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The dye-sensitized solar cells (DSSCs) which are considered as the third-generation solar cells have a huge
potential to be commercialized due to their low cost, simplicity in fabrication, and promising photon-to-electrical
energy conversion efficiency. Nevertheless, a high cell efficiency can only be achieved when an organic solvent is
incorporated into the formulation of the electrolyte, which is prone to evaporation and leakage. As a result, DSSCs
become unsuitable for long-run usage due to thermal instability in the electrolyte. The early intention of
incorporating ionic liquids (ILs) into the electrolyte was to curb the abovementioned problem and to enable the
DSSCs to function as a sustainable energy device. ILs have been incorporated into the electrolyte formulation and
the extent of how the ILs can affect the cell efficiency in various electrolyte states is highlighted. This sheds light on

the true purpose of introducing ILs into DSSC electrolyte, which is to enhance the ionicity of the electrolyte.

DSSC electrolyte ionic liquids

| 1. Introduction

Solar energy is a clean and the most abundantly available renewable energy. Only 10 min is required for the sun to
irradiate the earth’s surface to be equal to annual energy consumption. Photovoltaic technology is a method that
converts solar energy to electrical energy . Among the three generations of the photovoltaic cells, the third
generation, particularly the dye-sensitized solar cells (DSSCs) have garnered much attention from researchers
owing to the costly production and the environmental pollution that had arisen from the commercialized first and
second generations of photovoltaic cells 2],

The DSSCs have a huge potential to be commercialized due to low cost and simplicity in fabrication. They gained
attention when the technology had a breakthrough with its cell efficiency that rose to ~7—8%. This was achieved by
introducing nanometer-sized titanium oxide (TiO,) to the working electrode surface in the year 1991 [l Before that,
the maximum efficiency was stagnant at not more than 1%. Since then, many studies have reported improvement
in the DSSC’s main components, such as the dye, the electrolyte, and the electrodes, in the attempt to increase
cell efficiency. As a result, the cell efficiency has slowly increased, not drastically but significantly. This reflects the

importance of improving every aspect of the DSSCs to gain high cell efficiency.

An organic solvent, namely acetonitrile (ACN), is commonly incorporated to form the liquid electrolyte for DSSCs. It
has a low boiling point and easily vaporizes under heat stress. This is a major drawback that makes the DSSCs
unsuitable for a long-run usage due to the thermal instability of the electrolyte, thus DSSCs are considered to be

unfit as a sustainable energy device. Subsequently, higher boiling point solvents of more than 100 °C have been
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widely used to replace acetonitrile, namely valeronitrile, 3-methoxypropionitrile (MPN), N-methyl-2-pyrrolidone
(NMP), ethylene carbonate, and methylene carbonate, to form a stable electrolyte 4. Nevertheless, the DSSCs still
face the problem of evaporation and leakage through the sealant at elevated temperatures . This indirectly points

out the difficulty for DSSCs to be commercialized for outdoor applications.

Also known as designer’'s solvents, ILs are usually designed and synthesized for specific purposes. The
combinations of various anions with cations, along with a range of pendants or functional groups, enable the
synthesis of the desired ILs with specific properties. The cyclic-based ILs, particularly imidazolium-based ILs have
become the prevailing choice in studies concerning IL-based electrolytes for the past two decades. Among the
members of the heterocyclic family, imidazolium has been commonly used as the cation for ILs due to several
properties, such as lower viscosity, higher diffusivity, higher density, and higher thermal stability, when compared to
pyridinium, pyrrolidinium, and ammonium [&. Besides, the electrochemical windows of the ILs were mostly reported
at about 4 V, which appeared practical for many electrochemical devices, such as DSSCs [,

For DSSCs to be commercialized, they should exhibit high efficiency and long-term stability. These two aspects are
the technical challenges that demand further investigations. As a multi-component device, each DSSC aspect must
be optimized. An electrolyte in DSSCs primarily serves as a medium for a redox reaction to occur. A well-articulated
process contributes to cell efficiency [&l. Although the major concerns for DSSCs commercialization are poor long-
term stability and low efficiency (due to the direct connection with electrolyte component), surprisingly, only 11% of
all studies related to electrolyte had probed into DSSCs until the year 2015 &, The search for an ideal solvent for

DSSCs electrolytes is crucial as it determines the efficiency of fabricated DSSCs.

