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Abstract

Ruthenium(ll) complexes [Rudi(NCS)] (K8) and [Ru(L)(L’)(NCS)] (K9) (where L =4,4-bis(carboxyvinyl)-2,2bipyridine and
L°=4,4-dinonyl-2,2-bipyridine) were synthesized and characterized by spectroscopic and electrochemical techniques. The performance
of K8 and K9 complexes as charge transfer photosensitizers in nanocrystallineakiéd solar cells was investigated. These complexes when
anchored onto Ti@films exhibit very efficient sensitization yielding 255% incident photon-to-current efficiencies (IPCE) in the visible
region using an electrolyte consisting of 0.6 M methlybutyl imidazolium iodide, 0.05 M iodine, 0.1 M Lil and 0.5 Mrt-butylpyridine in
50/50 (v/v) mixture of valeronitrile and acetonitrile. At one sun the K8 complex gave a short circuit photocurrent densityb h&A/cn?,
the open circuit voltage 646 50 mV and fill factor of 0.75: 0.05, corresponding to an overall conversion efficiency of &645%. Under
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similar conditions, the K9-sensitized solar cell gave a photocurrent density of=16%mA/cn?, 666+ 50 mV open circuit potential and
0.71+ 0.05 fill factor yielding 7.81%t 0.6% efficiency.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Ruthenium(ll) sensitizers; Hydrophobic heteroleptic ruthenium complexes; Dye-sensitized solar cells; Photovoltaic cells; NanocryStalline Ti
films; Solar energy conversion

1. Introduction 4,4-diformyl-2,2-bipyridine,  4,4-bis(carboxyvinyl)-2,2
bipyridine ligand and its homoleptic ruthenium complex
Dye-sensitized solar cells are currently attracting (K8) were synthesized according to literature procedures
widespread interest for the conversion of sunlight into [13,14] Tetrahydrofuran (THF) and toluene were distilled
electricity because of their low cost and high efficiency over sodium and under argon.
[1-7]. In these cells, dye is one of the key compo-
nents for high power conversion efficiencies. The pi-
oneering studies on dye-sensitized nanocrystalline, TiO
films usingcis-dithiocyanatobis(4,4dicarboxylic acid-2,2 UV-vis and fluorescence spectra were recorded in 1cm
bipyridine)Ruthenium(ll), (N3) is a paradigm in this field. path length quartz cell on a Cary 5 spectrophotometer and
In spite of this, the main drawback of this sensitizer is the Spex Fluorolog 112 Spectrofluorimeter, respectively. Elec-

lack of absorption in the red region of the visible spectrum {/5chemical data were obtained by cyclic voltammetry in a
and also relatively low molar extinction coefficigB}. Many  conyentional three-electrode cell with a PAR potentiostat.
researchers have tried to overcome these shortcomings with glassy-carbon or a gold working electrode, platinum-wire

out significant succe48-12] The molecular engineering of 5 siliary electrode and saturated silver chloride electrodes

ruthenium complexes for Ti@based solar cells presents a were used inasingle-compartment-cellconfiguraﬂbhand
challenging task as several stringent requirements have to bass NyvR spectra were measured on a Bruker 200 MHz spec-

fulfilled by the sensitizer and these are very difficult to be met ,ometer. The reported chemical shifts were in ppm against

simultaneously, including absorption of all the visible light TnvMs The ATR-FTIR spectra for all the samples were mea-

and function as an efficient charge transfer sensitizer. Forg,eq using a Digilab 7000 FTIR spectrometer. The ATR data
example, the lowest unoccupied molecular orbitals (LUMO) reported here were taken with the ‘Golden Gate’ diamond

and the highest occupied molecular orbitals (HOMO) have to 5nvi ATR accessory (Graseby—Specac) typically using 64
be maintained at levels where photo-induced electron transferg.5ns at a resolution of 2 cth The IR optical bench was

