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Push—pull carbazole twin dyads as efficient
sensitizers/co-sensitizers for DSSC application:
effect of various anchoring groups on
photovoltaic performancef

Kavya S. Keremane, (2°° [slam M. Abdellah, ¢ **® Mohamed R. Eletmany,®®
Praveen Naik, (2" P. Anees? and Airody Vasudeva Adhikari () *2"

To investigate the effect of various anchoring groups of organic sensitizers on fundamental processes
occurring inside DSSCs and their overall performance, we designed and synthesized nine new double
donor—acceptor (D-A) type organic dyes DCH;_g comprising carbazole-based twin molecules as
electron donors, with a non-conjugated linear alkyl chain as an extended linker featuring multiple
acceptor units. Their photophysical, thermal, electrochemical, and theoretical properties were examined
to gain a deeper understanding of the structure—property relationship. Photophysical results revealed
that all dyes display Zaps and Aemi in the range of 400-470 nm and 500-560 nm, respectively, with a
bandgap in the range of 2.46-2.74 eV. The push—pull structure with extended conjugation results in
strong fluorescence characteristics. Photophysical and electrochemical studies confirm their thermo-
dynamic feasibility for electron injection, recombination, and dye regeneration in cells. Quantum
chemical simulations further provided insights into their structural, electronic, and optical parameters.
New DSSCs were fabricated employing dyes DCHj_g as sensitizers/co-sensitizers. The cell sensitized
with DCH; achieved the highest power conversion efficiency (PCE) of 2.45% under standard AM 1.5 solar
conditions. Furthermore, co-sensitization of DCH;_g with the Ru-based HD-2 sensitizer resulted in an
improved PCE of 8.82% for DCH,, surpassing HD-2 alone (6.79%). EIS studies were conducted to further
explore their energy conversion processes. Conclusively, these investigations highlight the significant
potential of dyes carrying carbazole twin molecules with different anchoring units in enhancing the
overall performance of DSSCs.

Introduction

In the pursuit of clean and solar energy conversion and produc-
tion from renewable energy resources, dye-sensitized solar cells
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of their potential low processing costs, facile fabrication, and
eco-friendly devices."”” These devices are particularly advanta-
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Additionally, in non-ideal atmosphere, they generate electricity
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DSSCs typically consist of a dye-adsorbed mesoporous semi-
conductor TiO, layer deposited on a transparent conducting
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filled with an electrolyte containing a redox system.* Among the
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nent photosensitizers (or dyes) play a pivotal role in the overall
performance, since it facilitates light absorption and injects the

. . . . 5,6 .
1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/ excited electrons into the conduction band of TiO,.”” An ideal
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dye must fulfil certain features, such as (i) high photostability,
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(ii) superior intramolecular charge transfer, (iii) appropriate
electronic energy between HOMO and LUMO levels, (iv) favour-
able anchoring group to firmly bind on TiO,, (v) rapid electron
injection to TiO, and reduced recombination, and (vi) broad
structural diversity.”®

Over the last three decades, organic dyes featuring donor-
acceptor (D-A) or donor-n-acceptor (D-n-A) motifs have been
widely studied, particularly those with carbazole cores due to
their excellent charge-transport properties, energy levels, and
stability.”'" Carbazole-based di-anchoring dyes, such as A-D-
n-A, A-n-D-n-A configurations, have shown great promise in
DSSCs due to their multi-binding ability, increased dye loading,
and enhanced electron extraction, which leads to improved
device performance.”*™* Dyes with double donor-acceptor
units and extended alkyl chain linkers have proven to be more
effective than single donor-acceptor dyes, as they suppress
dark currents, increase light absorption efficiency, and improve
the electron injection and lifetime.’* > Twin molecules with
non-conjugated alkyl chains have demonstrated state-of-the-art
performance due to their better solubility and improved pore-
filling in mesoporous TiO,.

In general, the efficiency of DSSCs largely depends on the
interaction between the dye and the TiO, semiconductor
surface.”***™’ A strong electronic overlap between the two ensures
rapid charge transfer, making the anchoring group crucial for
binding the dye to the TiO, layer. Thus, the anchoring group
plays a pivotal role. Different anchoring groups, such as car-
boxylic, cyanoacrylic, rhodamine-3-acetic acid, and phosphonic
acids, have been explored to understand their impact on dye
binding, electron injection, and long-term stability.>**' Among
all, cyanoacrylic acid (CAA) is widely recognized as an effective
anchoring group. However, exploring dyes with alternative
anchoring or electron-withdrawing groups remains essential
for advancing this technology. Despite this need, very few
studies have systematically compared the impacts of different
anchoring groups on dye aggregation, electron injection, and
recombination kinetics in dual donor-acceptor dyes with
extended linkers. In this context, it is necessary to compare
the effect of various anchoring groups to address the undesirable
processes above in solar cells.*>™*® The primary objective of our
study is to systematically evaluate different anchoring groups
beyond the commonly used CAA, and assess their influence on
the photophysical and electrochemical properties. Our findings
contribute to a broader understanding of how alternative anchor-
ing groups, including rhodanine-3-acetic acid and barbituric acid
derivatives can be optimized for DSSCs.***® Each new anchoring
group brings the potential for unique electronic interactions with
the semiconductor surface, which could optimize electron injec-
tion or reduce charge recombination in ways not achievable with
traditional groups. Exploring new groups also enables tailored
designs for specialized applications, such as indoor photovoltaics
or building-integrated systems. This pursuit expands the versati-
lity, efficiency, and sustainability of DSSCs, while still acknowl-
edging the value of established moieties.

Furthermore, concerted companion (CC) dyes have emerged
as a promising approach to enhance the DSSC efficiency by
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linking two complementary dye units to achieve broad absorp-
tion and improved photovoltaic performance.*® As an emerging
class of di-branched dyes, CC dyes have been designed to
enhance the DSSC efficiency by linking porphyrin and organic
sub-dye units. The intramolecular engineering of CC dyes
simplifies the adsorption process while enhancing the effi-
ciency and stability. Di-branched dyes, which integrate por-
phyrin and organic dye subunits, have demonstrated superior
light-harvesting capabilities. Notably, the incorporation of
wrapped porphyrin dye units has led to the development of
doubly concerted companion (DCC) effects, further improving
the performance. For instance, Xie et al. reported on a series of
CC dyes, where an optimized linker length improved the
molecular orientation and resulted in a PCE of up to 12.4%
after coadsorption with CDCA.**** In addition to the excellent
efficiency, this strategy shows the advantages of avoiding the
competitive adsorption problem and time-consuming optimi-
zation of the dye adsorption process. Additionally, double-
anchored dyes exhibit stronger adsorption, enhancing cell
stability, with less than 10% PCE loss after 1000 hours of light
exposure, making them a superior alternative to traditional
DSSC dyes. Moving forward, the co-sensitization and CC dye
strategies should be further explored to achieve enhanced
panchromatic absorption, particularly in the near-infrared
(NIR) region.*>**

Co-sensitization is another way to optimize the performance
of DSSCs.™ 1t is a key strategy to overcome the limitations of
using a single dye in the cell, as organic dyes often have narrow
absorption spectra and limited photon-harvesting capabilities.*®
By combining two or more dyes, the overall light-harvesting
ability can be enhanced. For example, Ru(u) dyes, which have
lower absorption in the higher wavelength region, can be
complemented by dyes with higher molar extinction coeffi-
cients, improving light absorption and boosting power conver-
sion efficiency (PCE).*”*® To meet the stringent requirements of
high-performance sensitizers, Nazeeruddin et al.*® successfully
developed a panchromatic ruthenium complex, known as black
dye, incorporating carboxylated terpyridyl and three thiocyanate
ligands, achieving a power conversion efficiency (PCE) of 10.4%.
Similarly, DSSCs employing the widely used N719 sensitizer,
demonstrated PCEs exceeding 9.18% under AM 1.5 sunlight.
Wang et al. later introduced K19, an amphiphilic ruthenium
complex, which exhibited a PCE of 7.0%.>°

In recent years, extensive research efforts have been directed
toward the development of efficient sensitizers based on
organic frameworks, zinc porphyrins, and ruthenium com-
plexes. Notably, porphyrin-based dyes have achieved efficien-
cies above 13%, making them promising candidates for
DSSCs.”™*> However, porphyrin dyes inherently suffer from
limited absorption in the UV, green, and near-infrared (NIR)
regions, which restricts their overall efficiency. For successful
co-sensitization, the energy levels (HOMO and LUMO) of the
dyes must align to ensure efficient electron injection into the
TiO, conduction band and smooth dye regeneration. We selected
HD-2 dye for co-sensitization due to its broad absorption, stability,
efficient charge transfer, and strong anchoring properties.”®
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The chemical stability of HD-2 and its ability to complement
organic or metal-free dyes enhance the performance of DSSCs
by improving light harvesting, reducing recombination, and
increasing overall efficiency. Recent studies show that co-
sensitization with donor-acceptor organic dyes and Ru-based
complexes leads to enhanced photovoltaic performance. This
improvement is attributed to better adsorption into the pores of
TiO,, where bulky ruthenium dyes struggle. Understanding the
role of simple co-sensitizers and optimizing interfacial charge
transfer are crucial for maximizing the DSSC efficiency.>*®
Encouraged by this, in order to enhance the light-harvesting
units and broaden the absorption spectra, in the present study
we have designed nine novel dual D-A configured organic dyes
DCH,_y, carrying twin carbazole units as an effective electron
donor, and cyanoacetic acid (DCH,), rhodanine-3-acetic acid
(DCH,), rhodamine (DCH3), barbituric acid (DCH,), 1,3-dimethyl-
barbituric acid (DCHs), 1,3-diethyl-2-thiobarbituric acid (DCHg),
2,4-thiazolidinedione (DCH;), oxindole (2-indolone) (DCHy),
and 4-nitrophenyl acetonitrile (DCHy) groups were employed
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as an electron acceptor/anchoring units, while molecular design-
ing. The bridged non-conjugated linear alkyl chain of double-
branched dyes facilitates higher surface coverage on TiO, films,
influencing the overall performance of solar cell.

