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We have shown that Ribpy)(bpy-4-(xylyl)x-=-phenyl-COOH)(PF). (abbreviated Rux, where= 0, 1 or

2 xylyl groups; bpy= 2,2-bipyridine) dyes can act as sensitizers for nanocrystalline, TiCfunctional
photoelectrochemical cells under simulated solar illumination, albeit with low efficiencies. Both the short-
circuit photocurrent density and the open-circuit voltage decreasedwas increased. Electron injection
(10°—10® s1) was slightly faster for thex = 0 dye, but both recombination (15—-10"13 cm® s7) and
regeneration (18-10° s7* for 10 mM I7) were slightly faster for thet = 2 dye. We suggest that the lack of
distance dependence is due to the flexible one-carboxyl attachment to the surface resulting i Th@,Ru
electron-tunneling distance being very similar fo= 0, 1, and 2. For all of the Rux sensitizers, a relatively
small potential was needed for generation of current in the dark, indicating that the reaction between electrons
in TiO, and the 47/1- electrolyte solution is as favorable for the Rux sensitizers as for unmodified TiO
electrodes.

Dye-sensitized Ti@solar cells have attracted much attention SCHEME 1: Kinetics Processes of Dye-Sensitized TiO
for possible applications in photochemical solar energy conver- Photoelectrodes: ki, Excitation; k-1, Deactivation; ko,
sion devices:2 Energy conversion efficiencies of up to 10% Injection; ks, Recombination; ks, Back Transfer; ks,
have been achieved in solar cells constructed with Ri(4,4 Regeneration
dicarboxylic acid-2,2bypyridiney(NCS), (the “N3 dye”, ab- RuBRuZ
breviated herein as RugH)>(NCS)).3* The high efficiency k —r—
of this cell is due to significant overlap with the solar spectrum, / !
rapid charge separation, and efficient dye regeneration. Recent TiO, ra— '
work on Ru(HL")2(NCS)-sensitized photoelectrodes has shown . S b, !
that electron transfer to nanocrystalline Fi@uenches a . ~ L
significant fraction of the excited-state population in less than '
100 fs5 Furthermore, regeneration of the oxidized dye bynl k3 N
acetonitrile competes favorably with recombination between the \
electrons in TiQ and the oxidized dy&A model for some of $ :
the dynamic processes in such cells is shown in Scheme 1. Upon N 1
excitation k;), the dye can either decay to the ground stkte)( | \4 A/ks
or inject an electron into Ti@ (kz). The oxidized dye is RERE
subsequently regenerated by tee/ll- electrolyte ks). Possible
back reactions for the injected electrons are recombination with
oxidized dye ks) or back transfer to thest/l1~ electrolyte k).

For dyes that are derivatives of Ru(bg¥) (bpy = 2,2-
bipyridine), the lowest excited state is formed by a metal-to-
ligand charge-transfer (MLCT) transitidnilhe lifetime of this
excited state usually exceeds 500'isys, CT reactions as slow
as 1-10 ns can produce near unit quantum yields for the initial
charge separation. In such dyes, electron injection occurs from
the ligand attached to Ti) whereas recombination occurs
between an electron in Tikand the oxidized Ru centéThe
latter reaction can lower the efficiencies of TGiGolar cells.

Hence, an attractive way to minimize this deleterious process
would be to increase the distance between,Ta@d the dye
metal center, thereby decreasing the rate of recombination.
Although the injection dynamics would also be slower, a high
guantum yield for charge separation should be maintained.
Accordingly, we have prepared a series of dyes in which the
distance between the ruthenium center and the anchoring group
has been varied systematically. We describe herein the changes
in steady-state and kinetics properties of dye-sensitizeg TiO
photoelectrodes that result from this increase in linker length
TPart of the special issue “George S. Hammond & Michael Kasha between Ru and the T@urface' Th_e dyes are derivatives of
Festschrift”. Ru(bpy}?" and have a single anchoring carboxyl group attached
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6500. Fax: +1 626 449 4159. E-mail: hbgray@caltech.edu; winklerj@ (shown below) are abbreviated Rux+£ 0, 1, 2), wherex is
caltech.edu; nslewis@caltech.edu. r )

* Present address: Department of Chemistry, Virginia Commonwealth the number of xylyl groups in the linker. D_etaHGd descriptions
University, Richmond, VA 23284, of the syntheses of these dyes are provided elsewhere; NMR

10.1021/jp021921u CCC: $25.00 © 2003 American Chemical Society
Published on Web 04/11/2003




