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ic dyes with tailored green light
absorption for potential application in greenhouse-
integrated dye-sensitized solar cells†
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Lorenzo Zani a and Gianna Reginato*a

In this paper, we present the design and synthesis of three organic dyes specially developed for the fabrication

of dye-sensitized solar cells for application in greenhouses cladding. The dyes (BTD-DTP1–3) are based on

a benzothiadiazole (BTD)–dithienopyrrole (DTP) scaffold, and were assembled by using direct arylation

reactions, allowing significant reduction of the number of synthetic and purification steps compared to

classic cross-coupling procedures. Thanks to their structural design, the dyes absorb light in the green

part of the visible spectrum while allowing good transmittance in the red and blue regions, thus ensuring

high compatibility with light absorption by plants. Dye-sensitized solar cells built with the three dyes

provided energy conversion efficiencies (ECEs) comparable or even superior to those obtained with the

reference Ru-based dye N719, especially when using a thin and semitransparent TiO2 layer (up to 8.77%).

The photovoltaic performances are discussed considering the need to reach the best compromise

between good ECE values and high levels of weighed transparency against the main plant photoreceptors.
Introduction

The efficient utilization of renewable energy sources is a major
scientic challenge and probably the only option available to
our society to meet the ever increasing global energy demand
and simultaneously reduce CO2 emissions and global warm-
ing.1 In this context, conversion of solar light is particularly
important, as it is abundant, widely distributed, free and prac-
tically inexhaustible,2 as conrmed by the progress of photo-
voltaic (PV) technology and the continuous increase in its global
installed capacity (12% increase of the solar PV market in
2019).3 However, there is still a huge need to further improve
energy production from the sun. To achieve this goal, the
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development of new PV technologies and the extension of the
existing ones to novel applications can play a decisive role.4

Following this approach, integration of PVs into agricultural
settings such as greenhouses, also known as “agrivoltaics”,5

recently became a relevant subject of research, aimed at
combining the exploitation of renewable energy with the
enhancement of food production and quality.6,7 However,
almost all PV installations on greenhouses worldwide are made
with conventional silicon-based modules, which is not advan-
tageous because they are opaque and thus prevent light trans-
mission, hampering plant growth and crop productivity. As
a matter of fact, it was estimated that the roof coverage by
crystalline Si-modules should not exceed 30%,8–10 a value which
is even lowered to 10% for crops of high economic value, or in
cases where food yield should be prioritized.11,12

New generation photovoltaics such as organic solar cells
(OSCs)13–15 or dye-sensitized solar cells (DSSCs)16,17 might be
a valid alternative to overcome this drawback.18,19 The latter, in
particular, can represent an ideal solution because they can be
layered on glass or plastic, giving coloured, lightweight and
transparent devices,20,21 able to work under a wide array of
lighting conditions, without suffering from angular depen-
dence of incident light.22 A DSSC is an electrochemical device
that uses dye molecules adsorbed on a nanocrystalline semi-
conductor (generally TiO2) to harvest sunlight and generate
electricity.23 Thanks to photo-excitation, at the anode an elec-
tron is promoted from the HOMO of the dye to its LUMO, and
then transferred to the conduction band of the semiconductor.
Sustainable Energy Fuels, 2021, 5, 1171–1183 | 1171
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Fig. 1 Previously reported thiazolo[5,4-d]thiazole-based D–p–A
photosensitizers TTZ8–12.

Fig. 2 Structure of the benzothiadiazole (BTD), dithienopyrrole (DTP)
photosensitizers studied in this work.
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The original state of the dye is then restored by electron dona-
tion from a redox mediator. In the meantime, the electron
travels through the external circuit (generating an electric
current) and is collected at the cathode, where the reduction of
the oxidized redox mediator takes place. Obviously, the overall
efficiency of the nal device is strongly inuenced by the
sensitizer used and thus, especially in the context of agri-
voltaics, there is a considerable innovation potential in the
search of suitable dyes, potentially able to harvest incident light
for electricity generation without adversely affecting plant
growth. Indeed, it is well known that the “photosynthetically
active region” (PAR), that is the region of the spectrum utilized
by plants, is between 400 and 750 nm. However, not all light is
converted with the same efficiency and two peaks occur in the
blue (425–475 nm) and red (625–750 nm) regions of the visible
spectrum,24 corresponding to the area of activity of the most
diffused forms of chlorophyll, a and b, as well as red and far-red
phytochromes.25,26 For these reasons, the design of tailored
sensitizers capable of absorbing visible light mostly in the green
region, while transmitting blue and red wavelengths, can be
a convenient approach to a greenhouse-integrated DSSC PV
system, provided devices with moderate-to-good efficiency can
be obtained. Such an approach has been already exploited in
the eld of organic solar cells containing near-IR absorbing
polymer/acceptor blends,27–29 tandem photonic crystals,30 and
DSSCs. In the latter case, two examples using simple derivatives
of the well-known Ru-based dye N71931 and a series of
diketopyrrolopyrrole-derived organic dyes32 were described, the
latter showing relatively low power conversion efficiencies
(#2.24%).

