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Abstract

:

In this review, we discuss the main directions in which ruthenium complexes for dye-sensitized solar cells (DSCs) were developed. We critically discuss the implemented design principles. This review might be helpful at this moment when a breakthrough is needed for DSC technology to prove its market value.






Keywords:


ruthenium complexes; dye-sensitized solar cells; solar energy; cyclometalated complexes












1. Introduction


The annual global temperature keeps rising in parallel with the increasing concentration of carbon dioxide in the atmosphere (Figure 1). Both of these processes are consequences of extensive use of fossil fuels to meet humanity’s energy demand. To prevent further disturbances of the atmosphere, the move toward carbon-dioxide-free sources of energy is required [1,2]. Use of solar panels together with fuel cells or batteries should help in this transition. Many types of solar cells have been developed in research laboratories and some are on the market. Among these technologies are dye-sensitized solar cells (DSCs), which were under intense scrutiny for three decades [3,4]. DSC uses a wide band-gap semiconductor material, which is sensitized to visible light by a dye molecule on its surface. Various complexes of ruthenium were extensively used as a dye in both small area devices and big area panels. In this critical review article, we will discuss ruthenium complexes that were utilized to improve the performance of solar cells. We will go through the design principles that researchers implemented to obtain a well-performing sensitizer and to discuss which of these principles are valid after three decades. However, this paper will first describe the working concept of a DSC.



In their most conventional architecture, a small-area DSC is made of a photoanode with a cathode sandwiching liquid electrolyte in between. The photoanode is made of a glass covered with a film of transparent conductive oxide. This glass is covered with the blocking and mesoporous layers of semiconductor, most frequently titania, and the semiconductor is then covered with a monolayer of dye molecules. The cathode is usually made of the same conductive glass as in the photoanode with deposited on top it particles of a solid catalyst [5]. The liquid electrolyte is made of a solution of redox mediator in an organic solvent and contains various additives. In an ideal case, the dye molecule (S) absorbs the incident photon of high enough energy, and ends up in the electronically excited state (S*). Excited dye molecules inject their electrons into the conduction band of semiconductor filling up the present trap states, and remain in the oxidized state (S+). The reduced components of a redox mediator in the electrolyte (I−, Co2+, Cu1+, etc.) reduce the oxidized dye molecule (S+), and a hole (h as I3−, Co3+, Cu2+, etc.) in the electrolyte diffuses to the counter electrode. At the same time, electrons in the titania are collected and path through an external circuit and reach the counter electrode. The recombination of electrons and holes at the counter electrode closes the circuit. In reality, additional destructive processes are taking place. Among them, related to the photoanode-electrolyte interface are: (i) electronic relaxation of an excited sensitizer to its ground state; (ii) electron-oxidized sensitizer recombination; and (iii) electron-electrolyte recombination. One can design sensitizers to hamper these destructive pathways.




2. Sensitizers


It worth noting that the oxidation potentials mentioned below are implied versus the normal hydrogen electrode (NHE) potential unless otherwise noted.



For an efficient DSC, a sensitizer should meet the following requirements:



1. The sensitizer should possess an anchoring group, which should enable efficient chemisorption of sensitizer onto the mesoporous oxide. Most of the developed sensitizers possess carboxylic and phosphonic acid anchors; however, impressive results were recently presented with silyl-anchors [6].



2. For an efficient dye-regeneration, the oxidation potential of the sensitizer should be higher than the oxidation potential of a redox couple that immediately regenerates it. The efficient regeneration implies two orders of magnitude faster regeneration than charge recombination with a photooxidized sensitizer. For a DSC with an electrolyte based on an outer-sphere one-electron redox mediator like [Co(bpy)3]3+/2+ and [Cu(bpy)2]2+/1+, the regeneration kinetics are well described by Marcus’ electron transfer theory, where the two main factors that determine the rate of electron transfer are the driving force ΔG = −nFΔE, and the reorganization energy Λ = λinner + λout [7,8,9]. Thus, depending on the nature of the redox mediator, the necessary driving force for the efficient regeneration may vary depending on the reorganization energy. On the other hand, the exact couple that participates in direct regeneration in the iodine-based electrolyte is not yet established and may vary depending on the sensitizer.



3. The sensitizer’s excited state oxidation potential should be more cathodic than the conduction band edge of titania. As Gerischer developed, the rate of electron injection from a sensitizer into the electrode is described as   k ∝ ∫  κ  don    ( E )  D  ( E )   W  don    ( E )  d E  , where    κ  don    ( E )    is a transfer frequency as a function of  E ,   D  ( E )    is a density of empty electron states (DOS) within a semiconductor, and    W  don    ( E )    is a density of electron donor states referred to sensitizers [10,11,12]. Thus, for the fast charge injection, the density of donor states,    W  don    ( E )   , which, in our case, is the population density of the vibrational states for the excited sensitizer S*, and DOS should overlap in energy. As illustrated in Figure 2,    W  don     reaches its maxima at potentials below the sensitizers excited state potential by λ/e, which implies that for a fast charge injection the excited state potential should be at least few hundreds of mV more cathodic than the conduction band edge of mesoporous oxide.



4. The absorption spectrum for a sensitizer should be intense to absorb most of the light on a thin layer of sensitized mesoporous titania film. Roughly, extinction coefficients above 104 M−1·cm−1 are desired. However, sensitizers with lower extinction coefficients still work well when a thick film of mesoporous layer is used.



5. For a record efficient DSC, a sensitizer should absorb all the photons up to 940 nm [13], which implies very high Highest Occupied Molecular Orbital (HOMO) and very low Lowest Unoccupied Molecular Orbital (LUMO) energies. Thus, for this sensitizer, the overpotentials required for efficient regeneration and charge injection should be exceptionally small.



6. For the efficient sensitizer, the HOMO and LUMO should be spatially separated, with the LUMO close to the part of molecule with the anchoring group and the HOMO on the part further away from the oxide surface. The closeness of the LUMO to the oxide surface is advantageous for efficient charge injection, while a HOMO far away from the semiconductor surface is useful for two reasons. First, it is necessary to hamper the rate of malignant charge recombination with the photooxidized sensitizer, and second, it increases the visibility of a hole for the electron donors in the electrolyte.



7. The sensitizer should be photochemically and electrochemically stable. For the DSC to be stable for 20 years, the oxidation–back-reduction turnover number for the sensitizer should be above 106.



From the early ages of DSCs, derivatives of ruthenium(II) bipyridine complexes were extensively employed showing good performances. However, their popularity in the DSC field might be just a result of the fact that they had been already at forefront of attention due to their interesting photophysical and electrochemical characteristics. As a result, most of the theoretical bases for DSCs were built studying devices with ruthenium sensitizers and very little attention was given to other possibilities, except much later, to organic sensitizers. Below, we will start discussing the main feature of ruthenium complexes that made them to stand out, which is their characteristic metal-to-ligand charge transfer. Afterwards, we will describe some of the ruthenium sensitizers that played important roles in development of DSCs. In contrast to some present reviews, we will also add some of our thoughts into the discussion [14,15].




3. Ruthenium Complexes


To understand the possible ways of controlling the Metal-to-Ligand Charge Transfer (MLCT) band of ruthenium bipyridine complexes, we would like to revise its origin. For that, we need to bring the molecular orbital diagram for simplest ruthenium(II) tris-bipyridine complex Ru(bpy)32+ to show how the central atom’s s, p, and d orbitals σ- and π-interact with ligands’ group orbitals. Although Ru(bpy)32+ has a D3 symmetry, we may assume that σ-donating ligand orbitals, simply the lone electron pairs on nitrogens, create an octahedral environment around the central atom. This is almost true except that in Ru(bpy)32+ the  ∠ NRuN angles for cis-nitrogens are not equal to 90°. Thus, in the octahedral environment, ruthenium’s one s and three p atomic orbitals will gain A1g and T1u representations respectively, while five d atomic orbitals will split into set of two groups of T2g and Eg representation. Anologously, six σ-donating ligand orbitals in the Oh environment will split into three set of group orbitals with A1g, T1u, and Eg representations. As shown in Figure 3, all the ruthenium orbitals, except those with T2g representation, have matching ligand counterparts to interact with, resulting in bonding and antibonding molecular orbitals. However, the t2g orbitals remain nonbonding. Six Ru(II) d electrons together with 12 electrons from the 6 σ-ligands will fill all six bonding orbitals and three t2g nonbonding orbitals. Considering that the bonding orbitals are too deep in energy, they do not play any crucial role in the photophysical and electrochemical properties of the complex. However, the positions of non-bonding t2g and antibonding eg* orbitals are one of the most important factors for the complex. Thus, this diagram implies that the donating nature of σ-ligand orbitals affects only the eg* orbital and that by varying the basicity of ligand orbitals and their overlap with the central atom orbitals, only the eg* orbital energy can be controlled.



In addition to the σ-donation from six nitrogens, [Ru(bpy)3]2+ has an aromatic orbitals on each pyridine ring, which may interact with the central atom. Instead of building a D3 symmetry-adapted linear combination of ligand π-orbitals and constructing their interaction with a central atom, we could just qualitatively check how ligand π-orbitals are interacting with the central atom orbitals. Among the t2g and eg* orbitals that are already formed as a result of interactions with the σ-ligands, only t2g orbitals may π-interact with the ligand orbitals. In Figure 4, a perturbation of t2g orbitals as a result of the interaction with the π-acidic and π-basic ligands is presented. Both types of ligands could be present in sensitizers, with pyridine, NCS, and cyclometalated ligands as π-basic, and N-heterocyclic-carbenes as π-acidic ligands. In the case of pyridine-type ligands, the bonding t2g orbitals will be filled with the ligand orbitals and the antibonding t2g* orbitals will be filled with six electrons from the Ru(II). Since the energy difference between the metal t2g and ligand t2g group orbitals is usually high, the π-bonding is usually weak, resulting in the bonding and antibonding t2g orbitals having primarily ligand and metal orbital nature, respectively. Consequently, the metal-to-ligand charge transfer occurs from the generally metal-based t2g* orbitals to the ligand-based π* orbitals.



