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a b s t r a c t

Thieno[3,4-b]thiophene-2-carboxylic acid (TTHC) was newly synthesized and poly(thieno[3,4-
b]thiophene-2-carboxylic acid) (PTTHC), showing NIR absorption with a low band gap of 1.0 eV, was
prepared by chemical or electrochemical polymerization. Vis–NIR spectroscopic studies on PTTHC
adsorption revealed that the presence of pendant carboxylic groups on a polymer chain is important
to obtain highly sensitized TiO2. The extent of PTTHC adsorption showed proportional increases as rais-
ing the adsorption temperatures, reaching saturation at the amount equivalent to a monolayer formation
(this does not mean PTTHC monolayer coverage on TiO2). Sequential treatments of TiO2 revealed that the
polymer can be adsorbed on N3-adsorbed TiO without desorbing N3. The amounts of PTTHC adsorbed on
oly(thieno[3,4-b]thiophene)

iO2 photoelectrode
ye adsorption
IR absorption
ye-sensitized solar cell

2

N3-adsorbed TiO2 with increasing adsorption temperatures implied that only a small fraction of polymer
chains is involved in anchoring with most chain segments remaining unbound to TiO2. The dye adsorption
behaviors were further studied by FTIR, EDX, and TGA. Finally, PTTHC was applied for the preparation of
panchromatic dye-sensitized solar cells. The power conversion efficiency (�) of 1.2% for PTTHC-adsorbed
TiO2 was increased to 4.3% after N3 adsorption on PTTHC-adsorbed TiO2. Similar enhancement of � was

atme
observed after PTTHC tre

. Introduction

During the last two decades, dye-sensitized solar cells (DSSC)
ave attracted extensive research interest as a potential alter-
ative to Si-based photovoltaic cells, mainly due to its superior
ost-effectiveness [1,2]. DSSC utilizes fast electron injection from
olecular light absorbers to large band gap semiconducting

anoparticles during light illumination. Photosensitizers are sub-
equently recovered by obtaining electrons from redox species in
n electrolyte solution for continuous current generation. One of
he most crucial factors determining the overall cell performance
n this type (Grätzel type) of cell is the light-harvesting capability
f photosensitizers chemisorbed on the semiconducting surface. In
his regard, significant efforts have been made to develop more effi-
ient light absorbing materials especially in the near infrared (NIR)
egion to reach the theoretical power conversion efficiency [3,4].

The most efficient sensitizers employed for DSSC to date are

recious metal (Ru)-based dyes, including N3 dye and N719 dye,
ith which power conversion efficiency as high as 10% has been

eported [5]. The black dye, probably the best Ru-based sensitizer
eported so far, has an absorption extending into the NIR region

∗ Corresponding author. Tel.: +82 61 750 3638; fax: +82 61 750 3608.
E-mail address: mho@sunchon.ac.kr (M. Pyo).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2010.03.012
nt on N3-adsorbed TiO2.
© 2010 Elsevier B.V. All rights reserved.

with a certified cell efficiency of ∼11.1% [6,7]. These high conver-
sion efficiencies made DSSC a potential candidate for commercial
applications. However, the Ru-based compounds are unattractive
in terms of cost, availability, and environmental friendliness [1,2].

In this regards, significant efforts have been made to find
suitable alternatives to the precious metal dyes through develop-
ment of common metal-containing organic dyes [8–11], metal-free
organic dyes [12–19] and natural dyes [20,21]. The cell efficiency
achieved using the common metal-containing organic dyes such
as porphyrins [8,9] and phthalocyanines [10,11] were less than 5%.
The reason for the low efficiency was attributed to dye aggrega-
tion and lack of directionality in the excited state. Metal-free dyes
such as cyanine [4], hemicyanine [12], coumarin [13], indoline [14],
triphenylamine [15], squaraine [16], perylene [17], and thiophene
based dyes have been explored as sensitizers [18,19]. Most DSSC
with these dyes yielded cell efficiencies greater than 5%, indicating
that organic dyes can be substitutes (or at least supplements) of
precious metal-based dyes.

