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ABSTRACT: A quasi-solid-state electrolyte for the dye-
sensitized solar cells was prepared following the phase
inversion process. The microporous polymer electrolyte
based on poly(vinylidene fluoride-co-hexafluoropropylene)
(P(VDF-HFP)) hybrid with different amount of TiO, nano-
particles were prepared. The surface morphologies, the dif-
ferential scanning calorimetry, and the ionic conductivity
of the microporous polymer electrolyte were tested and
analyzed. The results indicated that the microporous poly-
mer electrolyte with TiO, nanoparticles modification exhib-
ited better ionic conductivity compared with the original
P(VDF-HFP) polymer electrolyte. The optimal ionic con-

ductivity of 0.8 mS cm ™' is obtained with the 30 wt %
TiO, nanoparticles modification. When assembled with the
30 wt % TiO, nanoparticles modified quasi-solid-state elec-
trolyte, the dye-sensitized TiO, nanocrystalline solar cell
exhibited the light to electricity conversion efficiency of
2.465% at light intensity of 42.6 mW cm 2, much better
than the performance of original P(VDF-HFP) microporous
polymer electrolyte DSSC. © 2008 Wiley Periodicals, Inc. J
Appl Polym Sci 109: 13691375, 2008
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INTRODUCTION

Dye-sensitized solar cells (DSSCs) have promised to
provide a “leapfrog” in solar cell cost effectiveness
and the field has attracted an increasing number of
academic and industrial research teams, especially
10% efficient dye sensitized solar cells were demon-
strated.'™ The DSSCs provide a technically and eco-
nomically credible alternative concept to conven-
tional p-n junction photovoltaic device.” Recently,
there is a tendency to replace the liquid electrolyte
with the solid or quasi-solid-state electrolyte, consid-
ering the leakage and evaporation of the liquid elec-
trolyte. Many efforts, for example, using P-type
semiconductor, hole conductor, and polymeric or gel
materials incorporating triiodide/iodide as a redox
couple were introduced to substitute the liquid elec-
trolyte.> "' Research groups focus on improving the
conductivity and the interface connection between
solid or quasi-solid-state electrolyte and the semicon-
ductor.'> Moreover, numerous investigations of solid
or quasi-solid-state electrolytes have been carried out
with special emphasis on applications to lithium bat-
teries. 03

Generally, two methods of preparing polymer
electrolytes for lithium batteries have been
employed: (1) dissolution of the polymer host, lith-
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ium salt, and plasticizers in a nonvolatile solvent,
which is evaporated to form films. (2) The second
method, called phase inversion or activation process,
involves soaking the polymer film in an electrolytic
solution.’* The second method, which was first dis-
closed and patented by Telcordia Technologies (for-
merly Bellcore), has been widely studied and used
in the lithium batteries as an effective way to pre-
pare laminated Li-ion plastic batteries.'>*®

A lot of research groups have studied the solid or
quasi-solid state electrolyte for dye sensitized solar
cells using method. (1) In this article, the quasi-solid-
state electrolyte is prepared following the phase
inversion process for the dye sensitized solar cells.
And the effect of addition of TiO, nanoparticles in
the polymer matrix is checked.

Series of porous polymer membranes filled with
various amount of TiO, nanoparticles were prepared
by the phase inversion process. The commercialized
P25 TiO, nanoparticles (Degussa AG, Germany, 20—
30 nm) are used as the inorganic fillers to improve
the membrane’s ionic conductive property. The
effect of TiO, nanoparticles on the crystallinity of the
polymer membrane and the ionic conductivity of
polymer electrolyte are investigated. The highest
ionic conductivity reached at 0.8 mS cm ™' when the
TiO, nanoparticles was added at 30 wt % of P(VDEF-
HFP). The dye sensitized TiO, nanocrystalline cell
device assembled with the 30 wt % TiO, nanopar-
ticles modified quasi-solid-state electrolyte showed
improved light to electricity conversion efficiency
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compared with the original polymer electrolyte
DSSC without TiO, nanoparticles modification under
42.6 mW cm~? light irradiation.

