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1. Introduction 

Dye-sensitized solar cells (DSSCs) using organic liquid electrolytes have received significant 
attention because of their low production cost, simple structure and high power conversion 
efficiency [1-5]. Recently, the power conversion efficiencies of DSSCs using Ruthenium 
complex dyes, liquid electrolytes, and Pt counter electrode have reached 10.4 % (100 
mW/cm2, AM 1.5) by Grätzel group [6]. However, the important drawback of DSSCs using 
liquid electrolyte is the less long-term stability due to the volatility of the electrolyte 
contained organic solvent. In the viewpoint for commercialize, durability is a crucial 
component. Then, gel electrolytes are being investigated to substitute the liquid electrolytes 
[7-10]. One way to make a gel electrolyte is to add organic or inorganic (or both) materials. 
In the past decades, many studies have been carried out on this kind of gel electrolyte, and 
great progress has been achieved [11-12]. The advantages of them include; limited internal 
shorting, leakage of electrolytes and non-combustible reaction products at the electrode 
surface existing in the gel polymer electrolytes [13-14]. However, because of their 
complicated preparing technology and poor mechanical strength, they cannot be used in 
commercial production [15-16]. To overcome this problem, the polymer membrane is soaked 
in an electrolyte solution that has been examined [17-19].  
To prepare the polymer membrane for polymer electrolyte, a number of processing 
techniques such as drawing [20], template synthesis [21-22], phase separation [23], 
electrospinning [24], etc. have been used. Among of these, the electrospinning technology is 
a simple and low-cost method for making ultra-thin diameter fibers. This technique, 
invented in 1934, makes use of an electrical field that is applied across a polymer solution 
and a collector, to force a polymer solution jet out from a small hole [25]. When the 
diameters of polymer fiber materials are shrunk of micrometers to submicrons or 
nanometers, several amazing characteristics appear such as a very large surface area to 
volume ratio, flexibility in surface functionalities, and superior mechanical performance 
compared to any other known forms of this material [26]. In recent years, the 
electrospinning method has gained greater attention. A vastly greater number of synthetic 
and natural polymer solutions were prepared with electrospun fibers, such as poly(ethylene 
oxide) (PEO) in distilled water [27], polyurethane in N,N-dimethylformamide (DMF) [28], 
poly(ε-caprolactone) (PCL) in acetone [29], PVDF in acetone/ N,N-dimethylacetamide 
(DMAc) (7:3 by weight) [30], and regenerated cellulose in 2:1(w/w) acetone/DMAc [31]. 
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Many applications of electrospun fibers were also studied. In addition, this technique is 
highly versatile and allows the processing of not only many different polymers into 
polymeric nanofibers, but also the co-processing of polymer mixtures, mixtures of polymers, 
and low molecular weight nonvolatile materials, etc [13,32]. 

2. Principle 

2.1 Dye-sensitized solar cells (DSSCs) 
2.1.1 History of DSSCs 

The history of the sensitization of semiconductors to light of wavelength longer than that 

corresponding to the band gap has been presented elsewhere [33,34]. It is an interesting 

convergence of photography and photo-electrochemistry, both of which rely on photo-

induced charge separation at a liquid–solid interface. The silver halides used in 

photography have band gaps of the order of 2.7–3.2 eV, and are therefore insensitive to 

much of the visible spectrum, just as is the TiO2 now used in these photo-electrochemical 

devices. 
The material has many advantages for sensitized photochemistry and photo-

electrochemistry: it is a low cost, widely available, non-toxic and biocompatible material, 

and as such is even used in health care products as well as domestic applications such as 

paint pigmentation. The standard dye at the time was tris(2,2’-bipyridyl-4,4’-carboxylate) 

ruthenium(II), the function of the carboxylate being the attachment by chemisorption of 

the chromophore to the oxide substrate. Progress thereafter, until the announcement in 

1991 of the sensitized electrochemical photovoltaic device with a conversion efficiency at 

that time of 7.1% under solar illumination, was incremental, a synergy of structure, 

substrate roughness and morphology, dye photophysics [35] and electrolyte redox 

chemistry. That evolution has continued progressively since then, with certified efficiency 

now over 10%. 

2.1.2 Structure and working principles of DSSCs 

The DSSC consists of the following staffs (Fig. 1). (1) transparent conductive oxide glass (F-

doped SnO2 glass (FTO glass), (2) Nanoporous TiO2 layers (diameter ; 15-20 nm), (3) dye 

monolayer bonded to TiO2 nano-particles, (4) electrolytes consisting of I- and I3- redox 

species, (5) platinum, (6) a counter electrode. 