More recently, we prepared a series of organic thiazolo[5,4-d]
thiazole-containing sensitizers, TTZ8–12 (Fig. 1) specically
designed for improving the light absorption capability in the
green part of the visible spectrum while maintaining good
transparency in the blue and red regions.33 Such dyes were used
to build semitransparent DSSCs, yielding 5.6–6.1% power
conversion efficiencies. Dyes like TTZ8–12 are based on push–
pull D–p–A structures, in which a donor group (D) is connected
to an acceptor/anchoring group (A) through a conjugated bridge
(p, Fig. 1), and are common amongmetal-free dyes for DSSCs as
they can be easily prepared and puried. Furthermore, their
optical, electronic and electrochemical properties can be nely
modulated by simple modications of the D, p and A moie-
ties.34 To better rene such properties, it is also possible to
introduce additional acceptor units between the donor and the
p-spacer, leading to D–A–p–A dyes with optimal energy levels,
extended spectral response, enhanced dye stability and excel-
lent photovoltaic performances.35

Aiming to disclose a new series of DSSC sensitizers for
greenhouse integration, we decided to follow the latter
approach and chose the well-known 2,1,3-benzothiadiazole
(BTD) as an internal electron-accepting moiety, since it has
already been shown to red-shi the UV-Vis absorption spectrum
of the resulting compounds once introduced next to a donor
group in a D–A–p–A structure.36–41 In addition, we chose the
dithieno[3,2-b:20,30-d]pyrrole (DTP)33 unit as the electron-
donating group to be connected to BTD, since it had already
1172 | Sustainable Energy Fuels, 2021, 5, 1171–1183
been successfully inserted in DSSC sensitizers presenting two
main favourable features: it can be easily modied by intro-
ducing different substituents on the bridging nitrogen, allowing
the tuning of important properties such as the solubility in
organic solvents; it possesses a wide p-conjugation due to the
co-planarity of its bridged tricyclic system. Thus, in this paper,
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Energies and electron density distributions of the frontier
orbitals of dyes BTD-DTP1–3 in THF solution.
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we report the design and preparation of three new D–A–p–A
organic photosensitizers, named BTD-DTP1, BTD-DTP2 and
BTD-DTP3, all containing the benzothiadiazole (BTD) scaffold
and incorporating differently substituted dithieno[3,2-b:20,30-d]
pyrrole (DTP) p-linkers (Fig. 2).

In this series, compound BTD-DTP1 is the simplest one,
presenting only a small n-hexyl substituent on the dithieno-
pyrrole nitrogen and a triphenylamine donor. Compound BTD-
DTP2 is decorated with a bulky biphenyl group anked by n-
octyloxy chains, which is expected to improve the compound
solubility, as well as limit charge recombination phenomena in
the cells aer adsorption on TiO2.42 Finally, dye BTD-DTP3 is
endowed with an additional benzene ring next to the anchoring
group to further extend its conjugation length, inuencing its
spectroscopic properties. The three dyes have been electro-
chemically and spectroscopically characterized and used to
build the corresponding DSSC and measure their photovoltaic
performances.
Results and discussion
Computational studies

The structural and electronic properties of dyes BTD-DTP1–3
were studied through computational investigations at the DFT
and TD-DFT level, using the Gaussian 16, Revision C.01 suite of
Table 1 TD-DFT computed properties of the dyes in solution and of th

Dye Solvent/support

Excitation

labsmax Eexc f

BTD-DTP1 THF 515 2.41 1.98
CHCl3 517 2.40 1.98
TiO2 530 2.34 2.52

BTD-DTP2 THF 512 2.42 1.95
CHCl3 514 2.41 1.95
TiO2 526 2.36 2.50

BTD-DTP3 THF 516 2.40 2.19
CHCl3 518 2.39 2.20
TiO2 523 2.37 2.70

a labsmax: absorption maxima, Eexc: excitation energies, lemi
max: emission ma

compositions.

This journal is © The Royal Society of Chemistry 2021
programs.43Details of themethods used for the calculations can
be found in the ESI.†

First, ground state optimized geometries were calculated for
all dyes in vacuum (Fig. S2a†). It can be seen that the structures
of dyes BTD-DTP1 and 2 were very similar, with an almost
planar backbone along the BTD–DTP–cyanoacrylic acid conju-
gated section, and a wider angle of approx. 34� between the BTD
unit and the donor triphenylamine. Analogous features could
be found for BTD-DTP3, although in that case a small angle of
13.4� was also seen between the DTP unit and the additional
benzene ring, slightly affecting the overall conjugation of the
molecule. Geometry optimization of the dyes was also carried
out for the compounds adsorbed on TiO2, using a Ti16O32

cluster as a model (Fig. S2b†), which has already been proven
suitable for computing energies and molecular orbitals of
organic dyes/TiO2 systems.44–47 Results showed that the struc-
tures of compounds BTD-DTP1–3 were barely changed upon
anchoring on TiO2, with the only exception of a signicant
planarization of compound BTD-DTP3 along the DTP–benzene
linkage (from 13.4� to 2.8�); this could cause a red-shi of the
UV-Vis absorption spectrum of adsorbed BTD-DTP3 compared
to those of the other dyes (see below). In addition, in BTD-
DTP2–3, the long alkoxy chains present on the biphenyl side
group assumed an almost perpendicular orientation relative to
the dye backbone, supporting the possibility of forming an
efficient insulating layer on the semiconductor surface and
suppress dye aggregation. The frontier orbital energies and
electron density distributions were computed for the new dyes
in THF solution (Fig. 3). All dyes presented HOMOs mostly
located on the donor and central section of the molecules, with
a strong contribution of the conjugated carbon scaffolds.
Conversely, LUMOs featured a signicant contribution of the
acceptor portions of the dyes, together with the lone pairs of the
heteroatoms (in particular those of the electron-withdrawing
BTD unit).

