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Using the first-principles plane-wave pseudopotential method within density functional theory, we system-
atically investigated the interaction of perylenediimide (PDI)-based dye compounds (BrPDI, BrGly, and
BrAsp) with both unreconstructed (UR) and reconstructed (RC) anatase TiO,(001) surfaces. All dye molecules
form strong chemical bonds with surface in the most favorable adsorption structures. In UR-BrGly, RC-BrGly,
and RC-BrAsp cases, we have observed that highest occupied molecular orbital and lowest unoccupied mo-
lecular orbital levels of molecules appear within band gap and conduction-band region, respectively. Moreover,
we have obtained a gap narrowing upon adsorption of BrPDI on the RC surface. Because of the reduction in
effective band gap of surface-dye system and possibly achieving the visible-light activity, these results are
valuable for photovoltaic and photocatalytic applications. We have also considered the effects of hydration of
surface to the binding of BrPDI. It has been found that the binding energy drops significantly for the com-

pletely hydrated surfaces.
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I. INTRODUCTION

The research on renewable energy sources is of greater
importance than ever because of the increasing atmospheric
carbon dioxide level as a result of the consumption of fossil
fuels and growing demand on energy. Among them, solar
cells are the photovoltaic devices in which light are con-
verted to electricity. Although, silicon based solar cells are
capable of stable and efficient solar energy conversion, their
fabrication is expensive. Therefore, several studies has been
conducted to develop less expensive although efficient alter-
natives. Dye-sensitized solar cells (DSSCs) (Refs. 1 and 2)
have been a focus of attention because of their potential low
cost and relatively high power conversion efficiency. There
is a great deal of effort in order to improve the efficiency of
DSSC by investigating various alternative dyes and semicon-
ductor systems including surfaces, nanoparticles, nanotubes,
and nanowires.>® As a matter of fact, TiO, is widely used in
DSSC as an active semiconductor metal oxide because it is
chemically stable in different conditions, firm under illumi-
nation, non toxic, and relatively easy and cheap to produce.
Moreover, in recent years, the titania anatase surfaces are
studied from first-principles calculations for different proper-
ties and applications such as the microscopic mechanisms
related to photogenerated electrons at titania-molecule
interface’ or the band-gap narrowing for enhanced photo-
electrochemical activity.?

Even though among its polymorphs rutile structure is the
most stable bulk phase for TiO,, anatase phase is considered
for the surfaces and nanocrystals since they are active and
efficient for most of the applications based on these. Hence,
the surface structures of anatase phase of titania are investi-
gated in detail.>~'®!® Most of anatase TiO2 crystal surfaces
are dominated by the thermodynamically stable (101) surface
which constitutes more than 94% of total exposed surface
according to Wulff construction.” However, the minority
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(001) surface is much more reactive compared to (101) facet
as also shown by density functional theory (DFT)
calculations.'® It was pointed out that (001) surface has an
important role in observed properties such as reactivity of
anatase nanoparticles, which cannot be explained by consid-
ering majority (101) surface. Relative stability of various
low-index surfaces of anatase nanoparticles might be con-
trolled by surface chemistry such as pH environment or hy-
droxilation, or particle size.!”'® Another recent study showed
that single-crystal anatase TiO, with a high percentage (001)
surface can be synthesized by using hydrofluoric acid as a
morphology controlling agent.!® Furthermore, fluorated ana-
tase surface can be easily cleaned to obtain fluorine free sur-
face without altering the crystal structure and morphology.
Because of the higher reactivity (which is crucial for prom-
ising solar cell applications) of the (001) surface compared to
the (101) surface, we used (13X 1) clean as well as (1X4)
reconstructed (001) surfaces to study interaction between
TiO, surface and adsorbate dye molecules.

In this study, we report the electronic properties of unre-
constructed (UR) and reconstructed (RC) anatase TiO,(001)
surfaces with perylenediimide (PDI)-derived dye adsorbates,
important for DSSC technology. We have obtained both
adsorbate-induced occupied gap levels and band-gap narrow-
ing. These results are essential for photovoltaic and photo-
catalytic applications. For these applications, adsorbate-
surface system must be stable to illumination and physical
and chemical processes that follow. Moreover, electronic
structure of the whole system, including the surface and the
adsorbed dye molecule, has ability to absorb a large part of
the solar spectrum.

