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a b s t r a c t
Quasi-solid state dye-sensitized solar cells (DSSCs) were fabricated with poly(vinylidene ﬂuoride-cohexaﬂuoropropylene) (PVDF-HFP) in methoxy propionitrile (MPN) as gel polymer electrolyte (GPE),
tetrabutylammonium iodide (TBAI)/iodine (I2 ) as redox couple, 4-tertiary butyl pyridine (TBP) as additive
and silica nanoparticles as ﬁllers. The energy conversion efﬁciency of the cell with 5 wt% PVDF-HFP is
comparable to that one obtained in liquid electrolyte system. Solar cell containing PVDF-HFP with 0.8 M
of TBAI and 0.12 M of I2 shows maximum short-circuit current density (JSC ). Further, tertiary butyl pyridine
(TBP) has little effect in improving the performance of the solar cell. Moreover, the addition of 1 wt% silica
nanoparticles is found to improve the at-rest durability and the performance of the solar cell. The transient
photovoltage and photocurrent measurements were employed to ﬁnd out the electron lifetimes in TiO2
electrode with different weight percentages of PVDF-HFP, various concentrations of I2 and durability of
the cell storage at 70 ◦ C. A photocurrent density of 14.04 mA cm−2 , an open-circuit voltage of 0.71 V, a ﬁll
factor of 0.598 and an overall conversion efﬁciency of 5.97% under 100 mW cm−2 was observed for the
best performance of a solar cell in this work.
Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction
Dye-sensitized solar cells (DSSCs), developed by Grätzel et al.,
converts sunlight to electricity with high conversion efﬁciency of
11% [1,2]. The liquid electrolyte, usually employed in the DSSC
(I− /I−
redox couple dissolved in an organic solvent) is sandwiched
3
between anode material (nanocrystalline dye-sensitized TiO2 ) and
cathode material (Pt sputtered on ﬂuorine-doped tin oxide glass
(FTO glass) [3]. However, liquid electrolytes can lead to major
technological problems associated with performance limitation in
long-term operation due to sealing difﬁculties. In order to overcome this, considerable efforts have been made to replace the
liquid electrolytes by solid-state conductors such as p-type inorganic semiconductors [4,5] or with hole conductors [6–9]. However,
the conversion efﬁciency of the DSSC becomes very low due to the
imperfect contact between the dye anchored electrode and the hole
conductor.

