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ABSTRACT: Three novel efficient donor—acceptor porphyrins, MH1—MH3, with a pyridine-type acceptor and anchoring
group were synthesized and their optical, electrochemical, and photovoltaic properties investigated. Replacing the commonly
used 4-carboxyphenyl anchoring group with 2-carboxypyridine, 2-pyridone, and pyridine did not significantly change the
absorption and electrochemical properties of the porphyrin dyes. These new porphyrin dyes MH show power conversion
efficiencies of 8.3%, 8.5%, and 8.2%, which are comparable to that of the benchmark YD2-0-C8 (17 = 8.25%) under similar
conditions. It was demonstrated that 2-carboxypyridine is an efficient and stable anchoring group as MH1 and showed better cell
performance and long-term stability than YD2-0-C8 under light soaking conditions.
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1. INTRODUCTION

The development of clean and renewable energy sources
reflects the limited fossil resources and severe environmental
problems caused by their combustion. Infinite and inexhaustible
solar energy is an immense and largely untapped resource to
meet a rapidly increasing global energy demand. Dye-sensitized
solar cells (DSSCs) have attracted considerable attention since
the first report of DSSCs by Gritzel and O’Regan in 1991.!
DSSCs may become a potential alternative to conventional
silicon-based solar cells because of their high light-to-electricity
conversion efficiencies, ease of fabrication, colorful and
decorative nature, and low production costs. The most widely
used sensitizers for DSSCs are based on ruthenium complexes
due to their broad absorption in the visible and/or near IR
region, high efficiency, and long-term stability. The devices of
ruthenium dyes have achieved power conversion efficiency
(PCE) of more than 11%.>* However, the potential environ-
mental concern, limited availability, and cost of ruthenium
metal might hinder their wide application.
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In the past two decades, many efforts have been devoted to
the development of organic sensitizers that are suitable for
practical use. Some or;anic dyes have achieved an impressive
PCE of over 10%."”” Such efficient organic dyes share a
common D-7-A structure that broadens the absorption in the
visible region and has appropriate electron distribution for the
HOMO and LUMO, facilitating charge separation and
decreasing charge recombination. A variety of moieties such
as triphenylamine,g_11 aniline,"*'? indoline,"*** carbazole,ls_lg
fluorine,*® cyanine, 1-23 coumalrin,lg’m_26 and phenothia-
2ine***’ 7% have been employed as the donors in D-7-A
dyes. Unlike many options for the donor, electron-deficient
components such as carboxylic acid, cyanoacrylic acid, and
rhodanine-3-acetic acid were generally introduced to the dyes
as the acceptor and anchoring group. Among these anchors,
cyanoacrylic acid is the most commonly used acceptor and
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Figure 1. Molecular structures of the (left) YD2-0-C8 and (right) MH1, MH2, and MH3 porphyrin dyes.

anchoring group because it red shifts and broadens the
absorption spectra and shows better electron injection
efficiency. However, the use of cyanoacrylic acid as the binding
unit results in degradation of dyes from the TiO, surface under
long-term irradiation.>! In addition, such an anchor undergoes
trans-to-cis photoisomerization, which competes with electron
injection and is deleterious to the cell performance of the
dyes.>® Therefore, electron-withdrawing groups such as
pyridine,**** phosphinic acid,** 8-hydroxyquinoline,*® pyridi-
nium,*”*®* and 2-(1,1-dicyanomethylene)rhodanine®” have been
tested as the anchoring moiety. Recently, Ooyama and co-
workers reported the use of pyridine as an acceptor and anchor
of carbazole-based organic dyes and found that the pyridine
coordinated to the Lewis acid sites of TiO,, giving efficient
electron injection due to good electronic communication
between the pyridine and Ti atom.*>*****!' However, dye
loading for sensitizers with pyridine anchor is lower than those
of carboxylic acid analogues. Calamante et al. designed and
synthesized an organic dye featuring a pyridine-N-oxide 2-
carboxylic acid as an acceptor and anchoring group, of which
contemporary presence of N-oxide and carboxylic acid resulted
in robust binding of the dye to the TiO, surface and was able to
enhance the stability of the dye.*” Sun et al. employed N-
(carboxymethyl)pyridinium as an electron-withdrawing anchor-
ing group for a series of hemicyanine dyes, which showed much
higher PCE than the cyanoacrylic acid counterparts. The best
performing dye achieved an efficiency of 7.0%.>”

