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1 INTRODUCTION

Hoffert and colleagues decumented recent energy
needs on the terawatt (TW = 102 W) scale.'? They described
the pitfalls of a ““wait-and-see”" approach and recommended
immediate action that has now been dubbed the Terawatt
Challenge * As the worldwide rate of energy expenditure is
related to the number of people on Earth, the populati on growth
experienced over the last quarter-century is staggering: a 45%
increase which equates to roughly two billion people and 6 TW
of energy (~63% increase) This coupled with the urbanism
of third-world and nonindustrialized nations and cities has
led to an increase in the demand for fossil fuel * However,
as mentioned by Hoffert, the continued use of fossil fuels is
not a long-term solution, and the deleterious environmental
consequences of their combustion have become evident. Ice-
core data over the past three-quarters-of-a-million years that
correlate temperature with greenhouse gas concentration are
sobering ** The current atmospheric CO; levels of =380 ppm’
exceed any values attained over this same time period%°
The increased average global temperature and rates of glacial
melting measured over the last few decades are telling signs '
Regardless, if one thinks that these *‘signs’’ are the results

of global climate change, it is very difficult to argue with
two key points: our civilization needs to better appreciate
the “‘cost” of energy and begin to implement sustainable
renewahble power-conversion technologies.

The sun is the one souwrce that or its own could
supply the world’s projected energy demand in a sustainable
fashion.” To put it in perspective, the amount of solar energy
reaching the earth in one day could power the planet for an
entire year. ! More realistically, covering roughly 1/800th
of the land on Earth with 10%% efficient solar cells would
generate enough power to compensate the world's average
power usage,** while the land area occupied by the nation’s
federally mumbered highways would approxdmately power the
United States,’ Remaining is the challenge of harvesting and
storing this energy in a cost-effective way.,

It has been 19 years since Gritzel, O'Regan, and
Anderson first introduced thin films comprised of ~20-
nm anatase TiOs particles intercornected in a mesoporous
10-micron thick film for applications in regenerative,
dye-sensitized solar cells (DSSCs)."*" Global conversion
efficiencies greater than 11% have now been confirmed by
several certified national laboratories, ' This efficiency is
encouraging as futwe advancements could assist in solving
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2 ENERGY PRODUCTION AND STORAGE

the Terawatt Challenge and allow for the replacement of
traditional silicon solar cells, whose purification procedure
is highly energy intensive and expensive.® A solar cell that
can be manufactured inexpensively with the use of nontoxic
and abundant precursors would undoubtedly enhance the
sustainability of our civilization,*?

Inorganic chemistry has and will continue to
be important for the optimization of DSSCs and for
advancement of our fundamental knowledge of photoindoced
electron transfer at molecular—semiconductor  interfaces,
The light-harvesting and redox properties of transition-
metal coordination compounds are well wnderstood and
continue to be optimized for applications in DSSCs. This
is particularly true for dr® transition-metal polypyridyl
compounds, such as Ru(ll) tris-bipyridine, Ru(bpy)s** 21-¥
Coordination compounds based on Cu, Ir, and Pt have
recenily received renewed attention as sensitizers, Transition-
metal compounds and halide chemistry is also highly
relevant to redox mediation in DSSCs. Alkali and alkaline
garth cations are known to have large impacts on the
solar comversion efficiencies, yet owr understanding of
this behavior is currently lacking. Alse important is
the synthesis of new inorganic materials with tailored
architectures on the nano- and micrometer length scales.
DSSCs, therefore, provide many exciting opportunities for
chemists interested in these diverse areas of inorganic
chemistry.

In this article, we highlight some of the recent
{roughly, publication year from 2004 to present) inorganic
advances, techniques, and avenues for further exploration
that involve photoinduced electron transfer at anatase TiO;
nanocrystallites which are often at the heart of current DSSC-
related research. The focus is predominantly on those related
to the steps comprising the metal-to-ligand charge-transter
{(MLCT) “‘sensitization cycle’” Scheme 1, for TiO;-based
DS5Cs, which is described further below, As such, this article

o\

—"
:. |

RuiLL)NCS),"

is not exhaustive, A comprehensive review, including histor-
ical background, can be found elsewhere;® however as this
article expands on certain areas highlighted in the compre-
hensive review, descriptions of some of the historical studies
may be similar. First, a brief overview of the mechanism of
DSSC operation and the cwrrem—voltage (i —V) curves that
characterize the power-conversion efficiencies of solar cells
has been presented,

The most practically useful ““sensitizers’” in DSSCs
are polypyridyl compounds of Ru and, to a lesser extent,
D& 2-23 The photophysical properties of MLCT excited
states are well characterized in fluid solution % yet
identifying their behavior at sensitized TiO; interfaces remains
an unresolved issve. Ruthenium polypyridyl compounds, such
as N3, |cis-Buf{dcb)z(NCR)z], where deb is 4,4'-(COOH);-
22 -bipyridine, are generally the optimum sensitizers for this
application due to their photochemical and thermal stability
and broad spectral light harvesting. ™7 In sunlight, such
sensitizers bind to TiO; rapidly and quantitatively undergo
three consecutive charge-transfer reactions®12%: (i) MLCT
excitation; (ii) excited-state electron injection into TiO,; and
(11} reduction via iodide oxidation, at whichtime the sensitizer
is “regenerated’” and can repeat the **sensitization cyele™ of
light absorption, excited-state injection, and iodide oxidation
as shown in Scheme 1. Not shown, but necessary to the
function of the DSSC, is the transport of the injected electron
through the mesoporous thin film to the external circudt with
eventual arrival at the counter electrade, where it uses its
remaining free energy to reduce tri-lodide. Hence, the solarcell
istermed “'regenerative’ " as all oxidation chemistry at the dye-
sensitized photoanode is reversed at a dark counter electrode
such that no net chemistry ccours. Building on the success
of the DSSC and developing low-cost architectures for solar
energy conversion and storage is just one of many motivations
for understanding the interfacial sensitization cycle in precise
molecular detail.

Ticzl:ﬁ-:l
Hiry
P

; Ru'(LL)(MNCS)a
(2)

Scheme 1 Light absorption, excited-state injection, and iodide oxidation termed the **sensitization cycle."’ In the operaticnal DSSC, under
1 sun, AMULS spectral irradiance each sensitizer repeats this sensitization cycle roughly twice per second. (Reproduced from Ref. 36, ©

American Chemical Society, 2010,
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PHOTC-IMITIATED ELECTRON-TRANSFER 3

2 SOLAR LIGHT HARVESTING

2.1 Determination of the Light-Harvesting Efficiency

The fraction of light that is absorbed by a
DSSC is wavelength dependent and is often called the
light-harvesting efficiency (LHE) or absorptance (@) When
light scattering is absent, the absorptance is simply one
minus the transmittance.® The absorptance of a moenolayer
of sensitizers anchored to a surface is related to the molar
extinction coefficient of the sensitizer (M~ em™"), &, and the
surface area occupied by the sensitizer on a planar surface in
A2, Aconsinzers 1.2., the footprint:

T ,::[SJ} =] — [p-Abmtuil b (1)
10 gy
Absorbance (M) = 1000 . &{A) - T = —— — (]
Nﬁ'-"-‘-mﬁlzz

where fy is the intensity of the incoming incident light, !
is the intensity of the light transmitted through the sample,
[ is the macroscopic surface coverage in moles per square
centimeter, and Ny is Avogadro’s number. Caleulations show
that even a monolayer of phthalocyanines or porphyrins,
which have among the highest extinction coefficients known,
packed within van der Waals distance of one another on planar
surfaces, absorbs = 10% of light at their maximum absorbance
and far less than 1% of the 1 sun, AMLS spectrum.
This underscores the need for high surface-arca materials
to increase the LHE of a molecular monolayer of sensitizers.
It is for this reason that DSSCs typically consist of anatase
Ti0; nanocrystallites (~20nm in diameter) sintered into a
transparent, sponge-like network on transparent fluorine- or
indium-doped Sn0;-conductive substrates,!

2.2 Evaluation of Solar Cell Performance

The success of a solar cell is quantified by its light-
to-electrical power-conversion efficiency, n:

where V. is the open-circuit photovoltage, iy is the short-
circuit photocurrent, FF is the fill factor, d.y is the cell's
projected area, and Py is the incident irradiance® By is
usually fixed to 1 sun (100 mW em™%) of solar irradiance and
an air mass 1.5 (AM1.5) spectral distribution, which is often
taken as an average irradiance and spectral distribution of
sunlight in the United States. The AML.5 spectrum can be
downloaded from the National Renewable Energy Laboratory
(NREL) website V. is the maximum Gibbs free energy
that one can abstract from a regenerative solar cell while iy is
the maximurn rate at which the charge can flow through the
external circuit and is ultimately limited by the photon flux,

The theoretical, detailed-balance limit for the light-
to-electrical power-conversion efficiency of a solar cell with
a single light absorber was elegantly derived by Shockley and
Quiessar in 1961.% Under 1 sun of AM1.5 irradiance, this
efficiency has been deemed to be § = 29-3396.42-9 Similar
values have been obtained vig derivations based on molecular
light absorbers and first-principles thermodynamics, %47
indicating that DSSCs would possess a similar upper limit,

What cannot be stressed enough is that the i, of
a solar cell is directly related to its absorpiance, (&), not
its absorbance® In the absence of nonlinear effects, the
measured absorptance spectrum can be used to calculate the
fraction of AMIL.5 solar photons absorbed, which provides
an upper limit to the i of a DSSC. Likewise, the optimal
incident photon-to-current efficiency (IPCE) can be caleulated
from the absorptance spectrum of the solar cell, When the
[PCE is measured as a function of the wavelength of light,
the so-called photocurrent action spectrum 1s obtained. The
[PCE is the product of three terms: the absorptance (z), the
imection quantum yield (giy), and the quantum yield for
electron collection (gen). In fact, the integral of the IPCE
(A -weighted solar flux {s mathematically identical to the iy
This equality can actually be used to test the validity of
the 1-sun, AM1,5-simulated light source used for the power-
conversion-efficiency measurements* Thus, ultimately, the
isc 15 solely based on the sensitizer’s (1) extinction coefficient,
(i) molecular footprint and surface roughness as they relate
to the surface coverage, (iil) quantum yield for injection,
and (iv) collection efficiency. Recent advances in each are
discussed in detail in the sections that follow, as they relate to
the aforementioned sensitization cycle.

The FF can be related to i, and V. through the
corresponding eurrent and voltage at the power point (PP):

_ tpp + Vap
o Vi

FF (4)
where the PP occurs at the maximum product of the cell
output photovoltage and photecwrent obtained along the
curtent—voltage curve, Figure 1{a). While an FF of unity
is ideal, such a value cannot be achieved because of various
loss mechanisms such as charge recombination. Under short-
eireuit conditions, the injected electrons in DSSCs are rapidly
and quantitatively collected in the external cireuit. At open
circuit, current does not flow and the concentration of electrons
injected into the TiO; naneparticles, TiOz(e™) s, increasesto a
steady-state value. At the PP, roughly 10 electrons have been
estimated to reside in each TiO; nanccrystallite 4

Rough estimates of the theoretical ultimate (ideal)
values for Voo, i and power-conversion efficiency can
be obtained by straightforward analysis of the AMILS
solar irradiance spectrum (Figure 1b) and the absorptance
spectrum of the surface-anchored sensitizers. As described
previously,® the long-wavelength absorption edge (the
“effective bandgap') sets a (thermodynamic) limit to the
Ve while integration of the l-sun solar photon flux to this
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4 ENERGY PRODUCTION AND STORAGE
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Figure 1 (a) Typical current—voltage curve for a champion DSSC under approximately 1 sun, AMLS illumination. Labeled are the
short-cireuit photocurrent (i, ), open-circuit photovoltage (V). and power point (PP) aleng with its corresponding photoveltage (Vpe) and
photocurrent (izp). The fill factor (FE) is the area of the shaded region, which is bounded by the Vpp and ipp, divided by the area of the region
crtlimed by the dashed line, which is bounded by the ¥, and iy.. The curve in magenta represents the poweras a function of voltage in arbitrary
units further illustrating that the PP coincides with the condition of maximum power cutput. (Reproduced from Ref. 52, & Elsevier, 2003.)
[t} Circular points represent the maximum current density that can be obtained from a complete light absorber whose “effective bandgap™
corresponds to the wavelength or energy indicated on the abscissa axes, Also shown, as stars, are the maximum possible efficiencies obtainable
from the said light absorber assuming the unrealistic case where there are neither current nor voltage losses. The spectral irradiance for 1 sun

of AM1.5 sunlight is shown in blue and corresponds 1o the right axis

“effective bandgap,”” and conversion to current density, sets
a limit to the i, Thus, assuming a fill factor of unity,
the largest possible efficiency (Figure b, purple stars) can
be estimated from the absorptance spectrum. For champion
DS5Cs based on the so-called * *black dye™ (N749) sensitizer,
maximum Vi, and i, values of 0.74 V and 21 mA em ™2 have
been achieved.'™%5! Based on these assumptions, with an
absorption edge of 900 0m, this yields theoretical maximum
values for V,. and i. of 1.38V and 33.7mAcm™? (red),
and n = 46.5%, This approximate walue not only greatly
exceeds the actual value obtained, n = 11%,1! but is also
clearly impossible as it exceeds the Shockley—Quiessar limit
described above, The crude analysis fails to account for
entropic and resistive voltage and recombination losses at
the PP of operational DSSCs, which have thus far proven
impossible to prevent.

Theoretical efficiencies estimated in this manner far
exceed those obtained in practice. The optimal iy is within
experimental error practically realized in champion DSSCs. ™
However, for Vi, this is not the case and the spectroscopically
estimated maximum V. values are at least a full volt larger
than those that have been observed experimentally® Also,
while a fill factor of unity is ideal, in reality such a value
cannot be achieved because of various loss mechanisms and
overpotential requirements,*® Notwithstanding, most of the
recent advances in DSSCs are from increases in i, because
of enhancements in extinetion coefficient, spectral bandwidth,
and charge-separated lifetime; optimizing Vi, and FF values

has proven to be a much more di ficult undertaking. For these
reasons, inorganic advances related to the ultimate enhance-
ment of iy are predominantly covered throughout this article.

