W) Check for updates A
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202501564

www.chemsuschem.org

Core and End-Capped Engineering as a Powerful Tool
in the Search of Long-Term High-Performance

Dye-Sensitized Solar Cells

Matias J. Alonso-Navarro, Santiago Franco,* Fatima Suarez-Blas, Raquel Andreu,
Jesus Orduna, M. Mar Ramos, and José L. Segura*

In the search of new electroactive organic dyes in dye-sensitized
solar cells technology, a series of D-n-A assemblies, named as TA-
BTD-CNCOOH, OMeTA-BTD-CNCOOH, TA-Y6-CNCOOH, and
OMeTA-Y6-CNCOOH is rationally designed and synthesized, in
which precise modifications have been carried out in order to
obtain structure-performance relations in the field of dye-sensi-
tized solar cells. After careful evaluation of the photophysical and

1. Introduction

On the lookout for sustainable alternatives to fossil fuels, cleaner
energies are essential to mitigate climate change, reduce air pol-
lution or greenhouse gas emissions, among others. In this regard,
solar energy, harnessed from solar radiation, is one of the cleanest
and most renewable sources, which is gaining importance due to
its abundance, sustainability, and environmental benefits.!
Particularly, organic-based solar technologies are in their fancy
days due to their advantages in terms of flexibility, low-cost,
processability, and scalability in comparison with other
semiconductors.”

M. J. Alonso-Navarro, F. Sudrez-Blas, J. L. Segura
Department of Organic Chemistry

Faculty of Chemistry

Complutense University of Madrid

28040 Madrid, Spain

E-mail: segura@ucm.es

M. J. Alonso-Navarro, F. Sudrez-Blas, M. M. Ramos
Chemical and Environmental Technology department
Organic Chemistry Area

Rey Juan Carlos University

28933 Madrid, Spain

S. Franco, R. Andreu, J. Orduna

Instituto de Nanociencia y Materiales de Aragén (INMA)-Departamento de

Quimica Orgdnica

CSIC-Universidad de Zaragoza

50009 Zaragoza, Spain

E-mail: sfranco@unizar.es

Supporting information for this article is available on the WWW under https.//

doi.org/10.1002/cssc.202501564

O © 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

ChemSusChem 2025, 00, e202501564 (1 of 10)

electrochemical properties of these semiconductors, these sys-
tems are applied as active materials, showing high performance
with power conversion efficiency maximum values of 9.05% and
18.5% for outdoor and indoor conditions, respectively. In addi-
tion, the best material of these organic architectures, TA-BTD-
CNCOOH, shows an excellent long-term stability, up to 3,360 h,
with no significant variance in its performance over time.

In recent years, a large number of organic semiconductors
have been designed, synthesized, and applied in OPV technolo-
gies. One of the most widely used electroactive materials today is
the so-called Y6 (Figure 1), also known as BTP-4F. This semicon-
ductor, first described in 2019, presents a A,-D-A,-D-A, chem-
ical structure with optimal photophysical, electronic, and
morphological properties, which have been extensively studied
to maximize its potential, reaching an impressive power conver-
sion efficiency (PCE) of 19.06% through precise modifications.”
As described in several research articles and reviews, many
interesting approaches have been explored to achieve remark-
able performance in single-junction,” binary,” or ternary” non-
fullerene-based organic solar cells. However, from the best of our
knowledge, this family of dyes has not yet been applied in other
solar technologies such as dye-sensitized solar cells (DSSC).”®
Regarding the prototypical architecture of dyes in DSSC, those
are composed by donor fragments, linked to a n—bridge and
finally endowed with an acceptor group with the ability to be
anchored to the TiO,. In this regard, several moieties have been
studied, being one of the most used donor fragments, the triphe-
nylamine derivatives,” thanks to their easy functionalization and
commercial availability. When evaluating the central core, two
main groups have been studied over the past decades: metal-
based and metal-free electroactive units. In the first group, por-
phyrin®® and phthalocyanine" derivatives are among the most
widely used semiconductors.'®'? However, in recent years, sig-
nificant efforts have been made to identify suitable metal-free
organic building blocks capable of surpassing the strong perfor-
mance of metal-based semiconductors. To this end, a wide range
of units has been investigated, including squaraines,l"® bora-
zines," pyrazines,"™ polythiophenes,'® benzothiadiazoles,!"”
and various combinations thereof,'® among others. However,
apart from L350, (Figure 1) which possesses the well-known
ITIC skeleton widely used in organic solar cells (OSCs), there
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Figure 1. Chemical structures of high-performance dyes in DSSC and the general building block used in this work.

