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Abstract:



Dye sensitized solar cell (DSSC) is the only solar cell that can offer both the flexibility and transparency. Its efficiency is comparable to amorphous silicon solar cells but with a much lower cost. This review not only covers the fundamentals of DSSC but also the related cutting-edge research and its development for industrial applications. Most recent research topics on DSSC, for example, applications of nanostructured TiO2, ZnO electrodes, ionic liquid electrolytes, carbon nanotubes, graphene and solid state DSSC have all been included and discussed.
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1. Introduction


Photoelectrochemical solar cell is generally composed of a photoactive semiconductor working electrode and counter electrode made of either metal (e.g., Pt) or semiconductors. Both electrodes are immersed in the electrolyte containing suitable redox couples. If the semiconductor-electrolyte interface (SEI) is illuminated with a light having energy greater than the bandgap of the semiconductor, photogenerated electrons/holes are separated. The photogenerated minority carriers arrive at the interface of the semiconductor-electrolyte. Photogenerated majority carriers accumulate at the backside of the semiconductor. With the help of a charge-collecting substrate, photogenerated majority carriers are transported via a load to the counter electrode where these carriers electrochemically react with the redox electrolyte. A pioneering photoelectrochemical experiment was realized by obtaining photocurrent between two platinum electrodes immersed in the electrolyte containing metal halide salts [1]. It was later found that the photosensitivity can be extended to longer wavelengths by adding a dye to silver halide emulsions [2]. The interest in photoelectrochemistry of semiconductors led to the discovery of wet-type photoelectrochemical solar cells [3–5]. Grätzel has then extended the concept to the dye sensitized solar cells (DSSC) by adsorption of dye molecules on the nanocrystalline TiO2 electrodes.




2. Dye Sensitized Solar Cells (DSSCs)


DSSCs differ from conventional semiconductor devices in that they separate the function of light absorption from charge carrier transport. Dye sensitizer absorbs the incident sunlight and exploits the light energy to induce vectorial electron transfer reaction. Thus DSSCs have the following advantages comparing with the Si based photovoltaics. (1) It is not sensitive to the defects in semiconductors such as defects in Si. (2) The SEI is easy to form and it is cost effective for production. (3) It is possible to realize the direct energy transfer from photons to chemical energy. The earlier photoelectrochemical studies of dye sensitization of semiconductors focused on flat electrodes, but these systems were facing an intrinsic problem [6]. Only the first monolayer of adsorbed dye results in effective electron injection into the semiconductor, but such light-harvesting from a single dye monolayer is extremely small. By application of nanoporous TiO2, the effective surface area can be enhanced 1000-fold. An intriguing feature in the nanocrystalline TiO2 film is that the charge transport of the photo-generated electrons passing through all the particles and grain boundaries is highly efficient [7]. Solar cell based on a dye sensitized porous nanocrystalline TiO2 photoanode with attractive performance was first reported by Grätzel et al. [8,9]. Interest in nanoporous semiconductor matrices permeated by an electrolyte solution containing dye and redox couples has been stimulated by their reports. The power conversion efficiency of the DSSC has been currently improved to 11.5% [10] since the first DSSC was reported with efficiency of 7.1% [9], comparable with the amorphous Si cells [11]. Large-size DSSC has been prepared on silver grid embedded fluorine-doped tin oxide (FTO) glass substrate by screen printing method [12]. Under the standard test condition, energy conversion efficiency of active area was achieved to 5.52% in 5 cm × 5 cm device, which is comparable to 6.16% of small-size cell prepared at similar condition. G24 Innovation Ltd., based on the technology invented by Grätzel, uses a low-cost, roll-to-roll process to make its flexible DSSC modules, which produce 0.5 watts of power under direct sunlight. Miyasaka et al. developed a 2.1 m × 0.8 m DSSC module by connecting eight pieces of 10 cm2 panels with six embedded cells. The module conversion efficiency is expected to be approximately 3% and was displayed at the 1st International Photovoltaic Power Generation Expo in 2008.



In DSSC, the initial photoexcitation occurs in the light absorbing dye as shown in Scheme 1. Nanoporous semiconductors such as TiO2 not only act as support for dye sensitizer but also function as electron acceptor and electronic conductor. Subsequent injection of electrons from the photo-excited dye into the conduction band of semiconductors results in the flow of current travelling across the nanocrystalline TiO2 film to the charge collecting electrode and then to the external circuit. Sustained conversion of light energy is facilitated by regeneration of the reduced dye sensitizer either via a reversible redox couple (O/R), which is usually I3−/I− (Scheme 1A) or via the electron donation from a p-type semiconductor (Scheme 1B).


