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KEYWORDS Abstract Synthesis of five novel thiophene-based metal-free organic dyes, named IS1-5, to study
Thiophene; their photophysical, electrochemical properties and photovoltaic performance as sensitizers and
Photoconversion efficiency: co-sensitizers for DSSCs. Dyes IS-5 are cyanoacetanilide derivatives, which are distinguished by
Co-sensitization; their small size, the simple preparation method, and the presence of multiple anchoring species
DFT (C=0 and CN) within their molecular structure. From their UV/Vis. spectra, IS-4 and IS-5 dis-

played the highest molar extinction coefficient with a bathochromic-shift to the intramolecular
charge transfer band. In addition, to recognize the potential of HOMO level and the potential of
LUMO level among all IS1-5 dyes, the cyclic voltammetry technique must be used. Their
characteristics assert that all dyes possess the qualifications essential to be used as a sensitizer for
dye-sensitized solar cells (DSSCs). Interestingly, over co-sensitization, all dyes showed better pho-
tovoltage values (Vo) than the standard dye N-719. Among Dyes IS1-5, co-sensitizer IS-5 showed
the highest photoconversion efficiency (1) of (8.09%) compared to the standard dye N-719 (7.61%).
Moreover, electrochemical impedance spectroscopy (EIS) asserts the impact of this dye on improv-
ing charge transfer in TiO,. Finally, density functional theory (DFT) has been studied for dyes
IS1-5 using Guassian09 software and the outcomes comfortably agree with experimental results.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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et al., 1991). Proceeding from this view, the use of solar radi-
ation by dye-sensitized solar cells (DSSCs) to produce electric-
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demands (Gritzel, 2001; Wu et al., 2015). In DSSCs, the dye
molecule is necessary to absorb solar energy and inject elec-
trons into the semiconductor’s conduction band. The most
promising dye sensitizers are ruthenium (Ru) complexes such
as N3, N-719, and black dyes (Nazeeruddin et al., 1993;
Chen et al., 1996; Tang et al., 2015). Organic sensitizer of
alkoxysilyl-anchoring moiety has so far registered powerful
conversion efficiencies (14.3%) (Kakiage et al., 2015). How-
ever, there are some disadvantages of using metal-based dye-
sensitized solar such as many synthesis procedures, difficulty
in purification and expensive materials used. As a result, sev-
eral investigators have studied metal-free dyes because of their
low-cost preparation, high molar extinction, the versatility of
structural designs, and tunable optical and electrochemical
properties (Hagfeldt et al., 2010; Wang et al., 2017). Abundant
aromatic heterocyclic dyes have been used as an effective sen-
sitizer when used in DSSCs, such as carbazole, indole, phenox-
azine, phenothiazine, and coumarin (Mishra et al., 2009;
Zhang et al., 2020; Nesheli et al., 2020). In addition, BODIPY
and porphyrins have been used as an efficient sensitizer for
DSSC to tune their optoelectronic properties (Shah et al.,
2020; He et al., 2017; Islam et al., 2018; Zou et al., 2020; Lu
et al., 2019; Kurumisawa et al., 2019; Mathew et al., 2014;
Zeng et al., 2020).

To gain the merits of both metal-free and metal-based dyes,
the co-sensitization technique involving the mixing of various
types of dyes in the same manufactured cell has been used as