into the TiG; conduction band and regeneration of the dye by ,,shed with dry air.
iodide cantake place at practically 100% yield. We reporthere
a study in which we have maintained these conditions and
at the same time have succeeded in fine-tuning the spectra
properties of ruthenium polypyridyl complexes by designing
at molecular level a novel ligand 4;8is(carboxyvinyl)-2,2
bipyridine. Our research focused on increasing the optical
extinction coefficient of sensitizers, so that dye solar cells

could be made thinner and thus more efficient because of re-" ", . . . )
which has been coated with a fluorine-doped stannic oxide

duced transport losses in the nanoporous environment. In this] . o
; : - “layer, sheet resistance of 12-@fcn?, by screen-printing).
article, we report the synthesis and characterization of ruthe These films were dried at 15C for 20 min and then a

. n . i hei licati _ _ _ _

nium sensn!z.erS using our new ligand and their application 4 pm thick layer of 400 nm Ti@ particles (400 nm particles

in dye-sensitized solar cell. . ) . )
were obtained from CCI, Japan) was deposited again using a
screen-printing method. The double-layered films were sin-
tered at 500C for 20 min.

2.2. Analytical measurements

?.3. TiQ electrode preparation

TiO, anatase nanoparticles of 16 nm were prepared by
hydrolysis of titanium(lV)isopropoxide as described before
[15]. The nanocrystalline Tigxhin films of 12pum thick were
deposited onto transparent conducting glass (TEC-15, USA

2. Experimental The heated electrodes were impregnated with a 0.05M
titanium tetrachloride solution in a water saturated desicca-
2.1. Materials tor for 30 min at 70C and washed with distilled water. The

0.05M titanium tetrachloride solution was prepared in the
The solvents and reagents puriss grade quality werefollowing manner: first, 2 M titanium tetrachloride solution
purchased from Fluka. 4Alinonyl-2,2-bipyridine was prepared by adding directly titanium tetrachloride liquid
(dnbpy), dichlorof-cymene)ruthenium(ll) dimer and into a bottle containing ice, which was cooled +20°C,
potassium/ammonium thiocyanate were obtained (from then the solution was further diluted to 0.05 M. Finally, the
Aldrich) and used as received. LH-20 Sephadex gel electrodes were heated at 52D for 20 min and allowed to
was obtained from Pharmacia. The intermediate productcool to 50°C before dipping into the dye solution.
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Dye solutions were prepared in the concentration range of 3. Syntheses and characterization
3-5x 1074 M in 1:1 (v/v) acetonitrile andert-butanol solu-
tion and the electrodes were dipped into it for 18-22 h. The 3.1. Synthesis of [Ru(Il)LL(NCS}], K9 complex
dye-coated electrodes were rinsed quickly with acetonitrile
and used as such for photovoltaic measurements. A mixture of 4,4-dinonyl-2,2-bipyridine (150 mg,
0.37mmol) and dichlorgtcymene)ruthenium(ll) dimer
(113mg, 0.18mmoal) in argon degassed absolute ethanol
(40mL) was heated to reflux for 4h. Evaporation of

) .
The dye deposited film is used as a working electrode. A the solvent leaded to dichloppCymene)-4,4dinonyl-2,2-

sandwich cell was prepared with a second conducting glassPIPYidine—ruthenium(li) complex as a brown-yeliow oil.
coated with chemically deposited platinum from 0.05 M hex- This intermediate complex was used without further purifi-
achloroplatinic acid. The platinum coated counter electrode cation.

gy : A mixture of dichlorop-cymene)-4,4dinonyl-2,2-
and the dye-coated Tifilm were then put together with L .
a thin transparent film of Surlyn polymer frame (DuPont). bipyridine—ruthenium(lf) complex (255 mg, 0.36 mmol) and

The sandwiched electrodes were tightly held and then heat_4,4f-bis(carboxyvinyl)-2,2-bipyridine (106 mg, 0.36 mmol)

