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ABSTRACT: Adsorption structure of Eosin Y dyes on nanocrystal-
line TiO2 can be manipulated by adding a small fraction of water into
organic electrolyte. Binding mode switching from hydrogen bonded
monodentate to bidentate bridging configuration has been observed
and confirmed by Raman and infrared spectroscopy measurements,
with vibration peaks assigned using density functional theory
calculations. Photovoltaic measurements on the fabricated dye-
sensitized solar cells indicate that energy conversion efficiency is
enhanced by manipulating molecular adsorption configuration of Eosin Y dyes. This opens a new avenue to improving
photovoltaic performance by suppressing unfavorable adsorption configurations in dye solar cell devices.

■ INTRODUCTION

The dye-sensitized solar cell (DSC), invented by Prof. M.
Graẗzel at École Polytechnique Fed́eŕale de Lausanne in 1991,1

is a promising route toward low-cost, environment friendly
power generation, which uses dye molecules adsorbed on the
nanocrystalline oxide semiconductors such as TiO2 to collect
sunlight. In a DSC, light absorption (by dyes) and charge
collection (by semiconductors) processes are separated,
mimicking natural light harvest in photosynthesis. Only when
dye molecules effectively bind to TiO2 surface can the following
processes such as charge injection and transportation proceed
with high efficiency. For the majority of dyes, a carboxyl group
is employed as an effective anchor through which dyes bind
onto TiO2 surfaces. It is well-known that the adsorption
geometry has a remarkable influence on photovoltaic
parameters of DSC such as the open circuit voltage and short
circuit current. De Angelis et al. investigated the adsorption
configuration of most popular Ru-complex N-719 dye on TiO2
and showed that the dipole moment orientation of the
sensitizers resulted from different binding configurations,
which can lead to as large as a 0.61 eV shift in TiO2 conduction
band edge (CBE), introducing a larger open circuit voltage
(Voc).

2 Jiao et al. studied all organic cyanoacrylic dyes and
concluded that the adsorption configuration with Ti−N
binding is beneficial to electron injection, which improves
short circuit current.3

However, the precise interface structures upon dye
adsorption on TiO2 have been under heavy debate for decades
with controversial conclusions. Taking N-719 dye as an
example, three adsorption configurations were proposed:
monodentate, bidentate chelating, and bidentate bridging
modes.4 To find out which one dominates in real systems,
Graẗzel et al. investigated Ru complex dyes by Fourier
transform infrared (FTIR) spectroscopy according to the

Deacon-Philips rule.5 This rule introduces an important
parameter Δν, which is the frequency splitting of surface
bound carboxylate stretching bands, asymmetric and symmetric
vibrations, measured by infrared (IR) or Raman spectroscopy.
Two cases are compared: Δν for dyes in solid state, Δν(solid),
and Δν for adsorbed dyes, Δν(ads). If Δν(ads) > Δν(solid),
the dye molecule takes a monodentate binding mode; if
Δν(ads) < Δν(solid), the bidentate bridging mode is more
preferred; if Δν(ads) ≪ Δν(solid), the chelating mode is most
likely to present. For N-719, Δν (ads) = 227 cm−1 and Δν
(solid) = 243 cm−1, thereby Graẗzel et al. proposed that N-719
dye adsorbs on TiO2 in a bidentate bridging mode.6 Lee et al.
went further and suggested that hydrogen bonds also
participate in dye adsorption.7 Nevertheless, the Deacon-
Philips rule is empirical, which cannot designate dye adsorption
mode precisely. In practice, it is also challenging to distinguish
the symmetric vibration of the COO group (located at ca.
1300−1500 cm−1) from other vibration modes in IR or Raman
spectra of a complex molecule, because the bending and
wagging vibration modes of CH2 or CH3 are also located in the
same frequency region. It should be noticed that all previous
studies mentioned above only dealt with solid state samples,
which were different from the practical systems containing
liquid electrolytes. Therefore, identifying the adsorption
structure of dyes in a realistic device environment in the
presence of liquid electrolyte is more important for DSC
developments and of course much more challenging.
With many advantages over Ru complex dyes, metal-free