2.3 Tuning Orbitals for Increased Light Harvesting

The MLCT excited states of dr® coordination
compounds have emerged as the most efficient states for solar
harvesting and sensitization of wide-bandgap semiconductor
materials, As the name implies, light absorption promotes
an electron from the metal d orbitals to the ligand n*
orbitals, din) — n*; where the din) nature of the highest
occupled molecular orbital (HOMO) is due to mixing of the
tzg states of the metal with the % orbitals of the ligands 555 A
number of electric-dipole-allowed charge-transfer transitions
are observed, which give rise to intense absorption bands
in the visible region with moderate extinction coefficients,
There is no formal spin for each excited state due to heavy-
atorn spin—orbit coupling from the transition-metal center
(especially for 4d and 5d metals) 24¥5857 Croshy et al, have
proposed that the excited state is accurately described solely
by the symmetry label of the meolecular peint group to which
it belongs and not the spin and an orbital individually5
Furthermore, the effects of spin—orbit coupling must be
introduced in order to rationalize the relative oscillator
strengths and absorption spectra of M{bpy)s®t (M = Fell,
Ru"l, and 0s") compounds, where bpy is 2.2"-bipyridine,
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PHOTO-INITIATED ELECTRON-TRANSFER 5

The classical example of a compound with such
transitions is Ru(bpy):®*, which is arguably the most well-
studied coordination compound. The ground state {s threefold
symmetric and is best described by the symmetry label Ds.
Demas and colleagues have shown that intersystern crossing
from the charge-localized, C3-symmetrical, '"MLCT excited
state to a manifold of relaxed states ocours with a quantum
yield near vnity in fluid solution. -0 Although not formally
triplet or singlet in nature, the predominantly triplet character
of the lowest energy excited state, 1 E'.*% and singlet
character of the initial, Franck-Condon state allow the
transition between them to be labeled as intersystem crossing,
[t is for this reason that these states will be labeled as *MLCT
and 'MLCT, respectively, throughout this article, Croshy,
Hager, and colleagues have shown that photoluminescence
arises from three closely spaced electronic states 887 Rapid
thermal equilibrium between this manifold of states, <kT in
energy apart, happens such that photoluminescence occurs
from what appears to be a single thermally equilibrated,
or thexd, " siate. Yersin, eral. discovered evidence for two
more highest energy states by temperature-dependent emission
polatization experiments and labeled them per the D;" double
symmetry group, which takes into account the spin—orbit
coupling #182 Recently, these transitions have generally been
supported by those obtained from computational density
functional theory (DFT) calculations.™ These caleulations
alse revealed that thete was a Ds and ©; excited state within
a few wavenumbers of one anether, thus rationalizing the
discrepancies found in the literature for the identity of the
symmetry of the initial, Franck -Condon excited state.7!-7¢
A dissociative, metal-centered state from a ligand-field (LF}
transition {(d —= dj was also identified, at roughly the same
energy, where it was proposed that a four-coordinate species
may result,

Recently, Chergui and coworkers have shown
by polychromatic fermtosecond fluorescence upconversion
that intersystem crossing to the MLCT excited state of
Rufbpy)z®™ occurs within 15 = 1015; as this corresponds
to the vibrational period of a high-frequency mode, this points
to a strongly nonadiabatic process.”” Subsequent dissipation
ofthe excess thermal energy within the thexd state manifold in
< 300 {5 is also rather rapid and was suggested to be because
of intramolecular vibrational-cnergy redistributi on, where the
excess thermal energy in the predominant 1607 cm™" higher
frequency mode was transferred to low-energy metal —-ligand
modes,™

Hammarstrém and colleagues have shown by
transient-absorption anisotropy measurements in acetonitrile
that 1ps following photoexcitation, the electron has no
memory of which bipyridine was initially photoselected ™™
This was also found to be true in ethanol solution and with
Rulbpy)z(meb)yTiO; thin films, where meb is 4-COOH-4'-
CHs-bpy®™ These findings are in contrast to clder models
where electron hopping randomization among ligands was

proposed to explain the time evolution of the spectroscopically
isotropic signal #1442

The excited-state lifetime of [ Ru'™ (bpy) (bpy~)*+*
is ~lps in water™ The radiative rate constant, k., is
typically about two orders-of-magnitude smaller than the
nontadiative rate constant, ky, and bence the excited-state
lifetime is generally controlled by the latter.® Often Rull- and
Osll-polypyridyl excited states have been shown to follow
Jortner's energy gap law, where k., increases exponentially
with decreasing energy gap ™ For this reason, preparation
of compounds that emit in the infrared region and have long-
lived excited states has proven difficult. However, small &,
values are not sufficient to realize long-lived excited states, A
large ligand-field splitting parameter is also required in this
class of excited states as the presence of low-lying, LF states
can rapidly deactivate the thexi states. A classical example
of this is Fe(bpy)s®* that until recently was thought to be
completely nonemissive due to rapid and quantitative internal
conversion/intersystem crossing through ligand-field states,
Notwithstanding, realization of efficient sensitization by Fell
polypyridyl compounds would decrease the cost of DSSCs,
However, efficient power-conversion with Fe! sensitizers has
not been realized,

Chergul and cowerkers provided clear transient
femtosecond structural and absorption evidence that the
mechanism of relaxation in Fe(bpy)a?™™ is intersystermn cross-
ing from the 'MLCT to MLCT state followed by direct
relaxation to the high-spin “T; state in ~150 £s.%** termed
spin crossover or light-induced excited spin-state tapping
(LIESST) when the state is long-lived. The MLCT intersys-
tern crossing was in a strongly non-Bom Oppenheimer regime
mediated by high-frequency modes of the molecule. Ulti-
mately, thermally activated relaxation to the energy-minimum
initial low-spin ‘A, state completed the cycle. These data
were obtained by time-resolved optical-pump experiments,
where the probe technique was based on extended X-ray
absorption fine spectroscopy (EXAFS), X-ray absorption
near-edge structure (XANES), or visible transient-absorption
spectroscopy. MeCusker and colleagues observed similar
behavior with a hexadentate Fel! coordination compound %597
Evidence for light-induced spin trapping on TiO; was obtained
in our labotatories with surface-anchored FelpymbA)s®T,
where pymbA is4-(2-pyridin-2-yl-benzimidazel -1 -ylmethyl }-
benzoic acid.® Altheugh not proven, the rapid spin trapping
observed probably accounts for the inefficient excited-state
electron injection into TiOs. An Arthenius analysis of the
high-spin to low-spin re-equilibration revealed a Gaussian
distribution of activation energies,*

An important aspect of de® coordination compounds
is that their colors can be controlled with synthetic
chemistry. The MLCT abserption bands can be tuned in
energy by altering the substitvents on the bpy ligands or,
simplistically, by controlling the extent of or-donation from the
nenchromophoric ligands or d{r)—r* back-bending donation
to ligands.®® How these changes affect the photophysical
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6 ENERAGY PRODUCTION AND STORAGE

N3, R = H (‘'red dye)
N719, R = TBA"

‘black dye' (N749)

Q
HO
NHII:-
o SO 4 s
¢
2907

Scheme 2 The chemical structures of historically the most successful Ru™-polvpyridyl sensitizers emploved in champion DSSCs

properties of the compounds has been the subject of many
investigations affording further insights into the factors that
govern radiative and nonradiative excited-state decay, 23219

As many of the sensitizers employed in champion
DSSCs are of the form cfs-Ru(LL) X2, where LL is a bpy-
like ligand and X {s an anionic nonchromophoric ligand,
their spectral differences and similarities to Ru(bpy):®™ are
discussed. In terms of DSSC light-to-glectrical power-
conversion efficiency, N3/N719, where LL = deb? - and
X = 5CN~,** and closely related analogs, until recently,
remained unsurpassed, Scheme 2.° Although slightly solva-
tochromic, the visible absorption spectrum of N3, and that of
its “'LL = bpy"" derivative, exhibit two well-resolved bands
because of its symmetry. The symmetry of the ground state is
C: whereas that for Ru(bpy)s®™ is Ds. It has been postulated
that the spectroscopic signatures are due in part to a shift
in the electron density of the HOMO from the Ru" metal
center to the isothiccyanate ligands 191-10 Roughly, 75% of
the HOMO density was caleulated to reside on the isothio-
cyanate ligands, mainly on the sulfur atom. The gain in red
absorption over Ru(deb)s®t and subsequent increase in LHE
oceurs at the expense of the driving force for iodide oxidation
and the excited-state lifetime, by the energy gap law. How-
ever, the performance of the DSSC is generally not affected
by either of these undesirable traits because of the many
orders-of-magnitude faster rates of the competing processes
{i.e., interfacial charge recombination and excited-state injec-
tion, respectively)!™% Alsn, a recent Raman study has
shown that when anchered to TiOg, the solvent reorganization
energy of N3 decreased by a factor of 6,106

In champion DS5Cs, the presence of LiT in the
electrolyte is a requirernent.?! This hard Lewis acidic cation
affects all ofthe steps related to the sensitizati on cycle 21407108
In a step toward controlling this chemistry, Gritzel and
coworkers recently synthesized a novel N3 analog where
one deb ligand was replaced with 4.4'-(trdethylene oxide
methyl ether); -bpy 119110 The 12-crown-4 ether groups on the
bipyridine ligand provide a coordination environment for Lit.
Interestingly, in comparative photoelectrochemical studies,

N3-like sensitizers with these crown ether ligands displayed
a significant increase in iz with little-to-no variation in V..
This was unusual as the loss of LiT from the TiOs surface was
expected to destabilize the TiO, acceptor states, presumably
resulting in less efficient excited-state injection and hence
a lower photocurrent. " Similar results have since been
observed with a more hydrophobic version of the sensitizer,'!!
Such amphiphilic sensitizers have also recently gained interest
as possible sensitizers that are more forgiving toward trace
amounts of water and are also often found to be more stable
toward temperature stress and light soaking, 12121

Recently, a new motif for Ru" sensitizer chelation
was employed using an N3-like compound, where one dcb
was replaced with two pyridines linked in their 2 positions by
the nitrogen atom of an aniline.'® The photoelectrochemical
properties were all found to be very similar to those of
NT19, 125128 another novel motif invelved replacement of the
two isothi ocyanate ligands with a single sulfur-donor bidentate
ligand.'** Although these first-generation sensitizers had
lower efficiencies than NT19, it was interesting that of these
sensitizers, the ones with the most favorable photophysical
characteristics did not perform as well. This was proposed
to be due to the terminal cyane groups of the sulfir-donor
ligands, which may have directly bound to the TiOs surface,
thus speeding interfacial charge recombination,

231 Increasing the Extinction Coefficient

Although the excited-state lifetime of Rull-
polypyridyl compounds is sufficiently long-lived for real-
ization of near-quantitative excited-state injection and sen-
sitization, a shortcoming of sensitization by these visible-
light MLCT transitions is their relatively low extinction
coeflicients as compared to intraligand (IL) 7 -—= n* tran-
sitions. Ru(bpy)s®* has a molar extinction coefficient
of roughly 15000M~'em~' for its MLCT electronic
transitions.'® In contrast, natural and synthetic organic and
porphyrin/phthalocyanine pigments also absorb solar photons,
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PHOTO-INITIATED ELECTRON-TRANSFER 7

but with extinction coefficients that are often in excess of
200000M~ em~! for their IL transitions.™ Thus 5-10 pm
thick films of nanecrystallite TiO,, with internal surface areas
up to 1000 times larger, 2 are required for efficient solar
harvesting with Rut-pol ypyridyl coordination compounds,

Fermi’s so-called ** Second Gelden Rule™ states that
ke = 2 [{Hay)? « ppow, where ker is the rate constant
for electron transfer, Hy, is the electronic-coupling matrix
element between the inital and final states, and ppow 1% the
Franck—Condon weighted density of vibronic states '2%-132
As electronic transitions follow this rule, both Einstein’s A
and B transition probability coefficients relate to the square
of the transition dipole moment, under electric dipole-induced
conditions. Under the approximation of a two-level system,
Einstein's A coefficient, which is equal to &, is also related
to the cube of the average energy gap'®®; as the oscillator
strength, absorption cross section, and extinction coefficient
all relate to Einstein's B coefficient, they too are directly
related to the square of the transition dipole moment and
to the average energy gap.!™ 3 Taken together, increases
in extinetion coefficient should most often be accompanied
by similar enhancements in &, It has long been known that
addition of substituents with low-lying m orbitals (such as
aromatics, esters, carboxylic acids, or unsaturated organics)
to polypyridines can enhance MLCT extinction coefficients
relative to unsubstituted polypyridines."** %" However, as
described above, it is often &y, and not &, that determines
the excited-state lifetime of Ru" polypyridyl cempounds.
Thus, the guestion begs, could enhancements in extinction
coefficient be coupled to fncreases in the lifetime of the
excited state if ky, simultaneously decreased?

Indeed, this has been observed in MLCT compounds
employing 4.4"-aryl- or 4,4'-vinyl-disubstituted bpy, 2,2":
6, 2"-terpyridine (py), and 1,10-phenanthroline (phen)
ligands 134136138 1390483151 A ¢ axpected, when the transition
dipole moment was extended by LUMO n* delocalization,
both the extinction coefficient, or oscillator strength if the
band’s width was altered, and k, increased B413%150 When
compared to sensitizers lacking this extended conjugation, ky,
decreased because of less electron—vibrational coupling, i.e.,
smaller Huang-Rhys factors, from the further delocalization of
the * electron over the entire ligand. '™ Thus the excited-state
lifetimes increased as well!

Smaller extinction-coefficient enhancernents were
observed with 5,5 -aryl-disubstitution,™®® even though 5,5'-
disubstitution increased the conjugation relative to 4,4'-
disubstitution. Albeit, 5,5 -aryl-disubstituted ligands did lead
to the expected decrease in energy gap and red-shifted MLCT
transition because of enhanced conjugation and a lowering
of the LUMO energy.!® These conflicting findings were
rationalized using Mulliken charge-transfer theory,'? where
the degree of charge transfer is directly proportional to
the overlap between the HOMO and LUMQ 1361522154
was determined that the extended intraligand delocalization
afforded by the increased conjugation in the 5,5 -disubstituted

ligand actually resulted in less electron density on the nitrogen
p. orbital chelated to Rul' as compared to the less-conjugated
4.4 -disubstituted ligand. " Conversely, when delocalization
of the ligand =* orbital was extended in the opposite
direction of the MLCT band, e.g., with 6,6 -disubsitintion, the
magnitude of the transition dipole morment and the extinction
coefficient actually decreased 146

For these reasons, the preparation of high extine-
tion coefficient, and still rather long-lived, heteroleptic N3
derivatives, where one of the deb ligands is replaced by a
4.4 -disubstituted bpy, is an extremely active area of rese-
arch, 16:115,116,140- 142855169 T symthetic enhancement, cou-
pled with covalent attachment of thi ophene!é1%160-163,170-17%
or tri-alkyl/-aryl-amine! 5816216167 dopar functional groups,
has led to great enhancements in extinction coefficlent and
charge-separated lifetime. The lifetime of the TiOz(e™) and
oxidized sensitizer charge-separated state is known to increase
when the hole is transferred away from the interface 21476177
Thisis net surprising as polythiophenes are often employed as
efficient hole conductors in organic and selid-state solar cells.

