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Abstract: Significant growth has been observed in the research domain of dye-sensitized solar cells
(DSSCs) due to the simplicity in its manufacturing, low cost, and high-energy conversion efficiency.
The electrolytes in DSSCs play an important role in determining the photovoltaic performance of the
DSSCs, e.g., volatile liquid electrolytes suffer from poor thermal stability. Although low volatility liq-
uid electrolytes and solid polymer electrolytes circumvent the stability issues, gel polymer electrolytes
with high ionic conductivity and enduring stability are stimulating substitutes for liquid electrolytes
in DSSC. In this review paper, the advantages of gel polymer electrolytes (GPEs) are discussed along
with other types of electrolytes, e.g., solid polymer electrolytes and p-type semiconductor-based
electrolytes. The benefits of incorporating ionic liquids into GPEs are highlighted in conjunction
with the factors that affect the ionic conductivity of GPEs. The strategies on the improvement of the
properties of DSSCs based on GPE are also presented.

Keywords: DSSC; liquid electrolytes; solar cells

1. Introduction

Recently published market surveys suggest that the world’s energy demand will
increase by almost 50% from 2018 to 2050 [1]. Fossil fuels that supply an approximately
major percentage of the energy disbursed over the world are facing a rapid exhaustion of
these resources. As per the statistical review of world energy, the world resource reserves of
fossil fuels in 2016 were anticipated to last around 50 years and ~115 years for oil/natural
gas and for coal, respectively [2]. There are burgeoning requirements for environmentally
viable energy technologies compounded by the growing demand for energy, exhaustion
of fossil resources, global warming and concomitant climate fluctuations. Wind turbines,
wave and tidal power, hydropower, biomass-derived liquid fuel solar cells, solar thermal,
and biomass-fired electricity generation are among the most prevalent renewable energy
technologies; among these, photovoltaic technology is the most promising. Fortunately, the
sun’s energy supply to the globe is enormous: 1.25 × 1024 Cal per year, or few thousand
times more than the world’s current consumption. A simple calculation supports that solar
cells with an efficiency of 10% covering 0.1% of the earth’s surface can meet our present
energy needs [3].

The basic working principle of solar cells lies in the fact that it utilizes the energy
generated by the sun by converting solar radiation directly into electricity. The first practical
conversion of the radiation into electric energy was validated by Bell Telephone Labora-
tories in 1954, and produced 6% efficiency by using p–n junction-type solar cells [4]. The
photovoltaic cells made from semiconductor-grade silicon quickly became the power source
of choice for use on satellites, and were catalyzed by the initiation of the space program.
The common solar power conversion efficacies fall in the range of around 15–20% [5].
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However, the relatively high cost of silicon cells, as well as the usage of harmful chemicals
in their manufacture, are deterrents to their widespread adoption. These factors prompted
researchers to look for inexpensive, ecologically responsive solar cell alternatives.

Solid-state junction devices, which arose from semiconductor industry experience in
materials research, currently dominate the sector. On the other hand, the supremacy of
inorganic solid-state junction devices is being defied by a third generation of cells based
on nanocrystalline and conducting polymer films, for example. These novel materials
promise low-cost production and have appealing qualities that make market entry easier.
It is now possible to entirely abandon the traditional solid-state junction device and replace
the contacting phase with an electrolyte derived from liquids, gels, or solids, resulting
in the formation of a photo-electrochemical cell. However, the value of reporting power
conversion efficiency as a function of absorber material bandgap for the key new photo-
voltaic technologies: perovskite, organic, and dye-sensitized solar cells have been briefly
discussed [6,7].

The recent and impressive advances in the production and characterization of nanocrys-
talline materials have opened up a plethora of new possibilities. Devices based on interpene-
trating networks of mesoscopic semiconductors have shown astonishingly high conversion
efficiencies that rival those of conventional devices, contrary to expectations. Dye-sensitized
solar cells are the prototype of this class of devices, which achieve optical absorption and
charge separation by combining a sensitizer as a light-absorbing material with a wide
bandgap semiconductor with a nanocrystalline morphology [8].

Gratzel et al. originally described the dye-sensitized solar cells (DSSCs) made using
nanocrystalline TiO2 based on the principle of a fast regenerative photo-electrochemical
process in 1991 [8]. This novel type of solar cell had an overall efficiency of 7.1–7.9%
(under simulated solar light), which is comparable to amorphous silicon solar cells [3].
The separation of the functional-light-absorbing “dye” from the charge carrier transport
in the former is the fundamental distinction between this type of solar cell and ordinary
cells. This feature allows for the DSSCs to work with low- to medium-purity, ecologically
friendly materials while maintaining commercially viable energy conversion efficiency.

A translucent electrode coated with a dye-sensitized mesoporous layer of nanocrys-
talline particles of TiO2, an electrolyte containing an appropriate redox couple and a
Pt-coated counter-electrode are often used in Gratzel cells. Because the nanocrystalline
DSSCs are made up of many materials, the qualities of each component have a direct
impact on the kinetics and reactions, and hence the solar cell’s performance. As a result,
the device’s performance is influenced by the porous semiconductor film’s structure, mor-
phology, optical and electrical properties, as well as the dye’s chemical, electrochemical,
photophysical, and photochemical properties, the electrochemical and optical properties of
the redox couple and solvent in the electrolyte, and the electrochemical properties of the
counter-electrode [9].

DSSCs based on Ru-bipyridyl complexes and liquid electrolytes can have up to 11 per-
cent efficiency. However, there are certain apprehensions regarding the existence of the
liquid component, which necessitates proper sealing to avoid leakage. The cells’ shape
and steadiness are limited as a result of the sealing requirement. Many research groups
have concentrated on replacing liquid electrolytes with solid or gel-type electrolytes in
dye-sensitized solar cells to achieve reduced costs and easier construction [10]. Inorganic
or organic hole conductors, gel electrolytes, gel electrolytes generated with ionic liquids or
by the solidification of liquids, and polymer electrolytes are the principal alternative mate-
rials [10]. An overview of recent developments in dye-sensitized solar cells assembled with
polymer and gel electrolytes is presented in this review article, with a focus on the modifica-
tions made to improve the ionic conductivity and the mechanical stability of such materials,
as well as how such modifications affect the performance of polymer-based DSSCs.
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2. Dye-Sensitized Solar Cell Architecture and Basic Operation

A schematic of the interior shown in Figure 1 can be used to understand the operating
principle of a DSSC.
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Figure 1. Schematic of the interior components of a dye-sensitized solar cell on fluorine-doped tin
oxide (FTO) coated glass substrate.

The following is a typical DSSC configuration: the mesoporous oxide layer, which
is made up of a network of TiO2 nanoparticles sintered together to form the electronic
conduction channel, is at the heart of the device. The film thickness is normally around
10 µm and is made up of nanoparticles with diameters ranging from 10 to 30 nm. The
film’s porosity ranges from 50 to 60%. Atop a glass or plastic substrate, the mesoporous
layer is formed on a transparent conducting oxide (TCO) [10]. As shown in Figure 1, a
common substrate is glass-covered with fluorine-doped tin oxide (FTO). On the surface
of the nanocrystalline film, the charge-transfer dye is placed as a monolayer. When a dye
is photoexcited, an electron is injected into the oxide’s conduction band, leaving the dye
in its oxidised state. Electron transfer from the electrolyte, which is commonly an organic
solvent containing the iodide/triiodide redox system, returns the dye to its ground state.

The iodide intercepts the oxidised dye’s recapture of the conduction band electron,
causing the sensitizer to regenerate. The I−3 ions produced by the oxidation of I− diffuse a
short distance (<50 µm) through the electrolyte to the cathode, which is coated with a thin
coating of platinum catalyst, where electron transfer completes the regenerative cycle by
reducing I−3 to I−. The major steps for converting photons to current are as follows:

1. The incident photon is absorbed by the photosensitizers in the Ru complex that are
adsorbed on the TiO2 surface. From the ground state (S) to the aroused state (S*),
photosensitizers are excited.

S + hν → S∗ (1)

2. The excited electrons are injected into the TiO2 electrode’s conduction band. The
photosensitizer (S+) gets oxidised as a result of this interaction.

S∗ → S+ + e−(TiO2) (2)

3. The injected electrons in TiO2′s conduction band diffuse between nanoparticles, even-
tually reaching the back contact (TCO). Through the circuit, the electrons eventually
reach the counter-electrode.

4. The oxidized photosensitizer (S+) receives electrons from the I− ion redox mediator,
resulting in the ground state (S) being regenerated and the I− being oxidised to the
oxidised state, I3

−.
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S+ + e− → S (3)

5. The oxidized redox mediator, I3
−, diffuses toward the counter-electrode and then it is

reduced to I− ions.