a promising method for enhancing the cell’s photovoltaic effi-
ciency as the dye’s light-harvesting ability increases (Sharma
et al., 2014; Elmorsy et al., 2020; Lee et al., 2018; Younas
and Harrabi, 2020). Hence, our research project focused on
the synthesis of small metal-free dyes IS1-5 as sensitizers and
co-sensitizers with the standard N-719 Ru (II) complex for
DSSC applications. The newly IS1-5 dyes possess a thiophene
moiety, which has been identified as potential entities because
it has good tunable spectroscopic and electrochemical charac-
teristics (Sharmoukh et al., 2020; Giri et al., 2020). Also, dyes
IS-5 are cyanoacetanilide derivatives, which are distin-
guished by their small size, the simple preparation method,
and the presence of multiple anchoring species (C—O and
CN) within their molecular structure. Using multiple anchor-
ing moieties within the molecular structure enhances the pho-
tovoltaic performance of the fabricated dye (Ambrosio et al.,
2012; Beni et al., 2015). The chemical structure of the fabri-
cated dyes IS1-5 and N-719 is depicted in Fig. 1. The synthe-
sized pathways have been displayed according to Scheme 1.
All dyes IS1-5 were characterized by '"H NMR, '°C NMR,
FTIR, and mass spectroscopy. Their optical studies were
investigated using UV-Vis absorption, the molecular orbital
energies were calculated from cyclic voltammetric (CV) stud-
ies, and density functional theory studies (DFT) using guas-
sian09 software. Finally, the fabrication of novel dyes IS1-5
as sensitizers and co-sensitizers along with N-719 (Fig. 1) for
studying their photovoltaic performance as DSSCs.
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Fig. 1

Molecular structure of dyes IS1-5 (a) and N-719 (b).
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Scheme 1

2. Experimental

2.1. Synthesis and characterization

All organic solvents and reagents were acquired from TCI
America and Sigma-Aldrich. The recorded melting points
(°C) were measured using Gallenkamp apparatus and are
uncorrected. Spectroscopic analysis such as IR and NMR
spectra were detected using Thermo Scientific Nicolet iS10
FTIR spectrometer and JEOL’s NMR spectrometer in
DMSO ds (500 MHz for '"H NMR and 125 MHz for '*C
NMR), respectively. The high-performance double beam spec-
trophotometer (T80 series) has been used for measuring UV—
Visible spectrophotometer. Elemental analyses (C, H, and N)
were estimated on Perkin Elmer 2400 analyzer. Fabrication
of DSSC devices and measuring photovoltaic parameters have
been performed at Damietta University (Egypt). Moreover,
cyclic voltammetry measurements, impedance spectroscopy
techniques, solar cell fabrication devices, and solar cell charac-
terization can be found in detail in the supplementary file.

2.1.1. Synthesis of intermediates 1a-e

Intermediates la-e has been investigated before, as per a
known protocol (Elmorsy et al., 2020).

2.1.2. General synthesis of N-aryl-2-cyano-3-(thiophen-2-yl)
acrylamide sensitizers IS1-5

To a solution of each cyanoacetanilide derivative 1a-e (4 mmol)
in 25 mL ethanol, 2-formylthiophene (0.45 mL, 4 mmol) and
piperidine (0.1 mL) were added. The reaction contents were
refluxed for 2 h followed by cooling to 25 °C. The precipitate
that produced was collected and dried to furnish the targeted
thiophene-based co-sensitizers IS1-5.

2.1.2.1. 2-Cyano-N-phenyl-3-(thiophen-2-yl) acrylamide (1S-1).
Red solid (83%), m.p. = 177-179 °C. IR (Vyuy, cm™1): 3352
(—NH stretch), 2212 (—CN stretch), 1678 (—CO stretch). 'H
NMR (0, ppm): 7.12 (t, J = 7.25 Hz, 1H), 7.33-7.37 (m,
3H), 7.65 (d, J = 7.50 Hz, 2H), 7.93 (d, J = 3.50 Hz,
thiophene-H), 8.13 (d, / = 5.00 Hz, thiophene-H), 8.51 (s,
1H, C—=CH), 10.28 ppm (s, IH, NH). 3C NMR (8, ppm):
102.59, 116.48, 120.59 (2C), 124.26, 128.68, 128.73 (2C),
135.34, 135.70, 138.10, 138.29, 143.88, 160.34 ppm. Mass anal-
ysis (m/z, %): 254 (34.23), 246 (66.11), 228 (52.46), 193 (36.01),
188 (42.15), 176 (37.56), 154 (70.20), 134 (67.00), 128 (100.00),
95 (77.30), 89 (52.89). Anal. caled for C;4H;(N,OS (254.05): C,

EtOH / P1p \©\
IS-1,R=H
IS-2, R = N(Et),
IS-3, R = Me
IS-4, R = NO,

IS-5, R = COOH

Synthetic pathway of cyanoacetanilides IS1-5.