In general, the frontier orbital shapes indicated a good
degree of intramolecular charge transfer upon photoexcitation,
together with a sizeable superposition of HOMOs and LUMOs
on the central section of the molecules, which is typical of D–A–
p–A dyes48 and suggests the possibility of an intense light
absorption via HOMO–LUMO transitions. In terms of orbital
ose adsorbed on TiO2
a

Emission

H–L (%) lemi
max Eemi f L–H (%)

74 652 1.90 1.94 90
75
59
72 650 1.91 1.92 90
72
59
69 656 1.89 1.91 84
69
31

xima, Eemi: emission energies, f: oscillator strengths, L–H transition

Sustainable Energy Fuels, 2021, 5, 1171–1183 | 1173
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Scheme 1 Synthesis of the dyes BTD-DTP1–3.
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energies, the values for BTD-DTP1–2 were very similar, while the
frontier orbitals of BTD-DTP3 appeared slightly destabilized
(approx. 0.1 eV), but still separated by approximately the same
band-gap.

The computational study was completed by the assessment
of the dye absorption and emission properties by TD-DFT
calculations (see the ESI† for computational details), both in
CHCl3 and THF solution, as well as those adsorbed on TiO2
1174 | Sustainable Energy Fuels, 2021, 5, 1171–1183
(Table 1). Considering the excitation process, maximum
absorption wavelengths (labsmax) were computed above 510 nm for
all dyes in solution, with a slight red-shi in CHCl3 on account
of the different solvent polarities, together with high oscillator
strengths indicative of strong light harvesting by the dyes. These
properties were also conserved aer dye adsorption on TiO2, in
which case the labsmax values were even slightly higher: such
absorption centred in the green region of the spectrum is
This journal is © The Royal Society of Chemistry 2021
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Table 2 Spectroscopic and electrochemical data of dyes BTD-DTP1–3

Dye
labsmax in
CHCl3

a [nm]
labsmax in
THFa [nm]

lemi
max in
THF [nm]

labsmax

on TiO2 [nm] E0–0
b [eV] ES+/S

c [V]
ES+/S*

c,d

[V]
G (�10�7)
[mol cm�2] WTe [%]

BTD-DTP1 544 (6.43) 532 (6.43) 644 523 2.09 (2.13) +1.00 �1.09 (�1.13) 2.48 17
BTD-DTP2 536 (6.28) 525 (4.95) 639 526 2.11 (2.10) +1.12 �0.99 (�0.98) 1.12 37
BTD-DTP3 538 (5.54) 531 (5.08) 648 532 2.08 (2.12) +0.96 �1.12 (�1.16) 1.26 48

a Values in parentheses refer to molar extinction coefficients [�104 M�1 cm�1]. b Calculated from the intersection of the absorption and emission
spectra in THF solution. Values in parentheses refer to E0–0 calculated from the Tauc plots. c Values vs.NHE, obtained using ferrocene as an external
standard and assuming a reduction potential of +0.63 V for the Fc+/Fc couple vs. NHE. d Calculated using the equation ES+/S* ¼ ES+/S � E0–0.
e Weighted transparency measured on TiO2 electrodes sensitized with dyes BTD-DTP1–3 and calculated against the absorption spectra of plant
photoreceptors (chlorophyll a, chlorophyll b, beta-carotene).
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precisely what is needed for the planned application of the dyes
in greenhouse-integrated DSSCs. In terms of transitions, for the
dyes in solution, it seems that the main absorption peak was
mostly due to the contribution of the HOMO–LUMO transition
(69–75%), although this value decreased for the dyes adsorbed
on TiO2 (31–59%), as a result of the occurrence of transitions
involving LUMO orbitals localized on TiO2. Concerning emis-
sions, the computed values in THF revealed uorescence
maxima above 650 nm for all dyes, yielding relatively large
Stokes shi values and pointing to a signicant degree of
structural relaxation following light absorption; oscillator
strengths were also quite high, suggesting strong uorescence
intensity, although signicant quenching was expected to occur
aer adsorption on the semiconductor. In conclusion, dyes
BTD-DTP1–3 might have highly suitable electronic and spec-
troscopic properties for the planned application in greenhouse-
integrated DSSCs.
Synthesis of dyes BTD-DTP1–3

The key issue to solve to prepare BTD–DTP dyes was to nd
a simple and versatile synthetic approach, able to allow an easy
scale-up, in view of their application in greenhouse buildings.
To accomplish this goal, we modied the previously reported
syntheses of BTD- and DTP-containing compounds,49–52 as
depicted in Scheme 1. In particular, we planned to build the dye
backbones by using direct arylation reactions, not requiring the
use of any preformed organometallic reagent, to reduce as
much as possible the number of synthetic and purication
steps compared to traditional cross-coupling protocols.
Accordingly, DTPs 1,53 5 and 7,42 and bromide 254 were prepared
following literature procedures. A possible convergent synthesis
through the direct arylation of DTP-containing aldehyde 1 with
bromide 2 was then investigated. The reaction was carried out
in toluene, using Pd(OAc)2 and CataCXium A® as the precatalyst
and ligand respectively, pivalic acid as an additive, and potas-
sium carbonate as the base. Although the conversion of the
starting materials was almost complete, the 1H-NMR analysis of
the reaction crude revealed the presence of a byproduct that was
not completely detachable from the desired compound 3, even
aer chromatographic purication. 1H-NMR and ESI-MS anal-
yses of a chromatographic fraction containing mainly the
byproduct led to assigning its structure to the isomer 3-iso
This journal is © The Royal Society of Chemistry 2021
(Scheme 1, path a). Apparently, despite being in a sterically
hindered position, the C–H bond in the 3-position of DTP 1
competes in the catalytic cycle with the more favored 6-position,
probably because of the electron-withdrawing nature of the
adjacent formyl group. Unfortunately, attempts to use different
ligands, like P(tBu)3, P(Cy)3, and XantPhos, or bases, like
Cs2CO3, did not improve the regioselectivity of the reaction.