Scheme 1. Operation mechanism of the dye sensitized electrochemical solar cell (DSSC). S: Dye sensitizer, S*: Electronically excited dye sensitizer, S+: oxidized dye sensitizer O/R: redox couple (e,g, I3−/I−). CB: Conduction band for semiconductors, VB: valence band for semiconductors. (A) Wet-type DSSC with redox couple in the liquid electrolyte. (B) Solid state DSSC with a p-type semiconductor to replace the electrolyte containing the redox couple.
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Scheme 1A shows the mechanism of a traditional wet-type DSSC containing redox couples in electrolyte. The photoanode, made of a nanoporous dye-sensitized n-type semiconductor, receives electrons from the photo-excited dye sensitizer which is thereby oxidized to S+. The neutral dye sensitizer (S) can be regenerated by the oxidation reaction (R→O) of the redox species dissolved in the electrolyte. The mediator R will then be regenerated by reduction at the cathode (O→R) by the electrons circulated through the external circuit.



The need for DSSC to absorb far more of the incident light was the driving force for the development of mesoscopic semiconductor materials with an enormous internal surface area. The major breakthrough in DSSC was the use of a high surface area nanoporous TiO2 layer. A single monolayer of the dye on the semiconductor surface was sufficient to absorb essentially all the incident light in a reasonable thickness (several um) of the semiconductor film. TiO2 became the semiconductor of choice with advantage properties of cheap, abundant, and non-toxic [14]. The choice of dye is also an important parameter. The first organic-dye photosensitization was reported in 1887 [13]. In traditional DSSC, the standard dye was tris(2,2′-bipyridyl-4,4′-carboxylate)ruthium (II) (N3 dye). The function of the carboxylate group in the dye is to attach the semiconductor oxide substrate by chemisorption [14]. The dye must carry attachment groups such as carboxylate or phosphonate to firmly graft itself to the TiO2 surface. The attachment group of the dye ensures that it spontaneously assembles as a molecular layer upon exposing the oxide film to a dye solution. It will make a high probability that, once a photon is absorbed, the excited state of the dye molecule will relax by electron injection to the semiconductor conduction band. The photovoltaic performance of N3 dye has been irreplaceable by other dye complexes since 1993 [15]. A credible challenger was identified with tri(cyanato-2,2′,2″-terpyridyl-4,4′,4″-tricarboxylate) Ru (II) (black dye) [8], whose response extends 100 nm further into the IR than that of the N3 dye [16]. It is not until recently that a high molar extinction coefficient heteroleptic ruthium complex has been synthesized and demonstrated as more efficient sensitizer for DSSCs [10].



Because of the encapsulation problem posed by the use of liquid in the conventional wet-type DSSC, much work is being done to make an all solid state DSSC [17,18]. The use of solvent free electrolytes in the DSSC is supposed to offer very stable performance for the device. To construct a full solid-state DSSC, a solid p-type conductor should be chosen to replace the liquid electrolyte. The redox levels of the dye and p-type materials have to be adapted carefully as Scheme 1B shows. It results in an electron in the conduction band of n-type semiconductors (e.g., TiO2) and a hole localized on the p-type conductor. Hole transporting amorphous materials have been used in nanocrystalline TiO2 based DSSC to transport hole carriers from the dye cation radical to the counter electrode instead of using the I3−/I− redox species [17,19]. Early work focused on the replacement of I3−/I− liquid electrolyte with CuI. CuI as a p-type conductor, can be prepared by precipitation from an acetonitrile solution at room temperature and it is also a solid state ionic conductor. Cells made this way gave solar efficiencies of several percent, but their stability is relatively poor due to the liability of CuI to air and light [18]. Besides CuI, CuSCN has also been tried [20,21]. Organic hole transporting materials will offer flexibility and easier processing. Bach et al. used a hole conducting amorphous organic solid deposited by spin coating [17]. However, deposition in nanoporous materials cannot be easily achieved by traditional methods such as evaporation or spin coating. Electrochemical deposition of organic semiconductors on high surface area electrodes for solar cells has also been described [22]. A thin layer of organic semiconductors can be electrochemically deposited on a nanoporous TiO2 electrode.



