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Ionic Liquids: From Synthesis to
Applications in Solar Cells
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Abstract: Ionic liquids continue to find applications in an ever-increasing range of technologies. Here we de-
scribe some of the key routes used to prepare ionic liquids and then relate their properties to their applications.
In particular, ionic liquids have been used to facilitate crystal growth and, for this reason, are emerging as useful
solvents/additives in the preparation of perovskite films. The role of ionic liquids in these films and how they lead
to perovskite solar cells with high efficiencies and stabilities is described.
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Introduction

Solvents play a critical role in virtually
all aspects of chemistry, and consequent-
ly also in many other areas of science and
technology. While nature depends largely
on water, modern chemistry is based ex-
tensively on the use of organic solvents.
Recent trends have been to apply natural
solvents, supercritical fluids, switchable
solvents and ionic liquids (ILs) as environ-
mentally more acceptable alternatives to
organic solvents.

ILs comprise a highly diverse and
versatile class of solvents,[1,2] that can
be engineered for specific applications,
greatly expanding on their role simply as
a solvent.[3,4] They have already found nu-
merous industrial applications.[5] ILs have
been used in process intensification,[6]
liquid lenses,[7] and even in electrospray
thruster technology.[8] Key properties of
ILs include their very low vapour pres-
sure,[9] high thermal stability,[10,11] and
electrochemical stability over a wide range
of conditions.[12] However, one of the most
attractive features of ILs is the possibility
to design them with specific properties for
specific applications.[13,14]

Synthesis of Ionic Liquids

Any salt with a melting point of
<100 oC may be considered as an IL, ac-
cording to the widely accepted defini-
tion,[15] implying that the field spans many
different domains, which is reflected in

the sheer number of possible structures
(Fig. 1). Regardless of the skeleton em-
ployed, a large number of aliphatic, polar
or (hetero)aromatic substituents can be
incorporated in ILs to tailor their physical
and chemical properties.

The imidazolium ring is a particularly
versatile IL scaffold with a variety of meth-
ods available to derivatize both the nitro-
gen and carbon rings atoms (Scheme 1).[16]
Quaternization of imidazoles proceeds

readily with most alkyl halides and, if the
reaction is sluggish under microwave, die-
lectric heating or sonication accelerates the
reaction.[17,18,19] Quaternization is usually
followed by anion exchange. Symmetrical
N,N'-derivatized imidazolium salts are
readily obtained from imidazole, using
strong bases to deprotonate the nitrogen
atom[20,21] or by displacing a trialkylsilyl
protecting group (Scheme 1),[22] the latter
route being very versatile.

Fig. 1. Examples of common cationic (left) and anionic (right) IL constituents. Many variations and
themes on these basic structural types exist (R, R1-R4 = alkyl).
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Scheme 1. Widely encountered two-step route used to prepare imidazolium-based ILs from imi-
dazoles (top). Main synthetic routes used to prepare symmetrical N,N'-functionalized imidazolium
salts (bottom) (R, R' = alkyl).
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substrates, products and catalyst and even
influence transition state intermediates.[47]
Consequently, ILs have been classified us-
ing Kamlet-Taft solvent parameters,[48–51]
which attempt to separate the polarizabil-
ity (π*) and H-bonding behaviour (α, β)

Reactions in Ionic Liquids

ILs have been extensively used as
solvents in catalysis, although it is often
difficult to predict how an IL will affect
a reaction, as they can interact with the

Although alkyl halides and pseudohal-
ides are the most commonly encountered
alkylating agents, the resulting halide ani-
ons can sometimes be difficult to eliminate
in subsequent metathesis reactions.[23,24]
There are various alkylating agents that
avoid halides, including trialkyloxoni-
ums,[25] dimethyl carbonate,[26] or alkyl
orthoformates together with the conjugate
acid of the counteranion.[27]TheMitsunobu
reaction of an alcohol and a protonated im-
idazole or pyridine has also been employed
to generate halide-free ILs.[28]

An attractive synthetic route to ILs that
makes use of naturally occurring reagents
such as amino acids and sugar derivatives
provides access to a large number of chi-
ral, Zwitterionic ILs (Scheme 2).[29] The
method is also compatible with non-chiral
alkylamines affording dialkylimidazolium
acetates.

