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a b s t r a c t

In this study, nematic liquid crystal, 4-Cyano-4′-n-heptyloxybiphenyl, is introduced into the
poly(vinylidenefluoride-co-hexafluoropropylene) (PVDF) based polymeric gel electrolyte for quasi-solid-
state dye-sensitized solar cells (DSC), aiming to improve the photovoltaic performance of DSC. The
effects of liquid crystal on the electrochemical behavior of I3−/I− and photovoltaic performance, dynamic
response as well as long-term stability of DSC are studied in detail. It is found that although the addition
of liquid crystal would hinder the charge transport in the electrolyte, it could still fulfill the requirements
of the photocurrent for DSC. More important, a significant increase in the photocurrent density for DSC
olar cells
iquid crystal
ight trapping
uasi-solid-state

is observed when liquid crystal is introduced into PVDF based polymeric gel electrolyte, resulting in the
higher photoelectric conversion efficiency. The large increase in short-circuit photocurrent density could
be attributed to the higher light harvesting efficiency, which is caused by the effective formation of light
trapping scheme in electrolyte due to the addition of liquid crystal. Besides, at-rest long-term stability
shows that when liquid crystal is introduced into PVDF based polymeric gel electrolyte, DSC could retain
over 92% of its initial photoelectric conversion efficiency value after 1000 h, exhibiting relatively better

stability.

. Introduction

During the past decades, dye-sensitized solar cells (DSC) are
ttracting widespread academic and commercial interest for the
onversion of sunlight into electricity due to their low cost,
asy fabrication and high efficiency [1]. An impressive pho-
oelectric conversion efficiency over 11% has been obtained
2,3] for the photoelectric device with conventional liquid elec-
rolyte. Unfortunately, the presence of the liquid electrolyte may
esult in some practical limitation including leakage evapora-
ion, sealing difficulties and electrode corrosion [4,5]. Therefore
umerous efforts have been made to replace the liquid elec-
rolyte to improve the stability of the DSC such as ionic liquids
6], hole conductors [7]. However, the photovoltaic perfor-

ance of DSC with ionic liquids or all-solid-state electrolyte
s electrolyte is still too low for practical application. Recently,
uasi-solid state electrolyte based on nanocomposite [8], low

olecular organgelator [9], and polymer material [10,11] incor-

orating I3−/I− have received much attention. Among those, the
uasi-solid-state electrolyte based on poly(vinylidenefluoride-co-
exafluoropropylene) (PVDF) have attracted the greatest interest

∗ Corresponding author. Tel.: +86 551 5591377; fax: +86 551 5591377.
E-mail address: sydai@ipp.ac.cn (S. Dai).
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due to its high stability and relatively high photoelectric con-
version efficiency for DSC [12]. However, gelation of liquid
electrolyte may exert negative effect on the photovoltaic perfor-
mance of DSC. Therefore, numerous researches have been focused
on improving the photovoltaic performance of quasi-solid-state
DSC.

Liquid crystals (LC), as the fourth state matter combining prop-
erties of liquids and solids [13], are usually used as the media for the
organic catalytic synthesis [14], functional nanostructured materi-
als [15] and polymer dispersed liquid crystals (PDLCs) displays due
to its light scattering property [16]. In recent days, a few studies
have shown that the introduction of liquid crystal into the elec-
trolyte for the DSC would enhance the ion conductivity and thus
the photovoltaic performance of the DSC [17,18]. Kim et al. [19,20]
has successfully introduced the liquid crystals E7 and ML-0249 into
the polyacrylonitrile (PAN) based polymer electrolyte to improve
the ion conductivity and therefore the short-circuit current density
of the DSC. However, reports about the application of LC in DSC are
still limited. Besides, few have been reported about the light scatter-
ing property when LC is introduced into the polymeric electrolyte
and its influence on the photovoltaic performance of DSC.
In this paper, the nematic liquid crystal, 4-Cyano-4′-n-
heptyloxybiphenyl (Fig. 1), was introduced into the PVDF based
polymeric gel electrolyte for quasi-solid-state DSC and some good
results were obtained. The light trapping scheme was confirmed in

dx.doi.org/10.1016/j.jpowsour.2011.02.051
http://www.sciencedirect.com/science/journal/03787753
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ig. 1. Molecular structure of nematic liquid crystal, 4-Cyano-4′-n-
eptyloxybiphenyl.

he electrolyte due to the addition of liquid crystal and its effects
n the performance, dynamic response as well as at-rest long-term
tability were also studied in detail.

