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Abstract: The design and development of sensitizing dyes possessing wide-wavelength photon har-
vesting encompassing visible to near-infrared (NIR) wavelength regions are unavoidable for increas-
ing the overall efficiency of dye-sensitized solar cells (DSSCs). In this study, three far-red-sensitive
squaraine sensitizers were designed computationally, synthesized, and characterized, aiming towards
their suitability as a potential sensitizer for DSSCs. It has been found that the incorporation of an
electron acceptor moiety in the central squaraine core brought about a red shift in the absorption max-
imum (λmax) and the emergence of a secondary absorption band in the blue region, thus broadening
the photon-harvesting window. In addition, it also lowered the dye’s HOMO energy level enabling
a facile regeneration of the photo-excited dye, which improved the photovoltaic performance of
SQ-223, exhibiting a photoconversion efficiency (PCE) of 4.67%. Thereafter, to address the issue of
wide-wavelength photon harvesting, DSSCs were fabricated by co-adsorbing two complementary
dyes SQ-223 and D-131 in various molar ratios. The DSSC fabricated with D-131 and SQ-223 in 9:1
molar ratio displayed the best photovoltaic performance with a PCE of 5.81%, a significantly higher
PCE when compared to corresponding individual dye-based DSSCs containing D-131 (3.94%) and
SQ-223 (4.67%).

Keywords: squaraine dyes; NIR sensitization; wide-wavelength photon harvesting; quantum chemical
calculations; dye-sensitized solar cells

1. Introduction

Global population growth, contributing to a 1.3% yearly upsurge in energy demand,
has increased energy consumption, depleting non-renewable resources, and causing ad-
verse environmental consequences such as global warming and climate change [1,2]. This
has motivated scientists to pursue clean alternative energy sources, with solar energy
receiving substantial scientific interest due to its immense potential for meeting global
energy requirements in an eco-friendly way [3]. In this context, photovoltaic technology
can efficiently convert solar energy into electrical energy in a cost-effective manner [4].
Although the installation of silicon-based solar cells is rapidly growing, their relatively
higher electricity production costs compared to fossil fuels have limited their large-scale
implementation. As a result, third-generation solar cells, particularly dye-sensitized solar
cells (DSSCs), have commanded significant attention owing to their inexpensive fabrica-
tion technique, the cheap and easy availability of resources, and their higher potential
for harvesting photons, particularly in indoor settings [5]. The breakthrough research for
harvesting this immensely available solar energy affordably was carried out by Gratzel
and O’Reagan in 1991, where they reported an efficiency of 7.9% utilizing Ruthenium
complex-based sensitizing dyes [6]. The use of natural dyes and pigments as sensitizers
has also drawn particular attention from the scientific community towards DSSCs [7–9].
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Furthermore, low-cost and sustainable DSSCs, coupled with green synthesis of sensitizers,
hold huge potential for sustainable and cheaper solar energy solutions [10,11].

Dye-Sensitized Solar Cells (DSSCs) comprise a photoanode and photocathode, where
a light-absorbing dye monolayer adsorbed onto a semiconductor like TiO2 becomes photo-
excited upon irradiation of light, injecting electrons into the semiconductor’s conduction
band (CB). The redox electrolyte sandwiched in between the two electrodes then regen-
erates the photo-excited dye; however, this regeneration process must be faster than the
recombination process, thus necessitating a judicious design of the sensitizer which must
possess a proper energetic balance with the semiconductor and the electrolyte [12–14].
According to earlier reports, a judiciously designed sensitizer resulted in a photocon-
version efficiency (PCE) of 13.6% for D-π-A (Donor-π-Acceptor) dyes [15] and 12.5% for
D-A-π-A dyes [16]. Organometallic dyes, mainly consisting of ruthenium-polypyridyl
complexes [17,18] and zinc porphyrin dyes [19] and metal-free organic dyes [20,21] are the
two classes of sensitizers utilized in DSSCs. Between the two classes of sensitizers, metal-
free organic dyes command particular attention from researchers owing to their tunable
energy levels, easy synthetic procedure, and comparatively lower toxicity, as the synthesis
and purification of organometallic dyes are complex [22]. So far, the visible sensitizers
utilized in DSSCs have exhibited high efficiency. But dyes like phthalocyanines [23,24], por-
phyrins [25,26], and polymethines [27], which are capable of harvesting near-infrared (NIR)
photons, have commanded particular attention as they possess the ability to broaden the
photon-harvesting window to further enhance PCE [28]. The metal-free polymethine class
of dyes, particularly the squaraines, with their high molar extinction coefficient, tunable
energetics, and effective absorption of light in the far-red to near-infrared (NIR) region,
has garnered significant interest, primarily due to their intense absorption characteristics
related to the D-A-D charge transfer interaction [29,30]. However, NIR dyes are known
to have a smaller band gap [31], which makes the synthesis of efficient NIR sensitizers
challenging. The D-A-D zwitterionic molecular framework-based squaraine dyes, which
were first discovered by Triebs and Jacob in 1965, possess donor moieties on both sides of
an electron-deficient squaric acid core (cyclobutene). The cyclobutene at the core functions
as the acceptor unit [32]. Hence, the structure of these dyes allows for the logical incorpo-
ration of donor moieties on either side of the squaraine core along with the introduction
of electron acceptors by nucleophilic substitution in the central squaraine core to facilitate
the expansion of the light-harvesting window along with the tuning of the energy levels,
i.e., highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) [33,34]. In our previous research, we reported that only a substituent change
while leaving the principal molecular framework unchanged can tune the energetics of the
sensitizers by 0.1 eV [35].

