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ABSTRACT: In this work, enhancement of ionic conductivity and
long-term stability through the addition of diphenylamine (DPA)
in poly(ethylene oxide) (PEO) is demonstrated. Potassium iodide
(KI) is adopted as the crystal growth inhibitor, and DPA is used
as a charge transport enhancer in the electrolyte. The modiﬁed
electrolyte is used with titanium dioxide (TiO2) nanoparticles,
which is systematically tuned to obtain high surface area. The dyesensitized solar cell (DSSC) showed a photocurrent of ∼14
mAcm2 with a total conversion eﬃciency of 5.8% under one sun
irradiation. DPA enhances the interaction of the TiO2 nanoparticle
ﬁlm and the I/I3 electrolyte leading to high ionic conductivity (∼3.5  103 Scm1), without compromising on the
electrochemical and mechanical stability. Electrochemical impedance spectroscopy (EIS) studies show that electron transport and
electron lifetime are enhanced in the DPA added electrolyte due to reduced sublimation of iodine. The most promising feature of the
electrolyte is increased device stability with 89% of the overall eﬃciency preserved even after 40 days.
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1. INTRODUCTION
Author: Please verify that the changes made to improve the
English still retain your original meaning.Depleting fossil fuels
and climate changes have sparked intense interest in solar energy
harvesting. The focus of the research community is to fabricate
high eﬃciency photovoltaic cells from low cost and environmental friendly semiconductors. One of the key ingredients of
DSSC is the electrolyte, which provides the internal electrical
conductivity. At present, acetonitrile based liquid electrolytes are
commonly used. The use of liquid electrolytes, however, demands
perfect sealing of the device to avoid leakage and evaporation of the
solvents. Also, current electrolytes suﬀer from poor stability due
to a decrease of tri-iodide concentration through the sublimation
of iodine. Both of these issues aﬀect the long-term stability and
performance of the liquid electrolyte.
Thus, much work has been done to replace the liquid
electrolytes with all-solid-state organic hole-transport materials,1,2
p-type inorganic semiconductors (CuI, CuSCN),3,4 plastic crystal electrolytes,5 polymer electrolytes,68 gel electrolytes,9,10 and
less volatile ionic liquids.11,12 Among the many alternatives, PEO
polymer based electrolytes have attracted widespread interest
after Ren et al.13 used them in quasi-solid-state DSSC and reported
an eﬃciency of 3.6%. The repeating units (CH2CH2O) in
PEO present a favorable arrangement for the eﬀective interaction
of the free electron pair on the oxygen with metal cation. This
happens because PEO chains are arranged in a helical conformation with a cavity, which creates an ideal distance for oxygen
cation interaction. Pure PEO electrolytes are chemically stable
but suﬀer from low ionic conductivity (∼8.4  105 Scm1).14
The problems associated with the use of pure PEO polymer
electrolytes arise from low ionic diﬀusion which resulted in low
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penetration of the polymer inside a nanostructured photoanode. This
increases the interfacial charge-transfer resistance between the electrode and the electrolyte. The ionic conductivity of these electrolytes
is based on segmental motion combined with strong Lewis-type
acidbase interactions between the cation and the donor atoms.
Higher ionic mobility is prevalent in the amorphous polymer matrix
rather than in the crystalline state. Work from several groups have
shown that electrolyte stability can be increased either through
gelation of the ionic liquid electrolyte or by addition of phenothiazine, which in turn reduces the sublimation of iodine.1518
The aim of this work is to systematically investigate the
enhancement of ionic conductivity and long-term stability of
PEO based electrolytes with DPA in a TiO2 nanoparticle
photoanode. The ionic conductivity of the PEO based polymer
electrolyte is enhanced by incorporating two types of ions (Li+
and K+), which aim to decrease the crystallization of the PEO
matrix through polymer chain separation. DPA is added to the
polymer electrolyte to reduce sublimation of iodine by forming
an interactive bond. Finally, this ﬁller free PEO based electrolyte
is implemented on TiO2 nanoparticles which are tuned to obtain
high surface area. Stability tests are carried out on the DSSC to
ascertain the eﬀectiveness of the new electrolyte system.