A wide variety of N-heterocyclic sys-
tems can be used as building-blocks for the
synthesis of ILs, with the diversity of cer-
tain heterocyclic scaffolds and their ubiq-
uity from natural resources being advanta-
geous. Interestingly, key toxins produced
by two warring ants species, i.e. solenop-
sins and formic acid, react to afford a pip-
eridinium-based protic IL (Scheme 3).[30]

Azolium-based ILs share some of
the broader characteristics of imidazoli-
um-based ILs and, moreover, 1,2,3-tri-
azoles can be prepared with a large variety
of functional groups from the correspond-
ing alkyne and azides using the cop-
per-catalyzed azide-alkyne [2+3] cycload-
dition reaction (Scheme 4).[31] Of these,
bicylic triazolium salts are particularly
stable and act as electrolytes in organic
solar cells.[32]

Many ILs are composed of non-het-
erocyclic cations such as ammonium and
phosphonium cations (Fig. 2). Amines are
prevalent in natural products and provide a
rich source of ILs. For example, cholinium
salts display low toxicities and are biode-
gradable,[33–35] and betainium-based ILs
can be easily prepared from the betaine
zwitterion.[36,37] Tetraalkylphosphonium
salts tend to be more stable than their
ammonium counterparts under thermal
conditions,[38] and a promising applica-
tion of phosphonium-based ILs is as lubri-
cants.[39–41]

An alternative reaction to alkylation
to generate ILs involves the protonation
with a Brønsted acid to afford protic ILs
(Scheme 5). The resulting salts general-
ly display high conductivities and form
strong H-bonds.[42,43]An important param-
eter for the formation of protic ILs is the
pKa of the acid, as neutralization must be
complete otherwise mixtures are formed.
Interestingly, proton transfer from the cati-
on to the anion allows protic ILs to be dis-
tilled.[44–46]

Scheme 2. Synthesis of symmetrically functionalized ILs via the Debus-Radziszewski reaction.

Scheme 3. Formation of an IL derived from ant toxins.

Scheme 4. Synthesis of 1,2,3-triazolium ILs via click chemistry allowing a wide range of different
groups to be incorporated into the 1,2,3-triazolium ring (R, R' = alkyl).

Fig. 2. Representative
examples of ammoni-
um- and phosphoni-
um-based ILs.

Scheme 5. A general
route for the synthe-
sis of protic ILs and
representative exam-
ples of protic ILs.
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Ionic Liquid-enhanced Materials

Surface modification with ILs leads to
novel surface properties and silica-based
materials have been particularly well stud-
ied.[83,84] This approach leads to highly
stable self-assembled ionic layers on the
silica surface (Scheme 7). The resulting
surfaces can be used to trap, for example,
ionic catalysts on the support as shown in
the Scheme.[85,86] ILs can also be adhered
to other surfaces such as metal oxides, gold
surfaces, carbon nanotubes and graphene,
via covalent or ionic bonds.[87,88]

Surface modification with ILs has been
studied with numerous other applications
in mind. For example, the wettability of
surfaces can be tuned by ILs.[87,89] ILs have
also been used to modulate the tribology of
surfaces[90] and supported IL anti-bacterial
coatings have also been reported.[91]

Carboxylic acid-functionalized ILs
have been used to generate carboxylate
ligands that coordinate to metal ions.
Titanium- and lanthanide containing com-
plexes were readily prepared due to the
high affinity of the carboxylate group for
theses ions.[92–94] IL-derived coordination
polymers and metal organic frameworks
(MOFs) have also been prepared by ex-
ploiting the ability of these ILs to coordi-
nate to metal ions.[95,96] Notably, bis-car-
boxylate functionalized ILs exhibit a rich

ILs are also frequently used to immo-
bilize and stabilize transition metal nan-
oparticle (NP) catalysts and an industrial
process employing an IL-stabilized Pt NPs
has been developed.[70] Indeed, a large va-
riety of NPs have been synthesized directly
in ILs or transferred into ILs and used to
catalyze various reactions.[71,72] The syn-
thesis of stable NPs solvated in ILs has
been achieved via both bottom-up and
top-down processes, i.e. the reduction of
metal salts and aggregation of small metal
clusters or from sputtering of bulk metal
foils.[73] In addition, NPs prepared in water
can be transferred into IL phases by facile
manipulation of the surface properties of
the particles.[74,75]

Imidazolium cations have been ex-
tensively used as ionic tags to facilitate
the recovery and reuse of reagents and
catalysts.[76] Notably, imidazolium salts
linked to TEMPO radicals could be used
as recyclable catalysts for the oxidation
of alcohols,[77] and have also found ap-
plications in dye-sensitized solar cells.[78]
Stoichiometric reagents can be immobi-
lized in an ionic phase in a similar man-
ner and examples of recoverable reagents
that can be regenerated and reused include
imidazolium-supported hypervalent io-
dine,[79,80] and sulfoxides,[81] (Fig. 4). IL-
supported sulfonyl azides are efficient
alternatives for diazo transfer reactions.[82]

of solvents.[52] Although ILs are usually
highly conductive, their polarity is similar
to simple alcohols.[53] Hydrogen bonding
strongly contributes to IL–solute interac-
tions, especially for the imidazolium salts
which have acidic ring protons.[54] It is
generally accepted that the H-bond acidity
(α) in most ILs is determined by the cation
whereas the β parameter is largely depend-
ent on the nature of the anion.[50]A number
of additional interactions including charge
screening or charged interactions exist and,
hence, ILs display a high level of structur-
al organization at the nanoscale.[55,56] As a
consequence of these non-covalent inter-
actions, ILs tend to have higher viscosities
than molecular solvents, which can poten-
tially lead to mass transfer problems. For
example, in the Diels-Alder cycloaddition
of cyclopentadiene with acrylates, reaction
rates in tetrafluoroborate-based ILs are
slower than those determined in dichlo-
romethane under similar conditions, attrib-
uted to the high viscosity of the ILs.[57]

