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Pyridyl- and Picolinic Acid Substituted Zinc(ll)
Phthalocyanines for Dye-Sensitized Solar Cells
Juan Suanzes Pita,”” Maxence Urbani,” ™ < Giovanni Bottari,® “ % Mine Ince,”

Sangeeta Amit Kumar,” Aravind Kumar Chandiran,” Jun-Ho Yum,” Michael Gratzel,*
Mohammad Khaja Nazeeruddin,*® and Tomas Torres* <4

A series of tri-tert-butyl zinc(ll) phthalocyanines (Pcs) substitut-
ed with pyridyl, carboxyl, or picolinic acid anchoring groups on
the periphery were prepared. Photovoltaic (PV) studies on
these dyes were carried out revealing some interesting fea-
tures. In the case of the pyridyl-substituted Pcs, the PV proper-
ties were found to depend strongly on the the pyridyl substi-
tution pattern (meta or para) and the number of pyridyl units
at the macrocycle’s periphery (one or two). For these four pyr-
idyl-substituted Pcs, higher photovoltaic efficiencies were ob-
tained for 1) the para- versus the meta-substituted Pcs, and
2) the mono- versus the bis-functionalized dyes. In order to im-
prove the poor adsorption of the pyridyl-substituted Pcs onto
TiO,, a new dye was tested bearing a picolinic acid unit. This
moiety combines a carboxylic acid function, as a strong an-
choring group for binding to TiO,, with an electron-withdraw-
ing nitrogen atom for better electron injection into the semi-
conductor’s conduction band. For this latter system, an im-
provement in the PV efficiency up to 2.1% was obtained.

In the field of dye-sensitized solar cells (DSSCs), porphyrins
(Pors)!" and phthalocyanines (Pcs)®® have attracted special at-
tention due to their high extinction coefficients and chemical
and thermal robustness. Until recently, the great majority of
sensitizers used in DSSCs have been endowed mostly with car-
boxylic acid or cyanoacrylic acid moieties acting both as elec-
tron-acceptor units and anchoring groups for attachment to
TiO, surfaces. The search for novel anchoring groups that bind
better than conventional carboxylic acids to the TiO, surface is
a topic of intense research.*® In 2011 Ooyama et al. reported
the use of pyridyl units as electron-withdrawing anchoring

groups in donor—mni-conjugated-acceptor dyes (D-mt-A). This effi-
cient alternative to the traditional approach allows good elec-
tronic communication between the dye and TiO,, and there-
fore efficient electron injection.” In this case, coordinate
bonds form between the pyridyl ring and the Lewis acid sites
of TiO, surface, rather than the ester linkages with the Brgnst-
ed acid sites of TiO, surface typically observed for carboxylic
acid sensitizers. Later on, this concept was applied to Pors”™?
and more recently to Pcs."®"" Despite their great potential,
very few examples of systems combining N-heterocycles and
carboxylic acid moieties have been described."'? For instance,
Delcamp et al. reported various acceptor motifs based on N-
heterocycles that offer the possibility to tune the electron-
withdrawing character, spectral absorption, and the excited-
state oxidation potential of the dye with minimal effect on the
ground-state oxidation potential."? These effects have a large
impact on the charge separation and charge injection. Recent-
ly, Mai et al. reported the use of 2-carboxypyridine as an effi-
cient and stable anchoring group for a push—pull Por." The
device made from this dye showed better photovoltaic (PV)
performances and long-term stability than the carboxyl- and
pyridyl-based analogues.

Herein, we have investigated the PV properties of a series of
tri-tert-butyl zinc(ll) phthalocyanines bearing pyridyl, carboxyl,
or picolinic acid moieties as anchoring groups to TiO,
(Figure 1). In the case of the pyridyl-substituted Pcs, a strong
dependence of the device performance on the pyridyl substi-
tution pattern (meta or para) and the number of pyridyl units
attached on the Pc periphery (one or two) was found. Howev-
er, an important limitation of these pyridyl-substituted Zn"Pcs
was their low adsorption on TiO,, which ultimately resulted in
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Figure 1. Molecular structures of Zn"Pcs studied in this work.

moderate power conversion efficiencies (PCEs). In order to mit-
igate this problem, a Pc was prepared with a picolinic acid unit
on the periphery, an anchoring moiety that combines a carbox-
ylic acid function, known to strongly bind to the TiO,, with an
electron-withdrawing nitrogen atom for better electron injec-
tion into the semiconductor’s conduction band.

