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a b s t r a c t

Oligomeric supramolecules with double- (2H-P), triple- (3H-P) and quadruple H-bonding sites (4H-P)
at their both chain ends of PEG (Mw = 2000) are successfully utilized to increase energy conversion effi-
ciency for solid state dye-sensitized solar cells. The improved energy conversion efficiency is due mostly
to the deeper penetration of the liquid oligomeric supramolecular electrolytes into the nanopores of the
eywords:
upramolecular polymer
ydrogen bonding
ye-sensitized solar cells

TiO2 layer, followed by in situ self-polymerization via multiple H-bonds and the improved ionic con-
ductivity. Among the three solid state dye-sensitized solar cells, the 2H-P and 3H-P electrolytes shows
better photovoltaic performances than the 4H-P electrolyte. The difference in the performance is mostly
attributable to the fact that the 2H-P and 3H-P electrolytes have a slower electron recombination rate
and a faster ionic diffusion coefficient, compared to the 4H-P electrolyte. Therefore, the characters of
the liquid and the solid states of the supramolecules may have been able to be successfully utilized to

ersion
increase the energy conv

. Introduction

Considerable attention has been focused on dye-sensitized solar
ells (DSSCs) because of their advantages such as high energy
onversion efficiency and low production cost [1,2]. DSSCs are cat-
gorized into solid or liquid state DSSCs depending on the state of
he electrolytes. Solid state DSSCs employing polymer electrolytes
ave also been becoming more attractive because of their intrin-
ic advantages such as long-term durability and a cost-effective
abrication process [3,4]. However, their energy conversion effi-
iency is very low, compared to the 11% of liquid type DSSCs [5].
his difference is mostly because of the low ionic conductivity
f the solid polymer electrolyte and the poor interfacial contact
etween the dye molecules and the electrolyte. For example, a poly-
er electrolyte with a coil size of 50–100 nm would have shallow

enetration into the nanopores of 10–20 nm in mesoporous TiO2
ayer, resulting in poor interfacial contact and consequently poor

onversion efficiency [6–9].

Recently, several research groups have investigated to increase
he overall conversion efficiency of solid and quasi-solid state
SSCs [10–13]. A vacuum pore-filling method was used to

∗ Corresponding author at: Center for Next Generation Dye-Sensitized Solar Cells,
CU Program Department of Energy Engineering, Hanyang University, Seongdong-

u, Seoul 133-179, South Korea. Tel.: +82 2 2220 2336; fax: +82 2 2296 2969.
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efficiency over 4% for solid state dye-sensitized solar cells.
© 2010 Elsevier B.V. All rights reserved.

increase the penetration depth of polymer electrolytes for solid
state dye-sensitized solar cells [10a]. Polymer-based electrolytes
comprising a copolymer poly(ethylene oxide-co-epichlorohydrin)
with �-butyrolactone was successfully optimized to achieve
the high ionic conductivity (∼1 mS cm−1) [10b]. The straight
pores in Al2O3/ionic liquid modified with amylose was utilized
as ionic paths [11]. Spiro-OMeTAD (2,2′,7,7′-tetrakis(N,N-di-
p-methoxyphenylene)-9,9′-spirofluorene) was used as a hole
transporting material to make fully solid state DSSCs [12]. Using
photochemically polymerized poly(3,4-ethylenedioxythiophene)
(PEDOT) as a hole transporting material, infiltration of PEDOT into
nanopores of the TiO2 layer was significantly enhanced and thus
the interfacial property between the dye molecules and the hole-
conducting material was significantly improved [13].

Previously we were able to improve the efficiency of solid state
DSSCs by 3–4% using an “Oligomer Approach” [18]. An oligomer
has a typical molecular weight of several thousand with a radius
gyration of less than 3 nm. It is in liquid state at room temperature,
while a common polymer with a molecular weight of 1 million has a
radius of gyration of ∼50 nm. It has been observed that the average
diameter of the nanopores in the TiO2 layer is ∼15 nm [14]. There-
fore, deeper penetration of the oligomers into the nanopores of the

TiO2 layer is expected to enlarge the interfacial contact between
the electrolyte and the dyes. The oligomers were subsequently
solidified by ether blending with high molecular weight polymers
[14], incorporating nanoparticles such as silica nanoparticles [15]
or forming quadruple H-bonds [16,17]. Low molecular components

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:kangys@hanyang.ac.kr
dx.doi.org/10.1016/j.jphotochem.2010.03.014
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Scheme 1. Synthesis of the supramolecular polymer electrolytes: (a) double h

nd oligomers have thus been polymerized by three different ways
n order to make the electrolytes the solid state [18].

