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Abstract Titanium dioxide has been a subject of increasing interest due to its
application in pigments, photocatalysis and semiconductor materials in dye sen-
sitized solar cells (DSSC). Recent studies suggest that TiO, brookite exhibits good
photocatalytic properties. Efficiency in excess of 11% has been achieved with the
use of ruthenium (N3) dyes as DSSC sensitizer. The optical properties, energy level
alignment and electronic state energy of the ruthenium (N3) sensitizer to TiO, cluster
were studied to gain insight into the electron injection kinetics and electron injection
efficiency of the dye/TiO, complex. The simulated absorption spectra show absorp-
tion peaks at 311, 388 and 480 nm. The HOMO of (N3) lies at —5.03 eV and is
centred on the NCS moiety where the donor group is situated, while the LUMO lies
at —3.01 eV and is centred on the 4,4-dicarboxy-2,2-bipyridine moiety where the
acceptor group is situated. Upon absorption on a brookite cluster, the light absorp-
tion maximum red shifted to higher wavelength; this results in the distribution of
the LUMO shifting from the dye to the TiO, cluster. The results suggest favourable
electron injection from the dye excited state into TiO, semiconductor. The results
suggest that TiO, brookite is a promising entrant for DSSC semiconductor.

Keywords Density functional theory + Dye sensitized solar cell - Ruthenium dye -
Red shift on cluster formation - TiO, brookite

1 Introduction

In recent years, TiO, has been a subject of increasing interest due to its applications
in pigments, photocatalysis and semiconductor materials in dye sensitized solar cells
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(DSSCs) [1, 2]. The interest in TiO, as semiconductor for dye sensitized solar cell
is motivated by its non-toxicity and excellent stability upon illumination [1, 3-5].
However, the major drawback limiting its usage is its inability to absorb visible
and infra-red photons of the solar spectrum because of its wide conduction band gap
(3.0-3.2eV) [5-7]. In DSSCs, dye molecules chemisorbed on the surface of TiO, are
used to harness light, and the consequent photoexcited electrons are injected into the
conduction band of TiO; [8—10]. An efficient photosensitizer must have good excited
state properties and intense absorption in the visible and near infra-red region of the
solar spectrum. Several dye molecules have been employed as sensitizer for DSSC;
the highest efficiency in excess of 13% has been achieved in cells with nanostructured
TiO, semiconductor sensitized by Ruthenium (II) polypyridyl complex(N3) [11-15].

A significant number of studies has been done towards the surface modification
of TiO; crystals with atoms/sensitizing dye molecules to step-wise reduce the band
gap and further enhance their activities in the visible and near infra-red region of
the solar spectrum. Polymorphs of TiO, have been a model for such studies, aimed
at improving photocurrent yield and light harvesting in DSSCS [3, 16]. Energy
band modulation by elemental doping, monodoping, codoping with nonmetals and
transition metals, and adsorption of dye molecules on TiO, surfaces, have been
tested; the results showed improved spectral response and enhanced photocatalytic
performances of TiO, [7, 17]. Surfaces of rutile and anatase polymorphs have been
greatly exploited and have been a prototypical model for basic studies on TiO, oxide
[18, 19]. Relatively limited work has been done on the brookite form of TiO,, in
contrast to rutile and anatase polymorphs that has been greatly exploited [4].

A recent study on TiO, brookite suggested that it is a good photocatalyst and may
exhibit higher photocatalytic activity than both rutile and anatase [4]. The absorption
edge of brookite observed in a prior study was also reported to be broad and to
extend to the visible region of the solar spectrum, in contrast to steep edges in
the visible region observed for rutile and anatase polymorphs of TiO, [19]. Since
brookite surfaces have not been studied and are reported to have better photocatalytic
properties, it is of keen interest to study the interactions of promising ruthenium (N3)
dye molecules with surfaces of brookite TiO, for optimization of photon current
density in dye sensitized solar cells.

2 Computational Procedures

Optimization of the ground state geometries of the TiO, brookite/ruthenium complex
in the gas phase was performed using DFT with the hybrid B3LYP exchange corre-
lation functional and the LANL2DZ pseudopotential for Ti atom; the 6-311+G (d,
p) basis set was used for the C, N, O and H atoms. All DFT/TD-DFT calculations on
the ruthenium (N3) complex were done using Gaussian 03 quantum chemical pack-
age [20]. The UV-Vis simulated absorption spectrum of the TiO,/dye complex was
computed by Time dependent (TD) DFT in vacuo with the same functional and basis
set. 80 singlet to singlet electronic transitions were considered for the excitations,
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to account for the whole absorption spectrum [21]. The UV-Vis spectra, maximum
excitation wavelength, excitation energies, oscillator strength and light harvesting
efficiency of the dyes were computed. Their matching with the solar spectrum is dis-
cussed. The light harvesting efficiency (LHE) at the maximum spectrum wavelength
(Mmax) Was computed for the ruthenium (N3) complex using Eq. 1,

LHE =1-—10"7 (1)

where “f” is the absorption strength of the dye associated with the maximum
absorption of the dye (also called the oscillator strength) [15, 22, 23].

