Australian Journal of Basic and Applied Sciences
2018 May; 12(5): pages 17-23
DOI: 10.22587/ajbas.2018.12.5.5
AENSI Publications

Research Article

Dye-Sensitized Solar Cell Using Natural Vegetable Dyes Based On Anatase Phase
1,2Hesham
1Prof

Ibrahim Saleh

of Inorganic Chem., Dep. of Chem., Faculty of science, Arar, Kingdom of Saudi Arabia.
Research Centre, Inorganic Chem. Dep., P.O. 12622, Dokki, Cairo, Egypt.

2National

Correspondence Author: Hesham Ibrahim Saleh, Prof of Inorganic Chemistry, Department of Chemistry, Faculty of science, Arar, Kingdom of Saudi
Arabia,
E-mail: heshamsaleh112@yahoo.com
Received date: 23 March 2018, Accepted date: 25 April 2018, Online date: 25 May 2018
Copyright: © 2018 Hesham Ibrahim Saleh. This is an open-access article distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Abstract
Background: The performance of dye sensitized solar cells (DSSCs) is mainly based on the dye as a sensitizer. The use of natural
dyes extracted from vegetables as sensitizers for the conversion of solar energy into electricity is very interesting because it
improves the economical aspect and makes important profit from the environmental. Objective: The objective of the present study
was to prepare a natural dye (extracted from purple cabbage, purple carrots and a mixture of them) available easily, low cost, easy to
prepare, non-toxic and friendly to the environment for use as a sensitizer in the solar cell. Also we attempt to take advantage of the
proposed synthetic route of anatase-TiO2- nanoparticles phase in a simple way so as to prepare photo anodes for the fabrication of
the cell. Thus DSSCs device were fabricated using TiO2 nanoparticles for the three sensitizers and their photovoltaic performance
were determined Results: The IR spectra of using natural extracts contain bands that can be assigned to the coloring components
found in the dye of anthocyanin compound. Microscope (SEM) and X-Ray Diffractometer (XRD) were used to characterize the
morphology and structure of the TiO2. The dyes have shown absorption in broad range of the visible region (524–561 nm) of the
solar spectrum and appreciable adsorption on to the semiconductor (a-TiO2) surface. The DSSCs made using the extracted dyes
have shown that the open circuit voltages (Voc) varied from 0.585 to 0.66 V, short circuit photocurrent densities (Jsc) ranged from
1.96 to 3.16 mA cm−2 and energy conversion efficiency (η%) ranged from 0.538 to 1.29. Conclusions: anatase-TiO2 nano-crystalline
powder was successfully synthesized by using the chemical hydrolysis technique with some modifications. By controlling the
conditions properly, nano-TiO2 powders of anatase form with the grain size of 44 nm could be obtained. Natural dyes prepared from
the vegetables, purple cabbage and purple carrots were successfully extracted by using ethanol acidified with 0.01% acetic acid (as
solvent). The highest conversion efficiency was obtained for the DSSC fabricated using a mixture from purple cabbage and purple
carrots.
Key words: DSSCs, anatase-TiO2 nanoparticles, natural vegetable dyes, anthocyanins.
INTRODUCTION
Dye-sensitized solar cells (DSSCs) have drawn attention of the researchers as an efficient low-cost alternative to traditional silicon solar cells (Iswariya S., et
al., 2017; Divya1 C et al. 2017; Mathew S., et al. 2016; Gokilamani N., et al., 2015). The technology of DSSCs is not yet mature and a lot of research is still