Oligomeric supramolecules containing multiple hydrogen
onding sites at both chain ends of poly(ethylene glycol) (PEG)
ligomer have been utilized here to improve the ionic conductivity
s well as overall conversion efficiency by enlarging the interfa-
ial contact area between the solid state electrolyte and the dyes.
reviously, supramolecular polymer electrolytes with quadruple
-bonding sites were successfully employed with an energy con-
ersion efficiency of 3.34% at 100 mW cm−2 for solid state DSSCs
17,18].

Here we synthesized and utilized new oligomeric
upramolecules with double and triple H-bonding sites at both
hain ends of PEG with a molecular weight of 2000, resulting
n improved energy conversion efficiency for solid state DSSCs.
hus, the performances of the three cells were compared and
haracterized in terms of the charge transport behavior including
he electrons and ions, in particular the electron recombination
nd the ionic diffusion coefficient.

. Experimental

.1. Material synthesis

Oligomeric supramolecules containing double hydrogen bonds
ere synthesized as shown in Scheme 1(a). Polyethylene gly-

ol dimesylate (Mw = 2000 g mol−1) was purchased from Fluka
nd pyrimethamine, glutaric acid and potassium carbonate from
ldrich. Pyrimethamine (0.435 g, 1.75 mmol) was dissolved in
5 mL of THF, and potassium carbonate (0.242 g, 1.75 mmol) was
dded to the solution. Then polyethylene glycol dimesylate (0.5 g,
.25 mmol) was dropped slowly into the solution. The resulting
ixture was stirred for 24 h at 70 ◦C under nitrogen atmosphere.

fter the reaction was complete, the reaction mixture was added

o ACN (25 mL) and filtered. This process was repeated several
imes. The filtrate was evaporated in a vacuum oven until dried.
H NMR (300 MHz, CDCl3): ı [ppm] = 7.5 (d, H; CH) 7.2 (d, H;
H) 6.9 (s, 2H; NH2), 4.4 (m, H; NH), 3.6 (m, 2H; CH2), 3.5–3.7
en bonding polymer (2H-P) and (b) triple hydrogen bonding polymer (3H-P).

(m, 2H; CH2), 2.5 (m, 2H; CH2), 1.2 (m, 3H; CH3), 0.89 (m, 3H;
CH3).

Glutaric acid (0.42 g, 3.17 mmol) dissolved in 20 mL ACN was
added to the polymer solution and the mixture was stirred
overnight at room temperature. The solution was then dried in an
oven at 30 ◦C, and the product was washed by ACN. After being
dried, 2H-P was obtained.

Two oligomeric supramolecules containing guanine (G-PEG-G)
and cytosine (C-PEG-C) at both chain ends of the PEG were syn-
thesized according to Scheme 1(b) [19,20]. Poly(ethylene glycol)
disuccinimidyl succinate (Mw = 2000, PEG-SS) was purchased from
Sunbio (Korea), guanine and triethylamine from Aldrich and cyto-
sine from TCI. Guanine (0.264 g, 1.75 mmol) was dissolved in 15 mL
of THF, and then triethylamine (TEA) (0.176 g, 1.75 mmol) was
added to the solution followed by PEG disuccinimidyl succinate
(PEG-SS) (0.5 g, 0.25 mmol), which was dropped slowly into the
solution. The mixture was stirred at 80 ◦C for 24 h under a nitro-
gen atmosphere, and the mixture was then filtered after adding
20 mL of ACN. The solution was dried in a vacuum oven for 1 day
(until dried). 1H NMR (300 MHz, CDCl3): 8.0(m, H; NH) 4.2 (m, 2H;
CH2), 3.4–3.7 (m, 2H; CH2), 2.9 (m, 2H; CH2), 2.8 (s, H; NH), 2.7 (m,
2H;CH2), 2.6 (s, H;CH)), 2.0 (s, H; NH), 1.4 (m, 2H;CH2). C-PEG-C
was synthesized with the same method for G-PEG-G from cytosine
rather than guanine. 1H NMR (300 MHz, CDCl3): ı [ppm] = 12.2 (m,
H;NH), 8.3 (m H;NH), 4.2 (m, 2H; CH2), 3.5–3.7 (m, 2H; CH2), 2.9
(m, H; CH), 2.8 (s, 2H; CH2), 2.7 (m, H;CH), 2.0 (s, H; NH).