As follows from the interaction diagram in Figure 4, by tuning the π-basicity of the ligand orbitals, one may control the t2g* orbital energy and thus control the MLCT band energy. However, complete control over MLCT band position is not possible, since ligand’s π*-orbital energy changes in accord with its π-basicity. In heteroleptic complexes, various ligands with different π-basicity can be used to bypass this problem, as illustrated in Figure 4B with derivatives of [Ru(bpy)3]2+. When the π-basicity values of various ligands are differentiated, the highest energy t2g* and the lowest energy π* orbitals originate from the ligands of the highest and lowest π-basicity values, respectively. Thus, primarily the strongly π-donating ligands control the position of the t2g* orbital, while weaker π-donating ligands are responsible for the π*-orbitals that participate in the lowest-energy MLCT band. In addition to controlling the energy of the MLCT band, differentiation of ligands also attribute directionality to the MLCT band. This directionality of the MLCT bands in heteroleptic ruthenium complexes is one of the factors that determines their success in DSCs (vide supra: requirements for sensitizers: point 6).



The absorption spectrum of [Ru(bpy)3]2+ exhibits a set of MLCT πM–πL* (MLCT) bands in the visible region of solar spectrum and a set of ligand centered (LC) πL–πL* bands in the UV part. Above we have discussed the interaction of ruthenium t2g orbitals with ligand π*-orbitals in the octahedral microsymmety of D3. However, as Orgel noted, in a D3 point group, the originally t2 orbitals split into two: degenerate e and not-degenerate a1 [16]. Reduction of symmetry results in additional MLCT transitions.



As was stated above, for the efficient chemisorption, a sensitizer should possess anchoring groups. In 1985 Desilvestro et al. used tris-(4,4′-dicarboxy-2,2′-bipyridine) ruthenium(II) dichlorided [Ru(dc-bpy)3]Cl2 to sensitize titania of fractal morphology. For comparison, authors also sensitized films with [Ru(bpy)3]2+. The former provided then exceptionally high photon-to-current conversion efficiency reaching 44%, while the latter provided only 2.7% [17]. Later, with [Ru(dc-bpy)3]2+ sensitized fractal titania, Vlachopolous et al. reported IPCE values reaching 73% and PCE of 12% with incident light power of only 0.632 mW. As we mentioned above, for an efficient sensitizer, directionality for charge transfer is desired. This is not the case for the homoleptic ruthenium complexes, and yet [Ru(dc-bpy)3]2+ provided surprisingly 94% efficient charge injection [18]. This highly efficient injection may indicate on two pathways: (a) first, photoexcited sensitizer may efficiently inject its electron into the conduction band of titania while still in vibrationally hot states; and/or (b) relaxed to the MLCT state molecule has the excited electron on the bpy ligand directly attached to titania surface. Later, with bis-heteroleptic ruthenium complex [Ru(dcbpy)2(H2O)2]2+ (precipitated at its isoelectric point) on a fractal titania, promising results were obtained as well, with Incident Photon-to-current Conversion Efficiency IPCE and injection efficiency reaching 60% and 62% respectively [19]. However, the comparison of sensitizers’ performances obtained with fractal titania and not-optimized electrolytes is counterproductive.



In their seminal paper in 1991 [3], Brian O’Regan and Michael Grätzel introduced new mesoporous titania with roughness factor ca. 1000. In this work, cyano-bridged trinuclear ruthenium complex developed before by Amadelli et al. [20], on the mesoporous titania provided PCE over 7% (Figure 5). In this complex, two “antenna” ruthenium complexes Ru(bpy)2(CN)2 are attached to the anchoring Ru(dc-bpy)2 moiety via cyano-groups, and the former may efficiently transfer their absorbed energy to the latter. This complex possesses two apparent broad absorption bands in the visible region of solar spectrum, the high energy one was related to the MLCT in the peripheral “antennas”, and the low-energy band was related to the MLCT in the central moiety. With this complex, only one emission band related to the central moiety was observed, and in the time-correlated single photon counting measurement no rise-time was observed, indicating that efficient energy transfer from the peripheral moieties to the central anchoring moiety is taking place within 10−9 s as defined by instrument [20]. However, multinuclear complexes bridged with monodentate ligand usually tend to dissociate rendering them unpromising for long-term application in DSCs.



3.1. Ruthenium Complexes with Isothiocyanate Ligands


In 1993, Nazeeruddin et al. introduced a series of bis-heteroleptic ruthenium complexes cis-Ru(dc-bpy)2X2, where X = Cl−, Br−, I−, CN−, and SCN− [21]. Among these complexes, the isothiocyanate-substituted one, named N3 sensitizer, exhibited the most promising characteristics: (i) broad absorption spectrum with high extinction coefficient; (ii) relatively long excited state lifetime to ensure efficient charge injection into the conduction band of titania; and suitable oxidation potential for efficient sensitizer regeneration when an electrolyte based on I3−/I− redox is employed. In this work, PCE of 10% was achieved. Moreover, authors showed that dipping electrodes into 4-t-butyl-pyridine increases the VOC from 380 to 660 mV, which was related to the passivation of surface Ti(IV) states, leading to reduced charge recombination.



Another advantageous feature of N3 sensitizer is that its frontier-occupied orbitals are composed of antibonding interaction between the Ru t2 and isothiocyanate π* orbitals. The unoccupied frontier orbitals generally consist of 4,4′-dicarboxy-2,2′-bipyridine π* orbitals. Such a spatial separation of occupied and empty frontier orbitals does not only facilitate efficient charge injection and dye-regeneration as was mentioned above, but also enables control over the absorption spectra and electrochemical parameters of the complex. For example, deprotonation of acid groups in N3 sensitizer drastically influences both the absorption spectra and the oxidation potential in two ways: (a) deprotonation results in increased energy of π* orbitals; and (b) deprotonation increases the π-basicity of bipyridine ligands. According to the cyclic voltammetry measurements, both the oxidation and reduction potentials, which are qualitatively related to the HOMO and LUMO energies, shift cathodically with deprotonation [22]. Apart from the effects on the intrinsic characteristics of a sensitizer, its protonation degree also impacts the electronic properties of mesoporous semiconductor. As the conduction band edge of mesoporous oxide shifts anodically with reduction of pH, the fully protonated N3 sensitizer and fully deprotonated N3 sensitizer provide different performances [23,24,25,26]. Protonated N3 sensitizer causes downward shift of the conduction band edge and thus provides lower VOC and higher JSC than the fully deprotonated N3 sensitizer. The compromise between VOC and JSC can be achieved with partially deprotonated N3 sensitizer. The double deprotonated version of N3 sensitizer, was presented later and named as N719 [27]. Solar cells with this sensitizer provided PCE of 11.18%. In the same work, with the help of Density-Functional Theory (DFT) and Time Dependents-DFT (TD-DFT) calculations, authors calculated the electronic energy levels for the N3 sensitizer and for its partially and fully deprotonated analogues, among which is N719. Authors claim that double- and single-protonated complexes provide optimal compromise between the molecule optical band gap and LUMO energy, and that in N3 sensitizer the LUMO is too low to enable efficient charge injection. The PCE of 11.18% was achieved with monoprotonated sensitizer obtained by adding one equivalent of chenodeoxycholic acid salt to the electrolyte sensitized with N719. This claim asks for further questions: (i) although chenodeoxycolic acid is basic enough to deprotonate the N719, one would expect protons to attach onto the titania; and (ii) chenodeoxycholic acid may simply passivate free active sites on titania surface, reducing charge recombination. The latter is likely responsible for efficiency improvement, since it was achieved mostly due to the improvement in VOC with insignificant changes in JSC.



According to the Shockley-Queisser analysis, ideally, a single-junction solar cell should provide a power conversion efficiency little over 30% [13]. For this high efficiency, the solar cell should absorb all the incident photons with energy higher than 1.1 eV. For the N719 sensitizer with the absorption onset of 780 nm (1.59 eV) the voltage of 846 mV was obtained, indicating that loss-in-potential is 0.744 eV. To improve the efficiency of DSC both the optical bandgap and loss-in-potential should be reduced. Most of loss-in-potential come from the two processes: (a) high regeneration overpotential with I3−/I− -based electrolyte; and (b) necessary driving force for charge injection into titania. Shrinking the optical bandgap of sensitizer implies reduction of both overpotentials required for regeneration and charge injection. As Snaith underlined, one of the reasons for high driving force necessary for efficient charge injection is the heterogeneity in injection rates [28]. Many studies support that for N719 few charge injection pathways in fs and ps timescale take place, among which are injection from: vibrationally hot states, 1MLCT, and 3MLCT states [12,29,30,31]. Thus, the conduction band edge should be deep enough to ensure that the slowest injection is also complete. However, as Nazeeruddin et al. showed, a new N749 sensitizer, which is due to its appearance in solid state is also known as “black dye”, has an optical bandgap of 1.38 eV (900 nm) and suffers from lower loss-in-potential of 0.66 eV than N719 [32]. In black dye, ruthenium is coordinated with three donating isothiocyanate ligands and anchoring tridentate 2,2′:6′,2″-terpyridine functionalized with three carboxy-groups at 4, 4′, and 4″ positions. This new complex was synthesized in two step procedures from a ruthenium trichloride hydride and 4,4′,4″-tricarboxy-2,2′:6′,2″-terpyridine and two of the carboxylic acid groups were then deprotonated. For comparison, analogues with either all protonated or all deprotonated carboxylic groups were also prepared. Among these three sensitizers, N749 with two deprotonated carboxylic groups provided the highest PCE of 10.4%, mostly due to high JSC reaching 20.5 mA·cm−2 [32].



