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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-co-
hexafluoropropylene) (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
el polymer electrolyte
ye-sensitized solar cells
VDF-HFP
IS

(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
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best performance of a sola

. Introduction

Dye-sensitized solar cells (DSSCs), developed by Grätzel et al.,
onverts sunlight to electricity with high conversion efficiency of
1% [1,2]. The liquid electrolyte, usually employed in the DSSC
I−/I−3 redox couple dissolved in an organic solvent) is sandwiched
etween anode material (nanocrystalline dye-sensitized TiO2) and
athode material (Pt sputtered on fluorine-doped tin oxide glass
FTO glass) [3]. However, liquid electrolytes can lead to major
echnological problems associated with performance limitation in
ong-term operation due to sealing difficulties. In order to over-
ome this, considerable efforts have been made to replace the
iquid electrolytes by solid-state conductors such as p-type inor-
Please cite this article in press as: K.-M. Lee, et al., J. Power Sources (2008),

anic semiconductors [4,5] or with hole conductors [6–9]. However,
he conversion efficiency of the DSSC becomes very low due to the
mperfect contact between the dye anchored electrode and the hole
onductor.

∗ Corresponding author at: Department of Chemical Engineering, National Taiwan
niversity, 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
olymer material as quasi-solid electrolytes in suitable plas-
icizers. Various gel polymer electrolytes (GPEs)-based DSSCs
uch as poly(acrylonitrile) [10–15], poly(ethyleneoxide) [16–18],
oly(oligoethyleneglycol methacrylate) [19], poly(siloxane-co-
thylene oxide) [20], poly(butylacrylate) [21], polyvinylidene
uoride-co-hexafluoro propylene (PVDF-HFP) [22,23] and chem-

cally cross-linked [24,25] with different plasticizers have been
nvestigated in the literatures.

Among the various GPEs mentioned above, PVDF-HFP-based
lectrolyte shows relatively high ionic conductivities at ambient
emperatures and it has been successfully used as the quasi-solid
tate materials in combination with room temperature ionic liquids
howing good conversion efficiencies [26–28]. Further, fluorinated
olymers are potentially stable even in the presence of TiO2 and
t nanoparticles, which underline their suitability as a quasi-solid
lectrolyte in terms of long-term stability of the DSSC [29,30]. Sub-
doi:10.1016/j.jpowsour.2008.07.094

icrometer-sized anatase and graphite particles can be dispersed
n these electrolyte media to form stable colloidal solution [31].
mong the various choices of filler, silica nanoparticles are the most
romising one for improving the cell performance [23]. The incor-
oration of small amounts of these nanoparticles into the polymer

ghts reserved.

dx.doi.org/10.1016/j.jpowsour.2008.07.094
http://www.sciencedirect.com/science/journal/03787753
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atrix has been shown to significantly alter the mechanical proper-
ies of the composite. In addition, they can drastically increase the
olvent retention of gels due to physical and chemical interactions
etween the solvent and nanoparticles [27]. It is also of interest to
ote that nanoparticles tend to prevent electrolyte/electrode inter-

acial resistance, which increases over time [27,32].
The electron transport dynamics and recombination kinetics

re major factors related to the overall efficiency of dye-sensitized
anocrystalline TiO2 solar cell [3,33–36]. Because the collection
f injected electrons competes with recombination by oxidized
ye and redox couple, slow electrons transport may lead to low
harge collection as well as conversion efficiency. Therefore, in
his paper, the influences of different weight percentages of this
uorine polymer and silica nanoparticles as well as the effect
f I2 concentration on the photocurrent–voltage characteristics
f the DSSCs were found out along with the resultant changes
n electron transport properties of the nanostructured TiO2 by
lectrochemical impedance spectroscopy (EIS), and laser induced
ransient photovoltage and photocurrent measurements. In addi-
ion, the photoelectrochemical properties of the DSSCs containing
VDF-HFP GPEs with various storage times at 70 ◦C were also
nvestigated.

. Experimental

Anhydrous I2, ethanol (99.5%), tertiary butanol, and 4-tertiary
utyl pyridine (TBP) were obtained from Merck, and titanium (IV)
etraisopropoxide (TTIP) (>98%) was purchased from Acros; all
ere used as received. Methoxy propionitrile (MPN) and tertiary
utanol were purchased from Merck and water molecules were
emoved by putting molecular sieves (4 Å) into the solvents. PVDF-
FP (molecular weight = 400,000) and silica nanoparticles (20 nm)
ere obtained from Aldrich. Cis-Di(thiocyanato)bis(2,2′-bipyridyl-
,4′-dicarboxylate) ruthenium (II) (N3 dye) is a commercial product
f Solaronix (Aubonne, Switzerland).