I−3 + 2e− → 3I− (4)

O’Regan and Durrant [11] gave the following details on typical materials and rela-
tive concentrations of different species in the mesoporous system under regular working
conditions:

• Each TiO2 particle has roughly ~10 electrons in the operating conditions;
• In TiO2, more than 90% of electrons are restrained, with only <10% in the conduc-

tion band;
• On an 18 nm TiO2 particle, there are approximately 10,000 H+ adsorption sites;
• On the surface of a TiO2 particle (18 nm), there are approximately 600 dye molecules;
• Every second, a photon is absorbed by each dye molecule;
• Injection of electrons into TiO2 particles occurs at a rate of approximately 600 s−1;
• Under normal operating conditions, around 1 dye in every 150 TiO2 particles be-

comes oxidized;
• In the electrolyte, the total volume percentage of the solutes is approximately 10–20%;
• There will be approximately 1000 I− and 200 I−3 ions in the pore volume around the

TiO2 particle;
• Iodine, I2, has a concentration of <1 µM, or about one free iodine per 10,000 TiO2 particles.

The required turnover number for a DSSC to be durable for more than 15 years in
outdoor installations is 108, which can be met by ruthenium complexes [12]. The difference
in the electrochemical potential of the electron at the two contacts corresponds to the voltage
created under light. The difference between the Fermi level of the mesoporous TiO2 layer
and the redox potential of the electrolyte is the difference in DSSC. Overall, no permanent
chemical reaction is required to generate electric power. Figure 2 depicts the basic electron
transfer mechanisms in a DSSC, as well as the potentials for a cutting-edge device based on
N3 dye adsorbed on TiO2 and I−/I−3 as the redox couple in the electrolyte.
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Figure 2. Simple energy level diagram for a DSSC. The basic electron transfer processes are indicated
by numbers (1–7).

The loss reactions 1, 5, and 6 are shown in Figure 2 in addition to the desired pathway
of the electron transfer processes (processes 2, 3, 4, and 7 in Figure 2) described above.
The excited-state lifetime reflects a direct recombination of the excited dye in reaction 1.
The recombination of injected electrons in TiO2 with oxidized dyes or acceptors in the
electrolyte is numbered 5 and 6.
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In theory, electron transport to I−3 can happen at the interface between the nanocrys-
talline oxide and the electrolyte, or at exposed portions of the anode contact (typically a
fluorine-doped tin oxide layer on glass). In practice, the second channel can be blocked
by spray pyrolysis, depositing a dense blocking layer of oxide on the anode [13,14]. For
DSSCs that use one-electron redox systems or cells that use solid organic hole-conducting
mediums, blocking layers are required [15,16].

Hundreds of alternatives to the components utilized in traditional DSSCs have been
studied, as previously stated. When it comes to sensitizers, Ru-complexes have been the
most effective since the beginning. Other organometallic compounds, such as phthalo-
cyanines and porphyrins, as well as osmium and iron complexes, have been developed.
Metal-free organic dyes are trying to catch up, with indoline dyes demonstrating efficiencies
of around 10% [17,18]. Moreover, numerous groups have recently created chemically resis-
tant organic dyes with promising stability results [19–22]; the references also include recent
overviews of photoanode materials [23–25], TiO2, ZnO, SnO2, and Nb2O5 are the most
popular oxides. Nanoparticles, nanofibers and tubes, and core–shell structures all have
been used to create new morphologies. A platinized conducting glass is the most typical
counter-electrode. In addition, conductive polymers and carbon compounds were also
produced [26–28]. Further, it was observed that the introduction of π-extended dibenzo-
BODIPY into organic sensitizers improves the power conversion efficiency in DSSC [29].
BODIPY dyes have exceptional characteristics, particularly near IR sensitizers. Modifica-
tions to improve these dyes’ performance in other areas of the solar spectrum will make
them very promising as similar to the solar cell sensitizer dyes [30].

3. Electrolytes

Gratzel and O’Regan [8] published a report on a mixed solvent electrolyte system in
1991, consisting of 80:20 ethylene carbonate and acetonitrile by volume. A combination of
0.5 M tetrapropylammonium iodide and 0.04 M iodine was used as the redox component.
The study reported a conversion efficiency of 7.9%. The electrolyte composition was ad-
justed by adding low concentrations of lithium or potassium iodide without affecting the
conversion efficiency. After decades of intensive study employing a variety of alternate sol-
vents, redox couples, and various additions, the same categories of nanoparticles, dyes, and
electrolytes are now used. Although the corrosive and photochemical properties of iodine
are less than ideal, and new research on alternative redox couples is underway, the elec-
trolyte based on the I−/I−3 redox couple has been a preferred choice as the hole-conducting
medium. Alternative redox systems, such as cobalt-based systems, SCN−/(SCN)3− and
SeCN−/(SeCN)3−, have shown promising results in recent investigations. It is reported
that a tris(2,2′-bipyridine)cobalt(II)/(III)-based gel polymer electrolyte shows an excep-
tional energy conversion efficiency of 8.7% and 10% under 1 sun and 0.1 sun, respectively,
for a stable DSSC [31].

Furthermore, DSSCs of the Co(II)/Co(III) complex were fabricated through the in-situ
process and it was observed that the efficiency of power conversion had been exceeded up to
6.5% after 1800 h and up to 8.5% at low intensity [32]. As an alternative to (iodine-based) re-
dox systems, poly(oxyethylene)-imide-imidazolium selenocyanate (POEI-IS) has been used
for a versatile gel electrolyte DSSC. It contains various functions, viz. gelling agent, redox
mediator of SeCN−, and formed a chelate with potassium cations [33]. Another alternate
for the I−/I−3 redox in DSSC that offers an attractive alternate is [Co(bpy-pz)2]3+/2+(PF6)3/2.
It has a power conversion efficiency of more than 10% [34].

In comparison to other ionic liquids, 1-ethyl-3-methylimidazolium selenocynate
(EMISeCN) is said to have a low viscosity. As a result of the weakening of the van der
Waals forces associated with the highly polarizable iodide component, it retains better
conductivity due to its low cohesive energy [35,36]. Co-grafting on hexa-decylmalonic
acid (HDMA) was used to improve the photovoltaic performance in another study. When
the two amphiphiles are co-grafted, a varied monolayer is formed, which should be more
tightly packed than when the sensitizer is adsorbed alone, producing a more efficient
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insulating barrier for back-electron transfer [37]. Furthermore, the trends that enable
iodide-free redox couples as being the most successful, as well as their viability for use in
DSSCs, utilizing fresh and novel photosensitizer and counter-electrode materials briefly
discussed [38].

4. Liquid Electrolyte

The I−/I−3 redox system is dissolved in a suitable solvent to form a liquid electrolyte.
Diffusive mass movement of charge carriers in the electrolyte is a critical parameter for
stable cell operation and optimal solar power generation. The transport mechanism is
influenced by the ions’ diffusion coefficient, the solvent’s viscosity, and the porous film
electrode’s structure. The electrolyte’s solvent allows charge carriers to diffuse quickly and
prevents dye desorption from the oxide surface during the redox reaction. Acetonitrile,
ethyl carbonate, and some other carbonates, viz. dimethyl carbonates, diethyl carbonates,
ethylene carbonates, propylene carbonates to name a few, are the commonly used solvents
although their usage is fraught with issues of poor sealing, thermal degradation, and
safety as these small molecule solvents easily escape into air due to their high volatility.
A complete seal is necessary to prevent the loss of liquid solvents from the electrolyte
system due to leakage and/or evaporation. The liquid junction DSSCs in this case require
a flawless seal with a binder that is chemically resistant to the electrolyte [39]. These
disadvantages obstruct cell manufacturing; in particular, the use of liquid electrolytes
obstructs the large-scale application of DSSCs while also limiting the shape and stability of
the cells if a high-speed, roll-to-roll continuous manufacturing method is used for industrial
DSSC manufacturing [10,40].

Some research groups concentrated on replacing liquid electrolytes with inorganic
or organic whole conductors and polymer electrolytes, which reduces the cost of dye-
sensitized solar cells and makes construction easier. Solid polymer electrolytes and gel
polymer electrolytes are two types of polymer electrolytes (GPEs).