needed. The use of natural dyes extracted from trees, fruits, and vegetables as sensitizers for the conversion of solar energy into electricity is very interesting
because it improves the economical aspect and makes important profit from the environmental(Cortez R., et al., 2017; Pervaiz T., et al., 2017; Apostolopoulou A.,
et al., 2016; Maabong K., et al., 2015). Anthocyanins are the vital coloring dyes (orange, red, purple, and blue) evident, are present in all plant tissues throughout
the plant kingdom (Pervaiz T., et al., 2017; Cortez R., et al., 2017). Generally, a dye-sensitized solar cell is usually composed of a dye-capped nanocrystalline
porous semiconductor electrode, a metal counter electrode, and a redox electrolyte mediating electron transfer processes occurring in the cell. The performance of
the cell is primarily dependent on the material and quality of the semiconductor electrode and the sensitizer dye used for the fabrication of the cell. For their
application in DSSCs, many wide band-gap metal oxide semiconductors have been studied but most extensively employed semiconductors are TiO2 (Grätzel M.,
2001; JiuJ., et al., 2007; Chou C., et al., 2012; Senthil, T. S., et al., 2011; Kanmani, S.S. et al., 2012). The absorption spectrum of the dye and the anchorage of the
dye to the surface of TiO2 are important parameters determining the efficiency of the cell (Godibo, D. J., et al., 2015). Intensive research on the photo physics and
photochemistry of TiO2-based DSSCs has shown that the power conversion efficiency of TiO 2 is greatly affected by its particle size, crystalline phase, surface
area, film porosity and dye affinity (Jiangjian S., et al., 2016; Matsumura T., et al. 2010; Yildiz A., et al., 2008). TiO2 exists in two major allotropic forms: anatase
and rutile. The anatase phase (a-TiO2) has attracted researchers to a great extent because of its more favorable surface chemistry and smaller particles for more dye
adsorption (Alexander M. N. and D. F. Holcomb, 1968; Yong L., et al., 2015). In nanophase, the materials have properties entirely different from corresponding
bulk phase, therefore it is expected that dye-sensitized solar cells (DSSCs) based on nanocrystalline anatase and rutile will display a drastic change in photovoltaic
properties (BaiY., et al., 2008). The mesoporous anatase film in the structure of sensitized solar cells has the purpose of absorbing the sensitizer (dye, quantum
dots, or perovskites); therefore, it is convenient for this film to have a large surface area to absorb as much sensitizer as possible, which can be achieved using a
mechanically stable mesoporous film with a pore size below 50 nm (Smestad, Gp.,1998; Dhungel, SK., et al., 2010). Several techniques exist to prepare
mesoporous anatase films from TiO2 nanoparticles synthesized in the laboratory such as spin-coating, doctor-blading, spray pyrolysis, and screen-printing
techniques (Dhungel, SK., et al., 2010; Ito S., et al., 2008; Ito, S., et al., 2003). In addition, several procedures have been developed to synthesize TiO2; among
them, the hydrothermal process using an autoclave has been an effective method to obtain crystal sizes between 6 and 15 nm at pressure and temperature values
above 50 atm and 200 °C, respectively (Huang Cy., et al., 2006; Hsiao PT., et al., 2010).The present work was focused on the extracted of two dyes from

