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Self-Assembly with Zinc Porphyrin Antenna for Dye-Sensitized Solar Cells

JIA Hai-Lang™ PENG Zhi-Jie LI Shan-Shan GONG Bing-Quan GUAN Ming-Yun
(School of Chemical and Environmental Engineering, Jiangsu University of Technology, Changzhou 213001, China)

Abstract: Two antenna molecules zinc porphyrin P2, P3 were prepared, and these antenna molecules have been
successfully used in DSSCs (dye-sensitized solar cells) through supramolecular self-assembly. Compared with tra-
ditional D-77-A structure dyes, this strategy shows obvious advantages. This method can avoid complex synthesis
steps, the light-harvesting ability of dyes can be improved and charge recombination can be reduced by adjusting
the antenna molecules and anchoring groups. When 4-pyrid-4-ylbenzoic acid (A) was used as the anchoring
group, after supramolecular self-assembly, the device of A-P2 displayed a PCE (power conversion efficiency) of
1.68%, and the V, was 526 mV, the J, was 5.39 mA -cm™ This indicates that the supramolecular self-assembly
strategy has been successfully applied in DSSC. The device of A-P3 displayed the PCE of 0.79%, which is main-
ly due to the lower amount of dye loading. In addition, the optical properties, electrochemical properties, photo-

voltaic performance were also studied.
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0 Introduction and more interest in the development and utilization
of new energy. New energy has incomparable

In recent years, the rapid development of advantages compared with traditional energy, such as
economy has also brought about serious environmental abundant sources, easy development, environmental
pollution and energy shortage, and people show more friendliness, recycling and so on. Among them, solar
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energy has great application potential, it has become
one of the important areas of new energy!?. Many
researchers are devoted to the research of DSSCs
(dye-sensitized solar cells), the DSSCs have many
advantages compared with traditional energy, such as
low cost, simple fabrication process, wide source of raw
materials, multi-color transparency, high photoelectric
conversion efficiency and environmental friendliness™?.
After more than 20 years of development, DSSCs have
made great progress, up to now, the device of
ADEKA-1 exhibited the highest PCE of 14.3%".

Dyes play an important role in DSSCs, due to
TiO, is a wide band material, it can only absorb
ultraviolet rays and the utilization of sunlight is very
low, on the contrary, dyes can broaden the absorption
of DSSCs to visible and even near infrared regions™.
So far, many research groups have designed and
synthesized many new dyes. Generally speaking, ideal
(1) dyes

can absorb sunlight in visible and even infrared

dyes need to meet the following conditions:

regions, (2) dyes contain carboxyl (-COOH), sulfonic
acid (-SOs;H), phosphoric acid (-PO;H,), pyridine and
other anchoring groups, (3) high quantum efficiency,
(4) the excited state energy level of dyes should match
the conduction level of TiO,, (5) dyes should have high
oxidation potential and high regeneration efficiency,
(6) dyes have good stability and can be recycled 10°
times®". So far, there are two kinds of efficient dyes
for DSSCs, metal complexes and metal-free organic
dyes!™'®. Many excellent dyes have been prepared, the
PCE of some of these dyes has exceeded 10%!"™. In
2005, ruthenium complex dye N719 was prepared, the
PCE of N719 achieved 11.18% 2. In 2010, Wang
prepared ruthenium complex C106, the value of PCE
was up to 11.7%™. In addition, many metalloporphyrin
dyes have excellent photoelectric properties, Gritzel
and co-workers reported an excellent porphyrin dye
YD2-0-C8, the PCE of the device reached 12.3%**".
In 2014, Guriitzel and co-workers synthesized a more
efficient dye SM315, under the condition of using
cobalt-based redox electrolyte, the PCE of the device
was up to 13%™. Organic dyes have also developed
rapidly, these dyes have good application prospects,

which has obvious advantages compared with metal
complexes, such as easy modification, low price, good

n®¥, Some excellent

plasticity and easy degradatio
dyes have been successfully prepared, such as C275,
DTS-CA, HL7%%,