The absolute values of the adsorption energies of ruthenium (N3) complex on
TiO, were computed using Eq. 2.

Euas = Edye + ETiOz - (Edye+Ti02) 2

where E,4; is the adsorption energy, Egy. is the energy of the dye, E(7;0,) is the
energy of the TiO, slab and E 4,17 0,) is the total energy of the dye-TiO, complex.
A positive value of E,4, indicates stable adsorption [14, 24, 25].

The energies of the HOMO and LUMO, the HOMO-LUMO energy gap and
the isodensity surfaces of the molecular orbitals involved in the excitation of the
ruthenium (N3) complex were identified from the fchk file obtained from the
simulations.

The bulk structure of brookite TiO, that was used for this study was optimized
using the CASTEP module in Materials Studio BIOVIA [26] to obtain the ground
state structure of the TiO, brookite semiconductor. The convergence energies and
k-points were 650 eV and 4 x 7 x7 respectively where k-points is the radius of
convergence in the brillouin zone. The optimized structure of the ruthenium (N3)
complex was exported into an atomic simulation environment via Avogadro Software
[27]. DFT with the PBE functional was used through GPAW [28] and AVOGADRO
[27] computational software within the atomic simulation environment to explore
the optical properties of two modelled TiO, brookite clusters, that is TigO¢ and
TiggO136. The optical properties of the interplay of ruthenium (N3) dye molecules
with brookite TigO;¢ and TiggO13¢6 clusters were investigated using DFT, in order to
optimize photon current densities in DSSCs.

3 Results and Discussions

3.1 Geometric Properties of the Ruthenium (N3) Complex

The molecular structure of the ruthenium (N3) complex studied in this work is shown
in Fig. 1 and its optimized geometry in Fig. 2. Figure 2 shows that the ruthenium
atom is octahedral coordinated to six nitrogen atoms pertaining to the two thiocyanate
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Fig. 1 Molecular structure of ruthenium (N3) complex and atom numbering utilized in this work

and the four carboxylic acids of the two bipyridyl ligands. Selected bond lengths and
bond angles of the optimized geometry of the ruthenium (N3) complex are reported in
Table 1. The geometry optimization of ruthenium (N3) complex converged when the
internal forces acting on all the atoms were less than 4.9 x 107> eV and a threshold

value of 4.5 x 10~* eV/atom. The dipole moments obtained after optimization is
2.8633.

3.2 UV/VIS Absorption Spectrum of the Calculated
Ruthenium (N3) Complex

As already mentioned, 80 singlets to singlet transitions were considered for this
complex in order to account for the whole spectrum. The absorption spectrum in gas
phase is presented in Fig. 3. The ruthenium sensitizer shows good absorption in the
UV and visible region of the solar spectrum with intense absorption around 311 nm,
388 nm and 480 nm, but the peak (An,x) is more notable at 480 nm. This calculated
Amax peak of the ruthenium (N3) sensitizer is in close agreement with experimental
and computed values reported in literature [23, 29]. Hence, the DFT/B3LYP level of
theory with the selected basis set can be considered adequate for the simulation of
the absorption spectra of the ruthenium (N3) complex dye.
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Fig. 2 Optimized geometry of the ruthenium (N3) complex ([cis-di (thiocyanate) bis (2,2-
bipyridine-4,4-dicarboxylate) ruthenium]) Ru(dcbpy)(NCS)2 and colours of atoms utilized in this
work (Olive green for ruthenium atoms, blue for nitrogen atoms, yellow for sulphur atoms, grey for

carbon atoms and red for oxygen atoms)

’liil:tisl ( ;)eiiﬁegoggn;g les Bond length (10\) Bond angles (°)

(degrees) of ruthenium (N3) Length Value of Angles Value of

complex considered length considered angles
Ru-N2 2.096 N2-Ru-N12 | 89.8
Ru-N12 2.109 N2-Ru-N12 | 89.8
Ru-N22 2.096 N32-Ru-N59 | 89.8
Ru-N32 2.109 NI12-Ru-N59 | 89.2
Ru-N58 2.065 N32-Ru-N12 | 90.3
Ru-N59 2.065 N58-Ru-12 89.8

3.2.1 Light Harvesting Efficiency of Ruthenium (N3) Complex

The light harvesting efficiencies of the dye molecules were calculated theoretically

using Eq. 1.

