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ABSTRACT Ordered hexagonal mesoporous titanium tetrasulfonate materials (CuPcS,—Ti) were synthesized through a hydrothermal
process with the assistance of surfactant F127, by using the copper(ll) phthalocyanine-tetrasulfonic acid tetrasodium salt (CuPcSy) as
coupling molecules. It was confirmed by TEM, IR, UV—vis, TGA-DSC, and XRD analysis that the CuPcS, groups were homogenously
incorporated into the hybrid framework, and the synthesized materials could be stable to around 328 °C with the hybrid framework
and ordered mesopores well-preserved. A high dye content of Ti/CuPcS, molar ratio at around 50 was achieved, which could be
useful in the photoelectric conversion applications. A novel model of isolated dye centers surrounded by semiconductor oligomers
was set, which could effectively suppress the aggregation of dye molecules that may decrease the conversion effeciency in some
traditional dye-sensitized solar cells. It was proved that the synthesized CuPcS,—Ti exhibited a relatively high conversion efficiency
of 0.53 % . It was very valuable to access such a high conversion efficiency by using low-cost and commercially available dye molecules
instead of using the expensive unsymmetrical phthalocyanines synthesized by the time-consuming methods in the literature.
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1. INTRODUCTION
T xhaustion of fossil fuels, such as petroleum, coal and

—{ natural gas, and reduced emission of carbon dioxide
A4 and other harmful substances have attracted more
and more concerns of the global society. Solar energy is
regarded as one of the most promising candidates among a
variety of regenerative energy sources developed to date,
among which dye-sensitized solar cells based on semicon-
ductor membranes have been widely investigated (1). Ru-
thenium(ll) bipyridyl complexes have proven to be the most
efficient TiO, sensitizer in dye-sensitized solar cells. But
considering the main drawbacks of the ruthenium-based
sensitizer, namely, their lack of absorption in the red region
of the visible spectrum and that ruthenium is a rare metal
(2), novel dyes without metal or using inexpensive metal are
desirable for highly efficient dye-sensitized solar cells. Ph-
thalocyanines have been studied extensively because of their
strong absorption (¢ = 1 x 10° M™' cm™) in the far-red
region of the spectrum (A ~ 680 nm) (3), and the light
harvesting and photocurrent generation properties could be
benefited from the large conjugated system in their structure
(4, 5). However, the well-known aggregation tendency of
phthalocyanines that is considered to enhance the self-
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quenching of the phthalocyanine excited singlet state, as well
as the poor solubility in common organic solvents, and the
lack of directionality in the excited state are attributed as
the main reasons impeding the revelation of their potential
for use in solar cell performance (6), resulting in unimpres-
sive photoelectric conversion efficiency for most reported
phthalocyanine-sensitized cells (7—9). Recently, a kind of
self-synthesized unsymmetrical phthalocyanine for red light
harvesting was provided that the degree of aggregation is
partially diminished by introducing three bulky ¢-butyl groups
into the macrocycle plane, and the highest power conversion
efficiency ever reported of up to 3.5% has been achieved
(10, 11). On the other hand, the traditional preparation for
the dye-sensitized electrodes of solar cells is accomplished
by the adsorption of dye molecules onto the presynthesized
semiconductor membranes, which usually leads to a very
low loading amount of the photosensitve molecules (12). The
overincreasing of the loading amount would result in the dye
aggregation mentioned above (6), which actually is also a
waste of the high-cost dyes, because the poor contact
between the aggregated dye molecules and the semiconduc-
tor could block the transmission of photoelectrons.