These final molecules were synthesized in good yields by
adopting simple synthetic protocols, viz., N-alkylation, Vilsme-
ier-Hack reaction, followed by Knoevenagel condensation reac-
tions (Scheme 1), and the respective structures are shown in
Fig. 1. The target molecules and intermediates were well
characterized using elemental analyses and different spectro-
scopic techniques. The photophysical and electrochemical
characterization, including energy conversion (AGinj, AGrec,
and AG,,), were evaluated using UV-visible absorption/photo-
luminescence (PL) studies and cyclic voltammetric (CV) studies,
respectively. Furthermore, the thermal stability of synthesized
dyes was evaluated using TGA and DSC studies. Density func-
tional theory (DFT) and time-dependent density functional
theory (TD-DFT) were also used to investigate the molecular
geometry, electron distributions, absorption and charge-transfer

o
g}

DCH;3 DCH,
il )8 R=2¢
o
DCH; DCHs
DCH,

Scheme 1 Synthetic routes for the dyes DCH;_g: (i) 1,6-dibromohexane, NaH, DMF, RT, 12 h; (ii) POCls, DMF, 110 °C, 2 h; (i) DCH;: cyanoacetic acid,
ammonium acetate, glacial CH3sCOOH, 110 °C, 12 h; DCH;: rhodanine-3-acetic acid, ammonium acetate, glacial CHsCOOH, 110 °C, 12 h; DCHs:
rhodanine, ammonium acetate, glacial CHsCOOH, 110 °C, 12 h; DCHy4: 1,3-dimethylbarbituric acid, methanol, 60 °C, 10 h; DCHs: barbituric
acid, methanol, 60 °C, 10 h; DCHe: 1,3-diethyl-2-thiobarbituric acid, methanol, 60 °C, 10 h; DCHy: 2,4-thiazolidinedione, ammonium acetate,
glacial CHsCOOH, 110 °C, 12 h; DCHg: oxindole, pipyridine, ethanol, 80 °C, 12 h; DCHg: 4-nitrophenyl acetonitrile, potassium tert-butoxide, methanol,

60 °C, 6 h.
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Fig. 1 Chemical structures of the dual donor—acceptor configured new dyes DCH;_g and the benchmark reference dye HD-2.

mechanism, electrostatic potential (ESP), and density of states
(DOS) of the synthesized dyes theoretically using Turbomole 7.2 V
and VASP software. Eventually, the dyes DCH;_g were employed as
sensitizers and co-sensitizers with Ru(u) based HD-2 dye towards
the DSSC fabrication, and their photovoltaic performance data

This journal is © The Royal Society of Chemistry 2025

were investigated. Finally, electrochemical impedance spectro-
scopy (EIS) studies were carried out to understand their inter-
facial charge recombination and carrier transportation processes
(Rs, Rcry, and Rpy) in depth with respect to both sensitization and
co-sensitization processes.
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Results and discussion
Synthesis and characterization

The synthetic pathways of seven new metal-free organic dyes
DCH;_y are shown in Scheme 1. The requisite intermediate 1,6-
di(9H-carbazole-9-yl)hexane (1) was obtained from 9H-carbazole
by treating it with 1,6-dibromohexane in the presence of a
strong base, i.e., sodium hydride. This was converted to the key
precursor  9,9'-(hexane-1,6-diyl)bis(9H-carbazole-3-carbaldehyde)
(2) through the Vilsmeier-Hack reaction protocol with good yield.
In the final step, the target molecules DCH; ¢ were obtained by
following the Knoevenagel condensation protocol, wherein the
precursor 2 was condensed with various active methylene
compounds. All the synthesized compounds were further puri-
fied using the typical recrystallization and chromatographic
techniques. The molecular structures of these target compounds
and their intermediates were established by using different
spectroscopy tools. Their spectra are displayed in S1-S39 of ESL.}

Theoretical studies

To gain deeper insight into the molecular structure, electronic
distribution, and frontier molecular orbitals of DCH;_g, mole-
cular orbital calculations were performed using the density
functional theory (DFT). All the theoretical calculations were
executed using the Turbomole 7.2 software package. The
ground-state geometries of the synthesized dye molecules in a
gas phase were optimized based on a semiempirical AM1 basis
with MOPAC in Tmolex.>>*® The aforementioned geometries
were further optimized using C; point group symmetry via
Becke’s three-parameter hybrid functional and Lee-Yang-Parr’s
gradient-corrected correlation functional (B3LYP) program and
basic set def-TZVPP.®" The optimized geometries of dyes DCH;_o

DCH, DCH,
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are given in Fig. S40 (ESIt). The geometry of the twin carbazole
unit in each dye was not precisely planar, but rather slightly
tilted in the middle with a butterfly shape. Therefore, the non-
planar geometry of the carbazole ring can help to suppress the
dye aggregation on the TiO, surface. The electronic density
distributions in the HOMO and LUMO levels of the nine
different dyes DCH;-o, along with their bandgaps, are shown
in Fig. 2 and the corresponding data are tabulated in Table 1.
Furthermore, to understand the adsorption and charge-transfer
mechanism in the presence of a supporting substrate, density
functional theory (DFT) calculations were performed using the
Vienna Ab initio Simulation Package (VASP). The DCH,; dye
interaction with the TiO, semiconductor is shown in Fig. S41
(details can be found in ESIY). Evaluating the FMO distribution
allows for a qualitative prediction of a dye’s effectiveness in
DSSCs. It is equally important to analyze the molecular orbitals
adjacent to the FMOs, as they significantly influence the
spectral behavior of the dye molecules. A LUMO distribution
localized on the acceptor moiety is particularly advantageous,
as it helps the sensitizer to anchor more effectively to the TiO,
surface, facilitating intramolecular charge transfer. The band-
gap energy plays a crucial role in determining the dye’s photo-
current, as it governs the absorption of light at relevant wave-
lengths. Efficient HOMO and LUMO separation promotes effec-
tive charge separation, unlike insufficiently separated HOMO—1
and LUMO+1 distributions, ensuring better electron transfer and
overall DSSC performance. As seen from Fig. 2, the electrons at
the highest occupied molecular orbital (HOMO) levels are mainly
populated on the carbazole donor unit, whereas the electron
density distribution in the lowest unoccupied molecular orbital
(LUMO) is sizably delocalized through the acceptor part of DCH; .
The LUMO and LUMO+1 levels of the dye molecules are largely
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Fig. 2 The electronic cloud distributions in the FMO levels of dyes DCH;_o.
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Table 1 Theoretical electrochemical data of dyes DCH;_go
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Parameters DCH, DCH, DCH;, DCH, DCHj; DCH, DCH, DCHg DCH,
Egomo (€V) —6.23 —5.76 —5.76 —5.98 —6.07 —5.89 —5.76 —5.52 —6.02
Erumo (€V) —2.70 —2.65 —2.62 —2.53 —2.73 —2.74 —2.36 —2.08 —2.88
E" (eV) 3.52 3.11 3.13 3.44 3.34 3.15 3.39 3.44 3.14

“ These values were obtained from DFT calculations in a vacuum.

dispersed on cyanoacetic acid, while the majority of the HOMO
energy levels are delocalized on the electron-donating unit. The
closely overlapping HOMO-LUMO orbitals act as a channel for
a quick ICT process. Thus, there is a clear electron cloud
movement from the donor moiety towards the anchoring unit,
facilitating an efficient photoinduced interfacial electron trans-
fer from LUMO to the semiconductor electrode through effec-
tive intramolecular charge separation under light irradiation.