3380 J. Phys. Chem. A, Vol. 107, No. 18, 2003 Kilsa et al.

TABLE 1: Spectroscopic and Electrochemical Data

MLCT vs. SCE
RA?  AnampP  2Z80OmP  gems(%)C Tems(usP?  ko(sH° Ew(eV)!  EY(V)E  EM*(V)
RUO 13.8 467 648 9.7 2.10 % 101 1.92 1.36 —0.56
Rul 18.2 453 621 7.5 1.06 7 10° 2.01 1.34 -0.67
Ru2 225 455 621 7.1 1.04 7100 2.02 1.33 —0.69

aDistance 0.2 A) from MM2 calcualtions between the Ru metal center and carboxyl oxy§émslegassed acetonitrile Emission quantum
yields @0.5%) measured relative to Ru(bp@)z (¢ems= 4.2% in HO).1° 9 Fitted to a single-exponential decay@.02us). ¢ Ko = pemdTems Where
demsiS the emission quantum yield amghsthe lifetime of Rux.f 0—0 energy of the thermalized Ru(ll) excited state obtained by fitting the emission
spectra£0.01 eV) to the theoretical expression reported by Caspar’e® &ormal ground-state RURU' reduction potential#£0.02 V) measured
by cyclic voltammetry in acetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate as supporting electrolyte vs ferrocene as intardal stand
" Formal RY'/*Ru" reduction potential of the thermalized excited state, calculateP'das= E>' — Eoo/q, whereq is the elementary charge.
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Figure 1. Emission and transient absorption kinetics for Rux dyles= 480 nm,Aems = 630 nm, andlix = 450 nm. (a) Normalized emission
decays of Rux in acetonitrile (- - -) and adsorbed onI(9) in the presence of 0.50 M LiCl{0.020 M pyridine, and 0.020 M pyridinium triflate
in acetonitrile. (b) Transient absorption of Rux on i@ the presence of 0.50 M LiClD0.020 M pyridine, and 0.020 M pyridinium triflate in
acetonitrile {-) and in the presence of 0.49 M LiC}{0.010 M Lil, 0.020 M pyridine, and 0.020 M pyridinium triflate in acetonitrile (- - -). The
differences inAA magnitude are mainly due to differences in ground-state absorpiiga= 0.7 £+ 0.2).

and mass spectrometry were used to validate the compositionsare comparable to those of other Ru(kfyjderivatives that
and structures of the complexgs. exhibit efficient charge injection into the Tg@onduction band,
with similar driving forces for this charge separation procéss.
The ground-state energetics imply that the oxidized dyes also
have comparable driving forces for oxidation af /1~ in a
photoelectrochemical cell.

To investigate the interfacial kinetics of the dye-sensitized
TiO, photoelectrodes, we measured rate constants for electron
injection (), recombination of injected electrons with the
oxidized dye ks), and regeneration of the oxidized dye by iodide
in the electrolyte Ks) (Scheme 1) using nanosecond time-

The solution photophysical behavior of Ru0 was found to resolved spectroscopy. The energy of thesJlé@nduction-band
differ slightly from that of the other sensitizers (Table 1). Both edge was fixed by controlling the'Hand Li* activities®12 The
the absorption and emission spectra were red-shifted with therate of reduction of 3/~ by electrons in the Ti®@(ks) was

emission 6-0 transition enerdgy(Eqg) ~0.1 eV lower for RuO. estimated from the potential required to produce a given amount
Although all of the radiative rate constants were similar, both of cathodic current density in the dark (vide infra).
the excited-state lifetime and the emission quantum 3Aedfl To determine the rates of electron injection, we compared

RuO were greater than those of either Rul or Ru2. The excited-the Rux excited-state lifetimes in solution to those obtained when
state lifetimes were all sufficiently long to ensure efficient charge the dyes were bound to TiO Clearly, adsorption to Ti®
separation, even for slows(L0” s 1) electron-transfer processes. resulted in substantial quenching (Figure 1a). In degassed
The RU'/RuU' formal reduction potentials<{') were nearly the acetonitrile, Rux emission decays were single exponentials, but
same for all of the dyes, as the electronic cores around the metabn TiO,, the quenching dynamics exhibited multiexponential
centers are virtually identical. However, owing to differences behavior (Table 2). This heterogeneity is probably due to
in the 0-0 energy, the Rli/*Ru" potential €°'*) was found different binding-site microenvironments. The data can be
to be slightly more positive for Ru0. The excited-state energetics described satisfactorily by a sum of three exponentials. It is
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TABLE 2: Rate Constants for Emission and Ground-State Recovery

dye KMECN (5-1yp K (s-1)ed ko (s7Y)¢ K3 (s e ks (cr® s1) K's (s )dh
RUO 4.8x 10° 1.1 x 108 (0.69) 1.1x 10° 4.8 x 10° (0.51) 1.1x 10713 2.4 % 10° (0.58)
Ru0 1.4x 107 (0.27) 1.4x 107 3.3 x 10%(0.49) 7.6x 10716 1.1 x 10° (0.42)
Ru0 4.5x 10° (0.04) 4.0x 10°

