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Abstract The most efficient DSSCs reported till date

contains liquid electrolytes with I-/I3- redox couple.

However, the disadvantages of liquid electrolytes lead to

reduce the impact of DSSCs. In the present work, the I-/

I3- liquid electrolyte was replaced by quasi-solid gel

polymer electrolytes (GPEs) using polyethylene glycol

(Mwt = 20,000), which are incorporated in small fractions

(0, 1, 5, 10, 15 and 20 % w/v) into the liquid iodine/iodide

electrolyte matrix. The roughness and homogeneity of the

GPEs on the surface of the TiO2 electrodes was monitored

by atomic force microscope which indicates the physical

cross linking of polymer chains in a gel network. The

conductivity (r) and the thermal stability (TGA) of the

GPEs compared with the liquid electrolyte were studied in

details. The photovoltaic characteristics [Voc, Isc, fill factor

and efficiency (g)] of the DSSCs based GPEs were

recorded, The results revealed the DSSCs assembled with

the gel polymer electrolyte reports a higher short circuit

density (JSC) and lower or similar open circuit voltage

(VOC) than the cells with liquid electrolyte. The overall

light-to-electrical-energy conversion efficiencies (g) of the

cells based GPEs showed a relatively higher stability over a

period of time compared with those based liquid electro-

lyte, indicating that the quasi-solid nature of the GPEs may

impart flexibility to DSSCs so that some large-scale pro-

ductions such as roll-to-roll process can be realized.

Keywords Quasi solid state DSSCs � Gel polymer

electrolyte � Polyethylene glycol

1 Introduction

Dye-sensitized solar cells (DSSC) have attracted great

attention for the past decade because of high energy con-

version efficiency (*10 %) and low production cost,

liquid electrolytes containing redox couple has been com-

monly used for the DSSC. However, these types of solar

cell require a perfect sealing to avoid some problems such

as leakage, evaporation of solvent, high-temperature

instability, and flammability therefore, many attempts have

been made to replace liquid electrolytes with quasi-solid/

solid-state electrolytes, such as ionic liquid-based gel

electrolytes [1–3], gel polymer electrolytes (GPEs) [4–6]

and solid polymer electrolytes [7–11]. Although signifi-

cantly high efficiencies have been accomplished from the

solid polymer electrolyte, solvent absence in the electrolyte

can easily lead to serious problems, such as crystallization

of the iodide salt and, consequently, deterioration of the

cell. This problem can be overcome by using GPEs [4, 5,

12], which are on the boundary between liquid and solid

electrolytes. The polymer matrix acts as a host for a plas-

ticizer which interpenetrates or swells the polymer. Thus, a

gel is formed between the plasticizer and the polymer host

structure, presenting high boiling point and assuring the

nonvolatile nature of the electrolyte. Owing to their unique

hybrid network structure, gels always possess, simulta-

neously, both the cohesive properties of solids and the

diffusive transport properties of liquids [13]. In addition,
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the plasticizer, usually a low molar mass polyether (e.g.

PEG) or a polar organic solvent (e.g. ethylene carbonate or

propylene carbonate), is introduced in small fractions into

the polymeric matrix in order to ensure high levels of ion

dissociation and thus to provide high ionic conductivity

and long life of the cell and offer a satisfactory overall

conversion efficiency [14].

In the present work, PEG, Mwt = 20,000, was incor-

porated into acetonitrile-based liquid electrolyte in differ-

ent w/v% in order to obtain a quasi-solid GPEs. The quasi-

solid GPEs enables high ionic conductivity and robustness

of DSSCs. Furthermore, GPEs are more thermally stable

than the liquid electrolyte in the range of 30–50 �C which

will show a relatively high and stable photon-to-current

photovoltaic efficiency of the fabricated DSSCs.

