4. According to the simulated images, B
configurations exhibit a clear difference between tilted and
upright molecules, as the latter give rise to two-lobe spots
reflecting the s character of the molecular states. These
differences are more substantial than the subtle differences
observed in the experimental images of Figure 2, suggesting
that B configurations should not be present in the experiment.
Images consistent with the experimental ones are instead
computed for all type A configurations. In the simulated images,
there are subtle differences between right- and left-tilted
molecules, which depend on the voltage. However, these
differences are generally small for D1_D1(A) and D2_D2(A),
whereas they are quite significant for D1_D2(A). In the latter
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Figure 6. Total DOS of a 4 x 1 overlayer of catechol/TiO, (110) in
D1_DI(A) and D1_D2(A) configuration. The DOS for the clean surface
(back curve) is also shown. The energy zero is the computed Fermi energy.
Right panel: HOMO of catechol in different adsorption configurations at
0.25 ML coverage. From the top to the bottom: Molecular, partially
dissociated monodentate D1, and fully dissociated bidentate D2, in upright
configuration; bottom, bidentate tilted configuration. O atoms are red, Ti
gray, C green, and H yellow.

case, the partially dissociated D1 molecule appears brighter over
a wide range of voltages (Figure S1 in the Supporting Informa-
tion).

We considered whether the calculated left/right tilt of the
molecules could give rise to experimental artifacts resulting in
STM apparent height differences; if the STM tip were asym-
metric, the tunneling probability could vary for left- and right-
tilted molecules, resulting in different molecules with different
brightnesses in the constant-current mode employed; such an
asymmetry in tunneling probability might be more pronounced
for certain bias voltages. Inspection of domain boundaries
(Figure 5) convinces us, however, that this is not the case and
that the observed height differences must be due to different
molecular geometries in the overlayer rather than a tip asym-
metry. The experimentally observed antiphase domain bound-
aries shown in parts a and b of Figure 5 correspond to a shift
of one and two unit cells between adjacent domains, respec-
tively. In part c-1 of Figure 5 no domain boundary is visible
under the symmetric tunneling condition. The same area, imaged
with slightly different tunneling conditions, part c-2 of Figure
5, gives rise to a domain boundary of molecules having different
(apparent) heights. The observation of apparent height changes
across domain boundaries is unequivocal evidence that the
height difference is due to the sample and not the STM tip.

It is instructive to compare the (computed) electronic
structures of the two most stable configurations with tilted
molecules, D1_DI(A) and D1_D2(A), as seen in Figure 6. It
appears that gap states occur for the D1_D2(A) structure but
not for the D1_D1(A) one. In fact, our DFT calculations predict
that only bidentate bonded (D2) catechol gives rise to gap states;
the monodentate (D1) species, whether in D1_D1 or D1_D2
conformations, does not introduce states into the band gap. By
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combining this with the STM and UPS findings, we conclude
that both D1_D1(A) and D1_D2(A) structures should be present
in the experiment. On the basis of constrained minimization
calculations, the barrier for transition from D1_D2(A) to the
most stable D1_D1(A) structure is estimated as ~0.21 eV. Thus,
these two structures can easily convert from one into the other
via proton exchange between the surface and the adsorbed
catechol. We also note that, although energetically less stable,
D1_D2(A) should be entropically more favorable than D1_D1(A).

To understand the origin of the gap states for bidentate
catechol, we carried out a detailed analysis of the geometric
structures, projected densities of states, and molecular orbital
charge densities for the adsorbed catechol—TiO, system at both
0.25 and 0.5 ML coverages. For molecularly adsorbed catechol
(Mol), we find that the HOMO is a s state that lies about 0.4
eV below the top of the TiO, valence band (E,). This is
consistent with the fact that the measured ionization energy,
8.17—8.56 eV, of gas phase catechol'? is larger than that of an
electron at the top of the TiO, valence band, which is in the
range 7.5—8 eV.? In the D1 and D2 configurations, with one
and two dissociated hydroxyl groups, respectively, the catechol
HOMO couples to 3d states on the Ti atoms to which the
molecule is bonded (see the isosurface plots on the right of
Figure 6). As a result, the HOMO moves up in energy; it is
~0.1 eV below E, in the DI configuration but moves further
up and lies above E, in the D2 configuration. This destabilization
of the catechol HOMO is a feature that has been found in
theoretical studies using different electronic structure ap-
proaches, and is largely independent of the choice of the DFT
functional.®'”

The same mechanism of gap-state formation that we have
outlined above for catechol applies to other molecules, for
example alizarin'” and glucose,'® for which binding to the
surface occurs via two Ti—O bonds formed upon dissociation

(17) Duncan, W. R.; Prezhdo, O. V. J. Phys. Chem. B 2005, 109, 365—
373.
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of two molecular hydroxyls. By contrast, no gap state is present
for molecules like phenol and benzoic acid,*® for which
adsorption requires dissociation of a single molecular OH group.
The adsorbate-induced occupied states in the TiO, band gap
are important in photocatalysis because they are efficient traps
for photogenerated holes. This suggests that catechol adsorbed
in bidentate form is more easily photo-oxidized than catechol
adsorbed in molecular or monodentate form. The catechol-
induced gap states are also relevant for charge transfer in DSSCs.
Photoexcitation from these occupied states can lead to efficient
direct charge injection into TiO, at sub-bandgap energies.®
However, the coupling of these states to the TiO, semiconductor
may also favor the back transfer of the photoexcited carrier to
the dye, a detrimental effect for the performance of DSSCs.

5. Summary

In summary, combining DFT calculations with UPS and STM
measurements, we have found that catechol adsorbed on
TiO,(110) can form two different full-coverage H-bonded
structures, comprising either monodentate only or mixed
monodentate—bidentate molecules. These two structures can
easily convert from one into the other via proton exchange
between the surface and the adsorbed catechol. There is an
important correlation between the electronic structure, the
adsorption geometry, and the degree of dissociation of the
molecules. This correlation can play a significant role in
photocatalysis and DSSCs.
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