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Heterocyclic azodyes as pigments for dye sensitized solar
cells — A combined experimental and theoretical study
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We report the results of a combined experimental and theoretical study of four azodyes, derived from three different
heterocyclic systems, which we used as sensitizers for TiO, dye-sensitized solar cells. Although the efficiencies are relatively
low, of up to 0.19%, the fill factors are competitive, with values of up to 0.74. To better understand the large differences in the
overall photovoltaic conversion efficiency between the four dyes we performed DFT calculations to determine the energy
levels of the ground and excited states of the pigments. We explain the experimental results based on the energy level

alignment with respect to the TiO; substrate and the electrolyte.
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1. Introduction

Among third generation photovoltaic devices [1],
dye-sensitized solar cells (DSSCs) [2] have attracted a
special interest due to the prospect of low production cost
[3], transparency and flexibility, when desired. For such
reasons, DSSCs may constitute a choice for affordable
power generation in niche markets, particularly for
producing power generating windows [4].

Dye Sensitized Solar Cells are photovoltaic devices
based on the photosenzitation of a porous layer of
nanocrystalline wide band gap semiconductor, such as
anatase TiO,, with a light absorbing pigment. The DSSCs
consist of a dye-sensitized electrode, a redox electrolyte
(e.g. I; /1 ) and a counter electrode for instance platinized
conductive glass. The working principle of the device is
based on light absorption in the dye anchored to the TiO,
nanocrystal. The resulting photoelectron is transferred from
the excited level of the dye into the conduction band of
Ti0O,, and through the electrode into the external circuit.
The sensitizer is restored by electron donation from the
iodide ion, which is regenerated in turn by reduction of the
tritodide ion at the counter electrode [2].

The efficiency of the photovoltaic device depends
strongly upon the dye used. The highest efficiencies of
power conversion in standard air mass 1.5 global (AM
1.5G) conditions, obtained for metal free dyes reach values
of up to 9% [5]. Although the efficiency of the metal-free
dyes is lower than that of the typical Ru-based dyes [2],
they possess some advantages such as the ease of synthesis,
high molar extinction coefficient, tunable absorption
spectral response from the visible to the near infrared
region, as well as environmentally friendly and low cost
production methods [6].

In the search for new dyes for DSSCs, much attention
has been given to natural pigments [7] or synthetic
metal-free organic dyes such as merocyanines, coumarins,
styryl, indoline dyes, ring fluorinated fluoresceins [8],
organic dyes with triethoxysilyl units as anchoring groups
[9], and recently, to synthetic textile mordant dyes, most of
them based on the azo (-N=N-) group [10]. The azodyes
benefit from a relatively intense absorption in the visible
region ant the absence of heavy metals [11].

We report here on the fabrication and characterization
of DSSCs using as pigments four azodyes derived from
three different heterocyclic systems. To better understand
the results of our electro-optic experimental studies we
performed Density Functional Theory (DFT) calculations
providing the geometry optimization and the electronic
structure of the dyes. Based on an analysis proposed by
another group [12] and refined by us [11] we compare the
molecular energy levels of the dyes to the band edges of the
oxide and the redox level of the electrolyte. Thus, we are
able to discuss the importance of various requirements for
the sensitizing pigments in order to design higher efficiency
solar cells.

2. Experimental
2.1. Solar cell fabrication and testing

We used as DSSC pigments four azodyes, all derived
from three different heterocyclic systems [13]. More
precisely, the first pigment, dye 1, was based on
2-aminothiazolo[4,5-b]quinoxaline-6-carboxylic acid, dye
2 on 2-aminothiazolo[4,5-b]pyridine, dyes 3 and 4 on
2-aminothiazolo[4,5-f]indazole [13], as shown in Fig. 1.
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The photoelectrodes were prepared by covering with a
TiO, paste the conductive glass substrates, following a
pretreatment in a TiCl, 0.2M solution, for 40 min at 70 °C
(to increase the short-circuit photocurrent [14]).
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Fig. 1. Azodyes derived from heterocyclic systems: (1) is

based on -aminothiazolo[4,5-b]quinoxaline-6-carboxylic

acid, (2) on 2-aminothiazolo[4,5-b]pyridine, (3) and (4)
on 2-aminothiazolo[4,5-f]indazole.

The TiO, paste was obtained starting from a
polyester-based titanium sol, which was mixed with
nanocrystalline anatase TiO, powder (P25, Sigma-Aldrich)
in proper molar ratio [15]. The paste was applied onto the
pretreated soda lime glass sheet of 2.2 mm thickness,
covered with a conductive layer of fluorine-doped tin oxide
(SnO,:F) with a 7 ohm/square resistivity (Solaronix), by the
“doctor-blade” technique. After the coating with the
porous film of TiO,, the photoelectrodes were sintered at
450°C for 1h in an oven. For post-treatment, the
photoelectrode was kept in a TiCl, 0.2M solution, overnight
at room temperature, and than in an oven at 450°C for 1h.
The final step in the preparation of the photoelectrode
consisted in immersion in the pigment solutions for 2 h at
80°C. Afterwards, the plates were rinsed in water until the
rinse liquid was colorless, dried at 80 °C.