organic dyes have attracted much attention in DSC field
recently. Eosin Y (EY), a popular organic pigment with
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excellent light harvesting property, with low cost, and often
used as a fluorescent dye in biological research, has been used
in DSC8,9 and reached an efficiency10 of 2.0%. As a xanthene
dye with only one carboxyl group, it is also a simple model for
investigating dye binding configurations of carboxylic dyes on
the TiO2 surface. In the present work, we have taken the EY
molecule as a representative dye to study dye adsorption on
TiO2 by combining vibration spectroscopic measurements and
first-principles calculations. We first measure the photo-
absorption spectrum of EY dye to identify its molecular
forms before attaching to TiO2. Dye adsorption introduces
optical band broadening and frequency shift. Two different
binding configurations, hydrogen bonded monodentate and
bidentate bridging, were clearly identified by comparing
spectroscopic FTIR and Raman measurements with theoretical
analysis. More importantly, the proportion of the bidentate dye
adsorption mode can be adjusted by the presence of a small
amount of water in the organic electrolyte, which has an
important influence on DSC’s photovoltaic performance.

■ EXPERIMENTAL SECTION
Materials and Chemicals. EY (99%, powder) from Sigma

Aldrich, N-719 (99%) from Solaronix, P25 TiO2 nanoparticles
(99.5%), and 200 nm particle from Degussa are all
commercially available and used as received without further
purification. Confirmed by Raman and X-ray diffraction,
anatase content is over 90% in our P25 TiO2 sample. Other
regents such as ethanol or acetonitrile are analytically pure.
Absorption, Raman, and IR Spectra. A layer of

nanocrystalline TiO2 (5 μm) was deposited on a precleaned
glass substrate by doctor blade method using a uniform TiO2
paste containing 3.5 g Degussa P25 TiO2 powder and 35 mL
ethanol. TiO2 film was heated to 500 °C in the muffle furnace
and kept at that temperature for 30 min to remove organic
pollutants. When it was cooled to 100 °C, it was immersed into
0.4 mM EY ethanol solution immediately and maintained for
15 h, and then the film was rinsed with pure ethanol thoroughly
to remove unbound dye molecules and dried in air. Absorption
spectra were recorded by spectrophotometer, model iHR320,
Horiba.
To measure Raman spectra, the sensitized TiO2 powder was

removed from the glass and contained in nuclear magnetic
resonance (NMR) tubes and sealed. A NICOLET 6700 FT-
Raman spectrometer (Thermo Scientific, USA) was applied.
The wavelength used was 1064 nm to avoid fluorescence effect
and a frequency resolution of 4 cm−1 was achieved.
Infrared spectra were obtained using a NICOLET iN10 MX

FTIR spectrometer (Thermo Scientific, USA). A small volume
powder of EY and dye adsorbed TiO2 was pressed between two
diamond windows. Spectra covering the range from 4000 to
600 cm−1 and 16 scans at a resolution of 4 cm−1 were used. The
IR illuminating area was about 100 μm × 100 μm.
DSC Fabrication. The procedure for DSC fabrication and

assembly followed the description in ref 11. Fluorine-doped tin
oxide coated glass (FTO, NSG) was cleaned by sequential
sonication in distilled water, acetone, and ethanol and then
treated in UV-ozone furnace for 20 min. A compact TiO2
blocking layer was deposited on the conductive side of FTO
glass by soaking the substrate in 40 mM TiCl4 aqueous solution
and heated to 70 °C for 30 min. After rinsing with distilled
water and dried in air, a layer of nanocrystalline TiO2, 10 μm
thick, was deposited by doctor blade method, using a uniform
TiO2 paste containing 3.5 g Degussa P25 TiO2 powder and

0.17 g carbowax M-20,000 in 35 mL ethanol. Following that, a
layer of light-scattering TiO2 containing 200 nm particles, 4 μm
thick, was deposited on P25 TiO2 film, then dried in air for 5
min, and heated to 450 °C for 30 min. After cooling to room
temperature, the film was soaked in 40 mM TiCl4 solution
again and boiled at 70 °C for 40 min. After washing it with
distilled water, we heated the TiO2 film gradually to 500 °C (8
°C/min), maintained it at 500 °C for 30 min, and then cooled
it to 100 °C. We then immersed the film into N-719 or EY
ethanol solution (0.4 mM) and sensitized them overnight. After
15 h, we took the film out of dye solution and rinse it with
ethanol. It was dried in a 60 °C oven. Plastic spacers were
prepared and put on the dye adsorbed TiO2 film. The
electrolyte was dropped onto the film. For the EY based cell,
the electrolyte was NaI 0.5 M, I2 0.05 M in pure actonitrile or in
acetonitrile containing 1% or 2% water. For the N-719 cell, a
standard electrolyte was used. The standard electrolyte contains
DMPII 0.3 M, I2 0.05 M,LiI 0.5 M, 4-TBP 0.5 M in acetonitrile.
Finally, the anode and Pt counter electrode were fixed together
to make the DSC device.
Current density−voltage (I−V) curves of DSCs with 0.16