. Experimental

.1. Materials

Anhydrous lithium iodide, iodine, 1-methylbenzimidazole
NMBI), and acetonitrile (ACN) were purchased from Fluka.
he nematic liquid crystal, 4-Cyano-4′-n-heptyloxybiphenyl, was
btained from Alfa. All the chemical reagents were used as received.
-propyl-3-methylimidazolium iodide (MPII) was synthesized by
he quaternization of 1-methylimidazole and 1-iodopropane and
ts purity has been confirmed by 1H NMR.

.2. Preparation of electrolytes

Two different electrolytes were used. The PVDF based polymeric
el electrolyte was prepared by adding 10 wt% PVDF (versus liquid
lectrolyte) into liquid electrolyte, which consisted of 0.1 mol L−1

odine, 1.0 mol L−1 MPII, 0.45 mol L−1 NMBI and 0.1 mol L−1 lithium
odide in acetonitrile, and then stirred vigorously at 80 ◦C for 24 h
o ensure homogeneity. After cooling down to room temperature,
he PVDF based polymeric gel electrolyte was formed (denoted as
). The liquid crystal (LC) and PVDF based electrolyte was prepared

he same as electrolyte A by adding 20 wt % nematic liquid crys-

al 4-Cyano-4′-n-heptyloxybiphenyl into PVDF based polymeric gel
lectrolyte A (denoted as B) (Fig. 2).

ig. 2. Photographs of the PVDF based polymeric gel electrolyte A and liquid crystal
nd PVDF based electrolyte B from left to right. The bottles are upside down.
urces 196 (2011) 5784–5791 5785

2.3. Fabrication of DSC

DSC was assembled in a sandwich configuration as reported pre-
viously [21,22]. The colloidal TiO2 nanoparticles were prepared by
hydrolysis of titanium tetraisopropoxide as described elsewhere
[23]. Nanocrystalline electrodes about 10 �m in thickness were
obtained by screen-printing TiO2 paste on FTO glass (TEC-8, LOF)
and then sintering at 450 ◦C for 30 min in air. The photoelectrodes
were immersed into dye solution containing C106 (0.3 mM) [3] in
a mixture of acetonitrile and tert-butyl alcohol (volume ratio: 1/1)
at room temperature for 12 h. The platinized counter electrodes
were obtained by spraying H2PtCl6 solution to FTO glass followed
by heating at 410 ◦C for 20 min. Then, the counter electrode was
placed directly on the top of the dyed TiO2 film sealed with ther-
mal adhesive films (Surlyn, Dupont). And the electrolyte was filled
from a hole made on the counter electrode, which was later sealed
by a cover glass and thermal adhesive films.

2.4. Measurements

Steady-state voltammetry of the electrolytes were adopted in
a conventional electrochemical cell equipped with a 1.0 �m plat-
inum ultra-microelectrode (CHI107) as working electrode, and
with a 1 mm radius platinum disk electrode (CHI102) as counter
electrode and reference electrode. A slow scan rate of 5 mV s−1

was used in order to obtain steady-state current–voltage curves.
This work was carried out at 25 ◦C on an electrochemical worksta-
tion (CHI660A, CH Instruments Inc., Austin, TX). Ion conductivity
measurements were carried out using two electrodes thin-layer
cells according to previous report [24]. The conductivity of the
electrolytes was measured by using a frequency response analyzer
equipped with a potentiostat (IM6e, Zahner, Germany) at 0 V bias in
the frequency range from 1 Hz to 1000 kHz with modulation ampli-
tude of 10 mV. Conductivity of the electrolytes was determined
from the high frequency intercept with the real axis in the Nyquist
plot by using the following equation [25]

� = L

ARb
(1)

where � is the conductivity of the electrolyte, L is the distance
between the two electrode, A is the area of the electrodes, and Rb is
the real resistance of the electrolyte estimated from the resistance
Z′ at which the resistance Z′′ had its minimum value.