The theoretical HOMO energy levels obtained for dyes
DCH,_, are —6.231 (DCH,), —5.768 (DCH,), —5.760 (DCH,),
—5.981 (DCH,), —6.079 (DCHj), —5.896 (DCHg), —5.760 (DCHS,),
—5.529 (DCHg), and —6.024 (DCHy), respectively, which are
significantly lower than that of the redox potential of the I;7 /I~
electrolyte system (—5.2 eV), confirming that the synthesized
dyes can undergo a quick ground-state regeneration process.
The theoretical LUMO energy levels obtained for dyes DCH; o
are —2.704 (DCH,), —2.658 (DCH,), —2.623 (DCH,), —2.533
(DCH,), —2.732 (DCHj5), —2.748 (DCHg), —2.361 (DCH), —2.084
(DCHg), and —2.884 (DCHy), respectively, which are signifi-
cantly higher than the conduction band (CB) of TiO, (-4.2 eV),
indicating their fast electron injection. The theoretical bandgap
obtained for dyes DCH,;_y are 3.52 (DCH,), 3.11 (DCH,), 3.13
(DCH3), 3.44 (DCHy), 3.34 (DCHj), 3.15 (DCHg), 3.39 (DCH5),
3.44 (DCHg), and 3.14 (DCHy), respectively, which may be due
to the different anchoring abilities of the molecules. Conclu-
sively, the well-overlapped HOMO and LUMO orbitals of the
dyes DCH;_o can guarantee a superior charge transfer and the
efficient interfacial injection of electrons from the excited state
of the dye molecule into the conduction band of the TiO,
semiconductor.

In addition, the electronic excited state properties of materi-
als were studied in depth using the time-dependent density
functional theory (TD-DFT) method in the presence of time-
dependent perturbations. According to the adiabatic approxi-
mation, the temporal nonlocality is neglected and an assumption
is made that at any point of time, the exchange-correlation (xc)
functional depends exclusively on the instantaneous density.®>
Based on the aforesaid approximation, time-dependent pertur-
bations can be applied to the xc functional derived for ground-
state DFT, i.e., BP (Beck-Perdew) and hybrid functional (B3LYP).
In TD-DFT calculations, the accuracy of the assimilated results
mainly relies on the functional and basis set employed for the
calculations.®?

Fig. S42 (ESIt) displays the theoretically simulated absorp-
tion spectra of the dyes DCH;_o, obtained by employing the
B3LYP functional and def-TZVP basis set. The adiabatic
approximation states that the TD-DFT temporal nonlocality is
ignored, and that the exchange-correlation (xc) component

This journal is © The Royal Society of Chemistry 2025

solely depends on the instantaneous density at any given
moment.®* Therefore, the hybrid functional (B3LYP) and BP
(Beck-Perdew) as xc functionals were derived for ground-state
DFT. The correctness of assimilation findings in TD-DFT
computations is typically determined by the basic set employed
for the calculations. The theoretically calculated absorption
maxima (/max) Of the investigated molecules DCH; o are sum-
marized in Table 1. Furthermore, the simulated spectra of
DCH,;_o depict two distinct peaks in the spectrum, belonging
to the mixed n-n* transition and charge-transfer process within
the molecules, which help to predict the energies related to
long-range charge-transfer states.

In all of the synthesized molecules, a strong intra-dye
electronic excitation occurs, owing to the HOMO — LUMO
transitions. Here, the excitations at the longer wavelengths are
due to the electronic transitions from the HOMO to LUMO+1
and LUMO+3. Accordingly, the lower-energy excitations are
ascribed to intramolecular charge transfer (ICT) transitions
from DCH;_o to TiO,. These exactitudes of the TD-DFT results
illustrate that the functional and basis set chosen for the
studies are in accordance with the experimentally obtained
results. From the TD-DFT results, it is clear that the functional
and basis sets used for the investigations are in good agreement
with the outcomes of the experimental results. The theoretically
simulated IR-absorption spectra of DCH; o are displayed in
Fig. S43 (ESIY). As expected, both the simulated and experimen-
tally obtained results are in good agreement with each other.

To investigate the distribution of total charge density
around the dye molecules, electrostatic potential (ESP) maps
of DCH,_o have been generated, as illustrated in Fig. 3. This
analysis explores the ESP to predict the physicochemical prop-
erties, focusing on regions of electrophilic and nucleophilic
attack and areas of electrostatic potential. The three-dimensional
visualization of the ESP plot provides a better understanding of
the electrostatic influence of the molecules.® The molecular
electrostatic potential, which is linked to electron density, plays
a key role in understanding hydrogen bonding interactions, as
well as the reactivity of electrophilic and nucleophilic sites. The
cavity boundaries in the molecules resemble the density iso-
surface in the ESP plot, reflecting the total charge distribution,
including electronegativity, dipole moment, and sites of chemical
reactivity. The electrostatic potential values are color-coded in
increasing order as follows: blue > green > yellow > orange >
red.'" In these plots, electron-rich regions are indicated in red,
while electron-deficient regions are shown in blue. This induces
positive and negative charges on the cavity surface, creating local
electric fields within the cavity. Green represents regions of zero
electrostatic potential.
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Fig. 3 Molecular electrostatic potential (ESP) mapping on the isodensity surface of dyes DCH;_g.

The ESP surfaces reveal both positive and negative regions:
the positive regions are preferred sites for nucleophilic attacks,
while the negative regions are more suitable for electrophilic
attacks.®® From Fig. 3, it is clear that in dyes DCH;_,, the
electron density is primarily concentrated on the cyanovinylene
and carbonyl groups of cyanoacetic acid. In contrast, in DCHj,
DCH;,, and DCHg, the electron density is focused on the
thioketone and carbonyl groups of rhodanine derivatives and
oxindole. For DCH,_¢, the electron density is primarily located
on the carbonyl groups of barbituric acid and its derivatives.
Additionally, the positive region in DCH; 4 is localized on the
carbazole rings, indicating that these groups can act as efficient
donors and are attractive sites for nucleophilic attacks. On the
other hand, the acceptor groups, located on the opposite side of
the molecule, are surrounded by regions of zero potential,
suggesting vulnerability to electrophilic attacks.

Overall, the ESP plots clearly illustrate the movement of
electron density from the donor moiety to the anchoring unit
via spacer units, facilitating effective electron transfer in DCH;_o.
This observation makes these dyes promising candidates for use
as sensitizers in dye-sensitized solar cells (DSSC).

According to quantum mechanics, the density of states
(DOS) of a system primarily refers to the number of available
energy levels per unit energy increment. It represents the
number of states available for occupation within a specific
energy range.”>*®> A high DOS value at a given energy level
indicates that many states are available for occupation, while a
zero DOS signifies that no free states are available at that energy
level. In essence, DOS provides an average over time and space
within the system, and describes the contribution of different
orbitals across a range of energies. Moreover, DOS is crucial for
understanding the charge transfer between molecules and
the TiO, semiconductor, which generates dipolar fields at the
TiO,/material interface, ultimately tuning the band energy levels.

9264 | J Mater. Chem. C, 2025,13, 9258-9275

A material with a smaller bandgap can facilitate faster electron
transport, enhancing the driving force for rapid charge injection
at the interface.***® The DOS plots of DCH;_o, shown in Fig. S44
(ESIY), illustrate how different orbitals contribute as the energy
increases. The figure shows that as the energy rises, the contri-
bution of p-orbitals becomes more dominant compared to
s-orbitals. Additionally, the p-orbitals of oxygen and nitrogen
atoms play a significant role in binding the dye to TiO,. All newly
synthesized molecules exhibit similar DOS patterns, suggesting
they meet the necessary criteria. Furthermore, the DOS spectra of
the dyes show no significant energy gaps, but the results are
consistent with existing literature. All dyes (DCH;_o) demonstrate
significant charge transfer from the donor to the acceptor unit,
confirming that they fulfill the basic requirements of an ideal
sensitizer.

Photophysical properties

The UV-vis absorption spectra of double D-A dyes (DCH;)
were measured in N,N-dimethyl formamide (DMF) solution at
107> M conc. at room temperature (Fig. 4(a)), and the corres-
ponding spectral parameters are summarized in Table 2. All the
dyes showed two distinct strong and broad absorption spectra
in the ultraviolet and visible regions. The lower absorption
band in the region of 280-370 nm is ascribed to the n-n* elec-
tronic excitation of conjugated molecules, whereas the higher
absorption band (402-468 nm) is assigned to the intra-
molecular charge transfer (ICT) between the donor and accep-
tor unit. As shown in Fig. 4(a), the observed major An.x at
402 nm (DCH,), 422 nm (DCH,), 421 nm (DCHj;), 450 nm
(DCH,), 445 nm (DCHj), 468 nm (DCHg), 397 nm (DCH,),
419 nm (DCHg), and 440 nm (DCH,) are attributed to mixed
intramolecular charge transfer (ICT)/n-m* transition of the
chromophores, which was further confirmed by TD-DFT calcu-
lations.> From the results, we emphasize that the 1., of

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Normalized UV-Vis absorption and (b) fluorescence emission spectra of DCH;_e recorded in 10~> M DMF solution under ambient atmosphere.

