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N719 dye adsorption on anatase TiO2 surfaces with different adsorption densities was investigated by IR-absorption spectroscopy
using a multiple internal reflection technique. When the N719 dye was adsorbed on the TiO2 surface by immersing it in an N719
solution consisting of acetonitrile and tertiary-butyl alcohol, chemisorbed and physisorbed N719 dyes coexisted on the surface.
The ratio of chemisorbed and physisorbed dye densities was dependent on the N719 exposure, and excessive exposure led to the
generation of the physisorbed dye. Test fabrications of the dye-sensitized solar cells �DSCs� with various N719 exposures
suggested that we need to optimize the dye adsorption density to achieve a higher power conversion efficiency in DSCs.
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Ever since O’Regan and Grätzel reported highly efficient,
low cost dye-sensitized solar cells �DSCs� using cis-
di�thiocyanato�bis�2,2�- bipyridyl-4,4�- dicarboxylate�ruthenium�II�
�N719� with a photovoltaic efficiency of 11%,1 many researchers
have tried to reproduce the solar cell. Unfortunately, the attempts
have all ended in failure as O’Regan and Grätzel did not release
detailed information on the preparation of the TiO2 electrode, which
is the most important aspect of their innovation. Many papers have
been published regarding TiO2 fabrication to achieve larger surface
areas for dye adsorption, in which nanoparticle TiO2 films,1-3 nano-
particle TiO2 films mixed with relatively larger TiO2 particles,4 par-
ticle TiO2 with a high pore density,5 and TiO2 nanotubes6 have been
reported. As these surfaces with extremely large surface areas al-
lowed for highly efficient power generation with a high density ad-
sorption of the sensitizing dye, most researchers have been trying to
achieve as high a density adsorption as possible. In a previous paper
�see Ref. 7�, however, the dye adsorbed on the TiO2 surface con-
sisted of chemisorbed and physisorbed dyes if dye adsorption was
achieved by immersing the TiO2 surface in the dye solution. Too
much adsorption might limit power generation as the physisorbed
dyes might prevent sunlight from reaching the chemisorbed dyes.
However, the impact of physisorbed dyes on power generation has
not, to date, been discussed.

Nazeeruddin et al. reported an investigation into N719 adsorp-
tion on TiO2 nanoparticles using attenuated-total-reflection Fourier
transform infrared absorption spectroscopy �IRAS�.8 They proposed
several adsorption models in which the N719 molecule anchors on
the TiO2 surface through one or two of its carboxyl groups. Leon et
al. speculated on N719 anchors with a carboxylic moiety with a
coordination of bridging or bidentate linkages.9 They found that the
vibration frequency of COO− changes, depending on whether the
N719 is connected on the TiO2 surface or physisorbed. These stud-
ies were helpful in understanding the adsorption mechanism of
N719, although the discussion on the impact of physisorbed dyes
was insufficient.

In this paper, we observed the adsorption states of the N719-
sensitizing dye on anatase TiO2 surfaces with a variety of adsorption
densities using IRAS with a multiple-internal-reflection �MIR� ge-
ometry. Chemisorbed and physisorbed dyes coexisted on the dye-
adsorbed surface. The ratio of the chemisorbed and the physisorbed
dye densities was dependent on the exposure of the TiO2 surfaces to
the N719 dye, and overexposure generated a physisorbed state. Test
fabrications of DSCs with various N719 exposures suggested that
the degeneration of the physisorbed N719 is effective in enhancing
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power generation. We discuss how to promote the power conversion
efficiency of DSCs without interference of the physisorbed N719
dye in the photovoltaic operation.

Experimental

We investigated N719 adsorption by a TiO2-coated GaAs prism
using MIR-IRAS. The anatase TiO2 was fabricated by metallorganic
chemical vapor deposition �CVD� described elsewhere.10,11 The de-
posited TiO2 had preferential orientations of �101�, �200�, and �211�,
which were confirmed by X-ray diffraction. The average thickness
of the TiO2 film was 0.1 �m, with an average roughness of less than
10 nm. The photocatalytic reaction of the deposited TiO2 film was
confirmed using MIR-IRAS, and the results were released
elsewhere.12 The chemical states of the sample surface before and
after N719 adsorption were also monitored by MIR-IRAS. The ex-
perimental MIR-IRAS setup for the experiment in this paper is
shown in Ref. 7. This technique was quite surface sensitive and had
a higher resolution than other spectroscopic tools such as electron
energy loss spectroscopy. The prism used for the MIR-IRAS mea-
surements measured 0.5 � 10 � 40 mm, with 45° bevels on each
of the short edges. IR radiation that exited an interferometer
�Bomem MB-100� was focused at normal incidence onto one of
the two bevels of the sample and propagated through a wafer, in-
ternally reflecting about 80 times.11-15 The radiation that exited the
other bevel of the sample was focused onto a liquid-N2-cooled
HgCdTe detector.

