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In this study, for the production of flexible photoanodes, a binder-free TiO2 paste has been prepared. The photoelectrodes 
fabricated with this paste at low temperature have been achieved a very good contact compared to the results prepared by 
conventional high temperature procedures. These flexible photoanodes have been sensitized with Ruthenizer N719 dye at 
24 hours and this flexible photoanode and Pt counter electrode have been combined. The characteristic values of Jsc, Voc, FF 
and conversion efficiency (ɲ) have been obtained 20.9 mA/cm2, 671 mV, 0.57, and 7.95 % respectively for the flexible dye 
sensitized solar cell (DSSC). 
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1. Introduction  
 

As a result of increasing industrialization and the 

associated lifestyle, the need for energy is increasing all 

over the world. The silicon solar cells have been 

continuously advancing in efficiency but technologies of 

these cells are still very expensive. Research studies are 

being carried out on large budgets for cheaper and easier-

to-manufacture solar cells. Since O'Regan and Gräzzel first 

reported the dye-sensitized solar cell (DSSC) in 1991, 

DSSCs represent an attractive alternative, with the 

advantages of low material costs, a simple manufacturing 

process, desired durability, etc. [1-30]. Basically DSSC is a 

photo-electrochemical system in which a porous 

nanostructured oxide film acts as the photoanode. To 

increase the light absorbing capacity of the photoanode, dye 

molecules are adsorbed on the surface of the nanostructured 

oxide films. The photoanode material of DSSCs is one of 

the key factors affecting the photoelectric conversion 

efficiency [1-13]. The titanium dioxide (TiO2) has been 

widely used for photoanode materials because  TiO2 has 

high transparency for visible light, large value of refractive 

index, good adhesion, high chemical resistance, 

controllable specific resistance, is environmentally friendly 

etc. [31,32].  

In order to reduce costs and make DSSC applications 

more practical, the development of flexible plastic sublayer 

based DSSCs such as PET and PEN has become necessary 

nowadays [14-25]. The critical challenges for plastic 

substrates is the requirement of low temperature annealing 

process, since these plastics can withstand the maximum 

temperature is about 150 degrees.TiO2 particles cannot 

make high quality interconnections within themselves and 

with substrate due to low temperature sintering. Therefore, 

low-temperature titanium pastes are required for flexible 

photoanodes. In this paper, we were prepared a binder-free 

TiO2 paste and the binder-free TiO2 paste can provided a 

good connection with flexible substrate PET/ITO at low 

temperatures. 

 

 

2. Experimental  
 

2.1. Materials  
 

In this work, as a flexible conductive substrate ITO-

coated Poly (ethylene terephthalate) (PET/ITO) (188 µm 

thick, surface resistivity 18 Ω/sq, Solaronix) was used. TiO2 

nanoparticles (Degussa,P25) was purchased from Sigma-

Aldrich. TiO2 formulation (Ti-Nanoxide T-L) and dye 

sensitizer Ruthenizer 535-bisTBA (one of the best 

ruthenium dyes for DSSCs also known as N719 in the 

literature) were purchased from Solaronix. 18.2 MΩ 

deionized water is used for cleaning procedures. 

 

2.2. Binder-free TiO2 paste preparation 

 

The TiO2 paste has been prepared from a mixture of a 

commercial TiO2 powder (P25), t-butanol, DI water and 

commercial T-L TiO2 slurry. Firstly, the TiO2 pastes were 

prepared by dissolving 1.1 gr P25 nanoparticles in the 

mixed solvent of t-butanol and DI water. The high viscosity 

of P25 paste is due to the attractive forces dominant 

between the nanoparticles resulting in large agglomerates 

[26-28]. Then, T-L paste was added into the P25 paste and 

mixed using magnetic stirring for 3h. With the addition of 

acidic T-L into the P25 pastes, the viscosity decreases 

dramatically and the pastes became fluid.  

 

2.3. Assembly of DSSC devices 

 

PET/ITO substrates with dimension of 2×2 cm2 were 

thoroughly rinsed by acetone and methanol respectively 

with ultrasonic bath. TiO2 paste was spread onto the 
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prepared PET/ITO substrates by doctor blade method and 

drying at room temperature for 30 min. Then the film was 

thoroughly dried at 120° C on hot plate (20 min) and 

sintered at 140° C for 2 hour. The dye sensitization was 

performed by immersing flexible TiO2 film in solution of 

N719 dye in ethanol at room temperature for 24 hours. The 

counter electrodes were used Pt/FTO (Florin doped tin 

oxide). The photo anodes and counter electrodes were 

combined with hot melt sealing film at 110 degree. Lastly, 

liquid electrolyte (Iodolyte HI-30, Solaronix) was injected 

through the thin hole in the counter electrode. 

