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ABSTRACT 
 
We investigated the optical and photovoltaic performance of a nanocrystalline TiO2 sensitized with chlorin dye. 
Chlorin is a natural dye extracted from bahama grass. The chlorin-stained titanium dioxide was found to have a 
reduced band gap energy and could absorb light beyond the ultraviolet region. Avaspec 2.1 spectrophotometer was 
used to obtain the optical absorption spectrum, while the well-known Tauc model was employed to determine the 
optical band gap. A dye sensitized solar cell fabricated with the chlorin-doped TiO2 showed a photo-conversion 
efficiency of 1.008%.  
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INTRODUCTION 
 

Titanium dioxide occurs in nature as well-known minerals rutile, anatase and brookite, and additionally as two high 
pressure forms, a monoclinic baddeleyite-like form and an orthorhombic α-PbO2-like form, both found recently at 
the Ries crater in Bavaria [1-4]. 

 
Table 1. Properties of the three crystal structures in TiO2 [1,2,5] 

 

Form Crystal system Band gap (eV) 
rutile tetragonal 3.02 
anatase tetragonal 3.20 
brookite orthorhombic 2.96 

 
Titanium dioxide, particularly in the anatase form, is a photocatalyst under ultraviolet (UV) light [4,6]. Recently it 
has been found that titanium dioxide, when spiked with nitrogen ions or doped with metal oxide like tungsten 
trioxide, is also a photocatalyst under either visible or UV light. The strong oxidative potential of the positive holes 
oxidizes water to create hydroxyl radicals. It can also oxidize oxygen or organic materials directly. Titanium dioxide 
is thus added to paints, cements, windows, tiles, or other products for its sterilizing, deodorizing and anti-fouling 
properties and is used as a hydrolysis catalyst. It is also used in the fabrication of dye-sensitized solar cells. 
 
Dye-sensitized solar cell (DSSC) which was invented by Gratzel in 1991 is expected to be one of the next-
generation photovoltaics because of its environment friendly properties, low manufacturing cost and low 
manufacturing energy consumption [7-12]. The central idea in DSSC fabrication is to separate the light absorption 
process from the charge collection process, mimicking natural light harvesting procedures in photosynthesis, by 
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combining dye sensitizers with semiconductors [11,13-15]. This enables the use of wide-gap but cheap oxide 
semiconductors such as TiO2. Early DSSC designs involved transition metal coordinated compounds (e.g. ruthenium 
polypyridyl complexes) as sensitizers because of their strong visible absorption, long excitation lifetime, and 
efficient metal to ligand charge transfer [11,14,16,]. Although highly effective, with current maximum efficiency of 
11% [7,10,12,14], the costly synthesis and undesired environmental impact of those prototypes call for cheaper, 
simpler, and safer dyes as alternatives. Natural pigments, including chlorophyll, carotene, and cyanin, are freely 
available in plant leaves, flowers, and fruits and fulfill these requirements [14,15,17]. 
 
Undoped TiO2 is active only under ultraviolet (UV) light because of its wide band gap rendering it inactive under 
visible light (Figure 1) [2,14], which causes most of the solar spectrum to go unutilized [3,4,18]. Extending the 
optical absorption of titanium dioxide to the visible region, therefore, is one of the important subjects for its 
increased utility in the fields of photocatalysis. Impurities doping induces substantial modifications in electrical and 
optical properties of semiconductor materials.  
 

 
 

In this research work, the blade method was used to deposit a sol-gel derived nanocrystalline TiO2 (n-TiO2) onto an 
FTO glass substrate. The titanium (iv) oxide film was subjected to annealing treatment to enable it serve as a photo-
electrode for DSSC [11,16,19,20]. The film was then doped with chlorin dye which is a natural dye extracted from 
bahama grass. Optical characterization of the sensitized TiO2 film was carried out. The current-voltage 
characteristics of a dye-sensitized solar cell fabricated with the doped electrode are presented in this work. 
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Figure 1(a). UV-vis spectra of nanoporous titanium dioxide [2] 
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MATERIALS AND METHODS 

 
The chlorin local dye was extracted from the popular bahama grass. The grass was blended and the green pigment 
extracted with 90% ethanol. The extract was purified by column chromatography and some copper ions were 
introduced into the extract [21]. 
 
1.2 Electrode deposition 
A sol-gel derived nanocrystalline titanium (iv) oxide (Ti-nanoxide T/sp, Solaronix SA, Rue de e’ duriette 128) was 
deposited onto an FTO glass substrate through the blade method. The active area of a 2.5cm x 2.5cm FTO was 
identified and covered on each of the two parallel edges with a double layer of masking tape to control the thickness 
of the TiO2 film. Before deposition, the glass substrate was cleaned with acetone, then methanol and etched through 
plasma treatment for 1min. The n-TiO2 was applied at one of the edges of the conducting glass and distributed with 
a squeegee sliding over the tape-covered edges [16,17,19,21]. 
 
1.3 Thermal Treatment 
The n-TiO2 electrode was allowed to dry naturally for about 15 minutes before removing the adhesive tapes. The 
edges were cleaned with ethanol. Using an electric hot plate, the film was subjected to thermal annealing at 2000C 
for 10 minutes. Immediately after annealing, the electrode was sintered for about 30 minutes at 400 oC using 
carbolite 201 tubular furnace [17,19,22]. 
 
