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a  b  s  t  r  a  c  t

Electrospun  fibrous  composite  membranes  composed  of  polyacrylonitrile  (PAN)  and  silica  nanoparti-
cles  are  prepared  with  different  proportions  of  SiO2. The  membranes  have  three-dimensional  and  fully
interconnected  network  structures  in  which  the SiO2 nanoparticles  are  homogeneously  distributed.  The
PAN/SiO2 fibrous  composite  membranes  encapsulate  a  large  amount  of  liquid  electrolyte  and  exhibit
high  ionic  conductivities.  The  electrochemical  characteristics  of  dye-sensitized  solar  cells  (DSSCs)  are
eywords:
ye-sensitized solar cell
lectrochemical characteristics
ibrous composite membrane
onic conductivity
hotovoltaic performance

dependent  on  the  content  of  SiO2 nanoparticles  in the  fibrous  composite  membranes.  We  demonstrate
that  DSSC  assembled  with  a  PAN/SiO2 fibrous  composite  membrane  containing  10 wt.%  SiO2 exhibits  the
remarkably  high  conversion  efficiency  of 7.85%  at 100  mW  cm−2, as  well  as better  long-term  stability
than  a DSSC  with  liquid  electrolyte.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Dye-sensitized solar cells (DSSCs) have attracted great attention
ecause of their low production cost, easy fabrication and relatively
igh conversion efficiency [1,2]. A high conversion efficiency of 12%
as been achieved in a DSSC with an organic liquid electrolyte [3].
owever, leakage or evaporation of liquid electrolytes from DSSCs
as been a critical problem that limits their long-term operation
nd practical application [4]. In order to improve the long-tem
tability of DSSCs, a lot of attempts have been made to replace
iquid electrolytes with gel polymer electrolytes that exhibit high
onic conductivity and improved stability [5–9]. Gel polymer elec-
rolytes are usually prepared by incorporating liquid electrolyte
nto a matrix polymer; examples include poly(ethylene oxide)
PEO), polyacrylonitrile (PAN), poly(vinylidene fluoride) (PVdF),
oly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP) and
oly(methyl methacrylate) (PMMA), and their ionic conductivities
sually exceed 10−3 S cm−1 at room temperature [10]. However,
uch gel polymer electrolytes suffer from poor mechanical strength,

aking assembly difficult and also the impregnation of liquid

lectrolyte into a polar polymer results in softening of the poly-
er, increasing the incidence of shorting between electrodes. To

∗ Corresponding author. Tel.: +82 2 2220 2337; fax: +82 2 2298 4101.
E-mail address: dongwonkim@hanyang.ac.kr (D.-W. Kim).

ttp://dx.doi.org/10.1016/j.electacta.2014.07.109
013-4686/© 2014 Elsevier Ltd. All rights reserved.
overcome these problems, an activation process in which a porous
polymer membrane is soaked in an electrolyte solution has been
investigated for DSSC applications [11–16]. Unlike conventional
methods such as solution casting and direct dissolution of the
polymer in the electrolyte solution, this procedure handles the
mechanically robust porous membrane until adding liquid elec-
trolyte to it at last. To prepare the porous polymer membrane,
many techniques have been used, such as drawing, template syn-
thesis, phase inversion and electrospinning [17–23]. Among these,
the electrospinning technology is a simple and low-cost method
for making a highly porous membrane with nanofibers. It has been
reported that electrospun membranes based on PVdF-HFP effec-
tively encapsulated the organic solvent containing I-/I3− redox
couple and promoted a strong interfacial contact between the dye-
adsorbed TiO2 electrode and the Pt counter electrode [12–15]. PAN
is also a polymer material that can be used in preparing gel polymer
electrolytes exhibiting high ionic conductivity, thermal stability
and good compatibility with organic solvents [11,24–28]. However,
there are few reports about the preparation and characterization
of PAN-based electrospun fibrous polymer membranes for DSSC
applications. It has been well demonstrated that the incorpora-
tion of ceramic fillers such as SiO2, Al2O3, and TiO2 to form the

composite polymer electrolytes could improve their mechanical
strength and ionic conductivity [29]. Thus, it is of great interest
to use the electrospun PAN-based fibrous composite membrane
as a polymer electrolyte in a quasi-solid-state DSSC. In this study,

dx.doi.org/10.1016/j.electacta.2014.07.109
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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diation, and an anti-reflection glass was  placed on the front glass
ig. 1. Schematic representation of the electrospinning technique used to prepare
brous PAN and PAN/SiO2 composite membranes.

lectrospun PAN/silica-based fibrous composite membranes con-
aining different content of SiO2 nanoparticles are prepared
nd their electrochemical characteristics are investigated. DSSCs
mploying the electrospun PAN/SiO2 fibrous composite mem-
ranes are fabricated, and their photovoltaic performance is
valuated and compared to that of a cell containing liquid elec-
rolyte. To our best knowledge, this is the first reported attempt to
ssemble and evaluate the performance of DSSCs that incorporate
he electrospun PAN/SiO2-based fibrous composite membranes.