 

 
           
Fig. 1. Schematic of DSSC and new DSSC (color online) 

 

2.4. Characterization 

 

The as-prepared samples were characterized by X-ray 

diffraction (XRD) using a MP-XRD, Panalytical - 

Empyrean. The morphology and thickness of TiO2 film 

were examined by scanning electron microscopy (FE-

ESEM-EDS, FEI Quanta 450 FEG). Fourier transformed 

Raman spectroscopic measurements were performed on a 

Renishaw inVia Raman Microscope Spectrophotometer in 

the range 4000-100 cm-1 employing CCD detector. The 

Raman scattering was excited using 785 nm diode laser 

with 1% power (2.3 mW) and focused onto the samples 

using a 50x objective. The optical absorption spectra were 

recorded on a UV–vis spectrophotometer (Agilent 8453) at 

room temperature. The J-V curves of photovoltaic cells 

were measured using the Class AAA Solar Simulator 

(SCIENCETECH SLB-300A Compact Solar Simulator) at 

AM1.5G (100 mW/cm2).  

 

 
3. Results and discussion 
 

TiO2 paste low temperature process cannot use binder 

materials because the binder materials need high 

temperature process. Therefore, in this study a binder free 

TiO2 paste has been prepared and used for low temperature 

flexible DSSCs. Firstly, P25  nanoparticles have been 

mixed solvent of  18.2 MΩ deionized water and t-butanol. 

Here t-butanol was used as the surface tension reducing 

agent of the liquid paste to improve its adhesion to the ITO-

PET surface. Then a slightly acidic T-L TiO2 slurry was 

added into the P25 paste for a better interconnection. 

  

3.1. Morphology characterization 

 

Fig. 2 shows the SEM micrographs (different 

magnification) of binder free TiO2 film prepared at low 

temperature on ITO/PET. As can be seen Fig.2, TiO2 film 

have favorable porosity and good inter particle connection. 

The gaps between TiO2 particles are due to low temperature 

annealing and the absence of special binders [33]. 

 

 
 

Fig. 2. SEM images of TiO2 film prepared at low temperature on ITO/PET 

 

Fig. 3 gives the EDS analysis to confirm that TiO2 

provides good contact to the ITO / PET surface.  

 

Here, Ti and O peaks confirm that TiO2 is coated on 

ITO / PET. The In and Sn peaks are ITO peaks from the 

gaps seen in SEM images. 
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      Fig. 3. EDS analysis of TiO2 film prepared at low 

temperature on ITO/PET (color online) 

3.2. Structural characterization 

 

The crystal structure of TiO2 films was examined by X-

ray diffraction (XRD) as shown in Fig. 4. Normally 

Degussa P25 powder consists of phases of anatase and rutile 

in 4: 1 ratio. Therefore, the first paste prepared with P25 

powder is crystallized in anatase and rutile phases. The 

commercial T-L paste is crystallized in the pure anatase 

phase [25-30;34]. It can be seen Fig. 4, TiO2 film fabricated 

by the last paste exhibited crystalline phase. 

 

 

 

 

 

 

 

 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Fig. 4. (a) XRD of  ITO/PET; (b) XRD of  P25 nanopowder; (c) XRD of T-L paste; (d) XRD of TiO2 film (color online) 

 

The experimental Raman spectra are shown 

comparatively in Fig. 5. As shown in Fig. 5(a-d), the 

observed bands at 146, 400, 516, 640 cm−1 for T-L paste 

were assigned to the vibration modes, Eg(1), Eg(2), B1g(1), 

A1g + B1g(2) and Eg(3) for anatase TiO2, respectively in 

accordance with the literature [35,36]. These modes were 

obtained at 143, 397, 517 and 636 cm−1 for the photo anode 

(Fig. 5d). A sharps feature observed at 143 cm-1 of photo 

anode (anatasa Eg mode) was consistent with Ti-Ti covalent 

interaction. Broad bands observed at 397 and 517 cm-1 

validate Ti-O interactions, corresponding to B1g and A1g 

modes of anatasa TiO2. The peak at 636 cm-1 indicated O-

O interaction with Eg mode [35-37]. These results confirm 

the formation of anatasa TiO2 nanograins. The 12 bands 

appeared between 1730-703 cm−1 in the Raman spectrum of 

photo anode were assigned to the vibrations of PET/ITO 

layer with relatively low intensities due to the screening  

effect of the paste layer [36,37]. 

