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Chemical fixing of xanthene dye (eosin Y) on the surface of TiO2 electrode was carried out by modifying 
the electrode with silane-coupling reagent to obtain stable dye-sensitized TiO2 electrode. Such silane 
modification can not only evidently enhance the stability of dye-sensitized TiO2 electrode but also im-
prove the energy conversion efficiency of the assembled cells by increasing short-circuit photocurrent 
(JSC) and open-circuit photovoltage (VOC). It was found that the improvements of cell performances dif-
fer depending on the composition of the electrolyte. The optimum cell of the cell performance was 
achieved in the electrolyte with 0.5 mol/L TBAI/0.05 mol/L I2/EC:PC(3:1 w/w), yielding JSC of 4.69 
mA·cm−2, VOC of 0.595 V, fill factor (FF) of 0.64 and η of 1.78%. Different spectroscopic techniques in-
cluding UV-Vis spectra, fluorescence spectra, EIS and dark current measurements were employed to 
derive reasonable analysis and explanations. 

silane-coupling reagent, dye-sensitized solar cells, eosin Y, organic dye, TiO2 electrode, modification 

As a novel renewable, clean photoelectric conversion 
system and potential alternative to the traditional 
photovoltaic devices, dye-sensitized solar cells (DSSCs) 
based on nanocrystalline porous TiO2 thin films have 
attracted great attention and have been investigated in-
tensively due to their high energy conversion efficien-
cies and low production costs[1,2]. In the simplest version, 
DSSCs consist of three components: dye-sensitized 
nanocrystalline TiO2 photoanode, platinized counter 
electrode and electrolyte containing iodide(I−)/triiodide 
(I3

−) redox couple. The functions of these cells are based 
on the injection of electrons from photoexcited dye (D*) 
to the conduction band of the nanocrystalline TiO2. The 
oxidized dye (D+) is regenerated by iodide (I−) and the 
reduction of produced triiodide (I3

−) in this reaction is 
achieved on the counter electrode. Whether the efficient 
operation of DSSCs could be maintained depends on 
both efficient electron injection and efficient dye regen-
eration. Therefore, the lowest unoccupied molecular  

orbital (LUMO) energy level of dye must be amply 
higher than the conduction band edge minimum (ECB) of 
TiO2 for efficient electron injection, and in the meantime, 
the potential of the redox couple (I−/I3

−) in the electro-
lyte (Eredox) must be higher than the highest occupied 
molecular orbital (HOMO) energy level of dye for effi-
cient dye regeneration, which is the key to keep the 
photocurrent production. The maximum photovoltage of 
DSSCs corresponds to the difference of the Fermi level 
(Ff) of TiO2 and the redox potential of the electrolyte. 

In order to improve the photoelectric conversion prop-
erties of DSSCs, such as short-circuit photocurrent (JSC), 
many dye sensitizers have been investigated and em-
ployed in DSSCs. Especially, Rupolypyridyl complexes,  
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such as cis-[Ru(dcbH2)2(NCS)2](N3), (Bu4N)2[Ru(dcbpy- 
H)2(NCS)2](N719) and Ru(NCS)3 (tctpy)(black dye) 
have been intensively investigated. They still represent 
the most efficient sensitizers and have achieved highest 
energy conversion efficiency of 10%―11% in DSSCs 
so far[3]. But, metal-free organic dyes, such as xan-
thenes[4,5], coumarines[6–9], porphyrins[10,11] and indoli-
nes[12–14], are also highly competitive candidates for use 
as sensitizers for DSSCs owing to their high molar exci-
tation extinction coefficient, easy preparation, low cost 
and complicated structures. These dye structures all can 
provide COOH-based anchoring group for connecting 
the TiO2 surface. Compared to Rupolypyridyl complexes, 
the above mentioned organic dyes, in most cases, have 
only one anchoring group, which should affect the fixa-
tion of dye on TiO2 surface. A better way to solve this 
problem is the modification of TiO2 electrode with si-
lane-couping reagent. Fujihira and Abe have fixed the 
sensitizers on the surface of TiO2 by using silane-coup- 
ling reagents to overcome the unstableness of the metal- 
free organic dye-sensitized TiO2