5. P-Type Semiconductors

The p-type DSSC is made up of a photoactive working electrode (cathode), a passive
counter-electrode (anode), and a redox electrolyte in a sandwich shape. In p-type DSSCs, the
dye absorbs visible light and then transfers electrons from the semiconductor’s valence band
to the dye. The dye is subsequently regenerated in the electrolyte by electron transfer from
the reduced dye to the oxidised species. It is possible that the decreased dye will reunite
with the hole in the semiconductor if it can’t react with the electrolyte within the charge
separated lifespan. The holes in the semiconductor migrate to the working electrode’s back
collector, while the electrolyte’s reduced species diffuse to the electrode. In the external
circuit, this charge collection causes a cathodic photocurrent. Solid-state electrolytes are
primarily thought of as materials that transmit holes (HTM). If a material with p-type
semiconducting activity absorbs holes from the dye cation, it can possibly replace the liquid
electrolyte in DSSCs. However, in liquid electrolyte-based DSSCs, the transport mode shifts
from ionic to electronic transport in HTM-based solid-state DSSCs. Traditional HTMs are
inorganic p-type materials with increased hole mobility, such as CuI and CuSCN. When
they are directly utilized in DSSCs, however, their crystallization rate is quick, and control
of crystal size and growth rate is challenging to maintain, resulting in incomplete filling of
TiO2 pores, as presented in Figure 3a. As a result, the efficiency may be less than 1% [41].
As shown in Figure 3b, molten salts such as 1-methyl-3-ethylimidazolium thiocyanate
and triethylaminehydrothiocyanate may effectively limit CuI crystal development and
facilitate filling of the pore of dyed TiO2 anode [42] resulting in a 3.8 percent boost in
light-to-electrical efficiency.
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Furthermore, naphthalene imides are reported as a novel p-type sensitizer for NiO-
based DSSC. These two DSSCs, namely S64 and S85 with prolonged π-conjugations and
lengthy alkyl chains have good solubility in organic solvents. In a NiO-based p-type dye-
sensitized solar cells, these dyes have a high efficiency. Their exterior quantum efficiency
measurements also revealed a reasonable efficiency in the visible range [43]. In another
work, π-extended dibenzo-BODIPY sensitizer with triphenylamine and nitrothiophene
synthesized, which showed an intense band of absorption at 730 nm. It was observed that
the performance of this NiO-based p-type DSSC was low due to the very fast recombination
of NiO and dye at the surface of the electrode [44].

The organic molecular solids and polymers provide attractive diversity comparable to
inorganic HTMs and in conjunction are amenable to chemical modifications to fit different
needs. Examples include polypyrrole, polythiophene, and polyaniline, to name a few, as
shown in Figure 4. These materials exhibit a good balance of electrical, electronic, and
optical properties of metals and semiconductors, and mechanical flexibility of conventional
polymers. Prior work demonstrated their applications in solid-state DSSCs [45]. Despite
considerable progress, the low conversion efficiency of solid-state DSSCs remains a chal-
lenge. Solid conductive materials’ penetration into semiconductor porous films is still low,
and organic HTM conductivity is limited by diffusion.
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6. Solid Polymer Electrolytes

The study of polymer electrolytes commenced in the 1970s after Wright and colleagues
reported their studies on ionic conductivity in polymer–salt compositions [46]. Secondary
batteries took advantage of these systems. After Wright’s work [46], Polyethers, such as
poly(ethylene oxide) (PEO), in combination with a variety of inorganic salts, such as LiI,
NaI, LiClO4, LiCF3SO3, LiSCN, NaClO4, or LiPF6, have become the standard systems for
further investigation. The repeating unit (–CH2–CH2–O–) in PEO provides a promising
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configuration for active interactions between the free electron pair in oxygen and the alkali
metal cations. Because the PEO chains are organized in a helical shape that are hollow, the
optimum distances for oxygen–cation interactions are created. At temperatures between
40 and 100 ◦C, PEO–salt complexes typically have conductivities in the range of 10−8 to
10−4 S/cm [8], restricting their use at room temperature. The solid-state nature of polymer
electrolytes is advantageous; however, the ionic conduction in the amorphous phase of
most polymer electrolytes is insufficient for photo-electrochemical cell applications. A
specific degree of disorder must be induced in the structure to minimize the degree of
crystallinity of the polymer at ambient temperature and, therefore, boost ionic mobility.
This can be accomplished by combining various polymers, copolymers, or cross-linked
networks to lower the glass transition temperature or diminish the crystallinity of the
polymer. A third component, which can operate as a plasticizer, can also be introduced
into the system [47]. Ionic mobility in polymer electrolytes is intimately linked to local
structural relaxations that occur in the amorphous phase. The ionic conductivity may easily
be modified to further increase gadget performance. In this context, adding inorganic
nanofillers, ionic liquids, ethylene oxide oligomers, plasticizers, and other additives to
create polymer (or gel) electrolytes with increased ionic conductivity qualities has become
a typical technique [10].

7. Gel Polymer Electrolytes (GPEs)

GPEs are made by trapping liquid electrolytes that contain organic solvents and
inorganic salts such as ethylene carbonate (EC), propylene carbonate (PC), or sodium
iodide (NaI), acrylonitrile (ACN), lithium iodide (LiI), and potassium iodide (KI). The
value of short-circuit density (Jsc) decreases in systems with GPEs due to gelation, but
the open-circuit voltage (Voc) rises due to the suppression of a dark current by polymer
chains covering the TiO2 electrode’s surface [48]. These tendencies combine to give DSSCs
with GPEs nearly the same efficiency (η) as those with liquid electrolytes. Quasi-solid-state
DSSCs are cells that were built utilizing GPEs.

8. The Advantages of GPE

The GPEs are made by encasing a liquid electrolyte in polymer cages. Some of the
benefits of GPEs are their low vapour pressure, superior wetting and filling properties
between the nanostructured electrode and counter-electrode, higher ionic conductivity
than typical polymer electrolytes, and outstanding thermal stability. As evidenced by the
wide range of applications, these characteristics lead to the remarkable long-term stability
of the DSSCs [49–51].

Because of their liquid state over a broad temperature range, non-flammability, and
low vapour pressure at room temperature, wide electrochemical windows, high ionic
conductivity, as well as excellent thermal and chemical stability, a large number of published
reports on GPEs in the last decade have focused on ionic liquids (ILs) [52,53]. Kubo et al. [49]
developed a DSSC based on room-temperature molten salt. These authors investigated
the physical–electrochemical properties of 1-hexyl-3-methylimidazolium iodide (HMImI)
and its mixtures with organic solvents, such as acetonitrile, and with other lower viscosity
ILs, such as 1-ethyl-3-methylimidazoliumtriflate (EMImTf). Furthermore, it was proposed
based on the data on diffusion coefficients of I−3 in pure HMImI that an electron exchange
via a Grotthus-type (hopping) charge carrier mechanism influenced the overall transport
with an increase of the iodine concentration. This is represented as by the scheme as
presented below:

I−3 + I− → I− . . . . . . I2 . . . I− → I− + I−3 (5)

Equation (5) demonstrates that when I2 is switched from I−3 to I−, I− and I−3 should be
in a close immediacy to one other. Because both reactants are negatively charged, collisions
between I− and I−3 are often problematic. Ionic liquids are made entirely of ions and have a
relatively high molar concentration. It was discovered that triiodide could be transported
to the counter-electrode not only by diffusion, but also by a non-diffusional hopping
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mechanism similar to that of Grotthus. Similar results were shown by Kawano et al. [54]
who observed an increase in apparent diffusion coefficient (Dapp) of I−and I−3 with an
increase in I2 concentration in ionic liquid compared to the normal solvent of the same
viscosity. Figure 5 indicates that Dapp depends on the concentration of the redox couple, and
the value is larger for EMImTFSI than for polyethylene glycol diglycidyl ether (PEGDE).
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9. Higher Ionic Conductivity

Enhancing the ionic conductivities of these GPEs is important and crucial for high
DSSC conversion efficiency. Due to the high crystallinity of the polymers, traditional (solid)
polymer electrolytes have relatively low ambient ionic conductivity. In this regard, the
majority of recent research has focused on the synthesis and characterization of GPEs
with increased ionic conductivity at room temperature. RTILs (room temperature ionic
liquids) are ion sources as well as plasticizers. Highly conductive polymer gels made
of a polymer matrix, plasticizer, and redox couple salts have been extensively explored
to improve ionic conductivity to a practical level (at least 1 mS/cm). By mixing 5 wt%
poly(vinylidenefluoride-co-hexafluoropropylene)(PVDF-HFP) with methoxypropionitrile
(MPN)-based gel electrolytes, Wang et al. [37] created a series of quasi-solid-state DSSCs.
At 1 Sun illumination, the conductivities of these polymer gels approached 10 mS/cm,
and the cell efficiencies were over 6%. Cheng et al. [55] created a PVDF-based polymer
gel system with a cross-linking reinforced network of polyethylene glycol dimethacrylate
(PEGDMA), which had good ionic conductivity and mechanical toughness.

10. Excellent Thermal Stability

GPEs have exceptional thermal stability, and the DSSCs built on them have excep-
tional heat treatment stability. Ionic liquid-based electrolytes of poly(1-oligo (ethylene
glycol) metha-crylate-3-methyl-imidazolium chloride) (P(MOEMImCl) containing 1-hexyl-
3-methylidazolium iodide (HMImI) or a binary mixture of HMImI and 1-ethyl-3-methyl-
imidazoliumtetrafluoroborate) (EMImBF4) showed minor weight loss at temperatures
< 200 ◦C. The effect of heat treatments on DSSC performance based on this GPE showed
drops in conversion efficiency of about 2.1 percent and 3.9 percent after heat treatments at
100 ◦C for 30 and 120 min, respectively, compared to the optimal efficiency of 6.1 percent
at 30 ◦C for 5 min. This degradation during heat treatment was caused by iodine evap-
oration at elevated temperatures, which was confirmed by detecting evaporated iodine
in an analyzer using wet starch paper during the heat treatment at 100 ◦C [56,57]. Dye
desorption can also lead to a loss in cell performance at high temperatures according to
the findings. Adsorption and desorption of dyes on TiO2 surfaces are in equilibrium, and
this adsorption/desorption equilibrium alters with temperature [58]. In another work, an
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amphiphilic ruthenium sensitizer, cis-RuLL’(SCN)2, with a gel polymer electrolyte used
to enhance the performance of a DSSC under thermal stress and light-soaking. It was
observed that it produced an efficiency greater than 6% under full sunlight. In this scenario,
heteroplastic ruthenium plays a key role in high temperature stability. In addition, it was
observed that the cell maintained 94 percent of its initial functionality after 1000 h of heating
at 80 ◦C. In a solar simulator (100 mW/cm2) equipped with a UV filter, the gadget also
exhibited good stability after 1000 h of light soaking at 55 ◦C [59].

