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Olavide, Carretera de Utrera km 1, Sevilla 4

† Electronic supplementary information (
modelling, solar cells. CCDC 2030933 and
data in CIF or other electronic format see

Cite this: Sustainable Energy Fuels,
2021, 5, 144

Received 8th September 2020
Accepted 22nd October 2020

DOI: 10.1039/d0se01345e

rsc.li/sustainable-energy

144 | Sustainable Energy Fuels, 2021
-based photosensitizers for
efficient and stable dye-sensitized solar cells and
8.7% efficiency semi-transparent mini-modules†

Maxime Godfroy, a Johan Liotier,a Valid M. Mwalukuku,a Damien Joly,a

Quentin Huaulmé,a Lydia Cabau,a Cyril Aumaitre,a Yann Kervella,a Stéphanie Narbey,b
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Gerko Oskam ef and Renaud Demadrille *a

We report on the synthesis and structure–properties relationships of five benzothiadiazole-based organic

dyes designed for use in Dye-Sensitized Solar Cells (DSSCs). These compounds exhibit hues ranging from

pink to violet-blue and demonstrate good Power Conversion Efficiencies (PCEs) ranging from 7.0% to 9.8%

when employed as photosensitizers with TiO2 mesoporous electrodes. The combination of two of these

dyes following a co-sensitization approach led to a PCE of up to 10.9% with an iodine-based liquid

electrolyte. We demonstrate, using charge extraction and transient photo-voltage experiments, that the

improvement of the performances with the cocktail of dyes is related to better light absorption and

passivation of the TiO2 surface. When the volatile electrolyte is swapped for an ionic-liquid, PCEs over

7.5% are reached and the best solar cells retain 80% of their initial performance after 7000 h of light

exposure, according to the accelerated aging test ISOS-L2 (65 �C, AM1.5G, under continuous irradiation

at 1000 W m�2). Finally, we report excellent performance in five-cell mini-modules with 14 cm2 active

area demonstrating a PCE of 8.7%. This corresponds to a power output of circa 123 mW, ranking among

the highest performances for such semi-transparent photovoltaic devices.
1. Introduction

During the past two decades, tremendous efforts have been
focused on the development of photovoltaic (PV) technologies
capable of palliating some of the drawbacks of conventional
silicon-based solar panels such as heaviness, opaqueness and
large energy consumption during manufacturing.1,2 Technolo-
gies integrating organic and hybrid materials such as Dye-
Sensitized Solar Cells (DSSCs),3,4 Bulk-Hetero-Junction solar
cells (BHJ),5–7 or Perovskite Solar Cells (PSC)8,9 have progressed
signicantly. Nowadays they appear to be adapted to solve some
of these drawbacks.10 In terms of power conversion efficiencies
(PCEs), the best DSSCs performances lie in the range of 10 to
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14.2%,11–15 which is lower compared to BHJ and PSC, but
interestingly they already demonstrated superior long-term
stability. Indeed, when non-volatile electrolytes are
employed,16–18 their performance can be conserved under harsh
testing conditions,16 and a stability corresponding to approxi-
mately 10 years of use in real conditions has been demon-
strated. Besides, this technology enables the fabrication of
semi-transparent solar panels that can be colourful and
prepared with non-toxic constituents.19 All these criteria make
DSSCs very appealing for Building-Integrated Photovoltaics
(BIPV)18,20,21 or Automobile Integrated Photovoltaics (AIPV).22

The performance of a DSSC mainly depends on the molecular
structure of the dye used to photosensitize the mesoporous
electrode. Historically, Ru(II)–polypyridyl complexes were the
rst efficient dyes used as photosensitizers in DSSCs (N-719 or
N-749)23 but they possess low absorption coefficients in the
visible range,24 and contain ruthenium which is a rare and high-
cost element. Besides, their plausible toxicity restrains their
development at the industrial level. Consequently, metal-free
organic dyes based on the donor–(p-spacer)–acceptor struc-
ture have been extensively developed, studied and screened as
photosensitizers in DSSCs.25,26

