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Received 10 August 2005, in final form 27 March 2006 Published 9 May 2006 Online at stacks.iop.org/SST/21/818 Abstract The electronic coupling of a natural pigment extracted from pomegranate fruits (rich with cyanin and exist as flavylium at natural PH) with an organic dye mercurochrome enhanced the performance of solid-state TiO2|dye|CuI-type photovoltaic cells sensitized from pomegranate pigments or mercurochrome individually.



1. Introduction A dye-sensitized solid-state cell with a structure of n-semiconductor|dye|p-semiconductor (NDP) was first demonstrated by Tennakon et al [1] by replacing the electrolyte of dye-sensitized photoelectrochemical cells [2] from a p-type semiconductor (CuI). Thereafter, a series of solid-state photovoltaic cells has been demonstrated by using several natural pigments such as red sandalwood [3], tannin [4], gallic acid [5], cyanin [6], ascorbic acid [7] and organic and metal centres dyes (Indoline D149 [8], bromopyrogallol red [9], mercurochrome [10] and ruthenium dyes [11] as sensitizers). The narrowness of the spectral response is due to the fact that the light absorption by the dyes does not cover the full solar spectrum. Coupling of two or more dyes enhanced the performance of dye-sensitized photovoltaic cells due to the absorption of a wide range of visible spectrum [12, 13]. Electrostatic coupling of pomegranate juice with mercurochrome increases the performance of NDP-type solar cells. Photo effects of NDP-type solar cells sensitized with mercurochrome and flavylium are discussed.



2. Experimental details A TiO2 colloidal solution containing hydrolyzed titanium isopropoxide and TiO2 powder (P-25 Degussa) was smoothly applied on a preheated (at 150 ◦ C) conducting glass plate 1



Currently employed as a Postdoctoral Fellow at the Department of Environmental and Renewable Energy Systems, Graduate School of Engineering, Gifu University, Gifu 501-1193, Japan.



0268-1242/06/060818+04$30.00



(Soloronix with a conductivity of 16   −1) and allowed to ◦ dry. These plates were baked at 450 C for 30 min and then taken out. Unbounded TiO2 powder was removed by a piece of cotton wool after cooling the plate at room temperature. This procedure was repeated until the thickness of the film reached 5 µm. More details regarding the preparation of TiO2 colloidal are described elsewhere [11]. Organic dye mercurochrome was coated on the TiO2 surface by soaking the film in a mercurochrome solution (5 × 10−3 M) for 5–10 min. Dye-coated TiO2 films were then washed with ethanol to remove the excess dye on the surface. Flavylium was coated on mercurochrome|TiO2 electrodes by immersing them in a natural juice of pomegranate fruits. Pomegranate juice was extracted by squeezing the seeds coat of pomegranate fruit in the laboratory. The photoactive electrodes were completed by the deposition of CuI (or CuCNS) on the mercurochrome and the pomegranate fruit juice coated TiO2 film followed by washing with ethanol and drying in a hot air steam. CuI was coated on dye-coated CuI electrodes as follows: CuI (1.2 g) was dissolved in 20 ml of acetonitrile and the residual was separated. Triethylamine hydrothiocyanate was added to the CuI solution until the concentration reached 10−6 M. Small amount of this solution was spread on the preheated (∼150 ◦ C) electrodes. CuCNS was coated on sensitized TiO2 films by spreading small amount from a solution prepared by digesting CuCNS in propylsulfide until photovoltage of the cell reaches its maximum. A thin layer of graphite was carefully painted on the top of the CuCNS layer. (The graphite layer on CuCNS makes proper contact with conducting glass.) TiO2|dye|CuI (or CuCNS)
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Figure 1. Absorption spectrum of (a) mercurochrome in ethanol, (b) mercurochrome-coated TiO2 film, (c) natural pomegranate juice, (d) natural pomegranate juice coated TiO2 film and (e) the diffuse reflectance spectrum of natural pomegranate juice, mercurochrome-coated TiO2 film.



type cells were fabricated by attaching a conducting glass plate on the top of the electrode as the back contact. Cells were characterized by illuminating with a monochromatic and polychromatic light. IPCE spectrum was obtained from a monochromator (auto scanner, Nikon) coupled with a computer. A xenon lamp (Ushido) coupled with computercontrolled potentiostat (Hokuto-Dento HA 301) was used to study the current–voltage characteristics of cells. Light intensity was maintained at 100 mW cm−2 on the surface of the cell. Some experiments were also performed using a tungsten filament lamp (Philips 60 W), especially in current– voltage characteristic studies. Illumination was carried out through the TiO2 layer of the cell. Absorption spectra were obtained by a UV-visible spectrometer (Shimadzu UV-3000). Cyclic voltametry of sensitized electrodes was studied in 0.1 M ammonium perchlorate solution under the three-electrode system. A SCE and Pt foil were used as the reference and the counter electrodes.



