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This review provides an overview of the current state-of-the-art and major trends in the application of
protic ionic liquids (PILs) to sustainable chemistry. Following a brief description of the distinguishing pro-
perties of PlLs, there are four application areas reviewed: acid catalysis, biomass transformations, energy
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storage and conversion, and electrocatalysis. The aim of this contribution is to showcase applications in
which the properties of PILs are the key enabling factor for a particular sustainable chemistry challenge. In
addition, the challenges and future directions in sustainable applications of PILs are discussed, highlighting
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Introduction

Protic ionic liquids (PILs) are typically prepared by the neutral-
isation of a Lewis base with a Brensted acid, which leads to
the formation of a cation (protonated Lewis base) and an
anion (conjugate base of the Brgnsted acid), as shown in eqn
(1). PILs are often described in contrast to “conventional”
aprotic ionic liquids (AILs), in which the cation is generated by
alkylation, rather than by proton transfer.

HA +B 2 [HB]" + [A]” (1)

An excellent, in-depth introduction to the structure, pro-
perties, and applications of PILs can be found in comprehen-
sive reviews published in 2008 and 2015 by Greaves and
Drummond.”? They are complemented by a historical perspec-
tive comparing the development of PILs and AILs, published
in 2007 by an early pioneer of PIL studies, C. Austen Angell,
and his co-workers.”> Further to these, a number of more
recent reviews discuss specific aspects of PILs, from funda-
mental insights into dielectric properties* and NMR spectro-
scopic studies,” to applications in proton exchange
membranes,”’ and fuel cell electrolytes.®® These and other
review papers are signposted in appropriate sections discuss-
ing the applications of PILs.

In this contribution, we have set out to review growing
areas of applications of PILs within the past decade
(2013-2023), in the context of Green Chemistry, that is — PILs
for sustainable uses. This calls for an introductory discussion
of two aspects: the definition of “sustainable uses”, and a brief
overview of the key properties that distinguish PILs as a group.
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challenges as well as areas for future development.

The question of sustainable use

The ionic liquids (ILs) community has long dispensed with the
notion that ILs are intrinsically green and/or sustainable.’® In
the case of PILs, even the argument of negligible volatility,
often presented as the key advantage of ILs over volatile
organic solvents, does not hold true, as discussed further in
this review. However, as pointed out by Greer, Jacquemin, and
Hardacre in their review on the industrial applications of
ILs,"" when implemented correctly, ILs have demonstrated the
potential to improve the green metrics of processes in terms of
both environmental and economical sustainability.

In this review, we have focussed on applications of PILs that
meet three key criteria. Firstly, they must enable an aspect of
chemistry that directly delivers on one of the Sustainable
Development Goals (SDGs)."> Secondly, the nature of PILs
must be the key enabling factor; either the same chemistry
cannot be achieved in water or common organic solvents, or
the use of a PIL offers a well-demonstrated advantage in terms
of sustainable chemistry. Finally, true sustainability must be
realised across green metrics,”® considering people (societal
impact), planet (environmental impact) and profit (the cost of
the process in question, which does not equate to high/low
cost of the PIL itself)."* It would have been ideal to refer to
specific green metrics, such as E-factor, process mass intensity
or life cycle analysis, but unfortunately, these metrics are not
routinely included in publications on PILs.

With these considerations in mind, we have identified four
areas of applications: (1) catalytic transformations, with the
focus on esterifications and CO, activation; (2) biomass treat-
ment, centred on lignocellulosic biomass, but touching upon
marine sources; (3) energy storage and conversion, which is
the most extensive part of this review, spanning various types
of batteries, supercapacitors and fuel cells; and finally (4) elec-
trocatalysis, relatively brief but expected to grow rapidly in the
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upcoming years. In all these, the nature of PILs is the key
enabling factor, enhancing an aspect of sustainable chemistry.
Within each section, we have provided critique of the current
state-of-the-art, along with predictions of future developments
and areas that currently appear to be underexplored.

Definition of protic ionic liquids

PILs are formed by proton transfer, upon neutralisation of a
Lewis base with a Brensted acid (eqn (1)). This has two conse-
quences: (1) most PILs are easy and inexpensive to synthesise;
(2) their physico-chemical properties are dictated by the pres-
ence of labile protons, a dense network of hydrogen bonds,
and often incomplete proton transfer.

Typical PILs are synthesised by the addition of a Brensted
acid to a Lewis base, which generates heat. When using weak
acids, such as carboxylic acids, PILs are often synthesised at
ambient temperature under solventless conditions.'*
Solventless synthesis of PILs based on strong acids may be
achieved using a specialised set-up, such as that developed by
Martinelli and co-workers,"® and/or ice-bath cooling,*>'® to
prevent evaporation or thermal decomposition of the base due
to the exothermic reaction; Angell, Davidowski and co-workers
suggest the use of an ice bath for acids weaker than sulfuric
acid and an acetone/dry ice bath for those that are stronger.”
In many instances, however, at least one component tends to
be dissolved in water, or an organic solvent, to manage the
exothermic effect.'"® The reaction can be stoichiometric, or
with base in excess; in the latter case, base is removed in the
drying step.'®?° The removal of solvent, residual water, and/or
base is usually carried out under reduced pressure, but some
authors advise freeze-drying to avoid unintentional removal of
the basic component (and leaving an excess of acid).'®*!

This simple synthetic procedure yields ILs that are poten-
tially very cheap, as exemplified by ILs based on sulfuric acid.
Their price can be on par with common organic solvents, and
their properties are vastly tuneable by altering amines and
stoichiometry.”> > These advantages have inspired a rapidly
growing body of research on acid catalysis and biomass proces-
sing using these PILs. These applications, critically compared
to extant technologies, are discussed in the respective sections
of this review.

In electrochemical applications, minute imbalances in stoi-
chiometry have a major impact on electrolyte performance,
which invites greater care in their synthesis. Walsh and co-
workers, who developed an electroanalytical method to study
molecular impurities in PILs based on trifluoromethane-
sulfonic acid (triflic acid, HOTf), have stressed that whereas
excess base can be easily removed under reduced pressure, it
is impossible to remove excess acid from a PIL."® Furthermore,
they emphasised that a minute excess of acid has a major
influence on the performance of a PIL. This may necessitate
more careful preparatory techniques and more involved ana-
lysis to ensure sufficient purity of each batch. Furthermore,
electrochemical applications tend to require more costly acids,
such as triflic acid or bis(trifluoromethane)sulfonimide (bistri-
flimide acid, HTFSI), and sometimes more expensive bases,
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such as 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU). All these
factors will inevitably increase the price tag.

Another category to be considered in this review, distinct in
terms of their syntheses, are ILs that are essentially aprotic
(they are synthesised through quaternisation, not proton trans-
fer) but act as “latent PILs”; that is, under certain conditions
they display “protic behaviour” through the equilibrium
shown in eqn (1).%°

A borderline case between protic and aprotic ILs are alkyl-
sulfonic-acid-functionalised ILs. Although Greaves and
Drummond were hesitant to include them within their
reviews,” they in fact fit within the definition of PILs in that
they are synthesised through acid-base reaction, here involving
a zwitterion acting as a base combined with a Brensted acid
(Fig. 1b). However, this step is preceded by alkylation with a
sulfone (Fig. 1a), an expensive alkylating agent, which leads to
the relatively high cost of these PILs. Furthermore, it must be
noted that the acid-base reaction (Fig. 1b) does not generate a
cationic centre, in contrast to eqn (1). Considering the
immense popularity of alkylsulfonic-acid-functionalised ILs in
Brensted acid catalysis, the authors have included them in this
review, with appropriate commentary.