cm2 active area were obtained under AM 1.5G (100 mW/cm2)
illumination. The measurement employed a solar simulator
equipped with 150W xenon lamp (model no. 94021A, Oriel), a
reference solar cell (model no. 91150 V), and a Keithley model
2400 digital source meter.

Theoretical Computation. First-principles density func-
tional theory (DFT)12 calculations were carried out to study
the molecular geometry, electronic structure, vibration
spectrum and the UV−vis spectra of EY adsorbed onto TiO2
surfaces. The ground-state molecular geometries were opti-
mized with VASP, using Vanderbilt ultrasoft pesudopotentials
and generalized gradient approximation (GGA) of PW91.13,14

An energy cutoff of 400 eV and Γ point k-sampling was used.
Geometries were optimized until forces on nonfixed atoms are
below 0.04 eV/Å, which were considered fully relaxed. The
simulation cell contains the EY chromophores, bonded onto
the TiO2 anatase (101) surface, the dominant and thermody-
namically stable facet.15 The surface slab has dimensions of
20.77 × 15.27 × 20.00 Å3, corresponding to a TiO2 surface
coverage of one dye per 317 Å2 or 0.5 μmol·m−2 . Periodic
boundary conditions were applied to replicate the simulation
cell in all three dimensions. A sufficient large vacuum layer (at
least 10 Å) was added to the simulation cell in the direction
perpendicular to the surface to ensure that no interactions
between each slab. Vibration frequency was calculated from
diagonalizing the force constant matrix to produce eigen values
of the matrix, which correspond to the energy of normal
vibration modes. The maximum change in the interface bond
length is 0.02 Å in order to retain the validity of harmonic
approximation. Optical absorption spectra were calculated
based on linear response time-dependent DFT (TDDFT)
using the Perdew−Burke−Ernzerhof (PBE) functional and 6-
31G(d) basis set, as implemented in Gaussian 09 program. The
polarizable continuum model (PCM)16 was used to account for
the solvation effect (in ethanol).

■ RESULTS AND DISSCUSION
Photoabsorption Spectrum. Eosin Y is subject to a

tautomeric equilibration between many structures (lactone,
quinonoid and their derivatives), affected by pH and other
conditions of the solution.17 The molecular structure of EY in
the quinonoid form is shown in Figure 1a. Since EY is an acid,
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the hydrogen atom of the hydroxyl group on the xanthene
moiety and that on the carboxylic group may dissociate in
solutions, forming a monoanion or dianion. Judging from the
Henderson−Hasselbalch equation, which employs the pH
value, and the pKa constant for proton dissociation, as a
measure of acidity, the hydroxyl on xanthene group (pKa = 7.7)
can release proton much more easily than the carboxylic group
(pKa = 9.8) in ethanol.17 Therefore, monoanion EY−

corresponds to a structure with the deprotonated hydroxyl
group, and dianion EY2− has both protons missing. The lactone
form of EY is a cyclic ester with two hydroxyls sitting on each
side of the xanthene ring and COO binding to the center
carbon of xanthene group, which can be seen as the
condensation product of the carboxylic group in the same
molecule.
To find out the exact molecular structure of EY before

binding to TiO2, we measured the absorption spectrum of EY
in ethanol, as shown in Figure 1. The photoabsorption curve
displays a distinct peak at 532 nm and a small shoulder at 496
nm. Measured molar extinction coefficient at 532 nm is 1.10 ×
105 M−1 cm−1, which is in good agreement with the reported
value18 of 1.12 × 105 M−1 cm−1. The shape of the absorption
curve and peak location are similar to absorption spectrum of
dianion EY2− in water solutions,19 implying the existence of the
dianion form of EY in ethanol.
To make a more precise assignment, we calculated

photoabsorption spectra for all possible molecular structures
based on TDDFT, all shown in Figure 1a. Absorption
maximum of dianion, monoanion, neutral quinonoid and
neutral lactone forms of EY locates at the wavelengths of

