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Introduction

Over the past decades, there has been great interest in de-
veloping new low-cost, alternatives to replace the conven-
tional solid-state photovoltaic devices due to several disad-
vantages, including the high cost of resources and their limit-
ed applications. Dye-sensitized solar cells (DSSCs) based on
inorganic dyes involving various functional anchoring
groups have achieved spectacular progress, accomplishing
maximum energy conversion efficiencies up to 8–12 %.[1]

Among these, the most successful sensitizer for DSSCs was
a ruthenium-free d-p-A zinc porphyrin-based cells with
cobalt polypyridyl-based redox electrolytes on nanocrystal-
line TiO2 film.[1h] However, the critical disadvantages such
as the high cost and lack of environmental safety of the inor-
ganic dyes hinder its further development. Therefore, the
development of metal-free organic dyes with a broad and
tunable absorption range is the prerequisite for the next
generation of highly efficient DSSCs.

Recently, several organic dyes involving catechols, thio-
phenes, indolines, porphyrins and conjugate polymers have
become promising candidates to replace the ruthenium dyes
due to impressive photovoltaic performance and electro-
chemical properties.[2] Among these dyes, those with the

endiol units of catechol derivatives as an anchoring group
have a special ability to form significant dye-to-TiO2 charge
transfer complexes through chelation with titanium ions in
nanocrystalline TiO2 cells, resulting in new hybrid proper-
ties.[3,4] In particular, polymer dyes containing p-conjugated
systems are potential materials because of their high molar
absorption coefficient, wide spectral region of sunlight and
high flexibility, in which the modification of the anchoring
group or conjugation length greatly affects light absorption
and dye binding properties and ultimately overall photovol-
taic performance.[2e,5,6]

Dopamine (DA), commonly known as a neurotransmitter,
is a mimic small-molecule compound that contains the 3,4-
dihydroxy-l-phenylalanine (DOPA) and amine groups per-
forming excellent adhesive properties in Mytilus edulis foot
proteins of marine mussels.[7] Specifically, polydopamine
(PDA) prepared by oxidant-induced self-polymerization or
electrochemical polymerization of DA shows remarkably
strong adhesion to organic and inorganic surfaces due to cat-
echol and imine moieties, enabling surface modification,
layer-by-layer assembly and nanocomposite film forma-
tion.[8] The catechol functional group of DA easily oxidizes
and self-polymerizes in the presence of oxygen sources to
form PDA thin films of various thicknesses depending on
the pH conditions.[9]

The electrochemical oxidation can also produce a PDA
thin film on a conducting substrate by oxidative polymeriza-
tion through dehydration, intramolecular cyclization and in-
termolecular cross-linking processes.[7,10] Binding the PDA
onto a TiO2 surface through catechol groups is a very prom-
ising method for creating stable interfaces for use in solar
cells because two OH groups of the catechol moiety can
form a strong bidentate complex with coordinatively unsatu-
rated Ti atoms (Figure 1). The chemical compositions and
optical properties of the resulting PDA thin films are consis-
tent with those of melanins, natural pigments with strong
UV absorption and antioxidant properties, but their exact
chemical structure is still unknown. In addition to this struc-
tural uncertainty, the difficulty in controlling the polymer
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solution makes PDA a less favorable candidate for DSSCs
and organic photovoltaic cell (OPV) applications.

Herein, we first report on PDA as a novel polymer sensi-
tizer for efficient polymer-sensitized solar cells. In the case
of monomer DA, it is known to form a charge transfer com-
plex with TiO2 as a catechol derivative with excellent bind-
ing ability. There have been some reports concerning the
photodynamic reaction of DA/TiO2 hybrid thin films and
their photovoltaic performance in DSSCs,[5,6, 11] but the pho-
tovoltaic cell efficiency of DA organic dye was very low, less
than 0.1 %, and the absorption range was narrow. On the
other hand, the strong adhesive ability of PDA with various
substrates and its broad spectral response can provide ad-
vantages in TiO2-based solar cells. Thus, we introduced the
idea of a polymer sensitizer on nanocrystalline TiO2. How-
ever, the polymerization of DA is a rapid reaction that pro-
gresses immediately when it is exposed to an oxygen source,
resulting in the formation of melanin-like aggregates or
dark brown thin films and leading to a very low energy con-
version efficiency (below 0.01 %). Therefore, it is difficult to
find optimized conditions for producing efficient PDA-sensi-
tized cells. Herein, we suggest that the control of the poly-
merization of DA in N2-saturated pH 8.5 tris(hydroxymethy-
l)aminomethane (THAM) instead of the oxygen-induced
polymer solution is one of the most important factors for ef-
ficient sensitization of PDA dye in the photovoltaic cells. To
this end, we propose a method to produce efficient PDA-
sensitized solar cells by two coating methods. Spontaneous
self-polymerization using dip-coating and electrochemical
polymerization by using cyclic voltammetry in DA solution
were applied to TiO2 layers under a nitrogen atmosphere,
which offers a facile and reliable synthetic pathway to make
the PDA dyes, named as PDA-DC for dip-coating produc-
tion and PDA-CV for CV production, and perform an effi-
cient dye-to-TiO2 charge transfer.