. Experimental

.1. Materials

PAN (Mw  =150,000), acetonitrile, N,N-dimethylformamide
DMF), chloroplatinic acid hydrate, 4-tert-butylpyridine (TBP),
ithium iodide and iodine were purchased from Sigma-Aldrich.
umed silica (TS530) was supplied by CABOT. Nanocrystalline
iO2 paste (Ti-Nanoxide T20/SP), cis-diisothiocyanato-bis(2,2′-
ipyridyl-4,4′-dicarboxylato) ruthenium (II) bis(tetrabutyl ammo-
ium) (Ruthenium 535 bis-TBA, N719) and hot melting film (Surlyn,
X1170) were purchased from Solaronix. Fluorine-doped tin oxide
lass was purchased from Pilkington. All commercial reagents were
sed as received.

.2. Preparation of electrospun PAN and PAN/SiO2 fibrous
embranes

The electrospun PAN and PAN/SiO2 fibrous composite mem-
ranes were prepared by an electrospinning method (Fig. 1) as
ollows. PAN was dissolved in anhydrous DMF  at 60 ◦C to a concen-
ration of 10 wt.%. Different amounts of fumed silica (0, 5, 10, 15,
0 wt.% relative to PAN) were added to the polymer solution and
ere uniformly dispersed by ball milling overnight. The mixture
as further sonicated for 20 min  to ensure complete homogeneity.

he resulting polymer solution was fed through a capillary tip using
 plastic syringe (10 ml). During electrospinning, a high voltage of
2 kV was applied to the needle, and the flow rate of the spinning
olution was controlled to 0.5 ml  h−1. The distance between the tip
nd the rotating drum collector was 16 cm;  the metal drum was
otated at 200 rpm. The electrospun fibers were collected on alu-

inum foil wrapped on the drum, and were dried in a vacuum oven

t 60 ◦C for 12 h before further use. The thickness of the fibrous
omposite membrane was controlled to be about 25 �m.
cta 142 (2014) 261–267

2.3. Electrode preparation and cell assembly

Nanocrystalline TiO2 paste was  cast onto fluorine-doped tin
oxide glass using a doctor blade and was  sintered at 450 ◦C for
30 min. Its thickness was  optimized at 12 �m,  and it was sensi-
tized overnight with a 0.3 mM solution of N719 dye in acetonitrile
and tert-butyl alcohol (1:1 volume ratio) at room temperature. The
counter electrode was prepared by spin-coating a 0.01 M solution of
H2PtCl6 in isopropanol onto the fluorine-doped tin oxide glass and
sintering at 450 ◦C for 30 min. A dye-sensitized solar cell was  fab-
ricated by sandwiching the fibrous composite membrane between
a dye-coated TiO2 electrode and a platinum counter electrode, and
heat-sealing the perimeter of the cell while pressurizing it. A liquid
electrolyte was then injected into the cell through the holes on the
counter electrode. The liquid electrolyte was composed of 0.5 M LiI,
0.05 M I2 and 0.05 M TBP dissolved in acetonitrile. Upon injection
of liquid electrolyte, the gelation of membrane occurred and the
liquid electrolyte was well trapped in the membrane. The holes in
the counter electrode that were used to inject the electrolyte were
then sealed by a sealant.

2.4. Characterization and measurements

Morphologies of electrospun PAN and PAN/silica fibrous mem-
branes were examined using a field emission scanning electron
microscope (FE-SEM, JEOL JSM-6300). The elemental distribution of
Si in the PAN/silica fibrous membranes was  examined using energy
dispersive X-ray spectroscopy (EDX). Fourier transform infrared
(FT-IR) spectra were recorded on a Magna IR 760 spectrometer in
the range of 400-4000 cm−1 using pressed pellets of KBr powder.
Differential scanning calorimetry (DSC) measurements were car-
ried out at a heating rate of 10 ◦C min−1 in the temperature range
of 25 to 200 ◦C. The porosity of the fibrous membranes was mea-
sured by the n-butanol uptake method [30]. In order to measure the
electrolyte uptake and ionic conductivity, the electrospun mem-
brane was  immersed in liquid electrolyte for 1 h. The uptake of the
electrolyte solution was  then determined by using equation (1):