Australian Journal of Basic and Applied Sciences
ISSN: 1991-8178, EISSN: 2309-8414

18
Citation: Hesham Ibrahim Saleh, 2018. Dye-Sensitized Solar Cell Using Natural Vegetable Dyes Based On Anatase Phase. Australian Journal of Basic and
Applied Sciences., 12(5): 17-23.
vegetable plants and used as DSSC photosensitizes. Also we attempt to take advantage of the proposed synthetic route of TiO 2- nanoparticles anatase phase to
prepare photo anodes for DSSCs. The structural, optical, electrical and morphological properties of materials were analyzed using XRD, UV visible spectroscopy,
SEM, FTIR analyses and electrical measurements.
2. Methods:
2.1 Preparation of Natural Dye Solutions (Extracts):
The natural dyes were extracted from two vegetable samples (red Cabbage and Purple carrots) through a very rigorous process which employing the
following procedure: fresh Red Cabbage or Purple carrots were washed with water and dried. 10 gm for each plant specimens partly were mixed with 100 ml
ethanol acidified with 0.01% acetic acid(as solvent) and macerated in a warring blender at full speed for 5 min. Solid residues were filtrated out to obtain clear dye
solutions. The residue on the filter paper was washed rapidly with the extracting solvent until collecting of about 300 ml from extracted pigments. The resulting
extracts were concentrated in a rotary vacuum evaporator until 50 ml at >40 oC and stored in the absence of light. A mixed dye was prepared by mixing Red
Cabbage solution to Purple carrots solution at a ratio of 1:1by volume.
2.2. Preparation of TiO2 electrode:
Titanium dioxide nanoparticles were synthesized through the controlled hydrolysis of titanium tetrachloride (Lee J. H., and Y. S. Yang., 2005; Sun, A. H., et
al., 2009). To synthesize titanium nanoparticles with a unique crystalline anatasephase,0.025 M ammonium sulfate was added slowly to 3 M TiCl4 in order to
reach a concentration of 0.5 M. 2.5 M ammonium hydroxide solution was added until the pH was 7. To complete the hydrolysis, the solutions were heated to 70°C
for 10 hours and gently stirred. To perform a homogenous hydrolysis process and avoid product heterogeneity (induced by direct admixture of the reagents), it was
required to perform the steps slowly (Iwaszuk A., et al., 2013). After completing the hydrolysis process, the synthesized powder was centrifuged and washed twice
with distilled water and then the resultant paste was packed in plastic pouches and stored in normal room temperature until use.
2.3 DSSC Assembling:
A smooth paste nanocrystallinea-TiO2 layer was spread over a conductive glass plate having 15Ω/cm 2 which was purchased from Hartford Glass Co., Inc.
The coated plate was then sintered at 450 oC for 2 hours. The dyes were attached to the TiO2 surface by immersing the coated electrodes in the aqueous solution of
each dye for 24 h. The non-adsorbed dye was washed up with anhydrous ethanol. Pt counter electrode was prepared by deposition of Pt catalyst T/SP paste
(purchased from Solaronix SA) on another conductive glass. DSSCs were assembled following the procedure described in the literature (Smestad G.P., 1998), the
catalyst-coated counter electrode was placed on the top so that the conductive side of the counter electrode faces the TiO 2 film. The iodide electrolyte solution
(0.5M potassium iodide mixed with 0.05M iodine in water-free ethylene glycol) was placed at the edges of the plates. The liquid was drawn into the space between
the electrodes by capillary action. Two binder clips were used to hold the electrodes together.
3.Experimental Set-up:
The prepared samples were subjected to different characterization including the absorption spectra of dye solutions and dyes adsorbed on TiO2 surface were
recorded using a UV–VIS spectrophotometer (Shimadzu, model UV-3101) to carry out the absorption spectra of the extracts in the visible range. Fourier
transforms infrared (FT-IR) spectrophotometer was used to test the functional groups in the dye molecules by Avatar 360 FTIR spectrograph. The XRD analysis of
the prepared sample of TiO2 nanoparticles was done using a Bruker make diffractometer, Cu-Kα X-rays of wavelength ( λ ) =1.5406 Å and data was taken for
the 2θ range of 10° to 70° with a step of 0.1972°.Solar energy conversion efficiency (the photocurrent–voltage(I–V) curve) was measured by using two
computerized digital Keithley multimeters under simulated sunlight (Am1.5, 100mWcm-2). Based on I–V curve, the fill factor (FF)is defined as:
FF

(1)

where Imax and Vmax are the photocurrent and photo voltage for maximum power output (Pmax), Isc and Voc are the short-circuit photocurrent and open-circuit
photo voltage, respectively. The overall energy conversion efficiency (η ( is defined as:
η

(2)
Where Pin is the power of incident light.
RESULTS AND DISCUSSION

4.1 XRD analysis:
The X-ray diffraction pattern of the synthesized TiO2 is shown in Fig.1. The sharp points indicate the forming of a material with high crystallinity. The XRD
pattern of titanium oxide sample prepared using hydrothermal method at 70°C agrees with the JCPDS card no. 21-1272 (anatase TiO2). From the Fig 1, it can be
seen that dominant point is at 2θ: 25.32; 37.86 and 48.06. There is no any spurious diffraction peak found in the sample. Strong diffraction peaks at 25.27° and
48.01° indicating TiO2 in the anatase phase structure (Ba-Abbad M., et al., 2012; Thamaphat K., et al., 2008). The crystalline size was determined using the
Scherrer equation
λ
θ