One of the earliest applications of ILs
in catalysis was in the Friedel-Crafts alky-
lation of aromatic cycles with alkyl chlo-
rides and alkenes in chloroaluminate ILs
(Scheme 6).[58] From a comparison of sev-
eral chlorometallates, i.e. ILs derived from
AlCl

3
, ZnCl

2
, CuCl

2
or FeCl

3
, high yields

and selectivities were achieved in all cases,
with the chloroaluminate-based ILs giving
the highest yields and selectivities.[59] The
high sensitivity of chloroaluminate-based
ILs to moisture makes recycling and reuse
problematic,[60] nonetheless, chloroalu-
minate-based ILs continue to find niche
applications in synthesis, such as in the
preparation of β-chlorovinylketones from
acetylene.[61]

The Diels-Alder cyclization displays a
strong endo/exo dependence on the reac-
tion solvent (the ratio has even been used as
the basis of a polarity scale).[62] Protic ILs
are excellent solvents for the Diels-Alder
reaction because of their H-bonding ca-
pabilities; protonated imidazolium-based
ILs tend to favour the formation of endo
products in the reactions of cyclopentadi-
ene and acrylates,[63] especially when com-
bined with weakly coordinating anions
such as Tf

2
N–.[64] It has also been shown

that both high pressures[65] and catalytic
amount of a Lewis acid increase both the
yield and selectivity of the reaction.[66]

ILs generally dissolve metal complex-
es, especially ionic complexes and, conse-
quently, can be used in biphasic catalysis.
If the complex is not naturally charged then
use of ligands bearing ancillary charges,
e.g. sulfonated phosphines such as TPPMS
or TPPTS, employed in rhodium-catalyz-
ed hydroformylation reactions,[67] or imi-
dazolium-tagged ligands (see Fig. 3) can
enhance a variety of transition metal-cata-
lysed transformations.[68,69]

Scheme 6.
Prototypical Friedel-
Crafts alkylation cata-
lyzed by chloroalumi-
nate-based ILs.

Fig. 3. Examples of phosphine ligands bearing charged groups that, when coordinated to a metal
complex (catalyst), anchor the complex in an IL phase to prevent catalyst leaching into an organic
(extraction) phase.

Fig. 4. Representative examples of IL-supported reagents and their applications.
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employed as dopants in the fabrication of
perovskite films lead to deviceswith extend-
ed lifetimes,[141,142]Contact angle measure-
ments of the films indicate that the surface is
more hydrophobic with the cations mainly
located on the surface of the perovskite film,
therefore repelling water, which is known
to deactivate perovskite materials. Alloys
comprisingmethylammonium and alkylam-
monium cations combinedwith PbI

3
– anions

can also provide PSCs with improved sta-
bilities,[143,144] and ILs have also been used
to modify electron transport materials in
PSCs.[145,146] ILs dopants also facilitate the
crystallization of perovskite films; a series
of ILs containing alkene, alkyne or nitrile
functional groups (Fig. 5) were shown to
modulate the morphology of perovskite
films by influencing the rate of the crystal-
lization process and improving the quality
of the grain boundaries.[147]

Concluding Remarks

Room-temperature ILs are attractive
alternatives to conventional solvents due
to a plethora of unique properties com-
bined with the ability to design new ILs
with specific properties for a wide and di-
verse range of applications. ILs are truly
diverse and in this review we have selected
a few examples from the vast body of lit-
erature which highlight the preparation of
ILs and some of their applications, in par-
ticular, showing how they can be used in
the fabrication of perovskite films. While
a great deal more research is required to
understand the role of ILs in fabrication of
perovskite films, they have been shown to
influence the crystallization process, im-
prove the quality of the interfaces and pro-
vide other specific features dependent up-
on the properties of the IL used. Moreover,
since ILs lower the over-potential in the
electrocatalytic reduction of CO

2
,[148,149]

and are key components in solar fuel de-
vices,[150] they may yet play further roles in
the direct conversion of sunlight into fuels
that harness perovskite materials.

