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ABSTRACT: The adsorption of perylenediimide (PDI)-based dye
compounds (BrPDI, BrGly, and BrAsp) on the defect-free unrecon-
structed (UR) rutile TiO,(110) surface has been studied using total
energy pseudopotential calculations based on density functional
theory. All dye molecules form moderate chemical bonds with the
defect-free UR rutile (110) surface in the most stable adsorption
configurations. Electronic structure analysis reveals that HOMO and
LUMO levels of the adsorbed dye molecules appear within the band
gap and conduction band region of the UR surface, respectively. The
effect of model slab thickness on interaction strength between the dye

and the UR surface has also been examined. Unlike on four-layer slabs, BrGly and BrAsp molecules are dissociatively adsorbed on
the three-layer slabs. Interaction between the BrPDI and partially reduced UR rutile (110) as well as the platinized UR surface has
also been considered to figure out the effects of O vacancy and previously adsorbed Pt clusters on the binding, electronic, and
structural properties of the dye—surface system. The BrPDI molecule prefers to bind to the O vacancy site of the partially reduced
UR surface. The existence of the small Pt, (n=1, 3, and 5) clusters on the reduced UR surface does not significantly alter the binding

strength between the surface and BrPDL

B INTRODUCTION

TiO, is widely used in various applications because it is
chemically stable in different conditions, firm under illumination,
nontoxic, and relatively easy and inexpensive to produce. Most of
the technology applications of TiO, are mainly about its optical
properties such as photovoltaics and photocatalysis. TiO, is
extensively used in dye-sensitized solar cells (DSSCs)"* as an
active semiconducting metal oxide. Although silicon-based solar
cells are stable and capable of efficient solar energy conversion,
their fabrications are rather expensive. Therefore, a growing
interest is devoted to research on DSSCs.> > TiO, is also used
as a catalyst and as a catalyst support. Pt—TiO, and Au—TiO, are
the most active systems studied®” both theoretically and experi-
mentally. Strong-metal-support-interaction (SMSI)®” is another
crucial phenomenon that affects greatly the catalytic activity on
the surface. SMSI is a strong interaction observed between the
small metal clusters and TiO, surface. A fundamental study of the
interaction between the dye molecules and the defect-free
unreconstructed (UR) as well as partially reduced UR and
platinized UR rutile (110) surface will contribute to our under-
standing of the photovoltaic and photocatalytic applications of
TiO, surfaces.

In this study, we have investigated the electronic and structural
properties of UR, partially reduced UR (O deficient), and
platinized UR rutile TiO,(110) surfaces with the PDI-derived
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dye adsorbates, which are important for both fundamental
science and technologic applications. The rutile (110) surface
is the most stable surface among the other rutile and anatase
surfaces. It is often considered as a model metal oxide surface for
experimental as well as theoretical studies.”"”

B METHOD

We have performed first-principles plane-wave calcula-
tions'"'* within density functional theory (DFT)"® using pro-
jector augmented-wave (PAW) potentials."*"> The exchange—
correlation contributions have been treated using the generalized
gradient approximation (GGA) with both PBE'® and PW91"
formulations. The UR—rutile (110) surface has been modeled by
both three- and four-layer slabs to examine effects of thickness on
binding of dye molecules on the titania surface. The three-layer
slab has been mainly used for test purposes, and four-layer slab
calculations will be presented in this work. Depending on the
adsorption geometry, 4 X 2 and 4 X 3 slabs have been construc-
ted. Certain criteria for the choice of supercell dimensions have
been imposed. First of all, these supercells must be large enough
to give the possibility to search different adsorption sites and to
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Figure 1. Side (a) and top (b) views of the defect-free unreconstructed
(UR) rutile (110) surface. Interatomic distances between some of the
atoms are given in A. The bottom two layers of the UR rutile slab are
considered as six atomic planes, namely, P1, P2, P3, P4, PS, and P6. The
coordinations of the surface layer atoms are indicated as subscripts.