The highest oscillator strength of the ruthenium (N3) complex is 0.15, yielding a
corresponding calculated light harvesting efficiency of 0.29 (Table 2). Considering
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Fig. 3 Simulated absorption spectra (oscillator strength, f, versus wavelength) of ruthenium (N3)
complex

Table 2 Computed light harvesting efficiencies of ruthenium (N3) complex at the three absorption
peaks

Wavelength (nm) Oscillator strength LHE LHE (%) Wavelength (nm)
311 0.05 0.10 10 311
388 0.11 0.22 22 388
480 0.15 0.29 29 480

all the three absorption peaks, the ruthenium complex has an average LHE value of
20.1%.

3.2.2 The Computed Energies of HOMO and LUMO, HOMO-LUMO
Energy Gap and Isodensity Surfaces of Ruthenium (N3) Complex

The computed energies of HOMO and LUMO and the HOMO-LUMO energy gap of
the ruthenium (N3) complex are presented in Table 3 and compared with the results of

Table 3 Energies of HOMO, LUMO and HOMO-LUMO energy gap of the ruthenium (N3)
complex

Dye (N3) HOMO (eV) LUMO (eV) H-L gap (eV)
Experimental work [24, 29] —5.36 —3.47 1.89
Computed [23] —5.67 —3.63 1.96
This work —-5.03 —3.01 2.02
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Fig. 4 Isodensity surfaces of ruthenium (N3) complex a HOMO b LUMO. Isovalue = 0.02

another works [23, 26], and with the experimental values [29]. The reported experi-
mental values of the energies of the HOMO, LUMO and HOMO-LUMO energy
gap of the ruthenium (N3) complex are —5.36 eV, —3.47 eV and 1.89 respec-
tively. The results obtained in this work compares favourably with the simulated
and experimental result [23, 26, 29].

The isodensity surfaces of the HOMO and LUMO of the ruthenium (N3) complex
are presented in Fig. 4. The HOMO is distributed on the thiocyanate ligands, while
the LUMO is distributed on the two dcbpy 4,4-dicarboxy-2,2-bipyridine ligands. The
different distributions of the HOMO and LUMO indicates good electron injection
properties of the ruthenium (N3) complex, due to various donor and acceptor levels.

3.3 Adsorption of Ruthenium (N3) Complex Dye on Brookite
TiO, Nanocluster

The brookite clusters studied in this work are (TiO,), with n = 8 and n = 68. Figure 5
shows the brookite (TiO,)s model comprises of eight titanium and sixteen oxygen
atoms, the structure of brookite (TiO;)s was imported from CASTEP materials studio
[29] via the crystallographic mode (cif) without periodicity into Avogadro visualiz-
ing interface. Figure 6 reveals a periodic brookite (TiO,)gg supercell 2 x 2 x 2 A
comprising of sixty-eight titanium atoms and one hundred and thirty six oxygen
atom. The ruthenium (N3) dye molecules were adsorbed on (TiO,)g and (TiO;)gs
brookite cluster by bidentate adsorption mode in which each of the oxygen of the
carboxylic group binds to a two-fold coordinated and four-fold coordinated titanium
atom on (TiO,)g and (TiO,)es brookite cluster, as shown in Fig. 7. This adsorption
mode was found to be the most energetically favourable, especially for ruthenium
complexes with two bipyridine ligands having carboxylic acid functional groups.
The results were presented on relaxation energies, optical excitation spectrum and
isodensity surfaces of the key molecular orbital involved in excitation.
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(b)

Fig.5 Ruthenium (N3) complex absorbed on a (TiO;)g brookite cluster b (TiO;)gg brookite cluster

Fig. 6 (TiO;)g brookite cluster

Fig. 7 (TiO2)eg brookite supercell
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Table 4 Relaxation energies of ruthenium (N3) dye molecule absorbed on (TiO2)g and (TiO7)es
brookite cluster

System Relaxation energy | Energy (TiO7), Energy(siab +molecule)
eV) cluster s1apy (€V) Dyes@(TiO),(eV)

Ruthenium (N3) —432.919

(TiO»)g —198.308

(TiO2)6s —1635.558

Ruthenium @(TiO»)g —632.953

Ruthenium @(TiO3 )eg —2072.267

3.4 Adsorption Energies of Ruthenium (N3) Dye Molecule
Absorbed on (TiOz),, n = 8, 68 Brookite Complex

The relaxation energy for ruthenium (N3) dye is —432.91 eV. The energy of the clus-
ters are —198.31 eV, —1635.55 eV for (TiO;)s and (TiO,)es respectively (Table 4).
The adsorption energies of ruthenium (N3) dye on (TiO,)g and (TiO,)eg brookite
cluster were computed using Eq. 2.