506, 512, 443, and 288 nm, respectively. Compared to
experimental absorption spectrum, the calculated spectra for
dianion and monoanion are closest to the measured one. The
neutral quinonoid and lactone form cannot be dominant due to
their obvious discrepancy with experimental spectroscopy. In
addition, the shoulder at ∼460 nm for dianion absorption also
agrees with the appearance of the shoulder in experiment. Very
likely, EY in ethanol solution is a mixture with dianion and
monoanion as dominant species.
Figure 1b shows the photoabsorption spectra of EY adsorbed

on TiO2. For a direct comparison, the spectrum of free EY
ethanol solution in Figure 1a is also shown. We found that the
absorption peak is only slightly blue-shifted from 532 to 530
nm when EY binds onto TiO2; more importantly, the main
absorption peak is much broadened with a long tail extending
into the red-yellow region at ∼550 nm. A small shoulder could
still be discernible at 496 nm upon EY adsorption; however, its
strength relative to the main absorption peak is much more
attenuated compared to free EY solution. The larger absorption
background at the short wavelength end is due to intensive
absorption of TiO2 substrate and its defects.
Comparing the photoabsorption spectrum before and after

EY adsorption onto the TiO2 surface, one can infer that EY
molecules mainly keep their original forms as in ethanol,
namely, in the mixed dianion and monoanion forms. However,
both the attenuation of the 496 nm shoulder and the tail at the
red end imply that lots of EY molecules turn from the dianion
to the monoanion configuration after surface adsorption, since
EY− has more intense absorption in longer wavelengths
compared to EY2− dianions. This observation is consistent
with the fact that the TiO2 surface is more acidic than the bulk
ethanol solution (the pH value at TiO2 surface

20 is below 6.2,
the isoelectric point of P25 TiO2). Consequently, EY

2− receives
protons from the acidic environment in the vicinity of the TiO2
substrate and become more protonated. Neutral quinonoid and
lactone configurations may also exist when bound to TiO2, but
they cannot be dominant species judging from the shape of
photoabsorption spectrum in Figure 1b. Therefore in the
following discussion we mainly focus on the anion forms of EY
for simplicity, and when needed we also take the lactone isomer
for comparison.

Raman and IR Spectra of Eosin Y Adsorbed on TiO2.
Direct evidence concerning EY adsorption configuration on
TiO2 surface can be obtained by measuring the vibrational
spectra of EY molecules at the interface. Figure 2a,c presents
the IR and Raman spectrum of EY molecules in the powder
form. The band at 1753 cm−1, observed both in IR and Raman,
is assigned to CO stretching of a free carboxyl group. It
completely disappears after EY adsorption on TiO2 (Figure
2b,d), strongly suggesting that EY molecules adsorb on TiO2
via its carboxyl group. In the IR spectrum of EY adsorbed TiO2
film (Figure 2b), a broad band appears at 1640 cm−1, which is
assigned to the scissoring mode of liquid water.21 This
assignment is consolidated with the IR spectrum of bare
TiO2 surface without EY adsorption but may inevitably bound
with water molecules (dotted line, Figure 2b). This band may
interfere with the asymmetric COO stretch mode, νasym(COO),
of the carboxylic group. Whereas in the Raman spectrum
(Figure 2d), water scissoring vibration is very weak due to its
Raman-insensitivity, it cannot influence the assignment of
intense peaks in this frequency region. Based on above
considerations, we mainly focus on the Raman spectrum
analysis.