(130°C) applied around the Surlyn frame to seal the two " drYandargondegassed DMF (30 mL)was heatedto €50

electrodes. A thin layer of electrolyte consisting of 0.6\ fl\cl)lr-l 4Nh(';5T04(t)ge resgl;ring dallrk pdu:rp:le SOtht.ion Wats added
methyl-N-butyl imidazolium (BMII); 0.05M b: 0.1 M Lil: 4NCS (408 mg, 5.4 mmol) and the resulting mixture was

0.5M tert-butyl pyridine in 1:1 acetonitrile + valeronitrile heated to.156C for4h more. After evaporation of the DMF,
(1376 from now on) was introduced into inter electrode the resulting purple residue was suspended in water (200 mL)

space from the counter electrode side through pre-drilled a'ﬁosog'%?e’wd for dStrr]nln. _Tthe pH W?St afljugt_edﬂt]o ?.C‘;\"th
holes. The drilled holes were sealed with microscope 3 (0. ) and the mixture was let stand in the fridge

. : overnight.
cover slide and Surlyn to avoid leakage of the electrolyte .
solution y g Y The reaction flask was allowed to warm to°Z5and the

solution was filtered through a G4 sintered glass crucible by
] suction filtration. The solid was further washed with distilled
2.5. Photoelectrochemical measurements water and diethyl ether and obtained as a dark powder. Yield
_ ) (190 mg) 65%. The NMR spectra show presence&ab%
Photoelectrochemical data were measured using a 450 Ws_ponded isomers, which were reduced18% by passing
xenon light source that was focused to give 1000WAe through a Sephadex LH-20 column three times using the fol-
equivalent of one sun at air mass 1.5, at the surface of thelowing procedure.
test cell. The spectral output of the lamp was matched inthe  The crude complex was dissolved in methanol contain-
region of 350—750 nm with the aid of a Schott KG-5 sunlight  jng two equivalents of tetrabutylammonium hydroxide. The
filter so as to reduce the mismatch between the simulatedconcentrated solution was filtered through a sintered glass
tors. The applied potential and measured cell current weresing methanol as an eluent. The main band was collected
measured using a Keithley Model 2400 digital source meter. gnd the solution pH was lowered to 3 using 0.02M HNO

The Curl’ent—voltage characteristics of the cell under theseacid_ The precipitated Comp|ex was collected on a g|ass frit
conditions were determined by biasing the cell externally gng air-dried. Yield (60 mg) 32%.

and measuring the generated photocurrent. This process was 1 NMR (sy (ppm) in DMSO-@, JHz): 9.21 (d, 5, J
fully automated using Wavemetrics software. A similar data 5 9): 9.13 (s, F); 9.07 (d, H'5, J5.9); 8.98 (s, H); 8.67
acquisition system was used to control the incident photon- (s +£'): 8.52 (s, #"); 8.09 (d, H6, J5.8); 7.81 (d, H'©,
to-current conversion efficiency (IPCE) measurement. Under j 5 9): 7.66 (d, vinyl-H,J 15.94); 7.51 (d, "5, J 5.98);

full computer control, light from a 300 W Xe lamp was fo- 7 3g (d, H"5", 35.88): 7.37 (d, vinyl-2H,) 16.05); 7.14 (d,
cused through a high throughput monochromator onto the 45".6" 35 8): 7.10 (d, vinyl-H,J 15.94); 7.09 (d, &"8", J

photovoltaic cell under test. The monochromator was incre- 5 gy 2 91 (t, 2H), 2.65(t, 2H), 1.91 (m, 2H), 1.57 (m, 26H),
mented through the visible spectrum to generate the IREE ( 0.81 (t, 6H).