The adsorption energy of ruthenium (N3) dye @ (TiO,)g is 1.73 eV and of ruthe-
nium (N3) dye @ (TiO;)eg is 3.76 eV. These positive adsorption energies denote the
ability of the dye molecules to bind to the surface of (TiO;)g and (TiO,)es clusters.
The adsorption energy of ruthenium (N3) dye on (TiO,)¢g and (TiO,)g brookite clus-
ter are 3.84 eV and 1.73 eV respectively. The results shows that the ruthenium (N3)
dye binds more strongly to the surface of the larger cluster (TiO;)gg brookite than
the corresponding (TiO,)s brookite cluster.

3.4.1 Absorption Spectrum of Ruthenium (N3) Dyes Absorbed
on (TiO,)s and (TiO;)¢s Brookite Cluster

The optical spectra of the ruthenium (N3) dye absorbed on (TiO,)g is presented in
Fig. 8, in which the absorption corresponds to the optical excitation of the ruthenium
(N3) dye absorbed on (TiO;)s. Comparing the absorption spectra of the (TiO;)g
cluster (Fig. 8) with the absorption spectra of the ruthenium (N3) dye absorbed on
the (TiO»)g cluster (Fig. 9), shows that the absorption spectra of (TiO,)g cluster shows
excitation in the UV region around 200400 nm, while the absorption spectra of the
ruthenium@ (TiO;)s shows absorption in the visible region around 400-600 nm,
with a near infra-red region where a maximum occur around 1100 nm. The results
suggest that the absorption of the ruthenium (N3) dye on (TiO, )g brookite gives rise to
a bathocromatic shift of the absorption maxima to higher wavelengths. Furthermore,
absorption is observed over a wide range from the visible to the far infrared regions.
The red shift observed upon absorption on ruthenium (N3) dye on (TiO,)g brookite
clusters suggests good optical properties of the ruthenium (N3) dye molecules and
agrees with earlier reports on the good photocatalytic properties of brookite TiO,
[17, 30, 31].
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Fig. 8 UV/Vis absorption spectrum (oscillator strength, f, versus wavelength) of (TiO;)g brookite
cluster
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Fig. 9 UV/Vis absorption spectrum (oscillator strength, f, versus wavelength) of ruthenium (N3)
complex absorbed on (TiO2)g brookite cluster

3.4.2 Isodensity Surfaces of the Ruthenium (N3) Dye Absorbed
on (TiO,),, n = 8, 68 Brookite Cluster

The isodensity surfaces of the frontier molecular orbitals (HOMO and LUMO)
involved in the photoexcitation of the ruthenium (N3) complex absorbed on (TiO;)g
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and (TiO,)eg clusters are shown in Figs. 10 and 11 respectively. The results show
that the HOMO is mainly concentrated on the dye donor group where the occupied
electronic orbital are located, while the LUMO is distributed over the TiO,. The
distribution of the LUMO very close to the surface of TiO, is due to the nature of
the ruthenium dye and also suggest that the dyes are energetically in proximity to
bind to the surface of TiO, upon adsorption, the position of the LUMO agrees with
other literature report on ruthenium N3 complex [32]. This suggests electron transfer
between the occupied excited state of the dye and the unoccupied acceptor levels of
the semiconductor conduction band. The localization of the HOMO electronic level

(a) (b)

%

Fig. 10 Isodensity surfaces of a HOMO of ruthenium (N3) @ (TiO3)g b LUMO of ruthenium
(N3) @ (TiO,)g brookite cluster

(b)

Fig. 11 Isodensity surfaces of a HOMO of ruthenium (N3) @ (TiO;)eg brookite cluster b LUMO
of ruthenium (N3) @ (TiO;)eg brookite cluster
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on the dye molecules and the LUMO electronic level on the TiO, clusters in Figs. 10
and 11 implies efficient separation of charge upon adsorption and electron injection
from the dye excited state into the TiO, semiconductor conduction band.

4 Conclusions

A DFT study of a ruthenium (N3) complex was performed successfully for appli-
cation in dye sensitized solar cells. The optical absorption, UV-Vis spectrum and
light harvesting efficiency of the dye molecule were investigated. The results show
that the light harvesting efficiency depends on the absorption strength of the dyes.
The absorption of the ruthenium (N3) complex on the TiO, brookite semiconduc-
tors showed that the dye has a stable grafting to the surface of TiO,. A red shifting
of the absorption maxima to the near infra-red region also suggests good optical
properties of the dye and the brookite polymorph. The location of the HOMO and
LUMO which is visible on the isodensity surfaces of the dye-TiO, implies efficient
separation of charges upon adsorption and electron injection from the dye excited
state into the TiO, semiconductor conduction band. Our findings generally suggest
that the ruthenium (N3) complex dye molecule and brookite semiconductors exhibit
promising features for application in DSSCs.
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