The detailed synthesis and characterization of the prepared
pyridyl-, carboxyl-, and picolinic acid substituted Pcs can be
found in the Supporting Information. We first investigated the
DSSC performances of mono- (TT52 and TT53) and di- (TT54
and TT55) pyridyl-substituted Zn"Pcs adsorbed on a [6+3] um
thick film of TiO, and used an iodine-based electrolyte typically
employed for Pc sensitizers™® (electrolyte A; Table 1). The dye
solutions were prepared in THF at a concentration of 0.1 mm
with 10 mm of chenodeoxycholic acid (CHENO) as co-adsorb-
ent. A large excess of co-adsorbent with respect to the Zn"Pc
(100-fold) is typically used for this kind of sensitizer in order to

Table 1. PV data of the devices® made with dyes TT52, TT53, TT55, and
TT56 on [64-3] um™ thick TiO, films using the iodine-based liquid electro-
lyte A< under simulated full sun illumination (AM1.5G) and with an

active area of 0.159 cm 2

Dye/CHENO™ Voc Jsc FF P, n
mV] [mAcm 2| [9%] [mWcm 2 [%]
TT52+ CHENO 567 3.44 68.0 100.1 13
TT53 + CHENO 555 1.08 73.6 100.6 0.44
TT55 + CHENO 568 2.01 77.3 99.4 0.89
TT56 + CHENO 493 0.301 74.3 9.5 0.11

[a] Two or three devices of equal quality were made for each dye; the
values obtained for the best cell are presented in each case. [b] The TiO,
films have a total thickness of 9 um consisting of a 6 um thick TiO, active
layer and an additional 3 um thick scattering layer. [c] Electrolyte A:
0.025m Lil, 0.9m 1,3-dimethylimidazolium iodide (DMIl), 0.28m 4-tert-
butyl pyridine (TBP), 0.04m I,, and 0.05wm guanidinium thiocyanate
(GUNCS) in AcCN. [d] Dipping solutions were prepared at a concentration
of 0.1 mm of Zn"Pc and with 10 mm of CHENO in THF. Vo =open circuit
voltage, Jsc =short-circuit current density, FF =fill factor, = solar-to-elec-
tric power conversion efficiency.
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avoid Pc aggregation and to obtain optimal performances in
DSSCs. As a general trend, the overall efficiency of the para de-
rivatives was superior to that of the meta analogues, both in
the mono- (1.3 vs. 0.44%) and disubstituted (0.89 vs. 0.11 %)
series. This low efficiency mainly results from the systematically
lower Jic values of the meta derivatives with respect to the
para analogues. There are several possible explanations for
these results. On the one hand, the meta substitution of the
anchoring pyridyl group reduces the amount of adsorbed mol-
ecules because the dye molecules take up more space on the
TiO, surface leading to suboptimal packing (Figure S10). On
the other hand, the “tilted” binding modality adopted by dyes
adsorbed on TiO, is also known to increase the charge-recom-
bination rate between the oxidized dye and the injected elec-
trons e /TiO, conduction band (CB) because of the close prox-
imity between the macrocycle core and the surface."*'¥ Both
factors could explain the poorer Js. values, and hence lower
power conversion efficiencies of the meta-type dyes relative to
their para analogues. Another interesting trend was observed
in both meta and para series: The dyes TT52 and TT53 anch-
ored to the TiO, through only one pyridyl group gave system-
atically much higher efficiencies than their respective disubsti-
tuted analogues TT54 and TT55. The exact explanation for this
observation is currently not known. A similar trend was previ-
ously observed by us for some Pcs substituted with only one
carboxyl anchoring group which gave either better” or
poorer™ performances in DSSC than the corresponding disub-
stituted analogues. We could speculate that in the case of
TT55 and TT56, the presence of two anchoring groups leads
to a different arrangement of the dye on the surface which
might have important consequences on the directionality and/
or binding strength, ultimately affecting the electron injection
process and recombination kinetics. Another possible explana-
tion could involve changes in the electron density owing to
the presence of a second acceptor/anchoring group hence af-
fecting the MO energy levels of the Pc dyes.