As an inexpensive substitute for the precious metal dyes, conju-
gated polymers possess considerable importance because of their

large absorption coefficients and tunable band gaps that span
the whole visible and NIR region. Excluding the application of
conjugated polymers as donor materials in bulk heterojunction
solar cells or hole transporting layers in solid state DSSC, only
a few reports are available on conjugated polymers as a sensi-

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:mho@sunchon.ac.kr
dx.doi.org/10.1016/j.jphotochem.2010.03.012
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Scheme 1. Synthetic route of TTHC.

izer dye in the conventional DSSC [22–27]. Among conjugated
olymers, polythiophene derivatives have been predominantly
tilized as dye materials because of their high stability at both
oped and undoped states and facile structural modifications
22,24,25,27]. For example, Yanagida et al. used poly(3-thiophene
cetic acid) to produce an overall power conversion efficiency of
2.4% [25].

In this paper, we describe the synthesis of thieno[3,4-
]thiophene-2-carboxylic acid (TTHC) using a novel route and
oly(thieno[3,4-b]thiophene-2-carboxylic acid) (PTTHC). We

ncorporated thienothiophene blocks since poly(thieno[3,4-
]thiophene) has been known as one of the lowest band gap
olymers having Eg of 0.85 eV [28,29]. We also expected that TTHC
an be a stable derivative of unstable thieno[3,4-b]thiophene [30].
he adsorption behaviors of PTTHC onto nanocrystalline TiO2 and
he photovoltaic performances of the polymer-sensitized DSSC
re described. Coadsorption behaviors of PTTHC and N3 are also
resented.

. Experimental

.1. Materials

All the solvents and chemicals employed in this study, unless
therwise specified, were AR grade quality from Sigma–Aldrich.
ommercial TiO2 paste (Ti-Nanoxide T20, Solaronix SA, Switzer-

and) was employed for the photoelectrode fabrication. The Ru
omplex used was N3 (Ruthenium 535, Solaronix SA, Switzerland).

.2. Synthesis of TTHC

Scheme 1 shows the synthesis route of TTHC. 3,4-
ibromothiophene (10.0 mmol, dissolved in 25 mL ether) was
tirred for 30 min at −78 ◦C under N2 atmosphere, followed by
njection of n-butyllithium (10.0 mmol). After additional 30 min
tirring, dimethylformamide (10.0 mmol) was dropped into the
ixture. The reaction was allowed to continue for 2 h at room tem-

erature. Dark-orange liquid obtained after ether extraction and
acuum evaporation, was subjected to column chromatography
hexane:ether = 3:1) to obtain 4-bromothiophene-3-carbaldehyde
yellow liquid, 60% yield).

To the 4-bromothiophene-3-carbaldehyde (2.615 mmol,
issolved in 25 mL of dimethylformamide), HSCH2CO2C2H5

2.875 mmol), K2CO3 (3.923 mmol) and CuO nanopowder
0.0785 mmol) were added consecutively. The mixture was

aintained at 80 ◦C for 12 h. After ether extraction, vacuum
vaporation, and column chromatography, ethylthieno[3,4-
]thiophene-2-carboxylate (gray powder) was obtained with 20%
tobiology A: Chemistry 212 (2010) 81–87

yield. 1H NMR (CDCl3, 400 MHz): ı = 7.61 ppm (s, 1H), 7.50 ppm (d,
1H), 7.28 ppm (d, 1H), 4.37 ppm (q, 2H), 1.34 ppm (t, 3H).

Hydrolysis of ethylester to carboxylic acid was performed
by refluxing an ethanol solution containing ethylthieno[3,4-
b]thiophene-2-carboxylate and excess amounts of LiOH for several
hours. The precipitates formed by the addition of a few drops of
1.0 M HCl into the reaction mixture were washed with copious
amounts of water via centrifugation. The pale pink color product
(92% yield) was spectroscopically pure and used without fur-
ther purification. 1H NMR (DMSO, 400 MHz): ı = 7.70 ppm (s, 1H),
7.52 ppm (d, 1H), 7.41 ppm (d, 1H).