Nevertheless, this is still far from the theoretical
efficiency (33%), how to achieve higher PCE on the
basis of the previous is a major challenge for DSSCs.
Many dyes require complex synthetic steps, which
have been troubling researchers, in addition, the
monolayer structure of dye molecules always restricts
the development of DSSCs, thus, we need to develop
some new structures and methods. Construction of
multilayer dyes by supramolecular self-assembly
strategy may be a promising way to improve the
performance of DSSCs. The method is easy to operate,
by adjusting the antenna molecules and anchoring
groups, the light-harvesting ability of dyes can be
improved and charge recombination can be reduced,
and complex synthesis is not required™*. What's
more, the amount of dye adsorbed will not decrease,
this may change the limitation of monolayer dyes of
DSSCs. Saha and co-workers used ZnPc and PyPMI as
antenna molecules and anchoring groups, respectively,
after supramolecular self-assembly, the PCE of PyPMI-
ZnPc was 3 times than that of device of PyPMI®.,

Hererin, we prepared two antenna molecules zinc
porphyrin P2 and P3. The zinc porphyrin was choosed
as antenna molecule due to its excellent photoelectric
properties, which has good absorption in a range of
400~450 nm (Soret band) and 500~700 nm (Q band),
this will be very helpful to improve the light-
harvesting ability of devices. 4-Pyrid-4-ylbenzoic acid
(A) was used as the anchoring group, which can
coordinate with zinc porphyrin, after supramolecular
self-assembly, the DSSCs based on A-P show obvious
photovoltaic of A-P2
exhibited the PCE of 1.68%, and the V, is 526 mV,
the J. is 5.39 mA -cm™, which is better than that of
A-P3. We also studied the

electrochemical properties, photovoltaic performance

performance. The device

optical properties,

to analyze the differences between them.
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1 Experimental

1.1 Synthesis
The structures of P2, P3 were shown in Fig.1,
and the method of the

molecules was shown in Fig.2. All solvents were

synthesis two antenna
treated by standard methods before use and all
chemicals were purchased from commercial suppliers
and used without further purification unless indicated

otherwise. The '"H NMR were recorded on a Bruker
DRX NMR spectrometer with tetramethylsilane (TMS)

(0) OH

Fig.1 Self-assembly of A (4-pyrid-4-ylbenzoic acid) with
P2 or P3

17

as the internal standard.
1.1.1  Synthesis of compound 2

The compound 1 (2.00 g, 2.05 mmol) was were
dissolved in DCM (500 mL), then the temperature is
cooled to 0 °C, and the NBS (0.75 g, 4.20 mmol, in 30
mL DCM) was dropped slowly. After 6 h, the mixture
was quenched with acetone, and evaporated in vacuo.
Then the residue was dissolved in DCM (200 mL) and
MeOH (100 mL), the Zn(OAc),-2H,0 (2.25 g, 10.25
mmol) was added, the mixture was stirred at room
temperature for 2 h. The mixture was washed with
brine, dried over MgS0O,, and evaporated in vacuo.
The residue was purified by silica gel column
(Vee:Via=10:1) to give compound 2
(1.83 g, 75%). '"H NMR (CDCl;, 500 MHz): 8y 9.66~
9.67 (m, 4H), 8.92~8.95 (m, 4H), 7.72 (1, J=8.5 Hz, 2H),
7.02 (d, J=8.5 Hz, 4H), 3.86 (i, J/=6.0 Hz, 8H), 0.96~
0.99 (m, 8H), 0.80~0.84 (m, 8H). 0.38~0.63 (m, 44H).
1.1.2  Synthesis of P2

A mixture of compound 2 (1.00 g, 0.84 mmol),

chromatography

triisopropylacetylene (0.46 g, 2.51 mmol), Cul (32 mg,
0.17 mmol) in THF (60 mL) and Et;N (10 mL). Then
the Pd(PPh;),Cl, (0.20 g) was added under N,, the

mixture was heated under 80 “C for overnight. The

Reagents and conditions: (a) NBS, Zn(OAc),+2H,0, (b) triisopropylacetylene, Pd(PPh;),Cl,, Cul, THF, Et;N, (c) Pd(PPhs),, K,COs, H,O