Variety of ILs to be

2. lonic Liquids in Liquid, Solid and Quasi-Solid Electrolyte
for DSSCs
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The three types of electrolytes for DSSCs are liquid, solid, and quasi solid electrolytes. In liquid electrolyte, ACN is
the main solvent by far that offers the highest cell efficiency 9. Being the simplest organic nitrile, ACN (low in
viscosity of 0.536 mPa-s at 25 °C) dissolves other electrolyte components including redox couple and additive, to
enable the redox reaction to occur. Mass transport is governed by the gradient diffusions of the species present in
the electrolyte. A solvent with low viscosity enhances the diffusion coefficient of the redox couple, besides allowing
high ionic conductivity, and more importantly, high cell efficiency . The drawback of using an organic solvent as
mentioned earlier is that it easily vaporizes despite having a high boiling point, thus unsuitable for long-term usage
as the cell is bound to experience solvent evaporation over time. As a result, ILs were introduced to solve the
problem posed by organic solvents. lonic liquids (ILs) have an unprecedented high boiling point with negligible

vapor pressure. For each study reviewed here, the function of ILs is translated into two; additives and solvent.

In 2001, Nazeeruddin et al. [11] reported a cell efficiency of 10.4% by introducing a black dye (ruthenium-based)
with better light-harvesting properties. In 2005, they 12reported other ruthenium-based dyes in DSSCs, namely
N719/N749 dye, which had resulted in high cell efficiency of ~11-12%. In 2018, a cell efficiency of 14.3% was
recorded, which was the highest by far (under standard light intensity) by using cobalt (IlI/I) tris(1,10-
phenanthroline) complex as redox couple in the electrolyte 23! |onic liquids were also incorporated in the
electrolytes but at lower concentrations playing the role of additives. However, the high cell efficiency reported in
the aforementioned study was attained through the use of volatile organic solvent as the solvent for the
electrolytes. The most obvious solution to this instability issue is the complete elimination of liquid-based electrolyte
and the incorporation of solid-state hole transport material (ss HTM) to take up the role of electrolyte and to form
solid-state DSSC (ss-DSSC). Recently, an 11%-cell efficiency was achieved by using an inorganic HTM
[Cu(4,4',6,60-tetramethyl-2,2'-bipyridine)2](bis(trifluoromethylsulfonyl)imide), with [Cu (4,4',6,6'- tetramethyl-2,2'-
bipyridine),](bis(trifluoromethylsulfonyl)imide) 14, However, the noted efficiency was still lower than a liquid-based
electrolyte, mainly due to the low conductivity nature of HTM and the inefficient HTM filling onto mesoporous TiO,,
thus causing poor contact of the HTM with the mesoporous TiO, 14l Besides, the lack of stability data reported on

the ss-DSSCs has raised concern on the long-term performance of ss-DSSCs.

Papageorgiou et al. (1996)122! reported one of the earliest attempts to obtain better photoconversion efficiency by
introducing low viscosity ILs mixtures. This was achieved by mixing two or more ILs of different viscosity values. In
the study, the viscosity of 1-hexyl-3-methylimidazolium iodide (HMIml) was reduced by adding a low viscosity IL
namely 1-ethyl-3-methylimidazolium triflate (EMImTf). The said mixture in the electrolyte of DSSCs resulted in a
better photo energy conversion efficiency when compared to HMImI alone. The addition of EMImTf to HMImI had
increased the diffusion coefficient of triiodide by 1.6%, in comparison to the use of HMImI alone, wherein the

conversion efficiency was ~7%.