Two G-PEG-G and C-PEG-C were mixed for 24 hrs in ACN (25 mL)
at 30 ◦C to make hydrogen bonds between guanine and cytosine.
The solution was then dried at 40 ◦C in atmospheric condition for
several days.

2.2. Cell fabrication and performances
Dye-sensitized solar cells were fabricated using a previously
published method [21]. Nanoporous TiO2 films (thickness = 12 �m)
were prepared on transparent conductive oxide (TCO) (Nippon
Sheet Glass, SnO2/F, 8 ohm/sq) from TiO2 nanoparticles (STI) by
annealing at 450 ◦C in air for 30 min. Dyes were absorbed by
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P electrolytes, the 2H-P cell showed the highest efficiency. In the
following sections, the three cells were characterized to under-
stand the difference in the cell performance in terms of the electron
recombination and the ionic conductivity.

Table 1
Photovoltaic performance of DSSCs using supramolecular polymer electrolytes.a.

Matrix Jsc [mA cm−2] Voc [V] FF Eff. [%]
0 L.S. Jeon et al. / Journal of Photochemistry a

ipping the film into a solution containing 0.3 mM Ru dye (Bu4N)2-
Ru(Hdcbpy)2(NCS)2] (known as N719, Solaronix). And then the
lectrolyte was induced onto a working electrode. Solar cells were
ade by placing a Pt-coated glass on the TiO2 film. The typical

ell area was approximately 0.16 cm2, separated by a thickness of
5 �m. The standard electrolytes consisted of 1.113M 3-propyl-1-
ethylimidazolium iodide (PMII) and 10 wt% of I2 with respect to

MII. The J–V curves were determined using a Solar Simulator with
elay time and NPLC of 100 ms and 1 PLC, respectively, under an

llumination of 100 mW cm−2 by a 50–500 WXe lamp (Thermo Oriel
nstruments, USA). The cell temperature during illumination was
ncreased from ambient (∼20 ◦C) to 30–40 ◦C. The performance was

easured after 10 min of illumination because the curves were sta-
ilized normally after 5 min of illumination. As a reference, a simple

iquid type DSSC of an electrolyte of 0.6 M PMII, 0.1 M LiI, 0.05 M I2,
.5 M tert-butylpyridine, 0.05 M guanidine thiocyanate in ACN with
he active area of 0.16 cm2 and TiO2 layer thickness of 12 �m was
repared, resulting in Jsc, Voc and � of 14.1 mA cm−2, 0.75 V and 7.87,
espectively.

.3. Ionic diffusion coefficient

The electrolyte solutions consisting of a supramolecular poly-
er electrolyte with multiple (double, triple and quadruple)
-bonding sites were sandwiched between two platinum coated
TO electrodes with 25 �m thick Surlyn spacer. The active area for
lectrolyte packaging was 0.4 cm × 0.4 cm. A potentiostat system
AUTOLAB) was used for the steady-state voltammogram [22].

.4. Electron lifetime

The electron lifetime of the TiO2 layer was measured by stepped
ight-induced transient measurements [23]. A diode laser (Coher-
nt, LabLaser, � 635 nm) was employed for the photovoltage
ransients. The absorption coefficient of the N719 dye at this wave-
ength is negligible thus to have nearly uniform electron generation
long the thickness (6 �m) of the DSSCs. Irradiation to the whole
rea of the DSSCs, the laser beam was expanded by a lens, and an
perture was placed in front of the solar cell. The transients were
nduced by the stepwise change of the laser intensity controlled
y a function generator. A set of ND filters was used to change the

aser intensity. Photovoltage transients were monitored by a digital
torage oscilloscope through a current amplifier (SR570, Stanford
esearch Systems) and a differential amplifier (5307, NF Electronic

nstruments) with a gain of 20 times was used to monitor the few
illivolts of decay of the photovoltage.

