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Using the pre-treatment of the working photoelectrode and the admixture light-scattering layer can 
ameliorate the performance of TiO2 dye-sensitized solar cells (DSSCs). TiCl4 treatments on TiO2 
electrodes improve the adhesion and mechanical strength of the TiO2 layer. The HNO3 treatment 
significantly enhances the dispersion of TiO2 particles and increases the surface area and porosity of 
TiO2 films. The scattering layer formed by admixing both nanometer-sized and submicron-sized TiO2 
particles greatly enhances the DSSC performance. The light absorption is considerably better in TiO2 
films with a mixture of large and small particles. This mixture is capable of efficient light-scattering 
while simultaneously providing a larger surface area for effective dye adsorption. Each of these 
technologies for the TiO2 film fabrication has a significant influence on the overall photovoltaic 
parameters of DSSCs, resulting in improvements in energy conversion performance. 
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УДК 621.383  
INTRODUCTION 

 

Dye-sensitized solar cells (DSSCs) designed by 
Grätzel and O′Regan in 1991 show great promise 
as a cost-effective alternative to traditional p-n 
junction solar cells [1–3]. In order to enhance 
photovoltaic conversion efficiency, much research 
has been focused on searching for new dye-
sensitizers, suppressing charge recombination, 
improving interfacial interaction and modifying 
electrolyte components [4]. In order to bring the 
modules to the market, minimum usage of the 
photoactive dye is taken into account since the cost 
of the dye is still higher relative to other 
components in the module. Thin TiO2 films with a 
larger surface area and better light scattering 
abilities are an essential requirement for the 
production of DSSC modules, thus the mitigation 
of the production cost due to reduced dye use 
would be feasible without sacrificing photovoltaic 
performances. A larger surface area is usually 
obtained with smaller particle sizes, however, poor 
light scattering. A very important aspect in the 
production of highly efficient DSSCs is the 
technique of reformation of a porous nano-
crystalline TiO2 film. Recently, an improvement in 
the light harvest efficiency has been achieved: a 
submicron crystalline light-scattering layer was 
deposited on a transparent nanocrystalline TiO2 
film [5–8]. The presence of the scattering layers 
with large particles can induce sufficient light 
trapping in DSSCs due to the increase of the 
absorption path length of photons and optical 
confinement. This length can be larger than the 
thickness of the film if the light is scattered within 

it or if it is reflected at the back of the cell. It is 
desirable to enhance the absorption of light by the 
cell for a given dye and film thickness. The 
introduction of these submicron particles will 
unavoidably reduce the internal surface area of the 
photoelectrode film, and the dye adsorption is 
expected to be much lower for these particles than 
for the nanocrystalline TiO2, which counteracts the 
enhancement effect of light-scattering on optical 
absorption. Computer simulation results indicate 
that light absorption is enhanced substantially in 
the nanocrystalline film with a binary mixture of 
large and small particles. This mixture is capable 
of efficient light-scattering while simultaneously 
providing a larger surface area for an effective dye 
adsorption [9].  

In classical nanoparticulate DSSCs, a titanium 
tetrachloride (TiCl4) treatment is usually used to 
improve solar cell efficiency [10–11]. The TiCl4 
pre- and post-treatments refer to the treatment of 
the fluorinated tin oxide (FTO) covered glass and 
the TiO2 film with an aqueous solution of TiCl4, 
respectively. Pre-treatment greatly influences the 
bonding strength between the FTO substrate and 
the porous TiO2 film and hinders the charge 
recombination between injected electrons and I3

- 
ions [12]. The TiCl4 post-treatment enhances the 
surface roughness factor and the electrical contact 
between the TiO2 particles, thus improving dye 
adsorption and resulting in a higher photocurrent 
[12]. However, the hypothesis explaining an 
increment in the photocurrent remains contro-
versial. O'Regan et al. [13] reported that the 
contribution of TiCl4 post-treatment lowers the 
TiO2 conduction band edge potential and decreases 
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the electron recombination rate constant, resulting 
in the increase in quantum efficiency of charge 
separation at the interface. The results of the 
Raman spectra of DSSCs post-treated with TiCl4 
indicated new rutile layers on the TiO2 surface, 
resulting in the epitaxial growth of new layers on 
the electrode surface consisting entirely of rutile 
nanoparticles [14]. Therefore, the effects of the 
TiCl4-treated TiO2 electrodes on the photovoltaic 
properties of DSSCs have not been fully eluci-
dated. On the other hand, the acid treatment of the 
TiO2 surface has been shown to improve the 
photoelectric performance of DSSCs [15–17]. This 
behavior is ascribed to the protonation effect that 
promotes dye adsorption and hinders the charge 
recombination between injected electrons and I3

