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Abstract - The fabrication of dye-sensitized solar cells was successfully carried out using the Dr. Blade deposition method on 

transparent Fluorine-doped Tin Oxide (FTO) coated glass substrates with a sheet resistance of 16.6𝝮/sq. The natural dyes used 

in this research were extracted from bitter leaf (chlorophyll pigment) (vernonia amygdalina), Zobo (anthocyanin pigment) 

(roselle) plant and a mixture of both dyes using ethanol as the extraction solvent. 50 g of each blended bitter leaf and zobo leaf 

were separately extracted in 250 ml of ethanol using a beaker. 25 g each of both dyes was adequately mixed and extracted in 

another 250 ml of ethanol inside a beaker. The cell was fabricated using lead as the counter electrode, nanocrystalline Titanium 

(IV) Oxide as the photoelectrode and potassium iodide as the electrolyte. 0.01 mol of hydrated nickel dichloride was used in 

doping the TiO2 nanoparticles. The XRD pattern showed irregular polycrystalline thin films with fairly randomly oriented peaks. 

Intense and narrow peaks were seen at (110) and (311) orientation for the film corresponding to 2θ values of 25.34o and 68.77o, 

respectively. Optical characterizations of the fabricated cells were carried out using UV-Vis (UV-1800) spectrophotometer. It 

was seen that all the nickel-doped dyes showed a moderate absorption peak of 40% in the UV region of the electromagnetic 

spectrum.  A solar simulator was used for the I-V characterizations of the fabricated cells at an illumination intensity of 

881mW/cm2. The combined chlorophyll and anthocyanin-based dyes, which gave the highest conversion efficiency of 1.63% and 

the least energy band gap of 1.92 eV, were seen to be more efficient than the two lone dyes with efficiencies of 0.31% and 0.40% 

for the anthocyanin and chlorophyll-based dyes respectively. The observed high efficiency of the co-sensitized dyes implies the 

dye synergic absorption effect due to co-sensitization. It also suggests that 0.01 mol of the nickel dopant increases the electrical 

characteristics of the combined dyes.  

Keywords - Chlorophyll-based dyes, Bandgap, XRD, Doping, Efficiency. 

 

1. Introduction 
The PV markets are dominated by photovoltaic (PV) 

modules based on silicon solar cells. This is due to its high 

efficiency and crystallinity (26.7 percent). However, to reach 

the high efficiency required by high pure silicon, a high 

vacuum and high-temperature system must be used, both of 

which are quite expensive [1]. In contrast to expensive 

conventional silicon solar cells, dye-sensitized solar cells 

(DSSCs) are quickly considered a source of future energy 

supply [2-4]. DSSCs are made of readily available, 

inexpensive, and ecologically benign materials. In recent 

years, numerous studies have been conducted on the 

fabrication of DSSCs with high performance, high reliability, 

higher efficiency, and low fabrication cost [5-7]. The DSSC 

investigation was influenced by photosynthesis, in which 

chlorophyll plays a significant role, in much the same manner 

that the dye harvests solar energy to facilitate charge transfer 

in DSSC [8]. Screen printing or inkjet, Doctor blade 

procedures, spray pyrolysis, sputtering, thermal oxidation, 

spin coating, hydrothermal method, electrochemical method, 

and SILAR techniques can all be used to create the promising 

DSSC [9–14]. How effective a DSSC is may depend on 

various material qualities, including the type of dye used, the 

photoelectrode material, the electrolyte type, and the counter 

electrode material. As an electrode material for DSSC, zinc 

oxide (ZnO) [15], tin oxide (SnO2), niobium pentoxide 

(Nb2O5), etc., have all been used [16–20]. Compared to other 

photoelectrode materials, TiO2 has achieved a maximum 

efficiency of roughly 14 percent and is widely employed by 

scientists [21]. TiO2, in addition to having amazing qualities 

like environmental friendliness and affordability, is also 

chemically stable in solution when exposed to solar radiation, 

in contrast to CdS, InP, and GaAs materials, which putrefy in 

solution when light is shone on them. 