An even more “controversial” case are aprotic ILs syn-
thesised via the standard procedure for AILs: quaternisation
followed by anion exchange, that under certain conditions act
as PILs, displaying acid-base equilibrium (eqn (1)).*° This is
exemplified by  1-ethyl-3-methylimidazolium  acetate,
[C;C,im][OAc] (Fig. 2a) and trihexyl(tetradecyl)phosphonium
bistriflimide, [Pses,14][OAc] (Fig. 2b).

Imidazolium-based ILs combined with basic anions, such
as acetate, are a well-known source of N-heterocyclic carbenes
(Fig. 2a).>”*® Although their detection remains elusive due to
strongly right-shifted equilibrium constants,*® carbenes gener-
ated in situ have been used in transition metal catalysis,*’ orga-
nocatalysis,> as well as synthesis and stabilisation of nano-
particles.’> In phosphonium ILs, basic anions have been
reported to “induce protic behaviour”,*® leading to ylide for-
mation, which has been studied in-depth by Brennecke and
co-workers in the context of CO, capture.**® Under certain
conditions, discussed elsewhere in this review, even AILs with
a very weakly basic [eFAP]™ anion have been found to exhibit
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Fig. 1 Synthesis of ionic liquids with alkylsulfonic-acid-functionalised
cations.
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Fig. 2 Examples of protic behaviour in aprotic ILs.2628

protic-like behaviour, through ylide formation (Fig. 2b), an
important step in the electrocatalytic activation of nitrogen.*”

In this review, we have been guided by the evidence for a
labile proton (eqn (1)) and relevance to recent developments in
sustainable uses, rather than limited by the traditional view of
PILs and stringent definitions, although the focus remains on
conventional PILs.

Key fundamental aspects protic ionic liquids

Physical properties of PILs, such as viscosity, density and con-
ductivity, as well as structure-property relationships found in
PILs are discussed in great depth and detail by Greaves and
Drummond."” Here, we provide a brief overview of the key
physico-chemical aspects of PILs that directly impact their per-
formance in sustainable applications. These are: degree of
proton transfer; acid-to-base ratio; and the nature of PILs
doped with small molecules (water or organic solvents).

Proton transfer and ionicity. The most restrictive, canonical
definition of PILs, proposed by MacFarlane and Seddon,® is
“a salt that melts below 100 °C, and contains at least 99% of
ions”, which requires a very high degree of proton transfer.
Factors that warrant this high proton transfer remain a matter
of debate. Most authors quote the 2003 article by Yoshizawa,
Xu and Angell;*® studying mixtures of a-picoline, propylamine,
ethylamine and 1-methylimidazole with strong acids, the
authors found that the difference in aqueous pkK, of the acid
and base involved in the proton transfer should be at least
ApK, = 10 to ensure full proton transfer. Later, mixtures of
DBU and fluorinated acids were found to require ApK, > 15 to
achieve thermal stability on par with AILs.”® In general, with
respect to the same base, both proton transfer and ionicity
increase with increasing pK, of the acid.** However, the hydro-
gen-bonding abilities of bases are crucial; studying primary,
secondary, and ternary amines combined with acetic acid,
Stoimenovski et al. found that ApK, = 4 was sufficient to
achieve 99% proton transfer when primary amines were used,
whereas ternary amines with the same ApK, did not even mix
with acetic acid.’* Proton transfer in ternary amines could be
increased by the introduction of a hydroxyl group, acting as a
hydrogen-bond donor.**

In a recent paper, Mariani, Passerini, and co-workers*®
point out a distinction between ionicity and proton transfer.
Proton transfer is concerned with the number of ions in the
system, as per the definition by MacFarlane and Seddon.>®
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Ionicity, on the other hand, is concerned with the number of
free charge carriers, and will be decreased by - for example -
close-contact ion pairing. Several studies have suggested that
the relationship between ApK, is arbitrary and other para-
meters, such as proton affinity’* and Laity resistance coeffi-
cients,”® may be better descriptors of ionicity.

A very high degree of proton transfer results in PILs most
similar to aprotic ILs (viz. negligible vapour pressure).
However, the highest degree of proton transfer is not synon-
ymous with the best performance in each application. For
example, in a study of ILs based on 1-methylimidazole and
one of four acids: HTFSI, HOTf, H,SO, and H;PO,, it was
found that the frequency of cation-anion proton exchange was
inversely proportional to degree of proton transfer (Fig. 3).*°
The high frequency proton exchange lowered the H' concen-
tration gradient, thereby reducing potential loss at the elec-
trode, making PILs derived from medium-strength acids, such
as H;3PO,, the optimum choice for electrolytes in fuel cells and
electrolysers.

Mixtures of amines and carboxylic acids are often character-
ised by very limited proton transfer; Umebayashi and co-
workers described such system (a mixture of 1-methyl-
imidazole and acetic acid) as a “conductive liquid with no
ions” and named it a “pseudo-protic ionic liquid”.*” Such PILs
became an object of many curiosity-driven experimental*®™>°
and computational®’* studies on the mechanism of conduc-
tivity (Fig. 4).

Carboxylic-acid-based PILs have relatively low thermal stabi-
lities, but this drawback is counterbalanced by very low cost,
enhanced biodegradability, and safety, which are appealing
factors when economic sustainability is considered.

Even low-ionicity PILs, with mostly un-ionised components,
have properties distinctly different from those estimated by
linear addition. Joerg and Schrdder used polarisable molecular
dynamics (MD) simulation to study “l-methylimidazolium
acetate”, which contained ca. 30% ions.>® The dielectric spec-
trum of this PIL could not be reproduced by linear combi-
nation of spectra for isolated ionic and neutral species, indi-
cating “strong correlations between all species, altering their

A4
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30 32
1000/T (K
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Fig. 3 Arrhenius plot of the proton exchange rate in PILs based on the
methylimidazolium cation and a range of anions, adapted from ref. 46
with permission from American Chemical Society, copyright 2023.
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Fig. 4 Schematic showing four potential charge-transport mechanisms
in PILs. Reproduced from ref. 51 with permission from Royal Society of
Chemistry, copyright 2023.

individual dynamic properties”. Reid et al. measured Kamlet-
Taft solvatochromic parameters for acetic acid and N,N-di-
methylethanolamine, across compositional range.”> The
studied mixtures had p-hydrogen bond basicities varying
across a wide range, both above and below the values
measured for the starting materials, demonstrating the value
of exploring such PILs as tuneable solvents.