∗ Corresponding author at: Department of Chemical Engineering, National Taiwan
University, Taipei 10617, Taiwan. Tel.: +886 2 3366 3019; fax: +886 2 2362 3040.
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The other way to overcome this disadvantage is to use gel
polymer material as quasi-solid electrolytes in suitable plasticizers. Various gel polymer electrolytes (GPEs)-based DSSCs
such as poly(acrylonitrile) [10–15], poly(ethyleneoxide) [16–18],
poly(oligoethyleneglycol methacrylate) [19], poly(siloxane-coethylene oxide) [20], poly(butylacrylate) [21], polyvinylidene
ﬂuoride-co-hexaﬂuoro propylene (PVDF-HFP) [22,23] and chemically cross-linked [24,25] with different plasticizers have been
investigated in the literatures.
Among the various GPEs mentioned above, PVDF-HFP-based
electrolyte shows relatively high ionic conductivities at ambient
temperatures and it has been successfully used as the quasi-solid
state materials in combination with room temperature ionic liquids
showing good conversion efﬁciencies [26–28]. Further, ﬂuorinated
polymers are potentially stable even in the presence of TiO2 and
Pt nanoparticles, which underline their suitability as a quasi-solid
electrolyte in terms of long-term stability of the DSSC [29,30]. Submicrometer-sized anatase and graphite particles can be dispersed
in these electrolyte media to form stable colloidal solution [31].
Among the various choices of ﬁller, silica nanoparticles are the most
promising one for improving the cell performance [23]. The incorporation of small amounts of these nanoparticles into the polymer
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matrix has been shown to signiﬁcantly alter the mechanical properties of the composite. In addition, they can drastically increase the
solvent retention of gels due to physical and chemical interactions
between the solvent and nanoparticles [27]. It is also of interest to
note that nanoparticles tend to prevent electrolyte/electrode interfacial resistance, which increases over time [27,32].
The electron transport dynamics and recombination kinetics
are major factors related to the overall efﬁciency of dye-sensitized
nanocrystalline TiO2 solar cell [3,33–36]. Because the collection
of injected electrons competes with recombination by oxidized
dye and redox couple, slow electrons transport may lead to low
charge collection as well as conversion efﬁciency. Therefore, in
this paper, the inﬂuences of different weight percentages of this
ﬂuorine polymer and silica nanoparticles as well as the effect
of I2 concentration on the photocurrent–voltage characteristics
of the DSSCs were found out along with the resultant changes
in electron transport properties of the nanostructured TiO2 by
electrochemical impedance spectroscopy (EIS), and laser induced
transient photovoltage and photocurrent measurements. In addition, the photoelectrochemical properties of the DSSCs containing
PVDF-HFP GPEs with various storage times at 70 ◦ C were also
investigated.
2. Experimental
Anhydrous I2 , ethanol (99.5%), tertiary butanol, and 4-tertiary
butyl pyridine (TBP) were obtained from Merck, and titanium (IV)
tetraisopropoxide (TTIP) (>98%) was purchased from Acros; all
were used as received. Methoxy propionitrile (MPN) and tertiary
butanol were purchased from Merck and water molecules were
removed by putting molecular sieves (4 Å) into the solvents. PVDFHFP (molecular weight = 400,000) and silica nanoparticles (20 nm)
were obtained from Aldrich. Cis-Di(thiocyanato)bis(2,2 -bipyridyl4,4 -dicarboxylate) ruthenium (II) (N3 dye) is a commercial product
of Solaronix (Aubonne, Switzerland).
The TiO2 electrodes were prepared by sol–gel process in acid
medium followed by autoclaving of titanium (IV) isopropoxide at
240 ◦ C for 12 h as described elsewhere [37]. The autoclaved solution was concentrated to 13 wt% and TiO2 paste prepared by adding
30 wt% (with respect to TiO2 ) of PEG with the corresponding molecular weights of 200,000 to the above solution in order to control
the pore diameters and to prevent the ﬁlm from cracking during
drying. Here, high molecular weight PEG was used in the TiO2
paste, which could enlarge the pore diameter of the TiO2 ﬁlm
and lead the high viscosity GPEs to penetrate easily into the inner
pores.
The TiO2 paste was coated on a ﬂuorine-doped tin oxide
(FTO) glass plate using glass rod (the sheet resistivity of FTO is
15  square−1 ). After this, these TiO2 electrodes were dried in the
air at room temperature for 30 min followed by sintering at 500 ◦ C
in a hot-oven at a rate of 5 ◦ C min−1 for another 30 min. An active
area of 0.25 cm2 was selected from sintered TiO2 electrode and the
electrodes were immersed in a 3 × 10−4 M solution of N3 dye containing acetonitrile and tertiary butanol (in the volume ratio of 1:1)
for 24 h. Pt (100 nm thick) sputtered on FTO was used here as the
counter electrode.
GPE was prepared as follows: the required weight percentage
of PVDF-HFP was added to the necessary concentration of I2 /TBAI
redox electrolyte in MPN and stirred at 70 ◦ C for 8 h. When the
electrolyte was cooled down, it became gel and if needed, silica
nanoparticles were added and used as such. For measuring at-rest
stability, the cell was fabricated by keeping an ionomer resin (Surlyn
1702, Dupont, USA) between the two electrodes and two holes
were made on the resin. The whole set-up was heated at 90 ◦ C on
a hot plate till all the resin had been melted and the electrolyte

