
CHAPTER VI
PREPARATION OF SOL-GEL/PURIFIED SODIUM-BENTONITE 

COMPOSITES AND THEIR PHOTOVOLTAIC APPICATION FOR DYE-
SENSITIZED SOLAR CELLS

6.1 Abstract

The sol-gel Ti02/purified natural clay electrodes having Ti:Si molar ratios 
of 95:5 and 90:10 were initially prepared, sensitized with natural red cabbage dye, 
and compared to the sol-gel TiÛ2 electrode in terms of physicochemical 
characteristics and solar cell efficiency. The results showed that the increase in 
purified Na-bentonite content greatly increased the specific surface area and total 
pore volume of the prepared sol-gel Ti02/purified Na-bentonite composites because 
the clay platelets prevented TiC>2 particle agglomeration. The sol-gel TiC>2/5 mol% Si 
purified Na-bentonite and sol-gel TiCVlO mol% Si purified Na-bentonite composites 
could increase the film thickness without cracking when they were coated as a 
scattering layer on the T i02 semiconductor-based film, leading to increasing the 
efficiency of the natural dye-sensitized solar cells in this work.

Keywords: Sol-gel TiCh; Purified natural clay; Dye-sensitized solar cell; Red 
cabbage dye; Scattering layer

6.2 Introduction

Dye-sensitized solar cell (DSSC) was firstly developed by Gratzel’s group 
[1-3] and has widely known as a low-cost and easy-assembly solar cell. However, 
many synthetic dyes normally used as the electron generator, a main component in 
the DSSC, are very expensive as compared to another DSSC component, which is 
widely used. TiC>2 semiconductor acting as both the host for adsorption of dye 
molecules and the electron transport pathway. A way to lower the cost of DSSC is to 
reduce the amount of expensive synthetic dyes by employing thinner sensitized
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films. Nevertheless, this would decrease the amount of light absorbed by the dye 
molecules. Light scattering phenomenon can help effectively increase light 
absorption path length, especially in thinner films, in which charge recombination 
can be reduced due to a lower film resistance [4,5]. Large 1ไ(ว2 particle with size of 
about 70-1,000 nm and other different refractive index materials can be used as light 
scattering centers by admixing with smaller TiC>2 particles with size of about 10-25 
nm [5-7]. Besides, some other inactive particles [5] or flakes [8] have also been used 
as scattering layers or reflectors on the back side of photoelectrodes.

Interestingly, Park et al. [9] applied synthetic clay nanoparticles in order to 
solidify liquid electrolyte and induce light scattering in the DSSCs, which helped 
increase the overall light absorption, especially in the red region. With 500-2,000 nm 
platelet size, the abundant natural Na-bentonite clay, with a chemical formula of 
(Na,Ca)o.3 3 (Al,Mg)2 (Si4 0 io)(OH)2 -nH2 0  [10], is also believed to be able to function 
as the light scattering site in the DSSCs. Not only can light scattering effect be 
employed for DSSCs sensitized with synthetic dyes, but it can be also employed to 
increase light absorption ability of natural dyes. Because of low material cost, simple 
preparation, and lack of heavy metals, natural dyes are more favorable to be applied 
for such environmentally friendly device [11-14], Particularly, the dye extracted 
from red cabbage has been proven to provide comparatively high DSSC efficiency 
among various natural dyes [14-15],

In this present work, the sol-gel TiCVpurified natural Na-bentonite clay 
composite having Ti:Si molar ratios of 95:5 and 90:10 were therefore prepared. They 
were, for the first time, applied for the DSSCs sensitized with the natural red cabbage 
dye, as compared to the sol-gel TiC>2 electrode in terms of physicochemical 
characteristics and solar cell efficiency to verify the potential application of natural 
clay for the DSSCs.

6.3 Experimental Details

6.3.1 Preparation of Red Cabbage Dye Sensitizer
Fresh red cabbage was cut into very small pieces and then extracted in 

a methanol/water (3:1 by volume) mixed solvent. Afterward, the solid residues were
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filtered out. Then, the dye solution was concentrated by a rotary evaporator at 50°c 
and finally stored at 4°c before use.

6.3.2 Na-Bentonite Clay Purification
Reverse osmosis (RO) water with 30 times by weight was used to 

swell raw Na-bentonite under vigorous stirring for 12 h. The swollen Na-bentonite 
was centrifuged at 10,000 rpm for 10 min. Then, the supernatant containing highly 
dispersed swollen Na-bentonite, which had the main compositions of 78.5 wt.% 
SiÛ2 , 16.4 wt.% AI2O3 , 2.4 wt.% Fe2 0 3 , and 1.7 wt.% MgO obtained from X-ray 
fluorescence analysis, was collected, dried, and ground in mortar.