Fig.2  Synthesis procedure of P2 and P3
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reaction mixture was cooled to room temperature and
evaporated in wvacuo. The residue was purified by
silica gel column chromatography (Vpe:Vp=1:4) to
give P2 (0.71 g, 61%). 'H NMR (CDCl;, 500 MHz): 6y
9.66 (d, J=4.5Hz, 4H), 8.87 (d, J=4.5 Hz, 4H), 7.69 (t,
J=8.5 Hz, 2H), 7.00 (d, /=6.0Hz 4H), 3.85 (t, J=6.0
Hz, 8H), 1.45~1.51 (m, 42H), 0.92~0.98 (m, 8H), 0.80
~0.84 (m, 8H). 0.39~0.63 (m, 44H).
1.1.3  Synthesis of P3

Under nitrogen, compound 2 (100 mg, 84 pmol),
compound 3 (110 mg, 250 pmol), K,CO; (46 mg, 334
pmol) and Pd(PPhy), (30 mg) were dissolved in 1,4-
dioxane (30 mL) and H,0 (5 mL). The mixture was
heated under 90 °C for overnight. The reaction mixture
was cooled to room temperature and extracted by
DCM
washed with brine, dried over MgSO,, and evaporated

(3%30 mL). The combined organic layers were

in vacuo. The residue was purified by silica gel
column chromatography (Vpey:Vpe=1:4) to give P3 (101
mg, 73%). 'H NMR (CDCl;, 400 MHz): 6, 8.76~8.83
(m, 8H), 7.93~7.97 (m, 4H), 7.64~7.68 (m, 2H), 7.22
~7.28 (m, 3H), 7.16 (d, J=8.4 Hz, 2H), 6.96~7.04 (m,
9H), 4.08 (t, J=7.2 Hz, 4H), 3.80 (t, J=6.4 Hz, 8H), 2.01
~2.08 (m, 4H), 1.55~1.63 (m, 4H), 1.26~1.47 (m, 16H),
0.83~0.97 (m, 24H), 0.68~0.73 (m, 8H), 0.45~0.59 (m,
34H).
1.2 Fabrication of DSSCs

The working electrode (active area is 0.196 c¢m?)
was prepared by screen printing the TiO, paste on
Fluorine-doped tin oxide (FTO) glass plates (15 1-m™).
For preparation of a DSSC, FTO glass plates were
cleaned in a detergent solution using an ultrasonic
bath for 30 min for two times and then rinsed with
water and ethanol. Then, the plates were immersed
into 40 mmol - L TiCl; (aqueous) at 70 °C for 30 min
and washed with water and ethanol. The TiO, paste
consisted of 12 wm thick film (particle size, 20 nm,
pore size 32 nm). The TiO, films were performed with
a programmed procedure: (1) 80 °C for 15 min; (2)
135 °C for 10 min; (3) 325 °C for 30 min; (4) 375 C
for 5 min; (5) 450 °C for 15 min, and (6) 500 °C for
15 min. Then the films were treated again with TiCl,

at 70 °C for 30 min and sintered at 500 °C for 30 min.

Then the electrode was immersed into 2 mmol -L.™" A
solution (methanol) for 2 h at room temperature, then
rinsed with ethanol, and then was immersed into 1
mmol - L.7" P solution (Ve Viou=4:1) for 18 h to form
supramolecules on the TiO, surface and dried in air.
The working electrode and the Pt counter electrode
were then sealed with a Surlyn film (25 wm) by
heating the sandwich-type cell at 110 °C . The
electrolyte was introduced through pre-drilled holes in
the counter electrode and was driven into the cell via
vacuum backfilling, and the hole was sealed with a
Surlyn film and a thin glass (0.1 mm thickness) cover
by heating. The electrolyte was composed of 0.6 mol -
L™ I-butyl-3-methylimidazolium iodide (BMII), 50
mmol L' I,, 50 mmol L Lil, 0.5 mol -L " tert-
butylpyridine and 0.1 mol L™ guanidiniumthiocyanate
(GuNCS) in acetonitrile.

