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A quasi-solid-state electrolyte employing a poly (ethylene oxide)/Lil system without a filler is evaluated.
The electrolyte is optimized for various potassium iodide (KI) concentrations. The electrolyte containing
14.5 wt.% KI exhibits the highest conductivity (3.0 x 10-3Scm~'). An efficiency of 4.5% is achieved using
this composition of the electrolyte. It is shown that the introduction of KI in a conventional PEO/I,/Lil
electrolyte system prevents the crystallization of the polymer matrix and enhances the ionic conductivity.
The energy conversion efficiency of the device is further enhanced to 5.8% by incorporating a light-
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1. Introduction

Dye-sensitized solar cells (DSSCs) are a promising alternatives to
silicon solar cells [1-4]. Most DSSC, however, use liquid electrolyte
and thus suffer from poor long-term stability caused by evapora-
tion and leakage. Much work has been carried out to prevent or
reduce electrolyte leakage, for instance use of composite materials
in the electrolyte [5], ionic liquids in place of volatile solvents [6,7],
and organic and inorganic hole transport materials [8-11]. Use of
solid-state or quasi-solid-state electrolyte is another alternative
approach, which is particularly attractive to practical application
owing to ease of fabrication, low cost and good stability [12,13].

A typical quasi-solid electrolyte is comprised of a metal salt
with low lattice energy dissolved in a polymer matrix. Energy
conversion efficiencies of up to 4.2% have been achieved for poly
(ethylene oxide) (PEO) based electrolytes [5]. These electrolytes
have the inherent limitation of low ionic diffusion, especially in
low viscous media, and poor penetration of the electrolyte [14]. In
order to enhance the overall conversion efficiency and transport
properties of DSSCs, the nature or composition of the electrolytes
must be improved. One way is to add organic/inorganic molecules
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(plasticizers) to the electrolyte. Inorganic nanoparticles are now
commonly used after Croce et al. [15] successfully incorporated
titanium dioxide (TiO,) nanoparticles in the polymer electrolyte.
The performance of electrolytes using TiO,, SiO,, Al,O3 and ZnO
has already reached the same level as that of ionic liquid elec-
trolytes [16-20]. Inorganic nanoparticles act as fillers and decrease
the degree of crystallization of the polymer matrix. Although, plas-
ticized polymer electrolytes exhibit high efficiencies [21-23], they
tend to compromise on the mechanical properties of the elec-
trolyte [24]. Selecting a proper metal salt for the electrolyte is also
important. This is because a metal cation of small size easily steers
through the dye and tends to intercalate in the pores of the working
electrode [25]. Park et al. [26] has shown that a small cation (like
Li*)leads to a smaller solvated ion cloud, faster diffusion, and higher
efficiency. A larger cation (like K*) separate causes, better, separa-
tion of the polymer chains, thus leading to higher ionic conductivity
[27].

The aim of this work is to enhance the ionic conductivity of the
polymer electrolyte without compromising the mechanical proper-
ties. Thus, a filler-free polymer electrolyte (with metal cations) has
been synthesized. Keeping the importance of cation size in mind,
both Li* and K* ions are used in the present electrolyte. The inter-
calation of small Li* ions helps to increase the ionic conductivity
since they have a higher dielectric constant. In addition, K* ions
assist in separating the polymer chains. An efficient DSSC is made
by optimizing the concentration of KI in the electrolyte. Efficiency
is further enhanced through the addition of a scattering layer.
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2. Experimental procedures
2.1. Electrolyte preparation

The polymer electrolyte was prepared by adding 0.264 g of PEO
(Mw ~200,000) to 50 ml of acetonitrile. 0.1 g of lithium iodide (Lil)
and 0.019¢g of iodine were then added to the mixture under con-
tinuous stirring. Finally, potassium iodide (KI) was added. A total
of six electrolyte solutions were made, with the KI content varying
from 10.5 to 20.5 wt.%. The electrolytes were stirred continuously
overnight. All the electrolytes were heated (~70°C) to evaporate
the solvent, up to the point that the final product had a gel-like
character.