- 
ions. However, Hao et al. [18] reported on the 
decrease of the photocurrent and efficiency of 
acid-treated DSSCs. These inconsistencies indicate 
that the influences of an acid-treated TiO2 
electrode on the photovoltaic performances of 
DSSCs need further clarification. In order to better 
understand those effects, the surface states of both 
the acid-treated and TiCl4-treated TiO2 film should 
also be investigated.  

This article describes the photovoltaic 
characteristics of DSSCs fabricated using multi-
layered, TiCl4-treated and acid-treated TiO2 
electrodes. Also, the influences of various 
technical procedures on the photovoltaic perfor-
mance of highly efficient DSSCs are investigated 
by studying the morphological changes, crystalline 
phase, ultraviolet and visible (UV-Vis) absorption 
characteristics and surface states of TiO2 particles, 
as well as the photocurrent-voltage (I-V) 
characteristics of the cells.  

 

EXPERIMENTAL DETAILS 
 

Materials 
 

Electrodes were fluorine-doped tin oxide coated 
glass substrates: F:SnO2 or FTO, size ~ 2 cm×           
2 cm, sheet resistivity ~ 15 Ω/ , light transmis-
sivity  90%. TiCl4 was diluted with deionized 
water to 2M at 5°C to make a stock solution, and 
was kept in a freezer. Commonly used chemical 
reagents were tetraisopropyl titanate, chloroplatinic 
acid, terpineol, ethyl cellulose, isopropyl alcohol, 
polyethylene glycol (PEG, Mw = 20000), absolute 
ethyl alcohol, acetone, acetylacetone, acetonitrile, 
BMII (1-butyl-3-methyl imidazole iodized salt), 
guanidinium isothiocyanate, 4-tert-butylpyridine, 
iodine (I2). All of the solvents and chemicals 
employed for the experiments were of reagent or 
spectrophotometric grade. The redox electrolyte 
used here is a solution of 0.6M BMII, 0.03M I2, 
0.1M guanidinium thiocyanate, and 0.5M 4-tert-

butylpridine in a mixture of acetonitrile and 
valeronitrile. N719 dye (bis(isothiocyanato) bis  
(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium (II)-
bis-tetrabutyl ammonium). A Ti-precursor solution 
was formed by adding 10 mL tetraisopropyl 
titanate and 1.5 ml acetylacetone to 10 ml absolute 
ethanol.  

Preparation of TiO2 colloids with  
nano particles and submicroparticles 

 

In the modified hydrothermal method, a 
mixture of 7.1 g tetraisopropyl titanate and 1.5 g 
acetic anhydride was added dropwise into 36.5 ml 
deionized water. After stirring for about 1 h, 0.5 ml 
of the concentrated nitric acid was added dropwise 
to the mixture solution, the solution was then 
heated to 80C and peptized for 75 min under 
ultrasonic vibration. In order to accomplish a 
complete hydrolysis reaction, more than one hour 
of stirring was needed. After cooling down, the 
mixture was diluted with deionized water to a final 
46.5 ml. The resulting gelatin was loaded into a 
titanium autoclave and heated at 230°C for 24 h. 
Subsequently, the obtained suspension-containing 
precipitate was diluted with absolute ethanol to 
100 ml and thoroughly dispersed under ultrasonic 
vibration at atmospheric conditions until a 
homogenously dispersed and stable colloid 
appeared. 

The synthesis of submicron TiO2 particles in a 
base solution was different from that in an acid 
solution. The mixture of 7.1 g (0.025M) titanium 
isopropoxide and 1.5 g (0.025M) isopropyl alcohol 
was formed under ultrasonic vibration at 
atmospheric conditions for about 30 min. Then 
14.5 ml deionized water was added to this mixture 
as quickly as possible and stirred for 1 h. A white 
precipitate was obtained using a centrifuge and 
washed several times with deionized water. After 
the dropwise addition of 3 ml of 0.6M tetramethy-
lammonium hydroxide (TMAH), the precipitate 
was enclosed in a titanium autoclave and heated at 
230C for 12 h. The resultant solution was treated 
using the same method as with the acidic solution.  