EXPERIMENTAL
Quasi-solid-state electrolyte preparation

Followed by phase inversion process, P(VDF-HFP)
(Kynar 2801, Elf Atochem, North America) was cho-
sen as the polymer, acetone was used as a solvent
and ethanol as the nonsolvent. About 10 wt %
P(VDF-HFP) was dissolved in 2 : 1 v/v mixture of
acetone and ethanol, stirred vigorously in the water
bath condition at 50°C until the polymer dissolved
completely. Then a proper amount of P25 TiO, nano-
particles (Degussa, German) was added to the slurry
and the stirring was continued for 4 h to mix the
materials uniformly. To examine the effect of inor-
ganic particle on the physical-chemical property of
the membrane, the weight ratio of the P25 nanopar-
ticles to P(VDF-HFP) was varied as 0, 10, 20, 30, and
40 wt %.

The resulting slurry was then doctor bladed onto
the glass slide. After placed in the air for several
minutes, the membranes were baked in the Bench-
Top Type Temperature and Humidity Chamber
(Espec cop, Japan) at 75°C for about 4 h, allowing
the evaporation of the acetone and the ethanol. For
ionic conductivity measurement, the prepared mem-
branes were soaked in the electrolyte solution con-
taining 0.05M of I, 0.5M of Lil, and 0.5M of 4-tert-
butylpyridine in Propylene Carbonate. This process
was called electrolyte activation.'

Characterization of the porous polymer membrane

The surface morphology of the membranes with dif-
ferent P25 content was studied using Atomic force
microscope (AFM, SPM-9500J3). The square average
roughness (RMS) of the measured surfaces were also
provided.

The X-ray diffraction (XRD) of the polymer elec-
trolyte membranes was carried out on a Bruker D8
advance X-ray diffractometer using Cu Ka radiation
at 40 kV and 20 mA in the region of 20 = 2-65°.

Differential scanning calorimetry (DSC) thermo-
grams of the polymer electrolyte membranes were
measured with a NETZSCH DSC 200PC (German) at
heating rate of 10°C min ' under nitrogen atmos-
phere and in the temperature range of 40-200°C.

The liquid uptake of the microporous
polymer membrane

After different content TiO, nanoparticles-modified
microporous polymer membranes were prepared,

Journal of Applied Polymer Science DOI 10.1002/app

ZHANG ET AL.

the film samples were weighted and marked as Wy;
then, the microporous films were immersed in PC
(propylene carbonate) for 12 h, after removed the
excess PC, the films were weighted again and
marked as W;. The electrolyte uptake was defined
as: Aw% = (W7 — Wy)/ Wy X 100%.

Ionic conductivity measurement

The activated membrane was mounted in a clamp
designed by us, where the membrane can be
clamped tightly between two thermally gilded cop-
per cylinders, which serve as the electrode (the elec-
trode area is 0.132 cm?). The temperature depend-
ence of the conductivity of the polymer membrane
was measured in Bench-Top Type Temperature and
Humidity Chamber with temperature ranging from
—10 to 80°C at intervals of 10°C. All the impedance
response measurements were carried out by Agilent
4294A precision impedance analyzer (USA), a per-
turbation voltage of 500 mV was applied over the
frequency range 40 Hz-1 MHz.'”"'®

Assembly of the quasi-solid-state DSSC

A hybrid TiO, photoanode was fabricated on trans-
parent conducting oxide (TCO, Asahi Glass, Japan)
substrates following the method according to the lit-
erature.”

A compact and transparent TiO, layer was first
deposited on a conducting glass substrate (SnO,: F,
Asahi Glass, Japan) by DC magnetron sputtering,
then a nanocrystalline TiO, layer (thickness: about
8 pm) was prepared by doctor-blade technique. The
TiO, nanoparticles used here is the commercialized
P25 nanoparticles, which were used for the TiO,
photoanodes preparation and modification of the
quasi solid electrolyte. The thickness of the TiO,
photoanode was measured by a nanostep instrument
(Form Talysurf S4C, Taylor Hobson). After sintering
at 450°C for 30 min and cooling down to 80°C, the
TiO, photoanodes were dye coated by immersing
them into a dye solution of 0.5 mM N719 (Ruthe-
nium 535 bisTBA, Dyesol, Australia) in dry ethanol
at 50°C for at least 12 h. After the sensitization, the
microporous polymer membrane was assembled
onto it following the process presented in Quasi-
Solid-State Electrolyte Preparation section, then
soaked it in electrolyte solution for 24 h. For mea-
surement, a platinized SnO,: F glass which serves as
the counter electrode was placed on the top and
squeezed against the microporous polymer electro-
lyte by a clamp. A mask was used to control the
effective cell area to be 0.5 cm®.
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Photoelectrochemical measurement

The photocurrent-density/voltage curves were meas-
ured in a two-electrode system under the light of xe-
non lamp using Keithley Model 2400 Digital Source
Meter unit (USA). A 500 W xenon lamp served as
the light source in conjunction with filters cutting off
the UV (<400 nm) and IR (>800 nm) components of
the light. The light intensity was obtained using the
irradiatometer made in China. The energy conver-
sion efficiencies reported here are overall yields,
which are uncorrected for losses due to light absorp-
tion and reflection by the conducting glass support.