Results and Discussion

The PDA-sensitized solar cell (see the proposed schematic
illustration in Figure 1) was prepared by polymerizing the
DA (0.3 g, 0.26 m) that dissolved in 6 mL of 0.01 m tris(hy-
droxymethyl)aminomethane (THAM) buffer with a pH of

8.5 in a nitrogen stream and stirred at room temperature for
24 h. The PDA solution was used as a dye and coated onto
the TiO2 electrodes consisting of a 20 nm TiO2 electrode or
a 20 nm/500 nm TiO2 electrode by dip-coating. For CV
study, a PDA solution (0.03 m, 20 mL) was prepared by the
same procedure as dip-coating. Electro-oxidative polymeri-
zation of the DA was carried out using a potentiostat linked
to a three-electrode system (consisting of a counter elec-
trode, a reference electrode and a working electrode). All of
the reported potentials are versus the Ag/AgCl reference
electrode. In the CV deposition, the PDA dye (PDA-CV)
was coated on the TiO2 electrode by using cyclic process
from 1 V and �1 V with a sweep speed of 10 mVs�1. The
PDA dyes produced by polymerization of DA were coated
on nanocrystalline TiO2 films consisting of 20 nm TiO2

nanoparticles with a film thickness of 9 mm and 500 nm TiO2

nanoparticles with a film thickness of 7 mm, in which the
TiO2 electrodes were prepared according to the procedures
reported previously.[12] The 20 and 500 nm TiO2 particles
were used as a main absorber and as a scattering layer, re-
spectively; the experimental details are shown in a support-
ing information. In the fabrication process of a conventional
DSSC, the electron injection occurs from the lowest unoccu-
pied molecular orbital (LUMO) level of the intermediate
dye to the conduction band (CB) of TiO2 by a two-step
process; however, the one-step direct injection from highest
occupied molecular orbital (HOMO) to CB for the case of
catechol derivatives has been proposed.[13] The electron in-
jection of PDA followed the direct charge transfer process
as catechol derivatives, in which a photon was injected
through the transparent conducting oxide layer and transfer-
red from the HOMO energy level of PDA to CB of TiO2

nanoparticles under photoexcitation.[2b]

Figure 2 shows the transmission electron microscopic
(TEM) images of the TiO2 nanoparticles after PDA coating.
The 20 nm TiO2 nanoparticles have an anatase phase and
the 500 nm particles have a rutile phase with a small portion
in the anatase phase.[12] The TiO2/PDA thin film demonstrat-
ed a well-defined core-shell type hybrid structure, without
the presence of agglomerates. The deposition of PDA occur-
red on both TiO2 layers, indicating a strong binding property
on the semiconductor surfaces. As seen in the TEM images,
the polymerization reaction preferentially occurred on the
20 nm anatase TiO2 thin layer rather than the rutile scatter-
ing layer. The high magnification image showed distinct lat-
tice fringes and clear boundaries, giving additional evidence
that the TiO2 nanoparticles are highly crystalline and uni-
form. The PDA shell DC showed 6.4 and 5.0 nm larger than
those in PDA-CV, which were 4.5 and 3.6 nm, respectively.
Raman spectroscopy provides additional evidence for the
polymerization of DA monomer (the Supporting Informa-
tion, Figure S1), in which two broad peaks appear at �1348
and 1598 cm�1 indicating the formation of PDA.8d The PDA-
CV thin films deposited on the TiO2 electrode showed
redox potential characteristics in high pH solutions (the
Supporting Information, Figure S2). During the polymeriza-
tion, the dopamine oxidation was proceeded by the redox