Metal sulfonate frameworks have been studied consider-
ably less than other classes of hybrid materials, because of
the coordination interactions between sulfonate anions and
metal cations are relatively weak, which makes the networks
not sufficiently robust to sustain permanent pores (13).
Some dense (14), layered (15), and open-framework (16)
metal sulfonates have been synthesized with nonporous or
microporous structures, still suffering from many disadvan-
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tages. The discovery of mesoporous materials has broken
the size limitation of covalently bonded pore structure and
endured the weak interactions between the coupling mol-
ecule and metal ions (17). Mesoporous materials, due to its
large pore size and pore volume, have found wide applica-
tions in the areas of energy conversion (18), adsorption and
separation (19), catalysis (20), etc. Noticeably, mesoporous
metal oxide semiconductors such as mesoporous TiO,
membranes have been widely used in dye-sensitized solar
cells with high conversion efficiencies (21 —23). Our aim was
to prepare mesoporous metal sulfonate hybrid materials,
which have never been accessed to the best of our knowl-
edge. Having various organic functional groups, mesoporous
metal sulfonates are expected to be another important
family of mesoporous hybrid materials with a great compo-
sition variety, anchoring through S—O- - - Me (Me: Ti, Zr, V,
Al, etc.) modes. A deeper step was to adopt sulfonate anions
with specific functionality potentially useful in different
fields, and the commercially available copper(ll) phthalo-
cyanine-tetrasulfonic acid tetrasodium salt (CuPcSs4, see
Scheme S1 in the Supporting Information) was chosen as
the coupling molecule herein. In this contribution, the novel
ordered hexagonal titanium sulfonate materials (CuPcSs—Ti)
constructed from the conjugated tetrasulfonic tetrasodium
salt (CuPcS,) were synthesized by a autoclaving process with
triblock copolymer F127 as the template. The one-pot
condensation of TiCl, with CuPcS, allows the molecular-level
penetration of large s-aromatic groups into the semiconduc-
tor network homogenously, resulting in an unprecedented
large loading amount of organic dyes, but without the
disadvantages of dye aggregation and electron ill-transmis-
sion due to the isolation of single CuPcS4 centers by the
surounding semiconductor oligomers. Thus the resultant
mesoporous hybrids were used for photoelectric conversion
under the simulated sunlight irradiation, proved to be ef-
ficient photocurrent conductors and better electrode materi-
als than the traditional dye-modified titania materials under
the same experimental conditions. This model supplies us
with an alternative strategy for the construction of new dye-
sensitized solar cells from organic—inorganic hybrid meso-
porous materials. And the promotion space of the conver-
sion efficiency is supposed to be very large due to the wide
adjustable range of dye contents in the sulfonate hybrids. It
is also the first successful example of obtaining the high
conversion efficiency of 0.53 % by using low-cost dye mol-
ecules instead of the previously reported unsymmetrical
highly substituted phthalocyanines.

2. EXPERIMENTAL SECTION

2.1. Materials. Titanium tetrachloride (TiCl4) was obtained
from Tianjin Kermel Chemical Co. Nonionic triblock copolymer
F127 (EO,06PO70EO0¢) was obtained from Nanjing Well Chemi-
cal Co., Ltd. Copper(ll) phthalocyanine-tetrasulfonic acid tetra-
sodium salt (CuPcS,) was obtained from Sigma-Aldrich Chemi-
cal Co. All chemicals were used as received without further
purification.

2.2. Synthesis of Ordered Mesoporous Titanium Tetra-
sulfonates (CuPcSs—Ti). In a typical synthesis procedure, 12.6
mmol of TiCly; was added into 10 mL of ethanol at room

3564 IENAPPLIED MATERIALS

X INTERFACES

VOL. 2 « NO. 12« 3563-3571 « 2010

temperature to form a transparent solution (solution A); 0.28
mmol of CuPcS; and 5.5 mmol of F127 were dissolved in 40
mL of deionized water (solution B) at 40 °C, followed by stirring
for 1.5 h. Solution A was added dropwise into solution B very
slowly, and the pH value of the mixture was adjusted to 4.0 by
NaOH (0.001 mol/L) and HCI (0.01 mol/L) solution. The mixture
was kept at 40 °C and stirred for another 6 h before sealed in
one Teflon-lined autoclave and aged statically at 80 °C under
autogenous pressure for 24 h. The obtained mixture was filtered
and washed with ethanol and water repeatedly. And the re-
moval of the surfactant and the unreacted CuPcS, was ac-
complished by the Soxhlet-extraction with ethanol for 96 h,
marked as CuPcS,—Ti (Ti/CuPcS,; molar ratio of 50). To test the
thermal stability of the ordered mesostructure, the as-prepared
sample was calcined in the air at 200, 300, 350, and 400 °C,
respectively. By slightly adjusting the adding amounts of the raw
materials, we could also obtain a series of ordered mesoporous
CuPcS,4—Ti materials with the Ti/CuPcS; molar ratio of 49, 51,
and 52.