Here, this study reports the theoretical design, synthesis, and photophysical, pho-
tovoltaic, and impedance characterization of three unsymmetrical squaraine sensitizers,
SQ-220, SQ-222, and SQ-223, possessing intense optical absorption in the far-red region.
In order to determine the sensitizers’ theoretical energetics and theoretical electronic ab-
sorption spectra, theoretical calculations were carried out before their synthesis, utilizing
the Gaussian16 program [36]. Based on earlier reports, the selection of the basis set and
functional for the theoretical calculations was carried out [37]. The design of the dyes used
in this study was based on the substitution of the central squaraine core with electron
acceptors, a concept first put forward by Beverina et al. with respect to DSSC applica-
tions [38], which was necessary to lower the energy of the HOMO levels and control
the energetics of the sensitizers in order to maintain their energetic cascade with meso-
porous TiO2 and redox electrolyte [35]. In addition to this, the central squaraine core was
functionalized with the purpose of inducing the appearance of a secondary absorption
peak within the visible spectrum that complements the primary absorption peak in the
far-red region, thus effectively allowing the efficient capture of photons across a wide
range of wavelengths [38]. In an interesting study, Wurthner et al. reported that squaraine
dyes with central functionalization display a structurally rigid nature, where the central
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cyclobutene ring constrains the π-backbone into a cisoid conformation [39]. According
to Han et al., the elongated alkyl chains extending outward create a hydrophobic layer
above the cis-configured dye monolayer on the surface of TiO2, a phenomenon that would
hinder recombination [40]. Considering the above requirements, two-electron acceptors,
namely, butyl cyanoacetate (SQ-222) [41] and 1,3-indandione (SQ-223) [42], were used in
this work, and SQ-220 was used as a reference dye without any central substitution. Previ-
ous studies have highlighted the strong electron-accepting capability of butyl cyanoacetate,
but it is worth mentioning here that 1,3-indandione exhibits an even more pronounced
electron-accepting ability in comparison [43,44]. The light absorption window broadened
as a consequence of incorporating electron acceptors in the molecular framework, and
the absorption maximum (λmax) also shifted to higher wavelengths [33,45]. In addition to
this, the best-performing dye, SQ-223, was also utilized together with a visible dye, D-131,
in order to co-sensitize the mesoporous TiO2 with the aim of increasing PCE further [46].
Therefore, three far-red-sensitive sensitizers with different electron acceptors, as shown in
Figure 1, were synthesized and their effect on the energetics, along with their photophysical
and photovoltaic characteristics, were comprehensively studied.
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Figure 1. Structures of far-red-sensitive squaraine sensitizers.

2. Experimental
2.1. Materials and Methods

All of the chemicals and solvents utilized in this investigation were of analytical/
spectroscopic grade; hence, no additional purification was carried out. The structural
identities of the sensitizers and their corresponding intermediates were proven by the use
of fast atom bombardment mass spectrometry (FAB-MS). Further, the nuclear magnetic
resonance (NMR) spectra of the sensitizers in chloroform-d6 (CDCl3) were measured by
an NMR spectrometer (JEOL, 500 MHz) for confirmation of their structure. An ultraviolet
(UV)-visible-near-infrared (NIR) spectrophotometer (JASCO model V550) was utilized to
measure the sensitizers’ absorption spectra in the solid as well as the solution (ethanol)
state. In the solid state, the absorption spectra were measured by adsorbing the respective
sensitizers onto a transparent TiO2 layer of 5 µm thickness. The sensitizers’ energy band
diagrams were constructed by initially estimating their HOMO energy level utilizing cyclic
voltammetry (CV), then estimating their band gap energy (Eg) with the help of a relation-
ship Eg = 1240/λopt, in which λopt, determined from the sensitizers’ solid-state absorption
spectra, represents the optical absorption edge. Finally, the equation LUMO = HOMO + Eg
was utilized to measure the energy of the LUMO. The CV of the sensitizers, recorded using
an automatic polarization system (HSV-100, Hakuto Denko, Japan), was utilized to estimate
the sensitizers’ HOMO energy level. An electrochemical cell with three electrodes, viz.,
Platinum (Pt) wire (working electrode), Pt foil (counter electrode), and Ag/AgCl (reference
electrode), was utilized for recording the sensitizers’ CV. The CV of the sensitizers was
measured at a scan rate of 50 mV/s, using a dye solution (2 mM) along with tetrabuty-
lammonium hexafluorophosphate (0.4 M) in dimethyl formamide (DMF). Prior to this,
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the CV of the reference redox material, i.e., ferrocene (Fc), was recorded. The shift of the
first oxidation potential of each sensitizer with respect to the oxidation potential of the
Fc+/Fc redox couple was utilized to determine the energy of the HOMO of the sensitizers.
The energy of the HOMO level of the Fc+/Fc redox couple was taken to be −5.08 eV, an
experimentally calculated value reported by Su and Girault [47]. The sensitizers’ emission
spectra were recorded utilizing a fluorescence spectrometer (JASCO FP-6600). A frequency
range of 10−1 to 105 Hz and a signal amplitude of 10 mV were used for Electrochemical
Impedance Spectroscopy (EIS) measurements. For the optimization of molecular structure,
estimation of energy of the HOMO and the LUMO, and determination of the theoretical
absorption spectra, theoretical quantum chemical calculations were conducted utilizing
the Gaussian16 program on a multiprocessor Dell workstation [36]. Employing ethanol as
the solvent, the calculations were carried out for a single, isolated molecule utilizing the
polarization continuum model (PCM), time-dependent density functional theory (TD-DFT),
6-311G basis set, and B3PW91 hybrid functional [37].

2.2. Synthesis of Far-Red-Sensitive Unsymmetrical Squaraine Sensitizers

The squaraine sensitizers utilized in this investigation were synthesized in accordance
with the synthetic scheme shown in Scheme 1. (Refer to supplementary material, Section S1,
Scheme S1, for a detailed synthetic procedure.)
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Scheme 1. Scheme of synthesis for the far-red-sensitive unsymmetrical squaraine sensitizers.
(1) 4-hydrazino benzoic acid; (2) 4-[(1,2-Dimethylpropylidene)hydrazine]-benzoic acid; (3) 2,3,3-
trimethyl-3H-indole-5-carboxylic acid; (4) 5-carboxy-2,3,3-trimethyl-1-octyl-3H-indolium iodide;
(5) 2,3,3-trimethyl-3H-indole; (6) 1-butyl-2,3,3-trimethyl-3H-indol-1-ium iodide; (7) (E)-3-((1-butyl-
3,3-dimethylindolin-2-ylidene)methyl)-4-ethoxycyclobut-3-ene-1,2-dione; (8) (E)-3-((1-butyl-3,3-
dimethylindolin-2-ylidene)methyl)-4-hydroxycyclobut-3-ene-1,2-dione; (9) (Z)-2-(((E)-1-butyl-3,3-
dimethylindolin-2-ylidene)methyl)-3-(1-cyano-2-ethoxy-2-oxoethylidene)-4-oxocyclobut-1-en-1-
olate triethylammonium (10) (E)-2-((1-butyl-3,3-dimethylindolin-2-ylidene)methyl)-3-(1,3-dioxo-1,3-
dihydro-2H-inden-2-ylidene)-4-oxocyclobut-1-en-1-olate.
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2.3. Fabrication of DSSCs