RESULTS AND ANALYSIS

According to phase inversion process, microporous
structured membrane is prepared by solvent casting
from a solution of the polymer (usually poly(vinyli-
dene fluoride-co-hexafluoropropylene), P(VDF-HFP)
in short) in a mixture of its solvent and nonsolvent
in the presence of a finely divided filler, and by tak-
ing advantage of a differential evaporation rate and
various solvation properties of the two solvents.'
The microporous structured membrane, which can
adsorb and retain a large amount of the electrolyte
solution, shows it is a good matrix for ionic conduct-
ing.*

Recently,  poly(vinylidenefluoride-co-hexafluoro-
propylene) copolymers, which has the lower crystal-
linity and glass transition temperature than pure
PVDF, have been used as a main substance of poly-
mer electrolyte in the most commonly commercial-
ized plastic lithium-ion batteries(PLION™). On the
other hand, the addition of inorganic fillers such as
silica (5i0,) or Al,O; nanoparticles to the polymer
electrolyte results in the enhancement of physical
strength as well as the increase in the absorption
level of electrolytes solution. The absorption level is
the ability of the prepared microporous polymer
membrane to trap the liquid electrolyte.”>'® In addi-
tion to these effects, they act as a solid plasticizer
hindering the crystallization of the polymer and
reorganizing of polymer chains by Lewis acid-base
effect so the ionic conductivity is improved.'>*"*
Here, the commercialized P25 TiO, nanoparticles
were added in the P(VDF-HFP) polymer matrix for
its low cost and nontoxic. Properties of different
amount of TiO, nanoparticles-modified microporous
membranes are investigated, and the properties fur-
ther influenced the performance of the DSSC.

Surface morphologies of the hybrid P(VDF-HFP)
polymer membranes

Ions migrate in two ways in the microporous electro-
lyte: (1) the ions move in the swollen phase of the
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polymer membrane, and (2) move in the liquid elec-
trolyte retained by the micropores.**>** The former
is slow transport while the latter is fast. In the
microporous polymer electrolyte, the main conduc-
tive mechanism is the (2). The ions migrate not only
in gel electrolyte but also in liquid electrolyte, so the
pore structure which can retain large amount of lig-
uid electrolyte influences the ionic conductivity in
larger. In the dye sensitized solar cell, the redox elec-
trolyte which can regenerate the original state of the
dye and conduct the electron from the counter elec-
trode, is mainly retained in the pore structure. The
fine and uniform porous membranes is considered
useful for the back and forth movement of the redox
couple.”

AFM top-view images (Fig. 1) reveal that the mor-
phologies of the polymer membranes with different
TiO, ratio are microporous and the square average
roughness values are indicated in Table I The
images indicated that phase inversion process is a
well-known technology for making microporous
polymer membrane and the addition of TiO, nano-
particles changes the membrane’s morphology. The
membrane without TiO, nanoparticles shows only
the microporous and rough structure [Fig. 1(a)].
With increasing the TiO, ratio, the surface of the
polymer membrane becomes more porous [Fig. 1(b—
e)] and the surface roughness factor (square average
roughness, RMS in short) increases. Table I exhibited
the RMS of the P(VDF-HFP) membranes filled with
different content of TiO, nanoparticles. The square
average roughness is defined as: the root mean
square value of the surface roughness profile from
the center line within the measuring length. The cor-

. . . Y24Y24Y2 4 4Y21/2
responding expression is RMS = (-—2*5—*) /226

Comparing with the RMS = 51.73 nm of the origi-
nal polymer membrane, the RMS reached maximum
value of 139.304 nm at 30 wt % TiO, content, and
further dropped to 87.073 nm at 40 wt % TiO, con-
tent. The images and the RMS suggested that the
morphologies with the TiO,/P(VDF-HFP) weight ra-
tio of 30 wt % have fine and uniform pore size and
more rough surface, when soaked in the liquid elec-
trolyte, the pores are believed to be good to the ionic
conductivity. The electrolyte uptake was performed
and the results were also exhibited in Table I. The
results exhibited that TiO, nanoparticles modifica-
tion improved the liquid uptake content, and 30 wt
% TiO, nanoparticles modified microporous mem-
brane exhibited better electrolyte uptake.