66.12; H, 3.96; N, 11.02%. Found: C, 66.02; H, 3.98; N,
11.09%.

2.1.2.2.  2-Cyano-N-(4-(diethylamino)phenyl )-3-(thiophen-2-
yl)acrylamide (1S-2). Violet solid (65%), m.
p. = 181—183 °C. IR (Vyux cm™Y): 3419 (—NH stretch),
2212 (—CN stretch), 1663 (—CO stretch). 'H NMR (J,
ppm): 1.06 (t, J = 7.00 Hz, 6H), 3.30 (q, / = 7.00 Hz, 6H),

6.63 (d, J = 9.00 Hz, 2H), 7.32 (dd, J = 4.00, 4.00 Hz,
thiophene-H), 741 (d, J = 9.00 Hz, 2H), 7.90 (d,
J = 4.00 Hz, thiophene-H), 8.10 (d, J = 4.00 Hz,

thiophene-H), 8.44 (s, 1H, C—=CH), 9.94 (s, 1H, NH). 13c
NMR (6, ppm): 12.42 (2C), 43.72 (2C), 102.82, 111.50 (2C),
116.64, 122.51 (2C), 126.61, 128.59, 134.89, 135.92, 137.73,
143.17, 144.67, 159.38 ppm. Mass analysis (m/z, %): 325
(46.63), 316 (52.71), 305 (25.64), 271 (100.00), 265 (51.50),
257 (53.33), 228 (55.36), 208 (37.56), 152 (41.40), 107 (25.35),
78 (39.48). Anal. calcd for CgHoN3;OS (325): C, 65.43; H,
4.89; N, 11.91%. Found: C, 66.51; H, 5.85; N, 11.85%.

2.1.2.3. 2-Cyano-3-(thiophen-2-yl)-N-(p-tolyl)acrylamide (IS-
3). Red solid (88%), m.p. = 191-192 °C. IR (V,14xs em™):
3349 (—NH stretch), 2213 (—CN stretch), 1674 (—CO stretch).
'"H NMR (8, ppm): 2.26 (s, 3H), 7.14 (d, J = 8.00 Hz, 2H),
733 (dd, J = 4.50, 4.00 Hz, thiophene-H), 7.53 (d,
J = 8.00 Hz, 2H), 7.91 (d, J = 3.00 Hz, thiophene-H), 8.12
(d, J = 5.00 Hz thiophene-H), 8.49 (s, 1H, C—CH),
10.19 ppm (s, 1H, NH). '*C NMR (6, ppm): 20.55, 102.69,
116.38, 120.70 (2C), 128.71, 129.17 (2C), 133.41, 135.26,
135.78, 135.84, 138.05, 143.75, 160.18 ppm. Mass analysis
(m/z, %): 268 (20.38), 241 (15.33), 202 (21.80), 175 (24.66),
133.63 (30.82), 82 (56.41), 55.22 (100.00). Anal. calcd for
CsH2N,0S (268.07): C, 67.16; H, 4.11; N, 10.95%. Found:
C, 67.35; H, 3.98; N, 11.08%.

2.1.24. 2-Cyano-N-(4-nitrophenyl )-3-(thiophen-2-yl)acry-
lamide (1S-4). Black solid (70%), m.p. = 203-205 °C. IR
(Vmax> €M~ 1)z 3323 (—NH stretch), 2218 (—CN stretch), 1689
(—CO stretch). '"H NMR (8, ppm): 7.36 (dd, J = 5.00,
4.00 Hz, thiophene-H), 7.93 (d, J = 8.50 Hz, 2H), 7.96 (d,
J = 3.00 Hz, thiophene-H), 8.18 (d, J = 4.50 Hz,
thiophene-H), 8.26 (d, J = 9.00 Hz, 2H) 8.58 (s, IH, C=CH),
10.75 ppm (s, 1H, NH). '*C NMR (9, ppm): 102.02, 116.24,
120.18 (2C), 124.85 (2C), 128.86, 135.63, 136.10, 138.71,
142.85, 144.64, 144.88, 161.19 ppm. Mass analysis (m/z, %):

300 (60.40), 292 (56.27), 279 (42.65), 246 (53.08), 231
(100.00), 185 (90.90), 176 (63.45), 163 (66.46), 157 (82.42),
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145 (41.32), 90 (52.73), 57 (56.86). Anal. caled for C;sHoN;05S
(299.04): C, 56.18; H, 3.03; N, 14.04%. Found: C, 56.28; H,
3.00; N, 14.11%.

