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ABSTRACT

Poly(ethylene glycol) (PEG) was modified with a long alkyl acid to produce a self-organized amphiphilic
polymer (amPEG). FT-IR and NMR spectroscopies confirmed the amPEG synthesis. This polymer was
complexed with lithiumiodide (Lil) and 1-methyl-3-propylimidazolium iodide (MPII) to prepare polymer
electrolytes to be applied to dye-sensitized solar cells (DSSC). FT-IR studies showed that upon the addition
of litium salt the free ether and ester carbonyl bands shifted towards lower wavenumbers, indicating the
complexation of Li ions with oxygens on the amPEG. Alkylation and salt introduction reduced PEG crys-
tallinity, as characterized by wide angle X-ray scattering (WAXS) and differential scanning calorimetry
(DSC). The ionic conductivities of the polymer electrolytes increased with increasing salt concentrations,
and the energy conversion efficiency of DSSC reached 2.6% at 100mW cm~2 for amPEG/MPII system
which is higher than amPEG/Lil. This may be due to the higher mobility of MPII ion than the lithium ion
in the polymer electrolyte. The interfacial properties between electrolytes and electrodes were inves-
tigated using field-emission scanning electron microscopy (FE-SEM) and electrochemical impedance

spectroscopy (EIS).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Dye-sensitized solar cells (DSSCs) have higher energy conver-
sion efficiencies (~11% at 1 sun AM 1.5) and 80% lower production
costs than do silicone solar cells [1-7]. Liquid electrolytes contain-
ing redox couples are commonly used for DSSC [8,9]. These solar
cells require the formation of a perfect seal to avoid solvent evap-
oration, leakage, high temperature instabilities and flammabilitiy.
There have been many attempts to substitute liquid electrolytes
into DSSCs with solid or quasi-solid state electrolytes [10-24].
Among these attempts, DSSCs employing polymer electrolytes have
received great interest [10,11,25-28].

Poly(ethylene glycol) (PEG) is one polymer that has attracted
much attention in polymer electrolytes because of its high polar-
ity, its ability to dissolve redox couples and its excellent chemical
stability. The ionic conductivities of PEG-based electrolytes are
somewhat limited due to their high crystallinities. As a result, much
research has attempted to increase ionic conductivity by modifying
PEG [10-12]. For example, Kang et al. modified PEG via cross-
linking based on polyurethane synthesis, and Chatzivasiloglou et al.
used propylene carbonate as a PEG plasticizer [29-31].
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A high ionic conductivity of polymer electrolytes is considered
essential, but ionic conductivity usually decreases with increas-
ing mechanical strength because both parameters are strongly
related to polymer chain movement. Self-organized, microphase-
separated polymers can offer both high ionic conductivity and
dimensional stability and thus have recently attracted interest for
use in polymer electrolytes [32,33].

Studies have demonstrated the importance of interfacial contact
between polymer electrolytes and dye-adsorbed semiconduc-
tors [26-28]. Electrolyte penetration through the photoelectrode
nanopores is essential for obtaining good photovoltaic perfor-
mances of DSSCs composed of polymer electrolytes. As a result, the
sizes of polymer chains and pore diameters should be adequately
matched for deeper penetration of polymer electrolytes into TiO,
nanopores. The coil sizes of polymer chains are commonly rep-
resented by the radius of gyration, Rg, expressed approximately
by Rg =C(My )%, where M,y is the molecular weight in g/mol and
C=0.063 nm/(g/mol)?> for poly(ethylene oxide) (PEO) in a good
solvent [34]. Thus, in the case of PEG or its derivatives, using a
lower molecular weight compound is referred to as the “oligomer
approach”. Another approachis “fabrication of anionic path”, which
employs carbon nanotubes and nanoparticles, as reported by Usui
et al. [35]. Kato et al. also used dicarboxylic acids having 6, 10 or 12
carbon atoms chemically linked to TiO, nanoparticles by esterifica-
tion at higher temperature [36]. They also reported TiO-, esterified
with long chain bromoacid and in turn linked to immidazolium ions
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for the enhancement of short circuit current (Js¢) by fabricating an
ionic path between nanoparticles [37].

