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Abstract

The influence of quinoline additives in a3~ redox electrolyte solution on the performance of a bis(tetra-butylammonigHwis(thio-
cyanato)bis(2,2bipyridine-4-carboxylic acid, 4carboxylate)ruthenium(ll) (N719) dye-sensitized Fisblar cell was studied. THeV
characteristics were measured for the cells with 20 types of quinoline derivatives. All of the quinoline additives enhanced the open-circuit
photovoltage Voc) and fill factor (ff), but reduced the short circuit photocurrent densigy) Of the solar cell. Most of the quinolines also
improved the solar energy conversion efficiengy The physical and chemical properties of the quinolines were computationally calculated
in order to elucidate the reasons for the additive effects on the cell performance. The greater the lowest partial charge of the atoms in the
quinoline derivatives, namely nitrogen, the larger¥ag but the smaller thés; values. As the dipole moment of the quinoline derivatives
increased, th¥, value increased, but thlg; value decreased. Th& of the cell also increased as the ionization energy of the quinolines
decreased. These results suggest that the electron donicity of the quinoline additives affected the interaction with the nanocrystalline TiO
photoelectrode, the I3~ electrolyte, and the acetonitrile solvent, which changed the Ru(ll)-dye-sensitized solar cell performance.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Many benzopyridines and condensed pyridines are known
and these have similar electronic structujel]. However,
Dye sensitized solar cells have been very intensively stud-these compounds have yet to be adoped as additives to the
ied [1-8] due to its importance as a new energy resource. A electrolyte solution for dye-sensitized solar cells. It might

typical solar cell consists of nanocrystalline Biflm elec- be possible to determine other pyridine additives that im-
trodes covered with a monolayer of a sensitizing dye such prove solar cell performance. In the present paper, we report
as Ru(ll) complex (N719), a redox electrolyte like/li3~ results for quinolines or benzgpyridines examined in an

and a counter electrode such as Pt. One method for improv-1~/I3~ electrolyte and an in an~fl3~ electrolyte and an
ing the solar cell performance is to add organic compounds acetonitrile electrolytic solution on solar cell performance.
to the electrolyte solution. For example, Kang et al. found Twenty types of quinoline derivatives such as aminoquino-

that carboxylic acid such as acetic acid iIg~ acetoni- line, alkylquinoline, and alkoxyquinoline were adopted. The
trile solution enhanced thds; but reduced thé&/yc value chemical and physical properties of the quinoline additives
[8]. Frank and coworkers conducted a study on afig were also evaluated using molecular orbital calculations and

electrolyte with ammonia and pyridine derivatives such as compared to dye-sensitized solar cell performance.
4-t-butylpyridine as additives in acetonitrile. They reported
that these additives drastically enhanced bothMfieandn
[3,4] and suggested that the enhan&gd by the NH; and

pyridine derivatives was due to the donating properties of 5 1 TiO, photoelectrode preparation and Ru(ll)
the nitrogen lone paif3,4,9,10]

2. Experimental

dye-coating
* Corresponding author. Tek:81-29-861-4643: fax:-81-29-861-6771. Titanium(lV) isopropoxide (Kanto Chemical Co.) was
E-mail address: h.kusama@aist.go.jp (H. Kusama). rapidly added to an aqueous HhN@Wako Pure Chem-
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ical Industries Ltd.) solution and then stirred for 12h at 2.3. Computational details
323 K. The colloid was filtered and hydrothermally treated
for 12h in a titanium autoclave at 503K. The resultant  The computational chemical calculations were performed
colloidal suspensions were ultrafiltered. The dispersion using the CAChe WorkSystem Version 5.04 from Fujitsu
medium was transferred from water to ethanol (Wako Pure Ltd. (Tokyo) implemented on a Windows XP system. The
Chemical Industries Ltd.) and filtered again. The colloid geometries of the quinoline derivatives were optimized
was thoroughly dispersed using a high-speed homoge-by a MOPAC (Molecular Orbital Package, PM5) applica-
nizer by adding ethyl cellulose (Fluka) as a binder and tion.
a-terpineol (Wako Pure Chemical Industries Ltd.) as a
solvent for the TiQ paste, which was concentrated by an
evaporator. 3. Results

