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A novel poly(acrylonitrile)/poly(ethylene glycol)-
based polymer gel electrolyte for high efficiency
dye sensitized solar cells†

Madhu Mohan Varishetty, *ab Murakami Kenji,c Nazia Tarannum, d

Srinivasa Rao Damarajue and Madhavi Jonnalagaddaf

This research article reports on a systematic approach to the development of polymer gel electrolytes

(PGEs) for the applications of dye-sensitized solar cells (DSSCs). The authors prepared PGE blend using

poly(acrylonitrile) (PAN) and poly(ethylene glycol) (PEG) polymers along with three different ionic salts.

They demonstrated a good ionic conductivity of 1.52 � 10�2 S cm�1, which improved PV performance.

The conduction mechanism of the (PAN/PEG) PGE is based on the interaction of three cations of

distinct sizes, Hex4N+, K+, and Li+ ions, with the polymer host. The rapid diffusion of I�/I3
� iodide ions

through the pores formed by PEG in the PGE is the primary cause of improved ionic conductivity.

Various compositions of (PAN/PEG) have been optimized to obtain a sufficient porous structure and

improved photon conversion efficiency (PCE) of the cell, achieving 8.6% in this research. X-ray

diffraction (XRD), field emission scanning electron microscopy (FE-SEM), impedance spectroscopy,

incident photon conversion efficiency (IPCE) and finally current density voltage (J–V) characterization

techniques are used to analyze and compare the results with those of liquid electrolyte-based cells.

1. Introduction

It is widely appreciated that dye-sensitized solar cells are
among a wide variety of photovoltaic devices, such as thin-
film solar cells, hetero-junction solar cells and dye-sensitized
solar cells (DSSCs). DSSCs are most suitable due to their
scalability, low-cost fabrication and satisfactory efficiency.
Hence, these have been rapidly developed to meet the demands
of the next generation of sustainable energy sources of future
photovoltaics.1–3 Among all types of DSSCs, such as solid,
liquid and gel electrolyte, we are primarily interested in gel
DSSCs due to their inadequately addressed drawbacks.

DSSCs based on liquid electrolytes showed a photoelectric
conversion efficiency of up to 11% with the presence of triio-
dide/iodide (I3

�/I�) as a redox couple.4 DSSCs made using
liquid electrolytes raise various practical problems such as

solvent evaporation (typically prepared by using volatile
organic solvents), flammability, leakage due to long-term
operation, desorption of weakly adsorbed dyes and corrosion of
electrodes.5,6

Solid polymer electrolytes showed better stability without
leakage of electrolyte solution in the devices. However, they
exhibited low ionic transport and weak interfacial contact
between the electrolyte and the mesoporous TiO2 photoelec-
trode. Therefore, the DSSCs made with solid polymer electro-
lytes showed lower fill factor and short-circuit current values.
Hence, the solid-state DSSCs show a decrease in energy con-
version efficiency compared to the liquid electrolyte-based
devices.7,8

To address these drawbacks, organic hole-conducting trans-
port materials, an in situ photopolymerization method9 and p-
type semiconductors were introduced to overcome the critical
sealing procedures in the fabrication of DSSCs. These materials
exhibit more stability in DSSCs. However, the poor wettability
of TiO2-coated electrodes caused by these electrolytes results in
poor conductivity, thereby decreasing the efficiency of the
cells.10

PGEs partially have the properties of both liquid and solid
electrolytes and offer improved long-term stability over DSSCs.
PGEs show better mechanical properties, minimized electrolyte
evaporation, low production cost, easy synthesis, excellent ionic
conductivity and more efficient trapping of the liquid
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electrolyte.11 PGEs are more suitable due to their higher ther-
mal stability, low vapour pressure and filling ability between
the electrodes in DSSCs.12–14

PGEs are prepared by using a polymer host that comprises
ionic liquids in its cages and forms a network like a three-
dimensional structure. In these liquid phases of the polymer
network, ions can move freely, which provides a major con-
tribution to the ion conductivity of a PGE. Several polymers
were used for the fabrication of dye sensitized solar cells, viz.,
poly(ethylene glycol) gel polymer electrolytes with hetero-
leptic cobalt redox shuttle and pyridine,15 PEG-functionalized
ABA triblock copolymers,16 PEG and PVA polymers for gel
electrolytes,17 poly(ethylene glycol) and polyvinylidene
fluoride,18 poly(ethylene glycol),19 polyethylene glycol/4,4 0-
diphenylmethane diisocyanate copolymers,20 PEG-based ABA
triblock copolymers,21 polyethylene glycol based quasi-solid
state electrolytes,22 ionic liquid integrated polyethylene
glycol (PEG)-based quasi-electrolytes,23 polyaniline integrated
poly(hexamethylene diisocyanate tripolymer/polyethylene gly-
col) gel electrolytes,24 PAN-based triblock copolymers,25

poly(acrylonitrile) gel polymer electrolytes for prototype solar
panels26 and poly(acrylonitrile-co-vinyl acetate)27 PGEs for
DSSC applications.