was injected into the space between the electrodes through these
two holes. Finally, these two holes were sealed completely by the
Torr Seal® cement (Varian, USA). For other measurements, the gel
electrolyte was heated at 70 ◦ C and sprayed on to the dyed TiO2
electrode immediately followed by clipping it with a Pt counter
electrode.
The photoelectrochemical characterizations of the DSSCs were
carried out by using an AM 1.5 simulated light radiation. The light
source was a 450-W Xe lamp (#6266, Oriel, USA) equipped with a
water-based infrared (IR) ﬁlter and an AM 1.5 ﬁlter (#81075, Oriel).
Conductivity measurement of GPE was performed by impedance
spectroscopy with two Pt electrodes conductance cell where the
area of the each Pt electrode is 1 cm2 and the distance between the
two electrodes is 1 cm. The cell constant is 0.54 as calibrated from
the standard aqueous KCl solution (12.9 mS cm−1 ).
The lifetime of injected electron in the TiO2 ﬁlm before recombination with oxidized dye or I−
can be measured by transient
3
photovoltage under open-circuit conditions [33]. The transients
photovoltage of assembled devices were recorded with a digital
oscilloscope (model LT322, LeCroy, USA). Pulsed laser excitation was applied by a frequency-doubled Q-switched Nd:YAG
laser (Spectra-Physics laser, model Quanta-Ray GCR-3-10, SpectraPhysics laser) with 2-Hz repetition rate at 532 nm, and 7-ns pulse
width at half-height. The beam size was slightly larger than
0.25 cm2 to cover the area of the device with an incident energy
of 1 mJ cm−2 . The average electron lifetime can be approximately
estimated by ﬁtting a decay of the open-circuit voltage transient
with exp(−t e −1 ), where t is time and  e is an average time constant
before recombination.
Electron diffusion coefﬁcient was (De ) approximately estimated
by ﬁtting a decay of the transient current with exp(−t C −1 ), which
was derived from the equation of continuity for electrons in the
conduction bond [35], where t and  C are the time and average
time constant, respectively. Then, the apparent diffusion constant
can be estimated using Eq. (1):
De = w2 2.35−1 C −1

(1)

where w is the ﬁlm thickness and the factor 2.35 arises from the
geometry of the diffusion problem [36].
Photoelectrochemical characteristics and the electrochemical
impedance spectroscopy (EIS) measurements of the DSSCs were
recorded with a potentiostat/galvanostat (PGSTAT 30, Autolab,
Eco-Chemie, the Netherlands) under 100 mW cm−2 . The frequency
range explored was from 10 mHz to 65 kHz. The applied bias voltage
and ac amplitude were set at open-circuit voltage of the DSSCs and
10 mV between the FTO/Pt counter electrode and the FTO/TiO2 /dye
working electrode, respectively, starting from the short-circuit
condition [38]. The impedance spectra were analyzed by an equivalent circuit model interpreting the characteristics of the DSSCs
[28,29].
3. Results and discussion
The photovoltaic characteristics of the DSSCs obtained by
incorporating different weight percentages of PVDF-HFP containing MPN as the plasticizer at constant light illumination of
100 mW cm−2 were shown in Table 1. The concentrations of TBAI
(0.4 M) and I2 (0.04 M) were kept as constant at beginning. From
this table, it is noted that the JSC and the conversion efﬁciency of
the DSSCs decrease with the increase in weight percentage of PVDFHFP, while the VOC remains constant. This phenomenon may be
correlated with the ionic conductivity. Ionic conductivity () of the
polymer electrolyte can be written as
 = ne
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Table 1
The electrolyte parameter and the cell performances of the DSSCs based on gel polymer electrolytes with various wt% of PVDF-HFP
PVDF-HFP (wt%)a

Conductivity (mS cm−1 )b

 e (ms)c

JSC (mA cm−2 )

VOC (V)

 (%)

FF

0
5
7
9

6.10
5.71
5.63
5.18

1.40
2.75
2.79
2.71

11.24
10.96
10.80
9.00

0.702
0.708
0.697
0.697

3.93
3.71
3.24
2.68

0.497
0.478
0.430
0.428

a
b
c

The electrolytes were composed of 0.4 M TBAI/0.04 M I2 in MPN with various wt% PVDF-HFP.
Measured at 25 ◦ C.
Electron lifetime measured by laser transient photovoltage.