II. METHOD

We have performed first-principles plane-wave
calculations®®?! within DFT (Ref. 22) using projected

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.035431

CAKIR et al.

augmented-wave (PAW) potentials?>** with electronic con-
figurations 3p®3d°4s' for Ti and 25*2p* for O. The exchange-
correlation contributions have been treated using generalized
gradient approximation (GGA) with PWO91 (Ref. 25) formu-
lation. In this study, we have used slab geometry for surface
calculations. The clean and (1 X 4) reconstructed anatase sur-
faces are modeled as a periodic slab with a four-layer thick-
ness, which is enough to mimic anatase (001) surface.”!>10 It
is very well known that surface properties of TiO, exhibit
slow convergence, and the surface energy and the band gap
show oscillations with the thickness of the surface slab.!*26
Four-layer slab can be considered as the smallest representa-
tion of anatase (001). Since these large dye molecules have
been considered with different surface coverages, the anatase
(001) surface has been modeled by both periodic (2X4)
(7.606 and 15212 A) and (4x4) (15212 and 15.212 A)
surface unit cells (UR or RC) with four layers of slabs of
TiO, containing at least 192 atoms; therefore, it is hard to
use more thicker slab. We have imposed certain criteria for
the choice of supercell dimensions. First of all, these super-
cells must be large enough to give possibility of searching
different adsorption sites and of preventing 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. The vacuum between the bottom of the
slab and the top the adsorbed molecule has been taken at
least 8 A. In all calculations, only the atoms in the bottom
surface have been fixed to their bulk truncated positions al-
lowing all others to relax to their minimum-energy configu-
rations by using conjugate gradient method where total en-
ergy and atomic forces are minimized. Maximum force
magnitude that remained on each atom has been limited to
0.06 eV/A. Isolated dye molecules have been relaxed in
large orthorhombic supercells such that the spacing between
the dye molecules has been taken as 8 A in order to prevent
interaction between adjacent isolated molecules. For
Brillouin-zone integrations, in the self-consistent potential
and total-energy calculations, I point and three special k
points have been used for (4X4) and (2X4) supercells,
respectively.”’” A plane-wave basis set with kinetic-energy
cutoff of 500 eV has been used.

III. RESULTS AND DISCUSSIONS

The minimum-energy structures of UR and RC anatase
Ti0,(001) surfaces are shown in Fig. 1. The coordination in
bulk anatase is sixfold and threefold for Ti’s and O’s, respec-
tively. However, the UR surface has twofold and threefold
coordinated O and fivefold coordinated Ti atoms, while we
have also fourfold Ti’s in the case of the RC structure. Exis-
tence of undercoordinated atoms influences the chemical and
physical properties of surfaces. In the relaxed structure of
UR surface, we have inequivalent bridge O-Ti bonds with
lengths of 2.21 and 1.76 A for O1-Til and O1-Ti2, respec-
tively. Til-O1-Ti2 bond angle is 146.3°. (1 X 1) anatase
(001) surface is not very stable. However, it can be stabilized
upon hydration or reconstruction of surface attained by heat-
ing to elevated temperatures.'? For the RC surface case, we
have considered the reconstruction model proposed by
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FIG. 1. (Color online) Side views of the minimum-energy ge-
ometries of (a) UR and (b) RC surfaces having (1X1) and (1
X 4) periodicities, respectively, where a (=3.803 A) is the theoret-
ical bulk lattice constant. The coordinations of some of the atoms
are indicated as subscripts.

Lazzeri and Selloni'? named ad-molecule (ADM) model. Ac-
cording to this model, stress of surface is released upon re-
construction. Strong asymmetric bridge O-Ti bond lengths
disappear and resulting Til-O1 bridge bond lengths range
from 1.79 to 1.98 A. We have calculated the surface energy
(E{[surface]) of UR and RC surfaces through the following
formula: E;{surface]=(E;{slab]—E{bulk])/(total exposed
area). E{slab] and E;{bulk] are the total energies of the slab
and the bulk anatase containing equal number of TiO, units
with the slab. The calculated E;{surface] is 0.122 and
0.087 eV/A? for UR and RC structures, respectively. We
noticed that UR surface is energetically less stable compared
to RC.