To improve the photocurrent generation and hence photo-
voltaic performances of DSSCs, the development of new dyes
better matching the solar emission spectrum appeared to be an
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Chemical structure of the previously reported dye RK1, YKP-88
and structures of the four new dyes synthetized in this work.
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efficient strategy. A decade of development led to a plethora of
new organic dyes, allowing identication of very efficient
electron-rich units (such as triarylamine derivatives) and
anchoring electron-withdrawing units (such as cyanoacrylic
acid or carboxylic acid) for their preparation.22 Many chromo-
phores have been also investigated as p-conjugated spacers
(BODIPY,26 isoindigo,27 porphyrins12,28,29) to tune their opto-
electronic properties. A few years ago, we reported a benzothia-
diazole-containing dye, namely RK1,16 showing a rather simple
chemical structure and demonstrating a power conversion
efficiency of up to 10.2% with an outstanding stability of more
than 9000 hours when subjected to a harsh accelerated ageing
test (ISOS-L2). This orange-reddish dye was the rst purely
organic photosensitizer to be implemented in a large semi-
transparent module (active area of 1400 cm2) suitable for
BIPV.21 Inspired by the design of this dye, we reported in 2018
another benzothiadiazole-based molecule namely YKP-88,
where the TPA unit is bridged to the thiophene ring to form an
indeno[1,2-b]thiophene unit. This dye showed an efficiency of
over 9% in DSSCs fabricated with classical architectures, and up
to 10.3% with inverse opals-based electrodes.30 Consequently,
in this work, we investigate further the performance of YKP-88
and report the synthesis of four new analogue compounds
whose chemical structures are tuned with the goal to shi its
Internal Charge Transfer (ICT) absorption band towards lower
energy wavelengths while keeping control of the energy levels of
the frontier orbitals. Our objective was to prove efficient and
stable dyes following this molecular concept while obtaining
various colours. Their optoelectronic properties have been
studied by UV-Vis spectroscopy, cyclic voltammetry (CV) and
then compared to DFT calculations. We implemented these
dyes in DSSCs using opaque TiO2 electrodes and various elec-
trolytes and we report their photovoltaic performances. The
combination of YKP-88 with one of the new dyes, following a co-
sensitization approach, led to a PCE of up to 10.9% using an
iodine-based electrolyte. The reasons behind the improvement
of the performances were unravelled thanks to Charge Extrac-
tion (CE) and Transient Photo-Voltage (TPV) measurements. We
also report, using ionic liquid-based electrolyte, stable solar
cells that retain 80% of their initial efficiency for over 7000
hours when subjected to a standard ISOS-L2 accelerating ageing
test. Finally, we show that semi-transparent mini-modules with
an active surface of 14.08 cm2 (total surface of 23 cm2) can be
fabricated with YKP-88. This mini-module reached a PCE of
8.7% with a power output of circa 123 mW.

2. Results and discussion
2.1 Design and synthesis

Owing to the good efficiency and stability of DSSCs sensitized
with RK1 or YKP-88 and the relatively ease of synthesis of these
dyes, we developed in this study new molecules presenting
a rather close chemical design. Fig. 1 presents the chemical
structures of RK1, YKP-88 and the 4 new dyes synthesized in this
work. With the goal to shi the absorption of the new dyes
towards longer wavelengths in the visible range, we tuned the
push–pull effect within the molecules by increasing the
This journal is © The Royal Society of Chemistry 2021
electron-donating strength of the triarylamine (TPA) unit or by
improving the planarity of the molecules (see X-ray structures in
ESI†) and/or the p-conjugation with the electron-accepting unit.
First, the TPA unit was substituted with two alkoxy groups to
give YKP-137, second the replacement of the thiophene anking
the indene ring by a thieno[3,2-b]thiophene unit was performed
to give MG-207. Then we swapped the benzene spacer between
the benzothiadiazole and the anchoring function for a furan
unit.