In a comparative study of N3 analogs containing
one chaleogen-substituted, S-coordinate hetercarene, i.e.,
selenophene, thi ophene, or furan (Scheme 3), it was shown that
the extinetion coefficient increased with the electropositivity
and size of the hetercatom!™ Calculations revealed that
the extent of hole localization on the isothiccyanate ligands
decreased as the extinction coefficlent increased. The
selenophene sensitizer showed great promise in DS5Cs as
the power-conversion efficiency was superior to that of
2907,

We recently found that employing bpy ligands
bridged in the 3,3° positions by dithioline is a viable
alternative to the more traditional and widely pursued
approach of introducing conjugated groups in the 4 and 4'
positions. !5 Substituent effects in this position are not as
well documented as they sterically force the two pyridyl
rings out of planarity, behavior that can decrease the stability
of the compound. This {ssue is circumvented with bridging
ligands but at the expense of opening up the N-Ru-N
bite angle, thereby stabilizing LF states and increasing k.
Newvertheless, it was notable that this first-derivative, MLCT-
dithioline compound, [Ru(BTL)deeb);]*", where BTL
is  %-[4,5-bis-{cyancethylthio)]-1,3-dithiol-2-ylidene]-4', 5'-
diazafluorene and deeb is 4.4'-(CO:Et)-bpy (Scheme 3),
had extinction coefficients for their lowest energy transitions
that were comparable to the highest ever reported based on
Ru'l{4,4'-disubstituted-bpy) compounds, 4.4 x 10¥ M~ cm="
at Apgxy =470nm. In a similar absorption region, to the
best of our knowledge, only four other efficient sensitizers
exceed this value: 4.54 x 10°M~Lem™! at Apy = 471 nm
(D16),56 7.85 x 10°M~tem™! at Ay = 4491m (D6),15€
721 x 10°M~'em™! at dpy = 442nm (DCSC133,'™ and
543 x 10* M~ Tem™! at gy = 453nm (C107).17 It should
be noted that each ofthe former three sensitizers contained four
phenylene and four vinylene groups on one bpy, while the latter
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B ENERGY PRODUCTION AND STORAGE

RAu'(BTL){deeb)s

C10l, X= &
C102 X=8
C105 X = 38

[Cs"{tet)ipyq)CI® [Ru'{debjz fdtpp)]™

Scheme 3 The chemical structures of recently developed promising sensitizers with increased extinction coefficients, C101/C102/C105 and
Ru“[BTL}(deeb)z", or enhanced light-harvesting to the red without isothiocyanate ligands, [Os™(tet) (pyq)yCl]1** and [Ru™{deb)z (dfppi 1™

contained four thiophene groups on one bpy. Part ofthe success
with the dithioline-bpy ligandsis that they themselves have IL
absorption bands, in addition to the MLCT absorption bands,
in the visible region. Regardless, their similar absorption, but
with decreased conjugation, relative to the other four highly
absorbing sensitizers was quite unexpected and intriguing,
An alternative strategy for increasing the LHE is to
use nature’s antenna e ffect, Figure 2,118 Myjjtiple pigments
that are suitably arranged can absorb light and vectorally
transfer their energy to acentral pigment that can theninject an
electron into the sermiconductor, If the additional pigments do
not increase the footprint of'the sensitizer onthe sermiconductor
surface, the LHE could be enhanced. Indeed, the trinuclear Rul!
sensitizer utilized in the celebrated 1991 Nature paper'® had
been previously designed in Italy to function as an antenna, 183

Figure 2 A scheme depicting an array of sensitizers bound toa pla-
nar T10; surface consisting of cis- and rrams-[ (Ru(LL )z (pz))y(ina) *+
on the left and right, respectively, where pz is an ambidentate pyrazine
ligand and ina is isonicotinic acid. The trans orientation enables
increased absorptance, ¢, without changes in the projected footprint
of the sensitizer, (Reproduced from Ref. 187, © Elsevier, 2008.)

Anissue with the cis-Rufdeb)z (CN )y group used as the energy-
transfer acceptor and surface anchor is the cis geometry of the
ambidentate eyano ligands, This resulted in a larger footprint
as the number of Ru'! pigments was increased. In this regard,
4 trans geometry is more preferred, Figure 2.7 The synthesis
of molecules that flimetion as antennae and their use in DESCs
continues to be an active area of research that may one
day enable the efficient sensitization of planar semiconductor
materials, 145

2.3.2 Broad Spectral Light-Harvesting

Given the usual wvalues for the properties that
determine the overall light absorptance of the TiO:-based
DS5Cs—ie., the film thickness = 5—10um, roughness =
300-1000, porosity = 50%, and MLCT extinction coe flicient
=]15000M-! e~ —already ~90% of the incident light
is absorbed at the absorption maximum. Larger extinction
coefficients would allow for a more planar film to be
employed, ie., thimnmer or less roughened, that would most
likely manifest itself as an enhancement of V.. However,
the spectral sensitivity of the DSSC would hardly increase.
Instead, advancements in LHE can be attained via increasing
the region over which the sensitizer absorbs,

Ru(bpy)s® and most other tris-heteroleptic d°
polypyridyl cormpounds have redox and optical properties that
are fairly insensitive to their environments. 27 This is not the
case when ammine or cyano ligands are present in compounds
of the type [M(bpy )(X)P~%" or [eis-M(bpy h(X)2]"?t, X
= NC~ or NH:.% Outer-sphere interactions with the cyano
ligands have a profound influence on E°(Ru™™) and hence
the color of the compound. For [Fe(bpy)(CN):]*~ compounds,
the excited-state reorganization energy in acetonitrile was
found to be signi ficantly larger on TiOs than in fluid selution
(% = 0.32eV versus 0.10eV, respectively). "™ This increased
reorganizationenergy may be due to the restricted translational
mobility of the semiconductor-bound iron compounds and

Erepelopedioal orpovgic and Biodner gevsie Chewdstrp, Online @ 2011 John Whiley & Sons, Lid,

This article is @ 2011 Joln Wiley & Sons, Lid.

This article was orignally published inthe g pelopediioof Seargrene Clheaiabp m 2011 by Jodn Wiley & Sons, Lid.

DOL: 1010020731 119951438 eibc0468



PHOTC-INITIATED ELECTRON-TRANSFER 9

the ambidentate Fe'-CN-Ti™ linkages. [Ru(deh)(CN),]*~ is
also highly solvatochromie®; the maximum of the lower
energy MLCT band of Ru(deb)(CN)a/Ti0: was observed
at 450 = 10nm in tetrahydrofuran and at 500 £ 20nm in
dimethylformamide. ' The color change was due to a
shift of E°(Ru™™) with solvent, The compound maintained
this solvatochromism upon attachment to mesoporous,
nanccrystalline anatase (Ti0;) thin films although the
magnitude of the effect decreased. Solvent tuning altered
the spectral responses of DSSCs based on these materials in
a predictable way and could in theory be used to enhance the
LHE of solvatochromic sensitizers,

The position of attachment of the surface-anchoring
carboxylic acid groups to bpy has also been examined
for N3-like sensitizers of the type cis-Ru{X, X'-(COOH); -
bpyla(NCS)z, where X =3, 4, or 5. When compared to
the 4.4'-disubstituted bpy, 5,5 disubstitution resulted in a
gain in red absorbance, because of a more favorable ligand
reduction, but alse decreased excited-state lifetime; taken
together, this resulted in a smaller photocurrent but a similar
Vye 122 The decreased lifetime was rationalized based on the
energy gap law, 19 whereas the red enhancement was most
likely due to increased conjugation from 5,5 disubstitution, 149
The lower photocurrent was also later found to be due to
inefficient injection from the lower energy thexi state, as
photocurrents on lower conduction-band edge S5n0: were
compatable regardless of the substitution position' Similar
decreases in photocurrent were seen for 5,5 -disubstitited N3-
like compounds, vs their 4,4'-di substituted version, containing
the related NC~ and C1~ nenchromophoric ligands. ' The
same 3,5'- vs 4.4'-disubstitution trends in absorbance, ligand
reduction, lifetime, and photocurrent were observed with N3-
like sensitizers where the carboxylic acid functional groups
were replaced with phosphonic acid groups, as well as those
containing NC~ and C1~ nonchromophoric ligands, '

For 3,3-disubstituted bpy, the photocurrent and
Vie were even worse, behavior attributed in part to lower
maximum surface coverages'™ ' In addition, the steric
hindrance induced by 3,%-disubstitution led to a less-than-
ideal bite angle for Ru" chelation and thus a stabilization
of the antibonding ligand-field states.®™#3%7 This increased
the ky values and results in a faster deactivation of the
thexi state back to the ground state. Although difficult to
guantify in such short-lived isothiocyanato-based compounds,
simnilar photephysical studies with Ru(bpy)z(deb P with 3,3'-
vs 4,4'-COOH-disubstitution have shown that the excited-
state lifetime and guantum yield for emmision decreased for
compounds substituted in the 3,3 position,™* implying that
the nonradiative rate constant increased substantially,

A “‘black dye™ that was discovered in the late
1940 is [Ruftct(NC8)]~, where et is 4,4', 4"-tricarboxylic
acid-tpy, Scheme 2.5 This compound extends the spectral
sensitivity of DSSCs significantly toward the red relative to
N3, However, the restricted tridentate nature of the terpyridyl
ligand results in a far less than octahedral chelation range

that lowers the extinction coefficient throughout the visible
region, Quantitative light harvesting at wavelengths near the
absorption maximum of the black dye therefore requires
thicker TiOs films than the 10-pum films typically used,
The tradeoff in the effective bandgap and strength of light
absorption over the absorbing regions for “*black dye’ vs
N3 results in very similar power-conversion efficiencies in
DSS(s 17335051

Thumnme] and colleagues recently synthesized a
series of N3 derivatives where the deb ligands were
replaced by 1,B-naphthyrid-2-yl ligands functionalized with
binding groups.'™ These compounds extended the red-
edge absorption beyond 800 mm, which is roughly 100 nm
beyond that of N3, Also, Gritzel and colleagues, recently
reported the synthesis and characterization of a frans-
Ru''{NCS); tetrapyridyl ligand. ™ Interestingly, its absorption
spectrum extended beyond 800 nm with an MLCT transition
maximum near 637 nm, This first-generation sensitizer showed
great promise with the proposed feasibility of introducing
44" 4" 4" -conjugated donor and acceptor groups in order to
increase the extinction coefficient and charge-separated state
lifetime.

Replacement of Ru with Os™ enhances the electric-
dipole allowance of the ground state to *MLCT absorbance
in the near-infrared thereby providing better spectral overlap
with the 1 sun, AM 1.3 solar irradiance spectrum, Introduction
of Os" was calculated to result in up to three times more
singlet character in the lower lying excited states,” which
would thus make radiative recombination more spin allowed
and thus faster,™-2™ Recently, Bignozzi and coworkers
synthesized and investigated Os"-based **black dye’” analogs,
i.e., each contained a tet ligand, in DSSCs (Scheme 3), where
the absorbance was extended out to 1100nm. "™ Although
the photocurrent was ~20% inferior to that measured in
champion DSSCs in the mid-visible region, the increased
light absorbance in a rather intense region of the AM1.5 solar
spectrum highlights promise for future sensitizers, This same
group also synthesized Rufdeb): LL compounds, where LL is
a diexolene, that can be oxidized to a semiguinone and then
a quinone 2 Although reported for use in electrochromic
devices, the absorption spectra of the semiquinone forms
also extended to 1100nm because of charge transfer to the
sermiquinone moiety.

Of note is that none of the sensitizers synthesized
by Bignozzi and colleagues contained isothiocyanate ligands.
This is desirable as the isothiocyanate ligands are thought
to influence the stability of the sensitizer to the greatest
extent.* It is for this reason that the newly synthesized and
characterized cyclometallated [ Ru' (deb ) (dfpp)]* sensitizer,
where dfpp™ is 2-(2.4-difluorophenyl)pyridine (Scheme 3),
with a reported 10.1% light-to-electrical conversion efficiency
under simulated | sun, AMI1.3 conditions, is a significant
advancement, "™ Interestingly, the calculated HOMO was
almost entirely tz; metal-centered, with a miner contribution
from the dipp~ ligand. Nevertheless, it was proposed that
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10 ENERGY PRODUCTION AND STORAGE

the anionic nature of the carbon atom bound to the Ru
helped to further stabilize the oxidized sensitizer such that
the diffuse hole could be transferred away from the Ru
toward the solution-based redox mediator. This is in line
with the paradigm illustrated above where generally the most
efficient sensitizers exhibit partial to entire hole transfer from
Ru™ to a ligand: isothiocyanate, amine, thiophene, and now
di luorophenyl groups.

Lastly, what i finstead of tuning the optical properties
of the surface-anchored sensitizer for broad solar harvesting,
higher energy photons were absorbed by sensitizers in
solution followed by efficient energy transfer to the surface-
anchored sensitizers? This idea was recently realized by
Gritzel and colleagues who dissolved an efficient organic
energy relay dye in the solution electrolyte of a DSSC 2%
The efficient light harvesting of the organic dye at shorter
wavelengths, where surface-anchored Zn-phthal ocyanines had
a low absorptance, and overlap of its emission spectrum
with the Zn-phthalocyanine’s absorption spectrum resulted in
efficient Férster energy transter to the surface. This resultedin
a 28% increase in {5, and a 26% increase in 5. It is interesting
to note that energy transfer ocourred even in the presence of a
redox-active, red-colored electrolyte.

2.4 Sensitization by Pt, Cu, and Ir Polypyridyl
Compounds

There now exists a large body of literature on the
sensitization of TiO; by MLCT excited-states of octahedral,
dn® low-spin Fell-, Ru'-, 0s"- 2 and Re'{CO):-polypyridyl
compounds, 13724 There have also been some reports of
MLCT sensitization by d* Cu'-polypyridyl compounds®5-217
and square-planar & compounds based on P{UIB-2 tha
possesses MLCT-like excited states, A single report on &
Mnl-tpy sensitizers has also appeared, 25-127

Durrant, Robertson, and colleagues investigated the
effects of 3,3'- and 5,5'- v 4,4'-(COOR):-bipyridine ligands
(R=H is deb and R = CH:;CH; is deeb) on sguate-
planar [P X'-(COOR); bpy)(maleonitriledithiolate)] i+
sensitizers. The ground-state possesses partial localization
of the highest molecular orbitals on the dithiclate ligand

Scheme 4 The chemical structures of recently develo

Ir compound

{Scheme 4123 It was found that disubstitution in the 5,5 or
3% position of deeb resulted in a 10-20-nm red-shifled
absorption band, respectively, with first ligand reduction
potentials being lowered by up to 130 mV. However, contrary
to Rut 4 4'-disubstituted sensitizers, the extineti oncoe ffcients
weere approximately the same (to within 494) regardless of the
disubstitution position. Also of note was that 3,3'-disubstituted
sensitized T10, films had alonger livedcharge-separated state,
ie, PYYTIO ™), and larger V,. as compared to the 4,4'-
disubstituted sensitized thin films. This was rationalized by
EPR results. The 3,3'-disubstituted compound was far from
planar?® and the HOMO was caleulated to have much more
dithiolate, and less Pt character, With 5,5 -disubstituti on the
location of orbital density was reversed,*

Although fundamentally important, cwrent Ir
sensitizers absorb far less visible light than those based on
Ru', etc. Regardless, it has been shown that TiO; can be
sensitized to ligand-to-ligand charge-transfer (LLCT) bands
using cyclometallated, debg- or deb-containing, octahedral Ir'™
sensitizers, where debq is 4.4'-(COOH);-2,2"-bi quineline, 1
The nowvelty in these is that upon light excitation, a larger
charge-separated-state distance is generated whereby the hole
immediately resides on a ligand not bound to TiO;, These
first-generation  sensitizers resulted in values for V. and
FF that were similar to those for Ru{hpy};{dcb]z‘. Gritzel
and colleagues have since synthesized a cyclometallated '
sensitizer with a chelating acac ligand whose iy 18 practically
twofold larger, Vo is over 130 mV larger, and 5 of 1L.E7% is
almost three times higher.™? In addition, Tian and coworkers
reported a novel I sensitizer (Scheme 4) with a 2.86%
light-to-electrical power-conversion efficiency. !