The TiQ, paste was deposited onto fluorine-doped stannic
oxide conducting glass (FTO, f&cm?, Nippon Sheet Glass
Co.) using a screen-printing technique. The resulting layer
was calcined for 2h at 798K in an airflow of 1.5 dmin.
This process was repeated three times. The thickness of the
resulting film measured approximately L& with a Ten-
cor Alpha-Step 500 surface profiler. The pi@lectrode
was impregnated with a 0.05 mol/dnTiCls aqueous so-
lution (Fluka) in a water-saturated desiccator for 0.5h at
343 K. The electrode was washed with distilled water and
then calcined at 723K for 1 h in an airflow of 1.5 &tmin.
The electrode was cooled to 448 K and immediately soaked
in a N719 (Solaronix, SA) dye solution. The dye was ad-
sorbed onto the Ti@ surface by soaking the TiOelec-
trode in at-butanol/acetonitrile (Wako Pure Chemical In-

dustries Ltd., 1:1) solution of the dye (concentrationx 3 the electrolyte, which is very similar to the maximuwg
10~*mol/dn?) for 150 h at 293 K. The photoelectrode was yee, W Y . . c
value of 0.9V using a cell that consists of a piPhoto-

washed, dried, and immediately used to measure solar Ce"electrode and/l5~ redox systenf7,12]. Conversely, the

performance. Jsc values for the cells with quinolines were less than the
cell without an additive. Using 4-amino-2-methylquinoline
drastically reduced thdsc value. Monosubstituted quino-
line derivatives displayed higheg than disubstituted and
trisubstituted ones. Among the tested quinoline derivatives,

3.1. Solar cell performance using quinoline derivatives
as additives

The 1-V measurements were performed on the elec-
trolyte with various quinoline additivedzig. 1 illustrates
the structures of quinolines useHig. 2 shows the solar
cell performances when illuminating with 100 mW/&m
and an additive concentration of 0.5molfimTrhe Vo
values for all cells containing quinolines were higher than
the cell without an additive. Halogen substituents such
as 6-bromoquinoline did not enhance tfig. as much as
other substituents such as amino, alkyl and alkoxy groups.
Among the tested additives, the highagf,, 0.89V, was
observed when 4-amino-2-methylquinoline was added to

2.2. Photovoltaic characterization

A sandwich-type electrochemical cell, which was com-
pqsed of a dy(_a coated Tielectrode, a 2pm thick Lu 4-amino-2-methylquinoline displayed the lowe%t, but
mirror spacer film, and a counter electrode was used for the

he largesioc.
photocurrent measurements. The counter electrode was a Pt _. . L
Fig. 2 also represents the influences of the quinoline ad-

sputtered FTO conducting glass. The electrolytic solution ditives in the electrolytic solution on the ff amdof the cell.

g?)iygorr(nﬁs(:asielgo;;f/ooésoml?tltlj&r\?\;aligePSfelznglr:g?niigﬁlltr:\(ljis- All of quinolines enhanced the ff of the solar cell. The trend

tries Ltd.), 0.6 mol/drd 1,2-dimethyl-3-propylimidazolium ~ ©' 1T Was very similar to theVoc. The highest and lowest ff

iodide, 0.1mol/drd Lil, 0.05mol/dn? 1, and acetoni- values were opserved when 4—am|no-2-'njethquumol'|ne and

trile (,Tomi ama Puré Chemical Industries Ltd.) as 6-bromoquinoline were used as the additive, respectively. In
y ' general, adding quinolines improved thealue. Among the

the solvent. The electrolyte solution was injected into L L : S
. : tested quinoline derivatives, 2,4-dimethylquinoline resulted
the space between the two electrodes using a micro-. ;
in the highest, 7.5%.

syringe.

The dye-coated semiconductor film was illuminated
through a conducting glass support. The solar-electric 3.2. Computational calculations
energy conversion efficiency was measured under simu-
lated AM 1.5 solar light (Wacom Co., WXS-80C-3) at As described above, the tested quinoline additives dras-
100mW/cn? intensity. The photocurrent, photovoltage tically changed the dye-sensitized solar cell performance.
and |-V curves were measured using a digital source me- Dye desorption was not observed after th& measure-
ter (Keithley Model 2400) and a data acquisition system ments from the nanocrystalline TiQphotoelectrode into
(Eiko Seiki Co.). The apparent cell area of nanocrys- the electrolyte solution when the quinoline additives were
talline TiO, photoelectrode was 0.25ém(0.5cm x present. Thus, it was determined that the varying effects
0.5cm). on the solar cell performance were due to the properties
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Fig. 1. The structures of the quinoline additives tested.