This replacement led to a better planarization and conjuga-
tion of the electron-accepting units.31 Therefore, we obtained
DJ-214 and MG-214 that are analogues of YKP-88 and MG-207,
respectively. The synthesis routes towards these 4 new dyes are
presented in Fig. 2. The synthesis involves, as a precursor, ethyl-
5-bromo-2-iodobenzoate that can be coupled with a thiophene
unit through a Suzuki coupling or a thieno[3,2-b]thiophene unit
through a Negishi coupling to give compounds 1 and 8,
respectively. From 1, 6-bromo-4,4-bis(4-hexylphenyl)-4H-indeno
[1,2-b]thiophene, 2 can be obtained via Grignard reaction and
cyclization under acidic conditions.30 Applying the same
approach starting from 8 afforded compound 9. The triaryl-
amine units 3, 4 and 10 were obtained via Buchwald–Hartwig
cross-coupling reaction using unsubstituted or alkoxy-
substituted diphenylamine. Regioselective lithiation of 3 and
4 followed by a nucleophilic substitution with chloro-
trimethylstannane afforded two stannylated intermediates,
which were not isolated due to poor chemical stability. The
intermediate corresponding to 4 was subsequently used in
a Stille cross-coupling reaction with 4-(7-bromobenzo[c][1,2,5]
thiadiazol-4-yl)benzaldehyde32 to give compound 7. The stan-
nylated derivative of 3 was reacted with 5-(7-bromobenzo[c]
[1,2,5]thiadiazol-4-yl)furan-2-carbaldehyde, 5, to afford
compound 6. On the other hand, compound 10 was lithiated
selectively to allow the formation of an organo-zinc interme-
diate by nucleophilic substitution with zinc chloride. This
organo-zinc intermediate was then involved in a Negishi
coupling with 4-(7-bromobenzo[c][1,2,5]thiadiazol-4-yl)
Sustainable Energy Fuels, 2021, 5, 144–153 | 145
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Fig. 2 Synthetic routes and intermediates towards YKP-137, DJ-214, MG-207 and MG-214 dyes.
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benzaldehyde to give compound 11 and with 5-(7-bromobenzo
[c][1,2,5]thiadiazol-4-yl)furan-2-carbaldehyde, 5, to give
compound 12. The targeted materials YKP-137, DJ-214,MG-207
and MG-214 were obtained via Knoevenagel condensation with
cyanoacetic acid in the presence of piperidine (synthetic
procedures, 1H-NMR, 13C-NMR, HRMS and elemental analysis
are given in ESI†).
2.2 Optoelectronic properties

The optical properties of the compounds YKP-137, DJ-214, MG-
207 and MG-214 were investigated and compared to those of
YKP-88. When the dyes are evaluated in diluted solution
(10�5 M in dichloromethane) (see Fig. 3a), they all display
intense absorption in the visible range with molar extinction
coefficients, at lmax, comprised between 2.7 � 104 and 4.33 �
104 L mol�1 cm�1. The absorption band located at lower energy
is attributed to the Internal Charge Transfer (ICT) transition,
whereas the other transition (around 400 nm) is attributed to
the p–p* transitions of the different aromatic units. As ex-
pected, increasing the electronic density difference between the
146 | Sustainable Energy Fuels, 2021, 5, 144–153
electron donating and the withdrawing part implies a bath-
ochromic shi of the Internal Charge Transfer (ICT) band.
Thus, the alkoxy substituents introduced on the TPA unit of
YKP-137 induce a red shi of the ICT band by 28 nm compared
to YKP-88. On the other hand, the replacement of the thiophene
by a thienothiophene unit in MG-207 has a minor effect on the
lmax with a small bathochromic shi (+3 nm). However, the
shi is more pronounced for the UV absorption band (+12 nm).
If the absorption spectra of YKP-88 and MG-207 are compared
to the ones of DJ-214 andMG-214 respectively, we can probe the
effect of swapping the benzene spacer for a furan. A strong
bathochromic shi of lmax is now observed (+52 nm) accom-
panied by a signicant hyperchromic shi. This observation
can be explained by the smaller resonance energy of furan
compared to benzene (16 kcal mol�1 vs. 36 kcal mol�1) leading
to more effective conjugation.33 Besides, our results conrm
(see Fig. S1 in ESI†) that using a furan spacer, a higher degree of
planarity along the molecule is achieved.34 The dihedral angle of
20� between the benzothiadiazole unit and the phenyl in YKP-88
is reduced to 0� between the benzothiadiazole unit and the
furan in DJ-214, leading to a perfect co-planarity and a better
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Absorption spectra registered (a) in Dichloromethane
solution, (10�5 M, 25 �C), (b) on 2 mm-thick mesoporous TiO2 elec-
trodes, for compounds YKP-88 (red line), YKP-137 (magenta line), DJ-
214 (violet line) MG-207 (cyan line) and MG-214 (blue line) (c) cyclic
voltammetry traces in solution for each compound (deoxygenated
dichloromethane, 10�3 M, 25 �C, voltage scan 200 mV s�1).
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conjugation with the anchoring function. The introduction of
the furan unit also induces the emergence of an absorption
shoulder between 400–450 nm.31
Table 1 Selected optical and electronic properties of compounds YKP-