uptake (%) = (Mwet Mdry)/Mdry × 100, (1)

where Mdry and Mwet are the weights of the membrane before
and after soaking in the liquid electrolyte, respectively [31,32].
For conductivity measurements, the membranes soaked with liq-
uid electrolyte were sandwiched between two stainless steel
electrodes. AC impedance measurements were then performed
to measure the ionic conductivity using a Zahner Electrik IM6
impedance analyzer over the frequency range of 10 Hz to 100 kHz
with amplitude of 10 mV.  A two-electrode electrochemical cell con-
sisting of a wetted membrane sandwiched with two identical Pt
electrodes was  used to make diffusion-limited current measure-
ments, from which the diffusion coefficient of the triiodide ion
was calculated. [33,34]. The diffusion-limited current was deter-
mined by cyclic voltammetry using a scan rate of 5 mV  s−1. Tafel
polarization curves were obtained with different fibrous composite
membranes using symmetric Pt cells in the potential range of ±1 V.
The photovoltaic performance of the DSSCs was  evaluated using a
Xe light source (100 mWcm−2) with an AM 1.5 filter in a solar simu-
lator at ambient temperature. Light intensity was calibrated using a
NREL-calibrated Si solar cell (PV Measurements, Inc.). A black mask
with an aperture of 0.25 cm2 was  placed over the cells during irra-
cover of the cells. AC impedance measurements of DSSCs were per-
formed using an impedance analyzer over a frequency range of 10
mHz  to 100 kHz at open circuit under 1 Sun illumination.
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ig. 2. FE-SEM images of electrospun PAN membranes containing various contents 

. Results and discussion

Fig. 2 shows the SEM images of the electrospun PAN
nd PAN/SiO2 fibrous composite membranes with various SiO2
ontents. As shown in figure, all the electrospun membranes had a
ighly porous three-dimensional fibrous interconnected network
tructure in which the SiO2 nanoparticles are embedded. Thus, they
re expected to be capable of the uptake of a large amount of elec-
rolyte solution in their pores. The PAN membrane without SiO2
xhibited a comparatively uniform morphology with an average
ber diameter of 290 nm.  Both fiber diameter and surface rough-
ess were observed to increase with SiO2 content. The formation of

arger-diameter fibers can be attributed to the substantial increase
n viscosity of the polymer solution resulting from the addition of
iO2 particles. The high viscosity of the electrospinning solution
eads to the ejection of a larger fluid jet from the needle, which
onsequently forms thicker fibers [35].
Fig. 3 shows the EDX mapping images of Si in the electro-
pun PAN/SiO2 fibrous composite membranes containing various
ontents of SiO2 nanoparticles. As expected, the Si content increases
ith the content of SiO2 particles. The SiO2 particles are observed to
2 particles: (a) 0 wt.% (i.e., pure PAN), (b) 5 wt.%, (c) 10 wt.%, (d) 15 wt.%, (e) 20 wt.%.

be homogeneously distributed in the electrospun composite mem-
brane without agglomeration, even for formulations with high SiO2
content. It is plausible that SiOH in the fumed silica has a high
affinity with the–CN groups in PAN. In this case, the hydrogen bond-
ing between SiO2 particles and PAN would produce a reinforcing
interfacial interaction between the two  phases, resulting in the
homogeneous silica dispersion.

Fig. 4 shows FT-IR spectra of the electrospun PAN and PAN/SiO2
composite membranes with various SiO2 contents. The spectrum
of the pure PAN membrane reveals characteristic peaks of PAN at
2930, 2240 and 1470 cm−1, which respectively correspond to the
stretching vibration of methylene (–CH2–), the stretching vibration
of nitrile groups (–CN), and the bending vibration of methylene
[36]. It can be seen that the relative intensities of the peaks
around 1100 cm−1 increased with the SiO2 content; these peaks
can be ascribed to the characteristic Si–O–Si asymmetric stretch-
ing vibration [37–39]. A broad peak near 3746 cm−1 was observed,

corresponding to the characteristic band of–OH groups in the SiO2
particles. This peak is associated with stretching vibrations involv-
ing these hydroxyl groups which result from hydrogen bonds of
the Si–OH [40]. To investigate the effect of SiO2 content on the
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Fig. 3. EDX mapping images of Si in the electrospun PAN/SiO2 composite membranes containing various contents of SiO2 particles: (a) 5 wt.% (b) 10 wt.%, (c) 15 wt.%, (d)
20  wt.%.
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ig. 4. FT-IR spectra of electrospun PAN membranes containing various contents
f  SiO2 particles: (a) 0 wt.% (i.e., pure PAN), (b) 5 wt.%, (c) 10 wt.%, (d) 15 wt.%, (e)
0 wt.%.

