Solar Energy 187 (2019) 108-114

Contents lists available at ScienceDirect

Solar Energy

journal homepage: www.elsevier.com/locate/solener

Check for
updates

New pyridyl-based dyes for co-sensitization in dye sensitized solar cells

Vanessa A. El Bitar Nehme, Melissa A. El Bitar Nehme, Tarek H. Ghaddar*

Department of Chemistry, American University of Beirut, Beirut 11-0236, Lebanon

ARTICLE INFO ABSTRACT

Keywords: Co-sensitization is very advantageous in increasing a dye sensitized solar cell’s (DSSC) efficiency. It relies on
DSSC sensitizing the same titania film with two dyes that have complementary absorption spectra. In this report we
Solar cell describe co-sensitization of dyes with pyridine anchoring groups with carboxylic-acid based ones having com-
Impedance spectroscopy plementary absorption spectra. Six new pyridine based dyes with colors ranging from yellow to turquoise have
Co'adso_q_)tw,n been synthesized and characterized. T220, a yellow dye, was co-sensitized with Dyenamo Blue, a commercially
Co-sensitization . . T .
available blue dye. This approach showed good performance enhancement compared to individual dye sensi-
tized cells with a Co(II/III) redox mediator. An increase in the photocurrent (Jsc), photo-voltage (V,.) and thus
total efficiency (PCE%) were seen. The close packing of the two dyes in the co-sensitized devise caused a de-
crease in the electron recombination processes at the TiO/electrolyte interface, thus resulting in higher V,,
values. Such an increase in dye coverage results in a blocking behavior at the TiO,/electrolyte interface, as
mirrored in the performed electrochemical impedance spectroscopy (EIS) experiments, where higher charge

recombination resistance (R¢r) and longer electron lifetime were measured in the co-sensitized DSSCs.

1. Introduction

Since 1991 upon the introduction of the well-known dye sensitized
solar cell (DSSC) by O'Regan and Grétzel (1991) many research groups
worked on increasing the DSSC efficiency using different methods for
optimizing dyes’ structures, electrolyte systems, electroactive material
for counter electrode, etc... Record efficiencies (~15%) have been at-
tained recently especially when using organic based dyes (Kakiage
et al., 2015; Mathew et al., 2014; Yella et al., 2011). In the past couple
of years, the research in the DSSC field has been focused on its indoor
use at low-light conditions (Freitag et al., 2017; Tsai et al., 2018), and
taking advantage of its aesthetic properties (Yun et al., 2015).

Co-sensitization in a DSSC involves the use of two different dyes that
have complementary absorption spectra in order to maximize the light-
harvesting efficiency of a DSSC across the whole visible light region
(Hao et al., 2016; Islam et al., 2016; Kakiage et al., 2015; Kuang et al.,
2007; Lodermeyer et al., 2016). In fact, one of the highest reported PCE
% of 28.9% is for a co-sensitized DSSC under ambient lighting was
attained by Freitag et al. (2017). Generally, upon successful co-sensi-
tization higher photocurrents and a “maximized” incident-to-photon
current conversion (IPCE%) are attained. However, most of the re-
ported co-sensitization experiments in the literature are performed with
two or more dyes having each a carboxylic acid anchoring group. Such
anchoring groups bind preferentially to Brgnsted-acid sites on TiO,,
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which results in competition between these dyes to adsorb on the same
sites of the semi-conductor. As such, the total dye loading in a co-sen-
sitized DSSC would be less than the sum of the adsorbed amounts of the
single-dye sensitized DSSCs (Hao et al., 2016; Islam et al., 2016; Yum
et al., 2007). Recently, we reported on the co-sensitization of an organic
dye, T181, with a pyridine moiety as an anchoring group with the
carboxylic acid-based dye, Dyenamo Blue (Hao et al., 2016), while
using a cobalt(II/II) tris-bipyridine electrolyte system (Hilal et al.,
2018). Due to the fact that pyridine binds preferentially to the Lewis
acid sites of TiO, (Harima et al., 2013), the total dye loading in a co-
sensitized T181-DB film contained the same amounts of the two dyes as
in the single dye-sensitized films. This clearly showed that dyes with
different anchoring groups (such as pyridine and carboxylic acid in our
case) would adsorb on different sites on TiO, and thus maximize the
total dye loading.