A schematic presentation of the operating principles of the DSSC is given in Fig. 2. At the 

heart of the system is a mesoscopic oxide semiconductor film, which is placed in contact 

with a redox electrolyte or an organic hole conductor. The choice of material has been TiO2 

(anatase) although alternative wide hand gap oxides such as ZnO, and Nb2O5 have also been 

investigated. Attached to the surface of the nanocrystalline film is a monolayer of the 

sensitizer. Photo-excitation of the latter results in the injection of an electron into the 

conduction band of the oxide. The dye is regenerated by electron donation from the 

electrolyte, usually an organic solvent containing a redox system, such as the iodide/ 

triiodide couple. The regeneration of the sensitizer by iodide intercepts the recapture of the 

reduction of the conduction band electron by the oxidized dye. The iodide is regenerated in 

turn by triiodide at the counter electrode when the circuit is completed via electron 

migration through the external load. 
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Fig. 1. A schematic presentation of a cross-section structure of the DSSC. 

 

 

Fig. 2. A schematic presentation of the operating principles of the DSSC. 

 TiO2/S + hν→ TiO2/S*  (I) 

 TiO2/S*→ TiO2/S+ + ecb  (II) 

 TiO2/S+ + ecb→ TiO2/S  (III)  

 TiO2/S+ + (3/2)I−→ TiO2/S + (1/2)I3−  (IV)  

 (1/2)I3− + e(pt)→ (3/2)I−, I3− + 2ecb→ 3I− (V)  

Light absorption is performed by a monolayer of dye (S) adsorbed chemically at the 
semiconductor surface and excited by a photon of light (Eq. (I)). After having been excited (S*) 
by a photon of light, the dye-usually a transition metal complex whose molecular properties 
are specifically for the task is able to transfer an electron to the semiconductor (TiO2) by the 
injection process (Eq. (II)). The efficiency of a DSSC in the process for energy conversion 
depends on the relative energy levels and the kinetics of electron transfer processes at the 
liquid junction of the sensitized semiconductor/electrolyte interface. For efficient operation of 
the cell, the rate of electron injection must be faster than the decay of the dye excited state. 
Also, the rate of rereduction of the oxidized dye (dye cation) by the electron donor in the 
electrolyte (Eq. (IV)) must be higher than the rate of back reaction of the injected electrons with 
the dye cation (Eq. (III)), as well as the rate of reaction of injected electrons with the electron 
acceptor in the electrolyte (Eq. (V)). Finally, the kinetics of the reaction at the counter electrode 
must also guarantee the fast regeneration of charge mediator (Eq. (V)), or this reaction could 
also become rate limiting in the overall cell performance [36-39]. 
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2.1.3 Present DSSC research and development 

2.1.3.1 Sensitizer (Dye) 

The ideal sensitizer for a single junction photovoltaic cell converting standard global AM 1.5 
sunlight to electricity should absorb all light below a threshold wavelength of about 920 nm. 
In addition, it must also carry attachment groups such as carboxylate or phosphonate to 
firmly graft it to the semiconductor oxide surface. Upon excitation it should inject electrons 
into the solid with a quantum yield of unity. The energy level of the excited state should be 
well matched to the lower bound of the conduction band of the oxide to minimize energetic 
losses during the electron transfer reaction. 
Its redox potential should be sufficiently high that it can be regenerated via electron 
donation from the redox electrolyte or the hole conductor. Finally, it should be stable 
enough to sustain about 108 turnover cycles corresponding to about 20 years of exposure to 
natural light. 
 

 

Fig. 3. Chemical structure of the N3 ruthenium complex used as a charge transfer sensitizer 
in DSSCs. 

The best photovoltaic performance both in terms of conversion yield and long-term stability 
has so far been achieved with polypyridyl complexes of ruthenium and osmium. Sensitizers 
having the general structure ML2(X)2, where L stands for 2,2’-bipyridyl-4,4’-dicarboxylic 
acid M is Ru or Os and X presents a halide, cyanide, thiocyanate, acetyl acetonate, 
thiacarbamate or water substituent, are particularly promising. Thus, the ruthenium 
complex cis-RuL2(NCS)2, known as N3 dye, shown in Fig. 3 has become the paradigm of 
heterogeneous charge transfer sensitizer for mesoporous solar cells. 

2.1.3.2 Mesoporous oxide film development 

When the dye-sensitized nanocrystalline solar cell was first presented, perhaps the most 
puzzling phenomenon was the highly efficient charge transport through the nanocrystalline 
TiO2 layer. The mesoporous electrodes are very much different compared to their compact 
analogs because (i) the inherent conductivity of the film is very low; (ii) the small size of the 
nanocrystalline particles does not support a built-in electrical field; and (iii) the electrolyte 
penetrates the porous film all the way to the back-contact making the 
semiconductor/electrolyte interface essentially three-dimensional. Charge transport in 
mesoporous systems is under keen debate today and several interpretations based on the 
Montrol Scher model for random displacement of charge carriers in disordered solids [40] 
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have been advanced. However, the “effective” electron diffusion coefficient is expected to 
depend on a number of factors such as trap filling and space charge compensation by ionic 
motion in the electrolyte. Therefore, the theoretical and experimental effort will continue as 
there is a need for further in depth analysis of this intriguing charge percolation process. 
The factors controlling the rate of charge carriers percolation across the nanocrystalline film 
are presently under intense scrutiny. Intensity modulated impedance spectroscopy has 
proved to be an elegant and powerful tool [41,42] to address important questions related to 
the characteristic time constants for charge carrier transport and reaction dynamics in 
DSSCs. On the material science side, future research will be directed towards synthesizing 
structures with a higher degree of order than the random fractal-like assembly of 
nanoparticles shown in Fig. 4. A desirable morphology of the films would have the 
mesoporous channels or nanorods aligned in parallel to each other and vertically with 
respect to the transparent conducting oxide (TCO) glass current collector. This would 
facilitate pore diffusion, give easier access to the film surface avid grain boundaries and 
allow the junction to be formed under better control.  
 