One of the first solid state dye sensitized heterojunctions between TiO2 and conducting polymer was reported by Murakoshi and coworkers [23]. The prototype of this kind of solid state DSSC is shown in Figure 1.


Figure 1. The prototype solid state DSSC.



[image: Ijms 11 01103f1]






Conducting polymer such as pyrrole was electrochemically polymerized on porous nanocrystalline TiO2 electrode, which was sensitized by N3 dye. Polypyrrole successfully worked as a hole transport layer connecting dye molecules anchored on TiO2 to the counter electrode. Conducting polyaniline has also been used in solid state solar cells sensitized with methylene blue [24]. This solid state DSSC was fabricated using conducting polyaniline coated electrodes sandwiched with a solid polymer electrolyte, poly(vinyl alcohol) with phosphoric acid. It exhibits good photoresponse to visible light. The presence of illumination enhances the electrochemical reaction (doping of polyaniline by migration of anions). The observed I-V characteristics are the superposition of the Ohmic charge transport and the electrochemical reaction. Recently, a low bandgap polymer consisting of alternating thiophene and benzothiadiazole derivatives was used in the bulk heterjunction DSSC. This solid state DSSC using conducting polymer exhibited a power conversion efficiency of 3.1% [25]. To date, the highest power conversion efficiency value with organic hole-transport materials in DSSC is over 5%, reported by Snaith et al. [26].



Construction of quasi-solid-state DSSC has also been explored. Quasi-solid-state DSSCs can be made based on the polymer grafted nanoparticle composite electrolyte [27], cyanoacrylate electrolyte matrix [28], and a novel efficient absorbent for liquid electrolyte consisting poly(acrylic acid)-poly(ethylene glycol) hybrid [29]. The polymer gels in above cases function as ionic conductors. Room temperature ionic liquids are also known as good ionic conductors [30,31]. DSSCs using imidazolium type ionic liquid crystal systems as effective electrolytes were reported [32]. Solid state DSSCs based on ionic liquids were reported to enhance the conversion efficiency of DSSCs [33]. Ionic liquid oligomers, which were prepared by incorporating imidazole ionic liquid with polyethylene oxide oligomers have also been tried as electrolyte for DSSC [34]. It shows that the increase of the polyethylene oxide molecular weight in the ionic liquid oligomers results in faster dye regeneration and lower charge transfer resistance of I3− reduction leading to the improvement of DSSC performance. However, the main limiting factors in the DSSC based on ionic liquids comparing with the conventional wet-type DSSC are the higher recombination and lower injection of charge. At low temperatures, the higher diffusion resistance in the ionic liquid may also be the main limiting factor through its effect to the fill factor [35]. The non-volatile character of ionic liquids also offers the easy packaging for printable DSSCs. Plastic and solid state DSSCs incorporating single walled carbon nanotubes (SWNTs) and imidazorium iodide derivative have been fabricated [36]. The introduction of carbon nanotubes will improve the solar cell performance through reduction of the series resistance. TiO2 coated carbon nanotubes (CNTs) were recently used in DSSCs. Compared with a conventional TiO2 cell, the TiO2-CNT (0.1 wt%) cell gives an increase to short circuit current density (JSC), which results in ~50% increase in conversion efficiency from 3.32% to 4.97% [37]. It is supposed that the enhancement of JSC is due to improvement in interconnectivity between the TiO2 particles and the TiO2-CNTs in the porous TiO2 film. When employing SWNTs as conducting scaffolds in a TiO2 based DSSC, the photoconversion efficiency can be boosted by a factor of 2 [38]. In absence of SWNT network, a maximum internal photon-current efficiency (IPCE) of 7.36% (350 nm) at 0 V (vs. SCE) was observed. The IPCE was enhanced significantly to 16% when the SWNT scaffolds support the TiO2 pariticles. TiO2 nanoparticles were dispersed on SWNT films to improve photoinduced charge separation and transport of carriers to the collecting electrode surface. Another type of carbon nanomaterial, graphene, was also introduced to the study of DSSC recently. Transparent, conductive, and ultrathin graphene films, as an alternative to the ubiquitously employed metal oxides window electrodes are used for solid-state DSSCs [39].These graphene films are fabricated from exfoliated graphite oxide, followed by thermal reduction. The obtained films exhibit a high conductivity of 550 S/cm and a transparency of more than 70% over 1,000–3,000 nm. Furthermore, they show high chemical and thermal stabilities as well as an ultrasmooth surface with tunable wettability.