are practically no records of fully fused n-bridge structures in
DSSC.2Y Finally, in the search for effective dye anchoring to
TiO,, a wide variety of functional groups have been explored
to promote effective linkages,”?"" with the carboxylic acid being
the most commonly used moiety, along with its electron-
withdrawing a-functionalized analogs.”?

The exploration of new chemical structures in DSSC is essen-
tial to maximize key electronic processes, such as charge separa-
tion, electron transfer, and regeneration between TiO, and the
redox electrolyte.®™ To control these processes, fully fused
polycyclic organic semiconductors represent promising candi-
dates, mainly because 1) their planar and rigid structures
enhance J;. and reduces energy losses due to improved conju-
gation, 2) their extended n-conjugated systems broaden absorp-
tion spectra, enabling more efficient light harvesting; and 3) their
processability facilitated by bulky alkyl chains or functional
groups—prevents aggregation, which is crucial for maximizing
photoconversion efficiency. Thus, tuning the chemical structure
of organic semiconductors can be a powerful strategy to tailor
their properties in line with the requirements observed in most
high-performance organic sensitizers used in DSSC (Figure 1).
Focusing on the Y6 block, the two main drawbacks of this
high-performance building block (Y6) are: 1) the high cost of
the commercially available skeleton, reaching up to 650€ g~
and 2) the large number of synthetic steps for its preparation.
These limitations have led the scientific community to explore
simpler molecular analogs with fewer fused-ring structures, while
maintaining comparable optical, electrochemical, electrical, or
morphological properties.

Based on the information discussed above, in this work we
designed, synthetized, and characterized four electroactive D-r-A
semiconductors, named TA-Y6-CNCOOH, OMeTA-Y6-CNCOOH,
TA-BTD-CNCOOH, and OMeTA-BTD-CNCOOH, specifically engi-
neered for application in DSSC technology. This family of
compound incorporates two targeted structural modifications—
core-reduction and end-capping—to deepen the understanding
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of structure-property relationships. In this context, after careful eval-
uation of key DSSC parameters, the best performing fused-ring
small molecule, TA-BTD-CNCOOH, demonstrated high efficiency
under both indoor and outdoor conditions, as discussed in the
following sections.

2. Results and Discussion
2.1. Synthesis and Characterization

The synthesis of the four compounds described in this work is
summarized in Scheme 1 and detailed in the electronic support-
ing information (ESI). Starting from the previously described D-A
building blocks, BTD and sY6, the target compounds were
obtained through a four steps synthetic route (all reaction con-
ditions are provided in the ESI). First, a controlled monoformyla-
tion at one of the alpha positions of the terminal thiophene
was performed via a Vilsmeier-Haack reaction, followed by a bro-
mination of the other terminal thiophene, yielding the intermedi-
ates Br-BTD-CHO and Br-Y6-CHO in moderate to high yields.
These key intermediates were then divided into two analogous
synthetic routes, in which two different strong electron-donating
units were introduced via Suzuki-Miyaura cross-coupling
between the corresponding commercially available triarylamine
(TA) boronic acids (1 and 2) and the brominated intermediates,
yielding TA-BTD/Y6-CHO and OMeTA-BTD/Y6-CHO assemblies.
Finally, a Knoevenagel-like condensation reaction between cya-
noacetic acid and the corresponding aldehydes afforded the final
TA-BTD-CNCOOH, OMeTA-BTD-CNCOOH, TA-Y6-CNCOOH, and
OMeTA-Y6-CNCOOH compounds in good yields.

