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Abstract

A transparent photoanode was prepared by immobilizisg(dcbHs)>Ru(CNpy)(HO)?* (decbhHp: 4,4-(CO2H)»-2,2-bipyridine; and
CNpy: 4-cyanopyridine) in a TCO substrate coated with nanocrystallingfili@for incident monochromatic photon-to-current conversion
efficiency (IPCE) measurements. Time-resolved experiments were carried out and electron injection across the excited dye/semiconductor
interface, as well as charge recombination and quenching processes were investigated. Transient absorption difference spectra revealed th
formation of the oxidized complex [(dchhbRu(lI)(CNpy)(H20)] upon light excitation. The recovery is a multiphasic process attributed
to a charge recombination of the injected electron across the semiconductor/dye interface in the microsecond time domain. The presence of
iodide results in a much faster quenching of the oxidized complex. Thus, an appropriate concentration of donor species in the redox mediator
is essential to effectively recover the sensitizer closing the electric circuit so that a dye-sensitized solar cell works in a regenerative regime.
Therefore, under proper experimental conditions, the compound performs successfully as the molecular sensitizer in photoelectrochemical
solar cells based on dye sensitization of nanocrystalline n-typg KiDetics data of electron injection obtained by time-resolved exper-
iments forcis-[(dcbH,),Ru(CNpy)(HO)]3* are discussed along with the properties of the sensitizer in photoelectrochemical solar cells.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction bined with suitable photoelectrochemical properties and sta-
bility in the Ru(lll) oxidized state. The carboxylic groups

Photoelectrochemical solar cells based on dye sensitiza-permit the necessary contact and electronic coupling be-
tion of wide band gap semiconductors, referred to as dye tween the sensitizer and TiGurface resulting in an ultra
cells, perform an efficient conversion of visible light into fast electron transfer from the dye into the semiconductor
electricity. Electron injection from the excited dye molecule [2,6,9,14,15]When anchored to a nanocrystalline semicon-
into the semiconductor conduction band is achieved with ductor, the sensitizer performs efficient light harvesting and
energy lower than the band gap energy, enabling a betterprovides an enhanced spectral response of the €iéc-
match with the solar spectrum for practical applications. trodes to visible light.

Light absorption stands apart of the charge separation

process. Therefore, electron—hole recombination and the —|2+
well-known deleterious features presented by traditional
colored semiconductors are prevenfgd7].

Ruthenium(ll) polypyridyl complexes with carboxylated
ligands are commonly employed as a %i§ensitizer in such
cells[8-13]. These compounds present intense MLCT bands
in the visible region overlapping the solar spectrum, com-
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//\ In order to further examine this system, excited state prop-
N erties of the complex having one 4-cyanopyridine as an an-
cillary ligand, cis-[(dcbH)2Ru(CNpy)(HO)]Cl,, attached

to TiOz films, were investigated. The processes of charge re-
combination and quenching following the electron transfer

L2 ks across the excited dye/semiconductor interface were exam-
k" ined through time-resolved experiments carried out with the
k
,

sensitizer anchored to nanostructured Jfiims.
Ly 4

]"3 O

r
2. Experimental
hv
r All chemicals were reagent grade or of the best com-
mercially available purity. HPLC solvents and reagent
& -~ grade water were always used. TransparentTitns for
photoelectrochemical measurements were obtained follow-
ing the procedure described in the literati®e24]. The
semiconductor emulsion was deposited on a conductive
fluorine-doped Sn@ glass for the cell performance
measurement. The molecular sensitizeis-[(dcbHy)2
Ru(CNpy)(HO)]Cl2, was synthesized as previously de-
Scheme 1. Schematic representation of the photoconversion process inscribed[23] and attached to the TiOsurface by immers-
dye-sensitized solar cells. 8is[(dcbH,),Ru(CNpy)(HO)]>", and CB: ing the processed electrode for 1-3h in approximately

conduction band. 1 x 104 M ethanolic solution of the ruthenium complex.