S. Balamurugan15 and R. S. Seni17 et al. demonstrated PEG
polymer hosts, which lead to improved conductivity and effi-
ciencies of the DSSCs due to its higher rate of polarization,
greater chemical stability, and it has the ability to easily
dissolve redox couples. Therefore, poly(ethylene glycol) (PEG)
has a lot of potential for application in the preparation of PGEs.
However, pure PEG polymer electrolytes have limited ionic
conductivity compared to PEG/1-N-BHII polymer electrolytes
due to low charge transportation and a lower diffusion
coefficient.17,28 Therefore, additional treatment/modification
is necessary to improve their properties. In order to reduce
the sublimation of iodine, heteroatoms with lone pair electrons
such as nitrogen, oxygen, and sulphur atoms are utilized for the
formation of a charge transfer complex with iodine.5 The
addition of 4-tetra-butyl pyridine (TBP) and guanidinium thio-
cyanate (GuSCN) to the polymer host maintains TiO2’s down-
ward displacement and negative potential shift.21 In order to
improve cell efficiency, Pugliese et al.29 demonstrated flexible
back-illuminated DSSCs with TiO2 nanotube photoanodes. Bist
et al.30 and Ahmad et al.31 utilized natural extract-mediated and
natural food dyes for DSSCs.

PAN gel electrolytes showed low ionic conductivity due to
their strong dipole–dipole interactions. The high-dielectric
constant materials such as ethylene carbonate (EC) and propylene
carbonate (PC) were added to PAN, to improve the GPE properties
as reported in the literature.32–35 Because of its high electroche-
mical stability, insect resistance, easily solvable cations, and high
abrasion resistance, poly(acrylonitrile) (PAN) is used in our cur-
rent work. Hence, it has been extensively utilized as a polymer
host to prepare PGEs for DSSCs.7,19,32–36 In order to avoid the
individual drawbacks of PEG or any other single polymer, blend-
ing systems have been developed like the PEG-PAA hybrids37 and
PEG/PMMA blends38,39 for DSSCs.

The effect of binary salts on conductivity and solar cell
efficiencies has been discussed as follows. The small size iodide
salt can adsorb on the surface of TiO2 easily; due to its smaller
ionic radius, the conduction band edge is shifted, and therefore
open circuit voltage decreases.40 The distance between the
LUMO level and the conduction band decreases, leading to
an increase in electron generation from the dye to TiO2. Hence
short circuit current density increases (Jsc). In the case of a
bulky iodide salt, it dissociates easily into free ions due to its
lower lattice energy than smaller cations. Hence bulky cation
iodide salts exhibit high ionic conductivity and also help in
retarding the backward electron transfer from TiO2 to I3

�.41

Therefore binary salts exhibited better DSSC performance
than single iodide salts. In addition to this, a combination of
three iodide systems of lithium iodide (LiI), 1-butyl-3-
methylimidazolium iodide (BMII), and tetrapropylammonium
iodide (Pr4NI) has been investigated for polymer gel electrolytes
in DSSCs.42 The authors suggested that various individual ions
played different roles in improveing solar cell efficiency. Pr4NI
increased Jsc by increasing the ion transport number. An
imidazolium ionic liquid contributed to the enhancement of
Voc due to its plasticizing effect. Therefore authors suggested
that ternary iodides employing quasi-solid-state DSSCs exhib-
ited improved efficiency (Z) by 30% and current density ( Jsc)
by 62%.

To continue these efforts, we have prepared a PAN/PEG
polymer blend gel electrolyte for the improvement of conduc-
tivity by creating a porous gel electrolyte along with the syner-
getic effect of a triple mixture of LiI, KI, and 1-n-butyl-3-hexyl
imidazolium iodide exhibiting three different cation sizes
(Hex4N+, K+, and Li+) for the enhancement of the efficiency of
DSSCs. We have explained clearly the working mechanism of
the prepared gel in the DSSCs.

2. Experimental section
(a) Preparation of the dye-sensitized nanoporous TiO2

photoelectrode bottom layer

Initially, fluorine doped tin oxide (FTO) transparent conductive
glass (FTO 10–15/Asahi Glass, Japan) was extensively cleaned
using acetone, followed by ethanol. The spray pyrolysis experi-
mental technique was introduced to prepare TiO2 working
photoelectrodes using a colloidal solution consisting of smaller
size particles (3–5 nm) in a 2.2% suspension, supporting
previous literature.43–46 Later, 0.3 g of P-25 TiO2 powder was
taken into a ceramic mortar and mixed with 5.5 mL of acetic
acid, followed by grinding without any agglomeration of parti-
cles. Then, these solutions were mixed with a colloidal TiO2

solution (20 mL) and allowed to ultrasonically vibrate for about
30 min after adding 5 drops of Triton X-100. This solution was
sprayed onto FTO glass plates with an active area of 0.25 cm2

and kept at a constant temperature of 150 1C for 30 min before
being sintered in a hot air oven at 500 1C for 30 minutes. Then,
the samples were slowly cooled down to room temperature.
TiO2 spray-coated plates were immersed in N-719 dye for
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adsorption. Similarly, we prepared another photoelectrode by
using the synthesised 450 nm-sized TiO2 nanospheres, which
were coated as a scattering layer along with the colloidal
solution to obtain a bilayer configuration that exhibited good
efficiency in solar cells. We made all of the photoelectrodes of
the same thickness of 23 mm.