2. EXPERIMENTAL SECTION
2.1. Materials. Titanium(IV) isopropoxide, PEO (Mw ∼200,000),
DPA, lithium iodide (LiI), potassium iodide (KI), iodine (I2), nitric acid,
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and acetonitrile were purchased from Sigma-Aldrich. All of the
reagents used were of analytical purity. The N719 dye and sealing
binder Surlyn were obtained from Solaronix (Switzerland). Fluorine
doped tin oxide (FTO) substrates (resistivity 20 Ωsq1, 16 mm 
22 mm  1.1 mm) were purchased from Asahi Glass Electronics
Pte. Ltd.
2.2. Synthesis of TiO2 Nanoparticles. Gr€atzel’s method2 was
used to prepare TiO2 nanoparticles. One milliliter of 0.1 M nitric acid
was added to titanium(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 at room
temperature and converted into powder. Different samples with varying
amounts of titanium(IV) isopropoxide were prepared.
2.3. Electrolyte Preparation. The polymer electrolyte was prepared by adding 0.264 g of PEO, 0.1 g of LiI, and 0.019 g of I2 in 50 mL of
acetonitrile under continuous stirring. 14.5 wt % of KI was then added. A
total of five electrolyte solutions were made with DPA content varying
from 0.002 to 0.01 g. The electrolytes were stirred continuously overnight. All of the electrolytes were heated (∼70 °C) to evaporate the
solvent. The final product had a gel-like character.
2.4. Solar Cell Assembly. TiO2 powder was converted into a fine
paste using deionized (DI) water without any binder and then spread on
FTO glass by the Doctor Blade technique19 (cell area 0.25 cm2). One
layer of Scotch tape (∼40 μm) was used for all of the electrodes. The
films were allowed to dry in ambient conditions before heating at 450 °C
for 30 min in air. The films were immersed in an ethanolic solution
containing 0.3 mM Ru-dye, cis-dithiocyanate-N,N0 -bis(4-carboxylate-4tetrabutylammoniumcarboxylate-2,20 -bipyridine) ruthenium(II) (known
as N719), for 24 h at room temperature. Subsequently, the films were
rinsed with ethanol. The electrolyte was injected through a hole in the
platinum-coated counter electrode. The hole was then sealed with hotmelt Surlyn film.
2.5. Analysis Techniques. The morphology of synthesized TiO2
films was examined with a JEOL-2100 high-resolution transmission
electron microscope (TEM) with an accelerating voltage of 200 kV and a
JEOL FEG JSM 6700 F field-emission scanning electron microscope
(FESEM) operating at 10 kV. Film thickness was determined with an
Ambios Technology XP 200 profilometer. Structural characterization of
the morphology was obtained by X-ray diffraction (XRD) on a Philips
X-ray diffractometer with CuKR radiation. BrunauerEmmettTeller
(BET) measurements were conducted using a Quantachrome Nova
1200 with N2 as the adsorbate at liquid nitrogen temperature. Photoluminescence (PL) was measured using Accent Rapid Photoluminescence Mapping (RPM 2000) with a HeCd laser. The photocurrent
voltage of the samples were measured with a solar simulator (Newport
91160A) equipped with an AM filter and a 150 W Xe lamp as the light
source. The solar cells were tested at 25 °C with a sourcemeter (Keithley
2420) using Newport IV test station software. The light intensity
corresponding to AM 1.5 (100 mW cm2) was calibrated using a
standard silicon solar cell (Oriel, SRC-1000-TC). Incident photon-tocollected-electron conversion efficiency (IPCE) spectra were measured with a spectral resolution of 5 nm using a 300 W 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 cm2. The frequency range was varied from 0.05 Hz to
100 kHz, and the magnitude of the alternating signal was 10 mV. The
conductivity of the electrolyte system was derived from the complex
impedance measurements.
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Figure 1. SEM images of ﬁlms using (a) 30, (b) 40, (c) 50, and
(d) 60 mL of titanium isopropoxide. (e) Top and (f) cross-sectional
SEM of the ﬁlm using 30 mL of titanium isopropoxide solution of TiO2
nanoparticles after calcination at 450 °C for 30 min.