A strong increase in energy conversion efficiency could also be observed when tertiary butylpyridine was introduced into the matrix of the organic hole conductor [40] with similar effects for classic DSSC with electrolyte/TiO2 junctions [15]. The increase in Voc may be due to either a charging of surface states or a shift of the conduction band edge [41]. Lithium ion interactions into TiO2-B nanowires [42], nanocrystalline rutile TiO2 particles [43] and a class of perovskite based lithium ion conductors [44] have been reported. Photovoltages of nanoporous TiO2 based DSSC was found to be improved by up 200 mV with a negligible decrease in photocurrent by treating TiO2 electrodes with intercalation of Li+ [45]. The enhancement of photovoltage is explained in terms of the formation of a dipole layer due to adsorption of Li+ on the TiO2 surface generated by the reaction of intercalated Li atoms with moisture in air. Addition of lithium salt Li[(CF3SO2)2N] to the spin coating solution of the hole conductor also resulted in a strong performance increase in the final device. The underlying mechanism remained unidentified although charge screening due to partial ionic mobility inside the hole conductor matrix and/or the effect of the present lithium ions on the flat band potential of TiO2 were postulated as possible mechanisms [46].



Other n-type semiconducting electrodes besides TiO2 have been probed for DSSC. The best studied of the alternative materials to TiO2 is ZnO [47–49]. ZnO has similar band gap (3.2 eV) and band edge position to TiO2 [50] with similar or smaller crystallite sizes than for typical TiO2. The fabrication of DSSC with a branched structure of ZnO nanowires was recently reported [51]. ZnO nanoparticles and nanowires have been used enabling lower temperature manufabricated DSSC electrodes [52,53]. Unlike TiO2, ZnO does not need high-temperature annealing process and extends the electrodes to flexible polymer substrates. The striking optical properties of nanoporous silicon obtained by photoanodic etching [54] extended the materials research scope of photoelectrochemistry to other porous crystalline semiconductors [55]. At present, there is a considerable effort being devoted to DSSC with nanoporous photoanodes [9,56]. Nanoporous semiconductor electrodes were further investigated within the scope of quantum dots. Photoelectrochemical activity has been shown when the quantum dots such as CdS and PbS are attached to a metal electrode in a sub-monolayer array [57–61]. An ordered or disordered monolayer/sub-monolayer of nanometer-sized semiconductor particles (e.g., PbS quantum dots) can be attached to a conducting substrate either by directly or via a self-assembled organic monolayer [62,63]. Photoelectrochemical study of organic-inorganic hybrid thin films via electrostatic layer by layer assembly was reported [64]. This provides a new way to produce nanoporous semiconductor electrodes for DSSCs.




3. Conclusions


Solid state and printable DSSCs will have a promising future for the development of efficient and flexible optoelectronics. Even though DSSCs have lower light to electricity conversion efficiency than the best thin film Si solar cells, they are considerably cheaper to be made and feasible to be printed on flexible substrate. Amorphous Si thin-film cells degrade in sunlight over time, and their efficiencies also go down if the sunlight hits them at some special incident angle. DSSCs are longer lasting and work at wide angles. In addition, DSSCs work more efficiently in indoor light, because the dye absorbs diffuse sunlight as well as fluorescent lighting. With improvements on nonvolatile electrolytes, organic dyes and nanoporous semiconducting electrode, cheaper but more robust DSSCs will definitely take their share in the solar cell markets competing with the traditional thin film solar technologies.







References and Notes


	1. 
Becquerel, AE. Recherches sur les effets de la radiation chimique de la lumière solaire, au moyen des courants électriques. C R Acad. Sci 1839, 9, 145–149. [Google Scholar]

	2. 
West, W. First hundred years of spectral sensitization. Proc. Vogel. Cent. Symp. Photogr. Sci. Eng 1974, 18, 35–48. [Google Scholar]

	3. 
Gerischer, H; Tributsch, H. Electrochemische Untersuchungen zur spectraleu sensibilisierung von ZnO-Einkristallen. Ber. Bunsenges. Phys. Chem 1968, 72, 437–445. [Google Scholar]