2.4. Dye-sensitized solar cell fabrication

curve as defined below, 13C NMR 200 MHz, (DMSO-d) § ppm: 168.07 (&);
I 168.01 (F); 159.25 (&); 158.07 (&); 157.94 (&'); 156.86
IPCEQ) = 124O<A¢>> (C2");152.75 (€); 152.01 (¢); 151.85 (¢'); 151.29 (");

153.09 (&); 152.51 (¢¥); 142.79 (¢'); 142.15 (&¢");
where is the wavelengthlsc the current at short circuit ~ 137.84 (&); 137.14 (&); 134.17 (C of NCS); 133.59 (C
(mA/c?) andg¢ is the incident radiative flux (W/R). The of NCS); 129.55 (C); 128.85 (C); 125.35 (G); 126.68
photoelectrochemical properties were investigated by mea-(C%); 125.74 (C'); 125.05 (€"); 123.81 (C); 123.78 (C);

17/

suring the current and voltage-{/) characteristics. 121.07 (€"); 120.71 (C").
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Aliphatic carbons: 38.14 (—J; 37.73 (-G'); 35.01 (-G); .

34.63 (-G); 31.63 (-G); 31.53 (-G); 30.17 (-G); 29.94
(-Cy); 29.30 (-G g); 29.19 (-G g); 29.02 (-G g); 28.92 40x10%
(—Cr g); 22.45 (-GQ); 22.39 (-G). e
= 30+
=3
4. Results and discussion o
E 20
4.1. Synthetic studies 5
% 10+
Fig. 1shows the structures of the 4Mis(carboxyvinyl)- =
2,2-bipyridine ligand as its ruthenium complex =
[Ru(IDLo(NCSy] K8, which has been reported previ- 300 00 500 600 S
ously [14] and the K9, whose synthesis is described here. () Wavelength [nm]

The ligand 4,4bis(carboxyvinyl)-2,2bipyridine is synthe-
sized in two stepfl4] and its ruthenium complexes in a one ' '
pot synthesis starting from dichlog¢ymene)ruthenium(ll)
dimer in DMF. The proton NMR spectra of the crude com-
plexes show peaks at lower field, due to linkage isomers.
Both the complexes contain the thiocyanate ligand, which
is an ambidentate ligand which can coordinate to the
ruthenium center through the —N or —S end, producing a
mixture of isomers¥85% N-bonded, an&15% S-bonded).
Several attempts to remove S-bonded linkage isomers using
re-crystallization procedure have failed. However, repeated A
purification of both complexes (three times) on a Sephadex 0.0 = 00 00 00 20 00
LH-20 column yielded significantly enriched N-bonded

isomers £97% N-bonded). The spectroscopic data of these Wavelength [nm]

complexes are consistent with structures showign 1

Absorbance [OD]

Fig. 2. (a) UV-vis absorption spectra of K8 (solid line) and K9 (dotted line)
complexes measured in DMF and (b) a portion of the UV-vis absorption
spectra of K8 (solid line) and K9 (dotted line) complexes adsorbed on to a
nanocrystalline 2um thick transparent Ti@film; a similar 2um thick TiO,

Fig. 2a show absorption spectra of the K8 and K9 com- nanocrystallinefilm_was used as blank: The data below 330 nm are not useful
plexes measured iN,N'-dimethylformamide (DMF) solu- ~ Pecause of absorption by the conducting glass.

