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At present, one of the most studied molecular device for the
conversion of sunlight into electricity is the dye-sensitised so-
lar cell (DSSC). To date, ruthenium polypyridyl complexes
have shown the highest light-to-energy conversion efficienc-
ies because of their photophysical, photochemical and elec-
trochemical properties. In addition, the overall efficiency
achieved by DSSCs is strongly dependent on the interfacial
charge-transfer reactions that take place between the dif-
ferent components of the solar cell: the injection of electrons
into the conduction band of the semiconductor by the dye,

Introduction
The world primary energy consumption has already sur-

passed 6�1020 J, and this is expected to increase in the fu-
ture as a result of population and economic growth.[1] The
principal energy supply to meet the energy needs of our
planet comes from liquid fuels, coal and natural gas. How-
ever, the non-renewable nature of fossil fuels, in addition to
the high emissions of CO2 into the atmosphere when they
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the transport of electrons through the semiconductor towards
the working electrode contact, dye regeneration by the redox
pair present in the electrolyte and the recombination reaction
between the photoinjected electrons in the semiconductor
and the oxidised species of the dye and the electrolyte. This
microreview comprises: (i) the operational principles of com-
plete functional photovoltaic devices and (ii) several syn-
thetic methods, properties and main applications of most rel-
evant homoleptic and heteroleptic ruthenium complexes re-
ported in the literature.

are used has made them an important issue in the last two
decades.[1,2] For this reason, the search for sustain-
able, clean and secure energy source is a must if we are
aiming to keep our lifestyle and ensure a future for coming
generations. From a wide range of possible alternatives we
foresee that solar, wind and biomass are the most suitable
alternatives to fossil fuels. In fact, our planet receives a huge
amount of energy from sunlight (4.3�1020 J in 1 h), and,
therefore, it seems perfectly logical to consider solar energy
as the most likely possible renewable energy resource that
could be exploited in the future either by direct conversion
into electrical power or by transformation into useful
fuels.[3] In this microreview, we will focus only on the light-
to-electrical power generation, although we are aware of the
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increasing attention that light-to-fuel conversion devices are
attracting.

Nowadays, the majority of efficient and commercial pho-
tovoltaic devices are based on semiconductor p-n junction
solar cells; however, many other systems and materials have
been developed in order to improve the efficiency or reduce
the total cost of photovoltaic converters.[4] One of the most
studied so called “alternative” systems is the dye-sensitised
solar cell based on mesoporous TiO2. Since the key publica-
tion of the principles of operation of this molecular photo-
voltaic device,[5] the study and improvement of this kind of
energy converter has attracted the attention of numerous
scientific groups including our own.[6] DSSCs are based on
the absorption of light by the photosensitiser, and the most
used and efficient dyes are based on ruthenium polypyridyl
complexes. The well-known and easily tunable photophysi-
cal, photochemical and electrochemical properties of these
dyes make them excellent candidates for light-harvesting
systems in energy conversion devices.[7] We have structured
this microreview following a logical description of (i) the
operational principles of DSSCs, (ii) the fundamental parts
of the device and (iii) a description of the most representa-
tive ruthenium sensitisers used for DSSCs.

Operating Principles of Dye-Sensitised Solar
Cells

DSSCs are regenerative photoelectrochemical cells based
on the sensitisation of a nanocrystalline semiconductor
with a dye able to absorb a wide range of the solar spec-
trum.[8] The most widely used semiconductor in the work-
ing electrode of a DSSC is TiO2, which is supported onto
transparent fluorine-doped tin oxide (FTO) conducting
glass. The counter electrode consists of a layer of platinum
coated on FTO conducting glass. The two electrodes are
sealed with a polymer, and the cell is completed with a re-
dox electrolyte (Figure 1).

Figure 1. Schematic representation of the cross-section of a DSSC.

Figure 2 shows a schematic representation of the charge-
transfer reactions occurring in a DSSC. Upon absorption
of sunlight [Equation (1)], the photosensitiser promotes an
electron from its ground state to the excited state, which
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corresponds to the metal-to-ligand charge-transfer transi-
tion (MLCT) of the dye when RuII polypyridyl dyes are
used.

Figure 2. Scheme showing the operating principle and energy level
diagram of a dye-sensitised solar cell. S, S+, S* represent the photo-
sensitiser in the ground, and the oxidised and excited states, respec-
tively. (1) Photoexcitation of the dye, (2) electron injection from
the dye excited state to the semiconductor, (3) extermal circuit, (4)
regeneration of the electrolyte and (5) regeneration of the oxidised
dye.

Photoexcitation: S + hν � S* (1)

This electron is subsequently injected into the conduction
band of the semiconductor [Equation (2)], which arrives at
the back contact and flows through an external circuit to
the counter electrode. At the counter electrode, electrons
are transferred to the redox pair present in the electrolyte.
The most commonly used electrolyte contains the I–/I3

– re-
dox couple, and at the counter electrode, triiodide is regen-
erated to iodide [Equation (3)]. Other electrolytes based on
cobalt complexes have also been used with efficiencies that
are catching up to the above-mentioned redox couple.[9] Fi-
nally, the cycle is completed with the regeneration of the
oxidised dye by electron donation from the electrolyte
[Equation (4)].

Electron injection: S* + TiO2 � S+ + e–-TiO2 (2)

Electrolyte regeneration: I3
– + 2e– � 3I– (3)

Oxidised dye regeneration: 2S+ + 3I– � 2S + I3
– (4)

The regenerative cycle of dye-sensitised solar cells is
based on reversible reactions, and the devices can convert
sunlight into electricity without suffering permanent chemi-
cal transformations.

However, this system has undesirable loss mechanisms,
which decrease the total efficiency of the device (Figure 3).
The three main loss reactions observed are (a) deactivation
of the dye excited state [Equation (5)], (b) recombination of
the photoinjected electrons in the semiconductor with the
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oxidised photosensitiser [Equation (6)], and (c) recombina-
tion of the photoinjected electrons in the semiconductor
with the oxidised form of the redox mediator [Equation (7)].
The latter recombination reaction is also called “dark cur-
rent”.

Figure 3. Scheme of the loss reactions occurring in a DSSC. (a)
Dye excited state deactivation, (b) e–-TiO2/S+ back electron trans-
fer, and (c) e–-TiO2/I3

– recombination reaction.

Dye excited state deactivation: S* � S (5)

Back electron transfer: e–-TiO2 + S+ �TiO2 + S (6)

I3
– + 2e–-TiO2 � 3I– + 2TiO2 (7)

Despite the loss processes that occur in DSSCs, the
reason for the high light-energy conversion efficiencies ob-
served in optimised devices is due to the rather favourably
balanced kinetic competition, which ensures forward elec-
tron-transfer reactions dominate over the loss processes
mentioned. For most dyes, loss reactions are several orders
of magnitude slower than the forward processes when the
devices are working under normal operating conditions,
which enables efficient charge separation, charge transport
and charge collection to occur (Table 1).[10]

Fundamental Constituents of Dye-Sensitised
Solar Cells

DSSCs are devices composed of multiple components,
and their overall efficiency depends strongly on the individ-
ual properties of each constituent. Great efforts have been

Table 1. Timescales of forward and loss processes occurring in DSSCs.