.5. Impedance spectra

The impedance of the supramolecular polymer electrolytes was
easured with an impedance analyzer (IM6, Zahner) connected to
potentiostat in the dark. The electrochemical impedance spectra
ere recorded over a frequency range of 50 mHz to 1 MHz. The

pplied voltage was 10 mV and was set at Voc of the cells [24].

. Results and discussion

.1. Formation of supramolecular polymers via multiple H-bonds

Oligomeric poly(ethylene glycol) (PEG) with a Mw of 2000 was
hemically modified to become supramolecules with multiple H-

onding sites at both chain ends. The molecular weight of 2000 for
he oligomers with the small coil size of about 3 nm was utilized to
nhance the penetration of the electrolyte into nanopores (average
iameter ∼15 nm) of TiO2 layer [18]. The chemical structures of the
ligomeric supramolecules and the corresponding supramolecular
Fig. 1. J–V curves of the DSSCs using supramolecular polymer electrolytes: double
H-bonding polymer (2H-P, triangle), triple H-bonding polymer (3H-P, circle), and
quadruple H-bonding polymer (4H-P, square).

polymers with double (2H-P), triple (3H-P) and quadruple (4H-P)
H-bonds are depicted in Scheme 2. The supramolecules in solution
have a coil shape of less than 3 nm in size and become supramolecu-
lar polymers by forming multiple H-bonds after evaporation of the
solvent [17]. Thus, the properties of both the liquid and solid states
can be utilized to improve the interfacial contact between the elec-
trolyte and the dyes and to provide the solid state electrolyte with
increased ionic conductivity.

3.2. Photovoltaic performances

The J–V curves of the DSSCs employing supramolecular poly-
mer electrolytes were obtained as shown in Fig. 1. The electrolyte
compositions for both the 2H-P, 3H-P and 4H-P electrolytes were
fixed at a molar ratio of 20:1 (1.113 M) for the ethylene oxide unit
of PEG: PMII and the iodine concentration of 10 wt% with respect
to PMII. The energy conversion efficiency, �, for the 3H-P cell was
4.53% at 1 sun condition with a short-circuit current density of
Jsc = 10.10 mA cm−2, an open circuit voltage of Voc = 0.69 V and a
fill factor of FF = 0.64. For that of the 2H-P cell it was 4.63% with
Jsc = 10.78 mA cm−2, Voc = 0.68 V and FF = 0.63. The performances for
both the 2H-P and 3H-P cells were improved to a large extent,
compared to 3.78% for the 4H-P [17]. All results are summarized
in Table 1. The improved energy conversion efficiency by utilizing
supramolecular polymer electrolytes, compared to the efficiency
of 1.6% by polymer electrolytes [3] was primarily due to the better
interfacial contact associated with the deeper penetration of the
oligomeric supramolecules into the nanopores of the TiO2 layer
and the increased ionic conductivity (∼1 × 10−4 S cm−1) to some
extent [18]. Among the three cells utilizing 2H-P, 3H-P and 4H-
2H-P 10.78 0.67 0.63 4.63
3H-P 10.10 0.70 0.64 4.53
4H-P 9.4 0.65 0.62 3.78

a Composition of electrolytes: Mole ratio of EO unit of matrix/PMII = 20/1 (1.113 M)
and I2 with 10 wt% of PMII.
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the interfacial impedance between the electrode and the dyes
in the mid-frequency range [24,23]. The impedance in the mid-
frequency range is associated with the electron recombination
[28]. The impedance data again suggests that the 4H-P electrolyte
showed a smaller impedance than the other two. Under dark con-
cheme 2. Structures of the supramolecular polymer electrolytes: (a) double hydrog
ydrogen bonding polymer (4H-P) [17].