of the quinolines and not to variations in the amount of was more negative than that in the amino group except for
adsorbed N719 dye on the Ti(photoelectrode. There-  3-aminoquinoline, 5-aminoquinoline, 6-aminoquinoline and
fore, the physical and chemical properties of the quino- 6-amino-2-methylquinolineFig. 3 depicts the correlation
line derivatives were computationally calculated in order between the/oc and the lowest partial charge of the atoms
to investigate the reasons for the observed influences ofin the quinolines derivatives in acetonitrile. The larger the
the quinoline additives on the cell performance. Vari- lowest partial charge of the atoms, the more Yhg was
ous correlations between the properties of the quinolines enhancedFig. 4 shows the correlation between thg of
and solar cell performance such &&; and Jsc were the cell and the lowest partial charge of the atoms in the
found. quinolines. Unlike, thé/yc trend, the greater lowest partial
The partial charges of the atoms in the quinoline and sub- charge, the more thé value was reduced.
stituted groups were calculated at the PM5 level using the The dipole moment and ionization energy of the quinoline
MOPAC system available in the CAChe package. Due to the derivatives were also calculated at the PM5 level using the
lone pair electrons, the nitrogen atoms were lower than the MOPAC system available in the CAChe packa§ég. 5
other atoms such as carbon, oxygen and hydrogen. In additepresents the correlation between ¥g value and the
tion, the partial charge of the N atom in the quinoline group calculated dipole moment of the quinoline derivatives. As the
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Fig. 2. The influence of the quinoline additives in the electrolytic solution on the solar cell performance for a N719 dye-sensitizedlafi©ell.
Conditions: electrolyte, 0.5 mol/dhadditive+ 0.6 mol/dn? 1,2-dimethyl-3-propylimidazolium iodide 0.1 mol/dn? Lil +0.05 mol/dn? |, in acetonitrile;
light intensity, 100 mW/crf, AM 1.5.
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Fig. 3. The correlation between th&. of the cell and the lowest partial charge of the atoms in the quinolines in acetonitrile.

dipole moment increased, the value\@f increasedFig. 6
illustrates the correlation between thg of the cell and the
dipole moment of the quinolines. Thig. value decreased
as the dipole moments of the quinolines increased.

Fig. 7 shows the correlation between thfg. of the cell
and the calculated ionization energy of the quinolines in ace-
tonitrile at the PM5 level using the MOPAC system available
in the CAChe package. The results indicate that the lower
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Fig. 4. The correlation between tlg; of the cell and the lowest partial
charge of the atoms in the quinolines in acetonitrile.

ionization energy of the quinoline derivatives, the larges
of the cell.
4. Discussion

The quinoline additives in the I3~ electrolytic solution
influenced Ru(ll)-dye-sensitized nanocrystalline Ti€dlar
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Fig. 6. The correlation between tlig; of the cell and the dipole moment
of the quinolines.

cell performance and in particular, thg: and Jsc values
were drastically altered~{g. 2). All of the cells with quino-
line derivatives, displayed larg®&f,c values, but smalledse
values compared to the cell without an additive. Why did the
quinolines enhanc¥,. and reducdsc? Gratzel and cowork-
ers hypothesized that the adsorption of the additive onto
the free area of the TiPphotoelectrode exposed to redox
electrolyte suppressed the dark current arising from ghe |
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Fig. 5. The correlation between thg of the cell and the dipole moment of the quinolines.
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Fig. 7. The correlation between thég of the cell and the ionization energy of the quinolines in acetonitrile.

reduction by the conduction band electrons at the semicon-

ductor electrolyte junctiof2]:

2ap (TiOp) + 1~ 02 3~ (1)
For regenerative photoelectrochemical systems:
kT Iinj )
Voc=|—|)In| ———— 2
. (e) (ncbket[ls—] @

wherek andT are the Boltzmann constant and the absolute
temperature, respectivellyy; is the charge flux that results
from the sensitizing dye injecting an electron ang is the
concentration of electrons at the Ti@urface, whileke is the
rate constant for the reduction af1 by the conduction band
electrons. Thus, th¥,: increases ake; decreasefl3,14]

More recently, Kim and coworkers proposed that the in-
fluence of the additives oWy and Jsc was due to raise
the flatband potentiaMgg) of the TiO, photoelectrod¢8].
Absorbing additives in the electrolytic solution on the 7iO
surface may raise the flatband potentitg) of the TiO,
electrodd15]. Under Fermi level pinning, these two param-
eters are linked by:

Voc = |VFB — Vied! (3)

where Vgq is the standard reduction potential of a redox
coupling. According to the literatuf@6], the change iV;eq
was negligible when pyridines were added in acetonitrile.
Consequently, if/;eg remains constant upon the addition of
an additive, then a negative shift \fig by adsorbing addi-
tives on the TiQ surface should increase thMg.. Raising
the Vg would also cause a negative shift in the conduction
band edge of TiQ, which would decrease the electron in-
jection rate from the exiting dye and explain the reduction
in the Jsc upon adding additives.