4.2. Absorption spectra

Fig. 1. Chemical structures of K8 and K9 complexes and the numbering scheme show our tentative assignments for NMR peaks.
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tion. The K8 and K9 complexes show broad and intense
absorption bands between 370 and 570 nm, due to metal-to-
ligand charge transfer transitions (MLC[LB]. The K9 com-
plex, in DMF solution shows maxima at 534 niisid. 2a),
which is blue shifted by 22 nm compared to the K8 com-
plex (\max 556 nm)[14]. In the UV region the K9 com-
plex shows two distinct intra ligandrr’) charge trans-
fer transitions at 326 and 298 nm that are assigned to
4,4 -bis(carboxyvinyl)-2,2bipyridine and 4,4dinonyl-2,2-
bipyridine ligands, respectiveljd7]. The molar extinction
coefficient of the lowest energy MLCT band in the K9 com-
plex is 14500 Mt cm~1, which is~20% lower than the K8
complex ¢max 556 nm and: 17400 M~ cm™) due to sub- | , .
stitution of 4,4-bis(carboxyvinyl)-2,2bipyridine by 4,4- 9.0 8.5 8.0 75 7.0
dinonyl-2,2-bipyridine[14]. When the K8 and K9 complexes PPM
are _eXCIteq_ within the MLCT_ absorption ba_md a'F 298K in Fig. 3. A part of proton NMR spectra of the K8 (bottom trace) and K9 (top
an air-equilibrated DMF solution, they exhibit luminescence race) complexes in DMSOsdFor clarity the peaks in the aliphatic region
maxima at 830 and 795 nm, respectively. The blue shift of are notincluded.
the emission maxima of the K9 complex compared to the K8 ) ) o
complex is coherent with blue shifted absorption spectrum ésponding to the 28 chemically dissimilar carbon atoms. In
of the K9 complex. _the _KQ complex, two ha_lves of each bipyridine ligand are
The absorption spectra of the two complexes adsorbed” distinct magnetic environments and show 26 resonance

onto a 2um thick TiO, nanocrystalline film (photo anode peaks in the aromatic region due to four pyridyl rings and

electrode) are shown Fig. 2b. The low energy MLCT max-  Vinyl carbons. The two NCS ligands amans to two dif-
imum in the K9 complex is broad and slightly blue shifted ferent pyridyl rings; therefore, the electronic density of the

upon adsorption onto Tinanocrystalline electrode com- two NCS ligands is not equivalent and separate resonance
pared to the solution spectrum. This is due to the fact that on peéiks are observed. The peaks at 168.0%) (@d 168.01
the electrode the carboxylic acid groups bind to the;B0r- (C”) are due to the two carboxylic acid groups, which are

face by liberating protons causing an increase in the LUMO ransto NCS andransto pyridyl unit. A set of four pez%ks
levels of the anchoring ligand (ATR-FTIR data, discussed Petween 159.25 and 156.86 ppm is assigned to four C2, C2

below are consistent with dissociation of protons). The po- €2 and CZ carbons. The second set of four resonance sig-
sitions of the two MLCT bands of K8 complex adsorbed NalS between 153 and 151 is assigned to the C6, (Clé_
onto TiO, nanocrystalline film (436 and 556 nm) and in so- and C6'. The two peaks at 153.09 and 152.51, are assigned
lution are very similar because of the presence of tw6-4,4

bis(carboxyvinyl)-2,2bipyridine ligands in which all the

carboxylic acid groups are not anchored. The K8 complex

low energy MLCT maxima is red shifted by 22 nm compared

to the K9 anchored complex consistent with the solution ab- . w

sorption spectra, which is also reflected in the IPCE spectra. | i

4.3. NMR spectral data

The!H and'3C NMR spectra of K9 complex are consis-
tent with the structure shown Fig. 1, which are complicated
because of the presence of two types of 2,2-bipyridine ligands
in which all the pyridyl rings are electronically in different
environment.Fig. 3 shows a comparison of portion 6H
NMR spectra of the K8 and K9 complexes. The presence of
14 peaks, in the K9 complex which integrate for the presence V M
of 16 protons indicate that the complex is not a mixture of 1:1
homoleptic complexes. The proton coupling constantdataof —r ,
the vinyl protons 15.94 and 16.04 Hz confirm that they are in 170 160 150 140 130 120
atransconfiguration. PPM