Table 2 Photophysical and thermal characterization data of dyes DCH;_o

Parameters DCH, DCH, DCH, DCH, DCH; DCHj DCH, DCH DCH,
Japs” (NM) 402 422 421 450 445 468 397 419 440
Jemi® (NM) 510 530 516 553 535 562 500 512 524
Stokes shift? (cm™) 5275 4896 4260 4142 3782 3577 5188 4336 4080

e (M em™") at Aape® (nm) 20760 25393 24707 17930 20076 16468 23617 19738 14720
Eo-gopt” (V) 2.74 2.70 2.65 2.64 2.56 2.46 2.73 2.62 2.61
T (°C) 281 334 294 205 216 291 330 259 191
Ty (°C) 315 340 326 302 307 318 336 310 258

@ Absorption and emission spectra measured in DMF (at concentration of 10~° M) at room temperature. ¢ (M~ ' cm™"): molar extinction coefficient.
b Optical band gap E,._, is the voltage of the intersection point between the absorption and emission spectra. ¢ Tq decomposition temperature
observed from TGA 5% of weight loss at 10 °C min ™' and T, observed from DSC at 10 °C min~ ' under nitrogen atmosphere.

organic sensitizers DCH4_¢ show a bathochromic shift when
compared to the other dyes. The dye DCHg exhibits a signifi-
cantly broader and more intense absorption than other dyes,
likely due to its extended conjugation and enhanced light-
harvesting ability, which is attributed to the presence of the
strong electron-withdrawing 1,3-diethyl-2-thiobarbituric acid
group. This group is a potent electron acceptor because the
sulfur (S) atom in its structure increases the electron-accepting
efficiency compared to the oxygen (O) atom in conventional
barbituric acid. The sulfur substitution lowers the energy gap
for electronic transitions, causing a redshift in the absorption
peak. Additionally, the higher polarizability of sulfur improves
the charge-transfer efficiency, contributing to the broader
absorption profile by making the electronic transitions more
accessible.

The fluorescence emission spectra of the dyes DCH;_o are
recorded in DMF solution at 10> M concentration by exciting
at their respective absorption maxima. Fig. 4(b) represents the
normalized emission spectra of synthesized dyes DCH,_y, and
their resultant spectral parameters are tabulated in Table 2.
All the dye molecules exhibit a characteristic single emission
band in the region of 500-562 nm region. The molecule DCHg
displays Aemi of 562 nm, which is slightly more redshifted than
that of DCH; (510 nm), DCH, (530 nm), and DCH; (516 nm),
DCH, (553 nm), DCH; (535 nm), DCH, (501 nm), DCHjg
(512 nm), and DCH, (524 nm), respectively, which may be
due to the presence of strong electron-withdrawing 1,3-
diethyl-2-thiobarbituric acid. The observed shift is desirable

This journal is © The Royal Society of Chemistry 2025

as it escalates the light-harvesting nature of the sensitizer in
the visible region. Furthermore, we calculated the Stokes shift
values of the dyes. The values are listed in an increasing
order of DCHg (3577 cm™ ') < DCHj (3582 cm™') < DCHy <
(4080 cm™') < DCH4 (3577 cm™') < DCH; (4260 cm™ ') <
DCHg (4336 cm ') < DCH, (4896 cm™') < DCH; (5188 cm™ ') <
DCH, (5275 cm '), respectively. It is noted that the Stokes shift
values of the barbituric acid derivatives are smaller than that of
the cyanoacetic acid and rhodanine derivatives, which could
have resulted from the higher planarity, also illustrating smal-
ler conformational changes in the excited state.”* The dye
DCH; displayed the highest value of Stokes shift, which may
be caused by large changes in the dipole moment in the excited
state, as a result of charge transfer from the donor to the
acceptor moiety. Additionally, the optical bandgap values of
the synthesized dyes were calculated from the obtained absorp-
tion and emission spectral data. The acquired bandgaps of
DCH,_, decrease in the following order: 2.74 eV (DCH,) >
2.73 eV (DCHy) > 2.70 eV (DCH,) > 2.65 eV (DCHj3) > 2.64 eV
(DCH,) > 2.62 eV (DCHg) > 2.61 eV (DCH,) > 2.56 eV (DCH;) >
2.46 eV (DCHg). Furthermore, the molar absorption coeffi-
cients (¢) of the ICT bands were calculated, and are in the
range of 14720 M~ ' em ™! to 25396 M~ ! ecm™'. Among all, the
dye DCH, showed the highest ‘¢’ value, indicating enhanced
light-harvesting ability of the strong electron-withdrawing
rhodanine-3-acetic acid unit in the visible region, which could
produce greater short-circuit current and thus show improved
performance.
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Fig. 5 UV-vis absorption spectra of DCH;_g + HD-2 adsorbed on the
TiO, surface.

To further understand the light-harvesting capabilities of
the synthesized dyes in DSSC fabrication, a separate experi-
ment was conducted in which the dyes were adsorbed onto the
TiO, surface, and the corresponding UV-vis spectra were
recorded. Fig. 5 shows the absorption spectra of the DCH; o
dyes adsorbed on TiO, films. The spectra reveal that all dyes
exhibited broader absorption bands compared to their peaks in
the solution state. This broadening and the observed batho-
chromic shift (redshift) are attributed to the interaction between
the anchoring groups of the dye molecules and titanium ions on
the electrode surface, along with the delocalization of the dye
molecules, which lowers the overall energy of the n* orbital.>
Among all the dyes, DCH, showed the most significant redshift
over an extended region, suggesting a strong tendency to form
J-aggregates on the TiO, surface. This is largely due to the close
interaction between the carboxylic anchor groups and Ti*" ions of
the semiconductor. Rhodanine-3-acetic acid contains both a
carboxyl group (-COOH) and a thiazolidine ring, allowing for
strong binding interactions with the TiO, surface, particularly
through stable covalent bonding between the carboxyl group and
titanium atoms (Ti*"), ensuring efficient attachment of the dye to
the semiconductor.>® Furthermore, the rigid structures of DCH,
and HD-2 help to maintain the dye orientation on the TiO,
surface, improving the electron injection efficiency and prevent-
ing dye desorption under prolonged illumination. Therefore, the
DCH, dye can be considered a promising candidate for light-
harvesting applications due to its strong anchoring capabilities.

Thermal properties

The thermal properties of the dyes DCH,_o were investigated by
differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) under nitrogen atmosphere with a heating rate
of 10 °C min~'. The TGA and DSC plots of dyes DCH,_o are
shown in Fig. 6 and Fig. S45 (ESIt), respectively, and the
corresponding thermal data are tabulated in Table 2. All the
synthesized dyes exhibit satisfactory thermal stability with high
thermal decomposition (Ty) temperatures at 315 °C (DCHj,),

9266 | J Mater. Chem. C, 2025, 13, 9258-9275
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Fig. 6 TGA thermograms of DCH;_g determined at a heating rate of
10 °C min~! under a nitrogen atmosphere.

340 °C (DCH,), 326 °C (DCHj,), 302 °C (DCH,), 307 °C (DCHj),
318 °C (DCHg), 336 °C (DCHj;), 310 °C (DCHg), and 258 °C
(DCHy). The melting temperature ™ of dyes DCH,_g was found to
be higher than 200 °C. Among all, the dye DCH, bear rhod-
aminenine-3-acetic acid as an anchoring group shows higher
thermal stability, making it a more relevant material for solar cell
applications. Thus, because of their promising high thermal
property, their application as sensitizer/co-sensitizer in DSSC
would impart enhanced stability to the fabricated devices.