2.2. TiO, nanoparticle synthesis (TiO5-NP)

Gratzel’s method [1] was used for the preparation of TiO,
nanoparticles. 1 ml of 0.1 M nitric acid was added to 40 ml of tita-
nium (IV) isopropoxide under constant stirring and the resulting
solution was heated to 90 °C for 8 h. The mixture was cooled down
to room temperature and filtered. The filtrate was heated in an
autoclave at 240°C for 12 h. The solution was then dried and con-
verted into powder.

2.3. Synthesis of TiO, scattering particles (TiO5-SP)

For synthesis of the scattering layer of TiO,, 0.5 ml tetrabutoxyti-
tanium (TBT) was added to 10 ml of ethylene glycol under nitrogen
purging. The solution was magnetically stirred overnight at room
temperature, and the poured into an acetone bath (~120 ml) con-
taining 0.3 ml of de-ionized (DI) water, under vigorous stirring. The
white precipitate was separated using centrifugation, followed by
repeated washing with DI water and ethanol. This step was neces-
sary to ensure removal of ethylene glycol from the surfaces of the
titanium dioxide glycolate particles. The particles were converted
to pure anatase TiO, by annealing in air at 450 °C for 30 min.

2.4. Solar cell assembly

TiO,-NP was converted into a fine paste using DI water with-
out any binder, and then spread on fluorine doped tin oxide (FTO)
glass (resistivity 15 cm~2) by the ‘Doctor Blade’ technique (cell area
0.25 cm?). Only one layer of scotch tape (~40 wm thickness) was
used for all the electrodes. The film was allowed to dry in ambient
conditions before heating at 450 °C for 30 min in air. To make the
DSSCs the films were immersed in an ethanolic solution contain-
ing 0.3mM Ru-dye, cis-dithiocyanate-N,N'-bis(4-carboxylate-4-
tetrabutylammoniumcarboxylate-2,2’-bipyridine) ruthenium (II)
(known as N719, Solaronix), for 24 h at room temperature. Sub-
sequently, the films were rinsed with ethanol. The electrolyte was
injected through a hole in the platinum-coated counter electrode,
and the hole was then sealed with hot-melt surlyn (Solaronix) film.
Two different types of device were prepared for testing. The first
device (D1) had a working electrode of only TiO,-NP, while the sec-
ond device (D2) had an additional top layer of TiO,-SP, which was
spin coated at 3000 rpm. The aim was to have an outer layer with
strong light-scattering ability.

2.5. Analysis techniques

The morphology of synthesized TiO, films was examined with
a JEOL-2100 high-resolution transmission electron microscope
(HRTEM) with an accelerating voltage of 200 kV and with aJEOLFEG
JSM 6700 F field-emission scanning electron microscope (FESEM)
operating at 10 kV. Film thickness was determined with a Ambios
Technology XP 200 profilometer. Structural characterization of the

synthesized films was obtained by means of X-ray diffraction (XRD)
on Philips X-ray diffractometer with Cu Ko radiation (A =1.541A).
Brunauer-Emmett-Teller (BET) measurements were conducted
using a Quantachrome Nova 1200 limit with N, as the adsorbate
at liquid nitrogen temperature. The photocurrent-voltage of the
samples was measured with a solar simulator (Newport 91160A)
equipped with an Author to define AM filter and a 150 W Xe lamp
as the light source. The solar cells were tested at 25 °C with a source
meter (Keithley 2420) using Newport IV test station software. The
light intensity corresponding to AM 1.5 (100 mW cm~2) was cal-
ibrated using a standard silicon solar cell (Oriel, SRC-1000-TC).
Incident photon-to-collected-electron conversion efficiency (IPCE)
spectra were measured with a spectral resolution of 5 nm using a
300W Xenon lamp and a grating monochromator equipped with
order sorting filters (Newport/Oriel). The incident photon flux was
determined using a calibrated silicon photodiode (Newport/Oriel).
Control of the monochromator and recording of photocurrent
spectra were performed using TRACQ Basic software (Newport).
Electrochemical impedance spectroscopy (EIS) was recorded with a
potentiostat PGSTAT 302N (Autolab, Eco Chemie, The Netherlands)
under an illumination of 100 mW cm~2. The frequency range was
varied from 0.05Hz to 100 KHz and magnitude of the alternating
signal was 10mV. The conductivity of the PEO/Lil/KI system was
derived from the complex impedance measurements. The conduc-
tivity (o) of the polymer complex films was calculated using the
following equation

O’:L (1)

ARy,
where Ry, is the bulk resistance determined from the intersec-
tion of the high-frequency semicircle with the real axis in complex
impedance plots; L is the thickness of the film; A is the area of the

sample.