DSSCs were fabricated utilizing a fluorine-doped tin oxide (FTO)-coated transparent
conducting glass. In order to fabricate the photoanode (working electrode), FTO-coated
glass was cut into (2 × 2.5) cm2 area, washed under sonication for 10 min each in detergent
water, distilled water, acetone, and isopropanol (IPA), followed by exposure to UV-ozone
(30 min). After this, the UV-ozone-treated substrates were screen printed first with Ti-
nanoxide (T/SP), and then with Ti-nanoxide (D/SP) to create a 12 µm thick double layered
TiO2. The active area of the double-layered TiO2 was kept precisely at 0.25 cm2 using a
metal mask. After screen printing each layer, the substrates were baked in a muffle furnace
for 45 min at 450 ◦C. The TiO2-coated substrates were dipped in an aqueous TiCl4 solution
(40 mM) for one hour at a temperature of 70 ◦C to perform the surface treatment. Following
this, the dye adsorption was conducted by dipping the surface-treated TiO2 substrates in the
sensitizers’ ethanolic solution (0.2 mM), also consisting of chenodeoxycholic acid (CDCA)
(20 mM), for 4 h under room temperature conditions. To prepare the photocathode (counter
electrode), pre-drilled FTO glass substrates of the same dimensions were cleaned in a similar
way as the photoanode and subjected to spin-coating using Platisol-T (Solaronix) solution
to obtain an ultrathin layer of Pt as the catalytic layer. Following this, the photoanode and
the photocathode were affixed together at 110 ◦C utilizing a hot melt spacer (Solaronix
Meltonix) of 60 µm thickness. As a final step of device fabrication, the redox electrolyte
(iodide/triiodide, I−/I3

−) was injected via a pre-drilled hole in the photocathode. To
prevent leakage of the electrolyte, UV-curable resin (Three-bond, Japan) was used to seal
the holes. The redox electrolyte (I−/I3

−) comprised 0.05 M Iodine (I2), 0.1 M Lithium Iodide
(LiI), 0.5 M t-butyl pyridine (TBP), and 0.6 M 1,2-dimethyl-3-propyl imidazolium iodide
(DMPII) in anhydrous acetonitrile as solvent. A solar simulator (CEP-2000 Bunko Keiki
Co., Ltd., Tokyo, Japan) fitted with a Xenon lamp (Bunko Keiki BSO-X150LC) was utilized
to characterize the photovoltaic performance of the fabricated DSSCs under a simulated
solar irradiation of 100 mW/cm2.

3. Results and Discussion
3.1. Optical Characterization

The sensitizers’ UV-visible spectra recorded both in solution and solid state, along
with their fluorescence emission spectra, are depicted in Figure 2. Furthermore, the optical
parameters deduced therefrom are tabulated in Table 1. The dyes exhibit typical squaraine
dye characteristics by showing sharp and intense light absorption along with slightly
blue-shifted vibronic shoulders, principally in the spectrum’s far-red region (500–700 nm).
This intense light absorption is primarily due to electronic transition (π-π*), i.e., HOMO to
LUMO electronic transition of the dye. The formation of H-aggregates in solution has been
considered to be the reason behind the appearance of vibronic shoulders in their absorption
spectrum, which intensifies on TiO2’s surface (solid state) because of enhanced intermolec-
ular interactions. In addition to this intense peak in the far-red region, SQ-222 exhibits
absorption peaks of comparatively lower intensities at 416 and 392 nm, related to HOMO-1
-> LUMO and HOMO -> LUMO+1 electronic transitions, respectively. Similarly, SQ-223 ex-
hibits an absorption peak of lesser intensity in the blue region at 458 nm, related to HOMO
-> LUMO+2 electronic transition. It is worth mentioning that the theoretical absorption
spectra for SQ-222 also exhibit three permitted transitions at 616, 411, and 404 nm, related
to HOMO -> LUMO, HOMO-1 -> LUMO, and HOMO -> LUMO+1 electronic transition,
respectively. Similarly, the theoretical absorption spectra of SQ-223 also show two permit-
ted transitions at 617 and 466 nm, related to HOMO -> LUMO and HOMO -> LUMO+2
electronic transition, respectively, thus establishing an excellent correlation between the
experimental and theoretical results. (Refer to Section S2, Figure S1, Table S1 for more
details.) The molar extinction coefficients (ε) between 1.12 × 105 to 3.08 × 105 dm3 mol−1

cm−1 for these sensitizers are comparable to the ε value (1.6–3.2 × 105 dm3 mol−1 cm−1)
of squaraine dyes reported in the literature [48,49]. This is another typical squaraine dye
characteristic exhibited by these sensitizers. Their molar extinction coefficients are almost
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three times greater than that of a well-known visible sensitizer D-131 (0.46 × 105 dm3

mol−1 cm−1), and approximately ten times higher than that of N3 (0.14 × 105 dm3 mol−1

cm−1) [50]. The high ε values primarily result from the intramolecularly delocalized trans-
fer of charges originating from the HOMO (indole group) to the LUMO (cyclobutene or
squaraine core), aided by extended π-conjugation and molecular planarity [29]. Addi-
tionally, the high ε values also result from the presence of notable electron density on the
cyclobutene ring of the central core [51]. The inset in Figure 2a reveals that, apart from
SQ-220, the other two dyes exhibit bathochromically shifted absorption maxima (λmax), pri-
marily attributable to the elongation of π-conjugation as a consequence of the incorporation
of electron acceptors in the squaraine core [33].
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Figure 2. (a) UV-visible absorption, normalized absorption (in the inset) and fluorescence emission
spectra of 5 µM ethanolic dye solutions; (b) Normalized UV-visible spectra of the sensitizers adsorbed
on transparent TiO2 of 5 µm thickness (solid state).

Table 1. Optical parameters deduced for the squaraine sensitizers from their UV-visible absorption
and fluorescence emission spectra in the solution state as well as the solid state.

Sensitizing
Dye

ε (i)

(dm3 mol−1

cm−1)

λmax (Abs) (ii)

(Solution)
λmax

(Em) (iii) Stokes Shift (iv) λmax
(v)

(Solid-State) λopt
(vi) Band Gap

(Eg) (vii) (eV)
Extent of

Aggregation

SQ-220 3.08 × 105 638 nm 650 nm 12 nm 636 nm 686 nm 1.81 0.73

SQ-222 1.22 × 105 686 nm 707 nm 21 nm 699 nm 752 nm 1.65 0.69

SQ-223 1.12 × 105 670 nm 692 nm 22 nm 685 nm 740 nm 1.68 0.66

(i) Molar extinction coefficient of the sensitizers; (ii) absorption maxima of the sensitizers; (iii) emission maxima of
the sensitizers; (iv) Stokes shift, a shift of the emission maxima with respect to the absorption maxima; (v) solid-
state absorption maxima, (vi) optical absorption edge (λopt), i.e., the onset wavelength in the sensitizers’ solid-state
absorption spectra; (vii) band gap (Eg), given by the equation Eg = 1240/λopt.

