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Conjugated organic dyes for dye-sensitized solar cells

L Giribabu™*, M Chandrasckheranm®. M Lakshmi Kantham®, V Gopal Reddy", D Satyanarayana”, O S Rao" &
P Yella Reddy"
‘Nunomaterials Laboritory, Inorganic & Physical Chenistry Division, Indiun Institute of Chemical Technology
Hyderabad 500 007, India
"Aisin Cosmos R&D Company, 8.No, 8. Block D, HUDA Complex. Tarnaka, Hyderabad 500 007, India
Emuil: girtbubu 1@ yvahoo.com

Received 19 September 2005, aceepted 8 Junuary 2006

A new metal-free sensitizer 2-]3-(4-dimethy limino-phenyl)-allylidene]-malonic acid (2) has been synthesized by the
condensation of N.N"-dimethylaminocinnaldehyde and malonic acid. This dye has two carboxyl groups on the same carbon
atom, which act as better electron withdrawing groups in addition to providing eftective anchoring (o (itantum dioxide. The
new dye has charactericed by UV-Vis, '"H NMR and CHN analysis. Dye-sensitized nanocrystalline-titanium dioxide-
semiconductor solar cells (DSSC) have been tested in a stable and durable redox electrolyte. The efficiency of dye is as high

us 1389 The dye molecule is thermally stable up o 100°C,

1PC Caode : COUB ; HOTL.31/00

In the last  decade. interest in  dye-sensitized
nanocrystalline-titaniuet dioxide-semiconductor solar
cells (DSSCs) as non-conventional solar cells has
increased  due 1o their  high  performance  and
possibility of their Tow-cost production. Gratzel and
co-workers' have first reported that DSSCs based
on a  nanoerystalline-TiO- film and  Ru-
complex  photosensitizers,  e.g. Rul-(NCS),
complex, cis-dithiocyunato  bis(4.4"-dicarboxy-2.2'-
bipyridine)ruthenium(Il)  (the  N719  dye) and
RuL/(NCS) complex. trithiocyanato 4,44 “tricaboxy-
2,262 terpyridine ruthenium(ll) (the black dye),
produced  solar-energy-to-electricity  conversion
efficiencies (M) up to 1% under AM 1.5 irradiation’.
The  development ol efficient  Ru-complex
photosensitizers is one factor in achieving highly
efficient solar-cell performuance. However. Ru dyes
are very expensive owing 1o the rarity of the metal. As
Ru dyes are exclusive, metal-lree sensitizers such as
synthetic organic dyes and natural dyes are important
tor DSSCs applications. Metal-free sensitizers. such
as organic dyes”. porphyrin dyes’, phthalocyanine
dyes’ and natural dyes’ have been studied and
developed. These metual-free sensitizers belong o
typical D-m-A structures with both electron donor (D)
and electron acceptor (A) hinked by a m-conjugation
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bridge, which can effectively produce a charge-
separation  excited  state  upon  photoinduced
intramolecular charge transfer (ICT). The ICT process
in D-m-A structures strongly depends on the electron-
donating ability of D. electron-withdrawing ability of
A, as well as the electronic churacteristics ol the ©
bridge. These metal-free sensitizers are easy (o
synthesize, purily and also have high molar extinction
coellicients.

The schematic representation of a DSSC 1s shown
in Fig. 1. Briefly, the working phenomenon of DSSCs
is the photoexcitation of a photosensitizer, followed
by an electron transfer from an excited photosensitizer
to the conduction band of TiO- in the ultrafast tme
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Fig. | — Cartoon ot the make-up of the dye sensitized solar cell
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scale. The oxidized form of the dye is restored by un
electron donation from the electrolyte, vsually an
organic solvent containing redox system, such as the
indide/triiodide couple. The most favoured organic
solvents used in the redox electrolyte are either
acctonitrile or methoxy propionitrile. Among several
factors which govern the 1 of DSSCs, the durability
of redox electrolyte plays an important role. As these
organic solvents are highly volatile, low viscous and
leading to leakage of electrolyte and less durability, it
is necessary to use high-boiling and high-viscous
solvents so as 1o improve the durability. It has been
widely reported that the change of  electrolytic
solvent will influence 1). The dye molecule 2-cyano-5-
(4-dimethylumino-phenyli-penta-2.4-dienoic acid (1)
shows 11 5.5% in the electrolytic system 0.6 M 1,2-
dimethyl-3-n-propylimidazolium iodide (DMPIml) /
0.1 mL Lil-0.05 M 15 solution in methoxy pripionitrile
(MAN) and with 0.6 M 1er-butyl pyridine (TBP)™. It
has been reported that the TBP provides increased cell
voltage and efficiency 1) and at the same time the
durability of the cell was reduced due to the reactivity
of TBP with dye molecule™. In order to make
durable DSSCs, it is necessury o avoid TBP
and also use as high boiling oreanic solvents. The
present DSSC based on a new organic dye 2.
has two carboxyl groups on same carbon atoms
providing better anchoring group than dye 1. Both
dyes 1 and 2 were studied in a stable redox clectrolyte
0.1 M L. 0.6 M 1.2-dimethyl-3-n-propylimidazolium
indide (DMPImI) and 0.5 M -
methylbenzimidazolium — odide  (NMBI)  in 0 y-
butyrolactone (AHI). which has high boiling point
and more durable.
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Materials and Methods