In this work, PEG was modified with a long alkyl acid to pro-
duce a self-organized amphiphilic polymer that can provide high
ionic conductivity with good mechanical properties. Alkylation
is expected to help reduce PEG crystallinity and to enhance the
mechanical strength of the polymer electrolyte. Polymer elec-
trolytes consisting of amphiphilic PEG, metal salt (Lil) or ionic
liquid (1-methyl-3-propylimidazolium iodide, MPII), and I, were
prepared and applied to DSSCs. The resultant materials were
characterized using FT-IR, NMR spectroscopy, wide angle X-ray
scattering (WAXS), differential scanning calorimetry (DSC) and
field-emission scanning electron microscopy (FE-SEM).

2. Experimental
2.1. Materials

Poly(ethylene glycol) with two different molecular weights
(1000 and 2000 g/mol), 6-bromohexanoic acid (BHA), 1-methyl-
3-propylimidazolium iodide (MPII), lithium iodide (Lil), and
amberlyst 15 (a cation exchange resin) were purchased from
Aldrich chemicals and were used as received, without further
purification.

2.2. Amphiphilic PEG synthesis

Three grams of PEG 1000 g/mol (1k) or 2000 g/mol (2k) was
dissolved in 15 mL of tetrahydrofurane (THF) in a 250 mL round
bottom flask via stirring. In a separate vessel, 3 g 6-bromohexanoic
acid (BHA) was dissolved in 15 mL THF and added to the PEG solu-
tion. To the reaction mixture, 0.75 g amberlyst 15 was added. The
reaction mixture was refluxed at 85°C for 5h. The product was
isolated using hexane and dried in a vacuum oven.

2.3. Polymer electrolyte preparation

Synthesized amphiphilic PEGs with two different molecular
weights (1000 and 2000 g/mol) were used as polymer matrices.
Lithium iodide salt or MPIl ionic liquid was used as an iodide source.
The molar ratios of the oxygen atoms to salt cations in the polymers
were 20:1, 10:1 and 5:1. The iodine content was fixed at 10 mol%
with respect to Lil or MPIL

2.4. Preparation of photoelectrodes

Transparent glass, coated with conductive FTO, was used for
the photoelectrode. The neat glass was cleaned by sonication in
isopropanol and then in chloroform. The clean conducting sur-
face of the FTO glass was blocked by a layer of titanium(IV) bis
(ethyl acetoacetato) diisopropoxide using spin coating, followed
by heating to 450°C for 2h, holding for 30 min, and cooling to
30°Cfor4h.Then, commercialized TiO, paste (Ti-Nanoxide T, Sola-
ronix) was cast onto the FTO glass by a doctor-blade technique
and successive sintering at 450°C for 30min. The nanocrys-
talline TiO, film (with a thickness of ca. 12 wm) was sensitized
overnight with a Ru(dcbpy),(NCS), dye (dcbpy = 2,2-bipyridyl-4,4-
dicarboxylato) solution (535-bisTBA, Solaronix, 13 mg dissolved in
distilled ethanol (50 g)).

2.5. Preparation of counter electrode

Transparent glasses coated with a conductive FTO were used
for counter electrodes. These glasses were cleaned by sonication in
isopropanol and then in chloroform. The counter electrodes were
prepared by spin coating 4 wt% H,PtClg 2-propanol solution onto

the conductive FTO glass and sintering at 450 °C for 2 h, holding for
30 min, and cooling to 30°C over 8 h.