Forward processes Loss processes

Electron injection from the dye excited state into the semiconductor Excited state deactivation
conduction band
(10–10–10–9 s) (�10–9 s)

Dye regeneration by the redox electrolyte Back electron transfer from the photoinjected electrons into the
TiO2 conduction band to the oxidised dye

(10–9–10–6 s) (10–6–10–3 s)

Electron transport through the TiO2 nanoparticles towards the back Electron recombination between the photoinjected electrons into
contact of the electrode the TiO2 conduction band and the electrolyte

(10–3–101 s)
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made towards the optimisation of the materials, such as the
semiconductor metal oxide, the photosensitiser, the electro-
lyte and the counter electrode, used in the fabrication of
solar cells.

The Working Electrode (WE)

As mentioned before, in DSSCs, a wide band gap semi-
conductor material, such as TiO2, is used at the working
electrode. TiO2 is only able to absorb UV light (Figure 4),
and, therefore, its photon-to-current efficiency is rather low.
The sensitisation of the metal oxide with a dye leads to an
increase in the absorption range. Yet, the dye must be able
to “charge” the semiconductor film by injecting electrons
into the metal oxide conduction band.[11] At the working
electrode, we also find deposited onto the transparent glass
a highly conductive metal oxide as selective contact. In
most cases such a metal oxide is fluorine-doped tin oxide
(Figure 1). Although other metal oxides such as tin-doped
indium oxide (ITO) present higher conductivities, its ther-
mal instability strongly increases the resistance of the mate-
rial when the glass is exposed to high temperatures over a
long period of time.

Figure 4. Schematic representation of (a) the formation of an exci-
ton in a semiconductor by the absorption of UV light, and (b)
electron injection into the conduction band of a semiconductor by
the absorption of visible light by a photosensitiser.

Four important processes take place at the WE: (i) light
harvesting, (ii) subsequent charge separation, (iii) electron
transport and (iv) electron recombination reactions. Light
harvesting is performed by the chromophore, which consists
of a molecular photosensitiser. Charge separation occurs at
the interface between the dye and the semiconductor, and
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the electron travels through the TiO2 and the hole through
the electrolyte. This is the key point in these devices, as
charges with opposite sign are not transported through the
same material as in silicon-based solar cells. Electron re-
combination also takes place at the interface between the
surface of the semiconductor and the dye or the electrolyte.

The TiO2 semiconductor thin film in DSSCs is deposited
in the form of mesoporous crystalline nanoparticles. The
most important characteristics of a TiO2 film that have to
be optimised are the surface area, the porosity, light scat-
tering and electron diffusion.[12]

The semiconductor must have a large surface area in or-
der to anchor sufficient dye to achieve a near 100% light
harvesting, which is obtained with the preparation of small
TiO2 nanoparticles. The size of the nanoparticles also af-
fects the size of the pores and the light scattering properties
of the film. The porosity of the film has to be optimised in
order to allow electrolyte penetration through the thickness
of the film and ensure fast dye regeneration. Furthermore,
the level of porosity has to be controlled in order to have
enough interparticle connectivity so that electrons can dif-
fuse through the film and reach the working electrode. The
thickness of the film (d, cm) is also a key parameter to reach
high conversion efficiencies, since charges at the back con-
tact can only be collected if the thickness of the film is lower
than the electron diffusion length (Ln, cm) [Equations (8)
and (9)]. Ln is defined as the distance that the electron can
travel before recombining with an electron acceptor,[13] and
it is dependent on the electron diffusion coefficient (De,
cm2 s–1) and the lifetime of the electron (τe, s).

Ln � d (8)

Ln = √ De·τe (9)

The diameter of the nanoparticles is in the range 10–
25 nm, large enough in order not to exhibit important
quantum size effects. For this reason, the semiconductor
film can be considered as a network composed of bulk
nanocrystals.

At a first glance, the properties of mesoporous nanocrys-
talline films would seem disadvantageous relative to their
compact single-crystal analogues because (i) the electrolyte
penetrates into the pores of the semiconductor producing a
huge junction contact area, which increases the probability
of electron/hole recombination, (ii) the inherent conductiv-
ity of the film is very low, (iii) the multiple traps present in
the film decrease the electron diffusion coefficient[14] and
(iv) the small size of the nanoparticles in contact with the
electrolyte restricts the amount of electrical field a particle
can support. However, such disadvantages are offset by the
optical transparency of the nanoparticles and the enormous
surface area of the films, which allows an extremely large
number of photosensitiser molecules to be adsorbed onto
the surface of the semiconductor.
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The Molecular Sensitiser

Characteristics of Molecular Sensitisers

The function of the photosensitiser in DSSCs is (i) to
absorb light in a wide range of the solar spectrum (Fig-
ure 5), (ii) to inject electrons into the conduction band of
the semiconductor and (iii) to reduce the recombination be-
tween the photoinjected electrons at TiO2 and the oxidised
electrolyte. For all these reasons, the design of the dye has
been tuned to fulfill several structural, photophysical and
electrochemical requirements.[15]

The solar radiation conditions are defined by the air
mass (AM) value. Air mass zero (AM-0) corresponds to
the radiation that a device receives in the absence of an
atmosphere between the light source and the solar cell.
However, the extraterrestrial solar spectrum is different
from the sunlight spectrum that arrives at the surface of the
earth as a result of light scattering and absorption by H2O,
H2, O2, CO2, O3 and other species present in the atmo-
sphere. Furthermore, the incident light falling on solar de-
vices can be irradiated in the form of direct light, which
comes straight from the sun, or in a diffuse form, which is
light reflected off clouds, the ground or other objects. For
this reason, AM-1.5G is defined as the corrected solar spec-
trum, including both direct and diffuse radiation, by con-
sidering the sun at an angle of 48.19°. Although the solar
flux is 982 Wm2, it has been standardised to 1000 W m2.

Figure 5. AM-0G solar spectrum (solid black), AM-1.5G solar
spectrum[16] (solid grey) and absorption spectrum of cis-dithiocyan-
ato-bis(4,4�-dicarboxy-2,2�-bipyridine)ruthenium(II) dye (dashed
black).

In addition, the dye structure has to include one or more
anchoring groups in order to bind strongly to the surface
of the semiconductor and ensure a quantitatively efficient
electron injection. Photosensitisers can interact with the
surface of metal oxides through covalent bonds, hydrogen
bonding, electrostatic interactions, hydrophobic interaction,
van der Waals forces or entrapment inside the pores.[17]

However, the formation of covalent bonds between the hy-
droxy groups present on the semiconductor nanoparticle
surface and the different anchoring groups of the dyes in-
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creases the amount of absorbed dye, the stability of the cell
and the strength of the electronic coupling between the π*
molecular orbital of the dye and the orbitals of TiO2 and
decreases the rate of dye desorption.[18] Although most of
the sensitisers are linked to the semiconductor surface
through carboxylic acid groups, a variety of different
groups such as phosphonic acid,[19] boronic acid,[20] si-
lanes[21] and other derivatives or moieties have been used.[22]

The attachment of dyes through carboxylic acid groups is
reversible, and the sensitisers can be desorbed from the
films under basic conditions. Furthermore, several binding
modes of a carboxylic acid group to the surface of a metal
oxide are possible depending on the dye structure, the crys-
talline form of the metal oxide and the surface environment
(Figure 6).[23]

Figure 6. Possible binding modes of a carboxylic acid group to
TiO2. (a) Ester linkage, (b) chelate binding, (c, d) bidentate bridges,
(e, f) hydrogen-bonding interactions and (g) monodentate binding
through CO.