The photovoltaic performances of the DSC were measured by
a Keithley 2420 3A source meter controlled by Testpoint software
under solar simulator (solar AAA simulator, oriel USA, calibrated
with a standard crystalline silicon solar). The total covered active
electrode area with black mask of DSC was 0.16 cm2. IPCE measure-
ment was performed on QE/IPCE Measurement Kit (Newport, USA).
Under full computer control, light from a 300 W xenon lamp was
focused through a monochromator onto the solar cell under test.
A computer-controlled monochrometer (74125 Oriel Cornerstone
260 1/4m Monochromator) was incremented through the spectral
range (300–900 nm) to generate a photocurrent action spectra with
a sampling interval of 10 nm and a current sampling time of 2 s.
Light intensity of monochromatic light and the photocurrent gen-
erated on the solar cell were determined with 2931-C dual channel
power meter and the 71675 calibrated UV silicon photodetector. All
the components and the measurement process was fully automated
using Oriel® Tracq Basic V5.0 software. The electron transport and
recombination properties were measured by intensity-modulated

photocurrent spectroscopy (IMPS) and intensity-modulated pho-
tovoltage spectroscopy (IMVS). IMPS/IMVS measurements were
carried out on an IM6ex (Germany, Zahner Company) using light-
emitting diodes (� = 610 nm) driven by Expot (Germany, Zahner
Company). The LED provided both dc and ac components of the
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where Isc is the short-circuit photocurrent, Voc is the open circuit
photovoltage, Pm is the maximum output power, and Pin is the inci-
dent light power. Im and Vm represent the maximum current and
voltage, respectively. Table 2 summarizes the photovoltaic perfor-

Table 1
The steady-state current and the apparent diffusion coefficient of tri-iodide and
iodide in different electrolytes.a

Electrolytes Iss (10−7 A) Dapp (10−6 cm2 s−1)

I3− I− I3− I−
ig. 3. The temperature dependences of the conductivity for the electrolyte A and
lectrolyte B.

llumination. A small ac component was 10% or less than that of
he dc component. The frequency range is 3 kHz to 0.1 Hz.

The transmittance and reflectance of the electrolyte and DSC
ere recorded on an ultraviolet-visible spectrophotometer (TU-

901, Persee Inc., China) equipped with a 16 mm diameter barium
ulfate-coated integrating sphere in the range of 300–800 nm.

. Results and discussion

.1. Studies of the charge transfer in the electrolyte.

As the charge carrier, the transport of redox couple in the elec-
rolyte would have a great effect on the performance of the DSC [26].
o characterize the influence of the liquid crystal on the transport
f the redox couple in detail, the ion conductivity of the electrolyte
as measured by impedance spectra. Fig. 3 shows the plots of the

onductivity against 1/T for the different electrolytes. In all cases,
he conductivity of electrolytes increases with the increase of the
emperature due to the increase of the mobility of the ions in the
lectrolyte [27]. However the conductivity of the electrolyte B is
ower than that of the PVDF based polymeric gel electrolyte A.
ccording to Bhattacharya’s viewpoint [28], the total conductivity
f the electrolyte is given by the following relation

= nq� (2)

here n is the number of dissociated charge carriers in the matrix,
is the charge carried by them, and � is the mobility of the carriers.
herefore, any changes in the mobility of charge carriers will result
n changing the total conductivity value. When the LC was added
nto the matrix of the polymeric gel electrolyte, it would cause the
ncrease of the viscosity of the electrolyte [27], therefore the ions’

obility was decreased and consequently the conductivity of the
lectrolyte [29].

The temperature dependence of the conductivity shows a clas-
ical Arrhenius behavior according to the following equation

= �0 exp
−Ea

RT
(3)

here � is the ionic conductivity, �0 is a constant, Ea is the acti-
ation energy, R is the gas constant and T is the temperature. The
rrhenius character of the conductivities in the given temperature

ange together (R2 > 0.995) with the activation energies (9.167 and
.393 kJ mol−1) also suggests that the introduction of LC into the
atrix of the polymeric electrolyte would hinder the mobility of

he ions and decrease the ion conductivity of the electrolyte.
Potential / V

Fig. 4. The steady-state voltammograms of different electrolytes.