[15,16]. As mentioned ab- 
ove, it is necessary that HOMO and LUMO energy lev-
els of dye sensitizers should match well with the redox 
potential of the redox couple in the electrolyte and the 
conduction band edge minimum of the TiO2, respec-
tively. Organic xanthene dye (eosin Y) can well satisfy 
these thermodynamic requirements and provide enough 
driving force for both electron injection and dye regen-
eration[17]. Although the device conversion efficiency 
based on eosin Y was still low[18–23], we investigated the 
effect of silane modification on the performances of or-
ganic dye-based DSSCs. Maybe pathways were opened 
to utilize a variety of other sensitizers other than the es-
tablished Ru complexs. Herein, we characterize the 
modification of TiO2 electrode with silane-coupling re-
agent and the stability of these electrodes using different 
spectroscopic methods, and the photoelectric conversion 
properties of assembled DSSCs are investigated. 

1  Experimental 
1.1  Chemicals 

TiO2 powder was purchased from Dugussa (P25). Lith-
ium iodide (LiI), iodine (I2), 3-methoxypropinitrile (MP), 
ethylene carbonate (EC) and propylene carbonate (PC) 
were purchased from Acros. n-butanol (C4H9OH), 
tetrabutyl titanate (Ti(OC4H9)4), acetic acid (HAc) and 
tetrabutylammonium iodide (TBAI) were purchased  

from Beijing Chemical Company (analytic reagent 
grade). γ-Aminopropyltriethoxysilane (KH550), 3-gly- 
cidoxypropyltrimethoxysilane(KH560)(Diamond Adva- 
nced Material Of Chemical Inc.) and other chemicals 
were of analytic reagent grade and used as received 
without further purification. 

1.2  The preparation of dye-sensitized TiO2 elec-
trodes 

The preparation of the nanocrystalline TiO2 colloid A is 
described as follows: A mixture of n-butanol solution 
(60 mL) and distilled water (3 mL) were added dropwise 
to a well stirred sample of n-butanol (40 mL) solution 
containing tetrabutyl titanate (10 mL) and acetic acid (4 
mL). The solution was stirred for a while and then auto-
claved at 180℃ for 4h. In order to improve the cell per-
formance, 5% by weight of P25 was added into colloids 
A, which resulted in colloid B. Colloid A was coated on 
cleaned conducting glass (fluorine-doped SnO2, 20 ohm/ 
square) by using doctor-blade technique. Obtained TiO2 
thin film was dried at room temperature and then sin-
tered at 450℃ for 30 min. The second layer thin film 
was prepared by colloid B, and then heated at the same 
temperature for 30 min. Film thickness of the obtained 
electrode measured about 6 µm. 

For the modification of TiO2 electrode, 5% (v:v) 
KH550 was stirred in 95% EtOH aqueous solution for 
1 h at room temperature[16]. After stirring, TiO2 electrode 
was dipped in the solution for different time, and then 
washed by EtOH for several times to remove the excess 
KH550 on the surface of TiO2. The as-prepared elec-
trode will be referred to as KH550-TiO2. The KH550- 
TiO2 electrodes were dye-coated by immersing them in 
5×10−4 mol/L dye solution of eosin Y in absolute ethanol 
for 12 h. Afterwards, the dye-sensitized electrodes were 
rinsed with absolute ethanol and dried in air.  

1.3  Spectral measurements 

X-ray photoelectron spectroscopy (XPS) analyses were 
made using an ESCALab220i-XL electron spectrometer 
from VG Scientific with 300 W Al Kα radiation. All 
spectra were taken at a working pressure of about 
3×10−9 mbar. The binding energy was calibrated using 
the C1s line at 284.6 eV from adventitious carbon. 
Wide-scan spectra were recorded in the range of 0―
1200 eV.  

The surface treatments of the TiO2 thin film were in-
vestigated by Fourier transformed infrared spectroscopy 
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(FTIR) to determine the presence of KH550 on the TiO2 

thin film. The spectra were obtained with transmittance 
mode using KBr pellets. All samples were detected on a 
Bruker Tensor 27 FTIR spectrometer (DLaTGS detect-  
or) using signal averaged scans at a resolution of 4 cm−1. 
UV-Vis absorption spectra were measured on a Hitachi 
3010 UV/Vis Spectrophotometer. 