The redox properties of the dyes are also important for
efficient charge separation. The dye excited state energy
level must have higher energy than the conduction band of
the semiconductor in order to be able to inject electrons
into TiO2, and the ground state must be sufficiently low to
permit fast electron regeneration from the electrolyte redox
couple. The HOMO–LUMO gap (HOMO: highest occu-
pied molecular orbital, LUMO: lowest unoccupied molecu-
lar orbital) should be about 1.5 eV for optimum absorption
of sunlight. Furthermore, the spatial orientation of the
ground state and the excited state influences not only elec-
tron injection of the dye into the semiconductor conduction
band and photosensitiser regeneration but also electron re-
combination between the photoinjected electrons into TiO2

and the oxidised dye.[24] The LUMO should be in close con-
tact with the semiconductor surface, while the HOMO
should be separated from the electrode surface.

Another chemical aspect of photosensitisers is their solu-
bility in organic solvents. The dye should be soluble in a
volatile solvent to permit their adsorption onto the surface
of the semiconductor, but should not be desorbed by the
electrolyte solution. Finally, the redox reactions involving
the dyes must be reversible, and the stability of the photo-
sensitisers should permit many oxidation/reduction cycles
without decomposition of the molecules.

Classification of Molecular Sensitisers

Many different compounds have been investigated for so-
lar cell applications. They can be divided into three major
groups: metal-containing complexes,[25] organic dyes[26] and
natural compounds.[27]
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Mononuclear and polynuclear transition-metal com-
plexes have been widely studied as photosensitisers (Fig-
ure 7).[28] Systematic optimisation of the dye components
such as the introduction of different anchoring ligands or
the insertion of different chromophoric groups has been
tested in dyes based on different metal ions, such as RuII,[29]

OsII,[30] PtII,[31] ReI,[32] CuI[33] or FeII.[34] However, the most
used compounds by far in DSSCs are ruthenium complexes.
The easily tunable redox and photophysical properties, and
the extensively studied synthetic approaches to these com-
plexes, which allow the sequential introduction of different
ligands, make these compounds ideal candidates for semi-
conductor sensitisation.

Figure 7. Molecular structures of metal-based sensitisers. (a) Octa-
hedral RuII complex,[35] (b) octahedral OsII complex,[36] (c) square-
planar PtI complex,[31a] (d) octahedral ReI complex,[32] (e) tetrahe-
dral CuII complex[33b] and (f) octahedral FeII complex.[34a]

In addition to metal complex sensitisers, a wide range of
organic dyes has been explored. This family of dyes offers
several advantages relative to their metal-containing ana-
logues, such as higher molar extinction coefficients, a large
variety of different structures as chromophoric groups and
the obvious fact that they do not contain precious metals
such as Ru. Organic dyes such as porphyrins, phthalocyan-
ines, perylenes, squaraines, conjugated donor–acceptor
moieties, etc. have been explored (Figure 8) with varying
success.[26,37] Although the efficiencies obtained with de-
vices prepared with organic dyes are still lower than ruthe-
nium-based DSSCs, recent publications have reported effi-
ciencies of up to 10% with organic photosensitisers.[38] The
main unfavourable characteristics of metal-free dyes are the
narrow absorption bands, as in the case of phthalocyanines,
which results in poorer sunlight harvesting, the tendency
to form aggregates, alike perylenes, which prevent electron
injection into the TiO2 conduction band, and a lower sta-
bility relative to metal complexes such as the squaraines.

Natural photosensitisers (Figure 9) can also be used as
dyes in molecular photovoltaic devices. Natural dyes are
pigments extracted from plants, flowers and fruits that have
been used mainly for educational purposes as a fast, low-
cost and environmentally friendly source for the prepara-
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Figure 8. Molecular structures of a series of organic dyes. (a) Do-
nor–π-acceptor dye with a triphenylamine donor moiety,[39] (b) do-
nor–π-acceptor dye with a coumarin donor moiety,[40] (c) squaraine
dye,[41] (d) perylene dye,[42] (e) porphyrin dye[43] and (f) phthalocy-
anine dye.[44]

tion of DSSCs. The most studied dyes are anthocyanins,
but the overall efficiencies of this kind of dye are generally
much lower than organic or metal complex sensitisers.

Figure 9. Molecular structures of natural dyes used in DSSCs. (a)
Cyanin dye,[27] (b) β-carotene dye[45] and (c) chlorophyll dye.[46]

The Electrolyte

The electrolyte is the hole transporting material that fills
the TiO2 nano- and mesopores. There are three different
kinds of hole transport materials employed in DSSCs: li-
quid electrolytes (we include here the electrolytes in which
the redox mediators are dissolved in organic solvents, water
or electrolytes composed of ionic liquids), quasi-solid-state
electrolytes and solid electrolytes.[47]

However, in all these cases, the electrolyte must have a
high conductivity to permit fast electron transfer from the
counter to the working electrodes and efficient dye regener-
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ation. For the same reason, the ionic species present in the
electrolyte must have a high diffusion coefficient. The elec-
trolyte should also be thermally, optically, chemically and
electrochemically stable to avoid dye degradation or desorp-
tion from the metal oxide surface. Furthermore, the redox
mediator should have adequate redox potentials to allow
efficient dye regeneration. It is important that the electro-
lyte does not absorb in the visible region of the spectra,
since it would reduce light absorption by the sensitiser.

Organic Solvent Based Electrolytes

Up to now, the most efficient DSSCs are based on or-
ganic solvent electrolytes because of their low viscosity, fast
ion diffusion and high percolation into the pores of the
semiconductor.[48] This electrolyte contains a redox couple,
ionic liquid components and additives dissolved in an or-
ganic solvent.

The most efficient redox couple for the regeneration of
the oxidised dye is the iodide/triiodide couple. However, the
two major issues regarding the use of I–/I3

– are the severe
corrosion problems for the device-sealing materials, which
causes difficulties in device sealing and stability, and the
complicated electrochemistry arising from the two-electron
redox couple. In addition, the triiodide shows partial ab-
sorption of visible light. Alternative redox mediators such
as Br–/Br3

–,[49] SCN–/(SCN)2,[50] SeCN–/(SeCN)2,[51]

ferrocene+/ferrocene,[52] CoII/CoIII complexes,[53] CuI/CuII

complexes,[54] NiIII/NiIV complexes[55] or thiolate/disulfide
dimer derived from 2-mercapto-5-methyl-1,3,4-thiazole[56]

have been tested in DSSCs. However, inferior device effi-
ciencies have been obtained because of inefficient dye regen-
eration, mass transport limitations or high recombination
rates. The most common counterions of the iodide/triiodide
couple are imidazolium and lithium cations, which can also
affect the performance of the solar cell. Small cations such
as Mg2+, Li+, Na+ or H+ can penetrate into the pores of
the nanoparticles to form an ambipolar ion+/e– with the
photoinjected electrons of the conduction band, which in-
creases the transport velocity of electrons in the TiO2 net-
work.[57] On the other hand, relatively large molecules such
as imidazolium cations can be adsorbed onto the surface of
the semiconductor nanoparticles, forming a Helmholtz
layer, which restricts the contact of triiodide with the elec-
trons from the TiO2 conduction band.[58]

Imidazolium salts can also be used as a source of iodide
in organic solvent based electrolytes for DSSCs. The ad-
dition of imidazolium salts in organic solvent based electro-
lytes usually increases the ionic conductivity.[59] Further-
more, the use of different additives such as guanidinium
thiocyanate has been extensively used in order to optimise
DSSC performance.