where n denotes carrier concentration, e is the charge and  is
ionic mobility [38]. The increase in the polymer content increases
the viscosity of the gel electrolytes, which lowers the conductivity.
When the conductivity decreases, the ionic mobility as well as the
diffusion coefﬁcient of I− /I−
naturally decreases. The decrease in
3
diffusion coefﬁcient reduces the supply of I−
to the Pt counter elec3
trode causing a depletion of I−
at the electrode surface and hence
3
decreases the JSC and FF of the DSSC [28]. The VOC , a difference
between Fermi level of TiO2 and redox potential of electrolyte, is
inﬂuenced mainly by the major ratio of I− /I−
. In this, I− /I−
molar
3
3
ratio is independent of the polymer concentration and thus the VOC
shows similar values [40].
Laser pulse induced transient photovoltage obtained for mesoporous TiO2 electrode containing different weight percentages of
PVDF-HFP electrolyte is shown in Fig. 1 and the corresponding
recombination electron lifetimes ( e ) calculated from the curve ﬁtting is also shown in Table 1. The  e increases from 1.4 to 2.75 ms
when 5% of PVDF-HFP electrolyte was added to the liquid electrolyte. This dramatic change shows that electron recombination
on TiO2 electrode is retarded by the incorporation of PVDF-HFP in
electrolyte. However, further addition of polymer results in little
effect on the electron lifetime. From the above results, an optimum weight percentage value of PVDF-HFP (5%) have been taken
for further studies.
Fig. 2a depicts the dependence of the ionic conductivity of TBAI
and the JSC of the DSSC on the different concentrations of TBAI. (The
concentration of I2 was kept as 0.08 M.) Both the ionic conductivity
of TBAI and the JSC of the DSSC increased linearly with the increase
in the concentration of TBAI and these two parameters saturated at
0.8 M of TBAI. Further increase in the concentration of TBAI led to
decrease in the JSC of the DSSC. On the other hand, the variation in
the VOC of the DSSC was found to be very little. As a result of this,
the optimum concentration of TBAI should be in taken as 0.8 M, in
terms of the cell performance.

In a similar manner, the photocurrent density of the DSSC
was optimized for different concentrations of I2 . The relationship between the conductivity of different concentrations of I2
against the JSC of the DSSCs is shown in Fig. 2b. It is noted that
the addition of small amount of I2 into the electrolyte results in
the remarkable improvement of the conductivity and the JSC of
the DSSC. The results show that the existence of I2 causes drastic improvement in the charge transfer, which are able to work
in the microscopic molecular networks of the polymers. Such
a non-linear increase of the conductivity at high concentration
of I2 (0.4 M) may be associated with formation of poly(iodides)
(I−
) in the electrolyte, as conﬁrmed by Yanagida et al.[41].
2n+1
They suggested that the Grotthuss-type charge transfer mechanism (poly(iodide) bond exchange mechanism), where electron
exchange between I− , I−
and poly(iodides) through chemical
3
bond were coupled, which contribute to the effective conductance of the gel electrolyte, rationalizing the high conductivity
of the electrolyte in the DSSCs. In those studies, the formation

Fig. 1. Electron lifetimes in the TiO2 electrodes of the DSSCs with different wt% of
PVDF-HFP in electrolytes.

Fig. 2. Conductivities of electrolytes and the current densities of the DSSCs based
on various concentrations of (a) TBAI and (b) I2 , respectively.
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Fig. 3. Electron lifetimes and electron diffusion coefﬁcients based on various concentrations of I2 .

of the poly(iodides) was also conﬁrmed by Raman spectroscopy
[41].
Nevertheless, the JSC of the DSSC increases with the increase in
the concentration of I2 from 0.02 to 0.08 M and further increase
results in the decrease of the JSC . The explanation may be given by
considering the following redox reactions:
I2 + I− ↔ I−
3

(3)

I−
+ 2e− → 3I−
3
−

3I →

I−
3

I−
3

−

−

+ 2e

(at Pt electrode)