3. Results and discussion
3.1. Characterization of TiO,-NP and TiO,-SP films

The SEM images of TiO,-SP prepared from four different concen-
trations of TBT in acetone are shown in Fig. 1 a. The diameter and
density of the nanoparticles can be easily tuned by changing the
concentration of TBT. When 0.05, 0.1 and 0.5 ml TBT is used, well-
dispersed uniform and spherical nanoparticles are obtained. This
uniformity can be attributed to ethylene glycol which reduces the
hydrolysis rate of TBT. As observed, the diameter of these particles
increases with the amount of TBT (from 50 to 130 nm). This is due to
an increased number of nuclei present to form titanium glycolate.
With further increase in TBT, the particles tend to fuse together and
form larger agglomerates. The TBT concentration of 0.5 mlin 120 ml
acetone gives poly-dispersed particles with the largest diameter in
the range of 90-130 nm. Hence, this concentration of TBT is used to
prepare the light-scattering layer for the DSSC. The spherical nature
of the TiO,-SP is also confirmed by TEM. The TEM image of the par-
ticles after annealing at 450 °C for 30 min is shown in Fig. 1b. The
image clearly shows that the spherical morphology of the particles
is essentially preserved during the annealing process. An SEM of
the TiO,-NP film after sintering at 450 °C for 30 min is displayed
in Fig. 1c. The film is composed of aggregates of smaller particles
in the size range of 15-20 nm. Small grains with dense structures
are observed in the micrographs. These particles are mostly square
in shape (Fig. 1d). BET analysis shows the total surface area of the
TiO,-NP and TiO,-SP 105.0 and 39.4m?2 g~ !, respectively.

The XRD pattern of TiO,-NP and TiO,-SP films after anneal-
ing at 450°C for 30 min are depicted in Fig. 2. For TiO,-SP, the
sample containing 0.5 ml TBT was chosen. Both the patterns dis-
play well-resolved and sharp peaks. It is clear that both particles
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Concentration of TBT in Solution

Fig. 1. (a) SEM images at different TBT concentrations and (b) TEM images of TiO,-SP. (c) SEM and (d) TEM of TiO,-NP film.

are polycrystalline in nature and have anatase as the predominant
phase. The peaks are indexed corresponding to the (101), (004),
(200) and (105) anatase phase of TiO, (JCPDS file no. 21-1272).
A small amount of (110) rutile phase was also present in TiO,-SP
(JCPDS file no. 21-1276).

3.2. Electrolyte characterization

It is well known that the conductivity of PEO-blended elec-
trolytes containing metal salts increases with the size of the
cation [28]. The ionic conductivity of the electrolyte, however, also
depends on many other factors. The total conductivity of an elec-
trolyte can be expressed by the following equation:

o=n-q-p (2)

where n is the density of charge carriers; q is the number of electron
charges per one carrier; u is the mobility of the carriers. Dissociated
carriers (n) are in turn related to the dissociation energy (U) and
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Fig. 2. XRD spectra of TiO,-NP and TiO,-SP films. ‘A’ represents anatase and ‘R’ rutile
phase of TiO,.

dielectric constant (&) as follows [29]:

n = ne exp [_ZSKL;T} 3)
where kg is the Boltzmann constant and T is the absolute temper-
ature. Hence, ionic conductivity can be enhanced by incorporating
metal salts that have larger ionic radii, higher mobilities, higher
dielectric constants and lower dissociation energies. The ionic
radius of the K* ions (1.38 A) is larger than that of Li* ions (0.76 A)
[30]. Hence, it is expected that K* ions would have higher ionic con-
ductivity. K* ions have lower ¢ (596.34) than Li* ions (722.95) which
will tend to lower the ionic conductivity. Hence, it was decided
to incorporate both the metal ions in the polymer chain to bal-
ance out the negative effects of both. The cations of Li* become
adsorbed on the TiO, layer [20] and help increase the ionic con-
ductivity through a higher dielectric constant value. The K* ions
are attracted to the ether oxygen [21] and help to make the poly-
mer more amorphous. Adding larger K* ions to the electrolyte helps
to decrease the crystallization of the PEO polymer, thus acting as
filler.