Room-temperature ionic liquids are attractive candidates
as nonvolatile solvents for electrolytes too.[60] They are
formed from an aromatic or non-aromatic cation such as
imidazolium, pyridinium or quaternary ammonium ions
and are also use as source for iodide (Figure 10).[61] Ionic
liquids possess good chemical and thermal stability, very



Ru Polypyridyl Sensitisers in Dye Solar Cells Based on Mesoporous TiO2

low vapour pressure, nonflammability, high ionic conduc-
tivity and wide electrochemical windows, which are very
useful properties for long-lived electrochemical devices.[62]

However, their high viscosity usually limits the transport of
the redox shuttle components, which occurs by diffusion,
and dye regeneration is therefore not as good as for organic
solvent based electrolytes.

Figure 10. Molecular structure of the most commonly used cations
and anions in ionic liquids. R corresponds to H, alkyl chains or
other substituents.

Quasi-Solid-State Electrolytes

Quasi-solid-state electrolytes are gel-based materials with
dispersed amounts of liquid electrolyte.[62] This type of elec-
trolyte has the cohesive property of a solid electrolyte and
the ion diffusion characteristics of a liquid electrolyte.
Quasi-solid-state electrolytes are prepared by physical or
chemical polymerisation of a gel, inorganic material or
monomer that incorporates large amounts of liquid electro-
lyte.

Solid-State Electrolytes

Solid-state electrolytes can be divided into either hole
transport materials (HTMs) or redox couple containing so-
lid electrolytes. The first group requires a layer of an or-
ganic or inorganic large band gap HTMs to be deposited
from solution or by vacuum deposition. Inorganic HTMs
such as CuI, CuBr or CuSCN have been used in DSSCs
but show low stability. On the other hand, one of the most
used organic HTM is spiro-OMeTAD [2,2�-7,7�-tet-
rakis(N,N-di-p-methoxyphenylamine)-9,9�-spirobifluorene].
The solar cell mechanism with HTMs is equivalent to that
with liquid or solid electrolytes: the oxidised dye is regener-
ated by the electrons from the HOMO energy level of the
HTM instead of from the redox mediator for liquid electro-
lytes. At the same time, the HTM is reduced by the elec-
trons that arrive at the counter electrode. However, the per-
formance of DSSCs that use solid electrolytes is reduced
because of low hole mobility, increased charge recombina-
tion between the semiconductor and the HTMs and low
interfacial contact surface between the dye molecules and
the solid electrolyte, which results from incomplete percola-
tion of electrolyte into the pores of the nanoparticles. Re-
dox-containing solid electrolytes incorporate a redox cou-
ple, usually I–/I3

–, as a transport medium in DSSCs in their
polymeric structure. Although the efficiencies obtained with
this kind of electrolyte are higher than with electrolytes
based on HTMs, because of higher electron contact proper-
ties and lower charge recombination reactions, they are not
as high as in liquid solvent based DSSCs.
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The Effect of Additives

The maximum open circuit voltage of a DSSC is the dif-
ference in energy between the quasi-Fermi level of the semi-
conductor when illuminated and the redox potential of the
electrolyte.[63] The Voc is mainly affected by changes in the
position of the conduction band edge of the semiconductor
and by variations in the e–-TiO2/electrolyte+ recombination
rate.

The conduction band of TiO2 can be shifted by the pres-
ence of additives either in the electrolyte[64] or as coadsorb-
ents,[65] or by exposing the cell to sufficiently high light in-
tensities.

The composition of the electrolyte strongly affects the
performance of DSSCs. Two main kinds of additives, ad-
sorptive cations and nitrogen-containing molecules, can be
intercalated between the TiO2 nanoparticles or adsorbed
onto their surface. The presence of these additives can affect
electron injection, the open-circuit voltage, the electron-dif-
fusion kinetics and the dye-regeneration rate. Cations such
as Li+, Na+, Cs+, K+ or tetrabutylammonium+ (TBA+)
charge the surface positively, which causes a downward
shift of the conduction band position.[66] This effect in-
creases the driving force for electron injection and improves
the photocurrent, although the open-circuit voltage is redu-
ced.[58,64b] On the other hand, ammonia and other nitrogen-
containing heterocyclic molecules, such as 4-tert-butylpyr-
idine (TBP),[67] can be adsorbed onto the surface of the
semiconductor, which shifts the conduction band of TiO2

upwards as a result of deprotonation of the TiO2 surface.
This leads to a negatively charged surface.[68] Nitrogen-con-
taining molecules can also decrease electron recombination
between the photoinjected electrons and the redox mediator
by preventing the electrolyte from reaching the TiO2 sur-
face.

Coadsorbents, such as chenodeoxycholic acid
(Cheno),[65a,69] are small molecules anchored onto the sur-
face of the semiconductor together with the dye. They
mostly consist of a hydrophobic chain and an anchoring
group such as carboxylic acid or phosphonic acid, which
can block exposed areas of TiO2 that are not covered by
photosensitisers. In addition to the barrier effect for e–-
TiO2/electrolyte+, coadsorbents can shift the conduction
band of the semiconductor down by protonating the TiO2

surface.
The intercalation of coadsorbents between photosensi-

tiser molecules can also prevent dye aggregation, an effect
especially important in organic photosensitisers, which
strongly reduces electron injection into the conduction
band of the semiconductors.

The Counter Electrode (CE)

The counter electrode is the contact where the catalytic
reaction to reduce the oxidised electrolyte occurs. For ef-
ficient DSSCs, the counter electrode should possess low re-
sistance and a high rate of reduction of the redox mediator
present in the electrolyte.[70]
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The most widely used material as counter electrode is the

highly transparent FTO conductive glass with a thin layer
of platinum (�10-nm thick). Although different deposition
techniques have been tested to create the molecular catalyst
thin layer, thermal deposition of a Pt thin film shows more
stability and a higher triiodide reduction rate.[71]

Different materials have been used as low-cost alternative
materials to the platinum coated counter electrode. Metal
substrates such as steel or Ni have been tested as molecular
catalysts. However, the I–/I3

– redox species present in the
electrolyte are corrosive towards these metals. The stability
of these metallic counter electrodes can improve with the
deposition of a Pt coating.[72] Carbon materials such as
graphite or black carbon have also been tested. High effi-
ciencies have been obtained with thick layers of carbon, be-
cause of the high surface contact area with the redox media-
tor but still far from the Pt layer.[73] Conducting polymers
have also been used as counter electrodes, which allows the
preparation of flexible devices; however, the device effi-
ciency and stability have not reached the values obtained
with standard iodine/iodide electrolyte in combination with
the Pt counter electrode.