The steady state fluorescence spectra were recorded 
with a Hitachi F-4500 Spectrometer. Samples were con-
tained in a square quartz cuvette (10 mm × 10 mm), and 
the detector was always at 90° to the exciting light beam. 
The exciting wavelength is 489 nm. 

1.4  Photoelectrochemical and electrochemical meas-
urements 

The two-electrode sandwich cells which consisted of a 
counter electrode (a Pt foil), a working electrode (a 
dye-sensitized TiO2 electrode), and redox electrolytes 
containing triiodide and iodine were clamped firmly 
together. The photoelectrical properties of assembled 
cell were measured with a PAR potentiostat (model 273) 
under 100 mW·cm−2 irradiation at room temperature. A 
400 W xenon lamp with a 10 cm water filter was used as 
a light source, and the active cell area was 0.2 cm2.  

Electrochemical impedance spectra (EIS) were meas-
ured by using Solartron 1255B frequency response ana-
lyzer and Solartron SI 1287 electrochemical interface 
system using a perturbation of ± 10 mV over the open 
circuit potential. The spectra were scanned in a fre-
quency range of 1 MHz to 1 Hz at room temperature. All 
measurements were carried out under illumination of 
100 mW·cm−2. 

2  Results and discussion 
2.1  Spectral characteristics of different TiO2 thin 
film electrodes 

The surface composition of two different TiO2 thin film 
electrodes―pure TiO2 and KH550-TiO2 was studied by 
XPS measurements. From their XPS survey scan spectra 
shown in Figure 1, the XPS peaks of Ti 2s, Ti 2p and 
O1s can be only found for pure TiO2 thin film (Figure 
1(b)), but the additional peaks of N 1s, Si 2s and Si 2p 
were clearly observed for KH550-TiO2 thin film (Figure 
1(a)). This confirms the presence of KH550 on TiO2 thin 
film and the coupling of KH550 with TiO2 surface.  

The FTIR spectral characteristics of the pure TiO2 and 
KH550-TiO2 thin films are shown in Figure 2. It was fo- 

 

Figure 1  XPS survey spectra of the pure TiO2 and KH550-TiO2 
thin films. 
 
und that the stretching vibration of ―OH band at 3400 
cm–1 was obviously reduced and the δNH band at 1654 
cm–1 and Si―O―Ti band at 1124 cm–1 clearly appeared 
on KH550-TiO2 thin films, which further convinced the 
existence of KH550 on the surface of TiO2 thin films 
and the coupling reaction between them.  

 

 
Figure 2  FTIR spectra of the pure TiO2 and KH550-TiO2 thin films. 

 
In order to confirm that the binding of eosin Y mole-

cules on the surface of TiO2 thin film is based on amino 
group, another silane-coupling reagent KH560 without 
amino group is employed for comparison. The TiO2 thin 
film electrode modified with KH560 is referred to as 
KH560-TiO2. Figure 3 displays the UV-Vis spectra of 
the desorbed eosin Y using NaOH aqueous solution of 
0.5M/L from different TiO2 thin film electrodes. The 
quantity of adsorbed dye on different TiO2 thin film 
electrodes follows the order of KH550-TiO2> pure TiO2  
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> KH560-TiO2. It reveals that there is strong chemical 
bonding of dye molecules on the TiO2 thin film by util-
izing dehydration of carboxyl group (―COOH) of eosin 
Y dye with amino group (―NH2) of the silane-coupl-  
ing reagent (KH550) fixed on the surface of TiO2 thin 
film[16]. Therefore, the TiO2 thin film electrode modified 
with KH550 has greater ability of adsorbing dye and 
stronger strength of fixing dye on TiO2 electrode than 
the other two electrodes: TiO2 and KH560-TiO2. The 
reason why KH560-TiO2 brought about the lowest dye 
adsorption is the absence of reaction group ―NH2 in its 
molecule structure.  
 