Apart from the bis-heteroleptic ruthenium complexes like N3, N719, and black dye, their tris-heteroleptic complexes were also developed. Synthesis of tris-heteroleptic ruthenium complexes with 2,2′-bipyridine type of ligands can be achieved through the few synthetic routes. Starting from the oligomeric [Ru(CO)2Cl2]n one can consecutively introduce polypyridine ligands as shown in Scheme 1A to obtain [RuL1L2L3]2+ [33,34,35,36,37]. Noteworthy, in the last step, decarbonylation is induced with trimethylamine N-oxide (TMNO), which transfers oxygen resulting in CO2 and TMA. Moreover, authors visually observed that the coordination of the last ligand L3 is faster when L1 and L2 are more electron withdrawing, which increase the π-backbonding from the Ru dπ orbitals to L1 and L2, and thus decreasing the Ru–CO bond order [37]. To the best of our knowledge, there is no reported synthesis of tris-heteroleptic ruthenium complexes with two isothiocyanate ligands through this synthetic route.



Zakeeruddin et al. introduced another way for synthesis of tris-heteroleptic ruthenium complexes, especially with isothiocyanate ligands [40]. As shown in Scheme 1B, starting from Ru(DMSO)4Cl2 four DMSO ligands are substituted in two step to two different bipyridine type ligands. Then, in the last step, two chlorides are substituted with isothiocyanate ligands.



Tris-heteroleptic ruthenium complexes can also be obtained through the procedure developed by Freedman et al., in which [Ru(Bz)Cl2]2 is used as a Ru source (Scheme 1C) [39]. In opposite to the aforementioned procedures, only mild reaction conditions are used in this route, which should prevent ligand scrambling and result in higher yields of tris-heteroleptic product. This procedure was further modified to synthesize tris-heteroleptic ruthenium complexes with isothiocyanate ligands in one-pot reaction. With this new procedure, Zakeeruddin et al. introduced Z907 sensitizer RuL1L2(NCS)2 where L1 is 4,4′-dicarboxy-2,2′-bipyridine, and L2 is 2,2′-bipyridine derivatized on 4 and 4′th positions with nonyl chains [38]. The gained hydrophobicity should protect oxide-electrolyte interface from water and thus prevent water induced dye desorption. Although in reference to N749, Z907 showed lower PCE of 6.2%, the stability of device with Z907 was significantly improved [41]. Moreover, gelation of 3-methoxypropionytrile electrolyte solution with a polymer resulted in improved stability. Z907 sensitizer set a precedent for hundreds of tris-heteroleptic ruthenium complexes with isothiocyanate ligands that were developed in the last fifteen years. However, these new sensitizers rarely provided efficiencies comparable to the N719, making the set direction in DSCs research questionable.



Many analogues of Z907 with different substituents on the 4 and 4′ positions of auxiliary 2,2′-bipyridine ligand were tested. Most popular among them are complexes with substituents based on styrol, thiophen, and triphenyl amine. The need for the high-extinction coefficient dyes was the main cause for this shift toward the tris-heteroleptic complexes with various aromatic substituents. In a new Z910 complex the nonyl chains on the ancillary ligand of Z907 were substituted with 3-methoxystyryl moieties [42]. In the result, the MLCT absorption bands of Z910 reached extinction coefficients of 16.85 × 103 and 17 × 103 (M·cm)−1. In a DSC of conventional architecture, Z910 provided PCE of 10.2% with JSC and VOC reaching 17.2 mA·cm−2 and 777 mV, respectively. Afterwards, sensitizers K19 and K77, differing from Z910 by the position and length of the alkoxy groups were introduced [43,44,45]. However, these sensitizers showed lower efficiencies that Z910. Moreover, N719 sensitized solar cell of unexpectedly low 6.7% efficiency was used as a reference.



The tris-heteroleptic isothiocyanate ligated ruthenium complexes with different thiophene-based substituents are shown in Figure 6. All of these sensitizers have aromatic moieties on the ancillary ligand with additional alkyl chains. The main purpose of adding these aromatic moieties is to increase the absorptivity of sensitizer. Alkyl chains are introduced for two reasons: to increase the solubility of sensitizer and to prevent dye-aggregation on titania surface. One would expect that sensitizers with more complex substituents would be reported later in history, which is not the case. CYC-B1 sensitizer with 2,2′-bithiophene substituents with additional octyl chains on the 5′ positions of each thiophene was reported by Chen et al. [46]. The absorption spectrum of CYC-B1 reveals two apparent bands in the visible region with absorption maxima at ca. 400 and 553 nm and with extinction coefficients of ca. 46.4 × 103 and 20 × 103 (M·cm)−1. A DSC with CYC-B1 provided JSC of 24 mA·cm−2 and VOC of 650 mV, however, low FF of 55% limited PCE to only 8.54%, which is 10% higher than the reference device with N3 sensitizer. From the shape of the J-V curve, one might suspect that low FF is result of increased device series resistance, which is reasonable considering that a titania film of 20 μm was used and that the distance between two electrodes was 80 μm. Afterwards, the same authors introduced CYC-B3 and CJW-E1 with 5-octyl-thiophene and 5-octyl-EDOT (EDOT—3,4-ethylenedioxythiophene) substituents on the ancillary ligand respectively [47]. According to this work, the extinction coefficient of the lowest energy MLCT band for CYC-B3 differ negligiblyfrom that of N3. Although the absorption spectra of CYC-B3 and CJW-E1 are very close, DSC with former provided PCE of 7.39%, while with latter—PCE of 9.02%. DSC on CJW-E1 gave JSC of 21.6 mA·cm−2 and on CYC-B3—only 15.7 mA·cm−2, with both devices providing the same VOC of 669 mV. Authors did not provide any reasonable explanation behind PCE differences. Surprisingly, a monodeprotonated analogue of CYC-B3 with shorter alkyl chains C101, was also studied, and high PCE of 11% was achieved [48]. In another work, the analogue of CJW-E1, C103 with just hexyl-chains on the EDOT and in a monodeprotonated form, was shown to provide a PCE of 10.4% [49]. This disagreements in results obtained with very similar sensitizers in different laboratories undermine the general logic of sensitizer design and the validity of discussion behind the obtained results.



Some reports also show that substitution of alkyl chains in C101 and CYC-B1 by thioalkyl chains results in better performing sensitizers C106 and CYC-B11 [50,51]. However, the positive effect of this modification can be questioned. For example, the performances of C106 and C101 were compared, where these sensitizers provide PCEs of 10.57% and 10.33% respectively. Based on merely 0.2% PCE difference, C106 was chosen and its performance was optimized with better films to reach the PCE of 11.29% [50]. However, the same authors one year earlier published 11.0% PCE with C101 [48]. Thus, the advantage of introducing thioalkyl chains instead of simple alkyl chains is not valid yet.



Another group of tris-heteroleptic ruthenium complexes with two isothiocyanate ligands are those with arylamine-based electron donors attached at the ancillary ligand. Electron reach substituents were introduced to increase π-conjugation on the ancillary ligand and destabilize the ground state oxidation potential and HOMO through π-donation. Such design should lead to high and panchromatic molar absorptivity. Moreover, electron reach arylamine donors should enable efficient hole extraction and thus facilitate dye-regeneration with solid-state devices, employing hole-transporting materials like Spiro-OMeTAD [52]. Some of the tris-heteroleptic ruthenium complexes with arylamine electron donors are presented in Figure 7 and their performances are summarized in Table 1. As one may notice, these additional complications of dye structure did not lead to any substantial improvements in device performance. The general note regarding most of these articles on tris-heteroleptic ruthenium complexes with isothiocyanate ligands is that they usually report one or two new sensitizers with some random aromatic moiety, and very rarely performances of a series of few sensitizers are compared.



Many analogues of above mentioned N749 or black dye were also studied. In these complexes, ruthenium is usually coordinated with three isothiocyanate ligands and one tridentate ligand based on 2,2′:6′,2″-terpyridine. The most convenient route to synthesize black dye and its derivatives consists of two steps. First, RuCl3·xH2O is reacted with the tridentate ligand L to obtain RuLCl3, which, due to their low solubility in most of the solvents, are difficult to characterize, and usually subjected to the second step to substitute chlorides with isothiocyanates.