For a more precise understanding of the dye aggregation behavior, solid-state absorp-
tion spectra of the sensitizers adsorbed upon transparent TiO2 of 5 µm thickness were
recorded. Figure 2b shows the sensitizers’ normalized solid-state absorption spectra. Com-
pared to the solution-state absorption spectra, Figure 2b shows a marked increase in the
intensity of the vibronic shoulder around 600–650 nm, mainly due to H-aggregate forma-
tion [52]. Moreover, these dyes exhibit spectral broadening, particularly when adsorbed
onto TiO2 (solid-state), as evident from Figure 2b. Specifically, in the case of SQ-222 and SQ-
223, an intensification of the absorption peak in the blue region occurs, which contributes
to an enhanced capability of absorbing light in the broad wavelength region. The higher
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dye aggregation on the TiO2 surface caused by their interaction with TiO2 via the ester
bonds following the deprotonation of the carboxylic acid is the main reason for the spectral
broadening that has been seen in the solid state [53]. Furthermore, in the lower wavelength
region of the spectrum, a higher extent of spectral broadening is observed, which has mostly
been attributed to the H-aggregation of dye molecules on the TiO2 surface [54]. Zhang
et al. has shown that the formation of H-aggregates hinders injection of electrons into the
TiO2’s CB from the dye’s LUMO, thus hampering the photovoltaic performance [55]. There-
fore, earlier reports have demonstrated that using an anti-aggregation agent, particularly
CDCA, suppresses aggregate formation [56]. During the fabrication of DSSCs, the CDCA
concentration was adjusted based on the extent of aggregation (Table 1), given by the
quotient of the H-aggregate band’s (vibronic shoulder) absorbance value to the monomer
band’s absorbance value in the solid state. In addition to this, the CDCA concentration
(20 mM) was optimized by fabricating DSSCs using various CDCA concentrations (10,
20, and 30 mM). The sensitizers’ emission spectra are displayed in Figure 2a. Along with
narrow spectral width, Figure 2a shows a bathochromically shifted emission maximum
with the offset extending until 730 nm. The value of Stokes shift, basically a shift of the
emission maxima with respect to the absorption maxima, is summarized in Table 1. Since
the dyes under study exhibit much lower Stokes shift values, it can be concluded that their
conformational stability is maintained even in the excited state [57]. Their Stokes shift
values are far lower than that of the standard visible sensitizers normally used in DSSC
research.

3.2. Electrochemical Characterization

With two oxidation peaks and one reduction peak, squaraine dyes display strong
electrochemical activity and prominent redox behavior. The extraordinarily high electro-
chemical stability of these dyes has been proven; even after 3500 continuous redox cycles,
essentially no alteration in the shape or location of the redox peaks was observed [49]. CV
has been commonly utilized to measure the energy of the HOMO of the sensitizing dyes.
Section S3, Figure S2 (see supplementary material) shows the CV of the DMF solution of
the sensitizing dyes as well as that of a standard reference material, Fc, also in DMF. The CV
was recorded under same electrochemical conditions as discussed earlier. All the dyes used
in this study exhibit characteristic squaraine behavior with two oxidation peaks and one
reduction peak in the potential range between 0.5 V and 1.4 V, along with an irreversible
reduction peak in the potential range between −0.6 V and 0 V attributable to virtual redox
states. The shift of the sensitizing dye’s first oxidation peak relative to the Fc+/Fc’s oxida-
tion peak, was determined in order to estimate the energy of the HOMO of the sensitizing
dyes. A closer analysis of Figure S2 shows that the introduction of electron acceptors, butyl
cyanoacetate, and 1,3-indandione, respectively, in the squaraine core of SQ-222, and SQ-223,
caused the first oxidation peak to shift towards higher potential, thereby also leading to a
lowering of HOMO energy levels. The lowering of the HOMO energy level of these dyes is
related to the stabilization of molecular orbitals on introducing electron acceptors into the
molecular framework. SQ-223, substituted with the strongest electron acceptor among the
two [43,44], exhibited the largest shift of the first oxidation peak relative to Fc, thereby also
exhibiting the lowest energy of the HOMO. Finally, energy band diagram was made using
the CV estimated energy of the HOMO, the value of band gap energy (Eg) estimated from
the dye’s solid-state absorption spectra, and the energy of the LUMO determined using the
relationship LUMO = HOMO + Eg.

3.3. Energy Band Diagram

For a DSSC’s efficient functioning, the sensitizing dyes should have a suitable energy
matching with respect to the semiconductor and the redox electrolyte, which are TiO2 and
I−/I3

−, respectively, in the present work. The facile injection of electrons and the easy
regeneration of the dye are the most significant aspects of efficient device functioning.
However, a facile electron injection occurs only when the CB of TiO2 possesses a lower
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energy than the dye’s LUMO. Similarly, efficient dye regeneration occurs only when the
dye’s HOMO lies at a lower energy level than the redox potential of the electrolyte. The
energy band diagram in Figure 3 was then created using I−/I3

− redox electrolyte, whose
redox potential was assumed to be −4.9 eV relative to vacuum or 0.44 V vs. NHE, and
TiO2, whose CB energy level was considered to be −4.0 eV taking into consideration
the most negative quasi-Fermi level correlating to the TiO2

′s flat band potential (0.7 V vs.
SCE) [58,59]. As shown in Figure 3, a good energetic matching between the sensitizing dyes,
mesoporous TiO2, and the redox electrolyte allows for an efficient injection of electrons and
also efficient regeneration of the photo-excited sensitizer.
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The perusal of Figure 3 shows that the fine-tuning of the sensitizers’ energetics with
respect to the semi-conductor and the redox electrolyte by the introduction of electron
acceptors in the central core has led to facile injection of electrons and easy regeneration
of the dye, thus resulting in minimum energy losses [60]. Also, upon a closer analysis
of Figure 3, it becomes evident that the observed red shift in λmax of SQ-222 and SQ-223
(Figure 2a) due to the extension in π-conjugation correlates with a corresponding decrease
in the band gap energy, hence leading to hampered electron injection. The low-lying
HOMO energy levels of SQ-222 and SQ-223 facilitated efficient dye regeneration, even
though facile electron injection was compromised. Among the three sensitizing dyes
under study, SQ-220, with the highest-lying LUMO, provides an energy barrier of 0.64 eV
for injection of electrons. In contrast to this, SQ-223 has the lowest-lying LUMO, thus
providing an energy barrier of 0.30 eV for injection of electrons. A high energy barrier, as
in the case of SQ-220, is highly desirable, as it favors the process of electron injection more
than recombination, i.e., electron back-transfer process, either to the dye’s HOMO or to the
redox electrolyte. Hence, SQ-223 has a slightly hampered electron injection compared to the
other sensitizers. However, it is expected to have the most efficient dye regeneration owing
to it having the lowest value of HOMO energy level. As discussed earlier, the introduction
of electron acceptors in the molecular framework has resulted in a downward shift of the
HOMO energy level. SQ-223, possessing the strongest electron acceptor, 1,3-indandione,
exhibited the lowest HOMO energy level, mainly credited to the stabilization of molecular
orbitals on introducing electron acceptors. Butyl cyanoacetate, with its relatively lesser
electron-accepting ability, exhibited a dye regeneration energy barrier of 0.35 eV. SQ-220,
with no electron acceptor in its molecular framework, exhibited the highest energy of the



Colorants 2023, 2 662

HOMO level, thus resulting in a dye regeneration energy barrier of only 0.27 eV, leading to
a less efficient dye regeneration.