Cu'—palypyridyl sensitizers represent an interesting
alternative to the other sensitizers outlined in this article, They
differ from other first-row transition-metal analogs, ie., Fe'!
and Mnl, in that they possess long-lived MLCT excited states
that can be explained by their filled d!7 subshel]l 2 In addition,
the rather low costand high abundance of Curelative to Re, Ru,
Os, Ir, and Pt makes them commercially viable alternatives.
Recently a 2.3% efficient DSSC was constructed with a Cul
sensitizer containing two 4,4'-disubstituted conjugated bpy
ligands (Scheme 4) for increased LHE 2 The ligands also
contained two methyl groups in the 6 and &' positions to

I

Cu' compound

non-Ru”, Os%, Fe'', or Re' sensitizers that exhibit significant photovoltaic
performance when incorporated into a DSSC, based on 1Y, Ir'™, and Cu!
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PHOTO-INITIATED ELECTRON-TRANSFER 11

destabilize the Cu' state via a Jahn—Teller distortion toward
the expected more planar orientation in the excited state.,
Although n was four times lower than that for N719, the cost
to manufacture sucha DSSC was determined to be an order-of-
magnitude lower. Chenand colleagues have shown by XANES
and EXAFS that sterically similar [Cu](2,9-[t Hs)z-phen)z ]™
adopts a four-coordinate, tetrahedral ground-state geometry
but that the equilibrated excited state is five-coordinate, likely
a distorted trigonal bipyrarmidal geometry 2

3 PHOTOINDUCED ELECTRON INJECTION

There are three means by which surface-anchored
transition-metal sensitizers can achieve interfacial charge sep-
aration at anatase Ti0; nanocrystalline interfaces (Figure 3}
{a) metal-to-particle charge transfer (MPCT) sensitization
where light absorption promotes an electron fiom the metal d
orbitals directly to TiOy; (b) excited-state sensitization, where
an electronically excited compound transfers an electron to
TiOsz; () reduced sensitizer injection that results from reduc-
tive quenching of the excited state by a donor, followed by
electron transfer from the reduced sensitizer to Ti0;. What
follows is a discussion of each from a brief historical per-
spective accompanied by recent advances and techniques to
monitor/verify such mechanisms of sensitization,

3.1 Direct Metal-to-Particle Charge Transfer

There is a less well-studied mechanism of pho-
toinduced electron injection that has been observed for
metal-cyano compounds anchored to TiO: and is termed
MPCT.2* This mechanism is apparent based on the observa-
tions that (1) sensitizer—TiO» reactions yield a new absorption
band that is not a result of Bronsted acid-base chemistry;

and (i) light excitation into said absorption band results in
immediate formation of 87/ TiOs(e™). A useful feature of
this sensitization mechanism is that the injection yield is
by definition unity on an abserbed photon basis as electron
transfer to TiO; is one in the same process. This is in con-
trast to excited-state injection, whose injection efficiency has
been shown to be a function of the pH, ionic strength,
excitation wavelength, and temperature.® MPCT absorp-
tion bands were observed for the first time upon binding
M(CN),* compounds to TiO; nanccrystallites (M = Fe'l,
Rull, O, Re, MaolV, WIV) 230240 Same of these adducts
extended the wvisible light photoresponse of TiO; beyond
T00nm. Hupp etal. discovered that the resonance Raman
spectrurn of [Fe(CNY)*/TiO; colloids exhibited the cou-
pling of ten vibrational modes to MPCT, three of which were
surface modes 224 Jortner and colleagues have previously
described an applicable theoretical model for describing such
multimade electron transfer!®243-27. however, the coupling
of multiple surface modes to interfacial electron transter was
unprecedented experimentally.

Intervalence charge-transfer (IVCT) absorption
bands are known for mixed-valence Fe'-CN-Ti™ cyano
compounds and are speculated to be related to MPCT bands
in [Fe(CN)]*/Ti0,.** From this, an interesting question
arises: does light absorption promote an electron from Fell
to an adjacent Ti'" site or to a Ti™ site within the inte-
rior of a TiD; nanccrystallite? This question was addressed
by electrpabsorption (Stark) spectroscopy. Previously, Boxer
and Oh reported Stark spectra of Ru(diimine);* compounds™
and others have since studied related Ru” compounds, 24251
Stark spectra are generally obtained in amorphous solid-state
media with the application of a unidirectional, oscillating
electric field relative to the laboratory frame-of-reference. The
electric field indwces changes in the extinction coefficient
and energetic shifts in absorption and'or photoluminescence
maxima 2% Spectral modeling allows for the assignment

(|} Dimct MPCT sansitization

(b} MLCT excited-state sansitization (c) FPholoinduced reduced-siate sensitization

Figure 3 Ball-and-stick models for [Fe(bpy)(CN)4]# TiO; depicting the three possible mechanisms for photoinduced electron injection into
Ti0y: (a) direct, metal-to-particle charge-transfer (MPCT) sensitization; (b) excited-state injection, sensitization by means of a metal-to-ligand
charge-transfer (MLCT) excitation followed by excited-state electron injection; (c) reduced-state sensitization, sensitizer injection that results
from reductive quenching of the excited state with a donor, D, and then dark electron injection from the reduced sensitizer. To the best of our
knowledge, only the former two have been reported in the literature for iron polypyridyl sensitizers. (Reproduced from Ref, 235, and Ref. 236,

2 American Chemical Society, 2000 and 2003}
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12 ENERGY PRODUCTION AND STORAGE

of these shifts as alterations in the transiion moment (via
the transition polarizability and hyperpolarizability) or peak
position (via the difference dipele moment and polariz-
ability), and from these data the charpe-transfer dipole
moment and distance can be determined via the Liptay
treatrnent 24

For [Fe{CN)s]*~/TiQy, the charge-transfer distance
was determined to be 5.3A based on the dipole
moment change.® This was within error of the dis-
tance from Fe" to Ti'™ using moelecular modeling on
[(CN)s Fe"-CN-Ti'™V(H20)40]%, although the distance was
slightly larger than empirical valves measured for related
Fe''-CN-M compounds. Similar values were found for Ru'-,
Mo™-, and W™ -cyano compounds on TiOs and support the
hypothesis that MPCT bands represent electronic transitions
to an orbital on a Ti'™" atom that is in close proximity to the
bound cyano nitrogen atorn.®* In addition, on the basis of
the above calculated distance and the fact that the unbound
cyano ligands were even further from the surface than the
metal center, identification of the process as MPCT and not
ligand-to-metal charge transfer (LMCT), ie. from a free NC™
to Ti™, was substantiated.

Some organic molecules are also known to display
direct, ligand-to-particle charge-transfer (LPCT) absorption
bands when anchored to TiOs, the most well known being
catechol 2*%* Electroabsorption techniques are also usefiil
in these cases, although most studies concluded that the
excitation bands are LPCT in nature, %57 excited-state
injection was deduced for a select few sensitizers, ie. eosin
Y and alizarin*%** Far this reason, a catechol group was
covalently incorperated into tpy-226%% and bpy-based®®!-262
ligands as a strong anchoring group for transiton-metal,
coordination-compound sensitizers. Two Os"-* and a cis-
RUll(NCS);-polypyridyl?6? compounds with bpy-catechol
derivatives for surface attachment were recently reported
that extended the visible light absorption to beyond 730 nm,
Absorption features assigned as direct catechol — particle
LPCT on TiQn, ZrD; and MLCT were observed, The
observation of a direct charge-transfer band in the visible
region was unexpected for ZrO; due to its large bandgap and
the unfaverable reduction of Zr(IV).

3.2 Excited-State Injection

After light absorption, the MLCT excited state
of the sensitizer may inject an electron into the anatase
nanocrystallite, a process also referred to as interfacial
charge separation. For sensitizers like N3, light absorption
formally promotes an electron from the Rul' metal center to
a deb ligand that is directly bound to the semiconductor
surface. Therefore, excited-state charge separation occurs
from the n* orbitals of the organic ligand to the acceptor
states in TiOz;. There is now an overwhelming body of
data that indicates that such charge separation cccurs on
a femto- to picosecond timescale. Experimentally, ultrafast

spectroscopists have all found that excited-state electron
imjection inte TiD: is nonexponential, behavier attributed
to the surface heterogeneity of TiQ, and its density of
acceptor states (DOS), distributions of sensitizer binding
modes, strengths, and interactions, and multiple ultrafast
injection processes ocourring from various states in the thermal
relaxation pathway, i.e., Franck—Condon singlet injection,
intermally conwverted singlet injection, intersystem crossing to
the SMLCT thexi state(s) followed by injection. This has
been thoroughly reviewed for both organie and transition-
metal coordination compounds bound to semiconductor metal
axides M8 \While the explanations given to rationalize
the complex kinetics observed for excited-state injection for
Ru'l sensitizers are often reasonable, satisfactory mechanistic
maodels are still lacking.

It has been suggested that ultrafast, interfacial
charge separation, following light abserption, occurs from the
Franck —Condon excited state. Evidence for room-temperature
injection oceurring with a lifetime faster than a molecular
vibration, i.e., ka7 /h = 1.6 % 107% 5 = 160 fs, 265266 g]udes
this phenomenon, 217 2W212.13263264260-278 Thig wwould imply
that injection oceurs before thermal relaxation of the melecular
excited state. Willig and coworkers found that excited-state
electron injection from N3 into TiO; occuwred in <2515
under ultrahigh vacuum conditions.T'! The process therefore
did not invelve redistibution of wvibrational excitation
energy by exchange with phonons in the solid, and thus
was entirely different flom the weak-electronic-coupling
case of Marcus—Levich—Jortner—Gerischer-type  electron
transfer ™24 The finite reaction time for injection ruled
out direct excitation of an electron from the Ru' metal
center to the semiconductor, yet the sub-100fs rise-time
implied wibrational wave packet motion-induced electron
transfer. A detailed analysis of theoretical and empirical
results supporting these conclusions using a perylene sensitizer
can be found elsewhere F7M85-289 The quantitative, ultrafast
excited-state electron injection reported for N3/TiO: under
ultrabigh wacuurn conditions was not always observed
when the sensitized thin films were placed in organic
solvents or electrolytes. Under such conditions, injection
was nonexponential and occcurred on the femtosecond to
hundreds-of-picoseconds timescale.

Sundstrdm and colleagues have recently further
investigated the ultrafast injection of N3 inte TiO; by
ferntosecond transient-absorption anisotropy techniques
They reported that for N3, the fast, <100fs injection
component occurred from the 'MLCT excited state whereas
the slower, picosecond injection process proceeded from the
IMLCT excited state. Anisotropy measurements indicated
that the slower injection was due to interligand electron
transfer from a free nonsurface-anchored deb ligand to one
that was in intimate contact with TiO;. This interligand
hopping could be altered by chemical modification of the
ligands and by solvent envirorment and was the rate-limiting
step for injection from the IMLCT thexi state. They also
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PHOTO-INITIATED ELECTRON-TRANSFER 13

showed that excited-state electron injection is slowed and
gradually becomes less efficient as the excitation wavelength
moves to the red of the absorption maximum ™ This was
propesed to be due to direct *MLCT population and thermal
electron-transfer injection from the differences in population
of the thexi states. These same authors also determined that
by varying the method of TiO: film preparation, both rate
constants for the biphasic injection kinetics for N3* into TiOs
were directly related to the degree of TiOs erystallinity, 272

Lian and coworkers found by femtosecond time-
resolved infrared (TRIR) spectroscopy that excited-state
electron injection into TiO; was biphasic for three [cis-
Ru(deb)z (X):)%%*" compounds (X =NCS, X =CN, or
(X)2 = dch). 2 The rate of the slower companent was directly
related to the sensitizer excited-state reduction potential. No
noticeable changes were apparent for the fast component
within the time resolution of the measurement, i.e., ~200 f3,
Later, the same group compared the injection dependence for
N3 sensitizers containing carboxylic acid or phosphonic acid
linkers ** The amplitude of the fast component was larger
for W3, which suggested stronger electronic coupling between
the carboxylate and the TiOy. However, the slow componernt
for the phosphonated version of N3 was faster, which was
assigned to injection from the relaxed "MLCT thexi state
and attributed to the slightly more favorable energetics for
injection from the bpy-PO:H: group orbitals. This led to
more efficient excited-state injection from the *MLCT of the
phosphonated version of N3,

Durrant and coworkers found that an N3 sensitizer in
which twa of the carboxylic acid groups were deprotonated,
MT719, prior to sensitizer surface binding had a 30-fold slower
rate of injection than N3* 2! In a followup paper, it was
determined that the concentration of potential-determining
ions, e.g., HT and Lit,®™W7 and factors that influence
the TiD; DOS resulted in N71%s less-efficient excited-
state injection.®™? After performing multiple washings of the
N3/Ti0; films in neat ethanol, the injection rates were found
to be very similar to those of NT1%Ti0, thin films 29 It
was sugoested that the labile protons from the carboxylic-acid
binding groups of N3 had lowered the DOS in TiOy and
promoated more favorable energetics for injection. To control
this variable, Lian and coworkers pretreated N3/TiO; thin
films for one day in agueous buffer solutions at pH 2, 4, 6, or
8.267 After removing weakly bound and desorbed sensitizers,
the biphasic kinetics and injection yields were found to be pH
dependent. As the pH was raised from 2 to 8, there was a
decrease in the rate of the slower component to injection, the
ratio of the slower-to-faster components to injection, and the
injection yield. Such behavior is consistent with the expected
Mernstian shift of the TiO; conduction-band edge toward the
vacuum level as the pH is raised.