Non-stoichiometric PILs. The highest ion conduction is
often found in non-stoichiometric mixtures of acids and
30,3657 Wwithin the last decade, non-stoichiometric protic
ionic liquids (NSPILs) have been of increasing interest as elec-
trolytes and as Brensted acids. Indeed, Coutinho and co-
workers suggest that more attention should be paid to non-
stoichiometric compositions, in particularly for “pseudo-protic
ionic liquids”, that may have higher ionicity and overall
superior  performance in certain electrochemical
applications.>®

Although this recently growing interest stems from PILs,
the study of such systems is a very old and well-researched
subject, vastly predating the term “ionic liquids”. For example,
an extensive publication on the physico-chemical studies of
acetic acid-pyridine mixtures, across their full compositional
range, was presented by Venkatesan and Suryanarayana in
1956.>° The authors reported significant departure from ideal
mixing behaviour, incomplete proton transfer, and maxima in
conductivity and volume contractions (indicators of maximal
ionicity) at molar ratios of the acid of about yyoac = 0.83
(Fig. 5). In the same year, Barrow used IR spectroscopy to
study protonation of pyridine by carboxylic acidss (in
chloroform).®°

bases.
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Fig. 5 A graphical representation of all physicochemical properties of
pyridine-acetic acid mixtures as a function of molar ratio of the acid,
JHoac, known in 1956. Adapted from ref. 61.

These results, although decades old, have lost nothing of
their validity and are convergent with trends reported in recent
papers on PILs.>**%°7%? It ig therefore very valuable to screen
older literature on acid-base mixtures.

The nature of the acid or base dissolved in stoichiometric
PILs, leading to non-stoichiometric compositions, has been a
matter of some debate. A full description of the liquid struc-
ture of all stoichiometric and non-stoichiometric PILs is far
beyond the scope of this review. Here, we focus on acid-rich
systems with no long alkyl chains, as featuring most promi-
nently in sustainable applications. In some studies, the for-
mation of discrete anionic or cationic clusters, such as
[Hy_1(OAc),]~,* [(HSO,)-xH,S0,]","® (Fig. 6) has been
suggested, while others have proposed a three-dimensional,
hydrogen-bonded network with no discrete clustering.®***

These clusters have been proposed as a visual representa-
tion of hydrogen-bonding motifs observed through vibrational
spectroscopy,'® and to justify increased protonation of bases at
higher acid concentrations: [(OAc)-xHOAc]™ is a weaker conju-
gate base than [OAc]™, therefore it is easier to protonate a base
at four-fold excess of acid - even though the pK, of the acid
remains the same (Fig. 5).%°

In contrast, neutron scattering studies of non-stoichio-
metric PILs, which allow for the probing of long-range liquid
structure, demonstrate that long-lived discrete clusters are not
observed, but 3D networks of rich hydrogen bonds, found in
the parent acids, were retained in PILs.®** In pyridine - sulfu-

0%
0----H----0 -
o=sZ " S5m0
No—H-G7
(o] O—Hereereee 0

Fig. 6 The postulated structure of anionic clusters suggested to be
present in PILs with an excess of acid. Reproduced from ref. 16 with per-
mission from Royal Society of Chemistry, copyright 2023.
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ric acid PIL (ym,s0, = 0.67), there was a 3D network of [HSO,]”
anions and H,SO, acid molecules, with pyridinium cations
also hydrogen-bonded to these networks, but residing in
“holes” (Fig. 7).** In the pseudo-protic pyridine-acetic acid
system, the equimolar composition (yyosc = 0.50) contained
exclusively a network of hydrogen-bonded acid and pyridine
sitting in the “holes”; only yyoac = 0.75 showed a small degree
of protonation, with acetate anions and charge-neutral acid
molecules in a strongly hydrogen-bonded network.*

We suggest that these two descriptions: clusters vs. 3D net-
works are not contradictory, but complementary. Clusters
shown in Fig. 6 are transient, fragmentary representations of
dominant hydrogen-bonding motifs (Fig. 8) that together con-
stitute the long-range 3D liquid structure. What is important
from the applications viewpoint is that each acid-base compo-
sition is a distinctive PIL, with a unique set of properties,
which can be fine-tuned to suit an application, adding an
additional degree of freedom in the design of ILs.”®

In carboxylic acid PILs, the preference for hydrogen-
bonded, acid-rich networks may be so strong that excess base
is phase-separated from the mixture, particularly in the case of
ternary amines, devoid of hydrogen-bond-donating {N-H}
motifs. In-depth studies show that the two phases are: an acid-

Fig. 7 Hydrogen-bonded chains of acids and their conjugate bases in
two PILs: (a) pyridine—acetic acid (ynoac = 0.67), reproduced from ref. 63
with permission from Royal Society of Chemistry, copyright 2023. And
pyridine—sulfuric acid (y,s0, = 0.67) — unpublished image from our
neutron scattering studies of this system.%*

1096 | Green Chem., 2024, 26, 1092-1131

View Article Online

Green Chemistry

Fig. 8 Hydrogen-bonded chains of [HSO4]™ and H,O in pyridine — sul-
furic acid (yn,s0, = 0.50), doped with 17 wt% of water — unpublished
image from our neutron scattering studies of this system.5*

rich PIL on the bottom, and a phase containing mainly the
amine (or very base-rich PIL) on top.”"**°® Although well-
reported, this has caused some confusion in the field. Some
publications report, somewhat inaccurately, that certain car-
boxylic acids and ternary bases “do not mix”."* Others report
on the existence of homogeneous PILs formulated from equi-
molar amounts of triethylamine and acetic acid; as suggested
by Mariani, Passerini and co-workers, this homogeneous PIL is
probably the acid-rich phase, while the upper phase was
removed under reduced pressure.*® This is in line with the
earlier discussion that it is easy to remove excess base from a
PIL, but nearly impossible to remove an excess acid."® Finally,
some authors have called the entire system a “biphasic ionic
liquid”,®® which is likely an overly liberal use of the term
“jonic liquid”. In conclusion, despite the very easy synthetic
procedure, it is crucial to adhere to full spectroscopic and
thermal characterisation of prepared PILs, to ensure that their
composition is correctly understood.

4™ evolution of PILs - mixtures with molecular dopants. In
their seminal 2017 Faraday Discussions article, MacFarlane and
Pringle announced the 4™ evolution of ILs, in which the pro-
perties of ILs are cheaply and effectively modified by doping
them with either water or small organic molecules.®” There is
strong computational and experimental evidence that mole-
cules of these dopants in PILs do not behave like bulk sol-
vents, and do not dissolve ideally, but get incorporated into
the IL matrix, modifying its properties.

Water is the most common impurity in ILs, and PILs are
difficult to dry due to strong hydrogen-bonding and the poten-
tial of accidentally removing one of the components. On the
other hand, intentional doping of PILs with water is increas-
ingly practiced, to improve their physico-chemical properties.®®
Doping PILs with water dramatically decreases viscosity,
decreases density, increases conductivity, and enhances trans-
port properties (viz. the example of 1-butylpyrrolidiniun bistri-
flimide doped with 1-3.8% of water).®® Interactions of H,O
molecules with components of PILs depend very much on the
nature of PILs, as shown through three examples below.