Platinum counter electrodes were prepared by
spreading a few drops of SmM H,[PtCls]-6H,O solution in
2-propanol onto the conductive glass, followed by drying at

100°C for 10 min and than at 400°C for 30 min.

The electrolyte liquid (Iodolyte TG-50, Solaronix) is
drawn into the space between the electrodes by capillary
action. To assembly the DSSCs the plates were secured
together with small bulldog clips [10,16].

The UV-VIS absorption spectra of dye aqueous
solutions and dyes adsorbed on TiO, surface were recorded
in the range 200 — 900 nm and 220 — 850 nm, respectively,
with a Jasco V 550 spectrometer, either in quartz cuvettes in
absorption mode or in an integrating sphere. The
electro-optic parameters of the DSSCs, mainly the fill
factor, FF, the photovoltaic conversion efficiency, #, the
short circuit current, /s, and the open circuit voltage, Voc,
of the photovoltaic cells were measured under AM 1.5G
standard sun conditions (1000W/m?) at 25°C, using a class
A small area solar simulator [17]. The cell surface was
exposed to light through a circular slit of 10 mm diameter,
resulting in a useful area of about 0.785 cm®. The current
and voltage values were measured using two digital bench
multimeters (Mastech MS8050) and a precision decadic
resistance box. All measurements were made at about 45 s
intervals, allowing time for each reading to stabilize.

2.2. Computational details

The ground state geometrical structures of the dyes
were optimized using Density Functional Theory (DFT)
methods [18] with the hybrid B3LYP exchange- correlation
functional [19] and the double-{ quality basis functions for
valence electrons with polarization functions (DGDZVP
[20]).  Optical absorption spectra of all complexes,
including the lowest 20 singlet-singlet excitations, were
simulated using the Time Dependent-DFT (TD-DFT)
method [21] with the same functional and basis set. The
spectral lines were convoluted with Gaussian distributions
of 20 nm linewidth at half maximum. Solvent effects in
water were accounted for by employing the
non-equilibrium conductor-like polarizable continuum
model (C-PCM) [22]. All calculations were performed
with the GAUSSIANO3 package [23].

3. Results and discussion

The experimental UV-Vis spectra of the four dyes in
aqueous solutions and adsorbed onto the TiO, layer of the
photoelectrode, as well as the theoretical electronic spectra
calculated for all dyes and their corresponding
deprotonated (1 and 2) or protonated (4) forms are shown in
Fig. 2. It can be seen that both the experimental and the
theoretical UV-Vis spectra show strong absorption in the
visible range for all dyes.

In the case of dye 1 the spectrum has a broad maximum
at 584 nm for a solution of pH ="7. A maximum at about the
same wavelength is obtained for the dye adsorbed on the
substrate. The low intensity of the band can be correlated
not only with the differences between the two types of
measurement (transmission and reflectance) but also with a
relatively poor adsorption on the TiO, layer, observed
experimentally when visually examining the photoanode.
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Fig. 2. Experimental UV-Vis spectra in solution and
adsorbed onto the TiO, layer of the photoelectrode,
together with the theoretical electronic spectra calculated
for protonated and/or deprotonated dyes. The theoretical
spectra were obtained using convolutions of Gaussian
distributions with a full width at half maximum of 20 nm.

The calculated electronic spectrum of the dye shows a
strong peak at 517 nm in the case of the cationic dye.
Calculations of the deprotonated, zwitterionic form of 1,
lead to a spectrum with two transitions at 504 and 527 nm
and a more intense one at 599 nm. Convoluting these three
absorption bands using wider Gaussians we find a better
agreement between the calculations performed on the
zwitterionic form of the dye and the experimental data for
the adsorbed pigment. Although the deprotonation process
is chemically unlikely for the cation in solution of neutral
pH [24], on the TiO, substrate the deprotonation is probable
[25].