Gritzel and coworkers reported that the slower
picosecond components for excited-state electron injection
could be removed with low concentration or sonicated dying
solution, or by employing a lower swrface-coverage thin

filrn, B32% nder such conditions, only an ultrafast component
(=20 f5) for injection remained. In support of this, Plotrowiak
and coworkers found that dialysis of sensitized TiO; colloids
resulted in much shorter excited-state lifetimes as measured
by time-correlated single photan counting 2 However, in this
case multiexponential kinetics were required to adequately fit
the ohserved data.

The multiphasic character of the picosecond dynam-
ics of excited-state electron injection into TiO; alludes to the
consideration that at least some injection is occurring from a
thexi state. This state, which can be described by a Boltzmann
population, may exhibit behavior typical of nonadiabatic ther-
mal electron transfer and/or electron tunneling, (The latter is
clearly evident by ternperature- and distance-dependent stud-
ies,) At low temperatures, a constant, nenzero rate for injection
may persist while the room-temperature injection rate ought
to exhibit an exponential dependence on distance, given that
the inaccessible LUMOs are of similar energy:

A= Anexp[—=F  x] (5)

where § is the dampening factor. A dampening factor,
g =10A" is often indicative of saturated hydrocarbon,
through-bond superexchange tunneling behavior; 22 in
general, larger values imply at least partial through-space
character, while smaller ones are associated with tunneling
through cenjugated & systems

An early study demonstrated that efficient excited-
state electron injection did occur from sensitizers of the
general type Ru{dmbl(LF*, where dmb is 4,4'-(CH;)-bpy
and L contained unconjugated —(CHz ) —linkers between the
Ru-chelating bpy moiety and one carboxylic acid group.#0
In this same study, the acetylacetonate {acac) linker was first
employed to bind sensitizers to Ti0;. Recently, the acac
ligand was again employed for a proposed water oxidation
sensitizer—catalyst bound to Ti0,. 225 Acac is known to bind
hard Ti™/M strongly and is very stable toward hydrolysis
and oxidation in various agueous pH conditions and in the
presence of strongly oxidizing environments, respectively, 2
For these Mn'(tpy-acac)-based sensitizers, and others
with catechol-containing binding groups, ultrafast injection,
which was proposed based on theoretical caloulations, was
confirmed via femtosecond teraherlz time-domain (THz-
TD) spectroscopy 225328 THz-TD spectroscopy allows one
to spectroscopically monitor free conduction-band electrons
as they have a large absorption cross section in the THz
frequency domain ™" The novelty of this techni que is that
electron diffusion and drift can be monitored by a noncontact,
nonelectrochemical means. The same tesearch group was
also successful in binding a dinuclear Mn™ ! {tpy)-based
sensitizer—catalyst through a p-oxo bridge from the Mn!Y to
a Ti'¥ on Ti0, 27

A more systernatic distance-dependent study was
later reported using three Re! (bpy—(CHz )2y —(COOH 1 M(COYy
Clin =0, 1, 3) sensitizers, where it was shown that ultrafast
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Figure 4 (a) A schematic depicting a rigid-rod, Ru(bpy)3®*-based sensitizer bound to a Ti0; nanccrystallite under light excitation.
(b} Single-wavelength kinetic absorption difference spectra of these TiOz-bound sensitizers containing rods of olige{phenylene-ethynylens)
linkers (n = 1, 2, 3}. Although the injection yields wers not distance dependent, the rates were inversely related to n. (Reproduced from

Ref. 310, © Amencan Chemical Society, 2007.)

injection into TiO; did not eceur when electronic coupling
between the surface-bound ligand and the TiO; surface was
removed by unconjugated methylene spacers, ie, when
n=1or 32 Eor the same two sensitizers, the slower
picosecond injection precess could be successfully fit to a
stretched expenential and the distance dependence of the
injection rate could be qualitatively modeled by equation ()
using 8 = 1.2 for each C—C bond, indicative of nonadiabatic
electron transfer, The =200-fold increase in injection rate
fiom n =1 to n =0 could not be fit to such a model and
was explained as adiabatic electron transfer because of a
greatly increased strong electronic coupling from the lack of
an unconjugated spacer molety. Detailed comparison of the
n =0 with the n = 1 or 3 compounds was complicated by
the fact that the n = 0 compound had significantly different
photophysical and redox properties,

With three phosphonated, ““black dye'-like com-
pounds of the form [Ru(4'-PO3*~-(Phl,-tpy)(NCS: ]~ (n =
0, 1, 2), the distance dependence ofexcited-state electron injec-
tion through conjugated linkers was studied *™ Femntosecond
pump—probe transient absorption measurements revealed that
the rate of each phase of an observed biphasic injection
process was dependent on distance. The fast picosecond com-
ponent fit nicely to an exponential distance-dependent model,
equation (5), with darnpening factor, f = 0,19 A=, while the
slower component for injection was assumed to be because of
injection from loosely bound or aggregated sensitizers. Asthis
dampening factor was much smaller than typical ones obtained
for denor—bridge —acceptor systems in selution, it was pro-
posed that nuclear reorganization played a negligible role in
injection, a hypothesis supparted by theoretical calculations.

Some novel ligand architectures that could be
used to study the distance dependerce for injection rates!

yields have recently been employed®® Galoppini and
coworkers often employ sensitizers with either a rigid-
rod or tripodal linker containing at least one functional
group to bind to TiO; "% These have predominantly
consisted of oligo(phenylene-cthynylene) linkers (E-Ph)
and 1,3,5,7-tetraphenyladamantane (Ad-Tripod), respectively,
A comparative excited-state electron-injection  study  of
three rigid-rod, Ru(bpy)s**-based sensitizer compounds was
reported, Figure 4(a)*® It was found that a monotonic
decrease in injection rate occurred as the number of linkers
was increased with a dampening factor, § = 0.04 A-1, for
both a slow and a fast injection component. A similar study on
Sn0; resulted in a value of ~0.8 A~! and theoretical values
were =0.4 A~1 3 Although this small distance dependence
agrees rather well with the conclusions from the phosphonated
compounds, these results were further complicated by the lack
of the expected similar trend in injection yields, where the
middle-length spacer was found to inject best, Figure 4(b),
By linking the ethynylene-bpy group to the meta position
of a phenyl ring, it was recently shown that the extinction
coefficient was roughly half that of the para isomer?
Newvertheless, the photoinduced injection yields remained
independent of the position of covalent attachment, ie.,
meta or para. With the use of a phosphonated-tpy ligand
with and without an intervening thienyl group chelating
Ru''(4'-R-tpy), where R = H or 4-bromo-2,5-dimethylphenyl,
as expected the extinetion coefficients practically doubled and
the band red-shifted with increased conjugation*™ However,
contrary to what may be expected, introduction of the
thienyl group between a tpy ligand and the surface-anchoring
phoesphonic acid group led to a faster injection rate and more
favarable photoelectrochemical properties when compared to
the compounds lacking the thienyl group.
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In dichloremethane electrolytes with TBALL:, Vi
values were found to be directly related to the number of
phenylene-ethynylene spacer groups 20314 Ag jon pairing
was previously shown to cccur in dichloromethane with
[Ru(bpy):(deeb)]i+ and [~ or I~ 35317 it was proposed
that recombination may oeccur with acceptors further from
the TiO; surface for the longer tripodal sensitizers. The V.
data support this distance-dependent recombination over three
decades of irradiance.

The debligand is structurall y the same as two ina, i.e.,
isonicotinie acid, ligands connected in the 2 and 2° positions,
The extra covalent bond inthe deb ligand increases the overall
conjugation and thus lowersits LUMO energy. A comparative
study of two heteraleptic Ru" compounds, one with a decb
ligand and the other with two ina ligands, was undertaken; the
distance dependence of injection was comparatively studied
by investigating the effect of remote versus adjacent excited-
state electron injection,*™ Both compounds exhibited a similar
pH-dependent injection at pH =2 even though the thexi state
of the latter compound contained an electron localized on a
ligand that was not bound to the TiOs surface. The efficient
injection from sensitizers with an ina ligand has been observed
for Re(bpy)(CO):(ina)™ as well 2

The distance dependence of excited-state injec-
ton was investigated by yet another means: core—shell
architectures, 933 with aninsulating Al; 05 shell with (.66
nn thickness conformally deposited on 20 nm TiO: nanocrys-
tals, Figure 5(a).*™ As electron tunneling is a factor of distance
and barrier height, this architecture allowed solely the distance
to be altered. These studies were somewhat hampered by ultra-
fast injection thought to ocour at pinhole imperfections in the
AlyO; shell, Neglecting this ultrafast injection, it was shown
that the picosecond biphasic nature of injection resulted in
g =0.11A"Yand 0.04 A~ for the fast and slow components,

respectively, Figure 5(b). As the bartier to the conduction
band of bulk, crystalline Al;0s is very large, dampening fac-
tors over an ordet-of-magnitude larger were expected. It was
propased that the electronic structure of thin alumina layers
differed from that of bulk Al;0;. %4

3.3 Reduced Sensitizer Injection

An alternative mechanism exists for photoinduced
electron injection wherein the excited state is reduced prior
to interfacial charge separation, Figure 3{c). This results
in injection from a nonelectronically excited sensitizer,
For this reason, DSSCs operating under this mechanism
are appropriately termed regemerative galvanic cells as
imection is a dark, thermodynamically favorable process 28
This alternative sensitization method has been called
supersensitization’®; the donor is termed the supersensitizer
because of its requirement in achieving effective owerall
sensitization,*™ A unique aspect of this mechanism is that the
oxidized form ofthe sensitizer is never generated. Therefore, it
may be particularly well suited for sensitizers that are unstable
intheir oxidized forms, like N3, 11719328330 o pell oijtizers,
An advantage with MLCT excited states is that the reduced
form of the sensitizer is a stronger reductant than the MLCT
excited state, typically by 200 to 400 mV,

Kirsch-De Mesmaeker and coworkers first reported
compelling evidence for reduced ruthenium sensitizers
transferring electrons te Sn0; electrodes.*” The coinci-
dence of Stern—Volmer constants measured by analysis
of the photocwrent enhancement and photoluminescence
quenching with hydroquinone donors left little doubt
as to the sensitization mechanism., Additional spectro-
scopic evidence for phetoinduced electron injection by
reduced sensitizers was reported for Rulbpyk(deb)TiO;
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Figure 8 (a) & diapram of a TiOz/Al;0n core—shell nanoparticle. (b) Single-wavelength kinetic absorption difference spectra for
Bu{d'-POy = etpy)(NCE)3/Ti0; thin films illustrating that the rate of injection was inversely related to the size of the Al;0s overlayer.
The Al; Oy overlayers® thickness in nanometers is shown. (Reproduced with permission from Ref, 304, © SPIE, 2006.)

Ene e bpedia of Daorgrese and Bloiergesge Clhendafy, Online @ 2011 John WAley & Sons, Lid,

This articlke is @ 2011 John Wiky & Sonw, Lid.

This artic ke was originally publshed inthe Expelapedia of ergrpgc Chemdsfp i 2011 by Joln Wiky & Sons, Lid.

DO 10, 100209781 119951438 £ e 0468
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in 0.1M TBACIO4 acetonitrile electrolyte with organic
phenothiazine (PTZ) electron donors ! Nanosecond tran-
sient absorption data demonstrated the rapid formation of
TiOz(e™}PTZ™, while in the absence of PTZ there was
little-to-no evidence for injection. Injection was rate lim-
ited by diffusional quenching of the MLCT excited state,
so the Ru'{dcb™) (bpy)a/TiO; intermediate was not directly
observed,

An interesting case of reduced-sensitizer electron
injection was reperted with the bimetallic sensitizer (bpyk
Ru'-BL-Rh"™(dcb)s/TiO,, BL = 1,2-bis[4-(4"-methyl-bpy)]
ethane.¥? About two-thirds of the MLCT excited states
of the ruthenium chromophore were quenched by electron
transfer to the Rhidcb) group to form a (bpy)Ru'l-
BL-Rh' (dch)y/ TiO, charge-separated state while the remain-
ing directly injected an electron into TiO;! ‘This
ohserved branching ratio was proposed to result from
differert  surface orientations, Approximately 4076 of
the intramolecular, charge-separated state, (bpy): Ru'-BL-
Rh™(dch)y/TiOs, injected electrons inta TiO; to form
{(bpy)a Ru™-BL-Rh"™{dch)y/TiOz(e™), while the remaining
underwent back-electron transfer to form ground-state prod-
vets. The Ru'™ injection oceurred within the time resolution
of the instrument, ie., <10ns, while injection from RhT
eccurred in < 100 ns following light excitation,

In order to realize efficient DSSCs that operate by
this mechanism, sensitizers that are potent photo-oxidants
must be utilized. This stems from that fact that the I37/1°
redox mediator is the only redox mediator that yields
high light-to-electrical power-conversion efficiencies and
E*(I*/17) is rather positive. Ru" sensitizers that are strong
excited-state oxidants can be prepared with ligands such
as 2,2"-hipyrazine (bpz).** For example, the E*(Ru®™*")
of [Ru(bpz)z(deeb)]** was found to be greater than
+1.0V vs SCEM-36 (L 124V vs NHEW), While the
excited state of this and related sensitizers were found
to be efficiently quenched by iodide or phenothiazine
donors, the reduced form of the compound that resulted,
Rul'(bpz)(bpz~)(deeb)TiO;, did net inject electrons into
TiO2. Y% In fact, very similar transient absorption fiatures
were observed in solution, on TiOy, and on insulating Zr0;,
Some improvement was observed when the semiconductor
was changed to Sn0;, but the injection yields remained
poor. 3

Another interesting case of reductive quenching of
an excited state that did net result in electron injection
was reported for sensitized films in the presence of a high
concentration of 1-propyl-3-methylimidazelium iodide ™ A
new transient spectroscopic feature was discovered that was
attributed to the reduced sensitizer, which presurmably formed
by reductive quenching of the excited state by iodide. The
decay of this species was attributed to a back-reaction with
I;7 with a half-life of ~1 ms, yet it is not clear why this state
did not inject electrons inta TiO;.

4 SENSITIZER REGENERATION

4.1 Intramolecular Regeneration

Considerable effort has been set forth to regenerate
the oxidized sensitizer by intramolecular electron transfer.
This could be considered a "‘hole” transfer reaction that
translates the oxidizing equivalent away from the Ru™
metal center and, ideally, the Ti0y surface. Very similar
mechanisms are well known in the field of supramolecu-
lar photochernistry, 18W88339340 T 5 knowledge, Wrighton
and coworkers were the first to extend this photochemistry
to a semiconductor electrode ! The ability to contral hole-
transfer reactions at the molecular level is important for many
classes of solar cells. One can envision future-generation
DS5Cs where multiple hole-transfer steps translate the oxi-
dizing equivalent from the sensitized interface directly to
a counter electrode, thereby eliminating the need for the
solution-based redox mediators, i.e., I;7/17, that are required
today.