Optically transparent conducting glass (CTO glass.
fluorine-doped SnO; overlayer, transmission > 83% in
the visible, sheet resistance 10 Q/cm’) was obtained
from ASAHI, Japan. Titanium tetraisopropoxide, 4-
dimethylauminocinnamaldehyde, malonic acid and
cyanoacetic acid were procured from Acros Chemi-
cals. TiO; nanoparticles and an orgamc TiO, paste
were supplied by AISIN SEIKI, Japan. All other sol-
vents and chemicals used in this work were of reagent
grade (S.D. Fine Chemicals, India) and used without
further purification.

UV-vis spectra were measured with Shimadzu
model 1700 spectrophotometer. The concentration of
the compounds was maintained at 0.1 » 10" M. 'H
NMR spectra were recorded on a Bruker NR-300 AF-
FT NMR,

Preparation of DSSC test cells
Preparation of nanoerystalline TiQ; thin films

TiO: photoelectrode (area: ca. 0.5 ¢ % 0.9 ¢m)
was prepared by screen-printing. TiO. nanoparticles
and an organic TiOs paste for screen-printing were
prepared by methods reported by Gratzel and co-
workers”. The TiOx paste consisted of the TiO» nano-
particles, large TiOy particles (average diameter 19
nm). The TiO, paste was printed on a glass substrate
coated with trunsparent conducting oxide (F-doped
Sn0),) und subsequently sintered at 450°C 1 air for 30
min. Thickness of the TiO, thin films, measured by
Scanning Electron Microscopy was ca. 6 um. The dye
was dissolved in ethanol at a concentration of 0.1 =
10 M. The TiO, thin films were soaked in the dye
solution and then kept at room temperature for 13 h so
that the dye was adsorbed onto TiOs films. The dye
coating was done immediutely after the high tem-
perature annealing in order to avoid rehydration of the
TiO, surface or capillary condensation ol water vi-
pors from ambient wir inside the nanopores of the
film. The presence ol water in the pores decreases the
injection efficiency of the dye. The electrode was
dipped into the dye solution while it was still hot, i.e.
its temperature was ca. 80°C. After completion of the
dye adsorption. the photo electrode was withdrawn
from the solution and washed thoroughly with ethanol
to remove non-adsorbed dye under a stream of dry wir
or argon.

Fabrication of test cell
The electrochemical cell (two-clectrode type) used
for photovoltaic measurements consisted of o dye-
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Fig. 2 — Transmittance spectra in UV-Vis region of the dyes ()
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Fig. 3 — Specua ol monochromate inedent-photon-to-current
conversion elficiencies (IPCEs)  for DSSCs  hased  on the
conjugated dyes: () L () 2. The electrolyre was a solution
ol O 0 M 1 0.9 M DMPImI ad 0.3 M NMBI in y-butyroluctone,

sensitized semiconductor clectrode, o counter elec-
trode, a polyethylene filim spacer (100 i thick), and
an organic electrolyte. The counter electrode was o Pt
film on a TCO-coated glass plate by means of spin
couating technique. The active surface wren of the 110,
film electrode was ca. 0.45 ¢m” (0.5 em x 0.9 ¢m).
The electrolyte was a 0.1 M 1., 0.6 M 1, 2-dimethyl-3-
n-propylimidazolium iodide (DMPIml) and 0.5 M n-
methylbenzimidazolium  iodide  (NMBIl)  in y-
butyrolactone (AHL). The electrolyte was introduced
into the cell by pre-drilled whole of the counter clec-
trode and later closed by cover glass, The photovol-
taic performance of the solar cells was measured with
asource meter (Keithley 2000). We employed an AM
1.5 solar simulator (home built) as the light source.
The incident light intensity was culibrated by using a
stundard test cell of polyerystalline silicon solar cell

obtained from Solarinox. Action spectra of the mono-
chromatic IPCE for the solar cell were measured with
the solar simulator (home built).