2.3. Polymerization of TTHC and characterization

For electrochemical characterization of PTTHC, polymer was
synthesized on a Pt button electrode (geometrical area = 0.02 cm2)
in an acetonitrile (ACN) solution containing 10 mM TTHC and
50 mM tetrabutylammonium tetrafluoroborate (TBABF4) by scan-
ning potentials between 0 and +1.4 V (BAS CV-50W). All the
potentials mentioned hereafter are referenced to Ag/AgCl (3 M KCl).
For the determination of band gap of PTTHC, the polymer was elec-
trochemically deposited on an FTO glass and absorption spectrum
was obtained at a fully reduced state (JASCO V550). The band gap
was also measured from a cyclic voltammogram.

For the adsorption studies, PTTHC was prepared by chemical
polymerization with FeCl3. After adding FeCl3 (5 mM), the ACN
solution containing TTHC (10 mM) was kept stagnant at 4 ◦C for 2 h.
The solution color turned from yellow to darkish green, indicative of
polymer formation. The average molecular weight (Mn) of PTTHC,
determined from Gel Permeation Chromatography, was ∼180,000.

2.4. Preparation of nanocrystalline TiO2 photoanode

A doctor blade technique was employed for making TiO2 films
on FTO glass plates. Scotch tape was employed to control the thick-
ness of coating. The coated electrodes were sintered at 450 ◦C for
30 min, using a muffle furnace. The thickness of sintered films, mea-
sured by a surface profilometer (Nanoview 1000, Nano system),
was ∼8 �m.

2.5. Adsorption of PTTHC and N3 onto transparent TiO2 electrode

The adsorption of the polymer onto TiO2 nanocrystalline elec-
trodes was investigated as a function of temperature. For these
experiments, the TiO2 coated FTO was immersed in a 20 mM poly-
mer solution for 10 h. Experiments were conducted at 40, 60, and
80 ◦C as well as room temperature (25 ◦C). For the adsorption at
elevated temperatures, the solution container was tightly closed
using Teflon tape to avoid evaporation. After the adsorption, the
electrodes were repeatedly washed in flowing ACN, followed by
1:1 mixture of ethanol and methanol. For the preparation of TiO2
photoelectrodes sensitized in both Visible and NIR, N3 was also
coadsorbed. The typical concentration of N3 used was 0.1 mM in
ethanol.

Absorption spectra of the dye-adsorbed electrodes were mea-
sured using a UV-Vis spectrophotometer [UV 2401PC, Shimadzu].
A bare FTO was employed as the reference. TGA (SDT Q600), EDX
(Bruker AXS), and FTIR (FTLA 200) analysis were performed to cal-
culate the amount of PTTHC anchored on TiO2 and to compare the
relative composition of PTTHC to N3.
2.6. Measurement of cell efficiency

A sandwich cell was prepared using the dye-adsorbed TiO2
electrode and Pt counter electrode. Surlyn film (SX 1170-25, Sola-
ronix SA) with an exposed area of 0.10 cm2 was used as the spacer
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ig. 1. Cyclic voltammograms of (A) a PTTHC-modified Pt and (B) a bare Pt in ACN
odified Pt electrode during p-doping/dedoping at (A) 50 mV s−1, (B) 100 mV s−1, (

tate.

etween the electrodes. The photoanode together with the counter
lectrode was heated at 130 ◦C for 5 min to form a sealed cell.
he iodine electrolyte was placed inside the cell utilizing capillary
ction through a predefined channel. A solar simulator [Newport,
odel 66984] was focused to give 100 mW/cm2, equivalent to 1 sun

t AM 1.5G. The short circuit photocurrent (Jsc) and the open circuit
otential (Voc) were measured using a Potentiostat/Galvanostat
Epsilon EC). The counter electrode was prepared by drop-coating

propanol solution of 5 mM H2PtCl6 on a FTO glass. The plates
ere air-dried for 5 min and heated at 400 ◦C using a muffle fur-
ace for 1 h. The iodide electrolyte used was comprised of 0.5 M
iI, 0.05 M I2, and 0.5 M tert-butyl pyridine in 3-methoxy propioni-
rile.