 

Fig. 4. Scanning electron micrograph of a sintered mesoscopic TiO2 film supported on an 
FTO glass. The average particle size is 20 nm. 

One approach to fabricate such oxide structures is based on surfactant templates assisted 
preparation of TiO2 nanotubes as described in recent paper by Adachi et al. [43]. The hybrid 
nanorod-polymer composite cells developed by Huynh et al. [44] have confirmed the 
superior photovoltaic performance of such films with regards to random particle networks. 

2.1.3.3 Polymer electrolytes 

The polymer-based material is generally produced in a thin-film configuration by casting or 
spin-coating techniques. Polymer electrolytes are composed by alkaline salts (e.g. lithium or 
sodium salts) dissolved in a high molar mass polyether host (e.g. poly(ethylene oxide) (PEO) 
or poly(propylene oxide) (PPO)) [45]. In polymer electrolytes, the polymer matrix should be 
an efficient solvent for the salt, capable of dissociating it and minimizing the formation of 
ion pairs. The solubility of the salt relies on the ability of the electron donor atoms in the 
polymer chain to coordinate the cation through a Lewis type acid–base interaction. This 
interaction also depends on the lattice energy of the salt and the structure of the host 
polymer. The mechanism for ionic motion in polymer electrolytes results from a solvation–
desolvation process along the chains that occurs predominantly in the amorphous polymer 
phase. Since the ionic motion is strictly correlated with the segmental motion of the polymer 
chains, the ionic conductivity increases with increasing chain mobility. The ionic 
conductivity is also a function of the number of charge carriers in the polymer matrix. 
However, above a limiting high salt concentration the segmental motion of the polymer 
chains is reduced due to an “ionic cross-linking” which decreases ionic conductivity [46]. 
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2.1.4 Characteristics of DSSCs 
There are several factors for characterization of DSSCs below; (See Fig. 5). 

2.1.4.1 Incident photon-to current efficiency (IPCE) 

The Incident Photon-to-Current Efficiency (IPCE), also called external quantum efficiency, is 
defined as the number of electrons generated by light in the external circuit divided by the 
number of incident photons as a function of excitation wavelength. It is expressed in Eq. (1) 
[47]. A high IPCE is a prerequisite for high-power photovoltaic applications, which depends 
on the sensitizer photon absorption, excited state electron injection. And electrons transport 
to the terminals.  

 IPCE = [(1.25x103) x photocurrent density(mAcm-2)] x [Wavelength(nm) x photon flux (Wm-2) ]-1 (1) 

2.1.4.2 Open-circuit voltage (Voc) 

If there is no external circuit, the incoming photons will still create hole-electron pairs and 
they will still travel downhill to the layers, but they will pile up there because there is no 
external wire. The number of carriers leaking back is equal to the number being generated 
by the incoming light, an equilibrium voltage has been reached. This is called the open-
circuit voltage (Voc). In DSSCs, Voc is defined by the difference between Fermi level of TiO2 
and redox potential of electrolyte [10].  
 

 

Fig. 5. Several factors for characterization of DSSC. 

2.1.4.3 Short-circuit current (Isc) and Short-circuit current density (Jsc) 

If the external circuit is simply a wire and has no appreciable resistance, the current that flows 
is the short-circuit current (Isc) and is directly related to the number of photons of light being 
absorbed by the cell. Short-circuit current density (Jsc) is short-circuit current per active area. 

2.1.4.4 Fill factor (FF) 

The fill factor (FF) is obtained by diving the product of current and voltage measured at the 
power point (maximum output power Pmax) by the product of short-circuit current and the 
open-circuit voltage. The power point is the maximum product of the cell voltage and the 
photocurrent obtained on the I-V curve. 

 Pmax = Imax x Vmax = FF x Isc x Voc (2) 
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 FF = Pmax / Isc x Voc (3) 

2.1.4.5 Power conversion efficiency  

The power conversion efficiency (η) of the dye-sensitized solar cell is determined by the 
photocurrent density measured at short-circuit, Voc, the FF of the cell, and the intensity of 
the incident light (Pi) as shown in follow equation. 