2.3. Characterization. Transmission electron microscopy
(TEM) was measured on a Philips Tecnai G20 at 200 kV. Fourier
transform infrared (FT-IR) spectra were measured on a Bruker
VECTOR 22 spectrometer with KBr pellet technique, and the
ranges of spectrograms were 4000 to 400 cm™'. Diffuse reflec-
tance UV—vis. absorption spectroscopy was employed on a TU-
1901 spectrophotometer using BaSO, as a reference. X-ray
diffraction (XRD) patterns were recorded on a Rigaku D/max-
2500 diffractometer with CuKa radiation operated at 40 kV and
100 mA. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a Kratos Axis Ultra DLD (delay line
detector) spectrometer equipped with a monochromatic Al—Kg
X-ray source (1486.6 eV). All XPS spectra were recorded using
an aperture slot of 300 x 700 um, survey spectra were recorded
with a pass energy of 160 eV, and high-resolution spectra with
a pass energy of 40 eV. Thermogravimetry (TG) and differential
scanning calorimetry (DSC) were performed using a TA SDT
Q600 instrument at a heating rate of 5°/min using a-Al,O5 as
the reference. The chemical compositions of Ti and Cu were
analyzed by inductively coupled plasma (ICP) emission spec-
troscopy on a Thermo Jarrell-Ash ICP-9000 (N+M) spectrom-
eter. N, adsorption—desorption isotherms were recorded on a
Quantachrome NOVA 2000e sorption analyzer at liquid nitro-
gen temperature (77 K). The samples were degassed at 150 °C
overnight prior to the measurement. The surface areas were
calculated by the multipoint Brunauer—Emmett—Teller (BET)
method, and the pore size distributions were obtained from the
adsorption branch of the isotherms by the BJH (Barret—Joyner—
Halenda) model.

2.4. Photoelectric Conversion. The preparation of CuPcS,—
Ti working electrode was achieved by mixing 0.2 g of the as-
synthesized CuPcS,—Ti powder with 0.5 g of water and 1.0 g
of ethanol to form a homogeneous slurry. The slurry was then
deposited on a transparent conductive glass to give a suitable
thickness, followed by the calcination at 300 °C for 2 h. The
configuration of self-made solar cell was shown in Figure S1
(Supporting Information), with CuPcS,—Ti coated conductive
glass as the working electrode and a graphite rod (in a colum-
niform shape with diameter of 0.6 cm and length of 1.5 cm) as
the counter electrode. The electrolyte (0.1 mol/L Lil, 0.05 mol/L
I, 0.6 mol/L 2,3-dimethyl-1-propylimidazolium iodide, and 0.5
mol/L 4-tert-butylpyridine in acetonitrile) was introduced into
the interelectrode cavity surrounded by insulating rubber walls.
And the efficient contact area of electrolyte to CuPcS,—Ti film
was measured to be 0.8 cm?. The photoelectric conversion
behavior of the present solar cell was evaluated by an electro-
chemical analyzer (CHI660C Instruments) under AM 1.5G
simulated sunlight, which was produced by a 300-W Oriel Solar
Simulator (model 91160) with an illumination intensity of 100
mW cm™2. The incident light intensity was calibrated by a
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FIGURE 1. TG-DSC profiles of the as-synthesized CuPcS;—Ti solid (a)

before and (b) after surfactant removal, in which the dashed line
denotes the TG profile of CuPcS,.

standard crystalline silicon solar cell (the 18th Research Institute
of Electronics Industry Ministry, China). The overall conversion
efficiency (i) of the present solar cell is determined by the short-
circuit photocurrent density (/s), the open circuit potential (V,),
the fill factor (ff) of the cell, and the input light irradiance (P), as
shown in the following equation: 57 = .V, ff/P. As a comparison,
the ordered mesoporous structure of CuPcS,—Ti material was
destroyed by the ball milling technique before the measure-
ment. And the CuPcS, modified titania electrode with similar
pore structure and dye content to those of CuPcS,—Ti based
hybrid electrodes was prepared by adsorption of CuPcS4 mol-
ecules onto the presynthesized mesoporous titania membrane,
followed by drying and calcination at 300 °C. The photoelectric
conversion behaviors under four different monochromatic light
sources including ultraviolet light (390 nm), blue light (462 nm),
green light (527 nm), and ed light (650 nm) were also measured
by a Zennium electrochemical workstation (ZAHNER-Elektrik
Gmbh & CoKG, Germany), and the input powers of the four light
sources could be altered within a certain range.

3. RESULTS AND DISCUSSION
3.1. Material Synthesis and Characterization.
The good solubility of CuPcS, in water facilitates its usage

for condensation with TiCls, and the one-step reaction was
carried out in a mixed solution of water and ethanol (Vyaer:
Vetnanol = 4:1), similar to the reported preparation of pillared
metal sulfonates (24). Removal of surfactant species was
accomplished by extraction with ethanol solution at a rela-
tively low temperature for the protection of the organosul-
fonate framework (25). The thermal stability of the organic
moiety in the hybrid sulfonates was tested by the TGA-DSC
analysis (Figure 1). The TGA curves demonstrate an initial
weight loss of 10.7% from room-temperature to 155 °C,
accompanying with an endothermal peak around 66 °C in

www.acsami.org

VOL. 2 « NO. 12 » 3563-3571 « 2010

(100)
(110) (200)
X100 as-prepared

A L X 100 200 °C
Ak X 100 300°C
T i 350 °C

Intensity (a.u.)