Either way, the key factor is the adsorption of additives
onto the TiQ surface. It was reported that the surface of

nanocrystalline TiQ photoelectrode was positively charged
(Ti*+) due to their Lewis acidity2,7,17—20] Accordingly,

the atoms bearing the lowest partial charge in the compounds
could be preferential points for their adsorption on JiO
surface[20-22] In fact, as the lowest partial charge in the
atoms of quinoline derivatives (nitrogen) increasegk in-
creasedKig. 3), but theJsc decreasedHig. 4). The greater

the negative charge of the N atom in the quinoline deriva-
tives, the easier and more often the quinolines can adsorb
onto the Lewis acid sites of the free areas of thesTélec-
trode, which would increase th&¢ and decrease thk., as
explained by the above mechanisms.

The other results support this hypothesiig. Sillustrates
the correlation between thé,. of the cell and the calcu-
lated dipole moment of the quinoline derivatives. TWg
value increased as the dipole moment of the additives in-
creased. The larger the dipole, the easier and more often the
quinolines can adsorb on the TiGurface since the adsorp-
tion energy become more negati3,24], which results in
a largerVyc and a lowerJsc.

The other effect on th&y. is explained by the electron
donicity of the quinoline additives. As representedFig. 7,
theVyc value increased as the ionization energy of the quino-
line derivatives decreased. Quinolines react with iodine in
the solvent to form charge-transfer complexes between the
N and | atomg25-28] The chemical reactions are written
as:

quinolines+ 13~ = quinolinesh + 1~

(4)

This reaction decreases thg~| concentration, but in-
creases the™ concentration, which raises the hole collec-
tion by I~ [9,29] and enhances thé,. of the cell. A lower
I3~ concentration may also slow the reaction between the
injected electrons andgT, which would increase the elec-
tron concentration in the TiOfilm and improve theVyc
[10,13] The theory of intermolecular charge-transfer com-
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plexes is explained by the interaction between the HOMO
of the donors (quinolines) with the LUMO of the acceptors
(iodine). The greater the overlap and/or the smaller energy
difference of the donor HOMO and the acceptor LUMO, the
greater the stabilization energy) and the greater the ex-
tent of mixing, which causes a greater charge transfer from
the donor to the acceptor. Therefore, it is easier to form a
charge-transfer complex when the ionization energy of the
donor is small and the electron affinity of acceptor is large
[30]. Thus, the lower the ionization energy of the quino-
line derivatives, the more efficiently the holes are collected
and/or the electron concentration in the Fighotoelectrode
is increased, which enhances g value.

Molecular orbital calculations also explain the other ef-
fects on thelse. As illustrated inFig. 6, theJsc value reduced
as the calculated dipole moment of the quinoline derivatives
increased. This correlation is consistent with the previously

proposed idea. The more the additive dipole moment screens

the acetonitrile dipoles (calculated to be 3.4 D), the smaller
the dielectric constant of the electrolyte solut[8h—34]and

the lower the dielectric constant, the smaller dgevalue of

the cell[12,35]

Therefore, the reason that quinoline additives significantly
influenced the Ru(ll)-dye-sensitized nanocrystalline 2TiO
solar cell performance was due to the interaction of the ad-
ditives with the photoelectrode, redox electrolyte, and elec-
trolyte solvent, which all relate to the electron donating prop-
erties of the quinolines.

5. Conclusion

The influence of 20 different quinoline additives on the
performance of a Ru(ll) complex dye-sensitized nanocrys-
talline TiO, solar cell was investigated for an/lz3~ re-
dox electrolyte in acetonitrile. Typically, adding quinoline
derivatives reduced théy. of the solar cell, but enhanced
the Vg, ff and 5. As the lowest partial charge of the atoms
in the quinolines increased, thg: was enhanced, but the
Jsc value was reduced. The greater the dipole moment of
quinolines, the higher th¥,c but the lower thels. value.
Moreover, as the ionization energy of the quinoline deriva-
tives was reduced, thé,c value was enhanced. These corre-
lations suggest that the electron donicity of quinoline addi-
tives influenced the interaction with the photoelectrode, the
redox electrolyte, and solvent, which caused the changes in
solar cell performance.
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