The TiO2 electrodes were prepared by sol–gel process in acid
edium followed by autoclaving of titanium (IV) isopropoxide at

40 ◦C for 12 h as described elsewhere [37]. The autoclaved solu-
ion was concentrated to 13 wt% and TiO2 paste prepared by adding
0 wt% (with respect to TiO2) of PEG with the corresponding molec-
lar weights of 200,000 to the above solution in order to control
he pore diameters and to prevent the film from cracking during
rying. Here, high molecular weight PEG was used in the TiO2
aste, which could enlarge the pore diameter of the TiO2 film
nd lead the high viscosity GPEs to penetrate easily into the inner
ores.

The TiO2 paste was coated on a fluorine-doped tin oxide
FTO) glass plate using glass rod (the sheet resistivity of FTO is
5 � square−1). After this, these TiO2 electrodes were dried in the
ir at room temperature for 30 min followed by sintering at 500 ◦C
n a hot-oven at a rate of 5 ◦C min−1 for another 30 min. An active
rea of 0.25 cm2 was selected from sintered TiO2 electrode and the
lectrodes were immersed in a 3 × 10−4 M solution of N3 dye con-
aining acetonitrile and tertiary butanol (in the volume ratio of 1:1)
or 24 h. Pt (100 nm thick) sputtered on FTO was used here as the
ounter electrode.

GPE was prepared as follows: the required weight percentage
f PVDF-HFP was added to the necessary concentration of I2/TBAI
edox electrolyte in MPN and stirred at 70 ◦C for 8 h. When the
lectrolyte was cooled down, it became gel and if needed, silica
Please cite this article in press as: K.-M. Lee, et al., J. Power Sources (2008)

anoparticles were added and used as such. For measuring at-rest
tability, the cell was fabricated by keeping an ionomer resin (Surlyn
702, Dupont, USA) between the two electrodes and two holes
ere made on the resin. The whole set-up was heated at 90 ◦C on
hot plate till all the resin had been melted and the electrolyte

H
c
p

�
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ources xxx (2008) xxx–xxx

as injected into the space between the electrodes through these
wo holes. Finally, these two holes were sealed completely by the
orr Seal® cement (Varian, USA). For other measurements, the gel
lectrolyte was heated at 70 ◦C and sprayed on to the dyed TiO2
lectrode immediately followed by clipping it with a Pt counter
lectrode.

The photoelectrochemical characterizations of the DSSCs were
arried out by using an AM 1.5 simulated light radiation. The light
ource was a 450-W Xe lamp (#6266, Oriel, USA) equipped with a
ater-based infrared (IR) filter and an AM 1.5 filter (#81075, Oriel).
onductivity measurement of GPE was performed by impedance
pectroscopy with two Pt electrodes conductance cell where the
rea of the each Pt electrode is 1 cm2 and the distance between the
wo electrodes is 1 cm. The cell constant is 0.54 as calibrated from
he standard aqueous KCl solution (12.9 mS cm−1).

The lifetime of injected electron in the TiO2 film before recom-
ination with oxidized dye or I−3 can be measured by transient
hotovoltage under open-circuit conditions [33]. The transients
hotovoltage of assembled devices were recorded with a digital
scilloscope (model LT322, LeCroy, USA). Pulsed laser excita-
ion was applied by a frequency-doubled Q-switched Nd:YAG
aser (Spectra-Physics laser, model Quanta-Ray GCR-3-10, Spectra-
hysics laser) with 2-Hz repetition rate at 532 nm, and 7-ns pulse
idth at half-height. The beam size was slightly larger than

.25 cm2 to cover the area of the device with an incident energy
f 1 mJ cm−2. The average electron lifetime can be approximately
stimated by fitting a decay of the open-circuit voltage transient
ith exp(−t�e

−1), where t is time and �e is an average time constant
efore recombination.