Since the separation of 3 and 3-iso was not possible, we
abandoned the convergent synthetic pathway and prepared
intermediate 4 through direct arylation of 1 with 4,7-dibromo-
2,1,3-benzothiadiazole under our previously reported, opti-
mized conditions (Scheme 1, path b).33 In this case, improved
regioselectivity was observed which, together with the success-
ful separation of the two possible regioisomers by ash column
chromatography, allowed us to recover pure aldehyde 4 in 39%
yield. Finally, subjecting compound 4 to a classic Suzuki–
Miyaura cross-coupling with p-N,N-(diphenylamino)phenyl-
boronic acid easily allowed the placement of the triphenylamine
group leading to compound 3. Despite the problems observed
in the direct conversion of 1 to 3, the possibility of designing
a C–H activation-based convergent synthesis for the BTD-DTP2
dye was not abandoned ex ante, since we trusted that the higher
steric hindrance of the biphenyl substituent in the 4-position of
DTP 5 could prevent the C–H activation in 3-position. For this
reason, we tested our optimized conditions of direct arylation
by reacting DTP 5 with bromide 2. As we expected, in this case,
the C–H bond in 3-position was too hindered to react, thus only
the right isomer was detected and the desired advanced inter-
mediate 6 easily isolated in good yield (74%).

Finally, to gain access to aldehyde 8, we performed a one-pot
double arylation of DTP 7 using bromide 2 and 4-bromo-
benzaldehyde. The reaction was carried out using the optimized
procedure that we previously reported for a different heterocy-
clic core.33,55 The desired advanced intermediate 8 was thus
obtained in just one step, with 26% yield. It is noteworthy that
neither a fresh catalyst nor an additive was added for the second
C–H activation step with 4-bromobenzaldehyde, therefore both
transformations could be promoted by the initial catalytic load.
In addition, we determined that reversing the order of the
addition of the two bromides did not affect the nal yield. The
moderate yield of the reaction was due to the formation of some
co-products, which could not be entirely eliminated; details are
provided in the ESI (Fig. S1†). Finally, all the advanced
Sustainable Energy Fuels, 2021, 5, 1171–1183 | 1175
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intermediates 3, 6, and 8 were converted with high yields to the
corresponding dyes BTD-DTP1–3 through Knoevenagel
condensations in an acidic environment (77–98%).
Spectroscopic and electrochemical characterization of dyes
BTD-DTP1–3

A complete spectroscopic and electrochemical characterization
of the dyes was performed and the corresponding data are re-
ported in Table 2. UV-Vis spectra in CHCl3 (Fig. 4a) and THF
solution (Fig. 4b) were recorded showing, as expected, the
maximum light absorption always located in the visible region,
above 520 nm, and quite high molar attenuation coefficients
(4.95–6.43 � 104 M�1 cm�1). The differences among the spectra
recorded in the same solvent were minimal (less than 10 nm),
with a bathochromic shi in the order BTD-DTP2 < BTD-DTP3 <
BTD-DTP1. As usual, a small solvatochromic effect was observed
moving from one solvent to the other, with a 7–12 nm shi of
the main absorption peak, which was probably due to differ-
ences in solvent polarity. Dyes BTD-DTP1 and BTD-DTP2, which
have the same direct connection between the cyanoacrylic acid
and the dithienopyrrole unit, showed a shoulder peak at shorter
wavelengths, partially covered by the main absorption, a feature
that was not seen in the spectrum of BTD-DTP3. The spectro-
scopic characterization in THF solution was concluded by
exciting all the dyes near their labsmax and recording the corre-
sponding emission spectra (see Fig. S3†), which showed single-
peak emissions located between 639 and 644 nm. Optical band-
gaps (E0–0) were estimated from the intersection of the
normalized absorption and emission spectra, obtaining almost
equal values between 2.08 and 2.11 eV, conrming the light-
harvesting abilities of the compounds BTD-DTP1–3 in the
visible region. These values were almost equal to those obtained
from the Tauc plots (see Fig. S4†), which were drawn starting
from the UV-Vis data in THF solution. Such experimental data
were in very good agreement with the results of the TD-DFT
calculations presented above, with errors for the vertical exci-
tation energies #0.11 eV in both solvents. Remarkably,
comparable accuracy was also found for the uorescence
emission data in THF, with errors in the 0.02–0.04 eV range.
This conrms the ability of TD-DFT calculations to efficiently
Fig. 4 UV-Vis absorption spectra of dyes BTD-DTP1–3 (a) in CHCl3 solu

1176 | Sustainable Energy Fuels, 2021, 5, 1171–1183
model the spectroscopic properties of donor–acceptor organic
dyes, allowing us to focus the synthetic work only on the most
promising compounds.

