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We report the improvement of the open-air stability of photoanode in dye-sensitized solar cells 

(DSSCs) by treating the TiO2 nanowire array with silanization agent. The spatially accessible structure 

of the ordered one-dimensional TiO2 nanowire array facilitates the uniform polymerization of 

trichloromethylsilane. The formation of polysiloxane on the surface of N3-sensitized TiO2 nanowire 

was verified by Fourier Transform infrared spectroscopy (FTIR) and energy-dispersive spectrometry 

(EDS) tests. The reaction time for silanization treatment was optimized to be 10 min. The formed 

polysiloxane can act as a capping layer to prevent the detachment of dye molecules from the surface of 

TiO2 nanowires. Current density-voltage (J-V) results displayed that silanization treatment can 

significantly improve the stability of the TiO2 nanowire array-based photoanode. No significant loss in 

cell efficiency was observed after the silane treated photoanode being exposed in air for 30 days. 
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1. INTRODUCTION 

Due to the rapid depletion of fossil fuels and the escalation in environmental pollution, there is 

an urgent need for exploring clean and renewable sources to fulfill the ever-increasing energy demand 

from human society. Photovoltaic (PV) cells are considered one of the most important renewable 

power sources. Driven by advances in technology, power conversion efficiencies of about 25% have 

been reached for Si single crystal based PV cells and of 41% for multijunction GaInP/GaInAs/Ge 

based cells [1]. However, the performance of these cells is still lower than the predicted values. 

Moreover, they make use of expensive materials and employ complicated and costly processing steps. 

Due to their low cost and facile fabrication, dye-sensitized solar cells (DSSCs) have been widely 

explored as a promising alternative to conventional solar cells [2].  
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One of the most successful DSSC confi                    tzel cell [3], in which the 

photoanode is a fluorine-doped tin oxide coated glass (glass/FTO) transparent conductor that is coated 

with a mesoporous TiO2 semiconductor film, which is sensitized with a Ru bipyridyl dye containing 

carboxylic acid/carboxylate groups for binding (usually N719 or N3). The counter electrode is a Pt 

film on glass/FTO, and the electrolyte consists of an I
−
/I3

−
 redox couple dissolved in organic solvent, 

such as acetonitrile. Optimized DSSCs have reached a considerable solar-to-electrical power 

conversion efficiency of 12.3% at AM 1.5G [4]. This efficiency, while currently limited to laboratory 

prototypes, is promising when compared to the 13–25% efficiency observed for Si PV cells, thus 

opening the opportunity to effectively exploit the DSSC technology. In an attempt to improve the solar 

cell performance, many studies have focused on the development of new dyes, nanostructured 

semiconductor electrodes, and the electrolytic solution [2]. However, apart from the requirement of 

high device efficiency, the long-term stability of DSSC operation is also a key aspect in terms of 

practical applications [5-8]. 

The TiO2/dye interface is critically important for good long-term DSSC stability [9-11]. 

Previous studies demonstrated excellent stability for two sealed DSSC cells that were irradiated 

continuously for 7000 h at one sun  ll m       ,  v   w                  mp           75 °C f   700   

[12]. Although these results are promising, there are conditions when DSSC stability is a major issue, 

and several publications express serious concern about the long-term stability for 15−20 years [13, 14]. 

There are many potential stability issues, but degradation [7, 13] and desorption [15, 16] of dye are 

among the biggest concerns. It is well-known that Ru-based dye is not stable in air when adsorbed to 

TiO2, especially if water is present, making it necessary to seal the cell immediately [17, 18]. Poor air 

and water stability can be issues in the processing of DSSCs. To dealing with problem, 

two different strategies have been proposed for improving the stability of dyes on the TiO2/dye 

interface: i) using dyes with special anchoring groups [16, 19, 20]; ii) covalent bonding of dyes to 

metal oxide surfaces [15, 21]. The most common interaction between dyes with TiO2 reported is 

through the carboxylate/carboxylic acid group (COOH/COO
−
) [22]. The attachment is usually 

described as a combination of bidentate bridging and hydrogen bonding modes [23, 24]. The 

phosphonate group has also been widely used for the adsorption of various sensitizers because it binds 

more strongly and with greater stability compared to COOH/COO
−
 [24-26]. Recently, phosphoric acid 

has been employed as the anchoring group in various dyes and has showed superiority over carboxylic 

acid for improving the long-term stability of the cells [16, 25, 27]. Covalent bonding of dye to TiO2 

surface is another attachment strategy to impede the dissolution of the dye into the electrolyte. The 

most common occurs by either of dye molecules and direct attachment to the metal oxide or 

silanization of the metal oxide followed by attachment of the dye through organic coupling, such as 

amide bond formation [28-30].    