Due to the high aggregation tendency of tri-tert-butyl
Zn'"Pcs, a large amount of co-adsorbent is most often required
to prevent the sensitizer’s aggregation and reach optimal per-
formance in DSSCs (typically, a CHENO/Pc ratio of 100:1). How-
ever, this presents a drawback since the adsorption of the co-
adsorbent to the active surface reduces the dye’s adsorption,
which limits the Js., and hence the overall PCE efficiency. This
effect is much more pronounced for the pyridyl-functionalized
Pcs than for carboxyl-substituted ones, as one can appreciate
by the different color of the photoanodes in Figure 2 (vide in-
fra).

This could constitute one of the reasons for the relative low
photocurrent obtained for the pyridyl-functionalized Pcs. It is
important to emphasize that this issue is specific to our dyes,
and was not encountered with other pyridyl-substituted sensi-
tizers previously described in the literature, such as porphyrins,
because of the much lower amount of co-adsorbent required
for optimal performance, typically a CHENO/porphyrin ratio of
1:1." In order to tackle this issue for pyridyl-substituted Pcs,
the use of non-aggregating Pcs that require little or no addi-
tion of CHENO would certainly be a viable alternative,*'® and

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Pictures of the DSSC devices made with dyes TT1, TT41, TT59,
TT55 and TT60 adsorbed on [9+4] um thick films; dye solutions were pre-
pared at a concentration of 0.1 mm of Pc and 10 mm of CHENO in THF
(except for TT1 in EtOH).

this approach is currently being examined in our groups. In
order to rationalize how the ratio of Pc to co-adsorbent affects
the PV performance of the resulting devices, different solutions
of TT55 in THF were prepared at a dye concentration of
0.1 mm with CHENO at 0, 1, 4, or 10 mm (Table 2). As can be
appreciated in Figure 3 from the color of the photoanodes,

Table 2. Effect of co-adsorbent CHENO on the performance of the DSSC
devices™ made with TT55 (0.1 mm in THF) adsorbed on [944]® um thick
TiO, films; PV data under simulated full sun illumination (AM1.5G) using

the iodine-based electrolyte A; active area of 0.159 cm ™2,

CHENO  Electrolyte'™® Vo Jsc FF P, n
[mm] MVl [mAcm™?  [%] [mWem 2  [%]
0 A 507 128 746 974 0.50
1 A 521 1.99 769 980 0.81
4 A 529  2.00 750 97.7 0.81
10 A 552 2.00 770 974 0.87

[a] Two or three devices of equal quality were made for each configura-
tion; the values obtained for the best cell are presented in each case.
[b] The TiO, films have a total thickness of 13 um consisting of a 9 um
thick TiO, active layer and an additional 4 pm thick scattering layer.
[c] Electrolyte A was composed of 0.025wm Lil, 0.6 m DMII, 0.28m TBP,
0.04 ™ I, and 0.05m GuNCSin AcCN. [d] Electrolyte B has the same com-
position as electrolyte A except with 0.1 m of Lil and 0.6 m of DMII.

the amount of adsorbed dye molecules decreased with in-
creasing CHENO/Pc ratio, due to the competitive loading of
the co-adsorbent on the surface. However, despite this, all PV
parameters (Jsc, Voo, FF, and 1) increased significantly with in-
creasing CHENO/Pc ratio. While Jsc reached the optimal value
with 1 mm of CHENO (10-fold excess with respect to the Pc),
and did not increase further at higher CHENO contents, the
Voc smoothly increased to reach the maximum value at the
highest CHENO concentration (10 mm).

Next, we focused on the optimization of DSSC devices
based on TT55 and TT56 in terms of the thickness of the
active layer and the composition of the electrolyte. For TT55-
based DSSC devices and with electrolyte A, the V- gradually
decreases upon increasing the film thickness, from 587 mV for
the [5+5] um films to 566 mV for the [10+5] um films. Howev-
er, an opposite trend was observed for the J., which increased
from 170 to 236 mAcm? on going from the thinner

ChemPlusChem 2017, 82, 1057 - 1061 www.chempluschem.org
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Figure 3. Top: pictures of the DSSC devices made with TT55 (0.1 mm in THF)
and different concentration of CHENO (0, 1, 4, and 10 mm in THF) adsorbed
on [9+4] pum thick films; the benchmark device made with the carboxyl-sub-

stituted dye TT1 (0.1 mm) in EtOH with 10 mm of CHENO is shown for com-
parison purpose. Bottom: Enlargement of the active area.