In a search for a better sensitizer than N749, its anchoring ligand was modified. In Figure 8, two main possibilities of anchoring ligand modification are represented. In Figure 8A some of the tested alternatives are shown. Presented sensitizers either suffer from blueshifted absorption spectra [61,62], or from inefficient charge injection due to low energy of excited states, thus resulting in poor power conversion efficiencies [63,64,65]. Alternatively, one of the terminal pyridine rings of N749 was modified to improve the photophysical characteristics of sensitizer. In Figure 8B, some of the well-performing sensitizers are presented. Insertion of electron donating substituents on the fifth position of terminal pyridine ring does not result in increased extinction coefficient for the lowest energy MLCT band. However, between 350 and 550 nm, the absorption spectrum intensity strongly increases. This substitution also results in a small cathodic shift of oxidation potential, which should not influence dye-regeneration efficiency. Although the reference cell employing black dye provided PCE of only 6.89%, all three sensitizers PRT-12, PRT-13, and PRT-14 provide much higher PCE of 9.1%, 10.3%, and 8.86% respectively (Table 2) [66]. The improved performance of device with PRT-13 having EDOT moiety is related to both: higher JSC and VOC than with other sensitizers. Electrochemical impedance spectroscopy analyses revealed that the electron lifetime in devices with PRT-13 is higher than with other sensitizers leading to 760 mV VOC. Higher JSC achieved with PRT-13 than with N749 or with PRT-14, is surprising (16.8, 19.7, and 17.8 mA·cm−2 for N749, PRT-13, and PRT-14 respectively), and we believe it is the result of compromise between dye-loading and the absorption spectrum intensity. Due to its size, more PRT-13 should load onto titania than PRT-14 and less than N749. Although authors did not investigate it directly, this work underlines the role of dye-loading.



In another work, with analogous sensitizers—MJ-6 and MJ-10, high PCEs were achieved (Table 2) [67]. More intense absorption band of MJ-6 and MJ-10 in near UV-region of visible light results in improved IPCE. However, better absorption of N749 at low energies resulted in higher obtained JSC of 19.0 mA·cm−2 with N749 than with MJ-6 and MJ-10, which gave 18.1 and 18.3 mA·cm−2 respectively. Impressive result was achieved with HIS-2 with 4-methylstyryl moiety attached onto the terminal pyridine ring [68]. It worth noting, that in opposite to PRT and MJ series of sensitizers mentioned above, authors isolated HIS-2 in its monodeprotonated form. In comparison to N749, HIS-2 exhibits improved absorption spectrum through the whole visible region, and thus in higher IPCE. Solar cells with 25 μm thick mesoporous layer with HIS-2 provided impressive 23.07 mA·cm−2 JSC, and PCE of 11.1%. As a reference, N749 provided JSC and PCE of 21.28 mA·cm−2 and 10.5%. Both devices had close VOC of 680 and 690 mV, which indicates that PCE improvement is solely due to improved light absorption.




3.2. Toward Isothiocyanate Free Ruthenium Complexes


As a monodentate ligand, isothiocyanates are labile under thermal or light stress. Standard electrolytes employed in DSCs contain iodide anions or 4-tert-butylpyridine in high concentrations, which further favors isothiocyanate substitution [69,70,71]. To obtain kinetically inert sensitizers, isothiocyanate free ruthenium complexes with bi- or tridentate donating ligands were developed [72,73,74,75,76].



Prof. Yun Chi’s and Prof. Pi-Tai Chou’s groups have extensively studied ruthenium complexes with 1,2-pyrazolyl and 1,2,4-triazolyl ligands. The standard bidentate ligand frequently used is 2-(3-(trifluoromethyl)-1H-pyrazol-5-yl)pyridine illustrated in Scheme 2. This ligand binds to ruthenium in a deprotonated form, thus a charge neutral ruthenium complexes with two pyridine-pyrazolyl ligands and one 4,4′-dicarboxy-2,2′-bipyridine ligand [Ru(PyPz)2(bpy)] can be obtained [77,78,79]. These new type of sensitizers are synthesized in three steps starting from [Ru(p-Cymene)Cl2]2 as illustrated in Scheme 2. First, [Ru(p-Cymene)Cl2]2 is reacted with 4,4′-dicarboxy-2,2′-bipyridine diethyl or dimethyl ester (bpy’) and [Ru(bpy’)(p-Cymene)Cl]Cl is obtained, which is then reacted with pyridine-pyrazolyl type of ligand in 2-methoxyethanol to obtain ruthenium complexes of three different coordination isomers. However, the isomer in which two pyrazolyl ligands are in trans-position to each other is the major product. This complex can be isolated via column chromatography and hydrolyzed to obtain the final complex with two carboxylic groups. However, the option of further isomerization during the last saponification step was not addressed.



In Figure 9 some of the well performing TFRS series sensitizers with bidentate pyridine-pyrazolyl type of ligands are presented. TFRS-1 with no substituents on the pyridine rings of pyridine-pyrazolyl ligand has a less intense absorption spectrum that N719. The lowest energy MLCT band of TFRS-1 has an extinction coefficient of 7900 (M·cm)−1, which is almost twice lower than that of N719 [77]. Introduction of 5-hexylthiophene or 5-hexyl-2,2′-bithiophene onto the 4th position of each pyridine in TFRS-2 and TFRS-3 respectively has a hypsochromic effect on the absorption spectra of these sensitizers. Solar cells with 12 μm thick transparent mesoporous and 4 μm scattering layer employing TFRS-1, TFRS-2, and TFRS-3 were analyzed. Moving from TFRS-1 to TFRS-2, improved light absorption results in increased JSC, while further from TFRS-2 to TFRS-3, enhancement of JSC is negligible. On the other hand, in the same line, VOC drops from 830 for TFRS-1 to 820 and 810 mV for TFRS-2 and TFRS-3 respectively. In the result TFRS-1, TFRS-2, and TFRS-3 provide PCEs of 9.18%, 9.54%, and 8.94% respectively. Via electrochemical impedance spectroscopy analysis of devices, authors showed that moving from TFRS-1 to TFRS-2, and TFRS-3 the recombination resistance in devices drops, which explains the observed trend in VOC. Authors illustrated that the absorptance of the mesoporous film sensitized with TFRS-3 is at least 20% higher than that sensitized with TFRS-2, which considering the obtained JSC (Table 3) underlines very inefficient charge collection for the films with TFRS-3.



Later, TFRS-4 with 5-thiohexylthiophene moieties attached onto the pyridine ring of pyridine-pyrazolyl ligand was introduced. Moreover, analogues of TFRS-1, TFRS-2, and TFRS-3 in which pyrazolyl ring is substituted to triazolyl—TFRS-21, TFRS-22, and TFRS-24 respectively, were introduced [78]. Among the newly presented sensitizes, TFRS-4 provided an exceptionally high PCE of 10.2%, while the reference device with N719—9.52% efficiency was achieved. In comparison to sensitizers with pyrazolyl moiety, those with triazolyl moiety presented narrower, more blueshifted, and less intense MLCT bands in the visible range. The more blueshifted MLCT bands in TFRS-21, TFRS-22, and TFRS-24 in comparison to TFRS-1, is the consequence of triazole being more electron withdrawing than pyrazole, which stabilizes occupied frontier molecular orbitals. The same conclusion is supported with cyclic voltammetry measurements, which shows that moving from pyrazolyl to triazolyl ligated complexes the ground state oxidation potential is anodically shifted by 150–250 mV, from ca. 0.9 to 1.1 V vs. NHE. A similar shift is estimated for the excited state oxidation potential. Regarding PCE in solar cells, sensitizers with triazolyl moiety show in average 1–2% lower efficiencies in comparison to those with pyrazolyl, which is due to both lower voltages and photocurrents.



In the following work, new TFRS complexes with isoquinoline and quinoline instead of pyridine in pyridine-pyrazolyl ligand—TFRS-51 and TFRS-53 respectively, were introduced (Figure 9) [79]. For both of these complexes derivatives with tert-butyl group on the 6th position of quinoline and isoquinoline, TFRS-52 and TFRS-54 respectively, were also prepared. Although the lowest energy absorption band for these new series of sensitizers with quinoline and isoquimoline moieties are by 15–20 nm more blueshifted than that for TFRS-1, higher extinction coefficient for TFRS-51, TFRS-52, TFRS-53, and TFRS-54 result in better visible light harvesting. Interestingly, sensitizers with quinoline moiety TFRS-53 and TFRS-54 have less intense absorption spectra than that with isoquinoline TFRS-51 and TFRS-52. In solar cells new sensitizers exhibit better performance in comparison to TFRS-1. However, it worth noting that in this work PCE of 7.84% with TFRS-1 as the reference was reported, while in the previous work with the same sensitizer 9.18% conversion efficiency was achieved. Nevertheless, TFRS-52 with 6-tert-butylisoquinoline moiety provided a PCE of 10.1% mostly due to high VOC reaching 860 mV. The same TFRS-52 tested at EPFL provided 10.88% conversion efficiency as better FF and JSC, with little lower VOC were obtained [79]. Authors explained the variation in PCEs on the basis of electron lifetime and conduction band edge shifts. In comparison to TFRS-51 and TFRS-53, sensitizers with additional tert-butyl group (TFRS-52 and TFRS-54) result in upward shift of the conduction band edge and in higher recombination resistances. Interesting to note that TFRS series sensitizers with bidentate ligands in devices with iodine-based electrolyte provide surprisingly high VOC of over 800 mV. Such a high VOC was before achieved with fully deprotonated N3 sensitizer. To investigate reasons behind comparatively high VOC achieved with TFRS series complexes, Moehl et al. analyzed solar cells with TFRS-2, Z907, and C101 [80]. First, standard solar cells were fabricated and better performance with TFRS-2 that with Z907 and C101 was obtained, as a result of both higher JSC and VOC achieved with TFRS-2. Higher JSC obtained with TFRS-2 can be related on the one side to its broader and more intense absorption spectrum in comparison to Z907 and C101, and on the other side, to the higher dye-loading obtained with TFRS-2 than with Z907 and C101 sensitizers. According to the electrochemical impedance spectroscopy analysis, both, improved charge recombination resistance and upward shift of the conduction band edge are responsible for higher VOC obtained with TFRS-2 than Z907 and C101 sensitized solar cells. With the means of DFT calculations, the shift of the conduction band edge was related to the dye dipole moment directed away from the surface in case of TFRS-2. In contrast, for solar cells sensitized with Z907 and C101, due to the partial negative charge on the isothiocyanate ligands, molecule’s dipole moment is directed toward the surface (Figure 10).