. Results and discussion

.1. Characterization of dye

Fig. 1A represents the cyclic voltammograms (CV) recorded for
he PTTHC-modified Pt electrode in ACN containing 50 mM TBABF4.
he CV was also recorded for the bare Pt electrode (Fig. 1B). While
he polymer exhibits reversible p-doping processes, n-doping is
uite irreversible. Once the polymer is subjected to n-doping, it

mmediately degrades as evidenced by the loss of electroactiv-
ty during a subsequent p-doping process. Note the huge cathodic
harges during n-doping, compared to the anodic charges during
-doping. The inset (left) shows the CV of a PTTHC-modified elec-
rode as a function of scan rate. The increase in anodic peak current
ith the scan rate illustrates electrochemical activity of the poly-

er. No substantial shift in oxidation potential was observed with

he scan rate. Using the onset potential for p-doping (+0.30 V), the
OMO level of PTTHC was calculated to be −4.7 eV (vs. vacuum).

The inset (right) shows the Vis–NIR spectrum recorded for
TTHC deposited on FTO. The polymer in a neutral state at 0.0 V
aining 50 mM TBABF4, at 50 mV s−1. Inset (left): cyclic voltammograms of PTTHC-
mV s−1, and (D) 400 mV s−1. Inset (right): Vis–NIR spectrum of PTTHC in a neutral

exhibits an absorption peak maximum at ∼820 nm with an absorp-
tion edge at 1250 nm, indicating that the band gap of the polymer
is ∼1.0 eV and the LUMO level lies at −3.7 eV (vs. vacuum) (PTTHC
dissolved in CHCl3 showed a similar spectrum.). This value can
be compared with the LUMO level electrochemically determined
from the onset potential for n-doping. Note that n-doping begins at
−1.0 V during the first cathodic scan, resulting in the greater band
gap of 1.3 eV and the higher LUMO level at −3.4 eV (vs. vacuum)
[31]. The noticeable deviation from the spectroscopically deter-
mined values may be due to the ambiguity in the determination of
the onset potential, arising from significantly large cathodic charges
during n-doping. This discrepancy, however, does not alter the fact
that the LUMO level of PTTHC is located at the more negative poten-
tial than the conduction band of TiO2 (−4.0 eV vs. vacuum) [32]
which facilitates the charge injection from PTTHC into nanocrys-
talline TiO2 of DSSC.

3.2. PTTHC adsorption onto transparent TiO2

3.2.1. PTTHC adsorption as a function of temperature
Fig. 2 shows the transmittance spectra for the PTTHC-adsorbed

TiO2 electrodes as a function of temperature. The bare TiO2 (Fig. 2A)
exhibits substantial reduction of the transmitted lights between
400 and 600 nm due to scattering, but most of the lights were
transmitted in a longer wavelength range. On the other hand,
the TiO2 electrodes treated in PTTHC solutions demonstrate grad-
ual decreases of the transmittance with increasing temperatures
(Fig. 2B–E), which is more obvious in a long wavelength range. For
example, while the bare TiO2 transmits 96% of photons at 800 nm,

the transmittance of PTTHC-treated TiO2 electrodes decreases to
93%, 88%, 70%, and 50% depending on the adsorption temperature.
The greater dye loading onto TiO2 at higher temperatures is mainly
due to better solubilization of the polymer with a reduction of the
aggregated phase [33].
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Fig. 2. Transmittance variation of PTTHC-adsorbed TiO2 as a function of tempera-
ture: (A) bare TiO2; and PTTHC-adsorbed TiO2 at (B) room temperature, (C) 40 ◦C,
(D) 60 ◦C, and (E) 80 ◦C.
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ig. 3. Transmittance variation of (A) TTHC-adsorbed TiO2 film; and PTTHC-
dsorbed TiO2 prepared by dipping TTHC-adsorbed TiO2 in FeCl3 for (B) 15 min and
C) 30 min.