Electrochemical characterization

The feasibility of key thermodynamic processes in the solar cell,
such as active electron injection from the excited state of the
dye to the conduction band (CB) of the TiO, photoanode, and
dye regeneration by suppressing the charge recombination
between the oxidized dye molecule and the TiO, CB, can be
effectively analyzed using cyclic voltammetry (CV). The electro-
chemical properties of DCH;_¢ were measured using a conven-
tional three-electrode system, where Ag/AgCl, glassy carbon,
and a platinum plate served as the reference, working, and
counter electrodes, respectively.**®> Tetra n-butyl ammonium
hexafluorophosphate was used as the supporting electrolyte in
acetonitrile at a scan rate of 100 mV s~ '. The resulting voltam-
mograms of DCH; ¢ are shown in Fig. S46 (ESIt). From the
experimental data, the highest occupied molecular orbital/
ground-state oxidation potential (HOMO/GSOP) and lowest
unoccupied molecular orbital/excited state oxidation potential
(LUMOJESOP) values were calculated from the onset oxidation
potential of the oxidation peak, and these values are presented
in Table 3. The energy level diagram of DCH,_, is depicted in
Fig. 7. The GSOP and ESOP values were converted from volts (V)

to electron volts (eV) relative to NHE using eqn (1) and (2).*"*?
GSOP = [EX9. + 4.7 eV] )
ESOP = [GSOP — Eq_g] eV @)

The experimental GSOP/HOMO values of the dyes DCH;_o
were found to be —5.21 (DCH,), —5.23 (DCH,), —5.27 (DCH3),

This journal is © The Royal Society of Chemistry 2025
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Table 3 Electrochemical characterization data of the dyes DCH;_o
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Compound Eox” (V vs. NHE) Ebx® (V vs. NHE) HOMO? (eV) LUMO” (eV) AGip; (eV) AGye. (€V) AGheg (V)
DCH, 0.51 —2.23 —5.21 —2.47 1.73 —1.01 —0.11
DCH, 0.53 —2.17 —5.23 —2.53 ~1.67 —1.03 —0.13
DCH;, 0.57 —2.08 —5.27 —2.62 —1.58 —1.07 —-0.17
DCH, 0.58 —2.06 —5.28 —2.64 —1.56 —1.08 -0.18
DCH;, 0.76 —1.80 —5.46 —2.90 —-1.30 —1.26 —0.36
DCH, 0.77 —1.68 —5.47 3.01 —1.19 —1.27 -0.37
DCH, 0.525 —2.20 —5.23 —2.49 —-1.70 —1.02 —0.12
DCH, 0.66 —1.96 —5.36 —2.74 —1.46 —1.16 —0.26
DCH, 0.67 —1.94 -5.37 —2.76 —1.44 -1.17 —0.27

% The E* values were formulated by, Eby =Fox — Ego. © All the potentials were obtained during cyclic voltammetric investigations in 0.1 M Bu,NPF,
in DMF, and platinum electrode diameter: 1 mm, sweep rate: 100 mV s~ .

LUMO
2 249 5
253 o s
274 276
-2.90 —
] & - AGiy;
-4.26 eV 2t P,
N {1 2.70 1+ 2.65 1 2.64 [2.56 I~12.46 I112.73 |I'{ 2.62 |[12-61
@
= [VOC -52eV
¥ s I/l
=
=]
= l— J—
521 5p3 e | 523
DCH, pcg, 527 528 por, | >=AGi e,
DCH;  pcy, B T
¢ L DCH, -5.37
-5.46 ; 5 DCH,
DCH; pen, J
-7.4 eV
TiO, HOMO
Fig. 7 Molecular energy level diagram showing the experimental HOMO,
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—5.28 (DCH,), —5.46 (DCHj;), —5.47 (DCHg), —5.23 (DCH,),
—5.36 (DCHg), —5.37 (DCHy) respectively, which are much
lower than that of the redox potential of the I,”/I" electrolyte
system (—5.2 eV), favouring quick ground-state regeneration
process. Among all, the dye DCH; has the highest positive
potential, stabilizing the dye molecule in its oxidized state
and facilitating effective electron injection, which is necessary
for the affirmative transition of charges through the energy
conversion cycle. The reason may be due to the presence of
superior electron-donating carbazole twin moieties and a
strong cyanoacetic acid as an anchoring unit. Cyanoacetic acid
generally exhibits a higher oxidation potential due to its strong
electron-withdrawing cyano (-CN) group.®® This higher poten-
tial can enhance electron injection from the dye to the TiO,
conduction band, making it favorable for applications that
require strong electron transfer. Furthermore, the experimental
ESOP/LUMO values of the dyes DCH,_y are found to be —2.47
(DCH,), —2.53 (DCH,), —2.62 (DCH;), —2.64 (DCH,), —2.90
(DCHj), —3.01 (DCH,), —2.49 (DCH,), —2.74 (DCHg), —2.76
(DCHy), respectively, which are greater than the potential of the
CB of the TiO, semiconductor (—4.2 eV), facilitating enhanced
electron injection phenomenon. Among all the dyes, DCH; has
ideal HOMO and LUMO levels, facilitating an adequate thermo-
dynamic driving force that is mandatory for the affirmative
transition of changes throughout the energy cycle.

This journal is © The Royal Society of Chemistry 2025

To investigate the different thermodynamic pathways, such
as dye injection, recombination, and regeneration processes of
DCH,_o, the driving forces, viz., free energies (AGjpj, AGyec, and
AGig) were estimated using eqn (3) through eqn (5), and the
corresponding data are given in Table 3.

AGiyj = Egx — Ecs (3)
AGre': = ECB - EOX (4)
AGreg = EI;*/I* — Eox (5]

From the calculated data, it is clear that all the free energy
values are negative, describing the thermodynamical feasibility
of the aforesaid processes. The AG;y; (free energy for electron
injection from LUMO to the conduction band of TiO,) values
were calculated from the difference between the LUMO level of
the dyes and semiconductor, and are in the following order:
DCH, (-1.73 eV) > DCH; (-1.70 eV) > DCH, (-1.67 V) >
DCH; (-1.58 eV) > DCH, (-1.56 eV) > DCHjg (-1.46 €V) >
DCH, (-1.44 eV) > DCH; (-1.30 eV) > DCHg (-1.19 eV). It is
worth noting that the dye DCH; has the highest value of AGyy;,
indicating efficient electron injection to the CB of TiO,. The
reason may be due to the presence of the strong electron-with-
drawing nature of cyanoacetic acid, along with the increased
carbazole donor strength. Its D-A strength thermodynamically
drags electrons from the LUMO energy level, and injects them
to the CB edge of the TiO, and HOMO energy level towards the
redox electrolyte. The calculated AG,.. values of dyes DCH; o
are as follows: —1.01 (DCH,), —1.03 (DCH,), —1.07 (DCHj;),
—1.08 (DCH,), —1.26 (DCH;), —1.27 (DCHg), —1.02 (DCH,),
—1.16 (DCHg), —1.17 (DCHy), respectively. Similarly, the AG;ey
values of dyes DCH;_o are found to be: —0.11 (DCH,), —0.13
(DCH,), —0.17 (DCH,), —0.18 (DCH,), —0.36 (DCH;), —0.37
(DCHg), —0.12 (DCHS), —0.26 (DCHg), —0.27 (DCH,). From the
results, it is clear that the dye DCH; comprising two carbazole
donor moieties and the strong electron acceptor cyanoacetic
acid shows the highest negative free energy for the electron
regeneration process to resist its recombination between elec-
tron injection and photo-oxidized dye molecules, making
the AGr.. and AG., processes energetically favourable. The
presence of a long linear alkyl chain functions as an insulating
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barrier, thereby minimizing interfacial charge recombination
in the DSSCs. Conclusively, all the dyes fulfil basic require-
ments by providing nearly the same negative values of free
energy changes, demonstrating a good balance in the thermo-
dynamic properties of various photo-electronic processes.

Photovoltaic and electrochemical impedance studies

To gain a deeper understanding of the structure-performance
relationships, anchor-dependent surface chemistry, cell elec-
trochemistry, and device photophysics, the photoelectrochem-
ical characteristics of DSSCs sensitized with DCH,_, were
evaluated, following the procedure outlined in the ESI.{ For
accurate comparison, all devices were fabricated and character-
ized under identical conditions.”> The photocurrent density
versus voltage ( J-V) curves of the DSSCs, sensitized with DCH;_
o and using an I"/I;~ liquid electrolyte in acetonitrile medium
under standard AM 1.5G (100 mW cm ?) irradiation, are
presented in Fig. 8(a), with the corresponding device perfor-
mance data summarized in Table 4. The photoelectrochemical
summary of dyes with similar molecular designs along with
their efficiencies is presented in Table S1 (ESIt). To prevent
overestimation of current due to multiple irradiations, current-
voltage measurements were performed on all fabricated devices
using a black metal mask with an active area of 0.18 cm®. The
overall power conversion efficiency (PCE) was calculated using
key parameters derived from experimental data for the DCH;_
sensitizers, including incident light power (Pin), short-circuit
photocurrent ( Jsc), open-circuit voltage (Voc), and fill factor
(FF), as outlined in eqn (6).°>%”

_JSC X Voc x FF

PCE(n) P

(6)

Among all the dyes, the device fabricated using dye DCH,
and DCH, as the sensitizer exhibited the highest PCE of 2.45%
(Jsc = 6.47 mA em ™2, Vo = 0.64 V, and FF = 58.69%) and 2.23%
(Jsc = 5.92 mA cm 2, Vo = 0.57 V, and FF = 66%), respectively.
Meanwhile, the dyes DCH; ¢ displayed relatively lower PCE
(<1%) under the same measuring conditions. The superior
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Table 4 The photoelectrochemical parameters of the fabricated DSSCs
using DCH;_o