To depict a more realistic scenario of DSSC operating
conditions, diffuse reectance spectroscopy (DRS) and trans-
mittance measurements were carried out on sensitized, thin (6
and 5 mm, respectively) and semitransparent TiO2 lms (anal-
ogous to those later used for the characterization of the solar
cells), and are reported in Fig. 5. Two different solvents, THF
(Fig. 5a) and chlorobenzene (CB, Fig. 5b), were used to prepare
the dye solutions for staining the TiO2-based electrodes, and the
spectrum of a corresponding system that employed the
conventional N719 dye dissolved in ethanol was also recorded,
for comparison purposes. Transmittance measurements were
performed on TiO2 lms sensitized with THF solutions of the
dyes and are shown in Fig. 5c, where the two photosynthetically
active regions are highlighted in cyan and red, respectively.
Furthermore, the weighted transmittance (WT%) of the semi-
transparent lms against the absorption spectra of the main
plant photoreceptors, namely chlorophyll a, chlorophyll b and
beta-carotene, was also calculated (see Table 2) to estimate the
amount of photosynthetically active light approaching the
plants aer being ltered by the dyes (details of the calculations
are reported in the Experimental section, see also Fig. S5†).

Clearly, on TiO2, the absorption peaks of the dyes were
broader than in solution, but still located in the green region, at
about 520 nm, while the absorption onset was found at about
700 nm, ensuring good transparency in the red portion of the
visible spectrum, the most important one for the plant photo-
receptors. Once again, this was in good agreement with the
results of the above TD-DFT computational study. Compound
BTD-DTP3 showed a wide spectral window in the blue region
too, making it a suitable candidate for application to green-
houses, as conrmed by transmittance measurements (Fig. 5c).
Accordingly, its WT% value of 48% (Table 2) was the highest
among the three sensitizers. In the spectra of the other two dyes
BTD-DTP1 and BTD-DTP2 a shoulder is present at about 430
nm, which decreased the WT% values (17% and 37%, respec-
tively). However, their stronger absorbance along the whole
visible spectrum compared to dye BTD-DTP3 suggested that
tion, (b) in THF solution.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 UV-Vis absorbance curves of the working electrodes of 6 mm thickness sensitized by the dyes BTD-DTP1–3 (a) in THF and (b) in chlo-
robenzene (CB) solution and, for comparison, by N719 in ethanol (EtOH) solution, obtained from DRS experiments. (c) Transmittance spectra of
thin (5 mm) transparent TiO2 films stained with THF solutions of dyes BTD-DTP1–3. Photosynthetically active regions are coloured in cyan (425–
475 nm) and red (625–750 nm).
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they could provide DSSC devices with superior photovoltaic
performances.

Interestingly, the maximum light absorptions of dyes BTD-
DTP2 and BTD-DTP3 remained almost unchangedmoving from
solution to TiO2 adsorption, while BTD-DTP1 exhibited a hyp-
sochromic shi of 20 nm, becoming the dye with the most blue-
shied lmax absorbance among the series. This behaviour could
be due to the capability of the bulky bis-octyloxy-substituted
biphenyl group of reducing the formation of H-aggregates in
the solid state, which would be impossible for the smaller hexyl
chain. Also, BTD-DTP3 presented the most red-shied absorp-
tion spectrum, which could be due to the attainment of a more
planar structure upon anchoring on TiO2, as shown by DFT
calculations (see above, and Fig. S2†). The density of adsorbed
dyes on TiO2 was then calculated by comparison with the
absorbance of a standard solution of each dye in THF before
and aer sensitization; BTD-DTP2 and BTD-DTP3, which have
similar size, showed similar densities of 1.12–1.26 � 10�7 mol
cm�2, while the smaller dye BTD-DTP1 exhibited an approxi-
mately two-fold concentration (2.48 � 10�7 mol cm�2) once
adsorbed on a TiO2 electrode.

Compared with THF, a more intense and broader absorption
spectrum of the working electrode is attained by dissolving the
dyes in CB, with the main differences to be observed in the 400–
This journal is © The Royal Society of Chemistry 2021
450 nm and 600–650 nm regions. Besides, a small hyp-
sochromic shi of all absorption peaks of the dyes was
observed. These results were indicative of a higher loading of
dye molecules on TiO2 using CB instead of THF as a solvent,
possibly accompanied by a modication of their self-
organization on the semiconductor surface, as previously
observed for other metal-free dyes.56,57 Interestingly, in both
cases the working electrodes sensitized by the new organic dyes
showed a quite higher absorbance in the visible spectrum when
compared to that sensitized by the conventional N719 (Fig. 5a
and b). This shows the superior characteristics of dyes BTD-
DTP1–3 as sensitizers, arising from their high molar attenua-
tion coefficients, which are more than threefold higher than
that of the conventional N719 in the visible range.58

Finally, to estimate the oxidation potentials of the new dyes
both at the ground and excited state, cyclic voltammograms
(CV) of BTD-DTP1–3 dissolved in CHCl3 solution were recorded,
using 0.1 M TBAPF6 as the supporting electrolyte and ferrocene
as the external standard (see Table 2). All the new molecules
exhibited quasi-reversible rst oxidation peaks (CV plots are
reported in Fig. S6†). Ground-state oxidation potentials (ES+/S)
were comprised in the +0.96 to 1.12 V vs. NHE range, and were
thus much more positive than the potentials of the most
common redox shuttles used in DSSCs, such as I�/I3