 η = Isc x Voc x FF / Pi  (4) 

Sometimes the use of the ratio of the maximum power output (Pmax) to the incident power 
input (Pin), defined as 

 η = Pmax / Pin = Isc x Voc x FF / Pin (5) 

2.1.5 Advantages and disadvantages of DSSCs 
The major advantage of the concept of dye sensitization is the fact that the conduction 
mechanism is based on a majority carrier transport as opposed to the minority carrier 
transport of conventional inorganic cells. This means that bulk or surface recombination of 
the charge carriers in the TiO2 semiconductor cannot happen. Thus, impure starting 
materials and a simple cell processing without any clean room steps are permitted, yet 
resulting in promising power conversion efficiencies of 7 - 11% and the hope of a low-cost 
device for photoelectrochemical solar energy conversion. On the other hand impure 
materials can result in a strongly reduced lifetime of the cells. The most important issue of 
the dye-sensitized cells is the stability over the time and the temperature range which occurs 
under outdoor conditions. Although it could be shown, that intrinsic degradation can 
considerably be reduced, the behavior of the liquid electrolyte under extreme conditions is 
still unknown. For a successful commercialization of these cells, the encapsulation/sealing, 
the coloration and the electrolyte filling has to be transferred into fully automated lines 
including the final closure of the filling openings. Therefore, a significant effort is taken in 
order to replace the liquid electrolyte by a gel electrolyte, a solid-state electrolyte or a p-type 
conducting polymer material.  

2.2 Electrospinning 
2.2.1 History of electrospinning method 
The process of using electrostatic forces to form synthetic fibers, known as electrospinning, 
has been known for over 100 years. From 1934 to 1944, Formhals published a series of 
patents [25,48,49,50], describing an experimental setup for the production of polymer 
filaments using an electrostatic force. A polymer solution, such as cellulose acetate, was 
introduced into the electric field. It was not until 1934, when Formhals patented a process, 
that electrospinning truly surfaced as a valid technique for sinning small-diameter fibers. In 
1952, Vonnegut and Neubauer were able to produce streams of highly electrified uniform 
droplets of about 0.1mm in diameter [51]. They invented a simple apparatus for the 
electrical atomization. In 1955, Drozin investigated the dispersion of a series of liquids into 
aerosols under high electric potentials [52]. Formhals studied for a better understanding of 
the electrospinning process; however, it would be nearly 30years before Taylor would 
publish work regarding the jet forming process. In 1969, Taylor published his work 
examining how the polymer droplet at the end of a capillary behaves when an electric field 
is applied [53]. In his studies he found that the pendant droplet develops into a cone (now 
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called the Taylor cone) when the surface tension is balanced by electrostatic forces. In 1971, 
Baumgarten made an apparatus to electrospun acrylic fibers with diameters in the range of 
0.05-1.1 microns [54]. Since 1980s and especially in recent years, the electrospinning process 
has regained more attention probably due to interest in nanotechnology, as ultrafine fibers 
or fibrous structures of various polymers with diameters down to submicrons or 
nanometers can be easily fabricated with this process. One of the most important 
applications of traditional micro-size fibers, especially engineering fibers such and carbon, 
glass, and Kevlar fivers is to be used as reinforcements in composite developments [55]. In 
addition to composite reinforcement, other application fields based on electrospun polymer 
nanofibers, such as medical prosthesis [55-57], filtration, cosmetics [59], tissue engineering 
[60], liquid crystal device [61], electromagnetic shielding and photovoltaic device [62], have 
been steadily extended especially in recent years.  

2.2.2 Principles of electrospinning method 
Fig. 6 shows the schematic diagram of the electrospinning method. There are basically three 
components to fulfill this process: a high voltage supplier, a capillary tube with a pipette or 
needle of a small diameter, and a metal collecting screen. A typical electrospinning setup 
consists of a capillary through which the liquid to be electrospun is forced; a high voltage 
source with positive or negative polarity, which injects charge into the liquid; and a 
grounded collector. Once it has been ejected out of the metal needle with a small hole, the 
polymer solution was introduced into the electric field. The polymer filaments formed 
between two electrodes bearing electrical charges of opposite polarity. Before the polymer 
solution reach the collector, the polymer solution jet evaporates or solidifies, and is collected 
as an interconnecting web of small fibers. One of these electrodes was placed into the 
solution and the other onto a collector (Fig. 7).  
 

 

Fig. 6. Schematic diagram of the electrospinning method. 

2.2.3 Ideal targets of electrospun nanofibers  
As long as a polymer can be electrospun into nanofibers, ideal targets would be in that: (1) 
the diameters of the fibers be consistent and controllable, (2) the fiber surface be defect-free 
or defect-controllable, and (3) continuous single nanofibers be collectable. However 
researches so far have shown that there three targets are by no means easily achievable [26]. 

2.2.4 Processing parameters 
There are a number of processing parameters that can greatly affect fiber formation and 
structure. The parameters are polymer concentration, applied voltage, flow rate, tip to 
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collector distance (TCD) and Solvent volatility. Furthermore, all parameters can influence 
the formation of bead defects.  