Dye-sensitized solar cells (DSSCs) are gadgets that use 

inexpensive, non-toxic materials to convert solar radiation 

into electricity [22]. Environmental issues, including global 
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warming and the scarcity of fossil fuels, have made renewable 

energy more popular. Different kinds of solar cells have been 

created over time to convert sunlight into electricity. Solar 

cells made of crystalline, polycrystalline, and amorphous 

silicon, among others, have all been widely used in various 

commercial and home applications [23]. The difficulty in 

supplying energy is one of the biggest issues in the majority 

of developing nations. These issues resulted from the rapidly 

rising human population, the destruction of high-voltage 

power lines, the use of subpar equipment, and the neglectful 

maintenance of facilities. However, a consistent source of 

energy supply needs to be created to eliminate the problems 

that have been noticed. Both renewable and non-renewable 

energy sources exist. The energy obtained from renewable 

resources and used again is known as renewable energy [41]. 

These energies can be obtained from sun, wind, hydropower, 

biomass, and geothermal sources. They all create clean, 

economic, quiet, and simple energy to manufacture. Both 

renewable and non-renewable energy sources exist. The 

energy obtained from renewable resources and used again is 

known as renewable energy [25]. These energies can be 

obtained from sun, wind, hydropower, biomass, and 

geothermal sources. They all create clean, economic, quiet, 

and simple energy to manufacture [33-38]. 

Photovoltaics is the method of producing direct current 

electricity by converting solar energy into it using 

semiconductors (PV). Polycrystalline silicon, monocrystalline 

silicon, amorphous silicon, cadmium telluride, cadmium 

sulfide, copper-indium-gallium selenide, and copper-indium 

sulfide are the materials most commonly used nowadays in 

photovoltaics [26]. The most popular photosensitizers are 

synthetic dyes, which are very effective and have a 

magnificent capacity for light harvesting. However, due to 

their high cost, toxicity, and lack of availability, natural dyes 

have come to be seen as an alternative. 

Due to their low cost, lack of noise, versatility, ease of 

extraction, abundance in nature, and environmental 

friendliness, dye-sensitized solar cells (DSSCs) are one of the 

most promising energy conversion technologies. This system, 

which uses a method akin to photosynthesis to generate 

electrical energy, was first described by [22]. Initially, dye 

sensitized solar cells (DSSCs) still used ruthenium-based 

dyes. But because ruthenium is rare and difficult to 

manufacture, scientists are starting to focus more on natural 

colours. Plants' leaves, flowers, and fruit can be utilized to 

color DSSCs. 

The influence of doping and co-sensitization on the 

photovoltaic characteristics of dye-sensitized solar cells is 

presented in this study. As the extraction solvent, ethanol was 

used to extract the chlorophyll pigment from the bitter leaf 

(Vernonia amygdalina), the anthocyanin pigment from Zobo 

(Roselle), and a combination of both dyes. Using a beaker and 

250 ml of ethanol, 50 g of mixed bitter and zobo leaf were 

extracted separately. Both dyes, 25 g each, were well 

combined before being extracted in a beaker with an 

additional 250 ml of ethanol. Cabon served as the counter 

electrode, nanocrystalline Titanium (IV) Oxide served as the 

photoelectrode, and potassium iodide served as the electrolyte 

in the construction of the cell. The doping was done using 0.01 

mol of hydrated nickel dichloride. 

 

2. Materials and Methods  
For the creation of the naturally dye-sensitized solar cells, 

the following materials were used in this study: Vernonia 

amygdalina (bitter leaf), Zobo (roselle) plant, distilled water, 

and a substrate made of fluorinated tin oxide (FTO) with a 

sheet resistance of 16.6 ohms per square inch and a thickness 

of 3 mm. Titanium dioxide (Degussa P25), hydrated nickel 

dichloride, lead, ethanol, methanol, iodide electrolyte, filter 

paper, petridish, lab coat, masking tape, latex hand gloves, 

beaker, ceramic mortar and pestle, stirring glass rod, 

ultrasonicator (JL-60DTH), weighing scale, aluminum foil, 

sieve, temperature control furnace, detergent, and blender. 
 

2.1. Dye Extraction from the Selected Samples 

Samples of bitter leaf (chlorophyll pigment) and zobo 

(anthocyanin pigment) plants were harvested from the farm. 