1.4 Sensitizer Impregnation 
The thermally treated electrode was immersed overnight into a solution of the chlorin dye [15,21]. The electrode 
was preheated at 80 oC for 15 minutes before it was dipped into the dye solution. This process helps in the 
prevention of rehydration of the TiO2 surface or capillary condensation of water vapours from ambient air inside the 
nanopores of the film [16]. The presence of water in the pores decreases the injection efficiency of the dye. After 
dye sensitization, the dye-coated film was rinsed in ethanol, then dried using hot-air blower and kept in dark in an 
air tight case till solar cell assembly. 
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Figure 1(b). Optical absorption spectra of a finite segment of titanium dioxide 
nanowire [14] 
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Figure 2
 
1.5 Optical Measurements  
Avaspec 2.1 spectrophotometer was used to obtain the optical absorption spectrum for the dyed working electrode. 
This measurement was carried out at room temperature
spectrophotometer was computerized and so measurement was taken with the help of experts. The result was 
displayed as graph of optical absorbance (arbitrary units) versus wavelength (nm).
 
To have a quantitative estimate of the optical band gap of the film, the Tauc equation is employed [4,23
 
αhv  =  A(hv – Eg��  
 
where α is the absorption coefficient, 

not depend on photon energy and γ has four numeric values (
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Figure 2. Optical absorption spectrum of chlorin-dyed n-TiO2 

Avaspec 2.1 spectrophotometer was used to obtain the optical absorption spectrum for the dyed working electrode. 
This measurement was carried out at room temperature before storing the dyed n
spectrophotometer was computerized and so measurement was taken with the help of experts. The result was 
displayed as graph of optical absorbance (arbitrary units) versus wavelength (nm). 

ve estimate of the optical band gap of the film, the Tauc equation is employed [4,23

                                                         

 is the absorption coefficient, hv is the photon energy, Eg is the optical band-gap, 

has four numeric values (
�

�
 for allowed direct transitions, 2 for allowed indirect, 3 
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Avaspec 2.1 spectrophotometer was used to obtain the optical absorption spectrum for the dyed working electrode. 
before storing the dyed n-TiO2 electrode. The 

spectrophotometer was computerized and so measurement was taken with the help of experts. The result was 

ve estimate of the optical band gap of the film, the Tauc equation is employed [4,23-28].  

                                                    (1) 

gap, A is a constant which does 

for allowed direct transitions, 2 for allowed indirect, 3 
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for forbidden direct and 
�

�
 for forbidden indirect optical transitions. In this work, the direct transition band gap of the 

doped TiO2 electrode was determined by plotting (αhv)2 versus hv curve with the extrapolation of the linear region 
to (αhv)2 = 0 [1,23,28,29]. 
 

RESULTS AND DISCUSSION 
 

The optical absorption spectrum (Figure 2) shows that the chlorin-dyed n-TiO2 working electrode noticeably 
absorbs light beyond the UV region. Hence, the natural dye greatly improved the absorbance of the wide-band gag 
titanium (iv) oxide which alone cannot absorb visible light. 
 
Figure 3 illustrates the plot of (αhv)2 vs. hv for the doped TiO2 film. The optical band gap estimated from the 
intercept of the tangent to the plot is 2.16eV which is lower than band gaps for the three crystal structures in 
titanium dioxide (see Table 1). This implies that the process of dye sensitization has led to band gap narrowing 
which is necessary for the doped TiO2 to respond to the visible light as represented in Figure 2 [4]. 

 
 
Figure 4 represents the photocurrent-voltage characteristics of a DSSC based on the Chlorin-dyed electrode under 
solar illumination of 100 mW/cm2. The energy conversion efficiency (n) and fill factor (FF) were evaluated using 
the following relations: 
 
n =                     maximum power output        =  ImVm 

       maximum power input      A x E             (2)  
 
FF =            ImVm 
           Voc x Isc                                    (3) 
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Figure 3. Optical band gap for chlorin-doped titanium dioxide
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A is the active surface area of the solar cell while E is the illumination intensity. The short circuit photocurrent (Isc), 
the open circuit voltage (Voc), FF, and � for the chlorin-stained solar cell were found to be 3.9 mA/cm2, 0.44 V, 0.59 
and 1.008% respectively. 

 
CONCLUSION 

 
Thin film of sol-gel derived n-TiO2 was successfully deposited on an FTO substrate through the blade method. The 
film was subjected to thermal treatment and then doped with a natural dye extracted from bahama grass. Optical 
characterization using Avaspec 2.1 spectrophotometer shows that the sensitized titanium dioxide electrode could 
absorb light both in the ultraviolet and visible region. Using the Tauc model, the optical band gap of the dyed TiO2 
was found to be 2.16eV which is lower than the band-gap of the three crystal structures in TiO2. Hence, the chlorin 
dye can be used as photo-sensitizer for wide-band gap semiconductors such as TiO2 which alone cannot absorb 
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Figure 4. The I-V curve for solar cell sensitized with chlorin dye



Jude O. Ozuomba and Azubuike J. Ekpunobi                  Der Chemica Sinica, 2013, 4(3):137-143 
_____________________________________________________________________________ 

143 
Pelagia Research Library 

visible light. The photo-conversion efficiency of a dye sensitized solar cell fabricated with the doped nanocrystalline 
titanium (iv) oxide was 1.008%. 
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