2.2.4.1 Polymer concentration 

The polymer concentration determines the spinnability of a solution, namely whether a fiber 
forms or not. The solution must have a high enough polymer concentration for chain 
entanglements to occur; however the solution cannot be either too dilute or too concentrated. If 
the solution is too dilute then the fibers break up into droplets before reaching the collector 
due to the effects of surface tension. However, if the solution is too concentrated then fibers 
cannot be formed due to the high viscosity, which makes it difficult to control the solution 
flow rate through the capillary. Thus, an optimum range of polymer concentrations exists in 
which fibers can be electrospun when all other parameters are held constant. A higher 
viscosity results in a larger fibers diameter [53, 63]. When polymers dissolve in a solvent, the 
solution viscosity is proportional to the polymer concentration. Thus, the higher the polymer 
concentration the larger the resulting nanofiber diameters will be. 

2.2.4.2 Applied voltage 

The strength of the applied electric field controls formation of fibers from several microns in 
diameter to tens of nanometers. Deitzel et al. examined a polyethylene oxide (PEO)/water 
system and found that increases in applied voltage altered the shape of the surface at which 
the Taylor cone and fiber jet were formed [64]. At lower applied voltages the Taylor cone 
formed at the tip of the drop; however, as the applied voltage was increased the volume of 
the drop decreased until the Taylor cone was formed at the tip of the capillary, which was 
associated with an increase in bead defects seen among the electrospun fibers (Fig.8). 
Moreover, another parameter which affects the fiber diameter to a remarkable extent is the 
applied voltage. In general, a higher applied voltage ejects more fluid in a jet, resulting in a 
larger fiber diameter [27]. 

2.2.4.3 Flow rate 

Polymer flow rate also has an impact of fiber size, and additionally can influence fiber 
porosity as well as fiber shape. In the Taylor’s work, they realized that the cone shape at the 
tip of the capillary cannot be maintained if the flow of solution through the capillary is 
insufficient to replace the solution ejected as the fiber jet [53]. They demonstrated that both 
fiber diameter and pore size increase with increasing flow rate. Additionally, at high flow 
rates significant amounts of bead defects were noticeable, due to the inability of fibers to dry 
completely before reaching the collector [60].  
 

 

Fig. 7. Effect of varying the applied voltage on the formation of the Taylor cone. 
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2.2.4.4 Tip to collector distance (TCD) 

The distance of between capillary tip and collector can also influence fiber size by 1-2 orders 
of magnitude. Additionally, this distance can dictate whether the end result is 
electrospinning or electrospraying. Doshi and Reneker found that the fiber diameter 
decreased with increasing distances from the Taylor cone [65]. 

2.2.4.5 Solvent volatility 

Choice of solvent is also critical as to whether fibers are capable of forming, as well as 
influencing fiber porosity. In order for sufficient solvent evaporation to occur between the 
capillary tip and the collector a volatile solvent must be used. As the fiber jet travels through 
the atmosphere toward the collector a phase separation occurs before the solid polymer 
fibers are deposited, a process that is greatly influenced by volatility of the solvent. Zhao et 
al. examined the structural properties of 15 wt % of poly(Vinylidene Fluoride) nanofibers 
with different volume ratios in DMF/Acetone [66]. When DMF was used as the solvent 
without acetone, bead-fibers were found. When 9:1 DMF/acetone was used a s the solvent 
in the polymer solution, beads in the electrospun almost disappeared. Furthermore, the 
ultafine fibers without beads demonstrated clearly when the acetone amount in the solution 
increased to 20 %. Acetone is more volatile than DMF. Furthermore, the changes of solution 
properties by the addition of acetone could probably improve the electrospun membrane 
morphology and decrease the possibility of bead formation.  

3. Results 

3.1 Preparation of electrospun poly(vinylidene fluoride-hexafluoropropylene) (PVDF-
HFP) nanofibers 
Generally, in the electrospinning method, the changing of the parameters had a great effect 
on fiber morphology. To prepare the electrospun PVDF-HFP nanofiber films with the 
suitable morphology, we prepared the electrospun PVDF-HFP nanofiber films by several 
parameters such as the applied voltage(voltage supplier: NNC-ESP100, Nano NC Co., Ltd.), 
the tip-to-collector distance (TCD), and the concentration of the PVDF-HFP. First, the PVDF-
HFP was dissolved in acetone/DMAc (7/3 weight ratio) for 24 hours at room temperature. 
Then, we prepared the electrospun PVDF-HFP nanofibers by the electrospinning method 
with different parameters. The applied voltage was ranged from 8 to 14 kV, TCD was varied 
from 13 to 21 cm, and the concentration of PVDF-HFP varied from 11 to 17 wt %. On all 
occasions, we used a syringe pump (781100, Kd Scientific) to control the flow rate of the 
polymer solution, the solution flow rate was 2 ml/h. 
In the electrospinning method, the changing of the polymer concentration had a great effect 
on fiber morphology. To investigate the influence of polymer concentrations on the 
electrospun PVDF-HFP nanofibers, we prepared the PVDF-HFP nanofibers. When the 
polymer concentration were varied from 11 wt% to 17 wt%, TCD and applied voltages were 
15 cm and 14 kV, respectively. Over the polymer solution of 19 wt% and below the polymer 
solution of 9 wt%, the nanofibers did not form. Fig. 8 shows the surface images of the 
electrospun PVDF-HFP nanofibers observed by FE-SEM and the diameter distributions of 
nanofibers. The increase of the polymer concentration resulted in an increase of the average 
fiber diameter of the electrospun PVDF-HFP nanofibers. In particular, the PVDF-HFP 
nanofiber, which was prepared from 15 wt% of polymer concentration showed a highly 
regular morphology with an average diameter of 800 - 1000 nm. 
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Fig. 8. FE-SEM images of electrospun PVDF-HFP nanofibers with different polymer 
concentrations (Applied voltage = 14 kV, TCD = 15 cm, flow rate = 2 ml/h) and their 
diameter distributions: (a) 11 wt%, (b) 13 wt%, (c) 15 wt%, (d) 17 wt%. 