 

Preparation of screen-printing pastes 
 

Into 2 g pure TiO2, obtained from the previously 
prepared precipitate, 1.1 g ethyl cellulose (EC)           
(10 wt.% ethanolic solution) and 6.8 g of terpineol 
(60 wt.% ethanolic solution) were added. This 
mixture was diluted with ethanol to obtain a final 
total volume of ~ 60 ml and was then sonicated 
with hand stirring. Ethanol and water were 
removed from these TiO2/ethyl cellulose solutions 
by a blast oven. The final screen-printing pastes 
correspond to 20 wt.% TiO2, 11 wt.% ethyl 
cellulose and 69 wt.% terpineol (paste A). For the 
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paste used in the light-scattering layers (paste B), 
TiO2 nanoparticles were mixed with submicron 
TiO2 particles to give a final paste formulation of 
22% submicron-sized TiO2, 70% nanometer-sized 
TiO2 and 8% ethyl cellulose in terpineol. 

 

Preparation of porous-TiO2 electrodes 
 

The characteristics of the screen used here are 
as follows: material, polyester; mesh count, 80T 
mesh/cm; mesh opening, 45 μm; thread diameter, 
60 μm; open surface, 29.8%; fabric thickness,        
78 μm. The FTO glass was first cleaned in a 
detergent solution and then rinsed with water and 
ethanol. The FTO glass plates were immersed into 
a 40 mM aqueous TiCl4 solution at 80°C for         
30 min and washed with water and ethanol. Before 
screen-printing, TiO2 pastes A and B were acid-
treated by stirring in 1M HNO3 aqueous solution at 
80°C for 3 h and dried 100°C for 8 h. A layer of 
paste A was coated on the FTO glass plates by 
screen-printing and then dried for 3 min at 115°C. 
Subsequently, two layers of paste B were printed at 
about ~ 4 μm as a light-scattering layer. The 
electrodes coated with the TiO2 film were sintered 
under an airflow at 450°C for 30 min, then treated 
with a 40 mM aqueous TiCl4 solution at 80°C for             
30 min, after that washed with water and ethanol 
and sintered at 500°C for 30 min. After cooling to 
a temperature of 80°C, to avoid water adsorption 
through capillary effects, the electrode was 
immerged in a 0.5 mM N-719 dye solution for 
sensitizer impregnation and kept at room tempe-
rature for 24 h. 

 

Assembling of DSSCs 
 

The TiO2 work electrode covered with dye was 
assembled and sealed with a hot-melt gasket of     
20 μm thickness made of ionomer resin. A drop of 
electrolyte was put on the film in the back of the 
counter electrode. It was introduced into the cells 
via vacuum backfilling. The cells were placed in a 
small vacuum chamber to remove inner air. 
Exposing the electrolyte again to ambient pressure 
causes it to be driven into the cells. Finally, the 
hole was sealed using a hot-melt gasket film and a 
cover glass. 

 

Characterization and photovoltaic measurement 
 

The morphology of scattering particles was 
investigated by a field-emission scanning electron 
microscope. The X-ray diffraction (XRD) data 
were obtained using a diffractometer. Absorption 
spectra were measured using a UV-Vis 
spectrophotometer equipped with an integrating 
sphere. The Fourier transform infrared (FTIR) 
absorption spectra were measured by a spectro-

meter within a range 400 ~ 4000 cm-1. The 
photovoltaic measurements utilized a 150 W xenon 
lamp. The power of the simulated light was 
calibrated to 100 mW/cm2 (AM 1.5) using a 
reference Si photodiode. The I-V characteristics 
were measured by a digital source meter and 
controlled automatically by a computer. 