nteraction between the PAN and the silica particles, the glass tem-
eratures (Tg) of the electrospun PAN and PAN/SiO2 composite
embranes were measured. The PAN membrane exhibited a Tg of

13.2 ◦C, and adding SiO2 progressively increased Tg: the PAN/SiO2
omposite membranes of 5, 10, 15, 20 wt.% SiO2 had respective Tg

f 115.2, 116.3, 118.9 and 121.1 ◦C. This result suggests that the
ntermolecular interactions occurred between PAN and the SiO2
articles, which reduced the cooperative segmental mobility of the
olymer chains.
Fig. 5-(a) shows the porosity and electrolyte uptake of the elec-
rospun PAN and PAN/SiO2 fibrous composite membranes, as a
unction of SiO2 content. All the electrospun membranes had high
orosities exceeding 80.3%, due to the well-developed interstices

Fig. 5. Effects of SiO2 content in the electrospun PAN/SiO2 fibrous composite mem-
branes on (a) porosity and electrolyte uptake and (b) ionic conductivity and diffusion
coefficient of I3

− .
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the intercept on the real axis in the high frequency range. It is found
ig. 6. Tafel polarization curves of symmetric Pt cells with electrospun PAN and
AN/SiO2 composite membranes containing different contents of SiO2.

ormed by the interweaving of fibers, as shown in Fig. 2. The poros-
ty gradually decreased from 89.0 to 80.3% as the SiO2 content

as increased from 0 to 20 wt.%. When the electrospun PAN and
AN/SiO2 composite membranes were soaked in liquid electrolyte,
he electrolyte uptake increased as the SiO2 content was increased
rom 0 to 10 wt.%, and then decreased with further increase in SiO2
ontent. The initial increase in electrolyte uptake with the addition
f SiO2 was related to the enhancement of the solution retention
apacity, that is, the ability to hold liquid electrolyte. As previously
eported [41], the hydrophilicity of SiO2 nanoparticles gives them a
igh absorption capability and consequently enables loading of the
olar organic solvent. The decrease in electrolyte uptake beyond
0 wt.% can be attributed the decrease of porosity with further addi-
ion of SiO2. Jung et al. also reported that the electrolyte uptake
eached a maximum at the 12 wt.% SiO2 composition of a PAN/SiO2
omposite membrane for lithium battery applications [42]. Fig. 5-
b) shows the ionic conductivities and I3− diffusion coefficients
n the PAN/SiO2 electrospun fibrous membrane electrolytes as a
unction of SiO2 content. Both the ionic conductivities and diffu-
ion coefficients initially increase with increasing content of SiO2
articles, reaching a maximum at 10 wt.% and decreasing after
hat point. The increase in ionic conductivity and diffusion coef-
cient promoted by the SiO2 particles is associated with enhanced
lectrolyte uptake, as shown in Fig. 5-(a). In addition, introducing
ewis acid-base interactions between the surface silanol groups of
he SiO2 particles and the lithium ions immobilizes the cations,
romoting efficient anionic (I3−) transport [43]. The decrease in

onic conductivity and diffusion coefficient observed for formula-
ions with SiO2 content greater than 10 wt.% may  arise from both
eclining electrolyte uptake and a blocking effect on charge car-
ier transport of the electrically insulating SiO2 particles [32]. At
he optimum 10 wt.% SiO2, the ionic conductivity and the diffu-
ion coefficient of I3− are 2.7 × 10−3 S cm−1 and 9.5 × 10−6 cm2

−1, respectively.
Before comparing the photovoltaic performance of the DSSCs

ith different fibrous composite membranes, Tafel polarization
urves were obtained using symmetric Pt cells with different com-
osite membranes in the potential range of -1.0 to 1.0 V, as shown

n Fig. 6. The exchange current densities (jo) for the electrochemi-
al reaction (I3− + 2e− ↔3I−) were calculated from the intersection
f linear anodic and cathodic curves. As a result, the cells with
AN/SiO2 composite membranes of 0, 5, 10, 15, 20 wt.% SiO2

xhibited respective jo of 5.51, 6.38, 7.35, 6.36 and 5.68 mA cm−2,
ndicating a facile redox reaction in the composite polymer elec-
rolytes containing SiO2 nanoparticles.
Fig. 7. Effects of SiO2 content in the electrospun PAN/SiO2 fibrous composite
membranes on the photovoltaic performances of DSSCs assembled with these mem-
branes: (a) DSSC photocurrent-voltage curves and (b) Jsc and � vs. SiO2 content.