Dyes lmaxvis
a [nm] 3 [M�1 cm�1] Eopt

a,b [eV]

YKP-88 529 28 100 1.99
DJ-214 582 45 300 1.79
YKP-137 557 32 200 1.87
MG-207 532 27 000 1.99
MG-214 584 36 400 1.81

a In solution (DCM, 10�5 M) or adsorbed on anatase–TiO2 (2 mm). b Calcul
CHCl3/t-butanol, 0.2 mM dye. d All potentials were obtained by cyclic vo
electrode diameter was 1 mm and the sweep rate 200 mV s�1. Potentia
potentials (E1/2) and �4.8 eV as a Fc/Fc+ standard versus vacuum level. e C

This journal is © The Royal Society of Chemistry 2021
The new compounds exhibit bright colours ranging from
pink to violet-blue in solution. In order to gain more insights
into the behaviour of these dyes once adsorbed on mesoporous
TiO2, their absorption spectra were measured aer graing on
a 2 mm-thick TiO2 mesoporous layer from a 2 mM solution in
a 1/1 mixture of ACN and tBuOH (see Table 1). Once the dyes are
attached onto TiO2, their absorption spectra are broadened and
the ICT band is blue-shied by 16 nm, 24 nm and 13 nm for
YKP-88, YKP-137 and MG-207 respectively, whereas the shi is
more important i.e. 32 nm and 30 nm for DJ-214 and MG-214
(see Fig. 3b). A small blue shi is oen observed when organic
photosensitizers are graed on the TiO2 surface, which can be
ascribed partly to the deprotonation of the carboxylic acid
function.35 However, larger shis and broadening of the spec-
trum can be associated to the formation of aggregates,36,37

which is consistent with the more planar nature of the furan-
containing molecules.

To get more insights into the optoelectronic properties of the
compounds, cyclic voltammetry experiments were carried out
with the objective to determine highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy level positions (see Fig. 3c). We estimated the
energy levels from their oxidation and reduction potential aer
calibration with ferrocene (Fc/Fc+). Similar to YKP-88, the dyes
DJ-214, MG-207 and MG-214 exhibit two reversible oxidation
waves located at around +0.45 V and +0.95 V. YKP-137 is easier
to oxidize because of the presence of alkoxy substituents on the
TPA unit and hence its oxidation waves are found around
+0.28 V and +0.86 V (see Fig. 3c). It clearly appears that the TPA
unit dictates the HOMO energy level position. For all the dyes,
the HOMO is around�5.25 eV except for YKP-137 whose HOMO
is at �5.08 eV. Regarding the reduction process, it appears that
the reduction potentials are similar for YKP-88 and YKP-137
(around �1.55 V), i.e. the dyes showing the same p-conjugated
backbone. The reduction waves are shied towards more posi-
tive potentials for the dyes in which the p-conjugated backbone
is modied i.e. MG-207, DJ-214 and MG-214 (�1.50 V, �1.45 V
and �1.40 V respectively). The LUMO energy levels are lying
between �3.26 eV and �3.30 eV for the 3 dyes with a benzene
spacer, and as expected, they are shied towards more negative
values for the dyes with a furan spacer.38 This is another
manifestation of the higher degree of conjugation between the
electron-accepting unit and the benzothiadiazole unit. The
88, YKP-137, DJ-214, MG-207, MG-214

lmax TiO2
c [nm] HOMOd [eV] LUMOd [eV] Eelec

e [eV]

513 �5.26 �3.26 2.00
550 �5.25 �3.35 1.90
533 �5.08 �3.26 1.82
519 �5.25 �3.30 1.95
554 �5.24 �3.40 1.84

ated from 1241/lonset.
c TiO2 electrode (thickness 2 mm), dyeing solution

ltammetry investigations in 0.2 M Bu4NPF6 in CH2Cl2. The platinum
ls measured vs. Fc/Fc+ and the values are calculated using half-wave
alculated from Eelec ¼ EHOMO � ELUMO.