I,

The established mechanism of energy conversion in re-2.1. Methods
generative dye-sensitized solar cells is showsameme 1
[15-18] Following light absorption, the excited dye* S Absorption spectra were recorded on a Hewlett-Packard
promotes electron injection into the semiconductor conduc- HP 8453 UV-VIS spectrophotometer. Emission measure-
tion band, keeping the electron-hole pair separated by thements were performed on a SPEX Fluoromax 2 spectroflu-
semiconductor/sensitizer interface. The oxidized sensitizer orometer equipped with a Hamamatsu R3896 tube.
is reduced by the reduced form of a redox mediator cou- Transient absorption measurements were performed using
ple, the oxidized form of which, in turn, migrates toward a set-up and an apparatus that have been previously described
the counter electrode to be reduced, closing the redox cy-using a 7 ns pulse at 532 nm from a Continuum Surelight
cle. The theoretical voltage output, which can be achieved Nd:Yag laser[25]. The measurements were performed in
is limited to the difference between the redox potential 0.3M LiClIO4 in acetonitrile, which is frequently used in
of the mediator couple and the quasi-Fermi level of the photoelectrochemical experiments.
semiconductor. Actual performance of the cells is directly ~ Photoelectrochemical measurements were performed by
dependent on the different electron transfer processes in-using the dye-sensitized Tiphotoanode in a transparent
volved. Losses in efficiency can occur by radiative and thin layer sandwich-type solar cell as previously described
non-radiative decay of the excited state, by recombination [20,23] The photoanode consists of a FTO substrate with
of electrons in TiQ with oxidized dye molecules and by the TiO, film sensitized by the dye. The counter electrode
reactions of electrons in TiOwith oxidants in solution presents a transparent platinum film on its conductive sur-

[15-18] face. The mediator electrolyte, 0.03 /0.3 M Lil solution
Previous investigations employing a series ofs in acetonitrile, is sandwiched between the two electrodes.
[(dcbHy)2RuULL’] species, where dchHs 4,4-(COxH)»-2,2- Initial performance of the cells was evaluated employing

bipyridine and L and/or Lare substituted pyridines, as a system comprising of a 200 W Hg (Xe) arc lamp and inter-
n-TiO, sensitizers resulted in efficient photoelectrochemical ference filters, as detailed elsewh§2é]. Photocurrent and
solar cells[19-23] The nature of the ancillary ligands /L voltage measurements, as well as photoaction spectra, were
coordinated to the non-attached side of the dye affects theobtained as previously describfib,19,20]

resulting properties of the sensitizers enabling the tuning of

the spectral sensitivity to the visible light and the overall

conversion efficiency of the cells. Interestingly, heterolep- 3. Discussion

tic derivatives with different ancillary ligands presented

better spectral response and performed more efficiently as Fig. 1 shows the electronic absorption spectra of the
molecular sensitizer in the cell20,23] TiO»-covered TCO substrate in the absence and presence
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Fig. 1. Absorption spectra of Ti(---) and [(dcbH)2Ru(CNpy)(HO)]2/TiO, (—) in acetonitrile at room temperature. Photocurrent action spectrum
(@) obtained with transparent thin layer solar cell employing the compound as the molecular sensitizer.

of cis-[(dcbH)2Ru(CNpy)(H0)]?t onto its surface and Emission spectrum ofis-[(dcbH)2Ru(CNpy)(H0)]%+

the photocurrent action spectrum obtained with a transpar-in solution exhibits a band centered at 680 nm, assigned to
ent thin layer solar cell employing the photoanode with a radiative decay of the triplet excited statfidcbHy)>Ru

the compound as the molecular sensitizer. The electrode(CNpy)(H20)]*, formed after excitation afis-[(dcbHy)2Ru
spectrum resembles the absorption spectrum of the corre{CNpy)(H,0)]?*. The short-lived{ < 5ns) weak emission
sponding molecular sensitizer in solution. Analogous to could not be resolved with the available equipment.