(4)

(at TiO2 anode)

(5)

+ 2e (CB) → 3I

−

(side reaction at TiO2 anode)

(6)

According to reaction (3), increase of I2 concentration acts in favor
of I−
as I− is much higher than that of I2 . Since a critical concentra3
tion level of I−
is necessary for the cell functioning at the beginning,
3
reaction (4) and (5) proceeds effectively and the JSC increases and
saturates at once. However, further increase in the concentration
of I2 results in favor of reaction (6) decreasing the performance of
the DSSCs. Furthermore, I2 also absorbs some visible lights from the
wavelength of 400 to 500 nm, suppressing the visible light absorption by the sensitizer [42].
Laser pulse induced transient photovoltages and photocurrents
were obtained for mesoporous TiO2 electrode containing different concentrations of I2 with a ﬁxed I− concentration. Measured
electron lifetimes and electron diffusion coefﬁcients were plotted as a function of increase in the concentration of I2 and are
shown in Fig. 3. The electron lifetime decreases with increasing
of concentration of I2 from 0.0 to 0.20 M. This shows that recombination is raised with increase in concentration of I2 . Enough I−
ions (0.8 M) are present to reduce the dye cations, so that the
decrease of lifetime should be directly related to increase of I−
.
3
Meanwhile, the increase of De with increase of I2 is interpreted
with ambipolar diffusion, which is related with the diffusion of
electrons and I2 , and the concentrations of these charges [43]. This
approaches the electron diffusion coefﬁcients in the TiO2 ﬁlm with
increase in the concentration of I2 . The electron diffusion coefﬁcient at this I2 concentration (0.20 M) is found to be maximum
(about 3.0 × 10−4 cm2 s−1 ), which is higher than the effective diffusion constant of 4.4 × 10−6 cm2 s−1 for I−
within the pores of the
3
TiO2 ﬁlm [44].
Figs. 4 and 5 show the electrochemical impedance spectra of
the DSSCs containing different concentrations of TBAI and I2 with
5% PVDF-HFP/MPN, respectively. The equivalent circuit employed
for the curves ﬁtted the impedance spectra of the DSSCs by Z-view

Fig. 4. (a) Nyquist plots and (b) Bode phase plots based on different concentrations
of TBAI.

software are shown as inset in Figs. 4a and 5a. All the spectra exhibit
three semicircles, which are assigned to electrochemical reaction
at Pt counter electrode, charge transfer at the TiO2 /dye/electrode
[38,39]. Since, the resistance
and Warburg diffusion process of I− /I−
3
of the ITO as well as thicknesses of the Pt and TiO2 ﬁlm was kept
constant, there is only little change in their corresponding charge
transfer resistances. However, charge transfer resistance (Rct2 ) and
Warburg diffusion resistance (Rdiff ) of the DSSCs differs very much
with change in the concentrations of redox electrolyte. The plots
of the Rct2 and Rdiff of the DSSCs vs. different concentrations of
I2 /TBAI are shown in as the inset. The Rct2 and Rdiff values both
decrease with increase in the concentrations of both TBAI and I2 ;
however, saturate at 0.8 M of TBAI and 0.1 M of I2 . The reduction
of the Rct2 value with the increase in the amount of TBAI suggests more electrons injection from dye molecules, increasing the
electron concentration in TiO2 , and thus improves the number of
electron transferring at the interface of TiO2 /dye/electrolyte. Meanwhile, the reduction of the Rct2 with the increase in the amount
of TBAI takes place without changing of recombination characteristic frequency and this indicates that the injection of electrons
in TiO2 can stay almost equal period in various concentration of
TBAI used in the study (Fig. 4b). In addition, the frequency peaks
in high-frequency regime (103 to 105 Hz) shown in Bode phase
plot corresponding to the electron transfer at the counter electrode
(I−
+ 2e− = 3I− ) also shift to a higher frequency with the increase
3
of TBAI, suggesting the increase of redox reaction of I− /I−
at Pt
3
surface with the increase of TBAI. This reveals that the increase
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Table 2
The cell performance of the DSSCs containing various concentrations of TBP
No.