3.4. Quantum Chemical Calculations

Quantum chemical calculations using density functional theory (DFT) are extensively
utilized for designing and developing novel sensitizers. These calculations provide prior
knowledge about the energetics, absorption spectra, and electron density distribution in
both the HOMO and the LUMO of the sensitizer to assess their suitability as a sensitizer [61].
The computational cost is largely decreased by employing the Hartree–Fock method in DFT
and taking into account a lone pair electronic correlation. According to previous reports,
employing the time-dependent extension of DFT, or TD-DFT, together with a correlation
functional led to a more accurate match between the theoretical electronic absorption
spectrum and its experimental data counterpart [62]. For optimizing the structure of
the sensitizers, theoretical calculations were carried out with the help of the Gaussian16
program, utilizing DFT, 6-311G basis set, B3PW91 hybrid functional, and employing PCM
with ethanol as solvent. The accuracy of the theoretical calculations can be validated
by a perusal of Figure 3, which reveals a good match between the energy of the HOMO
estimated theoretically and the energy value calculated experimentally. The electron density
distribution in the HOMO and the LUMO of the sensitizing dyes along with their optimized
structure are shown in Figure 4.
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As is evident from Figure 4, the electron density distribution in the dye’s HOMO is
primarily present in the cyclobutene ring at the center with minor extensions towards the
donor groups attached on either sides and also towards the electron acceptors, in SQ-222
and SQ-223. However, the electron density in the dye’s LUMO is sufficiently diverted
away from the central cyclobutene ring towards the carboxylic acid, thus showing the
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feasibility of intramolecular charge transfer (ICT) and charge separation on excitation. SQ-
220, with no central substitution, exhibits the highest electron density diversion towards
the carboxylic acid. The carboxylic acid in the LUMO consists of high electron density,
thus ensuring a good electronic coupling between the TiO2’s unoccupied d-orbitals and
the excited sensitizer. This then allows for efficient injection of electrons into TiO2’s CB.
However, the low-lying LUMO level of SQ-223 could lead to slightly impeded electron
injection, even though it exhibits a high electron density in carboxylic acid.

3.5. Photovoltaic Characterizations

The high molar extinction coefficients, NIR absorption, appropriate anchoring group,
and a good energetic cascade of the sensitizer with the semiconductor and the electrolyte
justified the use of these sensitizers as photon harvesters in DSSCs. Therefore, photovoltaic
characterizations were carried out using these sensitizers under simulated solar irradiation
of 100 mW/cm2 in order to investigate the potential of these sensitizers as photon harvesters
in DSSCs, as well as the influence of electron acceptors on their photovoltaic performance.
DSSCs were fabricated utilizing the sensitizers, under identical experimental conditions
such as concentration of the sensitizing dye (0.2 mM), CDCA (20 mM), and dipping time
(4 h). At the same time, other device components, such as the composition of the photoan-
ode, counter electrode (Pt), and redox electrolyte (I−/I3

−), were kept identical. Figure 5
displays the photovoltaic characteristics of fabricated DSSCs using various sensitizers, as
well as the photocurrent action spectrum following illumination with monochromatic light.
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The photovoltaic characteristics of the fabricated DSSCs, including their short-circuit
current density (Jsc), open-circuit voltage (Voc), fill factor (FF), and overall PCE (%), are
summarized in Table 2. The dye loading amounts on the mesoporous TiO2 after 4 h of
dipping the substrates in the respective dye solutions has also been tabulated in Table 2.
As evident in Figure 5 and Table 2, with a Jsc of 10.04 mA/cm2, Voc of 0.65, and FF of
0.62, SQ-220 with no central functionalization exhibited an overall PCE of 4.02%, which
was slightly lower than the PCE (4.5%) obtained by Yum et al. for a dye with similar
molecular framework [53]. The low FF value as a result of higher FTO resistance of
23 Ω/cm2 (when compared to a resistance of 15 Ω/cm2 for the FTO substrate used by
Yum et al.) for the DSSCs fabricated in this work might be the reason for this observed
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difference [56]. Similarly, SQ-222, consisting of butyl cyanoacetate as an electron acceptor
in the squaraine core, exhibited an efficiency of 4.12%, which was slightly lower than the
PCE (4.6%) obtained by Qin et al. using a dye with similar molecular framework with ethyl
cyanoacetate as an electron acceptor [40]. This slightly lower value may be attributed to the
inability of the shorter butyl chain to prevent recombination effectively [63]. Finally, with
a Jsc of 12.4 mA/cm2, Voc of 0.63, and FF of 0.60, SQ-223, possessing the 1,3-indandione
moiety as an electron acceptor, showed the best photovoltaic performance, yielding an
overall PCE of 4.67%. An excellent photon harvesting, principally in the solar spectrum’s
far-red to NIR region, as well as partial photon harvesting in the visible region, contributed
to the DSSC fabricated with SQ-223 achieving the highest Jsc of 12.4 mA/cm2. SQ-223
exhibited a better photovoltaic performance despite having the lowest energy barrier
(0.30 eV) for the injection of electrons and comparatively less electronic coupling at the
anchoring group than SQ-220. This is mainly due to the easy regeneration of the photo-
excited dye, in the case of SQ-223, facilitated by the low-lying HOMO energy level as
well as wide-wavelength photon harvesting. Even though SQ-220 has an incident photon-
to-current conversion efficiency (IPCE) of 80%, compared to 64% IPCE of SQ-222, the
two sensitizers exhibits similar values of Jsc. This may be explained by the fact that even
though SQ-222 possess only 64% IPCE, it has a photon-harvesting window that extends
to almost 800 nm (as in SQ-223) and also harvests photons slightly in the visible region
(400 nm–500 nm), although its photon harvesting in this region is lower than that of SQ-
223. However, SQ-220 harvests photons only up to 720 nm and does not absorb in the
visible region. Even though SQ-220 has a higher energy barrier (0.64 eV) for injection
of electrons, as shown in Figure 3, and also demonstrates a strong electronic coupling
because of the presence of significant electron density in the carboxylic acid, as shown
in Figure 4, it was unable to outperform SQ-222 and SQ-223, mainly because SQ-220 has
an energy barrier of only 0.27 eV for the dye regeneration along with a relatively narrow
photon-harvesting window. The higher Jsc and hence PCE of SQ-223, as compared to
SQ-222, may be a result of slightly higher photon harvesting by SQ-223 both in the visible
region and NIR region. In addition to this, SQ-223 possesses a dye regeneration energy
barrier of 0.48 eV, resulting in an efficient regeneration of the dye. The higher PCE of
SQ-223 is thus credited to its wider photon-harvesting window, an adequate driving force
for dye regeneration, minimum aggregation, and a reasonable driving force (0.30 eV) for
electron injection. SQ-223 exhibits the highest dye loading and SQ-222 shows the lowest
dye loading among the sensitizing dyes utilized in this study, as evident from Table 2.
A closer look at the parameters summarized in Table 2 reveals that the amount of dye
loaded onto the semiconductor (TiO2) directly influences the photovoltaic performance,
with SQ-223 exhibiting the best photovoltaic performance. Although SQ-220 exhibits a
higher dye loading amount than SQ-222, it could not outperform SQ-222, mainly due to its
lower dye regeneration ability and narrow photon-harvesting window.