similar complexes, it displays intense MLCTx{d— =*) Changes in absorbance otis[(dcbHz)2Ru(CNpy)
bands in the visible region, as well as intra-ligamd{ ) (H,0)]%* measured at 480 nm following excitation after 3.0
transitions in the UV regiof®,10,12,15,19,20,23,27-29] mJ cnt2 laser pulse at 532 nm are presente&im 3. Elec-

The action spectrum closely matches the spectrum of thetron injection results in fast bleaching followed by the re-
dye adsorbed on the electrode. The heteroleptic derivativegeneration of the ground state absorbanceigf(dcbHy)»
cis-[(dcbHp),Ru(CNpy)(HO)]%+ with different ancillary Ru(CNpy)(HO)]?*. The recovery process observed in
ligands performs efficient sensitization of nanocrystalline Fig. 3A is associated with the reduction of the oxidized
n-TiO, in photoelectrochemical solar cells, with high in-
cident monochromatic photon-to-current conversion effi-
ciency (IPCE) values in the visible light regi¢p4].

Fig. 2 presents the transient absorption difference spec-
tra of the TiQ film covered withcis-[(dcbHz)2Ru(CNpy)
(H,0)]%* in acetonitrile. Following light absorption, the
electron injection from the excited sensitizer into the semi-
conductor results in the formation of the oxidized complex
cis-[(dcbHp)-Ru(ll)(CNpy)(H20)]3+. The bleaching in the
360-600 nm region is attributed to depletion of the ground
state MLCT absorptiof4,15,25,30—-36]As can be seen in
Fig. 2, injected electrons recombine with the oxidized dye
without the presence of an active redox mediator. The ab-
sence of positive absorption in the 350-400 nm region, as-
signed to intra-ligand transitions in the excited sensitizer,
confirms that electron injection into the semiconductor takes
place within the laser pulse<(LOns or faster), which is —
in agreement with earlier reported dd6,31,34,36,37] 400 500 600 700
The absorption in wavelengths higher than 600 nm arises Wavelength, nm

from the oxidized Ru(lll) complex with a possible contri-
buti f th | t( ) .. pt d int thp . duct Fig. 2. Absorption difference spectra of [(dcHHRU(CNpy)(H0)]?+ on
ution irom the electron Injected Into the semiconductor TiO3 film in acetonitrile (0.3 M LiCIQ) at room temperatureyg = 0, 50,

[31,35-38] 250, 1000 and 2000 Ngiexc = 532 nm, 3.0 mJ cn? laser pulse.

0.00
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of the oxidized sensitizer by iodid&¢. (1) regenerates the
chromophore to its original state, concluding the cycle ini-
tiated with light absorption.

(B)

0.00 |wa”‘|‘ T :

L
m;
w . J 2[(dcbHp)2Ru(lll ) (CNpy) (H20)]*+ + 31~
— 2[(dcbHp)2Ru(ll) (CNpy) (H20)]1%F 4 13~ (1)

\ v “ V‘m AHWW The wavelength-dependent IPCE-term evaluates the over-
W‘Mk l J \ all photoconversion process. It is directly related to three

AA 1 parameters, namely, light harvesting efficiency, LHE (the

f ” i "'w"l’ i ”"H'*y i

fraction of radiant power absorbed by the sensitizer), the
guantum yield for charge injection into the semiconductor
(¢) and the efficiency of electron collection in the external
L circuit (n) (seekEq. (2)

-0.02 +

IPCE(A) = LHE(W)én )