The N719 adsorption for the IRAS measurement was performed
by dropping the N719 solution onto the TiO2 surface. The N719 dye
solution was a mixture of 10 mL acetonitrile and 10 mL tertiary-
butyl alcohol containing N719 at a concentration of 0.36 mg/mL.
When we dropped the dye onto the surface, we controlled the wet
area so it was constant by the casting method. The wet surface was
then air-dried at room temperature. The adsorption density of N719
was calculated by assuming that all N719 included in the dye solu-
tion remained uniformly on the surface.

In this study, we fabricated DSCs based on investigations made
with MIR-IRAS. In the fabrication, TiO2 films with a thickness of
56 �m with an area of 0.5 � 0.5 cm were formed on SnO2-coated
glass by drawing and extending TiO2 paste using a glass rod and a
plastic tape spacer. The TiO2 paste was made from TiO2 powder
manufactured by Ishihara Sangyo �ST-01�, deionized water, acetic
acid solution with pH of 3.5, and poly�ethylene glycol�. The TiO2
films were baked in air at a temperature of 500°C for 1 h. The N719
adsorption was performed by dropping N719 solution onto the TiO2
surface. The redox electrolyte was 0.1 M LiI, 0.05 M I2, 0.6 M
dimethyl propyl imidazolium iodide, and 0.5 M tert-butylpyridine in
dried acetonitrile. The photovoltaic properties of the DSCs were
measured using a current-voltage measurement system, and a
5000 K, 300 W xenon lamp was used as a light source. The light
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intensity at the DSC surface was set at 80 mW/cm2 with a standard
Si solar cell manufactured by Peccell Technologies.

Results and Discussion

The IR-absorption spectrum of the N719 dye adsorbed on TiO2
is shown in Fig. 1. The N719 density on the TiO2 surface was
3.8 � 10−3 mg/cm2. The baseline for the calculation of the absorp-
tion spectrum is the IR transmission spectrum obtained from the
TiO2 film before N719 adsorption. In Fig. 1, the IR absorptions of
hydrocarbon and NCS can be seen as 2800–3000 and 2100 cm−1,
respectively.8,9,12 The IR absorption by hydrocarbon was caused by
tributylammonium �TBA� ions, which adsorbed to the surface dur-
ing the course of the N719 adsorption. The IR absorption at
1468 cm−1 can be ascribed to TBA counterions.9 Leon et al. also
speculated that the TBA ions were separated from COOTBA in the
dye solution to adsorb on the TiO2 surface.9 The IR absorbance
spectrum of symmetric vibration of the COO− group can also be
seen in Fig. 1. We can see double peaks in the spectrum. Leon et al.
also reported that physisorbed N719 molecules such as N719 pow-
der on its own exhibited IR absorption of COO at 1344 cm−1, while
chemically bonded N719 with bidentate or bridging linkage causes a
shift to 1375 cm−1.9 Some N719 molecules were chemisorbed to the
TiO2 surface and the others were isolated or physisorbed on the
surface. The IR-absorption peak of COO asymmetric vibration mode
at wavenumbers from 1606 to 1626 cm−1 also consists of two
chemical states of physisorbed and chemisorbed N719, which is
discussed later. In Fig. 1, we can see a drop of absorbance at
3751 cm−1, which indicates the degeneration of TiOH on the
surface.7 This fact strongly suggests that the N719 dye adsorbs pref-
erentially on OH sites on TiO2 surfaces and makes bridges for elec-
trons to the TiO2 electrode with bidentate or bridging linkage. This
explanation is supported by X-ray photoelectron spectroscopy stud-
ies released elsewhere.16 In a previous study,7 the intentional gen-

Figure 1. IR-absorption spectra obtained from a N719-adsorbed TiO2 sur-
face.
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eration of the OH sites on the TiO2 electrodes with a photocatalytic
reaction by UV irradiation in air before the N719 dye adsorption
was effective in increasing the short-circuit current of the DSC,
which is evidence of the above explanation.