 

Fig. 9. FE-SEM images of electrospun PVDF-HFP nanofiber with different applied voltages 
(TCD = 15 cm, polymer concentration = 15 wt%, flow rate = 2 ml/h) and their diameter 
distributions: (a) 8 kV, (b) 10 kV, (c) 12 kV, (d) 14 kV.  
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Fig. 10. FE-SEM images of electrospun PVDF-HFP nanofibers with different TCDs (Applied 
voltage = 14 kV, polymer concentration = 15 wt%, flow rate = 2 ml/h) and their diameter 
distributions: (a) 13 cm, (b) 15 cm, (c) 17 cm, (d) 19 cm.  

To investigate the effect of applied voltage, experiments were carried out when the applied 
voltage was varied from 8 kV to 14 kV, TCD and polymer concentrations were held at 15 cm 
and 15 wt%, respectively. The morphologies of electrospun PVDF-HFP nanofibers prepared 
are shown in Fig. 9.  
In addition, we prepared the electrospun PVDF-HFP nanofibers when the TCD was varied 
from 13 cm to 19 cm, applied voltage and polymer concentrations were held at 14 kV and 15 
wt%, respectively. The morphologies of prepared electrospun PVDF-HFP nanofibers 
prepared are shown in Fig. 10. When the TCD was just close below 13 cm, irregular fiber 
morphology was formed, because the polymer jet arrived at the collector before the 
solidification. Therefore, we were able to optimize the preparation condition at an applied 
voltage of 14 kV, a polymer concentration of 15 wt%, and TCD of 15 cm to obtain the regular 
PVDF-HFP nanofibers.  
As the changing of such parameters in the electrospinning method, the diameter and the 
morphology of the nanofibers fabricated were changed. At the condition of the 15 wt% of 
PVDF-HFP polymer solution, 14 kV of the applied voltage, 15 cm of the TCD and 2 ml/h of 
the flow rate, the nanofibers of the electrospun PVDF-HFP films showed extremely regular 
morphology with diameter of average 0.8 ~ 1.0 μm. 
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3.2 Characterizations of PVDF-HFP nanofibers 
The pore size, the volume fraction and interconnectivity of pore domain, and the type of 
porous polymer matrix will determine the uptake and the ion conductivity of the electrolyte 
[63]. To investigate the effect of porous polymer matrix, the spin-coated PVDF-HFP film was 
also fabricated by using conventional spin-coating method, and measured the ionic 
conductivity under the same condition. The ionic conductivity of the spin-coated PVDF-HFP 
film was 1.37×10-3 S/cm, and this value showed lower value than the electrospun PVDF-
HFP nanofiber film. 
To measure the uptake and the porosity of the electropsun PVDF-HFP nanofiber films from 
electrolyte solution, the electropsun PVDF-HFP nanofiber films were taken out from the 
electrolyte solution after activation and excess electrolyte solution on the film surface was 
wiped. 
The electrolyte uptake (U) was evaluated according to the following formula: 

U= [(m-m0)/m0]×100%  

where m and m0 are the masses of wet and dry of the electrospun nanofiber films, 
respectively. 
The porosity (P) of the electrospun nanofibers was calculated from the density of 
electrospun PVDF-HFP nanofibers (ρm, g/cm3) and the density of pure PVDF-HFP (ρp= 
1.77g/cm3): 

P (vol.%) = (1- ρm/ρp) ×100  

The density of the electrospun PVDF-HFP nanofibers was determined by measuring the 

volume and the weight of the electrospun PVDF-HFP nanofibers. The uptake and the 

porosity of the electrospun PVDF-HFP nanofiber film was obtained 653±50 % and 70±2.3 %, 

respectively, regardless the diameter and the morphology of nanofibers prepared with 

various parameters. 