Optimized molecular structures of PDI-based brominated
dye compounds are shown in Fig. 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 un-
der visible-light illumination without undergoing molecular
deformation. Time-dependent density functional theory (TD-

BrPDI BrGly

FIG. 2. (Color online) Relaxed molecular structures of PDI-
based dye molecules. Large gray (pink), white (white), small gray
(gray), dark (red), and dark at the corner of hexagons (blue) balls
represent the Br, H, C, O, and N atoms, respectively. Carboxyl
groups are also shown.
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FIG. 3. (Color online) Fully
optimized geometry of the most
energetically stable adsorption
modes of dye molecules on ana-
tase TiO,(001) surfaces. Inset
shows the side perspective struc-
ture viewed from [100] direction
of UR-BrPDI case. Only the
bonded part of molecules is repre-
sented. Detailed structure of dyes
is shown in Fig. 2. Binding ener-
gies and interatomic distances (in
A) between the selected atoms are
also indicated. Discussions about
the labeled atoms are given in the
text.

DFT) corrected highest occupied molecular orbital- lowest
unoccupied molecular orbital (HOMO-LUMO) gaps for
these organic dyes fall within the visible region with values
2.39, 2.38, and 2.36 eV for BrPDI, BrGly, and BrAsp, re-
spectively; 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 discussions about these dye
molecules have been published elsewhere.?

We have considered several probable adsorption configu-
rations for each of the dyes to find the most favorable bind-
ing geometry. In Fig. 3, we have presented the most energeti-
cally stable adsorption structures. Binding energy E, of
molecules has been calculated by the following expression,
E,=Eslab]+E{dye]-E;[slab+dye] in terms of the total
energy of clean slab, dye molecule, and optimized slab
+dye system. Our calculations suggest significant binding
characteristics for these dye-surface systems. In all strong
chemisorption modes, dye molecules tend to bind to the un-
dercoordinated Ti ions on the surface via its O atoms. Hy-
drogen atoms, on the other hand, prefer to be bonded to the
surface bridge O atoms. Strong binding between dyes and
surfaces is very crucial for the performance and production
of DSSCs.

BrPDI case: this dye molecule does not have any car-
boxyl groups. UR adsorption geometry, as seen in Fig. 3(a),
has been driven by the two O atoms at each end binding to
fivefold coordinated Ti atoms in the expense of induced
stress on the bent dye molecule, which was initially almost
parallel to the surface. Hence, the main contribution to E,
comes from these bonds. Due to interaction with H atoms,
two bridge O atoms go upward, breaking two surface Ti-O
bridge bonds. The resulting E, of this adsorption mode is
2.30 eV. If one side of dye does not bind to surface, E,
reduces to 1.41 eV. Average distance between molecule O
and surface Ti atoms is about 2.0 A. In RC case, molecule
prefers to bind the ridge atoms of the surface. Unlike Ti
atoms on terrace region, the ones on the ridge are fourfold
coordinated. Therefore, the ridge is more reactive than the
terrace region. For example, in the case of surface wetting, it

has been shown that molecular and dissociative water ad-
sorptions occur on the terrace and ridge regions,
respectively.'®?° As shown in Fig. 3(d), hydrogen atoms of
the dye bind to surface Ol atoms by breaking O1-Ti2 bonds
on the RC surface. This is the strongest binding achieved for
RC-BrPDI structure giving an E; of 2.30 eV. Unlike UR-
BrPDI case, mainly the structure of the surface at the prox-
imity of the dye is disturbed in the RC case.

BrGly case: BrGly molecule has two glycine groups. The
glycine ligand anchors BrGly to the titania as shown in Figs.
3(b) and 3(e). In the UR-BrGly structure, one of the ligand
and perylene O atoms binds to surface Ti atoms. The remain-
ing middle part of the dye is almost parallel to the surface.
The other ligand does not bind to any surface atom. Average
interatomic distance between the bonded surface Ti and dye
O atoms is about 2 A. This dye makes two contacts with the
surface giving rise to increased interaction. Moreover, dye is
dissociatively adsorbed throughout the UR surface. H atom
of the bonded ligand part is captured by the surface bridge O
atom. E,, of this adsorption mode is 2.80 eV, which is greater
than E, of BrPDI case on the same surface. In the RC case,
E, of the dye on this surface increases significantly being the
strongest chemisorption mode achieved for BrGly dye-
surface systems. Resulting binding energy is 3.03 eV. This
corresponds to a dissociative adsorption in which ligand O-H
bond breaks. This hydrogen binds to the surface ridge O
atom becoming separated from the glycine O by 1.95 A.
Both ends of the dye interact with the ridge part of the RC
surface. Being more energetic than the molecular adsorption,
this result suggests that better anchoring leads to relatively
higher E), and stability.