Figure 1. Proposed schematic illustration of PDA-sensitized solar cells
showing the photoinduced charge transfer process.
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process[10] involving two electrons and two protons com-
pared with that of the melanin prepared by oxidative poly-
merization.[14,15]

Figure 3 shows the photocurrent density–voltage curves of
PDA sensitized solar cells of the PDA-DC and PDA-CV
dyes dependent on the coating methods, dip-coating time
and concentration and LiI electrolyte concentration. Inter-
estingly, the photovoltaic parameters were markedly
changed as a function of the coating methods, reaction times
and solution concentrations; the detailed photovoltaic pa-
rameters are shown in Table 1. The largest energy conver-
sion efficiency, h, for the PDA-DC was obtained with a
0.26 m DA solution in THAM buffer of pH 8.5, whereas the
PDA-CV sample showed maximum efficiency in a 0.03 m

DA solution under a cycle process. There were no further
increases of overall h values in the higher DA concentra-
tions or the increased cycle processes in the CV deposition.
The maximum Jsc for PDA-DC was 5.50 mAcm�2, which is
nearly twice that of the PDA-CV at 3.09 mA cm�2. The Voc

of PDA-DC (0.385 V) was close to that of PDA-CV
(0.396 V). The maximum h in PDA-DC was 1.2 % from
0.26 m DA solution, whereas it was 0.9 % in PDA-CV (Fig-
ure 3 a). It is assumed that the lower cell efficiency in PDA-
CV was due to the decreased performance of the FTO elec-
trode due to electrochemical oxidation. The introduction of
a scattering overlayer on the TiO2 absorber layer also in-
duced the confinement of incident lights by light-scattering
particles and improved the photocurrent density by accumu-
lating more photons, thereby facilitating an additional in-
crease of energy conversion efficiencies.[12,16]

The control of the DA precursor solution concentration
and coating time in the PDA solutions induced distinct
changes in photovoltaic performance (Figure 3 b). By using

a concentration of 0.26 m DA, a higher Jsc value of
5.50 mA cm�2 and cell efficiency of 1.2 % was achieved;
when a concentration of 0.09 m DA was used the values
were lower (4.90 mA cm�2 and 1.1 %, respectively), indicat-
ing that the higher concentration resulted in better photo-
voltaic performance. However, no further increase in cell ef-
ficiencies resulted from increasing the DA solution (1.1 %
for 0.43 m) higher than 0.26 m, the optimized concentration
condition for photovoltaic systems in this synthetic strategy.
It seems that the extra PDA molecules at a concentration
higher than 0.26 m do not adsorb onto the TiO2 surface and
are removed by the washing process. The dip-coating time
was also an effective factor to improve the photovoltaic per-
formance; the dip-coating in the 0.26 m DA concentration
for 30 min resulted in larger Jsc and h values of

Figure 2. High-resolution TEM images of PDA coated 20 nm/500 nm
TiO2 electrodes by dip-coating (a,c) and cyclic voltammetry (b,d), show-
ing PDA layer coated on 20 nm TiO2 nanoparticles (a,b) and 500 nm
TiO2 nanoparticles (c,d), respectively. The arrows show the PDA layers
and the scale bar is 5 nm.

Figure 3. Photocurrent density–voltage curves of the PDA-sensitized cells
dependent on each experimental condition: a) the coating method; dip-
coating (*) and cyclic voltammetry (&), b) DA concentration and dip-
coating time; 0.09 m, 30 min ("), 0.26 m, 10 min (&) and 0.26 m, 30 min
(*), and c) LiI concentration; 0 m LiI (&), 0.1m LiI (3) and 0.2 m LiI
(*) measured under 1-sun illumination.
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5.50 mA cm�2 and 1.2 % than those for 10 min
(5.10 mA cm�2 and 1.1 %), indicating that the longer dip-
coating time led to better photovoltaic parameters. Howev-
er, there was no further increase in cell efficiency for dip-
coating times (1.1 % for 2 days) longer than 30 min, imply-
ing that this reaction time was sufficient for the complete
adsorption of PDA onto the TiO2 surface. Ultimately, the
DA concentration was a more influential factor than the
dip-coating time for improved cell efficiency.