2.1.2.5. 4-(2-Cyano-3-(thiophen-2-yl)acrylamido)benzoic acid
(IS-5). Black solid (62%), m.p. = 239-241 °C. IR (V,ax»
em™'): 3332 (—NH stretch), 2218 (—CN stretch), 1677 (—CO
stretch). '"H NMR (6, ppm): 7.35 (dd, J = 5.00, 3.50 Hz,
thiophene-H), 7.78 (d, J = 9.00 Hz, 2H), 7.93 (d,
J = 9.00 Hz, 2H), 7.94 (d, J = 3.00 Hz, thiophene-H), 8.15
(d, J = 5.00 Hz, thiophene-H), 8.55 (s, 1H, =CH), 10.58
(s,lH, NH), 12.86 (s, 1H, COOH). '3*C NMR (d, ppm):
102.38, 116.37, 119.75 (2C), 126.14, 128.77, 130.29 (2C),
135.71 (2C), 138.39, 142.41, 144.33, 160.80, 166.89 ppm. Mass
analysis (m/z, %): 298 (10.77), 292 (80.58), 270 (50.43), 242
(18.75), 173 (8.01), 82 (41.13), 77 (64.76), 54 (100.00). Anal.
caled. for C;sH{(N,OsS (298.04): C, 60.38; H, 3.37; N,
9.96%. Found: C, 60.23; H, 2.29; N, 10.08%.

3. Result and discussion

3.1. Structural designing and synthesis

Cyanoacetanilide derivatives la-e have been synthesized
through refluxing 1-cyanoacetyl-3,5-dimethylpyrazole with N,
N-diethyl-p-phenylenediamine,  aniline, 4-toluidine, 4-
aminobenzoic acid, and 4-nitroaniline, respectively, as
reported in the literature. Then, IS1-5 precursors were
achieved by following Knoevenagel reaction conditions
between different la-e cyanoacetanilides and 2-formyl thio-
phene in presence of piperidine as a catalyst in a boiling solu-
tion of EtOH (Scheme 1).

3.2. UV—visible studies

Fig. 2 showed the UV-visible absorptance spectra for IS1-5 in
chloroform medium (2 x 107> M) and their related spectral
data are stated in Table 1.
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Fig. 2 UV-Vis absorption of IS1-5 in CHCl; (2 x 107> M).

All dyes IS1-5 showed two obvious absorption bands. The
first band related to 1 — ©n* appeared in the region from 330 to
400 nm while a second band from 400 to 570 nm reflected the
internal charge transfer from the donor to the acceptor.

Further, Dyes IS-4 and IS-5 containing —NO, and
—COOH anchoring species, respectively showed broadening
in their spectra with a red-shift in their lowest energy band
due to the extension of the conjugation within molecular
frames. Moreover, band energy gaps (Eq,) were measured
from their UV/Vis. spectra showed an agreement with theoret-
ical values calculated from DFT studies (Al-Eid et al., 2014).
From the results, dye IS-4 exhibited the least band gap value
that can be attributed to
the nitro group’s good withdrawal capacity.

Moreover, the absorption spectra of products IS1-5
adsorbed onto TiO; film are shown in Fig. 3. The spectra were
broadened due to the interaction between sensitizers and TiO,
(Li et al., 2006). The broadening in the spectra indicated that
most sensitizers were adsorbed on the TiO, surface. Besides,
dye IS-5 bearing carboxyl group —COOH as an anchoring
moiety is found to be even more adsorbed on TiO, than other
compounds IS1-4, providing a good indication of this dye’s
better photovoltaic efficiency.