(b) Synthesis of TiO2 spheres used as a top scattering layer

Initially, titanium tetrasopropoxide (TTIP) (6.0 mmol, Wako)
was drop-wise stabilised in ethanol (10 mL, Aldrich). Second,
another solution was prepared separately by mixing ethanol
(50 mL), acetonitrile (40 mL, Aldrich), methylamine (1.0 mmol)
and water (24 mmol). When both solutions were mixed, they
turned milky within a few seconds. The resulting suspension
was stirred for about 1 h to get TiO2 microspheres. The
amorphous TiO2 spheres were collected using a centrifuge,
washed with ethanol, then transferred to an autoclave. The
autoclave was filled with 30 mL of ethanol/water (1 : 1) along
with spheres and kept in an hot oven at 240 1C for 6 h. The
product was washed several times using ethanol and dried. By
maintaining methylamine (CH3NH2) as a constant and chan-
ging the TTIP/water molar ratios spheres with varying dia-
meters can be produced. Spheres of various diameters, which
are fine nanoparticles, were synthesized.47

(c) Preparation of PGE

The components of quasi-PGE are PC (0.750 g), EC (0.525 g),
1-n-butyl-3-hexyl imidazolium iodide (Hex4N+I) (0.249 g), PAN
(0.225 g), I (0.008 g), LiI (0.0325 g), poly(ethylene glycol) (PEG
20,000) and KI (0.0150 g). The redox species composition was
also optimized in the electrolyte medium. The addition of each
component to the polymer was accompanied by ultrasonic
vibration to get an appropriate PGE. The resulting mixture
was heated to around 120 1C and stirred until it formed a
viscous gel. The prepared viscous gel was placed between two
glass plates and a film thickness of about 50 mm was obtained.
In order to prevent moisture absorption, films were stored in
desiccators. Fig. 1(a) and (b) show the schematic representation
of the prepared PGE and the distribution of various ions in the
film, respectively.

(d) Solar cell fabrication

Polymer gel electrolyte was cut as required to cover the TiO2

photoanode area of 0.25 cm2. It was placed on top of the TiO2

photoanode area by positioning the polymer gel electrolyte on
the counter electrode platinum side and aligning them together
on the photoanode TiO2 surface. In other words, the gel
electrolyte film was arranged as an intermediate layer between
the photoanode and counter electrodes. The as prepared DSSCs
based on PAN/PEG polymer blend gel electrolytes were sealed
and used for various characterization studies, such as impe-
dance and JV measurements.

(e) Characterization techniques

The Rigaku RINT Ultima-III X-ray diffractometer was used for
the XRD measurement with an angle of 2y over the range of

10 to 70 degrees. A field emission scanning electron microscope
(FE-SEM), JEOL JSM-7001F, was used to measure the surface
morphology of the PGE films and prepared spheres. The ionic
conductivities of PGEs were measured through complex impe-
dance measurements. FRA 5022 and HZ-5000 automated polar-
ization systems (Hokuto Denko, Japan) were utilized to perform
impedance measurements through a frequency response ana-
lyzer. A calibrated JASCO CEP- 25 BX solar cell system was used
to obtain measurements of current density vs. voltage ( J–V) and
incident photon to current conversion efficiency (IPCE). All
measurements were taken at room temperature in the Shizuoka
University RIE laboratory.

3. Results and discussion
3.1. X-Ray diffraction

The X-ray diffraction patterns of the as prepared samples of
PGEs were measured using (a) PAN/LiI/KI and (b) PAN/PEG/LiI/
KI, as shown in the ESI,† Fig. S1. Fig. S1 (ESI†) shows an
increase in the degree of amorphocity at a specified concen-
tration (0.0150 g) of KI when added to PAN/PEG/LiI as com-
pared to the non-blended PAN/LiI polymer sample. A widened
peak has appeared in all the samples, indicating that the peak
belongs to the polymer host in the range of 201–301.7,44 The
entire XRD pattern shows a mostly amorphous nature, indicat-
ing the appropriate mixing of the ingredients to form a gel
electrolyte. Yang et al.48 reported that the decrease in the degree
of crystallinity is due to the miscibility of all the components,
producing a homogenous phase in the blended PGEs, support-
ing our data. It is well known that the dominant presence of
amorphous nature is due to the increased polymer chain
flexibility, which enhances electrical conductivity.

3.2. Morphological analysis

Fig. 1(a) and (c) show field emission scanning electron micro-
graphs of PAN/PEG/LiI/KiI blend PGE dried films, illustrating

Fig. 1 (a) and (c) FE-SEM pictures of the surface and cross-sectional view
of the PAN/PEG/LiI/KI blend. (b) and (d) Images related to dried PAN/LiI/KI
PGEs films.
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the surface and cross-section, respectively. The surface and the
cross-section of the film have numerous random pores, which
could be created by PEG-rich domains throughout the film.
PEG-rich domains are created at higher concentrations of the
solvent; therefore, inside the polymer films, coalescence does
not occur. The coalescence of the separated PEG-rich domains
in the phase was very active at low solvent concentrations,
possibly due to the high viscosity of the polymer matrix during
the phase separation process. Because of the low viscosity of the
polymer matrix, the rich PEG droplets balanced the surface
tension49 by floating on the air–solution interface and then
precipitated, descending in the vessel due to their high density.
Some of the precipitated droplets descended and created pores
inside the polymer during the drying process. In our previous
report,50 we optimized all solvent conditions along with PAN/
PEG ratios to achieve the best efficiency of the DSSC. Fig. 1(b)
and (d) show relatively less porosity on the surface and in the
cross-section, respectively, as a characteristic feature of single
polymers PAN/LiI/KiI.