 

Figure 3  UV-Vis spectra of the desorbed dye with 0.5 mol/L NaOH 
aqueous solution from different TiO2 electrodes 

 
The UV-Vis spectra of desorbed eosin Y dye from 

different TiO2 electrodes before and after the photoelec-
trochemical measurements were further compared in 
Figure 4. The irradiation time was 3 h for all the samples. 
We find that eosin Y on pure TiO2 electrode is easy to be 
desorbed in organic solvent presented in the electrolyte 
after measurements (curve b). This can be attributed to 
the unstable bonding between eosin Y and TiO2. But, 
only a little reduction on KH550-TiO2 electrode was 
detected after the measurement (curve d), which again 
provides convincing evidence for stable bonding be-
tween eosin Y and KH550-TiO2. Such a slight decrease 
of desorbed eosin Y from KH550-TiO2 electrode may be 
caused by that the silane-coupling reagent of KH550 
does not completely react with all the OH groups on the 
TiO2 thin film. We also observed that the eosin Y-sensiti- 
zed TiO2 electrode without modification discolored obvi-
ously after illumination while the color of eosin Y-sensi-
tized KH550-TiO2 electrode almost remained unchanged. 

 

Figure 4  UV-Vis spectra of desorbed eosin Y from different TiO2 
electrodes before and after the photoelectrochemical measurement 
(light intensity: 100 mW/cm2, active cell area: 0.2 cm2). a: TiO2 elec-
trode before measurements, b: TiO2 electrode after measurements, 
c: KH550-TiO2 electrode before measurements, d: KH550-TiO2 
electrode after measurements. 

 
To investigate the property of interfacial electron 

transfer between eosin Y and TiO2 thin film, fluorescence 
measurement was taken. After scraping from the corre-
sponding thin film electrodes, pure TiO2 and KH550-TiO2 
powders were added to ethanol solution of 1×10−5 mol/L 
eosin Y, respectively. The PH value of obtained solution 
was kept at 7.0. From Figure 5, it can be observed that 
the addition of different TiO2 powder (0.5 g/L) results in 
fluorescence quenching of eosin Y, which is attributed to 
the electron injection from singlet excited state of eosin 
Y to the conduction band of TiO2 semiconductor (reac-
tion (1))[17]. 

EO (S1)→EO+ + eCB
− (TiO2)           (1) 

where EO (S1) and EO+ represent the singlet excitation  
 

 

Figure 5  Fluorescence emission spectra of 1×10−5 mol/L eosin Y 
ethanol solution without and with different TiO2 powders. 
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state of eosin Y and the oxidized eosin Y, respectively. 
The thermodynamic driving force for this electron 
transfer process is given by the difference between the 
redox potential of EO (S1) and the conduction band po-
sition of TiO2. The value for the former is −1.2 V (vs. 
NHE), while that for the latter is −0.5V (vs.NHE, PH = 7), 
indicating that there is sufficient driving force for this 
electron transfer reaction.  

Furthermore, the fluorescence quenching of eosin Y is 
obviously weakened by KH550-TiO2 compared with the 
unmodified TiO2. This means that electron transfer from 
dye to TiO2 may be blocked because of the presence of 
KH550 on the surface of TiO2 electrode, resulting in 
weaker electron injection efficiency and lower JSC of the 
cell. But the alkyl chain of KH550 on KH550-TiO2 elec-
trode can also prevent the recombination of eCB

−(TiO2) 
with I3

− in the electrolyte, which is beneficial to the en-
hancement of VOC of the cell. Therefore, we should find 
the equilibrium between these two opposite influence 
factors to improve the cell performance. This goal can 
be achieved by controlling the concentration of KH550 
and the reaction time in preparing KH550-TiO2 thin film 
electrode. 

2.2  Dark current-voltage characteristics of DSSCs 

In order to obtain larger VOC and improve the efficiency 
of DSSCs, the dark current arising from the reduction of 
triiodide (I3

−) by the conduction band electrons at TiO2 
thin film/electrolyte interface must be suppressed[23]. 
The surface modification of TiO2 electrode by using si-
lane-coupling reagent is a more effective method for 
reducing the dark current of DSSCs[24,25]. In Figure 6,  
 

 

Figure 6  Dark current-voltage characteristics of DSSCs with un-
modified and KH550 modified TiO2 electrodes in the electrolyte A 
containing 0.5 M LiI, 0.05M I2 and 3-methoxypropionitrile. 

the dark current-voltage curves of TiO2 electrodes with 
and without KH550 modification exhibit different char-
acteristics. In comparison with unmodified TiO2 elec-
trode, apparent decrease of the dark current and positive 
shift (nearly 100 mV) of its onset potential for KH550- 
TiO2 electrode are clearly observed, indicating that the 
recombination of I3

− and the conduction band electrons 
of TiO2 can be preserved by KH550 modification. The 
dark current onset potential is correlated with VOC. The 
larger VOC corresponds to larger dark current onset po-
tential[22]. This can be proved by the following photo-
voltaic results (Figure 8). 