�.59 Excited-
Sustainable Energy Fuels, 2021, 5, 1171–1183 | 1177
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Fig. 6 J–V curves of the solar cells that employedworking electrodes of different thicknesses sensitized by organic dyes BTD-DTP1–3 as well as
Ru-dye N719. (a) 15 mm, THF solution; (b) 9 mm, THF solution; (c) 6 mm, THF solution; (d) 6 mm, CB solution.
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state oxidation potentials (ES+/S*), on the other hand, were fairly
negative (�0.99 to 1.12 V vs. NHE), ensuring a sufficient over-
potential for facile electron injection into the conduction band
of nanocrystalline TiO2 (ECB (TiO2) ¼ �0.5 V vs. NHE).16
Table 3 Electrical characteristics of the solar cells using working electro

TiO2 thickness
[mm] Dye Solvent JSC [mA

15 N719 EtOH 16.73 �
9 N719 EtOH 13.02 �
6 N719 EtOH 10.92 �
15 BTD-DTP1 THF 22.00 �
9 BTD-DTP1 THF 21.09 �
6 BTD-DTP1 THF 20.24 �
6 BTD-DTP1 CB 20.55 �
15 BTD-DTP2 THF 19.89 �
9 BTD-DTP2 THF 18.12 �
6 BTD-DTP2 THF 16.59 �
6 BTD-DTP2 CB 18.41 �
15 BTD-DTP3 THF 18.70 �
9 BTD-DTP3 THF 17.01 �
6 BTD-DTP3 THF 14.76 �
6 BTD-DTP3 CB 16.55 �
a Values obtained as an average of the data collected on three devices and

1178 | Sustainable Energy Fuels, 2021, 5, 1171–1183
Photovoltaic characterization of DSSCs built with dyes BTD-
DTP1–3

Small-scale DSSCs of 0.25 cm2 active area were fabricated using
the new organic dyes and then fully characterized. Different
des of different thicknessesa

cm�2] VOC [mV] FF [—] ECE [%]

0.09 750 � 3 0.68 � 0.01 8.58 � 0.02
0.06 740 � 2 0.68 � 0.01 6.52 � 0.02
0.06 772 � 2 0.69 � 0.01 5.78 � 0.03
0.53 626 � 4 0.59 � 0.02 8.12 � 0.03
0.34 654 � 4 0.59 � 0.02 8.18 � 0.04
0.32 642 � 3 0.61 � 0.02 7.88 � 0.04
0.48 678 � 3 0.63 � 0.01 8.77 � 0.03
0.35 668 � 4 0.61 � 0.02 8.06 � 0.02
0.43 694 � 3 0.62 � 0.02 7.75 � 0.03
0.27 686 � 3 0.64 � 0.01 7.28 � 0.03
0.18 703 � 2 0.66 � 0.01 8.54 � 0.02
0.32 689 � 4 0.60 � 0.02 7.77 � 0.03
0.29 690 � 3 0.60 � 0.02 7.08 � 0.03
0.39 700 � 2 0.62 � 0.02 6.37 � 0.03
0.31 715 � 2 0.60 � 0.02 7.14 � 0.03

reported with the corresponding standard deviation.

This journal is © The Royal Society of Chemistry 2021
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anode thicknesses were tested, starting from an optimal value
of 15 mm that is usually applied in conventional ruthenium-
based DSSCs for attaining high performance.60–62 Then, in
view of increasing the transparency of solar cells, two other
series of DSSCs employing anodes of 9 mm and 6 mm thickness
were studied. The different coloured working electrodes that
were sensitized with the new dyes are shown in Fig. S7,† as well
as a cross-section of the resulting solar cells. For the thinnest
electrodes, CB was additionally tested as a dye-adsorption
solvent and the results were compared with the corresponding
systems fabricated using THF. In all cases, the results were also
compared to those obtained by employing the conventional
N719 dye, under the same conditions. Fig. 6 shows the J–V
characteristic curves of the DSSCs containing the different dyes,
while their electrical characteristics are tabulated in Table 3.

Evidently, the solar cells built employing the BTD–DTP dyes
were oen better performing than those obtained with the
conventional N719 dye. In the case where the solar cells were
fabricated using a 15 mm-thick photoanode, the energy
conversion efficiency (ECE) of BTD-DTP1, BTD-DTP2, and BTD-
DTP3 was 8.12%, 8.06%, and 7.77%, respectively. These values
are quite satisfactory when compared to that obtained with the
conventional N719 dye under the same conditions, which was
8.58%. The slightly reduced ECE attained in the case of the
organic dyes was attributed to their lower VOC and FF values,
but, remarkably, they presented a consistently higher JSC
compared with N719. As the thickness of the photo-anode of
DSSCs was reduced rst to 9 mmand then to 6 mm, the solar cells
fabricated with dyes BTD-DTP1–3 still displayed very good
performances, preserving a high ECE, which decreased less
than 20% compared to that measured with the 15 mm-thick
anode (in the worst case). In contrast, DSSCs built with N719
dye showed a larger decrease in their ECE (higher than 30%) by
reducing the photo-anode thickness, mainly attributed to the
fall of the JSC value, which could be ascribed to the lower molar
attenuation coefficient of N719 compared to those of BTD-
DTP1–3 (1.33 � 104 M�1 cm�1 for N71963 vs. 4.95–6.43 �
104 M�1 cm�1 for BTD-DTP1–3).