Porphyrins are one of the most studied molecules because
they are wide-spread in natural systems and perform a variety of
biological activities such as dioxygen transport and storage, and
catalytic oxidation of organic substrates. Inspired by the pivotal
role chlorophylls play in energy and electron transfer processes
in the active site of photosynthetic plants and bacteria,
porphyrins have been recently considered as potential and
promising candidates for highly efficient DSSCs. The use of
porphyrins in DSSCs has several advantages: (1) their intense
absorption in Soret and Q bands efficiently harvests solar
energy in a broad spectral region; (2) there are four meso- and
eight f-positions for facile molecular modification; (3) they
show unique photophysical and electrochemical properties that
can be fine-tuned in a controllable fashion. In recent years, a
number of highly efficient porphyrins with PCE of over 10%
have been developed.**~* The best performing porphyrin dyes
have achieved a PCE higher than 12% for DSSCs in
combination with cobalt electrolyte.*’~*

We describe herein the synthesis, and the optical, electro-
chemical, and photovoltaic properties of push—pull porphyrins
MHI1, MH2, and MH3 with pyridyl-type as the acceptor and
anchoring groups in which 2-pyridinecarboxylic acid and 2-
pyridone anchors were incorporated for the first time into
sensitizers for DSSCs. Previous studies showed that the cell
performance for porphyrin dyes with an anchoring group other
than benzoic acid or cyanoacrylic acid is generally poor. In this
study, the devices of MH1-MH3 used in conjunction with
liquid I"/I;~ redox electrolyte exhibited excellent cell perform-
ance and remarkable stability under long-term irradiation,
which are comparable or slightly better than the benchmark
YD2-0-C8 porphyrin dye, indicating that 2-carboxypyridine and
2-pyridone are promising candidates as an effective acceptor
and anchoring group. The MHI1 and MH2 achieved an
efficiency of 8.3% with Jsc/mA cm™ = 16.85, Voc/mV= 738,
FF = 0.67 and 8.5% with Joc/mA cm™ = 16.88, Voo/mV= 735,
FF = 0.682, respectively. To the best of our knowledge, the
MH1- and MH2-based devices in combination with I7/I;~
electrolyte show the highest PCEs for organic dyes containing
an anchoring group other than commonly used benzoic acid or
cyanoacrylic acid.

2. RESULTS AND DISCUSSION

2.1. Absorption and Electrochemical Properties. A
series of porphyrin dyes with 2-carboxypyridine, 2-pyridone,
and pyridine group as the electron acceptor and anchoring
group replacing the traditional anchoring groups, such as the
carboxyl group have been synthesized and used in dye-
sensitized solar cells (Figure 1).* The porphyrin dyes were
based on the molecular structure of our previously developed
D-n-A dye YD2-0-C8 with the donor attached at the meso-
position of the porphyrin core opposite to the acceptor at the
meso-position. The detailed synthetic procedures are described
in the Supporting Information.

Figure 2 shows the UV/vis absorption spectra of MHI,
MH2, and MH3 in THF with the features typical of a
porphyrin ring, consisting of an intense Soret band in the range
of 400—500 nm and less intense Q bands in a range from 550
to 700 nm. The molar absorption coefficients/10° M™" cm™
for the Soret band of these porphyrin dyes range from 1.70 to
2.18, whereas those/10> M~ 'em™ of the Q _bands are in the
range 28.6 to 31.7 and the data are listed in Table 1. In a
comparison of the absorption spectra, MH2 and MH3 show
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Figure 2. UV-—visible absorption spectra of the YD2-0-C8, MHI,
MH2, and MH3 sensitizers in THF.

slight blue shift absorption whereas MH1 exhibits red shifted
absorption for both the Soret and Q bands.