Fig. 4 shows a c_omparlso?‘?C_NMR_ spectra of the K8 Fig. 4. A part of'3C NMR spectra of the (bottom trace) and K9 (top trace)
and K9 complexes in the arom.aF'C region betWééﬁ_O and complexes in DMSO-gl For clarity the peaks in the aliphatic region are not
120 ppm. The K9 complex exhibits 28 resonance signals cor- incjuded.
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to the C4 and C4of 4,4-bis(carboxyvinyl)-2,2bipyridine. : : : :
The peaks at 139.27 and 138.56 were assigned to C4 dnd C4  80x10° | -
of 4,4-dinonyl-2,2-bipyridine. The eight resonance peaks
between 125 and 120 ppm are due to C3 and C5 carbons and
no attempts were made to identify individual carb@b8. 60 B
The peaks at 137.84, 137.14, 129.55 and 128.85 are assigned
to the vinyl carbons, which are next to the carboxylic acid
group and to the pyridine rings, respectively. The peaks at
134.17 and 133.59 ppm are due to two NCS ligands, which
aretrans to the 4,4-bis(carboxyvinyl)-2,2bipyridine ring 20 -]
and the other one isansto 4,4-dinonyl-2,2-bipyridine, re-

spectively. Carbon-13 NMR spectra of complexes containing

40

Intensity

NCS ligands are useful to identify their mode of coordina- 0

tion. The N-coordinated thiocyanate carbon resonance peak | : 1

has been reported in number of complexes at 130-135 ppm 2700 2800 2900 3000 3100
[19]. The presence of peaks in K9 complex in 130-135 ppm Wavenumber [cm-T]

region indicate that NCS ligands are coordinated through the

nitrogen end20]. Fig. 5. A portion of the normalized ATR-FTIR spectra of the K9 complex

obtained using a solid sample (dotted line) and adsorbed omra thick
nanocrystalline Ti@ film (solid line). The intensity of the adsorbed K9
complex is 3.5 times lower than the solid sample.

There is an inequality in the electron density on the two
nonyl chains of the 2;2bipyridine, in which one isgransto
4,4 -bis(carboxyvinyl)-2,2bipyridine ring and the other is
transto NCS ligand. The heterogenity in the pyridyl rings is
due to variation in the electron donation from ligand to metal
and the back donation from metal to ligand, which is evident
up to methyl carbons of the nonyl chains. The difference in X i i )
the chemical shifts of (— attached on the 4,4ositions of Fig. 5presentsinfrared spectrain the g£sfretching mode

2,2-bipyridine is 0.41 ppm that decreases to 0.06 in 56H region of the K9 complex in the solid state and adsorbed
(—,Cg). ' ' onto a TiQ film. The position of the CH stretching band in

the region between 2849 and 2854 chprovides a qualita-

tive measure of the conformational disorder. A higher wave
4.4. FTIR spectra number of this vibrational band is known to reflect a higher
conformational disordef21]. The K9 solid sample show
broad bands at 2851, 2922 and 2948 ¢mmwhich are due

face. In both the complexes, tbéCN) at 2098 cr! and the
v(CS) at 804 cm! bands remained unchanged between the
solid and the anchored K8 and K9 complexes.

The ATR-FTIR spectra of the K9 complex show a strong

and intense absorption at 2098 chdlue to the N-coordinated ~ the Symmetric and antisymmetrigCHp) vibrations of the
u(CN). This band is approximately 2.8 times more intense alkyl chains, respectivel22,23} The K9 complex adsorbed
than the band at 804 cth, due touv(CS). The bands at ©NtO TiO, film shows bands at 2855, 2926 and 2956¢m
1698 et and 1226 cmt are assigned to the(C=0) and which are shifted to higher energy compared to the bands
u(C~0) stretching of carboxylic acid groups, respectively. observed for the solid state K9 sample, revealing a higher

The four bands at 1613, 1540, 1473 and 1420 tare due conformational disorder of thegEl1g alkyl chaing23]. In ad-

to the ring stretching modes of the ligands. The IR bands at dition to a slightincrease of disorder fogR:9 alkyl chains,
1635 and 975cm! are due to characteristig(C=C) and  Sharper peaks of the adsorbed compléig(9) indicate a

transv(C—H), respectively of 4/dbis(carboxyvinyl)-2,2 higher chainrigidity. The_ superior rigidityiwith a higher chgin

bipyridine. dlsprder suggests possible intra and/or !nte_r molec_ular mter-
The ATR-FTIR data of the K8 and the K9 complexes an- actions between thegBl1g groups, resulting in an aliphatic

chored onto 2um thick nanocrystalline Ti@films reveal the ~ chain net work on the Tisurface. This type of interac-

mode of adsorption of these dyes onto the J#rface. The tion is beru_aflual for a dye-sensitized sola_r cell where access