Sensitizer  Jsc (MA ecm ™ 2)  Voc (V)  FF (%) PCE (%) e (Ms)
DCH; 6.472 0.643 58.69 2.45 0.45
DCH, 5.929 0.578 66.08 2.23 0.44
DCH;3 1.179 0.494 55.49 0.32 0.43
DCH, 0.335 0.536 55.01 0.09 0.30
DCH; 2.500 0.165 28.47 0.11 0.43
DCHg 0.609 0.539 63.19 0.20 0.41
DCH, 1.270 0.569 65.03 0.47 0.43
DCHg 0.495 0.548 53.76 0.14 0.40
DCH, 0.320 0.504 45.37 0.07 0.31

performance of DCH;_, compared to the relatively lower PCE
observed in others can be attributed to several key factors
related to the molecular structure, charge-transfer dynamics,
dye-TiO, interactions, charge recombination, energy level mis-
match, and inefficient light absorption properties.®® The mole-
cular structures of barbituric acid (BA) and its derivatives as
anchoring groups play a crucial role in determining their
electronic properties, anchoring capability, and charge-transfer
characteristics.®® The BA anchoring group in DCH; contains a
triketone (-C=0) electron-withdrawing core, which promotes
intramolecular charge transfer (ICT) and enables strong hydro-
gen bonding and coordination interactions with TiO,.”® This
results in increased dye loading and better electron injection
efficiency, which eventually leads to increased Jsc through
enhanced electron transfer into the conduction band. However,
its strong interaction with the electrolyte also accelerates
charge recombination at the TiO,/electrolyte interface, increas-
ing series resistance and ultimately leading to a lower fill factor
(FF). In contrast, DCH, with 1,3-diethyl-2-thiobarbituric acid
substitutes one oxygen (O) atom with sulfur (-C=S) and con-
tains bulky diethyl (-C,H;) groups.®®”" It changes the electronic
density and orbital overlap, induces steric hindrance, and
decreases the dye surface coverage and electron injection
efficiency, despite its broader light absorption. These structural
changes significantly affect the overall photovoltaic perfor-
mance, highlighting the critical role of the anchoring group
selection in designing dye-sensitized solar cells (DSSCs).

——DCH,
——DCH,
—o—DCH,
——DCH,
—o—DCH,
——DCH,
—o—DCH,

DCH,
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Wavelength (nm)

(a) Current density—voltage plots of DSSCs sensitized with DCH;_g, (b) IPCE spectra of DSSCs sensitized with dyes DCH;_g.
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Furthermore, BA-based dye DCHj exhibits lower Vo due to
the enhanced charge recombination at the electrolyte interface.
The lowered open-circuit voltage and high effective electron
lifetime (t.s) of barbituric acid, compared with rhodanine and
thiazolidinedione-based dyes DCH; and DCH>, can be attrib-
uted to the critical features of the dye-sensitized solar cell
(DSSC) photophysics and interfacial charge behavior, despite
these compounds having similar 7.« values and different Voc.
The robust dipole moment manifested by barbituric acid due to
its electron-withdrawing ureido (-NHCO) groups induces a
downward shift in the conduction band (CB) of TiO,. This
displacement lowers Vo despite having a larger teg. In addi-
tion, the greater dye-electrolyte interaction in BA-based devices
enhances the charge recombination between the injected elec-
trons in TiO, and tri-iodide (I;7) in the electrolyte, leading
to increased electron loss. This reaction lowers the electron
density in TiO,, decreasing the quasi-Fermi level and hence
lowering Voc. Although DCH; obtains larger Jsc, its lower Voc
and larger recombination rates decrease the overall power
conversion efficiency (PCE).”> The same pattern appears when
DCH,, with more rapid electron back-transfer to I, leads to
greater charge losses, detrimentally affecting the charge collec-
tion efficiency and further decreasing the performance of
DSSCs. Conversely, thiazolidinedione and rhodamine are not
affected by a substantial dipole-induced shift in the conduction
band, and are thus able to retain a higher conduction band
edge, resulting in an elevated Voc. Moreover, although barbi-
turic acid can display a larger t.¢ caused by surface passivation
effects, it also can cause decreased charge collection and
further decreases Voc. Another important issue relates to the
electrolyte interaction since barbituric acid also shows strong
interaction with the iodide/tri-iodide redox couple, and thus
causes high electron back transfer. However, rhodamine and
thiazolidinedione show stronger interfacial energy barriers,
thus lowering the recombination of the charge at the TiO,/
electrolyte interface, which in turn helps retain a higher Voc.

The poor efficiency of DCHg and DCHy is mainly due to their
weaker binding affinity to TiO,, leading to lower surface cover-
age and suboptimal electron injection efficiency. The oxindole
anchoring group in DCHg, due to its rigid fused ring structure
and lactam (-C=O0) functionality, has a lower driving force for
electron transfer and weaker electronic coupling with TiO,,
resulting in poor charge separation and higher recombination
rates.”> While the oxindole group can form hydrogen bonds, it
lacks the strong covalent interactions that the carboxyl-based
anchoring groups in DCH; and DCH, provide, leading to
weaker dye adsorption and higher dye desorption over time,
negatively impacting the device performance. Similarly, the
4-nitrophenyl acetonitrile anchoring group in DCH,, despite
containing a nitro (-NO,) electron-withdrawing group, exhibits
poor energy level alignment, which can increase the charge
recombination losses and reduce Vyc. Overall, the weaker
electron-withdrawing ability, inefficient charge injection, poor
dye anchoring, and increased recombination losses contribute
to the lower efficiency of DCHg and DCH, compared to the
cyanoacetic acid and rhodanine-3-acetic acid derivatives.

This journal is © The Royal Society of Chemistry 2025
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The superior PCE values of DCH;_, can be attributed to the
efficient electron extraction from the twin carbazole donor
units and strong electron injection into the TiO, conduction
band, enabled by the electron-withdrawing cyanoacetic acid
and rhodanine-3-acetic acid anchoring groups. Additionally,
the alkyl chain reduces the surface hydration on the semicon-
ductor. DCH;_, achieves the highest Jsc due to the higher dye
loading on the TiO, surface, driven by the strong binding
capacity of the anchoring groups, leading to improved charge
collection and favorable electron injection (AGjy;). In contrast,
the lower Jsc of DCH;3 o is due to the weaker adsorption of the
anchoring units, impairing the light-harvesting efficiency. The
higher Voc of DCH,_, is attributed to the n-hexyl alkyl chain,
which reduces dye aggregation and minimizes interfacial
recombination. Most dyes exhibit FF values between 50-65%,
except for DCH;, where the increased interfacial recombina-
tion, likely caused by the higher series and lower shunt resis-
tance, reduces the FF. Overall, cyanoacetic acid and rhodanine-
3-acetic acid are superior anchoring groups due to their strong
electron-withdrawing properties, better TiO, binding, enhanced
light absorption, and efficient charge transfer, contributing to
improved device efficiency.

In general, the photovoltaic cell performance of DSSCs is
notably based on the interfacial charge recombination and
carrier transport processes, electron lifetime (z.f), and incident
photon-to-current conversion efficiency (IPCE) of the fabricated
devices.> Fig. 8(b) displays the IPCE spectra as a function of
wavelength for the DSSCs based on the nine new dyes DCH; o
as sensitizers, and the corresponding values are calculated
using eqn (7).

IPCE = LHE X ¢inj X $reg X Hee )

Where LHE represents the light-harvesting efficiency of DSSCs
(LHE = 1-10"*, 4 is the absorbance of the photoanode, which
is same as oscillator strength), and ¢iyj, Preg, and #. are the
electron injection, electron regeneration, and charge collection
efficiencies, respectively.®® The IPCE was measured by record-
ing the photocurrent at various monochromatic excitations,
and the resulting spectra aligned with the absorption spectra of
the photocathodes (Fig. 4). As shown in Fig. 8(b), DCH,4
achieved an IPCE of 65% over a broad spectral range from
300-600 nm, while DCH, ¢ displayed maxima below 50%.
Among all, DCH; displayed higher IPCE in the longer wave-
length region than others. This is attributed to its strong
electron-withdrawing anchoring unit, efficient TiO, binding,
enhanced light absorption, higher dye loading, and improved
charge transfer. In conclusion, DCH,, with cyanoacetic acid
as a strong acceptor and a linear hexyl chain, promotes better
electron injection, reduced recombination, and improved device
performance.

