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Effect of oligomer on dye-sensitized solar cells employing polymer electrolytes
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Abstract—The effect of oligomer (M,=400-500 g/mol) on dye-sensitized solar cells (DSSC) employing polymer
electrolytes consisting of poly(epichlorohydrin-co-ethylene oxide) (Epichlomer), Lil, 1-methyl-3-propylimidazolium
iodide (MPII) and I, is investigated. Five kinds of oligomer, poly(ethylene glycol) (PEG, M, =400 and 1,000 g/mol),
poly(ethylene glycol) dimethyl ether (PEGDME), poly(propylene glycol) (PPG) and poly(ethylene glycol) diglycidyl
ether (PEGDGE), were introduced to elucidate the role of terminal groups and chain length. The coordinative interactions
and structures of polymer electrolytes were characterized by FT-IR spectroscopy and X-ray diffraction (XRD). The
improved interfacial contact between the electrolytes and the electrodes by the oligomer addition was confirmed using a
field-emission scanning electron microscope (FE-SEM). The electrolytes exhibited ionic conductivities on the order
of 10™*S/cm, but PEGDGE electrolyte showed much lower value (~107*S/cm). As a result, the energy conversion effi-
ciency of DSSC was significantly affected by the oligomer. For example, the DSSC employing PEGDME with methyl
terminal groups exhibited 3.95% at 100 mW/cm?, which is 200-fold higher than that employing PEGDGE.
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INTRODUCTION

A polymer electrolyte contains polar functional moieties such as
ether (-O-), ester (COO) or amide (CON) linkages in a polymer
matrix. Metal salts with a low lattice energy or ionic liquid can be
dissolved in a polymer matrix even in the solid state film. Dissolu-
tion process involves the coordinative interactions between the ions
and the polar groups of polymer matrix. The conductive and trans-
port properties of polymer electrolytes have led them to be inten-
sively studied for potential applications in lithium batteries [1], fuel
cells [2] and separation membranes [3].

Polymer electrolytes containing a redox couple, i.e., triiodide/
iodide (I;/'), have also been demonstrated to exhibit unique con-
ducting properties that make them useful for solid state dye-sensi-
tized solar cells (DSSCs) [4-7]. DSSCs, first proposed by Grétzel
in 1991 [8], have attracted much interest in the last decade due to
their low production cost and the low environmental impact of their
fabrication. A high energy conversion efficiency (~11%) has been
achieved in DSSCs using an organic liquid-based electrolyte [9].
The practical exploitation of DSSCs ultimately requires cheap fabri-
cation of devices that exhibit both efficient power conversion and
long operating lifetime. However, the use of liquid electrolytes poses
several practical problems including leakage of the electrolyte, des-
orption of the sensitizing dye by the organic solvent used in the elec-
trolyte, and toxicity of some of the organic solvents. Thus, many
efforts have been made to overcome this drawback, replacing the
liquid electrolytes with room temperature ionic liquids [10,11], organic
and inorganic hole-transport materials [12], or gel electrolytes [13].
Another alternative approach to retain the good device properties
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of the liquid electrolytes while maintaining solid-like mechanical prop-
erties is the use of quasi-solid polymer gel electrolytes [14,15].

In general, DSSCs assembled with a polymer electrolyte show
lower efficiency than do cells employing a liquid electrolyte due to
both the lower ionic mobility of the I/I; species and the poor interfa-
cial contact of the electrolyte/electrode [16-21]. Introduction of a
low molecular weight oligomer into a high molecular weight poly-
mer can solve these two problems simultaneously [21]. In this study,
various oligomers with M,=400-500 g/mol (Table 1) were introduced
into high molecular weight polymer electrolytes consisting of poly
(epichlorohydrin-co-ethylene oxide) (Epichlomer), Lil, 1-methyl-
3-propylimidazolium iodide (MPII) and I,. The resultant electro-
lytes were characterized in terms of the interactions, structures and
ionic conductivities and applied to solid-state DSSCs.

EXPERIMENT

1. Materials

Poly(epichlorohydrin-co-ethylene oxide) (Epichlomer, epichloro-
hydrin content: 64-69 wt%), poly(ethylene glycol) (PEG M,=400
and 1,000 g/mol), poly(ethylene glycol) dimethyl ether (PEGDME,
M,=500 g/mol), poly(propylene glycol) (PPG, M,=425 g/mol) and
poly(ethylene glycol) diglycidyl ether (PEGDGE, M,=526 g/mol),
lithium iodide (L), iodine (I,) and all other solvents were purchased
from Aldrich and used as received without further purification.