To have a deeper understanding of their chemical structure,
these D-n-A assemblies have been characterized by different
spectroscopic and spectrometric techniques ('H and '*C NMR,
FTIR, high resolution mass spectrometry (HRMS)) and by means
of thermogravimetric analysis (TGA) and diffeerential scanning
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Scheme 1. Synthetic route for the preparation of the target molecules TA-BTD-CNCOOH (red), OMeTA-BTD-CNCOOH (green), TA-Y6-CNCOOH (grey) and

OMeTA-Y6-CNCOOH (blue).

calorimetry (DSQ). As it is shown in Figures S5, S6, S11, and 512,
Supporting Information, all final compounds present the com-
mon hydrogen signal around 8.5 ppm, ascribed to the methylene
unit, followed by the signals of all aromatic hydrogen atoms
between 8.5-6.5 ppm, noticing the B-hydrogens of the thiophene
units related to the benzothiadiazole (BTD)-based analogs around
8.25 ppm. It is also worth mentioning the two different alkyl
chains of the Y6-based derivatives at 5.0-4.5 ppm and all the sig-
nals related to all different kind of aliphatic hydrogens at higher
field. Regarding the '*C-NMR and FTIR analysis (Figures S17, S18,
$23, and S24 and S37-S40, Supporting Information), the presence
of a common signal around 160 ppm (-C(0)-OEt) and a strong
vibrational signal around 2200 cm™" (vcy) are consistent with
the proper functionalization of the final compound with a strong
electron-accepting cyanoacetic acid functional group. Finally,
based on the high-resolution mass spectrometry analyses, we
can confirm the successful synthesis of the target compounds
(Figures S29, S30, S35, and S36, Supporting Information). To study
the thermal properties of these novel dyes, TGA and differential
scanning calorimetry measurements were carried out (Figures
S41 and S42, Supporting Information) under nitrogen atmo-
sphere. TGA only showed decomposition processes (10%) at
270-300 °C or above, temperature ranges which are suitable with
fabrication requirements in organic devices. Moreover, differen-
tial scanning calorimetry results revealed no clear phase transi-
tion processes under a N, atmosphere in the selected range.

ChemSusChem 2025, 00, e202501564 (3 of 10)

2.2. Theoretical Study, Optical and Electrochemical
Properties

As depicted in Figure 2, all organic compounds exhibit similar
absorption profiles, characterized by two main absorption bands:
one around 365 nm, attributed to n-n* electronic transitions, and
another around 553 nm, associated with an intramolecular
charge transfer (ICT) process. The incorporation of 1) a more
electron-donating triphenylamine unit or 2) a n-extended fused
core appears to enhance the D-A character of the molecules,
thereby inducing a redshift in the ICT band, as shown in
Figure 2a,b. Taking this into account, the most redshifted absorp-
tion spectrum corresponds to OMeTA-Y6-CNCOOH, which fea-
tures two methoxy groups on the triphenylamine unit and a
fully fused wight-ring central core. This D-A architecture pro-
motes high molar absorption coefficients (¢) (Table 1), reaching
values up to 8.8 x 10° M~' cm™', primarily due to the presence of
fused and n-conjugated structures. This structural strategy enhan-
ces m-electron delocalization, leading to dyes with strong light-
harvesting capabilities,® as also reported in other studies.”®
Interestingly, the introduction of (4-(bis(4-methoxyphenyl)
amino)phenyl (OMeTA) results in a decrease in the molar absorp-
tion coefficient for both BTD and Y6 derivatives, compared to
their TA counterparts. Finally, regarding the length of the central
core, it is observed that the larger thienopyrrole units lead to a
weaker ICT band, while the n-n absorption band at 365 nm

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH
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Figure 2. a) Comparison of 10> M dichloromethane solution and b) Normalized absorption (solid) and emission (dashed) spectra in dichloromethane
solution for TA-BTD-CNCOOH (red), OMeTA-BTD-CNCOOH (green), TA-Y6-CNCOOH (black) and OMeTA-Y6-CNCOOH (blue).