Fig. 2(a) shows the prepared 450 nm diameter spheres of
TiO2, while Fig. 2(c) shows the top view of the photoelectrode
with spray-coated spheres as the top layer. Fig. 2(b) shows the
cross-section of the photo-electrode, where the first layer about
15 mm as indicated as X in Fig. 2(b) is sprayed on the FTO
surface with P25/colloidal solution, followed by the second
layer Y of about 8 mm thickness deposited using 450 nm
spheres/colloidal solution. The magnified image in Fig. 2(d)
indicates good contact between the spheres as a result of
mixing of Tyco colloidal solution during the spray pyrolysis
method. These connections formed by the colloidal solution
particles in between the spheres enhance the electrical con-
ductivity by increasing the charge transfer rate of the
photoelectrode47 and offer excellent light harvesting efficiency
as the microspheres act as a good scattering layer.51

3.3. Electrical conductivity

Complex impedance measurements were used to find the
electrical conductivity of the (PAN/PEG) polymer blend gel
electrolyte at ambient temperature. The ionic conductivities
of polymers were evaluated using the relation

s = l/Rb�A (1)

where Rb is the bulk resistance, l is the thickness and A is the
contact area of the electrode with the electrolyte film during the
experimentation. The bulk resistance (Rb) is calculated from
the intercept made by the impedance plot with the real axis.
The increase in conductivity caused by blending of the polymer
is beneficial for the enhancement of photon energy conversion
into electrical power efficiency.52,53 The important ionic con-
ductivities of PAN/LiI, PAN/PEG/LiI and PAN/LiI/KI PGEs are
found to be 1.16 � 10�3 S cm�1, 5.06 � 10�3 S cm�1 and 6.93 �
10�3 S cm�1, respectively, while ionic conductivity of PAN/PEG/
LiI/KI PGE was obtained as 1.57 � 10�2 S cm�1. This reveals
that blending of the polymer with optimized inorganic two salts
yields higher electrical conductivity.

3.4. Conduction mechanism in the as-prepared (PAN/PEG)
polymer blend gel electrolyte

In the first step, the blend matrix shows a porous structure,
which helps in easy ionic movement. However, the coalescence
of PEG domains is the dominant factor in the creation of the
final porous morphology. The liquid–liquid phase separation
occurs early on and the solvent may crystallize. As a result,
when droplets form, PEG precipitates easily and aggregates
until the solvent crystallizes completely. Therefore, the coales-
cence of PEG domains in the polymer solution was controlled
by its viscosity. The concentration of the solvent is reduced due
to its crystallization. Hence, the surface and cross-section of the
film have numerous random pores apparent in the micro-
structure due to the evaporation of the solvent. Na et al.
reported a similar porous electrolyte for super-capacitors.54

The large amount of liquid electrolyte present in the pores or
cages of the gel favorably allowed easy transport of ions due to
its lower viscosity compared to solids, thereby increasing the
ionic conductivity. Fig. 3(a) and (b) show a systematic presenta-
tion of the conduction mechanisms of PAN/KI/LiI and PAN/
PEG/KI/LI polymer gel electrolytes. The blending of PEG and
PAN can result in the formation of pores containing solvents
that are favorable for ion (I� and I3

� ions) transportation due to
a shorter diffusion distance compared to PAN/LiI/KI polymer
gel electrolytes.

In the second step, the addition of 1-n-butyl-3-hexyl imida-
zolium iodide (Hex4N+I�) increases the polymer conductivity,
indicating that the number of ion mobile charge carriers
increases. This is due to the high rate of salt dissociation and
the lower lattice energy of Hex4N+I� compared to KI and LiI. In
other words, the presence of bulky cations in Hex4N+I�

increases the lattice energy by decreasing the salt dissociation
rate. Similarly, KI salt also decreased the flexibility of the
polymer and decreased the mobility of ions due to its strong

Fig. 2 (a) Synthesized spheres of about 450 nm diameter. (b) Bilayer
photo-electrode composed of P25 and colloidal solution mixture first
layer/spheres and colloidal solution second layer (c) Top view of the
sphere-coated photoelectrode. (d) Clear view of sprayed colloidal particle
attached to the spheres.
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cross-linking effect on the long chain.55 The higher charge
density of the K+ cation promotes cross-linking between the
CN groups of PAN chains in the polymer. This improves the
ionic conduction of the mixture of these components compris-
ing gel electrolyte by increasing iodine ion diffusion and thus
enhances the performance of the DSSCs.56 When the bigger
ions (Hex4N+I�) enter between polymer chains, they cause
expansion at some other places, while smaller Li+ and K+ ions
are randomly present at various positions, creating more dis-
order in the electrolyte. Hence, long polymer chains are sepa-
rated appreciably by enhancing the flexibility of the polymer as
compared to LiI and KI salts. Li+ ions of smaller size (0.76) can
easily move through the wider space created by larger ions of
Hex4N+I� and K+. Hence, GPEs exhibited higher conductivity.
The distribution of ions in the (PAN/PEG) polymer blend host
and the as-prepared polymer gel electrolyte films is shown in
Fig. 4a and b, respectively.