[CHENO] (mM)

([545] um) to the thicker ([10+45] um) film. This increase can
be explained by considering the higher amount of dye mole-
cules that can be adsorbed on thicker films. TT56-based DSSC
devices followed the same trends, but with performances sys-
tematically much lower than for the TT55 devices (especially
the Jso) which is consistent with the superior efficiency of the
para- over the meta-type derivatives (vide supra). Finally, the
Lil concentration of the electrolyte was optimized for both
TT55 and TT56 devices."” Electrolyte B has the same composi-
tion as A, except for a higher Lil concentration (i.e., 0.1 vs.
0.025 m). For TT55 adsorbed on [10+5] um thick TiO, films, the
Jsc was increased from 2.36 to 4.14 mAcm™ upon replacing
electrolyte A with B, which represents a 75% improvement. At
the same time, a 29 mV drop in the V. was observed. Howev-
er, this decreases in the V. was largely compensated by the
gain in the J (from 2.36 to 4.14 mAcm™) leading to an overall
efficiency of 1.7 %. This latter value is 65% higher than that ob-
tained with electrolyte A under the same conditions (y=
1.1%). Turning to TT56, the Jic of the resulting DSSC device
considerably increased when a Lil-rich electrolyte was used.
With electrolyte B 0.26% and 0.32% of PCE was achieved for
[9+44] and [10+45] um thick films, which is almost three times
higher than that of the [64-3] um device using electrolyte A
(Table 3). The improvement in the devices’ performance upon
increasing the Lil content suggests a low-lying LUMO level of
these dyes.

Based on the results obtained with the pyridyl-substituted
Pcs (vide supra), and as a logical extension of our previous
work on DSSCs featuring carboxylic acid functionalized Pcs, we
decided to combine these two moieties (i.e., carboxylic acid
and pyridine) within the same dye. In this context, we pre-
pared a tri-tert-butyl-substituted Zn"Pc bearing an ethynyl pi-
colinic acid unit (TT59). For comparative purpose, para-ethy-
nylcarboxyphenyl TT41 and 3-ethynylpyridyl TT60 were also
prepared in which the nitrogen and the carboxylic acid moiet-
ies of TT59 were formally removed, respectively. Zn"Pc TT1,
a standard Pc sensitizer, was used as a benchmark. All dyes sol-
utions were prepared in THF (except TT1 in EtOH solution) at
a concentration of 0.1 mm with 10 mm of CHENO as co-adsorb-
ent. All devices were prepared under the same experimental

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Optimization of the DSSC devices®™ made with TT55 and TT56

(0.1 mm +CHENO 10 mm in THF) and PV data obtained under simulated full

sun illumination (AM1.5G) and with active area of 0.159 cm 2.

Dye Film Electrolyte®*® Voo Jc FF P, n
thickness [mV] [mAcm™] [%] [mWcm™] [%]
[“m][b]

TT55+ CHENO [54+5] A 587 1.70 77.5 994 0.78
[6+3] A 568 2.01 773 994 0.89
[9+4] A 552 2.00 77.0 974 0.87
[10+45] A 566 2.36 78.7 994 1.1
[10+45] B 537 4.4 75.7 98.6 1.7

TT56 + CHENO [6+3] A 493 0.301 743 96.5 0.1
[9+4] B 491 0.877 74.6 99.3 0.32
[10+45] B 461 0.744 73.8 97.1 0.26

[a] Two or three devices of equal quality were made for each configuration; the

valu

es obtained for the best cell are presented in each case. [b] The first and

second values in brackets correspond to the thicknesses of the active and scat-
tering TiO, layers, respectively. [c] Electrolyte A was composed of 0.025m Lil,
0.6m DMII, 0.28 M TBP, 0.04m |, and 0.05M GuNCS in AcCN. [d] Electrolyte B

has
DMI

the same composition as electrolyte A except with 0.1 m of Lil and 0.6 m of
l.

procedures (i.e., dipping time of 16 h). The PV data obtained
for the DSSC devices under same conditions using electrolyte B
are summarized in Table 4. Among these three dyes, TT60
gave the poorest performance with a PCE of 0.20%. A possible
explanation of the low performance of this dye could be the
suboptimal electronic communication between the Pc and the

Table 4. PV data of the devices” made with TT59, model dyes TT41 and
TT60, and benchmark TT1 on [9+4] um® thick TiO, films using the
iodine-based electrolyte B,/ under simulated full sun illumination
(AM1.5G) and with an active area of 0.159 cm %