1.3 Characterizations of DSSCs

(I-V) curves of the
DSSCs were measured on a Keithley 2400 source

The photocurrent-voltage

meter under standard global AM 1.5G solar irradiation
supplied by a xenon light source (Oriel). The incident
photo-to-electron conversion efficiency (IPCE) spectra
of the DSSCs were measured by a DC method. The
light source was a 300 W xenon lamp (Oriel 6258)
coupled with a flux controller to improve the stability
of the irradiance. The single wavelength was selected
(Cornerstone 260 Oriel74125).
Light intensity was measured by a NREL traceable Si
detector (Oriel 71030NS) and the short circuit currents

by a monochromator

of the DSSCs were measured by an optical power meter
(Oriel 70310).
1.4 UV-Vis spectroscopy, electrochemical
properties and amounts of dye loading
The UV-Vis absorption spectra were recorded on
a Shimadzu UV-3600

voltammograms (CV) of the dyes and electrochemical

spectrometer. The cyclic

impedance spectroscopy (ELS) were studied using a
Chenhua CHI760E model Electrochemical Workstation
(Shanghai). The

estimated according to the following methods: the

amounts of dye loading were
sensitized electrodes were immersed into a 0.1 mol - L.

NaOH solution in a mixed solvent (Vo :Vr=1:4),
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which resulted in desorption of each dye. The amounts
of dye loading can be estimated according to the
following formula: C=AV/(eS), where C stands for the
amounts of dye loading, A is optical absorbance of the
dye, V is volume of desorption solution, & is molar

extinction coefficients, S is effective area of TiO, films.
2 Results and discussion

2.1 Optical properties

As shown in Fig.3a, we measured the absorption
spectra of P2 and P3 in DCM. It is obvious that all
the antenna molecules show standard porphyrin absor-
ption peaks, they have characteristic absorption in the
range of 400~450 nm (Soret band) and 500~700 nm
(Q band), the band of 400~700 nm can be attributed
to electronic transitions from 77-7* and intramolecular
charge transfer (ICT). The antenna molecule porphyrin
P2 displays high absorption coefficient (2.26x10° L.+
mol ' rem ™) at 438 nm in Soret band, and medium
absorption coefficient at 580 nm (8.20x10* L. +mol " -
em™) and 631 nm (2.20x10* .- mol™ - em™), respectively.
From this, we can see that antenna molecule P2 has
good spectral response in visible region, this in favor
of enhancing the light-harvesting capability of dyes,
thereby increasing J.. (short-circuit current density) of
DSSCs. When the R group is replaced by phenothiazine,
the absorption spectrum of P3 shows a slight
hypsochromic-shift compared with P2, this may be
due to the non-planar steric effect between porphyrin

ring and phenothiazine. The antenna molecule porphyrin

3.0X10° -

2.5X10°4 P2

—— %]
2.0X10°+

1.5X10°
1.0X10°4

0.5%10°

Absorption coefficient / (L-mol~'-cm™)

0.0-

400 450 500 550 600

Wavelength / nm

650 700

Fig.3

750

P3 displays high molar extinction coefficient (2.39%
10° L-mol™-em™) at 436 nm, with medium absorption
coefficient at 567 nm (1.16x10* L-mol™+cm™) and 614
nm (1.12x10* L-mol™+e¢m™), respectively.

In order to study the changes of absorption
spectra, we further measured the spectral response
performance of the three supermolecules anchored on
12 pm TiO, films (Fig.3b). As shown in Fig.4, The
TiO, film was first immersed into 2 mmol -L ! A
solution for 2 h at room temperature and rinsed with
ethanol, then was immersed into 1 mmol + L' P solution
to form supramolecules on the TiO, surface and dried
in air. From Fig.3b, we can see that the absorption
spectra have changed a lot compared with those of P2,
P3

significantly improved, their absorption ranges all are

in DCM, the absorption spectra have been

over 650 nm, even up to 700 nm. This indicates that
the light-harvesting ability of dyes has been improved
greatly after supramolecular self-assembly, this will
improve the J. of the DSSCs. From Fig.3a, we can see
that there is little difference in spectral response
between P2 and P3, after self-assembly, the absorption
spectrum of A-P2 was obviously better than that of A-
P3, we infer that this should be attributed mainly to
the difference in the antenna molecules loading
amounts. To better analyze the differences between
their absorption spectra, the amounts of dye loading
were further measured. After self-assembed with
porphyrin chromophores, the value of loading amount
of P2 is about 1.12x107® mol -cm ™, and the value of