	4. 
Hauffe, K; Danzmann, HJ; Pusch, H; Range, J; Volz, H. New Experiments on the sensitization of zinc oxide by means of the electrochemical cell technique. J. Electrochem. Soc 1970, 117, 993–999. [Google Scholar]

	5. 
Myamlin, VA; Pleskov, YV. Electrochemistry of Semiconductors; Plenum Press: New York, NY, USA, 1967. [Google Scholar]

	6. 
Hagfeldt, A; Gratzel, M. Light-Induced redox reactions in nanocrystalline systems. Chem. Rev 1995, 95, 49–68. [Google Scholar]

	7. 
Wurfel, U; Peters, M; Hinsch, A. Detailed experimental and theoretical investigation of the electron transport in a dye solar cell by means of a three-electrode configuration. J. Phys. Chem. C 2008, 112, 1711–1720. [Google Scholar]

	8. 
Hagfeldt, A; Gratzel, M. Molecular photovoltaics. Acc. Chem. Res 2000, 33, 269–277. [Google Scholar]

	9. 
O’Regan, B; Gratzel, M. A low-cost, high efficiency solar cell based on dye-sensitized colloidal TiO2 films. Nature 1991, 353, 737–740. [Google Scholar]

	10. 
Chen, C; Wang, M; Li, J; Pootrakulchote, N; Alibabaei, L; Ngoc-le, C; Decoppet, JD; Tsai, J; Gratzel, C; Wu, C; Zakeeruddin, SM; Gratzel, M. Highly efficient light-harvesting ruthenium sensitizer for thin-film dye-sensitized solar cells. ACS Nano 2009, 3, 3103–3109. [Google Scholar]

	11. 
Gratzel, M. Photovoltaic and photoelectrochemical conversion of solar energy. Phil. Trans. R. Soc. A 2007, 365, 993–1005. [Google Scholar]

	12. 
Lee, WJ; Ramasamy, E; Lee, DY; Song, JS. Dye-sensitized solar cells: Scale up and current–voltage characterization. Sol. Energy Mater. Sol. Cells 2007, 91, 1676–1680. [Google Scholar]

	13. 
Moser, J. Notiz über Verstärkung photoelektrischer Ströme durch optische Sensibilisirung. Monatsh. Chem 1887, 8, 373. [Google Scholar]

	14. 
Vlachopoulos, N; Liska, P; Augustynski, J; Gratzel, M. Very efficient visible light energy harvesting and conversion by spectral sensitization of high surface area polycrystalline titanium dioxide films. J. Am. Chem. Soc 1988, 110, 1216–1220. [Google Scholar]

	15. 
Nazeeruddin, MK; Kay, A; Rodicio, I; Humphry-Baker, R; Muller, E; Liska, P; Vlachopoulos, N; Gratzel, M. Conversion of light to electricity by cis-X2bis (2,2′-bipyridyl-4,4′-dicarboxylate) ruthenium(II) charge-transfer sensitizers (X = Cl-, Br-, I-, CN-, and SCN-) on nanocrystalline titanium dioxide electrodes. J. Am. Chem. Soc 1993, 115, 6382–6390. [Google Scholar]

	16. 
Nazeeruddin, MK; Pechy, P; Renouard, T; Zakeeruddin, SM; Baker, RH; Comte, P; Liska, P; Cevey, L; Costa, E; Shklover, V; Spiccia, L; Deacon, GB; Bignozzi, CA; Gratzel, M. Engineering of efficient panchromatic sensitizers for nanocrystalline TiO2-Based solar cells. J. Am. Chem. Soc 2001, 123, 1613–1624. [Google Scholar]

	17. 
Bach, U; Lupo, D; Comte, P; Moser, JE; Weissortel, F; Salbeck, J; Spreitzer, H; Gratzel, M. Solid-state dye-sensitized mesoporous TiO2 solar cells with high photon-to-electron conversion efficiencies. Nature 1998, 395, 583–585. [Google Scholar]

	18. 
Tennakone, K; Kumara, GRRA; Kottegada, IRM; Wijanthana, KGU; Perera, PS. A solid-state photovoltaic cell sensitized with a ruthenium bipyridyl complex. J. Phys. D: Appl. Phys 1998, 31, 1492–1496. [Google Scholar]