Ruthenium Polypyridyl Complexes as Ideal Sensitisers for
Molecular Photovoltaic Devices

Ruthenium was discovered in 1844 in Tartu, Estonia, by
Karl Karlovich Klaus, who named this new metal Ruthenia,
the Latin name for Russia.[74]

Ruthenium, just like osmium, is a unique metal due to
its ability to form complexes that cover the widest range of
oxidation states theoretically allowed for a transition metal:
from 8 in [RuO4] to –2 in [Ru(CO)4]2–; the most common
are the RuII and RuIII oxidation states.[75] The kinetic sta-
bility of the ruthenium complexes formed in a broad range
of oxidation states, the reversible nature of most of their
redox pairs and the wide range of well-known synthetic re-
actions for their preparation make these complexes very at-
tractive for use in a wide range of studies. In this work,
attention has been particularly focused on the study of RuII

complexes.
The bonding properties of ruthenium complexes can be

explained by crystal field theory and molecular orbital
theory. From the point of view of crystal field theory, the
properties of ruthenium complexes arise from electrostatic
interactions between the metal ion and chelating ligands,
which result in the splitting of d-orbital energies. From the
point of view of molecular orbital theory, the properties of
ruthenium can be explained by the charge transfer between
the metal and chelating ligands as a result of the interac-
tions between the s, p and d atomic orbitals of the metal
centre that have an appropriate geometry to those of the
chelating ligands.

The coordination chemistry of ruthenium with oligopyri-
dine ligands has been extensively studied. As many polypyr-
idyl ligands are available, ruthenium polypyridyl complexes
are extremely versatile with wide-ranging photophysical,
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photochemical and redox properties, which can be op-
timised for a particular purpose.[76] In addition to the many
well-known synthetic reactions for the preparation of ruthe-
nium complexes, the possibility of functionalisation of these
ligands with appropriate anchoring groups allows the at-
tachment of these complexes onto a variety of surfaces.

Properties of Ruthenium Complexes with Polypyridyl
Ligands

Photophysical and Photochemical Properties

A photochemical or photophysical process takes place
when a molecule absorbs a photon and promotes an elec-
tron from the ground state to the excited state. This high-
energy state is unstable, and, thus, the molecule tends to
undergo some type of deactivation process. Excited-state
deactivation can occur through (i) the emission of light (lu-
minescence), (ii) the liberation of the excess energy in the
form of heat (thermal deactivation), (iii) the interaction
with other molecules present in the local environment
(quenching process) and (iv) the formation of a new species
(photochemical reaction).[77]

The photochemistry of ruthenium complexes coordi-
nated to different polypyridyl ligands has been extensively
investigated in the last few decades.[7] Specifically, the
prototype molecule [Ru(bpy)3]2+ has been one of the most
studied molecules because of its high stability, strong and
long-lived luminescence and ability to undergo redox reac-
tions.

Absorption Spectroscopy

Polypyridyl complexes of RuII have a d6 electronic con-
figuration and a preferred octahedral geometry. Surround-
ing the metal ion, polypyridine ligands interact with ruthe-
nium through σ-donor orbitals located on the nitrogen
atoms and π-donor and π*-acceptor molecular orbitals de-
localised on the aromatic rings.[7] The spectroscopic and
electrochemical properties of ruthenium complexes are usu-
ally described through a simplified linear combination of
atomic orbitals (Figure 11).[78] Each molecular orbital is de-
nominated as metal (M) or ligand (L) in agreement with its
prevalent localisation.

Figure 11. Simplified molecular orbital diagram showing different
electronic transitions for a transition-metal complex in an octahe-
dral geometry.
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The molecular orbital diagram for an octahedral com-
plex of a transition metal such as RuII indicates that dif-
ferent transitions between the different chelating ligand and
metal orbitals can take place upon the absorption of light.
These transitions can be classified as (i) metal-centred tran-
sitions (MC), also called d–d transitions, when the electrons
are promoted from a πM metal orbital to a σ*M orbital, (ii)
ligand-centred (LC) or π–π* ligand-to-ligand transitions,
for transitions mainly localised on the chelating ligands and
(iii) transitions between molecular orbitals with different
localisation: metal-to-ligand charge transfer (MLCT), or li-
gand-to-metal charge transfer transitions (LMCT). Elec-
tronic transitions that occur to a lesser extent are those
from a metal-centred orbital to solvent (charge transfer to
solvent, CTTS) or between two orbitals mainly located on
different chelating ligands (ligand-to-ligand charge transfer,
LLCT).[78]

The light absorption processes are only allowed for tran-
sitions in which the ground and the excited state have the
same spin value. These transitions can be observed as in-
tense bands in the absorption spectra of the molecules. On
the other hand, transitions from the ground state to excited
states with different spin values are considered forbidden
and can rarely be observed in absorption spectra.

The MC, MLCT and LC transitions of an octahedral
transition-metal complex are related to the ligand field
strength, the redox potential of the metal complex and the
intrinsic properties of the ligands, respectively.[79] For this
reason, changes in the molecular structure of the ligands
attached to the ruthenium metal ion can dramatically vary
the relative energy positions of the excited states, with the
consequent change in their photophysical properties.[80]

Emission Spectroscopy

The behaviour of excited species is usually represented in
a Jablonski diagram (Figure 12). In most ruthenium pol-
ypyridyl complexes, three states are involved in the photo-
chemical activation process: a singlet ground state and a
singlet and triplet excited state.

Figure 12. Jablonski diagram for ruthenium polypyridyl complexes.

The multiplicity of the ground state for most ruthenium
(II) polypyridyl complexes is a singlet (S0), and the absorp-
tion of a photon leads to promotion of an electron from an
occupied orbital to a higher-energy unoccupied orbital with
the same spin multiplicity (S1). However, the lowest excited
state is often a triplet (T1) and, although it cannot be popu-
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lated with excited electrons directly by light absorption, it
can be through the deactivation of higher excited states. The
S1 state rapidly decays by intersystem crossing to T1 be-
cause of strong spin–orbital coupling in metal complex-
es.[76a] The quantum yield for the formation of the lowest
triplet excited state is often equal to 100%, which yields
a short-lived fluorescence. Photo-excited state deactivation
occurs though both a radiative (phosphorescence) and a
non-radiative pathway.

Most ruthenium bipyridyl complexes show a lowest ex-
cited state as a triplet T1, whose deactivation results in an
intense long-lived luminescence. However, at high tempera-
tures, radiationless deactivation can take place via a ther-
mally activated T2 metal-centred excited state.

The behaviour of ruthenium terpyridyl complexes is
completely different from their bipyridyl analogues.[81] No
emission is detected at room temperature in ruthenium ter-
pyridyl complexes because of non-radiative relaxation of
the excited state (T1) by transition from a T2 metal-centred
excited state to the ground state. However, when the tem-
perature decreases, the transition is less efficient and some
luminescence can be observed. Furthermore, the optical
properties of these complexes can be modified by introduc-
tion of substituents on the ligands, which allows improve-
ment in the luminescence quantum efficiency and/or life-
time.[82]

The observed excited state lifetime (τ) of the ruthenium
polypyridyl complexes depends on the rate constants for ra-
diative (kr) and non-radiative (knr) decays to the ground
state. The term knr includes the non-radiative decays from
the excited state T1 and the thermally activated excited state
T2 to the ground state. The thermal population of the
metal-centred T2 state can be described by the Arrhenius
equation: kt·(e–Ea/RT) {where kt is the prefactor for the ther-
mally activated process and Ea is the activation energy bar-
rier to the T2 state [Equation (10)].[83] The relationship be-
tween the emission quantum yield (Φ) and kr is given by
[Equation (11)], (ηisc) is the efficiency of intersystem cross-
ing, normally considered unity}.