However, both of the above-mentioned strategies require the alteration of the dye molecules, 

which often involve intricate synthesis processes and even deteriorate the performance of the dyes 

such as lowering the electron injection efficiency and light absorption ability. Herein, we reported a 

novel method for improving the long-term stability of the TiO2/dye interface by employing 

polysiloxane as the caging layer for immobilizing the adsorbed dyes. This method can be applied after 

the adsorption of dyes onto the TiO2 surface and without structural modification of the dyes molecules. 
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Trichloromethylsilane as a silanization agent for passivating the surface of TiO2 nanoparticles 

was firstly proposed by Gregg et al. to inhibit the interfacial recombination between the injected 

electrons in the TiO2 (eTiO2) with the oxidized species of the redox couple (normally I3
-
) [31]. 

However, in this case, the nanoparticle-shaped TiO2 was used as the basic material for the adsorption 

of dye and the treatment of the trichloromethylsilane. Within this nanopartical-piled structure, the 

pores in the TiO2 film were tending to be plugged during the silanization procedure. Furthermore, this 

structure prevents the homogeneous diffusion of silane gas to the surface of the TiO2 to form uniform 

passivation layer [31, 32]. It is noticeable that the use of silane-coated one-dimensional TiO2 nanowire 

arrays for DSSCs could mitigate this problem. The open and spatially accessible structure of the TiO2 

nanowire array is favorable for the coating of uniform polysiloxane layer.  

Thus, in this study, we employed the one dimensional TiO2 nanowires instead of nanoparticle-

baed TiO2 for supporting dyes. The open-structured nanowire TiO2 film could provide a direct 

pathway for the diffusion of the silane reagents which facilitate the formation of uniform capping 

layer. In addition, the phase continuation in TiO2 nanowires is propitious for the transportation of 

injected electrons [33, 34]. Silanization treatment of the dye-adsorbed TiO2 nanowire arrays would 

lead to the formation of a thin capping layer which could prevent the detachment of dyes from the 

surface of TiO2 nanowire array. The results showed that the capping protection strategy dramatically 

improves the stability under variety of conditions important for DSSC operation and processing with 

very little decrease in the efficiency. 

 

 

 

2. EXPERIMENTAL 

2.1 Chemicals and reagents 

Cis-bis-(isothiocyanato) bis(2,2′-bipyridyl-4,4′-dicarboxylato) ruthenium(II) bis-

tetrabutylammonium (N3) was purchased from Solaronix (Switzerland). Transparent conductive glass 

(F-d p d S O2, FTO, 15 Ω/ q    ,      m     c   f 80%) w     c  v d f  m N pp   S      l    

Company (Japan). Other chemicals were used as received from commercial sources without further 

purification. 

 

2.2 Preparation of the TiO2 nanowire arrays 

The TiO2 nanowire arrays were directly grown on FTO substrates using a modified reported 

method [35]. In a typical synthesis, 1 mL of hydrochloric acid (37 wt %) was mixed with 10 mL of 

toluene, then 1 mL of tetrabutyl titanate was added. The mixture was stirred for 5 min and 1mL of 

titanium tetrachloride (1 M intoluene) was added, the final mixture was poured in a Teflon reactor.  

The FTO substrates, cleaned by sonication in acetone, 2-propanol, and ethanol, subsequently 

rinsed with deionized (DI) water, and dried in a nitrogen stream. Before the grown of nanowire arrays, 

the well-cleaned FTO substrate was coated with a compact TiO2 layer by treating the substrate with a 

0.2 M TiCl4  q        l      f   12  ,   d   b  q          l              500 °C f   0.5  . T     -
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treated FTO substrate was placed in the Teflon reactor containing the precursor solution. The 

hydrothermal synthesis was conducted at 180 
o
C for 4 h in an electric oven. After synthesis, the 

autoclave was cooled to room temperature under flowing water. The FTO substrate was taken out, 

rinsed extensively with ethanol, and deionized water. Subsequently the films were sintered in a furnace 

at 450 
o
C for 30 min. Hot TiO2 nanowire films were immersed in a dye bath containing 0.5 mM N3 in 

ethanol overnight. The films were then rinsed in ethanol to remove excess dyes. 