3. RESULTS AND DISCUSSION
3.1. Characterization of TiO2 Nanoparticles. The FESEM
images of TiO2 nanoparticles prepared using different volumes of
titanium isopropoxide are shown in Figure 1. The uniformity and
geometry of the TiO2 nanoparticles can be easily tuned via the
amount of titanium isopropoxide added. At a concentration of
<30 mL of titanium isopropoxide, TiO2 nanoparticles are not
well-formed. This is due to the low concentration of titanium
precursor present. At 30 mL of titanium isopropoxide, nanoparticles with diameters of ∼2030 nm are formed (Figure 1a). The
nanoparticles are relatively well dispersed but are irregularly
shaped due to agglomeration. At higher concentrations of 40, 50,
and 60 mL of titanium isopropoxide, the diameters of the TiO2
nanoparticles increase to ∼30, 50, and 150 nm, respectively.
Higher extent of agglomeration of the nanoparticles occurs as the
precursor concentration is further increased, which results in a
large disparity of nanoparticle geometry. Thus, in the subsequent
fabrication of the photoanode for DSSC, 30 mL of titanium
isopropoxide is used. Figure 1e and f show the planar and crosssectional views of the doctor bladed film using 30 mL of titanium
isopropoxide. The top view of the FESEM images depicts
uniform coverage of TiO2 nanoparticles on the FTO substrate.
The TiO2 nanoparticle film is homogeneous with no observable
cracks and adheres well to the FTO. After the calcinations of the
nanoparticles at 450 °C, the morphology of the synthesized
nanoparticles with 30 mL of titanium isopropoxide is studied
using TEM (Figure 2a, b, and c). The TEM images reveal some
degree of nanoparticle agglomeration, yet the primary nanoparticles
2384
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Figure 2. (ac) TEM images and (d) XRD spectra of a TiO2 nanoparticle ﬁlm using 30 mL of titanium isopropoxide solution.

can be readily distinguished (Figure 2c). The TiO2 nanoparticles
have a size distribution of 2040 nm. The pores observed in
the image are presumably formed when the aggregation of the
nanoparticles occurs during the calcination of the film. The
corresponding wide-angle XRD pattern is shown in Figure 2d.
The pattern shows several well-resolved peaks, which are indexed to
the typical anatase phase of TiO2. No other phase is detected in the
synthesized films. It is already well established in the literature
that anatase is the preferred phase for DSSC.2022 By analyzing
the XRD peaks, the particle sizes of the TiO2 sample can be
calculated. The particle sizes are estimated using the Scherrer
equation:23
t ¼

ð0:9λÞ
B cos θ

ð1Þ

where t is the particle size, λ the Cu KR wavelength, B the width
of the peak at half the maximum intensity, and θ the diffracted
angle at maximum intensity. The (101) peak is used to estimate
the particle size. The estimated size of the TiO2 nanoparticles is
approximately 14 nm.
The nitrogen adsorptiondesorption curve of the calcined
nanoparticles is displayed in Figure 3a. The observed isotherm is
type IV with a H2 type hysteresis loop. The nanoparticles (30 mL
of titanium isopropoxide concentration) have relatively high
BET surface area (∼105 m2g1) and a high pore volume
(∼0.3 ccg1), which are advantageous for dye adsorption. From
the isotherms, it can be seen that the monolayer adsorption is not
completed until reaching a relative pressure of 0.6, where the
loop opens, indicating the existence of large pores. This is likely
due to the formation of aggregated nanoparticles, which creates a
porous ﬁlm. A typical Gaussian type distribution of pore size,

Figure 3. (a) Nitrogen adsorptiondesorption isotherm at 77 K with
the inset showing the corresponding pore size distribution and
(b) photoluminescence spectrum for TiO2 nanoparticles.

centered around 6 nm, is observed. BET surface area measurements for TiO2 nanoparticles using a high concentration of
2385
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Figure 4. (a) Transmission spectrum, (b) computed extinction coeﬃcient trend, (c) plot of (Rhν)2 versus photon energy for direct transition, and
(d) plot of (Rhν)1/2 versus photon energy for indirect transition for TiO2 nanoparticles.