1/τ = kr + knr (10)

Φ = ηisc·kr·τ (11)

The thermal population of the short-lived metal-centred
states has an important effect on the excited state lifetime
of the molecules. Some ruthenium bis(tridentate) complexes
show fast emission decays because of the non-radiative de-
activation of the lowest excited state T1 by thermal popula-
tion of the metal-centred orbital T2. For this reason, an
increase in the energy gap between the T1 and the T2 excited
states is a good approach for increasing the excited state
lifetime.[84]

Redox Properties

RuII polypyridyl complexes are octahedral and diamag-
netic, with a t2g

6 configuration. However, because of their
high number of stable oxidation states, ruthenium polypyri-



A. Reynal, E. PalomaresMICROREVIEW
dyl complexes serve as both electron acceptors and electron
donors.[85]

The oxidation of a d6 RuII polypyridine complex involves
removal of an electron from the HOMO, usually a πM (t2g)
metal-centred orbital, with the formation of paramagnetic
low-spin d5 RuIII complexes, which are inert to ligand sub-
stitution [Equation (12)].

[RuII(NN)3]2+ � [RuII(NN)3]3+ + e– (12)

On the other hand, the reduction of a RuII polypyridyl
complex may involve the introduction of one electron into
the lowest-unoccupied molecular orbital, either into a
metal-centred (σ*M) or a ligand-centred orbital (π*L), de-
pending on their relative energy level arrangement. Gen-
erally, polypyridine ligands coordinated to ruthenium metal
ions are easily reduced, and the reduction takes place on the
ligand [Equation (13)]. In this case, ruthenium metal ions
maintain their d6 low-spin configuration. These species are
usually inert, and the reduction reaction is reversible. How-
ever, when the lowest-energy empty orbital is a metal-
centred orbital, the electron is added to the metal-centred
orbital. The reduction of these complexes produces an un-
stable low-spin d7 electronic configuration, which leads to
a rapid ligand dissociation; this makes the reaction irrevers-
ible [Equation (14)].

[RuII(NN)3]2+ + e– � [RuII(NN)2(NN–)]2+ (13)

[RuII(NN)3]2+ + e– � [RuI(NN)3]+ � [RuI(NN)2]+ + NN (14)

The electrochemical behaviour of polypyridyl ruthenium
complexes depends on the nature of the ligands surround-
ing the metal ion. The redox potentials of a metal couple
can be predicted by using the ligand electrochemical param-
eters (EL) described by Lever in 1990.[86] EL is a function
of the σ- and π-donor and -acceptor properties of the li-
gand and is independent of the metal to which the ligand
is bound.[87]

Tuning of Spectro- and Electrochemical Properties

The structure of the polypyridyl ligand determines the
redox and spectroscopic properties of the ruthenium com-
plex, which can be modified by introduction of appropriate
chelating ligands.[29b] Generally, two strategies are used to
tune these properties: (i) the modification of the LUMO

Figure 13. Tuning of HOMO (t2g) and LUMO (π*) orbital energy
in various ruthenium polypyridyl complexes.
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energy level by introducing a ligand with a low-lying π*
molecular orbital involved in the MLCT or (ii) by destabili-
sation of the t2g metal orbital (HOMO energy level), which
is affected by the donor- or acceptor properties of the li-
gands (Figure 13).[88]

The modification of the HOMO and LUMO energy
levels has a direct effect over the MLCT transitions of the
ruthenium complexes, and, consequently, induces a change
in the absorption spectra of the molecule. Controllable ad-
justments of the excited-state energy levels can be per-
formed with an appropriate selection of the ligands in-
volved in the MLCT (e.g. [Ru(bpy)3]2+ and [Ru(bpy)2-
(biq)]2+, where (bpy) is 2,2�-bipyridine and biq 2,2�-biquin-
oline). However, smaller changes in the LUMO energy
levels are induced by the simple introduction of substituents
on the aromatic rings of the ligands (e.g. [Ru(bpy)3]2+ and
[Ru(4,4�-dimethyl-2,2�-bipyridine)3]2+). Furthermore, con-
siderable changes in the spectral properties of the ruthe-
nium complexes can be achieved upon substitution of a li-
gand not involved in the MLCT transition by a nonchro-
mophoric donor ligand, which destabilises the metal t2g or-
bitals (e.g. [Ru(bpy)(biq)2]2+ and [Ru(biq)2(CN)2]).

Stereochemistry of Ruthenium Polypyridyl Complexes

Another characteristic of octahedral metal complexes
such as RuII with bidentate ligands is their stereoisomer-
ism.[89] For homoleptic tris(bidentate) complexes with sym-
metrical ligands (NN), two enantiomers are possible, Δ and
Λ (Figure 14a). Two geometrical isomers [facial (fac) and

Figure 14. (a) Λ and Δ geometrical isomers of RuII symmetrical
tris(bidentate) complexes, (b) fac and mer isomers of RuII tris(bid-
entate) complexes containing unsymmetrical ligands, and (c) trans
and two cis isomers of bis(bidentate) ruthenium complexes. (R1

corresponds to substituents).
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meridional (mer)] are possible for complexes with nonsym-
metrical bidentate chelate ligands (R-NN) (Figure 14b).
However, the number of isomers increases to four and eight,
respectively, when two [Ru(R1-NN1)(R2-NN2)(NN)] or
three [Ru(R1-NN1)(R2-NN2)(R3-NN3)] unsymmetrical sub-
stituted ligands are linked to the ruthenium metal centre
(R1-NN1, R2-NN2 and R3-NN3 are different unsymmetrical
nitrogen-containing bidentate chelate ligands). For bis(bid-
entate) complexes two geometrical isomers can be formed
(cis/trans) as well as two enantiomers of the cis form (Fig-
ure 14c). Furthermore, the number of possible isomers in-
creases exponentially with the number of metal ions in the
synthesis of polynuclear complexes.

In order to avoid stereochemical problems, several ap-
proaches have been used in the enantioselective synthesis of
ruthenium complexes, such as the use of tridentate instead
of bidentate ligands,[90] the utilisation of chiral building
blocks to synthesise complexes with a predetermined ste-
reochemistry[91] and the light-induced isomerism in ruthe-
nium complexes.[92]

The stereochemical problems are solved when tridentate
ligands such as terpyridine (tpy) are used, which are coordi-
nated to the ruthenium metal centre in a meridional form
to create an achiral centre. Furthermore, the introduction
of a substituent in the 4�-position of the terpyridine does
not increase the number of geometrical isomers (Figure 15).

Figure 15. Ruthenium tris(bidentate) polypyridyl complexes with-
out (top left), with one (top right), and with two (bottom) substitu-
ents in the 4�-position. (R1 and R2 correspond to different substitu-
ents).

