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Abstract The effect of coadsorption with deoxycholic
acid (DCA) on the performance of dye-sensitized solar cell
(DSSC) based on [(C4Ho)4N]s[Ru(Htcterpy)(NCS);]
(tcterpy = 4,4',4"-tricarboxy-2,2":6',2"-terpyridine), a so-
called black dye, had been investigated. Results showed
that the coadsorption of DCA with the black dye results in
significant improvement in the photocurrent and mild
increase in the photovoltage, which leads to an enhance-
ment of overall power conversion efficiency by 9%. The
enhancement of photocurrent was attributed to the
increased efficiency of charge collection and/or electron
injection. The coadsorption with DCA suppressed charge
recombination and thus improved open-circuit photovol-
tage.

Keywords dye-sensitized solar cell (DSSC), coadsorp-
tion, black dye

1 Introduction

Due to the fast depletion of the reserves of fossil fuel and
global warm as well as the problems of environmental
pollution coming from the consumption of fossil fuel, there
has been an intensive search for a renewable energy, which
is cost-effective and clean energy [1]. Affluent solar energy
has been widely considered as a major supply of
sustainable energy. The performance/price ratio of photo-
voltaic devices will determinate whether they will be
selected for solar energy in the end [2,3]. In this context,
dye-sensitized solar cells (DSSCs) have been attracting
remarkable attentions of researchers due to their produc-
tions with low cost, environmental friendliness and high
conversion efficiency of solar-to-electric power [4].

A DSSC consisits of four major parts: a film of
nanocrystalline semiconductor of metal oxide, dye
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sensitizer, redox electrolyte, and counter electrode. As a
crucial part of DSSC, numerous dye sensitizers have been
prepared for aims to decrease the cost of fabrication and
improve the performance of DSSCs toward high conver-
sion efficiency and good stability [5-16]. Up to now, more
renowned Ru(Il)-polypyridyl photosensitizers (such as
N719 and black dye) among various dyes reported for the
applications of DSSC, have shown the highest perfor-
mance with power conversion efficiencie over 10% under
air mass (AM) 1.5 sunlight [17-19].

To date, detailed studies on the performance of solar cell,
spectroscopic measurements, electrolyte composition and
the kinetics of electron transfer of DSSCs based on the
black dye (Fig. 1) have been fully investigated [5,20,21].
However, the aggregation of the black dye formed on the
surface of the nanocrystalline semiconductor always
shortens the lifetime of excited electrons, which results
in decreased photocurrent and reduced efficiency of power
conversion. In this case, it is necessary to break up the
aggregation of the black dye on titanium dioxide (TiO,)
surface. In our previous work [22], we found that
deoxycholic acid (DCA) can be used as a coadsorbate to
suppress the aggregation of the dye sensitizer and thus to
improve short-circuit photocurrent (J;.) and open-circuit
photovoltage (V,.). Herein, we studied the coadsorption
effect of DCA on conduction band (CB) edge shift and the
suppression of charge recombination in DSSCs by means
of ultraviolet-visible (UV-vis) absorption spectroscopy,
cyclic voltammetry (CV), dark current and electrochemical
impedance spectroscopy.

2 Experiments
2.1 Materials and reagents
The black dye was purchased from Solaronix S. A.,

Aubonne, Switzerland and used as received. DCA, lithium
iodide (Lil), I, 4-tert-butylpyridine (TBP) and acetonitrile
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(AN) were obtained from Acros. The redox electrolyte
contains 0.1 M Lil, 0.05 M iodine (I,), 0.6 M 1,2-dimethyl-
3-n-propylimidazolium iodide (DMPImI) (Sinopharm
Chemical Reagent Co. Ltd., China), and 0.5M TBP
using dehydrated AN as solvent. Conducting glass
(fluorine-doped SnO,, 10 Q/square) was received from
Nippon Sheet Glass Co., Japan. All solvents and chemicals
used in this study were of reagent grade.