Table 1. Physicochemical properties obtained from the UV-vis absorption
measurements in dichloromethane solutions (1.0 x 10—>M) for TA-BTD-
CNCOOH, OMeTA-BTD-CNCOOH, TA-Y6-CNCOOH ,and OMeTA-Y6-CNCOOH.
)LabsmaXISOI E/lmax,sol )vabsonse(,sol Aemmax,sol
[nm] [M~em™] [nm] [nm]
TA-BTD-CNCOOH 544 88 000 616 651
OMeTA-BTD-CNCOOH 553 65400 635 628
TA-Y6-CNCOOH 553 82900 625 649
OMeTA-Y6-CNCOOH 558 55700 635 642

Table 2. Experimental electrochemical data of the studied dyes.

ExXIVI Eo™ V] (vs Eoo” Eoe® V] (vs
NHE) [eV] NHE)

TA-BTD-CNCOOH +0.720 +0.919 2.074 -1.155
OMeTA-BTD- +0.629 +0.828 2.083 -1.255
CNCOOH

TA-Y6-CNCOOH +0.740 +0.939 2.063 -1.124
OMeTA-Y6- +0.644 +0.843 2.075 -1.232
CNCOOH

becomes more pronounced, resulting in a strong and broad
absorption profile across the UV-vis range.

In terms of photoluminescence, all dyes present weak fluores-
cent behavior, with A.,,™>*°" around 650 nm. In addition, it is
observed a blueshift in the emission maxima in solution when
methoxy groups were introduced in OMeTA-BTD-CNCOOH
and OMeTA-Y6-CNCOOH in comparison with the unfunctional-
ized TA-BTD-CNCOOH and TA-Y6-CNCOOH.

Regarding the electrochemical properties of these D-A
assemblies, differential pulse voltammetry (DPV) analyses were
carried out in CH,Cl, solutions (Table 2). The voltammograms
(Figure 3, left) were performed using 0.1 M tetrabutylammonium
hexafluorophosphate as the supporting electrolyte, a glassy car-
bon working electrode, Ag/AgCl reference electrode and a Pt
counter electrode.

The modulation of the electron-donating ability of these
assemblies can be finely tuned by introducing methoxy groups
into the triarylamine moiety. The electrochemical data reveal a
clear trend in the first oxidation potential (E,,) of the dyes: as
expected, the incorporation of electron-donating substituents
leads to a noticeable decrease in E.,. Specifically, the values
versus normal hydrogen electrode (NHE) drop from +0.919
to +0.828V in the BTD-based series, and from +40.939 to
+0.843V for the Y6 analogs. These shifts are consistent with
the increased electron density on the donor fragment, facilitat-
ing oxidation.

ChemSusChem 2025, 00, e202501564 (4 of 10)

@0xidation potentials (E,,) measured by differential pulse voltammetry
(DPV) in CH,CI, with 0.1 M TBAPF; as electrolyte, using a graphite working
electrode, an Ag/AgCl reference electrode, and a Pt as counter electrode.
PE,, were converted to the normal hydrogen electrode (NHE) scale by
adding 0.199 V. “Zeroth - zeroth transition energies (E.) were estimated
from the wavelength corresponding to the intersection point of the
normalized absorption and emission spectra. The energy values were
calculated using the Planck-Einstein relation, E = 1240 A~'. ®Excited-state
oxidation potentials (E,,*) were obtained from E,, — Eq.o.

The optical transition energies (Eq,) were determined from
the intersection point of the normalized absorption and emission
spectra in diluted dichloromethane solutions, and the excited-
state oxidation pontentials (E.*) were calculated using the
expresion E., * = E,, — Eo. All dyes exhibit £, * values significantly
more negative than the conduction band edge of TiO, (typically
around -0.5V vs NHE),** ensuring thermodynamically favorable
electron injection. Moreover, the ground-state E,, values remain
sufficiently positive relative to the redox potential of the iodide/
triiodide couple (=+0.4V vs NHE),*® thereby guaranteeing
efficient regeneration of the oxidized dyes. (Figure 3, right).

Density functional theory (DFT) calculations were performed
using the M06-2x?%/6-311-+G(2d,p)?” model chemistry, and the
most relevant optical and electrochemical parameters are gath-
ered in Table 3.