2d sinθ=n λ

(1)
(2)

Where, λ is wave length of X-Ray (0.1540 nm), is FWHM (full width at half maximum), θ is diffraction angle, d is d-spacing and D is particle diameter
size. The intensity of XRD peaks of the sample reflects that the formed nanoparticles are crystalline and broad diffraction peaks indicate very small size crystallite
(ranging from 44-48nm).
4.2 Morphological Analysis (SEM):
The morphology study was analyzed with Scanning Electron Microscopy (SEM), and the synthesis of TiO 2 is shown in Figure 2. It can be seen that there are
no clusters of granules produced, and that the grains are homogeneous.SEM image has roughly spherical spongy shape and agglomeration nanoparticles (Kavitha
T., et al., 2013).The morphology of TiO2 was then analyzed to determine the average particle size. From the calculation, the average particle size was 44.34 nm.
4.3 FTIR spectroscopy:
Figure-3 shows the identification of the functional group for active compound for natural extract ( purple cabbage and Purple carrots )were measured by
using FT-IR spectra based on the spectral range within the wave band of 4000- 500 cm−1. An examination of the spectra reveals that, the small bands in the
regions 2897 and 3000 cm−1 represents C-H bonding. Whiles broad long beak is obtained in the region 3397 cm-1 which is attributed to the existing of carboxyl
group correspond to the CO=OH stretching vibrations. Also, in these spectrums the long sharp signal characteristics bands of C=O ( carbonyl group ) stretching
vibration at 1650 cm-1 and stretching vibration of C-O-C esters at 1030 cm-1 are found. The band at around 675 – 750 cm-1 is assigned to aromatic C-H bending
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vibration. Thus, from the above mentioned it can be seen that, the IR spectra of using natural extracts contain bands that can be assigned to the coloring
components found in the dye of anthocyanin and this corresponds to most previous studies (Reena K., et al., 2013; Syafinar R., et al., 2015).
4.4 UV-VIS spectroscopy:
Fig. 4 and 5shows the UV/visible absorption spectra of purple cabbage, purple carrot, mixture extracted dyes between of them and on TiO2 (anatase)
electrode after being soaked in dye solution respectively. The absorbance spectrum was measured in between the wavelength range of 400 nm and 800 nm. As
seen in the figures, these dyes have better absorption features in the UV light zone. It was found that the optimum absorption peaks of purple cabbage, purple
carrot and the mixture are at 510 nm, 520 nm, and 530 nm respectively. From these values it can be seen that, the light absorption spectrum of the mixed extract
contained peaks corresponding to the contributions from the individual extracts. This absorption ascribes to their identical components, namely, anthocyanins, a
group of natural phenolic compounds (Reena K., et al., 2013). Anthocyanin is the core component of some natural dyes and is often found in the fruits, flowers,
and vegetables (Gokilamani N., et al., 2013).Because, anthocyanin shows color in the range of visible light from red to blue. From the maximum absorption
wavelength ( λmax), the pigment of natural based dye can be described ( Al-Alwani M.A.M., et al., 2015). It is predicting to become a highly efficient sensitizer for
wide band gap semiconductors as reported by Kanmani, S.S. et al., 2012.
After immersion of the TiO2-coated electrode (photo anode) in the extracts, observable colors of TiO 2 films turned to different deep purple for the three
pigments with a shift to a higher wavelength at 525, 535 and 565 nm compared to that of the anthocyanin in solution as shown in figures 3and 4. The difference in
the absorption peak and the shift towards lower energy can be attributed to complexation between anthocyanin and metal ions, Ti 4+(Hao S., et al., 2006).
Anthocyanin’s adsorption onto TiO2 surface produces strong complexes displayed prevalently the quinonodial form which ascends from –OH (or =O) groups and
Ti(IV) sites on semiconductor nanocrystalline layer (Calogero G., et al.2008; Narayan, M. R., 2012). The advantage of carbonyl and hydroxyl groups present in
the anthocyanin (which is well matched with the FT-IR absorption spectra) molecules can be bonded to the surface of a porous nan anatase TiO2 substrate as
shown in Fig 6. This links makes injection excitation electron from anthocyanin molecule to the conduction band of TiO 2(Hao S.,et al. 2006). With the absorption
ability in the UV-Vis wavelength range, it can be concluded that it is possible for the natural extracts to be used as the natural dyes in maximizing the DSSC
performance.
4.5 J-V characterization curve:
Dye-sensitized solar cells (DSSCs) were constructed and compared in order to clarify the relationships between the sensitizing behaviors of natural dyes
molecules. The DSSCs utilized these natural dyes as sensitizers for nanocrystalline a-TiO2. A typical photocurrent–photovoltage (J–V) curve for cells based on
natural dyes and a mixture of extract is depicted in Figure 7. Table 1 presents the detailed photovoltaic parameters of DSSCs in terms of short circuit photocurrent
(Jsc), open-circuit voltage (Voc), fill factor (FF) and energy conversion efficiency (η).
Table 1: Photovoltaic performance of DSSCs based on purple carrot, purple cabbage and mixture of extract (with the two dyes in combination)
Natural Dye
Jsc (mA/cm2)
FF(%)
(%)
oc (V)
purple carrot
1.96
0.585
47
0.538
Purple cabbage
2.08
0.66
53
0.75
mixture
3.16
0.66
62
1.29
According to the results shown in Table 1 and figure 7, the efficiency of natural dye based DSSC is correlated to the maximum absorption coefficient of the
dye and the interaction of the dye molecules to the TiO2 surface. It is also dependent on intensity and range of the light absorption of the extract on TiO 2. Higher
interaction between TiO2 and dye molecules leads to better charge transfer (Anees Ur. R., et al. 2014). The conversion efficiencies of cells containing purple
carrot, purple cabbage and mixture extract are 0.538%, 0.75% and 1.29%, respectively. Obviously, the efficiency of the cell sensitized by the combination of the
mixture extract was significantly higher than the one sensitized the extract for purple carrot and purple cabbage. This is due to the difference in the kind and
concentration of the anthocyanins extract adsorbed on TiO2 film used, which is in accordance with the results reported by Chang and Lo, 2010, which stated that
the combination of dye can improve the conversion efficiency of DSSCs.