Concentration
of TBP (M)

JSC (mA cm−2 )

VOC (V)

 (%)

FF

1
2
3
4
5

0
0.1
0.3
0.5
0.7

14.52
10.80
10.20
10.00
9.52

0.641
0.693
0.715
0.721
0.731

4.19
4.46
4.17
4.16
4.03

0.450
0.596
0.572
0.577
0.579

The electrolytes were composed of 0.8 M TBAI/0.12 M I2 in MPN with 5 wt% PVDFHFP.

Fig. 5. (a) Nyquist plots and (b) Bode phase plots based on different concentrations
of I2 .

in the ﬁll factor arises from faster electron transfer at the counter
electrode.
Correspondingly, the characteristic frequency peaks (CF) of TiO2
shown in intermediate-frequency regime of Bode phase plot shift
to a higher frequency with the increase of I2 concentration (Fig. 5b),
indicating the decrease of electron lifetime with increase of I2 . This
is due to the difference in the local I−
concentration. As indicated
3
concentration
produced in the porous
by Eq. (7), the higher local I−
3
TiO2 ﬁlm under light is expected to accelerate the recapture of conduction band electrons and shortens their lifetime within the TiO2
electrode [45].


ˇ

Jr = ekr cox (nˇ − n0 )

not much change in the cell performance of the DSSCs. On the
other hand, a good improvement in the ﬁll factor was noted for
the DSSCs by adding 0.1 M of TBP and further increase produces nil
effect. Hence, for further studies, an optimum concentration 0.1 M
of TBP was taken which yields the best photovoltaic parameters
for the DSSC, i.e. JSC , VOC , ﬁll factor (FF) and conversion efﬁciency
of 10.80 mA cm−2 , 0.693 V, 0.596 and 4.46%, respectively, under
100 mW cm−2 .
As we told in Section 1, the incorporation of silica nanoparticles in polymer electrolyte yields higher ionic conductivity with
improved cell retention. This could help in enhancing the cell performance, circumventing the sealing problem and further could
increase the stability and lifetime of these devices. The temperature dependence of the conductivity of the different wt% of SiO2
nanoparticles is shown in Fig. 6. It is noted that the ionic conductivity increases with the addition of 1% and 3% of SiO2 nanoparticles
and further addition decreases the ionic conductivity slightly. The
GPEs containing 1% and 3% nano-SiO2 particles increase the ionic
conductivity owing to the decrease in the crystallinity of PVDF-HFP
matrix and act as “solid plasticizer” capable of enhancing the ions
transport properties. Li et al. [47] have studied the PVDF-HFP ﬁlled
with different amounts of nanoparticles. They found that the crystallinity of polymer matrix decreased with the increase of mass
fraction of nanoparticles due to their solid plasticization effect.
Stephan et al. [48] have also revealed that the addition of ﬁllers with
Lewis acid surface groups usually leads to reduction in ion pairing
and therefore to increase in the ion conductivity. Recently, Kang et
al. [49] studied the quasi-solid-state DSSCs employing ternary component GPEs and they suggested that the TiO2 nanoparticles added
to the GPE as a nanoﬁller can decrease the crystallinity of polymer
and build a transfer channel for the redox couple, resulting in the
increases of JSC signiﬁcantly.

(7)

I−
3

where Jr is the
reduction current, kr is the rate constant of the
; exponents 
reduction reaction, and cox is the concentration of I−
3
and ˇ are the reaction orders for I−
and electrons, respectively.
3
In order to get highly efﬁcient DSSC, TBP is added into the electrolyte and the inﬂuence of its adsorption is mainly attributed to
the negative shift of the TiO2 conduction band gap [46]. This phenomenon may be associated with the kind of coexisting cations.
Table 2 shows photovoltaic parameters of DSSCs for different concentrations of TBP. The large increase of the VOC was seen with
increase of the concentration of TBP and this is correlated with
the back electron transfer reaction, which is the reduction of I−
3
by an electron obtained from the conduction band of the TiO2 .
However, the JSC values decrease and as a result of this, there is