3. Results and discussion Absorption spectra of (a) mercurochrome (in ethanol) and (b) mercurochrome-coated TiO2 electrodes are illustrated in figure 1. Mercurochrome and its derivatives with TiO2 exhibited an optical absorption onset at 550 nm (curves a and b). The enhancement of absorbance in shorter wavelengths is due to the dimmerization of mercurochrome molecules on TiO2 electrodes [14, 15]. The spectral response of mercurochrome-coated TiO2 electrode does not cover the full solar spectrum. Therefore, we made an attempt to increase the performance of mercurochrome-coated TiO2 electrode by coupling with another dye or natural pigment. Only pomegranate juice was able to electrostatically couple with mercurochrome among tested dyes and natural pigments. Absorption spectra of (c) pomegranate juice, (d) pomegranate juice coated TiO2 film and (e) diffuse reflectance spectrum of mercurochrome-coated TiO2 electrodes followed by coating natural pomegranate juice (after converting to Kubelka–Munk units) are also shown in figure 1. Pomegranate juice exhibited an intense absorption band (with a peak at 510 nm) in the



Figure 2. Cyclic voltamograms of (a) pomegranate juice, (b) mercurochrome and (c) pomegranate juice|mercurochromecoated TiO2 film in 0.1 M NaClO4 (curves b and c are enlarged by a factor of 3).



visible region with an optical absorption onset at 610 nm. Absorption maximum of pomegranate juice coated TiO2 films has red shifted by 40 nm compared to that in the absence of TiO2. Electrostatic coupling of mercurochrome with pomegranate juice results in the broadening of the spectrum with a shift in the absorption edge towards the longer wavelengths. Chelation of pomegranate fruit juice with mercurochrome (coated on TiO2 electrodes) is clearly evidenced from cyclic voltametry. Cyclic voltamograms of (a) pomegranate juice, (b) mercurochrome and (c) pomegranate juice and mercurochrome-coated TiO2 electrodes are shown in figure 2. When the electrode potential swept towards the negative direction a colour change (purple to green) was observed on pomegranate juice coated TiO2 electrodes at potentials less than −0.8 V (curve a). Again a purple colour appeared on the electrode when the electrode anodically polarized. Reduction and oxidation of the pigments attached to the TiO2 electrode might be a reason. A similar colour change was observed on pomegranate pigment coated TiO2 films by immersing in basic and acidic solutions, alternatively. Cyclic voltamogram of mercurochrome-coated TiO2 electrode is shown as curve b in figure 2. A sudden rise of cathodic current was observed on the mercurochrome-coated TiO2 electrode when electrode potential negatively exceeded −0.5 V (versus SCE). In addition, a clear oxidation process was observed on the anodically polarized electrode. Cyclic voltamogram of pomegranate juice and mercurochrome-coated TiO2 electrodes exhibited the properties (moderately) of both pomegranate juice|TiO2 and mercurochrome|TiO2 electrodes (curve c). However, strong reduction was observed on mercurochrome coated and both pomegranate juice and mercurochrome-coated TiO2 electrodes by applying a voltage less than −0.5 V versus SCE. NDP-type solid-state solar cells were fabricated using mercurochrome and pomegranate juice. Incident photon to current conversion efficiencies (IPCE) of 60% and 38% were observed for solid-state TiO2|dye|CuI type cells fabricated with mercurochrome and natural pomegranate juice, individually (curves a and b in figure 3). These values are comparable to the values obtained for electrolytic cells 819
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Figure 4. Current–voltage characteristics of (a) TiO2|mercurochrome|pomegranate juice|CuI and (b) TiO2| mercurochrome|pomegranate juice|CuCNS cells, under the illumination of a 60 W tungsten filament lamp. Figure 3. IPCE spectrum of the TiO2|dye|CuI cell sensitized with (a) mercurochrome, (b) natural pomegranate juice, (c) mercurochrome-natural pomegranate juice and (d) natural pomegranate juice-mercurochrome.



(I−/I3−) prepared with the same sensitizers [15, 16] and greater than the values observed for solid-state cells prepared with other natural pigments (red sandalwood, tanin, gallic acid, cyanin, ascorbic acid [3–5, 7]). The IPCE spectrum of solid-state cell TiO2|mercurochrome pomegranate juice|CuI is shown in figure 3 (curve c). Maximum IPCE of 58% was observed at 510 nm for the TiO2|mercurochrome|pomegranate juice|CuI cell. In addition, an enhancement of IPCE was observed in longer wavelengths compared to that of the TiO2|pomegranate juice|CuI cell [6]. Charge generation of the TiO2|mercurochrome|pomegranate juice|CuI cell can be summarized as follows, where D2 and D (D2∗ and D∗) are ground state (excited state) of mercurochrome dimmer and flavylium monomers, respectively: • excitation of mercurochrome dimmer D2 + hν1 → D2∗



D2∗ → D2 + e(TiO2 ) ,



(1)



• excitation of flavylium monomers (is twofold) D2∗ → D2 + D ∗ D + hν2 → D ∗ D ∗ → D + e(TiO2 ) .