Kirchner and co-workers modelled methylammonium
nitrate, containing 1.6 wt% of water, which revealed strong

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc03297c

Open Access Article. Published on 08 December 2023. Downloaded on 7/21/2025 3:32:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

interactions of H,O molecules with cations (hydrogen-bond
donors bearing three {N-H} motifs) and somewhat weaker
interactions with anions as hydrogen-bond acceptors, leading
to a tetrahedral hydrogen-bonding motif. Properties of both
PIL and water molecules were altered; H,O molecules had
lower dipole moments, and the structure of the PIL (mainly
the anion-anion orientation) was altered.”® A similar con-
clusion was reached by Atkin and co-workers from their
neutron scattering study of ethylammonium nitrate doped
with a six-fold excess of water molecules.”" Water did not act
as a diluent, but interacted with all charged moieties of the
PIL, forming a new liquid with a distinct nanostructure.

In pyridinium hydrogensulfate, doped with 17 wt% of
water, the H,O molecules were incorporated into hydrogen-
bonded chains of [HSO,]”, forming a water-in-salt solvent
system.®* This can be attributed to the hydrogensulfate anion
being quite basic, with both hydrogen-bond donor {H-S-O}
and hydrogen-bond acceptor {S=O} motifs.

Lastly, 1-butylpyrrolidinium bistriflimide doped with
1-3.8 wt% of water was modelled by classical MD simulation,
with division of the entire system into: polar, nonpolar, fluor-
ous, and aqueous domains®® In this PIL, neither cation nor
anion was a particularly strong hydrogen-bond donor, and
water was found to form clusters: about three H,O molecules
for 1-2 wt% water concentration, and much larger clusters of
15-16 H,0 molecules at 3.8% loading (Fig. 9).

In conclusion, varying the acid, the base, the stoichiometry,
and/or dopants produces infinite possibilities for solvent
modification. This offers enormous opportunities, but also
experimental challenges in finding the optimum solvent by
traditional experimental methods. The last innovation high-
lighted in this introduction is the use of high-throughput
screening, and artificial intelligence (e.g., neural networks) for
the efficient study of vast matrices of PILs. For example,
Greaves and co-workers screened 208 solvent compositions

2.0% water

1.0% water 3.8% water

Fig. 9 Snapshots from MD simulations of 1-butylpyrrolidinium bistrifli-
mide with three different concentrations of water, showing clustering of
water (blue). Reproduced from ref. 69 with permission from Wiley-VCH,
copyright 2023.
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based on just eight PILs, by changing the ratio of acid, base,
and water.”> The surface tension, apparent pH, and liquid
nanostructure were all measured and powerful relationships
between the nature of each component and its influence on
each property were revealed, as exemplified in Fig. 10.

Catalytic transformations

In the early years of research on air- and water-stable ionic
liquids, there has been much interest in their use in a diverse
range of homogeneous and heterogeneous, liquid-liquid, and
solid-liquid catalysis. Therein, ILs were used to stabilise tran-
sition metal complexes and nanoparticles, stabilise enzymes,
act as solvents and catalysts, as well as modify solid-liquid
interfaces for catalytic applications. Chemistries explored
spanned mainly C-C bond forming reactions, oxidations, and
reduction reactions, predominantly using aprotic ionic liquids,
and have been subject to several excellent reviews.”>””® This
area was almost automatically perceived as an intrinsic part of
green chemistry, given the importance of catalysis in sustain-
able chemical transformations, and the safety gains associated
with ionic liquids (low vapour pressure, low flammability),
when compared to volatile organic solvents.

Over the past decade, however, there has been a significant
decline in research on ILs for catalytic reactions - especially in
comparison with the growing interest in other fields, such as
electrochemical applications in Li-ion batteries, supercapacitors,
as electrolytes, as well as for natural product dissolution and gas
storage."" Aside from biomass conversion and electrocatalysis,
discussed in subsequent sections of this review, there has been
relatively little interest in ionic liquids as catalyst/solvent systems
for conventional catalytic transformations.

Protic ionic liquids were mainly used as Brensted acid and/
or Lewis base catalysts, in some cases also acting as solvents.
They have demonstrated the potential to replace conventional
catalysts, operate in solvent-free conditions, and accelerate
many organic transformations, such as Knoevenagel”” and
Michael additions,”® Beckmann rearrangement to generate e-
caprolatam,’®®" as well as the upgrading of waste materials
through hydrolysis of polyethylene terephthalate (PET).®"
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Fig. 10 Contour view of surface tension values of PILs based on (A)
ethanolammonium nitrate and (B) pentylammonium nitrate. Black dots
are experimental values. Reproduced from ref. 72 with permission from
Royal Society of Chemistry, copyright 2023.
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An interesting fundamental study, although not truly cata-
Iytic, is the use of the multi-functionality of PILs as a regener-
able solvent, Brgnsted acid, and source of a nucleophile. This
has been demonstrated by Andreev et al®® in the case of
1-methylimidazolium thiocyanate [HC,im][NCS] which was
successfully used as a safe source of thiocyanic acid, HNCS,
and facilitated (4 + 2)-annulation, epoxide ring openings, and
other organic transformations. Yields using this PIL were sig-
nificantly higher than those using conventional routes that
involve NaSCN/DMF, although loss of the [NCS]™ anion means
that a large excess of PIL was required. This is a very valuable
contribution to the field, offering mechanistic insight into the
influence of the basis and the acidic components of PIL on the
reaction pathway.

The two decidedly prominent areas of research focus were:
Fischer-type esterification reactions and the chemical trans-
formation of carbon dioxide.

Esterification reactions

The use of PILs as homogeneous acidic catalysts for esterifica-
tion and transesterification reactions has gathered some
momentum in the past decade.

There has been significant interest in the use of PILs in the
synthesis of biodiesel from refined virgin oils, waste cooking
oils, and fatty acids. Such processes feed into SDG7 - afford-
able and clean energy, but also support SDG10 - reduced
inequalities, by generating fuels from resources of much more
even global distribution than oil.'> Advantages of PILs are
highlighted in two reviews by Zhang et al® (2016) and by
Ullah et al® (2018). Compared to conventional inorganic
acids, Brgnsted acidic PILs have the advantage of easier separ-
ation of hydrophobic products, enabling better recycling and
reducing waste disposal treatment. The focus in terms of PILs
design has been the control of acidity through judicious
choice of acid-base pairing, manipulating their stoichiometry,
or through the addition of acidic functional groups (chiefly
alkanesulfonic acid, R-SO;H).

Chiappe et al. demonstrated that simple PILs based on pyr-
rolidinium, imidazolium, or piperidinium cations (Fig. 11),
associated with mildly Brensted acidic anions, e.g., hydrogen-
sulfate, produced higher yields in acetic acid esterification,
when compared to aprotic anions such as triflate, chloride,
and nitrate.®® There was a correlation between Hammet acidity
of the ILs and their catalytic performance, which explains this
observation. However, the authors pointed out that hydrophili-
city of the ionic liquid medium also affected the process.