2.6. Fabrication of DSSC

DSSCs with an active area of 0.4 cm? were constructed by drop-
casting of electrolyte solution onto the photoelectrode and covering
with the counter electrode, according to previous reported proce-
dure [26-30]. The cells were placed in a vacuum oven for a day to
permit complete evaporation of solvent and were then sealed with
an epoxy resin. Photoelectrochemical performance characteristics,
including short-circuit current (Jsc, mA cm~2), open-circuit voltage
(Voc, V), fill factor (ff), and overall energy conversion efficiency (1)
were measured using a Keithley Model 2400 and a 1000 W xenon
lamp (Oriel, 91193). The light was homogeneous over an 8 in. x 8 in.
area, and its intensity was calibrated with a Si solar cell (Fraunhofer
Institute for Solar Energy System, Mono-Si + KG filter, Certificate No.
C-ISE269) for a sun light intensity of 1 (100 mW cm~2). This calibra-
tion was double-checked with a NREL-calibrated Si solar cell (PV
Measurements Inc.).

2.7. Characterization

Proton nuclear magnetic resonance ("H NMR) measurements
were performed with a 600-MHz, high-resolution NMR spectrom-
eter (Avance 600-MHz FT-NMR spectrometer, Bruker, Ettlingen,
Germany). Fourier transfer infrared (FTIR) spectra of samples were
collected with an Excalibur series FTIR (DIGLAB, Co., Hannover, Ger-
many) in the 4000-600 cm~! frequency range with an attenuated
total reflection facility. The polymer thermal properties were inves-
tigated using a differential scanning calorimeter (DSC Q2000 from
TA Instruments). The sample was heated in nitrogen at 10°C/min
from —85°C to 120°C. The sample was then cooled to —85°C and
heated to 120°C again, following the same procedure. The second
scan thermogram determined the transition temperatures of the
polymer and polymer electrolytes. Morphological characterization
for the nanocrystalline TiO, layer was carried out using a field-
emission scanning electron microscope (FE-SEM, S-4700, Hitachi).
Ionic conductivity was measured using a two-point probe conduc-
tivity cell.

3. Results and discussion
3.1. Amphiphilic PEG (amPEG) synthesis

The synthesis procedure for amPEG is presented in Scheme 1. In
this process, hydrophilic PEG was esterified with BHA to produce a
self-organized amphiphilic polymer containing long hydrophobic
alkyl groups at the ends, as characterized by FT-IR and NMR spec-
troscopies. Fig. 1 shows FT-IR spectra of pristine and 2000 g/mol
PEG (PEG,y), HPA and amPEG. The free hydroxyl band of PEG at
3388 cm~! shifted to 3446 cm!, and the carbonyl peak of BHA at
1685 cm~! shifted to 1730 cm~!, implying successful esterification.
Fig. 2 shows the TH NMR spectrum of amphiphilic PEG (2000 g/mol)
esterified with BHA. Peaks below 2 ppm indicate the methylene
proton of BHA. Peaks a and b represent methylene protons adja-
cent to the ester group and bromine, respectively. The ethylene
oxide protons appear at 3.65ppm, which is assigned as peak c.
The ethylene oxide peak shifted downfield to 4.22 ppm and was
assigned as peak d. These spectroscopic results indicate the success-
ful esterification of PEG [38] to produce amPEG with hydrophilic
and hydrophobic segments.

3.2. Coordinative interactions of the polymer electrolytes

The coordinative interactions of immidazolium ions with the
ester and ether oxygens on amPEG were investigated using FT-IR
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Scheme 1. Synthesis of amphiphilic PEG (amPEG) containing alkyl groups.

spectroscopy, as presented in Fig. 3. The carbonyl (C=0) stretching
band of amPEG appeared at 1730cm~!. For the polymer elec-
trolyte with a 5:1 molar ratio, this peak appeared at around same
wavenumber, but with a lower intensity, indicating some interac-
tion with the immidazolium ion. In addition, the C-O-C stretching
band of the ester group in amPEG at 1107 cm~! remains almost
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Fig. 1. FT-IR spectra of PEG,y, BHA and amPEG.
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Fig. 2. 'H NMR spectrum of amPEG.

unchanged, implying no significant interaction between immida-
zolium ions and the C-O-C oxygen.