Table 2. Photovoltaic parameters deduced after photovoltaic characterizations of DSSCs.

Sensitizing
Dye Jsc [mA/cm2]

Integrated Jsc
[mA/cm2]

(% Deviation)
Voc [V] FF PCE [%]

Dye Loading
[nmol cm−2

µm−1]

SQ-220 10.04
(9.93 ± 0.23)

9.49
(5.49)

0.65
(0.64 ± 0.02)

0.62
(0.63 ± 0.01)

4.02
(4.02 ± 0.03) 1.02

SQ-222 10.36
(10.25 ± 0.19)

9.63
(7.05)

0.64
(0.63 ± 0.01)

0.62
(0.61 ± 0.01)

4.12
(3.94 ± 0.15) 0.47

SQ-223 12.44
(11.93 ± 0.46)

11.40
(8.36)

0.63
(0.62 ± 0.01)

0.60
(0.60 ± 0.01)

4.67
(4.42 ± 0.18) 1.25

The mean values of different parameters of four individual DSSCs are presented in parentheses along with their
standard deviations. The values shown above the parentheses in each case demonstrate the best cell parameters.
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3.6. Electrochemical Impedance Spectroscopy (EIS)

EIS is a vital technique for examining the charge transport characteristics of a typical
DSSC. Hence, it has been utilized for the characterization of the DSSCs fabricated utilizing
the sensitizers under investigation, in order to understand the implication of internal resis-
tance, interfacial properties, and charge transfer/transport processes on the photovoltaic
performance of the DSSCs. The EIS analysis was conducted under a constant light illumi-
nation (100 mW/cm2) by biasing the DSSCs at open-circuit conditions. As discussed in the
previous section, despite exhibiting the best overall PCE, SQ-223 exhibited a slightly lower
Voc (0.63 V) than the Voc exhibited by SQ-220 and SQ-222. To explain this anomaly, analysis
of the Nyquist plot in Figure 6 and also analysis of the electrochemical parameters deduced
from the Nyquist plot and summarized in Table 3 are necessary. Various resistances are
categorized as Rs, R1, R2, and R3, according to the equivalent circuit model of DSSCs
defined in previous studies. The resistance at the interface of FTO/TiO2, also called the
“sheet resistance”, is denoted by Rs, while the charge transfer resistance at the interface of
counter electrode/electrolyte is denoted by R1. Similarly, the charge transfer resistance at
the interface of semiconductor/dye/electrolyte is denoted as R2, and the resistance to Nerst
diffusion in the electrolyte is denoted by R3 [64–67]. A DSSC device possessing a reduced
sum of these internal resistances exhibits a good photovoltaic performance, as the charge
transport mechanisms in DSSCs are influenced by these resistances [68]. It is also worth
defining Rt here, which is the resistance to the transport of electrons in the mesoporous
TiO2. However, for n-DSSCs, particularly under high illumination intensities, the value
of Rt is very small and hence negligible [69]. Given that the FTO substrate along with the
electrolyte used to fabricate the DSSCs were the same, Rs, R1, and R3 must have similar
values in the case of all the DSSCs, regardless of the various sensitizers utilized.

Colorants 2023, 2, FOR PEER REVIEW 13 
 

 

 
Figure 6. Nyquist plot for fabricated DSSCs using dyes SQ-220, SQ-222, and SQ-223 and I−/I3− 
electrolyte. 

Table 3. Electrochemical parameters for fabricated DSSCs with the respective dyes, SQ-220, SQ-222, 
SQ-223, and I−/I3− redox electrolyte. 

Sensitizing 
Dye RS (Ω) R1 (Ω) R2 (Ω) R3 (Ω) 

SQ-220 33.32 12.52 25.39 2.02 
SQ-222 33.30 12.07 23.07 1.92 
SQ-223 33.28 12.17 21.09 2.26 

As can be observed in Figure 6 and Table 3, the value of R2, the interfacial resistance 
associated with the process of charge transport at the interface of 
semiconductor/TiO2/electrolyte, is different for DSSCs fabricated with different dyes, with 
SQ-220 exhibiting the highest value and SQ-223 exhibiting the lowest. The Jsc and Voc of 
DSSCs are directly influenced by the charge recombination kinetics at the interface of 
TiO2/dye/electrolyte [70]. The Voc of a DSSC is dependent on the difference between the 
electrolyte’s (I−/I3−) redox energy level and the TiO2′s quasi-fermi level, and the shift in the 
TiO2′s quasi-fermi level due to a shift in the conduction band edge of TiO2 due to electron 
density fluctuation triggered by charge recombination at the interface of 
TiO2/dye/electrolyte directly affects the Voc [71]. Earlier reports have defined R2 as the 
resistance to charge recombination. In simple terms, it the resistance to the movement of 
charges back towards the oxidized dye or the redox electrolyte [64]. Consequently, SQ-
223 exhibits a lower Voc because its resistance to charge recombination is lower as a result 
of lower R2 values. SQ-220, with a higher value of R2, exhibits a higher value of Voc. This 
difference in the value of R2 can be mainly ascribed to the variation in the electron injection 
barrier value, which ultimately has a direct influence on charge injection. Therefore, the 
lower the electron injection, the lower the value of R2, hence the greater the recombination. 
Hence, along with dye aggregation, a lower electron injection barrier also affects the 
resistance to charge recombination, as SQ-223, with relatively lesser aggregation, shows a 
lower R2 value. The cis-conformation of SQ-223, which usually prevents recombination by 
creating a hydrophobic layer with outwardly extending alkyl chains, could not lead to 
higher Voc as a result of its lower electron injection barrier, i.e., low-lying LUMO energy 

Figure 6. Nyquist plot for fabricated DSSCs using dyes SQ-220, SQ-222, and SQ-223 and I−/I3
−

electrolyte.