 

2.3 Silanization treatment of the dye-absorbed TiO2 nanowire arrays 

The vapor-phase silanization procedure was carried out on a home-made chamber equipped 

with inlet and outlet valves by referring reported methods [31, 32]. Firstly, the chamber was loaded 

with N3-sensitized TiO2 nanowire and flushed with N2 gas for 30 min. Trichloromethylsilane (0.5 mL) 

was then introduced through a long glass pipe into a small container. After keeping the 

silanization reaction for a certain time, the TiO2 nanowire films were taken out and rinsed with 

acetonitrile (containing 2% pyridine, v/v) and baked at 100 
o
C for 15 min. 

 

2.4 DSSC fabrication and photovoltaic measurements 

The silane treated N3-sensitized TiO2 nanowire substrate was used as the photoanode, and a 

platinum-coated FTO glass was used as the counter electrode. The photoanode and Pt counter 

electrode were assembled into a sandwich- yp  c ll   d    l d w      25 μm    ck S  ly  1702 

(Dupont) gasket. A drop of the electrolyte, a solution of 0.05 M I2, 1 M MPII, 0.5 M guanidine 

thiocyanate, and 0.5 M tert-buthylpyridine in acetonitrile, was deposited through the hole in the back 

of the counter electrode. The electrolyte was introduced into the cell via capillary action. Then, the 

  l  w      l d             m  S  ly  film   d   c v    l    (0.7 mm    ck). 

The current density-voltage (J-V) characteristics of the DSSCs were measured using a Keithley 

2400 source meter under the illumination of AM1.5G simulated solar light (Oriel-91193 equipped with 

a 1000 W Xe lamp and an AM1.5 filter). The solar energy-to-electricity conversion efficiency was 

calculated with eq 1 [2]. 

 

η =
Jsc × Voc × FF

Poc                           (1) 

 

Where η is overall solar-to-electrical energy conversion efficiency, Jsc is the photocurrent 

density measured at short-circuit, Voc is the open–circuit photovoltage, FF is the fill factor of the cell, 

and Pin is the intensity of the incident light. 
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3. RESULTS AND DISCUSSION 

3.1 Characterization of TiO2 nanowire arrays 

The morphology of the TiO2 nanowire array was characterized by scanning electron 

microscope (SEM). Figure 1 shows the top views and cross-sectional images of a typical synthesized 

nanowire film. The TiO2 array consisting of vertically aligned and cylinder shaped nanowires which 

have small feature sizes (an average diameter of ∼40 nm and a typical length of ∼4 μm). The 

hydrothermal growth of vertically oriented TiO2 nanowire arrays on FTO with feature sizes of ∼20 nm 

via a nonpolar solvent/hydrophilic solid substrate interfacial reaction was first reported by Grimes and 

co-workers [35],
 
and this method has been successfully used to synthesize TiO2 nanowires in some 

other cases [33, 36, 37].
 
In this hydrothermal system, hydrochloric acid is used to ensure an acidic 

environment and retard hydrolysis of the precursor in the presence of water. Meanwhile, the Cl
−
 ions 

play an important role in the hydrothermal growth as they promote anisotropic growth of one-

dimensional nanocrystals. The Cl
-
 ions are inclined to absorb on the rutile (110) plane, thus retarding 

further growth of this plane [34, 35]. 

The dye loading measurement was conducted by redissolving dye molecules which adsorbed 

on the TiO2 nanowire array into 1M NaOH solution and then measuring the absorbance of the resultant 

solution. The calculated dye loading amounts for the TiO2 nanowire film was 28.4 nmol/cm
2
. Using a 

dye adsorption area of 1.6 nm, a roughness factor of ~277 for the TiO2 nanowire film was obtained. 

This value is inferior to that of the conventional nanoparticles-based structure. But it is comparable to 

that measured from other one-dimensional structured-TiO2 films [34, 35]. 