Dye/CHENO Voo s FF P, -
[mV] [mAcm? [%] [mWcm 2] [%)]
TT1 -+ CHENO®#? 565 8.61 72.2 96.2 3.65
TT59 + CHENO 562 4.65 75.0 96.5 2.03
TT60 + CHENO 532 0.463 78.5 97.9 0.20
TT41 + CHENO 457 1.14 73.1 95.7 0.40

[a] Two devices of equal quality were made for each dyes; the values ob-
tained for the best cell are presented in each case. [b] The TiO, films
have a total thickness of 13 pm consisting of a 9 um thick TiO, active
layer and an additional 4 um thick scattering layer. [c] Electrolyte B was
composed of 0.1m Lil, 0.6 m DMII, 0.28 m TBP, 0.04 ™ |, and 0.05m GuNCS,
in AcCN. [d] Dye-uptake solutions were composed of Pc 0.1 mm and
CHENO 10 mwm in THF solutions (except for TT1 in EtOH solution).

TiO, surface mediated by the ethynyl-3-pyridyl unit. The high
CHENO/Pc ratio required which, in turn, reduces the dye load-
ing, as seen in Figure 2, probably also contributes to the low
DSSC performance. Turning to TT41, a maximum PCE of 0.40%
on a [9+4] um thick TiO, film was obtained (Table 4). This
value, significantly lower than that for carboxyl-substituted tri-
tert-butyl Zn"Pcs containing no spacer (TT1, 7=3.65%,
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Table 4),%” a para-phenyl spacer (TT3, 7=2.2%),*" and an eth-
ynyl spacer (TT22, 7=3.13%)" between the Pc and the
COOH anchoring group, is in accordance with those previously
reported for this compound (17 =0.40-0.57%).?? In the case of
TT41, one could speculate that the presence of a terminal
phenyl moiety in the anchoring/acceptor group lowers the
electron-injection efficiency, thus explaining the low efficiency
found for this dye. Likewise, in carboxyl-substituted Pors, it
was found that a terminal phenyl in ethynyl-containing anchor-
ing groups is crucial in mediating electron injection vs. back
electron transfer™ To tackle these issues, we designed and
studied Zn"Pc TT59, containing both a carboxyl group for effi-
cient adsorption onto TiO, and a pyridyl ring to improve the
injection capability of the Pc through electronic effects. Inter-
estingly, TT59 showed indeed much better performance than
TT41 and TT60, thus profiting from the combined structural
features. As a result, the overall PCE of TT59 was boosted to
2.1%, which is ten times higher than that of pyridyl-containing
TT60, and five times higher than that of carboxyl-containing
TT41. The main reason was the considerable increase in the Js
of TT59 by factors of 4 and 10 in comparison to TT41 and
TT60, respectively.

In conclusion, a series of seven tri-tert-butyl-substituted
Zn'"Pcs containing pyridyl (one or two), ethynylpyridyl, ethynyl-
carboxyphenyl, or picolinic acid groups have been prepared
and their PV performances in DSSCs investigated. For the four
pyridyl-anchored dyes, it was found that 1) the number of an-
choring groups (one or two) and 2) the pyridyl substitution
pattern (meta or para) have a strong influence on the DSSC
performances of these Pcs. Under the same conditions, effi-
ciencies of 1.3% and 0.89% were obtained for the para-substi-
tuted derivatives with one and two pyridyl anchoring groups,
respectively. These PCEs are significantly higher than those
found for the respective meta-substituted analogues (0.44 %
and 0.11 %, respectively), mainly due to a better dye-to-semi-
conductor electronic injection and/or binding geometry of the
former dyes with respect to the latter.

However, a common limitation of such pyridyl-functionalized
Pcs is their poor adsorption onto the TiO,, which ultimately
hampers the PV performances of the DSSCs. In order to cir-
cumvent this problem, a Zn"Pc peripherally substituted with
a picolinic acid moiety was prepared and tested. On the one
hand, the picolinic acid group acts as a good anchoring group
through the carboxylic acid function. On the other hand, the
presence of an electron-withdrawing nitrogen atom facilitates
the dye’s electron injection into the semiconductor’s conduc-
tion band. For this latter dye, an improvement in the PV effi-
ciency of up to 2.1% was obtained. Although the presented
values are still far from commercial applications, the “synergic”
combination of pyridyl and carboxylic acid units within the
same anchoring/acceptor group (i.e., a picolinic acid) is inter-
esting from a conceptual viewpoint for the design of a new
generation of Pc-based dyes for DSSCs.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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