Colorants 2023, 2 666

Table 3. Electrochemical parameters for fabricated DSSCs with the respective dyes, SQ-220, SQ-222,
SQ-223, and I−/I3

− redox electrolyte.

Sensitizing
Dye RS (Ω) R1 (Ω) R2 (Ω) R3 (Ω)

SQ-220 33.32 12.52 25.39 2.02

SQ-222 33.30 12.07 23.07 1.92

SQ-223 33.28 12.17 21.09 2.26

As can be observed in Figure 6 and Table 3, the value of R2, the interfacial resistance
associated with the process of charge transport at the interface of semiconductor/TiO2/
electrolyte, is different for DSSCs fabricated with different dyes, with SQ-220 exhibiting the
highest value and SQ-223 exhibiting the lowest. The Jsc and Voc of DSSCs are directly influ-
enced by the charge recombination kinetics at the interface of TiO2/dye/electrolyte [70].
The Voc of a DSSC is dependent on the difference between the electrolyte’s (I−/I3

−) redox
energy level and the TiO2’s quasi-fermi level, and the shift in the TiO2’s quasi-fermi level
due to a shift in the conduction band edge of TiO2 due to electron density fluctuation
triggered by charge recombination at the interface of TiO2/dye/electrolyte directly affects
the Voc [71]. Earlier reports have defined R2 as the resistance to charge recombination.
In simple terms, it the resistance to the movement of charges back towards the oxidized
dye or the redox electrolyte [64]. Consequently, SQ-223 exhibits a lower Voc because its
resistance to charge recombination is lower as a result of lower R2 values. SQ-220, with a
higher value of R2, exhibits a higher value of Voc. This difference in the value of R2 can be
mainly ascribed to the variation in the electron injection barrier value, which ultimately has
a direct influence on charge injection. Therefore, the lower the electron injection, the lower
the value of R2, hence the greater the recombination. Hence, along with dye aggregation,
a lower electron injection barrier also affects the resistance to charge recombination, as
SQ-223, with relatively lesser aggregation, shows a lower R2 value. The cis-conformation
of SQ-223, which usually prevents recombination by creating a hydrophobic layer with
outwardly extending alkyl chains, could not lead to higher Voc as a result of its lower
electron injection barrier, i.e., low-lying LUMO energy level. We have earlier reported the
dependence of Voc on alkyl chain length, with a minimum chain length of four carbons
giving a reasonable Voc and the optimum Voc achieved with an alkyl chain length of twelve
carbons [63]. However, even when incorporating a shorter alkyl chain (butyl) on one of the
indole donor moieties of the core-substituted unsymmetrical squaraine dyes, the Voc values
obtained were comparable to or somewhat better than those reported in the literature
for core-substituted squaraine dyes with a similar molecular framework [40,41,72,73]. In
addition to this, the Jsc of the DSSCs is also influenced by the charge recombination kinetics
at the interface of TiO2/dye/electrolyte, as discussed earlier. The higher the value of R2,
the more electrons are injected into the TiO2’s CB. Similarly, the lower the value of R2, the
fewer electrons are injected. As a result, SQ-220 with a higher value of R2 should effectively
prevent recombination, thus leading to more injection of electron into TiO2’s CB, because of
which it should ideally exhibit a higher Jsc value and SQ-223 should ideally exhibit a lower
Jsc value. However, the opposite scenario is observed in this study. This is because of the
fact that the photon-harvesting windows for the two dyes, SQ-220 and SQ-223, are totally
different. SQ-223 exhibits wide-wavelength photon harvesting from 300 nm to 800 nm with
an IPCE of 45% in the visible region and 68% in the far-red region, thus leading to a high
Jsc value. In contrast, SQ-220 exhibits a narrow photon-harvesting window with practically
no absorption in the visible region, because of which it exhibits a lower Jsc value.

4. Enhancement of PCE Employing Co-Sensitization Using Visible Dye
4.1. Optical Characterization

As SQ-223 absorbs light significantly in the solar spectrum’s far-red to NIR region,
a visible dye, D-131, with the molecular structure shown in Figure 7 along with SQ-223,
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was used for co-adsorption with SQ-223 by making dye cocktails to have a complementary
light absorption in both the visible and NIR wavelength regions of the solar spectrum.
The best photovoltaic performance exhibited by SQ-223 amongst the dyes used in the
current study also supported its selection for complementary light absorption. A closer
analysis of the UV-visible spectra of D-131 and SQ-223, shown in Figure 8a, clearly shows
that they exhibit complementary light absorption, indicating that these two dyes when
co-adsorbed can lead to an improvement in the light absorption in the entire visible to
NIR region. The electronic absorption spectra of the ethanolic solution of the dye cocktails
made by taking various molar ratios of D-131 and SQ-223 are shown in Figure 8b. The
dye cocktails’ absorption spectra clearly display light absorption both in the 400–500 nm
(visible region, due to D-131) and in the 550–700 nm (far-red region, due to SQ-223). The
absorption spectra also lead us to the conclusion that the higher molar ratio of SQ-223
leads to a diminished light absorption associated with D-131, and also the absorption of
light by D-131 is overlapping with the relatively small extent of the SQ-223’s absorption
in the visible region. The relatively lesser extent of light absorption by D-131 in the dye
cocktail with a higher molar ratio of SQ-223 may be due to the lower ε value of D-131,
thus necessitating the utilization of a greater fraction (molar ratio) of D-131 in the dye
cocktail. Although the presence of a greater molar ratio of D-131 in the dye cocktail leads
to a corresponding reduction in the SQ-223′s light absorption, the higher ε value of SQ-223
leads to a greater light absorption even when it is present in a lower fraction.
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4.2. Photovoltaic Characterization

The complementary photon harvesting exhibited by D-131 and SQ-223 in the visible
and NIR wavelength regions, respectively, encouraged their use as a sensitizer in DSSCs
with the aim of synergistic harvesting of photons in a broader wavelength region. The
DSSCs were fabricated employing I−/I3

− redox electrolyte and utilizing individual dyes, D-
131 and SQ-223, and also their cocktails in the molar ratios of 9:1 and 1:9 as sensitizers. The
photocurrent action spectra, or the plot of incident photon to current conversion efficiency
(IPCE) as a function of wavelength following illumination with monochromatic light, are
depicted in Figure 9, along with the photovoltaic characteristics of DSSCs fabricated using
individual dyes, D-131 and SQ-223, and their dye cocktails. The summary of photovoltaic
parameters of the fabricated DSSCs, including Jsc, Voc, FF, and overall PCE (%), are given
in Table 4.
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Table 4. Photovoltaic parameters deduced after photovoltaic characterizations of fabricated DSSCs.