BrAsp case: this dye contains two aspartine molecules as
carboxyl groups. In the structure of aspartine, two O atoms
are only onefold coordinated. At least, one of these oxygens
participates in all strong binding modes. BrAsp exhibits dis-
sociative binding on both surfaces as shown in Figs. 3(c) and
3(f). One of the aspartine O-H bonds breaks, and this H atom
binds to surface O1 atom as in the case of RC-BrGly struc-
ture. The dye molecule sticks to UR surface Ti atoms
through its aspartine oxygens giving a binding energy of 3.03
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eV. In RC case, onefold coordinated O atom of the ligand
part of the dye binds to fourfold coordinated Ti atom, which
is in the ridge region on the surface. Existence of this cata-
lytically active region, similar to RC-BrGly case, allows
BrAsp to form strong chemical bonds with the RC surface
leading to an E, of 3.10 eV. We also notice that the coordi-
nation numbers of ligand O atoms and surface Ti atoms in-
fluence the strength of the binding.

We did also study the effects of coverage on E;, for BrPDI
adsorption on both (2 X4) UR and RC surfaces. Because of
the size of these slabs, only some adsorption modes have
been investigated. High coverage reduces the E;, signifi-
cantly. When BrPDI binds to diagonal Ti atoms through its
two O atoms, E, is 1.60 eV on (4X4) cell. However, on
(2X4) slab, E;, becomes 0.87 eV. Stability of (001) anatase
can be enhanced not only with reconstruction but also via
adsorption of water. Thus, we have studied the interaction of
BrPDI with these surfaces where water has been adsorbed
dissociatively. In RC surface, water adsorption occurs only at
ridge region. Direct interaction between BrPDI and the host
surface is prevented by the water. In addition to this, reactiv-
ity of surface reduces due to the adsorption of water. There-
fore, E, drops compared to the clean surface and binding
mainly comes from the interaction between surface hydroxyl
groups and the dye molecule.

In DSSC devices, optical properties of the systems are
determined by the dye molecules. To produce an efficient
and stable solar cell, dye molecules must be strongly bound
to the underlying semiconductor material and absorb the
large part of the solar light. Our dyes are stable at their
ground state and form strong chemisorption bonds with the
TiO, surface. Except the UR-BrPDI case, structure of the
studied dye molecules is slightly changed upon adsorption
only at the proximity of binding region. We have further
investigated the electronic properties of fully relaxed
surface+dye combined system. In DSSC, dye is excited by
photons and as a result electron-hole pairs are generated by
this illumination. Generated electrons in excited states of dye
must be injected to conduction band of semiconductor, and
this injection has to be very fast to prevent the reduction in
the oxidized dye. Therefore, position of HOMO-LUMO lev-
els of the dyes with respect to valence-band (VB) and
conduction-band (CB) edges of TiO, is very crucial. For an
efficient solar cell, HOMO level produces occupied levels
inside the gap region and LUMO is well localized across CB
of the slab. Figure 4 shows the PDOS of the surface+dye
systems for the most energetically stable adsorption modes.
We notice that adsorbed BrGly’s on both surfaces and BrAsp
on the RC surface induce occupied states inside the band gap
of TiO,. Moreover, LUMO levels of these molecules fall
inside the CB of the slab. In RC-BrPDI, HOMO and LUMO
levels of the dyes appear as edges of VB and CB of the
oxide, respectively. As opposed to the UR-BrPDI case, the
adsorption of BrPDI induces significant band-gap narrowing.
Due to coupling between the electronic states of the dyes and
anatase surfaces, there are both broadening and shift to
higher energies in the energy levels of the dye molecules.
The effects of these strong interactions are more pronounced
in the occupied levels of the dyes. Yet, HOMO-LUMO gaps
do not change significantly. Therefore, these molecules do
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FIG. 4. (Color online) Partial densities of states (PDOS) for the
adsorbed dyes. DOS of total system and adsorbed dye are repre-
sented by gray and red colors, respectively. Fermi level is shown by
the violet dotted-dashed line. Cyan and dotted-dashed red arrows
mark the positions of HOMO and LUMO levels of the adsorbed
dye molecules.

not lose their optical properties, which are vital for DSSC
applications.