2 Experimental

2.1 Materials

Conducting glass plate (FTO glass, fluorine-doped SnO2

over layer, sheet resistance 18–25 X cm-2, made by Bei-

jing Building Material Factory, Beijing, China) was used as

a substrate for precipitating TiO2 porous film and was cut

into &0.25 cm2 sheets. Titanium isopropoxide, Tetra butyl

ammonium iodide, Tetra methyl ammonium iodide and

Acetonitrile from Sigma Aldrich company, Ruthenium

complex (N719) from Dye sol company, Diethanol Amine

from lobal chemie company, Lithium Iodide from MP

biomedicals company, Potassium iodide and Sodium

iodide from Qualikem company, Tetra methyl ammonium

iodide from Acros organics company and Polyethylene

glycol (Mwt = 20,000) from Sino Pharm company. All

reagents were used without further purification.

2.2 Preparation of Mesoporous TiO2 Films

Tetrabutyltitanate (10 mL) was rapidly added to distilled

water (100 mL), a white precipitate was formed

immediately. The precipitate was filtered using a glass frit

and washed three times with 100 mL distilled water. The

filter cake was added to nitric acid aqueous solution

(0.1 M, 160 mL) under vigorous stirring at 80 �C until the

slurry became a translucent blue–white liquid. The resul-

tant colloidal suspension was autoclaved at 200 �C for 12 h

to form white milky slurry. The resultant slurry was con-

centrated to one-fourth of its original volume, then PEG-

20000 (10 wt% slurry) and a few drops of emulsification

reagent of Triton X-100 were added to form a TiO2 colloid.

2.3 Preparation of Gel Polymer Electrolyte

0.1 M lithium iodide, 0.1 M potassium iodide, 0.1 M

sodium iodide, 0.1 M tetra butyl ammonium iodide, 0.1 M

tetra methyl ammonium iodide and 0.05 M I2 were dis-

solved into 100 mL acetonitrile at room temperature.

Appropriate amounts of polyethylene glycol (PEG,

Mwt = 20,000) were added subsequently to a definite

volumes of the prepared with I-/I3- liquid electrolyte

(0 wt of PEG). This has been done by incorporating dif-

ferent w/v% (0, 1, 5, 10, 15, and 20) of polyethylene glycol

(PEG) into acetonitrile-based liquid electrolyte by simple

mixing method [15]. The structure and operational princi-

ple for PEG as a polymer host and iodine/iodide as ionic

conductor is given in Fig. 1. PEG contains many ether

groups and polyhydric side groups, two kind of groups can

keep complexation with alkali metal ions such as potas-

sium ions, sodium ions and lithium ions. This interaction

between PEG and alkali metal iodide salts, leads to release

to the iodide anions that can be separated from alkali cat-

ions to form free anions as shown in Fig. 1.

2.4 Fabrication of Dye-Sensitized Solar Cells

The TiO2 colloid was dropped on the FTO glass plate using

a doctor blanding technique [16, 17]. The process was done

for three times to form a thick TiO2 film about 9 lm.

Finally, the TiO2 porous film was sintered by firing the

conducting glass sheet at 450 �C in air for 30 min. After

Fig. 1 Interaction mechanism between PEG polymer matrix and KI/Iodine redox couple
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cooled to 80 �C, the TiO2 film was immersed in a

2.5 9 10-4 M N719 Ru-dye (cis-[(dcbH2)2Ru(SCN)2])

absolute ethanol solution for 24 h to absorb the dye ade-

quately, then the dye-sensitized TiO2 film was washed up

with anhydrous ethanol and dried in moisture-free air. The

active area of the measured solar cells was approximately

0.25 cm2. The sputtered Pt over FTO as counter electrode

was used in this device.

The dye-sensitized solar cell was assembled by injecting

the electrolyte gel into the aperture between the TiO2

porous film electrode (anode electrode) and the Pt-counter

electrode. The two electrodes were clipped together. Under

the pressure of clips, gel polymer electrolyte was inserted

into the pores of dye-sensitized TiO2 nanostructure elec-

trode to form good interfacial contact.