titanium isopropoxide (60 mL) decreases (51 m2g1) due to an
increase in nanoparticle diameter and higher extent of agglomeration. The photoluminescence characteristic of the nanoparticles reveals broad bands (Figure 3b). The band gap energy of
anatase TiO2 is approximately 3.2 eV, which corresponds to a
wavelength of 385 nm. The peak saturating at 390 nm is assigned
to direct electronic transition from the conduction band to the
valence band for the anatase structure and is in agreement with
those reported in the literature.24 The peak at 650750 nm
(centered around 700 nm) is attributed to the recombination of
donors and acceptors trapped at interstitial TiO2 sites.25
Transmittance studies are carried out using aqueous suspensions of the TiO2 nanoparticles (Figure 4a). The ﬁlm exhibits
∼8085% transmittance in the UV and visible range (above
350 nm). The extinction coeﬃcient (k) of the obtained data is
calculated26 and plotted in Figure 4b. It is observed that the value
of k markedly decreases as wavelength increases in the range from
300 to 400 nm. The large magnitude of k (∼0.37) at 300 nm is
attributed to the fundamental band gap and the low transmittance of ﬁlm at short wavelengths. Band-to-band transition in
the synthesized nanoparticles is also established by ﬁtting the
transmittance and absorption data (not shown) for direct and
indirect band gap. The (Rhν)2 versus photon energy plot for a
direct transition (Figure 4c) and (Rhν)1/2 versus photon energy
plot for an indirect transition (Figure 4d) are displayed. Here, R
is the absorption coeﬃcient, and hν is the photon energy. The
value of photon energy extrapolated to R = 0 gives an absorption
energy, which corresponds to the band gap Eg. For direct and
indirect transition, the extrapolation yields Eg = 3.6 eV and Eg =
3.27 eV, respectively.
3.2. Characterization of Quasi-Solid-State Electrolytes.
The DSSC, with the TiO2 nanoparticle photoanode, is assembled
using a quasi-solid-state electrolyte based on KI, LiI, and DPA. It
is established in the literature that the conductivity of PEOblended electrolytes increases with the size of the cation.27 Since
the ionic radius of K+ ions (1.38 Å) is larger than Li+ ions (0.76 Å),28

it is expected that K+ ions will have higher ionic conductivity. Thus,
K+ ions were added to the PEO electrolyte. Ionic conductivity,
however, also depends on many other factors as seen from the
following equation:
σ ¼ n3q3μ

ð2Þ

where n is the density of charge carriers, q the number of electron
charges per one carrier, and μ the mobility of the carriers. The
density of charge carriers (n) is in turn related to the dissociation
energy (U) and dielectric constant (ε):29


U
n ¼ no exp
ð3Þ
2εKB T
where KB is the Boltzmann constant and T the absolute temperature. Hence, incorporating metal salts with higher mobility, higher
dielectric constant, and lower dissociation energy can also enhance
the ionic conductivity. From the above equations, it is clear that the
ionic conductivity will be enhanced both by K+ ions due to the
larger ionic radius and by Li+ ions due to the higher dielectric
constant. Thus, both Li+ and K+ ions are incorporated in the
electrolyte. K+ ions are attracted to the ether oxygen of the PEO
polymer,30 thus acting as a filler to decrease the crystallization of
the PEO polymer chain. DPA is added to increase the stability of
the cell by reducing the sublimation of iodine in electrolytes. The
nitrogen atom in DPA forms an interactive bond with I2, which
thus helps to reduce the sublimation of I2 in the electrolyte.
One of the conditions for the electrolyte to be suitable for use
in DSSC is that the light absorption by the electrolyte in the
visible region should be as low as possible. This is to ensure that
maximum light is absorbed by the N719 dye. N719 dye has an
absorption maximum in the range of 350550 nm with two
prominent peaks around 380 and 530 nm. The absorption
measurements of the quasi-solid electrolyte indicate that the
absorption maximum occurs at the range of 350400 nm. The
UVvis measurements were made on doctor bladed electrolyte
2386
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Figure 5. (a) Absorption spectrum for the 0.004 g DPA loaded
electrolyte and (b) XRD spectra of PEO/KI/LiI based electrolyte with
and without DPA loading.

