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Abstract 

 

The efficiency of the best Dye sensitized solar cell is primarily depends on the good light harvesting 

property of the photo anode. Present study uses Lawsone (2 hydroxy [1, 4] -naphthoquinone), the 

natural dye and compare the performance of photo anode in bare TiO2 and with nanoporous CaCO3 

coated TiO2. As compared to bare TiO2, the surface area of nanoporous CaCO3-coated TiO2 

increases, consequently, a better amount of dye adsorption occurs. The coating of CaCO3 increases 

the impedance at TiO2/dye/electrolyte interface and affect lifetime of the photoelectrons. Due to this 

reasons the short circuit current Jsc, open-circuit voltage (Voc), and fill factor (FF) increases. 

Thereby, the energy conversion efficiency of the solar cell is improved. 

 

Introduction 

 

Dye sensitized solar cells [1] have received an enormous attention for alternative energy due to their 

low cost production, environment friendly elements, and comparatively high-energy conversion 

efficiency. To fabricate such a cell, the sensitizer (dye) that harvests the photons in near IR region is 

adsorbed [2] to the surface of a wide band gap semiconductor, typically an oxide such as TiO2 film 

[3]. The photo-excitation of the dye molecule causes the injection of electrons into the conduction 

band of the Titanium di-oxide. The dye is regenerate by hole injection from an electrolyte, an ionic 

liquid containing the majority of iodide/tri iodide couple as a redox system. The redox system is 

regenerated in turn around by the reaction with the electrons at the counter electrode which have 

passed through the external circuit. The voltage generated under illumination corresponds to the 

difference between the energy level of electron in the oxide and the work function of the hole 

conductor or the redox potential of the electrolyte. Thus, the device is regenerative, produce 

electricity from light without any stable chemical renovation. The TiO2 photo anode and 

electrolytes play a key role in charge severance and transport in DSCs, and the advances of these 

materials may significantly prop up the photovoltaic performance by optimizing structural[4] and 

electrochemical properties. TiO2 nanoparticles have been extensively modified by using various 

oxide coating layers like ZnO, Al2O3, MgO, by this modification the cell efficiency of DSSCs 

improved considerably. The insulating nature of the wide band gap coating layers amplifies the 

surface resistance of TiO2 nanoparticles.  
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In the present study, we select CaCO3, an oxide- based non metal, as a coating layer on the TiO2 

film because its band gap energy is satisfactorily high (6.0 eV) compared with that of TiO2. Its high 

isoelectric point (IEP) is also one of the eminent parameters to help the TiO2 particle to raise the 

dye adsorption and nanoporous CaO (being lastly changed to CaCO3) can be prepared using thermal 

topotactic decomposition of Ca(OH)2 [5-7]. Previous studies on CaCO3 coated TiO2 have paying 

attention only on the high IEP and insulating nature of CaCO3. Here, we present that the CaCO3-

coated TiO2 film with high surface porosity, an extrinsic parameter can significantly enhance the 

energy conversion efficiency of the natural dye. Also, the improved efficiency of the surface-

modified DSSCs is shown by the optical and electrical investigations on correlation between the 

CaCO3 [7,8] coating TiO2 and the bare TiO2 and study the energy conversion efficiency. 

 

 

Experimental Method 

 

Preparation of a Dye sensitized Nanostructured TiO2  

  

Electrode Fluoride doped tin oxide-coated glass substrate (FTO) having resistance of 10Ω/cm
2
 was 

purchased from Solaronix, Switzerland, with a size of 1cm×2cm is cleaned as reported in [10]. A 

photo electrode was prepared by using nanocrystalline TiO2 (Degussa-P25) powder coating on FTO 

glass substrate by doctor blade technique. The coated films were dried at 80
0
C for 30 minutes and 

then were sintered at 450
0 

C for 1h. The thickness of the TiO2 electrode was approximately 12 µm 

as measured by a field emission scanning electron microscope (FESEM). Lawsone (2 hydroxy [1, 

4] –naphthoquinone) from Aldrich was used as the dye. Fig.1 shows the molecular structure and 

Fig.2 shows its absorption spectrum. 

 

To coat the CaCO3 layer on the TiO2 photoelectrode, a Ca(NO3)2 solution (0.03 M, in deionized 

water (1/1)) and a NaOH solution (0.06 M, in deionized water (1/1)) were spin-coated on the pure 

TiO2 photo electrode in series. During deposition, the Ca(NO3)2 reacted with NaOH to form a 

Ca(OH)2 layer. To remove any residual ionic species the film was washed with deionized water. 