Fig. 4 shows FT-IR spectra of neat Lil, amPEG and amPEG/Lil/l,
with different salt contents. The carbonyl band of the ester group
appeared at 1727 cm~! with a very low intensity in the 5:1 poly-
mer electrolyte compared to that in the pristine amPEG. In addition,
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Fig. 3. FT-IR spectra of amPEG, MPII and amPEG/MPII/I, from 20 to 5% MPII compo-
sitions.
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Fig. 4. FT-IR spectra of Lil, amPEG and amPEG/Lil/I, from 20 to 5% Lil compositions.
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Fig. 5. WAXS results of PEG;k, amPEG, amPEG/Lil/l, and amPEG/MPII/I,.

the C-O-C stretching band shifted significantly from 1107 to
1083 cm!. These results demonstrate that lithium ions interact
with the C=0 or C-0-C oxygens, but mostly coordinate with the
ether (C-0O-C) oxygens. The shift to alower wavenumber originates
from loosening of the C-O or C=0 bonds via electron donation to
salt cations [26,29].

3.3. Structural changes in the polymer electrolytes

Ionic diffusion in polymer electrolytes is well known to depend
on structural properties such as chain rigidity and free volume. The
WAXS patterns for PEG,y, amPEG, amPEG/Lil/l; and amPEG/MPII/I,
with a 5:1 molar composition were obtained to investigate the
structural changes in PEG and the dissolution behaviors of inor-
ganic materials such as Lil, MPII and I, (Fig. 5). The PEG and amPEG
polymer samples exhibited two strong crystalline peaks at 19.2°
and 23.4°, but their relative intensities differed. The two peaks are
due to the typical 7/2 helical structure of polyethylene glycol, that
is, seven ethylene oxide repeat units with two turns in a fiber period
of 1.93 nm [39,40]. Upon adding Lil to amPEG at a 5:1 ratio, two
sharp crystalline PEG peaks disappeared and Lil was absent, indicat-
ing complete Lil salt dissolution in the polymer matrix. Two small
PEG crystalline peaks remained in the polymer electrolyte contain-
ing MPII ionic liquid, demonstrating some intact crystallinity and
reduced interaction between the polymer and ionic liquid com-
pared to that of the Lil salt. The degrees of crystallinity calculated
from WAXS plots and DSC are presented in Table 1. The amPEG crys-
tallinity was 71.4%, which decreased to 2.3% in the amPEG/MPII/I,
5:1 system. Thus, polymer matrices have weaker interactions with
MPII than with lithium metal salt.

The DSC thermograms for PEG,y, amPEG and amPEG/Lil/I, with
different compositions are presented in Fig. 6. The glass transi-
tion temperature (Tg) of pristine PEG (PEG,x) was not accurately
observed in our work but is near —70 °C according to the literature
[41]. The crystalline melting point (Tr, ) of pristine PEG was 51.7 °C

Table 1
Degrees of crystallinity as determined by WAXD and DSC.

Sample Crystallinity % Crystallinity %
(WAXD study) (DSC study)

PEGyy 80.5 84.3

amPEG 714 75.8
amPEG/MPII/I; (20:1) - 11.8
amPEG/MPII/I, (10:1) - 383
amPEG/MPII/I; (5:1) 2.3 10.6
amPEG/Lil/l, - -

PEG K
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Fig. 6. DSC thermograms of PEG,y, amPEG and amPEG/Lil/l, with different compo-
sitions.

and that of amPEG was 47.7 °C. Upon increasing salt concentra-
tion from 20:1 to 5:1 in amPEG/Lil/l, the T; value continuously
increased from —33.3°C to —8.4°C. This result strongly indicates
a coordinative interaction between the Lil salt and the polymer
matrix, resulting in a restricted chain mobility. Another indication
of the strong interaction between the salt and the polymer matrix
is the absence of Ty, in all compositions.