Rul 9.4x 10° 1.1 x 108 (0.61) 1.0x 108 5.0 x 10° (0.44) 1.2x 10713 2.1x 10°(0.78)
Rul 1.3x 107 (0.35) 1.2x 107 5.3 x 10*(0.56) 1.2x 10715 5.7 x 10*(0.22)
Rul 4.7x 10° (0.04) 3.8x 10°

Ru2 9.6x 10° 9.9 x 107 (0.57) 9.8x 107 8.8 x 10° (0.44) 2.0x 10713 3.9 x 10° (0.44)
Ru2 1.1x 107 (0.36) 9.5x 109 7.7 x 10* (0.56) 1.8x 10715 4.9 x 10° (0.39)
Ru2 4.2x 10° (0.07) 3.2x 10° 1.9 x 107 (0.17)

a Estimated uncertainties are 25% in amplitudes and rate constdntdegassed acetonitril@On TiO, with acetonitrile containing 0.50 M
LiClO4, and 0.020 M each of pyridine and pyridinium triflate. The amplitude of each term is given in parenthiéisiesi to a sum of exponentials.
eky = kI'92 — KHECN. T According to eq 2. Amplitudes are in parenthesds, = Aedk's with Aed = 2.3 x 10728 cn® mol2 (Ae, difference in molar
absorptivity; d, thickness of the Tidilm). " On TiO, with acetonitrile containing 0.49 M LiCI© 0.010 M Lil, 0.020 M pyridine, and 0.020 M
pyridinium triflate. Amplitudes are given in parentheses.

108 | | I I : The MLQT absorption bands of Rux dyes adsorbed on.tQ'!'iO
were partially bleached following 450-nm laser excitation
10 ® ] e _ (Figure 1b). These signals, which persisted for more than 100
us, can be attributed to the formation 'Ru8 At low laser
_ excitation powers, the relative magnitudes of the bleach signals
"o 10° - A A (AA/AGroung for the three Rux dyes were all within a factor two
E A and were comparable to that measured for a dye (Rujki")
Vo105 — known to inject electrons into TiOwith high quantum ef-
ficiency1? At high laser excitation powers, the transient absorp-
10° . n " _ tion signals saturated, presumably because of complete excitation
of the Rux dyes. The magnitudes of these saturation signals
3 I | I | | can be used to estimate lower limits to the electron-injection
10 12 14 16 18 20 22 24 quantum yields:®inj = —AAsaf{Agrouna FOr the RuxX =0, 1,

2) series, the lower limits on the electron injection quantum
_ Ru-to-COOH length (A) o yields are 0.09, 0.07, and 0.07, respectively. These values were
Figure 2. Integrated average rate constants (eq 1) for injec®n ( calculated to be comparable to that obtained under similar
recombination M), and regenerationa) as a function of the Ru-to- conditions with Ru(HL')s2" (0.07)1% Estimated®;, values

COOH length. Injection rate constantgk;(] ®) obtained from the . . .

difference k?etweejn the excited-state Iifetﬁes)of the dye in acetonitrile correspond only _to those species that persist on t_lme_ scales
solution (single-exponential) and when bound to Fidthe presence  1°0nger than 10 ns; subnanosecond electioole recombination

of 0.50 M LiClOs, 0.020 M pyridine, and 0.020 M pyridinium triflate ~ €vents could not be detected and would reduce the magnitude
in acetonitrile fex = 480 nm andlems = 630 nm). Recombination ~ of the RU'x signal. These transient absorption measurements
constants[&sL] M) of the oxidized dye with electrons in the Ti@om suggest that Rux quenching on Li@xises from high-quantum-

the time-resolved recovery of the ground staitg € 480 nm andions yield electron injection into the semiconductor particles and that

= 450 nm) for dyes bound to Tin the presence of 0.50 M LiCl) - : :
0.020 M pyridine, and 0.020 M pyridinium triflate in acetonitrile. eff|c||_en:_ phOtO.e'ﬁthO‘;hem'ca' dcfe"s ‘;ﬁr e”grgy conversion
Regeneration rate constanf&'{[] a) of the oxidized dye with iodide applica '_Ons_ mig elas _'One rom these y_es. .