ATR-FTIR spectrum of the adsorbed K9 complex shows the O the oxidized redox couple for conduction band electrons

presence of carboxylate asymmetric at 1642COO a9 is reduce.d., ensuing an increase in open circuit potential for

and symmetric at 1371 cm u(~COO™s) bands, confirming ~ dye-sensitized solar cell (see Sectbf).

that the carboxylic acid protons are dissociated and involved

in the adsorption on the Tigsurface. On the other hand, the 4.5. Electrochemical data

adsorbed K8 complex on Ti¥ilms shows the presence of

carboxylic acidu(C=0) at 1706 cm?, and the carboxylate The electrochemical properties of the K9 complex were

asymmetria(—COO 59 at 1634 and symmetrig—COO ) scrutinized by cyclic voltammetry in DMF solventwith 0.1 M

at 1374 cnm! bands indicating that the four carboxylic acid tetrabutyl ammonium perchlorate using a glassy carbon elec-

groups are not involved in the adsorption on the J8Dir- trode. The K9 complex shows a couple at 0.25V versus
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500
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Fig. 6. Photocurrent action spectra obtained with the K8 (solid line) and
the K9 (dashed line) complexes attached to nanocrystalling fli@. The
incident photon to current conversion efficiency is plotted as a function of
the wavelength of the exciting light. The electrolyte composition was 0.6M
M-methyl-N-butyl imidazolium iodide, 0.05 M iodine, 0.05 M Liland 0.5M
tert-butylpyridine in a 50:50 (v/v) mixture of valeronitirile and acetonitrile.

Fct/Fc with a separation of 0.1V between anodic and ca-
thodic peak, which is due to B{l' . When scanning towards

Md.K. Nazeeruddin et al. / Coordination Chemistry Reviews 249 (2005) 1460-1467

Table 1

Performance characteristics of photovoltaic cells based on nanocrystalline
TiO3 films sensitized by K8 from 1:1 C4#CN andtert-butanol solution with
different TiO, thickness using 1376 electrolyte at one sun

TiO, layer Current Potential Fill factor Efficiency
thicknessgm)  (mAlcn?)  (mV)

8+4 16.9£0.3 665+ 30 0.73:0.05 8.20
10+4 17.40.3 645+ 20 0.74+0.05 845
12+4 18.0:0.3  640+20 0.75+:0.05 8.64
16+4 18.0+0.3 638+ 50 0.72+0.05 8.26

sun, the K9-sensitized solar cell gave a photocurrent density
of 16.5+0.5mA/cn?, 666450 mV open circuit potential
and 0.71 fill factor yielding 7.8% efficiency. The purpose of
designing the K9 complex is that structural features of the
dye should match the requirements for current rectification
in analogy to the photo-field effect in transistors, the gate for
unidirectional electron flow from the electrolyte through the
junction and into the oxide is opened by the photo-excitation
of the sensitizer. The reverse charge flow, i.e. re-capture of
the electron by the oxidized redox couple in the electrolyte
is impaired by judicious design of the sensitizer having alkyl
chains 4,4nonyl-2,2-bipyridine. The latter should form a

negative potentials two reversible waves were observed attightly packed insulating monolayer blocking the dark cur-

E1/2=-1.98 and-2.25 versus FdFc, which are assigned
to the reduction of 4/4bis(carboxyvinyl)-2,2bipyridine and
4,4-dinonyl-2,2-bipyridine, respectively. Under similar con-
ditions the K8 complex exhibits a quasi-reversible oxida-
tion and a reversible reduction potentialEt,=0.35 and
—1.83V versus F'Fc, respectively14]. The cathodic shift

in the ruthenium oxidation and the ligand reduction poten-
tials in K9 compared to K8 is due to the presence of-4,4
dinonyl-2,2-bipyridine, which is a stronger donor than the
4,4 -bis(carboxyvinyl)-2,2bipyridine.

