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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
TiO; 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
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increase the energy conversion efficiency over 4% for solid state dye-sensitized solar cells.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Considerable attention has been focused on dye-sensitized solar
cells (DSSCs) because of their advantages such as high energy
conversion efficiency and low production cost [1,2]. DSSCs are cat-
egorized into solid or liquid state DSSCs depending on the state of
the electrolytes. Solid state DSSCs employing polymer electrolytes
have also been becoming more attractive because of their intrin-
sic advantages such as long-term durability and a cost-effective
fabrication process [3,4]. However, their energy conversion effi-
ciency is very low, compared to the 11% of liquid type DSSCs [5].
This difference is mostly because of the low ionic conductivity
of the solid polymer electrolyte and the poor interfacial contact
between the dye molecules and the electrolyte. For example, a poly-
mer electrolyte with a coil size of 50-100 nm would have shallow
penetration into the nanopores of 10-20 nm in mesoporous TiO,
layer, resulting in poor interfacial contact and consequently poor
conversion efficiency [6-9].

Recently, several research groups have investigated to increase
the overall conversion efficiency of solid and quasi-solid state
DSSCs [10-13]. A vacuum pore-filling method was used to
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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 +y-butyrolactone was successfully optimized to achieve
the high ionic conductivity (~1mScm~1!) [10b]. The straight
pores in Al,03/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 TiO, 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 TiO, layer is ~15 nm [14]. There-
fore, deeper penetration of the oligomers into the nanopores of the
TiO, 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
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Scheme 1. Synthesis of the supramolecular polymer electrolytes: (a) double hydrogen bonding polymer (2H-P) and (b) triple hydrogen bonding polymer (3H-P).

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

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

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

2. Experimental
2.1. Material synthesis

Oligomeric supramolecules containing double hydrogen bonds
were synthesized as shown in Scheme 1(a). Polyethylene gly-
col dimesylate (Mw=2000gmol-!) was purchased from Fluka
and pyrimethamine, glutaric acid and potassium carbonate from
Aldrich. Pyrimethamine (0.435g, 1.75mmol) was dissolved in
15 mL of THF, and potassium carbonate (0.242 g, 1.75 mmol) was
added to the solution. Then polyethylene glycol dimesylate (0.5 g,
0.25 mmol) was dropped slowly into the solution. The resulting
mixture was stirred for 24 h at 70°C under nitrogen atmosphere.
After the reaction was complete, the reaction mixture was added
to ACN (25mL) and filtered. This process was repeated several
times. The filtrate was evaporated in a vacuum oven until dried.
1H NMR (300 MHz, CDCI3): § [ppm]=7.5 (d, H; CH) 7.2 (d, H;
CH) 6.9 (s, 2H; NH2), 4.4 (m, H; NH), 3.6 (m, 2H; CH2), 3.5-3.7

(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) (0.176g, 1.75 mmol) was
added to the solution followed by PEG disuccinimidyl succinate
(PEG-SS) (0.5g, 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). 1TH NMR (300 MHz, CDCI3): 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. 1TH NMR (300 MHz, CDCI3): § [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 hrsin 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 TiO5 films (thickness = 12 pm)
were prepared on transparent conductive oxide (TCO) (Nippon
Sheet Glass, SnO,/F, 8 ohm/sq) from TiO, nanoparticles (STI) by
annealing at 450°C in air for 30 min. Dyes were absorbed by
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dipping the film into a solution containing 0.3 mM Ru dye (Bu4N)2-
[Ru(Hdcbpy)2(NCS),] (known as N719, Solaronix). And then the
electrolyte was induced onto a working electrode. Solar cells were
made by placing a Pt-coated glass on the TiO, film. The typical
cell area was approximately 0.16 cm?, separated by a thickness of
25 pm. The standard electrolytes consisted of 1.113M 3-propyl-1-
methylimidazolium iodide (PMII) and 10 wt% of I, with respect to
PMIL The J-V curves were determined using a Solar Simulator with
delay time and NPLC of 100 ms and 1 PLC, respectively, under an
illumination of 100 mW cm~2 by a 50-500 WXe lamp (Thermo Oriel
Instruments, USA). The cell temperature during illumination was
increased from ambient (~20°C) to 30-40 °C. The performance was
measured after 10 min of illumination because the curves were sta-
bilized normally after 5 min of illumination. As a reference, a simple
liquid type DSSC of an electrolyte of 0.6 M PMII, 0.1 M Lil, 0.05 M 12,
0.5 M tert-butylpyridine, 0.05 M guanidine thiocyanate in ACN with
the active area of 0.16 cm? and TiO; layer thickness of 12 um was
prepared, resulting inJs¢, Voc and n of 14.1 mAcm~2,0.75V and 7.87,
respectively.

2.3. Ionic diffusion coefficient

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

2.4. Electron lifetime

The electron lifetime of the TiO, layer was measured by stepped
light-induced transient measurements [23]. A diode laser (Coher-
ent, LabLaser, A 635nm) was employed for the photovoltage
transients. The absorption coefficient of the N719 dye at this wave-
length is negligible thus to have nearly uniform electron generation
along the thickness (6 um) of the DSSCs. Irradiation to the whole
area of the DSSCs, the laser beam was expanded by a lens, and an
aperture was placed in front of the solar cell. The transients were
induced by the stepwise change of the laser intensity controlled
by a function generator. A set of ND filters was used to change the
laser intensity. Photovoltage transients were monitored by a digital
storage oscilloscope through a current amplifier (SR570, Stanford
Research Systems) and a differential amplifier (5307, NF Electronic
Instruments) with a gain of 20 times was used to monitor the few
millivolts of decay of the photovoltage.