Electronic structure calculations show that the adsorption
of dye molecules may result in a redshifted spectrum for the
titania surface due to band-gap narrowing by suitable posi-
tioning of the HOMO and LUMO levels relative to the oxide
band edges. This might lead to visible-light absorption in the
DSSC application. However, strong absorption at these lower
energies is possible if only the transitions are symmetry al-
lowed. For this reason we have evaluated the dipole matrix
elements between occupied and empty states for each case.
The calculated absorption spectra®® for clean anatase surface
and the isolated dye molecules are depicted along with those
for the corresponding dye-surface composite systems in Fig.
5. The calculated &,(w) for the reconstructed surface systems
are shown in the upper panel, whereas those for the unrecon-
structed surface are presented in the lower panel, and the
corresponding curves for the isolated dyes are given as in-
verted in the lower panel. For both of the clean surfaces,
clean RC and UR (black solid curve), absorption starts after
about 2 eV consistent with the calculated band gaps. Simi-
larly, isolated molecules show first strong absorption around
1.4 eV reflecting their calculated HOMO-LUMO gaps.?® For
the composite systems on both type of surfaces, first strong
absorption peak arises at energies slightly lower than 1.4 eV
and the second peak around 2.3 eV. Comparison of these to
the spectra of isolated dye molecules and clean surfaces in-
dicates that the first peak is slightly redshifted first peak of
the dye molecule, while the second peaks coincide with the
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FIG. 5. (Color online) Absorption spectra of isolated dye mol-
ecules (inverted in lower panel), those of adsorbed dye on unrecon-
structed (lower panel), and reconstructed (upper panel) anatase sur-
faces compared also with the clean surface for both surfaces (black
solid curves).

first peaks of the clean surfaces. Hence, one can conclude
that the first peak mainly contributed by the transitions from
the states due to dye-HOMO levels appeared within the band
gap around the valence-band top to the conduction-band-
edge states and/or to the LUMO levels of the dye near CB
minimum. Therefore, these transitions are dipole allowed
and are suitable for DSSC applications. However, one needs
to note that for the precise description of the excited states it
is necessary to go beyond this static DFT calculations, e.g.,
TDDFT. The TDDFT with proper charge-transfer excitations
treatment®! of dye+surface systems would give more accu-

PHYSICAL REVIEW B 80, 035431 (2009)

rate results, yet it is computationally demanding. The com-
parison between the DFT and the TDDFT results for the
energy levels of these dye molecules in Ref. 28 suggests a
rigid shift of the first (dye originated) absorption peak to
higher in energies within the visible region.

Strong dye-surface interaction influences the ultrafast
electron transfer from the excited state of the molecule to an
unoccupied conduction band of TiO,. Strong interaction
means delocalization of dye LUMO level over the whole
system. Transfer rate of electrons can be obtained from the
electronic structure calculations by using the Newns-
Anderson model.*?> Due to coupling between dye and surface
electronic states, a particular molecular energy level (E,,) of
the adsorbed dye molecule is broadened into a resonance
centered around & and has a Lorentzian shape with a width of
I'. By calculating the full width at half maximum of the
LUMO level, which gives the lifetime broadening #I", one
obtains the ultrafast electron injection time 7 through 7
=h/hT or 7(fs)=658/AT (meV).?

IV. CONCLUSIONS

In conclusion, adsorption of BrPDI, BrGly, and BrAsp
dye molecules on UR and RC anatase TiO,(001) surfaces
adapts the electronic structure of combined system and low-
ers the optical threshold to visible light. Resulting electronic
structure depends on the type of the dye molecule as well as
the surface structure. BrPDI causes gap narrowing when it is
adsorbed by the RC surface. In UR-BrGly, RC-BrGly, and
RC-BrAsp dye-surface systems, HOMO level of molecule
appears in the band-gap region. We have shown that these
molecules form strong chemical bonds with both of the UR
and RC surfaces. Therefore, surface+dye system is very
stable. Our results are fundamental and useful for applica-
tions in the area of photovoltaics and photocatalysis.
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