3.5. IPCE measurements

Fig. 5 reveals the comparison of the incident photon conversion
efficiency (IPCE) measurements of the DSSCs of liquid, PAN
and PAN/PEG polymer gel electrolytes. IPCE is stated as the
ratio of the generated electrons across the external circuit

(nelectrons) to the injected photons (nphotons) using the relation

IPCEðlÞ ¼
nelectronsðlÞ
nphotonsðlÞ

¼ 1240IðlÞ
lfðlÞ

where f(l) indicates the incoming power at a wavelength and
I(l) represents the cell current at that wavelength. Fig. 5 reveals
that the PAN/PEG/Li/KI gel polymer electrolytes based on
DSSCs showed higher quantum efficiency as compared to the
PAN/Li/KI gel polymer electrolyte. However, due to the lack of
interfacial contact, the efficiency is lower than that of a liquid
electrolyte.57 The PAN/PEG/Li/KI gel electrolyte has higher ion
conduction and lower viscosity compared to the PAN/Li/KI
polymer gel electrolyte, which enhances the quantum efficiency
to about 18.2% at 400 nm and to 21.6% at around 650 nm
wavelengths. The IPCE measurement was carried out with the
same system used for J–V characteristics, but the data were
obtained under monochromatic light by using a xenon-lamp
(model PS-X500). The enhancement of interfacial contact
between the photoelectrode and the electrolyte layer is due to
electrolyte penetration into the photoelectrode of the DSSCs.
The increasing ionic conductivity16,58,59 of the polymer gel as
revealed by impedance measurements resulted in a higher
IPCE of DSSCs.

3.6. Analysis of electrochemical impedance spectroscopy (EIS)

EIS was used to determine the interfacial properties of the
components, charge transport and kinetic recombination in
DSSCs.60,61 The EIS plot of DSSCs prepared using a sprayed
TiO2 photoelectrode, PAN, PAN/PEG blend PGEs or liquid
electrolyte, and a Pt counter electrode is shown in Fig. 6. The
presence of FTO resistance in DSSCs may have caused the
observation of series resistance (R2 = 14.77) in the high-
frequency range. Each plot comprises three semicircles in
different frequency ranges. The resistance Rct1 indicates the
charge transfer resistances present at the interface between the
gel electrolyte/liquid electrolyte and the counter electrode. Rct2

represents the resistance at the interface present between the
gel electrolyte/liquid electrolyte and the photoelectrode. Zw

Fig. 3 Conduction mechanism of (a) PAN/LiI/KI and (b) PAN-PEG/LiI/KI
blend PGEs.

Fig. 4 (a) Schematic representation of the distribution of doping ions in
the PAN/PEG blended PGE. (b) Physical appearance of the as prepared PGE
using the hot pressing method.

Fig. 5 The IPCE curves for DSSCs based on liquid electrolyte, PAN/LiI/KI
and PAN/PEG/LiI/KI blend PGEs.
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denotes the Warburg impedance caused by I�/I3
� redox couple

diffusion in the polymer electrolyte.5,61 This Warburg impe-
dance may be lower for PAN/PEG/LiI/KI gel electrolytes than for
PAN/LiI/KI PGEs and also low for liquid electrolytes. Nyquist
plots comprise a semicircle, which reveals series resistance
values (R2) and various impedance parameters, as indicated
in Table 1. The charge transfer resistance in the second semi-
circle decreases from 8.89 kO to 6.24 kO due to the blending of
PEG with PAN as a polymer host, which enhances the charge
transport from the counter electrode to the TiO2 electrode. The
Warburg impedance (Zw) of PAN/PEG blend gel electrolyte-
based DSSCs showed a lower value of 3.257 kO compared to
the PAN single PGE, resulting in a higher efficiency of 8.62%.

3.7. J–V characteristics

The schematic representation of our fabricated DSSC based on
PAN/PEG blend GPE is shown in Fig. 7. The photovoltage
produced by a DSSC is primarily determined by the electron
transfer process of the redox couple (I�/I3

�). The development
of open-circuit voltage in DSSC devices mainly depends on the
potential difference between the Fermi level electrons in the
TiO2 photoelectrode and the redox potential of the
electrolyte.62,63 The chemical reaction of the I�/I3

� redox couple
is represented in eqn (2)–(4). In the case of the counter
electrode, the triiodide ions accept electrons on the electro-
lyte/FTO glass surface and are oxidized into iodide ions, repre-
sented in (eqn (2)). These iodide ions participate in the
regeneration of ground-state dyes by providing electrons to
the positively charged dye, as indicated in eqn (3):

I3
� + 2e - 3I� (2)

3I� + 2dye+ - I3
� + 2dye (3)

Voc ¼
kT

q
ln

ZF0

n0ket I
�
3

� �
 !

(4)

In eqn (4), Z indicates the quantum efficiency of the photo-
generated electrons due to the incident photon flux of (F0). The

Fig. 6 The impedance spectra of the DSSC based on liquid electrolyte,
PAN/LiI/KI and PAN/PEG/LiI/KI blend PGEs. The inset plot shows the
contact resistance between the electrolyte and the Pt electrode interface.