2.2 Fabrications and evaluations of DSSCs

TiO, films were fabricated on a conducting glass using a
screen printing method with a paste consisting of about
23 nm TiO, particles available from our previous study
[23]. To minimize experimental error arising from the
difference of film thickness, 6.5040.05 um films obtained
in one batch were rigorously selected for the fabrication of
DSSCs. Black dye solutions (0.2 mM) with or without
20 mM DCA were prepared in ethanol and used to sensitize
TiO; electrodes by immersing the TiO, films in these dye
solutions overnight when they were at about 100°C and
then they cooled from the heating. These DSSCs were
assembled and encapsulated with a previous method [19].
To avoid diffuse light penetrating into active dye-loaded
film, a metal black mask with an aperture area of 0.2354
cm? was employed to test photovoltaic performance. The
photovoltaic performance of the DSSCs was measured
with a Keithley 2400 Source Meter (Oriel) under
illumination of simulated AM1.5G solar light coming
from a solar simulator (Oriel-91193 equipped with a
1000 W Xe lamp and an AM 1.5 filter). Incident light
intensity was calibrated with a standard Si solar cell
(Newport 91150). Action spectra of incident monochro-
matic photon-to-electron conversion efficiency (IPCE) for
the solar cells were obtained with an Oriel-74125 system
(Oriel Instruments). The intensity of monochromatic light
was measured with a Si detector (Oriel-71640).

2.3 Instrumentations
The UV-vis absorption spectra of black dye and black dye/

DCA in ethanol solution and nanocrystalline TiO, films
were recorded with a Shimadzu model 3100 UV-vis-NIR
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Fig. 1
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spectrophotometer in transmission mode. CV experiments
were performed with an Autolab analyzer using a typical
three-electrode single-compartment cell equipped with
dye-adsorbed TiO, on conductive glass as a working
electrode, a platinum (Pt) wire as a counter electrode, and
an Ag/Ag" electrode as a reference electrode. These
measurements were carried out in a solution of lithium
perchlorate (0.1 M) in water-free AN at a scan rate of
50mV-s™' at room temperature under nitrogen. The
potential of the reference electrode was calibrated by
ferrocene, and all potentials mentioned in this work are
against normal hydrogen electrode (NHE). Impedance
spectra for DSSCs under dark were measured with an
impedance/gain-phase analyzer (Solartron SI 1260) con-
nected with a potentiostat (Solartron SI 1286). The spectra
were scanned in a frequency range of 10'-10° Hz at room
temperature. The applied bias and alternating current
amplitude were set at open-circuit condition and 10 mV,
respectively.

3 Results and discussion
3.1 UV-Vis absorption spectra

Figure 2 shows the UV-vis absorption spectra of black dye
and black dye/DCA in ethanol solution (0.2 mM). The
absorption spectrum of the black dye is dominated by
metal-to-ligand charge-transfer transitions (MLCT) [5].
Two MLCT transition bands are observed at 417 and
618 nm, which is in good agreement with previous study
[5,20,21]. The band at 329 nm with a distinct shoulder at
340 nm is assigned to the intraligand n-* transition of the
4,4' 4"-tricarboxy-2,2":6',2"-terpyridine ligand [24]. It
should be noted that, upon the addition of DCA, the
MLCT transition bands at 417 and 618nm are bath-
ochromically shifted to 421 and 620 nm, respectively. It
can be attributed to the protonation of the black dye when
DCA was added in dye solution, which led to lowered
energy level for the =w* orbital. The protonation is
illustrated in Eq. (1), where R stands for black dye
excluding the two fert-butyl ammonium carboxylates.
Upon mixing of DCA with the black dye, cation exchange

(b)

Molecular structures of black dye (a) and DCA (b). TBA stands for tetrabutylammonium
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Fig. 2 UV-vis absorption spectra of the black dye in ethanol.
(a) Without DCA; (b) with 20 mM DCA

occurs between the dye and DCA, and, as a consequence,
more protons exist in the dye molecule. Nazeeruddin et al.
reported that the MLCT transition bands of the black dye
are bathochromically shifted by about 30 nm when the
solution pH is lowered from 11 to 2 [5]. They concluded
that the bathochromic shift was mainly due to the stronger
electron-withdrawing ability of the protonated COOH
groups compared to the carboxylic anions, which lowers
the energy level of the n* orbital of the terpyridyl ligand.

DCA
R(COO TBA™), == HOOCRCOO TBA™

DCA
= R(COOH), 6]

It is interesting to note that when 20mM DCA is
dissolved in black dye solution, the maximum UV-vis
absorbance at the lowest energy MLCT peak decreased
from 0.377 to 0.320 by 15%. This decrease stems from the
presence of DCA, which probably affects the MLCT
transition and thus decreases the molar extinction coeffi-
cient.