The selected plants were first washed with ordinary water and 

then rinsed with distilled water. The samples were allowed to 

dry at room temperature for four days. The dried samples were 

then blended separately using a blender. The total mass of the 

grinded bitter leaf dye was measured to be 110.6 g using a 

chemical balance, while the total mass of the grinded roselle 

plant was 168.22g, and 50 g of the grinded bitter leaf was 

mixed with 250 ml of ethanol inside a beaker. The mixture 

inside the beaker was covered with aluminum foil, allowing 

one hour to extract the bitter leaf dye adequately. 
 

Similarly, for the roselle plant, 50 g of the grinded roselle 

plant was mixed with 250 ml of ethanol inside another 

separate beaker. The beaker was also covered with a foil and 

allowed for one hour for proper extraction. The preparation of 

co-sensitizer involved the combination of bitter leaf and 

roselle plant. 25 g of grinded bitter leaf was mixed with 

another 25 g of grinded zobo plant, giving a total of 50 g. The 

combined dyes were mixed with 250 ml of ethanol and were 

allowed to extract for one hour. After one hour, the lone dye 

solution and the co-sensitized dye solution were filtered first 

with a sieve and then with filter paper. The filtrates were used 

as the photosensitizer. 

2.2. Cleaning of FTO Glass Substrate 

Fluorine-doped tin oxide (FTO: 16.6𝝮/sq, 3mm thick, 

solaronix) glass was ultrasonicated for 30 minutes using 

ethanol and for another 30 minutes using distilled water to 

remove contaminants.  The ultrasonicated substrates were 

dried under compressed hot air for 30 minutes at 60oC using a 

furnace. The conductive side of the FTO substrate was 

determined using a digital multimeter (DT-830D). 



Imosobomeh L. Ikhioya et al. / IJAP, 9(3), 44-54, 2022 

 

46 

2.3. Preparation of TiO2 Colloidal Solution 

The TiO2 paste was prepared by gradually adding 15ml of 

methanol to 1gram of TiO2 powder (Degussa P25) in a 

ceramic mortar and stirred thoroughly for about 45 minutes 

with a pestle to separate aggregate particles and achieve 

homogeneity. To produce a uniform and homogenous 

suspension, 1 ml of methanol was added, and the mixture was 

grinded before adding another 1ml of the solution. The process 

continued until the 15 ml of methanol solution was used up. 

The grinding and stirring process lasted for about 45 minutes. 

Dried particles of TiO2 collected at the sides of the mortar and 

on the pestle were removed and returned to the center of the 

mortar using a flexible spatula. The processes continued until 

the deposition of the TiO2 on the FTO substrate. 

 

2.4. Doping of the TiO2  Paste 

0.01mol concentration of hydrated nickel dichloride 

(NiCl2∙6H2O) was prepared and used as the dopant. Nickel is 

a period 4 transition metal and is expected to improve the 

electrical conductivity of the solar cell. The 0.01mol 

concentration of the nickel dopant was completely dissolved 

in 2 ml of methanol inside a beaker 
 

2.5. Deposition of the TiO2 film on the FTO Substrate using 

the Dr. Blade method 

The Doctor Blade method of deposition is employed here. 

Before the TiO2 layer was deposited on the FTO substrate, a 

masking tape covering 0.15 to 0.2 cm of the FTO substrate 

was applied to the two parallel sides of the conducting face of 

all the FTO. The substrate for the deposition of TiO2 paste was 

a transparent fluorine-doped tin oxide conducting glass with 

an average diameter of 2.35 cm by 2.50 cm. The masked edges 

were checked for gaps and openings using a glass rod. A glass 

stirring rod was used to disperse the material evenly on the 

FTO glass, gliding across the exposed area of the glass as the 

conducting face was facing upwards. A few drops of the TiO2 

solution were uniformly deposited on the substrate [26]. All 

deposited samples were given 45 minutes to dry at room 

temperature after being deposited. After carefully removing 

the Scotch tape, the electrode was sintered in a temperature-

controlled furnace for 30 minutes at 450°C. To prevent 

cracking, the sintered TiO2-covered conductive glass substrate 

was removed after a slow cooling process within the furnace.   

All of these actions were taken to improve mechanical and 

electrical adherence to the glass. 