In practice, there are at least two ways in which
a DT —RuTiOz(e™) interfacial charge-separated state can
be photocreated. They correspeond to the excited-state and
reduced-state injection mechanisms described in Sections 3.2
and 3.3, respectively. Since the MLCT excited state is a weaker
oxidant than is the oxidized state, it is possible to design dyads
with weak donors that only react by the first mechanism,
while with potent electron donors the mechanistic pathway
is dependent on the relative rate constants for excited-state
electron injection and intramolecular charge separation. Since
excited-state injection is often found to be ultrafast, the first
mechanism probably predominates even though it has not
always been unambiguously identi fied.

[t should be pointed out that in some regards N3 TiOs
is thought to undergo a similar intramolecular, charge-
transfer process, As mentioned previously, caleulations
show considerable hole density on the sulfir atom of the
isothiocyanate ligands for N3® 1019 14 ig glso known from
electrochemical measurements that there are two closely
spaced oxidations for M3, the first is predominantly metal
based while the second {s mainly isothiocyanate based.
Therefore, in the charge-separated state, N3T/TiDz(e ™), there
is likely some partial “hole transfer’” from the Ru™ metal
center to the isothiocyanate ligands. [n most of the examples
discussed below, the electronic coupling between the electron
donor and the Ru metal center is much weaker, giving rise to
cormplete hole hopping rather than partial charge transfer,

4.1.1 Organic Dorors

Bignozzi and coworkers reported the first time-
resolved spectroscopic studies of intramolecular sensitizer
regeneration 3 The dyad was [Ru(4-CH3,4'-CH;-PTZ-
bpy)(deb); )2+, where PTZ was the organic donor phe-
nothiazine, anchored to TiO; thin films and immersed in
acetonitrile. In fluid methanol solution, visible-light excitation
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of this dyad resulied in the creation of the MLCT excited
state that was rapidly quenched by electron transfer from the
PTZ group. Reductive excited-state guenching was moder-
ately exergonic (<0.253eV) and cocwred with a rate constant
of ~2.5 % 108 s~! in methanol. When the dyad was attached
to Ti0y, MLCT excitation resulted in a new charge-separated
state with an electron in TiO: and an oxidized PTZ group,
abbreviated PTZ*—Ru'YTiOa (e ™). It was not possible to deter-
mine the mechanism of charge separation, yet the authors
speculated that after excited-state electron injection, electron
transfer from PTZ to the Ru'™ metal center (—AG ~ 0.36eV)
produced the charge-separated state, PTZ-—Rul/TiOz(e—).
Translation of the “*hole” from the Ru' metal center to
the pendant PTZ moiety inhibited charge recombination by
about three orders of magnitude, and a significant increase in
Ve resulted, Since that time, a number of dyads have been
artached to TiO; and are discussed further below; acommonly
utilized electron donor is a triarylamine moiety, NAr; }44-46

After pulsed-light excitation of similar compounds,
some remarkably long-lived charge-separated states were
observed possessing half-lives of owver half a second, as
shown schematically in Figure 6(a).!™ Durrant, Hague, and
calleagues increased this lifetime by employing Ruf4.4'-
(Rl-bpyideb)y/TiO; systems, where R contained one
tiphenylamine group, two triphenylamine groups, or a
poly(vinyl-MArs) group of about 100 units in length,
Figure 6(b).17 The introduction ofabout 100 amines increased
the half-life of the charge-separated state to owver 45
as compared to 350us and Smas for the other two,
respectively. The kinetics for excited-state electron injection
and subsequent hale transfer from the Ru'l metal center to
the bound NAr; occurred within the instrument response

Mancseconds

Piccsaconds

(a)

time, fe. ~10ns. Dumrant and colleagues also studied
Ru{d,4'-(Rz-bpy ) deb)y/Ti0, thin ilms, where R contained
oligo(triphenylamine) groups at varying distances from the
Ru' metal center, to determine the distance dependence for
back-glectron transfer 176177347348 Cgllpctively, these data
provided strong evidence that back-glectron transfer rates
displayed an exponential dependence on spatial separation
with a dampening factor, § = 0,95 = 0,2 A1 30381

N3 derivatives, cis-Ru(4,4'-(R)-bpy)(deh)(NCS),
R = triphenylamine or CHj, bound to TiOs thin films were
examined in order to study the effects of Ru" hole transfer
to a triphenylamine moiety.'™ Unexpectedly, both sensitizers
exhibited similar transient features with no spectral evidence
for hole transfer to the amine doner. The photoelectrochemical
properties of the two sensitized thin-film electrodes differed
signi ficantly, and a much larger V,. value was measured for the
triphenylamine-containing sensitizer, The authors speculated
that the enhanced Vi resulted from a larger dipole that was
nascently formed on the sensitizer bearing the triphenylamine
moiety. [t was proposed that photoinduced electron injection
into the TiQy acceptor states and partial hole delocalization
from the Ru™l metal center to the triphenylamine moiety
occurred in one concerted step.

The compound [Ru{BTL){deeb);])**, where BTL
is [¥-[4.5-bis-{cyancethylthio)]-1,3-dithiol-2-ylidene]-4', 5'-
diazafluorene, was found to have an extinction coefficient
almost three times as large as Ru(bpy)®t in the visible
region.'™ Interestingly, the transient absorption features in
solution and on TiO; differed greatly. In selution, a transient
state was observed with spectroscopic properties characteristic
of an MLCT excited state, with T = 25ns at —40°C, whereas
when bound to Ti0; a large positive absorption feature near

o
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Figore 6 (a) A schematic depicting the cis-Ru{dmb-ether-NAr: ) {deb)(NCS)z sensitizer bound to & TiO: nanocrystallite and the overall
mechanism for photoinduced charge separation and recombination with comesponding timescales. (Taken from cover artwork.'™) (b) The
chemical structure of the sensitizer employved to increase the half-life of the 87/TiO;(e™) charge-separated state o over 4s (n = 100).

iReproduced from Ref. 176, 2 Wiley-VCH, 20035.)
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18 ENERGY PRODUCTION AND STORAGE

Figure 7 A schematic depicting a novel, high-extinction-coefficient
sensitizer bound toa TiO; nancerystallite and photoinduced electron-
and hole-transfer mechanisms. This sensitizer is unique in that the
extended conjugation on the free ligand is in the 3 and 3’ positions.
{Reproduced from Ref, 165, © American Chemical Society, 2008.)

520 nm was observed and assigned to the oxidized dithioline
ligand, Within 10ns after light excitation, an electron was
injected into TiO; and the hole had translated from the Ru™
metal center to the dithioline-containing ligand, Figure 7. In
fluid solution, the driving force for reductive quenching of the
MLCT excited state was unfaverable.

R = COOMe, COOH =

4.1.2  Transiton-Metal Donors

Anadvantage of using transition-metal donors is that
the redox potential can be tuned over wide ranges by utilizing
different ligands., The bimetallic sensitizer, [Ru(dch)Cl-
bpa-0s{bpy)a €1}, abbreviated Ru-bpa-Os, where bpa is
1,2-bis(4-pyridyl )ethane, was anchered to TiO; ' Pulsed
532-nm or 416-nm light excitation of a Os-bpa-Ru/'TiO; thin
filmimmersedin 1.0 M LiClO, acetonitrile electrol yte resulted
in rapid excited-state electron injection (Ru™ — TiOy) and
intramolecular electron transfer (0s™ — Ru'™) to ultimately
form an interfacial charge-separated state with a TiOx{e™)
and an oxidized Os"™ metal center, Os™-bpa-RuTiOz(e™).
This same state was alse generated after selective *MLCT
excitation of the Os moiety with 683-nm light, The rates
of intramolecular and imerfacial electron transfer were fast,
k= 10° 57!, while interfacial charge recombination, Os'l-
bpa-RuTiOz(e~) — OsM-bpa-RuTiO;, required milliseconds
for completion,

Studies with a solution and surface-bound trinuclear
ruthenium complex, Ru'™-Ru"{L)-amide-(bpy)Ru'(dcb)/
TiO;, revealed that MLCT excitation of the monenuclear
Ru' moiety resulted in a transient absorption spectrum
indicative of Ru™-Ru(L)-amide-(bpy)Ru™{dch)y/ TiOz (e ™),
Figure 8% This intramolecular charge-separated compound
was completely formed in 200ps, at which time the
injection yield was deemed to be <10%. However,
at 300ns, a spectrum consistent with Ru™-Ru'{L)-
amide-(bpy)Ru'(deh )/ TiOz(e™) was observed and was
shown to have a half-life of ~1 ms. This illustrates that slow
hoele transfer can occur over large distances under appropriate
conditions,

Coordination compounds ofthe form [{LL)(L'L")Ru'
(BLRu'(LL)(L'L'))* were investigated on Ti0D;, where
LL and L'L' are bpy andor deb and BL' s a
bridging ligand: either tetrapyrido[32-a : 2/, ¥~ : 3", 2"-h :
2", 3" {|phenarine (tpphz) or 1,4-bis(phen-[5,6-d]imidazol-
2-yl)benzene (bfimbz), where phen is 1,10-phenanthroline.*

Figure 8 A schematic depicting & sensitizer employed to study intramolecular cimr%e separation on TiO; thin films. Interestingly, slow

intramolecular charge separation between the mononuclear Ru™ and dinuclear Ru-Ru

timescale. (Reproduced from Ref. 353, € Wiley-VCH, 2005.)

M conld be observed on the hundreds of nanoseconds
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PHOTO-INITIATED ELECTRON-TRANSFER 19

Asthe BL ligands are rigid and linear hetercaromatic entities,
remote, excited-state electron injection could be examined
without unwanted outer-sphere ligand—surface interactions. It
was shown that when BL' was tpphz—a ligand possessing
n" energetics below the n* orbitals of the surface-bound deb
ligand—injection could be time reselved because of the thexi
state being localized on tpphez, away from a surface-bound
deb ligand and with less reducing power for injection. How-
ever, this slow injection was found to be not only distance-
and driving force-dependent but orientation-dependent as
well. When [(bpyXdeb)Ru (tpphz)Rul(bpy)(deb)] TiOz was
employed as the sensitizer, excited-state injection could
be time resolved on the nanosecond timescale whereas
with [(bpy): Ru® (tpphz)Ru' (bpy)(deb))/ TiO; it could not be,
ki = 10% 871, Using geometry optimization software, it was
hypothesized that electronic coupling, and not distance from
the TiO; surface, could explain the differences, Figure 9. The

location of the n* orbital of the heterobinuclear complex in
relation to the TiO; surface allowed for better electronic cou-
pling between the sensitizer and the Ti0; DOS even though
the Ninemzine— 11 distance was increased by over a factor of
two. Photoelectrochernical measurements supported this and
indicated that an increased distance for back-electron transfer
enhanced the photocurrent.

4.2 Intermolecular Regeneration

In DSSCs, redox mediators are added to the external
electrolyte to shuttle charges between the two electrodes. The
reduced form of the mediator must regenerate the sensitizer
by electron transfer prior to recormbination with the injected
electron, The oxidized form of the redox mediator must be
teduced at the platinum counter electrode, a process not
described herein. 1deally, the redox mediators de not absorb

Figure 9 Density functional thecry (DFT}-optimized geometry for two bimetallic Ru com

5. When a distal ligand possessed carboxylic

acid functional groups capable of binding to the TiO; surface, the geometry of the minimized energy configuration had it binding to the
surface as well (b), When the distal ligand was devoid of binding groups, it did not (a). This allowed for befter electronic coupling between
the sensitizer and the TiO; DOS, and resulted in a faster injection rate. (Reproduced from Ref, 354, © American Chemical Society, 2003.)
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20 ENERGY PRODUCTION AND STORAGE

any sunlight. Although ion pairing or surface adsorption
with the mediators may occur, for the organization of this
article we consider these to be intermolecul ar electron-transter
reactions.

4.2.1 Regengration by lodide

Sensitizers in Solution. By far the most effective
donor in DSSCs is iodide ™ All confirmed reports of light-
to-clectrical power-conversion efficiencies over 1084 and
state-of-the-art DSSCs require iodide.!*" While many of
the details ef iodide oxidation at sensitized electrodes are now
becoming available, itisimportant to point out that the aqueous
redox chemistry of iodide and homogeneous reactions with
transition-metal compounds have long been known, 36360

A Latimer-type diagram for the aqueous redox
chemistry of iodide has been previously deseribed
Additional valves and details are available in the review
by Stanbury ¥ The formal one-electron reduction potential
of the indine atom is very positive, E*(I*/[7) = +1.33V vs
NHE % Therefore, a potent oxidant is required to regenerate
iodine atoms. However, another pathway exists, through which
two iodides can be directly oxidized to L*—, E&(;*~/217)
= +1.03V vs NHE.®% On the basis of potentials alone, it
is tempting to conclude that this latter pathway is the only
mechanism available to oxidize sensitizers like N3+, since
generation of iodine atoms would be thermodynarnically
unfavorable by close to 250mV 4 However, it should be
kept in mind that these reduction potentials are for standard-
state conditions and that adsorption to the TiO; surface may
have a significant effect. Walter and Elliott have provided
evidence that interactions between iodide and the bpy ring
may also activate indide ! Furthermore, the values reported
here are for agueous electrolytes as few have been reported in
acetonitrile solutions A82-368 There is good reason to believe
that the reduction potentials will wvary sigrificantly with
solvent, while only two-electron redox processes have been
observed at metal electrodes }&-6%370

The transition-metal redox chemistry of iodide has
previously been reviewed %% Two mechanisms have been
ohserved, based on reactions (6) and (7

My 4+ —= My +I" (6]
My +27 —= My + 1" (M

Both are first order in transition-metal compound, Mgy while
reaction (6)1s first order iniodide, reaction (7)1is second order
in iodide. Proposed mechanisms for reaction (7), the overall
third-order reaction, include I~ reacting with an [Mg, 1]
ion pair or My with an [1-, I7] lon pair. A wide varety of
transiti on-metal compounds have been studied and linear free-
energy relations for both reactions now exist, In some cases,
with mild oxidants such as My, = Os(bpy)s®=, the reverse
reactions became significant ¥7-%9

Much less is known about MLCT excited-state
oxidation of iodide. The reduced-sensitizer electron-injection
process requires excited-state iodide oxidation followed
by interfacial electron-transfer chemistry. Early studies
with [Rull{bpy)z(bpy—)]3** revealed very sluggish iodide
quenching, i.e., 1 x 10° M~ a~L ¥ [jerestingly, excited-
state quenching of [Ru™(bpy; (deb™ )2+ anchored to Si0;
appears to be much more tapid, ie, 1 x 10FM~1g71 33
These excited-state electron-transfer reactions have been
significantly enhanced through ion pairing. *'5%!7 Addition of
iodide to a dichloromethane solution of [Rulbpy)(deeb))it
resulted in significant changes to the ground-state absorption.
A decrease in PLI and excited-state lifetime accompanied the
absorption changes consistent with both static- and dynarmic-
quenching mechanisms, respectively, A Benesi—Hildebrand-
type anal ysis yiel ded equilibrium constants for ion pairing that
were within experimental error the same as those abstracted
from photoluminescence quenching data, Koq = 59700 M1,
Similar behavior was observed in acetonitrile and'or with
Ru[hpy)g:‘.; however, roughly a two orders-of-magnitude
higher iodide concentration was required. Transient absorption
measurements clearly showed anelectron-transfer mechanism
with the appearance of 13*~ and no evidence for iodine
atom formation; thus the mechanism appeared to {ollow
reaction (7). The cage escape yields were low, @ = (.25,
but increased to 0.50 with Ru(bpy):®®. Remarkably, the
solid-state crystal structure of Rulbpy)z(deeb)ly showed both
indides associated with the carbonyl oxygens of the ester
aroups, Figure 10, One might have anticipated that coul ombic
repulsion would have resulted in a larger interionic distance
than the ~6 A observed. 1fa similar structure existsin solution,
the iodides would be well-positioned for a concerted reduction
of [Ru™(bpy)(deeb™)]*** and formation of I;*~. This is

Figure 10 Space-filling representation of a single-crystal struc-
ture with two iocdides associated with the deeb ligand in
[Bouibpy)a(deet)]*. This geometry would allow for facile reduce
tive guenching of the excited or oxidized forms of the moelecule
and the proximity of a second iodide could favor [~ peneration as
per equation (7). (Reproduced from Ref. 317, © Amernican Chemical
Society, 2006.)
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an intriguing possibility as excited-state reactions that form
chermical bonds are rare in all of photochemistry.