Received: October 13, 2017

elevated temperatures. Subsequent cooling
leads to crystallization of the pharmaceuti-
cals.[115] ILs are particularly useful for the
solubilization of poorly soluble drugs.[116]

ILs have been used as electrolytes in
dye-sensitized solar cells (DSSCs) for
many years,[117] and recently they have
started to gain attention in the crystalli-
zation of perovskite layers used in per-
ovskite solar cells (PSCs). Simple, low
viscosity ILs tend to be used in DSSCs
although functionalized ILs exhibit prom-
ising properties,[118–120] although mixing
them with molecular solvents that reduce
the viscosity can be advantageous.[121,122]
Nevertheless, quasi-solid state electrolytes
employing ILs have been investigated as
they can improve the stability of the de-
vice,[123–125]

The role of ILs in the fabrication of
perovskite films remains poorly under-
stood, although it would appear that many
different attributes of ILs could play pivot-
al roles. Despite the lower stability of the
perovskite solar cells than DSSCs,[126,127]
and their potential toxicity as they employ
lead,[128] rapid progress has been made and
efficiencies exceed 22%,[129] and higher ef-
ficiencies can be expected.[130] The struc-
ture of the light-absorbing perovskite film,
comprising methylammonium lead iodide
often with dopants, is crucial to achieving
high performance PSCs. To have better in-
teractions of the light absorbing layers with
the electron transport layers or hole trans-
port layers, the surfaces need to be uniform
and appropriately oriented.[131–134] ILs have
been successfully used as crystallization
solvents for methylammonium lead io-
dide (MAPbI

3
) films via spin-coating or

drag-coating.[135] Since the initial report
several ILs including methylammonium
formate,[136] tetraphenylphosphonium io-
dide and chloride,[137]1-hexyl-3-methylim-
idazolizm chloride,[138,139] and 1-eth-
ylpyridinium chloride[140] have been used
to modify perovskite structures (Fig. 5).

Functionalized ILs containing a fluorous
group, i.e. 1-methyl-3-(1H,1H,2H,2H-non-
afluorohexyl)-imidazolium iodide and
1,1,1-trifluoro-ethyl-ammonium iodide,

coordination chemistry and react to form
highly interesting MOFs with both main
group[95,97] and transition metal ions.[98,99]

ILs have been used as solvents in the
synthesis of MOFs,[100,101] and are often in-
cluded in the final structure. ILs with coor-
dinating anions can also formMOFs via co-
ordination to themetal ions,[102]MOFswith
large pores are also able to host ILs forming
co-called IL@MOF structures. Depending
on the size of the pores of the MOFs, the
phase behaviour can change once the IL is
encapsulated inside the pores. For example,
[Emim][Tf

2
N] inside ZIF-8 does not show

a phase transition between solid and liquid
phases because insufficient ions are present
in the pores, which prevents the formation
of an ordered crystal structure. As a result
of the disorder of ILs inside MOFs the con-
ductivity of ILs remain high even at low
temperatures.[103,104]

IL@MOF act as absorbents for small
molecules such as CO

2
,[105,106] allow-

ing their use in gas separations.[107] They
have also been shown to catalyze the cy-
cloaddition of CO

2
to epoxides to form

carbonates.[108] ILs have been extensively
explored as both solvent and catalyst for
this reaction, which is atom-economic,
scalable and industrially important.[109]
The tunable physicochemical properties of
ILs combined with a large number of pos-
sible MOF structures opens opportunities
for the rational design of materials for gas
separations. As an example, employing an
amine-functionalized IL, which is known
to absorb high levels of CO

2
,[110] provides

an IL@MOF that can efficiently separate
CO

2
from CO

2
/N

2
mixtures.[111]

As mentioned above, ILs have been
used as solvents for the preparation of
zeolites and MOFs, they even aid protein
crystallization, and are increasingly being
used in crystal engineering. Crystallization
strategies using ILs differ significantly
from those using conventional organic
solvents and many new approaches have
been developed. ILs do not simply re-
place organic solvents in crystallization
processes, they also act as a template, and
fundamental investigations into the nature
of the interactions between the IL ions and
the solutes are key to understanding their
role. Moreover, due to the low volatility of
ILs under high vacuum they can be applied
in non-classical solvent-based techniques
such as vacuum deposition.[112,113]

Since ILs frequently melt at higher
temperatures than organic solvents they
have been employed in cooling crystalli-
zation for the purification of pharmaceuti-
cals.[114] Many pharmaceuticals are poorly
soluble in common organic solvents and
are therefore not suited to purification from
them. ILs such as [Emim][Tf

2
N] are sta-

ble at ca. >300 °C and are polar, allowing
pharmaceuticals to be dissolved in them at

Scheme 7. Modification of a silica surface with a silane-functionalized IL affording a monolayer
coating followed by immobilization of an ionic catalyst within the IL monolayer.
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