Figure 1. (a) Experiment photoabsorption spectrum of EY dissolved
in ethanol solution with concentration of 1 × 10−5 M. Also shown are
calculated absorption spectra of different possible EY molecular
structures. The inset shows the EY molecule in the neutral quinonoid
form. (b) Photoabsorption spectrum of EY adsorbed on the TiO2 film
with a thickness of 5 μm (blue curve), compared with that for EY in
ethanol (black curve).
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In Raman spectra, a distinct peak at 1618 cm−1 of the
adsorbed dye arouses our interest (Figure 2d). Assignment of
the peaks around 1600 cm−1 in vibrational spectra for dye
adsorbed TiO2 has been debated for years, particularly on
whether it is the vibration mode of a phenyl group, or a
xanthene group,22 or the asymmetric vibration mode of a COO
group.23 To ascribe the peaks more precisely, we have
calculated the binding energy and vibration frequency of
COO group from all possible EY adsorption structures, as
displayed in Figure 3. Adsorption configuration I is the
monodentate adsorption mode with an additional hydrogen
bond connected to the O atom of the TiO2 substrate, referred
to as H-bonded monodentate, or HM adsorption mode here.
Model configuration II is the bidentate bridging mode with two
interface Ti−O bonds, abbreviated as BB mode. For
comparison we also consider configuration III, where EY dye
adsorbed in the intact lactone form via a single Ti−O bonding
to TiO2 surface, referred to as M adsorption configuration. The
dye adsorption energy (Eads) for configration I (HM) and II
(BB) is 0.69 and 0.61 eV, respectively. The energy difference is
within the accurary of DFT simulations, especially considering
that above energies do not take into account the solution
eviroment such as pH values. From calculated adsorption
energy, both structures can exist. The relative adsorption
energy for configuration III (M mode) is small, 0.36 eV, due to
the high stability of the lactone form of EY in free space.

Adsorption of EY in lactone form is thus less plausible, which
could easily desorb from the TiO2 substrate. To judge which
structure exists in the real system, Raman shift related to the
carboxyl group in these configurations provides a clue.
The location of the calculated peaks for COO asymmetric

and symmetric vibration modes is represented by short vertical
bars in Figure 2d. Theoretical results show that the frequency
of asymmetric COO vibration in the HM configuration,
νasym(COO) = 1597 cm−1, is the most close to the value of
1618 cm−1 measured in Raman experiment. Therefore, the
1618 cm−1 peak may indicate the existence of HM adsorption
mode for EY/TiO2. The symmetric mode of COO in HM
configuration is calculated to be νsym(COO) = 1460 cm−1. We
note that both the asymmetric and symmetric COO vibration
modes in a neutral carboxyl acid group are Raman active. Above
1618 cm−1, no obvious band is observed, indicating little
molecules adsorb on TiO2 with structure M, whose
νasym(COO) = 1656 cm−1. As for BB adsorption structure, it
is hard to confirm its appearance in Figure 2d alone, because
νasym(COO) in this configuration (1480 cm−1) is not Raman
active. In IR spectrum this mode is buried up by phenyl
vibration bands at 1450 cm−1. Fortunately, a peak located at
1348 cm−1 shows up after EY adsorption in the IR spectrum
(Figure 2b), which matches very well the calculated value for
symmetric COO vibration, νsym(COO) = 1349 cm−1, for
configuration BB. Combined with both Raman and IR spectra,
there is a great possibility that BB configuration also exists
during EY adsorption.
Our assignments are in good agreement with previous

investigations. For example, peaks in Figure 2d are very similar
to surface enhanced Raman signal of chemisorbed EY on
alumina/Ag substrate.24 Formic acid and ascorbic acid
adsorption on TiO2 were studied using Raman spectroscopy
by Gomez et al.,25 in which the peaks at 1610 cm−1 and 1619
cm−1 were observed and attributed to the νasym(COO) mode in
HM configuration. Amino acid adsorption on TiO2 was also
studied by Guczi et al. with sum frequency generation
vibrational spectroscopy. The peak at 1627 cm−1, which is

Figure 2. IR spectrum of (a) EY powder and (b) EY adsorbed TiO2.
Raman spectrum of (c) EY powder and (d) EY adsorbed TiO2.
Theoretical frequencies of EY/TiO2 are shown as vertical bars in (d).
Red bars for configuration I: νasym(COO) = 1597 cm−1, νsym(COO) =
1460 cm−1; blue for configuration II: νasym(COO) = 1480 cm−1,
νsym(COO) = 1349 cm−1; green for configuration III: νasym(COO) =
1656 cm−1, νsym(COO) = 1197 cm−1.