Most of the calculated values are in good agreement with the
experimental measurements, showing differences below 0.2 eV.
The only exceptions are the ICT absorption energies, which
are underestimated by =60nm (0.3 eV), which is, however, a

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH
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Figure 3. Left: Differential pulse voltammetry (DPV) curves of the studied dyes recorded in CH,Cl, solution with 0.1 M TBAPF, as supporting electrolyte
(reference electrode Ag/AgCl). Right: Energy-level diagram showing the groud-state (E,,) and excited-state (E..*) oxidation potentials relative to the

conduction band of TiO, and the redox potential of the I7/I;~ couple.

Table 3. Calculated optical and electrochemical parameters.

Jabs” [nm] i Jem” [nm] Ee V] Eoo” [eV] Eex®? [V]
TA-BTD-CNCOOH 485 215 613 +0.97 2.19 -1.22
OMeTA-BTD-CNCOOH 492 2.18 624 +0.81 2.17 -1.43
TA-Y6-CNCOOH 494 1.87 607 +0.98 2.24 -1.29
OMeTA-Y6-CNCOOH 496 1.87 611 +0.88 2.19 -1.37
@Calculated in dichloromethane using a CPCM3* solvation model. ®Oscillator Strength. “vs NHE.

reasonable result, having in mind that DFT calculations usually fail
to predict charge transfer energies.”® According to these calcu-
lations, the lowest energy absorption band corresponds to a one-
electron ICT from the highest occupied molecular orbital (HOMO)
located on the donor to the lowest unoccupied molecular orbital
(LUMO) located on the acceptor. The absorption band observed
around 365 nm arises from several overlapping transitions. The
larger contribution to this band is a =—n* transition involving a
one electron promotion from the HOMO to the LUMO + 2,
both located on the donor moiety (See Figure 4 for compound
TA-Y6-CNCOOH and Supporting Information for the rest).
Theoretical calculations predict very similar excitation ener-
gies for the four studied dyes. In good agreement to the experi-
mental data, increasing the length of the central core in Y6

e S L «'r

derivatives results in a small bathochromic shift and decreased
oscillator strengths (r), giving rise to weaker ICT bands compared
to their BTD analogs. In a similar way, the introduction of methoxy
groups to the triphenylamine donor results in redshifted ICT
bands.

Regarding electrochemical properties, the increased spacer
length in Y6 derivatives gives rise to slightly higher oxidation
potentials compared to BTD counter-pairs. Methoxy substituents
increase the donor ability of triphenylamine group and give rise
to higher HOMO energies and, therefore, lower oxidation poten-
tials. It is worth noting that methoxy groups not only affect the
HOMO energies but also their topology. The HOMOs of unsubsti-
tuted derivatives extend to the BTD or Y6 bridge, but those of
methoxy derivatives are more localized on the donor. This effect

HOMO B LUMO : LUMO+2

Figure 4. 0.03 contour plots of molecular orbitals involved in the lowest energy transitions of TA-Y6-CNCOOH.
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Figure 5. 0.002 contour plots of the spin density of TA-BTD-CNCOOH** (left) and OMeTA-BTD-CNCOOH** (right).

can be more clearly observed on the spin density plots of the
oxidized radical cations of dyes that represent the “hole” location
for these species (see Figure 5 for BTD derivatives and Supporting
Information for Y6 systems). It can be expected that molecules
with a more localized HOMO give rise to a lower light absorption
due to a minor HOMO-LUMO overlap but, as a counterpart, these
molecules are less prone to the undesirable back electron transfer
from the dye to the TiO, electrode.