Mhd Yusof and Yahya 18had attempted to overcome the low mass transportation in viscous IL by
adding low viscosity 1-butyl-3-methylimidazolium thiocyanate (BMISCN) (56 mPa:-s) into IL of higher
viscosity, 1-propyl-3-methylimidazolium iodide(PMII) (336 mPa-s). These two ILs were mixed at four
different ratios to study their effect on cell efficiency. As a result, the mixture ratio of PMIl to BMISCN
at 1.0.75 gave the highest power conversion efficiency at 1.89%. Although the mixture ratio of PMII
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to BMISCN at 1:1 gave the lowest viscosity (68 mPa-s) with the highest triiodide diffusion coefficient,
the power conversion efficiency was only 1.52%. This indicated that the viscosity and diffusion
coefficient are not the only factors that determine cell efficiency.

In the year 2008, Cao et al. 12 employed the classic choice of redox couple; I13-/I- and explored
several known ILs to prepare an efficient electrolyte for DSSCs. They had assessed several ILs of
different density, conductivity, and fluidity to combine with 13-/I- redox couple in forming an electrolyte
for DSSCs. The ILs employed were 1-hexyl-3-methylimidazolium iodide (HMII), 1-butyl-3-
methylimidazolium iodide (BMII), 1-propyl-3-methylimidazolium iodide (PMII), as well as a mixture of
1-ethyl-3-methylimidazolium iodide, 1,3-dimethylimidazolium iodide, and 1-allyl-3-methylimidazolium
iodide (EMII/DMII/AMII). The study highlighted the importance of using low viscosity redox couple
(triiodide/iodide). As a result, EMII/DMII/AMII-based electrolyte of DSSC displayed better power
conversion efficiency when compared to single ILs (HMII, BMII, and PMII), mainly because the
mixture had high fluidity and low density.

Kang et al. (2004) 18] reported the usage of pure IL as a solvent of the electrolyte for DSSCs. Novel IL, 1-vinyl-3-
heptylimidazolium iodide (VHpll) was used as the solvent for the electrolyte. The thermogravimetric analysis
revealed that the VHpll was stable for thermal stress up to 250 °C and non-volatile at 150 °C, thus suggesting the
low probability of photovoltaic cell leakage due to long exposure to irradiation, which was suffered by the organic
solvent-based DSSCs electrolytes. The conversion efficiency was reported to be 2.63%. Nonetheless, the addition
of lithium iodide (Lil) as part of the electrolyte had increased the efficiency to 3.63%. The obvious increase in Jg.

value upon the addition of Lil was observed from 6.63 mAxcm™2 (before addition) to 9.61 mAxcm™2 (after addition).

In a countless number of studies, the addition of ILs into organic solvent-based electrolyte was often claimed to
solve its instability that could easily vaporize, especially in elevated temperature or long-term condition. Over time,
the organic solvent will evaporate and cause deterioration of the solar cells. This has become the main reason for
introducing polymer-based electrolyte. The polymer-based electrolytes can be further classified into solid and gel
polymer electrolytes (GPEs). These two can be differentiated based on their physical attributes, in which the solid
polymer electrolyte has a solid physical characteristic, while GPE is between solid and liquid (gel-like properties).
This consistency classically can be achieved by using certain preparation methods, such as heat-induced or UV-
cured or simply by adding certain materials, such as plasticizer, into the mixture of polymer host with the electrolyte
components29.

Polymer electrolytes in both solid and gel states have very low ionic conductivity 29. The presence of salt, such as
Lil and KI, together with the polymer host material, is integral to provide the necessary ionicity to the polymer
electrolyte. Upon the discovery of IL, it has gained popularity to be incorporated into the polymer electrolyte, to
enhance the ionicity and the overall performance of the photovoltaic cell 29, Due to this, ILs had been substantially
mixed into the polymer host to improve the transport properties of these materials towards achieving high cell
efficiency. Often, the effect that takes place due to the improvements of the electrolyte properties can be observed