400 °C
T T T T

0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
26 (degree)

FIGURE 2. Low-angle XRD patterns of the as-prepared CuPcS;—Ti
and calcined samples at different temperatures.

the DSC curve, which can be assigned to the desorption of
the adsorbed and intercalated water. The weight loss of
18.6% from 155 to 341 °C, accompanied by an exothermic
peak at around 277 °C, can be attributed to the decomposi-
tion of the surfactant. The third weight loss of 19.2% from
341 to 534 °C, accompanied by an exothermic peak at
around 388 °C, can be related to the decomposition of the
coupling molecule CuPcS, in the framework, which was
consistent to the range of weight loss for pure CuPcS, (dash
line). After surfactant removal from the sample, one weight
loss of 4.8 % from room-temperature to 110 °C and another
weight loss of 35.2 % from 328 to 540 °C, corresponding to
the desorption of water and the decomposition of CuPcS,
respectively, were detected, which suggested the complete
removal of surfactant F127 by an ethanol extraction process.
It was also denoted that the organosulfonate groups in
CuPcS,—Ti could be thermally stable up to around 328 °C.

The hexagonal mesophase of CuPcS,—Ti was revealed by
XRD analysis (Figure 2). Low-angle XRD pattern of
CuPcS,—Ti exhibited a typical hexagonal (p6mm) me-
sophase, with a main peak observed at 20 = 0.79° indexed
on a hexagonal lattice as the (100) reflection (djgo = 11.2
nm) and two small peaks at 20 = 1.37 and 1.58°, which
could be indexed on a hexagonal lattice as (110) and (200)
reflections. The unit-cell parameter (a) was calculated to be
12.9 nm. One broad peak ranged from 20 = 15—35° was
observed in the wide-angle XRD pattern (see Figure S2 in
the Supporting Information), indicating the low crystallinity
of the as-prepared CuPcS,—Ti, which was caused by the
extensive condensation of coupling CuPcS, molecules with
Ti*" ions leaving scarce large titania crystals (26, 27). The
ordered mesoporous structure was also confirmed by the
TEM observations. Micron-scaled nanoparticles with meso-
pores assembled together irregularly (Figure S3 in Support-
ing Information). In the magnified images (Figure 3), the
hexagonal arrangement of the mesopores could be clearly
seen with the average pore size of around 9.5 nm and the
pore wall thickness of 3.4 nm (Figure 3a), which are of the
similar sizes of the previously reported mesoporous silicas
prepared in the presence of triblock copolymer (17, 28).
Typical one-dimensional (1 D) channels were observed from
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FIGURE 3. TEM images of the synthesized CuPcS;—Ti sample.
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FIGURE 4. N, adsorption—desorption isotherms (left) and the cor-
responding pore size distribution curves (right) determined by BJH
method of the as-prepared CuPcS;—Ti and the calcined samples at
different temperatures.
the side view of the CuPcS,—Ti sample (Figure 3b). The N,
sorption isotherm of CuPcS,4—Ti is of type IV, characteristic
of mesoporous materials, according to the IUPAC classifica-
tion (Figure 4) (29). Type H1 hysteresis loop was observed,
exhibiting parallel branches, which was often reported for
materials with cylindrical pore geometry and a high degree
of pore size uniformity with facile pore connectivity (29).
One narrow peak around 9.5 nm was observed in the pore
size distribution curve, consistent with TEM observations.
And the surface area and pore volume were 164 m?/g and
0.33 cm?/g, respectively (Table 1).

To further test the thermal stability of the ordered me-
sostructure, the as-prepared CuPcS,;—Ti sample after surfac-

tant extraction was calcined in the air at 200, 300, 350, and
400 °C. The N, sorption isotherms of the calcined CuPcS,—Ti
samples were still of type IV with type H1 hysteresis (Figure
4). One narrow peak around 9.5—9.6 nm could be observed
in the pore size distribution curves even after calcination at
350 °C, whereas the pore size distribution of the 400 °C-
calcined sample was poor. The surface areas and pore
volumes of the samples calcined at 200 and 300 °C were
hardly changed in comparison with the as-prepared
CuPcS,—Ti sample, whereas these values got a sharp de-
crease when calcined at 350 and 400 °C (Table 1). In the
low-angle XRD patterns of the calcined samples (Figure 2),
both the main peak of (100) reflection and two small peaks
of (110) and (200) reflections could be well-preserved when
the sample calcined at 300 °C. But the (110) and (200)
reflections appeared to be weak when calcined at 350 °C,
and only one broad peak could be observed after calcination
at 400 °C. This indicated that the ordered mesoporous
structure could be thermally stable up to around 350 °C, and
the regularity of the mesopores gradually deteriorated when
the calcination temperature was further increased. The wide
angle XRD patterns (see Figure S2 in the Supporting Infor-
mation) still indicated the low crystallinity of the calcined
samples. Because the organic moiety of CuPcS, bridged
molecules began to decompose at 328 °C, it is thus indicated
that the present CuPcS;—Ti materials could be stable to
around 328 °C with the hybrid framework and ordered
mesopores well-preserved.