The Ca(OH)2 coated TiO2 photo electrode is annealed at 450
0
C for 15 min in N2 atmosphere in 

order to topotactically decompose the Ca(OH)2 to CaO over the TiO2 molecule. Further annealing of 

the photo electrode at 450
0
C for 15 min in air transformed the CaO layer to a CaCO3 layer through 

a dynamic reaction between CaO and CO2 in air and then subjected to dye adsorption for 12 h. 

Reference powder of CaCO3 was also prepared by reacting Ca(NO3)2 and NaOH solutions in order 

to examine the formation of CaCO3 without TiO2 nanoparticles. CaCO3 nanoparticles produced by 

the reaction of Ca(NO3)2 and NaOH solutions were treated by the same method used for the CaCO3 

coating over TiO2 nanoparticle surfaces. 
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Fig.1: Strucutre of Lawsone 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: The absorption spectra of Lawsone dye in methanol shows the absorption peak from 200-

400 nm. 

 

Preparation of Electrolyte 

 

 For electrolyte preparation, polyethylene glycol (PEG) (MW 400) potassium iodide, Acetonitrile 

and iodine from Aldrich were procured and used without further modification.  

 

Preparation of Counter Electrode 

 

In cleaned FTO glass substrates a few droplets of platinum solution consisting of 5 mmol/dm
3
 PtCl4 

(98%, Aldrich) in isopropanol (99.7%), Merck) were spread and dried in the ambient temperature. 

Finally the substrate were fired in an oven at 385
0
C for 15 minutes and then cooled at room 

temperature.  

 

Assembling of the Dye Sensitized Solar Cell 

 

For the fabrication of solar cells, the photoelectrodes (bare TiO2 and CaCO3-coated TiO2 electrodes) 

were immersed in a solution of Lawsone [2 hydroxy [1, 4] –naphthoquinone], dye dissolved in 

methanol, at room temperature for 12 h. Then, the dye-adsorbed electrode was assembled with the 
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counter electrode to form a sandwich type DSSC. A drop of electrolyte solution is injected between 

the two electrodes of the cell. The electrolyte is injected into the space between the photo electrode 

and the counter electrode. Now the device is ready for characterization. 

 

Results and Discussion 

 

The X-ray diffraction (XRD) of the products produced from the reaction between Ca(NO3)2 and 

NaOH is shown in Fig.3.The thermal decomposition of Ca(OH)2 in the presence of N2 gas leads to 

the formation of a CaO phase. The CaO phase was converted into a CaCO3 when the CaO is further 

annealed in air. This happens through the reaction between CaO and a carbonaceous species such as 

CO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3: XRD pattern of (a) product from the reaction of Ca(NO3)2 and NaOH, (b) product annealed 

at 450
o
 C in nitrogen atmosphere for 30 minutes, (C) product annealed at 450

o 
C in air for 30 

minutes.  

 

The TEM micrographs in Fig.4.(a) and (b) confirm that a typical topotactic reaction occurs, when 

the reaction takes place between Ca(NO3)2 and NaOH. The product thus formed is thermally 

annealed and thereby a highly nanoporous CaO phase is formed. The change in bright-field images 

and diffraction patterns indicates that a Ca(OH)2 platelet with a size of 0.3 µm (Fig.4(a)) is 

decomposed into many CaO nanocrystals (black spots in Fig 4(b)). This is due to the significant 

change in density between Ca(OH)2 (2.2 g/cm
3
) and CaO (3.34 g/cm

3
). The topotactic reaction from 

Ca(OH)2 to CaO also creates many nanopores with a size of approximately 2-3 nm (white spots in 

Fig 4 (b)). The pore size in Fig 4(b) is analogous to a previously reported pore size (about 2.7 nm) 

in CaO that also knowledgeable thermal topotactic decomposition
 
[9]. The ring like diffraction 

pattern in the Fig 4(d) indicates that the big hexagonal shape in Fig 4(b) is not a single crystal and 

consists of many CaO nanocrystals. A TEM micrograph (Supporting Information) for CaCO3, 

which was obtained by subsequent annealing of the nanoporous CaO particle in air, shows that the 