A schematic presentation of the structure of quasi-solid

state DSSC using PEG as medium iodide/triiodide redox

couple is given in Fig. 2.

2.5 Measurement and Characterization

The surface morphology and roughness of the GPE was

investigated by atomic force microscope (AFM, Agilent

5500) using a noncontact mode. The ionic conductivities of

the GPEs were measured on Cyber scan 500 conductivity

meter. The thermogravimetric analysis (TGA) of the GPEs

Fig. 2 Schematic picture of the

Quasi-solid DSSC

Fig. 3 TGA curves of liquid

and GPEs with varying the PEG

content
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were carried out with a Seiko TG/DTA 220 analyzer. The

samples were heated at a rate of 10 �C min-1 under

nitrogen flow from 30 to 80 �C.

The current–voltage characteristics under illuminations

were measured using a KEITHLEY 2635, USA dual

channel system. The photovoltaic measurements were

performed using a xenon arc lamp (CHF-XM500, Trust-

tech Co., Ltd, China) solar simulator that its intensity was

adjusted to one sun (100 mW cm-2) using a calibrated c-Si

solar cell.

The performance parameters such as cell fill factor (FF)

and cell efficiency (g) were calculated using the following

equations:

FF ¼ Vmax: Jmax= Voc: Jsc ð1Þ
Pmax ¼ Voc:Jsc:FF ð2Þ
g ¼ Pmax=Plight ð3Þ

where Jsc is the short-circuit current density (mA cm-2),

Voc the open-circuit voltage (V), Pin the incident light

intensity, and Jma and Vmax correspond to maximum

current and voltage values at the point of maximum power

(Pmax) which were obtained from J–V curves.

3 Results and Discussion

3.1 Gel Polymer Electrolyte Characterizations

The TGA curves of GPEs with varying the PEG contents

under nitrogen atmosphere are shown in Fig. 3. A contin-

uous weight loss has occurred at low temperature up to

50 �C in the liquid (wt. loss % = 15 %) and the different

GPEs (wt. loss % = 11 %) because of the release of sol-

vent and absorbent water in ambient environment. At

higher temperature up to 80 �C, the different GPEs showed

a slightly higher thermal stability (wt. loss % in 20 %

PEG = 44 %) compared to the pure liquid electrolyte

(weight loss % = 55 %), which is mainly due to vapori-

zation of the acetonitrile solvent (bp 81 �C).

The AFM three-dimensional (3-D) image of the 15 %

w/v GPE layer on TiO2 photoelectrode is shown in Fig. 4.

it shows that the introduction of the inorganic filler induces

important structural and morphological modifications

indicating a physical cross linking of polymer chains in a

gel network.

The conductivity (r) of the GPEs used in this study was

examined. The variation of the ionic conductivity as a

function of the PEG content in PEG:LiI/I2 (GPE) is shown

in Fig. 5a and given in Table 1. It was found that the ionic

conductivity of all of the electrolytes containing PEG

slightly decreased with increasing PEG content (from 7.8

to 5.3 mS cm-1) which is mainly due to the cross-linking.

Fig. 4 AFM three-dimensional (3-D) image of the 15 % w/v GPE

layer on TiO2 photoelectrode

Fig. 5 The variation of; a conductivity, b open circuit voltage, c fill factor, d short circuit current–density; e efficiency, as a function of the PEG

content in PEG:LiI/I2
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As the degree of crosslinking increases, the viscosity of the

electrolyte also increases and, as a result, the ionic con-

ductivity decreases [18]. This provides information on the

mobility of the ions, their interaction with both the polymer

and the solvent and on ion-pairing phenomena, which are

expected to affect the photovoltaic performance and in

particular the FF of the solar cell.

3.2 Cell Performance and Photovoltaic Characteristics

The photovoltaic characteristic curves (J–V) and (P–V) of

DSSC with the different GPEs compared to that with liquid

electrolyte (free from PEG), at a light intensity of

100 mW cm-2 are presented in Fig. 6a, b, respectively.