on the cell performance parameters, such as Jg¢, Vo, and FF.
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Polyethylene oxide (PEO) a commonly used polymer in electrolyte studies, which is semi-crystalline, impedes the
electron movement and decreases the ionic conductivity. The addition of imidazolium-based IL into GPE was
intended to overcome this disadvantage. The presence of ILs in PEO was intended as a plasticizer to decrease the
crystallinity and simultaneously increase the probability for the electrolyte to infiltrate into the TiO, layer. This is
beneficial in terms of ionic conductivity. Syairah et al. [2! evaluated the incorporation of imidazolium-based ILs of
different alkyl chain lengths into PEO with ethylene carbonate (EC) and propylene carbonate (PC) as solvents.
lonic liquids (ILs), namely 1-methyl-3-propylimidazolium iodide (PMII), 1-butyl-3-methylimidazolium (BMiII), and 1-
hexyl-3-methylimidazolium iodide (HMII), were used as an additive in the GPE. The study was focused on
establishing a connection between the use of imidazolium-based ILs of different alkyl chain lengths and the
resulting ionic conductivities of the GPEs and the DSSCs power conversion efficiencies. As a result, the addition of
ILs into the GPEs had increased the ionic conductivity, whereby the presence of the lone pair electron in the
conjugated system of imidazolium-based IL had facilitated the flow of ions. The highest conductivity was obtained
at 9.41 mS-cm™, which also led to the highest conversion efficiency at 9.35%, in comparison to GPE without IL.
From the current versus voltage (/-V) data of the solar cells, it was revealed that the addition of ILs had increased

the V.. Furthermore, the usage of low viscosity ILs had improved the transport properties of the electrolyte.

Li et al. 22 reported the imbibition of ILs into the polymer host poly(acrylic acid/gelatin) [poly(AA/GR)], and
poly(acrylic acid/cetyltrimethylammonium ammonium bromide) [poly(AA/CTAB)] matrices to increase ionic
conductivity, cell efficiency, and stability. The study compared the efficiency and the stability of the cells that used
ILs imbibed polymer-based electrolyte with ACN imbibed polymer-based electrolyte. Their primary concern was on
the nature of the organic solvent, ACN, which easily vaporized when incorporated in a GPE. For the preparation of
the IL electrolyte, 0.5 M |, and 0.01 M Lil were added into 40 volume % PMII, 50 volume % [AMIM]BF4, and 10
volume % N-methyl pyrrolidone. The GPEs were prepared by immersing 0.2 g of [poly (AA/GR)] or [poly
(AA/CTAB)] into the IL electrolyte formulation. The same procedure was conducted to obtain the ACN-contained
iodide imbibed poly (AA/GR) and the ACN-contained iodide imbibed poly (AA/CTAB), except that the ACN was
used as a solvent in the electrolyte formulation. The ionic conductivity of ILs imbibed [poly(AA/GR)], ILs imbibed
[poly(AA/CTAB)], ACN-contained iodide imbibed poly(AA/GR), and ACN-contained iodide imbibed poly(AA/CTAB)
were 15.36, 12.95, 13.84, and 10.73 mS-cm™1, respectively. The cell that had incorporated ILs imbibed [poly
(AA/GR)] as electrolyte showed the highest cell efficiency of 7.19%. This value was comparable to the efficiency
recorded when the cell employed IL electrolyte alone (without polymer matrix), which was at 7.27%. As for the
stability test, the data showed that the DSSCs with ILs imbibed [poly(AA/GR)] and poly(AA/CTAB) retained 97% of
their initial efficiencies, which were better than those with ACN-contained iodide imbibed [poly(AA/GR)] and
poly(AA/CTAB), which only managed to retain 83% of their initial efficiencies.