LHE relates to the active surface area of the semiconduc-

00 05 10 15 tor and to the light absorption cross-section of the sensitizer.
This term depends on the active surface coverage and on the
dye molar extinction coefficierj,11,43]
Fig. 3. Kinetics of [(dcbH),Ru(CNpy)(HO)[2* recovery on TiQ fol- The n-v_alue |s_related to the fraction of injected elec-
lowed at 480 nm in: (A) acetonitrile (0.3M LiClf), and (B) acetonitrile  rons, which achieves the back contact of the photoanode
(0.3 M Lil); Aexc=532nm, 3.0mJcr? pulse. through the semiconductor laygrl,43]. Both electron per-

colation through the external circuits) and recombination

of electrons in the conduction band with oxidized sensi-

species, [(dcbb)Ru(ll(CNpy)(H0)3+, formed after tihzer k3) or (';he ?xiﬁized relay eIe_I(_:rt]r_ontelq() will limit .
excitation and electron injectiofi5,25,30,33] The regen- the magnitude of the-parameter. This parameter can be

eration process presents a comparatively fast step foIIowedeSt'mmed by the recovery of the sc_ansmzer in the presence
by another slower one showing a complex kinetics. Such (ka) or at_)sen_c_ek(;) of iodide according to the EXpressions
behavior is often observed in similar heterogeneous sys-b(.alow' Simplified .formulaeE;’qs.,. (5.) and (g)are obt'alned
tems and is attributed to multiple electron trapping in with the assumption that all kinetics are pseudo-first-order

surface defects, which could delay the recovery process[25'43]'1
[15,30,32,34,35,37,39-42] ka[l 7]
Fig. 3B shows the recovery process in the presence of 1 = m 3
an active electrolyte, the iodide ion. The concentration
employed (0.3 M Lil) is the same as in regular photoelec- Of

Time, us

trochemical solar cell experiments andtLeoncentration ka[e™]

is unchanged with respect to the recombination experi- 1 = 1- m (4)
ments (0.3M LIiCIQ, Fig. 3A). One can observe that in

the presence of iodideF{g. 3B), the recovery process is ka 5
much faster than in its absendeid. 3A). The presence of n= k3 + ka )

iodide promotes a fast quenching of the oxidized species
recovering the reduced dye, as observed-ig. 3B, be-
fore other side reactions, such as photosubstitution can 1- k3
take place. Such behavior is found to be dependent on = k3 + kg
the concentration of iodidg89]. Slow dye regeneration is
found to be a limiting factor, which restricts the conversion
efficiency in photoelectrochemical solar ce]ls8]. There-
fore, a proper concentration of the reducing mediator is
required.

(6)

These equations express the competition between the
guenching process promoted by the relay electroligg (
and the recombination of electrons in the conduction band
with the oxidized sensitizerk§) [15,25] Therefore, the

After light absorption, the primary step of electron in- _magnitude of thej-parameter can be estimated from kinet-
jection across the sensitizer/semiconductor interface is ex-ICS measurements, ligs. (5) and (G)and fromeg. (2)by
tremely fast. The oxidized dye must be promptly reduced USing steady-state measurements.
by an electrolyte relay in solution to prevent electron re-
combination or any photodegradation reactions. Reduction ! See[25] for the derivation of the kinetic processes.
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Table 1

Parameters determined from time-resolved and steady-state experiments for the calculation-frindor several (dcbp),RuLL’ sensitizers

L/’ Time-resolved Steady-state References

ks x 1082 (ks + k) x 1CPP Nealc® IPCEna LHEmax® feald

CNpy/H,O 10 (70)-0.27 (30) 45 0.78 0.60 0.96 0.63 This work
ppy/ppy 5 (65)-0.23 (35) 15 0.67 0.56 0.91 0.62 [15]

4-ppt 14.7 (55)-0.4 (45) 66.7 0.78 0.74 0.90 0.82 [25]

2-ppt 11.6 (55)-0.4 (45) 62.5 0.81 0.73 0.97 0.75 [25]

Bpzt 8.5 (43)-0.3 (57) 71.4 0.88 0.80 0.98 0.82 [25]

2-ppzt 8.8 (49)-0.3 (51) 38.4 0.77 0.68 0.99 0.69 [25]

Values in parentheses are in percentage.
2Kinetic data from traces (A) oFig. 3.
b Kinetic data from traces (B) OFig. 3, kobs = k3 + k4.
¢ Calculated fromEq. (6)
d Corrected for light absorption by the TCO glass.
€LHE = 1— 104, whereA is the absorbance of the dye on the Ti@yer (se€9,25]).
f Calculated fromEq. (2) with ¢ = 1.