Figure 3. (a−c) Front view and (d−f) side view of EY adsorption
configurations I−III. (g−i) Calculated projected density of states for
configurations I−III. Red curves are for EY dyes, and shaded areas
under black lines are for TiO2 substrate.
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Raman active, was assigned to a strongly hydrogen bonded
asymmetric carboxylate stretch.26 Therefore, we conclude that,
to discern the adsorption structure of chemicals with a carboxyl
group, bands located between 1600 cm−1 to 1630 cm−1 may be
a sensitive sign for the hydrogen bonded monodentate
adsorption mode. More evidence to support the above
assignments come from additional experiments by adjusting
electrolyte discussed below.
Structural Changes in Solution. In real DSC devices, the

dye/TiO2 nanoparticles are immersed in electrolyte solutions
that may lead to a different Raman behavior. This could
possibly be utilized to assist assigning Raman peaks in Figure
2d. Figure 4 displays the Raman spectra of EY/TiO2 measured

under different electrolyte conditions. It is clearly shown that
the Raman spectrum for EY/TiO2 in acetonitrile (Figure 4b) is
a combination of features for the bare EY/TiO2 nanoparticles
(Figure 2d) and pure acetonitrile solvents (a peak at 1373 cm−1

and a broad band at 1445 cm−1). It suggests that there is no
obvious structural change upon immersing the EY/TiO2
nanoparticles in acetonitrile. However, the Raman spectra are
quite different in aqueous environment (Figure 4c). The peak
at 1618 cm−1 disappears completely in water and that located at
1460 cm−1 seems to fade away too, while other bands are
largely unchanged. This implies the behavior of the two peaks
at 1618 and 1460 cm−1 are different from those at 1565, 1502,
and 1336 cm−1. The latter bands are assigned to vibration
modes of the xanthene or phenyl groups.23 Since the location of
the former two peaks are close to the calculated COO vibration
frequency in H-bonded monodentate adsorption, it is
reasonable to ascribe them to the νasym(COO) and νsym(COO)
in the HM configuration, as discussed in previous section. The
disappearance of 1618 and 1460 cm−1 peaks in water strongly
suggests EY adsorption mode switches from configuration HM

to configuration BB. Accordingly, features at 1348 cm−1 are also
strengthened. Adsorption structure switch induced by water can
be explained by the pKa value of the carboxyl group in EY. In
aqueous environment, the pKa of EY carboxyl27 is 3.75, which is
much below the pH value of P25 TiO2-water system (∼6.2).28
According to the Henderson−Hasselbalch equation, when EY-
bonded TiO2 surface is immersed in water, the hydrogen atom
of carboxyl group dissociates and transfers to the solution or to
TiO2 surface, leading to an adsorption structure transition from
configuration HM to configuration BB.
To further confirm our analysis, we added HCl aqueous

solution (pH 3) into EY adsorbed TiO2 powder. As expected,
the 1618 cm−1 peak reappeared (Figure 4d), and the band at
1460 cm−1 is recovered simultaneously, indicating that the HM
adsorption is restored at low pH. In the presence of HCl
solution, the protonation process of EY carboxyl group takes
place since the pH value is lower than its pKa value. This
presents additional strong evidence to further support the
assignment of 1618 and 1460 cm−1 peaks to νasym(COO) and
νsym(COO) in the HM adsorption mode.

Influence of Adsorption Structure on DSC Perform-
ance. Manipulating dye adsorption structures provides a
simple effective way to improve DSC performances. Inspired
by above observation that EY dye adsorption can switch from
H-bonded monodentate in acetonitrile to bidentate bridging
configuration in water, we take this wisdom to adjust the
binding mode of EY on TiO2 to see whether the photovoltaic
performance of DSC device can be improved. Figure 5 shows

the measured I−V characteristics of DSC fabricated with EY in
different electrolytes. Key parameters of the DSC devices
including short-circuit photocurrent Jsc, open-circuit voltage
Voc, and fill factors (FF) are listed in Table 1, together with the
overall sunlight-to-electricity conversion efficiency (η). As a

Figure 4. Raman spectrum of EY adsorbed TiO2 under different
conditions: (a) in air, (b) in acetonitrile, (c) in pure water, and (d) in
HCl aqueous solution at pH 3.

Figure 5. Current−voltage (I−V) curves for dye solar cells applying
pure water, pure acetonitrile, or acetonitrile with 1% water as liquid
electrolyte, measured under AM 1.5G (100 mW/cm2) illumination.