It is believed that TiO, nanoparticles, which is ca-
pable of forming hydrogen bonds with the alcohol
molecules, is well-wetted by the latter and is there-
fore concentrated in the phase-separated alcohol
droplets which give origin to the pores. During

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 AFM top-view images of P(VDF-HFP) membrane filled with different weight contents of TiO, nanoparticles: (a)
0%; (b) 10 wt %; (c) 20 wt %; (d) 30 wt %; (e) 40 wt %. [Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]

acetone evaporation, the nanoparticles are fixed in
the polymer matrix and create the pores. Such a par-
ticular structure is expected to enhance the mechani-
cal stability and increasing the wetting ability of the
electrolyte, so the electrolyte uptake was improved.'*
Whereas too much TiO, nanoparticles are easy to ag-
gregate, further decrease the pore size and the elec-
trolyte uptake, which cannot give room to the ionic
movement.

XRD analysis of TiO, nanoparticles modified
P(VDEF-HFP) polymer membranes

The XRD patterns for P(VDF-HFP) composite poly-
mer membranes are shown in Figure 2. At low TiO,
content, the film shows characteristic crystallinity
peaks of P(VDF-HFP) (26 ~ 17, 19, 38° for PVDF a-

TABLE I
The Square Average Roughness (RMS) and the Liquid
Uptake of the P(VDF-HFP) Membranes Filled with
Different Content of TiO, Nanoparticles

TiO, (wt %) 0 10% 20% 30% 40%
RMS (nm) 51.73  69.6 83.529  139.304  87.073
AW% (*100%) 1.20 1.38 1.82 2.74 1.25

The RMS data were obtained from the AFM measure-
ment.

Journal of Applied Polymer Science DOI 10.1002/app

phase crystals).”” The peaks at 20 = 25.5, 38.67,
48.29, and 55.35° are corresponding to, (101), (112)
(200), and (211) planes of anatase TiO, nanoparticles;
the peaks at 20 = 27.45, 36.11, 54.22, and 62.89° are
corresponding to (110), (101), (211), and (002) planes
of rutile-phase TiO, nanoparticles. With the content
of the TiO, nanoparticles increase, the characteristic
crystallinity peaks of both rutile and anatase TiO,
nanoparticles increase. However the crystallinity of
the polymer membrane decreases clearly with the
increase of the TiO, nanoparticles. The information

2 = Anatase

» Rutile
- = P(VDF-HFF)
. (2]

(c)

Intensity (a.u)

(b}

0 0 20 30 40 50 60 70
26 (degree)

Figure 2 XRD patterns for the composite polymer mem-
branes filled with various contents of TiO, nanoparticles.
(@) 0%; (b) 10 wt %; (c) 20 wt %; (d) 30 wt %; (e) 40 wt %.
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Figure 3 DSC curves of P(VDF-HFP) membranes filled
with different amounts of TiO, nanoparticles. (a) 0%; (b)
10 wt %; (c) 20 wt %; (d) 30 wt %; (e) 40 wt %.

of characteristic crystallinity peaks of P(VDF-HFP)
and TiO; all can also be obtained from Figure 2. The
addition of the nanoparticles changed the crystallin-
ity of P(VDF-HFP) clearly. The crystallinity of poly-
mer chains maybe hindered by the interaction of the
Lewis acid groups ceramics (e.g., the —OH groups
on the titanic oxide surface) with the polar groups
(e.g., the -F atoms of the polymer chains). As a
result, the degree of crystallization of polymer ma-
trix decreases with the addition of nanoparticles.
Moreover, the interaction can stabilize the amor-
phous structure and enhance the ionic conductivity
of the polymer electrolyte.*"*>

DSC thermograms of TiO, nanoparticles modified
P(VDF-HFP) polymer membranes

The DSC thermograms of the P(VDF-HFP) composite
polymer membranes are shown in Figure 3. The
crystallinity of polymer membrane is calculated fol-
lowing eq. (1) from the DSC curves of polymer
membranes:

X. = (AH,,/AH®) X 100% (1)

where, AHY, is the crystalline melting heat of pure a-
PVDF, 104.7 J/g, AH,, the heat of fusion for P(VDEF-
HFP) membrane, 1'espectively.27 The data of AH,,, T,,
and the crystallinity (X,) are shown in Table II.