Table 1 summarizes these parameters for the deter- The relationship between both the parameters is further ob-
mination of the n-term obtained for photoanodes con- served along the data reported for other sensitizieis|€ ).
stituted by [(dcbH)2Ru(I)(CNpy)(H20)]Cl> onto TiGy. The higher quenching efficiency values obtained with the
The quenching of Ru(lll) by 1 (Fig. 3B) was treated  set of triazole complexes is accompanied by IPCE-values
as a single exponential process. Traces of the recombi-superior to those presented by the CNpy and ppy deriva-
nation between the electron in the semiconductor con- tives. Fig. 4 presents the relationship between bgthand

duction band and the oxidized sensitizég)(were fitted IPCE-parameters for the series of mentioned sensitizers.
with a bi-exponential function, due to the presence of a A linear correlation and ascendant behavior show that
fast ¢ ~ 1 x 10’s1) and a slow ¥ ~ 3 x 10°s™}) the n-values are closely related with the IPCE, which is

component. Only the fast component is considered, sinceexpected since both reflect the conversion efficiency.
the quenching of Ru(lll) is completed within 100 ns. The kinetics of back electron transfer to the oxidized sen-
Table 1 also presents the data previously reported with sitizer in the microsecond time domain contrast to the ultra
similar sensitizers with different ancillary ligands, such as fast electron injection. The former is avoided due to the fast
4-phenylpyridine (ppy)[15] and a series of triazole lig- regeneration of the sensitizer by the redox relay in solution.
ands: 3-(2-hydroxyphenyl)-5-(pyridin-2-yl)-1,2,4-triazole A successful performance of dye-sensitized photoelectro-
(2-ppt), 3-(4-hydroxyphenyl)-5-(pyridin-2-yl)-1,2,4-triazole  chemical solar cells is mostly attributed to the different time
(4-ppt), 3,5-bis(pyrazin-2-yl)-1,2,4-triazole (bpzt), and scale between both interfacial electron transfer processes
3-(2-hydroxyphenyl)-5-(pyrazin-2-yl)-1,2,4-triazole (2-ppzt) [4,33]. The obtained LHE factor close to unity presented in
[25]. Table 1lis a critical factor for the photoconversion process,
It is observed fromTable 1 that the values obtained since the device should be able to collect as much incident
for the n-term by time-resolved experiments are reason- light as possible.
ably similar to those obtained by steady-state experiments.
Nonetheless, care must be taken in analyzing these values,
as a result of the assumptions and simplifications employed
in Egs. (5) and (6) The quenching efficiency calculated 80 |
for [(dcbH)2Ru(CNpy)(HO)]CI> by using the parame- L]
ters determined in time-resolved experimenjs={ 0.78) 60 | /
is higher than that obtained for the similar compound with
ppy as ancillary ligand( = 0.67) [15]. Experiments with
both sensitizers were performed on optically matched TiO
photoanodes. The result is in accordance with the higher 20 -
IPCE-values in the 400-500 nm region for the CNpy com-
plex when compared with its analogous ppy derivative. 0 w ' w '
Such a correlation between both and IPCE-parameters 0.5 06 07 08 0.9 1
is expected, since the efficiency of the cells is partially at- n parameter
tributed to the '”terp"f"y between_the recomb,matlon of ,e,lec_ Fig. 4. Relationship between IPCE and/alues from time-resolved exper-
trons of the conduction band with the oxidized sensitizer jnants for several (dcbB,RuLL’ sensitizers. KL’ = CNpy/H20 (O),
and the quenching of Ru(lll) by the electrolyte rel@p]. ppy/ppy (A), 4-ppt @), 2-ppt (J), Bpzt (#) and 2-ppzt @).