The photocurrent density-voltage characteristics of the cells
made with different KI concentrations in the electrolyte under sim-
ulated irradiation (global AM 1.5) are displayed in Fig. 3. It is found
that the short-circuit current density (Jsc) increases with the KI
weight percentage. For the PEO-based electrolytes, the ionic con-
ductivity is governed by the transport of I~ ions [31]. The increased
Jsc is attributed to decreased crystallinity in the polymer chain that
leads to enhanced charge transfer. The highest Jsc (9.10 mA cm~2) is
reported for 14.5 wt.% KI. The inset of Fig. 3 shows the trend of con-
version efficiency with different KI concentrations. The Jsc decrease
when the KI concentration is increased beyond 14.5 wt.%. This may
be due to formation of ion pairs and cross-linking sites that hin-
der the motion of the ions in the polymer chain and reduce the
ionic mobility [32]. Table 1 summarizes the solar cell performance
parameters obtained for different KI concentrations.

The XRD pattern of the quasi-solid-state electrolyte with vary-
ing amount of KI is shown in Fig. 4. The electrolyte without KI has
sharp and well-defined peaks at 26.8, 34.0, 38.2, 51.9, 60.9 and
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Fig. 4. XRD spectra of PEO/LIil based electrolyte with various KI loading.

62.1°, which indicate a semi-crystalline nature. The crystalline peak
intensities are progressively decreased with increase in the KI con-
centration, and nearly vanish at 14.5 wt.%. This suggests that Kl does
prevent PEO from crystallizing. The reduced crystallinity of PEO is
due to interaction of KI with the ether oxygen of the polymer chain.
The increased amorphous phase of PEO with 14.5 wt.% Kl will favour
inter-and intra-chain ion movements and improve the electrical
conduction. Further addition of KI causes agglomeration and phase
separation, thus increasing the crystallinity and the I” /I3 diffusion
resistance of the electrolyte.

The room temperature ionic conductivity (o) of the PEO/I,/Lil/KI
(14.5wt.% KI) system is compared with pure polymer PEO/I,/Lil,
PEO/I;/KI and PEO/I,/Lil/TiO, systems. All the electrolytes (film
thickness ~100 wm) are deposited on Pt-coated FTO glasses, using a
spacer (~0.05 mm). The values of the ionic conductivities are listed
in Table 2. The ionic conductivities of the pure polymer and plas-
ticized electrolyte systems are close to those reported in literature

Table 2

Computed ionic conductivity values for various electrolyte systems.
Electrolyte o (Scm1)
PEO/I/Lil 1.9x 1073
PEO/I/KI 56x 1075
PEO/I,/Lil/TiO, 20x1073
PEO/I/Lil/KI 3.0x 1073

Table 3

Photovoltaic characteristics for cells made from 14.5 wt % KI electrolyte measured
under illumination with AM 1.5 simulated sunlight.

DSSC Voe (V) Jse (MAcm—2) FF (%) Efficiency (%)
D1 0.7 9.1 66.2 4.5
D2 0.6 12.6 71.0 5.8

[27,33,34]. The optimized electrolyte with 14.5% Kl in the PEO/I, /Lil
matrix gives a conductivity value of 3.0 x 103 Scm~1, which is
much higher than polymer and metal salt matrix electrolytes. The
ionic conductivity of 14.5wt.% KI is almost comparable with that
achieved by adding TiO, filler. Hence, this study demonstrates an
enhancement in the ionic conductivity of the polymer electrolyte
without incorporating any inorganic fillers. It is already well-
established that fillers tend to decrease the mechanical strength of
the polymer electrolytes. The enhancement in ionic conductivity
for a PEO/I,/Lil/KI electrolyte comes from K* ions acting as fillers to
reduce the crystallization of the PEO polymer chains. Hence, K* ions
act as supplement for the inorganic fillers. The low dielectric con-
stant of Li* ions promotes the ionic conductivity of the electrolyte.
On the other hand, the K* ions (whose size is larger than Li* ions)
become attracted to the ether oxygen [35] and render the poly-
mer more amorphous. The K* ions interact with the ethylene oxide
repeating units of the PEO polymer through Lewis type acid-base
interactions.