In this work, we report the design, synthesis and characterization of
six new organic dyes, T200 T201 T202 T220 T221 and T222, Scheme 1,
having the form donor-m-acceptor-s-pyridine where all dyes are based
on a pyridine anchoring group, a thiophene = bridge, and a bulky tri-
phenylamine donor group which is verified to be favorable with cobalt
redox electrolyte and results in lower recombination processes (Ellis
et al., 2013). The middle acceptor group is varied among the six dyes in
a way to obtain different colored dyes that span most of the visible
absorption region (from 400 to 700 nm) (Joshi et al., 2018). This was
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Scheme 1. Molecular structures of the T200, T201, T202, T220, T221 and T222 dyes.

inspired by the fact that these dyes could be used as co-adsorbents with
any efficient carboxy-based dyes that possess complementary absorp-
tion spectra in order to enhance their DSSCs’ short-circuit currents
(Jsc). In addition, upon co-sensitization we expect a higher surface
coverage of the titania film which would result in blockage of electron
recombination pathways thus resulting in higher open-circuit photo-
voltage (V,); all of which would result in higher DSSCs’ efficiencies
(Pazoki et al., 2014).

2. Results and discussion

The yellow to turquoise dyes, Scheme 1 and Fig. S1, were synthe-
sized via a Suzuki coupling reaction where the linking of the triphe-
nylamine donor group and pyridine anchoring group to the middle
acceptor unit was accomplished simultaneously in one-pot synthesis
(Scheme S1).

The absorption spectra of the dyes in THF are demonstrated in
Fig. 1, and the corresponding data are listed in Table 1 in addition to
the emission maxima. Absorption maxima of 502, 432, 520, 434, 624
and 670nm with the corresponding molar absorptivities (e¢) of
3.1x10% 52x10% 4.3x10% 4.0x10% 4.8 x10* and
1.7 x 10°M ™! em ™! for T200, T201, T202, T220, T221 and T222 were
attained, respectively. Differential pulse voltammetry (DPV) was used
to measure the first oxidation potentials (E,,) of the dyes in DMF
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Fig. 1. Absorption spectra of T200 to T222 in THF.
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Table 1
Optical and electrochemical properties of T200, T201, T202, T220, T221 and
T222.

Dye  Abs. (e x 10°M 'em™)"  Aem, nm  E,y, V Vs Eox — Eoo Vs
NHE" NHE

T200 346 (6.8), 502 (3.1) 682 1.04 -1.07

T201 344 (6.1), 432 (5.2) 565 1.07 —1.44

T202 350 (7.1), 520 (4.3) 705 1.05 -1.08

T220 344 (5.3), 434 (4.0) 570 1.07 -1.42

T221 342 (4.3), 624 (4.8) 679 1.05 -0.85

T222 347 (2.5), 670 (1.7) N.D. 0.96 < -06

2 Absorption and emission spectra were measured in THF at 25 °C.

> The redox potentials were measured in DMF containing 0.1 M TBAPF as
supporting electrolyte, a platinum working electrode and an Ag/Ag™ (cali-
brated with ferrocene/ferrocenium as an internal standard) as the reference
electrode.

solution (refer to Table 1 and Fig. S2). The redox potential of the ex-
cited dyes' states, calculated from the redox potential (E,,) and the
optical energy gap (Ep,) (measured from the intersection of the ab-
sorption and emission bands) by E,, — Eq, was found to be —1.07,
—1.44, —1.08, —1.42, and —0.85V vs NHE for T200, T201, T202,
T220, and T221, respectively. These values are more negative than the
TiO5 conduction band edge (—0.5V vs. NHE) suggesting an efficient
and fast electron injection into the semiconductor. In the case of T222,
we estimated the E,, — Eg to be less than —0.6V vs. NHE, which is
barely above the CB of TiO,.

The performance of the six dyes in fully functional DSSCs was
evaluated by fabricating cobalt-based DSSC devices whereby the I-V
curves measured under standard AM 1.5 Global conditions and are
shown in Fig. 2. The corresponding photovoltaic parameters are sum-
marized in Table 2. The DSSC based on T202 as a sensitizer showed the
highest photovoltaic performance with a J, = 13.4mA ecm™2 a
V,. = 823 mV, a fill factor FF of 0.61, and an overall efficiency PCE% of
6.8%. T222 showed the poorest performance with a PCE% of 0.1%, a
short-circuit current of 0.3 mA cm ™2, an open circuit voltage of 498 mV
and a fill factor of 0.47. Mediocre values were obtained for T201, T220
and T221 having a J,. of 8.0, 6.1 and 6.7 mA cm ™2, a V, of 828, 773
and 669 mV, a FF of 0.61, 0.68 and 0.60 and finally PCE’s% of 4.0, 3.3
and 2.7%, respectively. An overall PCE% value of 5.4%
(Jye = 11.8 mAcm™2, V,. = 751 mV, FF = 0.61) was obtained for a
DSSC using T200.
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Fig. 2. Photocurrent-voltage characteristics of DSSCs sensitized with T200,
T201, T202, T220, T221 and T222 and the corresponding dark currents.
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Table 2