The electrochemical properties of porphyrins MH1-MH3
were investigated by cyclic voltammetry in dry acetonitrile with
tetrahydrofuran (3:1 v/v) containing 0.1 M TBAPF, as the
supporting electrolyte (Figure S1 in the Supporting Informa-
tion).Because of limited dyes solubility, we applied solvent
mixture for cyclic voltammetry. The HOMO energy levels of
MHI1—-MH3 were determined by the first oxidation potentials
(E,y), which were observed at +0.84, +0.84, and +0.85 V against
the normal hydrogen electrode for MH1, MH2, and MH3,
respectively. Even though we used a solvent mixture, we took
0.63 V normally used for pure acetonitrile as a conversion
factor to convert ferrocene/ferrocenium to NHE values. The
HOMO levels of MH1, MH2, and MH3 are negatively shifted
by 40, 10, and 30 mV, respectively, compared to that of YD2-0-
C8 due to the electron withdrawing nature of the pyridyl
acceptors.

The HOMO:s of all these porphyrin dye are more positive
than the oxidation potential for I/I;~ redox couple (+0.40 V vs
NHE),*"** which meets the requirement for effective dye
regeneration by electron transfer from I~ to the oxidized dye.>
The energy levels of the first excited states were calculated by
the equation, E¥*,_, = E.,; — Ey_y, in which E_,, is the first
oxidation potential of the dye and E,_, is the zero—zero
excitation energy determined from the intersection of the
corresponding absorption and emission spectra.s3”54 The E*,_,
values of MHI1, MH2, and MH3 were calculated to be —1.04,
—1.06, and —1.0S V, respectively, which are more negative than
the conduction edge (—0.50 V vs NHE) of TiO,,** providing
sufficient driving force for electron injection from the

photoexcited sensitizers to the conduction band (CB) of
TiO, (Figure 3).
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Figure 3. Schematic energy levels of YD2-0-C8, MHI, MH2, and
MHS3 based on electrochemical, absorption, and emission data.

2.2. DFT Calculation. To gain understanding of the
molecular geometries and electron distribution of the frontier
and nearby molecular orbitals, we performed quantum-chemical
calculations on porphyrins MH1—-MH3 using density func-
tional theory (DFT) at the B3LYP/6-31G(d) level (Spartan 08
package). To simplify the computations, some alkyl groups on
phenyl rings were replaced with hydrogen atoms or methyl
groups. The electron density of HOMOs is delocalized over the
7 system of the porphyrin ring, the diarylamine moiety and the
phenylethyne (PE) linker, whereas the LUMOs are distributed
on the porphyrin ring and anchoring group (Figure S2 in the
Supporting Information). The presence of a carboxyl group at
the pyridyl of MH1 increases the electron density of the pyridyl
ring as compared to those of MH2 and MH3. This would
influence the electronic coupling between the excited adsorbed
dye and the 3d orbitals of TiO,.> The HOMO-1 and LUMO
+1 show electron density solely located on the porphyrin ring.

2.3. Binding Mode of the Anchoring Group to the
TiO, Surface. To understand better the adsorption properties
of porphyrin dyes MH1—-MH3, we also investigated their FTIR
spectra of the dye powders and the dyes adsorbed on TiO, film
(Figure 4). When the molecules of MH1 are bound to TiO,,
the carboxylate at 1637 cm™" disappeared and no ester-type
bonding was observed; the possible structure is that both
oxygen atoms are bound to TiO,. The band at 1642 shifted to
1633 cm™ as the molecules of MH2 were bound to TiO,, the

Table 1. Spectral, Electrochemical and Photovoltaic Properties of YD2-0-C8, MH1, MH2, and MH3

Aups (cm™) (log &) neutral emission” oxidation® E;/, (V) Ey_y (V) E*,_y (V) DL?
dye form Amax (nm) (vs NHE) (vs NHE) (vs NHE) nmol cm™>
YD2-0-C8  448(212), 582(12), 645(31) 663 +0.82 1.90 -1.08 55
MHI 450(170), 580(11), 650(29) 673 10.84 1.88 —1.04 115
MH2 445(218), 580(14), 643(32) 666 +0.84 1.90 ~1.06 21
MH3 442(202), 581(12.4), 643(31) 664 +0.85 1.90 ~1.05 72