Table 1 The fitted impedance parameters for the liquid electrolyte, PAN/
PEG/LiI/KI and PAN/LiI/KI GPEs based DSSCs

No. Electrolyte Rs (O) Rct1 (O) Rct2 (kO) Zw (kO)

1 Liquid electrolyte 11.73 23.52 5.201 1.025
2 PAN/PEG/LiI/KI GPE 14.77 35.37 6.244 3.257
3 PAN/LiI/KI GPE 18.49 39.61 8.897 5.986

Fig. 7 Schematic representation of the deigned DSSC model with various
components.

Fig. 8 Photo-current density–voltage characteristics (J–V) of DSSCs
based on liquid electrolyte, PAN/LiI/KI and PAN-PEG/LiI/KI blended PGEs
using an illuminated light intensity of 100 mW cm�2.

Table 2 Photo current density–voltage characteristics of liquid electro-
lyte, PAN/PEG/KI/LiI and PAN/LiI/KI based DSSCs under 100 mW cm�2

illumination

Name of the sample
Voc

(V)
JSC

(mA cm�2) FF
Efficiency
(%)

Liquid electrolyte 0.754 18.31 0.66 9.11
PAN/PEG/LiI/KI polymer
gel electrolyte

0.772 16.83 0.62 8.15

PAN/LiI/KI polymer gel electrolyte 0.764 15.62 0.63 7.56
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electron concentration was represented by n0 under a dark
condition, while ket indicated the rate of recombination for a
given triiodide concentration [I3

�].

In contrast, with the increasing PEG content in PAN/PEG,
the open circuit voltage (Voc) of the DSSCs increases rapidly, as
mentioned in the previous report.47 The formation of the cross-
linked polymer on the TiO2 photoelectrode surface reduces the
back-transfer of electrons from the conduction band of TiO2

to the I3
� ion in the electrolyte. Hence, the Voc of the cell

improved.64

The J–V curves of the DSSCs consist of double-layered and
mono-layered TiO2 photo-anode assemblies based on PAN,
PAN/PEG, PGEs, and liquid electrolytes, as shown in Fig. 8.
The cell parameters of DSSCs fabricated using a TiO2 photo-
anode with different gel and liquid electrolytes are shown in
Table 2. While blending the higher concentrations of PEG, a
higher cross-linking effect between PEG, PAN, Hex4N+, K+ and
Li+ ions arises, which lowers the ionic conductivity and thereby
leads to poor conversion efficiency. Therefore, blending of PEG
at an optimal concentration is required for good conversion
efficiency.

Ahn et al.65 performed electrophoresis measurements and
reported that the dye-adsorbed TiO2 film cannot adsorb bulky
cations such as Bu4N+ and Hex4N+. Novelli et al.66 revealed that
the adsorption of cations on the surface of TiO2 can reduce the
electron injection rate, thereby decreasing the quantum effi-
ciencies of the DSSCs. The acceptor states in TiO2 would shift
due to the adsorption of surface cations. The cation behaviour
was described by the electrostatics at the interface between the
semiconductor and electrolyte. The efficient interfacial charge
injection is attributed to the presence of more positive electro-
chemical potentials.67

We determined the concentration of Hex4N+, K+ and Li+ ions
in our electrolyte system, and observed their effect on the
variation of JSC, Voc and efficiency of the solar cells. In addition,
the smaller lithium ions enter easily into the TiO2 surface or
lattice, thereby changing the concentration of electrons in the
TiO2 crystal. The photocurrent and voltage of the DSSCs change
as the lithium ion concentration in the electrolyte system
increases with an increase in LiI salt. However, the quasi-
solid-state DSSC performance increased by increasing its iodide
ion conductivity.68 In our PAN/PEG/LiI/KI gel electrolyte sys-
tem, numerous random pores offer a fast iodide diffusion rate,
which enhances electrical conduction. The comparison of the
current electrolyte with reported data is given in Table 3. The
presence of three different kinds of cations Hex4N+, K+ and Li+

in the electrolyte system can affect the performance of DSSCs.
The ionic conductivity increases with increasing of cation size
while decreasing cation size decreases the electron injection as
well as charge separation in the photo-electrode. Therefore, our
results reveal that the GPE containing three mixed cations with
different sizes (Hex4N+, K+, and Li+) shows excellent solar cell
performance and better conductivity compared to a single or
double cation system.

4. Conclusions

Dye-sensitized solar cells were fabricated with PGEs and a triple
iodide system (Hex4N+, K+, and Li+) and their performance was
evaluated. The PAN/PEG ratio and the concentration of triio-
dides have been optimized for achieving the best efficiency of
solar cells. The blending of PEG with PAN as a polymer host
played a vital role in decreasing the charge transfer resistance
from 8.89 kO to 6.24 kO as indicated by the impedance studies.
The high ionic conductivity in the gel state is attributed to the
accumulation of a large amount of liquid electrolytes into the
numerous random pores of PAN/PEG. A comparison between
the parameters of the as-prepared DSSCs and those using liquid
electrolytes was carried out. This electrolyte system showed a
better electrical conductivity of 1.52 � 10�2 S cm�1 with an
efficiency of about 8.62% which is best among those of polymer
gel electrolyte systems.
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Polymers in High-Efficiency Solar Cells: The Latest
Reports, Polymers, 2022, 14(10), 1946, DOI: 10.3390/
polym14101946.