In the FT-IR spectrum of the CuPcS,—Ti sample (Figure
5), almost every band of CuPcS, molecule was well-pre-
served with only slight strength change. Noticeably, the
bands at 1034 and 1182 cm™', assigned as the symmetric
and asymmetric stretching vibrations in O=S=0 respec-
tively (30), weakened dramatically, which could be at-
tributed to the extensive condensation of CuPcS, with
titanium to form the S—O - - - Ti bonding mode. Correspond-
ingly, a new band at 1395 cm™" appeared on the spectrum
of CuPcS,;—Ti, which is the typical absorption band of
S—0O- - -Ti stretching vibrations (31). The low-frequency
bands in the range <500 cm™' corresponds to the Ti—O—Ti

Table 1. Summary of the Physicochemical Properties of As-Prepared CuPcS,—Ti Material and the Samples

Calcined at Different Temperatures

Ti/CuPcS, molar

photoelectric conversion

ratio sample Sper® (M?/g) DBJH,adSb (nm) D, (nNm) Vpored (cm®/g) mesophase efficiency (7, %)¢
as-prepared 164 9.5 11.2 0.33 hexagonal 0.53
200 °C calcined 162 9.5 11.3 0.33 hexagonal
300 °C calcined 159 9.5 11.3 0.32 hexagonal
50 350 °C calcined 131 9.5 11.5 0.24 hexagonal (weak)
400 °C calcined 65 9.6 11.7 0.14 irregular
mesostructure-destroyed 28 0.23
CuPcS4 modified TiO, 169 0.004
49 as-prepared 170 9.5 11.6 0.34 hexagonal 0.49
51 as-prepared 165 9.7 11.6 0.33 hexagonal 0.52
52 as-prepared 161 9.8 11.9 0.32 hexagonal 0.51

“BET surface area calculated from the linear part of the BET plot. ? Estimated using the adsorption branch of the isotherms by the BJH
method. ¢ Average pore size. ¢ Single point total pore volume of pores at P/P, = 0.98. ¢ Total photoelectric conversion efficiency under simulated

sunlight irradiation.
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FIGURE 5. FT-IR spectra of the CuPcS;—Ti sample and CuPcS,.

vibration of TiO, was very weak in the spectrum of
CuPcS,—Ti (Figure 5 inset) (32), indicating Ti atoms were
linked to CuPcS, molecules through S—O- - - Ti bonds in-
stead of forming large TiO, aggregates. ICP emission spec-
troscopy was employed to analyze chemical compositions
of the resultant solids (48.63% Ti, 1.29% Cu in mass),
revealing the Ti/Cu molar ratio approximate to 50 in the
sample, namely, the Ti/CuPcS, molar ratio approximate to
50.

Figure 6 shows the high-resolution XPS spectra of Ti 2p,
O 1s, and S 2p, taken on the surface of CuPcS,—Ti sample,
which are collected to study the surface chemistry of the
synthesized material. The surface atomic composition of the
materials was calculated from the XPS spectra, showing
0.45% Cu, 1.80% S, and 22.42% Ti. The Ti/Cu molar ratio
was of 50, which was identical to that of the ICP results,
indicating the compositional homogeneity throughout the
hybrid material. The Ti 2p line of CuPcS,—Ti sample is
composed of two single peaks situated at 458.2 eV for Ti
2psp and 463.8 eV for Ti 2py,, indicating that the Ti element
mainly exists as the chemical state of Ti*" (33, 34). Com-
pared with the binding energy of pure TiO, (459 eV for
Ti2ps,, and 464.8 eV for Ti2py ), the binding energy of main
Ti 2p decreases in the titanium sulfonate hybrid, which is
the result from the organosulfonate incorporation into the
titania network, similar to some metal phosphonate materi-
als (35, 36). Curve-fitting result of the high-resolution spec-
trum of O 1s photoelectron peak suggested that there should
exist three kinds of oxygen. The main peak at around 530.5
eV can be attributed to the oxygen in Ti—O—S linkages (37),
whereas the peak at around 532.0 eV can be assigned to
surface hydroxyl (38). A small amount of Ti—O—Ti linkages
was detected at 529.6 eV, whereas no peak corresponding
to S—O—S linkages at around 531.5 eV could be found,
indicating there existed scarce condensation of the neigh-
boring dye molecules (39). A very symmetrical peak cen-
tered at 168.3 eV was detected in the S 2p spectrum,
showing an negative shift compared with the sulfur in a
hexavalent oxidation state (S°", ~169 eV) (40). The differ-
ence of the S 2p binding energy indicated that the presence
of the S—O- - - Ti bonds which resulted in the change of the
chemical circumstance of sulfur, and thus the S atoms of dye
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FIGURE 6. High-resolution XPS spectra of the Ti 2p, O 1s, and S 2p
regions of the synthesized CuPcS,—Ti material.