Conductive glass substrates (fluorine-doped tin oxide overlayer
(FTO glass)) with a sheet resistance of 8 ()/square were purchased
from Pilkington. Sensitizing organometallic dye, cis-dithiocyanate-
N,N"-bis-(4-carboxylate-4-tetrabutylammonium carboxylate-2,2-
bipyridine) ruthenium(Il) (N719), TiO, colloidal paste (Ti-Nanox-
ide D20), and 1-methyl-3-propylimidazolium iodide (MPII) were
purchased from Solaronix S.A. All solvents and chemicals were
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Table 1. Names and chemical structures of oligomer used in this study

Name M, (g/mol) Structure
PEG 400 O
H nOH ;g9
PEG1000 1,000 O
H nOH 1203
o)
PEGDME 500
20 ,n=10-11
o)
(@]
PEGDGE 526
1, O
o »n=9
PPG 425 H OH
O n N Il:7-8

reagent grade and were used as received without further purification.
2. Preparation of Polymer Electrolytes

Predetermined amounts of Epichlomer, oligomer, salt and I, (10
wt% of salt) were dissolved in acetone to make up 5 wt% polymer
solutions. Two salts, metal salt (Lil) and ionic liquid (MPII), were
used to prepare the polymer electrolytes. The solutions were cast
onto Teflon-glass plates and dried in an N, environment at room
temperature. The films were further dried in a vacuum oven for two
days at 40 °C.
3. Fabrication of DSSCs

DSSCs with an active area of 0.4 cm® were constructed accord-
ing to the following procedure. To prepare the photoelectrodes, con-
ductive FTO glasses (1.5 cmx2 cm) were coated by titanium (IV)
bis(ethyl acetoacetato) diisopropoxide solution (1 wt% in butanol).
After drying at 50 °C for 30 min, the photoelectrodes were heated
to 450 °C for two hours, held at 450 °C for 30 min, and then cooled
to room temperature over eight hours. The nanocrystalline TiO, elec-
trodes were fabricated by depositing TiO, colloidal paste onto the
photoelectrodes using a simple doctor-blade technique. The layer
was sintered at 450 °C for 30 min to obtain a mesoporous TiO, film.
After sintering, the TiO, electrodes were immersed in a solution of
an amphiphilic dye (N-719) in absolute ethanol for 24 hours at room
temperature. Afterward, the electrodes were washed with absolute
ethanol and dried in a moisture-free atmosphere. The Pt counter
electrodes were prepared by spin coating a H,PtCl, solution (2 wt%
in isopropyl alcohol) onto the FTO glasses, followed by heating to
450 °C for two hours. The polymer electrolyte solutions were di-
rectly cast onto dye-adsorbed TiO, electrodes. Finally, the photo-
electrodes and the Pt counter electrodes were assembled in a sand-
wich arrangement and sealed with epoxy resin.

The photoelectrochemical performance characteristics, including
short-circuit current (J,., mA/cm?), open-circuit voltage (V,., V), fill
factor (ff), and overall energy conversion efficiency (7, %), were
measured with a Keithley Model 2400 and a 1,000 W xenon lamp
(Oriel, 91193) upon masking a cell. The light was homogeneous
up to an 8x8 in” area, and its intensity was calibrated with a Si solar
cell (Fraunhofer Institute for Solar Energy System, Mono-Si+KG
3filter, Certificate No. C-ISE269) to a 1 sun light intensity (100 mW/
cm?), which was double-checked with an NREL-calibrated Si solar
cell (PV Measurements Inc.).

4. Characterization

FT-IR spectra of the samples were collected using an Excalibur
Series FTIR (DIGLAB Co.) instrument in the frequency range of
4,000 to 600 cm ™" with an ATR facility. X-ray diffraction (XRD)
measurements were performed with a Rigaku D/max-RB apparatus
(Tokyo, Japan). Data were collected from 5° to 60° at rate of 2°/min.
Tonic conductivity was measured under a dry atmosphere using an
impedance analyzer (IM6, ZAHNER, Germany) and a lab-made
four-probe conductivity cell. The morphologies of the TiO, electrodes
were observed with a field-emission scanning electron microscope
(FE-SEM, SUPRA 55VP, Germany, Carl Zeiss).