Photovoltaic properties of T200, T201, T202, T220, T221 and T222.
Dye Jsey mA cm ™2 Ve, mV FF PCE (%)"
T200 11.8 751 0.61 5.4
T201 8.0 828 0.61 4.0
T202 13.4 823 0.61 6.8
T220 6.1 773 0.68 3.3
T221 6.7 669 0.60 2.7
T222 0.3 498 0.47 0.1°

2 Measured under 100 mW cm ~ 2 simulated AM1.5 spectrum with an active
area 0.5 x 0.5 cm and a black mask (0.6 X 0.6 cm); the electrolyte consisted of
0.25M Co(ID), 0.06 M Co(III), 0.1 M LiClO, and 0.6 M TBP.

> 0.2M TBP.
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Fig. 3. IPCE% spectra of DSSCs sensitized with T200, T201, T202, T220, T221
and T222.

efficiency (IPCE%) for the six DSSCs are shown in Fig. 3. The onset
wavelength of the IPCE spectrum for the DSSC based on T201 was
610 nm, similar to that of T220, however, IPCE values of around 65%
were recorded for T220 whereas values up to 85% were observed for
T201 in the range of 350-550nm. With a starting wavelength of
770 nm, a maximum of around 72% at 400 nm was observed for T202-
based solar cells. With a similar onset wavelength to T202, T221 ex-
hibits a shoulder at around 690 nm, and a maximum of around 47% at
350 nm. T222 demonstrated the lowest IPCE% among all of the six dyes
as predicted from its IV performance.

In order to get some insight on the different performance of each
dye, TD-DFT calculations were undertaken, in addition to having a
deeper understanding of the optical and electrochemical properties of
the six dyes. The results are gathered in Table 3 and the frontier orbitals
of interest and their energies are represented in Figs. S3 and 4, re-
spectively. In the six dyes except T222, the HOMO is delocalized mostly
over the donor-rt triphenylamine-thiophene moiety and extends to the
middle acceptor-it such as in the cases of T200, T202 and T221.
However, in the case of T222 the HOMO extends all the way to the
pyridine moiety and concentrated over the middle acceptor. Such a
shift in electron density in the case of T222 might have a profound
effect on the electron recombination from TiO, to the oxidized T222
dye, and consequently this could be an additional reason besides its low
LUMO level for its bad performance in a DSSC. Except for T220, the
LUMO are concentrated in all dyes on the acceptor-n-pyridine moiety
which is favorable for electron injection into the valence band of TiO,.
In the case of T220, the LUMO is mainly concentrated on the acceptor
and does not extend to the pyridine moiety. In addition, even though
the calculated HOMO-LUMO bandgap for T220 is slightly lower than
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Table 3
Calculated electronic transitions of T200, T201, T202, T220, T221, and T222.
Dye TDDFT excitation energies, nm*  Oscillator strength ~ Assignment
T200 460.9 1.4714 HOMO — LUMO (56%), HOMO — 1 — LUMO (35%)
T201 407.7 2.2502 HOMO — LUMO (49%), HOMO — 1 — LUMO (26%), HOMO — LUMO +1 (11%)
T202 521.4 1.4326 HOMO — LUMO (57%), HOMO — 1 — LUMO (37%)
T220 454.1 0.9364 HOMO — LUMO (35%), HOMO — 1 — LUMO (22%), HOMO — LUMO +1 (22%), HOMO —1 — LUMO + 1 (10%)
438.2 1.1820 HOMO — LUMO +1 (34%), HOMO — LUMO (18%), HOMO —1 — LUMO +1 (17%), HOMO — 1 — LUMO (15%)
T221 575.4 1.7170 HOMO — LUMO (74%), HOMO — 1 — LUMO (21%)
404.7 0.2867 HOMO —1 — LUMO (54%), HOMO — LUMO +1 (13%), HOMO — LUMO (10%), HOMO — 3 — LUMO (10%)
T222 708.3 1.6737 HOMO — LUMO (87%), HOMO — 1 — LUMO (10%)
449.3 0.0854 HOMO —1 — LUMO (31%), HOMO — 4 — LUMO (29%), HOMO — 3 — LUMO (20%), HOMO — 8 — LUMO (6%)
413.1 0.3803 HOMO —1 — LUMO (37%), HOMO — 4 — LUMO (25%), HOMO — 8 — LUMO (15%), HOMO — LUMO (5%)