6.3.3 Preparation of Photoanodes
Ti0 2 sol was prepared by hydrolyzing diisopropoxytitanate 

bis(acetylacetonate) with water at a molar ratio of 1:30. The solution was heated to 
70°c until it became transparent. Next, polyethylene glycol (MW of 20,000) was 
added to the TiC>2 sol with the Ti0 2 -to-polyethylene glycol weight ratio of 3.3:1. The 
purified Na-bentonite was swollen in RO water with 40 times by weight for 12 h 
before mixing with the TiÛ2 sol at 50°c for 6 h. The Ti:Si molar ratio of the 
Ti0 2 /purified Na-bentonite composite were controlled at 95:5 and 90:10. Then, the 
gel was formed at 80°c. Afterwards, the gel-derived paste was smoothly spread on 
fluorine-doped SnC>2 (FTO) glasses (sheet resistance of 15 o/cm2) by the doctor 
blading method and calcined at 500°c for 1 h to obtain the photoanode film. Then, 
the calcined film was immersed into the extracted red cabbage dye solution.

6.3.4 Cell Assembly
To assemble the DSSCs cell, the 80 pm-thick transparent sticker film 

was used to make a narrow empty space inside the cell, by attaching around the four 
edges between the as-prepared semiconductor photoanode film and the Pt cathode 
film prepared from 7 mM hexachloroplatinic acid in 2-propanol by using the spin­
coating technique. The electrolyte consisting of 0.1 M Lil, 0.05 M I2 , and 0.4 M 4-
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tert-butylpiridine in acetonitrile was dropped and injected to spread thoroughly in the 
as-prepared space between the two electrodes.

6.3.5 Characterization and Measurement
The photoanodes were characterized by using an X-ray diffractometer 

(XRD, Bruker Model-D8 Advance), a scanning electron microscope (SEM, Hitachi 
S4800), a transmission electron microscope (TEM, JEOL JEM-2100), and a N2 
adsorption-desorption analyzer (Autosorb-1, Quantachrome). The photovoltaic 
properties of the prepared DSSCs, i.e. short circuit current (Jsc, mA/cm2), open circuit 
voltage (Voc, V), fill factor (FF), and efficiency (ถู, %), were determined from the I- 
V curve obtained by using a digital Keithley 236 multimeter under an irradiation of 
white light from a 1000 W/HS Xenon arc lamp with a 100 mW/cm2 light intensity, 
where the fill factor and efficiency were calculated based on the following equations:

FF = Jmax X vmax (6.1)
Jsc X  Foe

จ = Jsc X Foc X FF  (6.2)
Pin

where Jmax is maximum power point current (mA/cm2), vmax is 
maximum power point voltage (V), and Pin is power of incident light (mW/cm2).

6.4 Results and Discussion

6.4.1 Characterization Results of Prepared Semiconductors
Fig.6.1 shows XRD patterns of the pure sol-gel Ti02 and sol-gel 

Ti02/purified Na-bentonite composites which the anatase T i02 phase was mainly 
detected. The presence of the bentonite phase was clearly observed in both sol-gel 
Ti02/5 mol% Si purified Na-bentonite and sol-gel TiO2/10 mol% Si purified Na- 
bentonite composites at diffraction angles of approximately 6°. The particle size of 
the prepared sol-gel T i02 from both the SEM and TEM analysis was about 5-10 nm,
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as shown in Fig. 6.2. The textural properties from the N2 adsorption-desorption 
analysis shown in Table 6.1 revealed that an increase in purified Na-bentonite 
content significantly increased the specific surface area and total pore volume of the 
prepared TiCVpurified Na-bentonite composites, while the mean pore size became 
almost unchanged. These may be because the Ti02 nanoparticles were inserted 
between the clay platelets in the composite-made electrode, thus preventing their 
tight agglomeration, as shown by the cross-sectional SEM micrographs in Fig. 6.3. It 
can also be observed from Fig. 6.3b that the clay platelets were highly distributed in 
the sol-gel Ti02/purified Na-bentonite electrode. In addition, from direct observation 
during the electrode preparation, the increase in purified Na-bentonite content 
increased the ability to increase the film thickness without cracking.