For dye 2 although qualitatively similar, with two
features at 325 and 406 nm and then at 629 and 678 nm,
quantitatively, the two experimental spectra are different,
with broader band, extending into the IR for the adsorbed
dye. The differences between the two experimental spectra
may be due to the interaction with the substrate. Despite
the lack of -COOH groups, the dye binds to the TiO, layer
and extends the absorption bands to higher wavelengths.
The calculated spectra in the visible range show a single
transition (at 505 nm) for the cationic dye 2 and two
transitions (at 488 nm and 680 nm) for the deprotonated,
zwitterionic form of 2, which resulted after extracting a H
atom from the -OH group closest to the plane of the rings.
Again, based on the number and position of peaks we notice
a better agreement between the experimental data and the
results of the theoretical calculations for the deprotonated,
zwitterionic form of the dye. The arguments mentioned for
1 are even stronger in the case of 2, as the binding to the
substrate is stronger. Even though the deprotonation of the
cation is unlikely in solution of neutral pH [24], it is
probable when adsorbed onto the TiO, substrate [25,26].

The UV-Vis experimental spectra for dye 3 reveal
larger discrepancies. We note here that the dye had very
poor adherence to the substrate, revealed when rinsing the
photoelectrode, as most of the dye would be washed away.
The observation was not surprising as the dye lacks anchors
to attach itself to the oxide [2,25].

Dye 4 is soluble only in low pH aqueous solutions,
which makes possible the protonation of the dye. The
experimental spectra have some qualitative similarities,
both with a feature at ~410 nm and at ~505 nm. The
theoretical spectra for the neutral dye has just one transition
in the visible range, at 474 nm, whereas for the dye in the
protonated form we obtained an intense transition at lower
wavelengths, 444 nm, and a very weak one at 591 nm.

The I-V curves for some typical DSSCs fabricated with
dyes 1, 2 and 4 (as we mentioned above, dye 3 was not
appropriate for the production of solar cells) are shown in
Fig. 3. We first note that dyes 2 and 4 display clear
photovoltaic behaviour, whereas dye 1 shows invariably
poor conversion of visible light into electricity. The values
of the electro-optic parameters of the typical DSSCs
fabricated are displayed in Table 1.

The shape of the /-V curve for the cells based on dye 2
is clearly the closest to what we expect from a photovoltaic
cell. The high fill factor of 0.74 is comparable to that of
typical first generation solar cells based on silicon devices
[1]. The cell based on dye 4 provides the highest current
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but has poor fill factor and efficiency. Although the
photovoltaic conversion efficiency is low, the value
obtained for dye 2 compares well to other metal-free dyes
and natural pigments [7-10].
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Fig. 3. Current-voltage curves for typical dye-sensitized
solar cells fabricated with dyes 1, 2 and 4, measured
under standard illumination conditions.

Table 1. Electric parameters (short circuit current, Isc,
open circuit voltage, Voc, fill factor, FF, photovoltaic
conversion efficiency, n) of typical DSSCs measured
under standard illumination conditions (see also Fig. 3).

Dye Isc ) Voc Pmax FF n
(mA/cm) | (mV) | (mW) (%)
1 0.074 305 5.658 | 0.25 | 0.0072
2 0.438 461 149.2 | 0.74 ] 0.1901
4 0.62 387 7412 | 0.31 | 0.0944

These results are to some extent puzzling, as the
carboxyl and/or hydroxyl groups at the periphery of 1 and 2
favour the adsorption on the substrate, thus making them
better candidates as pigments for DSSCs than 3 and 4. To
better understand our experimental results we performed
DFT calculations providing the geometry optimization and
the electronic structure of the dyes. The energy of the
highest occupied (HOMO) and the lowest unoccupied
(LUMO) molecular orbitals of the dyes, together with the
energies of the valence (VB) and conduction (CB) band

edges for TiO, [12] and the redox level of the I3/
electrolyte [2,27] are displayed in Fig. 4. The values on the
axes in Fig. 4 are relative to the vacuum (on the left axis)
and to the normal hydrogen electrode (NHE, on the right
axis) [11]. The doted lines are drawn as aids to the eye for
an easier examination of the energy level alignment.

Regarding dye 1, the obvious remark is that the LUMO
lies well below the conduction band edge of TiO, in both
cationic and zwitterionic forms, making very unlikely the
transfer of the photoelectron from the dye to the
semiconducting oxide. This theoretical result together with
the weak absorption in the visible range and poor
adsorption onto the substrate observed experimentally
during the optical measurements and device fabrication,
explain the extremely low efficiency of the DSSCs based
on 1 and the poor shape of the -V curve.

In the same way, for 2 in the cationic form the excited
state of the dye is located below the CB edge by about 0.3
eV. However, in the deprotonated, zwitterionic form, dye 2
displays a relatively good energy alignment between the
LUMO and the CB. Moreover, the same good alignment
occurs between the HOMO and the redox level of the
electrolyte. Therefore, the experimental results showing the
highest efficiency for 2 are consistent with the calculated
energies for the deprotonated form, and in agreement with
the better correspondence between the experimental and
calculated optical spectra. However, the low value
compared to the best DSSCs reported in the literature [28]
is likely due to the weak absorption in the green region of
the spectrum.