11. Outstanding Long-Term Stability

DSSCs containing the GPE have better long-term stability than DSSCs using liquid
electrolytes. This is owing to the rapid devolatilization of liquid electrolytes and electrolyte
leaks observed during their long-term operation. The results from prior work [60], as shown
in Figure 6, shows that the efficiency of DSSC with the GPE PMMA–EC/PC/DMC–NaI/I2
declines by 8% after 5 days, while the efficiency of DSSC with liquid electrolyte drops by
nearly 40%. After 40 days, the DSSC with a polymer gel electrolyte retains 83 percent of its
initial light-to-electrical energy conversion efficiency, compared to only 27 percent for the
DSSCs with liquid electrolytes [60].

Micromachines 2022, 13, x FOR PEER REVIEW 10 of 17 
 

 

Dye desorption can also lead to a loss in cell performance at high temperatures according 
to the findings. Adsorption and desorption of dyes on TiO2 surfaces are in equilibrium, 
and this adsorption/desorption equilibrium alters with temperature [58]. In another work, 
an amphiphilic ruthenium sensitizer, cis-RuLL’(SCN)2, with a gel polymer electrolyte 
used to enhance the performance of a DSSC under thermal stress and light-soaking. It was 
observed that it produced an efficiency greater than 6% under full sunlight. In this sce-
nario, heteroplastic ruthenium plays a key role in high temperature stability. In addition, 
it was observed that the cell maintained 94 percent of its initial functionality after 1000 h 
of heating at 80 °C. In a solar simulator (100 mW/cm2) equipped with a UV filter, the 
gadget also exhibited good stability after 1000 h of light soaking at 55 °C [59]. 

11. Outstanding Long-Term Stability 
DSSCs containing the GPE have better long-term stability than DSSCs using liquid 

electrolytes. This is owing to the rapid devolatilization of liquid electrolytes and electro-
lyte leaks observed during their long-term operation. The results from prior work [60], as 
shown in Figure 6, shows that the efficiency of DSSC with the GPE PMMA–EC/PC/DMC–
NaI/I2 declines by 8% after 5 days, while the efficiency of DSSC with liquid electrolyte 
drops by nearly 40%. After 40 days, the DSSC with a polymer gel electrolyte retains 83 
percent of its initial light-to-electrical energy conversion efficiency, compared to only 27 
percent for the DSSCs with liquid electrolytes [60]. 

 
Figure 6. Long-term stability of the DSSCs with liquid electrolyte (circle) and with the gel polymer 
electrolyte PMMA–EC/PC/DMC–NaI/I2 (square), adapted from reference [60]. [Reproduced with 
kind permission]. 

12. Factors Influencing the Ionic Conductivity of GPE and the Photovoltaic Perfor-
mance of Their DSSCs 

The charge carrier transfer and diffusion efficiency of the redox couple resulting from 
its own ingredients, such as various types of polymers, the concentration of polymers with 
various molecular weights and conductivities, and the concentration and property of io-
dide salts are factors that influence the ionic conductivity of GPEs. Conductivity is influ-
enced by external elements, such as organic solvents and temperature, to some extent. All 
of the aforementioned parameters influence the photovoltaic performance of DSSCs based 
on GPEs [61]. 

13. Approaches for the Enhancement in the Properties of GPE and Their DSSCs 
Although utilizing GPEs increased the stability of DSSCs, the photovoltaic perfor-

mance of GPE-based quasi-solid-state DSSCs was found to be lower than that of liquid-

Figure 6. Long-term stability of the DSSCs with liquid electrolyte (circle) and with the gel polymer
electrolyte PMMA–EC/PC/DMC–NaI/I2 (square), adapted from reference [60]. [Reproduced with
kind permission].

12. Factors Influencing the Ionic Conductivity of GPE and the Photovoltaic
Performance of Their DSSCs

The charge carrier transfer and diffusion efficiency of the redox couple resulting from
its own ingredients, such as various types of polymers, the concentration of polymers with
various molecular weights and conductivities, and the concentration and property of iodide
salts are factors that influence the ionic conductivity of GPEs. Conductivity is influenced
by external elements, such as organic solvents and temperature, to some extent. All of the
aforementioned parameters influence the photovoltaic performance of DSSCs based on
GPEs [61].

13. Approaches for the Enhancement in the Properties of GPE and Their DSSCs

Although utilizing GPEs increased the stability of DSSCs, the photovoltaic perfor-
mance of GPE-based quasi-solid-state DSSCs was found to be lower than that of liquid-
electrolyte-based DSSCs. Although some polymers may successfully gelate liquid elec-
trolytes, they have a negative impact on photovoltaic performance and DSSC stability.
For example, the gel network may obstruct charge transport in the gel electrolyte to some
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extent. Furthermore, the gelators may react with electrolyte components. To increase the
ionic conductivity of GPEs and hence the performance of GPE-based DSSCs, the following
procedures have been used.

(a) Thixotropic gel state: An appropriate mechanical tension can be used to convert
thixotropic gels into sols. These thixotropic gel electrolytes should be useful for
building DSSCs without leakage and giving efficient photovoltaic output that is stable
over time [62].

(b) Incorporation of proton donors: Due to their high proton conductivity, chemical
and electrochemical stability, and ease of processing of polymer matrices, polymer
electrolytes doped with proton donors have recently gained a significant amount of
attention. The proton donor effectively increases the ionic conductivity of GPEs, re-
sulting in increased I−/I−3 mobility, short-circuit current density, open-circuit voltage,
stability, and energy conversion efficiency of DSSCs [63,64].

(c) Introduction of inorganic nanoparticles: Because the 3D network of the normal gel elec-
trolyte hinders charge transport to some extent, adding inorganic nanoparticles could
reduce charge combination at the interface of the dyed TiO2 electrode/electrolyte
and increase the diffusion coefficient of I−3 because the introduction of inorganic
nanoparticles reduces this negative effect [49].

(d) Addition of pyridine derivatives: To improve the open-circuit photovoltage and
therefore efficiency of DSSCs, additives in the electrolytes, such as pyridine derivatives,
especially N-methylbenzimidazole, and tetrabutylammonium phosphate, are always
added to the electrolytes [65,66].

14. Recent Developments in GPE-DSSC

The safety issues faced by the liquid electrolytes can be solved through the enhanced
GPEs. Nonetheless, its efficiency of power conversion (η) can be improved through the
betterment of the following parameters, viz. open-circuit voltage (VOC), short-circuit cur-
rent (JSC) and fill factor (FF). Some research activities aim to improve GPEs. Saidi et al. [67]
used a different concentration of 4-tert-butyl-pyridine (TBP) in a gel polymer (GP) for the
performance improvement of DSSC and found that the quasi-fermi level of the TiO2 photo-
anode shifted towards higher potential. The presence of 7% of TBP by weight increased
VOC by 21.31%. It is also noted that the addition of TBP showed a reduction in the JSC of
DSSC, while 3% of the TBP by weight showed the highest η of 8.11%. In another work,
Praveen et al. [68] used chitosan dissolved in formic acid as an electrolyte for ZnO/ZnS-
based DSSC, and reported a higher VOC and η. This enhancement was attributed to higher
ionic mobility, where ZnS overwhelms the charge combination rate, and chitosan helped in
the phototronic effect as well as activating charge carrier for enhancing the ionic mobility
and visible light absorption.

The PAN-co-PBA copolymer used as a gel electrolyte offers the following attributes: a
carboxylate group preset in a PBA chain behaved as a superabsorbent to organic liquid,
which impacted the ionic properties and long-life stability of the electrolyte. These proper-
ties provided support to the charge transportation between the electrolyte and conduction
layer [69]. In another work, Chai et al. [70] used polyurethane acrylate (PUA) with tetra-
butylammonium iodide (TBAI) as a gel-polymer electrolyte and found that there was an
increment in electrolyte conductivity due to the high mobility and the number of densities
of the charge carriers.