The efficiency values were even higher when the devices were
fabricated using CB as a dye-adsorption solvent, with the record
Fig. 7 Solid lines: IPCE curves of the solar cells that employed the workin
lines: Integrated short-circuit currents. (a) Sensitization from THF solutio

This journal is © The Royal Society of Chemistry 2021
ECE of the DSSCs reaching 8.77% with a 6 mm thickness. In
particular, JSC values obtained with the dye BTD-DTP1 were
higher than those recorded with the other two dyes, which is in
agreement with its much higher adsorption density on TiO2, in
turn linked to its smaller size (Table 2). On the other hand, VOC
values were higher for dyes BTD-DTP2,3, which could be related
to their structure and in particular to the bulky biphenyl
substituent featured on the DTP nitrogen (see below for
a detailed discussion in the context of EIS experiments).42 To the
best of the authors' knowledge, the ECE values obtained here
are the highest reported for dyes especially developed towards
greenhouse application,7,31–33,64 and compare well with those of
the best sensitizers employed in semitransparent DSSCs,65–67

considering that the latter were not designed to comply with the
same stringent spectral requirements. Remarkably, the
increased ECE that was reached by using CB instead of THF as
a dye-adsorption solvent was clearly related to a generalized
increase of all the representative parameters of the solar cells,
but in particular of the photocurrents (Table 3), probably as
a result of the higher amount of dyes adsorbed on TiO2 from the
CB solution, as suggested by the broader and more intense light
absorption proles (see Fig. 5b). Despite the increased perfor-
mances, this aspect should be carefully considered when eval-
uating the cell transparency requirements for application in
greenhouses.

Fig. 7 shows the incident-photon-to-current-efficiency (IPCE)
spectra and the corresponding integrated JSC of the DSSCs with
the 6 mm anode and sensitized by the different dyes. As can be
seen, the solar cells built using organic dyes showed high
external quantum efficiency in the visible spectrum, much
higher than that of the solar cell fabricated using the conven-
tional dye N719, with the photo-current onset being, in most of
the cases, almost at 750 nm. The maximum IPCE was achieved
with BTD-DTP1 dye in DSSCs, which reached almost 80% at
about 500 nm, while the BTD-DTP2 and BTD-DTP3 dyes reached
75% and 68%, respectively, in the visible spectrum. The use of
CB as a dye-adsorption solvent instead of THF resulted in
higher and broader IPCE spectra of the DSSCs, in agreement
with the DRS results. In all cases, the external quantum effi-
ciency of the DSSCs that employed the new organic dyes was
g electrodes of 6 mm thickness sensitized by the different dyes. Dotted
n; (b) sensitization from CB solution.

Sustainable Energy Fuels, 2021, 5, 1171–1183 | 1179
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much higher than that of the solar cell incorporating N719 dye,
which did not exceed the value of 55% in the visible spectrum.
This reveals the drawback of using the conventionalN719 dye as
a sensitizer in DSSCs employing thin photo-anodes and the
superiority of our new organic dyes for the development of high-
transparency solar cells. It should also be noted that the values
of integrated JSC coming from the IPCE measurements were in
perfect agreement with the values stemming from the J–V
measurements, conrming the good accuracy of the photovol-
taic characterization.

In the nal part of this study, the charge transfer processes
taking place in the solar cells were analysed by means of Elec-
trochemical Impedance Spectroscopy (EIS).68 Measurements
were performed using cells with photoanodes of 6 mm thickness
sensitized by the different dyes.
Fig. 8 Nyquist plots (a, b), equivalent circuit used for their fitting (c), and B
electrodes of 6 mm thickness sensitized by the different dyes. (a, d) Sens

1180 | Sustainable Energy Fuels, 2021, 5, 1171–1183
The Nyquist plots and the Bode phase diagrams are shown in
Fig. 8, while the parameters obtained by EIS are tabulated in
Table 4. In the Nyquist plots, due to the use of a high-
performance liquid state electrolyte, two semicircles were
observed; the small semicircle at the higher frequencies corre-
sponds to charge transfer processes taking place at the Pt/
electrolyte interface, while the larger one at the lower frequen-
cies arises from the charge transfer processes taking place at the
TiO2/dye/electrolyte interface.

Several parameters can be obtained by tting the experi-
mental spectra with an electrochemical model (see the equiva-
lent circuit presented in Nyquist plots), namely the series
resistance of the solar cell (Rs), the charge transfer resistance at
the Pt/electrolyte interface (RPt), and the charge transfer resis-
tance at the TiO2/dye/electrolyte interface (Rrec). Here, the values
ode phase diagrams (d, e) for the solar cells that employed the working
itization from THF solution; (b, e) sensitization from CB solution.