molecules could mainly coordinate with Ti** species in the
network which is in well accordance with the FT-IR results.
Based on TGA-DSC, IR, XPS, and XRD measurements, the
ideal skeletal structure of the synthesized CuPcS,—Ti ma-
terial was proposed, shown in Figure 7. The CuPcS, coupling
groups were dispersed homogeneously within the organic—
inorganic hybrid network, covalently bonded with Ti**
through the S—O- - - Ti mode, whereas the Ti*" ions were
coordinated with organic motifs in the form of TiO, oligo-
mers instead of large titania crystals. Thus the central
copper-phthalocyanine groups were efficiently isolated from
each other by the surrounding inorganic species. All these
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sample and CuPcS,.
make a bimetallic and large conjugated hybrid framework
for the ordered hexagonal mesophase, and it was the first
reported ordered mesoporous metal sulfonate material to
the best of our knowledge.

3.2. Photoelectric Conversion. UV—vis diffuse re-
flectance spectroscopy has been performed to assess the
optical properties and electronic structure of the synthesized
CuPcS,—Ti sample (Figure 8). Similar tendency of the as-
prepared sample and pure CuPcS; was obtained in the
wavelength range from 200 to 800 cm™". Interestingly, two
absorption peaks at around 250—390 cm™! and 580—750
cm™!in ultraviolet and visible light areas, respectively, were
very outstanding for CuPcS,—Ti, which were much higher
than those of pure organic CuPcS; molecules. This phenom-
ena could be attributed to the strong interactions between
the organic and inorganic moieties in the hybrid sulfonate
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framework, which has been observed in the optical proper-
ties of some previously reported phosphonate-based hybrid
materials (26, 35, 41).

Large mr-aromatic molecules, such as porphyrins, phtha-
locyanines, and perylenes, have been widely used in the
highly efficient dye-sensitized solar cells, because of their
photostability and high light-harvesting capabilities that can
allow applications in thinner, low-cost dye-sensitized solar
cells. Phthalocyanines exhibit strong absorption around 300
and 700 nm and redox features that are similar to porphy-
rins. Moreover, phthalocyanines are transparent over a large
region of the visible spectrum, thereby enabling the pos-
sibility of using them as “photovoltaic windows” (12). The
traditional preparation strategy of electrodes of dye sensi-
tized solar cell was by adsorption of dye molecules onto the
presynthesized semiconductor films (42). For the present
CuPcS,—Ti coated electrode, the dye molecules were linked
to Ti atoms through the S—O- - - Ti covalent bonds, which
could largely enhance the interactions between sensitizers
and the semiconductor, and decrease the loss of dye mol-
ecules during the application of the solar cells. The utilization
of commercially available CuPcS, as dye molecule and
graphite rods as the counter electrode, and the simple one-
step coating process of the synthesized mesoporous
CuPcS,—Ti materials onto the conductive glass lead to
the low cost and practicality of this self-made solar cell. The
configuration of the cell was shown in Figure S1 in the
Supporting Information. To investigate the cell performance,
current—voltage characteristics were measured under the
simulated sunlight irradiation (Figure 9). Short-circuit pho-
tocurrent density (/so), open circuit potential (V,), fill factor
(fH), and overall conversion efficiency (i) of the self-made
solar cell were summarized in Table St (Supporting Infor-
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FIGURE 9. Current—voltage characteristics of the mesoporous
CuPcS,—Ti-based solar cell under simulated sunlight irradiation.