Sustainable Energy Fuels, 2021, 5, 144–153 | 147
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HOMO and LUMO energy levels of the dyes are positioned
correctly with respect to the conducting band (CB) energy level
of the TiO2 and the redox potential of the iodine/iodide elec-
trolyte, to warrant an efficient electron photo-injection from the
dye to the TiO2 and a good regeneration of the oxidised dye by
the redox mediator. Consequently, we have fabricated DSSCs
using this device conguration.

2.3 Dye-Sensitized Solar Cells

2.3.1 Evaluation of the performances of the photosensi-
tizers. In order to characterize the photovoltaic behaviour of the
dyes, DSSC were fabricated (see procedure in ESI†), and their
current–voltage characteristics were recorded using a 0.36 cm2

mask under AM1.5G irradiation at 1000 W m�2.
Two types of electrolytes containing I�/I3

� redox couple were
employed, rst, a liquid electrolyte (Iodolyte HI-30) to achieve
high performances and second, an ionic liquid-based electro-
lyte (Mosalyte TDE-250) to obtain more robust solar cells. The
electrode thicknesses were optimized for each device congu-
ration. Thick electrodes with 10 to 14 mm-thick mesoporous
TiO2 lms coated with a 3 to 4 mm-thick reecting layer were
prepared and used with the liquid electrolyte. Thinner meso-
porous layers (8 mm-thick coated with a 3 mm-thick reecting
layer) were employed to facilitate the complete lling of the
Table 2 Photovoltaic parameters of compounds YKP-88, YKP-137, DJ-
Electrodes: TiO2 mesoporous anatase + scattering layer

Dyes Electrolyte
TiO2 electrode
(mm) J

YKP-88 Iodolyte 14 + 3a 1
YKP-88 Iodolyte 14 + 3b 1
YKP-88 Iodolyte 14 + 3b 1
YKP-88 Mosalyte TDE-250 8 + 3b 1
YKP-88 Mosalyte TDE-250 8 + 3b 1
DJ-214 Iodolyte 14 + 3a 1
DJ-214 Iodolyte 10 + 4b 1
DJ-214 Iodolyte 10 + 4b 1
DJ-214 Mosalyte TDE-250 8 + 3b 1
DJ-214 Mosalyte TDE-250 8 + 3b 1
YKP-137 Iodolyte 14 + 3a 1
YKP-137 Iodolyte 10 + 4b 1
YKP-137 Iodolyte 10 + 4b 1
YKP-137 Mosalyte TDE-250 8 + 3b 1
YKP-137 Mosalyte TDE-250 8 + 3b 1
MG-207 Iodolyte 14 + 3a 2
MG-207 Iodolyte 12 + 3b,c 1
MG-207 Iodolyte 12 + 3b,c 1
MG-207 Mosalyte TDE-250 8 + 3b,c 1
MG-207 Mosalyte TDE-250 8 + 3b,c 1
MG-214 Iodolyte 14 + 3a 1
MG-214 Iodolyte 12 + 3b,c 1
MG-214 Iodolyte 12 + 3b,c 1
MG-214 Mosalyte TDE-250 8 + 3b,c 1
MG-214 Mosalyte TDE-250 8 + 3b,c 1
RK1 Iodolyte 10 + 4a 1
RK1 Mosalyte TDE-250 8 + 3b 1

a Fabricated and tested at CEA. b Fabricated and tested at Solaronix. First
mean-values and standard deviation calculated from at least 3 devices. Dy
except for MG-207 and MG-214. c Dyeing bath: [dye] ¼ 0.2 mM, [CDCA] ¼

148 | Sustainable Energy Fuels, 2021, 5, 144–153
pores with Mosalyte TDE-250 because it shows higher viscosity.
Some of the devices were fabricated in a double-blind process at
Solaronix and at CEA, and the performances are as reported in
Table 2 to prove the reliability and reproducibility of the results.
The performances were compared to those obtained using RK1
as a reference dye.11,16