The selection of appropriate electrolyte solution was also
an important factor for high efficiency (Figure 3 c). The cur-
rent density and conversion efficiency increased as the con-
centration of LiI increased, from the very low h of 0.2 %
(0.99 mA cm�2) in the LiI-free cell to the significantly in-
creased 1.2 % (5.50 mA cm�2) in the 0.2 m LiI cell. In con-
trast, the Voc value decreased from 0.417 V for the LiI-free
cell to 0.385 V for the 0.2 m LiI cell. The increase of photo-
current at high LiI concentration is due to the special metal-
binding ability of melanin-like PDA with metals;[17] hence,
the Li+ species in the electrolyte can effectively adsorb or
intercalate onto both TiO2 and PDA layers, resulting in the
shift of its conduction band edge to a lower energy level.
This can make the resulting photovoltage low and increase
the efficiency of interfacial charge injection, resulting in in-
creased photocurrent and efficiency of the DSSCs.[18] From
all the synthetic strategies for an efficient PDA-sensitized
solar cell, the best efficiency was 1.2 %; it is even higher
than the reported values with several organic sensitizers
such as catechol-thiophene,[2b] PEDOT[19] and natural beta-
lain pigments.[20]

The incident photon-to-current conversion efficiencies
(IPCE) spectra of the PDA-DC and PDA-CV cells and the
absorption spectra of the thin films are shown in Figure 4.
As shown in Figure 4 a, the IPCE spectra of the PDA-sensi-
tized solar cells exhibited the absorption band in the range
of 390�l� 700 nm and the IPCE values for PDA-DC and
PDA-CV cells at 420 nm were of 26.9 and 11.1 %, nearly
corresponding to the maximum value obtainable by dye-to-
TiO2 charge transfer. The TiO2/PDA hybrid thin films

showed new absorption bands at 420 nm for PDA-DC and
425 nm for PDA-CV (Figure 4 b). However, the absorption
spectra of the PDA dyes in solutions showed intense absorp-
tion around 280 nm (e=2.4–3.3 � 10�4 mol�1 dm3 cm�1) and
the bands of PDA in air- and N2-saturated THAM buffer
solutions exhibited an increase in absorbance near 300 nm,
indicating the formation of an intramolecular cyclized form,
dihydroxyindole, due to the faster oxidation process in
THAM buffers compared with ethanol or water solvents
(the Supporting Information, Figure S3). The close match of
IPCE with the absorption band in visible region and the
redshift of the absorption band for TiO2/PDA compared to
their solution samples indicate that the photocurrents de-
pended on the absorption in the visible region and were
generated from the chemical attachment of PDA on nano-
crystalline TiO2. The redshift phenomenon by a new absorp-
tion band is due to the surface complexation of the TiO2 by
chelation of the PDA with endiol groups,[21] indicating the
photoinduced charge transfer excitation from the ground
state of the PDA dye to the CB of the TiO2. The broad and
intense absorptions for the hybrid samples imply strong
electronic coupling between PDA and TiO2, in which the ab-
sorption onset was observed at 550 nm and the tail of the
absorption band reached the longer wavelength region.

The statistic values of the energy gap for the TiO2/PDA
hybrid thin films, obtained using Tauc�s method,[22] were 2.03
and 2.10 eV for the PDA-DC and PDA-CV samples, respec-
tively, thus close to those synthetic melanin and melanin
films.[14,23] To estimate the band gap of PDA by electrochem-

Table 1. The photovoltaic properties of PDA-sensitized solar cells.

Dyes Conditions Voc

[V]
JscACHTUNGTRENNUNG[mA cm�2]

FF
[%]

h

[%]

PDA-DC 0.26 m DAACHTUNGTRENNUNG(30 min)
0.385 5.50 56.5 1.2

PDA-CV 0.03 m DAACHTUNGTRENNUNG(1 cycle)
0.396 3.19 68.7 0.9

PDA-DC[a] 0m LiI 0.417 0.99 58.5 0.2
0.1m LiI 0.406 2.71 66.7 0.7
0.2m LiI 0.385 5.50 56.5 1.2

PDA-DC 0.09 m DAACHTUNGTRENNUNG(30 min)
0.385 4.90 59.8 1.1

0.26 m DAACHTUNGTRENNUNG(10 min)
0.385 5.10 58.6 1.1

0.26 m DAACHTUNGTRENNUNG(30 min)
0.385 5.50 56.5 1.2

[a] Photovoltaic cell parameters depended on electrolyte concentration
was measured by dip-coating in a 0.26 m DA solution for 30 min.