It was reported that PIL acidity, and therefore activity, could
be increased by changing the cationic centre from imidazo-
lium to ammonium. For example, triethylammonium hydro-
gensulfate, [HN,,,][HSO,], was used to produce biodiesel from
crude palm oil in 97% yield at 170 °C, albeit in a two-step
esterification-transesterification process.’” Waste edible oils
were also successfully converted into ethyl esters (98% yield)
in supercritical ethanol using methylimidazolium hydrogen-
sulfate, [HC;im][HSO,]. Interestingly, no conversion was
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Fig. 11 Protic cations and anions used for the esterification of acetic
acid. Reproduced from ref. 86 with permission from Royal Society of
Chemistry, copyright 2023.

observed in the absence of PILs, even at 250 °C and 9.62
MPa.*®

Amide-type PILs, based on N-methyl-2-pyrrolidone, have
shown excellent performance in the transesterification of
B-ketoesters (80 °C, 3 h).®® Compared to aprotic ionic liquids,
[HNMP][CH3S0;] and [HNMP][HSO,] were easy to synthesise,
from reportedly inexpensive starting materials and gave higher
conversions. However, not all cyclic amide motifs gave such
promising results; for example, PILs based on caprolactam
showed little difference in comparison to mineral acids, unless
appended with sulfonic acid groups.®

Although PIL acidity can be modified by switching cationic
centres, recent efforts to manipulate acidity have largely
focused on synthesising Brgnsted ILs containing -R-SO;H
appendages on the cation. These stronger acids allowed lower
reaction temperatures while maintaining high conversion. For
example, Das et al. reported the synthesis of biodiesel at 70 °C in
94% yield from Jatropha oil, using 1-methyl-3-(4-sulfobutyl Jimida-
zolium hydrogensulfate, although a reaction time of 6 h was
required.”* Further studies investigated increasing the acidity of
sulfonic-acid-type PILs with modification of the cation. The more
acidic 1-methyl-3-(4-sulfobutyl)benzimidazolium triflate outper-
formed the lass acidic imidazolium counterpart in the conversion
of castor oil into methyl ester at 40 °C, giving 96% yield after
14 h.”” Unfortunately, genuine contribution of such studies to
furthering the sustainable agenda remains controversial. As
shown in Fig. 1, sulfonic acid-functionalised ILs are prepared
from sultones, which are expensive starting materials. Combined
with the relatively expensive, fluorinated triflate anion, their cost
is orders of magnitude higher than that of mineral acids, and it
is extremely unlikely that such systems would ever be
implemented in practice — especially given the extremely long
reaction times that are required.

Another strategy to improve PIL catalytic performance has
involved the tethering of more than one sulfonic acid group to
the cationic centre, increasing the effective concentration of
acidic protons. Linear alkylammonium and cyclic alkylammo-
nium dicationic PILs containing two sulfonic acid functional

This journal is © The Royal Society of Chemistry 2024
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groups per cation, coupled with either [HSO,]” or [TfO]™
anions, were investigated for the conversion of oleic acid to
methyloleate, under mechanical stirring and ultrasonic con-
ditions.”® Ultrasonic radiation resulted in improved mixing
with higher yields; however, this did require post-reaction cen-
trifugation due to emulsification. In contrast, mechanical stir-
ring gave significantly lower yields, but after the reaction, a tri-
phasic mixture was formed, very easy to separate. The dicatio-
nic PILs were catalytically more efficient compared to the
corresponding monocationic PILs. Using Hammett acidity
functions, the authors determined that the cyclic alkylammo-
nium dicationic ILs based on 1,4-diazabicyclo[2.2.2]octane
(DABCO) were the most acidic, and therefore the most active in
producing methyl oleate (achieving 90% yield vs. 78% yield
achieved using HOTY).

Although much effort has focused on the development of
cationic centres with sulfonic acid motifs, simple acid-base
mixtures have also shown excellent catalytic activity in esterifi-
cation reactions, perhaps negating the need for convoluted
synthetic procedures. In 2009, Zhang et al. studied the catalytic
impact of various PILs for the conversion of fatty acids into
methyl esters.’® The impact of the cationic centre: imidazo-
lium, pyridinium, pyrrolidinium or alkylammonium, the coun-
terion: [BF4]”, [H,PO4]~, and [CH3SO;]™, and the presence or
absence of sulfonic acid functionalities, have been investigated
(Fig. 12). The yields of the methanesulfonate-based ILs at
70 °C were higher (76-94%) than those observed using either
sulfuric or sulfonic acid, which both showed ca. 67% yield.
Non-imidazolium-based PILs also produced slightly higher
yields than their imidazolium counterparts. The highest yield
however was observed with N-methyl-2-pyrrolidonium methyl-
sulfonate, [HNMP][CH;S0;], which gave 96% conversion,
albeit over 8 h. Once again, this was related to higher PIL
acidity through electronic interactions. Remarkably, these ILs
were also active at room temperature with the alkylammonium
PIL showing similar conversions to that observed with the in-
organic acids at 70 °C. This implies that, in terms of energy
consumption, PILs could provide advantages over conventional
acid catalysts for industrial operations.

The role of increasing the Brgnsted acidity of PILs by choice
of cation-anion interactions has been discussed by Martini
and co-workers.’® By combining cyclic voltammetry with cata-
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Fig. 12 Structures of cations and anions used for esterification reac-
tions. Reproduced from ref. 95 with permission from Elsevier, copyright
2023.
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Iytic reactions, they concluded that sulfonic-acid-functiona-
lised cations with [HSO,]” anions were simply acting as a
source of free sulfuric acid delivered by reverse auto-pyrolysis,
and this was catalysing the esterification. Although it is yet to
be confirmed, the use of amide-based PILs could also be
acting as potential reservoirs for neat acids and this warrants
further investigation.

Finally, acidity of PILs can be enhanced by a move away
from conventional acid-base ‘neutral’ PILs to acid-rich media.
Utilising sulfuric acid in a ypg0,> 0.50 versus the corres-
ponding amine base resulted in a PIL with an extended
anionic hydrogen-bonded network.”* At yuso, = 0.67, these
PILs showed acidity levels similar to those of analogous PILs
based on HOTf. Chrobok and co-workers reported that these
PILs outperformed neat sulfuric acid and the product could be
easily separated by decantation. In comparison to sulfuric
acid, reaction equilibrium has been shifted towards the pro-
ducts, driven by the inclusion of water within hydrogen-
bonded PIL, and enhanced expulsion of the organic ester.'®°”
Other structural motifs have included the use of dicationic
and tricationic amine-based hydrogensulfate (yu,s0,> 0.50)
PILs. They catalysed the esterification of oleic acid at tempera-
tures up to 60 °C, over 1 h, with yields higher than that of sul-
furic acid.’® Interestingly, these polycationic systems are also
less expensive than those based on monoamines. In contrast
to sulfonic acid functionalisation, this approach is extremely
low cost, and presents no synthetic challenge, which makes it
much more amenable to real-world application.

While most publications have focused on the use of small
molecule PILs, a few papers have explored polymeric and
solid-supported PIL systems. Polymeric ionic liquids, poly(ILs),
synthesised through quaternisation of polyethylenimine (PEI)
dendrimer with sulfonic acid, were explored as catalysts for
esterification of cinnamic acids, showing excellent catalytic
activity (50 °C, 3 h).°® The large hydrodynamic radii due to the
branched architecture of PEI dendrimers facilitated the separ-
ation process promoting these PILs as easily recoverable and
reusable catalysts.