Table 1. Photovoltaic Characteristics of DSSC at Various
DPA Loadings in the Quasi-Solid-State Electrolyte
DPA concentration Voc ( 0.002 Jsc ( 0.1 FF ( 0.04 eﬃciency R at Voc
(wt %)
(V)
(mA cm2)
(%)
( 0.03 (%) ( 0.9 (Ω)
0.0
0.002
0.004
0.006
0.008
0.01

0.75
0.68
0.60
0.68
0.64
0.55

9.1
12.9
13.9
12.8
12.6
12.2

66.2
60.0
66.6
58.7
60.0
65.4

4.5
5.1
5.6
5.1
4.8
4.4

60.0
46.0
40.0
57.0
50.3
32.8

ﬁlm on a glass slide. The broad maxima around 365 nm is due to
 31
[I
3 ] and [I ]. The absorption spectrum of the DPA incorporated electrolyte overlaps with the N719 dye in the range of
380400 nm, while the rest of the visible region has insigniﬁcant
absorption. This weak absorption for wavelengths above 450 nm
allows the use of highly concentrated electrolytes.
The XRD patterns of the KI incorporated PEO/LiI/I2 quasisolid electrolyte with and without DPA are shown (Figure 5b).
Both electrolytes are mainly amorphous in nature, which is a clear
indication that the KI ions eﬀectively prevent the polymer PEO
from crystallization. Since the intensity of the broad peak at
approximately 25° decreased by ∼19%, we can infer that the
amorphous nature of the electrolyte is slightly increased on
addition of DPA. This also conﬁrms the eﬀective interaction
between DPA and the polymer chain. The increased amorphous
phase of PEO with DPA will favor inter- and intrachain ion
movements and thus improve the electrical conduction.32
3.3. DSSC Performance Evaluation. Table 1 shows the photovoltaic behaviors of DSSC containing different amounts of DPA.

Figure 6. (a) J-V characteristics and (b) IPCE curves of DSSC employing a quasi-solid electrolyte with 0.0 and 0.0004 g of DPA. The inset
shows the variation of the conversion eﬃciency with DPA loading.
(c) J-V curve for DSSC with a photoanode made from 10, 30, and 60 mL
of titanium isopropoxide solution.

It can be seen that the cell efficiency and Jsc increase on addition of a
small quantity of DPA (Figure 6a). When the DPA is introduced
into the KI filler polymer electrolyte, the cell efficiency increases
from 4.5 to 4.7%. Jsc increases with increasing concentration of DPA
up to 0.004 g, where a power conversion efficiency of 5.8% is
achieved. Jsc decreases for DPA concentration greater than 0.004 g
due to increased recombination in the device. Another reason may
be that the higher concentration of DPA absorbs some of the visible
light in the range of 350420 nm, thus lowering the visible light
absorption of the N719 dye. It is thus evident that there exists an
optimum concentration of DPA below or above which the quasisolid electrolyte loses its optimum performance. For iodine-based
electrolytes, the decrease in I
3 ion concentration is accompanied
with an increase in I concentration.33 The increase in the photocurrent values as more DPA is added into the electrolyte may be a
2387
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direct result of increased conductivity of the electrolyte. This could
be a consequence of increased mobility of the redox species in the
polymer electrolyte. The relatively high values of fill factor (FF)
reflect low series resistance of the 0.004 g DPA electrolyte. For all
other DSSC, the low FF may result from resistance losses arising
from low ionic mobility of the redox species. The cell efficiencies at
different DPA loadings in the KI polymer electrolyte are also
displayed (inset Figure 6a). The enhanced device performance with
DPA incorporated electrolyte can be explained by the interaction of
highest occupied molecular orbital (HOMO) of donor DPA with
lowest unoccupied molecular orbital (LUMO) of acceptor iodine.
Higher stabilization energy can be achieved by reducing the energy
difference between the HOMO of DPA and the LUMO of iodine,
resulting in improved charge-transfer from donors to acceptors. The
observed power conversion efficiencies of these cells are much
higher than those reported using the pure polymer of the PEO/KI/
I2 system (σ = 8.4  105 Scm1)14 and polyethylene glycol
systems using TiO2 nanotubes (σ = 2.4  103 Scm1).34
IPCE is a powerful method to evaluate the light absorption,
charge separation and transport, and charge collection in the
DSSC device. The photocurrent action spectra of the DSSC
employing the polymer electrolyte with and without DPA are
shown (Figure 6b). Because of the UV cutoﬀ eﬀect caused by the
glass substrate, the spectra under 400 nm are deteriorated. IPCE
obtained for the DPA added electrolyte is higher than that
without DPA in the wavelength region of 490560 nm. An
increased absorption in the visible light region for the range of
575700 nm is also observed for the DPA added electrolyte. The
evidence of the improvement in IPCE further conﬁrms the
higher Jsc achieved for the DPA incorporated electrolyte. The
initial number of photogenerated carriers, electron injection
eﬃciency, and the rate of recombination determine Jsc for the
DSSC. Assuming the same injection eﬃciency and dye loading
capacity of the TiO2 nanoparticle ﬁlms, it is reasonable to deduce
that the increment in Jsc is due to the reduced recombination rate
in the device.
The continuity equation, for DSSC by Lindquist,35 describes
the electron generation, diﬀusion, and interception as follows:
∂n
∂2 n nðxÞ
¼ ηinj Io Reax + Dn 2 
¼0
∂t
∂x
τn