Further support is obtained by the steady-state voltammetry
measurement, which was carried to obtain the diffusion controlled
steady-state current of I3− and I−. Fig. 4 shows the steady-state
voltammograms of the electrolytes at 298 K, the apparent diffu-
sion coefficients (Dapp) of I3− and I− ions were calculated from the
anodic and cathodic steady-state current (Iss) using the equation
[24,30,31]

Iss = 4nFDappca (4)

here n is the electron number in the electrode reaction, F is the
Faraday constant, and c is the bulk concentration of electroactive
species, Dapp is the apparent diffusion coefficient, a is the radius
of the Pt ultramicroelectrode. The calculated results are listed in
Table 1. From Fig. 4 and Table 1, it can be found that the Dapp of
I3− and I− in electrolyte B (4.20 and 4.30 × 10−6 cm2 s−1) is lower
than that in PVDF based polymeric gel electrolyte A (5.42 and
4.6 × 10−6 cm2 s−1), respectively, which may be associated with the
decrease of the ion mobility as described above.

3.2. Studies of photovoltaic performance of the DSC with different
electrolytes

Fig. 5 presents the photocurrent density–voltage characteristics
of the DSC with electrolyte A and electrolyte B at AM 1.5 (one sun).
The photoelectric conversion efficiency (�) and fill factor (FF) are
evaluated using the following relations:

� = Pm

Pin
= Isc × VOC × FF

Pin
(5)

FF = Pm

Isc × Voc
= Im × Vm

Isc × Voc
(6)
PVDF 2.09 5.92 5.42 4.60
PVDF + LC 1.62 4.25 4.20 4.30

a Measured at 25 ◦C.
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ig. 5. J–V curves of the DSC with different electrolytes under 1 sun illumination. The
nsert is the photo action spectra of the DSC with different electrolyte. The aperture
rea of black mask: 0.16 cm2.

ance parameters of dye-sensitized solar cells based on different
lectrolytes at AM 1.5.

From Fig. 5 and Table 2, it is shown that the DSC with the PVDF
ased polymeric gel electrolyte A shows a short-circuit current den-
ity (Jsc) of 14.89 mA cm−2, an open-circuit voltage (Voc) of 685 mV,
ll factor (FF) of 0.74 and an energy conversion efficiency (�́) of
.54%. When the LC was added into the PVDF based polymeric gel
lectrolyte, no obvious difference in the Voc, a decrease in FF and
remarkable increase (from 14.89 to 17.20 mA cm−2) in the Jsc of

he DSC were obtained yielding a relatively higher �́ (8.01%). The
nsert is the photocurrent action spectra of the DSC with electrolyte

and electrolyte B. The incident photon-to-collected electron con-
ersion efficiencies (IPCE) of the DSC with electrolyte B exhibit a
igher plateau of over 60% from 400 to 640 nm, reaching a max-

mum of 68% at 550 nm. And additionally, IPCE of the DSC with
lectrolyte B is always higher than that of the DSC with electrolyte
, which results in the higher Jsc.

Generally, when LC was added into the PVDF based polymeric
el electrolyte A the organic compound LC may absorb on the
latinum electrode, which would decrease catalytic activity (see
upplementary material) and consequently increase the series
esistance of DSC. Besides relatively lower ion conductivity also
ontributes to the increase of the series resistance. Therefore the
F of the DSC with electrolyte B decreases (from 0.74 to 0.68)[32].

To illuminate the role of LC in the PVDF based polymeric gel elec-
rolyte on the increase of Jsc of the DSC, research was first needed
o confirm whether the Jsc was limited by the charge transport in
lectrolyte. Fig. 6 shows the dependence of photocurrent density
t short circuit (Jsc) of the DSC with electrolytes on the illumination
ntensity (I). In the short circuit, the electron recombination in the
ye-sensitized solar cells is generally considered to be negligible.
rom Fig. 6, it is shown that both J are linearly proportional to illu-
sc

ination intensity, implying that photocurrent is not limited by the
iffusion of iodide and tri-iodide redox species in the electrolytes.
lthough the introduction of LC into the PVDF based polymeric elec-

rolyte would hinder the charge transport in the electrolyte, it still

able 2
hotovoltaic performance parameters of dye-sensitized solar cells based on different
lectrolytes.a

Electrolyte Voc (mV) Jsc (mA cm−2) FF �́ (%)

PVDF (A) 685 14.89 0.74 7.54
PVDF + LC (B) 685 17.20 0.68 8.01

a Measured at 25 ◦C.
Illumination / (100 mW cm-2)

Fig. 6. The dependence of photocurrent density on illumination intensity.

could fulfill the requirements of Jsc for the DSC. Moreover, at a given
I, the Jsc of the DSC with electrolyte B is always higher than that with
PVDF based polymeric gel electrolyte A.