mation). The conversion efficiency (1) of CuPcS,—Ti hybrids
was calculated to be 0.53%, which was relatively high
compared with the reported phthalocyanine sensitized solar
cells. For example, a combination of catechol axial attach-
ment to a TiO, surface, followed by the ligation to tita-
nium(lV) tetra(tert-butyl)phthalocyanine without the use of
coadsorbents, with the bulky tert-butyl peripheral groups
allowed for selective electron injection into the TiO, by Soret
band excitation, but the 7 value was 0.2 % (9). Novel highly
substituted zinc phthalocyanine carboxylic acid Zn-9 was
used for dye-sensitized solar cells, in which the aggregation
tendency of phthalocyanines could be effectively suppressed
by the high degree of substitutions, leading to a # value of
0.57% (6). The highest power conversion efficiency among
the reported phthalocyanine-sensitized TiO, cell was achieved
by Nazeeruddin and Torres et al. (10, 11) Their cell perfor-
mance was aided with the coadsorption of chenodeoxy-
cholic acid that is well-known to suppress the dye aggrega-
tiononthe TiO, surface. They prepared anovelunsymmetrical
zinc phthalocyanine sensitizer Zn-8 with the same three tert-
butyl and one carboxylic acid group that act as “push” and
“pull” groups, respectively, and the # value was determined
to be up to 3.5%. To the best of our knowledge, this is one
of the scarce examples that have a much higher # value than
the present CuPcS,—Ti-based cell. Although some of these
mentioned phthalocyanine sensitized solar cells have better
performance than our CuPcS,—Ti-based solar cell, the com-
plex preparation process of the highly substituted phthalo-
cyanines and the use of expensive unsymmetrical phthalo-
cyanines still limit their application areas, and it is very
valuable to access the high conversion efficiency by using
low-cost and commercially available dye molecules. The
stability for CuPcS4—Ti (Ti/CuPcS, molar ratio of 50)-based
solar cells was measured within 20 h, and the conversion
efficiency shows no obvious drop after 20 multiple use cycles
(see Figure S4 in the Supporting Information) with the
relative standard deviation (RSD) of 1.92%. The batch to
batch reproducibility was measured by fabricating 5 solar
cells from CuPcS,—Ti materials synthesized individually with
the same method, and the RSD was comfirmed to be 3.37 %.
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All these indicated that the present CuPcS,—Ti-based solar
cells have well stability and reproducibility.

To confirm the superiority of organic—inorganic hybrid
sulfonate materials as electrodes, we prepared a common
dye-sensitized electrode by adsorption of CuPcS, onto me-
soporous titania membrane, and the molar ratio of Ti/CuPcS,
was adjusted to be around 50. The conversion effeciency
was calculated to be 0.004 %, which was much lower than
that of CuPcS,—Ti-based hybrid materials. For the present
organosulfonate materials, the sulfonate groups were ho-
mogenously bonded into the hybrid framework, which
prevents the formation of large titania aggregates that could
be detected by XRD and FT-IR analysis, similar to the cases
in metal phosphonate materials (26, 43). The inorganic
moiety surrounded CuPcS4 centers mainly existed in the
form of TiO4 oligomers, which acted as the electron accep-
tors. Electron injection into the conduction band (CB) of TiO4
occurred from the first excited singlet state (S;) of CuPcS,
instead of from the first excited triplet state (T;), which is a
usual mechanism in dye sensitization of TiO, with phthalo-
cyanines (44), shown in Figure S5 (Supporting Information).
The large conjugated system of CuPcS, molecules could be
elongated probably through the participation of sulfur d-orbit
into the  system of the connected benzene (45), which
acted as both bridging and binding moieties. Generally, this
one-pot strategy of condensing TiCl, with CuPcS, would lead
to the molecular-level penetration of large sr-aromatic groups
into the semiconductor network with limited polymerization
degree (TiO4 oligomers), and the high contact and utilization
of organic dyes and the semiconductors in the hybrid
materials would contribute to improve the photoelectric
conversion efficiency. First, the isolation of copper-phtha-
locyanine centers by the surrounding TiO4 oligomers could
effectively suppress the aggregation of CuPcS, dyes that may
decrease the conversion effeciency in some traditional dye-
sensitized solar cells (12). The high loading amount of dyes
was achieved by this method, while the self-quenching of
the phthalocyanine excited singlet state caused by dye
aggregation in the traditionally prepared electrodes was
unavoidable (12), which could explain the low conversion
efficiency in the synthesized CuPcS, modified TiO, sample
(0.004%). We also decreased the CuPcS, content to Ti/
CuPcS, molar ratio of 500 for the CuPcS, modified titania
sample, but conversion efficiency was still low (<0.01 %)
because of the dye aggregation. In fact, the dye concentra-
tions of the reported dye-sensitized titania membranes were
usually very low. For example, Eu et al. reported phthalo-
cyanine-sensitezed solar cells with the dye content of 1.4 x
107" mol/cm? (6). There is another important potential for
the high dye concentration of the present sulfonate-based
solar cells, that the dye content in the hybrid materials could
be adjusted in a very wide range simply through changing
the adding amounts of raw materials (TiCly; and CuPcSy),
which means the photoelectric conversion efficiency could
be further promoted facilely.