RESULTS AND DISCUSSION

To investigate the coordinative interactions between salt and poly-
mer, the FT-IR spectra of neat Epichlomer, Epichlomet/PEGDME
blends and Epichlomer/PEGDME/(Lil+MPII) electrolyte were meas-
ured, as presented in Fig. 1. The ratio of Epichlomer:oligomer was
7 : 3 wt and the content of salt was fixed at [EO] : [salt]=10: 1. The
salt mixture of Lil+MPII was always 1 : 1 wt ratio throughout the
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Fig. 1. FT-IR spectra of (a) Epichlomer, (b) Epichlomer/PEGDME
and (c¢) Epichlomer/PEGDME/(Lil+MPII).

paper. The ether [-O-] stretching band of pristine Epichlomer ap-
peared at 1,096 cm™ and was not changed by the introduction of
PEGDME because of similar chemical structures. Upon the addi-
tion of salt into Epichlomer/PEGDME, the ether stretching band
shifted to a lower wavenumber of 1,085 cm™'. The shift to a lower
wavenumber originated from the loosening of the C-O-C bond by
the electron donation to cation [22,23]. Similar behaviors were also
observed for other oligomer systems.
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Fig. 2. XRD patterns of Epichlomer/(Lil+MPII)/1, electrolytes con-
taining (a) PEG (b) PEGDGE, (c) PEGDME and (d) PPG

The structural properties of polymer electrolytes were character-
ized by XRD analysis. Fig. 2 shows the XRD patterns of Epichlo-
mer/(Lil+MPII)/1, electrolytes containing various oligomers. All
the electrolytes exhibited broad amorphous XRD halos, indicating
the lack of crystalline parts in the films. It represents that the crystal-
line inorganic materials such as Lil and I, are completely dissolved
in the polymeric matrix due to coordinative interactions between
the polymer and the salt. Bragg d-spacing of polymer electrolytes

Fig. 3. Cross-sectioned FE-SEM images of (a) pristine TiO, (x2,650), (b) TiO, (x200,000), (c) TiO, (x50,000) and (d) TiO, with Epichlomer/

PEGDME/(Lil+MPII/L electrolytes.
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was determined from the maximum position in the broad peak using
Bragg relation. The d-spacing of PEG-based polymer electrolyte
was the highest as 4.4 A (from 20.1°), whereas that of PEGDGE
was the lowest as 4.1 A (from 21.7°). It demonstrates that the chain
contraction and densification of PEGDGE-based polymer electro-
Iytes was the most significant, which may be related to the addi-
tional interactions/or reactions. These interactions and structural
properties of the PEGDGE-based electrolyte will be characterized
by FT-IR spectroscopy and directly related to ion conducting prop-
erties and solar cell performances.

The interfacial properties between the electrolyte and the elec-
trodes are of pivotal importance in determining the overall conver-
sion efficiency of solid-state DSSCs [19-21]. Thus, the morphologies
of the nanocrystalline TiO, electrode were observed by using FE-
SEM. Fig. 3 shows FE-SEM images of cross-sections of TiO, with
and without electrolytes. The thickness of the TiO, layer was ap-
proximately 11 um, as seen in Fig. 3(a). The pristine TiO, nano-
particles without electrolytes maintained their original shapes and
sizes of 30-40 nm in diameter, as shown in Fig. 3(b) and (c). Upon
introducing Epichlomer/PEGDME/(Lil+MPII)/, electrolyte (Fig.
3(d)), the morphology of the TiO, layer was much smoother due to
adequate coating of TiO, nanoparticles by the electrolytes. This result
demonstrates good interfacial contact between the TiO, electrode
and polymer electrolyte.

Solid-state electrolytes consisting of Epichlomer, oligomer, mix-
ture salt (Lil : MPII=1 : 1 wt%) and iodine (I,) were prepared and
applied in a DSSC. To examine its photovoltaic performance, the
photocurrent density-voltage characteristics of the DSSC were meas-
ured at 100 mW/cn?, as shown in Fig. 4. The solar cell performances,
including J., V,., FF, and 7, obtained from the curves are summa-
rized in Table 2, where the ionic conductivities of electrolytes are
also included. The DSSC employing the polymer electrolytes with
PEGDME and PEG exhibited energy conversion efficiency of al-
most 4%, which was the highest among many oligomer systems.
The DSSC employing PPG electrolyte showed lower efficiency
(2.8%) than those of PEG and PEGDME in the similar length of
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Fig. 4. Current-voltage curves of DSSC employing Epichlomer/(Lil
+MPII)/, electrolytes with varying oligomer; (a) PEGDGE,
(b) no oligomer, (c) PEG1000, (d) PPG, (¢) PEG400 and (f)
PEGDME.