prevent the interaction of the dye molecules with its periodic
images. Second, they must be thick enough to reasonably
reproduce most of the TiO, bulk properties. For the rutile
(110) surface, an appropriate choice of the number of the fixed
atoms or layers is crucial to obtain realistic results."® Therefore,
several four-layer UR slab models having different numbers of
fixed atomic planes at the back surface have been examined to see
whether electronic properties and interaction strengths of the
adsorbed dye + slab combined systems change or not. Two
bottom layers can be considered as made up of six atomic planes.
Descriptions of these planes (P1—P6) are depicted in Figure 1-
(a). We have tested the interaction between the dye and the UR
rutile surface against increasing the number of fixed atoms or
layers. In all four-layer UR—dye calculations, the atoms residing
in P1—PS planes at the bottom of the slab have been fixed to their
bulk positions. We allowed all the others to relax to their
minimum energy configurations by using the conjugate gradient
method where the total energy and Hellman—Feynman forces
are minimized. The maximum force magnitude that remained on
each atom has been limited to 0.06 eV/A. For the three-layer slab,
only the atoms in P1 and P2 planes were frozen to their bulk
positions during the calculations. The thickness of the slab model
and the number of frozen atomic planes at the back surface
influence atomic relaxations as well as the relative positions of the
valence band maximum (VBM) and the conduction band mini-
mum (CBM). In agreement with the discussion of Thompson
et al. on modeling the rutile TiO,(110) surface, our tests suggest
that the four-layer slab with five fixed atomic planes (P1—P5)
gives well-converged results for bond lengths and binding
energies.19

Isolated dye molecules have been relaxed in a large orthor-
hombic supercell such that the spacing between the adjacent dye
molecules has been taken as 8 A to prevent interaction between
them. Similarly, the vacuum between the bottom of the periodic
image of the back surface and the top of the adsorbed molecule
has been taken to be at least 8 A. For the Brillouin zone
integrations, in the self-consistent total energy calculations, I
point has been used. A plane-wave basis set with kinetic energy
cutoff of 500 eV has been taken. For the density of states (DOS)
calculations, a finer k-mesh has been used.

B RESULTS AND DISCUSSIONS

Perylenediimide (PDI)-based dye compounds have been
used in the calculations. Optimized molecular structures of these
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Figure 2. Calculated molecular structures of PDI-based dye molecules.
Pink, white, gray, red, and blue colors represent the Br, H, C, O, and N
atoms, respectively. Carboxyl groups are also shown.

PDI-based brominated dye molecules are shown in Figure 2, in
which carboxyl groups, namely, glycine (Gly) and aspartine
(Asp) groups, are asymmetrically attached to the tips in the
cases of BrGly and BrAsp, respectively. These molecules can be
excited under visible-light illumination without undergoing
molecular deformation. Time-dependent density functional the-
ory (TDDFT) corrected HOMO—LUMO gaps for these or-
ganic dyes fall within the visible region with values 2.39, 2.38, and
2.36 eV for BrPDI, BrGly, and BrAsp, respectively, while the
corresponding DFT results are all 1.45 eV. Therefore, they can be
considered as potential candidates in DSSC applications which
absorb photons to generate electron—hole pairs. Detailed dis-
cussions about these dye molecules have been published
elsewhere.*® In molecular design of suitable PDI-based dyes for
DSSC and photocatalysis applications, the degree of dye aggre-
gation on the titania surface, electronic coupling strength be-
tween the perylene core and the underlying surface, and the
existence of multiple electron donating parts are vital parameters.
PDI-based dyes can be further functionalized by replacing
halogen and carboxyl group atoms with different chemical groups
such as cyclohexyl groups, alkyl side chains, aromatic rings, or
pyrrolidine groups.”**