As can be noticed from this table, when used with a liquid
electrolyte based on a low viscosity solvent, the ve new dyes
exhibit relatively good efficiencies, ranging from 7.01% up to
9.78% for the best cells. Notably, Jsc values over 14.5 mA cm�2

are measured with all the dyes. The performances of the DSSCs
sensitized with the compounds embedding a phenyl spacer are
higher than the ones arising from the dyes with a furan. One
noticeable difference concerns the lower Voc values obtained
when a furan spacer is used. Voc mean-values are up to 708 mV,
726 mV and 704 mV for compounds YKP-88, YKP-137 and MG-
207 respectively, whereas with DJ-214 and MG-214 they are
lowered by circa 40 to 60 mV. The highest Voc is obtained with
YKP-137, because of the presence of alkoxy-chains on the TPA
that is known to lower the recombination rate.39–41 The loss of
Voc when a furan is inserted close to the anchoring group was
expected since several teams have reported this phenomenon
before. In previous studies, the Voc drop was attributed to an
214, MG-207 and MG-214, under irradiation AM1.5G at 1000 W m�2;

sc (mA cm�2) Voc (mV) FF (%) PCE (%)

7.89 735 72 9.52
8.96 706 71 9.54
8.66 � 0.31 708 � 3 71 � 1 9.34 � 0.12
7.39 642 66 7.36
6.81 � 0.46 645 � 3 67 � 1 7.27 � 0.04
7.03 648 69 7.57
7.08 670 71 8.09
7.14 � 0.06 666 � 4 71 � 0 8.08 � 0.02
7.21 616 69 7.34
6.80 � 0.41 613 � 4 67 � 3 6.87 � 0.47
9.50 723 68 9.55
8.56 729 70 9.38
8.52 � 0.05 726 � 4 69 � 1 9.21 � 0.18
5.70 659 63 6.59
5.61 � 0.10 660 � 0 61 � 2 6.44 � 0.16
2.14 672 66 9.78
8.42 703 73 9.41
8.03 � 0.20 704 � 1 72 � 1 9.15 � 0.14
6.12 678 69 7.52
6.53 � 0.57 674 � 4 67 � 2 7.47 � 0.04
6.13 623 70 7.01
4.55 660 71 6.83
4.68 � 0.19 657 � 2 70 � 1 6.82 � 0.10
5.42 609 69 6.52
5.51 � 0.49 606 � 1 67 � 1 6.32 � 0.10
8.47 � 1.39 719 � 11 70 � 1 9.28 � 0.60
5.95 � 0.18 668 � 1 66 � 1 7.21 � 0.14

line and second line correspond to best cells; third line corresponds to
eing bath: [dye] ¼ 0.2 mM, [CDCA] ¼ 2 mM in MeCN : tBuOH 1 : 1, (v/v)
2 mM in CHCl3 : EtOH 1 : 1, (v/v).

This journal is © The Royal Society of Chemistry 2021
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increase of the charge recombination rate42,43 and a conduction
band down-shi.31

In our dyes, the substitution with phenyl-hexyl groups of the
spiro carbon of the indene unit is expected to reduce the dye
aggregation. To verify that the aggregation phenomenon is not
critical in our solar cells we have fabricated DSSCs without
using CDCA. The use of CDCA as co-adsorbent with organic
sensitizers is known to diminish the undesirable formation of
dye aggregates on the TiO2 surface.

The results are reported in ESI (Table S5†). We achieved
quite comparable performances without CDCA, indicating that
aggregation phenomenon is rather limited with these dyes.
However, the solar cells show a slightly lower PCE, thus justi-
fying the use of CDCA.