Synthesis of Ruthenium Polypyridyl Complexes

Ruthenium polypyridyl complexes have an extensive and
well-known synthetic chemistry.[93] Their compounds show
high stability and flexibility with a wide range of mono-,
bi-, tri- and tetradentate ligands. Furthermore, ligands can
be exchanged sequentially, by removing some of them while
maintaining the presence of others as well as the stereo-
chemical integrity.

One of the most common synthetic precursor for ruthe-
nium mononuclear polypyridyl complexes is the commer-
cially available RuCl3·xH2O. Some important intermediates
in the synthesis of homo- and heteroleptic complexes such
as [Ru(CO)2Cl2]n,

[94] [Ru(DMSO)4Cl2][95] (DMSO = di-
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methylsulfoxide), [Ru(η6-arene)Cl2]2,[96] [Ru(COD)Cl2]n[97]

(COD = 1,5-cyclooctadiene) can be synthesised in one step
from RuCl3·xH2O. Several synthetic routes for the synthesis
of homoleptic and heteroleptic polypyridyl ruthenium com-
plexes are detailed below.

Synthesis of Tris(bidentate) Ruthenium Complexes

The first synthesis of an homoleptic ruthenium com-
pound reported in 1936 corresponds to the complex
[Ru(bpy)3]Cl2.[98] The heating at reflux of RuCl3·xH2O with
an excess of a bipyridyl compound (NN) results in the for-
mation of ruthenium homoleptic tris(bidentate) ligand.
This synthesis was extended to the incorporation of a wide
range of bidentate ligands with the addition of a reducing
agent such as phosphinic acid or hydroxylamine hydrochlo-
ride to the reaction mixture.[99]

Although the most simple reaction to obtain ruthenium
tris(bipyridyl) complexes is based on ruthenium(III) trichlo-
ride, homoleptic compounds can also be prepared from
other precursors such as [Ru(η6-arene)Cl2]2,[96] [Ru(CO)2-
Cl2]n,[100] [Ru(DMSO)4Cl2][101] or [Ru(COD)Cl2]n,[102]

which involve a two-step reaction (Figure 16).

Figure 16. Synthetic routes of homoleptic ruthenium complexes
containing three bidentate ligands. (NN1) is a bidentate chelate li-
gand.

An interesting alternative to previous synthetic routes,
which offers a reduction in the reaction time, consists of the
microwave-assisted reaction of different precursors such as
RuCl3·xH2O[103] or [Ru(p-cymene)Cl2]2.[104]

Synthesis of Ruthenium Bis-Heteroleptic Complexes

In some cases, the coordination of different chelate li-
gands to the metal ion is necessary in order to modify the
spectroscopic and electrochemical properties of the ruthe-
nium complex for a specific application. Synthetic routes
for ruthenium complexes of the type [Ru(NN1)2(NN2)]2+

are based on the sequential introduction of ligands to a
ruthenium precursor.

A widely used synthetic approach involves the introduc-
tion of two chelate ligands by direct reaction of
RuCl3·xH2O with two equivalents of the bidentate ligand,
to obtain a [Ru(NN1)2Cl2] complex. Other precursors used
in the synthesis of such complexes are Ru(COD)Cl2[105] and
Ru(DMSO)4Cl2,[106] with the disadvantage of involving
more than one synthetic step. Subsequent introduction of a
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third diimine to the [Ru(NN1)2Cl2] complex in an appropri-
ate medium results in the formation of [Ru(NN1)2(NN2)]2+

(Figure 17).[107]

Figure 17. Synthetic routes for bis-heteroleptic ruthenium com-
plexes containing three bidentate ligands. The (NN1) and (NN2)
are different bidentate chelate ligands.

Another synthetic method to obtain ruthenium bis-
homoleptic complexes is based on the sequential introduc-
tion of three chelate ligands to the [Ru(CO)2Cl2]n oligo-
mer.[108]

Synthesis of Ruthenium Tris-Heteroleptic Complexes

Several synthetic methodologies have been developed for
the preparation of ruthenium tris-heteroleptic complexes.
All of these synthetic routes are based on the sequential
introduction of chelate ligands by substitution of labile li-
gands.

Two synthetic routes for the synthesis of [Ru(NN1)-
(NN2)(NN3)]2+ complexes with [Ru(CO)2Cl2]n as a starting
material have been extensively studied (Figure 18). The first
step in both methodologies is the introduction of one che-
late ligand. The subsequent decarbonylation step differs. In
the first method, the labile CO ligands are substituted by

Figure 18. Synthetic routes for tris-heteroleptic ruthenium com-
plexes containing three bidentate ligands by using carbonyl com-
plexes as a precursor. (NN1), (NN2) and (NN3) are different biden-
tate chelate ligands.
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the application of heat,[109] while in the second, decarbon-
ylation takes place by irradiation with UV light.[110]

Other widely studied synthetic routes are based on syn-
thesising Ru(NN1)(NN2)Cl2 intermediates, by using dif-
ferent precursors such as RuCl3·xH2O,[107] Ru(DMSO)4-
Cl2[111] or [Ru(η6-arene)Cl2]2[96] as starting materials and
subsequent sequential introduction of chelate ligands under
different reaction conditions (Figure 19).

Figure 19. Synthetic routes for tris-heteroleptic ruthenium com-
plexes containing three bidentate ligands by using different precur-
sors. (NN1), (NN2) and (NN3) are different bidentate chelate li-
gands.

Synthesis of Bis(tridentate) Ruthenium Complexes

Complexation of ruthenium metal ions with two triden-
tate ligands leads to the formation of a complex with a dis-
torted octahedral geometry.[112] Synthetic routes involve a
two-step sequence, with the successive introduction of two
equal or different tridentate ligands.

The most widely used synthetic method uses RuCl3·
3H2O as a precursor. The introduction of the first ligand
results in the formation of Ru(NNN1)Cl3, where (NNN) is
a nitrogen-containing tridentate ligand. A reducing agent
for the RuIII � RuII conversion is necessary when the sec-
ond ligand is coordinated to the metal ion.[82] This synthetic
approach allows the synthesis of both homoleptic and het-
eroleptic ruthenium complexes by applying the same ligand
twice or two different ligands. Furthermore, this synthesis
can be carried out within a microwave, which saves an enor-
mous amount of time (Figure 20).[113]

Figure 20. Synthetic routes for tris-heteroleptic ruthenium com-
plexes containing two tridentate ligands by using different precur-
sors. (NNN1) and (NNN2) are different tridentate chelate ligands.
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An alternative procedure for ligands that can easily de-
compose is the synthesis under mild conditions of bis(tri-
dentate) ruthenium complexes with Ru(DMSO)4Cl2 as a
starting material.[114]

A third synthetic strategy is available for obtaining sym-
metric bis(tridentate) complexes by reacting [Ru(η6-arene)-
Cl2]2 with two equivalents of the ligand.[115]

Relationship between Dye Molecular Structure and DSSC
Performance

As mentioned before, the molecular structure of the dye
affects not only their absorption, photophysical and redox
properties, but also the electron-transfer processes occur-
ring at the TiO2/dye/electrolyte surface.[116] These param-
eters strongly determine the overall efficiency of the device.