Figure 4. a) IPCE data of PDA-DC (*) and PDA-CV (&) sensitized
cells. b) Absorption spectra of unmodified TiO2 film ("), 20 nm TiO2/
PDA films prepared by dip-coating (*) and CV (&).
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ical mothods, we measured the redox potential using CV in
the acetonitrile solution of 0.1m (n-Bu)4BF4 (Table 2). The
HOMO energy level was calculated from the onset potential
of the oxidation peak and the LUMO energy level was ob-

tained by using the HOMO energy level and optical band
gap values. The onset potentials for the oxidation of PDA-
DC and PDA-CV were 0.89 and 0.97 V, respectively; hence,
the estimated HOMO energy levels were �5.24 and
�5.32 eV by comparison with the half-wave potential of fer-
rocene (0.45 V). The LUMO energy levels were �3.24 and
�3.25 eV, respectively. The resulting band gaps are suffi-
ciently small to enable charge transfer into the TiO2 surface.

To the best of our knowledge, the N2-saturated THAM
buffer solution produced a homogenized PDA solution and
maximized the efficiency of the PDA dye in comparison
with other solvents. The choice of an appropriate solvent
was critical to maximize the performance of the dye during
energy conversion. The THAM buffer showed excellent sol-
ubility five times greater than that of the ethanol or water
solvents. The THAM under a nitrogen atmosphere showed
that the colorless PDA solution was unchanged during the
polymerization process, whereas the deposition in air
changed the PDA solution to brown, producing polymer ag-
gregates that are different from the PDA thin layer on TiO2.
The polymerization of the DA monomer involves a change
of color of the deposited materials depending on the struc-
tural units, in which the deposition color of DA changes
from orange to dark brown as a monomer polymerizes (see
the Supporting Information, Figure S4). The PDA-CV cell
and the cell to which the AP, a strong oxidant material, was
added showed darker coloration than that of the PDA-DC,
whereas the cell efficiency of the AP-added cell was 0.25 %
and the IPCE value at 410 nm was 4.3 %. From the overall
results, it is presumed that the PDA in N2-saturated THAM
buffer formed intermediate oligomers of low molecular
weight with catechol and imine functional groups, compared
with the air- and oxidant-induced PDA cells that produced
dark brown melanin-like polymers. By using ethanol as the
solvent and preparing the samples by dip-coating, the maxi-
mum power conversion efficiency did not exceed 0.3 %, in
which the Jsc and h values were 0.978 mA cm�2 and 0.27 %.
Therefore, the tailoring of the solubility property using
THAM buffer provides a reliable route for efficient DSSCs.
In addition, THAM buffer is effective for further surface
modification of the PDA layer to produce functional multi-
layers composed of various molecules or polymers.[7,9]

Electrochemical impedance spectroscopy (EIS) was used
to investigate the internal resistances and the electron trans-

fer properties of PDA-sensitized solar cells at a Voc of 0.4 V
under forward bias in the dark and under 1-sun illumination
conditions. Figure 5 shows the Nyquist plots of the PDA-
DC- and PDA-CV-sensitized cells. The semicircle is known

to be attributed to the electron transport in the TiO2/dye/
electrolyte interface. The semicircluar arcs markedly de-
creased under 1-sun illumination for both PDA-DC and
PDA-CV cases, due to the increased electron density in the
TiO2 CB after illumination, which implies that the recombi-
nation from the injected electrons in TiO2 CB to I3� of elec-
trolyte was more intense. We also observed that the semicir-
cle for the PDA-DC was smaller than that of the PDA-CV,
leading to a lower Voc for the PDA-DC cell. This result is in
good agreement with the plots.

Conclusion

We have demonstrated the efficient polymer-sensitized cells
of the new synthetic PDA dyes, PDA-DC and PDA-CV, de-
posited on nanocrystalline TiO2 electrodes by using dip-
coating and CV, which induced a remarkably high efficiency
of up to 1.2 % compared with the DA-sensitized cells with
maximum efficiency values of around 0.1 %. The use of a
stable N2-saturated THAM buffer, the extended p-conjuga-
tion by spontaneous oxidative polymerization and the effi-
cient electron injection by direct charge transfer from the
PDA with a narrow band gap to the TiO2 electrode maxi-
mized the charge generation, enabling the efficient sensitiza-
tion of the polymer dyes with photoelectrodes to produce
the efficient cells. Both synthetic methods led to notable
photovoltaic results. Among the several synthetic strategies,
dip-coating in conjunction with fine-tuning the polymeriza-
tion conditions, including coating time and concentration,
led to the optimal results in photocurrent–voltage experi-
ments, IPCE and impedance analysis, whereas the CV depo-
sition led to less effective results. Thus, we propose that the
introduction of the multi-functional layers with anchor
groups that can extend the absorption spectral range on the

Table 2. Optical and electrochemical data of PDA-DC and PDA-CV
dyes.