Abisharani et al. [71] obtained a high performance with better stability for DSSCs
through the incorporation of the additives of the N, S, and O groups with GPE. The corre-
sponding calculations of the DFT revealed that the anchoring groups of the additives play
an important role in the charge transfer mechanism, and the TiO2 surface contained strong
covalent/non-covalent bonds. In another work, Lobregas et al. [72] used potato starch
modified with grafting 1-glycidyl-3-methylimidazolium chloride (GMIC) as a gel-polymer
electrolyte, and obtained 0.514% efficiency and relative stability due to the good filling
contact between the electrodes. Figure 7 shows the photocurrent–voltage curve charac-
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teristics of liquid and a modified gel–polymer electrolyte. Table 1 lists the performance
characteristics of different modified gel polymers in DSSCs.
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Table 1. List of performance characteristics of various modified gel-polymer DSSCs.

S. No Author Electrolyte VOC
(V)

JSC
(mA cm−2) FF (%) η (%)

1 Praveen et al. [68] Chitosan 0.8 1.6871 44.59 1.6

2 Shah et al. [69] 7% PAN-co-PBA 0.646 ± 0.03 13.16 ± 0.71 61.5 ± 2 5.23 ± 0.28

3 Chai et al. [70] 67.94%PUA–30.00% TBAI–2.06% I2 0.55 ± 0.01 7.15 ± 0.74 1.97 ± 0.21

4 Rao et al. [74] PEO/PEGDME/0%acetamide 0.79 11.35 0.55 5.03

5 Abisharani et al. [71] SAA/I−/I3
−/Gelatin 0.79 14.1 0.52 5.8

6 Gunasekaran et al. [73] 0.6-Guar gum 0.787 10.65 0.46 4.96

7 Manafi et al. [75] PVDF– HFP/PEO/BMIMBF4 (60/40
wt%) 0.685 15.65 60.4 6.47

8 Balamurgan et al. [76] Co2+/3+[bnbip]2/HEC/BNBIT 0.795 10.7 0.53 4.50

9 Khannam et al. [77] Gelatin/Graphene
Oxide/LiI/TBP/MPI/NMP 0.75 7.68 0.7 4.02

10 Sharma et al. [78] Gelatin/MWCNT/LiI/I2/TBP/MPI/NMP 0.93 8.14 0.18 1.35

11 Farhana et al. [79] P(VB-co-VA-co-VAc)/NaI 0.61 12.52 51.8 4.01

12 Farhana et al. [80] P(VB-co-VA-co-VAc)/TPAI 0.678 13.585 50.1 4.615

13 Careem et al. [81] 50%Ki-50%TPAI-PVA 0.630 8.0 62 5.51

14 Zulkifi et al. [82] PhCh:EC:DMF:KI/I2 0.37 20.33 65 3.57

15 Kesavan et al. [83] Au97.5 Pt2.5/C NPoS 0.686 13.09 56.8 5.1

16 Suzuka et al. [84] Indolines
(2,3-benzo-4,5-dihydroindoles) 0.93 15.5 70 10.1

17 Lin et al. [33] POEI-IS 0.825 13.85 71 8.18

18 Xiang et al. [31] [Co(bpy3)] 3+ 0.817 1.54 ± 0.01 80 10

15. Conclusions

This article presented a review of the research on the development of electrolytes in
general and the use of ionic liquids in particular for DSSCs. Though liquid electrolytes pro-
vide higher photovoltaic performance, the leakage and volatilization of the solvent reduced
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the enduring stability, making them impractical for large installations. Due to their stability,
polymer electrolytes (solid and GPEs) and p-type semiconductors were chosen for study.
The solid polymer electrolytes had low ionic conductivity and the p-type semiconductor
had less efficiency and showed poor electrode contact. These made gel polymer electrolytes
a suitable replacement over liquid electrolytes because of their higher ionic conductivity,
enduring stability, and outstanding thermal stability of the DSSCs established on them.
Furthermore, the ionic conductivity of GPE and the DSSCs performance can be improved
through the concentrations of the iodide salts. However, in comparison to liquid electrolyte
and GPE DSSCs, GPE persist lower ionic conductivity, photovoltaic performance (Voc), and
energy conversion efficiency. Furthermore, the properties related to GPEs, viz. photovoltaic
and ionic conductivity, can be improved by using strategies such as the thixotropic gel
states, fusion of the proton donors, the addition of the pyridine derivatives GPEs, and the
introduction of inorganic nanoparticle.

These strategies, combined with the unique properties of ionic liquids incorporated
into GPEs, have the potential to expand the scope of GPE to obtain higher efficiency, high
ionic conductivity, and continuous industrially manufactured DSSCs.

Author Contributions: P.R. formulated the review paper concept. P.R., V.K. and A.G. together wrote
the manuscript. P.R., K.M. and S.C.J. edited the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Ankur Gupta wishes to acknowledge IIT Jodhpur for providing the research
seed grant (I/SEED/AKG/20190022). Kunal Mondal gratefully acknowledges the Department
of Energy and Environment Science and Technology at the Idaho National Laboratory, USA, for
their support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. EIA Projects Nearly 50% Increase in World Energy Usage by 2050, Led by Growth in Asia—Today in Energy—U.S. Energy

Information Administration (EIA). Available online: https://www.eia.gov/todayinenergy/detail.php?id=41433 (accessed on
17 October 2021).

2. Downloads|Energy Economics|Home. Available online: https://www.bp.com/en/global/corporate/energy-economics/
statistical-review-of-world-energy/downloads.html (accessed on 18 October 2021).

3. Grätzel, M. Photoelectrochemical cells. Nature 2001, 414, 338–344. [CrossRef]
4. Chapin, D.M.; Fuller, C.S.; Pearson, G.L. A New Silicon p-n Junction Photocell for Converting Solar Radiation into Electrical

Power. J. Appl. Phys. 2004, 25, 676. [CrossRef]
5. Smestad, G.; Spiekermann, S.; Kowalik, J.; Grant, C.D.; Schwartzberg, A.; Zhang, J.; Tolbert, L.M.; Moons, E. A technique to

compare polythiophene solid-state dye sensitized TiO2 solar cells to liquid junction devices. Sol. Energy Mater. Sol. Cells 2003, 76,
85–105. [CrossRef]

6. Almora, O.; Baran, D.; Bazan, G.C.; Berger, C.; Cabrera, C.I.; Catchpole, K.R.; Erten-Ela, S.; Guo, F.; Hauch, J.; Ho-Baillie, A.W.Y.;
et al. Device Performance of Emerging Photovoltaic Materials (Version 2). Adv. Energy Mater. 2021, 11, 2102526. [CrossRef]

7. Almora, O.; Baran, D.; Bazan, G.C.; Berger, C.; Cabrera, C.I.; Catchpole, K.R.; Erten-Ela, S.; Guo, F.; Hauch, J.; Ho-Baillie, A.W.Y.;
et al. Device Performance of Emerging Photovoltaic Materials (Version 1). Adv. Energy Mater. 2021, 11, 2002774. [CrossRef]

8. O’Regan, B.; Grätzel, M. A low-cost, high-efficiency solar cell based on dye-sensitized colloidal TiO2 films. Nature 1991, 353,
737–740. [CrossRef]

9. Grätzel, M. Conversion of sunlight to electric power by nanocrystalline dye-sensitized solar cells. J. Photochem. Photobiol. A Chem.
2004, 164, 3–14. [CrossRef]

10. Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.; Pettersson, H. Dye-Sensitized Solar Cells. Chem. Rev. 2010, 110, 6595–6663. [CrossRef]
11. O’Regan, B.C.; Durrant, J.R. Kinetic and Energetic Paradigms for Dye-Sensitized Solar Cells: Moving from the Ideal to the Real.

Acc. Chem. Res. 2009, 42, 1799–1808. [CrossRef]
12. Hagfeldt, A. Brief Overview of Dye-Sensitized Solar Cells. AMBIO 2012, 41, 151–155. [CrossRef]

https://www.eia.gov/todayinenergy/detail.php?id=41433
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy/downloads.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy/downloads.html
http://doi.org/10.1038/35104607
http://doi.org/10.1063/1.1721711
http://doi.org/10.1016/S0927-0248(02)00252-0
http://doi.org/10.1002/aenm.202102526
http://doi.org/10.1002/aenm.202002774
http://doi.org/10.1038/353737a0
http://doi.org/10.1016/j.jphotochem.2004.02.023
http://doi.org/10.1021/cr900356p
http://doi.org/10.1021/ar900145z
http://doi.org/10.1007/s13280-012-0272-7


Micromachines 2022, 13, 680 14 of 16

13. Kavan, L.; Grätzel, M. Highly efficient semiconducting TiO2 photoelectrodes prepared by aerosol pyrolysis. Electrochim. Acta
1995, 40, 643–652. [CrossRef]

14. Cameron, P.; Peter, L.M. Characterization of Titanium Dioxide Blocking Layers in Dye-Sensitized Nanocrystalline Solar Cells. J.
Phys. Chem. B 2003, 107, 14394–14400. [CrossRef]

15. Bach, U.; Lupo, D.; Comte, P.; Moser, J.-E.; Weissörtel, F.; Salbeck, J.; Spreitzer, H.; Gratzel, M. Solid-state dye-sensitized
mesoporous TiO2 solar cells with high photon-to-electron conversion efficiencies. Nature 1998, 395, 583–585. [CrossRef]