BrPDI Case. This dye is similar to the PTCDA (3,4,9,10-
perylene-tetracarboxylicdianhydride) molecule. Two H atoms at
the sides and two O atoms at the tips of planar PTCDA are
substituted with two Br atoms and two NH molecules, respec-
tively. As a result of the repulsive interaction between Br and its
nearest-neighbor hydrogen, the perylene skeleton of the BrPDI is
slightly twisted. Figure 2 shows the calculated optimized struc-
ture of BrPDI. Figure 3(a) presents the adsorption of BrPDI dye
on the 4 x 2 four-layer UR surface. This surface is large enough
to study particular adsorption modes in which the perylene part
of the dye is perpendicular to the UR surface. For the most stable
adsorption case, the O atom of the dye binds to the S-fold
coordinated Ti atom on the UR surface with an interatomic
distance of 2.04 A. Moreover, two H atoms of dye interact with
the two 2-fold coordinated bridge O atoms. Interatomic dis-
tances in these two H—O bonds are 2.01 and 1.83 A, respectively.
Binding energy Ey, of adsorbed dye on the UR surface has been
calculated in terms of the total energy of the clean UR surface
Er[slab], free dye Er[dye], and dye on the slab Er[slab + dye]
through the following relation

Ey, = Er[slab] 4 Er[dye] — Er[slab + dye]
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Figure 3. Fully optimized geometry of the most stable adsorption modes of (a) UR—BrPD], (b) UR—BrGly, and (c) UR—BrAsp. The 4 x 2 UR slab
has been constructed for the BrPDI and BrAsp dyes. For the BrGly molecule, calculations have been done on the 4 x 3 UR rutile surface. Only the
bonded part of the molecules is shown. Detailed structures of dyes are displayed in Figure 2. Binding energy (E,,) is given for each adsorption case.

Interatomic distance (in A) between some of the atoms is shown.

The value of Ey, for the lowest-energy adsorption mode of BrPDI
is 1.04 eV.

When the perylene part of the dye is parallel to the UR surface,
the 4 x 2 cell is not large enough to study this adsorption mode.
As a result, we have constructed the 6 x 2 cell. To reduce the
computational costs and study the effects of thickness on the
interaction between the UR surface and BrPDI dye, the 6 x 2 UR
slab consisted of three layers. Three main configurations at which
dye is parallel to the UR surface have been built. In the first one,
the longer part of the dyes is along the [001] direction of the UR
surface. We have rotated the first structure by 90° to obtain the
second one. In this case, the longer part of the dye is oriented
along the [110] direction. The last configuration is the mixing of
the first two cases. Dye is oriented along the diagonal of the UR
surface. We have started with three initial structures. One of them
is energetically the most stable adsorption structure of the 4 x 2
four-layer slab case. It is possible to construct a large number of
initial geometries; however, one can reduce the number of
possibilities by using certain basic rules. We know that O atoms
on the surface are negatively charged. Surface Ti atoms
and H atoms of the molecule do not prefer to bind to each
other. By using these simple electrostatic arguments, we have
formed two initial structures in which the molecule is parallel to
the UR surface. The ground state adsorption geometry in both
slab thicknesses is the same. Ej, for the three-layer slab case is
1.11 eV, and this binding energy is greater than that for the
four-layer slab.

BrGly Case. BrGly contains two glycines as carboxyl groups.
The glycine ligand and one of the perylene O atoms anchor
BrGly to the UR rutile (110) surface. Figure 3(b) presents the
optimized adsorption geometry of BrGly on the UR surface for
the energetically most stable structure. Because of the positions
of the glycine groups with respect to the middle part of the dye,
the perylene part is parallel to the UR surface in the most stable
adsorption structure. Therefore, the 4 X 3 slab has been used for
the simulation of this adsorption mode. Dye makes two contacts
with the UR titania surface. The anchor group O (O,) atom
interacts more strongly with the UR surface Ti atoms compared
to the perylene O, atom. The interatomic distance between the
UR surface Ti and the O, (O,) atom is 2.12 (2.25) A. H atoms at
the edge of the perylene core and glycine H (H,) atoms interact
with the UR surface bridge O atoms. The distance between the
H, and its nearest bridge UR surface O is 1.58 A. The other ligand
does not participate in the binding. Dye is molecularly adsorbed
by the UR surface with an Ej, of 0.97 eV.