3.3. Computational studies

Optimization of the ground state geometries and frontier
molecular orbitals (FMOs) of dyes IS1-5 were performed
using density functional theory (DFT) by Guassian09 software
at B3LYP/6-311G (d, p) level (Frisch et al., 2017). The calcu-
lated Eq.o and orbital energies agreed well with cyclic voltam-
metry results. Fig. 4 depicts the simulated FMOs of dyes IS1-5.

The outcomes showed variations in electron distributions in
their HOMO-Level, which may be attributed to their struc-
tural nature. For dye IS-1, there is symmetry in the electron
distribution for the GSOP/HOMO and ESOP/LUMO which -
may be attributed to the absence of strong donating/accepting
moiety. This observation indicates a poor charge transfer of
the former dye. For Dyes IS-2 and IS-3, which contain N,
N-diethyl, and methyl moiety, respectively, the electron distri-
bution is concentrated on the phenyl ring for their HOMO
levels, while in their LUMO levels, the electron is concentrated
in the thiophene moiety. In contrast, Dyes IS-4 and IS-5 show
opposite behavior, in their HOMO levels, the electron distribu-
tion mainly concentrated on the thiophene ring, while in their
LUMO levels, the electron concentrated on the phenyl ring
due to the presence of strong accepting moieties ability
(—NO, and —COOH) beside the benzene ring. From the
aforementioned, Dyes IS2-5 are expected to show good charge
transfer from The HOMO to LUMO, which could be trans-
lated to better performance.

3.4. Cyclic voltammetry experiments (CV)

Excited state oxidation potentials (ESOPs) and ground state
oxidation potentials (GSOPs) of all dyes were measured by
cyclic voltammetry techniques (Fig. 5).

First of all, GSOPs were calculated from oxidation onset of
cyclic voltammogram as shown in equation 1:

GSOP = —[Oxidation onset +4.7] eV (1)
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Table 1 Optical properties of IS1-5.

Dyes A (nm) € (10° M 'em ™) Ey.o Experimental (Aoser) Ey.¢ (theoretical)
IS-1 336, 381 8.52, 6.51 2.96 2.95

IS-2 393, 390 5.23, 8.47 2.58 2.55

IS-3 396, 394 8.56, 8.25 2.74 2.81

1S-4 396, 477 8.71, 11.51 2.49 2.43

IS-5 396, 471 8.41, 10.74 2.53 2.47

—1S-1
—S-2
IS-3
—S-4
—IS-5

Absorbance (a. u.)

350 450 550 650
Wavelength/nm

Fig. 3 UV-Vis absorption of IS1-5 anchored onto nonporous
TiO.,

Then, ESOPs was derived from the values of Eg, and
GSOP as shown in equation 2:

ESOP = [GSOP — E, | eV )

An ideal dye should include some thermodynamic criteria
for being used as DSSC; The GSOP levels should be below
the redox potential of the electrolyte (—5.2 eV) and the ESOP
levels should be above the conduction band of nanocrystalline
TiO; layer (—4.2 eV) (Qu and Meyer, 2001; Oskam et al., 2001)
as shown in Fig. 6.

From the results in Table 2, the estimated values of GSOP
for IS1-5 were found to be; IS-1 (—6.02 eV), IS-2 (—=5.61 eV),
IS-3 (—5.59 eV) and IS-4 (—5.46 eV) and IS-5 (—5.44), below
the redox potential of the electrolyte for better dye regenera-
tion. Also, the measured ESOPs were found to be; IS-1
(—=3.06 eV), IS-2 (-298 eV), IS-3 (-3.01 eV), IS4
(=2.97 eV) and IS-5 (—2.91 eV), above the conduction band
potential of the TiO, for better electron injection.