The EIS measurement provides another useful evi-
dence for suppressing the charge recombination of con-
duction band electrons of TiO2 and I3

− in the electrolyte 
by silane modification. Figure 7 illustrates the Bode 
phase plots of DSSCs with different TiO2 electrodes at 
open circuit under 100 mW·cm−2 illumination. In the 
spectra there are two characteristic frequency peaks: 
mid-frequency peak (in the 10―100Hz range) and high- 
frequencypeak (in the kHz range) corresponding to the 
properties of photoinjected electrons in the TiO2 film 
and the charge transfer on the Pt counter electrode, re-
spectively[26]. However, the low-frequency peak (in the 
mHz range) disappears. This condition often happens in 
the EIS measurement of DSSCs. 

Obviously, TiO2 electrode modified with KH550 re-
markably shifts the mid-frequency peak to lower fre-
quencies and at the same time increases its amplitude 
compared with the unmodified TiO2 electrode. From the 
angular frequency (ωmin) at the mid-frequency peak, the 

 

Figure 7  Electrochemical impedance spectra of DSSCs with 
various TiO2 electrodes under open-circuit condition and illumination 
at 100 mW.cm−2, scanned from 106 to 1 Hz. Electrolyte: 0.5 mol/L LiI, 
0.05 mol/L I2 and 3-methoxypropionitrile. 



 

2638 www.scichina.com | csb.scichina.com | www.springerlink.com 

effective lifetime of electrons in TiO2 conduction band 
(τeff) can be obtained according to the following relation 
(2)[26]:  

eff
min

1τ
ω

≈                   (2) 

The lifetime is calculated to be 18.7 and 62.8 ms for 
DSSCs with unmodified and modified TiO2 electrodes, 
respectively. This obvious increase of τeff value also 
supports that the charge recombination of conduction 
band electrons of TiO2 and I3

− can be suppressed by 
KH550 modification.  

2.3  Photovoltaic characteristics of DSSCs 

Figure 8 depicts the photocurrent density-voltage curves 
of DSSCs with unmodified and modified TiO2 elec-
trodes. The cells with KH550-TiO2 or KH560-TiO2 
electrode exhibit 422mV, 416mV and evidently larger 
VOC than those with unmodified TiO2 electrode (318 
mV). Moreover, the former has the same value (0.63) 
and larger FF than the latter (0.53). But, JSC of the cell 
with KH560-TiO2 electrode is prominently lower (0.68 
mA·cm−2) than that with KH550-TiO2 (3.44 mA·cm−2) 
or TiO2 electrode (3.28 mA·cm−2). Therefore, the con-
version efficiency of DSSCs with different TiO2 elec-
trodes decreased in the order of KH550-TiO2 (0.91%)> 
TiO2 (0.53%)>KH560-TiO2 (0.18%). Obviously, the cell 
performance is improved considerably by using KH550- 
TiO2 electrode. The larger VOC is due to the inhibition of 
charge recombination of conduction band electrons of 
TiO2 and I3

− by KH550 modification. The improvement 
of JSC may be attributed to the increasing amount of ad-
sorbed dye on KH550-TiO2 electrode, thus benefiting 
the injection of electron to TiO2 conduction band. These 
results well correspond to the preceding analyses and 
explanations of UV-Vis and fluorescence spectra. 

 
Table 1  Photovoltaic performances of DSSCs with KH550-TiO2 
electrode in different electrolytes 

Electrolyte JSC (mA·cm−2) VOC (mV) FF η (%) 
A 3.44 422 0.63 0.91 
B 3.82 560 0.64 1.36 
C 4.69 595 0.64 1.78 

A: 0.5 mol/L LiI + 0.05M I2 + 3-Methoxypropionitrile; B: 0.5 mol/L 
KI + 0.05M I2 + EC/PC(3:1 w/w); C: 0.5 mol/L TBAI + 0.05M I2 + 
EC/PC(3:1 w/w). 