Fig. 1: XRD pattern of TiO2 nanoparticles (anatase phase)
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Fig. 2: Scanning electron microscope picture of a nanocrystalline TiO2 (anatase) film used in the dye-sensitized solar cell (DSSCs).

Fig. 3: FT-IR spectrum for natural extract (a) purple cabbage and (b)Purple carrots

Fig. 4: Light absorption spectra of dye solutions of: (a) purple carrots extract; (b) purple cabbage extract; (c) mixed carrot-cabbage.
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Fig. 5: Light absorption spectra of dye solutions absorbed on TiO2 : (a) purple carrots; (b) purple cabbage; (c) mixed carrot-cabbage.

Fig. 6: The basic molecular structure of anthocyanin and the binding between anthocyanin molecule and TiO 2 particles.

Fig. 7: J-V curve of DSSCs sensitized by natural extract; () purple carrots, ()Purple cabbage, and (▲) mixture dye.
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Conclusions:
From these results it can be concluded that, unique a-TiO2 phase nanoparticles with excellent properties have been successfully prepared using the chemical
hydrolysis technique with some modifications. The XRD and SEM results indicate that the composite and granular size were nanoscopic phase and 40nm
respectively. The synthetic a-TiO2 nanoparticle was used in the design of DSSC solar cells. AS we found that the combination of the dye from both red cabbage
and purple carrots in the DSSC solar cell plays an important role in the fundamental parameters (VOC, JSC, FF, and η%) that describe improves its performance.
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