	19. 
Hagen, J; Schaffrath, W; Otschik, P; Fink, R; Bacher, A; Schmidt, HW; Haarer, D. Novel hybrid solar cells consisting of inorganic nanoparticles and an organic hole transport material. Synth. Met 1997, 89, 215–220. [Google Scholar]

	20. 
O’Regan, B; Schwartz, DT. Efficient photo-hole injection from adsorbed cyanine dyes into electrodeposited Copper(I) Thiocyanate thin films. Chem. Mater 1995, 7, 1349–1354. [Google Scholar]

	21. 
O’Regan, B; Schwartz, DT; Zakeeruddin, SM; Gratzel, M. Electrodeposited nanocomposite n-p heterojunctions for solid-state dye-sensitized photovoltaics. Adv. Mater 2000, 12, 1263–1267. [Google Scholar]

	22. 
Zaban, A; Diamant, Y. Electrochemical deposition of organic semiconductors on high surface area electrodes for solar cells. J. Phys. Chem. B 2000, 104, 10043–10046. [Google Scholar]

	23. 
Murakoshi, K; Kogure, R; Wada, Y; Yanagida, S. Fabrication of solid-state dye-sensitized TiO2 solar cells combined with polypyrrole. Sol. Energy Mater. Sol. Cells 1998, 55, 113–125. [Google Scholar]

	24. 
Somani, PR; Radhakrishnan, S. Effect of solid polymer electrolyte on the sensitization of photocurrents in solid-state electrochemical cells using conducting polypyrrole. J. Solid State Electrochem 2004, 15, 75–79. [Google Scholar]

	25. 
Shin, WS; Kim, SC; Lee, SJ; Jeon, HS; Kim, MK; Naidu, BVK; Jin, SH; Lee, JK; Lee, JW; Gal, YS. Synthesis and photovoltaic properties of a low-band-gap polymer consisting of alternating thiophene and benzothiadiazole derivatives for bulk-heterojunction and dye-sensitized solar cells. J. Poly. Sci. A Poly. Chem 2007, 45, 1394–1402. [Google Scholar]

	26. 
Snaith, HJ; Moule, AJ; Klein, C; Meerholz, K; Friend, RH; Grätzel, M. Efficiency enhancements in solid-state hybrid solar cells via reduced charge recombination and increased light capture. Nano Letters 2007, 7, 3372–3376. [Google Scholar]

	27. 
Zhang, X; Yang, H; Xiong, HM; Li, FY; Xia, YY. A quasi-solid-state dye-sensitized solar cell based on the stable polymer-grafted nanoparticle composite electrolyte. J. Power Sources 2006, 160, 1451–1455. [Google Scholar]

	28. 
Lu, SL; Koeppe, R; Gunes, S; Sariciftci, NS. Quasi-solid-state dye-sensitized solar cells with cyanoacrylate as electrolyte matrix. Sol. Energ. Mater. Sol. C 2007, 91, 1081–1086. [Google Scholar]

	29. 
Lan, Z; Wu, J; Lin, J; Huang, M. Quasi-solid-state dye-sensitized solar cells with a novel efficient absorbent for liquid electrolyte based on PAA–PEG hybrid. J. Power Sources 2007, 164, 921–925. [Google Scholar]

	30. 
Galinski, M; Lewandowski, A; Stepniak, I. Ionic liquids as electrolytes. Electrochim. Acta 2006, 51, 5567–5580. [Google Scholar]

	31. 
Johnson, KE. What's an Ionic Liquid? Interface 2007, 16, 38–41. [Google Scholar]

	32. 
Yamanaka, N; Kawano, R; Kubo, W; Masaki, N; Kitamura, T; Wada, Y; Watanabe, M; Yanagida, S. Dye-Sensitized TiO2 solar cells using imidazolium-type ionic liquid crystal systems as effective electrolytes. J. Phys. Chem. B 2007, 111, 4763–4769. [Google Scholar]

	33. 
Wang, P; Zakeeruddin, SM; Moser, JE; Gratzel, M. A new ionic liquid electrolyte enhances the conversion efficiency of dye-sensitized solar cells. J. Phys. Chem. B 2003, 107, 13280–13285. [Google Scholar]

	34. 
Wang, M; Xiao, X; Zhou, X; Li, X; Lin, Y. Investigation of PEO-imidazole ionic liquid oligomer electrolytes for dye-sensitized solar cells. Sol. Energ. Mater. Sol. C 2007, 91, 785–790. [Google Scholar]