CaCO3 particle retains the nanoporous nature of the CaO particle. TEM images in Fig (a) is of 

(Ca(OH)2) which is a grown product by the reaction between Ca(NO3)2 and NaOH (b) is of 
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nanoporous CaO which is the product annealed at 450°C in N2, (c) and (d) shows the selected area 

diffraction patterns. Fig 5 shows the nanoporous CaCO3-coated TiO2 nanoparticle. The TEM 

micrograph for the CaCO3-coated TiO2 nanoparticle in Fig 5 clearly confirms that the nanoporous 

layer was coated onto TiO2 nanoparticles. The thickness of the CaCO3 coating is about 3.5 nm. The 

high porosity would be responsible for the absence of the lattice fringe at the CaCO3 shell, as shown 

in Fig 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. (a): TEM image of grown product (Ca(OH)2)by the reaction between Ca(NO3)2 and NaOH  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. (b): TEM image of grown product (nanoporous CaO) annealed at 450°C in N2 
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Fig. 4. (c): Shows the selected area diffraction patterns of Fig. 4(a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. (d): Shows the selected area diffraction patterns of Fig.4(b). 
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Fig. 5: TEM image of the nanoporous CaCO3-coated TiO2 nanoparticle. 

 

Photocurrent–voltage curves were measured using a Keithley Electrometer 2420. A solar simulator 

with 300 W Xe lamp with an AM 1.5 spectrum and an output power of 100 mW/cm
2 

was used to 

illuminate the active area, 1 cm
2 

of the photo electrode. Fig.6 compares the photocurrent-voltage 

curve of DSSCs utilizing the CaCO3-coated TiO2 photo electrode with that of the bare TiO2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: J-V characteristics for DSSCs using bare TiO2 (black) and CaCO3-coated TiO2 (red) 

electrodes. 
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Important physical parameters governing the efficiency of the DSSCs were determined from the 

photo- current-voltage curve, and the results are presented in Table I. The overall conversion 

efficiency of the cell increases from 0.95 to 1.34%, corresponding to an improvement of 40%. All 

factors constituting the overall efficiency, that is, short-circuit current density (Jsc), and fill factor 

(FF), significantly increase when the TiO2 electrode was coated by the CaCO3 layer. The 39% 

increase of Jsc is particularly notable, compared with other reported surface-modified photo 

electrodes.[10] This big increase clearly shows the benefit of the nanoporous feature of the CaCO3 

coating layer in the current work in improving the performance of DSSC.  

 

 

Table 1: Photovoltaic parameters of the fabricated DSSCs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Absorption spectra of desorbed dye solutions from (a) bareTiO2 (black) and (b) CaCO3-

coated (red) TiO2 photo-electrodes. 

 

To investigate the origin of improved efficiency, the dye desorption studies are done as follows. 

The dye-immersed electrode was soaked in an alkaline alcoholic solution for 2 h to desorb the dye 

molecules from the electrode by taking optical absorption spectra the amount of the desorbed dye 

molecules was quantified. The optical absorption spectra for the desorbed dye molecules are shown 

in Fig.7. The significant increase in the optical absorption of the CaCO3-coated TiO2 photo-

electrode indicates that the nanoporous CaCO3 layer on TiO2 nano particles apparently increases the 

amount of adsorbed dye molecules by increasing the surface area. The increase of 54% in dye 

adsorption, which originates from the high specific surface area of the CaCO3 over layer, certainly 

Sample 
Jsc 

(mA/cm
2
) 

Voc 

(V) 
FF 

Efficiency 

(%) 

Bare TiO2 2.21 0.66 0.65 0.95 

CaCO3 – coated TiO2 3.09 0.66 0.66 1.34 
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contributes to the increasing Jsc. The lifetimes of electrons in the bare and CaCO3-coated TiO2 

photo-electrodes were measured to find further evidence of the correlation between the CaCO3 

coating and the retarded back electron transfer. It is well known that the longer lifetimes of photo 

generated carriers for better photovoltaic performance also gain benefits from suppressing the back 

electron transfer. As a supporting analysis on the presence of the nanoporous layer, the BET surface 

area was measured, which yielded 55.0 and 47.3 m
2
/g for CaCO3-coated and bare TiO2 

nanoparticles, respectively. Because only 3.5 nm of CaCO3 layer coated on the TiO2 electrode, the 

increase in the specific surface area indicates that the coated CaCO3 layer has a very high 

nanoporous structure.  