Analogues of above-mentioned TFRS sensitizers, but derived from N749 rather than N3 sensitizer, were also developed (Figure 11). Among them are PRT1–PRT4 complexes with one tridentate 4,4′,4″-tricarboxy-2,2′:4′,2″-terpyridine, one functionalized bidentate pyridine-pyrazole, and with single isothiocyanate ligands [81]. In comparison to the N749, these new complexes possess broader absorption spectra with onset reaching 850 nm, and better absorptivity below 550 nm. The ground state oxidation potentials for these sensitizers adsorbed onto the mesoporous titania of ca. 0.6–0.7 V vs. NHE were measured via cyclic voltammetry. Interestingly, for PRT-1 with no substituents on the styryl group, lower oxidation potential of 0.6 V, while for PRT2, PRT3, PRT4 with methoxy, hexyloxy, and tert-butyl substituents on the styryl group, higher oxidation potentials in the range of 0.7–0.71 V vs. NHE were measured. Assembled solar cells with 6 μm mesoporous film and iodine-based electrolyte provided PCEs of 9.14–10.05% with better results moving from PRT1 to PRT4, while the reference solar cells with N749 provided 9.07% (Table 4). After these promising results, another series of PRT sensitizers, namely PRT21–PRT24 with two different tridentate anchoring and two pyrazolyl-pyridine ligands were reported (Figure 11) [82]. Anchoring ligands were 4,4′,4″-tricarboxy-2,2′:4′,2″-terpyridine and its derivative where one of the terminal pyridines is substituted by 6-tert-butylquinolin-8-yl (Qbpy). Two pyrazolyl-pridine donor ligands have either 5-hexylthien-2-yl or 5-(hexylthio)thien-2-yl substituents at the 4th-position of the pyridyl ring. Complexes PRT22 and PRT24 with hexylthio-chain show more intense absorption spectra than their analogues PRT21 and PRT23 with just hexyl-chain. Additionally, complexes with Qbpy anchoring ligand, PRT23 and PRT24, exhibit broader absorption spectra with higher extinction coefficients at almost whole visible range than PRT21 and PRT22 with terpyridine anchoring ligand. However, a 6-μm thick mesoporous layer of titania sensitized with PRT21 and PRT22 showed more intense absorption spectra than those with PRT23 and PRT24. This outcome can be related to higher dye-loading obtained with PRT21 and PRT22. For all four sensitizers, assembled solar cells with a 15-μm thick transparent and a 7-μm thick scattering layer of mesoporous titania provided efficiencies higher than the reference cell with N749 dye. Interestingly, devices with PRT22 and PRT24 possessing hexylthio-chain provide consistently higher JSC and lower VOC than devices with PRT21 and PRT23 having a simple hexyl chain. In the result, sensitizers PRT22 and PRT24 provided little higher PCEs than PRT21 and PRT23—11.16% and 10.51% vs. 10.81% and 10.43% (Table 4). Higher currents obtained with PRT22 and PRT24 than with PRT21 and PRT23, were explained as a result of differences in absorption spectra. However, the explanation behind the obtained voltages was not straightforward, considering that different sensitizers provided different conduction band edge positions, various electron lifetimes, and various dye-loadings, with no clear correlations of each factor with structural modifications.



In further studies, analogues of PRT sensitizers with a tridentate-donating ligand based on 2,6-bis(5-pyrazolyl)pyridine were introduced. The main motivation in this shift was to improve the chemical stability and photophysical properties of new sensitizers. Initially, complexes TF1–TF4, where ruthenium is coordinated with tridentate terpyridine as an anchoring ligand and 2,6-bis(3-(trifluoromethyl)-1H-pyrazol-5-yl)pyridine or its derivatives with different electron donating substituents on the 4th position of pyridine ring were synthesized (Figure 11) [83]. Improved absorption spectra for TF1–TF4 sensitizers in comparison to N749 is questionable. These new sensitizers present more intense absorption bands than N749 at short wavelengths (below ca. 550 nm) and in near IR region, while less intense bands in-between. Solar cells with 15 μm thick transparent and 5 μm thick scattering layers of mesoporous titania, showed improved IPCE only below ca. 550 nm and around 700 nm for TF1–TF4 sensitizers than for N749 (Table 4). As a consequence, all new sensitizers apart TF1 provided higher JSC than N749. In addition, crucial improvements in the VOC resulted in PCEs over 10% for TF2–TF4 sensitizers, while 9.11 and 9.22 for TF1 and for the reference N749 sensitizers. Authors speculated that improved VOC with TF sensitizers in comparison to N749 could be: (i) due to better packing of TF sensitizers resulting in increased recombination resistances, which was supported with electrochemical impedance spectroscopy analyses; and (ii) due to dipole moment in TF sensitizers directed toward the titania surface and pushing the conduction band edge upward. However, none of these claims were supported with analyses. Later, the same authors introduced new series of TF sensitizers where the anchoring ligand was modified. However, improvements in PCE were incremental and in some of the reports devices with new sensitizers were compared to the low-efficient references [84,85,86].




3.3. Cyclometalated Ruthenium(II) Complexes


After the first report on cyclometalated ruthenium complexes of [Ru(bpy)2+(ppy)]1+ type (where ppyH = 2-phenylpyridine) by Reveco et al. [87,88,89] and by Constable with Holmes [90], these complexes attracted a great attention in regards their photophysical characteristics [91,92,93,94,95,96,97]. However, only in 2007 Wadman et al. reported on the potential of cyclometalated Ru(II) complexes for DSC application [98]. In comparison to [Ru(bpy)3]2+ stronger electron donation from the carbanion in cyclometalated [Ru(bpy)2(ppy)]1+ results in higher electron density at Ru and in the upward shift of t2 orbitals. In the result, cyclometalated ruthenium complexes present bathochromically shifted MLCT bands when compared to their imine coordinated analogues. According to the quantum mechanical calculations, three occupied frontier orbitals in cyclometalated Ru complexes, additional to the metal t2 atomic orbital composition, have a significant contribution from the cyclometalated ring’s π* orbitals [99]. This virtue provides the means to modify the occupied frontier orbital levels and thus tune the absorption spectrum and ground state oxidation potential by introducing various substituents onto the cyclometalating ligand. Another advantage with cyclometalated Ru complexes is the possibility to prepare tris-heteroleptic complexes where one can fine-tune photophysical properties of a complex modifying additional ligand. These complexes are analogous to the tris-heteroleptic Ru complexes with isothiocyanate ligands.



In their comprehensive studies, Bomben et al. presented a series of cyclometalated Ru complexes and compared them with noncyclometalated analogues. As the authors showed, cyclometalated complexes with broad absorption spectra and proper redox potentials are suitable for DSC application. Moreover, authors reported on convenient synthesis of both bis- and tris-heteroleptic cyclometalated ruthenium complexes.



To synthesize cyclometalated Ru complexes of [Ru(tpy)(dpb)]+ type (where dpbH = 1,3-bis(pyridine-2-yl)benzene) with two tridentate ligands, one may start from Ru(tpy)Cl3 and abstract halogens with soluble silver salts, i.e., AgPF6 or AgBF4, in acetone, and then, without specific purification, react the obtained acetone ligated complex with a cyclometalating ligand as shown in Scheme 3 [94,96,100,101,102,103,104]. Direct reaction of Ru(tpy)Cl3 with cyclometalating ligand in the presence of base/reducing agent was also shown to provide cyclometalation [95,105,106,107]. Alternatively, one may start with [RuBzCl2]2 and react it first with a cyclometalating ligand in acetonitrile to obtain [Ru(dpb)(CH3CH)3]+, and then react the obtained complex with a polypyridine ligand [108,109,110]. Depending on the substituents on both, cyclometalating and polypyridine, ligands one may choose from the above-mentioned procedures.



Synthesis of bis-heteroleptic cyclometalated Ru complexes with bidentate ligands can also be achieved either by coordinating a cyclometalating ligand, like 2-phenylpyridine to Ru(bpy)2Cl2 with or without the presence of silver salt [90,105,111], or more conveniently, through [Ru(ppy)(CH3CN)4]+, in which the acetonitriles can be substituted with polypyridine ligands (Scheme 4) [112,113,114,115]. The latter route also provides means to synthesize tris-heteroleptic complexes where apart the cyclometalating ligand, two different bidentate polypyridine ligands are coordinated to ruthenium (Scheme 4) [113,114,115,116,117].



Bessho et al. showed that the simplest bis-heteroleptic cyclometalated Ru complex Bes1—[Ru(dcbpyH2)2(pF2py)](PF6), where HpF2py is 2-(2,4-difluorophenyl)-pyridine—provides PCE over 10% (Figure 12) [111]. Authors present that in the final sensitizer used in solar cells all carboxylic groups are protonated, however reported 1H and 13C NMR data support that the complex was obtained as a NBu4+ salt, indicating that the complex is doubly deprotonated. Manufactured solar cells with 12 μm transparent and 5 μm scattering mesoporous titania provided 10.1% PCE, as 17 mA/cm2 of JSC and 800 mV of VOC were obtained. In this work, the use of 2-phenylpyridine with two fluorines on the cyclometalating benzene ring was key to stabilize the ground state oxidation potential, and thus to favor photooxidized sensitizer regeneration. Afterwards, many cyclometalated tris-heteroleptic ruthenium complexes were introduced.