In this work, we investigated variation in the chemical status of
the bridging COO as a function of N719 dye exposure to discuss the
impact of the physisorbed N719 dye on power generation in the
DSCs. We show variations in IR-absorption spectra obtained from
N719-adsorbed TiO2 surfaces with various N719 exposures from
0.9 to 27 �g/cm2 in Fig. 2. The dye was adsorbed on the surface by
dropping a dye solution in various amounts and drying the surface.
The N719 dye solution was a mixture of 10 mL acetonitrile and
10 mL tertiary-butyl alcohol containing N719 at a concentration of
0.36 mg/mL. The absorbance peaks of both COO symmetric and
asymmetric vibration modes are modified by increasing the N719
exposure. In the symmetric vibration peak, the peak of physisorbed
N719 at 1344 cm−1 9 became prominent compared to the peak of the
chemisorbed N719 at 1375 cm−1.9 In the absorbance peak of the
COO asymmetric vibration, the two states of 1620 and 1607 cm−1

are confirmed, which are tentatively IR absorptions of COO of the
physisorbed and chemisorbed N719. This assumption was supported
by a simulation experiment using Gaussian. We calculated the vi-
bration frequencies of simplified molecules of C5H5N–COOH and
C5H5N–COO–TiX3, which were used as simulation models for
chemisorbed and physisorbed N719, respectively. X is heavy hydro-
gen with an atom mass of 10,000. The calculation was made with
base functions of HF 6.31 gd. The energetically optimized structures
of these molecules and simulated absorbance spectra are shown in
Fig. 3. The wavenumber gap between COO symmetric and asym-
metric vibrations becomes narrower when COOH becomes
COO–TiX3. This simulation suggests that the component of
1607 cm−1 in the COO asymmetric vibration is due to the chemi-
sorbed N719. In this simulation, the peak at 1750 cm−1 appeared
due to the change in the vibration frequency caused by the structural
deformation of C–O. This suggests that monitoring of C–O vibration
is also effective in discussing the adsorption status of the N719 dye,
although we base our discussion only on the COO data, as the varia-
tion in the COO peak is clearer than that of C–O. The IRAS experi-
ment in Fig. 2 suggests that excessive dye exposure leads to the
coexistence of physisorbed and chemisorbed dyes on the TiO2 sur-
face, where physisorbed dyes may be stacked on the chemisorbed
dyes on the TiO2 surface. We should optimize dye exposure as ex-
cessive exposure led to the enhancement of the physisorbed N719
dye, which would deteriorate the power conversion efficiency of
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Figure 2. �Color online� Variation in IR-absorption spectra obtained from
N719-adsorbed TiO2 surfaces with various N719 exposures from
0.9 to 27 �g/cm2. The dye was adsorbed on the surface by dropping a dye
solution at various amounts and air drying the surface. The N719 dye solu-
tion was a mixture of 10 mL acetonitrile and 10 mL tertiary-butyl alcohol
containing N719 at a concentration of 0.36 mg/mL.
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DSC as described below. For the current CVD-grown TiO2, the
optimized exposure was expected from around 4.5 to 9 �g/cm2, al-
though the optimized exposure is greatly increased for the porous
nanoparticle TiO2 films for DSCs as shown later.

To investigate the availability of optimization of N719 exposure
in DSCs, we fabricated DSCs using various dye exposures. Figure 4
shows the variation in the power conversion efficiency of DSCs with
various N719 exposures. In this experiment, a 5000 K, 300 W xe-
non lamp was used as a light source. The light intensity was
80 mW/cm2. The power conversion efficiency increased from
0.01 mg/cm2 and reached its maximum at 0.7 mg/cm2. Too much
exposures from this point resulted in a deterioration of power gen-
eration in the DSCs. Figure 5 shows the power generation charac-
teristics measured from the samples made by immersing the surface
in the dye solution and by exposing the surface to the N719 solution
with a density of 0.7 mg/cm2. The short-circuit current density of Jsc
was improved from 6.77 to 7.14 mA/cm2. The power conversion
efficiency was also improved from 4.56 to 4.78%. In this experi-
ment, we fabricated 10 samples for each state. The standard devia-
tion of the power conversion efficiency was as low as 0.15%. The
obtained power generation data are summarized in Table I. The re-
sult indicates that the elimination of the physisorbed N719 dye en-
hances power generation. The open-circuit voltage was decreased by