Electron diffusion coefficient was (De) approximately estimated
y fitting a decay of the transient current with exp(−t�C

−1), which
as derived from the equation of continuity for electrons in the

onduction bond [35], where t and �C are the time and average
ime constant, respectively. Then, the apparent diffusion constant
an be estimated using Eq. (1):

e = w22.35−1 �C
−1 (1)

here w is the film thickness and the factor 2.35 arises from the
eometry of the diffusion problem [36].

Photoelectrochemical characteristics and the electrochemical
mpedance spectroscopy (EIS) measurements of the DSSCs were
ecorded with a potentiostat/galvanostat (PGSTAT 30, Autolab,
co-Chemie, the Netherlands) under 100 mW cm−2. The frequency
ange explored was from 10 mHz to 65 kHz. The applied bias voltage
nd ac amplitude were set at open-circuit voltage of the DSSCs and
0 mV between the FTO/Pt counter electrode and the FTO/TiO2/dye
orking electrode, respectively, starting from the short-circuit

ondition [38]. The impedance spectra were analyzed by an equiv-
lent circuit model interpreting the characteristics of the DSSCs
28,29].

. Results and discussion

The photovoltaic characteristics of the DSSCs obtained by
ncorporating different weight percentages of PVDF-HFP con-
aining MPN as the plasticizer at constant light illumination of
00 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
his table, it is noted that the JSC and the conversion efficiency of
he DSSCs decrease with the increase in weight percentage of PVDF-
, doi:10.1016/j.jpowsour.2008.07.094

FP, while the VOC remains constant. This phenomenon may be
orrelated with the ionic conductivity. Ionic conductivity (�) of the
olymer electrolyte can be written as

= ne� (2)

dx.doi.org/10.1016/j.jpowsour.2008.07.094
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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 6.10 1.40 11.24 0.702 3.93 0.497
5 5.71 2.75 10.96 0.708 3.71 0.478
7 5.63 2.79 10.80 0.697 3.24 0.430
9
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n
exchange between I−, I−3 and poly(iodides) through chemical
bond were coupled, which contribute to the effective conduc-
tance of the gel electrolyte, rationalizing the high conductivity
of the electrolyte in the DSSCs. In those studies, the formation
5.18 2.71

a The electrolytes were composed of 0.4 M TBAI/0.04 M I2 in MPN with various w
b Measured at 25 ◦C.
c Electron lifetime measured by laser transient photovoltage.

here n denotes carrier concentration, e is the charge and � is
onic mobility [38]. The increase in the polymer content increases
he viscosity of the gel electrolytes, which lowers the conductivity.

hen the conductivity decreases, the ionic mobility as well as the
iffusion coefficient of I−/I−3 naturally decreases. The decrease in
iffusion coefficient reduces the supply of I−3 to the Pt counter elec-
rode causing a depletion of I−3 at the electrode surface and hence
ecreases the JSC and FF of the DSSC [28]. The VOC, a difference
etween Fermi level of TiO2 and redox potential of electrolyte, is

nfluenced mainly by the major ratio of I−/I−3 . In this, I−/I−3 molar
atio is independent of the polymer concentration and thus the VOC
hows similar values [40].

Laser pulse induced transient photovoltage obtained for meso-
orous TiO2 electrode containing different weight percentages of
VDF-HFP electrolyte is shown in Fig. 1 and the corresponding
ecombination electron lifetimes (�e) calculated from the curve fit-
ing is also shown in Table 1. The �e increases from 1.4 to 2.75 ms
hen 5% of PVDF-HFP electrolyte was added to the liquid elec-

rolyte. This dramatic change shows that electron recombination
n TiO2 electrode is retarded by the incorporation of PVDF-HFP in
lectrolyte. However, further addition of polymer results in little
ffect on the electron lifetime. From the above results, an opti-
um weight percentage value of PVDF-HFP (5%) have been taken

or further studies.
Fig. 2a depicts the dependence of the ionic conductivity of TBAI

nd the JSC of the DSSC on the different concentrations of TBAI. (The
oncentration of I2 was kept as 0.08 M.) Both the ionic conductivity
f TBAI and the JSC of the DSSC increased linearly with the increase
n the concentration of TBAI and these two parameters saturated at
Please cite this article in press as: K.-M. Lee, et al., J. Power Sources (2008),

.8 M of TBAI. Further increase in the concentration of TBAI led to
ecrease in the JSC of the DSSC. On the other hand, the variation in
he VOC of the DSSC was found to be very little. As a result of this,
he optimum concentration of TBAI should be in taken as 0.8 M, in
erms of the cell performance.