3.3. DSSC Performance with TiO,-SP and quasi-solid electrolyte

To enhance the conversion efficiency of DSSC, a 300 nm thick
scattering layer (TiO,-SP) is coated on TiO,-NP electrode. The pho-
tovoltaic performances of the device D1 (without scattering layer)
and D2 (with scattering layer) are shown in Fig. 5a. An increase
of 29% is recorded in the conversion efficiency with D2 com-
pared with D1. For the same quasi-solid electrolyte, the energy
conversion efficiency is increased to 5.8% for D2. The improved pho-
tovoltaic performance is mainly due to increased Js and fill factor.
An enhanced Js is attributed to better dye loading and increased
light harvesting capability of the film. TiO,-SP particles (~100 nm)
also promote better penetration of the dye, which reduces the series
resistance of device. The enhanced fill factor is linked to the rapid
diffusion of the polymer electrolyte in the TiO, film. The photo-
voltage decreases due to poor connectivity between the FTO and
the electrolyte. A summary of the various solar cell parameters is
given in Table 3. The inset of Fig. 5a shows the incident photo-
to-current conversion efficiency (IPCE) obtained for D1 and D2.
It is well-known that light of a shorter wavelength is relatively
more scattered on a rough surface than that of longer wavelength.
This is because the scattering efficiency of light is proportional to

Table 1
DSSC performance at various KI loadings in quasi-solid electrolyte.
KI concentration (wt.%) Vo (V) Jse (MAcm—2) FF (%) Efficiency (%) R at Vo (2)
10.5 0.6 5.5 67.5 2.5 67.0
12.5 0.7 6.7 73.0 3.6 65.8
14.5 0.7 9.1 66.2 4.5 59.7
16.5 0.6 6.8 62.3 2.8 63.7
18.5 0.6 6.2 59.4 2.4 73.0
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Fig. 5. (a) I-V characteristics and (b) reflectance spectra of DSSC with and without
TiO,-SP layer. Inset shows IPCE of DSSC.

A~4, where A is the wavelength of incident light. The IPCE spectra
indicate that the improvement of quantum efficiency for D2 is rel-
atively higher in the shorter wavelength region (400-600 nm) than
at longer wavelengths.

The light-scattering properties of the synthesized TiO, films are
investigated with diffuse reflectance spectra, as shown in Fig. 5b. A
considerable increase in the reflectance can be observed after the
addition of 100 nm TiO,-SP particles in the D2 electrode. TiO,-SP
exhibits high reflectance in the whole visible region (400-800 nm).
The reflection for D1 and D2 reduces dramatically under 400 nm
because of the light absorption caused by the band transition of
TiO, (band gap 3.0eV).

3.4. Reproducibility and stability of DSSC

In order to determine the factors that influence the stability of
the quasi-solid-state electrolyte DSSC, EIS spectra were measured.
The Nyquist plots for the fresh and days aged sample (5 days) are
shown in Fig. 6a. As expected, the aged device shows higher diffuse-
related resistance and electron transport resistance compared with
the fresh device. Also, in the kinetic region, the fresh device shows
a blue shift in the peak related to the electrolyte diffusion, and
thereby suggests more rapid charge transfer than for the aged
device. With time, the solvent tends to evaporate and hence the
polymer chains start to crystallize and lead to poor ionic conduc-
tivity in the device. The inset of Fig. 6a shows the equivalent circuit
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Fig. 6. (a) Nyquist plots and (b) Bode plots of fresh and aged quasi-solid-state DSSC.
Inset shows equivalent circuit model of DSSC.