As reported previously [33], Jsc can be calculated by integrat-
ing the product of the incident photo flux density and the cell’s
IPCE over wavelength used for light absorption by the dye, with
the assumption that the potential drop by series resistance in the
cell is negligible, the Jsc is shown as follows,

Jsc =
∫

qF(�)[1 − r(�)]IPCE(�)d� (7)

where q is the electron charge, F(�) is the incident photo flux density
at wavelength �, and r(�) is the incident light loss before reaching
the TiO2 film in the cell. The IPCE is expressed as [34]

IPCE(�) = LHE(�)�inj�c (8)

where (�) is the light harvesting efficiency, �inj is the quantum yield
of charge injection and �c is the efficiency of collecting the injected
charge at the back contact. It is believed that �inj is determined
by the difference between excited state level and Fermi level of
the semiconductor TiO2, and �c is related to the property of the
TiO2 thin film. So both �in and �c have nothing to do with the
electrolyte. Besides the �(�)ET defined as electron-transfer yield
(that is, the product of electron injection yield and charge collec-
tion efficiency) has been found to be close to 1 in the optimized
high-efficiency DSC [33,35–37]. Therefore, the higher IPCE values
of the DSC with electrolyte B may be caused by the increase of the
LHE(�). According to the previous report [32], the LHE(�) of the cell
depends heavily on (1) the properties of the dye, such as extinc-
tion coefficient, absorbance, and (2) the optical path length within
the electrodes. Thus LHE(�) is mainly increased by the increasing
optical path of the incident light without considering the effect of
dye. Tachibana et al. [33] investigated the light scattering prop-
erties of the TiO2 films in detail based on the simplified two-flux
model theoretically developed by Kubelka and Munk. They used the
optical thickness �(�) to consider the light scattering magnitude of
the TiO2 films, because �(�) is widely accepted as an indication
of the light scattering efficiency through the medium. In the same
manner, we also adopted the optical thickness to characterize the
light scattering property of the electrolyte qualitatively. The trans-
mittance and diffused reflectance of the electrolytes were obtained
through the sample configuration shown in Fig. 7a by integrating

sphere (shown in Fig. 8). From Fig. 8, it is found that the diffused
reflectance of electrolyte B is much higher than that of PVDF based
polymeric gel electrolyte A, indicating that the introduction of LC
would increase the light scattering efficiency. So it is suggested that
the light trapping scheme is formed in the electrolyte B due to the
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Fig. 7. Illustration of the configuration employed to measure the diffused reflectance an
electrolytes.
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Fig. 8. The diffused reflectance and transmittance of the electrolytes.

ddition of LC. Additionally, due to the light trapping scheme in
lectrolyte B, the light transmittance is also dramatically decreased
Fig. 8).

For the electrolyte, the optical thickness can be calculated from
he following equation,

(�) = R(�)
T(�)

(9)

here R(�) is the reflectance of the electrolyte, T(�) is the transmit-
ance of the electrolyte. It is obvious that �(�) of the electrolyte B is
uch higher than that of the PVDF based polymeric gel electrolyte
qualitatively, which would enhance optical path [32,33,38] and

onsequently the light harvesting efficiency.
Further support is obtained from the transmittance of the DSC

shown in Fig. 7b) with different electrolytes (Fig. 9). It is shown that
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Fig. 9. The transmittance of the DSC with different electrolytes.
d transmittance of the electrolyte (a), and transmittance of the DSC with different

the transmittance of the DSC with electrolyte B is lower than that
with PVDF based polymeric gel electrolyte A especially in the long
wavelength region due to the existence of light trapping scheme,
indicating that the incident light absorption by the dye of the DSC
with electrolyte B was dramatically increased comparing with that
of the DSC with PVDF based polymeric gel electrolyte A.