.3. Electron recombination

When electrons injected into the TiO2 layer flow rapidly toward
he electrode, the energy conversion efficiency will be high. How-
ver, when the electron transport rate is low, some electrons react
ith I3−, resulting in a loss of electrons and consequently the loss of

nergy conversion efficiency, which is termed electron recombina-
ion. Electron recombination can be characterized by the electron
ifetime in the TiO2 layer and the dark current. If the electron recom-
ination is fast, the electrons on the TiO2 layer do not have enough
f a lifetime to flow into the photoanode, but may have more
hance to recombine with I3− instead. Thus, the electron lifetime
s a measure of the rate of electron recombination was obtained by
tepped light-induced transient measurements of the photocurrent
nd the voltages (SLIM-PCV) [23,25–27]. Fig. 2 shows the lifetime
f the electrons in the nanocrystalline TiO2 film as a function of
heir short-circuit current density. As expected, the electron life-
ime decreased with Jsc. At low short-circuit current densities, the
lectron lifetime of the 4H-P electrolyte was much longer than the
ther two. As the short-circuit current density increased, the elec-
ron lifetimes for 2H-P and 3H-P decreased slowly, while that of
H-P decreased much more steeply. The steeper decrease in the

ifetimes for 4H-P seems to be owing to the accumulation of I3−

ons near the TiO2 layer induced by the slow mass transport in the
lectrolyte. The polymeric chains of 4H-P were more rigid than the
ther two because of the more H-bonds between chains, resulting
n the stronger dependency of light intensity or short-circuit cur-

ent density on the electron life time. From these results, it can be
stimated that the electron lifetimes of 4H-P are much shorter than
hose of 2H-P and 3H-P at the practical short-circuit current density
ange (i.e. ∼10 mA cm−2), suggesting that it was the fastest electron
ecombination among the three different electrolytes. The results
ding polymer (2H-P), (b) triple hydrogen bonding polymer (3H-P) and (c) quadruple

of the electron lifetime are also consistent with those of Voc shown
in Table 1 and Fig. 1.

Impedance spectra as Cole–Cole plots were obtained for the
three cells under dark conditions and are shown in Fig. 3. The
plots show two semicircles, representing the charge transfer resis-
tance at the counter electrode in the high frequency range, and
Fig. 2. Electron lifetime for supramolecular polymer electrolytes as a function of
short-circuit density: double H-bonding polymer (2H-P, triangle), triple H-bonding
polymer (3H-P, circle) and a quadruple H-bonding polymer (4H-P, square).
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Fig. 3. Impedance spectra for solid state DSSCs using supramolecular polymer elec-
trolytes: double H-bonding polymer (2H-P, triangle), triple H-bonding polymer
(3H-P, circle) and a quadruple H-bonding polymer (4H-P, square).

Table 2
Diffusion coefficients of I− in DSSCs using a supramolecular polymer electrolyte.a.

Matrix J-limited (mA cm−2) D (cm2 s−1)

2H-P 1.33 1.69 × 10−7

3H-P 1.12 1.43 × 10−7
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[

[15] J.H. Kim, M.S. Kang, Y.J. Kim, J. Won, N.-G. Park, Y.S. Kang, Dye-sensitized
4H-P 0.73 0.93 × 10−7

a Composition of electrolytes: Mole ratio of EO unit of matrix/PMII = 20/1 (1.113 M)
nd I2 with 10 wt% of PMII.

itions, the value of impedance for the supramolecular polymer
lectrolyte was decreased in the order of 3H-P, 2H-P and 4H-P.
hese results also suggest that the 4H-P electrolyte showed the
astest recombination rate among the three cells. The impedance
esults are consistent with those of the electron lifetime behavior.
t was thus concluded that the slow electron recombination on the
iO2 layer, as confirmed by the measurement of the electron life-
ime and the dark impedance, may contribute to some extent to the
mproved energy conversion efficiency for 2H-P and 3H-P.

.4. Ion transport in electrolyte

The low energy conversion efficiency for the solid state DSSCs
as been mostly blamed for the low ionic conductivity of the elec-
rolyte component. It should be noted that the ionic conductivity is
product of the ionic concentration and its mobility, which can be

haracterized by the diffusion coefficient [29]. The diffusion coef-
cients were obtained by measuring the limiting current density
ith steady-state voltammogram as follows [30–32]:

Iss = 4nFDC”,

here Iss is the limiting current density, n is the electron number, F
s the Faraday constant, D is the diffusion coefficient of I− or I3−, and
is the bulk concentration of the electroactive species. The results
f the steady-state voltammograms for the three cells are summa-
ized in Table 2. The diffusion coefficient of I− was decreased in
he order of the 2H-P, 3H-P and 4H-P electrolytes. Note that the
onic diffusion coefficient tends to decrease with the number of
ydrogen bonds. In other words, the 4H-P showed the lowest dif-

usion coefficient. This may be primarily because the more number

f H-bonding sites between the oligomeric chains, the more rigid
he polymer chain becomes. These results suggest that the chain
trength and mobility of the supramolecular polymers containing
ultiple H-bonds can also be controlled by the number of H-bonds.