The DSC thermograms indicated that the amount
of TiO, nanoparticles influences slightly on the crys-
talline melting temperature (T,,). However, the crys-
tallinity (X./%) and the heat of fusion for P(VDF-
HFP) membrane (AH,,) decrease with the increase of
the amount of TiO, nanoparticles within polymer
membranes. The data also showed the effect of the
nanoparticles on the polymer membrane system: the
addition of TiO, nanoparticles makes the polymer
chain reorganized that the crystallinity of the origi-
nal P(VDF-HFP) decreased.”

1373

From the XRD and DSC analysis of the TiO, nano-
particles modified P(VDF-HFP) polymer membrane,
it can be concluded that the crystallinity of the origi-
nal P(VDF-HFP) decreased after the TiO, nanopar-
ticles modification. The decreased crystallinity indi-
cated the amorphous phase is increased after the
TiO, nanoparticles modification. When the polymer
membrane immersed in the electrolyte, the amor-
phous phase which might swollen the electrolyte can
help improve the ionic movement.

Ionic conductivity of the microporous
polymer electrode

For composite polymer electrolyte dye sensitized so-
lar cell device, the overall solar to energy conversion
efficiency is heavily dependent upon the mobility of
the redox couple and consequently on the ionic con-
ductivity of the polymer electrolyte.”® The effect of
the nanoparticles on the membranes’ ionic conduc-
tivity (I = 323 K) is shown in Figure 4. And the
inner figure is the Nyquist plots of the P(VDF-HFP)
microporous membranes filled with different content
of TiO, nanoparticles. The Nyquist plots are not the
half-circle like for the low frequency is not low
enough. The ionic conductivity ¢ of the membranes
is calculated following the eq. (2):

c =L/AR, 2)

where L is the thickness of the polymer electrolyte
membrane and A is the area of the electrode. The re-
sistance (R;) was taken at the inflection point of the
Nyquist plot in Figure 4.>*

From Figure 4, an increase of the ionic conductiv-
ity is observed when adding the TiO, nanoparticles
in the polymer matrix. The ionic conductivity
became outstanding of 0.8 mS cm ™' when the matrix
hybrid with 30 wt % TiO, nanoparticles, which is
nearly 2.5 times larger than the original polymer ma-
trix. The increase of ionic conductivity may be due
to the formation of fine porous structure and the
decreased crystallinity with the addition of 30 wt %
TiO, nanoparticles.

Figure 5 exhibits ionic conductivity of the mem-
branes varied with the temperature changing from

TABLE II
The Melting Temperature (T,,), the Heat of Fusion (AH,,)
and the Crystallinity (X.) of P(VDF-HFP) Membranes
Filled with Different Content of TiO, Nanoparticles

TiO, (wt %) T,./°C AH,/T ¢ 1 X./%
0 143.1 485 46.3
10 139.7 39.5 37.7
20 143.1 38.57 36.8
30 141.3 31.75 30.3
40 140.4 30.82 29.4

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 The effect of TiO, nanoparticle on the ionic con-
ductivity of the microporous polymer electrolyte at T =
323 K. The inner figure is the Nyquist plots of the micro-
porous polymer electrolyte with different TiO, nanopar-
ticles content. (a) 0%; (b) 10 wt %; (c) 20 wt %; (d) 30 wt
%; (e) 40 wt %.

—10 to 80°C. The Arrhenius equation can fine
describe the conductivity-temperature behavior of
the liquid and polymer gel electrolytes:

o(T) = Aexp(—

where E, is the activation energy, a is a constant and
T is the absolute temperature.

The temperature dependence of the microporous
polymer electrolyte’s ionic conductivity is suggested
that the ionic conductivity increases with the
increase of temperature. The conductivity of the
membranes verified from 107 to 107> S cm ™' for
the temperature ranging from —10 to 80°C. Of all
the membranes with different TiO, nanoparticles
content, the membrane with the TiO, content of

E,/RT) ®)
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Current density [macm™)

0o 0. 02 0.3 0.4 05 1]
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Figure 6 Photocurrent density-voltage characteristics of
N719-sensitized nanocrystalline TiO, film solar cells using
P(VDF-HFP)/TiO, membrane electrolyte and origin
P(VDF-HFP) membrane. (a) (0 wt % TiO, nanoparticles
content), (b) (30 wt %), (c) (40 wt %) Conditions: tempera—
ture, ambient temperature; effective area, 0.5cm? solar
irradiance, 42.6 mW cm 2

30 wt % shows the optimal conductivities over the
temperature range.