Figure 3. �Color online� Simulations of COO asymmetric and symmetric
vibrations of chemically bonded and physisorbed N719. Simplified mol-
ecules of C5H5N–COOH and C5H5N–COO–TiX3 were used as simulation
models for chemically bonded and physisorbed N719, respectively. X is a
heavy hydrogen atom with an atom mass of 10,000.
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Figure 4. Variation in power conversion efficiency of DSCs with various
N719 exposures. In this experiment, a 5000 K, 300 W xenon lamp was used
as a light source. The light intensity was 80 mW/cm2.
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controlling the adsorption density. The physisorbed dye plays the
role of inhibiting the carrier recombination of electron and hole
between bare TiO2 electrode and electrolyte, as the physisorbed dye
may block I3

− ions from reaching the bare TiO2 to reduce them,
although further investigation is necessary to prove the assumption.
The DSC fabrication experiment supports the ability of N719 expo-
sure control to eliminate the interference of the physisorbed N719.

Here the difference of the optimized exposure between the CVD-
grown and nanoparticle TiO2 surfaces was noted. As can be seen in
Ref. 1-6, nanoparticle TiO2 has larger surface areas compared to the
CVD-grown flat TiO2. Tsoukleris et al. reported that a nanoporous
TiO2 electrode made with 2-ethyl-1-hexanol-based TiO2 paste has
roughness factors from 440 to 550.17 If we assume the roughness
factor of our nanoporous TiO2 electrode as 500, the optimized N719
exposure for the nanoporous TiO2 estimated by the IRAS experi-
ment is calculated in the range 2.25–4.5 mg/cm2. The gap between
the estimation and experiment is due to the difference of surface
crystal orientation.

In this paper, we demonstrated a method to eliminate the phys-
isorbed N719 dye in the adsorption by controlling its exposure.
Other possible methods to suppress the physisorbed N719 are dis-
cussed below. In our previous work, intentional hydroxylation by a
photocatalytic reaction on the TiO2 surface is effective in increasing
the density of the adsorbed N719 selectively.7 Some researchers
have reported a dye-adsorption method whereby the TiO2 surface is
immersed in the dye solution, followed by rinsing it in ethanol.16 We
can expect an effect of eliminating the physisorbed dye during the
rinse process, although in our experience, the chemisorbed dye was
in fact removed from the surface during the rinse process. As an-
other method, we are considering changing the dye solution tem-
perature at dye adsorption as the ratio of physisorbed and chemi-
sorbed dyes must be determined by the equilibrium of the adsorption
and desorption reactions. In our investigation, decreasing or increas-
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Figure 5. �Color online� Power generation characteristics measured from
samples obtained by immersing the samples in a dye solution and dropping
the N719 solution onto the sample surface with a density of 0.7 mg/cm2.

Table I. Power generation data measured from samples obtained
(A) by immersing the sample in the dye solution and (B) by drop-
ping the N719 solution onto the sample surface with a density of
0.7 mgÕcm2. The light exposure for power generation was
80 mWÕcm2. FF is fill factor.

Sample
Jsc

�cm2/V s�
Voc
�V� FF

Efficiency
�%�

�A� Conventional method 6.77 0.75 0.72 4.56
�B� Optimized exposure 7.14 0.72 0.74 4.78
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ing the solution temperature from room temperature enhanced the
generation of the chemisorbed dye. The results are discussed else-
where.

Conclusions

The adsorption state of N719-sensitizing dye on anatase TiO2
surfaces with a variety of adsorption densities was investigated us-
ing MIR-IRAS. When the N719 dye was adsorbed on the anatase
TiO2 surface by exposing it in a N719 solution made with acetoni-
trile and tertiary-butyl alcohol, chemisorbed and physisorbed N719
dyes coexisted on the surface. The ratio of chemisorbed and phys-
isorbed dye densities was dependent on the dye exposure, and ex-
cessive exposure led to the enhancement of physisorbed N719. We
need to optimize the dye adsorption density to achieve higher effi-
ciencies in DSCs. This study provides an in-depth insight into
achieving low cost, high performance DSCs.

Yamagata University assisted in meeting the publication costs of this
article.
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