Synthesis of 2-cyano-5-(4-dimethlyamino-phenyl)-
penta-2.4-dienoic acid (1) was done according to the
reported procedure™.

Syuthesiy of 2-[3-(4-dimethylamino-phenyl)-allylidene |-malonic
acid (2)

An acetonitrile  solution  of  4-dimethylamino-
cinnamaldehyde (2.5 g) and malonic acid (1.8 g) was
refluxed in the presence of piperidine (0.5 mL) for
4 h. The solvent was evaporated under reduced pres-
sure. The obtained solid material was subjected to
silica gel column and was eluted with chloroform.
The front running orange colour band was collected
and solvent was evaporated (Yield: 80%). Melting
point (m.pt.) 230-233. 'H NMR (CDCl.): & 3.40 (6H,
). 0.75 (2H. d). 7.15 (1H. dd), 7.55 (1H. d), 8.05 (1H.
d). Anal, Caled for CyHisNOy: C, 64.36; H, 5.79: N,
5.36: 0, 24.49. Found: C, 64.27: H, 5.85: N. 5.39: O,
24.52. UV-Vis spectrum in ethanol [Ag.., nm (10 €,
mol " Lem ] 416 (4.11).

Results and Discussion

Compound 1 was synthesized as reported™. Com-
pound 2 was synthesized by condensation of 4-
dimethylaminocinnamaldehyde and malonie acid in
acetonitrile solvent. The compound was purified by
silica gel column chromatography with chloroform as
eluent and charucterized by UV-Vis, 'H NMR und
CHN analysis. The dve 2 has two carboxyl groups
that are better anchoring group than in the previous
dye 1. The two-carboxyl zroups in dye 2 are better
clectron withdrawing aroups than the cyano and car-
hoxyl groups in dye 1 and expecting enhanced per-
formance of dye 2 in DSSC. The absorption spectra of
dyes 1 and 2 were measured in ethanol solvent und
Ay OF dyes 1 and 2 were found at 420 and 422 nm.
respectively. The transmittance spectrum of UV-Vis
region of dyes 1 and 2 s shown in Fig, 2. Both dyes
have 70% trunsmittance, which anticipates a brouder
spectral response and fine performance of these dyes
in DSSCs.

The photocurrent action specirum ol DSSCs com-
posed of nanoersystalline TiO,, a dye photosensitizer.
and redox electrolyte (A1) is shown in Fig. 3, where
the photon-to-current conversion efficiency (IPCE) is
plotted as a function of wavelength. The photore-
sponse of thin films extends up to 600 nm. The [PCE
is represented by the following equation:

=4
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Table | — Photovoltaic performance of DSSCs based on different
dyes”

Dye Jse ) ‘e Fill factor n
[mA cm ] V] un | %
| 284 (.64 .73 1.33
2 2.90 1).64 (.74 1.38
N719 (.50 (.78 n.72 3.66

‘Conditions; irradiated light AM 1.5 (1000 W m*); photoelec-
trode: TiO; (6 um thickness and 0.5 cm x 0.9 cm); electrolyte:
0.1 M 1,09 M 1 2-dimethyl-3-p-propylimiduzolium iodide/0,.5 M
methylbenzimidazolium iodide in y-butyrolactone.
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Fig. 4 — Photocurrent-voltage curves (a) dye 1 (—) AM L5,
(—=) dark, and (b) dve 2 (— ) AM 1.5, (---=) dark, Conditions us
in Table 1.
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where Js¢ is the short-circuit photocurrent density for
monochromatic irradiation and A and ¢ are the wave-
length and the intensity, respectively, of the mono-
chromatic light. Both the organic dyes 1 and 2 have
maximum [PCEs values of 38% at around 420 nm.

The photovoltaic performance of DSSCs based on
1 and 2 under AM 1.5 irradiation (1000 W m™) are
shown in Table 1. The solar energy-to-clectricity con-
version efficiency, 7, under white-light irradiation
(e.e. AM 1.5) can be obtained from the following
equation.