6.4.2 Photovoltaic Properties of Different Photoanodes
As shown in Table 6.2, at low thickness of about 1 pm, the sol-gel 

Ti02/5 mol% Si purified Na-bentonite electrode exhibited the efficiency and other 
photovoltaic properties nearly the same as those of the pure sol-gel T i02 electrode 
due to a low resistivity of the film with low clay content. However, as observed in 
Fig. 6.3b, the most preferentially orientated direction of clay platelets in the electrode 
was in the horizontal plane. Therefore, the clay platelets can retard the flow of ions in 
electrolyte and also resist the flow of current through the electrode. Thus, too much 
addition of purified Na-bentonite reduced the short circuit current and fill factor [16]. 
This was also experimentally observed in this present work that at the same thickness 
of about 3.5 pm, the sol-gel TiO2/10 mol% Si purified Na-bentonite electrode gave a 
lower efficiency than the electrode with the sol-gel Ti02/5 mol% Si purified Na- 
bentonite (Table 6.2). Moreover, the sol-gel T i02/5 mol% Si purified Na-bentonite 
could be used to increase the film thickness without cracking when it was coated as a 
scattering layer on the Ti02 semiconductor-based film. This led to an increase in the 
efficiency of the cells, as shown in Table 6.3. The same results were also observed 
when using the sol-gel TiO2/10 mol% Si purified Na-bentonite as a scattering layer, 
but with less improvement of the cell performances than the sol-gel Ti02/5 mol% Si 
purified Na-bentonite. Therefore, the purified Na-bentonite with 5 mol% Si was
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considered to be the optimum clay content. A possible reason for the improvement of 
the cell performances might be the increase in light harvesting ability of the electrode 
due to the multiple light scattering in the film in the presence of the clay as light 
scattering sites. In addition, the increased amount of adsorbed dye in the film due to 
the increased thickness was another possible reason, as experimentally observed.

6.5 Conclusions

The sol-gel Ti02/5 mol% Si purified Na-bentonite and sol-gel TiO2/10 mol% 
Si purified Na-bentonite composites were prepared and applied for the DSSCs 
electrodes sensitized with red cabbage dye. They could increase the film thickness 
without cracking when coated as a scattering layer on the T i02 semiconductor-based 
film, which helped increase the cell performances. The optimum clay content was 
found to be 5 mol% Si purified Na-bentonite.
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Table 6.1 Textural properties of the semiconductor electrodes obtained from N2 

adsorption-desorption analysis

Semiconductor electrode
Specific surface 

area (m /g)
Mean pore 
size (nm)

Total pore 
volume
(cm3/g)

Sol-gel Ti02 120 3.61 0.163

Sol-gel Ti02/5 mol% Si 
purified Na-bentonite

165 3.63 0.215

Sol-gel TiO2/10 mol% Si 
purified Na-bentonite

198 3.64 0.246

Purified Na-bentonite 62 - -

Table 6.2 Photovoltaic properties of DSSCs sensitized by red cabbage dye

Semiconductor electrode Thickness
(pm)

Jsc
(mA/cm )

Voc
(V)

FF ปี (%)

Ti02 ~0.9 0.60 0.59 0.28 0.10
Sol-gel T i02/5 mol% Si -1.5 0.59 0.59 0.27 0.09
purified Na-bentonite -3.5 0.80 0.58 0.23 0.11

Sol-gel TiO2/10 mol% Si 
purified Na-bentonite

-3.5 0.08 0.49 0.90 0.04
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Table 6.3 Photovoltaic properties of DSSCs fabricated with light scattering layer 
and sensitized by red cabbage dye

Semiconductor
electrode

Scattering
layer

Ticytotal
thickness

(pm)

Jsc
(mA/cm )

Voc
(V)

FF 0 (%)

T i02

Sol-gel 
Ti02/5 mol% 
Si purified 

Na-bentonite

-0.8/1.4 0.89 0.60 0.32 0.17

Sol-gel 
TiO2/10 
mol% Si 

purified Na- 
bentonite

-0.8/1.6 0.68 0.58 0.36 0.14



106

2 6 10 14 18 22 26 JO 34 3S 42 46 50 54 58 62 66 ”0 ~4 "8
2 Theta

Figure 6.1 XRD patterns of (a) sol-gel TiC>2 , (b) sol-gel T1O2 / 5  mol% Si purified 
Na-bentonite, (c) sol-gel TiCh/lO mol% Si purified Na-bentonite electrodes and (d) 
purified Na-bentonite.

Figure 6.2 SEM micrograph (a) and TEM micrograph (b) of sol-gel T i02
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(a) (b)

Figure 6.3 Cross-sectional SEM micrographs of (a) sol-gel T i02 and (b) sol-gel 
Ti02/5 mol% Si purified Na-bentonite electrodes.
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