0.8
(b)
— A-P2
——A-P3
0.6
g
2
e 0.4
2
<
0.2
0.0 T T T T
400 500 600 700
Wavelength / nm

(a) UV-Vis absorption spectra of P1, P2 and P3 in DCM, (b) UV-Vis absorption spectra of

A-P1, A-P2 and A-P3 anchored on TiO, surface
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Fig4 Schematic diagram of self-assembly

P3 is only about 0.51x10™® mol - cm™, the largest loading
amount of P2 can enhance the light-harvesting ability
of the device well.
2.2 Electrochemical properties

In the process of dye design, the excited state
energy level of dyes should match the conduction
level of TiO, and dyes should have high oxidation
potential and high regeneration efficiency™*. In order
to study the related properties, we measured the
cyclic voltammetry curves of A-P2 and A-P3 anchored

on TiO, (Fig.5). As shown in Fig.5, the Ey (ground
15—

10

Current / pA

'
w
" 1 N

-104

154

T T T T T T T T
-5 -1.0 -05 0.0 0.5 1.0 15 2.0
Potential / V (vs Ag/Ag")

In DCM, 0.1 mol -L." TBAPF,, photoanode as working electrode,
Pt as counter electrode, Ag/Ag* as reference electrode, scan rate:

100 mV-s™, calibrated with ferrocene/ferrocenium (Fe/Fc') as an

external reference

Fig.5 Cyclic voltammogram of A-P2 and A-P3

state oxidation potentials) of A-P2 and A-P3 were
0.93 and 0.79 V
known, the redox potential of the 17/15™ is 0.4 V, while

(versus NHE), respectively. As we

the Eox of the two supramolecules all are much positive
than 0.4 V, the result indicates that the oxidized dyes
can be effectively recycled. We estimated the energy
gap (Eoo) by their absorption spectra, and the values
of A-P2 and A-P3 are 1.77 and 1.82 eV, respectively.
Thus, the excited oxidation potentials (Eox*) of A-P2
and A-P3 are -0.84 and —1.03 V, respectively. They
are all negative than the conduction band of TiO,
(=0.5 V versus NHE), this indicates that the electron
from the excited dyes of A-P2 and A-P3 all have high
electron injection efficiency**.
2.3 Photovoltaic performance of DSSCs

The photovoltaic performance of the devices
based on supramolecular self-assembly were measured,
the J-V (photocurrent-density-photovoltage) curves of
the devices were measured (Fig.6), and Table 1 shows
the related parameters. As designed, the antenna
molecules P2, P3 can coordinate with the anchoring
(A) to form supermolecules A-P2 and A-P3,
DSSCs  based on these

photovoltaic

groups
after self-assembly, the
exhibit
performance. The device of A-P2 shows the highest
PCE of 1.68%, with a value of V. is 526 mV, a value
of J.1is 5.39 mA-cm™ and a value of FF is 59.20%.
Compared with A-P2, the performance of A-P3 has
slightly decreased, the PCE droped down to 0.79%.
The main reason is that the V. decreased from 526 to
478 mV and the J.. decreased from 5.39 mA -cm™ to
3.02 mA-cm™ In addition, the loading amounts of P2,
P3 have been measured, and the value of P2 (1.12x
10 mol-em™) is much higher than that of P3  (0.51x