IPCE, %

40
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4. Conclusion L. Spiccia, G.B. Deacon, C.A. Bignozzi, M. Grétzel, J. Am. Chem.
Soc. 123 (2001) 1613-1624.

. . . . . _ [14] Y. Tachibana, 1.V. Rubtsov, I. Montanari, K. Yoshihara, D.R. Klug,
Time-resolved experiments with nanocrySta"me n-type J.R. Durrant, J. Photochem. Photobiol. A 142 (2001) 215-220.

. g 2 .
TiO2 sen-smz.ed by [(dcbB)2Ru(CNpy)(HO)]** led tO. Im- [15] C.G. Garcia, N.Y. Murakami lha, C.J. Kleverlaan, C.A. Bignozzi, J.
portant kinetic data related to the photoelectrochemical solar  photochem. Photobiol. A 147 (2002) 143-148.
cell performance. The efficient capture of the oxidized dye [16] T. Gerfin, M. Gratzel, L. Walder, Prog. Inorg. Chem. 44 (1997)

by the electron relay in solution directs the electron trans- i &45;3?3- Lk K ] e Kal . "

port process to the desired pathway preventing the recombi-117] M- Gratzel, K. Kalyanasundaram, in: K. Kalyanasundaram, M.
. .. . .. . Gratzel (Eds.), Photosensitization and Photocatalysis Using Inorganic

nation of the injected electron with the oxidized sensitizer. and Organometallic Compounds, Kluwer Academic Publishers,

The adequate concentration of donor species in the redox  Dordrecht, 1993, pp. 247-271.

mediator provides a rapid regeneration of the oxidized dye, [18] M. Alebbi, C.A. Bignozzi, T.A. Heimer, G.M. Hasselmann, G.J.
which is critical to the electrical circuit, as well as to the sta- Meyer, J. Phys. Chem. B 102 (1998) 7577-7581.

bility of the dye-sensitized solar cell. The different order of 291 ghiheasrg':'g"(\{'ggg)ri?r:;'ha’ R. Argazzl, C.A. Bignozzl, J. Bras.
magnitude between the processes of electron injection and,o) c.c. Garcia, N.Y. Murakami tha, R. Argazzi, C.A. Bignozzi, J.
charge recombination are essential for the successful oper- — photochem. Photobiol. A 115 (1998) 239-242.

ation of the photoelectrochemical solar cells. The analysis [21] C.G. Garcia, J.F. de Lima, N.Y. Murakami Iha, Coord. Chem. Rev.

of experiments on Ti@ photoanodes functionalized with 221 ;93 ('\ZAOOOIZ 21'9|_hZ47A Acad. Bras. Cienc. 72 (2000) 67-73
2+ . Y. Murakaml Iha, An. Acad. bras. Cienc. —/3.
[(d.CbHZ)ZRu(Cpr)(FbO)] and other s_pemeg has shown [23] C.G. Garcia, N.Y. Murakami Iha, Int. J. Photoenergy 3 (2001) 131—
a linear correlation between the quenching efficiemcsgnd 135,
the IPCE-parameters. [24] C.G. Garcia, N.Y. Murakami lha, Intern. J. Photoenergy 3 (2001)
137-141.

[25] A.C. Lees, B. Evrard, T.E. Keyes, J.G. Vos, C.J. Kleverlaan, M.
Alebbi, C.A. Bignozzi, Eur. J. Inorg. Chem. 12 (1999) 2309-2317.
[26] N.Y. Murakami Iha, J.F. de Lima, Inorg. Chem. 30 (1991) 4576—
4579,
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