We further examined two alternative methods to establish a
ontrollable polymer adsorption method at room temperature.
irst, we synthesized PTTHC with TiO2 dipped in a polymeriza-
ion medium for 10 h, expecting more efficient dye adsorption
t room temperature (the TiO2 electrodes were immersed in a
THC solution and polymerization was achieved by in situ addi-
ion of FeCl3 to the monomer solution for 10 h). The subsequent
is–NIR analysis showed the similar spectrum as Fig. 2B (data not
hown here). This implies that the adsorption onto TiO2 in a poly-
erization medium occurs mostly with the polymer, since the

olymerization reaction proceeds fast at room temperature. Sec-
nd, we anchored TTHC by dipping TiO2 in a 10 mM monomer
olution for 10 h and subsequently polymerized the surface-bound
THC in a FeCl3 solution at room temperature (the monomer-
dsorbed electrodes were directly dipped into a FeCl3 solution).
ig. 3 exhibits the transmittance spectra of the photoelectrodes
efore and after the surface-bound TTHC polymerization. While
he transmittance of the monomer-adsorbed TiO2 (Fig. 3A) is
omparable to that of the bare TiO2 (Fig. 2A), polymerization sig-
ificantly alters the transmittance in between 600 and 900 nm
ue to the NIR absorption of PTTHC (Fig. 3B and C). The effect

f polymerization time on transmittance is negligible, implying
hat the polymerization rate is quite fast and 30 min is enough for
he completion of polymerization (further increase of immersion
ime did not result in any major variations). It is worthwhile to
ote that Figs. 3C and 2E show similar transmittance values. This
Fig. 4. Transmittance variation of the ethylester-functionalized PTTHC-adsorbed
TiO2 as a function of temperature: (A) bare TiO2; and ethylester-functionalized
PTTHC-adsorbed TiO2 at (B) room temperature, (C) 40 ◦C, (D) 60 ◦C, and (E) 80 ◦C.

is interesting since post-polymerization after monomer adsorp-
tion should lead to the monolayer formation on the TiO2 surface,
avoiding possible problems associated with the polymer aggrega-
tion. The similar transmittance values (Figs. 3C and 2E) seem to
indicate that the difference in the amounts of polymer adsorbed
on TiO2 is negligible. However, this does not necessarily mean
that the surface-bound TTHC polymerization method result in a
PTTHC monolayer formation. We believe that a significant fraction
of PTTHC chains exists without anchoring (see below), remaining
free TiO2 surfaces which are accessible by other dyes with small
molecular weights.

3.2.2. Nature of anchoring
It is well known that the carboxylic acid group is crucial for

efficient dye adsorption on TiO2 [2,34]. To confirm whether the
COOH group is solely responsible for the PTTHC adsorption, we
carried out Vis-NIR investigation with an ethylester-functionalized
PTTHC which does not have free COOH moieties. Fig. 4 shows the
transmittance spectra of TiO2 treated in ethylester-functionalized
PTTHC solutions at various temperatures. As in the case of PTTHC,
the transmittance steadily decreases with the increase of tempera-
tures and finally reaches ∼70% at 80 ◦C. This indicates that a certain
extent of dye adsorption can happen on the TiO2 surface even in
the absence of COOH groups. However, it should be noted that
the extent of PTTHC adsorption at 80 ◦C (Fig. 2E) is significantly
higher when compared with the ethylester-functionalized PTTHC
(Fig. 4E). From these results, it can be concluded that the adsorption
occurs more effectively through the COOH group although trans-
esterification can occur between TiO2 and ester-functionalized
dyes to some extents.

To confirm the nature of PTTHC adsorption, we also conducted
FTIR studies with the powders scratched from the dye-adsorbed
photoelctrode. The FTIR peaks matched well with the characteristic
peaks of neat PTTHC except COOH intensities. The peak intensities
corresponding to the COOH group (1692 and 1408 cm−1) signifi-
cantly decreased after the dye adsorption, but were not suppressed
completely. Such an observation supports that substantial amounts
of carboxylic acids remain intact without being involved in the
chemical linkage with TiO2 as mentioned above.

In order to quantitatively measure the amount of polymer
adsorbed at 80 ◦C, thermal analysis of PTTHC-adsorbed TiO2 was

performed (Fig. 5). Since TiO2 was stable within the temperature
range examined (Fig. 5A), the weight loss between 200 and 400 ◦C
resulted from the polymer decomposition. By using the total weight
loss of the polymer-adsorbed TiO2 powder between 200 and 400 ◦C
(∼5%), the total polymer adsorbed on TiO2 was calculated to be
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Fig. 6. Vis–NIR spectra of TiO2 film after dipping PTTHC-adsorbed TiO2 in a N3 solu-
tion at room temperature. PTTHC was adsorbed at (A) room temperature, (B) 40 ◦C,
(C) 60 ◦C, and (D) 80 ◦C.