Sensitizing Dye Jsc [mA/cm2]
Integrated Jsc

[mA/cm2]
(% Deviation)

Voc [V] FF PCE [%]

D-131 10.54
(10.30 ± 0.23)

8.64
(18.02)

0.68
(0.68 ± 0.01)

0.55
(0.56 ± 0.01)

3.94
(3.81 ± 0.20)

SQ-223 12.44
(11.93 ± 0.46)

11.40
(8.36)

0.63
(0.62 ± 0.01)

0.60
(0.60 ± 0.01)

4.67
(4.42 ± 0.18)

D-131: SQ-223
(1:9)

14.01
(13.48 ± 0.38)

13.08
(6.64)

0.63
(0.63 ± 0.01)

0.56
(0.57 ± 0.01)

4.93
(4.79 ± 0.17)

D-131: SQ-223
(9:1)

17.40
(16.92 ± 0.47)

14.71
(15.46)

0.66
(0.64 ± 0.01)

0.51
(0.52 ± 0.01)

5.81
(5.59 ± 0.18)

The mean values of different parameters of four individual DSSCs are presented in parentheses along with their
standard deviations. The values shown above the parentheses in each case demonstrate the best cell parameters.

The photocurrent action spectra of D-131 and SQ-223 are shown in Figure 9b, and
it is clear that the two dyes display complementary harvesting of photons in the visible
and far-red regions, resulting in wide-wavelength photon harvesting (400–800 nm). The
complementary nature of the two dyes can also be ascertained by the fact that the lower Voc
of SQ-223 has been substantially enhanced on its co-adsorption with D-131, as shown in
Table 4. Additionally, the IPCE of the dye cocktail in the molar ratio (9:1) demonstrates that
the addition of SQ-223 significantly improves harvesting of photons in the solar spectrum’s
far-red region, which was typically missing in D-131. The photocurrent action spectrum
for the dye cocktail in the molar ratio (1:9) demonstrates that visible photon harvesting
is relatively enhanced in comparison to the individual dye, SQ-223. This is true even
though SQ-223 itself exhibited a relatively less intense visible light absorption. However,
due to the large difference in the molar extinction coefficients of the two dyes, the photon
harvesting in the visible region (due to D-131) is not substantial and this suggests the use
of D-131 in a higher molar ratio. The dye loading amounts after using the visible dye
D-131 in the higher ratio in the dye cocktail (9:1) have been summarized in Table S2 (see
supplementary material). The results exhibit dye loading precisely in the 9:1 ratio.

The dye cocktail of D-131 and SQ-223 in the ratio (1:9) exhibits photon harvesting
in both the visible and the far-red region, and also exhibits a reasonable improvement in
overall PCE (4.93%), when compared to the overall PCE (3.94%) of D-131; however, there
was not much improvement in the overall PCE (4.93%) when compared with the overall
PCE (4.67%) of SQ-223. Even after the co-adsorption of both the dyes, the overall PCE
improved only slightly. This can be explained by the fact that D-131 has relatively poor
photon harvesting of 62% compared to its individual photon harvesting of 92%. It is worth
noting that the lower ε value of D-131 suggests that a higher molar fraction of D-131 should
be added to the dye cocktail, as more molecules are required for a dye with a lower ε value
to harvest photons sufficiently. This observation is supported by the finding that when the
molar ratio of D-131 was increased from 1:9 to 9:1 in the dye cocktail, D-131 displayed a
photon harvesting of 92% in the visible region in combination with a photon harvesting
of 66% by the dye SQ-223 in the far-red to NIR region. Consequently, using a cocktail of
D-131 and SQ-223 in a 9:1 molar ratio resulted in a maximum harvesting of photons both
in the visible (D-131) and the far-red to NIR regions (SQ-223), leading to an increased Jsc
of 17.40 mA/cm2, an increased Voc of 0.66 V, and an FF of 0.51, thus yielding an overall
PCE of 5.81% which is significantly greater than the PCE exhibited by the individual dyes
D-131 (3.94%) and SQ-223 (4.67%). Another interesting observation to be noted here is that
a substantial increase in the Jsc (17.40 mA/cm2) was observed when compared with the
individual Jsc of D-131 (10.54 mA/cm2) and SQ-223 (12.44 mA/cm2). The complementary
photon harvesting exhibited by the dyes in the visible (D-131) and NIR (SQ-223) regions,
thus resulting in a panchromatic photon harvesting in the region between 300 nm to 800 nm,
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is what causes the significant increase in the Jsc of the DSSC fabricated using a dye cocktail
of D-131 and SQ-223 in a 9:1 molar ratio.

5. Conclusions

Three squaric acid core substituted unsymmetrical squaraine sensitizers, SQ-220, SQ-
222, and SQ-223, were computationally designed, synthesized, and utilized as sensitizers
in DSSCs. In addition to causing a red shift in the λmax, the incorporation of electron
acceptors in the cyclobutene ring at the center also resulted in a lowering of the dye’s
HOMO level, which therefore made dye regeneration easy. In addition to this, the presence
of electron acceptors resulted in the emergence of a secondary high-energy absorption
band within the visible spectrum, thus facilitating wide-wavelength photon harvesting.
SQ-223 exhibited the best photovoltaic performance as a result of its wide-wavelength
photon harvesting, a result of its significant visible light absorption and low-lying HOMO
level. As a consequence of their complementary light absorption, SQ-223 and a visible dye,
D-131, were employed to co-sensitize mesoporous TiO2. The results of the investigation
into the photovoltaic performance of the D-131 and SQ-223 co-sensitized DSSCs in various
molar ratios led to the conclusion that dye cocktails in the molar ratio of 9:1 gave the
best photovoltaic results, showing a significantly increased Jsc of 17.40 mA/cm2, Voc of
0.66 V, and FF of 0.51, ultimately yielding an overall PCE of 5.81%, in comparison to their
individual performance and their performance in the dye cocktail ratio of (1:9). Hence,
this study encourages further design of novel far-red to NIR-sensitive sensitizers for DSSC
applications, considering the importance of wide-wavelength photon harvesting and lower
HOMO energy level.
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