Figure 3 displays the UV-vis absorption spectra of the
black dye on TiO, with and without DCA coadsorption.
Compared with the spectrum of the black dye solution, a
slight bathochromic shift from 618 to 624 nm is observed
due to the interaction of the anchoring group with the
titania surface, upon dye adsorption onto TiO, electrode.
Similar red shift has been reported in several organic dyes
on TiO, electrodes [25,26]. The degrees of dye adsorption
on the TiO, electrodes are proportional to the intensity of
the dye absorption. After 20 mM DCA is added in the dye
immersing solution, the maximum absorbance at the
lowest energy MLCT peaks decreases from 0.27 to 0.22.
The dye amount on the TiO, surface reduces by 19%,
which indicates that the dye and DCA compete for sites on
the TiO, surface in an equilibrium process [22,27]. When
20mM DCA is dissolved in the dye solution, the
absorption spectra of the black dye is bathochromically

absorbance
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Fig. 3 UV-vis absorption spectra of TiO, films (1.8 pm) exposed
to 0.2 mM black dye solution. (a) Without DCA; (b) with 20 mM
DCA. The bare TiO, film (transparent) was used as a reference for
the spectrum scan

shifted. However, as shown in Fig. 3, the peak position,
which is the same as the dye/DCA solution case, does not
shift upon coadsorption of DCA onto TiO, surface. This is
because proton and Ti** have similar electron-withdrawing

ability.

3.2 Electrochemical properties

The electrochemical properties of the black dye and black
dye/DCA adsorbed onto TiO, film (6 um) were investi-
gated in 0.1 M lithium perchlorate (LiClO4) (AN as the
solvent) with N, bubble to degas the supporting electrolyte
by CV.

Figure 4 shows the CV curves for dye-loaded TiO, films
before and after coadsorption of DCA. The black dye
displayed one reversible one-electron anodic oxidation
step at half-wave potentials of 0.87 V versus NHE (same
below). Similarly, the cografted TiO, electrode also
exhibits one reversible couple at 0.87 V. The oxidation
potential at 0.87V is taken as the highest occupied
molecular orbital (HOMO) energy level. Then the lowest
unoccupied molecular orbital (LUMO) energy level is
determined to be —0.56 V by

LUMO = HOMO —gap, 2)

where gap (1.43 eV) is the difference between the HOMO
and LUMO levels and derived from the absorption
threshold (870 nm) of dye-loaded TiO, film shown in
Fig. 3. We therefore conclude that coadsorption of DCA
with dye molecules has no obvious influence on both
HOMO and LUMO levels.

Upon coadsorption, the CV signal decreased signifi-
cantly and the current intensity decreases by 42% (Fig. 4),
which is much larger than the drop in absorbance of 19%
(Fig. 3). Such an interesting phenomenon has been
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Fig. 4 Cyclic voltammograms of TiO, films after dipping in the
following solutions. (a) 0.2 mM black dye; (b) 0.2 mM black dye
+ 20 mM DCA

reported in our previous study [22]. After the coadsorption
of DCA, the significant decrease in current intensity in the
CV curve suggests that DCA effectively suppresses the
intermolecular interaction of dye molecules and weakens
the electron hopping between two neighboring molecules.
Therefore, DCA is favorable for suppressing the recombi-
nation of electrons with acceptors in a DSSC device.

3.3 Solar cell performance

Figure 5 compares the photocurrent action spectra before
and after coadsorption with DCA, where the incident
photon to current conversion efficiency (IPCE) is plotted
as a function of wavelength. The IPCE values for DSSC
based on black dye/DCA are much higher than those for
black dye without DCA in the whole visible region. The
maximum IPCE value increases from 68% to 75% by 10%.
As IPCE is a product of light-harvesting efficiency (LHE),

0.8
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Fig. 5 IPCE action spectra of DSSCs based on (a) black dye;
(b) black dye/DCA with scattering films (25 pm)

the electron injection efficiency (@jyj), and charge collec-
tion efficiency (@.), as illustrated in Eq. (3), it is interesting
to analyze which factor affects IPCE. Since LHE
approaches 100% with 25 um film based on the absorbance
shown in Fig. 3, LHE should be reduced slightly upon
DCA coadsorption. Therefore, the IPCE improvement is
attributed to the enhancements of the electron injection
yield and/or the charge collection yield, which will be
discussed later.