16. Krüger, J.; Plass, R.; Grätzel, M.; Cameron, P.; Peter, L.M. Charge Transport and Back Reaction in Solid-State Dye-Sensitized Solar
Cells: A Study Using Intensity-Modulated Photovoltage and Photocurrent Spectroscopy. J. Phys. Chem. B 2003, 107, 7536–7539.
[CrossRef]

17. Ito, S.; Miura, H.; Uchida, S.; Takata, M.; Sumioka, K.; Liska, P.; Comte, P.; Péchy, P.; Grätzel, M. High-conversion-efficiency
organic dye-sensitized solar cells with a novel indoline dye. Chem. Commun. 2008, 5194–5196. [CrossRef] [PubMed]

18. Qu, S.; Hua, J.; Tian, H. New D-π-A dyes for efficient dye-sensitized solar cells. Sci. China Ser. B Chem. 2012, 55, 677–697.
[CrossRef]

19. Choi, H.; Kim, S.; Kang, S.O.; Ko, J.; Kang, M.-S.; Clifford, J.N.; Forneli, A.; Palomares, E.; Nazeeruddin, M.K.; Grätzel, M.
Stepwise Cosensitization of Nanocrystalline TiO2 Films Utilizing Al2O3 Layers in Dye-Sensitized Solar Cells. Angew. Chem. Int.
Ed. 2008, 47, 8259–8263. [CrossRef]

20. Marinado, T.; Nonomura, K.; Nissfolk, J.; Karlsson, M.K.; Hagberg, D.P.; Sun, L.; Mori, S.; Hagfeldt, A. How the Nature of
Triphenylamine-Polyene Dyes in Dye-Sensitized Solar Cells Affects the Open-Circuit Voltage and Electron Lifetimes. Langmuir
2009, 26, 2592–2598. [CrossRef]

21. Wang, M.; Huang, C.; Cao, Y.; Yu, Q.; Deng, Z.; Liu, Y.; Huang, Z.; Huang, J.; Huang, Q.; Guo, W.; et al. Dye-sensitized solar cells
based on nanoparticle-decorated ZnO/TiO2core/shell nanorod arrays. J. Phys. D Appl. Phys. 2009, 42, 155104. [CrossRef]

22. Wenger, S.; Bouit, P.-A.; Chen, Q.; Teuscher, J.; Di Censo, D.; Humphry-Baker, R.; Moser, J.-E.; Delgado, J.L.; Martín, N.;
Zakeeruddin, S.M.; et al. Efficient Electron Transfer and Sensitizer Regeneration in Stable π-Extended Tetrathiafulvalene-
Sensitized Solar Cells. J. Am. Chem. Soc. 2010, 132, 5164–5169. [CrossRef]

23. Hamann, T.W.; Jensen, R.A.; Martinson, A.B.F.; Van Ryswyk, H.; Hupp, J.T. Advancing beyond current generation dye-sensitized
solar cells. Energy Environ. Sci. 2008, 1, 66–78. [CrossRef]

24. Jose, R.; Thavasi, V.; Ramakrishna, S. Metal Oxides for Dye-Sensitized Solar Cells. J. Am. Ceram. Soc. 2009, 92, 289–301. [CrossRef]
25. Pagliaro, M.; Palmisano, G.; Ciriminna, R.; Loddo, V. Nanochemistry aspects of titania in dye-sensitized solar cells. Energy

Environ. Sci. 2009, 2, 838–844. [CrossRef]
26. Lee, B.; Buchholz, D.B.; Chang, R.P.H. An all carbon counter electrode for dye sensitized solar cells. Energy Environ. Sci. 2012, 5,

6941–6952. [CrossRef]
27. Veerender, P.; Saxena, V.; Jha, P.; Koiry, S.; Gusain, A.; Samanta, S.; Chauhan, A.; Aswal, D.; Gupta, S. Free-standing polypyrrole

films as substrate-free and Pt-free counter electrodes for quasi-solid dye-sensitized solar cells. Org. Electron. 2012, 13, 3032–3039.
[CrossRef]

28. Hsieh, C.-T.; Yang, B.-H.; Lin, J.-Y. One- and two-dimensional carbon nanomaterials as counter electrodes for dye-sensitized solar
cells. Carbon 2011, 49, 3092–3097. [CrossRef]

29. Erten-Ela, S.; Ueno, Y.; Asaba, T.; Kubo, Y. Synthesis of a dibenzo-BODIPY-incorporating phenothiazine dye as a panchromatic
sensitizer for dye-sensitized solar cells. New J. Chem. 2017, 41, 10367–10375. [CrossRef]

30. Kolemen, S.; Bozdemir, O.A.; Cakmak, Y.; Barin, G.; Erten-Ela, S.; Marszalek, M.; Yum, J.-H.; Zakeeruddin, S.M.; Nazeeruddin,
M.K.; Grätzel, M.; et al. Optimization of distyryl-Bodipy chromophores for efficient panchromatic sensitization in dye sensitized
solar cells. Chem. Sci. 2011, 2, 949–954. [CrossRef]

31. Xiang, W.; Huang, W.; Bach, U.; Spiccia, L. Stable high efficiency dye-sensitized solar cells based on a cobalt polymer gel
electrolyte. Chem. Commun. 2013, 49, 8997–8999. [CrossRef]

32. Bella, F.; Vlachopoulos, N.; Nonomura, K.; Zakeeruddin, S.M.; Grätzel, M.; Gerbaldi, C.; Hagfeldt, A. Direct light-induced
polymerization of cobalt-based redox shuttles: An ultrafast way towards stable dye-sensitized solar cells. Chem. Commun. 2015,
51, 16308–16311. [CrossRef]

33. Lin, Y.-F.; Li, C.-T.; Lee, C.-P.; Leu, Y.-A.; Ezhumalai, Y.; Vittal, R.; Chen, M.-C.; Lin, J.-J.; Ho, K.-C. Multifunctional Iodide-Free
Polymeric Ionic Liquid for Quasi-Solid-State Dye-Sensitized Solar Cells with a High Open-Circuit Voltage. ACS Appl. Mater.
Interfaces 2016, 8, 15267–15278. [CrossRef] [PubMed]

34. Yum, J.-H.; Baranoff, E.; Kessler, F.; Moehl, T.; Ahmad, S.; Bessho, T.; Marchioro, A.; Ghadiri, E.; Moser, J.-E.; Yi, C.; et al. A cobalt
complex redox shuttle for dye-sensitized solar cells with high open-circuit potentials. Nat. Commun. 2012, 3, 631. [CrossRef]
[PubMed]

35. Oskam, G.; Bergeron, B.V.; Meyer, G.J.; Searson, P.C. Pseudohalogens for Dye-Sensitized TiO2 Photoelectrochemical Cells. J. Phys.
Chem. B 2001, 105, 6867–6873. [CrossRef]

36. Wang, P.; Zakeeruddin, S.M.; Moser, J.-E.; Humphry-Baker, R.; Grätzel, M. A Solvent-Free, SeCN−/(SeCN)3
− Based Ionic Liquid

Electrolyte for High-Efficiency Dye-Sensitized Nanocrystalline Solar Cells. J. Am. Chem. Soc. 2004, 126, 7164–7165. [CrossRef]
[PubMed]

http://doi.org/10.1016/0013-4686(95)90400-W
http://doi.org/10.1021/jp030790+
http://doi.org/10.1038/26936
http://doi.org/10.1021/jp0348777
http://doi.org/10.1039/b809093a
http://www.ncbi.nlm.nih.gov/pubmed/18956066
http://doi.org/10.1007/s11426-012-4517-x
http://doi.org/10.1002/anie.200802852
http://doi.org/10.1021/la902897z
http://doi.org/10.1088/0022-3727/42/15/155104
http://doi.org/10.1021/ja909291h
http://doi.org/10.1039/b809672d
http://doi.org/10.1111/j.1551-2916.2008.02870.x
http://doi.org/10.1039/b903030a
http://doi.org/10.1039/c2ee02950b
http://doi.org/10.1016/j.orgel.2012.08.039
http://doi.org/10.1016/j.carbon.2011.03.031
http://doi.org/10.1039/C7NJ01735A
http://doi.org/10.1039/c0sc00649a
http://doi.org/10.1039/c3cc44555k
http://doi.org/10.1039/C5CC05533D
http://doi.org/10.1021/acsami.6b02767
http://www.ncbi.nlm.nih.gov/pubmed/27248206
http://doi.org/10.1038/ncomms1655
http://www.ncbi.nlm.nih.gov/pubmed/22252555
http://doi.org/10.1021/jp004411d
http://doi.org/10.1021/ja048472r
http://www.ncbi.nlm.nih.gov/pubmed/15186139


Micromachines 2022, 13, 680 15 of 16

37. Wang, P.; Zakeeruddin, S.M.; Comte, P.; Charvet, R.; Humphry-Baker, A.R.; Grätzel, M. Enhance the Performance of Dye-
Sensitized Solar Cells by Co-grafting Amphiphilic Sensitizer and Hexadecylmalonic Acid on TiO2 Nanocrystals. J. Phys. Chem. B
2003, 107, 14336–14341. [CrossRef]