2.3. Photovoltaic Properties of the DSSCs

DSSCs were assembled using TiO, photoanodes (18NR-AO) with
an active area of 0.25 cm? and a thickness of =10 pm, deposited
onto fluorine-doped tin oxide (FTO) glass substrates by screen-
printing. The printed films were sintered and then sensitized
by immersion in a 0.3 mM dye solution for 6 h. Although coad-
sorbents are often employed to mitigate aggregation and can
enhance DSSC performance,® preliminary trials with cheno-
deoxycholic acid (CDCA) under our conditions showed no
improvement; therefore, the final devices were fabricated with-
out a coadsorbent. Platinum counter electrodes were prepared
by screen-printing a Pt paste onto FTO glass, followed by thermal
treatment. The electrodes were assembled using a Surlyn thermo-
plastic spacer, which provided both mechanical sealing and
defined the electrolyte chamber. A conventional iodine-based
liquid electrolyte (LPT1) was used as the redox mediator.
Photovoltaic performance of the cells was evaluated under sim-
ulated sunlight at 1 sun (100 mW cm~2) using a solar simulator
equipped with an air mass (AM) 1.5 G filter. Measurements under
low-light conditions are discussed in a separate section and
additional experimental details are provided in the ESI. For each
dye, three independent DSSC devices were fabricated under
identical conditions, and the reported photovoltaic parameters

correspond to the average values with their standard deviations
(mean + SD). Additionally, a reference device based on the
benchmark sensitizer N719 was prepared under standard condi-
tions (‘BuOH/acetonitrile 1:1, 18h immersion).*” Results are
given in Table 4. In addition, dye-loading values were determined
following the protocol described™® and are expressed as
nmol.cm™2.um~', normalized to both the film area and thickness.
The current density-voltage (J-V) curves and incident photon-to-
current conversion efficiencies (IPCE) at 1 sun are depicted in
Figure 6 and Table 4 summarizes the key photovoltaic
parameters.

Among the tested dyes, TA-BTD-CNCOOH exhibited the best
performance in the series, achieving a remarkable PCE of 9.02%,
primarily attributed to its high J;. and V,. values, along with a
moderate fill factor. Under comparable testing conditions, this
PCE surpasses that of the benchmark N719 device (8.68%),
highlighting the superior performance of TA-BTD-CNCOOH.

The notably high V,. values observed suggest that the BTD
molecular framework inherently suppresses dye aggregation
on the TiO, surface, thereby enhancing photovoltage generation.

In contrast, OMeTA-BTD-CNCOOH, which incorporates a
methoxy-substituted triphenylamine donor, exhibited a signifi-
cant drop in PCE (5.24%), primarily due to a markedly lower J.
and V.. This suggests that increasing the electron-donating
strength of the donor unit within the BTD scaffold may raise elec-
tron density near the anchoring group, thereby enhancing the
likelihood of charge recombination rates and ultimately reducing
the V..

When the n-bridge was modified from BTD to Y6, TA-Y6-
CNCOOH exhibited a lower PCE compared to its BTD counterpart.
Consistently, the dye-loading data indicate that BTD-based
dyes adsorb more strongly onto the TiO, surface than the
Y6-containing analogs. However, the introduction of a methoxy

Table 4. Photovoltaic parameters: the open circuit voltage (V,), the short circuit current (J), the fill factor (FF), solar-to-electrical energy conversion efficiency
(PCE), and lifetime (7).

Dye Jie [MA cm™] Voe [V FF [%] PCE [%] 7 [ms] Dye loading [nmol.cm™2 um™']
TA-BTD-CNCOOH 19.42 +0.30 0.731 £ 0.005 63.5+0.7 9.02+0.18 5.66 155
OMeTA-BTD-CNCOOH 12.50 +0.32 0.659 £+ 0.007 63.6+1.0 524+0.18 0.59 135
TA-Y6-CNCOOH 14.74 +0.40 0.675 £+ 0.006 678+ 1.5 6.75 +0.21 3.22 73
OMeTA-Y6-CNCOOH 15.66 4+ 0.38 0.732 £ 0.009 603+ 1.3 6.91+0.24 493 7.8

N719 15.88 +0.36 0.806 £ 0.006 678+ 1.0 8.68 +0.15 - -
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Figure 6. Current density-voltage curves (left) and IPCE spectra (right) of the DSSC based on targeted dyes.

group in OMeTA-Y6-CNCOOH resulted in a slight improvement
in efficiency (PCE=6.91%). This trend suggests that the elec-
tronic characteristics of the Y6 unit are more compatible with
the methoxy-substituent donor, partially mitigating the perfor-
mance losses observed in the BTD-based analog. Overall, the
observed differences highlight the importance of the interplay
between donor strength and =-bridge identity in modulating
both charge separation efficiency and recombination dynamics
in these D-n-A systems.