Bomben et al. realized that substituting one of the 4,4′-dicarboxy-2,2′-bipyridine ligands with bpy leads to ca. 0.2 V cathodic shift of oxidation potential. To shift the oxidation potential back to 0.9–1.0 V vs. NHE, electron withdrawing substituents had to be introduced onto the cyclometalating ring. The effect of electron withdrawing substituents at cyclometalating and bpy ligands on the oxidation potential of ruthenium complexes is summarized in Figure 13 [118]. To improve the light harvesting ability cyclometalated complexes, aromatic substituent with alkyl chains were introduced at the ancillary bpy ligand. These substituents render sensitizer hydrophobicity, which should prevent water induced dye desorption and support device long-term stability. For example, sensitizer B1 with two 5-hexylthiophen-2-yl substituents on the ancillary ligand and 2-(2,6-bis-(trifluoromethyl)phenyl)pyridine as cyclometlating ligand provided PCE of 7.3%, while with the reference N3 sensitizer 6.3% PCE was achieved [116]. Although new sensitizer shows two-fold intense absorption spectrum than N3 sensitizer, due to compromise in dye-loading for B1 the absorptance of sensitized mesoporous films were not very different. The gain in efficiency was related to the improvement in JSC from 13.3 mA/cm2 for N3 to 16.3 mA/cm2 for cyclometalating complex B1. According to the electrochemical impedance spectroscopy analyses, authors related the gain in JSC to the improved charge recombination resistances (from 25 to 30 Ohm for N3 and B1). However, normalized diffusion lengths for both devices are much higher than the thickness of a mesoporous layer, which indicates that additional processes should be considered to fully explain the observed trend. In the follow-up article, the same group introduced a new sensitizer B2 with extended substituents on the ancillary ligand (Figure 12) [117]. Although solar cells with B2 provided higher JSC than B1, the opposite is true for VOC, resulting in comparable PCEs. Higher VOC obtained with B1 than with B2 was again related to higher recombination resistance in devices with B1, which is not surprising as ca. 40% higher dye-loading was obtained with B1.



In the series of articles, Wadman et al. reported the synthesis and photophysical properties of bis-heteroleptic cyclometalated ruthenium complexes with tridentate ligands [94,95,98,99,108]. Especially, using symmetric NCN and asymmetric NNC ligands, authors underlined the effect of cyclometalated ring position on the photophysical properties of complexes [94]. Worth to notice that changing the NCN ligand to NNC results in a loss of degeneracy of HOMO-1 and HOMO-2 orbitals as the result of reduced symmetry from C2v to Ci. Loss of degeneracy leads to additional mixed metal-ligand to ligand charge transitions. Generally, these bis-tridentate ruthenium complexes suffer from low extinction coefficients restricting their performance in solar cells [98]. To improve the absorption profile of these complexes, Robson et al. introduced various organic moieties at the cyclometalating ligand in a so called bichromic sensitizers [119,120]. Learning from the design principles for the organic donor-π-bridge-acceptor (D-π-A) sensitizers, authors introduced thiophene-bridge with triphenyl amine (TPA)-based organic electron donor at the 4th position of 6-phenyl-2,2′-bipyridine cyclometalating ligand. As illustrated in Figure 14, the choice of asymmetric 6-phenyl-2,2′-bipyridine over symmetric 1,3-bis(pyridine-2-yl)benzene cyclometalating ligand is crucial to observe donor-acceptor charge transfer. 2,2′-bipyridyl part of 6-phenyl-2,2′-bipyridine ligand plays a role of the charge acceptor.



Authors also showed that through modifications of either cyclometalating benzene ring or TPA moiety, an almost independent control over both Ru3+/2+ and TPA+/0 oxidation potentials is possible (Figure 15). For example, strong electron donating substituent, such as methoxy, at the TPA moiety, and electron withdrawing substituent, such as trifluoromethyl, at the cyclometalated ring, render TPA stronger reductant than Ru2+. In the result, in the photooxidized sensitizer a TPA should extract a hole. It worth mentioning that ligands based on pbpy are less electron donating than those based on dpb as it is seen comparing Ru3+/2+ oxidation potentials for complexes b and c from Figure 15.



The approach with bichromic sensitizers was fruitful. In a series of sensitizers with dpb and pbpy ligands, those with latter showed panchromatic absorption spectra and presented improved performance in the solar cells. Sensitizers A-Me and BC-Me, which have dpb and pbpy ligands respectively (Figure 16), provided PCEs of 3.90% and 6.33%. Moreover, modifying TPA with methoxy substituents in BC-OMe led to an even improved efficiency of 8.02%, while the reference cell with N3 sensitizer provided 8.65%. Interestingly, the bichromic sensitizer BC-H with no substituents provided lower performance than BC-Me with methyl substituents on the TPA moiety, with no clear yet reason [107].





4. Solar Cells with Co and Cu Electrolytes


Later, new electrolytes based on a single-electron outer-sphere Co3+/2+ redox shuttle were developed for DSC application [121,122,123]. Organic sensitizers designed to perform with cobalt-based electrolyte soon overrode Ru-complexes providing PCE over 14% as higher VOC in comparison to devices with iodine-based electrolytes were achieved [6,124,125]. In comparison to a solar cell with an iodine-based electrolyte, those with a cobalt-based electrolyte usually suffer from strong charge recombination rates. To reduce the recombination rate, organic sensitizers were suited with long and bulky alkyl chains, which keep the redox shuttle away from the titania surface, while slightly reducing the regeneration yield [126,127]. Ruthenium sensitizers, generally those with isothiocyanate ligands perform poorly with cobalt-based electrolyte. By the means of quantum-mechanical calculations, Mosconi et al. showed that there is a columbic attraction between the N3 sensitizer on the titania surface and a cobalt complex in the electrolyte [128]. This interaction could be responsible for high concentration of redox species near the surface and could hasten recombination rates. Thus, the general thought of community was that ruthenium sensitizers are incompatible with cobalt-based electrolytes. However, Polander et al. introduced a new tris-heteroleptic cyclometalated Ru-complex which provided a PCE over 8% with cobalt-based electrolyte. In this work, our group used approach developed for organic sensitizers. In the new tris-heteroleptic cyclometalated ruthenium complex, to the ancillary and donating ligands the bulky alkyl chains were attached. Design of a proper ancillary ligand with alkyl chains was fairly simple, in fact the one in C101 sensitizer was selected. However, design of cyclometalating ligands with alkyl chains and with electron-donating power equivalent to that of 2-(2,4-difluorophenyl)-pyridine, to ensure suitable oxidation potential, was effortful. Authors circumvented this problem by derivatizing 2,3′-bipyridine with two dodecyloxy- chains on the 2′ and 6′ positions (Figure 17). Thus, a strong electron withdrawing character of 2,3′-bipyridine ligand is canceled off by π-electron donating nature of alkoxy chains resulting in a bidentate ligand of suitable electronic properties.



Synthesized tris-heteroleptic complex LP1 was compared with its analogue LP0, whereby instead of dodecyloxy, short methoxy substituents were introduced. In a solar cell with LP1, the JSC, VOC, and PCE of 13.2 mA/cm2, 837 mV, and 8.6% were obtained. In comparison, with LP0 lower results of 8.3 mA/cm2, 714 mV, and 4.7% were obtained (Figure 18) [113]. The higher voltage obtained with LP1 in comparison to LP0 was related to 1.5-fold increased electron recombination lifetime. However, 60% higher JSC obtained with LP1 in comparison to LP0 is surprising. Throughout the whole spectrum, the IPCE obtained for LP0 is ca. 15% lower than that with LP1. Most probably, apart the high electron recombination rates, there are additional sources of low photocurrents obtained with LP0, dye-aggregation and dye-loading just to mention.



Satisfied with these results, we have decided to further investigate the compatibility of ruthenium sensitizers with cobalt-based electrolytes in solar cells. In this course, we have designed six new sensitizers, namely SA22, SA25, SA246, SA282, SA284, and SA285, with various aromatic substituents on the ancillary ligand, and with the same cyclometalating and anchoring ligands as in LP1 (Figure 19) [114]. In solar cells with Co-based electrolyte, SA246 provided the highest PCE of 9.4% as the result of 14.55 mA/cm2 and 845 mV of photocurrent density and voltage. By the means of electrochemical impedance spectroscopy and transient absorption spectroscopy, we analyzed the timing of different processes taking place. However, obtained results could not explain exceptionally good performance of SA246 with substituents on the ancillary ligand based on thieno-thiophene. Additionally, in this series, SA25 showed the most redshifted absorption spectrum. However, in the end, the dye-loading analysis revealed that SA246 loads onto the titania in much higher amount than other sensitizers in this series (Figure 20). We did not observe any trend between the molecular volume of sensitizer and their loading onto titania. The differences in the nature of aromatic substituents at the ancillary ligands prevented us from making solid conclusions on parameters influencing dye-loading.