Alsp, recent studies in owr laboratories highlighted
the first evidence for iodine atoms as intermediates in
the sensitized oxidation of iodide ™™ In less palar
acetonitrile solution containing millimolar concentrations of
iodide, careful analyses of the time-resolved absorbance and
photoluminescence kinetic data revealed that formation of
reduced Ru'(bpz™) (bpz)(deeb)™ occwred with a second-
order rate constart of (6.6 £ 0.3) » 10°° M~ s~! while that
for the formation of [,*~ was (2.4 £ 0.2) x 10" M~ s~ The
lag in I;*~ was due to the slower reaction of 1*, formed via
reaction (6], with an 1™ to form [z*~. Reaction of the iodine
atom with iodide to make an I-1 bond lowers the free energy
stored in the charge-separated state by 110mV *'? Charge
recombination to yield ground-state products, Rum+ [;7* —-
Rul + 21—, is highly thermodynamically favored (—AG® =
1.64 eV)and oceurs witharate constant of2.1 » 1010 M~—f s=!,
almost ten times larger than the —* disproportionation
rate constant, Unwanted charge recombination to I has
previously been proposed to lower the efficiency of DSSCs,®
and these data show that it can be a very fast reaction.

Sensitizer/Ti0; Interfaces. Fitzmaurice and Frel
reported the first study ofthe heterogeneous reduction of Rulll-
polypyridyl compounds by iodide ™ Photeinduced electron
injection into colleidal TiO; from [Rull{deb); (deb—)]5+* was
followed by oxidation of iodide in acidic aquecus solution,
From the pseudo-first-order transient kinetics in 0.5 to 100 mM
Kl, a second-order rate constant for iodide oxidation of
~2.5 % 10° M~!s~! was abstracted. The transient absorption
spectra were ascribed to be most consistent with formation of
ion pairs,

Sifee that time, there have been & number of
studies aimed at abstracting the rate at which the Ru
form of the sensitizer is regenerated. Such expetiments
were usually performed by monitoring the recovery of the
MLCT abserption after pul sed-laser excitation at wavelengths
where the iodide oxidation products did net appreciably
absorb light. While this has proven to be a reasenable
method, little information regarding the mechanismis) of
iodide oxidation is obtained. Most studies of this type were
performed with N3/TiO;. At low iodide concentrations, the
regeneration rate was found to be first order in iodide,
At higher {odide concentrations, a static component was
often observed. Under the 0.5M iodide concentration of a
DSSC, regeneration {s often stated to be complete within
10182 The rate constant for regeneration of the oxidized
sensitizer, Rul{bpy)z (deb)Sn0;, by iodide was determinedto
be 1.2 x 10" M~! s}, Durrant and coworkers have recently
provided evidence that the regeneration tate is dependent on
the E°(Ru™™) of the sensitizer. With Ru(deh)z(CN)/TiO;
thin films, an intermediate was observed and assigned to a
[Ruf, 1-] {on pair.¥™7 Reaction of this with a second indide
was proposed to yield 1*—,

The reactivity of iodide with NT7197/TiOz(e™)
increased in the presence of Lit and other cations with
large charge-to-radius ratios ™ [t was noted that the half:
life for sensitizer regeneration abruptly shortened when the
concentration of Li™ was increased to between 10 and S0mM.
The point of zero £-potential (PZZP) was determined to
ocowr at 3mM LiT, a concentration slightly less than that
required for the abrupt change in half-life. Also, by titration of
iodide to positively charged TiOs particles in the presence of
Mg®t, the experimental data suggested that iodide adsorbed
on TiD: within the Helmholtz layer even in the presence
of sensitizers. 1t was concluded that the abrupt change in
sensitizer regeneration occuwrred because of ion-pairing of
iodide anions with the surface or sensitizer resulting in an
increased occurrence of the faster termolecular reaction (7).

4.2.2 Regeneration by Donors Other Than fodide

Evaluation of the reduction potentials for iodide
oxidation reveal s the signi ficant problem with the [:~/17 redox
mediator required for champion D3SCs. lodide s oxidized
to the iodine atom at +1.33V vs NHE and s~ is reduced at
+0.04 V., Thus roughly a volt of free energy is lost with this
redox mediator! While these are aqueous reduction potentials
under standard-state conditions, there are reasons to believe
that the losses are less significant in acetonitrile electrol ytes,
Another issue with the 1;—/17 redox mediator is that a facile
reduction of 137 at the counter electrode in DSSCs is required
50 as to minimize the voltage loss. Platinum metal has a
large exchange current density and transfer coefficient for
this reaction, but it is expensive.”™ Electrode materials like
graphite do not perform as well, and the corrosive nature
of the electrolyte toward less-expensive metals like silver or
copper precludes their use.”™ In addition, I; has an appreciable
vapor pressure such that extra care must be taken to ensure
a thoroughly and tightly sealed solar cell ! Therefore, there
is ample reason to identify alternative redox mediators for
DS5Cs,

Historically, one-electron-transfer, outer-sphere
doniors that have realized limited success in DSSCs
include phenothiazine* ferrocene,® hydroguinone,1-42
bromide, ™ SeCN—, and SCN- 83

Recently, when SeCN7™- and SCN™-based redox
mediators were employed in DSSCs based on meso-
porous, nanocrystalline Sn0; electrodes sensitized with
[Ru(deeb)(bpy)]**, the photocurrent was similar to that
obtained using the 17/1;7 redox mediator™ In addition,
Wang and Grétzel observed more promising behavior with
the (SeCNR/SeCN™ pseudohalide redox mediater in the 1-
ethyl-3-methylimidazolium selenocyanate ionic liquid with
added K(SeCN);. ™ Although this ionic liquid was found
to be 35 times less viscous than the more traditional 1-
propyl-3-methylimidazolium iodide ionic liquid, it was over
28 time more conductive at room temperature and could
solubilize large amounts of (SeCN)y/SeCN-. By transient
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absorption spectroscopy, it was shown that SeCN™ and the
analogous ionie-liquid-containing SCN™ could rapidly regen-
erate the sensitizer. It was also shown that the maximum
IPCE was close to unity and the power-conversion efficiency
was 7.5%. MNotwithstanding, the kinetics for iodide oxida-
tion after excited-state injection from N3*/Ti0; in acetoritrile
were found to be more rapid than that for the oxidation of
SeCN—

As for solution-based inorganic donors, octahedral
Coll diimine compounds have proven to be effective for
sensitizer regeneration. One-electron-transfer, outer-sphere
Coll/ tedox mediators have led to promising light-to-
electrical power-conversion efficienciesin DSSCs. The CottVI
self-exchange rate constamts are known to be particularly
sluggish, behavior that is reasonably understood by the d®/d’
electronic configurations that give rise to large inner-sphere
reorganization energies ™ It is possible that these same
electronic factors are responsible for the slow rates of the
TiOz(e™) + Co™ recombination reaction and the reasonable
photocurrent efficiencies that have been reported.

The first studies of cobalt mediators were per-
formed by Gritzel and coworkers ™' A DSSC based on
the [Co™ T {dbbip);] 2 redox couple, where dbbip is 2,6-
bis(1'-butylbenzimidazol-2"-yl jpyridine, resulted in impres-
sive photovoltaic performance and an exchange current
density of 7x 107% A em™ in an acetonitrile/ethylene
carbonate (40:60, vv) electrolyte at a fluorine-doped
tin oxide (FTO) electrode™ With cis-Ru(4-methyl-4'-
hexadecyl-bpy)(deb)(NCS)/Ti0y in an electrolyte with a
1:9 stoichiometric ratio of Col: CoY, a maximum IPCE
of =65% was realized, and under reduced light conditions,
e, =0.1 suns, a power-conversion efficiency of 5.2% was
also obtained 3% The use of a neutral sensitizer was found to
be necessary in order to attenuate the adsorption of cationic
redox species onto TiD;. When Col{dbbip)®™ was added
above athreshold of 10mM, the second-arder rate constant for
regeneration was 2.9 x 10°M~"' s~!, approximately an order-
of-magnitude smaller than values reported for Nal. However,
at 100mM the pseuda-first-order rate constants were sirilar
to those found with the same concentration of iodide *™ In
support of previous work, the iy, was found to be dependent on
the counterion of the solution Co''™! redox mediator, whete
the perchl orate salts resulted in the highest efficiencies. ™ Uti-
lizing mediators where the E*(Co™™) varied over 190mV,
a similar 180-mV variation in V. was realized. The largest
Vi tecorded was 660mV accompanied by a 7.9% power-
conversion efficiency, again under illumination conditions of
0.1 sun.

A family of cobalt redex couples employing
derivatives of bpy, phen, and tpy ligands were studied in
DSSCs® The highest efficiencies were reported for the
[Co™M{dth)s] =2 perchlorate redox mediator, where dtb is
4.4 -di-tert-butyl-bpy ( Scherne 5), and were within 8084 ofthat
of a comparable [; =/~ -mediated DS5C. However, incontrast
to the [:=/1- redox mediator, addition of Lit to the cells

Calljdtb),®*

Cu'ldmp),*

Scheme § The chemical structures of the reduced wversions
of the most efficient transition-metal-based redox mediators:
[Ca™ X {dth)s 2 and [Co™idmp), )=

increased not only the ig butthe Vi as well! This was proposed
to be due to a decrease in the recombination rate of TiOz(e™)s
and Co'", most likely from an increase in overpotential
for reduction of [Co'(ditb):]** at the conductive support.
Cyclic voltammograms with platinum electrodes revealed
sluggish interfacial, Co"™V™ electron-transfer kinetics relative
to carbon and gold. Although gold was optimal in DSSCs,
FTO electrodes coated with graphite nanoparticles initially
outperformed those employing platinum; however, the carbon-
coated FTO electrodes degraded with time. Newvertheless,
the initial response was encouraging and shows promise
for replacing platinum with less-expensive, carbon- and/or
FTO-based materials.

[t has recently been shown that upon intreduction
of LiC1O4 to DSSCs, the lifetime of the TiO(e™)s™"*!
increased for cobalt-based redox couples, whereas it decreased
for the [3=/1- redox mediator. This was rationalized as being
due to a cation screening effect, where the local concentration
of cationic cobalt-based redox couples decreased near the
TiO; surface when cationic Lit was present, 90,391

Although large reorganization energies and slow-
electron transfer kinetics for cobalt-based redox couples are
advantageous as they attenuate the unwanted, recombination
reaction, TiOz{e~) + Co'' — Ti0;+ Ca', these character-
istics are undesirable with respect to sensitizer regencration,
§SHTiOze™) + Co' — S/TiDz(e™) + Co', Rapid sensi-
tizer regeneration and sluggish recombination kinetics are
traits that make the 137/17 redox mediator optimal. Use of
a second mediator in conjunction with [Co™/T{dtb); ] +/2+
was proposed to overcome slow regeneration while main-
taining slow recombination.®? Both PTZ and ferrocene were
employed in DSSCs because of their small reorganization
energies, rapid electron-transfer kinetics, and reduction poten-
tials intermediate between that of [Co™M(dth):)**+/?* and
the oxidized sensitizer, The oxidized sensitizer was found to
recover in the presence of (1 1-M doner in the order ferrocene
= PTZ = Co(dth);*" = no donot. Chronocoulemetry of 1:2
molar mixtures of PTZ : Co' with FTO electrodes displayed a
turnover 45% faster than that for ferrocene/Coll mixtures, A
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maximum [PCE of =B0% was achieved. Under illumination
conditions of 0.1 sun, the V,, was larger than that for anequiv-
alent DSSC employing the Lil/l; redox systemn (0.3/0.03 M),
However, the power-conversion efficiency was smaller due to
mass-transport limitations of the bulky cobalt redox mediator
that displayed an order-of-magnitude slower diffusion coef-
ficient through a TiO; film than did 1373 Ru polypyridyl
sensitizers with pendant pyrrole or pyrrolidine groups gave
superior photocurrents in the presence of [ColllAl(dih), ) 3+/1+
than in the presence of 17/1; ™ redox mediator over the entire
absorption spectrum. "% Addition of Fe(dmb):™ as a co-
mediator resulted in a maximum IPCE of =B0% for the best
pyrrale-containing sensitizer '®

The exchange current density for [Co™(dth)s]**
reduction was greatly enhanced when cis-Os({deb); Cly was
anchored to FTO.®¥ When employed as a counter electrode
with N3/TiOz in a DSSC, the i, and V,, were only slightly
attenuated relative toa gol d counter electrode and, using a three
electrode measurement, the potential of the Os(deb ) Cla/FTO
counter electrode was nearly the same under open-circuit
conditions,

Cu' has a d' electronic configuration and compounds
like Cu(LL)z* usually adopt a tetrahedral geometry in
solution and in the solid state, The Cull form is subject
to a Jahn-Teller distortion that often manifests itself in
a geometry with more coplanar diimine ligands, ie, a
flattening, and a fifth ligand from solvent or a counterion
axially ligated. [t is possible to photoinduce these structural
changes, and they have been characterized by time-tesolved
X-ray techniques®™ Therefore, like the Co'™! redox
mediators, Cu'™" redox chemistry is accompanied by a large
innet-sphete reorganization energy change and slow self-
exchange rate constants, and has demonstrated sorme modest
success as mediators in DSSCs, For example, Cul—diimine
compounds have been studied in DSSCs ™ The best-
performing mediators produced a maximurn IPCE of ~30%
and yielded a higher V. than the 1;7/17 redox couple under
the same experimental conditions. This was attributed to a
decreased dark current due to the large reorganization energy
of the Cull/! redox couple.