The external quantum efficiency (EQE) was measured for the
different solar cells and the spectra are compared in Fig. 4 (J(V)
curves are presented in Fig. S19†). The new dyes show a wider
photo-response, which is extended towards higher wavelengths
compared to YKP-88. The results conrm that the dyes
embedding a furan spacer are less efficient to convert photons
into electrons. This experiment also conrms the good photo-
voltaic behaviour of the thieno-thiophene based dyes and that
MG-207 is the most efficient dye from this series. IPCE curves
and integrated currents of DSSCs are reported in ESI.†

To summarize, with an iodine-containing liquid electrolyte,
the new compounds YKP-137 and MG-207 exhibit efficiencies
quite comparable to YKP-88, while the inclusion of a furan
spacer in the chemical structure of DJ-214 and MG-214 appears
to be clearly detrimental to the performances. When tested with
an ionic liquid-based electrolyte, all the dyes yield Jsc values over
15.4 mA cm�2 and two of them i.e. DJ-214 and MG-207 exhibit
a PCE over 7.3%. As previously observed, the devices sensitized
by the dyes embedding a furan spacer possess lower Voc
(decreased by 30–60 mV). It should be noticed that, with PCEs
comprised between 6.52% and 7.52%, our best solar cells rank
amongst the most efficient using ionic liquid electrolytes.44–46

Besides, these devices are quite robust. For the evaluation of
their stability, we subjected them to the standard ISOS-L2
ageing test.47 This test consists of continuous irradiation in
Fig. 4 External Quantum Efficiency (EQE) spectra of solar cells
fabricated with YKP-88, YKP-137, DJ-214, MG-207 and MG-214.

This journal is © The Royal Society of Chemistry 2021
a solar simulator with a light intensity of 1000 W m�2 at 65 �C
with ambient relative humidity.47 The DSSCs were epoxy-
encapsulated and protected with a UV-absorbing polymer
(400 nm cut-off). Under these conditions, we found that the
solar cells retain more than 85% of their initial performances
aer 1000 hours. One of the dyes, YKP-88, was then subjected to
this test for a longer period. Interestingly, the corresponding
device demonstrated a high stability and kept 80% of its initial
PCE aer 6984 hours (291 days). This T80 corresponds approx-
imately to 7 years in real conditions (see ESI†).

2.3.2 Co-sensitized dye solar cells. Co-sensitization in
DSSCs is a simple and powerful method to increase the PCE.48

Using a convenient strategy referred to as “dye cocktails” for the
photosensitization, state-of-the-art PCEs of 14.2% and 11.6% with
a [Co(bpy)3]

2+/3+ and an I�/I3
� redox electrolyte respectively, have

been reported in 2020.15 The co-graing onto the TiO2 surface of
two properly designed organic dyes affords a compact and robust
self-assembled monolayer,17 which results in a reduction of inter-
facial charge recombination and an improvement of the Voc.
Following this strategy, we combined YKP-88 and YKP-137, two
dyes just differing from the alkoxy-chains on the TPA unit, to co-
sensitize TiO2 mesoporous electrodes.

This choice was motivated by their close chemical structure,
their good performances and the possibility to benet from an
“umbrella effect” thanks to the alkoxy-groups borne by YKP-137.
Indeed, bulky substituents on the TPA unit give rise to a phys-
ical protection of the TiO2 surface and prevent the redox elec-
trolyte to recombine with the electrons. The co-sensitized
DSSCs were fabricated using dyeing baths containing 0.5 mM of
YKP-88/YKP-137 with ratio varying from 8/2 to 2/8 and 5 mM of
CDCA. For all compositions, an improvement of the perfor-
mance was observed with respect to the solar cells sensitized
with a single dye (see Table S2 in ESI†). The best performance
was achieved for a 6/4 ratio of YKP-88/YKP-137, for which a Jsc of
20.66 mA cm�2, a FF of 71%, a Voc of 745 mV and a PCE of 10.9%
was obtained (Fig. 5a).

As expected, the co-sensitization method is an efficient
strategy to improve the Jsc because the absorption of the pho-
toelectrode is wider with two dyes, but more interestingly, the
Voc is also improved.17 In a DSSC, the Voc is known to correlate
with the conduction band edge (Ec) of the semiconductor (TiO2)
and the electron density. The latter is in itself dependent on the
rate of recombination between TiO2 electrons and oxidized
electrolyte species. To shed light on the origin of this
improvement, charge extraction (CE) and transient photo-
voltage (TPV) measurements were conducted for the different
cells. CE data (Fig. 5b) shows that the co-sensitized device has
a higher charge density with respect to the YKP-88 and the YKP-
137-based solar cells. This indicates a TiO2 conduction band
shi aer co-sensitization compared to other devices. Electron
lifetimes measured at identical electron densities are in good
agreement with the cell voltages. The electron lifetime (Fig. 5c)
for the co-sensitized device is longer than for the solar cells
sensitized with a single dye. This suggests a lower propensity for
oxide electrons to recombine with redox species in the electro-
lyte. The benets of the co-sensitization are also conrmed by
the IPCE measurements that clearly show the contribution of
Sustainable Energy Fuels, 2021, 5, 144–153 | 149
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Fig. 5 (a) Current–voltage (J, V) curves for YKP-88, YKP-137 and YKP-
88/YKP-137 (6/4) devices, (b) charge extraction data showing electron
density as a function of induced voltage for the corresponding DSSCs
(c) transient photovoltage data showing electron lifetimes versus
electron density. (d) Comparison of the IPCE spectra of YKP-88-, YKP-
137-based solar cells and the co-sensitized device (ratio 6/4).