Fig. 6 shows the transmission and Tauc’s plot of the 

binder free TiO2 film. The optical band gap of the prepared 

TiO2 film was determined by Tauc’s method. The optical 

band gap according to the Tauc’s method is obtained by the 

following equation. 

 

                               (αhυ)=B(hυ-Eg)m                         (4.1) 

 

In this equation α absorption coefficient is the energy 

absorbed by hν light, energy band gap between Eg valence 

and conduction band, and B ratio coefficient. If the value m 

is known, the type of optical transition can be determined. 

Here m: 1/2 is the direct transition, m: 2 is the indirect 

transition occurs. Using equation 4.1, value of m = 0.5 was 

found. This indicates that the basic transition of the TiO2 

film is a direct transition. Using this value (αhν)2-hν graph 

(Fig. 6) Eg value was obtained as 3.15 eV. In the literature, 

similar band gap values have been obtained in TiO2 films 

produced at low temperatures [41]. 
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     Fig. 5. Raman spectra of a) P25 paste b) T-L paste, c) PET/ITO d) photo anode (color online) 

 

3.3. Photovoltaic properties 

 

Finally, the photoelectrode and Pt electrode were 

combined and photovoltaic parameters of flexible DSSC 

were examined. Fig. 7 shows the experimental forward bias 

J-V characteristics of DSSC at AM1.5G (100 mW/cm2) 

simulated sunlight. The characteristic values of short circuit 

photocurrent (Jsc), open-circuit voltage (Voc), fill factor (FF) 

and conversion efficiency (ɲ) for the flexible DSSC were 

calculated using the following equation. 

 

                 FF=VmaxxImax/VocxIsc                       (4.2) 

                  

                 ɲ= VocxIscxFF/PInputpower                       (4.3) 

 

The calculated values of Jsc, Voc, FF and ɲ are 20.9 

mA/cm2, 671 mV, 0.57, and 7.95 % respectively. The 

flexible photoanode prepared by low temperature TiO2 

paste has favorable particle inter connection structure and 

high adhesion between the film and substrate which 

facilities the electron transport efficiency and improves the 

Jsc of DSSC. The resulting J-V characteristics of DSSC are 

consistent with the results of DSSC produced with similar 

TiO2 pastes [38-40]. The low-temperature titanium pastes 

are required for flexible photoanodes. However, The TiO2 

paste based on the low temperature method shows slight 

lower conversion efficiency than that fabricated by 

conventional high temperature sintering method due to its 

slower electron transport rate and larger inherent resistance. 

Further studies are required using lower resistivity plastic 

substrates [25-30,33,38-40]. 

 
(a) 

 
(b) 

Fig. 6.  (a) Transmission spectra; (b) Tauc’s Plot TiO2 film  

(color online) 
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Fig. 7.  J-V characteristics of DSSC that was fabricated  

with the low temperature TiO2 paste (color online) 

 

 
4. Conclusions 
 

In this study, DSSCs were produced using low 

temperature procedures due to the use of flexible ITO / PET 

substrates. The methods using low-temperature procedure 

should overcome two main problems for improving the 

photovoltaic performance. First problem is the incomplete 

connection of TiO2 particles. Second problem is the 

residuals of the organic binder within the TiO2 film.  An 

organic binder is usually added during the preparation of a 

porous TiO2 film for a DSSC. The residual of the binder in 

a low temperature process (< 450 degree) would become an 

insulting core and block the transporting path of electrons. 

For the above mention reasons, a binder-free and suitable 

for low temperature annealing TiO2 paste was prepared and 

used. XRD measurements of this paste were shown that 

TiO2 film fabricated by this paste exhibited crystalline 

phase. Also SEM measurements of this paste were shown 

that TiO2 film have favorable porosity and good inter 

particle connection. Therefore, the prepared film was used 

in the production of DSSC. The values Jsc, Voc, FF and ɲ of 

the flexible DSSC calculated as 20.09 mA/cm2, 671 mV, 

0.57, and 7.95 % respectively. 
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