ð4Þ

It can be clearly seen that the absorption coeﬃcient is directly
proportional to the eﬀective molar concentration of the dye,
which is determined by the surface area and roughness of the
nanomaterial framework. Hence, the eﬀect of titanium isopropoxide concentration on the DSSC performance with the DPA
(0.004 g) incorporated electrolyte is studied. The IV curves
(Figure 6c) clearly reveal that for an electrode using 30 mL of
titanium isopropoxide concentration (surface area ∼105
m2g1), Jsc is the highest. However, 10 and 60 mL of titanium
isopropoxide electrodes have lower Jsc. This is because these
electrodes have irregular and agglomerated nanoparticles, which
leads to lower surface areas of 85 and 51 m2g1, respectively.
To further elucidate the photovoltaic performance of DSSC
using 30 mL of titanium isopropoxide, EIS measurements are
taken in the dark. The equivalent circuit that is used to model the
impedance of the DSSC is shown (Figure 7a). The best devices
using the PEO/KI/LiI/I2 and PEO/KI/DPA/LiI/I2 electrolyte
system are used to study the eﬀect of DPA addition in the
electrolyte. The role of the electrolyte in DSSC is to facilitate the
reduction of the photo-oxidized dyes. An eﬀective electrolyte

Figure 7. (a) Equivalent circuit model of the DSSC, (b) Nyquist plots,
and (c) high resolution spectra in the high frequency region of the quasisolid electrolyte DSSC.

should be capable of suppressing the recombination at the
semiconductorelectrolyte interface, while promoting eﬀective
charge transport. The Nyquist plots for the DSSC device with
and without the DPA electrolyte system are also shown (Figure 7b).
Typically, there are three arcs in the impedance spectrum of a
DSSC. The response at the high-frequency range (500000
1000 Hz) is attributed to the charge-transfer process at the
electrolyte/Pt interface. The midfrequency range between 1000
and 1 Hz is governed by the charge-transfer process at the TiO2/
dye/electrolyte interface. It is generally assumed that these
frequencies represent the recombination process between electrons in TiO2 and the electrolyte. In the low-frequency region of
10.0002 Hz, the arc represents the mass transport resistance of
ions in the electrolyte. A large semicircle at low frequencies for
the DPA added electrolyte indicates an improved ion motion in
the electrolyte. In the ﬁt, the midfrequency arc is not distinguishable and sometimes missing in the spectra, indicating a small
charge-transfer resistance at the TiO2/dye/electrolyte interface.
It may also happen that the charge-transfer at the TiO2/dye/
electrolyte interface is strongly dominated by the Pt/electrolyte
interface. The ﬁt results are presented in Table 2. The charge
transport resistance (Rt) is lower for the DPA electrolyte DSSC,
indicating that the introduction of DPA reduces the charge
2388
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Table 2. Impedance Spectra for DPA Free and 0.004 g of DPA Incorporated Electrolyte DSSC
device
no DPA
with DPA

Rt (Ω)

Rct (Ω)

Cμ (μF)

τd (ms)

τn (ms)

Dn (cm2s1)

Ln (cm)

ηcc(%)

σ (Scm1)