Fig. 6. Plot of conductivity vs. temperature with various wt% of nano-SiO2 .
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Table 3
The electrolyte parameters and the cell performances of the DSSCs based on gel polymer electrolytes containing different wt% of nano-SiO2
Wt% of SiO2

Conductivity (mS cm−1 )a

CF (Hz)b

Rct2 ()

Rdiff ()

JSC (mA cm−2 )

VOC (V)

 (%)

FF

0
1
3
5

5.71
7.18
6.71
5.45

5.75
3.17
3.17
3.87

71.36
57.75
64.71
64.98

79.97
60.06
67.03
81.11

10.80
14.04
11.52
11.88

0.693
0.711
0.714
0.716

4.46
5.97
4.94
4.89

0.596
0.598
0.600
0.574

a
b

Measured at 30 ◦ C.
Characteristic frequency peak of TiO2 .

The decrease of ionic conductivity with 5% nano-SiO2 particles
may be correlated with progressive decrease of ion motion inside
the channels or aggregation of nanoparticles containing PVDF-HFP.
From Fig. 6, the activation energy of conductivity (Ea ) of each electrolyte system can be calculated by the slope of the curve according
to the Arrhenious Eq. (8):
 = 0 exp

 −E 
a

RT

(8)

where R is the gas constant and T is the temperature in K. According
to the free-volume model, the Ea is closely related to the mobility
of carriers. The Ea for GPE with various amounts of nano-SiO2 are
calculated to be ca. 15.6 kJ mole−1 . In traditional organic liquid type
electrolytes, the value of Ea lies between 1 and 5 kJ mole−1 [50]. The
Ea is raised about one order magnitude in PVDF-HFP/nano-SiO2 GPE
system, which indicates that there exists obviously an interaction

Fig. 7. (a) Nyquist plots (including ﬁtting curves) and (b) Bode phase plots based on
gel polymer electrolytes with various wt% SiO2 .

between ions and polymer structures, resulting in the increase of
the energy barrier for ion moving.
Table 3 shows the photoelectrochemical characteristics of the
DSSCs obtained on the effect of addition of different wt% of nanoSiO2 into the PVDF-HFP electrolyte (the weight percentage of
PVDF-HFP is 5% and the concentration ratio of TBAI/I2 is 0.8/0.12 M
with 0.1 M of TBP). The JSC of the DSSC increases appreciably with
the addition of 1% nano-silica and decrease with the further addition, while there is no broad change in the VOC and FF. This shows
that 1% of nano-SiO2 is enough for getting good performance of
the DSSCs. Meanwhile, the effect of nano-SiO2 addition in GPE was
also studied by electrochemical impedance spectroscopy, and this
is shown in Fig. 7a. In the Nyquist plot, Rct2 and Rdiff of the DSSC
without nano-SiO2 are both larger than that with nano-SiO2 in GPE,
and the Rct2 and the Rdiff of the DSSC with 1% nano-SiO2 are the
smallest. Further, the characteristic frequency peaks of TiO2 based
on GPE containing nano-SiO2 shifts to lower frequency obtained
in Bode phase plot (Fig. 7b). This suggests that the addition of
nano-SiO2 not only reduces the Warburg diffusion resistance but
also improves the electron lifetime in the TiO2 electrode about
two times.
The evolution of energy conversion efﬁciencies with time in
days for both the cells with PVDF-HFP in absence and presence
of 1% nano-SiO2 , respectively, at room temperature are shown in
Fig. 8. The decrease in the efﬁciency of the DSSC containing 1% silica nanoparticles is ∼20% after 45 days, whereas that in the absence
of SiO2 , the energy loss is a lot (almost 1.8 times higher than the former) and this shows that the presence of 1% nano-SiO2 can improve
the at-rest durability of the DSSC.
Furthermore, the inﬂuence of the DSSCs storage at 70 ◦ C was
also analyzed. The chemical capacitance (C2 ) and charge transfer
resistance (Rct2 ) of two cells with different GPEs storage at 70 ◦ C for
a time period of 10 days evaluated by ﬁtting the middle frequency
semicircle in Nyquist plots measured under 100 mW cm−2 , is pre-