“Absorption and emission data were measured in THF at 25 °C. The excitation wavelengths were 663, 673, 666, and 664 nm for YD2-0-C8, MH1,
MH2, and MHS3, respectively. “Electrochemical measurements were performed at 25 °C for MH1-MH3 in THF/ACN (1:3 v/v) containing
TBAPF, (0.1 M) as supporting electrolyte. Potentials were reported versus NHE and reference to the ferrocene/ferrocenium (Fc/Fc*) couple by
addition of 630 mV. “The amounts of dye loading, indicated as YD2-0-C8, MH1, MH2, and MH3, were determined from the desorption of dye
molecules on immersion of transparent 4 um TiO, electrodes in a basic solution of 0.05 M tetrabutylammonium hydroxide in EtOH and the
calibrated absorption.
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Figure 4. FTIR spectra of dye powders (black lines) and dyes
adsorbed on TiO, nanoparticles (red lines) for (a) MHI, (b) MH2,
and (c) MH3.

bands at 1463 and 1452 disappeared, and a new band at 1456
cm™" was observed. Most likely both nitrogen and oxygen
atoms are coordinated to the Lewis acid site of TiO,, ie.,
surface titanium ions. A new broad band at around 1630 cm™!
was observed as MH3 adsorbed on TiO,, which can be assigned
to the pyridyl coordinated group to the Lewis acid sites on the
TiO, surface. The band at 1608 cm™" slightly shifted to 1603
cm™, which can be ascribed to hydrogen bonding of nitrogen

to the Bronsted acid sites of the surface of TiO, (Figure
5) 33344041

o
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Figure S. Coordination of the MHI1, MH2, and MH3 on the TiO,
surface.

2.4. Photovoltaic Characteristics. Figure 6 shows
current—voltage (J—V) characteristics curves for DSSCs based
on porphyrins MH1, MH2, and MH3 under simulated AM 1.5
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Figure 6. I-V characteristics of the devices made with YD2-0-C8,
MH1, MH2, and MH3 (with 0.4 mM CDCA) dyes used I"/I;~ based
redox electrolyte.

14978

G irradiation. The photovoltaic parameters are summarized in
Table 2. The devices consist of a double layer TiO, film with

Table 2. Photovoltaic Characteristics for DSSCs Based on
MH]1, MH2, and MH3 Using THF:EtOH (1:4) as
Sensitizing Bath Solvent and Z960 (volatile) as Electrolyte

power sc oc PCE

dye (mW/cm?) (mW/cm?) (mV) FF (%)

YD2-0-C8 97.7 1697 779 0625 825
MH1 98.6 16.85 738 0.670 8.3
MH2 99.2 16.88 73S 0.682 8.5
MH3 96.9 15.60 731 0.718 8.2

porphyrin dye adsorbed on the surface by dipping the TiO,
film in a dye solution of THF—EtOH (1:4, v/v) for 12 h, a
platinum-coated glass as the counter electrode, and a solution
of 1.0 M 1,3-dimethylimidazolium iodide (DMII), 0.03 M L,
0.1 M guanidinium thiocyanate, 0.5 M TBP, and 0.05 M Lil in a
mixture of acetonitrile—valeronitrile (85:15, v/v) as the redox
electrolyte (labeled as Z960). Under optimized conditions, the
devices exhibit high Jq- values of 16.85 mA cm™> for MH1 and
16.88 mA cm™ for MH2, which are comparable to that of YD2-
0-C8 (Jsc = 16.97 mA cm™2). For MH3, 15.6 mA cm™> was
obtained and the obtained lower photocurrent can be explained
due to low dye-loading (Table 2). The photovoltages of these
three porphyrins are lower than that of the reference YD2-0-CS8.
The decreased photovoltage can be explained by the electro-
chemical impedance results that will be discussed later. Under
similar conditions, MH1 and MH2 showed excellent cell
performance, exceeding that of YD2-0-C8, indicating 2-
carboxypyridine and 2-pyridone to be good anchors for the
prophyrins. The devices achieved an efficiency of 8.3% with
Jso/mA cm™? = 16.85, Voc/mV = 738, FF = 0.670 for MH1,
and 8.5% with Jsc/mA cm™ = 16.88, Voc/mV = 735, FF =
0.682 for MH2. As shown in Figure 5, these dyes exhibit broad
IPCE (the efficiencies of conversion of incident photons to
current responses) in the visible region with high IPCE values
of around 70—90% at regions of 400—500 and 600—700 nm
were observed (Figure 7).