3.3 Fabrications of DSSCs devices using PVDF-HFP nanofibers 
We prepared the DSSC devices, sandwiched with working electrode using TiO2 
impregnated dyes and counter electrode using a platinum (Pt, T/SP) electrode as two 
electrodes. The DSSC device was fabricated using this following process. The TiO2 pastes 
(Ti-Nanoxide, HT/SP) were spread on a FTO glass using the doctor blade method and 
calcinated at 500 oC. The sensitizer Cis-di(thiocyanato)-N,N-bis(2,2’-bypyridil-4.4’-
dicarboxylic acid)ruthenium (II) complex (N3 dye) was dissolved in pure ethanol in a 
concentration of 20 mg per 100 ml of solution. The FTO glass deposited TiO2 was dipped in 
an ethanol solution at 45 oC for 18 hours. The electospun PVDF-HFP nanofibers or the spin-
coated PVDF-HFP film were cut by 0.65 cm × 0.65 cm after drying, and put on the TiO2 
adsorbed the dyes, the electrolyte solution was dropped above them, and dried in a dry 
oven at 45 oC for 2 hours to evaporate wholly the solvent. To compare with the electrospun 
PVDF-HFP nanofiber films, the conventional spin-coating method was used for making a 
spin-coated PVDF-HFP film. In all cases, the thickness of the electrospun PVDF-HFP 
nanofibers and spin-coated PVDF-HFP film were 30±1 μm by using digimatic micrometer. 
The electrolyte was consisted of 0.10 M of iodine (I2), 0.30 M of 1-propyl-3-
methylimidazolium iodide (PMII), and 0.20 M of tetrabutylammonium iodide (TBAI) in the 
solution of ethylene carbonate (EC)/ propylene carbonate (PC)/ acetonitrile (AN) (8:2:5 
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v/v/v). The Pt pastes were spread on a FTO glass using the doctor blade method and 
calcinated at 400 oC.  

3.4 Photovoltaic properties of the DSSC devices using PVDF-HFP nanofibers 
The DSSC devices using several different electrospun PVDF-HFP nanofibers on various 
parameters were fabricated and their photovoltaic characteristics are summarized in Table 1 
– 3. I-V curves of the DSSC devices using them are shown in Fig. 11. The concentration of 
the PVDF-HFP solution was 15 wt% in acetone/DMAc (7/3 by weight ratio). The 
photovoltaic characteristics of the DSSC devices were measured by using Solar Simulator 
(150 W simulator, PEC-L11, PECCELL) under AM 1.5 and 100 mW/cm2 of the light  

intensity. 
 

 

Fig. 11. I-V curves of DSSC devices using electrospun PVDF-HFP nanofibers under 
illumination at AM 1.5 condition: (a) different polymer concentrations, (b) different applied 
voltages, (c) different TCDs. 
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Polymer concentration 
(wt.%) 

VOC 

(V) 
JSC 

(mA/cm2) 
FF 

η 
(%) 

11 0.74 10.88 0.60 4.78 

13 0.73 10.57 0.62 4.78 

15 0.74 10.89 0.63 5.02 

17 0.72 9.92 0.62 4.41 

Table 1. Photovoltaic performances of DSSC devices using electrospun PVDF-HFP 
nanofibers on different polymer concentrations 

 

Applied voltage 
(kV) 

VOC 

(V) 
JSC 

(mA/cm2) 
FF 

η 
(%) 

8 0.74 10.50 0.57 4.41 

10 0.73 10.10 0.56 4.17 

12 0.74 10.30 0.58 4.35 

14 0.74 10.88 0.63 5.02 

Table 2. Photovoltaic performances of DSSC devices using electrospun PVDF-HFP 
nanofibers on different applied voltages 

 

TCD 
(cm) 

VOC 

(V) 
JSC 

(mA/cm2) 
FF 

η 
(%) 

13 0.73 10.10 0.58 4.30 

15 0.74 10.88 0.63 5.02 

17 0.73 10.20 0.57 4.23 

19 0.73 9.72 0.60 4.21 

Table 3. Photovoltaic performances of DSSC devices using electrospun PVDF-HFP 
nanofibers on different TCDs 

 

Type VOC (V) JSC (mA/cm2) FF η (%) 

Electrospun PVDF-HFP 
nanofiber film 

0.75 12.3 0.57 5.21 

Spin-coated PVDF-HFP 
film 

0.67 3.87 0.55 1.43 

Table 4. Photovoltaic characteristics of DSSC devices using electrospun PVDF-HFP 
nanofiber film and spin-coated PVDF-HFP film in polymer electrolytes 

The active area of the DSSC devices measured by using a black mask was 0.25 cm2. The VOC, 
JSC, FF, and η of the DSSC device using the spin-coated PVDF-HFP film were 0.67 V, 3.87 
mA/cm2, 0.56, and 1.43 %, respectively. The η of DSSC device using the spin-coated PVDF-
HFP film was lower than it of the DSSC device using electrospun PVDF-HFP nanofiber 
films, because of the decrease of JSC, and all data are summarized in Table 4 and their I-V 
curves are shown in Fig. 12. This result seemed that because the porosity of the electrospun 
PVDF-HFP nanofibers is higher than it of the spin-coated PVDF-HFP film, ion transfer 
occurred well and regular nanofiber morphology helped to transfer ion produced by redox 
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mechanism, therefore, overall power conversion efficiency of DSSC devices using the 
electrospun PVDF-HFP nanofiber films was higher than that of the DSSC device using spin-
coated PVDF-HFP film. However, the minute change of nanofibers diameter was influenced 
little on power conversion efficiency. 
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Fig. 12. I-V curves of the DSSC devices using electrospun PVDF-HFP nanofibers and spin-
coated PVDF-HFP film. 