Table 1. Performance Characteristics of EY-Based Dye Solar
Cells Applying Different Electrolytes

cell dye electrolyte Voc (V) Jsc (mA/cm2) FF η (%)

#1 EY acetonitrile 0.50 2.7 0.55 0.75
#2 EY acetonitrile

(1% water)
0.54 3.2 0.57 0.98

#3 EY acetonitrile
(2% water)

0.53 3.2 0.56 0.95

#4 EY water 0.46 0.91 0.43 0.18
#5 N-719 acetonitrile 0.73 13.5 0.66 6.5
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reference, the DSC device with N-719 as the sensitizer reaches
a high efficiency η = 6.5%, indicating the quality of TiO2 film
and counter electrode is reliable. For EY based devices, four
kinds of electrolyte containing 0.5 M NaI and 0.05 M I2 are
applied. The solvent for electrolyte #1 is purely acetonitrile, and
the device reaches an efficiency of η = 0.75%. Electrolyte #2
differs from electrolyte #1 by adding extra 1% (volume) water.
As a result, open circuit voltage Voc of cells with electrolyte #2
is improved from 0.50 to 0.54 V and the efficiency is increased
by ∼30% (see Table 1). When water amount in acetonitrile is
increased to 2% (electrolyte #3), no further photovoltaic
improvement is obtained compared to cells with electrolyte #2,
indicating that 1% water in acetonitrile is the optimized level.
After further optimizing film thickness and related parameters,
the efficiency of devices with electrolyte #1 and #2 can reach
efficiency values of η = 1.5% and 1.8%, respectively. The trend
in Voc remains the same, namely, an increase by about 40 meV
is persistent with 1% water adding to the electrolyte. Since the
amount of water added in electrolyte is tiny, we believe it
cannot impose a significant influence on the transport property
of TiO2 and that of ions in electrolyte.
The mechanism mentioned above gives us invaluable insight

into the relationship between the adsorption structures and the
DSC performance. For cells with electrolyte #2, the Raman
spectrum presented in Figure 6 shows that even 1% water in

organic electrolyte does change the adsorption structure of EY
on TiO2 surface. After adding a small amount of water in
acetonitrile, the 1618 cm−1 Raman peak tend to disappear while
other peaks remain intact (the band at 1460 cm−1 is interfered
with acetonitrile vibration features). This implies that the
concentration of EY adsorption structure HM decreases with
the presence of 1% water.
Why do different adsorption configurations at the interface

result in a marked change in the measured DSC photovoltaic
performance, especially the persistent increase in Voc? To
answer this question, we perform first-principles calculations to
illustrate the electronic structure of EY/TiO2 of different
interface configurations. The PBE exchange-correlation func-
tional is employed in our calculation. It is well-known that
GGA underestimates the absolute value of the TiO2 band gap.
However, the trend in band gap and the position of conduction
band is reasonable. For instance, the calculated band gap
difference between anatase and rutile TiO2 is 0.24 eV, agreeing
well with the experimental value of 0.21 eV.29 Absolute position
of CBE with respect to vacuum in EY/TiO2 ranges from −4.32
to −4.16 eV (Figure 3), very similar to the experimental value

(−4.4 eV).30 The band gap of TiO2 and organic molecules can
be properly corrected if hybrid functionals are employed. They
give similar results for the band alignment between the lowest
unoccupied molecular orbital (LUMO) of the dye and TiO2
CBE.
From the calculated projected density of states plots in

Figure 5, the conduction band edge for the HM adsorption
configuration (−4.32 eV) is lower than that for BB
configuration (−4.26 eV) by about 60 meV. This trend
matches well with the Voc trend in DSC performance. Note that
the measured Voc corresponds to the energy difference between
the quasi-Fermi level of TiO2 under illumination (close to
CBE) and the redox potential of the electrolyte.1 The position
of CBE is directly related to surface potential, affected by the
dipole moments induced by dye adsorption. The calculated
dipole moment of the BB mode is 1.02 D, larger than the HM
mode (−0.89 D). According to the fact that the higher dipole
moment shifts CBE to be more negative in potential,31 an
enhanced Voc of BB adsorption mode can be inferred.
Transition from HM mode to BB mode also influences Jsc of