2.5. Electrochemical Impedance Spectroscopy. Taking
a look at the dark current of the devices (Figure 8a) with the
different sensitizers, one can observe similar behavior for the
three new dyes while the dark current of the YD2-0-C8 device
is lower at higher forward bias. This difference originates
normally either from a different conduction band position of
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Figure 7. Photocurrent action spectrum (IPCE) of the same devices
made with YD2-0-C8, MH1, MH2, and MH3 (with 0.4 mM CDCA).
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Figure 8. (a) Dark current of the different devices during the EIS measurement. YD2-0-C8, red; MHI, blue; MH2, green; MH3, black; (b) R, (full
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the DOS of the devices made with the different dyes; (d) 7, (solid) and 7, (dotted line) calculated from the EIS results plotted against the

chemical capacitance. The potential is corrected for the IR drop.

the mesoporous metal oxide or from a change in recombination
at the mesoporous metal oxide/electrolyte interface or from a
combination of the two effects.

To understand in more detail the cause or the causes for the
different V,, we have performed electrochemical impedance
measurements (EIS). EIS analysis can reveal a shift in the
chemical capacitance of the TiO, due to a movement of the
TiO, conduction band (Ecp) and also change in the charge
transfer resistance if recombination is the major reason for the
observed differences in V.

The main results from the fitting procedure of the impedance
spectra are presented in Figure 8b showing the charge transfer
resistance representing the resistance for the recombination of
the TiO, conduction band electrons with the oxidized redox
species in the electrolyte, R, the transport resistance for the
electrons inside the mesoporous metal oxide, R, and
chemical capacitance representing the filling of the traps inside
the mesoporous TiO,, C,.

Plotting the IR-drop corrected potential vs the DOS (Figure
8¢, with the DOS equal to C,/qAL(1 — p) with g the electron
charge, A the geometric area of the cell, L the thickness of
TiO,, and p the film porosity), the change in conduction band
position can be estimated. One has to keep in mind that for the
comparison of the conduction band position of the TiO, in the
devices, the change in the shape of the DOS should be small.
Toward higher chemical capacitances, a deviation of the shape
between YD2-0-C8 and MHI on one side and the MH2 and
MH3 on the other side can be observed. Because the dyes
MH2 and MH3 have the nitrogen directly involved in the
binding mechanism to the metal oxide surface, this might be a

14979

reason for the different shape of the DOS toward higher
voltage.

In contrast the devices with YD2-0-C8 and MHI1 where the
binding mechanism is over a carboxylate anchoring group show
a very similar shape of C, over the whole potential range but a
lower conduction band of the TiO, for the devices with YD2-o-
C8. Estimating the difference in conduction band position over
the DOS at about 2 X 10" (with YD2-0-C8 as the reference
point) for MH1, MH2, and MH3 yields ~50 to 60 mV. As
mentioned, at higher forward biases the shape of the DOS is
changing in the cases of the MH2 and MH3. Therefore, the
estimation for these two dyes has to be taken with great care.

One can use the DOS or the chemical capacitance as a
reference and compare the different electron lifetimes at a
similar charge density canceling out the difference in Ecp
position (Figure 8d). At a capacitance of about 0.6 X 10~ F
the electron lifetimes are about 30 times higher for YD2-0-C8.
Using the diode equation and assuming a value of one for the
diode ideality factor, this would lead to an increase in the V of
about 88 mV for YD2-0-C8 compared to the other dyes. Taking
into account the observed downward shift in the DOS of 50 to
60 mV, the net gain in V. would be about 28 to 38 mV. A
similar protocol can be applied by comparing the change in
electron lifetime in relation to the conductivity of the metal
oxide (Figure 9). Both approaches yield similar changes in the
V,. that are close to the observed difference of 35 to 40 mV.
The above analysis shows that the MH family distinguishes
itself clearly from YD2-0-C8 manifesting different binding
patterns and introducing changes in the conduction band
position of the TiO,, the shape of the DOS, and of the electron
transport as well as recombination time.