Fig. 7. Vis–NIR spectra of TiO2 film after dipping N3-adsorbed TiO2 in a PTTHC solu-
tion at (A) room temperature, (B) 60 ◦C, and (C) 80 ◦C. N3 was adsorbed at room
temperature.

Table 1
EDX analysis of selected areas of dye-adsorbed TiO2 electrodes: (A) PTTHC adsorp-
tion at 80 ◦C, followed by N3 adsorption; (B) N3 adsorption followed by PTTHC
adsorption at 80 ◦C.

Sample Elements/atomic (%)
ig. 5. Thermogravimmetric analysis of (A) TiO2 and (B) PTTHC-adsorbed TiO2 at
0 ◦C. v = 10 ◦C min−1 under N2 atmosphere.

10 mg. With the densities of PTTHC (∼1.2 g cm−3, measured by
floatation method) and TiO2 (4.2 g cm−3), an approximate thick-
ess of polymer on a single TiO2 particle was calculated to be 12 Å.
his value seems to be consistent with the monolayer thickness,
mplying that the amount of PTTHC-adsorbed on TiO2 is equivalent
o the one for the monolayer formation. Here the TiO2 particle is
ssumed to be a sphere with a diameter of 20 nm.

To further confirm the amounts of dye, PTTHC was des-
rbed by immersing PTTHC-adsorbed TiO2 in a 0.1 M sodium
ydroxide aqueous solution for 30 min [35]. The concentration
f the dye desorbed was determined by Vis–NIR spectroscopy
ε = 5.2 × 103 M−1 cm−1). The thickness of polymer was calculated
o be 9.5 Å, similar to the value determined from the thermal anal-
sis.

.3. Coadsorption of PTTHC and N3 on transparent TiO2

Since PTTHC adsorption can allow other materials to access
oward TiO2 surfaces due to polymer chain flexibility, coadsorption
f low molecular weight dyes on bare TiO2 surfaces may widen the
bsorption window. In a recent report, Ogura et al. showed that a
ombination of black dye and indoline dye possesses a synergis-
ic effect that improves the cell efficiency [36]. In this context, we
equentially treated TiO2 electrodes in PTTHC and N3 to investigate
oadsorption behaviors. In the first set of experiments, TiO2 elec-
rodes were immersed in PTTHC solutions at various temperatures
or 10 h, taken out, washed thoroughly, and immersed in 0.1 mM
3 dye at room temperature for 10 h. The corresponding Vis–NIR

pectra are shown in Fig. 6. The increase in absorbance between
00 and 900 nm with the increase of temperatures is also the case,
s expected. Note that the absorption between 600 and 900 nm in
ig. 6 is identical to the value shown in Fig. 2E (50% transmittance is
qual to the absorbance of 0.3), supporting the fact that no desorp-
ion of PTTHC occurs during N3 adsorption. The spectra also exhibit
he distinctive peaks at 540 nm indicative of the N3 dye absorption.
owever, areas under the N3 peaks got smaller with the increase of
TTHC adsorption temperatures. This variation indicates that free
iO2 sites accessible by N3 become smaller as the polymer adsorp-
ion increases. N3 adsorption on PTTHC-adsorbed TiO2 is possible
ince only a certain portion of COOH groups is involved in anchor-
ng.

In the second set of experiments, the above process was

eversed. The TiO2 electrodes were first immersed in N3 at room
emperature for 10 h, followed by immersion in PTTHC at different
emperatures for 10 h (Fig. 7). The figure indicates that the peak
reas due to N3 adsorption remain constant while the absorption in
C S Ti Ru O

A 2.79 1.37 (3.56) 38.46 (100) 0.25 (0.65) 57.13
B 2.85 1.28 (3.52) 36.35 (100) 0.28 (0.77) 59.24

the wavelength range of 700–900 nm is enhanced with the increase
of PTTHC adsorption temperatures. The insignificant change of N3
peaks is not surprising since the large binding constant between
carboxylic groups and titania can effectively protect N3 from des-
orption [37]. The increase of PTTHC adsorption with temperature is
rather interesting. Since it has been known that the coverage of the
TiO2 surface with N3 reaches near 100% [38], the increase of poly-
mer adsorption with temperature necessarily indicates that only
a small fraction of polymer chains is anchored to TiO2 and most
segments exist in an unbound state.