The photovoltaic performance of DSSCs assembled with elec-
trospun PAN and PAN/SiO2 composite membranes was  evaluated,
and the results are shown in Fig. 7. The addition of SiO2 particles
appeared to have a very minor influence on Voc. On the other hand,
the short-circuit current density (Jsc) and conversion efficiency (�)
of the DSSCs increased with increasing the SiO2 content up to
10 wt.%, decreasing with further addition. These results are related
to improved diffusion of I3− at 10 wt.% SiO2, as explained above in
reference to the results in Fig. 5-(b). Thus, the optimum SiO2 con-
tent to achieve the highest conversion efficiency is about 10 wt.%.
Notably, the conversion efficiency (7.85%) of the DSSC assembled
with the electrospun PAN/SiO2 fibrous composite membrane con-
taining 10 wt.% SiO2 was comparable to that of a DSSC based on
liquid electrolyte (8.02%). To our knowledge, the conversion effi-
ciency of the DSSC assembled herein using a PAN/SiO2 electrospun
fibrous composite membrane was higher than those of DSSCs with
PAN-based gel polymer electrolytes reported so far [11,24–28].

In order to investigate the effect of SiO2 content on the
impedance behavior of the DSSCs, the AC impedance measure-
ments of the cells were performed. The resulting AC impedance
spectra of DSSCs with electrospun PAN and PAN/SiO2 composite
membranes containing different contents of SiO2 are compared in
Fig. 8. As shown, the spectra exhibit three overlapping semicir-
cles, which can be assigned to the electrochemical reaction at the
counter Pt electrode (Rct1), the charge transfer reaction at the TiO2
electrode (Rct2), and the Warburg diffusion of I-/I3− (Rdiff), respec-
tively [44,45]. The electrolyte resistance (Re) can be estimated from
that the cell with composite PAN membrane containing 10 wt.%
SiO2 exhibits the lowest electrolyte resistance (Re) and interfacial
resistances (Rct1 and Rct2). This result indicates that the addition
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ig. 9. Variation of conversion efficiency as a function of time for the DSSCs
ssembled with liquid electrolyte and electrospun PAN/SiO2 fibrous composite
embranes containing different content of SiO2 particles.

f an appropriate amount of SiO2 not only reduces the electrolyte
esistance but also improves the charge transfer reaction at both
iO2 electrode and counter electrode, resulting in the highest con-
ersion efficiency in the DSSC with PAN/SiO2 composite membrane
ontaining 10 wt.% SiO2.

The long-term stability of the DSSCs with electrospun fibrous
embranes was  evaluated. Fig. 9 represents the variation of

onversion efficiency of the DSSCs as a function of time. For compar-
son, the conversion efficiency of the DSSC with liquid electrolyte
s also shown. The conversion efficiency of the DSSC based on
iquid electrolyte decayed continuously during the period of inves-
igation; this gradual decrease was related to the evaporation of
iquid electrolyte. On the other hand, the cells assembled with
AN/SiO2 electrospun fibrous membranes exhibited fairly stable
erformance. The conversion efficiency that these cells retained
fter 14 days was improved from 87.1 to 98.0% as the SiO2 con-
ent was increased from 0 to 20 wt.%. The improved stability of
he cell assembled with the electrospun fibrous membrane con-
aining a high content of SiO2 particle was due to the fact that the
rganic solvent containing the I-/I3− redox couple was  well encap-
ulated in the cell, because SiO2 nanoparticles and PAN polymer

atrix helped to absorb the electrolyte, thereby preventing leak-

ge of the electrolyte solution. The adhesive nature of polymer
lectrolytes also promoted favorable interfacial contact between
he dye-adsorbed TiO2 electrode and the Pt counter electrode,

[

cta 142 (2014) 261–267

providing more stable performance than the DSSC assembled with
liquid electrolyte.

4. Conclusions

PAN/SiO2 electrospun composite fibrous membranes contain-
ing various amounts of SiO2 nanoparticles were prepared and
characterized. The fibrous composite membranes encapsulated a
large amount of electrolyte solution, and thus exhibited high ionic
conductivities that allowed their application in DSSCs. The addi-
tion of SiO2 not only reduced the electrolyte resistance but also
improved the charge transfer reaction at both TiO2 electrode and
counter electrode, resulting in the improved conversion efficiency
of DSSCs made from the electrospun composite membranes. The
DSSC assembled with the fibrous composite membrane containing
10 wt.% SiO2 particles exhibited the remarkably high conversion
efficiency of 7.85% at 100 mW cm−2, and had better long-term
stability than the DSSC assembled with liquid electrolyte.
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