The DSC measurements for the amPEG/MPII/I, system with
varying compositions and the resulting thermograms are pre-
sented in Fig. 7. The Tg of the amPEG/MPII/I, electrolyte at 20:1
was —60.4°C. Tg increased continuously and reached —58.6°C for
the 5:1 composition. Considering the 1.8°C rise in Tg, which is
very marginal, the interactions between the MPII ionic liquid and
the polymer matrix are much weaker than those between the
Lil salt and the polymer matrix, consistent with the FT-IR and
WAXS results. The crystalline melting temperature in amPEG was
47.7 °C.Forthe 20:1 composition, T, decreased to 27.7 °C; however,
increasing the MPII concentration to 5:1 intriguingly increased
Tm to 39.1°C, implying less favorable interactions at higher salt
concentrations. Unlike the interaction between amPEG and Lil
salt in the amPEG/Lil/l, electrolyte, the amPEG crystallinity in
the amPEG/MPII/I; remains intact, which demonstrates a reduced
interaction between amPEG and MPII. The degrees of crystallinity
(Xc) were quantitatively determined using the DSC thermogram
[42] and are presented in Table 1. The degree of PEG crystallinity,
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Fig. 7. DSC thermograms of PEG,,, amPEG and amPEG/MPII/I, with different com-
positions.
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as calculated from the DSC plot, was about 84.3%. After PEG ester-
ification by BHA, the crystallinity decreased to 75.8% (amPEG).
The polymer electrolyte crystallinity decreased from 11.8% for the
20:1 composition to 10.6% for the 5:1 composition, indicating lim-
ited interaction between amPEG and the immidazolium ion. In
the amPEG/Lil/l, system, the DSC thermogram showed no melt-
ing transition peak irrespective of composition, suggesting a loss of
PEG crystallinity and an intimate interaction between the lithium
ion and the polymer matrix amPEG. These results were consistent
with those of the WAXS and FT-IR data.

3.4. Conducting and electrochemical properties

The impedance spectra of the amPEG/Lil/l, and amPEG/MPII/I,
electrolytes were measured using the two-electrode method to
investigate the ionic conductivities of the polymer electrolytes.
The ionic conductivity in this study was calculated from the
bulk resistance value found in the complex impedance dia-
gram. The ionic conductivities of amPEG/MPII/I; electrolytes
increased with increasing ionic liquid concentration in the range
of 1076-10->Scm™!. In the case of amPEG/Lil/l, electrolytes, the
increased ionic conductivities with increased metal ion concentra-
tion are less prominent in the region of 10-7 Scm~! than are those
produced in the interactions with ionic liquid. As the FT-IR, WAXS
and DSC studies showed that there is better coordinative interac-

tion between the lithium ion with the oxygen atom of amPEG in
amPEG/Lil electrolyte than the ionic liquid ion in amPEG/MPII elec-
trolyte. As a result, the stiffness of the polymeric chain increases
and decreases the electronic diffusion of I3~ in the amPEG/Lil elec-
trolyte. This results in the decrease of the ionic conductivity of
lithium ion in amPEG/Lil electrolyte as compared to amPEG/MPII
electrolyte. At the same time, the SEM image showed better inter-
facial for MP II electrolyte system than Lil electrolyte resulting in
higher conductivity for amPEG/MPII [43,44].

Polymer electrolyte penetration into dye-attached nanoporous
TiO, nanoparticles triggers intimate contact which governs the
ionic mobility and most importantly the overall conversion effi-
ciency of DSSC [23,24]. Kang et al. studied the PEG-based polymer
electrolyte in detail, suggesting that the coil size of the electrolyte
medium should be smaller than the average pore of diameter
of the TiO, layers [30]. Therefore, PEG should be used with a
My, =2000 (Rg=2.82nm) or lower, which was the basis for the
decision to use PEGy, and PEGx (Rg=1.99 nm) in this study. Fur-
thermore, these polymers were esterified with long chain bromo
acid to create ionic paths [36,37]. Fig. 8 shows cross-sectional
FE-SEM photomicrographs of the pristine TiO, electrode and the
TiO, electrode with amPEG/Lil/I, and amPEG/MPII/I; (5:1). The
dye-attached TiO, nanoparticles have particle diameters around
20-30 nm. When lithium iodide salt containing amPEG electrolyte
was introduced, the nanocrystalline TiO, particles seemed to be