and/eps = 450 nm) for dyes bound to Tidn the presence of 0.49 M electrons in TiQ and the oxidized dye were investigated by
LiClO4, 0.010 M Lil, 0.020 M pyridine, and 0.020 M pyridinium triflate  monitoring the recovery of the ground-state MLCT absorption.
in gcetonitrile. The uncertainties in the average rate constants are|n accord with the behavior observed previously for Ri(hp-
estimated to be 25%. (NCS)-sensitized TiQ@photoelectrodes, the recovery was fitted
very likely that the fastest decay is itself a sum of decay to a sum of two equal-concentration second-order kinetics
processes, although this cannot be resolved as the shortestunctions®

measurable lifetime was close to the width of the instrument

response functionx{10 ns). Likewise, the amplitude of the —AA= & & )
fastest component is likely to be a lower limit. Numerical 1+akyt 1+akyt
integration of normalized intensity profileKt)) provided model-

independent average rate constants for these nonexponentiain eq 2, a relates absorbance and concentration, and the

decays (eq 1§ recombination constantsk'§) have units of s. For each
1 sensitizer, the ratio of the fractions of the two populaticmé (
K=— Q) (& + &) anda/(ay + &)) was approximately 1:1. Because the
fo I(t) dt samples were heterogeneous, there could be many more reaction

rates, but their inclusion was not necessary to obtain satisfactory
The difference between the integrated emission decay ogp TiO fits.
and in solution yields an average quenching rate consiik. ( The k's recombination constants were converted to true
These quenching rates were only weakly dependent on linkersecond-order rate constants using the thickness of the film and
length (Figure 2, Table 2)k.Cdecreased by no more than a the ground-state molar absorptivity (Tablé2jowever, because
factor of 2 as the Ru-to-COOH distance increased from 13.8 to these factors were essentially equal for all three sensitizers (
225 A. =0, 1, 2), the relative distance dependencksafas the same
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as that ofk's. For both the slow and fast reaction processes, the
corresponding rate constants increased slightly with increasing
linker length. However, it should be noted that the differences
may be within the experimental uncertainties. Average recom-
bination constantdK's[J eq 1) for each dye are plotted in Figure

2 as a function of Ru-to-COOH distance. Because back electron
transfer occurs from Tigto the Ru center, we would expect a
significant decrease in rate asncreases, rather than the little

to no increase observé#iThe likely explanation for this finding

is that the single anchoring group on Rux makes the connection
to TiO, flexible, allowing the sensitizer to approach the surface
and thereby decreasing theRTiO, electron-tunneling distance.
The flexibility in the linker could also contribute to the shallow
distance dependence of the injection rates.

Kilsa et al.
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Figure 3. Current density-potential characteristics for Ti&ensitized

An analogous trend in rates was observed for the regenerationwith Ru0 (—), Rul (- - -), and Ru2-{-), respectively fwmcr = 1.5+

of the oxidized dye by iodide in the electrolyte. The recovery
of the MLCT absorption following pulsed-laser excitation
accelerated significantly when iodide was added to the elec-
trolyte (Figure 1b). Fitting the data to a sum of two or three
exponentials produced a minimum ensemble of-flependent
rate constantsk(s) (Table 2). The dependence of average
regeneration rate constant®s(] eq 1) on the Ru-to-COOH
distance is shown in Figure 2. For each complex, a 0.010 M |
solution regenerated the reduced dye competitively with re-
combination from injected electrons (Figure 1b). Again, the

0.3). The data (corrected for uncompensated cell resistance, 64 ohms)
were measured under simulated Air Mass 1.0 100 mWPaonditions

in a potentiostatic three-electrode apparatus at 20 missan rate
between+0.20 and—0.60 V vs the Nernstian potential of the cell.
Two consecutive scans in each direction are shown for each dye. The
electrolyte was acetonitrile containing 0.50 M Lil, 0.040 M 0.020

M pyridine, and 0.020 M pyridinium triflate.