3.5 Effect of electrolyte in the electrospun PVDF-HFP nanofibers on DSSC  
The photovoltaic performance of DSSC devices using the electrospun PVDF-HFP nanofibers 
showed remarkable improved results compared to DSSC devices using the spin-coated 
PVDF-HFP film. To prove these results, the interfacial charge transfer resistances were 
investigated by the EIS measurement. The EIS data were measured with impedance 
analyzer at same condition using FTO/TiO2/electrolyte/Pt/FTO cells, and fitted by Z-MAN 
software (WONATECH) and Echem analyst (GAMRY). The Nyquist plots of the 
FTO/TiO2/electrolyte/Pt/FTO cells and charge transfer resistances are shown in Fig. 13 
and Table 5, respectively. The equivalent circuit of DSSC devices is shown in Fig. 14. The RS, 
R1CT and R2CT were series resistance, the charge transfer resistance of Pt/electrolyte 
interface, and the charge transfer resistance of TiO2/electrolyte interface, respectively. The 
R2CT of the DSSC device using the spin-coated PVDF-HFP film was similar to that of the 
DSSC device using the electrospun PVDF-HFP nanofibers. However, the RS and R1CT of the 
DSSC device using the spin-coated PVDF-HFP film were higher than those of the DSSC 
device using the electrospun PVDF-HFP nanofibers. These results showed that the spin-
coated film has a higher resistance than the electropun nanofibers, and poor I-/I3- activity 
between Pt and electrolyte affected to the low value of the JSC. As a result, the η of the DSSC 
device using the spin-coated PVDF-HFP film showed low value. 
 

Type RS (Ω) R1CT (Ω) R2CT (Ω) 

Electrospun PVDF-HFP 
nanofibers 

21.70 11.01 11.07 

Spin-coated PVDF-HFP 
film 

31.87 25.02 14.37 

Table 5. The series resistances (RS), the charge transfer resistance of the Pt/electrolyte (R1CT) 
and TiO2/electrolyte (R2CT) in the DSSC devices under AM 1.5 by the EIS measurement 
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Fig. 13. Nyquist plots the FTO/TiO2/electrolyte/Pt/FTO device using (a) electrospun 
PVDF-HFP nanofiber film electrolyte, and (b) spin-coated PVDF-HFP film electrolyte. 

 

 

Fig. 14. The equivalent circuit of the DSSC device. (RS: Series resistance, R1CT: charge transfer 
resistance of Pt/electrolyte, R2CT: charge transfer resistance of TiO2/electrolyte, Q1 and Q2: 
constant phase element) 

 

 

Fig. 15. Ionic conductivities of electrospun PVDF-HFP nanofiber films and Jsc of DSSC 
devices using electrospun PVDF-HFP nanofiber films with mole ratio of iodine to TBAI. 

In addition, to investigate the photovoltaic effect of I2 concentrations on DSSC using the 

electrospun PVDF-HFP nanofiber, we prepared FTO/TiO2/Dye/Electrolyte/Pt/FTO 

devices with various mole ratios of I2 to TBAI in electrolyte solutions. In Table 6, as the 

increase of the I2 concentration in electrolyte, the ionic conductivity of the electrospun 
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PVDF-HFP nanofiber films increased, while the photocurrent density of the DSSC devices 

using the electrospun PVDF-HFP nanofibers electrolyte decreased. The relationship between 

the ionic conductivity the electrospun PVDF-HFP nanofiber films and the photocurrent 

density of the DSSC devices are illustrated in Fig. 15 and I-V curves are shown in Fig. 16. In 

general, the photocurrent density of DSSC using the liquid electrolyte is proportionate to the 

ionic conductivity in electrolyte. From these results, we found that the photocurrent density 

and the efficiency on DSSC using the electrospun PVDF-HFP nanofibers electrolyte are not 

necessarily proportionate to the ionic conductivity in electrolyte. 
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Fig. 16. The I-V curves of the DSSC devices using electrospun PVDF-HFP nanofibers with 
mole ratio of iodine to TBAI. 

4. Future outlooks 

During the rebirth of polymer electrospining over the past decade the applicability of 

electrospun fibers has become apparent across many fields. This highly adaptable process 

allows the formation of functional fibrous membranes for applications such as tissue 

engineering, drug delivery, sensor, cosmetic and photovoltaic devices. Electrospun 

nanofibers offer an unprecedented flexibility and modularity in design. Improvements in 

strength and durability, and their incorporation in composite membranes, will allow there 

scaffolds to compete with existing membrane technology. Currently, the research field of 

electrospnning is ripe with functional materials from resorbable cells to ceramic solid-phase 

catalyst and continued research interest is expected to improve most areas of full cells and 

photovoltaic cells. 
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