Dyes lmax

[nm]
Eg

[eV]
Eox,onset

[V]
HOMO
[eV]

LUMO
[eV]

PDA-DC 426 2.03 0.89 �5.24 �3.24
PDA-CV 420 2.10 0.97 �5.32 �3.25

Figure 5. Nyquist plots of polydopamine sensitized cells prepared by CV
(&) and dip-coating (*) measured at Voc, 0.4 V, in dark (open) and 1-
sun illumination (filled).
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PDA layer by using the present coating technique represents
an alternative strategy for the development of high-perform-
ance polymer-sensitized solar cells without the need for mul-
tistep synthetic procedures.

Experimental Section

Fabrication of TiO2 electrodes : A nanocrystalline TiO2 electrode consist-
ing of a transparent TiO2 layer (20 nm), a TiO2 scattering layer (500 nm)
and a Pt-coated counter electrode were prepared according to the proce-
dures reported previously.[12] To maximize the scattering efficiency on
photovoltaic performance, two layers of TiO2 electrodes as a working
electrode were fabricated; one was a 20 nm TiO2 layer (9 mm in thick-
ness) and the other was a 500 nm TiO2 layer (7 mm in thickness). FTO
glasses (Pilkington, TEC-8, 8W sq�1, 2.3 mm thick) were washed in etha-
nol using an ultrasonic bath for 10 min, and then treated with UV/O3 for
20 min to remove organic impurities. The transparent TiO2 nanoparticles
with diameter of 20 nm were synthesized by acetic acid catalyzed hydrol-
ysis of titanium isopropoxide (97 %, Aldrich), followed by autoclaving at
220 8C for 12 h. For preparing a screen-printable paste, water in the auto-
claved TiO2 colloid solution was replaced by ethanol. Ethyl cellulose (Al-
drich), lauric acid (98 %, Fluka) and terpineol (97 %, Fluka) were added
into the ethanol solution of the TiO2 particles, and then ethanol was re-
moved from the solution using a rotary evaporator to obtain viscous
pastes. After the nanocrystalline TiO2 paste was deposited on the FTO
substrate, pretreated with 7.5 wt % titanium(IV) bis(ethyl acetoacetato)-
diisopropoxide (Aldrich) solution by spin-coating method, the TiO2-
coated FTO was annealed at 500 8C for 30 min. The scattering layer with
diameter of 500 nm was deposited on the annealed TiO2 films, which was
heated by the same heating profile again. The electrode was treated with
0.04 m TiCl4 (99.9 %, Aldrich) solution at 70 8C for 30 min and washed
with water and sintered at 500 8C for 30 min.

Deposition of PDA dyes on TiO2 electrodes : To prepare 0.01 m THAM
buffer in pH 8.5 as a solvent for dye solution, a stock solution of 0.1m

THAM buffer with a pH of 7.4 was used. The stock solution was pre-
pared by dissolving THAM (1.21 g, 99.0 %, Aldrich) in deionized water,
and then the pH of the solution was adjusted to 7.4 using hydrochloric
acid (37.0 %, Aldrich). The stock solution was diluted with a deionized
water to make 0.01 m THAM buffer solution. The pH of the diluted solu-
tion was adjusted with a 0.1m sodium hydroxide (97 %, Aldrich) solution
to 8.5. The PDA dye (PDA-DC) solution was prepared by polymerizing
the DA (0.3 g, 0.26 m, Aldrich) that dissolved in 6 mL of 0.01 m THAM
buffer with a pH of 8.5 in a nitrogen stream and stirred at room tempera-
ture for 24 h. The PDA solutions with and without 1 wt % ammonium
persulfate (AP, 98%, Aldrich) were used as dyes and coated onto the
TiO2 electrodes consisted of a 20 nm TiO2 electrode or a 20/500 nm TiO2