The use of photosensitisers such as RuII polypyridyl
complexes with low molar extinction coefficients requires
DSSC devices with thicker TiO2 films in order to have
enough dye present to capture as many of the incident pho-
tons as possible. However, this results in a decreased Voc

because of an increase in the surface area, which provides
additional e–-TiO2/electrolyte+ recombination sites.[117] For
this reason, some developments in the design of new ruthe-
nium polypyridyl photosensitisers have arisen from the en-
hancement of the optical absorption. One of the best routes
to improve the light-harvesting capability of ruthenium
complexes is through the extension of the pyridyl ligands
with the introduction of π-conjugated donor- or acceptor
systems (Figure 21).

Figure 21. Molecular structure of highly π-conjugated ruthenium
polypyridyl complexes.
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Ideally, the photosensitiser absorption spectrum should
overlap as much as possible with that of the solar spectrum.
Sequential tuning of the HOMO and LUMO energy levels
through the incorporation of strong σ-electron donor or
low-lying π* groups can be performed in order to extend
the absorption spectrum of the dye to the near IR region.[80]

These modifications involve a decrease in the HOMO–
LUMO gap, but the position of the HOMO and LUMO
energy levels of the dye have to be such as to maintain suf-
ficient driving force to allow both efficient electron injection
into TiO2 and dye regeneration by the iodide/triiodide re-
dox couple.

One of the most commonly used approaches to produce
a redshift in the absorption spectra of RuII polypyridyl
complexes is through destabilisation of the HOMO energy
level with the introduction of electron-donor ligands. Most
ruthenium polypyridyl complexes used in DSSCs contain
thiocyanate ancillary ligands to shift the absorption spectra
towards longer wavelengths.[118] However, NCS ligands are
believed to be the weakest moiety of this type of complexes
when exposed to light or high temperatures.[119] The re-
placement of the thiocyanate moieties by chelates, such as
cyclometalated bi- and tridentate ligands, can lead to the
preparation of more stable chromophores (Figure 22).[120]

Figure 22. Molecular structure of ruthenium polypyridyl complexes
with a bathochromic shift in the absorption spectra as a result of
the presence of σ-donor ancillary ligands.

Another way to decrease the HOMO–LUMO gap has
been achieved with the introduction of ligands containing
low-lying π* orbitals, such as highly conjugated polypyridyl
ligands (Figure 23).[121]

An important issue for molecular photovoltaics is to
achieve fast and efficient electron injection into the metal
oxide. This can be obtained by a strong attachment of the
dye onto the surface of the semiconductor, as well as by a
sufficiently high LUMO energy level of the photosensitiser.
In addition, the LUMO energy level should be located in
the ligands containing the groups anchored onto the TiO2

surface, in order to obtain an effective coupling between the
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Figure 23. Molecular structure of ruthenium complexes containing
ligands with low-lying π* molecular orbitals.

dye and the metal oxide orbitals. Covalent bonds between
the anchoring groups of the ruthenium polypyridyl complex
and the hydroxy groups present on the surface of the TiO2

nanoparticles allow for strong electron coupling between
the photosensitiser and the semiconductor.[18] Different an-
choring groups have been tested, but the most common an-
choring group in ruthenium complexes are carboxylic acids
(Figure 24). Carboxylic acid groups can easily be hydro-
lysed in the presence of water or basic media, which results
in dye desorption from the TiO2 surface. A strategy to pre-
vent the hydrolysation of the link between the dye and TiO2

is the substitution of carboxylic acid groups by more stable
linkers such as phosphonic acid.[19,122]

Figure 24. Molecular structure of ruthenium polypyridyl complexes
containing different anchoring groups.

Furthermore, dyes attached to the surface of the metal
oxide can be desorbed by the presence of water in the elec-
trolyte, which is obviously a concern for the long-term sta-
bility of DSSCs.[123] The incorporation of hydrophobic
alkyl chains to the pyridyl ligand can decrease dye desorp-
tion and increase cell stability by preventing the accumu-
lation of water molecules near the TiO2 surface (Fig-
ure 25).[29a,124]

The spatial separation between the oxidised dye and the
semiconductor surface has an important effect on the
charge-recombination dynamics between the sensitiser and
the electrons at TiO2.[24a] Increasing this distance and mini-
mising recombination can be achieved by the attachment of
electron-donor groups[125] or rigid spacers[126] to the pol-
ypyridyl ligands that are able to locate the cationic charges
at long distances from the TiO2 surface (Figure 26).

The recombination reaction between the photoinjected
electrons and the oxidised electrolyte strongly affects the

www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 4509–45264522

Figure 25. Molecular structure of two amphiphilic ruthenium
polypyridyl complexes.

Figure 26. Ruthenium polypyridyl complexes that increase the dis-
tance between the dye cation and the TiO2 surface by the introduc-
tion of electron-donor groups or rigid spacers into the dye struc-
ture.

Voc of the device and, thus, the final overall efficiency. The
incorporation of long alkyl chains and the degree of pro-
tonation of the ruthenium photosensitisers are key factors
in the reduction of the e–-TiO2/electrolyte+ recombination
reaction. Amphiphilic dyes can block the approach of the
oxidised electrolyte to the semiconductor surface, while
control of the degree of protonation of the acid anchoring
groups prevents the downward shift of the semiconductor
conduction band edge caused by surface protonation. The
protons of ruthenium polypyridyl sensitisers can be substi-
tuted by tetrabutylammonium cations (TBA), sodium cat-
ions or other counterions (Figure 27).[127]
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Figure 27. Ruthenium polypyridyl complexes with various counter-
ions.

Over the last years, our group, among others, have ob-
served that the presence of certain atoms such as sulfur and
oxygen[128] or chemical moieties[129] such as amino (-NH2)
or nitro (-NO2) groups can have a dramatic influence over
the device output efficiency (Figure 28). Indeed, the pres-
ence of certain chemical groups or atoms leads to faster
electron-recombination dynamics, which affects the Voc of
the device. This observation is similar to the measured ef-
fects of the presence of highly conjugated molecular struc-
tures in organic sensitisers,[38a,130] and, thus, indicates that
the dye molecular structure is directly involved in pre-
venting or accelerating the interfacial charge-transfer reac-
tion between the photoinjected electrons and the oxidised
species present in the iodine/iodide electrolyte.

Figure 28. Ruthenium polypyridyl complexes with different ligand
substituents.

Conclusions and Perspectives
The research of dye-sensitised solar cells is a growing re-

search field. Novel sensitisers based on ruthenium polypyri-

Eur. J. Inorg. Chem. 2011, 4509–4526 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4523

dyl complexes are published monthly, and a new generation
of organic dyes are challenging, not only the light-to-energy
conversion efficiencies of the former ruthenium dyes, but
also their stability under working conditions. Indeed, the
future looks bright for this incipient solar technology. How-
ever, many questions still need to be fully addressed. A
deeper understanding of the role that the dye molecular
structure plays over interfacial charge-transfer processes,
both recombination or regeneration reactions, is a must.
The discovery of novel electrolytes to avoid the use of io-
dine/iodide and to achieve higher open circuit voltages will
be the next challenge for this research field. Promising re-
sults on “revisited” cobalt-based electrolytes open a new
window to push further the efficiency and will certainly ex-
pand even more the interest in this new generation of solar
cells. Finally, the long-standing proposed use of IR quan-
tum dots that undergo multiple exciton generation under
light irradiation should be also considered as a future re-
search pathway towards the new generation of high effi-
ciency solar cells.
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