J o [mAem =] mlleﬂ
I, IWM

N [%] = x100 e (D)

where I, is the photon flux (¢.g., 1000 W m™ for AM
1.5). Js¢ is the short-circuit phntocum.nt density un-
der irradiation, Vi is the open-circuit voltage, and ff
represents the fill factor. The fill factor is defined by:

J %V

PH (max ) I'H (1ax )

= sova {3
jj J xvnt I )

where Jppimays 4nd Vg @re the photocurrent and
photovoltage for maximum power output and Jye and
Ve are the short-circuit photocurrent density and
open-circuit photovoltage. The photovoltaic pertorm-
ance data of dyes 1, 2 along with the standard N719
dye are given in Table 1. Fig. 4 shows the photocur-
rent-voltage characteristics obtained with a DSSC
under illumination of simulated AMI1.5 solar light.
The I-V curves in Fig. 4 refer 10 the two respective
dye-coated TiO, lilms, and related parameters uare
listed in Table 1. The maximum v, 1.38%, was
achieved under AM 1.5 irradiation with a DSSC
buased on dye 2 (Jye = 2.9 mA ¢m A Ve =004V, [f=
0.74). Under similar conditions, N719 has shown the
n of 3.5 - 3.7%’. These results strongly indicate that
the application of these metal free sensitizers n
DSSCs is promising.

[t is clear that dye 2 has better performance than
dye 1. This is because the two carboxy! groups in dye
2 not only act as electron withdrawing groups. but
also provide better anchoring groups to nanocrystui-
line TiO,", The binding mode of dyes 1 and 2 has
shown in Fig. 5. Hence, the dye 2 has more sites to
bind TiO> and more eleciron withdrawing nature and
can inject the excited electron inte the conduciion
band of TiOs efficiently.
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Fig. 6 — Schematic energy diagram for a DSSC based on dye 2 a
nanoerystalline TiOw electrade.

Fig. 6 shows a typical energy diagram for a DSSC
hased on a nanocrystalline-TiO, electrode, dye 2 as
the photosensitizer. and the /1" redox electrolyte.
The HOMO and LUMO levels of the dye correspond
to the Eox (1.0 V versus NHE) and Eox-Egq (1.1 V
versus NHE) levels of the dye. However. the energy
levels of the free dye might differ from the levels for
the adsorbed dye.

The adsorbed dye first absorbs the mcident photon
flux and is then excited from the ground state o the
excited state owing to the intramolecular T-n* transi-
tion. The excited electron in femitosecon lifetime can
inject into the conduction band of TiOQ, and dye gets
oxidized”. The oxidized dye must accept clectrons
from the I redox mediator, regenerating the ground
state of the dye. The reduction of the N3 dye cations
by I 1s reported to occur within 100 ns, which is elec-
trons and the N3 dye cations'. In addition, when the
energetic driving force for re-reduction of the dye.
which is estimated from the difference in the oxidu-
tion potentials of the dye and 1 jons. is sufficiently
large and the reaction yield is near 100%'', Tuking
into consideration these points, re-reduction of the
dye cations by 1 must occur elfectively, just as in the
N3 dye systen.

The dyes N719 and 1 have achieved 1 of 11 and
3.5 G respectively. with iodide/triiodide redoxs couple

in acetonitrile solvent. The DSSC with photosensitizer

I. TBP and co-adsorbate chenodeoxycholic acid was
used in order 1o get 1) ol 5.5 %. It was reported that
with indoline und coumarin dyes. the addition of TBP
will degrade the dye and lead o decrcases in 1 as well
5ty . oS P ;
as durability ™, But for outdoor uses, DSSCs with 1o-

dide/triiodide redox couple in acetonitrile solvent are
not suitable because the hoiling point of acetonitrile is
low and being highly volatile, it will not stand at high
temperature for long time. In the present system. we
have  replaced  acetonitrile  solvent  with  y-
butyrolactone which has high boiling point as well as
high viscous and can withstand at high temperatures.
Hence, these DSSCs with redox systems in y-
butyrolactone solvent may be better for outdoor appli-
cations for long durability than the previous DSSCs
systems and can be used for long time. They are also
possible alternative cells to normal fuel cells'™ ",

The thermal stability of dye also plays an important
role in 1 and durability of DSSC. For this reason. we
huve curried oul the thermal stubility studies of dyes 1
and 2. These dyes were heated at 100°C under aerial
conditions for 10 h. The aerial heated samples were
analyzed by UV-Vis, '"H NMR and CHN analysis.
The data were found exactly matched with room tem-
perature sumple data. Consequently, these meta-free
sensitizers 1 and 2 were stable up to 100°C,

Conclusions

The newly synthesized dye 2 has two carboxyl
groups, which are improved electron withdrawing
groups as well as better anchoring groups than the
previous dye L. These metal-free sensitizers are cusy
to synthesise and purify than metal-based sensitizers,
Both dyes 1 and 2 are used in DSSCs studies with
stuble redox electrolytic system AHIL. It has been
found that 1 for dyes 1 and 2 is 1.33 and 1.38%. re-
spectively. The dye is thermally stable up to 1007C.
These DSSCs are better uselul for outdoor purposes
and can withstand up to 100°C.
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