DOI: 10.1021/acsami.5b03783
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of the TiO,.

As mentioned, one can try to estimate the change in Ec by
the shift in Ry, Rins Should be dependent on the amount of
electrons inside the Eqy of the TiO, thermalized from the DOS.
Interestingly, the change in R,,,, between YD2-0-C8 and the
MH dyes is only about 30 mV. Determining the reasons for this
effect are beyond the scope of this publication, but explanations
can be, e.g,, how the dyes organize on the TiO, surface, the
ionic reorganization at the interface metal oxide and electrolyte
and the interaction of the different anchoring group with the
metal oxide surface.

The electron transport is also strongly influenced by the dye
structure when changing from YD2-0-C8 to the MH dye series.
This can be observed in Figure 8b,d. The electron transport
and lifetime can be calculated from the product of the chemical
capacitance and transport resistance and the recombination
resistance, respectively. Clearly, the electron transport and
lifetime are very similar for the MH dyes. In contrast, the
electron transport and lifetime are higher for the YD2-0-C8 dye
at a similar charge density inside the TiO, (which was already
implied by the difference in the shift of the DOS and the
transport resistance). One way to circumvent the problem of
the comparison of electron lifetime at similar charge density is
to plot the electron lifetime against the conductivity of the TiO,
(see Figure 9). In this case, the comparison is only over a short
part of the applied potential range (because the transport
resistance can only be determined up to about 600 mV).

Using the conductivity as relation, one yields about 10 times
higher lifetime for the YD2-0-C8 dye compared to the other
tree dyes. This leads to a higher voltage of about 60 mV by
longer electron lifetime for YD2-0-C8. Subtracting the 30 mV
from the difference between the transport resistance of the MH
dyes and the YD2-0-C8 leads to about 30 mV higher V,_ for the
devices with YD2-0-C8.

2.6. Long-Term Stability. Figure 10 shows the photo-
voltaic performance during long-term accelerated aging of MH-
sensitized solar cells using an ionic-liquid based electrolyte
under simulated AM 1.5 G (100 mW cm™) at 60 °C. The
photovoltaic parameters were recorded over a period of 1000 h.
In these solvent-free ionic-liquid devices, MH1 and MH2
showed initial power conversion efficiencies (PCEs) of 7.2%
and 5.9%, respectively, whereas the PCE of YD2-0-C8 was
6.2%. The devices of MH1, MH2, and YD2-0-C8 maintained
around 90%, 69%, and 85%, respectively, of their initial
efficiencies after 1000 h of light-soaking, indicating that 2-
carboxypyridyl is superior to 4-carboxyphenyl as an anchoring
group in terms of the power conversion efficiency and long-
term stability of the dyes.
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Figure 10. Stability test illustrating photovoltaic parameter (Jsc, V,,,
FF, and 7) variations with aging time for the devices based on YD2-o0-
C8 (red square), MH1 (blue circle), and MH2 (green triangle)-
sensitized TiO, films with a solvent-free ionic-liquid electrolyte during
1 sun visible light irradiation at 60 °C.

3. CONCLUSION

In summary, we have successfully designed and synthesized a
series of new D-7-A porphyrin sensitizers with pyridyl
anchoring groups, and demonstrated that the 2-carboxylpyr-
idine, 2-pyridone, and pyridine anchoring groups strongly bind
to the Lewis acid sites formed by coordinatively unsaturated
Ti(IV) ions at the TiO, surface. The devices based on the
MH1, MH2, and MH3 showed good photovoltaic performance,
comparable to that of the standard YD2-0-C8 sensitizer.
Devices fabricated with ionic-liquid based electrolyte retained
90% and 85% of their initial efficiencies for MH1 and YD2-o-
C8, respectively, after 1000 h of light soaking at 60 °C,
indicating the significance of the anchoring group in promoting
long-term stability of DSSCs. With respect to the power
conversion efficiency and long-term stability of the devices, 2-
carboxypyridyl outperforms the 4-carboxyphenyl as the
anchoring group and acceptor. We are now trying to
incorporate these promising alternative anchoring groups into
organic dyes to replace commonly used cyanoacrylic acid and
carboxyl groups.
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