Photocurrent density—voltage characteristics of the
as prepared solar cell

Photocurrent density—voltage characteristics of N719-
sensitized nanocrystalline TiO, film solar cells using
original P(VDF-HFP), 30 and 40 wt % TiO, nanopar-
ticles hybrid polymer membrane electrolyte were
measured at Xe lamp simulated solar light with in-
tensity of 42.6 mW cm ™2 and presented in Figure 6.
The DSSC with the polymer electrolyte hybrid
with 30 wt % TiO, nanoparticles shows a higher cur-
rent density and light to electricity conversion effi-
ciency of 2.465% compared with 1.202% of the origi-
nal P(VDF-HFP) polymer electrolyte DSSC. The con-
trast of the data is presented in Table III. The results

W2 o . . .
QQ - (:) exhlblted that the 30 wt % TiO, nanopartlclgs hybrid
N & o) microporous polymer electrolyte system is better
Al *: @ due to the higher conductive property, and the fine
T'; i \ O:(e) porous structure that can uptake more electrolyte
N
b \‘"-t\_x TABLE III
= e o The Values of Short Current Density (Jsc), Open-Circuit
Al e, ;\\\\ \\\*“-\' Voltage (Voc), Fill Factor, (FF), and Overall Efficiency (1),
Dty for the Cells Employing Original P(VDF-HFP)
\\%n Membrane Electrolyte and TiO, Nanoparticles-Modified
\“\. Polymer Electrolyte
28 20 22 24 28 38 TiO, (wt %) Jsc/mA cm 2 Voc/V FF n/%
10007 ) 0 1.68 0548 0555 1202
10 2.00 0.587 0.609 1.676
Figure 5 The membrane ionic conductivity dependence 20 215 ogiz 0.555 1.520
of the temperature ranging from —10 to 80°C. (a) TiO, 30 275 0589 0.648 2465
nanoparticles content 0%; (b) 10 wt %; (c) 20 wt %; (d) 30 40 2:05 02536 02477 1:230

wt %; (e) 40 wt %.

Journal of Applied Polymer Science DOI 10.1002/app
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and the decreased crystallinity of the TiO, nanopar-
ticles modified microporous polymer electrolyte is
the mainly reason for the better ionic conductivity.
The performance can be improved by better connect-
ing the polymer electrolyte with TiO, photoanode
and optimizing the electrolyte.”>*’ Future works are
carried out to optimizing the performance of the
quasi-solid-state solar cells.

CONCLUSIONS

A quasi-solid-state DSSC was fabricated by phase
inversion process. The experiments exhibited that
the TiO, nanoparticles modified the P(VDF-HFP) to
form more pores than the original P(VDF-HFP) po-
rous structure, decrease the crystallinity of the poly-
mer and increase the ionic conductivity of the micro-
porous electrolyte. The 30 wt % TiO, nanoparticles
modified P(VDF-HFP) microporous electrolyte
membrane showed better ionic conductivity com-
pared with the original P(VDE-HFP) electrolyte
membrane. The solar to electric energy conversion
efficiency of 2.465% with 30 wt % TiO, nanoparticles
modified P(VDF-HFP) microporous electrolyte at
42.6 mW cm ™ light intensity is better than the orig-
inal DSSC, which indicates the nanoparticles opti-
mize the microporous polymer electrolyte for the
DSSC system. Further experiments are carried out
to optimize the performance of the quasi-solid-state
dye sensitized solar cells, such as improving the
thickness of the TiO, photoanode, the ionic conduc-
tivity of the quasi-solid state electrolyte and the
contact between the quasi-solid state electrolyte and
nanocrystalline TiO, photoanode. In addition, other
nanoparticles like SiO, and Al,O5; nanoparticles can
be used in the quasi solid state polymer electrolyte
system.

We acknowledge the Center of Nanoscience and Nano-
technology and the Center of Electron Microscope in
Wuhan University for their sincere help.
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