BrAsp Case. In this dye, the anchor group is aspartine. The
BrAsp sticks to the UR surface through one of its carboxylic
groups. Two O atoms of the anchor group bind to Ti atoms with
an average interatomic distance of 2.14 A. Moreover, H atoms of
aspartine interact with bridge and basal O atoms giving rise to
increased interaction between the dye and the UR surface. E;, of
the most stable adsorption mode is 1.22 eV, and this corresponds
to a molecular adsorption.

Binding energy of BrGly is smaller than that of BrPDI and
BrAsp dyes on the UR surface. In the BrGly case, the perylene
skeleton is parallel to the UR surface, and this situation enhances
the repulsive interaction between the surface and the dye. In
addition, bending of BrGly through its molecular axis over the
surface weakens the binding. In the dye—surface systems, bind-
ing mainly results from the Ti—O interactions. BrGly and BrAsp
dyes are dissociatively adsorbed on the three-layer UR slab. The
O—H bond in the ligand part breaks, and the H atom of glycine
and aspartine anchor groups binds to the bridge O atom on the
UR surface. All dyes bind more strongly to the three-layer UR
slab. For the most stable adsorption structure of BrAsp on the
three-layer UR slab, E}, is 1.76 eV. We have shown that molecular
adsorption of the dyes is favored on the UR rutile surface with at
least the four-layer thick slab model.

For efficient photovoltaic and photocatalytic applications of
dye—TiO, surface systems, it is crucial to use a large part of the
solar spectrum. However, TiO, absorbs the ultraviolet (UV)
portion of the spectrum, which is only about 3% of the whole. In
the dye—surface systems, dye is responsible for the optical
processes which take place in the visible region. In DSSC devices,
dye is excited by photons, and as a result electron—hole pairs are
generated by this illumination. Generated electrons in the excited
states of the dye must be injected to the conduction band of a
semiconductor, and this injection has to be very fast to prevent
recombination, the reduction of the oxidized dye. Therefore, the
position of HOMO—LUMO levels of the dyes with respect to
VB and CB edges of TiO, is very crucial. For an efficient solar
cell, the HOMO level produces occupied levels inside the gap
region, and LUMO is well localized across the CB of the slab.

Figure 4 shows the partial density of states (PDOS) of the
surface 4 dye systems for the most stable adsorption modes. We
notice that all adsorbed dyes induce occupied states inside the
band gap of UR rutile. Moreover, LUMO levels of these
molecules fall inside the CB of the UR slab. Carboxyl groups
do not contribute to the HOMO nor to the LUMO levels of the
free dyes. Therefore, electronic coupling strength between the
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Figure 4. Projected density of states (PDOS) of (a) BrPD], (b) BrGly,
and (c) BrAsp. DOS of the total system and adsorbed dye are
represented by gray and red colors, respectively. The Fermi level is
shown by the red dotted—dashed line. Cyan and dotted—dashed red
arrows mark the position of HOMO and LUMO levels of adsorbed dye
molecules. We have used the Gaussian function with a smearing
parameter of 0.05 eVand 3 X 2 X 1 k-points mesh in PDOS calculations.