[

tobiology A: Chemistry 212 (2010) 88–93

4. Conclusions

Oligomeric supramolecules were successfully utilized to
increase the energy conversion efficiency of solid state dye-
sensitized solar cells up to 4.6% at 1 sun condition. The 2H-P and
3H-P electrolytes showed better performance than the 4H-P elec-
trolyte. The improved performances for solid state dye-sensitized
solar cells utilizing the 2H-P and 3H-P electrolytes were likely due
to the slower electron recombination rates and the faster ionic
conductivity of the 2H-P and 3H-P electrolytes compared to the
4H-P electrolyte. Finally, it was concluded that the utilization of
oligomeric supramolecules was an effective avenue to improve the
energy conversion efficiency of solid state dye-sensitized solar cells.

Acknowledgements

This research was supported by Nano R&D program (2008-
03599), ERC program (2009-0063369) through National Research
Foundation of Korea funded by the Ministry of Education, Sci-
ence and Technology and the MKE(The Ministry of Knowledge
Economy), Korea, under the ITRC(Information Technology Research
Center) support program supervised by the NIPA(National IT Indus-
try Promotion Agency(̈NIPA-2009-C1090-0804-0013).

References

[1] B. O’Regan, M. Grätzel, A low-cost, high-efficiency solar cell based on dye-
sensitized colloidal TiO2 films, Nature 353 (1991) 737–740.

[2] K Hara, T. Sato, R. Katoh, A. Furube, Y. Ohga, A. Shinpo, S. Suga, K. Sayama,
H. Sugihara, H. Arakawa, Molecular design of coumarin dyes for efficient dye-
sensitized solar cells, J. Phys. Chem. B 107 (2003) 597–606.

[3] A.F. Nogueira, J.R. Durrant, M.A. De Paoli, Dye-sensitized nanocrystalline solar
cells employing a polymer electrolyte, Adv. Mater. 13 (2001) 826–830.

[4] A.F. Nogueira, C. Longo, M.A. De Paoli, Polymers in dye sensitized solar cells:
overview and perspectives, Coord. Chem. Rev. 164 (2004) 1455–1468.

[5] S. Ferrere, B.A. Gregg, Large increases in photocurrents and solar conversion
efficiencies by UV illumination of dye sensitized solar cells, J. Phys. Chem. B
105 (2001) 7602–7605.

[6] W. Kubo, S. Kambe, S. Nakade, T. Kitamura, K. Hanabusa, Y. Wada, S. Yanagida,
Photocurrent-determining processes in quasi-solid-state dye-sensitized solar
dells using ionic gel electrolytes, J. Phys. Chem. B 107 (2003) 4374–4381.

[7] B. Li, L. Wang, B. Kang, P. Wang, Y. Qiu, Review of recent progress in solid-state
dye-sensitized solar cells, Sol. Energy Mater. Sol. Cells 90 (2006) 549–573.

[8] V.C. Nogueira, C. Longo, M.A. De Paoli, M.A. Soto-Oviedo, A.F. Nogueira, Solid-
state dye-sensitized solar cell: improved performance and stability using a
plasticized polymer electrolyte, J. Photochem. Photobiol. A: Chem. 181 (2006)
226–232.

[9] T. Kato, A. Okazaki, S. Hayase, Latent gel electrolyte precursors for quasi-solid
dye sensitized solar cells, Chem. Commun. (2005) 363–365.

10] (a) H. Han, U. Bach, Y.-B. Cheng, R.A. Caruso, Increased nanopore filling: effect on
monolithic all-solid-state dye-sensitized solar cells, Appl. Phys. Lett. 90 (2007),
213510-1- 1213510-3;
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