3.0 ( 0.5

18.4 ( 0.5

470.0 ( 0.4

1.4 ( 0.20

8.6 ( 0.24

2.9  103 ( 0.01

5.0 ( 0.5

84.0 ( 0.1

2.7  103 ( 0.001

6.0 ( 0.5

89.5 ( 0.2

3.3  103 ( 0.001

2.4 ( 0.5

21.5 ( 0.5

360.0 ( 0.4

0.8 ( 0.18

8.0 ( 0.18

4.5  10

3

( 0.07

transport resistance at the interface of the Pt counter electrode
and quasi-solid state electrolyte. At the same potential, the DPA
incorporated electrolyte DSSC has a slightly larger chargetransfer (recombination) resistance (Rct), which conﬁrms the
earlier claim of lower recombination rate in the DPA electrolyte.
The diﬀerence in Rct for both electrolytes at the electrolyte/Pt
counter electrode interface is clearly visible in the high resolution
scanned spectra of the high frequency region (Figure 7c). Rt is
observed to be much smaller than Rct, which is typically required
for a high eﬃciency device.36
The electron transport or collection time (τd), time required
for electrons to transport from the injection sites to the FTO, and
the electron lifetime (τn) can be calculated as follows:37
τ d ¼ R t 3 Cμ

ð5Þ

τn ¼ Rct 3 Cμ

ð6Þ

Here, Cμ is the chemical capacitance. It can be observed that the
electrolyte with DPA has not only the longest lifetime but also a
larger collection time. Since eﬃciency of the DSSC employing DPA
incorporated electrolyte is higher, it can be inferred that although
electron collection time is better for the electrolyte without DPA, its
eﬀect is compensated by the increased electron lifetime in the DPA
added electrolyte. The eﬀective diﬀusion length (Ln) of electrons in
the TiO2 ﬁlm is yet another critical parameter that aﬀects the charge
collection eﬃciency. It can be calculated as follows:37
rﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
τn
Ln ¼ Dn τn ¼ L
ð7Þ
τd
As can been seen from Table 2, Ln increases as the DPA is
added in to the PEO/KI/LiI/I2 electrolyte. Ln is much larger
than the TiO2 thickness for both the electrolytes, which indicates
good collection eﬃciency. The increase in Ln may be caused by
suppression of the recombination rate in the DPA electrolyte, as
already seen.
The conductivity of the electrolytes (σ) is derived from the
complex impedance measurements using the following equation:
σ ¼

L
ARb

ð8Þ

where Rb is the bulk resistance determined from the intersection
of the high-frequency semicircle with the real axis, L is the
thickness of the ﬁlm, and A is the area of the sample. An
increment of ∼30% is achieved in conductivity when DPA is
added in the ﬁller free PEO/KI/LiI/I2 electrolyte system. It is
important to note that this increase in ionic conductivity is
achieved without compromising the mechanical strength of the
electrolyte, as no inorganic ﬁller is added.
The ﬁtted values of Rt, Rct, and Cμ at bias values of 0.65 and
0.7 V are shown (Figure 8). The dependence of Rct on the applied
forward bias38 can be expressed as follows:


qV
Rct ¼ Ro exp  β
ð9Þ
KB T

Figure 8. Forward bias dependence of (a) transport resistance (Rt),
(b) charge-transfer (recombination) resistance (Rct), and (c) chemical
capacitance (Cμ) of the quasi-solid electrolyte DSSC.

where Ro is a constant, β the transfer coeﬃcient, q the elemental
charge, KB the Boltzmann constant, and T the temperature. The
plot demonstrates a much stronger forward bias dependence for
the electrolyte without DPA. It is known that once the electrons
transport along the TiO2 surface, the surface traps will enhance Rt
and reduce σ. When DPA is added to the electrolyte, the trap
related recombination may be suppressed, which reduces Rt and
increases σ. The reduction in Rt is consistent with increased Rct at
the TiO2/electrolyte interface. The Cμ increases with the applied
potential in both electrolytes, indicating a high charge accumulation and eﬀective electrical communication between the Fermi
level in TiO2 and FTO. The Cμ can be estimated as follows:39