Many factors could determine the photoelectric conver-
sion efficiency of the CuPcS,—Ti based solar cell. For ex-
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FIGURE 10. Current—voltage characteristics of the mesoporous
CuPcS,;—Ti based solar cells with different Ti/CuPcS; molar ratios.

Ti/CuPcS, molar ratio

ample, the ordered mesoporous structure of CuPcS;—Ti
material was destroyed by the ball milling technique (46),
which lead to the sharp decreasing of the specific surface to
28 m?/g. Also testing under simulated sunlight irradiation,
the conversion efficiency was decreased to 0.23 %, that is
43 % of the initial efficiency (Figure 9). This results suggested
that the ordered mesoporous hybrid materials with high
surface area and pore volume could enhance the photoelec-
tric conversion efficiency, probably due to the large contact
area to lights and efficient transmission of photoelectrons.
Another important factor was the contents of the organic dye
used in the hybrid membrane. By slightly adjusting the
adding amounts of the raw materials, we have prepared a
series of ordered mesoporous CuPcS,—Ti materials with the
Ti/CuPcS,; molar ratio of 49, 51, and 52, besides the above-
mentioned CuPcS,—Ti with Ti/CuPcS,; molar ratio of 50, and
the pore structure of these materials were quite similar,
shown in Table 1, see Figures S6 and S7 in the Supporting
Information. The current—voltage characteristics were mea-
sured (Figure 10), giving the sequence of CuPcS,—Ti (50) >
CuPcS,—Ti (51) > CuPcSs—Ti (52) > CuPcS,—Ti (49) (Table
1). Thus it is concluded that the photoelectric conversion
efficiency was not positive correlated to dye content, and
the efficiency reached its highest value at Ti/CuPcS, = 50
under the present experimental condition. In other words,
the conversion efficiency of the solar cell is related to the
relative content of CuPcSy centers to the surrounding TiO4
oligomers, which could be easily adjusted in the preparation
process.

The current—voltage characteristics were also measured
under the irradiation of four different monochromatic light
sources (see Figure S8 in the Supporting Information). The
conversion efficiency gave the following sequence: 2.57 %
(red light) >2.38 % (UV light) >0.45% (green light) > 0.33 %
(blue light). This sequence was consistent to the observation
of UV—vis diffuse reflectance spectroscopy with two strong
absorption peaks in UV and red light regions and very low
adsorption in blue region, which also confirmed that the
phthalocyanine is indeed the main source of the photocur-
rent generation. The distinct photoelectric conversion ef-
ficiencies under different light sources make the mesoporous
CuPcS,—Ti materials possibly practical in some photodetec-
tor applications. Similarly, the mesostructure-destroyed
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CuPcS,;—Ti and the CuPcSy-modified TiO, samples exhibited
much lower 7 values. As shown in Figure S9 in the Support-
ing Information, the current—voltage characteristics of the
synthesized samples with different Ti/CuPcS,; molar ratios
were measured under red light irradiation, giving the se-
quence of CuPcS,—Ti (50) > CuPcS,—Ti (51) > CuPcS,—Ti
(52) > CuPcS,—Ti (49), which was the same to that under
simulated solar light irradiation. It is theoretically possible
that the conversion efficiency could be extended to a much
wider range by further changing the Ti/CuPcS, molar ratio.
Detailed experimental investigation at other factors that
determine the conversion efficiency, such as the thickness
of the hybrid film, the concentration of the electrolyte, and
the pore size of the sensitized materials, are still being taken
in our laboratory.

4. CONCLUSIONS
Hexagonal mesoporous titanium tetrasulfonate materials

with an average pore size of around 9.5 nm were synthe-
sized by a simple autoclaving method in the presence of
surfactant F127. The CuPcS4 coupling groups were dispersed
homogeneously within the inorganic—organic hybrid net-
work, covalently bonded with Ti through the S—O- - -Ti
mode, whereas the Ti ions were almost tetrahedral coordi-
nated with organic motifs instead of forming large titania
aggregates. All these make a bimetallic and large conjugated
hybrid framework for the ordered hexagonal mesophase,
which is beneficial to the photoelectric conversion. It was
proved that the synthesized mesoporous CuPcSs;—Ti was
useful as the electrode materials, exhibiting high conversion
efficiency under simulated sunlight irradiation. The next
attempts would focus on improving the crystallinity of
mesoporous walls and adjusting the dye content and pore
size of the metal sulfonate materials, and on further increas-
ing of the photoelectric conversion efficiency of the meso-
porous CuPcS,—Ti based solar cell.
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