2 Only bands with oscillator strength f = 0.02 and wavelengths above 400 nm are listed.
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Fig. 4. Calculated energy level diagram of T200, T201, T202, T220, T221, and
T222.

that of T202, Fig. 4, the lowest calculated electronic transition is at
higher energy than that of T202, Table 3. This latter finding is in good
agreement with the experimental absorption spectra and is also mir-
rored in the calculated assignment of the lowest energy electronic
transitions (454 and 438 nm), whereby these transitions are mainly
from the HOMO to LUMO+1 and HOMO—1 to LUMO levels. Lastly,
the calculated absorption spectra for all dyes reproduce quite well the
experimental data, where the computed A, values follow the experi-
mental absorption maxima.

For the co-sensitization experiments, we selected the T220 dye and
co-sensitized it with the commercially available Dyenamo Blue (DB)
dye (Hao et al., 2016). The selection of the DB dye was purely based on
matching its absorption with that of T220. To begin with, absorbance
measurements of the sensitized and co-sensitized films were performed,
in addition to measuring the absorption of the corresponding desorbed
solutions of the three titania films. Three TiO, films with 4 um thickness
were immersed in 0.2 mM solution of T220, 0.03 mM solution of DB,
and T220 with DB with the same concentrations in a THF: t-butanol:
acetonitrile (1:1:1) mixture for 24 h. The absorption spectra of the dyes
attached to the TiO, films are shown in Fig. 5A. Next, the desorption of
the dye sensitizers from the loaded TiO, electrodes was performed,
where the individual T220 and BD as well as the co-sensitized T220-BD
TiO, films were dipped in an alkaline KOH solution with a mixture of
THF: ethanol: water. In order to determine the dyes' loading amount of
the sensitizers, the absorption spectra of the desorbed solutions were
measured, followed by the fitting of the co-sensitized spectrum as
shown in Fig. 5B. The dye loading measurements are summarized in
Table 4.

Compared to the individually sensitized films, the relative amounts
of adsorbed T220 and BD in the co-sensitized film were found to be 88%
and 63%, respectively. Ideally these values should be around 100% for

both dyes since the anchoring sites are of different nature on TiO,,
however, a very important factor is of relevance here; which is the
respective sizes of each dye and its footprint on TiO, (Hilal et al., 2018;
Su et al., 2017). In the case of T220 and DB, both dyes have very similar
calculated vertical distances. In T220 the distance between the nitrogen
atoms of the donor and pyridine is 19.8 i\, and in the case of DB the
distance between the triphenylamine nitrogen atom and the carboxylic
acid anchoring group is 24.3 A, Scheme 2. As can be seen in Scheme 2,
the bulky donor groups of T220 and DB would cause some steric effects,
and consequently co-adsorbing of these 2 dyes would result in a de-
crease in the theoretical total dye loading on the TiO, film due to the
formation of “dead space” with no adsorbed molecules between the two
dyes.

Fig. 6 shows the IV and IPCE% curves of the individual and the co-
sensitized DSSCs and the data is presented in Table 5. The individually
sensitized DB cell exhibits better photovoltaic performance parameters
compared to the individual T220 one. The greater difference in the Jsc
values (Jsc = 10.9 and 6.7 mA cm ™2 for BD and T220, respectively) is
due to the fact that T220’s absorption is limited to the blue part of the
visible region as can also be seen from the IPCE% curve in Fig. 6B. Upon
co-sensitization, the T220-DB based device showed notable improve-
ment in the open circuit voltage and the photocurrent, as well as an
increase in the power conversion efficiency. The T220-DB co-sensitized
device showed an increase in the Vpc by 49 mV when compared to DB
alone which is also seen in the dark currents where the co-sensitized
system exhibits a lower dark current with respect to the individual
devices. Furthermore, the increase in Jsc for the co-sensitized cell
(11.1 mA cm™2) is probably due to the matching of the absorption
spectra of T220 and DB as this is also mirrored in the respective IPCE%
spectra where it is remarkably broad and covers the whole visible re-
gion, which is consistent with the absorption spectra of the co-adsorbed
dyes on the TiO, film shown in Fig. 5A.