electrode by dip-coating for 30 min. For CV study, a PDA solution
(0.03 m, 20 mL) was prepared by the same procedure as dip-coating. Elec-
tro-oxidative polymerization of the DA was carried out using a potentio-
stat (Autolab PGSTAT128N, The Netherland) linked to a three-electro-
des system consisted of a counter electrode, a reference electrode and a
working electrode. A rectangular shape of Pt plate with dimensions of
1 cm (width) �3 cm (height) was used as counter electrode, and a dye-
coated TiO2 electrode was used as working electrode. The distance be-
tween the counter electrode and the working electrode was 1 cm. All of
the reported potentials are versus Ag/AgCl reference electrode. In the
CV deposition, the PDA dye (PDA-CV) was coated on the TiO2 elec-
trode using cyclic process from 1 V and �1 V with a sweep speed of
10 mVs�1.

Fabrication of PDA-sensitized solar cells : A counter electrode was pre-
pared on an FTO glass substrate using a 0.7 mm H2PtCl6 2-propanol solu-
tion. The dye-adsorbed electrode and the counter electrode were sealed
with Surlyn (60 mm, Dupont). An electrolyte solution was composed of
0.7m 1-methyl-3-propyl imidazolium iodide (98 %, Aldrich), 0.2 m LiI
(99.9 %, Aldrich), 0.05 m I2 (99.8 %, Aldrich), and 0.5m 4-tert-butylpyri-
dine (99 %, Aldrich) in acetonitrile (99.5 %, Aldrich) and valeronitrile

(85/15, v/v, 99.5 %, Aldrich). The electrolyte was injected through the
hole in the counter electrode. Active area of TiO2 film for dye-coating
was about 0.250 cm2, which was measured by an image analysis program
equipped with a CCD camera (moticam 1000). TiO2 film thickness was
measured by step surface profiler (KLA tencor).

Measurement of molecular energy levels : To investigate the molecular
energy levels of PDA-DC and PDA-CV dye samples, a measurement
using CV was carried out in acetonitrile solution containing 0.1 m tetrabu-
tylammonium tetrafluoroborate ((n-Bu)4BF4, 99 %, Aldrich) as a sup-
porting electrolyte at ambient condition after purging 30 min with N2.
HOMO energy levels were calibrated with ferrocene/ferrocenium as in-
ternal reference and converted to normal hydrogen electrode (NHE)
values by addition of 0.45 V. The conventional three electrodes configura-
tion was employed, which consists of a dye-coated Pt wire electrode, a
platinum counter electrode and Ag/AgCl (3m NaCl) reference electrode
at a scan rate of 100 mV s�1.

Characterization : Phase contrast TEM images of the PDA coated TiO2

nanoparticles were obtained using a side-entry JEOL High Resolution
TEM operating at 300 kV. Absorption spectra of the PDA solutions in
solvents and dye-coated TiO2 films were measured using a UV/Vis spec-
trophotometer (Schimadze UV-3600), where the absorption spectra were
measured with the PDA thin films prepared by deposition of PDA
(0.26 m) on a single layer of 20 nm TiO2. Raman spectra were measured
using Micro-Raman spectrometer (Renishaw) with an Ar ion laser as an
excitation source. The 514.4 nm line of argon laser was filtered and atte-
nuated to 0.5 mW before being focused by a �50/0.75 NA objective lens
onto about 1 mm2 area of the sample. Photocurrent–voltage (I–V) meas-
urements were performed using a Keithley model 2400 source measure
unit. A class A solar simulator (Newport) equipped with a 150 W Xe
lamp was used as a light source, and the light intensity was adjusted with
an NREL-calibrated Si solar cell with KG-1 filter for approximating 1-
sun light intensity. IPCE was measured as a function of wavelength from
300 to 800 nm using a specially designed IPCE system (PV Measure-
ments, Inc.). A 75 W xenon lamp was used as a light source for generat-
ing a monochromatic beam. A calibration was performed using a silicon
photodiode, which was calibrated using the NIST-calibrated photodiode
G425 as a standard, and IPCE values were collected under halogen bias
light at a low chopping speed of 10 Hz. The electrochemical impedance
spectra were obtained in dark and 1-sun illumination with a potentiostat
(Solartron 1287) equipped with a frequency response analyzer (Solartron
1260) under a frequency ranging from 10�1 to 106 Hz.
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