The cell parameters including Voc, Jsc, Vmax, Jmax, FF

and efficiency of DSSCs employing the (I-/I3-) liquid and

the different (x %PEG:LiI/I2) GPEs electrolytes are pre-

sented in Fig. 5b–e and summarized in Table 1.

The DSSCs assembled with the gel polymer electrolyte

reports a higher short circuit density (JSC) and lower/sim-

ilar open circuit voltage (VOC) than the cells with liquid

electrolyte. This augment in current density can be attrib-

uted to the decreasing cell internal resistance of the iodide/

triiodide diffusion channel which depends on the extent of

crosslinking due to the presence of the polymer [19].

Another reason for the current density enhancement was

previously explained by the positive shift of the TiO2 band

Table 1 Photovoltaic parameters of DSSCs with the different quasi solid polymer electrolytes using different amounts of PEG (x %PEG:LiI/I2)

Parameter Voc (v) Jsc (mA cm-2) Vmax (v) Jmax (mA cm-2) FF g (%) Conductivity

(mS cm-1)

Liquid electrolyte (L) 0.66 10.97 0.45 9.06 0.56 4.08 7.77

1 %PEG/L (w/v) 0.60 14.83 0.35 10.33 0.42 3.62 6.10

5 %PEG/L (w/v) 0.55 12.66 0.33 9.39 0.44 3.09 5.61

10 %PEG/L (w/v) 0.54 14.08 0.31 9.69 0.39 3.00 5.01

15 %PEG/L (w/v) 0.62 11.80 0.35 8.59 0.41 3.00 5.83

20 %PEG/L (w/v) 0.58 10.59 0.32 6.75 0.35 2.16 5.30

Fig. 6 a Current density–voltage (J–V), b power–voltage (P–V)

characteristic curves of the DSSCs with liquid electrolyte and the

different GPEs, at a light intensity of 100 mW cm-2

Fig. 7 The photovoltaic efficiency of the DSSCs with respect to the

time
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edge due to protonation of TiO2 by the hydrophilic OH-

groups on the PEG polymer. This leads to a decrease of the

Voc, but improves the current density, Jsc with greater

electron injection yield and higher charge collection effi-

ciency [20]. The detailed schematic presentation of the

mechanism of the fabricated DSSC operation based on the

quasi-solid electrolyte is given in Fig. 2. The yield of

electron injection from the excited dyes into TiO2 is gov-

erned by the potential difference between the lowest

unoccupied molecular orbital (LUMO) level of the excited

dye and the TiO2 band edge. The driving potential for the

electron injection increases with the positive shift of the

TiO2 band edge, and thus the electron injection yield

becomes greater to result in high Jsc. Besides, the positive

charges adsorbed on the TiO2 surface can compensate the

injected electrons to improve the charge collection effi-

ciency so that high Jsc can be attained likewise in this case

[20]. However, further addition of PEG, leads to retarda-

tion in the current density, Jsc and hence the efficiency

which is due to the decrease in the ionic conductivity of the

iodine/iodide diffusion [13].

In order to investigate the dependence of the photovol-

taic performance on the reaction time of gel electrolyte

quasi-solid state DSSCs, a set of cells were fabricated and

tested at different times of continuous light exposure.

Figure 7 presents the photovoltaic efficiency of the solar

cells with respect to the time.

As expected, the PEG may contribute to the mainte-

nance of the efficiency of the solar cells through holding

the organic solvent and suppression of evaporation of

solvent molecules from the hole-transport layer [21]. The

cell based on liquid electrolyte lost its photoconversion

efficiency sharply during the first hour of light exposure,

while those cells fabricated by the GPEs exhibit higher

stability over two hours of irradiation.

4 Conclusion

A GPE contains I-/I3- redox couple using PEG as polymer

matrix, can make up several disadvantages of the current

liquid electrolytes without severe degradation in the pho-

toelectric conversion performance, and leads to a decrease

in the weight loss and more thermally stable compared to

liquid electrolyte based cells.
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