107 mol -cm ™). We can see that the loading amount

supermolecules remarkable

has a great influence on the performance of DSSCs,
the highest loading amount of P2 can make up for the
deficiency of spectral response, this will not only
enhance the light-harvesting capability of devices, on
the other hand, close alignment of antenna molecules
may can effectively prevent the I3~ penetrating into the
TiO, surface, thus, the charge recombination can be

reduced.
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Fig.6 (a) I-V curves of A-P2 and A-P3, (b) IPCE curves of A-P2 and A-P3
Table 1 Photovoltaic parameters of the DSSCs obtained from the J-V curves
Dye Jo !/ (mA cem?) Vel V FF / % n/! %
A-P2 5.39+0.02 0.526+0.000 59.20+0.73 1.68+0.02
A-P3 3.02+0.01 0.478+0.001 54.48+0.40 0.79+0.00

Size of the active area for each cell is 0.196 cm’ three devices are assembled in parallel with each dye, the DSSCs were all

measured under standard global AM 1.5G solar irradiation.

We find that the J.. of these DSSCs decreases in
turn along the following trend: A-P2 (5.39 mA-cm™) >
A-P3  (3.02 mA-cm™). The incident photon-to-current
(IPCE) spectra of the DSSCs
were measured to analysis the differences. From Fig.
6b, the IPCE curves of A-P2 exhibited the highest
value of 41.9% at 437 nm, and the photocurrent

conversion efficiency

generation up to about 720 nm. The IPCE curves of
A-P3 exhibited the photocurrent generation up to
about 680 nm, the value at 434 nm was only 36.5%.
the that
photocurrent of A-P2 was better than that of A-P3,

In long wave region, we also found

this should be attributed to the larger loading amount
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of A-P2.
2.4 EIS measurements

Electrochemical Impedance Spectroscopy (ELS) is
an important method for studying the charge transfer
properties at the interface of DSSCs, in this work, we
measured the EIS to analyze charge recombination
dynamics under dark™*. As we known, the charge
recombination rate has an important influence on V..
The EIS was measured under the applied voltage of
—-0.6 V to analyze the difference between V. From
Fig.7, two semicircles were found in the plots, the
small semicircle means the transport resistance at the

Pt/electrolyte, and the large semicircle means the

40 -
(®)
o AP-2
A— AP-3

354

Frequency / Hz

100 1000 10000

Phase / (°)

(a) Nyquist plots of A-P2 and A-P3, (b) Bode phase plots of DSSCs based on A-P2 and A-P3



2344 oAl Ak

#o% 4R

2 55 35 &

charge transfer resistance at the TiO,/dye/electrolyte
interface. We can see that the radius of the large
semicircle of A-P2 is larger than that of A-P3, this
means that the device of A-P2 effectively reduces the
electron recombination rate after self-assembly, it is
conducive to suppressing dark current and improving
V. this also explains why V,, of A-P2 has the largest
value of 526 mV. In addition, the electron lifetimes of
the DSSCs were further measured by bode phase
plots. The DSSC with longer electron lifetime indicates
that there will be low dark current for the device, this
helps to enhance the V.. The peak frequency (f) at
lower frequency region can be readed from Fig.7b,
and the electron lifetime (7) can be calculated by 7=1/
2mf)#*. The f of A-P2 and A-P3 are 63.2 and 76.5
Hz, respectively. As a result, the electron lifetime
values of A-P2 and A-P3 are 2.51 and 2.08 ms,
respectively. The trend is consistent with the V. of

DSSCs.
3 Conclusions

In summary, we used a simple method to
improve the performance of DSSCs, two antenna
molecules zine porphyrin P2, P3 were prepared and
then self-assembly was carried out by coordination
with anchoring group (A, 4-pyrid-4-ylbenzoic acid).
This method shows obvious advantages, it can avoid
complex synthesis steps and improve the light-
harvesting ability of dyes and reduce charge
recombination by adjusting the antenna molecules and
anchoring groups. After supramolecular self-assembly,
the device of A-P2 showed a PCE of 1.68%, and a V,,
of 526 mV, a J.of 5.39 mA -cm? and a FF of 59.20%,
in contrast, the device of A-P3 showed a PCE of
0.79%, the main reason should be that the different
structures of antenna molecules lead to different
loading amount. The results show that self-assembly
strategy has been successfully used in this work, this

will be a potential and effective way to improve the

performance of DSSCs.
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