Electrochemical impedance spectroscopy (EIS) has been
performed to investigate the interfacial charge recombination,
carrier transport, and their influence on the open-circuit vol-
tage (Voc) of the fabricated devices, which directly affects the
overall performance of DSSCs.”*””” The EIS spectra for DCH;_o
were recorded over a frequency range of 100-200 kHz at 298 K
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Fig. 9 EIS spectra of devices sensitized with dyes DCH;_o: (a) Nyquist plots, (b) Bode phase plots.

under AM 1.5 G illumination, with a forward bias set at V¢
(bias voltage applied for DCH;_g are —0.64 V, —0.57 V, —0.49 V,
—0.53 V, —0.16 V, —0.53 V, —0.56 V, —0.54 V, —0.5 V respec-
tively) and a 10 mV amplitude. Fig. 9(a) shows the Nyquist plots
at open-circuit voltage, and the equivalent circuit for the data
fitting is presented in Fig. S47 (ESIt). In these plots, the series
resistance (Rg) is identified by the higher frequency intercept on
the real axis, while the high-frequency region represents the
charge-transport resistance (Rp;) and interface capacitance (Cpy)
at the counter electrode/redox electrolyte interface. The low-
frequency region corresponds to the chemical capacitance (C,)
and charge recombination resistance (Rcr) at the TiO,/dye/
electrolyte interface. For sensitized devices, C, and Cp; are
replaced by a constant phase element (CPE) in the equivalent
circuit. A higher Rp; value indicates a more difficult electron
injection from TiO, to the redox electrolyte, suggesting sup-
pressed back recombination and improved Voc. The Nyquist
plots display a distinct semicircle in the middle-frequency
range, corresponding to charge-transfer resistance (Rcr) at
the TiO,/dye/electrolyte interface, which reflects electron trans-
fer through TiO, and back electron transfer to the I7/I;~
electrolyte.>

In EIS analysis, the area of the semicircle is also equally
important. Larger radii correspond to Nernst impedance,
i.e., R, (dark reaction impedance) >» Ry (diffusion impedance).
Normally, Nernst impedance relates to the diffusion of redox
species (like the I"/I;~ couple) in the electrolyte. If diffusion is
slow, this impedance dominates and results in a larger semi-
circle, particularly in the low-frequency region of the Nyquist
plot.*® A larger semicircle indicates higher Nernst impedance,
signifying the poor diffusion of the redox species in the
electrolyte, which limits the regeneration of the dye and lowers
the current generation. Gerischer impedance describes the
coupling between the charge transfer at the TiO,/dye/electrolyte
interface and diffusion of the redox species. Instead of a simple
semicircle, Gerischer’s impedance often appears as a sloped
or smaller semicircle in the Nyquist plot, indicating that
both charge transfer and diffusion processes are occurring
simultaneously.”®”® A smaller semicircle in this region means

9270 | J Mater. Chem. C, 2025, 13, 9258-9275

that electron recombination is less prominent, which leads to
better diffusion, allowing for faster redox reactions and more
efficient dye regeneration, better charge separation, and longer
electron lifetimes, improving both the short-circuit current
(Jsc) and Voc.®® From Fig. 11(a), it is evident that DCH;_ follow
the Nernst impedance, whereas DCH,;_, show the Gerischer
impedance. In the present study, the radius of the semicircle
obtained for DCH;o is increasing in the order, DCH; , <
DCH; ,, indicating the electron recombination resistance
decreases in the order of DCH;_, > DCHj 4 since the type of
impedance involved is Greischer impedance, which is further
aligned with the Vo values of the dyes. Hence, dye DCH,
achieved the highest Vo value due to the increased electron
injection, high resistance towards the recombination rate, and
thus the highest PCE.

Furthermore, the Bode angle phase plots and Bode ampli-
tude plots obtained from fabricated cells using the DCH;_o
sensitizers are depicted in Fig. 9(b). The Bode phase plots were
used to calculate the effective lifetime (z.¢) of the electron in CB
of the semiconductor using eqn (8), and the corresponding data
are summarized in Table 4.

1
21t max

Teff = (8)

where, the value of f,.« is obtained from the frequency of the
corresponding midpoint in the Bode phase plot.>” The higher
value of 7.¢ indicates a lower electron recombination rate and
hence facilitates improved V¢ of the device. From the results,
it is evident that dyes DCH;_, carrying cyanoacetic acid and
rhodamine-3-acetic acid display higher electron lifetime than
that of DCH; o, resulting in a lower recombination process.
Moreover, a longer electron lifetime indicates reduced recom-
bination rates, meaning electrons remain in the TiO, conduc-
tion band for a longer time. This typically results in higher
open-circuit voltage (Voc) and overall better device perfor-
mance. The longer 7.4 often results from better passivation of
the TiO, surface, improved dye binding, or reduced interaction
between the injected electrons and the electrolyte. Conclusively,
the detailed EIS studies revealed the synergetic effect of different

This journal is © The Royal Society of Chemistry 2025
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anchoring units in the fine-tuning of the charge-transport resis-
tance, recombination resistance and electron lifetime.

Anchoring studies of dyes DCH,_4 on the TiO, surface: FTIR
analysis

To investigate the anchoring behavior of dyes DCH;_o on the
TiO, surface, FTIR spectral analysis was performed on both free
and adsorbed dyes (Fig. S47, ESIf). The binding mechanisms
of the dye anchoring groups were examined using Deacon-
Phillips empirical rules, which relate the difference between the
symmetric and asymmetric bond stretching frequencies (Av).
Three binding modes were identified: monodentate (Av,qs >
Avsoria), bidentate (AvagsS < Avgolia), and chelating (Avygs <«
Avgoiiq).>> Their FTIR spectra (Fig. S46, ESIT) indicated that
DCH, adsorbs on TiO, via a bidentate bridging mode, confirm-
ing deprotonation and involvement of the carboxylic acid
group. Interestingly, the cyano group has not participated in
the dye adsorption mechanism, as its peak position remains
unchanged in both free and adsorbed states. Similar trends
were observed for dyes DCH,_q.

Co-sensitization studies

The photovoltaic properties of the DSSCs fabricated using
DCH,_y dyes as co-sensitizers, along with a ruthenium-based
dye HD-2, are manifested in Fig. 10(a), and the pertaining
photovoltaic parameters are listed in Table 5. The detailed
fabrication procedure is given in the ESLf Interestingly, the
co-sensitizer DCH, (i.e., DCH, + HD-2) shows a higher PCE of
8.82% than the HD-2 dye alone (; = 6.79%). Several factors
impact the overall cell performance, including the TiO, thick-
ness, the solvent used, and the added additives. Different
solvents were tested for dyeing the TiO, electrodes, as dyes
can interact differently with solvents, affecting their interaction
with the semiconductor surface. Dyeing solutions also included
varying amounts of chenodeoxycholic acid (CDCA), an additive
that reduces dye aggregation on TiO,, decreases recombination
between TiO, electrons and the electrolyte, and positively shifts
the TiO, surface potential, improving the Voc. Optimal results
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Table 5 The photovoltaic performance data of devices sensitized with
HD-2 alone and co-sensitized using DCH;_g

Sensitizer/ CDCA Jsc Voc FF PCE 1o
co-sensitizer (mM) (mAem™?) (V) (%) (%) (ms)
HD-2 (mM) Dyes
(0.2 mM]

0.2 — 20 15.52 0.68 64.10 6.79 0.316
0.2 DCH; 20 19.43 0.69 60.73 8.15 0.373
0.2 DCH, 20 20.72 0.66 63.92 8.82 0.506
0.2 DCH; 20 19.05 0.64 64.67 7.90 0.486
0.2 DCH, 20 18.33 0.67 64.87 8.01 0.483
0.2 DCH; 20 17.00 0.68 68.84 8.01 0.427
0.2 DCHg 20 20.64 0.63 52.94 6.96 0.373
0.2 DCH, 20 22.06 0.63 57.29 7.98 0.377
0.2 DCHg 20 19.00 0.69 64.39 8.54 0.493
0.2 DCH, 20 21.92 0.66 58.35 8.52 0.499

were achieved with alcoholic solutions containing 0.2 mM dye
and 20 mM CDCA. The incorporation of CDCA has a positive
impact in increasing Vo, suggesting a positive shift in the TiO,
vacuum level and its conduction band edge.

It is evident from the result that the device fabricated using
DCH, as a co-sensitizer shows excellent performance with more
than a 25% increment compared to that of the device sensitized
using the HD-2 dye alone. Furthermore, there is an increase
in the Vo values of devices co-sensitized with dyes DCH;_o,
suggesting the charge recombination of photoinjected elec-
trons caused by ruthenium dye aggregation is significantly
minimized. Specifically, the bulky ruthenium molecules of
the HD-2 dye do not adsorb efficiently on the surface of the
TiO, nanoparticles, leading to larger gaps between the
adsorbed dye molecules. These voids can be effectively filled
by small metal-free organic molecules acting as co-sensitizers,
which help create a more uniform coverage and increase the
surface area for light harvesting in the visible region.*’ Finally,
the uniform adsorption of DCH; ¢ on the TiO, surface drasti-
cally suppresses the dye aggregation of HD-2, as well as the
back-reaction of the I;7/I" on the semiconductor surface. The
enhanced Jsc and FF values of DCH, may be attributed to its
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strong intermolecular interactions causing efficient electron
injection and charge transport towards the electrodes. Further-
more, the poor device performance in the case of HD-2 is
ascribed to reduced electron injection, which is because of
the inhomogeneous dye loading on the TiO, surface.