In the next study, we have further developed three new sensitizers SA633, SA634, and SA635, which have very similar substituents on the ancillary ligand based on diphenyl amine (Figure 21) [115]. In this work, we obtained PCEs in the range of 7.6–8.2%, with the best efficiency achieved with SA634 having phenothiazine substituents. The difference in dye-loading was negligible and the JSC matched well with the current density derived from the IPCE measurements. We related the differences in performances to the obtained VOC which we based purely on electron lifetimes obtained from charge extraction and transient photovoltage decay measurements. Additionally, in both works we have shown that although the organic substituents on the ancillary ligand improve photophysical characteristics of sensitizer, they also impart redox irreversibility. For SA633, SA634, and SA634 with clear two oxidation potentials, with Randles-Sevcik analysis and spectroelectrochemical measurements, we showed that the first oxidation related to the Ru2+/3+ is reversible, while the second oxidation related to the organic donor oxidation is irreversible. This observation undermines the well-established tendency in Ru-sensitizer design comprised in attaching various organic moieties to the complex.




5. Future Perspectives


Above, we have briefly described the main directions that chemists follow to develop ruthenium sensitizers. In a more general observation, it seems that various groups of complexes where ruthenium is coordinated with different ligands, be it complexes with isothiocyanate, pyridine-pyrazole, or cyclometalating ligands, were actually developed in the same direction and attached organic substituents to the original metallocomplex. If compared to initial N3 or N719 sensitizer, improvements in PCEs with newer sensitizers were incremental. The positive effect of organic substituents in improving photophysical characteristics of complex is often canceled due to increased molecular volume, resulting in low dye-loadings. Moreover, these organic substituents usually impart instability. Finally, the introduction of organic substituents infers additional synthetic steps, resulting in expensive final products. In this regard, we are advocating for the development of new simple coordination environments to obtain complexes that are suitable for DSC’s characteristics. As such, we have obtained preliminary results with new type of bis-heteroleptic ruthenium complexes, derivatives of [Ru(ppy)(bpy)2]+ in which the pyridine ring of ppy ligand is changed to N-heteroleptic carbene (NHC) [129]. This modification let us to control photophysical properties of complex by modifying both cyclometalating and NHC rings. For example, complex SA-x (Figure 22), which we synthesized in a two-step procedure with high yields (Scheme 5), possesses broad absorption spectrum with the onset at 800 nm and extinction coefficients reaching values over 15 × 103 M−1·cm−1. Moreover, this complex presented absolutely reversible oxidation and reduction potentials with values suitable for standard DSCs. However, hydrolysis of ester groups to yield the final sensitizer resulted in the complex of very low solubility in many standard solvents used for device fabrication. Changing one of the anchoring ligands with simple 2,2′-bipyridine may increase the solubility, and an alternative synthetic procedure should be developed in this regard.



Due to the successful performance of ruthenium polypyridine complexes with their MLCT transition and later of D-π-A organic and porphyrin sensitizers with their D-A and π–π* transitions, other possible alternatives earned less attention. Recently, promising results were obtained with heteroleptic ruthenium diacetylid complexes [130,131]. Regarding the first row transition metals, only copper [132,133,134] and iron complexes [135,136] have gained a significant attention in the context of sensitization. However, other first raw transition metal complexes were missed in the DSC community. Possibilities with first-raw transition metals were underlined with examples presented by the group of Heyduk, which reported a series of nickel complexes with redox active ligands and with a very intense interligand D-A charge transfer [137,138].




6. Conclusions


In this short review, we have presented the main classes of ruthenium complexes developed for DSC application. Through the discussion, we have underlined design principles and were critical toward them whenever possible. In general, very high performances were obtained with DSCs using ruthenium complexes. However, already in 1993 a PCE over 10% was achieved with N3 sensitizer, and all improvements later in history were incremental. We and others have developed new sensitizers ignoring the approach from the first principles. Shortly, we need sensitizers with high extinction coefficients, which will homogeneously cover the mesoporous oxide in high dye-loadings. Moreover, we should not sacrifice one of these principles to gain in another, as it was in the last two decades with new sensitizers of high molar absorptivity and high molecular volumes. In general, simple ruthenium complexes possess very broad but not intense enough absorption spectra. To progress the field, we need to look into alternative coordination environments for the ruthenium complexes, or even start intensively looking for metal complexes of first raw transition elements.
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Figure 1. The rise in average global temperatures and CO2 concentrations in the atmosphere. The graph was built based on data from NASA’s Goddard Institute for Space Studies (NASA/GISS) and from Dr. Pieter Tans, National Oceanic and Atmospheric Administration at Earth System Research Laboratory (NOAA/ESRL) (www.esrl.noaa.gov/gmd/ccgg/trends/) and Dr. Ralph Keeling, Scripps Institution of Oceanography (scrippsco2.ucsd.edu/). 
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Figure 2. A Gerischer diagram illustrating electron injection from the photo-excited sensitizer into the acceptor states within titania [10,11,12]. 
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Figure 3. The interaction diagram of Ru2+ ions with six identical σ-ligands in an Oh symmetry point group. Bonding interactions of symmetry-adapted linear combination of ligand donor orbitals with metal orbitals are presented. Black and blue bars represent doubly filled and empty orbitals, respectively. 
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Figure 4. (A) An interaction of π-acidic and π-basic ligand orbitals with metal-based orbitals formed as a result of the interaction with six σ-ligands (vide supra Figure 3). (B) The effect of π-donor and π-acceptor substituents on the molecular orbital energies in heteroleptic ruthenium(II) complexes. D and A stand for π-donating and accepting substituents. The black and blue bars represent doubly filled and empty orbitals, respectively. 
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Figure 5. Trinuclear ruthenium complex. Antenna moieties improve light absorption in high energies. 
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Scheme 1. Synthesis of tris-heteroleptic ruthenium complexes with polypyridine ligands. (A–C) represent routes starting from different sources of ruthenium. The scheme is build according to the published literature [35,38,39]. 
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Figure 6. Some of the tris-heteroleptic isothiocyanate ligated Ru(II) complexes with thiophene-based substituents on the ancillary ligand. 
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Figure 7. Some of the tris-heteroleptic isothiocyanate ligated Ru(II) complexes with arylamine-based substituents on the ancillary ligand. 
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Figure 8. Black dye, and two popular directions to modify tridentate ligand. (A,B) represent two different ways to modify the N749. 
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Scheme 2. Synthesis of TFRS sensitizers with bidentate ligands. 






Scheme 2. Synthesis of TFRS sensitizers with bidentate ligands.



[image: Inorganics 06 00052 sch002]







[image: Inorganics 06 00052 g009 550] 





Figure 9. Some of the TFRS series sensitizers with bidentate ligands. 
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Figure 10. Optimized geometries of TFRS-2 and C101 along with the calculated dipole moments of the neutral dyes at their adsorption geometries. Alkyl chains have been replaced by methyl group. Reprinted with permission from Chem. Mater. 2013, 25, 4497–4502 [80]. Copyright (2013) American Chemical Society. 
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Figure 11. Selected PRT and TF series sensitizers with bidentate and tridentate ligands. 
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Scheme 3. Synthesis of cyclometalated Ru-complex with two tridentate ligands. 
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Scheme 4. Synthesis of cyclometalated Ru-complex with three bidentate ligands. 
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Figure 12. The photovoltaic performance of Bes1, B1, and B2 tris-heteroleptic cyclometalated ruthenium complexes. For Bes1 solar cells with transparent and scattering titania films of 12 and 3 μm thicknesses were manufactured [111]. B1 and B2 were reported in separated articles and highest efficiencies for both of them were achieved with the same electrolyte composition and with transparent and scattering titania films of 12 and 3 μm thicknesses [116,117]. 
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Figure 13. The change in first oxidation and reduction potential of cyclometalated ruthenium complexes upon introduction of electron-withdrawing substituents on both cyclometalating and bipyridine ligands. Oxidation potential values are taken from literature and were obtained in 0.1 M acetonitrile solution of LiClO4 [118]. 
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Figure 14. Design of bichromic sensitizers: moving from molecule a to b introduction of organic donor at the 1,3-bis(pyridine-2-yl)benzene (dpbH) cyclometalating ligand leads to destabilized filled frontier orbitals, and bathochromic shift of absorption spectrum. In case of molecule c with 6-phenyl-2,2′-bipyridine (pbpyH) cyclometalating ligand, additional D-A charge transfer band is appearing resulting in bichromic sensitizer. 
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Figure 15. Control over Ru3+/2+ and TPA+/0 oxidation potentials. Upon introduction of methyl and methoxy substituents from a, to b, and d the oxidation potential of TPA shifts cathodically while for the Ru center it remains undisturbed. Introduction of trifluoromethyl/methoxy substituents at the cyclometalating ring shifts anodically/cathodically the Ru3+/2 oxidation potential while not disturbing TPA oxidation potential as seen comparing values for c, e, and f. Data for c and d versus b reveal that dpb is more electron reach cyclometalating ligand than pbpy. The figure is build based on data provided in literature [107,120]. 
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Figure 16. Performance of cyclometalated ruthenium sensitizers with tridentate ligands in solar cells [107]. With N3 sensitizer and electrolyte optimized for presented new sensitizers JSC, VOC, FF, and PCE of 16.48 mA/cm2, 713 mV, 74%, and 8.65% respectively were achieved. Reported titled for sensitizers are different than in original work. 
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Figure 17. Substitution of 2-(2,6-bis(trifluoromethyl)phenyl)pyridine cyclometalating ligand with 2′,6′-bis(dodecyloxy)-2,3′-bipyridine cyclometalating ligand results in a new complex with two additional long alkyl chains and with suitable oxidation potential. 
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[image: Inorganics 06 00052 g017]







[image: Inorganics 06 00052 g018 550] 