54 R. Na, G. Guo, S.-L. Zhang, P. F. Huo, Y.-L. Du, J.-C. Luan,
K. Zhu and G.-B. Wang, A novel poly(ethylene glycol)–
grafted poly(arylene ether ketone) blend micro-porous poly-
mer electrolyte for solid-state electric double layer capaci-
tors formed by incorporating a chitosan-based LiClO4 gel
electrolyte, J. Mater. Chem. A, 2016, 4, 18116–18127, DOI:
10.1039/C6TA07846J.

55 J. Kim, Y.-G. Choi, Y.-H. Ahn, D.-J. Kim and J.-H. Par, Optimized
ion-conductive pathway in UV-cured solid polymer electrolytes
for all-solid lithium/sodium ion batteries, J. Membr. Sci., 2021,
617, 118771, DOI: 10.1016/j.memsci.2020.118771.

56 A. K. Bharwal, L. Manceriu, C. Iojoiu, J. Dewalque, T.
Toupance, L. Hirsch, C. Henrist and F. Alloin, Ionic Liquid-
like Polysiloxane Electrolytes for Highly Stable Solid-State Dye-
Sensitized Solar Cells, ACS Appl. Energy Mater., 2018, 1(8),
4106–4114, DOI: 10.1021/acsaem.8b00769.

57 S. Srivishnu, S. P. Kumar and L. Giribabu, Cu(II/I) redox
couples: potential alternatives to traditional electrolytes for
dye-sensitized solar cells, Chemistry Mater. Adv., 2021, 2,
1229–1247, DOI: 10.1039/d0ma01023e.

58 A. Gunasekaran, A. Sorrentino, A. M. Asiri and S. Anandan,
Guar gum-based polymer gel electrolyte for dye-sensitized
solar cell applications, Sol. Energy, 2020, 208, 160–165, DOI:
10.1016/j.solener.2020.07.084.

59 W. Naim, V. Novelli, I. Nikolinakos, N. Barbero, I. Dzeba,
F. Grifoni, Y.-M. Ren, T. Alnasser, A. Velardo, R. Borrelli,
S. H. Shaik, M. Zakeeruddin, M. Graetzel, C. Barolo and
F. Sauvage, Transparent and Colorless Dye-Sensitized Solar
Cells Exceeding 75% Average Visible Transmittance, JACS,
2021, 1, 409–426, DOI: 10.1021/jacsau.1c00045.

60 P. Ma, Y. Y. Fang, A. Li, B.-X. Wen, H.-B. Cheng, X.-W. Zhou,
Y.-M. Shi, H.-Y. Yang and Y. Lin, Highly efficient and stable
ionic liquid-based gel electrolytes, Nanoscale, 2021, 13,
7140–7151, DOI: 10.1039/d0nr08765c.

61 F. S. Lin, M. Sakthivel, M.-S. Fan, J.-J. Lin, R.-J. Jeng and K.-
C. Ho, A novel multifunctional polymer ionic liquid as an
additive in iodide electrolyte combined with silver mirror
coating counter electrodes for quasi-solidstate dye-sensitized
solar cells, J. Mater. Chem. A, 2021, 9, 4907–4921, DOI: 10.1039/
D0TA10826J.

62 P. Manafia, H. Nazockdast, M. Karimi, M. Sadighi and
L. Magagnin, A study on the microstructural development
of gel polymer electrolytes and different imidazolium-based
ionic liquids for dye-sensitized solar cells, J. Power Sources,
2021, 481, 228622, DOI: 10.1016/j.jpowsour.2020.228622.

63 C. Li, C.-H. Xin, L. Xu, Y. Zhong and W.-J. Wu, Components
control for high-voltage quasi-solid state dye-sensitized solar
cells based on two-phase polymer gel electrolyte, Sol. Energy,
2019, 181, 130–136, DOI: 10.1016/j.solener.2019.01.072.

64 J. C. de Haro, E. Tatsi, L. Fagiolari, M. Bonomo, C. Barolo,
S. Turri, F. Bella and G. Griffini, Lignin-Based Polymer
Electrolyte Membranes for Sustainable Aqueous Dye-
Sensitized Solar Cells, ACS Sustainable Chem. Eng., 2021, 9,
8550–8560, DOI: 10.1021/acssuschemeng.1c01882.

65 S. K. Ahn, T. W. Ban, P. Sakthivel, J. W. Lee, Y. S. Gal, J. K.
Lee, M. R. Kim and S. H. Jin, Development of Dye-Sensitized
Solar Cells Composed of Liquid Crystal Embedded,
ElectrospunPoly(vinylidene fluoride-co-hexafluoropropylene)
Nanofibers as Polymer Gel Electrolytes, ACS Appl. Mater.
Interfaces, 2012, 4, 2096–2100, DOI: 10.1021/am3000598.