Table 2. Ionic conductivity and DSSC performances of Epichlo-
mer/oligomer/(Lil+MPII)/I, electrolytes

. Ionic' . Efficiency V,, J.

Oligomer (Cfil(()igcstl/\c/g %) (V)  (mA/em?) FF

PEGDME 61 3.95 0.68 129 045
PEG 50 3.87 0.67 135 043
PPG 12 2.82 0.65 73 0.60
PEGDGE 0.001 0.02 048 0.59 0.09
PEG1000 26 0.89 0.69 22 0.58
None 0.1 0.27 0.62 0.85 0.51

polymer chains. It is presumably due to lower ionic conductivity
and less negative flat band potential [24]. The lower molecular weight
PEG (M,=400 g/mol) electrolyte exhibited higher ionic conductivity
and higher cell efficiency than PEG1000 (M,=1,000 g/mol), indi-
cating the importance of the chain length of oligomer. Interestingly
enough, both the ionic conductivity and the energy conversion effi-
ciency of DSSC for PEGDGE based electrolyte was unusually lower
compared to other similar systems. These values were even much
lower than those of Epichlomer electrolyte without oligomer. Con-
sidering these unusual properties, there must be some unexpected
interaction/or reaction in the PEGDGE electrolyte system, result-
ing in the deterioration of ionic conductivity and cell performance.
The reaction and interaction of PEGDGE based electrolyte was
investigated by FT-IR spectroscopy, as presented in Fig. 5. Pristine
PEGDGE exhibited the ether stretching band at 1,094 cm™ and the
epoxy band at 885 cm™ (Fig. 5(a)). Upon the introduction of Lil
and/or I, the epoxy stretching band at 885 cm™ was almost unob-
servable, implying chemical reaction between iodine and epoxy
group. According to the previous work, the epoxides are readily
subject to cleavage by elemental halogen or halogenated salt such
as Lil even under the mild conditions, leading to the halohydrin [25].
Thus, the formation of ring opening halogenations of PEGDGE
electrolyte can be illustrated as Scheme 1. It is concluded that the
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Fig. 5. FT-IR spectra of (a) PEGDGE, (b) PEGDGE/Lil, (c)
PEGDGE/, and (d) PEGDGE/LIl/L,.
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Scheme 1. Reaction and coordination of Lil and I, with PEGDGE.

formation of halohydrin in the electrolyte significantly deteriorates
the ionic conductivity of electrolyte and the performance of DSSC
because of lower concentrations of triiodide/iodide (I;/T7). This find-
ing would be very important because epoxy based polymer elec-
trolytes were successfully used in lithium batteries [26,27] but not
applicable to DSSCs.

CONCLUSION

Epichlomer polymer electrolytes containing various oligomers
with similar molecular weight were prepared and applied to solid-
state DSSC. In particular, the effect of oligomer was investigated
in terms of interactions, structures, ionic conductivity and DSSC
performances. FT-IR spectroscopy and XRD analysis confirmed
the coordinative interactions between the salt and the polymer matrix,
leading to complete amorphous structures of polymer electrolytes.
Upon the introduction of oligomer, the interfacial contact between
the electrolytes and the electrodes was improved, as confirmed by
FE-SEM. The ionic conductivities of polymer electrolytes were var-
ied depending on the type of oligomer but mostly ranged in 1.2-
6.1x107° S/cm at room temperature. However, the ionic conductiv-
ity of PEGDGE based electrolyte (~10°* S/cm) was much lower
than those of other similar systems. The DSSC employing PEG
and PEGDME electrolytes exhibited the highest energy conversion
efficiency of almost 4% at 100 mW/cn’. However, the energy con-
version efficiency of DSSC employing PEGDGE electrolyte (0.02%)
was unusually lower compared to other similar systems, due to the
ring opening halogenations of epoxy groups.
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