perylene core and TiO, influences the performance of the DSSC.
For the BrPDI and BrGly adsorption, there is a significant
coupling between these dyes and the underlying UR surface.
As aresult, it is expected that the electron injection process from
the BrPDI and BrGly excited singlet states to the CB of the UR
surface is faster than those of BrAsp. Slow electron injection rate
means low power conversion efficiency in the DSSC devices.
We obtained the optical absorption spectra by evaluating
dipole matrix elements between occupied and unoccupied states
for each of the cases. Figure S shows the calculated &,(w) for
isolated dye molecules and bare rutile TiO,(110) surfaces as well
as for the dye—surface composite systems. All these molecules
possess strong optical peaks at 1.45 eV corresponding to the gaps
which are underestimated by DFT. For the bare UR surface
(black solid curve in the lower panel), absorption starts after
about 1.6 eV. The comparison of the first peaks of the
BrAsp—UR system and the isolated BrAsp shows that these
peaks are consistent with the HOMO—LUMO gap of the dye.
Similarly, the first peaks of BrPDI and BrGly on the UR surface
are slightly red-shifted isolated dye peaks. The TDDEFT treat-
ment for the composite systems is still computationally demand-
ing. Moreover, one has to include the local field effects with
correct electron self-energy to perform TDDFT calculations for
such periodic systems. Although DFT is a ground state theory
which is not suited to get absorption spectra, it still gives a
reasonable description of the photoexcitation for these particular
dye—UR systems except the position of the first peaks. In fact, we
have previously showed that the positions of these peaks are well
predicted to be at around 520 nm by TDDFT correction®® in
good agreement with the experimental findings.”>** The disper-
sion of the absorption peaks for these dye compounds is
influenced by their molecular structures, adsorption geometries,
and factors like the ambient temperature and coupling to
environment.>* Therefore, the main absorption peaks for BrPDI,
BrGly, and BrAsp are characterized by a transition between the
HOMO—LUMO levels. These optical transitions agree well with
the photoexcitation process in a DSSC application. Moreover,
the dye LUMO levels are positioned well inside the CB of the
semiconductor which allows charge injection to the substrate.
BrPDI Dye on the Partially Reduced UR Rutile (110) Sur-
face. Oxygen vacancy is one of the main point defects on the
rutile (110) surface. It significantly influences the physical and
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Figure 5. Absorption spectra of isolated dye molecules (top panel) and
those of adsorbed dye on unreconstructed (lower panel) rutile (110)
surfaces compared also with the clean surface for both surfaces (black
solid curves).

chemical properties of metal oxide surfaces” and can act as the
preferential adsorption site for adatoms or admolecules. Forma-
tion of oxygen vacancy at the bridge site gives rise to two excess
electrons. Ti*" ions and localized band gap states form upon
reduction of the surface. These gap states are mainly of Ti 3d
character.”>® There is a disagreement among the various first-
principles calculations about the distribution of these excess
charges. Different exchange and correlation (XC) potentials give
very conflicting results. According to standard DFT using LDA
or GGA, excess charges populate the bottom of the conduction
band, which gives the delocalization of these excess charges over
several surface and subsurface layers.””*® However, hybrid func-
tionals such as B3LYP predict localization of defect charge over
two specific surface Ti sites.”” It is known that DFT fails to
describe strongly correlated systems. The DFT+U approach
provides a reasonable description of the electronic and geometric
structure of the reduced surface, which is consistent with some
experiments. However, in a recent experiment by using the
resonant photoelectron diffraction technique,®® it has been
shown that the defect charge is distributed over several surface
and subsurface Ti sites. These results are consistent with DFT
calculations which have predicted a delocalization of the defect
charge. DFT theory based on Kohn—Sham orbitals predicts an
underestimated band gap. However, it generally predicts adsor-
bate binding energy correctly. In this work, we have also
examined the interaction between the BrPDI and partially
reduced 4 x 2 rutile (110) surface possessing single O vacancy.
We have tried to obtain qualitative results for the binding of the
dye on reduced surface. Single O vacancy has been obtained by
removing a bridging oxygen from the 4 x 2 surface. The resulting
partially reduced surface has a ferromagnetic ground state. The
induced magnetic moment upon formation of single O vacancy is
1.77 up. In contrast to this large magnetic moment, the energy
difference between the ferromagnetic and nonmagnetic solutions
is 20 meV. As a result of O vacancy, the structure of the surface at
the vicinity of vacancy is disturbed. On reduced surfaces,
vacancies are very reactive sites. In the construction of initial
structures for the BrPDI—surface system, this argument has been
adopted. During the calculations, the effect of spin polarization
has been ignored. For the most stable adsorption mode, the O
atom of BrPDI prefers to occupy the position of the vacancy (see
Figure 6(a)). Two H atoms of the dye interact with the bridge
and basal O atoms. Ey, of this adsorption mode is 1.22 eV, which is

9223 dx.doi.org/10.1021/jp107428t |J. Phys. Chem. C 2011, 115, 9220-9226



The Journal of Physical Chemistry C

7\
A

17N
.