Fig. 8. Cross-sectional FE-SEM images indicating the penetration of polymer electrolytes in a (a) pristine TiO; electrode, (b) TiO, electrode with amPEG/Lil/I, (5:1), and (c)

TiO, electrode with amPEG/MPII/I; (5:1).
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Table 2

Photovoltaic performances of open-circuit voltage (V,c), short-circuit current (J), fill factor (ff) and overall energy conversion efficiency ().
Polymer electrolyte (5:1) Voc (V) Jse (mAcm~—2) ff Efficiency (%) R1(R2) R2 (2) Dark R (£2)
amPEG,/MPII/I, 0.56 8.0 0.53 2.3 84 170 2130
amPEG/Lil/I, 0.40 9.9 0.47 1.9 100 130 28,000
amPEG,,/MPII/I, 0.57 8.1 0.58 2.6 80 120 1605
amPEG, /Lil/l, 0.42 7.7 0.57 1.8 92 300 10,000

adequately coated with polymer electrolyte, resulting in good pen-
etration of the electrolyte material into the nanopores, as shown in
Fig. 8(b). Adding amPEG with MPII electrolyte improved the interfa-
cial contact between the TiO, nanoparticles and the electrolyte, as
shown in Fig. 8(c). The TiO, nanoparticle size increased to around
65-70nm as a result of polymer electrolyte adsorption onto the
surface.

The photovoltaic performances of DSSCs fabricated with amPEG
(Mw =1 and 2 kg/mol), MPII ionic liquid or Lil salt and I, as the
redox system were evaluated using -V measurements, as shown in
Fig. S1 (Supporting information). The cell performances including
n, ff, Voc and Jsc of DSSCs employing amPEG, Lil and MPII electrolytes
are summarized in Table 2. The amPEG electrolytes containing MPII
exhibited higher efficiency than did those containing Lil salt, which
is expected, due to the higher mobility of the electrolyte. Strong
coordination interaction of lithium ion with the polar oxygen atom
in amPEG/Lil electrolyte than MPII ion in amPEG/MPII electrolyte
resulted in higher transient crosslinking of polymer chain and thus
higher increase of Tg in the former (by 25°C) than in the latter
(by 2°C). This will lead to the decrease in diffusion coefficient of
I3~ in amPEG/LIl electrolytes [43,44]. As a result, the efficiency of
amPEG/Lil/l, electrolyte was approximately 75% lower than that of
the amPEG/MPII/I,.

The internal resistances and electron transport kinetics of the
TiO, films in DSSC were studied using EIS analysis. Fig. 9 shows
the Nyquist plots of EIS for DSSCs with different compositions
measured at 100 mW cm~2. Usually, all DSSC spectra exhibit three
semicircles, which are assigned to electrochemical reactions at the
Pt counter electrode, the charge transfer at the TiO, /dye/electrolyte
and the Warburg diffusion process of I= /I3~ [45,46]. The first semi-
circle in the high frequency range is primarily related to the sheet
resistance of FTO and remains nearly constant regardless of the sys-
tem. In our case the sheet resistance is too small to be recognized
and almost merge in the second semicircle. The second semicircle

80 -

Imaginary resistance
H [e2]
o o
1 1
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o
1

0 T T T T T T T
0 40 80 120 160 200 240 280
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Fig. 9. Nyquist plots of DSSCs based on different compositions (a) amPEG,/MPII/I,
(b) amPEG/MPII/I,, (c) amPEGy/Lil/I; and (d) amPEG/Lil/I; at 100 mW cm~2.