Dyes IS-1 IS-2

IS-3 1S-4 IS-5

LUMOs

Optimized
structures

HOMOs

Fig. 4 Optimized structures and simulated FMOs of IS1-5.
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Fig. 5 Cyclic voltammetry traces for IS1-5. Voltage/eV
Fig. 7 J-V curves of the fabricated devices IS1-5.
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a0 M cated devices (Neale et al., 2005; Ito et al., 2008). Fig. 7 dis-
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’ BTG corresponding photovoltaic parameters are presented in
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5.5 —f— | e Tsas 544 3 cells employing IS1-5 sensitizers yielded PCE of 0.49, 0.89,
60— -5.61 : u 0.64, 1.69 and 2.72%, respectively. The IS-5 sensitized cell
-6.02 showed better photovoltaic parameters values:
HOMD; Jse = 6.15 mAjem?, Voc = 0.646 V and FF = 68.30 com-
pared to other dyes IS1-4. Increasing Jgc value of IS-5 can
1s-1 Is-2 15-3 15-4 IS5

Fig. 6  Energy level diagram of IS1-5 based on the experimental
values.

Further, IS-5 possess the highest negative free energy of
(1.29 eV), which represents a good indication of the best injec-
tion of electron to TiO, band and so IS-5 is expected to give a
good photovoltaic performance compared to other dyes IS1-4.

3.5. Photovoltaic parameters measurements

DSSCs were fabricated using five novel metal free dyes IS1-5
alone and co-sensitized with N-719. The fabrication procedure
and instruments were discussed briefly in the supplementary
file. Chenodeoxycholic acid “CDCA” was added into the dye

Table 2 Electrochemical properties of IS1-5.

be attributed to an efficient anchoring moiety (—COOH).
The better anchoring moiety (—COOH) led to better charge
transfer from The HOMO to the LUMO which, allowing elec-
tron injection to the TiO, edge conduction band (Koops et al.,
2009). On the other hand, the low performances of dyes IS1-3
can be related to the absence of good anchoring moieties as
observed from the low adsorption of these dyes to TiO,
nanoparticles (Fig. 3) (Cheema et al., 2009). Besides this rea-
son, there is symmetry in electron distribution of the
HOMO/LUMO of dye IS-1 leading to poor charge transfer
and hence the lowest performance (0.49%) (Montiel et al.,
2019).

In order to study the effect of co-sensitization of IS1-5
along with the standard Ru based N-719 dye, the devices were
fabricated using 0.2 mM of N-719 dye and 0.2 mM of co-
sensitizer IS1-5. Fig. 8 displays the J-7 curves of the photo-
voltaic devices co-sensitized with dyes IS-5. Their correspond-

Structure Experimental (eV) Theoretical (eV)

Ex (V) GSOP ESOP GSOP ESOP
IS-1 1.32 —6.02 —3.06 —6.12 —3.17
IS-2 0.91 —5.61 —2.98 —5.52 —3.09
1S-3 0.89 —5.59 —3.01 —5.70 -3.15
IS-4 0.76 —5.46 —-2.97 —5.53 —3.06
IS-5 0.74 —5.44 —291 —5.72 —2.91
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Table 3 Photovoltaic properties of IS1-5.

Sensitizer (0.2 mM) Dye (0.2 mM) CDCA (mM) Voc (V) Jsc (mA ecm™?) FF (%) 1 (%)
N-719 - 20 0.658 18.59 62.15 7.61
IS1 20 0.660 10.62 62.74 4.35
1S2 20 0.668 15.45 63.67 6.61
IS3 20 0.663 17.20 61.84 7.08
1S4 20 0.671 18.77 60.73 7.69
IS5 20 0.680 19.23 61.72 8.09
- IS1 10 0.496 1.38 73.52 0.49
- 1S2 10 0.530 2.49 66.98 0.89
- 1S3 10 0.521 1.68 73.07 0.64
- 1S4 10 0.599 4.00 71.49 1.69
- IS5 10 0.646 6.15 68.30 2.72