	35. 
Fabregat-Santiago, F; Bisquert, J; Palomares, E; Otero, L; Kuang, D; Zakeeruddin, SM; Gratzel, M. Correlation between photovoltaic performance and impedance spectroscopy of dye-sensitized solar cells based on ionic liquids. J. Phys. Chem. C 2007, 111, 6550–6560. [Google Scholar]

	36. 
Ikeda, N; Miyasaka, T. Plastic and solid-state dye-sensitized solar cells incorporating single-wall carbon nanotubes. Chem. Lett 2007, 3, 466–469. [Google Scholar]

	37. 
Lee, TY; Alegaonkar, PS; Yoo, JB. Fabrication of dye sensitized solar cell using TiO2 coated carbon nanotubes. Thin Solid Films 2007, 515, 5131–5135. [Google Scholar]

	38. 
Kongkanand, A; Dominguez, RM; Kamat, PV. Single wall carbon nanotube scaffolds for photoelectrochemical solar cells. capture and transport of photogenerated electrons. Nano Lett 2007, 7, 676–680. [Google Scholar]

	39. 
Wang, X; Zhi, L; Mullen, K. Transparent, conductive graphene electrodes for dye-sensitized solar cells. Nano Letters 2008, 8, 323–327. [Google Scholar]

	40. 
Bach, U; Kruger, J; Gratzel, M. Organic photovoltaics. SPIE Pro. San Diego 2000, 4108, 1–7. [Google Scholar]

	41. 
Huang, SY; Schlichthorl, G; Notzik, AJ; Gratzel, M; Frank, AJ. Charge recombination in dye-sensitized nanocrystalline TiO2 solar cells. J. Phys. Chem. B 1997, 101, 2576–2582. [Google Scholar]

	42. 
Armstrong, AR; Armstrong, G; Canales, J; Garcia, R; Bruce, PG. Lithium-Ion intercalation into TiO2-B nanowires. Adv. Mater 2005, 17, 862–865. [Google Scholar]

	43. 
Reddy, MA; Kishore, MS; Pralong, V; Caignaert, V; Varadaraju, UV; Raveau, B. Room temperature synthesis and Li insertion into nanocrystalline rutile TiO2. Electrochem. Commun 2006, 8, 1299–1303. [Google Scholar]

	44. 
Woodward, PM. Complex perovskites: A chessboard at the nanoscale. Nat. Mater 2007, 6, 549–551. [Google Scholar]

	45. 
Hairima, Y; Kawabuchi, K; Kajihara, S; Ishii, A; Ooyama, Y; Takeda, K. Improvement of photovoltages in organic dye-sensitized solar cells by Li intercalation in particulate TiO2 electrodes. Appl. Phys. Lett 2007, 90, 103517–103519. [Google Scholar]

	46. 
Enright, B; Redmond, G; Fitzmaurice, D. Spectroscopic determination of flatband potentials for polycrystalline titania electrodes in nonaqueous solvents. J. Phys. Chem 1993, 97, 1426–1430. [Google Scholar]

	47. 
Tsubomura, H; Matsumura, M; Nomura, Y; Amamiya, T. Dye sensitised zinc oxide: Aqueous electrolyte platinum photocell. Nature 1976, 261, 402. [Google Scholar]

	48. 
Rensmo, H; Keis, K; Lindstrom, H; Sodergren, S; Solbrand, A; Hagfeldt, A; Lindquist, SE; Muhammed, M. High light-to-energy conversion efficiencies for solar cells based on nanostructured ZnO electrodes. J. Phys. Chem. B 1997, 101, 2598–2561. [Google Scholar]

	49. 
Meulenkamp, EA. Electron transport in nanoparticulate ZnO films. J. Phys. Chem. B 1999, 103, 7831–7838. [Google Scholar]

	50. 
Hagfeldt, A; Gratzel, M. Light-Induced redox reactions in nanocrystalline systems. Chem. Rev 1995, 95, 49–68. [Google Scholar]

	51. 
Suh, DI; Lee, SY; Kim, TH; Chun, JM; Suh, EK; Yang, OB; Lee, SK. The fabrication and characterization of dye-sensitized solar cells with a branched structure of ZnO nanowires. Chem. Phys. Lett 2007, 442, 348–353. [Google Scholar]