 

 

 

Figure 1. SEM images of TiO2 nanowire arrays grown on FTO in top- (panels A and B) and cross-

sectional (panels C and D) views. 
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3.2 Silanization treatment of the dye-absorbed TiO2 nanowire arrays 

 
 

Figure 2. Schematic illustrating silanization treatment of the dye-absorbed TiO2 nanowire array. 

 

It is clear that further improvements in DSSC stability is still needed to realize commercial 

applications in the future. Here we employ polysiloxane as a capping layer to fix the dye molecules 

and impede the dissolution of the dye into the electrolyte. The silanization procedure was depicted in 

Figure 2. The TiO2 nanowire array was firstly treated with N3 dye solution, and then the obtained N3-

sensitized TiO2 nanowire was covered with a thin layer of polysiloxane which was polymerized from 

trichloromethylsilane. This method has successfully been conducted for the treatment of the TiO2 

surfaces [31, 32].
 
T      c      f   l     w      l c       x     v ly    d    by H   ’      p [38, 39].

 

Similar to that, trichloromethylsilane can react quickly and irreversibly with hydroxyl groups on the 

surface of the TiO2 nanwires, and in the presence of trace amount of H2O, the silane molecules can 

react with each other to form cross-linked polysiloxane layer. Humidity and reaction time are critical 

factors for manipulate the properties of the polysiloxane layer. Under a relatively low humidity 

condition (by flushing the reaction chamber with N2 for 10 min), the thickness of the polysiloxane 

layer was regulated by adjusting the reaction time. The formation of polysiloxane layer on the surface 

of N3-sensitized TiO2 nanowire array was characterized by FTIR and EDS techniques. 

 

  
 

Figure 3. FTIR spectrum of the silanization treated N3-sensitized TiO2 nanowire array.  
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Figure 3 shows FTIR spectrum of N3-sensitized TiO2 after treating with trichloromethylsilane 

for 5 min. A bond at about 1036 cm
-1

 can be attributed to the Si-O-Si stretching vibration. A 

characteristic bond at about 1284 cm
-1

 was also observed, which can be ascribed to CH3 bending [32, 

40]. The peak at 2103 cm
-1

 is due to the CN stretch from the two SCN ligands on N3. In order to 

further understand the element composition of the N3-sensitized TiO2 nanowire array, the EDS spectra 

were obtained both before and after the silanization treatment. The results were shown in Figure 4 and 

table 1. Before the silanization treatment (Figure 4A), characteristic peaks of O, Ru, Ti elements were 

observed. In comparison, the peak of Si was appeared in the spectrum (Figure 4B) for the sample after 

silanization treatment. In addition, the percentage of oxygen element dramatically increased (table 1), 

implying the presence of the polysiloxane. Therefore, the studies of FTIR and EDS indicate that 

polysiloxane layer has been succesfuly formed on the surface of N3-sensitized TiO2 nanowire array. 

 

 
 

Figure 4. EDS spectra of N3-sensitized TiO2 nanowire arrays before (A) and after (B) silanization 

treatment. 

 

Table 1. EDS atoms percentages (i.e., O, Si, Ru, Ti) before and after silanization treatment . 

 

 O (%) Si (%) Ru (%) Ti (%) 

Before silanization 40.84 0 0.73 58.43 

After silanization 71.31 0.84 0.23 27.62 

 

To avoid the loss of efficiency in the assembled cells, the thickness of the polysiloxane layer 

for coating N3-sensitized TiO2 nanowire assay was regulated by adjusting the reaction time. As stated 

in previous report, long time for trichloromethylsilane treatment would lead to the reduction of  

photocurrent and  corresponding efficiency loss of the cells [31, 32]. Therefore, an optimal thickness 

of the silanization layer needs to be determined, which can effectively impede desorption of dye 

molecules while exerts little influence on the electron transfer kinetics between the dye and the redox 

couple in electrolyte. 
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Table 2. Parameters for cells based on N3-sensitized TiO2 nanowire arrays with different silanization 

treating time. 