DSC device by adjusting energy level position. First, the driving
force for electron injection, namely, the energy difference
between the CBE and the LUMO, is 1.0 eV for bidentate
bridging adsorption. It is 0.1 eV higher than that for H-boned
monodentate configuration (Figure 3), an important factor
contributing to higher electron injection efficiency. According
to Marcus theory (eq 1), electron transfer rate kET between two
states is related to energy difference ΔG0 between them (−0.9
eV for HM mode and −1.0 eV for BB mode in this case):

π
λ

λ
λ

=
ℏ

| | − Δ +⎛
⎝⎜

⎞
⎠⎟k

k T
V

G
k T

exp
( )

4ET 2
B

2
0 2

B (1)

Here λ is defined as reorganization energy and its value is taken
as 1.0 eV, which is commonly accepted in previous works
investigating similar dye/TiO2 systems.

32,33 Since ΔG0 for the
BB mode is an optimized value (eq 1), it has a ∼10% faster
injection rate than HM mode at room temperature.
Second, the recombination, causing loss of Jsc, can be slowed

down by adjusting the relative position of highest occupied
molecular orbital (HOMO) and CBE. In our case, the energy
difference varies between two states of structure. HM is −0.83
eV and BB is −0.76 eV (Figure 3). The λ value is 1.0 eV.
Judging from eq 1, recombination rate in BB mode is about
30% slower than HM at 300 K. As a result, the HM adsorption
structure is inferior to the BB structure in DSC applications
when EY is used as the sensitizer, and one would minimize the
presence of the former configuration to obtain better energy
conversion characteristics.
The above discussion suggests that the addition of 1% water

into the organic electrolyte results in 20−30% increase in DSC
energy efficiency by suppressing unfavorable dye adsorption
configurations on TiO2. However, too much water is seldom
applied in electrolytes and most experiments show that pure
water electrolyte is harmful to DSC performance.34,35 Our
measurements on pure water based DSC (cell #4, Table 1) has
reached only a low efficiency η = 0.2%, which is consistent with
previous observations. Water induced efficiency losses have
been attributed to formation of iodates,36 electron lifetime
decreases37 and diffusion limitation of electron current.38 A
good balance must be retained between water-induced
advantages such as adsorption structure selection and water-
induced damages mentioned above. In this aspect, new

Figure 6. Raman spectrum for EY adsorbed TiO2 in acetonitrile (black
line) and acetonitrile containing 1% water (red).
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progresses are made very rapidly. In 2010, Law et al. fabricated
pure water based DSCs achieving a high efficiency of 2.4%,38

using Ru dye TG6 as a sensitizer. The value increased to 5.7%
when water fraction is optimized to be 20% in methoxypro-
pionitrile electrolyte. The trend is in nice agreement with our
experiment; in the present work for EY-based DSCs, a good
balance is reached by adding only a small amount of water, 1%,
in acetonitrile solutions. A unique merit in the present work is
that the improved photovoltaic performances in DSC devices
are directly linked to the microscopic dye adsorption structures
and electronic features at the dye/TiO2 interface.

■ CONCLUSION
We present a detailed spectroscopic and computational study
on improving photovoltaic performance by manipulating dye
adsorption configurations on nanocrystalline TiO2. EY
adsorbed on TiO2 can take either hydrogen-bonded mono-
dentate configuration or bidentate bridging configuration in air
and in solutions. Adding a small amount of water in organic
electrolyte changes the pKa value of the carboxyl group of EY
and promotes deprotonation of the carboxyl, leading to a
structural transition from the HM to BB adsorption.
Consequently, the HM adsorption configuration, sensitive to
the acidic environment and unfavorable in DSC applications, is
suppressed by adding 1% water into acetonitrile electrolyte. We
expect that this simple while effective method could be applied
to other systems including devices with Ru complex and all-
organic dyes, which also bind to TiO2 via their carboxyl groups,
to improve energy conversion efficiency of DSC devices. Efforts
with more complex all-organic donor-π-acceptor dyes are under
way. In addition, the present procedures on determining the
microscopic interface structure for dye adsorption and
establishing a direct link between interface structures and
photovoltaic performance also provide new insights toward a
complete understanding of DSC working mechanisms at the
microscopic scale.
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