For the DSC with PVDF based polymeric electrolyte, we have
the following electron continual equation as reported previously
[39–41]

∂n

∂t
= D

∂2n

∂x2
− n

t
+ ˛I0e−ax (10)

here D is the diffusion coefficient of electrons and t is the electron
lifetime determined by back-reaction with I3−. I0 is the incident
photon flux corrected for reflection losses by FTO, and ˛ is the
absorption coefficient. ˛ is determined by the extinction coefficient
of the dye, the internal surface area, the fractional surface coverage
of the dye, and light scattering.

When LC was introduced into the PVDF based polymeric elec-
trolyte for DSC, the electron continual equation should be made
minor revision:

∂n

∂t
= D

∂2n

∂x2
− n

t
+ ˛(I0e−ax + I′) (11)

where I′ means the increased incident photon flux caused by the
light trapping scheme in the liquid crystal based electrolyte B
(Fig. 10). In the DSC, due to the space between TiO2 nanoparti-
of incident light transmitted through electrolyte and could not
be absorbed by the dye. When the electrolyte with light trapping
scheme is used, the incident loss decrease, which contributes to the
generation of the photoelectron according to Eq. (11).

Fig. 10. Geometry for illumination of the dye-sensitized cell from the substrate
side, showing the contribution of the electrolyte with light trapping scheme to dye
absorption.



M. Wang et al. / Journal of Power Sources 196 (2011) 5784–5791 5789

10.1

10

100

  A: PVDF 
  B: PVDF + LC

Jsc

τ n / 
m

s
(a)

1010.1
10

100

  A: PVDF 
  B: PVDF + LC

(b)

D
e / 

10
-4
 c

m
2  s-1

)

1010.1
10

15

20

25

30

  A: PVDF 
  B: PVDF + LC

(c)

L n / 
μ

m

ficient

p
m
a
a
m
t
w
A
t
v
t
l
w

o
s
a
t
o
e
l
w
b
e

3
e

(
T
a
o
i

T
P
e

3.4. At-rest long-term stability of DSC with different electrolytes

Fig. 12 shows the comparison photoelectric conversion effi-
ciency evolution of DSC with different electrolytes within time.
After 1000 h, the efficiency of DSC with PVDF based polymeric gel
Jsc / (mA cm-2)

Fig. 11. Plots of (a) effective electron lifetime, (b) diffusion coef

As reported, many studies focused on the light scattering
roperty of the nematic LC [43–45] especially in the field of poly-
er dispersed liquid crystals (PDLCs)[16,46–48] containing the

nisotropic LC molecules in the isotropic polymer matrix. Gener-
lly, when the LC was introduced into the polymer matrix, it forms
icrometer-sized LC droplets filled with LC molecules and dis-

ributes randomly [49]. So when 4-Cyano-4′-n-heptyloxybiphenyl
as embedded into the PVDF matrix, it may also form such droplets.
nd optical characteristics of such nematic droplets differ from

hose of the surrounding polymer matrix and the droplets can be
iewed as optically anisotropic inhomogeneities [16], which scat-
er light incident upon them as confirmed above, that is to say, the
ight trapping scheme is formed in the electrolyte B. Therefore it

ould benefit the generation of the photoelectron.
Table 3 summarizes the photovoltaic performance parameters

f DSC with different electrolytes at various illumination inten-
ities. It is shown that the overall power conversion efficiencies
re even higher under relatively low light intensity. More impor-
ant, the conversion efficiency of the DSC with electrolyte B was
nly a bit higher than that of the DSC with PVDF based polymeric
lectrolyte under AM 1.5G sunlight (100 mW cm−2). But, under a
ow intensity of 10 mW cm−2, the conversion efficiency of the DSC

ith PVDF and LC based quasi-solid-state electrolyte B was raised
y 17%, compared with the DSC with PVDF based polymeric gel
lectrolyte A.

.3. Study of dynamic response of the DSC with different
lectrolytes by IMVS/IMPS

The intensity-modulated photovoltage spectroscopy [50,51]
IMVS) is always used to study the charge recombination at the

iO2/electrolyte interface. IMVS measures the periodic photovolt-
ge response of a testing cell to a small sinusoidal perturbation
f light superimposed on a large steady background level, provid-
ng information on electron lifetime under open-circuit conditions.

able 3
hotovoltaic performance parameters of dye-sensitized solar cells based on different
lectrolytes under different illumination intensity.