The transport mechanism in an electrolyte is principally through conventional or physical diffusion. The viscosity of
the electrolyte is a key factor in determining the efficiency of ion transport. This is true for the case of liquid
electrolyte, in which the use of ILs with low viscosity is favored as they promote physical diffusion that increases
ionic conductivity. Another transport mechanism refers to transfer diffusion or electron exchangel2324125]  \yhich
occurs due to effective collision during physical diffusion. This mechanism is significant mainly in the case of the

usage of very high viscosity or solid ILs, wherein physical diffusion is not favorable. In a study by Yamanaka et al.
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(28] a very ordered structure of highly viscous ILs had positively affected Jg.. It was observed that the use of
imidazolium-based ILs with alkyl chain of 12 carbons formed an ordered smectic A phase, which gave better Jg,
when compared to one without smectic A phase (imidazolium-based ILs with alkyl chain of 11 carbons (C11MIml)).
In smectic A phase, the ions are well aligned, and this helps to ease the electron exchange to occur. Although the
viscosity of C12MIml was high due to the 12-carbon alkyl chain, the nature of C12MIml in ordered smectic A phase
eases electron hopping and increases conductivity, when compared to C11MIml with lower viscosity. The addition
of gelator to C12MIml with iodine in the electrolyte had increased the Jg. value from 7.0 to 7.7 mA.cm™2. The

increment in Jg. is attributed to the organization of the structure.

The study had inspired Pan et al. in 2013 27 to use ILs with smectic A phase to be incorporated as electrolyte for
DSSCs. Thus, ILs with long alkyl chain, 1-dodecyl-3-ethylimidazolium iodide (C12EImI) that physically exists as
solid and 1-decyl-3-ethylimidazolium iodide (C10EImI) that exists as a thick liquid, were chosen to be combined
with iodine to serve as electrolytes for DSSCs. The cell that employed C12EImI achieved 2.57% power conversion
efficiency, which was greater than that of CLOEImI. The diffusion coefficient of triiodide in C12EIml was greater
than C10EImI due to the presence of the smectic A phase. This phase promotes exchange reaction (Dg,), which is
beneficial to the transport properties of polyionic liquid that is in solid form. As C10EImI existed physically as a
liquid, this study signifies that the physical characteristics of the electrolyte are not the only factor that determines

the cell efficiency.

In the works included as part of this review, the incorporation of ILs into the electrolyte formulation had affected, in
particular, the transport properties of the electrolyte, such as viscosity, ionic conductivity, and diffusion coefficient
(15]16]117129]30)[31] The combination of a variety of cations with anions, the introduction of certain functional groups
into the moiety of cations, or the addition of one or more high fluidity ILs into another IL were intended specifically
to improve these properties LSIL6IL7]191[20]128][29][30)[31][32]  The two essential parameters that determine cell
efficiency are Jg. and V.. These parameters were correlated with how well the processes involving the transport of
electrons occur, such as the electron injection at the interface of TiO,/electrolyte, the regeneration process of the
oxidized dye, and the shielding of the electron recombination 223l The use of an organic solvent, which is less
viscous, renders the electron injection at the interface of TiO,/electrolyte and the regeneration of oxidized dye to
take place efficiently, thus resulting in high cell efficiency. The use of organic solvent enables to solvate the redox
couple, hence causing the diffusion coefficient of triiodide to be high, easing the regeneration of oxidized dye

(8 and reducing the possibility of recombination from occurring.

| 3. Conclusions

A variety of ILs have been used in DSSCs electrolyte. Among them, ILs based on imidazolium cation and iodide
anion are preferred. The former is due to the low viscosity of the resulting ILs, whereas the latter serves as one of
the redox couples, crucial for the dye regeneration. Other types of cations (e.g., pyridinium, pyrazolium, and
pyrrolidinium) and anions (e.g., tetracyanoborate, thiocyanate, bromide, and bis(trifluoromethylsulfonyl)imide) have
been reported as well. Most studies that had assessed liquid or polymer type electrolytes emphasized the

incorporation of certain functional group(s) to offer desirable properties, such as low viscosity and high ionic
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conductivity. Improved transport properties are critical, as the ILs are meant to solve the problems that arise due to
the usage of organic solvent. Although acetonitrile and other nitrile-based solvents have excellent transport
properties, they exhibit poor thermal stability. However, the total elimination of organic solvents from DSSCs
electrolyte resulted mostly in lower cell conversion efficiency. Nevertheless, it is to highlight that the utilization of ILs

as an excellent ionicity provider is relevant towards providing long term stability and sustainable energy devices.
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