 

2.6. Dye Sensitization of the TiO2 Deposited Substrates 

Three sensitizers used are natural dyes extracted from 

bitter leaf (vernonia amygdalina), Zobo (roselle) plant, and the 

mixture of the two dyes in equal proportion. The dyes were 

poured into different beakers, and each working electrode was 

immersed inside the beakers containing the dyes. Before the 

immersion, the two parallel edges of the conducting face of all 

the working electrodes were again covered with scotch tapes 

to avoid dye impregnation around those areas. All the 

immersed working electrodes were faced inside the beaker to 

avoid scratching the TiO2-deposited surface [27]. The 

impregnation process lasted for 24 hours for the dye molecules 

to naturally adsorb onto the TiO2 particles. All the beakers 

containing the dyes and the working electrodes were sealed 

with aluminum foil. The dye-stained TiO2 film was removed 

after 24 hours using a thong, and the samples were placed 

inside different petri dishes with the sensitized surface facing 

up until the cell assembly [28]. 
 

2.7. Preparation of Counter Electrode 

The counter electrode was made from another conductive 

glass. A digital multimeter (DT-830D) was used to check for 

the conductive face of the glass. A pencil made of lead was 

used to coat the conductive face of the glass substrate. No 

masking tape was required for the two parallel edges of this 

electrode, and thus the whole surface was coated.  

 

2.8.  Assembly of Dye-Sensitized Solar Cells (DSSCs) 

The liquid electrolyte solution was prepared by dissolving 

0.5M potassium iodide salt (KI) and 0.05M iodide (I2) into 

acetonitrile [26].  Each dye-sensitized TiO2 electrode sample 

was placed on a laboratory table so that the deposited film side 

faced up. The counter electrode was placed on top so that the 

conductive side of the counter electrode made direct contact 

with the TiO2 film. The two opposing glass slides were offset 

such that all of the TiO2 was covered by the counter electrode, 

and about 0.2cm from the two parallel edges of the part of the 

glass not coated with TiO2 was exposed. Crocodile clips were 

used to hold the two parallel edges of the glass slides. The 

liquid iodide redox electrolyte was injected through the edges 

of the slides from a complete dye sensitized solar cell [29]. 

 

3. Results and Discussion  
3.1. Optical Analysis 

Figure 1a shows the absorbance result of the roselle 

(anthocyanin) based cell, bitter leaf (chlorophyll) based cell 

and a co-sensitized based cell at 0.01 mol nickel doping. The 

deposited films exhibited a moderate absorbance, with the 

bitter leaf-based cell and the co-sensitized cell having a pick 

absorbance value of 0.40 nm in the UV region, which dropped 

sharply as they moved towards the NIR region of the 

electromagnetic spectrum, suggesting the dye synergic 

absorption effect as a result of co-sensitization [28]. It can also 

be seen that the roselle-based cell exhibited a broad absorption 

pick at 557 nm, while the bitter leaf and the co-sensitized-

based cells exhibited a sharp pick at 665 nm and 676 nm, 

respectively. This agrees with the results, which show that 

chlorophyll's pick absorbance is 400-450 nm and 650-700nm, 

while anthocyanin has a typical absorption band at 400-500 

nm. The chlorophyll-based dye, the anthocyanin-based cell 

and the co-sensitized based cell displayed a high transmittance 

value of 100%. However, this was followed by a sharp decline 

to 60% and 50% for the chlorophyll and co-sensitized cells. 

The anthocyanin(roselle) based cell also observed a decline in 

transmittance to 78%, all in the visible region of the 
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electromagnetic spectrum, as shown in figure 1b. Also, it can 

equally be observed from figure 1c that all the samples 

revealed a very low reflectance in the visible region of the 

electromagnetic spectrum. This feature makes the chlorophyll 

and co-sensitized based cells a more suitable material to be 

explored as window layers in solar cell fabrication. The 

observed decrease in transmittance for the chlorophyll and the 

co-sensitized based dyes, which occurred within the visible 

region from 600-780 nm, may be attributed to the increased 

scattering of photons by structural or phase defects in the 

crystal structure of the films created by doping. 

[30].
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Fig. 1 (a) absorbance, (b) transmittance, and (c) reflectance 
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Fig. 2 Optical energy bandgap plots of (a) bitter leaf, (b) roselle, and (c) co-sensitized cells at 0.01mol nickel doping. 