This journal is © The Royal Society of Chemistry 2021
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Table 4 Parameters obtained from the EIS measurements of the solar
cells that employed the working electrodes of 6 mm thickness sensi-
tized by the different dyesa

Dye Solvent Rrec (ohm) se (ms)

N719 EtOH 50 3.16
BTD-DTP1 THF 15 0.66
BTD-DTP1 CB 26 0.88
BTD-DTP2 THF 28 1.89
BTD-DTP2 CB 33 2.31
BTD-DTP3 THF 68 3.16
BTD-DTP3 CB 73 4.07

a For V ¼ �VOC under dark conditions.
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of Rs and RPt were found to be comparable for all the DSSCs,
reecting the similar fabrication conditions and materials used
at the counter electrode, while the values of Rrec were quite
different. More specically, the Rrec values increased in the
order BTD-DTP1 < BTD-DTP2 < BTD-DTP3, both for THF and CB
solutions. Such results suggest that for the latter two dyes
a slower charge recombination rate is taking place at the TiO2/
dye/electrolyte interface, in good agreement with their molec-
ular structures. Indeed, it was already reported for other dyes
that the bulky, alkoxy-substituted biphenyl substituent present
on the DTP nitrogen might form an efficient protective layer on
the semiconductor surface, resulting in an increased charge
recombination lifetime compared to a simple alkyl chain, and
thus in a higher VOC.42 In addition, the values obtained when the
staining was performed in CB were higher than the corre-
sponding ones using THF, that is, once again, in agreement
with a higher dye adsorption density, resulting in a more
compact insulating layer on TiO2, able to slow down charge
recombination. Considering the Bode phase plots, the
frequency of the peaks observed in the middle-frequency
domain can be used to evaluate the electron lifetime within
the semiconductor (se), providing another indication of the
charge recombination rate taking place at the TiO2/dye/
electrolyte interface.

In agreement with the previous measurements, the se values
increased in the order BTD-DTP1 < BTD-DTP2 < BTD-DTP3,
both for THF and CB as dye-adsorption solvents, while the
values obtained for the devices fabricated using CB as the
staining solvent were higher than the corresponding ones with
THF. Electron lifetime and charge recombination rate at the
TiO2/dye/electrolyte interface appear thus to be inuenced by
factors such as dye molecule size and geometry, and dye
adsorption behaviour, resulting in a strong inuence on the
photo-voltage of the solar cells, in agreement with previous
literature reports.69 Indeed, in the present investigation, the
trend in the values of Rrec and se found for the new BTD–DTP
dyes was consistent with the values of VOC obtained for the
corresponding solar cells. In contrast the higher value of VOC in
the case of N719, compared with the other dyes, should be
attributed to a different reason, considering that both its Rrec

and se values were intermediate between those of the BTD–DTP
dyes. Indeed, for a certain electrolyte composition, differences
This journal is © The Royal Society of Chemistry 2021
in VOC are linked to variations in the quasi-Fermi-level of the
metal oxide semiconductor, which is in turn correlated not only
with the electron density at the equilibrium (depending on the
rate of recombination between the semiconductor electrons
and the oxidized electrolyte species), but also with the position
of the semiconductor conduction band edge.16 It has been re-
ported that, upon anchoring, charge transfer from the dyes to
the semiconductor can induce a signicant shi of the
conduction band position, which is maximized in the case of
compact dyes with a strong donating character.70 N719 is
a homoleptic dye connected to TiO2 through three carboxylate
linkages,71 and is therefore expected to induce a higher shi in
the semiconductor conduction band compared to BTD–DTP
organic dyes, connected via a single carboxylic group and
endowed with an additional electron-withdrawing unit, thus
yielding devices characterized by a higher VOC.

Conclusions

In this work, we presented the synthesis and characterization of
three new D–A–p–A organic sensitizers, specially designed to
build semitransparent DSSCs with potential application in
agrivoltaics. The compounds are based on an electron-
withdrawing 2,1,3-benzothiadiazole core connected to an
electron-rich dithieno[3,2-b:20,30-d]pyrrole (DTP) unit, but
present different bulky side chains inuencing their physico-
chemical properties. Computational studies at the TD-DFT
level suggested that the compounds should be able to absorb
light intensely in the green part of the visible spectrum while
leaving appropriate “windows” in the red and blue regions,
making them suitable for the foreseen application.

Assembly of the dyes' central backbone was swily achieved
by means of Pd-catalysed direct arylation protocols, which
allowed signicant reduction of the number of synthetic steps
and purication procedures of the intermediates compared to
classic cross-coupling reactions. UV-Vis absorption and trans-
mittance studies of the synthesized dyes both in solution and
those adsorbed on TiO2 essentially conrmed the results of
calculations. Fabrication of DSSC devices and measurement of
their photovoltaic characteristics highlighted how the new
organic dyes produced cells of comparable efficiency relative to
the reference Ru-based dye N719 when employing a thick TiO2

layer, but largely overcame its performances when thinner
(down to 6 mm) layers were used, making themmore suitable for
the fabrication of transparent devices. In addition, staining
from CB solutions of the dyes was demonstrated to provide
more efficient cells compared to the use of a more common
solvent such as THF, probably thanks to the higher density of
dye molecules adsorbed on the semiconductor surface. Under
such optimized conditions, remarkable ECE values between
7.14 and 8.77% were obtained, with high photocurrents up to
>20 mA cm�2. EIS studies revealed a close connection between
the dye structures and the recorded photovoltages, indicating
that the bulky biphenyl substituent present in dyes BTD-DTP2–
3 could screen efficiently the semiconductor surface and thus
reduce charge recombination rates at the TiO2/dye/electrolyte
interface. Clearly, nding the right compromise between these
Sustainable Energy Fuels, 2021, 5, 1171–1183 | 1181
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two important properties will constitute the key to the
successful development of large-area prototypes. These inves-
tigations are currently in progress and their results will be re-
ported in due course.
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