	52. 
Unalan, HE; Wei, D; Suzuki, K; Dalal, S; Hiralal, P; Matsumoto, H; Imaizumi, S; Minagawa, M; Tanioka, A; Flewitt, AJ; Milne, WI; Amaratunga, GAJ. Photoelectrochemical cell using dye sensitized zinc oxide nanowires grown on carbon fibers. Appl. Phys. Lett 2008, 93, 133116–133118. [Google Scholar]

	53. 
Wei, D; Unalan, HE; Han, D; Zhang, Q; Niu, L; Ryhanen, T; Amaratunga, GAJ. A solid-state dye-sensitized solar cell based on a novel ionic liquid gel and ZnO nanoparticles on a flexible polymer substrate. Nanotechnology 2008, 19, 424006–424010. [Google Scholar]

	54. 
Canham, LT. Silicon quantum wire array fabrication by electrochemical and chemical dissolution of wafers. Appl. Phys. Lett 1990, 57, 1046–1050. [Google Scholar]

	55. 
Kelly, JJ; Vanmaekelbergh, D. Electrochemisrty of Nanomaterials; Hodes, G, Ed.; WILEY-VCH: Weinheim, Germany, 2001; Chapter 4; pp. 103. [Google Scholar]

	56. 
Kelly, JJ; Vanmaekelbergh, D. Charge carrier dynamics in nanoporous photoelectrodes. Electrochim. Acta 1998, 43, 2773–2780. [Google Scholar]

	57. 
Colvin, VL; Goldstein, AN; Alivisatos, AP. Semiconductor nanocrystals covalently bound to metal surfaces with self-assembled monolayers. J. Am. Chem. Soc 1992, 114, 5221–5230. [Google Scholar]

	58. 
Miyake, M; Matsumoto, H; Nishizawa, M; Sakata, T; Mori, H; Kuwabata, S; Yoneyama, H. Characterization of covalently immobilized Q-CdS particles on Au(111) by scanning tunneling microscopy and tunneling spectroscopy with high reproducibility. Langmuir 1997, 13, 742–746. [Google Scholar]

	59. 
Nakanishi, T; Ohtani, B; Uosaki, K. Fabrication and characterization of CdS-Nanoparticle mono- and multilayers on a self-assembled monolayer of alkanedithiols on gold. J. Phys. Chem. B 1998, 102, 1571–1577. [Google Scholar]

	60. 
Hu, K; Brust, M; Bard, AJ. Characterization and surface charge measurement of self-assembled CdS nanoparticle films. Chem. Mater 1998, 10, 1160–1165. [Google Scholar]

	61. 
Drouard, S; Hickey, SG; Riley, JD. CdS nanoparticle-modified electrodes for photoelectrochemical studies. Chem. Commun 1999, 1, 67–68. [Google Scholar]

	62. 
Ogawa, S; Ran, FF; Bard, AJ. Scanning tunneling microscopy, tunneling spectroscopy, and photoelectrochemistry of a film of Q-CdS particles incorporated in a self-assembled monolayer on a gold surface. J. Phys. Chem 1995, 99, 11182–11189. [Google Scholar]

	63. 
Ogawa, S; Hu, K; Fan, FRF; Bard, AJ. Photoelectrochemistry of films of quantum size lead sulfide particles incorporated in self-assembled monolayers on gold. J. Phys. Chem. B 1997, 101, 5707–5711. [Google Scholar]

	64. 
Chen, D; Wang, G; Lu, W; Zhang, H; Li, J. Photoelectrochemical study of organic–inorganic hybrid thin films via electrostatic layer-by-layer assembly. Electrochem. Commun 2007, 9, 2151–2156. [Google Scholar]











© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  ijms-11-01103


  
    		
      ijms-11-01103
    


  




  





media/file3.png
Semiconductor
(e.g TiO2, ZnO) electrolyte

Counter electrode

Semiconductor
(e.g. TIO2, ZnO)

p-type
semiconductor

Counter electrode





media/file0.png
Conducting polymer / dye coated TiO2 electrode

Conducting optical transparent electrode

hv






media/file1.png
Conducting polymer / dye coated TiO2 electrode

Conducting optical transparent electrode

hv






media/file2.png
Semiconductor
(e.g TiO2, ZnO) electrolyte

Counter electrode

Semiconductor
(e.g. TIO2, ZnO)

p-type
semiconductor

Counter electrode