2.5. Impedance spectra

The impedance of the supramolecular polymer electrolytes was
measured with an impedance analyzer (IM6, Zahner) connected to
a potentiostat in the dark. The electrochemical impedance spectra
were recorded over a frequency range of 50mHz to 1 MHz. The
applied voltage was 10 mV and was set at V. of the cells [24].

3. Results and discussion
3.1. Formation of supramolecular polymers via multiple H-bonds

Oligomeric poly(ethylene glycol) (PEG) with a Mw of 2000 was
chemically modified to become supramolecules with multiple H-
bonding sites at both chain ends. The molecular weight of 2000 for
the oligomers with the small coil size of about 3 nm was utilized to
enhance the penetration of the electrolyte into nanopores (average
diameter ~15 nm) of TiO, layer [18]. The chemical structures of the
oligomeric supramolecules and the corresponding supramolecular
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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 ofless 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 PMIL The energy conversion efficiency, 7, for the 3H-P cell was
4.53% at 1 sun condition with a short-circuit current density of
Jsc=10.10mAcm~2, an open circuit voltage of Voc=0.69V and a
fill factor of FF=0.64. For that of the 2H-P cell it was 4.63% with
Jsc=10.78 mAcm~2, V,=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 TiO, layer
and the increased ionic conductivity (~1 x 10~4Scm~!) to some
extent [18]. Among the three cells utilizing 2H-P, 3H-P and 4H-
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.?.
Matrix Jsc [MA cm—2] Voe [V] FF Eff. [%]
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

2 Composition of electrolytes: Mole ratio of EO unit of matrix/PMII=20/1 (1.113 M)
and I, with 10 wt% of PMIL.
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Scheme 2. Structuresofthe supramolecular polymer electrolytes: (a) double hydrogen bonding polymer (2H-P), (b) triple hydrogen bonding polymer (3H-P) and (¢) quadruple

hydrogen bonding polymer (4H-P) [17].
3.3. Electron recombination

When electrons injected into the TiO, layer flow rapidly toward
the electrode, the energy conversion efficiency will be high. How-
ever, when the electron transport rate is low, some electrons react
with I3 7, resulting in a loss of electrons and consequently the loss of
energy conversion efficiency, which is termed electron recombina-
tion. Electron recombination can be characterized by the electron
lifetime in the TiO, layer and the dark current. If the electron recom-
bination is fast, the electrons on the TiO, layer do not have enough
of a lifetime to flow into the photoanode, but may have more
chance to recombine with I3~ instead. Thus, the electron lifetime
as a measure of the rate of electron recombination was obtained by
stepped light-induced transient measurements of the photocurrent
and the voltages (SLIM-PCV) [23,25-27]. Fig. 2 shows the lifetime
of the electrons in the nanocrystalline TiO, film as a function of
their short-circuit current density. As expected, the electron life-
time decreased with Js.. At low short-circuit current densities, the
electron lifetime of the 4H-P electrolyte was much longer than the
other two. As the short-circuit current density increased, the elec-
tron lifetimes for 2H-P and 3H-P decreased slowly, while that of
4H-P decreased much more steeply. The steeper decrease in the
lifetimes for 4H-P seems to be owing to the accumulation of I3~
ions near the TiO, layer induced by the slow mass transport in the
electrolyte. The polymeric chains of 4H-P were more rigid than the
other two because of the more H-bonds between chains, resulting
in the stronger dependency of light intensity or short-circuit cur-
rent density on the electron life time. From these results, it can be
estimated that the electron lifetimes of 4H-P are much shorter than
those of 2H-P and 3H-P at the practical short-circuit current density
range (i.e. ~10 mA cm~2), suggesting that it was the fastest electron
recombination among the three different electrolytes. The results

of the electron lifetime are also consistent with those of V,. 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
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-
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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.?.
Matrix J-limited (mA cm~2) D(cm?s')
2H-P 1.33 1.69 x 107
3H-P 1.12 1.43 x 1077
4H-P 0.73 0.93x 1077

2 Composition of electrolytes: Mole ratio of EO unit of matrix/PMII=20/1 (1.113 M)
and I, with 10 wt% of PMII.

ditions, the value of impedance for the supramolecular polymer
electrolyte was decreased in the order of 3H-P, 2H-P and 4H-P.
These results also suggest that the 4H-P electrolyte showed the
fastest recombination rate among the three cells. The impedance
results are consistent with those of the electron lifetime behavior.
It was thus concluded that the slow electron recombination on the
TiO, layer, as confirmed by the measurement of the electron life-
time and the dark impedance, may contribute to some extent to the
improved energy conversion efficiency for 2H-P and 3H-P.

3.4. Ion transport in electrolyte

The low energy conversion efficiency for the solid state DSSCs
has been mostly blamed for the low ionic conductivity of the elec-
trolyte component. It should be noted that the ionic conductivity is
a product of the ionic concentration and its mobility, which can be
characterized by the diffusion coefficient [29]. The diffusion coef-
ficients were obtained by measuring the limiting current density
with steady-state voltammogram as follows [30-32]:

“Is = AnFDC”,

where I is the limiting current density, n is the electron number, F
is the Faraday constant, D is the diffusion coefficient of I~ orI3~, and
Cis the bulk concentration of the electroactive species. The results
of the steady-state voltammograms for the three cells are summa-
rized in Table 2. The diffusion coefficient of I~ was decreased in
the order of the 2H-P, 3H-P and 4H-P electrolytes. Note that the
ionic diffusion coefficient tends to decrease with the number of
hydrogen bonds. In other words, the 4H-P showed the lowest dif-
fusion coefficient. This may be primarily because the more number
of H-bonding sites between the oligomeric chains, the more rigid
the polymer chain becomes. These results suggest that the chain
strength and mobility of the supramolecular polymers containing
multiple H-bonds can also be controlled by the number of H-bonds.

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.
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