inel-C-Pe-O e P

Pt;

dpym = 2.59
dppmp =245
dpgmy = 2.37
dpype=2.57
dpyps=2.55

po-pe = 2.64

dpy.01 =2.04
dpp.z =2.10

Pts

/N
N

A)
N
0

NI/
A’

£

S

A

§ \ %
ZE\
®,

‘_‘WAQ%A‘.'A

a

dpyi = 2.61
dpo12=2.50
dpgmiz = 2.54
dpyria = 2.48
dpis.mi = 2.66
dpype=2.56
pups = 2.60
pa-ps = 2.53
dpapu= %Z;
PB-Pt5s — 2
pu-pis = 2-37
dpyor =2.04
dpp.0r =2.07

<

YaaN7

'

g&

dps.o3 =2.08

Figure 6. Fully optimized geometry of the most stable adsorption modes of BrPDI on (a) partially reduced, (b) Pt—surface, (c) Pt;—surface, and (d)
Pt;—surface. Top view of the ground state structure of the Pt monomer, Pt;, and Pt; clusters adsorbed on the partially reduced 4 x 2 rutile (110) surface
is also represented. Binding energy (E,) is given for each adsorption case in eV. Interatomic distance (in A) between some of the atoms is shown.

greater than the E,, of BrPDI on the defect-free UR rutile (110)
surface (see Figure 3).

BrPDI Dye on Platinized UR Rutile (110) Surface. Photo-
reduction of CO, under UV and visible light has been tested over
the dye (brominated PDI derivatives: BrGly and BrAsp) sensi-
tized, Pt-promoted thin and thick films of TiO, by Ozcan et al.**
Pure and Pt-containing TiO, films are inactive under visible light.
These films are activated by the adsorbed organic dye sensitizers.
Furthermore, we have also studied the interaction of BrPDI with
the platinized rutile surface as a prototype of the dye—Pt—surface
system. For this surface, three cases have been considered. For the
first one, the single Pt atom is adsorbed by the surface at the vacancy
site. A three-atom cluster is formed at the vicinity of the vacancy site
for the second case. Finally, a five-atom Pt cluster on this surface is
considered. Ground state structures of Pt,, clusters (n = 1, 3,and S)
adsorbed on the partially reduced 4 x 2 rutile (110) surface are
shown in Figure 6. It is noticed that the interatomic distances in
Pt—Tiand Pt—Pt bonds increase as the coordination number of Pt
atoms increases. Binding energy per Pt atom on the partially reduced
surface has been calculated in the following way

E, = (E[slab] + nE[Pt] — E[slab + Pt,])/n

In this formula, E[slab], E[Pt], and E[slab + Pt,] are the total
energies of the bare slab, free Pt atom, and the fully relaxed slab -+ Pt

system. Here, n represents the number of Pt atoms adsorbed on the
surface. The values of E;, for monomer, trimer, and pentamer
clusters are 3.15, 3.66, and 3.83 eV, respectively. The ground state
structure of the adsorbed Pt; cluster has triangular geometry, and
two Pt atoms are adsorbed at the vacancy site of the surface. The
adsorbed Pty cluster has a planar ground state structure on the
reduced surface. Pt; and Pts clusters have been constructed by
repeatedly adding a single Pt atom to a smaller cluster and allowing
the structure to relax on each step. We have performed a systematic
search to find the lowest energy structure of these small clusters on
the titania surface. Inclusion of spin polarization effects on the
calculations was tested and found to be negligible. Figure 7 shows
the partial density of states for the Pt,—surface systems before and
after the interaction with BrPDI. The analysis of the density of states
reveals that the Pt,—surface system becomes metallic for n = 3 and
S. Metal-induced states are observed in the band gap of surface for
the Pt monomer case. Because of these states, adsorption of a single
Pt atom lowers the optical threshold of the rutile (110) surface.
Figure 6 shows the optimized structure of BrPDI adsorbed on
platinized rutile (110) surface (Pt,—surface, where n =1, 3, and S).
For the interaction between the dye and Pt,—surface system, the
most energetic adsorption site is the same as the adsorption of
BrPDI on the defect-free UR rutile surface. Dye molecule does not
interact with the previously adsorbed Pt atom. The calculated
molecular binding energy is 1.05 eV for this case. In contrast to
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Figure 7. Projected density of states (PDOS) of (a) Pt monomer,
(b) Pts, and (c) Pts clusters adsorbed on the partially reduced 4 x 2
rutile (110) surface. PDOS of BrPDI adsorbed on (d) Pt—surface, (e)
Pt;—surface, and (f) Pts—surface. DOS of total system, adsorbed dye,
and Pt atoms are represented by black, red, and blue colors, respectively.
Fermi level is shown by the red dotted—dashed line. We have used
Gaussian function with a smearing parameter of 0.0S eVand 3 x 2 x 1
k-points mesh in the PDOS calculations.