Fig. 6 AVT spectrum of an individual cell from the mini-module,
picture and performances for themini-module fabricatedwith YKP-88
(top) and N-719 (bottom). Figures plotted on python using colour
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the two dyes with an increase in the photon-to-electron
conversion efficiency and the extension of the photo-response
of the cells towards near-infra red region (Fig. 5d).
150 | Sustainable Energy Fuels, 2021, 5, 144–153
2.3 Fabrication and characterization of mini-modules

One goal of this work was to demonstrate the potential of the
new dyes for the fabrication of larger area semi-transparent
solar cells. Therefore, we fabricated semi-transparent mini-
modules with a 23 cm2 overall surface area and an active area
of 14.08 cm2 thus representing around 61% of the total area.
The mini-modules constitute of ve rectangular-shaped cells
that are inter-connected in series using a W-type design.49 In
order to achieve a good photovoltaic performance while keeping
an acceptable semi-transparency in the visible, the thickness of
the titania electrode was kept at 7–8 mmwithout scattering layer.

YKP-88 dye was selected as the photosensitizer because of its
good performance and stability in laboratory testing devices
and the well-known ruthenium dyeN-719was employed as a ref.
50.

The manufacturing was done at Solaronix and is fully
described in ESI. The YKP-88 mini-module shows an aesthetic
burgundy red tint and possesses an average visible trans-
mittance (AVT) of 26% measured between 380 nm and 740 nm.
The rst prototype of this 23 cm2 mini-module showed
a current, Isc of 58.1 mA, a Voc of 3.63 V, and a FF of 58.26%
leading to a PCE of 8.73% and a power output of 122.9 mW
when measured under 1 Sun. This corresponds to a surface
power density of 53.4 W m�2 (Fig. 6).

These performances are signicantly higher than the ones
obtained for the reference N-719 mini-module that exhibited
a current, Isc, of 51.8 mA, a Voc of 3.52 V, and a FF of 48.5%
leading to a PCE of 6.3% and a power output of 88.5 mW. This
science library.

This journal is © The Royal Society of Chemistry 2021
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device is more transparent in the blue and green region, and
shows an AVT of 34%. This may explain the lower Isc and power
conversion performance.

Conclusions

We have designed, synthesised, and characterized four new
organic dyes for DSSCs application, and compared their
performances with our recently reported reference dye YKP-88.
The new photosensitizers reveal pink to violet-blue hues and
demonstrate PCEs comprised between 7% and 9.8% when used
with an iodine-based liquid electrolyte. When an ionic liquid-
based electrolyte is employed, the solar cells exhibit PCEs
comprised between 6.52% and 7.52%, and retain more than
85% of their initial performance aer 1000 hours under ISOS-L2
accelerated ageing conditions. Using one of these molecules i.e.
YKP-137 in combination with YKP-88 in a co-sensitization
approach, the PCEs of the solar cells are improved up to
10.9% and we demonstrate that better photo-injection of elec-
trons and lower recombination rates are responsible for the
simultaneous increase of the Jsc and Voc.

Finally, we demonstrate that YKP-88 can be successfully
incorporated in solar mini-modules with an active area of 14
cm2 (total area 23 cm2), exhibiting a transparency in the visible
of 26% and a power output of circa 123 mW corresponding to
a surface power of 53.4 W m�2. This work highlights the
potential of this new generation of organic dyes for future
applications in semi-transparent solar cells.
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