 

3.2. Bandgap Energy 

The optical energy bandgap of the bitter leaf (chlorophyll) 

based cell, roselle (anthocyanin) based cell and the co-

sensitized cell were all estimated by extrapolation of the linear 

portion of the Tauc plots as seen in figure 2 (a, b and c) and 

summarized in (Table 3). The Tauc plot is one method of 

determining the optical band gap in semiconductors [31], and 

this is achieved by plotting the square of the product of the 

absorption coefficient and photon energy against photon 

energy. From the result, the optical band gap energy was 

observed to decrease from 1.98 eV for the chlorophyll-based 

dye to 1.93 eV for the anthocyanin and 1.92 eV for the co-

sensitized dye.  

 

 

 

3.3.  Surface morphology of the chlorophyll-based dyes and 

the co-sensitized cells: 

Figure 3 shows the Scanning Electron SEM results of the 

chlorophyll-based cell and the co-sensitized cell at 1𝜇m 

magnification. For the chlorophyll-based cell (TiO2, 

TiO2+Ni0.01+roselle, and TiO2+Ni0.01+roselle+bitter leaf dye), 

it can be seen that the surface appears smooth, homogenous 

and has a firmly packed grain-like particle. However, for the 

co-sensitized dye (TiO2+Ni0.01+bitter leaf dye), the surface 

appears like that of a nanotube. It could be due to the synergic 

absorption effect of both dyes. Figure 5 is the EDX spectrum 

of the synthesized cell; the peaks show that titanium, nickel, 

oxygen and other element an evident in the synthesized cell. 
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Fig. 3 SEM micrographs of bitter leaf and co-sensitized cells at 0.01 mol nickel doping 

 

 
Fig. 4 EDX spectrum of co-sensitized cells at 0.01mol nickel doping. 

 

 

3.4.  Structural analysis of the chlorophyll-based dyes and 

the co-sensitized dyes 

Figure 5 shows the XRD pattern of Titanium dioxide 

(TiO2). The XRD pattern showed irregular polycrystalline thin 

films with fairly randomly oriented peaks. Intense and narrow 

peaks were seen at (110) and (311) orientation for the film 

corresponding to 2θ values of 25.34o and 68.77o, respectively. 

These diffraction angles confirm that a film is an anatase form 

of TiO2.  Other prominent peaks were also observed to be 

present in all the spectrums. The peak corresponding to 2θ 

value of 27.51°, 31.34°, 37.92°, 48.13°, and 54.15° was 

observed. The lattice parameters obtained from the XRD 
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pattern are summarized in (Table 1). XRD spectra revealing 

the structural behavior of the chlorophyll and the co-sensitized 

cells at the diffraction planes (101), (110), (111), (112), (200), 

(201), (300), and (311) are as shown in figure 5. The result 

confirms that all the dye samples have a polycrystalline 

structure, and their corresponding peaks align with the 

hexagonal structure [30].
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Fig. 5 XRD spectra of bitter leaf and co-sensitized dyes at 0.01mol nickel doping. 

 

Table 1.  Structural parameter for TiO2 

 

Angle (2θ) FWHM 

(β) 

Crystalline Size, D (nm) Latice    spacing, d (nm) Dislocation density, 𝛿 

25.37 0.2344 2.1565 3.5078 2.15026 

27.51 0.2452 3.3993 3.2392 8.6536 

31.34 0.2342 5.5338 2.8515 3.2654 

37.92 0.2765 2.3172 2.3707 1.8623 

48.13 0.2986 2.1174 1.8889 2.2303 

54.15 0.2873 1.5161 1.6922 4.3505 

62.25 0.2432 2.3413 1.6637 1.8241 

68.77 0.2134 1.8690 1.4790 2.8625 
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Table 2.  Structural parameter for bitter leaf and co-sensitized dyes at 0.01mol nickel doping 

Angle (2θ) FWHM 

(β) 

Crystalline Size, D (nm) Latice    spacing, d (nm) Dislocation density, 𝛿 

26.79 0.20452 5.7584 3.3246 1.2889 

33.93 0.28618 5.2792 2.6396 1.2460 

38.08 0.17913 4.7218 2.3609 1.2170 

51.94 0.23884 3.9329 1.7588 1.1008 

54.75 0.38006 4.1030 1.6750 7.5299 

61.85 0.33022 4.2389 1.4987 7.0268 

65.76 0.2254 4.0128 1.4187 4.6456 

 