IPCE(2) = LHE(2) X @y X . 3)

The performance of DSSCs with and without DCA as a
coadsorbate was tested. The current density — voltage
(J-V) curves are shown in Fig. 6 and the corresponding
data are summarized in Table 1. Upon coadsorption of
DCA, the J,. and V. increase while fill factor (FF) remains
almost unchanged, resulting in an increase in overall
efficiency (77) by 9% from 8.91% to 9.74%. Moreover, it is
worthy to note the remarkably enhanced J,. (by
1.14 mA/cm?®) and slight improvement in V. (20 mV) after
coadsorption with DCA. According to our previous study
[28], upon coadsorption with DCA, the TiO, surface is
protonated and the CB shifts positively due to the proton
adsorption. This positive shift of CB enlarges driving force
for electron injection, which results in the enhanced IPCE
and Jy. In addition, coadsorption can break up dye
aggregation, and the non-aggregated dye molecules are
favorable for electron injection.

20
— —(a)

current density/(mA-cm )
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Fig. 6 J-V curves for DSSCs incorporating (a) black dye;
(b) black dye /DCA with scattering films (25 pm)

Table 1 Effect of coadsorption of DCA on the photovoltaic
performance of the DSSC

JoJmA-cm 2y VoV FF %
black dye 17.67 0.71 0.71 8.91
black dye/DCA 18.81 0.73 0.71 9.74
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Since V. is theoretically the difference between the
Fermi energy level of TiO, under light and the redox
potential of the redox couple I5 /1", the positive shift of
conduction band edge upon adsorption with DCA will
result in a decrease in V.. However, V. increases mildly
by 20 mV after coadsorption with DCA in this study, as
listed in Table 1. This enhancement of V. can be attributed
to the suppression of charge recombination between the
injected electrons and I3 ions on the TiO, surface by DCA
coadsorption, which was analyzed by dark current and
electrochemical impedance spectroscopy.

3.4 Charge recombination

Coadsorption of DCA is expected to inhibit dye aggrega-
tion and hence retard charge recombination. Although the
dark current is not a direct measurement of the charge
recombination process under illumination, it is usually
employed to compare the recombination rate under
different conditions [29,30]. The J-V curves (Fig. 7)
obtained from the solar cells based on black dye and black
dye/DCA without light (dark current) indicate that the
black dye has a more negative onset potential for the
reduction of I; upon coadsorption with DCA, which
suggests that the coadsorption of DCA reduces the electron
recombination between injected electrons the TiO, surface
and I .

—(a)
—(b)

(3%
T

y/(mA-cm 2)

current density/
(=23
1

IU i 1 i 1 i 1 i 1 i 1 i 1 i 1 i ‘ ]
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
potential/V

Fig. 7 Dark current with applied potential for DSSCs based on
(a) black dye; (b) black dye/DCA

To further understand the V. enhancement upon
coadsorption with DCA, electrochemical impedance
spectra were recorded in dark and shown in Fig. 8. The
semicircle in the intermediate frequency regime represents
the electron transfer at the TiO,/dye/electrolyte interface
[31]. A larger radius of the semicircle in this intermediate
frequency regime implies a lower rate of charge recombi-
nation between injected electrons and electron acceptors in
the redox electrolyte. In dark at a forward bias of 0.71V,
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Fig. 8 Electrochemical impedance spectra of DSSCs based on
(a) black dye; (b) black dye/DCA

the radius of this semicircle increases to some extent upon
coadsorption with DCA as shown in Fig. 8, indicating
effective suppression of the back reaction of the injected
electron with I3 ions. As demonstrated in our previous
work [22], this retardation of charge recombination can
bring about a voltage gain, which compensates for the
voltage loss arising from the CB shift due to DCA
coadsorption. As a consequence, a moderate improvement
in V. is observed upon coadsorption of DCA.

4 Conclusions

The effect of coadsorption of the DCA on the photovoltaic
performance of the DSSC based on the black dye was
studied. We found that DCA could improve photocurrent
by 6% and photovoltage by 20mV. As a consequence,
overall efficiency enhancement by 9% was realized upon
DCA coadsorption.
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