4.6. Photovoltaic data

The photocurrent action spectra of the K8 and K9 sensi-

tizers obtained with the sandwich cell, under illumination,
are shown irFig. 6. The spectra of incident monochromatic

rent. The increase of 26 mV open circuit potential in K9
(666 mV) compared to the K8 (640 mV) sensitizer clearly
reflects this point.

From the photovoltaic data it is apparent that the signif-
icant effect asserted by the ligands containing an extended
conjugation exhibit enhanced spectral response. The excel-
lent efficiency of the K8 dye-sensitized solar cell of thin 7iO
films results from its strong optical light absorbance across
the visible spectrum and superior response in the red region.
Table 1lillustrates the correlation between Ti@lectrodes
thickness and performance characteristics obtained using the
K8 sensitizer with the 1376 electrolyte. The table shows that
doubling the TiQ thickness resulted only in a 6% increase in
the short circuit current revealing the advantages of dyes hav-
ing high molar extinction coefficient. It is striking to note that
the insertion of the vinyl moiety in the binding ligand does not

photon-to-current conversion efficiency (IPCE), plotted as a reduce the electronic coupling between the dye cation and the

function of excitation wavelength show in the plateau region
77% for the K8 sensitizer. Strikingly, the incident monochro-
matic photon-to-current conversion efficiency is 66% even

at 700 nm. From the overlap integral of this curve one mea-

sures a short circuit photocurrent density of 18.1 mA/cim

TiO, electrode, consistent with the unsaturated nature of this
moiety. Further improvement in the efficiency of the K8 and
the K9 sensitizers is possible by optimizing the number of
protons, dye deposition solvent and electrolyte composition.
The work directed towards this goal is in progress.

agreement with this measurement, under a standard global air

mass 1.5 solar condition, the cell gave a photocurrent density

of 18-+ 0.5 mA/cnt, 640+ 50 mV open circuit potential and
0.75 fill factor yielding 8.64% efficiencjl4].
The K9-sensitized solar cell showed 73% incident photon-

5. Conclusions

We have successfully tuned the HOMO and the LUMO

to-current conversion efficiency at the plateau region and only levels of the ruthenium sensitizer that show an enhanced spec-
54% efficiency at 700 nm. The IPCE data of the K8 complex tral response and an increased molar extinction coefficient
show an enhanced red response compared to the K9 complexyielding a close to 8.7% efficient cell. Our goal of reducing
which is consistent with the absorption spectra of these two transport losses in the nanoporous environment by increas-
sensitizers in solution and anchored on Fifdms. At one ing the optical extinction coefficient of sensitizers, so that dye
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solar cells could be made thinner and thus more efficient, is [7] J. He, G. Benko, F. Korodi, T. Polivka, R. Lomoth, Bkermark,
demonstrated. To our knowledge this class of sensitizers is L. Sun, A. Hagfeldt, V. Sundstrom, J. Am. Chem. Soc. 124 (2002)
novel and opens the way to design more efficient panchro- __ 4922.

. " - o : 8] M.K. N ddin, A. Kay, . Rodicio, R. Humphry-Baker, E.
matic sensitizers that absorb all the visible light including (8] Muller zzi?srﬁa ',3 VIach?r;oqus OM'C'(gtzel 3 ﬂ]p (r:yher?] esroc

in the near IR region by further modification of the ligand 115 (1993) 6382.
architecture, which will improve notably power conversion [9] M. Yanagida, T. Yamaguchi, M. Kurashige, K. Hara, R. Katoh, H.
efficiencies of dye-sensitized solar cell. Sugihara, H. Arakawa, Inorg. Chem. 42 (2003) 7921.

[10] G. Saue, M.E. Cass, S.J. Doig, |. Lauermann, K. Pomykal, N.S.
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