 

RESULTS AND DISCUSSION 
 

TiCl4 and HNO3 treatments 
 

Figure 1 shows the SEM surface images of the 
untreated and TiCl4-treated TiO2 films. Compared 
with the untreated film, the TiCl4-treated TiO2 film 
shows small aggregates, relatively good surface 
coverage, and an improvement in particle necking. 
The TiCl4 pre-treatment on TiO2 working 
electrodes enhances the bonding strength between 
the FTO substrate and the porous TiO2 layer and 
blocks the charge recombination between electrons 
originated from the FTO and the I3

- ions in the I-/I3
- 

redox couple. The TiCl4 post-treatment enhances 
the surface roughness factor and necking of TiO2 
particles, resulting in an increase of dye adsorption 
and higher photocurrent.  

The TiCl4 treatment has a great influence on the 
TiO2 rutile phase, as shown in Fig. 2. For an 
untreated TiO2 film, an obvious XRD peak located 
at 27.5 can be observed, which is attributed to the 
TiO2 rutile-phase. After the TiCl4 pre-treatment on 
the TiO2 working electrode, the intensity of this 
peak decreases. This TiO2 rutile phase is not 
present after the TiCl4 post-treatment. At room 
temperature TiO2 has two phases, i.e., rutile and 
anatase. The anatase phase has a more open 
structure than the rutile phase [19]. Therefore, a 
pure anatase phase is preferred to achieve a larger 
surface area necessary to obtain a higher 
photocurrent. The titanium complexes present in 
the TiCl4 solution condense at the interpart of the 
film, which results in an epitaxial growth of new 
layers on the TiO2 electrode surface consisting of 
anatase nanoparticles. This epitaxial growth enhan-
ces the necking of the TiO2 particles, which may 
result from the phase transformation of a few TiO2 
nanoparticles from rutile to anatase [10].  

Figure 3 shows SEM images of the untreated 
and HNO3-treated TiO2 films. The dispersion of 
TiO2 particles is significantly increased by the acid 
treatment, which results in the HNO3-treated TiO2 
particles being protonated and positively charged 
by the adsorbed HNO3 [15, 16]. The electrostatic 
attraction between the positively charged TiO2 
surface and the negatively charged end of the dye 
molecules can also assist dye adsorption. The 
HNO3-treated TiO2 film exhibited higher porosity 
and larger pore sizes, while the untreated TiO2 film 
showed   larger   particle  aggregations.  Compared  
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(a) (b) 
 

Fig. 1. SEM images of TiO2 films untreated (a) and after TiCl4 treatment (b).  
 

 
 

Fig. 2. XRD spectra of TiO2 film untreated (a) and with TiCl4 pre-treatment (b) and post-treatment (c). The patterns “■”, “●” 
denote peaks for rutile phase and anatase phase, respectively.   
 

(a) (b) 
 

Fig. 3. SEM images of TiO2 films untreated (a) and after HNO3 treatment (b). 
 

with the untreated TiO2 film, the HNO3-treated 
TiO2 film possesses larger porosity and pore size. 
With the increase of the surface area and number 
of appropriate pores in the TiO2 film, the dye 
adsorption increases and the electron transfer in a 
redox electrolyte becomes easier.  

The surface of the HNO3-treated TiO2 film was 
investigated using FTIR measurements. Figure 4 
shows FTIR spectra of both untreated and HNO3-
treated TiO2 films. For the HNO3-treated TiO2 film, 
the peak located at 1650 cm-1 was observed, which 
is ascribed to an H-O-H bending mode. This result 
indicates that the TiO2 nanoparticle surface is 

hydroxylated and protonated during the acid 
treatment. The HNO3-treated TiO2 film exhibits a 
sharp and intense peak at 1380 cm-1, which is due 
to the presence of an NO3

- group [20]. We consider 
the coverage of NO3

- ions on the TiO2 surface to 
block the path of the electron backward transfer, 
resulting in the improvement of the DSSC 
conversion efficiency. 

The TiCl4 treatment on the TiO2 film induces a 
decrease of TiO2 band gaps [21], which results in 
enhancing the electron injection efficiency. As 
shown in Fig. 5, a short-circuit current (Jsc) of the 
TiCl4 treated DSSCs increases with respect to 
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untreated DSSCs. For DSSCs with TiCl4-
treatment, a slight decrease in the open-circuit 
voltage (Voc) is contributed to the downward shift 
of the quasi-Fermi level. Nonetheless, the 
photoelectric conversion efficiency of DSSCs with 
TiCl4-treatment film obviously increases, compa-
red to that of the untreated TiO2 film. As seen from 
Fig. 5, the Jsc and Voc increased due to the HNO3 
treatment. The Jsc increment in the HNO3 treatment 
of TiO2 is ascribed to a higher charge collection 
efficiency by the surface protonation of TiO2 and 
the retarded backward electron transfer by anion 
(NO3