Table 1 represents the elemental analysis by EDX for the selected
areas of the dye-adsorbed electrode surface. The percentages of S

and Ru reflect the amounts of PTTHC and N3 dye, respectively. It
is clear that PTTHC adsorption followed by N3 adsorption (sample
A) shows slightly less Ru content than N3 adsorption followed by
PTTHC adsorption (sample B), while maintaining similar S contents.
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Fig. 8. J–V curves recorded for DSSC constructed using TiO2 electrodes sensitized
with (A) PTTHC, (B) PTTHC followed by N3, and (C) N3.

Table 2
Cell parameters of PTTHC and mixed-dye DSSC.
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Sample Jsc (mA cm−2) Voc (V) FF � (%)

PTTHC 4.5 0.42 0.62 1.2
PTTHC + N3 9.6 0.62 0.71 4.3

his corresponds to the result obtained from Vis-NIR studies (the
bsorbance of N3 in Fig. 6D was smaller than in Fig. 7C while the
TTHC absorbance was similar). The table also shows significantly
arge amounts of S relative to Ru content in both cases. Considering
hat the amount of PTTHC adsorbed at 80 ◦C is equivalent to the
mount for the monolayer formation and PTTHC is not desorbed
uring N3 treatment (for sample A), abnormally large S contents

mply that PTTHC is non-specifically bound to TiO2 along with a
arge portion of movable chain segments.

.4. Photovoltaic studies

Fig. 8 represents current–voltage characteristics of DSSC pre-
ared with PTTHC and PTTHC + N3 (PTTHC adsorption followed
y N3 treatment). Table 2 lists the photovoltaic data. DSSC con-
tructed using the polymer dye exhibited a cell efficiency of 1.2%.
he efficiency increased to 4.3% when the polymer adsorption was
ollowed by N3 treatment (N3 adsorption followed by PTTHC gave
similar �.). The relatively low Jsc of the polymer dye DSSC may

e associated with the loosely bound polymers, which prevent the
lectrolyte diffusion and/or electron transfer from electrolytes to
ye molecules to some extents (the low Voc is due to the high HOMO

evel of PTTHC than that of N3). The pure N3 dye-sensitized DSSC
howed an efficiency of 5.8% in this study. Although � of the poly-
er dye DSSC and the mixed-dye-sensitized DSSC were limited,

he efficiency values obtained in this study suggests that PTTHC
an play a role in NIR sensitization or can be utilized for the reduc-
ion of precious metal-based dye consumption. More studies are
n progress to alleviate the polymer chain stacking (or aggrega-
ion) by employing suitable co-adsorbents and by controlling the

olecular weight of the polymer for further improvement of the
ell efficiency.

. Conclusions

A new monomer TTHC and a polymer PTTHC having a low band

ap of 1.0 eV were synthesized. Their adsorption and NIR sensi-
ization behaviors on TiO2 were investigated, expecting potential
pplication in DSSC. The result of Vis–NIR experiments showed that
he extent of polymer adsorption on nanocrystalline TiO2 was sig-
ificantly enhanced with the increase of adsorption temperatures.

[

[
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Comparative studies with an ethylester-functionalized polymer
indicated that the COOH groups mainly contributed to dye anchor-
ing. The FTIR and coadsorption studies revealed that the entire
polymer chains were not necessarily involved in the adsorption
process and only a small fraction of polymer chains was responsi-
ble for anchoring. The DSSC sensitized with PTTHC showed a cell
efficiency of 1.2%, suggesting that PTTHC was involved in the NIR
solar energy conversion process. Coadsorption of N3 with PTTHC
resulted in an efficiency of 4.3%, which was lower than 5.8% of DSSC
with N3 only. This is likely because polymer stacking (or aggrega-
tion) hampers the dye regeneration by accepting electrons from
iodide electrolytes.
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