 

Conclusion 

 

In summary, a nanoporous CaCO3-coated TiO2 electrode was prepared by thermal topotactic 

decomposition from Ca(OH)2 and used for DSSCs. The nanoporous nature of CaCO3 significantly 

improved the dye adsorption. Furthermore, the increased impedance at the TiO2/dye/electrolyte 

interface and the increased lifetime of the photoelectrons show that the insulating property of the 

CaCO3 nanoporous coating suppressed the back transfer of the photogenerated electrons to the 

electrolyte. Therefore, the DSSCs employing the nanoporous CaCO3 have larger Voc, FF, and Jsc 

values, which leads to an increase in the energy conversion efficiency by 24.4%. This increase 

indicates that an extrinsic factor such as the high surface area of the coating layer contributes 

significantly to improve the photoactive performance of the DSSCs in addition to intrinsic 

properties such as the highly insulating nature of the coating layer.  

 

Acknowledgment 

Authors Jinchu.I and A. Bharatkumar Sharma are grateful to Dr. Bipin Nair, Dean, Amrita School 

of Biotechnology, Amritapuri campus, Kerala, India for the lab facilities and support. Authors are 

deeply indebted to the Department of Chemistry, MG University, Kottayam, Kerala, India for the 

XRD images.  

 

References 

 

[1] M. Gratzel, Dye-sensitized solar cells   J. Photochem. Photobiol. C, Photochem. Rev. 4 (2003) 

145–153. 

 

[2] S. Hao, J. Wu, Y. Huang, Natural dyes as photosensitizers for dye-sensitized solar cell. J. Lin, 

Sol. Energy. 80 (2006) 209. 

 

[3] K. Tennakone, G. Kumara, A. R. Kumarasinghe, P. M. Sirimanne, and K. G. U. Wijayantha, 

Efficient photosensitization of nanocrystalline TiO2 films by tannins and related phenolic 

substances J. Photochem. Photo- biol. A, Chem. 94 (1996) 217–220.  

 

[4] T. Ganesh, J. H. Kim, S. J. Yoon, B. Ho Kil, N. N. Maldar, J. W. Han, and S. Hwan Han, 

Photoactive curcumin-derived dyes with surface anchor- ing moieties used in ZnO 

nanoparticle-based dye-sensitized solar cells, Mater. Chem. Phys. 123 (2010) 62–66. 

 

RETRACTED

RETRACTED

RETRACTED

RETRACTED

Materials Science Forum Vol. 771 167



[5] Lee, S. Kim, J. Y. Hong, K. S. Jung, H. S. Lee, J.K. Shin, H. Enhancement of the 

photoelectric performance of dye-sensitized solar cells by using a CaCO3-coated TiO2 

nanoparticle film Sol. Energy Mater. 90 (2006) 2405-2412. 

 

[6] Okada, N. Karupppuchamy, S. Kurihara, M, An efficient dye-sensitized photoelectrochemical 

solar cell made from CaCO3-coated TiO2 nanoporous film, Chem. Lett. 34 (2005) 16-17. 

 

[7] Wang, Z.S. Yanagida, M. Sayama, K. Sugihara, H. Electronic-Insulating Coating of CaCO3 

on TiO2 Electrode in Dye-Sensitized Solar Cells, Chem. Mater. 18 (2006).2912-2916. 

 

[8] Glasson, D. R. The production of active solids by thermal decomposition. Part VIII. 

Calcination of calcium hydroxide J. Chem. Soc. (1956) 1506-1510. 

 

[9] Beruto, D. Barco, L. Searcy, A. Spinolo, G, Characterisation of the porous CaO particle 

formed by decomposition of CaCO3 and (CaOH)2 in vacuum. J. Am. Ceram. Soc. 63 (1980) 

439-443. 

 

[10] C.O.Sreekala, Jinchu.I, K.S.Sreelatha, Yojana Janu, Narottam Prasad, Manish Kumar and M. 

S. Roy, Influence of Solvents and Surface treatment on Photovoltaic response of DSSC based 

on natural curcumin dye. IEEE Journal of Photovoltaics. 2 (2012) 312-319. 

 

RETRACTED

RETRACTED

RETRACTED

RETRACTED

168 Potential Development in Dye-Sensitized Solar Cells for Renewable Energy