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

F
o

9.00 0.697 2.68 0.428

F-HFP.

In a similar manner, the photocurrent density of the DSSC
as optimized for different concentrations of I2. The relation-

hip between the conductivity of different concentrations of I2
gainst the JSC of the DSSCs is shown in Fig. 2b. It is noted that
he addition of small amount of I2 into the electrolyte results in
he remarkable improvement of the conductivity and the JSC of
he DSSC. The results show that the existence of I2 causes dras-
ic improvement in the charge transfer, which are able to work
n the microscopic molecular networks of the polymers. Such

non-linear increase of the conductivity at high concentration
f I2 (0.4 M) may be associated with formation of poly(iodides)
I−2n+1) in the electrolyte, as confirmed by Yanagida et al.[41].
hey suggested that the Grotthuss-type charge transfer mecha-
ism (poly(iodide) bond exchange mechanism), where electron
doi:10.1016/j.jpowsour.2008.07.094

ig. 2. Conductivities of electrolytes and the current densities of the DSSCs based
n various concentrations of (a) TBAI and (b) I2, respectively.

dx.doi.org/10.1016/j.jpowsour.2008.07.094
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ig. 3. Electron lifetimes and electron diffusion coefficients based on various con-
entrations of I2.

f the poly(iodides) was also confirmed by Raman spectroscopy
41].

Nevertheless, the JSC of the DSSC increases with the increase in
he concentration of I2 from 0.02 to 0.08 M and further increase
esults in the decrease of the JSC. The explanation may be given by
onsidering the following redox reactions:

2 + I− ↔ I−3 (3)

−
3 + 2e− → 3I− (at Pt electrode) (4)

I− → I−3 + 2e− (at TiO2 anode) (5)

−
3 + 2e−(CB) → 3I− (side reaction at TiO2 anode) (6)

ccording to reaction (3), increase of I2 concentration acts in favor
f I−3 as I− is much higher than that of I2. Since a critical concentra-
ion level of I−3 is necessary for the cell functioning at the beginning,
eaction (4) and (5) proceeds effectively and the JSC increases and
aturates at once. However, further increase in the concentration
f I2 results in favor of reaction (6) decreasing the performance of
he DSSCs. Furthermore, I2 also absorbs some visible lights from the
avelength of 400 to 500 nm, suppressing the visible light absorp-

ion by the sensitizer [42].
Laser pulse induced transient photovoltages and photocurrents

ere obtained for mesoporous TiO2 electrode containing differ-
nt concentrations of I2 with a fixed I− concentration. Measured
lectron lifetimes and electron diffusion coefficients were plot-
ed as a function of increase in the concentration of I2 and are
hown in Fig. 3. The electron lifetime decreases with increasing
f concentration of I2 from 0.0 to 0.20 M. This shows that recom-
ination is raised with increase in concentration of I2. Enough I−

ons (0.8 M) are present to reduce the dye cations, so that the
ecrease of lifetime should be directly related to increase of I−3 .
eanwhile, the increase of De with increase of I2 is interpreted
ith ambipolar diffusion, which is related with the diffusion of

lectrons and I2, and the concentrations of these charges [43]. This
pproaches the electron diffusion coefficients in the TiO2 film with
ncrease in the concentration of I2. The electron diffusion coeffi-
ient 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 dif-
usion constant of 4.4 × 10−6 cm2 s−1 for I−3 within the pores of the
Please cite this article in press as: K.-M. Lee, et al., J. Power Sources (2008)

iO2 film [44].
Figs. 4 and 5 show the electrochemical impedance spectra of

he DSSCs containing different concentrations of TBAI and I2 with
% PVDF-HFP/MPN, respectively. The equivalent circuit employed
or the curves fitted the impedance spectra of the DSSCs by Z-view

i
p
(
o
s

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

oftware are shown as inset in Figs. 4a and 5a. All the spectra exhibit
hree semicircles, which are assigned to electrochemical reaction
t Pt counter electrode, charge transfer at the TiO2/dye/electrode
nd Warburg diffusion process of I−/I−3 [38,39]. Since, the resistance
f the ITO as well as thicknesses of the Pt and TiO2 film was kept
onstant, there is only little change in their corresponding charge
ransfer resistances. However, charge transfer resistance (Rct2) and