model of the impedance of the quasi-solid-electrolyte DSSC. The
transmission line model is used where Rs describes the resistance
of the quasi-solid electrolyte, Rt and C describe the recombination
resistance and the chemical capacitance of the DSSC respectively,
Dy, relates to the interface of the photoelectrode and the elec-
trolyte, Ws encompasses the finite Warburg impedance elements
associated with the diffusion of tri-iodide in the electrolyte, and
Ryifr is the diffusion resistance of the I” /I3 in the quasi-solid elec-
trolyte. Ageing of the DSSC mainly affects Re and Ry;sr, Wwhose values
change by twice the initial value. Hence, the loss in DSSC efficiency
can be attributed to degradation of the electrolyte over time, which
tends to increase the recombination in the device. The Bode phase
plots of the EIS spectra (Fig. 6b) display the frequency peaks of the
charge-transfer process at different interfaces for the two devices.
The electron lifetime for the recombination (7.) in the devices is
determined by the equation, Te =1/®mi = 1/27fmax. Table 4 sum-
marizes the quantitatively fitted results using the equivalent circuit
model. It is observed that the fresh device exhibits lower values for
Rs and Rgyjfr, implying a more efficient charge-transfer process at the
TiO, /electrolyte interface and the Pt counter electrode/redox elec-
trolyte interface. The circuit model uses constant-phase elements
of the capacitance (CPE). This comes from the non-ideal frequency-
dependent capacitance arising from the non-uniform distribution
of the current by the material heterogeneity [36]. The CPE is defined
by two values, CPE-T and CPE-P, the latter is a constant that ranges
from O to 1. The results show a CPE-P value of 1 which is caused
by the appearance of a double-layer capacitance due to the rough
and porous surface of the photoelectrode [36]. From the above dis-

Table 4

Fitted impedance parameters for the fresh and aged DSSC with 14.5 wt.% Kl in the electrolyte.
D2 Film thickness (um) Rs () Ret (2) Raifr (R2) Cer (WF) Te (mMS) D(cm?s1)
Fresh device 9.0 23.7 16.7 23.8 21.0 23.0 32x107°
Aged device 9.0 24.5 6.3 42,5 244 11.0 1.8x107°
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cussion, it is concluded that with ageing the overall resistance of
the device increases (due to crystallization of the polymer matrix),
which leads to shorter electron lifetime and higher electron recom-
bination in the device. In summary, the stability of the device with
quasi-solid electrolyte is much better than that observed with lig-
uid electrolytes.

In order to ascertain the reproducibility, three different devices
from different batches of materials were made and tested. The trend
of the various DSSC parameters obtained for the tested devices is
shown in Fig. 7a. Device D2 incorporating TiO,-SP a with quasi-
solid-state electrolyte is also tested for stability. An evaluation of
the efficiency during the ageing period for D2 is given in Fig. 7b.
The cell performance is evaluated at specific intervals and after the
evaluation the cell is stored in the desiccator cabinet at room tem-
perature. The cell efficiency starts to decrease initially. This may be
due to evaporation of solvent in the electrolyte. After 9 days, the
cell’s efficiency increases slightly as the polymer electrolyte pene-
trates deeper into the porous TiO, electrode. D2 loses 12.2% of its
initial efficiency after a period of 25 days.

4. Conclusions

The addition of KI to a PEO/Lil polymer electrolyte to increase
the ionic conductivity is demonstrated. The concentration of KI
is optimized to obtain a high-efficiency DSSC. 14.5 wt.% KI yields
a homogeneous polymer electrolyte with the conductivity of the

order3 x 10-3Scm~! and energy conversion efficiency of 4.5%. Fur-
ther increase in the KI concentration causes a drop in the DSSC
efficiency due to the formation of cross-linking networks in the
electrolyte, as confirmed by XRD. To enhance further the DSSC per-
formance, an additional light-scattering layer of ~100 nm particles
of anatase TiO, is introduced. The short-circuit current density of
the DSSC thus increases to 12.6 mA cm—2. This can be attributed
to the light-scattering effect of the TiO, electrode film. An energy
conversion efficiency of 5.8% is obtained by employing a light-
scattering layer with the KI incorporated polymer electrolyte.
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