−) adsorption on the TiO2 surface [22]. 
Theoretically speaking, Voc is the potential 
difference between the Fermi level of TiO2 and the 
reversible redox couple (I-/I3-) in the electrolyte. 
After HNO3 treatment, the Voc increment may be 
caused by the shift of the flat band potential of 
TiO2 in a positive direction. A positive shift of the 
flat band potential has been reportedly observed 
when TiO2 was acid-treated due to the adsorption 
of H+ ions on the TiO2 surface [23].  
 

 
 

Fig. 4. FTIR spectra of untreated and HNO3-treated TiO2 
films. 
 

 
 

Fig. 5. Photovoltaic performance of DSSC devices using TiO2 
electrodes with and without TiCl4 or HNO3 treatments under 
light density: 100 mW/cm2; AM 1.5, active area:                  
0.36 cm2. 

Effect of light-scattering TiO2 layer 
 

Figure 6 shows SEM images of TiO2 films with 
differently sized scattering particles, G1, G2 and 
G3. The average sizes of G1 and G2 are estimated 
to be about 30 nm and 250 nm, respectively, while 
G3 particles are a mixture of G1 and G2 particles 
with a mixing ratio of G1:G2 ~ 4:1. Nanometer-
sized G1 particles are mostly revealed as sphere-
shaped, and submicron-size G2 particles as mostly 
hexagonally-shaped. Furthermore, the SEM images 
demonstrate that the films had a porous structure, 
propitious to adsorb much more dye molecules 
than a compact structure. Figure 7 shows a UV-Vis 
absorption spectra of four types of TiO2 films with 
dye sensitization, where the letters “N”, “S” and 
“M” denote a nanometer-size TiO2 layer, a 
submicron-size TiO2 layer, and a mixture of 
submicron- and nanometer-size TiO2 layer, 
respectively. All of the dye-sensitized TiO2 films 
with different structures exhibit almost similar 
absorption intensities below 350 nm. This effect is 
caused by the intrinsic absorption of TiO2 
semiconductors that incident light with a photon 
energy larger than a TiO2 band gap can be 
absorbed by TiO2 film. However, the absorption 
for light wavelengths more than 350 nm is 
significantly different, which results from the dye 
molecules adsorbed on the TiO2 surface and the 
film structure.  

As seen in Fig. 7, the highest integrated 
absorption intensity is for M/N/FTO, slightly less 
intense for S/N/FTO, and the lowest intensity is 
exhibited for S/FTO. It should be noted that S/FTO 
shows the lowest absorption intensity as the light 
wavelength () varies from 300 nm to 670 nm. 
Larger TiO2 particles have a smaller internal 
surface area, which results in less dye adsorption. 
Therefore, the absorption of submicron-sized TiO2 
particles is the lowest for  = 300 ~ 670 nm. 
However, its absorption is larger than that of 
N/FTO and S/N/FTO for wavelengths over               
670 nm, which may be mainly due to high back-
scattering. As shown in Fig. 7, a mixture structure 
with an admixture of about 20% 30-nm particles 
and about 80% 250-nm particles has the highest 
integrated absorption intensity. This induces more 
effective light capturing in the visible spectrum 
and has a strong light-scattering effect. If there are 
too many large particles, not only does the 
effective internal surface decrease, but also there is 
too much back-scattering. In this case, the reflec-
tance of the cell is enhanced, not its absorptance.  

The photovoltaic characteristic of the DSSCs 
constructed with different types of TiO2 electrodes 
under AM 1.5 illumination are summarized in the 
Table. For the TiO2 scattering layer with an admix- 
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(a) (b) 
 

 
 

(c) 
Fig. 6. SEM images of TiO2 films with 30-nm scattering particles (a), 250-nm scattering particles (b), and mixture of 30-nm and 
250-nm TiO2 particles (c).   
 

 
Fig. 7. UV-Vis absorption spectra of the four type TiO2 films with dye sensitization. N: nanometer-size TiO2 layer; S: submicron-
size TiO2 layer; M: mixture of submicron- and nanometer-size TiO2 layer. 
 