Unfortunately, the large reorganization energies for
Cu' redox mediators suffer the same pitfalls as their Co™!
counterparts, i.e., slow sensitizer regeneration. Thus, a Cuf
compound witha distorted tetrahedral geometry was emplayed
in order to help reduce the large recrganization energy. ™
When [Cul{(dmp)z) 2™+ (Scheme 5) was employed as the
redox mediater, where dmp is 2,9-dimethyl-phen, a light-to-
electrical power-conversion efficiency of 2.2% under 0.2-sun
illumination was obtained with N719Ti0; DSSCs For a
sitnilar reason as for the Cu' sensitizers, the methyl groups
were employed to prevent planarization of the dmp ligands,
which manifests itself in a positive shift in E°(Cu).
Significantly, a higher V.. was realized with the Cu'™! mediator
as compared with [3=/1 under the same experimental
conditions,

5§ SENSITIZATION AT THE POWER POINT

The influence of the Tisz(e™) concentration on
the individual steps of the sensitization cycle, shown in
Scheme 1, is generally unknown and represents an active
area of investigation, Recall that the sensitization cycle
consists of (i) light absorption, (ii)excited-state injection,
and (iii) sensitizer regeneration’recombination, Recall that
at the PP under l-sun illumination, approximately 10
imected electrons reside in each nancerystallite, Furthermore,
aside from these Faradaic charge-transfer reactions of
the sensitization cycle, there exist non-Faradaic processes
that are known to accompany interfacial electron transfer,
For example, it has been recognized for some tme that
Li* reversibly intercalates or binds to the surface of
reduced anatase TiO: nanocrystallites 2-7437-39 Similar,
and possibly related, is the cursorily understood phenomenen
where prolenged ultraviolet light soaking of an assembled
DSSC yields increased power-conversion efficiencies, %402
Recently, it has been shown that even visible-light soaking
or forward bias in the absence of Li* induces what are
thought to be electron transport levels that enhance DSSC
performance, **4%™ I the presence of Li¥, intercalation into
the Ti0y; lattice may impede this process, and thus it was
tacitly presumed that proton intercalation was vital to the
behavier,

Recent results from our laboratories suggest new
directions for fundamental research and raise the ques-
tion of what the term “‘regeneration’ actually means,
These new results are best understood with an example,
[Ruldtb)z (deb)|(PFg ). Figure 11{a) shows the absorption and
photeluminescence spectra of a Rufdtb); (deb)/TiOz thin film
immersed in 0.1 M LICIO, acetonitrile and in neat acetoni-
trile. In the presence of Li™, both maxima red-shifted and
their intensity decreased relative to neat acetonitrile, The sig-
nificant quenching of the photoluminescence intensity results
from enhanced excited-state electron injection into TiO; as
previously described herein 4%

Pulsed-light excitation of Ruldib):(deb}TiO; in
0.1/0.5 M LiCI0 4 TBAL acetonitrile electrolyte resulted in the
microsecond absorption difference spectrum, Figure 11(b).
Under such conditions, one would expect to ohserve a
TiOy{e™) and 137, The absorption features characteristic of
I3~ (4 = 420nm) and TiOp{e™)s (A > 560 nm) were indeed
observed. Howewver, the absorption band centered at 460 nm
and the bleach at 510nm could not be assigned to any
concelvable electron-transter products,

Spectral modeling indicated that the absorption
features at 460 and 510 nm resulted from [Rufdth), (deb))*+
sensitizers that were present in an environment significantly
different from that which had been initially photeexcited.
Spectral modeling indicated that the sensitizers that were
intially photeexcited had an absorption spectrum shown
in red while immediately after regeneration their spectrum
was that shown in black, Figure 11{a). Owerlaid on the
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Figure 11 ia) Absorption and photoluminescence spectra of Ruidth)z(deb)/TiO; i 0.1M LiC10, acetonitrile electrolyte (—/~ -) and in

neat acetonitrile after removal of the LiClOy by 10 neat acetomitrile washings (—/~ -). (b) Transient abscrption difference spectra for
three Ru(dth)a(deh) / TiO; thin films at the indicated surface coverapes and delay times measured after pulsed 532-nm excitation in 0. 1/0.5 M
LiCl0Oy/ TBAL acetcnitrile electrolyte, Overlaid are simulations of the data represented by dashed lines. Inset: Time-resclved, single-wavelength
absorption difference spectra measured at 510nm for each surface coverage—corresponding to cation transfer—and a single difference
spectrum measured at 433 nm {=)—corresponding to 137 loss—due to TiOz(e™) + [37 recombination. (Reproduced from Ref, 108, ©

American Chemical Society, 2008.)

data in Figure 11{b) arc simulations based on the weighted
addition of (i)the absorption spectrum of [37, (ii)the
TiDz{e™) absorption spectrum, and (iii) the difference in the
absorptien spectra of Ru(dib); (deb)Ti0:, in the absence
minus the presence of LiT. Similar sensitizer absorption
features were observed when PTZ was wsed in the place
of iodide. The measured spectral responses are reminiscent of
those observed by electroabsorption (Stark) spectroscopy,
as described above 35 While Stark effects have been
observed in semiconductor nanocrystallites®-4% ang Ry
polypyridyl compounds, 24251 they were not expected in
DS5Cs because of the high dielectric constant of anatase TiO;
(g = 7-50)" and acetonitrile (£ = 37.5)"" and the high-
ionic-strength electrolytes typically employed 12301411425
Recently, Hagfeldt, Boschloo, and colleagues
reported similar Stark-like features in the spectroelectro-
chemical reduction and photoinduced absorption spectra of
perylene-sensitized TiO; thin-film electrodes ¥ A unique
aspect of these perylene sensitizers was that they were neu-
tral compounds that did not contain {onizable functional
groups. Therefore, the sensitized thin film was not inten-
tionally exposed to protons or Lewis-acidic cations and the
origin of the effect was unlikely solely due to cations,
Results from studies by Staniszewski,'®™ Durrant,¥
Kamat, ¥ and Hagfeldt,*®® now clearly indicate that the
absorption spectra of surface-anchored molecular sensitizers
are influenced by electrons injected into the metal-oxide
nanoparticle. After fast excited-state electron injection into
TiOs and regeneration by iodide, sensitizers were present
in an environment distinctly different from that prier to
light absorption. Significantly, the newly generated sensitizers

were in an environment that is known to be less favorable
for excited-state electron injection.®* The sensitization cycle
shown in Scheme 1 needs to be modified; the oxidized Ru'
sensitizer may be reduced to Ru" on a nanosecond timescale;
however, it is net brought back to the environment prior
to light absorption, until slow (s—ms) cation transfer or
back-electron transfer via interfacial charge recombination
as TiOz{e™) + 13~ has occurred. By further inspection, one
realizes that the overall sensitization cycle is merely redox
regenerative. In other words, the sensitizer does retumn to its
initial fortmal exidation state: howewver, all interfacial-related
processes have not reset.

A working hypothesis emerged from the studies,
which is consistent with all experimental data. This hypothesis
beging with the assertion that electrons injected into TiOg
immediately produce an electric field. This field extends
roughly normal to the semiconductor—sensitizer interface
and induces a Stark effect on the sensitizer absorption
spectrumm. A kinetic competition then exists between ionic
reorganization to shield this field, termed screening, 411416428
and interfacial charge recombination, magenta versus green
arrows in Scheme 6, With PTZ donors, recombinati on was fast
and screening was not clearly observed. On the other hand,
with iodide donors, screening was observed prior to sluggish
interfacial charge recombination, ie, TiOx(e™) + 137, To our
knowledge, this was the first spectroscopic observation'® and
elucidation of an ionic screening process of the electric fields
emanating from sensitized TiOw nanccrystallites, Although
not shown in Scheme 6, the injected electron is found to
perturb the absorption spectrum of multiple sensitizers, and
not simply the sensitizer that had undergone photeinduced

Krepelopedio af lorgpenic and Biotncorgessie Clemiairy, Online @ 2011 John Wiley & Sons, Lid,

This article is @ 2011 Jaln “Whiley & Sons, Lid.

This article was originally published mthe Faepe lopedioof Sergoae Thesdsty in 20101 by Jolm Wiley & Sons, Lid.

DOL: 10, 1002878111995 1438 eibo04 68



PHOTO-INITIATED ELECTRON-TRANSFER 25

u'dtb),

— IOy
TiDgle™) + Iy
back alactran
fransfer »* | Sarearing
ha - 10728 \ :
— T
,

- ®
+
Fu'idth);

L |

R A by Ky Ry
Hu"{dtbjz ! ' :
Sansitzation Cycla
TiCaie™)
TiC {a™) + PTZL" |
back alestran
transhar

+ PTZ!
he=-10"%

Scheme 6  Sclvated LiT in adsorption equilibrivm with sensitized TiO; nancerystallites. Pulsed-light excitation in the presence of electron
donors results in the sensitization cycle (see Scheme 1) and yields a Ru” sensitizer whose absorption spectrum is perturbed by the injected
electron, behavior that is attributed to the Stark effect. With phenothiazine donors, interfacial charge recombination divectly vields ground-state
products. With icdide donors, charge recom bination was slower, and & new dynamic process attributed to ionic recrganization, or “*screening,”
was observed spectroscopically pricr to interfacial electron transfer, (Reproduced from Ref. 36, & American Chemical Society, 2010.)

electroninjection. By performing studiesemploying sensitized
Ti0; in the absence of external donors and on TiQOy films co-
bound with two compounds, one that served as a sensitizer
and the other a reporter molecule for the Stark effect, support
for the hypothesis that an injected electron influences many
sensitizers was garnered,

The Stark effect may influence all of the processes
outlined above related to i, and the sensitization cycle
in DS8Cs, Photogenerated TiOa(e—)s that have yet to
be collected in the external circuit clearly influence the
absorbance spectrum of other sensitizers. The measured blue
shifts and decreases of the MLCT absorption are clearly
undesirable for solar light harvesting. However, for sensitizers
like N3, the effect is quite small and would lead to an
insignificant, <0.001% decrease in LHE at the PP under 1 sun,
AML.5 irtadiation. The Stark effect yields a Rul! absorption
spectrum that is known to inject poorly when photoexcited. %%
Excited-state injection yields are also known to decrease with
excitation irradiance, yet our understanding of the origin of
this behavior is lacking. %54 The observations discussed here
suggest that coulombic repulsion by injected electrons may
be responsible, Durrant and coworkers have in fact shown
that by increasing the TiO; (e~ ) concentration, the hal f-life for
recombination to the oxidized sensitizers increased by up to
seven orders of magnitude.®® On the other hand, complete
shielding by the supporting electrolyte would be expected
to facilitate longer lived charge-separated states between the
TiOa(e™)s and oxidized sensitizers.

In agreement with previous work, the owverall
timescales for complete charge recombination of the injected
TiOa(e™) were microseconds to PTZ™ ™ tens of microsec-
onds to milliseconds to the oxidized sensitizer,M0A4054239 554
hundreds of milliseconds to I;~ 74043 The alectric field at
the TiOs interface may also help clarify why recombination
to cationic one-electron acceptors, like PTZ™ or the oxidized
sensitizer, is much more rapid than to anionic triiodide. The
few orders-of-magnitude slower recombination kinetics seen
with anionic triiodide may result from coulombic repulsion
between TiOz{e™)s and 137, Synonymous to increasing the
width of the space-charge layer in solid-state p—n junction
solar cells, increasing the Debye length for screening should
aid in the generation of even further spatially separated and
longer lived anionic species, i.e., TiOy (e s and 137, Although
speculative, the lethargic pace of this additional screening step
may help explain why iodide is far superior to most other
denors for redox mediation in DSSCs.

6 CONCLUSIONS

Almost two decades have passed since the celebrated
Gritzel and O'Regan paper appeared in Mature, This article
demonstrates the tremendous progress that has since been
made toward developing a molecular-level understanding
of charge-transfer processes at sensitized TiO: interfaces,
The timescales and dynamics for excited-state electron
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injection into TiOs have been quantified precisely under many
experimental conditions. Regeneration of the photo-oxidized
sensitizer by a varety of outer-sphere electron donors,
including iodide, has also been gquantified in some detail.
Much less progress has been made toward our understanding
of the unwanted, charge-recombination to the oxidized form
of the redox mediators. This {s due, at least in part, to
the inefficiency of the process which makes characterization
difficult. Fundamental data on the identity of the acceptor(s)
as well as the reduction mechanismis) are still lacking, Given
the keen interest in these reactions, rapid progress is expected,
Understanding the mechanism for charge recombination may
ultimately enable the use of alternative redox mediators that
are better optimized for light-to-electiical power conversion.
In addition, it may prove possible to drive redox reactions to
produce useful fuels that can be wilized for power when the
sun is down, Inerganic chemistry has played a central role
in the development of state-of-the-art, 11+% efficient dye-
sensitized solar cells. There exist exciting opportunities for
inorganic chemists in the development of future-generation
mesoscopic semiconductor thin films, sensitizer coordination
chemistry, and redox mediators.
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8 ENDNOTES

& Analogs where one or more of the carboxylic acid
groups have been deprotonated, e.g., the dianion salt of N3
with tetra-n-butylammonium (TBA™) counterions—N719,%
where three covalently joined 4-carboxylic acid-pyridine
substituents were employed* or where hydrophobic groups
were introduced in the 4 and 4' positions of one of the deb
ligands to increase stability in the presence of water.

® We emphasize that while the scheme and this
abbreviation imply that the reduction is metal based, it mayin
fact be ligand localized, i.e., ona deb,
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TBA+ = tetra — p-butylammonium; bfimbz = 1 4-
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DFT = density functional theory; DSSCs = dye-sensitized
solar cells; EXAFS = extended X-ray absorption fine
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LF = ligand-field; LIESST = light-induced excited spin-state
trapping; LLCT = ligand-to-ligand charge-transfer; LMCT =
ligand-to-rnetal charge transfer LPCT = ligand-to-particle
charge-transfer MLCT = metal-to-ligand charge-transfer;
MPCT = metal-to-particle charge transfer; NREL = National
Renewable Energy Laboratory, phen = phenanthroline;
PP = power point, PTZ = phenothiazine; PZZP = point of
zero C-potential; THz-TD = terahertz time-demain; tpphe =
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