The IPCE spectra (Figure 6-right) further support these obser-
vations, exhibiting broad response curves in the 400-690 nm
range, indicating efficient photon-to-electron conversion
across the visible spectrum. The maxima, observed between
500-560 nm, align with the absorption characteristics of the
dyes and suggest effective light harvesting in this region.
Furthermore, the integrated IPCE values correlate well with
the measured J,, confirming the reliability of the photovoltaic
performance data.

3. Electrochemical Impedance Spectroscopy
Analysis (EIS)

Electrochemical impedance pectroscopy (EIS)E" is commonly used
to investigate the internal processes of DSSC, particularly those
related to charge transport and interfacial recombination. Among
the various representations, Bode plots are especially useful for
identifying the characteristic timescales of these processes. In par-
ticular, the electron lifetime (z) can be estimated from the frequency
(firax) @t Which the phase reaches its maximum, using the expression

1
27 ax

m

T =

This lifetime reflects the average time that photogenerated
electrons remain in the semiconductor before recombining.
Since longer lifetimes are generally associated with reduced
recombination losses, they tend to correlate with higher V., as
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Figure 7. Normalized Bode plots of DSSC measured under open-circuit
conditions.

the quasi-Fermi level of electrons shifts closer to the conduction
band edge. In the present study, the characteristic frequencies
were extracted from normalized Bode phase plots (Figure 7),
and the calculated lifetimes showed a consistent trend with
the measured V.. values. Devices based on OMeTA-Y6-
CNCOOH and TA-BTD-CNCOOH exhibited similar and relatively
long lifetimes (4.93 and 5.66 ms, respectively), corresponding
to the highest V,. values (0.732V) and suggesting efficient sup-
pression of recombination. Conversely, the DSSC based on
OMeTA-BTD-CNCOOH showed a significantly shorter electron
lifetime (0.59 ms), however, its V,. (0.659 V) was only moderately
lower. This behavior reflects the nonlinear nature of the relation-
ship between carrier lifetime and photovoltage. It also indicates
that, in addition to recombination dynamics, other factors such as
injection efficiency or interfacial quality may contribute to the
overall V,. outcome.

This behavior has not been observed in dyes incorporating
the Y6 spacer, which shows a slight increase in PCE values in
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molecules containing methoxy groups, as has been consistently
reported in other dye series.*?

3.1. DSC Performance under Indoor-Light Conditions

Among the most promising applications of DSSC is their integra-
tion in low-power electronics operating under ambient or indoor
conditions. Unlike conventional photovoltaics, DSSC exhibit supe-
rior spectral matching with artificial light sources and retain high
performance under low-irradiance environments.**

To investigate the performance of the dyes under artificial
light conditions, DSSC devices similar to those described in
the previous section were fabricated. As a benchmark, a reference
device sensitized with N719 was also measured under the
same indoor conditions. An 18 W OSRAM 930 fluorescent tube
(commonly employed in indoor photovoltaic studies) was
used as the light source (its emission spectrum is provided in
Figure S55, Supporting Information). Measurements were
carried out at illuminance levels of 1000 and 3500 lux. The light
source was calibrated to establish the relationship between
illuminance (lux) and irradiance (watts per square meter). As a

600
—— TA-Y6-CNCOOH
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——— OMeTA-BTD-CNCOOH
400+
=
o
i 300 -
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00 01 02 03 04 05 06 07
V (V)

reference, 1000 lux corresponds to =1% of the irradiance under
1 sun (100 MW c¢cm~2). The PCE values under indoor conditions
were calculated using the following expression

P
ot % 100

in

PCE =

where P, is the output power of the solar cell and P;, is the inci-
dent power of the fluorescent source, estimated from lux meas-
urements using a calibrated lux meter. In general, higher PCE
values are expected under indoor lighting compared to simulated
sunlight, since artificial light sources primarily emit within the vis-
ible range (380-750 nm), which matches well with the absorption
spectra of most organic dyes. Data are shown in Figure 8 and
Table 5.