In order to investigate in depth the above mentioned reasoning,
electrochemical impedance spectroscopy (EIS) measurements were
performed on the three different assembled cells at V,. under different
white-light intensity. Fig. 7A and 7B show plots of the charge re-
combination resistance (Rcr) values at the TiO,/electrolyte interface
and the chemical capacitance (Cu), respectively, versus the applied
voltage (:Er — Egredox), Where ,Ep is the electron quasi-Fermi energy
level in the TiO, film and Ef, eq4ox is the electrolyte redox Fermi level. As
can been seen from Fig. 7A, the Rcr of the T220-DB cell is 10 times
higher than that of the single-dye cells. This suggests a lower electron
recombination in the co-sensitized T220-DB cell, and this is probably
due to the blockage of the cobalt electrolyte from reaching the titania
film. This effect is most probably due to the close arrangement of the
two dyes in the T220-DB cell, where the alkoxy arms on the donor
groups would retard the approach of the Co(III) ions in the electrolyte
to TiO,. As for the Cu values in the three cells, there wasn’t much dif-
ference especially when we compare the DB and T220-DB cell, Fig. 7B.
Therefore, the longer electron lifetime (z,, evaluated from the EIS ex-
periments 7, = R.sC,) of the T220-DB cell is mainly a consequence of its
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Fig. 5. Absorption spectra of (A) T220, BD, and T220-BD anchored on a 4 um TiO, film and (B) absorbance of the desorbed films of the individual T220 and DB and

the co-sensitized T220-DB.

Table 4
Dye loading measurements of the individual and co-sensitized TiO, films.*

Dye bath concentrations NT220 (Moles)  npg (moles)  Total dye loading

(moles)
T220 (0.2 mM) 42x1078 - 42x10°8
DB (0.03 mM) - 6.7%x107% 67x1078
T220 (0.2mM) + DB 3.7%x10°8 42x10"% 7.9x10°%
(0.03 mM)

@ The TiO, film area is 2.56 cm?. Each measurement was done in duplicates.

high Rcr, Fig. 8. Clearly, the higher total dye loading in the T220-DB
cell when compared to the individual T220 and DB cells has a positive
effect on electron recombination processes, and thus a higher Vo is
attained.

~l

°
24.3A

Vv

3. Conclusions

In summary, we were successful to synthesize six new pyridyl-based
dyes (T200, T201, T202, T220, T221 and T222) with light absorption
profiles ranging from the blue to the red of the visible spectrum. The
performance of these dyes as sensitizers in cobalt-based DSSCs was
evaluated, where T202 showed the best performance with efficiencies
approaching 7% which is considered a high value for pyridine-based
dyes. We were also successful in co-sensitizing the yellow T220 dye
with a blue, DB, one. From absorption experiments performed on films
and the corresponding desorbed solutions of the co-sensitized and the
individual cells, it was clear that these two dyes do not compete over
the adsorption sites (Lewis- and Brgnsted-acid sites) of TiO,. However,
due to mismatching of their respective geometrical sizes the total dye
loading in the co-sensitized cell was not equal to the theoretical sum of
the dye amounts measured for the individual devices. Nevertheless, the
photovoltaic performance of the co-sensitized T220-DB cell showed

Scheme 2. The calculated vertical distances in T220 and DB dyes.
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Fig. 6. (A) Photocurrent-voltage characteristics of DSSCs sensitized with the individual T220 and DB dyes and the co-sensitized T220-DB one (B) IPCE% spectra of
DSSCs sensitized with the individual T220 and DB dyes and the co-sensitized one T220-DB.

Table 5
Photovoltaic performance of the T220, BD, and co-sensitized T220-DB based
devices.”

Dye Jsc (mAcm™?) Voc (mV) FF PCE (%)
T220 6.7 597 0.51 2.04
BD 10.9 625 0.58 3.94
T220-BD 11.1 674 0.54 4.07

2 The devices were measured under 100 mW cm ~2 AM 1.5G. 0.25M Co (II),
0.06 M Co (III), 0.2M TBP, 0.1 M LiClO, in acetonitrile.

enhancements in photo-current, photo-voltage and thus total efficiency
when compared to the individual T220 and DB cells. The T220-DB cell
showed higher open-circuit voltage that was mainly due to the decrease
of recombination between the injected electrons into TiO, and the co-
balt electrolyte, whereby the close packing of the two dyes prevented
Co(III) ions from approaching the surface of TiO,. In addition, this co-
sensitization method proved also to have positive effects on the short-
circuit currents as demonstrated by the IV and IPCE% spectra.
Currently, we are working on co-sensitizing the reported dyes with
other organic and inorganic dyes, in particular ruthenium based dyes
that function very badly with cobalt electrolyte systems due to the very
high rates of electron recombination reactions in such devices.
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Fig. 8. Electron lifetime values obtained from EIS for the T220, DB and the co-
sensitized T220-DB cells.
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Fig. 7. (A) Charge transfer resistance values obtained from EIS and (B) chemical capacitance values of T220, DB and the co-sensitized T220-DB cells.
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