arburg diffusion resistance (Rdiff) of the DSSCs differs very much
ith change in the concentrations of redox electrolyte. The plots

f the Rct2 and Rdiff of the DSSCs vs. different concentrations of
2/TBAI are shown in as the inset. The Rct2 and Rdiff values both
ecrease with increase in the concentrations of both TBAI and I2;
owever, saturate at 0.8 M of TBAI and 0.1 M of I2. The reduction
f the Rct2 value with the increase in the amount of TBAI sug-
ests more electrons injection from dye molecules, increasing the
lectron concentration in TiO2, and thus improves the number of
lectron transferring at the interface of TiO2/dye/electrolyte. Mean-
hile, the reduction of the Rct2 with the increase in the amount

f TBAI takes place without changing of recombination character-
stic frequency and this indicates that the injection of electrons
n TiO2 can stay almost equal period in various concentration of
BAI used in the study (Fig. 4b). In addition, the frequency peaks

3 5
, doi:10.1016/j.jpowsour.2008.07.094

n high-frequency regime (10 to 10 Hz) shown in Bode phase
lot corresponding to the electron transfer at the counter electrode
I−3 + 2e− = 3I−) also shift to a higher frequency with the increase
f TBAI, suggesting the increase of redox reaction of I−/I−3 at Pt
urface with the increase of TBAI. This reveals that the increase

dx.doi.org/10.1016/j.jpowsour.2008.07.094


ARTICLE IN PRESSG Model
POWER-10989; No. of Pages 8

K.-M. Lee et al. / Journal of Power Sources xxx (2008) xxx–xxx 5

F
o

i
e

s
t
i
i
b
T
d
e

J

w
r
a

t
t
n
T
c
i
t
b
H

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 0 14.52 0.641 4.19 0.450
2 0.1 10.80 0.693 4.46 0.596
3 0.3 10.20 0.715 4.17 0.572
4 0.5 10.00 0.721 4.16 0.577
5
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ponent 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.
ig. 5. (a) Nyquist plots and (b) Bode phase plots based on different concentrations
f I2.

n the fill factor arises from faster electron transfer at the counter
lectrode.

Correspondingly, the characteristic frequency peaks (CF) of TiO2
hown in intermediate-frequency regime of Bode phase plot shift
o a higher frequency with the increase of I2 concentration (Fig. 5b),
ndicating the decrease of electron lifetime with increase of I2. This
s due to the difference in the local I−3 concentration. As indicated
y Eq. (7), the higher local I−3 concentration produced in the porous
iO2 film under light is expected to accelerate the recapture of con-
uction band electrons and shortens their lifetime within the TiO2
lectrode [45].

r = ekrc
�
ox(nˇ − nˇ

0 ) (7)

here Jr is the I−3 reduction current, kr is the rate constant of the
eduction reaction, and cox is the concentration of I−3 ; exponents �
nd ˇ are the reaction orders for I−3 and electrons, respectively.

In order to get highly efficient DSSC, TBP is added into the elec-
rolyte and the influence of its adsorption is mainly attributed to
he negative shift of the TiO2 conduction band gap [46]. This phe-
omenon may be associated with the kind of coexisting cations.
able 2 shows photovoltaic parameters of DSSCs for different con-
Please cite this article in press as: K.-M. Lee, et al., J. Power Sources (2008),

entrations of TBP. The large increase of the VOC was seen with
ncrease of the concentration of TBP and this is correlated with
he back electron transfer reaction, which is the reduction of I−3
y an electron obtained from the conduction band of the TiO2.
owever, the JSC values decrease and as a result of this, there is
0.7 9.52 0.731 4.03 0.579

he electrolytes were composed of 0.8 M TBAI/0.12 M I2 in MPN with 5 wt% PVDF-
FP.

ot much change in the cell performance of the DSSCs. On the
ther hand, a good improvement in the fill factor was noted for
he DSSCs by adding 0.1 M of TBP and further increase produces nil
ffect. Hence, for further studies, an optimum concentration 0.1 M
f TBP was taken which yields the best photovoltaic parameters
or the DSSC, i.e. JSC, VOC, fill factor (FF) and conversion efficiency
f 10.80 mA cm−2, 0.693 V, 0.596 and 4.46%, respectively, under
00 mW cm−2.