66 V. Novelli, N. Barbero, C. Barolo, G. Viscardi, M. Sliwa and
F. Sauvage, Electrolyte containing lithium cation in squaraine-
sensitized solar cells: Interactions and consequences for per-
formance and charge transfer dynamics, Phys. Chem. Chem.
Phys., 2017, 19, 27670–27681, DOI: 10.1039/C7CP04340F.

67 T. He, L. Wang, F. Fabregat-Santiago, G. Liu, Y. Li, C. Wang
and R. Guan, Electron trapping induced electrostatic
adsorption of cations: a general factor leading to photo-
activity decay of nanostructured TiO2, J. Materials Chemistry
A, 2017, 5, 6455–6464, DOI: 10.1039/C7TA01132F.

68 N. Mariotti, M. Bonomo, L. Fagiolari, N. Barbero,
C. Gerbaldi, F. Bella and C. Barolo, Recent advances in

Paper Energy Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

56
6.

 D
ow

nl
oa

de
d 

on
 2

9/
1/

25
69

 1
6:

45
:5

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1007/s10854-021-06366-8
https://doi.org/10.1002/pat.4028
https://doi.org/10.1143/JJAP.51.02BP11
https://doi.org/10.1021/jp801156h
https://doi.org/10.1021/am200296f
https://doi.org/10.3389/fenrg.2021.682709
https://doi.org/10.1088/1742-6596/1253/1/012029
https://doi.org/10.1088/1742-6596/1253/1/012029
https://doi.org/10.3390/polym14101946
https://doi.org/10.3390/polym14101946
https://doi.org/10.1039/C6TA07846J
https://doi.org/10.1016/j.memsci.2020.118771
https://doi.org/10.1021/acsaem.8b00769
https://doi.org/10.1039/d0ma01023e
https://doi.org/10.1016/j.solener.2020.07.084
https://doi.org/10.1021/jacsau.1c00045
https://doi.org/10.1039/d0nr08765c
https://doi.org/10.1039/D0TA10826J
https://doi.org/10.1039/D0TA10826J
https://doi.org/10.1016/j.jpowsour.2020.228622
https://doi.org/10.1016/j.solener.2019.01.072
https://doi.org/10.1021/acssuschemeng.1c01882
https://doi.org/10.1021/am3000598
https://doi.org/10.1039/C7CP04340F
https://doi.org/10.1039/C7TA01132F
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00079f


1712 |  Energy Adv., 2023, 2, 1702–1712 © 2023 The Author(s). Published by the Royal Society of Chemistry

eco-friendly and cost-effective materials towards sustain-
able dye-sensitized solar cells, Green Chem., 2020, 22,
7168–7218, DOI: 10.1039/D0GC01148G.

69 M. A. K. L. Dissanayake, C. A. Thotawatthage, G. K. R.
Senadeera, T. M. W. J. Bandara, W. J. M. J. S. R. Jayasundera
and B.-E. Mellander, Efficiency enhancement by mixed cation
effect in dye-sensitized solar cells with PAN based gel polymer
electrolyte, J. Photochem. Photobiol. A Chem., 2012, 246, 29–35,
DOI: 10.1016/j.jphotochem.2012.06.023.

70 M. A. K. L. Dissanayake, C. A. Thotawatthage, G. K. R.
Senadeera, T. M. W. J. Bandara, W. J. M. J. S. R. Jayasundara
and B.-E. Mellander, Efficiency enhancement in dye sensitized
solar cells based onPAN gel electrolyte with Pr4NI + MgI2
binary iodide salt mixture, J. Appl. Electrochem., 2013, 43,
891–901, DOI: 10.1007/s10800-013-0582-x.

71 T. M. W. J. Bandara, W. J. M. J. S. R. Jayasundara,
M. A. K. L. Dissanayake, D. N. S. Fernando, M. Furlani,
I. Albinsson and B.-E. Mellander, Quasi solid state polymer
electrolyte with binary iodide salts for photo-electrochemical
solar cells, Int. J. Hydrog Energy, 2014, 39, 2997–3004, DOI:
10.1016/j.ijhydene.2013.05.163.

72 S. Venkatesan, S.-C. Su, W.-N. Hung, I.-P. Liu, H. Teng and Y.-L. Lee,
Printable electrolytes based on polyacrylonitrile and gamma-
butyrolactone for dye-sensitized solar cell application, J. Power
Sources, 2015, 298, 385–390, DOI: 10.1016/j.jpowsour.2015.07.062.

73 J. W. Chew, M. H. Khanmirzaei, A. Numan, F. S. Omar, K. Ramesh
and S. Ramesh, Performance studies of ZnO and multi walled
carbon nanotubes-based counter electrodes with gel polymer
electrolyte for dye-sensitized solar cell, Mater. Sci. Semicond. Process.,
2018, 83, 144–149, DOI: 10.1016/j.mssp.2018.04.036.

Energy Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

56
6.

 D
ow

nl
oa

de
d 

on
 2

9/
1/

25
69

 1
6:

45
:5

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1039/D0GC01148G
https://doi.org/10.1016/j.jphotochem.2012.06.023
https://doi.org/10.1007/s10800-013-0582-x
https://doi.org/10.1016/j.ijhydene.2013.05.163
https://doi.org/10.1016/j.jpowsour.2015.07.062
https://doi.org/10.1016/j.mssp.2018.04.036
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00079f