the Pt;—surface system, adsorbed Pt clusters contribute to the
binding of dye on the surface in the cases of Pt; and Pt; clusters. In
both cluster cases, the O atom of BrPDI binds to a particular Pt atom
of the clusters with an average interatomic distance of 2.04 A. In Pt-
oxides, Pt—O bond length is about 2.0 A. In addition to Pt—O
bonds, the H atom at the tip of the dye molecule interacts with a
2-fold coordinated bridging O atom at the surface in the presence of
both Pt; and Pts clusters. The interatomic distance between these
two interacting atoms is about 1.80 A. We have also calculated the
binding energy of BrPDI on the Pt,—UR surfaces which are 1.22 for
n=3and 0.96 eV for n = 5 clusters. In principle, one might expect a
Schottky barrier formation at the Pt/TiO, interface; hence, elec-
trons cannot easily transfer from Pt to TiO,. However, here, we have
only considered very small Pt,, clusters adsorbed on the surface. For
all Pt, (n =1, 3, and S) cases, the dye brings an occupied state
localized in the gap which derives from the HOMO level of the
adsorbed dye. Moreover, the LUMO level is well localized within
the CB of the surface. Unlike the optimized BrPDI—Pt;—UR
surface system, it is hard to inject an excited electron of the dye into
the CB of the underlying surface in the case of Pt; and Pts. In these
cluster cases, dye interacts with surface through its H atom which has
no contribution to the formation of LUMO of the dye. The generated
charge eventually transfers to the Pt; or Pts clusters. In the
dye—Pt,—surface system, first, the dye is excited by the visible light.
Generated charge may be transferred to the Pt clusters by the
following two ways: (1) Dye—surface—Pt, and (2) Dye—Pt,. In
the first case, we have multiple charge transfer mechanisms which can
be observed in the case of dye—Pt;—surface. When the charge
reaches the Pt cluster, it can be used in the catalytic process, which
takes place on a cluster. In this way, visible-light photocatalysis is
obtained by using dyes as light-harvesting molecules. We considered
simple dye—cluster—surface systems with rather small Pt clusters.
However, this work provides a fundamental understanding for the
photocatalysis applications of the dye— Pt-promoted—titania surfaces.

Bl CONCLUSION

In conclusion, the adsorption of BrPDI, BrGly, and BrAsp dye
molecules on defect-free UR rutile (110) surfaces has been

investigated. Dyes bind to the UR surface strongly. As a result
of interaction between the dye and UR surface, an optical
response of the combined system is adapted to visible light.
Regardless of the type of dye molecules and surfaces, HOMO
and LUMO levels of adsorbed dye appear within the gap and
conduction band region of the UR surface, respectively. We have
performed the calculations on both three- and four-layer thick
UR slabs. It is observed that the computed binding energies of
the dyes are dependent on the thickness of the slab. We have also
discussed the interaction of the BrPDI molecule with the partially
reduced and platinized UR rutile (110) surfaces. For the reduced
UR surface, dye prefers to bind to the O vacancy site. Adsorption
of Pt atoms on the partially reduced UR surface greatly influences
the electronic properties of the rutile (110) surface.
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