Protic pyridinium-based ionic liquid hybrid mesoporous
materials (PMO-py-IL) were successfully prepared by the intro-
duction of a 3-propyl triethoxysilane side chain to the pyridine
ring and formation of a pyridine polysiloxane network, fol-
lowed by the addition of trifluoroacetic acid and subsequent IL
organosilica formation. The resultant solid PMO-py-IL cata-
lysed esterification reactions between a broad range of free
fatty acids and short chain alcohols.’® A polymer-supported
sulfonic acid-functionalised benzimidazolium poly(IL) has
been used as a heterogeneous catalyst in the esterification of
levulinic acid with ethanol."®" Again, a high conversion to
ethyl levulinate (99%) was obtained (9 h at 70 °C).

Supported PILs bring an additional level of complexity (and
cost), but they do offer unparalleled process advantages in terms
of catalyst separations. It would be extremely beneficial if such
reports were followed by engineering papers, analysing techno-
economical aspects of supported vs. liquid PILs in different pro-
cesses, thereby informing future directions of study.

Green Chem., 2024, 26,1092-1131 | 1099


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc03297c

Open Access Article. Published on 08 December 2023. Downloaded on 7/21/2025 3:32:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical Review
Transformations of CO,

The capture and conversion of CO, to value-added products
are key technologies required to address the climate emer-
gency (SDG13)."> However, transformations of CO, are techni-
cally difficult, owing to its thermodynamic stability and the
resulting need for high energies or potent catalysts to activate
it. They are also economically very challenging, largely due low
efficiency of reactions and limited use of CO, adducts in the
chemical industry. CO, conversion into cyclic carbonate or car-
bamates can be achieved thermally, electrochemically, and
photochemically, as outlined in a recent review of strategies
for the capture and utilisation of CO, in ILs.'*>

Early studies focused on the use of ILs with a metal co-cata-
lyst, usually a transition metal halide, to achieve good selecti-
vity for the conversion of CO, and epoxides into cyclic carbon-
ates. Mechanistic studies revealed that a proton source could
behave similarly to a Lewis acidic metal centre to activate the
epoxide. As a result, there has been a move away from metal
salt co-catalyst, and towards the use of hydroxyl-functionalised
ILs* and carboxyl-functionalised ILs,* with halide counterions
to achieve good transformations. Since then, several PILs with
halide anions have been investigated.

Hydroxyl-functionalised PILs based on guanidinium'®® and
thioguanadinium'®* cations have been investigated for carbon-
ate formation. The synergistic effect of epoxide activation by a
proton and nucleophilicity of bromide anions suggested that
both types of PIL could be used for solvent-free synthesis of
cyclic carbonates with high selectivity (130-140 °C, CO, atmo-
sphere, 2.0-2.5 MPa). In addition, it was postulated that the
tertiary nitrogen atom of guanidinium cation could coordinate
with CO, to further enhance the catalysis. In a similar manner,
a series of protic carboxyl-functionalised imidazolium ILs were
used to catalyse a solvent-free reaction of CO, and propylene
oxide.'” Lower temperatures and pressures (120 °C, 1.5 MPa
CO,) reduced the yield to 92%. Again, the deployment of a
bromide anion resulted in the highest catalytic activity versus
chloride analogues.

Wang et al. reported on a DBU-based PIL for the addition of
CO, to propargyl alcohols (Fig. 13)."°® Whereas 3-phenyl pro-
pargylic alcohol (R = Ph in Fig. 13) and other phenyl-substituted
alcohols yielded the expected, corresponding cyclic carbonates,
the reaction of 1,1-dimethyl-2-propyn-1-ol (R = H in Fig. 13) led to
the formation of an open-chain acyclic carbonate. Mechanistic
studies conducted by "H and **C NMR spectroscopy and density
functional theory (DFT) calculations confirmed that both the
cation and the anion of the IL were crucial for driving the reac-
tion via cooperative hydrogen-bond donor/acceptor activation.
Again, this exemplifies a valuable study whereby the study of an
underpinning reaction mechanism leads to better understanding
and, in consequence, opens up the potential for informed design
of new catalytic systems.

In another study, a DBU-based PIL was used to directly syn-
thesise aliphatic and aromatic carbamates. Using 10 mol% cata-
lyst under a CO, pressure of 5 MPa in acetonitrile at 150 °C, car-
bamate was isolated in up to 96% yield. The DBU-based PILs out-
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Fig. 13 Conversion of phenyl propargyl alcohol into the cyclic carbon-
ate. Adapted from ref. 106 with permission from Wiley-VCH, copyright
2023.

performed their analogues based on DABCO, imidazolium, and
pyridinium. Other functional groups within the substrates
remained passive, affording exclusive chemoselectivity for amine
activation. In addition, a chemical shift corresponding to a
mixture of aniline and [HDBUJ[OAc] was observed in the "H NMR
spectrum, related to the formation of hydrogen bonds between
aniline and [OAc]". In conclusion, a well-performing PIL required
a protonated cation and a basic anion.

The use of superbase PILs has been taken one step further
through the formation of a switchable DBU-based PIL for the
synthesis of industrially relevant esters, such as methyl propio-
nate (MP) and methyl methacrylate (MMA)."®” Khokarale and
Mikkola reported on a highly selective room-temperature syn-
thesis through a reversible CO, capture approach, involving
DBU and methanol. When these components were mixed,
[HDBU][MeCO;] was formed, and subsequently reacted with
the corresponding substrate anhydride to form MP or MMA,
respectively (Fig. 14).

These reactions could be carried out in various solvents,
but in methanol, the product monomer esters phase-separated
from the in situ formed DBU derivatives, such as
[HDBU][ propionate] or [HDBU][methacrylate]. This resulted in
yields of 85% and 92% for MP and MMA, respectively. The
DBU could be recovered by washing with NaCl solution, before
being recycled. The recovered MMA with methanol was also
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Fig. 14 Use of the switchable PIL [HDBU][MeCO3] for the conversion of
CO, into MP and MMA. Reproduced from ref. 107 with permission from
Royal Society of Chemistry, copyright 2023.
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polymerised to poly-MMA using a benzoyl-peroxide-induced
free radical polymerisation process.

Other examples of catalysis for sustainable uses

Although less prominent, the uses of PILs for catalytic depoly-
merisation (key in chemical recycling of polymers), biomass
transformations and processing other than CO, gaseous con-
taminants are exemplified in this section.

DBU-based PILs have been used for the efficient breakdown
of waste polylactic acid to lactate esters,'® and [Hpy][HSO,] -
for the breakdown of xylose and cellulose into furfural.'®® The
higher acidity of [Hpy][HSO,] versus its alkylated analogue
resulted in higher reaction yields of 95%. The catalytic upgrad-
ing of waste PET via glycolysis has also been investigated. The
use of the protic salt based on TBD and methanesulfonic acid
was shown to effectively promote depolymerisation at
180 °C.""° Interestingly the same PIL could also promote the
repolymerisation reaction at 250-270 °C with the resultant PET
having similar characteristics to that of a virgin polymer pro-
duced using a conventional catalyst. A DBN-phenoxide PIL has
also been investigated for PET depolymerisation. Up to 85%
yield of BHET could be obtained from PET at 190 °C in
30 minutes.'*" These are relatively recent reports, but given the
dynamically changing situation in the polymer market, with
rapid, policy-driven emphasis on recyclability (for example,
according to European Green Deal, all packaging in the EU
will have to be reusable or recyclable by 2030), the authors see
this strand of research as a likely area of rapid growth.