38. De Freitas, J.N.; Nogueira, A.F.; De Paoli, M.-A. New insights into dye-sensitized solar cells with polymer electrolytes. J. Mater.
Chem. 2009, 19, 5279–5294. [CrossRef]

39. Wang, M.; Grätzel, C.; Zakeeruddin, S.M.; Grätzel, M. Recent developments in redox electrolytes for dye-sensitized solar cells.
Energy Environ. Sci. 2012, 5, 9394–9405. [CrossRef]

40. Li, D.; Qin, D.; Deng, M.; Luo, Y.; Meng, Q. Optimization the solid-state electrolytes for dye-sensitized solar cells. Energy Environ.
Sci. 2009, 2, 283–291. [CrossRef]

41. Tennakone, K.; A Kumara, G.R.R.; Kumarasinghe, A.R.; Wijayantha, U.; Sirimanne, P.M. A dye-sensitized nano-porous solid-state
photovoltaic cell. Semicond. Sci. Technol. 1995, 10, 1689–1693. [CrossRef]

42. Meng, Q.-B.; Takahashi, K.; Zhang, X.-T.; Sutanto, I.; Rao, T.N.; Sato, O.; Fujishima, A.; Watanabe, H.; Nakamori, T.; Uragami, M.
Fabrication of an Efficient Solid-State Dye-Sensitized Solar Cell. Langmuir 2003, 19, 3572–3574. [CrossRef]

43. Sahiner, F.; Ali, A.K.; Denizaltı, S.; Kandemir, Z.; Erten-Ela, S. Naphthalene imides as novel p-type sensitizers for NiO-based
p-type dye-sensitized solar cells. New J. Chem. 2020, 44, 15526–15537. [CrossRef]

44. Higashino, Y.; Erten-Ela, S.; Kubo, Y. π-Expanded dibenzo-BODIPY with near-infrared light absorption: Investigation of
photosensitizing properties of NiO-based p-type dye-sensitized solar cells. Dye. Pigment. 2019, 170, 107613. [CrossRef]

45. Lancelle-Beltran, E.; Prené, P.; Boscher, C.; Belleville, P.; Buvat, P.; Lambert, S.; Guillet, F.; Marcel, C.; Sanchez, C. Solid-State
Organic/Inorganic Hybrid Solar Cells Based on Poly(octylthiophene) and Dye-Sensitized Nanobrookite and Nanoanatase TiO2
Electrodes. Eur. J. Inorg. Chem. 2008, 2008, 903–910. [CrossRef]

46. Fenton, D.; Parker, J.; Wright, P. Complexes of alkali metal ions with poly(ethylene oxide). Polymer 1973, 14, 589. [CrossRef]
47. Raut, P.; Li, S.; Chen, Y.-M.; Zhu, Y.; Jana, S.C. Strong and Flexible Composite Solid Polymer Electrolyte Membranes for Li-Ion

Batteries. ACS Omega 2019, 4, 18203–18209. [CrossRef]
48. Kang, M.-S.; Ahn, K.-S.; Lee, J.-W. Quasi-solid-state dye-sensitized solar cells employing ternary component polymer-gel

electrolytes. J. Power Sources 2008, 180, 896–901. [CrossRef]
49. Kubo, W.; Murakoshi, K.; Kitamura, T.; Yoshida, S.; Haruki, M.; Hanabusa, K.; Shirai, H.; Wada, A.Y.; Yanagida, S. Quasi-Solid-

State Dye-Sensitized TiO2 Solar Cells: Effective Charge Transport in Mesoporous Space Filled with Gel Electrolytes Containing
Iodide and Iodine. J. Phys. Chem. B 2001, 105, 12809–12815. [CrossRef]

50. Usui, H.; Matsui, H.; Tanabe, N.; Yanagida, S. Improved dye-sensitized solar cells using ionic nanocomposite gel electrolytes. J.
Photochem. Photobiol. A Chem. 2004, 164, 97–101. [CrossRef]

51. Soucek, M.D.; Johnson, A.H.; Meemken, L.E.; Wegner, J.M. Preparation of nano-sized UV-absorbing titanium-oxo-clusters via a
photo-curing ceramer process. Polym. Adv. Technol. 2005, 16, 257–261. [CrossRef]

52. Dupont, J.; Suarez, P.A.Z. Physico-chemical processes in imidazolium ionic liquids. Phys. Chem. Chem. Phys. 2006, 8, 2441–2452.
[CrossRef]

53. Raut, P.; Liang, W.; Chen, Y.-M.; Zhu, Y.; Jana, S.C. Syndiotactic Polystyrene-Based Ionogel Membranes for High Temperature
Electrochemical Applications. ACS Appl. Mater. Interfaces 2017, 9, 30933–30942. [CrossRef] [PubMed]

54. Kawano, R.; Watanabe, M. Anomaly of Charge Transport of an iodide/Tri-Iodide Redox Couple in an Ionic Liquid and Its
Importance in Dye-Sensitized Solar Cells. Chem. Commun. 2005, 16, 2107–2109. [CrossRef] [PubMed]

55. Cheng, C.; Wan, C.; Wang, Y. Preparation of porous, chemically cross-linked, PVdF-based gel polymer electrolytes for rechargeable
lithium batteries. J. Power Source 2004, 134, 202–210. [CrossRef]

56. Suzuki, K.; Yamaguchi, M.; Hotta, S.; Tanabe, N.; Yanagida, S. A new alkyl-imidazole polymer prepared as an inonic polymer
electrolyte by in situ polymerization of dye sensitized solar cells. J. Photochem. Photobiol. A Chem. 2004, 164, 81–85. [CrossRef]

57. Wang, M.; Yin, X.; Xiao, X.R.; Zhou, X.; Yang, Z.Z.; Li, X.P.; Lin, Y. A new ionic liquid based quasi-solid state electrolyte for
dye-sensitized solar cells. J. Photochem. Photobiol. A Chem. 2008, 194, 20–26. [CrossRef]

58. Sommeling, P.; Späth, M.; Smit, H.; Bakker, K.; Kroon, J. Long-term stability testing of dye-sensitized solar cells. J. Photochem.
Photobiol. A Chem. 2004, 164, 137–144. [CrossRef]

59. Wang, P.; Zakeeruddin, S.M.; Moser, J.-E.; Nazeeruddin, M.K.; Sekiguchi, T.; Grätzel, M. A stable quasi-solid-state dye-sensitized
solar cell with an amphiphilic ruthenium sensitizer and polymer gel electrolyte. Nat. Mater. 2003, 2, 402–407. [CrossRef]

60. Yang, H.; Huang, M.; Wu, J.; Lan, Z.; Hao, S.; Lin, J. The polymer gel electrolyte based on poly(methyl methacrylate) and its
application in quasi-solid-state dye-sensitized solar cells. Mater. Chem. Phys. 2008, 110, 38–42. [CrossRef]

61. Wang, Y. Recent research progress on polymer electrolytes for dye-sensitized solar cells. Sol. Energy Mater. Sol. Cells 2009, 93,
1167–1175. [CrossRef]

62. Li, P.J.; Wu, J.H.; Huang, M.L.; Hao, S.C.; Lan, Z.; Li, Q.; Kang, S. The application of P(MMA-co-MAA)/PEG polyblend gel
electrolyte in quasi-solid state dye-sensitized solar cell at higher temperature. Electrochim. Acta 2007, 53, 903–908. [CrossRef]

63. Lakshmi, N.; Chandra, S. Rechargeable solid-state battery using a proton-conducting composite as electrolyte. J. Power Source
2002, 108, 256–260. [CrossRef]

64. Hatakeyama, K.; Sakaguchi, H.; Ogawa, K.; Inoue, H.; Iwakura, C.; Esaka, T. Solid-state metal-hydride batteries using heteropoly-
acid hydrate as an electrolyte. J. Power Source 2003, 124, 559–563. [CrossRef]

http://doi.org/10.1021/jp0365965
http://doi.org/10.1039/b900928k
http://doi.org/10.1039/c2ee23081j
http://doi.org/10.1039/B813378F
http://doi.org/10.1088/0268-1242/10/12/020
http://doi.org/10.1021/la026832n
http://doi.org/10.1039/D0NJ03266B
http://doi.org/10.1016/j.dyepig.2019.107613
http://doi.org/10.1002/ejic.200701033
http://doi.org/10.1016/0032-3861(73)90146-8
http://doi.org/10.1021/acsomega.9b00885
http://doi.org/10.1016/j.jpowsour.2008.02.087
http://doi.org/10.1021/jp012026y
http://doi.org/10.1016/j.jphotochem.2003.12.020
http://doi.org/10.1002/pat.563
http://doi.org/10.1039/b602046a
http://doi.org/10.1021/acsami.7b09155
http://www.ncbi.nlm.nih.gov/pubmed/28816433
http://doi.org/10.1039/b418031c
http://www.ncbi.nlm.nih.gov/pubmed/15846415
http://doi.org/10.1016/j.jpowsour.2004.03.037
http://doi.org/10.1016/j.jphotochem.2004.01.023
http://doi.org/10.1016/j.jphotochem.2007.07.009
http://doi.org/10.1016/j.jphotochem.2003.12.017
http://doi.org/10.1038/nmat904
http://doi.org/10.1016/j.matchemphys.2008.01.010
http://doi.org/10.1016/j.solmat.2009.01.009
http://doi.org/10.1016/j.electacta.2007.07.068
http://doi.org/10.1016/S0378-7753(02)00021-6
http://doi.org/10.1016/S0378-7753(03)00741-9