ing photovoltaic parameters are tabulated in Table 3. From
the results, dyes IS-4 and IS-5 exhibited better photovoltaic
performance than the N-719 alone. As the results indicate,
the cells employing N-719 along with co-sensitizers IS4 and
IS-5 5 yielded PCE of 7.69% and 8.09%, respectively, while
N-719 alone showed 7.61%. The improved performance of
the former dyes can be attributed to their maximum Jsc and
Voc values compared to N-719 dye. It is interesting to note
that, IS-4 and IS-5 displayed improved photocurrent density,
Jse of 18.77 mA.cm2 and 19.23 mA.cm 2 respectively,
whereas N-719 alone sensitized device showed 18.59 mA.cm ™.
The higher Jsc values can be attributed to the additional anchor-
ing moieties (—NO, and —COOH), resulting in increasing the
amount of dye adsorbed in the surface of the TiO, layer com-
pared to other devices IS1-3.

Additionally, it is clear from the results obtained that pho-
tovoltage values are decreasing in the order of IS-5 (0.680 V)
> 1IS-4 (0.671 V) > 1S-2 (0.668 V) > IS-3 (0.663 V) > IS-1
(0.660 V) upon co-sensitization with N-719 (0.658). The
enhanced V¢ values for all co-sensitizers IS1-5 can be due,
when the bulky N-719 dye adsorbed on TiO, surface, it has left
unfilled gaps behind, now the relatively small organic dyes IS1-
5 can cover these unfilled voids. Therefore, the co-sensitization
technique leads to improved Vo values (Su et al., 2019).

< |S-1+ N-719
—&— |S-2 + N-719
1S-3 + N-719
—e— |S-4 + N-719
& [—v— 1S-5+ N-719
8\ |—=— N-719

Current/mA.Cm

Voltage/V

Fig. 8 J-V curves of the fabricated devices IS1-5 co-sensitized
with N-719.

3.6. Electrochemical impedance study (EIS)

Moreover, electrochemical impedance spectroscopy (EIS) is a
powerful technique used to estimate the charge recombination
in DSSCs. Fig. 9 shows the Nyquist plots of the fabricated co-
sensitizers IS1-5 along with standard N-719 and their equiva-
lent circuit (inset Fig. 9). A typical EIS spectrum of a cell
exhibited three semicircles in the Nyquist plots. Generally,
the first semicircle at high frequencies represents the redox
charge transfer resistances at the Pt/electrolyte interface
(Rcg). The second semicircle at intermediate frequencies is
related to the charge transfer resistances at the interface
between TiO,/dye/electrolyte (Rcr). The third semicircle in
the low frequency range represents Warburg diffusion impe-
dance (Ryw). Usually, a larger Rt value indicates a smaller
dark current and an increased charge recombination resistance
and therefore a larger open-circuit photovoltage (Qu and
Meyer, 2001; Oskam et al., 2001; Hua et al., 2013). The charge
recombination resistance of these dyes (Rct) corresponding to
the diameter of the middle frequency semicircle was calculated
to decrease in the order of IS-5 + N-719 (52.64 Q), IS-4 + N-
719 (50.15 Q), IS-2 + N-719 (48.17 Q), IS-3 + N-719
(36.24 Q), IS-1 + N-719 (28.14 Q) and N-719 (25.19 Q), in
good agreement with the order photovoltage data.
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Fig. 9 Nyquist plots for IS1-5 co-sensitized with N-719.
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4. Conclusions

Five organic compounds IS1-5 have been engineered as sensi-
tizers for DSSCs. Further, the performance of a DSSC using
co-sensitization was improved in this study. IS1-5 co-
sensitizers were used with N-719, a ruthenium-based dye (II).
Dyes (IS1-5) showed better Vo values over co-sensitization
with N-719 of using individual N-719. IS-5 showed the best
impact on N-719's photovoltaic efficiency with a PCE of
8.09%, Jsc (19.23) and Vo (0.680) compared to PCE of
7.61%, Jsc (18.59) and Vo (0.658 eV) of N-719. Dyes 1S-4
and IS-5 containing —NO, and —COOH anchoring species,
respectively showed broadening in their spectra with a red-
shift in their lowest energy band due to the extension of conju-
gation within molecular frames. Finally, in accordance with
the experimental data, simulation studies based on DFT stud-
ies were used.
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