Kumar et al. conducted a hydrothermal conversion of
glucose into levulinic acid using a range of imidazolium-based
PILs.""? Levulinic acid formation was improved with the
addition of NiSO, as a co-catalyst with a SO;H-tethered PIL
resulting in 56% yield. Levulinic acid was also synthesised
from cellulose (41-55 mol%) in the presence of 1,1,3,3-tetra-
methylguanidinium hydrogensualfate-FeCl, mixtures;
however, yields were lower than the 69 mol% observed for tita-
nium (oxy)sulfate."*® This strand of research is possibly less
promising, given the very expensive catalyst to generate low-
value platform chemicals in the former case, and in the latter
- low yields when compared to the benchmark.

Upgrading of hydrogen sulfide into value-added products
has also been studied in PILs. Liu et al.'™ studied a series of
super-base PILs, with 2,4,6-tris(dimethylaminomethylphenol)
coupled with DBN being the most promising. The PIL was able
to dissolve high amounts of hydrogen sulfide and transform it
into a range of thiols in high yield under mild conditions at
30 °C. Zhang et al. have also utilised a PIL derived from bis(2-
dimethylaminoethyl) ether and HTFSI for the capture and con-
version of hydrogen sulfide into mercaptan acids.'*

Summary and outlook

While there has been an overall decline in the breadth of
research on PILs for catalysis, growth has been seen in select
fields associated with esterifications/transesterifications and
CO, transformations. PILs for catalysis have been developed
from conventional imidazolium or alkylamine precursors, and
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from organic superbases: 1,5-diazabicyclo[4.3.0]non-5-ene
(DBN), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and DBU. A
sub-set of PILs was functionalised with -SO;H appendages
(Fig. 12) to achieve increased acidity. Anions spanned from
highly fluorinated: [TFSI]™, [OTf]", [BF,]” and [PF,]|™, through
those derived from inexpensive mineral acids, chiefly [HSO,]”
and [H,PO,]™, to conjugated bases of carboxylic acids, mainly
[OAc]™. A sub-set of these are non-stoichiometric systems, with
excess of acid (most often sulfuric acid) for increased acidity.

A positive development in PIL catalysis is the pronounced
focus on several fields of interest: esterifications/transesterifi-
cations and CO, transformations, along with potentially very
promising research on the recycling of polymers. Arguably,
this demonstrates increasing maturity of research on ionic
liquids in catalysis: from very broad scoping in the past
decades, to a focus on fields of research where there are clear
advantages to using certain types of ionic liquids, and the
potential for further growth.

There have been several excellent fundamental studies, that go
beyond comparative reporting of catalytic activity, and draw on a
wide range of techniques to understand the mechanistic con-
siderations when using PILs, such as: Andreev et al.®* studying
the multimodal influence of [HC,im][NCS] on organic transform-
ations, the neutron scattering study on sulfuric acid-based PILs,
leading to understanding enhanced phase separation in esterifi-
cations,® or the combined NMR spectroscopy and DFT investi-
gation of DBU-based PIL in the reaction of CO, and propargyl
alcohols, proving the cooperative role of both the anion and the
cation.'® These insights have real potential to enable rational
design of improved catalytic systems.

Finally, there have been encouraging developments of
systems that have at least the potential to compete with the
industrial benchmarks. Non-stoichiometric PILs with acid
excess may offer inexpensive and highly acidic systems, with
phase behaviour different from the parent acid, while sup-
ported PILs promise “the best of both worlds” in terms of
liquid-like mass transfer, combined with solid state-like ease
of phase separation and catalyst recycling.

Despite the progress, there is much to be addressed in this
area of research. Many papers still propose the use of fluori-
nated anions: [TFSI|”, which is very expensive, or [BF,]” and
[PFs]™, which are hydrolytically unstable and pose the hazard
of releasing HF. While fundamental studies should be free to
explore any materials irrespective of cost or potential of
implementation, researchers working towards sustainable
applications must take these into account.

Though many PILs can be recycled, a significant number of
publications report a decline in activity over multiple cycles.
Issues such as leaching, long-term stability, and regeneration
remain unresolved. Other factors such as potential corrosivity,
waste generation, and biodegradability also need to be further
investigated. As is often highlighted, the role of water appears
prominent, but is not fully understood and needs further
study.

Overall, although there are a great many initial, discovery-
oriented studies on PILs in catalysis, the area lacks follow-up
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research, moving from chemistry towards chemical engineer-
ing, that would truly demonstrate and quantify the sustainabil-
ity claims. Most papers lack comparisons to industrial bench-
marks, even if relevant industrial processes exist (viz. esterifi-
cations). There is little reference to SDGs, let alone more
involved calculations of green metrics, or robust techno-econ-
omic analysis. Such studies would inform further development
and potentially promote greater industrial uptake.

Looking forward, the landscape around the adoption of
PILs for catalysis reactions should be considered. In addition
to esterifications, there are other acid-catalysed processes that
may benefit from non-stoichiometric PILs used as a drop-in
solution to replace liquid mineral acids. Otherwise, supported
PILs may be used in niche applications, such as flow chemistry
in the synthesis of fine chemicals. The CO, transformations
are studied at a very fundamental level, and more research is
needed to understand their potential. An interesting and see-
mingly very promising approach is coupling such studies with
electrocatalysis, which is discussed further on in this review.
Finally, upgrading and valorisation of waste materials, for
example PET, is expected to grow in prominence, driven by the
industrial need to recycle polymers, which in turn is mandated
by national and international policies.

Biomass treatment
Biomass sources, current issues, and prospects

There are three main types of biorefineries focused on making
biofuels: first generation (1G), using human-edible feedstocks,
second generation (2G), using lignocellulosic feedstocks which
are non-edible for humans and third generation (3G), using
algal biomass (Fig. 15).

The oldest 1G biorefineries posed ethical issues, as compet-
ing with food supply chains and therefore in potential conflict
with the delivery of SDG2 (zero hunger) and the societal aspect
of sustainable chemistry. They were superseded by 2G biorefi-
neries, which benefit from low-cost, high abundance feed-
stock, of more uniform global distribution compared to G1.
The 2G feedstocks may include waste and contaminated pro-
ducts of agricultural or forestry origin, contributing to more
sustainable use of forest resources (SDG7 - affordable and
clean energy, SDG12 - responsible consumption and pro-
duction; SDG15 - life on land)."*"'** The major drawback of
both 1G and 2G biorefineries is the end product - ethanol. For
example, and average petroleum-fuelled engine in a UK car
can tolerate up to 10% ethanol by volume (E10), thereby
requiring 90% of petroleum in the blend - a problem known
as the ‘blendwall’.'*® Furthermore, other fuel types, such as jet
fuels, are incompatible with ethanol. These problems could be
addressed by 3G biorefineries based on algae, which may gene-
rate drop-in fuels, but this feedstock remains very expensive to
grow.