is attributed to the impedance in the counter electrode/redox elec-
trolyte interface (R1). The largest semicircle in the low frequency
range represents the impedance associated with the charge transfer
between the dye-sensitized TiO, and the electrolyte interface (R2).
The charge transport resistance at the TiO,/dye/electrolyte inter-
face decreased from amPEGy/Lil/I, to amPEG,, /MPII/I,, as seen in
Fig. 10 and Table 2. This phenomenon may be due to the lower ionic
mobility of the polymer electrolyte containing Lil compared to that
containing MPII ionic liquid. Similarly, the characteristic frequency
peaks (10-2-106 Hz) in the Bode phase plots are shown in Fig. 10.
The characteristic peak shifted to a lower frequency when the poly-
mer electrolyte salt changed from lithium salt to MPII ionic liquid.
The characteristic frequency is related to the inverse of the recom-
bination lifetime (t;), or electron lifetime (te), in the TiO, film
[47,48]. This indicates that an ionic liquid containing polymer elec-
trolyte has a longer electron lifetime in the TiO, photoelectrode.
These results imply that electrolytes containing lithium salt have
higher resistances and lower electron lifetimes in photoelectrodes.

Electrochemical impedance spectroscopy was also conducted
in the dark to elucidate the correlation between electron transport
and composition. In these cells, electrons were transported through
the interconnected TiO, network and reacted with I3~. Simultane-
ously, I~ was oxidized to I3~ at the counter electrode. Hence, the net
current depended largely on the applied bias. Nyquist plots of the
EIS in the DSSCs for different compositions measured in the dark
are shown in Fig. 11 and Table 2. The DSSCs show very high resis-
tance and only one peak. The resistance decreases from the lithium
salt containing polymer electrolyte to the ionic liquid electrolytes,
which may be due to the lower ionic mobility of the electrolytes of
the lithium ion electrolyte. The Bode phase plots of characteristic
frequency peaks (10~2-108 Hz) measured in the dark are shown
in Fig. S2 (Supporting information). The characteristic frequency
peak appears only in one peak, unlike that observed in light con-
ditions. The peak shifted to a lower frequency when the polymer
electrolyte content changed from Lil salt to MPII ionic liquid, indi-

30
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[&]
1

N
o
1

Phase/deg
>
1

log (frequency)/Hz

Fig. 10. Bode phase plots of DSSCs based on different compositions of (a)
amPEG,, /MPII/Iy, (b) amPEG,/MPII/I3, (c) amPEGy/Lil/l; and (d) amPEGyy/Lil/l, at
100 mW cm~2.
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amPEG/Lil/I; (100 Hz) in the dark. (A) Nyquist plots and (B) enlarged Nyquist plots.

cating an increased lifetime for MPII-containing electrolytes and a
higher resistance in the lithium salt electrolyte.

4. Conclusions

AmPEG was synthesized by modification of PEG which was used
as a polymer matrix to prepare polymer electrolytes for TiO,-based
DSSC. The interaction between the ether and ester oxygen atoms
in the polymer and the lithium ion from Lil salt or the immida-
zolium ion from MPII was characterized by FT-IR, WAXS and DSC.
FT-IR results showed lower ester and ether peaks for the pristine
amPEG, indicating coordinative interactions among the polymer
electrolytes. According to WAXS and DSC analyses, increased salt
content in amPEG reduced the polymer crystallinity to a consider-
able extent, unlike inionic liquid systems. The conversion efficiency
of amPEG/MPII/I, was 2.6% at 100 mW cm~2. By increasing the MPII
or Lil concentration the ionic conductivities of polymer electrolytes
increased but compared to the amPEG/Lil system amPEG/MPII has
higher ionic conductivity due to the higher mobility of MPII ion.
The EIS technique was used to measure charge transport resis-
tance and electron lifetime. The charge transport resistance in the
TiO, /dye/electrolyte decreased from salt to ionic liquid containing
electrolytes as well as shift in the characteristic frequency towards
lower value, indicating a higher electron lifetime. FE-SEM showed
good interfacial contact between the polymer electrolytes and the
nanoporous TiO, electrode.
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