qV
Cμ ¼ Co exp  R
KB T
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electrolytes. This trend is independent of the cell size, substrate
type, and exposure time.41 Since deposition of the quasi-solid
electrolyte takes place under heating, no residue solvent is left
behind. Therefore, the loss of performance for the DSSC cannot
be attributed to the evaporation of the solvent. The loss of power
conversion eﬃciency over time may come from degradation of
the N719 dye. It is well understood that the regeneration of the
dye in DSSC is a very fast process. Under the lack of favorable
conditions, however, the dye may remain in oxidized state for
long periods leading to degradation through the loss of the
NCS ligand.42 This is especially true for the quasi-solid state
DSSC because the ion mobility is low in the electrolyte. This can
lead to slow regeneration or incomplete ﬁlling of TiO2 nanoparticles by the electrolyte. Hence, degradation of the DSSC
device may be due to a number of reasons which may not be
independent of each other. Desorption of the dye, degradation of
the counter electrode, and changes in electron transport in the
semiconductor are some of them. The DPA added quasi-solid
DSSC loses only 11% of the initial performance. The stability
ﬁgures are very impressive compared to those of the liquid
electrolyte DSSC, which loses almost half the conversion eﬃciency after 5 days. It is also note worthy that this stability is
achieved without adding any plasticizer or inorganic ﬁller, which
might compromise the mechanical strength of the electrolyte.
The stability results of the DPA incorporated quasi-solid electrolyte ascertain the beneﬁts of replacing the liquid component.
Figure 9. (a) DSSC performance of ﬁve devices tested for reproducibility. (b) Stability for the quasi-solid state DSSC.

where Co is a constant, and R = T/To; To being the characteristic
temperature indicating the depth of the distribution. From this
discussion, it is clear that the only disadvantage of adding DPA in
the electrolyte seems to be lower Voc for the device. Voc is mainly
inﬂuenced by the rate of recombination in DSSC and the shift in
the conduction band edge (Ec) of the metal oxide semiconductor.
Li+ cations are known to shift the Ec of TiO2 downward.40 It is
suspected that the DPA incorporated electrolyte shifts the Ec by a
large quantity, which leads to lower Voc. The suppressed interfacial charge recombination and better electron lifetime, however, compensate the adverse eﬀect of band edge movement on
Voc. Hence, the net eﬀect is increased conversion eﬃciency of the
DSSC employing DPA added electrolyte.
In order to ascertain the reproducibility of the devices, ﬁve
diﬀerent devices from diﬀerent batches of materials are made and
tested. The trend of η and Jsc is recorded for the tested devices
(Figure 9a). One of the motivations for the substituting liquid
electrolyte with the quasi-solid electrolyte is to minimize leakage
and solvent evaporation; ensuring longer stability and longer life
for the DSSC. Thus, studying the stability of DSSC with the DPA
incorporated quasi-solid state electrolyte is also important. An
evaluation of the eﬃciency during the aging period for DSSC
assembled with PEO/KI/DPA/LiI/I2 electrolyte system is given
(Figure 9b). An initial decay in eﬃciency is reported which is
followed by a slight increase. The increase in eﬃciency could be
attributed to better wetting of the TiO2 nanoparticle ﬁlm by the
electrolyte through improved seepage of the electrolyte. The
eﬃciency, however, continues to decrease after a week but eventually stabilizes after 25 days. It has been suggested that the initial
decay in the performance followed by a plateau of stability
might be an intrinsic property of DSSC assembled with polymer

4. CONCLUSIONS
This work investigates the inﬂuence of titanium isopropoxide
dosage on the morphology of TiO2 nanoparticles. Anatase phase
nanoparticles with a diameter of 1520 nm and a surface area of
∼105 m2g1 are synthesized and used to fabricate the working
electrode with the implementation of a ﬁller free DPA electrolyte.
In the electrolyte, KI acts as a ﬁller to reduce the crystallinity of
the PEO matrix, and DPA reduces the sublimation of I2. DSSC
employing this electrolyte shows a conversion eﬃciency of 5.8%,
which is attributed to enhanced ionic conductivity (∼3.5  103
Scm1). EIS results indicate suppressed interfacial charge recombination and better electron lifetime with the addition of
DPA. The device is stable and retains 89% of the initial eﬃciency
after 40 days.
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