In the case of 3 the main problem was the lack of
adherence of the dye to the TiO, layer. However, even if
the pigment had been adsorbed onto the substrate, it would
have shown a very low efficiency due to the improper
alignment between the LUMO of 3 and the CB edge of the
oxide.

Pigment 4 in its neutral form also shows relatively
good energy alignments, in agreement with the efficiency
obtained experimentally. Noting that the HOMO lies
deeper below the redox level and the LUMO higher than the
CB, while the absorption spectrum is slightly better
matched with the solar spectrum, it is not obvious, with
simple arguments, why the efficiency is so low compared to
that of dye 2. The poorer binding to the oxide may be one
of the causes. Another possibility may arise from the
lower V,. value, which may be due to the lowering of the

CB edge in a solution with low pH, as reported by other
authors [29].
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Fig. 5. Electron isodensity contours (0.03 e/a,’) of dye 2 molecular orbitals: a) HOMO and b) LUMO of the cationic
dye, ¢) HOMO and d) LUMO of the deprotonated zwitterionic form.

In contrast, the protonated form of 4 has the LUMO
below the CB edge of the oxide by 0.16 eV. In such a case,
the electron transfer to the oxide is less likely. The
contradiction with the observed /-V curve and the efficiency
obtained suggests that dye 4 is more probable present in its
neutral form in our DSSCs.

In closing this section it is worth to examine the nature
of the orbitals, to comment on the likelihood of the charge

transfer. Figure 5 displays the electron density of the most
relevant molecular orbitals of dye 2, MOs that are involved
in the most intense optical transitions. It can be seen that
for 2 in both the cationic and deprotonated forms the MOs
have m character, the transitions from the HOMO to the
LUMO is in each case at = ©* transition. The MOs of the
cationic dye are delocalized over the entire molecule,
whereas the orbitals of the corresponding deprotonated
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pigment are more localized, with a higher density towards
the deprotonated hydroxyl group, that is towards the end
that likely binds to the TiO,. Simplifying the charge
transfer processes and thinking in terms of the higher
orbital overlap between the n* orbital of the dye and the
crystalline orbital of the oxidic substrate, the electron
injection into the semiconductor is more likely in the case
of the deprotonated, zwitterionic form of dye 2., consistent
with all our other results.

5. Conclusions

We reported results of a combined experimental and
theoretical study of four azodyes dyes, derived from three
different heterocyclic systems based on the -N=N- group.

We fabricated and tested under standard illumination
conditions DSSCs using the four dyes, nanocrystalline
anatase TiO, and I;/T electrolyte. We found that dyes 1, 2,
and 4 present light harvesting properties and perform
charge transfer sensitization of the TiO, semiconducting
layer. Surprisingly, although a priori 1 and 2 are better
candidates as pigments for DSSCs than 3 and 4 because of
the carboxyl and/or hydroxyl groups at the periphery,
which favour the adsorption on the substrate, the lowest
current and efficiency was obtained for 1. No photovoltaic
effect was observed for 3 because of poor adsorption on the
substrate. Although the efficiencies are relatively low, of
up to 0.19% for 2, the fill factors are competitive, with
values of up to 0.74, again for 2.

To better understand the large differences in the overall
photovoltaic conversion efficiency between the four dyes,
we performed DFT calculations to determine the energy
levels of the ground and excited states of the pigments. We
were able to explain the experimental results based on the
energy level alignment with respect to the TiO, substrate
and the electrolyte.

If we were to make a hierarchy of some of the main
criteria required of a dye in order to be used in a DSSC,
based on our study, we suggest that the first condition to be
met is the proper binding to the oxide. The lack of
anchoring groups that could allow the adsorption to the
semiconducting substrate (such is the case for 3) prevents
any use in photovoltaic cells. The second most important
criterion is, in our opinion, related to the appropriate energy
level alignment between the excited state of the dye and the
conduction band edge of the oxide, as well as between the
ground state of the pigment and the redox level of the
electrolyte. Lack of alignment (as is the case with 1) leads
to poor efficiency. The third requirement is related to the
matching of the absorption spectrum with the solar
irradiation spectrum. Although it has good energy level
alignment, 2 still leads to a small photovoltaic conversion
efficiency because of poor absorption in the green of the
visible spectrum. A forth criterion is related to the electron
transfer probability (once the energetics of the process are
met). The transfer is more likely when the electron of the
excited state of the dye is more localized towards the
substrate and when the overlap between that orbital and the
crystalline orbital of the TiO, semiconductor is high.

In conclusion, although the photovoltaic conversion
efficiencies of our devices are relatively low, some of the
fill factors are competitive and promising. Moreover, such
studies reveal the importance of various criteria that are
required of the sensitizing pigments and provide important
hints in designing new dyes for higher efficiency solar cells.
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