Micromachines 2022, 13, 680 16 of 16

65. Kusama, H.; Konishi, Y.; Sugihara, H.; Arakawa, H. Influence of alkylpyridine additives in electrolyte solution on the performance
of dye-sensitized solar cell. Sol. Energy Mater. Sol. Cells 2003, 80, 167–179. [CrossRef]

66. Hara, K.; Dan-Oh, Y.; Kasada, C.; Ohga, Y.; Shinpo, A.; Suga, S.; Sayama, K.; Arakawa, H. Effect of Additives on the Photovoltaic
Performance of Coumarin-Dye-Sensitized Nanocrystalline TiO2 Solar Cells. Langmuir 2004, 20, 4205–4210. [CrossRef] [PubMed]

67. Saidi, N.M.; Farhana, N.; Ramesh, S.; Ramesh, K. Influence of different concentrations of 4-tert-butyl-pyridine in a gel polymer
electrolyte towards improved performance of Dye-Sensitized Solar Cells (DSSC). Sol. Energy 2021, 216, 111–119. [CrossRef]

68. Praveen, E.; Peter, I.J.; Kumar, A.M.; Ramachandran, K.; Jayakumar, K. Performance of ZnO/ZnS nanocomposite based dye-
sensitized solar cell with chitosan-polymer electrolyte. Mater. Today Proc. 2021, 35, 27–30. [CrossRef]

69. Shah, D.K.; Son, Y.-H.; Lee, H.-R.; Akhtar, M.S.; Kim, C.Y.; Yang, O.-B. A stable gel electrolyte based on poly butyl acrylate
(PBA)-co-poly acrylonitrile (PAN) for solid-state dye-sensitized solar cells. Chem. Phys. Lett. 2020, 754, 137756. [CrossRef]

70. Chai, K.; Noor, I.; Aung, M.M.; Abdullah, L.C.; Kufian, M. Non-edible oil based polyurethane acrylate with tetrabutylammonium
iodide gel polymer electrolytes for dye-sensitized solar cells. Sol. Energy 2020, 208, 457–468. [CrossRef]

71. Abisharani, J.; Balamurugan, S.; Thomas, A.; Devikala, S.; Arthanareeswari, M.; Ganesan, S.; Prakash, M. Incorporation of organic
additives with electron rich donors (N, O, S) in gelatin gel polymer electrolyte for dye sensitized solar cells. Sol. Energy 2021, 218,
552–562. [CrossRef]

72. Lobregas, M.O.; Camacho, D.H. Gel polymer electrolyte system based on starch grafted with ionic liquid: Synthesis, characteriza-
tion and its application in dye-sensitized solar cell. Electrochim. Acta 2019, 298, 219–228. [CrossRef]

73. Gunasekaran, A.; Sorrentino, A.; Asiri, A.M.; Anandan, S. Guar gum-based polymer gel electrolyte for dye-sensitized solar cell
applications. Sol. Energy 2020, 208, 160–165. [CrossRef]

74. Rao, B.N.; Suvarna, R.P.; Raghavender, M. Synthesis of gel polymer electrolyte with PEO/RbI/I2 for DSSC applications. Mater.
Today Proc. 2021, 46, 4349–4355. [CrossRef]

75. Manafi, P.; Nazockdast, H.; Karimi, M.; Sadighi, M.; Magagnin, L. A study on the microstructural development of gel polymer
electrolytes and different imidazolium-based ionic liquids for dye-sensitized solar cells. J. Power Source 2021, 481, 228622.
[CrossRef]

76. Balamurugan, S.; Ganesan, S. Novel cobalt redox materials admitted in natrosol polymer with a thiophene based additive as a gel
polymer electrolyte to tune up the efficiency of dye sensitized solar cells. Electrochim. Acta 2020, 329, 135169. [CrossRef]

77. Khannam, M.; Boruah, R.; Dolui, S.K. An efficient quasi-solid state dye sensitized solar cells based on graphene oxide/gelatin gel
electrolyte with NiO supported TiO2 photoanode. J. Photochem. Photobiol. A Chem. 2017, 335, 248–258. [CrossRef]

78. Sharma, S.; Khannam, M.; Dolui, S.K. A quasi solid state dye sensitized solar cell based on gelatin/multiwalled carbon nanotube
gel electrolyte and ZnO nanorod photoanode. J. Mater. Sci. Mater. Electron. 2016, 27, 7864–7875. [CrossRef]

79. Farhana, N.; Bashir, S.; Ramesh, S.; Ramesh, K. Augmentation of dye-sensitized solar cell photovoltaic conversion efficiency via
incorporation of terpolymer Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) based gel polymer electrolytes. Polymer 2021,
223, 123713. [CrossRef]

80. Farhana, N.; Ramesh, S.; Ramesh, K. Efficiency enhancement of dye-sensitized solar cell based gel polymer electrolytes using
Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate)/tetrapropylammonium iodide. Mater. Sci. Semicond. Process. 2019, 91,
414–421. [CrossRef]

81. Careem, M.; Aziz, M.; Buraidah, M. Boosting Efficiencies of Gel Polymer Electrolyte Based Dye Sensitized Solar Cells Using
Mixed Cations. Mater. Today Proc. 2017, 4, 5092–5099. [CrossRef]

82. Zulkifli, A.M.; Said, N.I.A.M.; Aziz, S.B.; Dannoun, E.M.A.; Hisham, S.; Shah, S.; Abu Bakar, A.; Zainal, Z.H.; Tajuddin, H.A.;
Hadi, J.M.; et al. Characteristics of Dye-Sensitized Solar Cell Assembled from Modified Chitosan-Based Gel Polymer Electrolytes
Incorporated with Potassium Iodide. Molecules 2020, 25, 4115. [CrossRef]

83. Kesavan, M.; Arulraj, A.; Rajendran, K.; Anbarasu, P.; Ganesh, P.A.; Jeyakumar, D.; Ramesh, M. Performance of dye-sensitized
solar cells employing polymer gel as an electrolyte and the influence of nano-porous materials as fillers. Mater. Res. Express 2018,
5, 115305. [CrossRef]

84. Suzuka, M.; Hayashi, N.; Sekiguchi, T.; Sumioka, K.; Takata, M.; Hayo, N.; Ikeda, H.; Oyaizu, K.; Nishide, H. A Quasi-Solid
State DSSC with 10.1% Efficiency through Molecular Design of the Charge-Separation and -Transport. Sci. Rep. 2016, 6, 28022.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.solmat.2003.08.001
http://doi.org/10.1021/la0357615
http://www.ncbi.nlm.nih.gov/pubmed/15969418
http://doi.org/10.1016/j.solener.2020.12.058
http://doi.org/10.1016/j.matpr.2019.05.382
http://doi.org/10.1016/j.cplett.2020.137756
http://doi.org/10.1016/j.solener.2020.08.020
http://doi.org/10.1016/j.solener.2021.03.007
http://doi.org/10.1016/j.electacta.2018.12.090
http://doi.org/10.1016/j.solener.2020.07.084
http://doi.org/10.1016/j.matpr.2020.09.661
http://doi.org/10.1016/j.jpowsour.2020.228622
http://doi.org/10.1016/j.electacta.2019.135169
http://doi.org/10.1016/j.jphotochem.2016.12.006
http://doi.org/10.1007/s10854-016-4777-x
http://doi.org/10.1016/j.polymer.2021.123713
http://doi.org/10.1016/j.mssp.2018.12.007
http://doi.org/10.1016/j.matpr.2017.05.013
http://doi.org/10.3390/molecules25184115
http://doi.org/10.1088/2053-1591/aade2a
http://doi.org/10.1038/srep28022
http://www.ncbi.nlm.nih.gov/pubmed/27311604

	Introduction 
	Dye-Sensitized Solar Cell Architecture and Basic Operation 
	Electrolytes 
	Liquid Electrolyte 
	P-Type Semiconductors 
	Solid Polymer Electrolytes 
	Gel Polymer Electrolytes (GPEs) 
	The Advantages of GPE 
	Higher Ionic Conductivity 
	Excellent Thermal Stability 
	Outstanding Long-Term Stability 
	Factors Influencing the Ionic Conductivity of GPE and the Photovoltaic Performance of Their DSSCs 
	Approaches for the Enhancement in the Properties of GPE and Their DSSCs 
	Recent Developments in GPE-DSSC 
	Conclusions 
	References