As we told in Section 1, the incorporation of silica nanoparti-
les in polymer electrolyte yields higher ionic conductivity with
mproved cell retention. This could help in enhancing the cell per-
ormance, circumventing the sealing problem and further could
ncrease the stability and lifetime of these devices. The tempera-
ure dependence of the conductivity of the different wt% of SiO2
anoparticles is shown in Fig. 6. It is noted that the ionic conduc-
ivity increases with the addition of 1% and 3% of SiO2 nanoparticles
nd further addition decreases the ionic conductivity slightly. The
PEs containing 1% and 3% nano-SiO2 particles increase the ionic
onductivity owing to the decrease in the crystallinity of PVDF-HFP
atrix and act as “solid plasticizer” capable of enhancing the ions

ransport properties. Li et al. [47] have studied the PVDF-HFP filled
ith different amounts of nanoparticles. They found that the crys-

allinity of polymer matrix decreased with the increase of mass
raction of nanoparticles due to their solid plasticization effect.
tephan et al. [48] have also revealed that the addition of fillers with
ewis acid surface groups usually leads to reduction in ion pairing
nd therefore to increase in the ion conductivity. Recently, Kang et
l. [49] studied the quasi-solid-state DSSCs employing ternary com-
doi:10.1016/j.jpowsour.2008.07.094

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 5.71 5.75 71.36 79.97 10.80 0.693 4.46 0.596
1 7.18 3.17 57.75 60.06 14.04 0.711 5.97 0.598
3 6.71 3.17 64.71 67.03 11.52 0.714 4.94 0.600
5
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t
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S
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w
t
t
t
t
a

5.45 3.87 64.98

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

The decrease of ionic conductivity with 5% nano-SiO2 particles
ay be correlated with progressive decrease of ion motion inside

he channels or aggregation of nanoparticles containing PVDF-HFP.
rom Fig. 6, the activation energy of conductivity (Ea) of each elec-
rolyte system can be calculated by the slope of the curve according
o the Arrhenious Eq. (8):

= �0exp
(−Ea

RT

)
(8)

here R is the gas constant and T is the temperature in K. According
o the free-volume model, the Ea is closely related to the mobility
Please cite this article in press as: K.-M. Lee, et al., J. Power Sources (2008)

f carriers. The Ea for GPE with various amounts of nano-SiO2 are
alculated to be ca. 15.6 kJ mole−1. In traditional organic liquid type
lectrolytes, the value of Ea lies between 1 and 5 kJ mole−1 [50]. The
a is raised about one order magnitude in PVDF-HFP/nano-SiO2 GPE
ystem, which indicates that there exists obviously an interaction

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

i
w
a
s
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i
n
a
t

d
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F
i
o
m
t

a
r
a
s

F

81.11 11.88 0.716 4.89 0.574

etween ions and polymer structures, resulting in the increase of
he energy barrier for ion moving.

Table 3 shows the photoelectrochemical characteristics of the
SSCs obtained on the effect of addition of different wt% of nano-
iO2 into the PVDF-HFP electrolyte (the weight percentage of
VDF-HFP is 5% and the concentration ratio of TBAI/I2 is 0.8/0.12 M
ith 0.1 M of TBP). The JSC of the DSSC increases appreciably with

he addition of 1% nano-silica and decrease with the further addi-
ion, while there is no broad change in the VOC and FF. This shows
hat 1% of nano-SiO2 is enough for getting good performance of
he DSSCs. Meanwhile, the effect of nano-SiO2 addition in GPE was
lso studied by electrochemical impedance spectroscopy, and this
s shown in Fig. 7a. In the Nyquist plot, Rct2 and Rdiff of the DSSC

ithout nano-SiO2 are both larger than that with nano-SiO2 in GPE,
nd the Rct2 and the Rdiff of the DSSC with 1% nano-SiO2 are the
mallest. Further, the characteristic frequency peaks of TiO2 based
n GPE containing nano-SiO2 shifts to lower frequency obtained
n Bode phase plot (Fig. 7b). This suggests that the addition of
ano-SiO2 not only reduces the Warburg diffusion resistance but
lso improves the electron lifetime in the TiO2 electrode about
wo times.