 
Electrolyte usually plays an important part in deter-

mining the cell performances. By optimizing the elec-
trolyte composition, cell performance with KH550-TiO2 

electrode can be further improved. According to the lit-
erature[27,28], cation species and solvents in the electro-
lytes have great impacts on the efficiency of DSSCs. 
The photovoltaic performances of cells with KH550- 
TiO2 electrode in three electrolytes containing different 
iodides or organic solvents are listed in Table 1. It can be 
seen that the cell performances exhibit significant im-
provements by increasing the cation size of iodide or 
changing solvent from MP to EC/PC. Finally, compre-
hensively influenced by these two factors, the optimum 
cell performance was achieved in the electrolyte C, 
yielding JSC of 4.69 mA·cm−2, VOC of 595 mV, η of 
1.78% and FF of 0.64. 

 

 

Figure 8  Photocurrent-voltage characteristics of DSSCs with 
different TiO2 electrodes in the electrolyte A containing 0.5 mol/L LiI, 
0.05 mol/L I2 and 3-methoxypropionitrile measured under illumina-
tion of 100 mW·cm.−2 

 
Table 2  Cell performances of DSSCs based on TiO2 electrodes 
with different silanization time 

Silanization 
Time 

JSC 
( mA·cm−2) 

VOC (mV) FF η 
(%) 

0 3.43 555 0.64 1.23 
3min 3.74 570 0.65 1.38 
5min 4.69 595 0.64 1.78 

15min 1.73 662 0.71 0.81 

Electrolyte: 0.5 mol/L TBAI ＋ 0.05 mol/L I2 
＋

 EC/PC(3:1 w/w). 
 
As mentioned above, the amount of KH550 on TiO2 

electrode reacts vigorously on the performances of solar 
cells. Herein, we control the amount of KH550 on TiO2 
by adjusting the silanization time of TiO2 electrode. Ta-
ble 2 lists the cell performances of DSSCs based on 
TiO2 electrodes with different silanization time. As can 
be seen from the table, with the increase of treating time, 
the VOC values show a tendency of increasing, due to the 
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inhibition of charge recombination by the presence of 
KH550. However, the JSC values firstly increase to a 
maximum value in virtue of the increasing dye loading 
amount, and then tend to decrease under further silani-
zation owing to the obstruction of electron injection. 
Finally, the highest performance is achieved when the 
silanization time is set at 5 min.  

3  Conclusions 

The performances of eosin Y dye-sensitized solar cells 
were improved through modifying nanocrystalline po-
rous TiO2 electrode by silane-coupling reagent (γ- 
Aminopropyltriethoxysilane-KH550). The most promi-
nent influences are as follows: 1) the decrease of dark 
current and the positive shift of the corresponding onset 
potential, resulting in the increase of VOC; 2) the increase 
of JSC ascribed to the increased amount of adsorbed dye 
on modified TiO2 electrode surface; 3) the stability en-
hancement of eosin Y dye-sensitized TiO2 electrode in 
the electrolyte because of the strong chemical bonding  

of dye molecules on the TiO2 electrode by using si-
lane-coupling reagent KH550. These effects were well 
proved by different spectroscopic methods (UV-Vis 
spectra, fluorescence spectra, EIS) and dark cur-
rent-voltage as well as photocurrent-voltage measure-
ments. The cell performances can be further improved 
by optimizing the electrolyte composition, such as in-
creasing the cation size of the iodide or changing solvent. 
In the electrolyte containing 0.5 mol/L TBAI, 0.05 M I2 
and EC/PC (3:1 w/w), optimum cell performance was 
obtained, yielding JSC of 4.69 mA·cm−2, VOC of 0.595 V, 
fill factor (FF) of 0.64 and η of 1.78%. Compared to the 
cell with unmodified TiO2 electrode, the energy conver-
sion efficiency of the cell exhibited an apparent increase. 
Although the improved conversion efficiency is still 
lower compared with that of Ru complex-based DSSCs 
due to the nature of eosin Y, we believe that this method 
can be extended to other organic dyes, leading to the 
improvement of DSSCs performances based on organic 
dyes. 
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