Table. Photovoltaic performance of DSSC devices based on four types of TiO2 films under light density:                
100 mW/cm2; AM 1.5, active area: 0.36 cm2. 
 

Type of structure Jsc (mA/cm2) Voc (V) Fill factor Efficiency (%) 
M/N/FTO 15.5 0.71 0.65 7.2 
S/N/FTO 14.1 0.68 0.64 6.1 
N/FTO 12.3 0.70 0.66 5.7 
S/FTO 10.8 0.61 0.54 3.6 

 

ture of 30-nm particles and 250-nm particles 
(M/N/FTO), the photocurrent of the DSSCs is 
maximal. The structure (S/N/FTO) with the                   
250-nm TiO2 layer for light-scattering obtains a 
higher Jsc than does the structure (N/FTO) with the 
30-nm TiO2 layer. However, Voc decreases slightly. 

The structure (S/FTO) with the 250-nm TiO2 layer 
has the lowest Jsc. Due to the enhancement in Jsc, 
significantly higher power conversion efficiencies 
of the DSSCs were observed, resulting from the 
scattering properties of TiO2 films which have light 
capture inside the device. Consequently, the 
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highest conversion efficiency of 6.7% was obtai-
ned for the DSSCs with a TiO2 electrode structure 
using an admixture of 30-nm particles and 250-nm 
particles for the light-scattering layer and 30-nm 
TiO2 layer for the dense layer. 

 

CONCLUSIONS 
 

The present study introduces step-by-step 
procedures to follow in producing screen-printing 
pastes used to form TiO2 electrodes used in 
DSSCs, and investigates the effects of different 
treatments of TiO2 electrodes on photovoltaic 
characteristics of DSSCs. First, TiCl4 treatment on 
TiO2 electrodes can produce improvements on the 
DSSC performance. This effect is caused by 
reducing charge recombination, enhancing the 
necking between TiO2 particles, minimizing the 
recombination rate between the TiO2 film and the 
mediator, and improving electrical contiguity at the 
FTO/TiO2 interface. Secondly, photovoltaic perfor-
mances of DSSCs are improved using HNO3-
treated TiO2 electrodes. The HNO3 treatment 
significantly enhances the dispersion of TiO2 
particles and enlarges the surface area and 
increases porosity of TiO2 films. Finally, the scat-
tering layer formed by admixing nanometer-sized 
and submicron-sized TiO2 particles greatly enhan-
ces the DSSC performance. A dye-sensitized TiO2 
film with an admixture of about 20% 30-nm 
particles and about 80% 250-nm particles 
demonstrates the optimal integrated absorption 
intensity. Consequently, the best conversion 
efficiency of 7.2% was obtained for DSSCs using 
an admixture light-scattering layer. Light absorp-
tion is effectively enhanced in the nanocrystalline 
film with a mixture of large and small particles, 
and this mixture is capable of efficient light-
scattering while simultaneously providing a larger 
surface area for effective dye adsorption. 
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Использование предварительной обработки 
рабочего фотоэлектрода и смешанного светорас-
сеивающего слоя может улучшить производи-
тельность TiO2 сенсибилизированных красителем 
солнечных элементов (СКСЭ). Обработка TiCl4 
электродов TiO2 приводит к улучшению адгезии и 
механической прочности TiO2 слоя. Обработка HNO3 
значительно повышает дисперсию частиц TiO2 и 
увеличивает площадь поверхности и пористость 
пленок TiO2. Рассеивающий слой сформирован 
путем смешивания частиц TiO2 как нанометрового 
размера, так и субмикронных в значительной 
степени повышает производительность СКСЭ. 
Поглощение света значительно лучше пленок TiO2 
со смесью крупных и мелких частиц. Эта смесь 
способствует эффективному рассеянию света, 
одновременно обеспечивая большую площадь 
поверхности для эффективной адсорбции красителя. 
Каждая из этих технологий изготовления TiO2 
пленок оказывает значительное влияние на общие 
фотоэлектрические параметры СКСЭ, что приводит 
к улучшению эффективности преобразования энер-
гии. 

 

Ключевые слова: сенсибилизированные краси-
телем солнечные батареи, обработка TiCl4, 
обработка HNO3, TiO2 субмикронного размера, 
рассеивающие слои. 
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