Figure 18. Improved performance of LP1 in comparison to LP0. An electrolyte based on [Co(phen)3]2+/3+ redox was used [113]. 
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Figure 19. Photovoltaic performance of a series of cyclometalated ruthenium complexes with Co-based electrolyte in DSCs [114]. 
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Figure 20. Dye-loading values obtained from the desorption of dyes from sensitized titania films [114]. 
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Figure 21. Cyclometalated ruthenium complexes with arylamine electron donating groups and their performance in DSCs with Co-based electrolyte [115]. 
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Scheme 5. Synthesis of new cyclometalated ruthenium complexes with N-heteroleptic carbene ligands. 
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Figure 22. Structural representation of asymmetrical unit of SA-x (hydrogen atoms are omitted for clarity). Color code: Ru—violet; N—blue; C—gray; O—red; P—orange; F—green. Bond distances: Ru–C2 = 2.030(7) Å; Ru–C1 = 2.002(7) Å. 
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Table 1. Performances of selected tris-heteroleptic ruthenium complexes with isothiocyanate ligands and with thiophene-based substituents on the ancillary ligand.
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Groups a

	
Dye

	
JSC, mA·cm−2

	
VOC, mV

	
FF, %

	
PCE, %

	
Notes b






	
NTU

	
CYC-B1

	
23.92

	
650

	
55.0

	
8.54

	
20 μm thick mesoporous film; 80 μm between electrodes [46,47].




	
CYC-B3

	
15.7

	
669

	
70.5

	
7.39




	
CJW-E1

	
21.6

	
669

	
62.6

	
9.02




	
CIAC & EPFL

	
C101

	
17.94

	
777.7

	
78.5

	
11.0

	
7 μm of transparent TiO2 + 5 μm scattering TiO2; dipping solution: Dye-Cheno [48].




	
CIAC

	
C103

	
18.35

	
760

	
74.8

	
10.4

	
7.5 μm of transparent TiO2 + 5 μm scattering TiO2 [49].




	
C107

	
19.18

	
739

	
75.1

	
10.7




	
CIAC & EPFL

	
C104

	
17.87

	
760

	
77.6

	
10.53

	
7 μm of transparent TiO2 + 4 μm scattering TiO2; dipping solution: Dye-Cheno (1–1) [53].




	
KU

	
JK-188

	
18.60

	
720

	
71

	
9.54

	
10 μm of transparent TiO2 + 4 μm scattering TiO2 [54].




	
JK-189

	
18.90

	
630

	
73

	
8.70




	
NCU & EPFL

	
CYC-B11

	
18.3

	
704

	
73

	
9.4

	
8 μm of transparent TiO2 + 5 μm scattering TiO2; dipping solution: Dye-DINHOP (4–1) [51].




	
CIAC

	
C106

	
19.2

	
776

	
76

	
11.29

	
7 μm of transparent TiO2 + 5 μm scattering TiO2; dipping solution: Dye-Cheno (1–6.7) [50].




	
NCU

	
CYC-B6L

	
18.2

	
776

	
63.6

	
8.98

	
15 μm thick mesoporous film; 80 μm between electrodes [55].




	
NTU & NCU

	
CYC-B7

	
17.4

	
788

	
65.4

	
8.96

	
15 μm thick mesoporous film; 80 μm between electrodes [56].




	
NCU & EPFL

	
CYC-B13

	
10.26

	
728

	
68

	
5.1

	
8 μm of transparent TiO2 + 5 μm scattering TiO2 [57].




	
KU & EPFL

	
JK-55

	
17.55

	
640

	
72

	
8.2

	
10 μm of transparent TiO2 + 4 μm scattering TiO2; dipping solution: Dye-Cheno (1–3.3) [58].




	
UFABC

	
Ru-Phen-Cbz2

	
15.6

	
760

	
71.6

	
8.5

	
13 μm thick mesoporous film; 30 μm between electrodes [59].




	
HIPS

	
RC-36

	
19.17

	
721

	
74

	
10.23

	
4 μm of transparent TiO2 + 16 μm scattering TiO2; dipping solution: Dye-DPA (2–1) [60].








a NTU—National Taiwan Unversity, Taiwan; EPFL—École Polytechnique Fédérale de Lausanne, Switzerland; CIAC—Changchun Institute of Applied Chemistry, China; KU—Korea University, Korea; NCU—National Central University, Taiwan; UFABC—Universidade Federal do ABC, Brazil; HIPS—Hefei Institutes of Physical Sciences; b Cheno—3α,7α-dihyroxy-5β-cholic acid; DINHOP—dineohexyl phosphinic acid; DPA—1-decylphosphonic acid.
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Table 2. Performance of selected ruthenium complexes with tridentate accepting ligand and three isothiocyanate donating ligands.
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Groups a

	
Dye

	
JSC, mA·cm−2

	
VOC, mV

	
FF, %

	
PCE, %

	
Notes b






	
NTHU & NTU

	
PRT-12

	
17

	
750

	
71.5

	
9.1

	
15 μm of transparent TiO2 + 5 μm scattering TiO2; dipping solution: Dye-Cheno (1–33); PCE with N749—6.89% [66].




	
PRT-13

	
19.7

	
760

	
68.6

	
10.3




	
PRT-14

	
17.8

	
720

	
69.0

	
8.86




	
SU & AIST

	
MJ-6

	
18.1

	
680

	
71

	
8.7

	
14 μm of transparent TiO2 + 7 μm scattering TiO2; dipping solution: Dye-Cheno (1–100); PCE with N749—9.2% [67].




	
MJ-10

	
18.3

	
690

	
72

	
9.1




	
NIMS & UT

	
HIS-2

	
23.07

	
680

	
71

	
11.1

	
25 μm thick mesoporous layer; 40 μm between electrodes; dipping solution: Dye-Cheno (1–67); PCE with N749—10.5% was obtained [68].








a NTHU—National Tsing Hua University Taiwan; NTU—National Taiwan University; SU—Shinshu University, Japan; AIST—National Institute of Advanced Industrial Science and Technology; NIMS—National Institute for Material Science, Japan; UT—University of Toyama, Japan.
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Table 3. Photovoltaic performance of selected TFRS series sensitizers with bidentate ligands.
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Groups a

	
Dye

	
JSC, mA·cm−2

	
VOC, mV

	
FF, %

	
PCE, %

	
Notes






	
NTHU

	
TFRS-1

	
15.95

	
830

	
69.3

	
9.18

	
12 μm of transparent TiO2 + 4 μm scattering TiO2; PCE with N719—8.56% [77].




	
TFRS-2

	
17.15

	
820

	
67.8

	
9.54




	
TFRS-3

	
17.38

	
810

	
63.5

	
8.94




	
NTHU & EPFL

	
TFRS-4

	
18.7

	
750

	
72.9

	
10.2

	
12 μm of transparent TiO2 + 6 μm scattering TiO2; PCE with N719—9.52%, with TFRS-1 and TFRS-2—8.66% and 9.63% [78].




	
TFRS-21

	
14.1

	
790

	
69.5

	
7.74




	
TFRS-22

	
15.4

	
740

	
72.8

	
8.30




	
TFRS-24

	
15.5

	
720

	
73.9

	
8.25




	
NTHU, EPFL & NTU

	
TFRS-51

	
15.4

	
760

	
75

	
8.80

	
12 μm of transparent TiO2 + 6 μm scattering TiO2; pce with TFRS-1—7.84% [79].




	
TFRS-52 b

	
16.3/16.8

	
860/832

	
72/78

	
10.1/10.88




	
TFRS-53

	
14.6

	
780

	
73

	
8.36




	
TFRS-54

	
14.7

	
860

	
71

	
8.94








a NTHU—National Tsing Hua University; EPFL— École Polytechnique Fédérale Lausanne; NTU—National Taiwan University; b Devices were prepared in two different institutes NTHU/EPFL.
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Table 4. Photovoltaic performance of selected PRT and TF series sensitizers with bidentate and tridentate ligands.
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Groups a

	
Dye

	
JSC, mA·cm−2

	
VOC, mV

	
FF, %

	
PCE, %

	
Notes






	
NTU & NTHU

	
PRT1

	
20.3

	
687

	
65.4

	
9.14

	
18 μm of transparent TiO2 + 4 μm scattering TiO2; PCE with N749—9.07% [81].




	
PRT2

	
21.7

	
668

	
64.4

	
9.33




	
PRT3

	
20.4

	
720

	
65.3

	
9.59




	
PRT4

	
21.6

	
714

	
65.2

	
10.05




	
PRT21

	
19.0

	
760

	
74.9

	
10.81

	
15 μm of transparent TiO2 + 7 μm scattering TiO2; PCE with N749—9.20% [82].




	
PRT22

	
20.4

	
740

	
73.9

	
11.16




	
PRT23

	
18.7

	
760

	
73.4

	
10.43




	
PRT24

	
20.1

	
730

	
71.6

	
10.51




	
NTHU, NTU & NCCU

	
TF1

	
18.22

	
740

	
67.6

	
9.11

	
15 μm of transparent TiO2 + 5 μm scattering TiO2; PCE with N749—9.22% [83].




	
TF2

	
20.00

	
790

	
66.5

	
10.5




	
TF3

	
21.39

	
760

	
66.0

	
10.7




	
TF4

	
20.27

	
770

	
67.5

	
10.5








a NTHU—National Tsing Hua University (Taiwan); NTU—National Taiwan University (Taiwan); NCCU—National Chung Cheng University (Taiwan).














© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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