Fig. 8. At-rest stability of the DSSCs based on GPE with or without nano-SiO2 .
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Fig. 9. The Rct2 and capacitance of the DSSCs storage at 70 ◦ C for several days.

sented in Fig. 9. Thermal storage gives rise gently to an increase
of the Rct2 from 36 to 38  and 39 to 45 , and decrease the C2
from 2.2 to 0.5 mF and 2.7 to 0.6 mF for GPEs with and without
nano-SiO2 , respectively. This resulted in the shift of characteristic frequency peaks (CF) of TiO2 to higher frequency, as shown in
Fig. 10. It is clear from Bode phase plot that the electron lifetimes
decrease obviously during thermal storage for the cells based on

Fig. 11. Electron lifetimes and electron diffusion coefﬁcients of the DSSCs based on
(a) PVDF-HFP and (b) PVDF-HFP containing 1 wt% nano-SiO2 electrolytes, respectively, for the storage temperature at 70 ◦ C.

Fig. 10. Bode phase plots of the DSSCs based on (a) PVDF-HFP and (b) PVDF-HFP/1%
nano-SiO2 electrolytes, respectively, for the storage temperature at 70 ◦ C.

the two kinds of the GPEs. In addition, the redox reaction rate of
I− /I−
at Pt counter electrode surface also decreases with the storage
3
time, especially for the absence of nano-SiO2 in GPE. This indicates that the GPE containing nano-SiO2 also leads the activation
and better contact between Pt electrode and electrolyte. After thermal storage, the diffusion impedance becomes larger than that of
the back reaction, leading to incomplete charge carrier collection
due to the reduction of the effective electron diffusion length [46].
This resulted in the large drop of the photocurrent during thermal
storage.
Furthermore, for comparison, the transient photovoltage and
photocurrent measurements were also executed. Fig. 11a shows the
electron diffusion coefﬁcient (De ) of the DSSCs based on two electrolytes at short-circuit state. The calculated De which is estimated
from Eq. (1) increased gently with the storage time. The thermal
stress led the increase of De , however, a signiﬁcant decrease of
the electron lifetime ( e ) from 3.2 to 2.7 ms and 2.3 to 1.8 ms for
DSSCs based on GPEs with and without nano-SiO2 , respectively, was
noted (Fig. 11b). This results in the short electron diffusion length
after thermal storage, and this also supports the previous outcome.
The electron lifetime obtained from transient photovoltage measurement shorter than that from EIS measurement is maybe due
to the different light intensities and wavelengths used for these
measurements.
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4. Conclusion
The effects of different weight percentages of PVDF-HFP containing various concentrations of I− and I2 along with TBP on the
photovoltaic characteristics of the DSSCs were studied. In addition,
the thermal storage of cells by EIS, transient photovoltage and photocurrent were also investigated. Adding silica nanoparticles into
GPE as ﬁllers can improve the performance and stability of the
solar cell. The conversion efﬁciency of the solar cell with 5% of
PVDF-HFP in MPN based on optimum concentration of 0.8 M of
TBAI and 0.12 M of I2 is well comparable to that obtainable in liquid
electrolyte and this is correlated with high conductivity of polymer electrolyte at the respective concentrations of TBAI and I2 , as
conﬁrmed from EIS, and transient photovoltage and photocurrent
measurements. Drastic improvements in the conductivity of PVDFHFP electrolyte at high concentration of I2 may be correlated with
the formation of poly(iodide) along with part of contribution of
ion-exchange diffusion. The addition of 1% of silica nanoparticles
improves the cell performance and durability of the solar cell storage at both room temperature and at 70 ◦ C. The electron lifetime
and electron diffusion coefﬁcient in the TiO2 ﬁlm with GPE containing 1% of silica nanoparticle is higher and remains stable when
compared to its absence.
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