(2)



In addition, mercurochrome dimmer and flavylium monomers can be excited at the same time under appropriate absorption: D + D2 + hν → D ∗ + D2∗ , D ∗ + D2∗ → D + D2 + e(TiO2 ) .



(3)



The IPCE action spectrum of the cell prepared by reversing the order of dye (TiO2|pomegranate juice|mercurochrome|CuI cell) is also shown as curve d (figure 3). Unfavourable LUMO levels of dyes might be one of the reasons for the less photocurrent observed in the TiO2|pomegranate juice|mercurochrome|CuI cell. In addition, we have studied current–voltage characteristics of this type of solid cells sensitized with mercurochrome and pomegranate juice, individually. Performances of these cells are summarized in table 1. A maximum photocurrent of 6.5 mA cm−2 and a maximum photovoltage of 612 mV are 820



Table 1. Variation of short circuit photocurrent (ISC), open circuit voltage (VOC), fill factor (ff) and efficiency (η) for the cells sensitized with mercurochrome, pomegranate juice and their mixtures, under AM 1.5 conditions. Values in parenthesis give the short circuit photocurrent and open circuit voltage for the same cell under the illumination of a 60 W tungsten filament lamp (Philips). Cell configuration



VOC (mV)



ISC (mA cm−2)



ff (%)



η



TiO2|D|CuI TiO2|D2|CuI TiO2|D2|D|CuI TiO2|D|D2|CuI TiO2|D|CuCNS TiO2|D2|CuCNS TiO2|D2|D|CuCNS



300 (310) 487 (292) 370 (370) 492 (419) 500 (500) 719 (700) 612 (540)



5.0 (8.0) 5.4 (2.7) 6.5 (10.8) 3.0 (4.9) 1.5 (2.5) 1.0 (1.0) 1.6 (2.8)



45 53 36 30 46 57 38



0.6 1.1 0.8 0.5 0.4 0.3 0.4



observed for TiO2|mercurochrome|pomegranate juice|CuI and TiO2|mercurochrome|pomegranate juice|CuCNS cells, under the illumination of 100 mW cm−2 polychromatic light. The higher conduction band position of CuCNS compared to that of CuI and poor conductivity of CuCNS than CuI resulted in the higher open circuit voltage and lower photocurrent in solidstate TiO2|dye|CuCNS cells than that of TiO2|dye|CuI cells. It is interesting that the incorporation of pomegranate juice with mercurochrome|TiO2 electrodes seems to be reducing the open circuit voltage of the cell. Chelation of pomegranate juice on mercurochrome-coated TiO2 shifts the flat band potential towards a more positive direction [17]. Open circuit voltage is defined from the energy difference of Fermi levels (or majority carrier band edge) of both semiconductors. Shifting of the flat band towards a more positive direction reduces open circuit voltage in the TiO2|mercurochrome|pomegranate juice|CuI cell compared to that of the TiO2|mercurochrome|CuI cell. However, a much higher photocurrent is observed for the cells with pomegranate pigments as an outer sensitizer layer, under the illumination of a 60 W tungsten filament lamp (Philips) than AM 1.5 conditions. Current–voltage characteristics of TiO2|mercurochrome|pomegranate juice| CuI and TiO2|mercurochrome|pomegranate juice|CuCNS cells are shown in figure 4. A maximum photocurrent of 10.5 mA cm−2 is observed for the TiO2|mercurochrome|
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pomegranate juice|CuI cell. Only a small number of dyes (or dye cocktails) produced a higher photocurrent than this value [2–11]. The light sources used have different spectra in the visible region. Better matching of the absorption spectrum of pomegranate juice with that of the bulb may be a reason for the observed difference in photocurrents under the illumination of a 60 W tungsten filament lamp than AM 1.5 conditions. However, this type of solid-state cell exhibits a low power conversion efficiency compared to that of Gratzel-type dye-sensitized [2] electrochemical cells. Inefficient regeneration of dye molecules by the accepting hole from the p-type semiconductor might be a reason. Variation of the photocurrent of the TiO2|mercurochrome|pomegranate juice|CuI cell with absorbance (at 550 nm) was studied. The photocurrent of the cell gradually increases with absorbance until a maximal and seems to be reaching the saturation level with slower decreases with increasing absorbance. Usually, the amount of dye on the electrode is responsible for the absorbance of the electrode. However, mercurochrome and pomegranate pigment cannot be extracted from the electrode. Therefore, we are not in a position to describe the composition between dye and pigment on the electrode.



4. Conclusion An appropriate coupling of organic dye mercurochrome with natural pomegranate pigments extracted from pomegranate seed coats enhanced performance in NDP-type cells compared to that of this type of cell sensitized with mercurochrome or pomegranate pigments individually.
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