IPCE spectra of the fabricated devices using dyes DCH;_q as
co-sensitizers, along with reference dye HD-2, are shown in
Fig. 10(b). The obtained spectrum of the device comprising
DCH,_, + HD-2 showed an intense external quantum efficiency
(EQE) in the broad spectrum of 300-800 nm with a maximum
value at 500-600 nm compared to the reference dye HD-2 (45%
at 540 nm). The integrated Jsc values from the IPCE spectra of
DSSCs sensitized with HD-2 alone and co-sensitized with
DCH,_, are presented in Fig. S48 (ESIT). The calculated inte-
grated Jsc values of HD-2 and co-sensitized using DCH,_o were
found to be 15.02 mA cm™? (HD-2), 19.52 mA cm > (DCH,),
20.12 mA cm~? (DCH,), 19.50 mA cm~ > (DCH3), 18.23 mA cm ™ >
(DCH,), 17.46 mA cm > (DCHs), 19.96 mA cm > (DCHg),
21.86 mA c¢cm *> (DCH,), 19.02 mA cm > (DCHg), and
21.18 mA cm ? (DCH,), respectively (Fig. S48, ESIf). The
measured Jsc values of all devices are in good agreement with
the integrated current density values as estimated from the
IPCE spectra of the co-sensitized devices, indicating that
the emission of our solar simulator is in agreement with the
spectrum of the standard air mass 1.5 illumination. The results
obtained from the IPCE spectra are in agreement with the
current-voltage measurements. The IPCE maximum of DCH,
is 61%, DCH, is 65%, DCH; is 61.5%, DCH, is 54%, DCHj is
52%, DCHj is 58%, DCH, is 64%, DCHy is 63%, and DCHy is
63.5% at 420 nm. Among all the co-sensitizers, barbituric acid
and its derivative DCH,_5 displayed both lower IPCE and Jsc
values, which is due to the poor orientation of dye in between
the bulky HD-2 dye molecules, as well as enhanced spatial
separation of the LUMO level of the dye occupied in the excited
state from the semiconductor surface. Interestingly, dye DCH,
with rhodanine-3-acetic acid as a co-sensitizer displayed a
broad IPCE response in the visible range (65% at 540 nm)
and an enhanced anchoring effect on the TiO, surface compared to
HD-2 alone, attributing greater flexibility in binding orientations.
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This improvement is attributed to the increased flexibility in
binding orientations. The reorientation effect of DCH, and its
ability to wrap around the Ru center of HD-2 likely contribute to
the enhanced irradiation efficiency and reduced recombination
reactions.

To better understand the various electronic processes involved
in energy conversion, EIS measurements were performed on
devices co-sensitized with dyes DCH;_o, alongside a reference
device sensitized with HD-2, as shown in Fig. 11 and Fig. S49
(ESIY). From Fig. 11(a), it is evident that the Nyquist plots of all
devices exhibit two distinct semicircles. As reported in the
literature, the smaller semicircle at the higher frequency region
corresponds to the charge transfer resistance at the cathode,
which is directly related to the device’s fill factor (FF). In contrast,
the larger semicircle at the middle-frequency region represents
the recombination resistance at the TiO,/dye/electrolyte interface,
which is directly linked to the open-circuit voltage (Voc). From
Fig. 11(a), it is apparent that the radius of the semicircle of HD-2
is greater than that of DCH, + HD-2, in accordance with the
corresponding order of open-circuit voltage (Table 5) and is
helpful in the suppression of dark current. Here, the diameter
of the semicircles corresponds to the resistances (charge transfer
and recombination). Co-sensitized systems with rhodamine-3-
acetic acid anchoring group exhibited smaller semicircle dia-
meters, especially at high frequencies, representing improved
charge-transport dynamics.

Among all, dye DCH, + HD-2 manifested enhanced series
resistance (Rs) of 28.46 Q (Table S2, ESI{), which is higher than
the others. The dye DCH; + HD-2, which has a longer conjuga-
tion system, leads to a decrease in the charge transfer resis-
tance at the TiO,/electrolyte interface. This indicates improved
electron injection and a more efficient charge-transfer process
due to better dye anchoring on TiO,. The Rp; value of dye
DCH, + HD-2 is higher, showing the uniform filling of voids in
between the Ru-based HD-2 molecules by co-sensitizer DCH,.
Among dyes DCH,_y, the co-sensitizer DCH, demonstrates
enhanced Jsc, Voc, and FF values, resulting in excellent device
performance. Hence, it can be considered the best co-sensitizer
for HD-2 dye.
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Fig. 11 EIS spectra of devices co-sensitized with HD-2 using DCH;_o: (a) Nyquist plots, (b) Bode phase plots.
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Fig. 11(b) and Fig. S47 (ESIt) present the EIS Bode phase
plots for co-sensitized devices using DCH;_o¢ and the reference
dye HD-2. All devices exhibit two distinct peaks: the high-
frequency peak corresponds to electron transfer at the Pt/
electrolyte interface, while the low-frequency peak is associated
with charge transfer at the TiO,/dye/electrolyte interface.'®®*
Additionally, the electron lifetimes for all co-sensitized devices
were calculated using eqn (8), with the corresponding values
listed in Table 5. The electron lifetime (t.¢) was derived from
the low-frequency peak of the Bode phase plot, and reflects the
charge recombination rate at the TiO,/dye/electrolyte interface.
The results indicate that the DCH, + HD-2 combination exhi-
bits the longest electron lifetime. This is likely due to a reduced
back reaction of injected electrons from the TiO, conduction
band with the redox electrolyte, leading to an enhanced Vyc
compared to other co-sensitizers and HD-2 alone. In conclu-
sion, the DCH, dye, when used as a co-sensitizer with the
ruthenium-based dye HD-2, effectively suppresses undesirable
charge recombination, thereby improving the overall perfor-
mance of the device.

Reproducibility of devices

In order to investigate the reproducibility of DSSCs, data from
five devices were recorded using the same procedure (as
detailed in the ESIt), ensuring consistent layer thickness across
all devices. Fig. 12 illustrates the statistical distribution of the
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key photovoltaic parameters (Jsc, Voc, FF, and PCE) for the
tested devices. Notably, the chromophore DCH, -carrying
rhodanine-3-acetic acid anchor co-sensitized with the ruthenium-
based sensitizer HD-2 demonstrated superior performance and
reproducibility, as explained in previous sections.

Conclusion

In summary, we designed and synthesized nine novel double
donor-acceptor (D-A) organic sensitizers/co-sensitizers (DCH;o)
for dye-sensitized solar cell (DSSC) applications. These dyes
feature carbazole-based twin molecules as electron donors,
non-conjugated linear alkyl chains as linkers, and multiple
acceptor units. The synthesis method is simple, cost-effective,
and involves straightforward purification steps. We conducted
comprehensive optical, thermal, electrochemical, theoretical,
and photovoltaic studies to evaluate their structure-property
relationship. Among the sensitizers, DCH;, containing a cyano-
acetic acid acceptor, exhibited the highest PCE of 2.45%. This is
attributed to the strong di-anchoring capability of the anchor
on the TiO, surface, thereby enhancing light-harvesting across
the visible and near-infrared spectrum, and the favorable
electron-donating and -withdrawing groups that improve the
thermodynamic processes of the cell. Furthermore, co-sensiti-
zation experiments with DCH;_o (0.2 mM) demonstrated that
DCH,, carrying rhodanine-3-acetic acid as an anchoring unit,
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Fig. 12 Reproducibility data of devices sensitized with HD-2 alone and co-sensitized using DCH;_g showing the statistical distributions of various

photovoltaic parameters: (a) Jsc, (b) Voc, (c) FF, and (d) PCE.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. C, 2025, 13, 9258-9275 | 9273


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc04612a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 19 1404. Downloaded on 20/11/1404 12:55:10 ..

(cc)

Journal of Materials Chemistry C

achieved the highest PCE of 8.82%, with IPCE exceeding 65%,
demonstrating excellent performance with more than a 25%
increment compared to that of Ru-based HD-2 dye alone
(6.79%). The superior performance is due to its ability to cover
voids left by the bulky molecules of HD-2, which reduces dye
aggregation and enhances the surface area for light absorption.
Thus, the present systematic study provides valuable insights
into the impact of different anchoring groups on the perfor-
mance of organic sensitizers/co-sensitizers in cells, offering a
promising path for further enhancing the efficiency of DSSCs.
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