Light intensity
(mW cm−2)

Electrolytes Voc (mV) Jsc (mA cm−2) FF �́ (%)

110 PVDF (A) 685 16.38 0.73 7.44
PVDF + LC (B) 686 18.92 0.67 7.91

100 PVDF (A) 685 14.89 0.74 7.54
PVDF + LC (B) 685 17.20 0.68 8.01

58.4 PVDF (A) 670 8.69 0.75 7.47
PVDF + LC (B) 667 10.04 0.72 8.26

31 PVDF 651 4.41 0.76 7.03
PVDF + LC (B) 650 5.15 0.74 7.99

10 PVDF (A) 618 1.44 0.75 6.67
PVDF + LC (B) 621 1.70 0.74 7.81
 / (mA cm-2) Jsc / (mA cm-2)

, and (c) diffusion length of the DSC with different electrolytes.

Fig. 11a presents the plot of electron lifetime versus Jsc which is
linearly related to incident light intensity in the DSC with different
electrolytes. It is obvious that, when the light intensity increases,
the recombination becomes faster due to the higher electron con-
centration in the TiO2 film. And the electron lifetime of the DSC
with different electrolyte is very similar, implying no obvious dif-
ference in the Voc. Intensity-modulated photocurrent spectroscopy
(IMPS) [41,52], employing the same light perturbation and measur-
ing the periodic photocurrent response, is used to study the charge
transport under short-circuit conditions. Fig. 11b shows the plot
of electron diffusion coefficient (De) versus Jsc. As the light inten-
sity or the resultant Jsc increases, more deep traps will be filled
with photoinjected electrons and do not retard the electron trans-
port any more. The detrapping of electrons from shallow traps
is much faster, resulting in a higher effective electron diffusion
coefficient [53,54]. The electron diffusion coefficient of the DSC
with electrolyte B is higher than that with electrolyte A due to the
higher concentration of photoinjected electrons caused by the light
trapping scheme in electrolyte B. The values of electron diffusion
coefficient and lifetime can be used for the calculation of relative
electron diffusion length (Ln) (shown in Fig. 11c), which is deter-
mined by the competition between electron transport and back
reaction. Overall, the large electron diffusion length (Ln) directly
related to a high charge collection yield is well consistent with the
higher Jsc of the DSC with electrolyte B.
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based DSC with time.
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lectrolyte A retain over 88% of its initial value. While efficiency of
SC with electrolyte B retains over 92% of its initial value, indicat-

ng that When LC was introduced into PVDF based polymeric gel
lectrolyte A, the DSC exhibits relatively better stability. This may
e associated with the higher boiling point of LC.

. Conclusions

In summary, for the first time, the nematic liquid crystal,
-Cyano-4′-n-heptyloxybiphenyl, was introduced into the PVDF
ased polymeric gel electrolyte for the DSC. The effects of addition
f LC into the PVDF based polymeric electrolyte on the conduc-
ivity, ion diffusion, photovoltaic performance as well as dynamic
esponse of the DSC were tested. Although the introduction of LC
ould hinder the mobility of the ions and decrease the conductivity

nd diffusion of tri-iodide and iodide, it still benefits the photo-
oltaic performance of the DSC due to the effective formation of
ight trapping scheme caused by the addition of liquid crystal. The
ptical thickness was extended to character the light scattering
roperty of the electrolyte qualitatively. Due to the light trapping
cheme formed by the addition of LC, the optical path of incident
ight is enhanced and consequently the light harvesting efficiency,

hich benefit the generation of photoelectron. Therefore the elec-
ron diffusion coefficients and diffusion length of the DSC were
nlarged as well as photocurrent density, which offsets the lower
ll factor and results in higher photoelectric conversion efficiency.
oreover, the at-rest stability tests show that when LC was added

nto PVDF based polymeric gel electrolyte, DSC could retain over
2% of its initial photoelectric conversion efficiency value after
000 h. Further investigation about microstructure and light scat-
ering property of this kind of quasi-solid-state electrolyte are in
rocess.

upplementary information

Photovoltaic performance parameters of DSC with different
lectrolytes and different dyes, photocurrent action spectra, J–V
urves, photovoltaic performance parameters of DSC with liquid
lectrolyte, PVDF based polymeric gel electrolyte A and electrolyte
, analysis of the reduction of I3− at the platinum electrode with
ifferent electrolytes can be found.
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