The results obtained show that at both 1000 and 3400 lux, the
PCE values were comparable. It is worth noting that the fill factor
(FF) values improved significantly due to a combination of factors
such as the lower light intensity, the narrower spectrum, the
reduction in recombination processes, and the lower thermal
stress resulting from reduced heat generation, which overall
ensures more stable operating conditions.

600 -

500

400

300

Jsc (nA/cm?)

200 4 3400 lux

100

00 01 02 03 04 05 06 07
V (V)

Figure 8. The Current density-voltage curves of the DSSC measured at 1000 lux (left) and 3400 lux (right).

Table 5. Photovoltaic data for DSSC under indoor light conditions (OSRAM 930) at 1000 and 3400 lux.
Dye [lux] Jie [MA cm™2] Ve VI FF [%] P [WW ecm™?] Pout [UW ecm™?] PCE [%]
TA-BTD-CNCOOH 1000 160 0.544 71.8 366.1 62.5 171
3400 575 0.594 75.7 1398.1 258.6 18.5
OMeTA-BTD-CNCOOH 1000 89 0.460 78.8 366.1 31.0 8.5
3400 313 0.512 73.2 1398.1 1173 84
TA-Y6-CNCOOH 1000 113 0.517 78.8 366.1 46.0 126
3400 399 0.552 78.7 1398.1 1733 124
OMeTA-Y6-CNCOOH 1000 125 0.555 77.7 366.1 53.9 14.7
3400 445 0.596 77.5 1398.1 205.5 14.7
N719 1000 127 0.640 69.6 366.1 56.7 15.5
- 3400 439 0.690 78.7 1398.1 2384 171
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Figure 9. Temporal evolution of the photovoltaic parameters of devices prepared with dye TA-BTD-CNCOOH. Measurements were performed under AM

1.5 G simulated solar light (1 sun 1000 W m~2).

Notably, the TA-BTD-CNCOOH dye stood out with a PCE of
18.5% at 3400Ilux. For comparison, the benchmark N719
yielded 15.5% and 17.1% at 1000 and 3400 lux (data annexed
in the ESI). This is a highly competitive value that could enable
its use in internet of things (loT) devices as an alternative to
conventional batteries, since the power consumption required
for these devices can be achieved with DSSC under indoor
lighting conditions.

The DSSC devices incorporating dye TA-BTD-CNCOOH exhib-
ited exceptional long-term stability, with an initial increase in effi-
ciency during the first three days. This behavior is commonly
observed in DSSCs with bulky dye molecules and is likely due
to the time required for the electrolyte to fully infiltrate the
mesoporous TiO, photoanode, optimizing the dye-electrolyte
interface and charge transfer dynamics. Following this initial
enhancement, the efficiency, measured under continuous 1
sun illumination, remained nearly constant for at least 3,360 h,
with no significant signs of degradation. The long-term evolution
of key photovoltaic parameters is presented in Figure 9.

4. Conclusion

To sum up, we have designed and synthesized a family of D-z-A
dyes based on fully fused central core structures, endowed
with both strong electron-donating units and a carboxylic
group to be anchored to TiO, for DSSC technologies. The pre-
cise functionalization with different triarylamines as well as the
control over the length of the fused central core allow us to
rationally manipulate their optical and electrochemical proper-
ties of the dyes, modulating their frontier orbital energy levels,
results which are in good agreement with the theoretical cal-
culations carried out. The DSSC employing TA-BTD-CNCOOH as
active material and using 17/I;~ as redox shuttle recorded the
best performance of the family, with a maximum PCE value of

ChemSusChem 2025, 00, €202501564 (9 of 10)

9.02% under outdoor conditions. This performance can be
rationalized, not only in terms of its chemical structure, but also
in terms of its high J;c and V,. values, along with a moderate
fill factor and relatively long lifetimes, suggesting efficient
suppression of recombination processes. Finally, all the dyes
studied in this work have been employed in indoor DSSC,
where TA-BTD-CNCOOH dye showed a PCE of 18.5% at
3400 lux and exhibited exceptional long-term stability, with
an initial increase in efficiency during the first three days
and remained nearly constant for at least 3,360 h.
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