TABLE 3: Photoelectrochemical Datet

fastest reaction was found for Ru2-sensitized JTjgBotoelec-
trodes. This behavior could indicate that the assumed flexibility
and resultant sensitizer interaction with the surface is affecting
the iodide oxidation. Flash/quench experiments were also
performed on the unbound dyes in acetonitrile, using methyl
viologen as the electron acceptor to generate thé foum of

the dyes. The pseudo-first-order rate constants for reduction o
the oxidized dyes by iodide under these conditions were
essentially identical for all three dyes, wikhy = 2 x 10° s71

for [I7] = 1.0 x 10°°> M. Importantly, regeneration was
observed to be significantly faster when the dyes were free in
solution than when they were bound to BiO

The emission decay of Rux on Ti@s much faster than in
solution, implying that electron injection is still efficient,
although a minor fraction of the excited-state population injected
slowly. Given that injection of electrons into TiQvas much

f

Air Mass 1.0 dark

Jse(MA cm )P Vo (V)¢ efficiency (%) Ext. QY® Vgark (V)F
Ru0 0.59 —0.29 0.1 0.09 —0.23
Rul 0.23 —-0.24 0.03 0.03 —0.23
Ru2 0.11 —0.16 0.004 0.02 —0.16

a2 The electrolyte was acetonitrile containing 0.50 M Lil, 0.040 M
I, and 0.020 M each of pyridine and pyridinium triflateEstimated
uncertainties are- 0.05 mA cnt2. ¢ Estimated uncertainties at#e0.03
V. 4 Calculated a®madPight, WherePjgn = 100 mW cnT? andPpax is
the largest value of-(J x V). € Calculated as the ratio of the observed
Jsc to the value expected for a unity quantum yield when the measured
absorbance of the dyes on Ti@lectrodes are convoluted with the
spectral irradiance of the solar simulator between 1100 and 360 nm.
fEstimated uncertainties are 0.05 V.

magnitude of the open-circuit voltage.) decreased with linker
length (Table 3). Part of the decreasevin with increasingx

is attributable to the lower photocurrent density produced by
Rul and Ru2. Overall, thés, Vo, and shape of the current
density-potential curve (Figure 3) for the Rux dyes gave low

faster than excited-state decay, and that regeneration compete@hotoelectrode energy conversion efficiencies (Table 3) under

effectively with recombination, it is surprising that Rux-
sensitized TiQ photoelectrodes are not more efficient (Figure
3, Table 3). The overlap of the Rux MLCT absorption with the
solar spectrum is not very favorable; thus, solar cells containing
these dyes are expected to be less efficient than RuJH
(NCS)-sensitized solar cells. On the basis of the similarities
with the absorption spectrum of RufH)3?*, we would expect
Rux solar cell efficiencies to be comparable to that of Ru-
(HaoL")3?t-sensitized Ti@.15 However, the remarkably similar
interfacial kinetics observed for the Rux dyes fail to explain
the large differences in their photoelectrochemical behavior. The
limiting photocurrent densities under simulated solar illumina-
tion depended strongly on the linker length in the Rux series
(Figure 3, Table 3). The short-circuit current densily)(de-
creased by approximately a factor of 2 fax = 1. At such

100 mW cm? of simulated Air Mass 1.0 solar illumination
conditions. The performance of these photoelectrodes can be
compared to that of a Ru(bpy) derivative in which a single
carboxyl groups is directly attached to one of the bipyridine
ligands. The value ads:for this compound was 4 times higher
than for Ru0, and the magnitude 9§; was slightly higher as
well.11 Clearly, placing any one of the linkers & 0, 1, 2)
between TiQ and the Ru center has a negative effect on
photoelectrode performance.

The back reaction that determines the photovoltage in
sensitized TiQsystems is electron transfer from nanocrystalline
TiO, to oxidized species in thesl/I~ electrolyte solution
(represented by the rate procégsn Scheme 1% Trends in
the rate of this back reaction were evaluated from the forward-
bias potential necessary to produce a fixed amount of cathodic

low current densities, it is not unusual to observe some hystersisdark current density (0.1 mA cmd) at the TiQ—solution

at these scan rates (20 mV*s The decrease idsc cannot be
explained by a change in light absorption of the various com-

interface, where a less negative potential is indicative of more
facile electron transfer between Ti@nd the 47 /1~ electrolyte.

plexes, as the spectra of the adsorbed dyes are very similarinterestingly, the magnitudes of these potentials were similar
The quantum yield for conversion of absorbed photons to current for the three sensitizers (Table 3); thus, we would expect the
was less than 0.1 for all three dyes, and the quantum vyield rate of back transfer to be similar in each case. The potential
decreased with increasing linker length (Table 3). Also, the required to drive 0.1 mA cr? of cathodic dark current density
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for each Rux dye was less negative than for Ril(j>"- sitized photoelectrodes, in accord with the lower efficiencies
sensitized Ti@ (under low photocurrent density conditiori3), of the Rux-based cells.
which implies that the lower Rux efficiencies are in part due to
enhanced electron transfer from Ti@ the solution redox Acknowledgment. K.K. thanks the Carlsberg Foundation,
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