The evolution of energy conversion efficiencies with time in
ays for both the cells with PVDF-HFP in absence and presence
f 1% nano-SiO2, respectively, at room temperature are shown in
ig. 8. The decrease in the efficiency of the DSSC containing 1% sil-
ca nanoparticles is ∼20% after 45 days, whereas that in the absence
f SiO2, the energy loss is a lot (almost 1.8 times higher than the for-
er) and this shows that the presence of 1% nano-SiO2 can improve

he at-rest durability of the DSSC.
Furthermore, the influence of the DSSCs storage at 70 ◦C was
, doi:10.1016/j.jpowsour.2008.07.094

lso analyzed. The chemical capacitance (C�2) and charge transfer
esistance (Rct2) of two cells with different GPEs storage at 70 ◦C for
time period of 10 days evaluated by fitting the middle frequency

emicircle in Nyquist plots measured under 100 mW cm−2, is pre-

ig. 8. At-rest stability of the DSSCs based on GPE with or without nano-SiO2.

dx.doi.org/10.1016/j.jpowsour.2008.07.094
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F
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F
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ig. 9. The Rct2 and capacitance of the DSSCs storage at 70 ◦C for several days.

ented in Fig. 9. Thermal storage gives rise gently to an increase
f the Rct2 from 36 to 38 � and 39 to 45 �, and decrease the C�2
rom 2.2 to 0.5 mF and 2.7 to 0.6 mF for GPEs with and without
Please cite this article in press as: K.-M. Lee, et al., J. Power Sources (2008),

ano-SiO2, respectively. This resulted in the shift of characteris-
ic frequency peaks (CF) of TiO2 to higher frequency, as shown in
ig. 10. It is clear from Bode phase plot that the electron lifetimes
ecrease obviously during thermal storage for the cells based on

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

F
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ig. 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, respec-
ively, for the storage temperature at 70 ◦C.

he two kinds of the GPEs. In addition, the redox reaction rate of
−/I−3 at Pt counter electrode surface also decreases with the storage
ime, especially for the absence of nano-SiO2 in GPE. This indi-
ates that the GPE containing nano-SiO2 also leads the activation
nd better contact between Pt electrode and electrolyte. After ther-
al storage, the diffusion impedance becomes larger than that of

he back reaction, leading to incomplete charge carrier collection
ue to the reduction of the effective electron diffusion length [46].
his resulted in the large drop of the photocurrent during thermal
torage.

Furthermore, for comparison, the transient photovoltage and
hotocurrent measurements were also executed. Fig. 11a shows the
lectron diffusion coefficient (De) of the DSSCs based on two elec-
rolytes at short-circuit state. The calculated De which is estimated
rom Eq. (1) increased gently with the storage time. The thermal
tress led the increase of De, however, a significant decrease of
he electron lifetime (�e) from 3.2 to 2.7 ms and 2.3 to 1.8 ms for
SSCs based on GPEs with and without nano-SiO2, respectively, was
oted (Fig. 11b). This results in the short electron diffusion length
fter thermal storage, and this also supports the previous outcome.
doi:10.1016/j.jpowsour.2008.07.094

he electron lifetime obtained from transient photovoltage mea-
urement shorter than that from EIS measurement is maybe due
o the different light intensities and wavelengths used for these

easurements.
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. Conclusion

The effects of different weight percentages of PVDF-HFP con-
aining various concentrations of I− and I2 along with TBP on the
hotovoltaic characteristics of the DSSCs were studied. In addition,
he thermal storage of cells by EIS, transient photovoltage and pho-
ocurrent were also investigated. Adding silica nanoparticles into
PE as fillers can improve the performance and stability of the
olar cell. The conversion efficiency of the solar cell with 5% of
VDF-HFP in MPN based on optimum concentration of 0.8 M of
BAI and 0.12 M of I2 is well comparable to that obtainable in liquid
lectrolyte and this is correlated with high conductivity of poly-
er electrolyte at the respective concentrations of TBAI and I2, as

onfirmed from EIS, and transient photovoltage and photocurrent
easurements. Drastic improvements in the conductivity of PVDF-
FP electrolyte at high concentration of I2 may be correlated with

he formation of poly(iodide) along with part of contribution of
on-exchange diffusion. The addition of 1% of silica nanoparticles
mproves the cell performance and durability of the solar cell stor-
ge at both room temperature and at 70 ◦C. The electron lifetime
nd electron diffusion coefficient in the TiO2 film with GPE con-
aining 1% of silica nanoparticle is higher and remains stable when
ompared to its absence.
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