 

3.5. Photoelectric Conversion Efficiency of the Chlorophyll, 

Anthocyanin and Co-sensitized cells 

Figure 6 shows the J-V plots for the chlorophyll, 

anthocyanin and co-sensitized cells, respectively. The I-V 

characterizations of the cells were measured under 

illumination intensity using a solar simulator. The 

illumination intensity used was 881mW/cm2. The values for 

the maximum current, Jmp and maximum voltage, Vmp, were 

obtained from the current density plots and power as a 

function voltage. The fill factor, FF, a figure of merit for the 

solar cell, and the solar cell photoelectric conversion 

efficiency were measured using the following equations 

according to [26]. 

 

FF = 
𝑉𝑚𝑝 𝐽𝑚𝑝 

𝑉𝑜𝑐𝐼𝑠𝑐
 =   

𝑃𝑚

𝑉𝑜𝑐𝐼𝑠𝑐
   (1) 

 

The solar cell photoconversion efficiency is given by 

                    

ƞ =
𝑉𝑂𝐶𝐼𝑆𝐶𝐹𝐹

𝑝𝑖𝑛
     (2) 

 

The cell parameters and efficiencies of the chlorophyll, 

anthocyanin and co-sensitized dyes were summarized in table 

4. It is observed that for the two lone sensitizers, the 

chlorophyll (bitter leaf) based cell gave a better efficiency of 

0.40%, while the anthocyanin-based cell achieved 0.31% 

efficiency. The lower efficiency for the anthocyanin-based 

cell agrees with the result of [28]. The observed differences in 

efficiency for the two lone dyes could be attributed to their 

different anchoring functional groups. However, the co-

sensitized based cell achieved the highest conversion 

efficiency of 1.63%, suggesting a dye synergic absorption 

effect as a result of co-sensitization. It also indicates that 

0.01mol of the nickel dopant increases the electrical 

characteristics of the combined dyes [32] 
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Fig. 6 The J-V curve for cells sensitized with (a) roselle, (b) bitter leaf, (c) roselle and bitter leaf (chlorophyll) dye (co-sensitization) dye under light at 

881mW/cm2 

 

Table 3.  Bandgap energy and thickness of roselle, bitter leaf and co-sensitized based dyes. 

Sample Thickness (nm) Eg(eV) 

Roselle based dye 108.01 1.93 

Bitter leaf-based dye 110.00 1.98 

Co-sensitized dye 107.05 1.92 

 
Table 4. Short circuit current density (Jsc), Open circuit voltage (Voc), Maximum voltage (Vmp), Maximum current density (Jmp), Fill factor (FF), and 

efficiency (η) of roselle, bitter leaf and co-sensitized dyes. 

 

4. Conclusion
The fabrication of natural dye sensitized solar cells have 

been successfully completed using Dr. Blade's deposition 

method. Natural dyes based on chlorophyll and anthocyanin 

pigments extracted from bitter leaf and roselle leaf using 

ethanol as the extraction solvent was used as the 

photosensitizer for dye sensitized solar cells application. The 

dyes were used individually as lone sensitizers harnessing the 

chlorophyll and anthocyanin and co-sensitizers harnessing the 

combined dyes. 0.01mol nickel was used as the dopant for 

both the lone dyes and the co-sensitized dye. A comparative 

study was done for the DSSCs, and their optical behavior was 

investigated using UV-Vis (UV-1800) spectrophotometer. It 

was seen that all the nickel-doped dyes showed a moderate 

absorption peak of 40% in the UV-Vis region of the 

electromagnetic spectrum. We can now conclude that 

combined chlorophyll and anthocyanin-based dyes with the 

highest conversion efficiency of 1.63% and the least energy 

band gap of 1.92 eV are more efficient than the two lone dyes 

with efficiencies of 0.31% and 0.40% for the anthocyanin and 

chlorophyll-based dyes respectively. The observed high 

efficiency of the co-sensitized dyes implies the dye synergic 

absorption effect due to co-sensitization. It also suggests that 

0.01mol of the nickel dopant increases the electrical 

characteristics of the combined dyes. 
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