 

Treating time (min) Jsc (mA/cm
2
) Voc (Volt) Fill factor Efficiency(%) 

0 8.73 0.731 0.619 3.95 

5 8.55 0.743 0.633 4.02 

10 8.31 0.760 0.652 4.12 

20 7.39 0.767 0.656 3.72 

30 5.64 0.772 0.670 2.92 

40 4.21 0.774 0.657 2.14 

50 3.13 0.778 0.645 1.57 

 

 

 
 

Figure 5. Current density J plotted against potential E at the N3-sensitized TiO2 nanowire arrays with 

different silanization treating time under the illumination of light equivalent to one sun. 

 

The performances of cells fabricated from N3-sensitized TiO2 nanowire arrays with different 

silanization treating time are shown in Figure 5 and table 2. The cell based on TiO2 nanowire array 

without silanization treatment exhibits a short-c  c    c        f 8.73 mA·cm
2
, an open-circuit voltage 

of 0.731 V, and a fill factor of 0.619. The overall power conversion efficiency was found to be 3.95 %. 

The results show that this nanowire-structured TiO2 film can be used as a convenient and effective 

photoanode in the DSSCs. And a higher efficiency could further be achieved by optimizing the 

structure of the TiO2, especially by increasing the roughness factor of the TiO2 nanowire film. And an 

increase in Voc value was observed while prolonging the silanization treating time. This is probably due 

to that polysiloxane layer covered on the N3-sensitized TiO2 nanowire arrays not only colud fix the 

dye molecules but also inhibit the interfacial recombination between the injected electrons in the TiO2 

with I3
-
 in electrolyte. The Jsc values declined significantly when the silanization treating time 

exceeded 20 min, indicating that thick polysiloxane layer could hinder the electron transfer between 
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dyes with the redox couple in solution and lead to the inactive of dye molecules. The cell showed an 

optimal efficiency of 4.02% with a silanization treating time of 10 min. Therefore in the following 

studies, the time for treating N3-sensitized TiO2 nanowire arrays with trichloromethylsilane was fixed 

at 10 min. 

 

3.3 Stability study 

It is known that photoanodes for DSSCs based on ruthenium dyes are not stable indefinitely 

[14, 15]. Exposure to air, water, UV light, heat, and other chemicals can lead to desorption and 

degradation of dye molecules over time. To evaluate the capability of polysiloxane layer for improving 

the stability of the photoanode, we tested the performances of cells based on N3-sensitized TiO2 

nanowire arrays (before and after the silanization treatment) exposure to air for up to 30 days.  

 

 
 

Figure 6. Parameters for cells based on N3-sensitized TiO2 nanowire arrays with (●)   d w       (■) 

silanization treatment. 

 

Figure 6 shows the evolution of I-V parameters of cells based on N3-sensitized TiO2 nanowire 

arrays with or without silanization treatment. The results indicated that silanization treatment can 

significantly improve cell performance, mainly by stabilizing the Jsc. And no significant loss in cell 

efficieny was observed for the photoanode which had been exposed in air for 30 days. However, the 

cell assembled from N3-sensitized TiO2 nanowire array without silanization treatment showed a 

significant loss in photoactiviry. Exposure to air for five days leaded to a more that 50% decrease in 

efficiency. And the cell displayed a complete loss in photoactivity after the photoanode being exposed 
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in air for 25 days, mainly due to the dramatical decrease of Jsc. A first hypothesis to explain the 

improved performance stability of DSSCs utilizing silanization treatment could be the formation of 

polysiloxane layer on the N3-sensitized TiO2 nanowire arrays. The ordered structure of TiO2 nanowire 

arrays facilitates the uniform polymerization of trimethylchlorosilane. And the formed polysiloxane 

can act as a capping layer to prevent the detachment of dye molecules from the surface of TiO2 

nanowires. 

 

 

 

4. CONCLUSION 

In this paper we developed a novel strategy to improve the performance stability of DSSCs by 

employing TiO2 nanowire array and silanization treatment. The ordered one-dimensional TiO2 

nanowire array facilitates the uniform polymerization of silane agent. The formation of the 

polysiloxane layer was comfirmed by FTIR and EDS results. The reaction time was optimized by 

inspecting operating performance of the corresponding assembled cells. Silanization treatment can 

significantly improve the stability of the photoanode, mainly by stabilizing the Jsc. The formed 

polysiloxane can act as a capping layer to prevent the detachment of dye molecules from the surface of 

TiO2 nanowires. No significant loss in cell efficiency was observed after the photoanode being 

exposed in air for 30 days. 
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