Currently, the 3P sustainability triad (benefitting people
and planet, while generating profit), is most likely to be
achieved by comprehensive processing of all parts of ligno-
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Fig. 15 Three main types of biorefineries using renewable feedstocks
and their primary products (e.g. bio-alcohols or direct fuel alternatives).
The triangle outlines the major future prospects of 2G biorefineries
which would utilise all three major bio-polymer constituents of ligno-
cellulosic biomass (cellulose, lignin and hemicellulose).

cellulosic feedstocks (Fig. 15), identified as the most appropri-
ate for the sustainable production of biofuels and biochemi-
cals."*®""” The cellulosic fraction can be further processed to
drop-in fuels, chemically identical to crude-oil-derived jet fuel,
diesel, petroleum etc. An example of such process is the alco-
hols-to-jet (ATJ) method,"*® with or without the conversion of
ethanol to butanol using the Guerbet reaction."*'*" Although
both the academia and the industry have explored the develop-
ment of the AT] method using 1G cellulosic feedstocks,"'® the
more complicated 2G lignocellulosic feedstock has not been
used in this context, to the best of our knowledge.

Lignin (15-30 wt% of lignocellulosic biomass),'** must be
valorised, preferably to high-added value materials or chemi-
cals (in contrast to currently dominating low-value products),
while hemicellulose should be upgraded, for example by con-
version to biodegradable plastics, as recently shown using
waste corn cobs,'” containing 30% hemicellulose."** This
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bears the promise of economically-viable upgrading of other
agricultural wastes such as onion or garlic skins (26-39%
lignin, 16-26% hemicellulose).'**

Processing of lignocellulosic biomass

There is a number of currently operated biomass processing
methods, including Organosolv,"*® steam,"” ammonia,"*® and
acid,’*® some of which have been discussed in previous
reviews.'*>'%® pre-treatment processes based on protic ionic
liquids are typically benchmarked against the most common:
the Kraft pulping process, used globally to isolate cellulose
from lignin and hemicellulose in lignocellulosic biomass. In
the Kraft process, biomass is treated with a solution of sodium
hydroxide and sodium sulfide (pH 13-14) at 170 °C.'13°
Cellulose (the product) is isolated as a solid pulp, while lignin
(the by-product/waste) is collected as a solid residue down-
stream. In the highly caustic environment of the Kraft process,
lignin undergoes depolymerisation (required) and conden-
sation reactions (unwanted)."’® The condensation reactions
result in increased number of chemically resistant C-C bonds
in Kraft lignin, hindering its further processing. Combined
with the fact that Kraft lignin is often also contaminated with
carbohydrates (1-2 wt%)"*" and/or functionalised with thiols
(1-3 wt%),"** this lignin is typically burned to release heat and
generate steam for turbines. This means that 15-30 wt% of the
biomass cannot be used to its full potential as a higher value-
added product.

IonoSolv process. There are two types ionic liquids used
for the pre-treatment of biomass: (1) basic, aprotic ILs that
dissolve cellulose, such as 1-ethyl-3-methylimidazolium
acetate, [C,C;im][OAc], and (2) acidic, protic ionic liquids
that dissolve lignin and hemicellulose, but not cellulose,
such as triethylammonium hydrogen sulfate, [HN,,,][HSO,].
Over the past decade, the PILs strategy (IonoSolv processes,
pioneered by Hallett and Brand-Talbot) has been the domi-
nant one, because of its effectiveness under aqueous
conditions,'*®'*° the ability to isolate pure, highly crystalline
cellulose,”®® and very low cost of the ionic liquid: ca. US$1
per kg for [HN,y][HSO,] vs. US$20-101 per kg for
[Czclim][OAC].131’132’136

The “standard” IonoSolv process (Fig. 16) uses PILs, such
as [HNy,,][HSO,], doped with water.>>*?*134138 The addition
of ca. 20 wt% water acts as an antisolvent, allowing to fraction-
ate lignin from cellulose and hemicellulose.''>"?%133:134 Thig
approach follows the “4™ evolution of ILs” strategy, whereby
properties of ionic liquids are modified, easily and cheaply, by
doping with small molecules, rather than by tedious synthetic
modification to the structures of cation or anion.®” It has been
demonstrated that loading of ca. 20% of water results in its
incorporation into the hydrogen-bonded anionic network, gen-
erating a new, distinct liquid structure,®® which is strongly
hydrophilic and lipophobic.*®

This effective fractionation underpinned three major advan-
tages of the IonoSolv process.'?* 38119141 girgtly highly crys-
talline cellulose fraction could be obtained, which has the
potential to be used as bulking agents in the food or pharma-
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ceutical industry (in contrast to paper-grade Kraft
cellulose)."**"'** secondly, enzymatic hydrolysis of cellulose to
hexoses (saccharification) could be carried out achieving high
yields with lower enzyme loadings, due to the absence of hemi-
cellulose and lignin, that act as cellulase inhibitors.'3>"4>13
Finally, a high-quality lignin fraction was isolated, as a poten-
tial sustainable source of chemical building blocks for renew-
able aromatics or functional carbon materials. The value
added from increased cellulose accessibility and lignin iso-
lation could be vital to ensuring the economic feasibility of
lignocellulosic biorefineries.'*® 371397142144 Thig is particu-
larly true for softwoods, hardwoods, or certain agricultural
residues, with higher average lignin content than ligno-
cellulosic grasses (Fig. 17).

Numerous scoping studies demonstrated broad applica-
bility of TonoSolv. Gschwend et al.'*” showed that asymmetric
N,N-dimethyl-N-butylammonium hydrogensulfate,
[HN;14][HSO,], was more effective at softwood (pine - Pinus
Sylvestris) fractionation than the symmetric [HN,,,][HSO,].
However, it should be noted that a significant degree of lignin
polycondensation was still observed. The IonoSolv process has
also been used to successfully fractionate lignocellulosic com-
ponents of organic-'*®* and metal-'*° contaminated waste
wood. Further, successful fractionation of lignocellulosic
material from UK invasive species'>® has also been addressed.
However, the lignin isolated in this case was simply burned for
energy instead of further upgrading.

A significant challenge for the PILs pre-treatment techno-
logy remains the valorisation of hemicellulose. Typically, the
hemicellulose fraction is entrained in the PIL,**”*>* but it can
be isolated via column chromatography as pentoses, humins,
or furfurals."® Such processes are expensive and poorly scal-
able; therefore an in situ valorisation approach would be pre-
ferred. For example, in 2020, Bukowski et al'®® used an
IonoSolv pre-treatment step in combination with polyoxome-
tallates and molecular oxygen (OxFA process), to in situ oxidise
hemicellulose to formic acid.
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A second challenge is greater control over the degree of con-
densation reactions which occur in the lignin, to generate
high-quality products from a variety of non-food crop feed-
stock. Softwoods from forestry residues are a cheap and sus-
tainable lignocellulosic source, with the potential to supply
1.3 million dry tonnes per annum in the UK alone."” Lignins
in softwoods contain guaiacyl (G) units, and in hardwoods -
syringyl (S) units; both G and S units are beneficial for lignin
fractionation, increasing the propensity for p-aryl ether ($-O-4)
cleaveage. However, condensation products related to G-G
units are more stable than those formed from a combination
of G-S units,'*®'3° therefore recalcitrant C-C bonds formed
via condensation reactions in softwood biomass tend to gene-
rate low quality of lignin.

Combined IonoSolv-organosolv process

Organosolv pre-treatment with high ethanol concentrations
was reported to dramatically reduce lignin condensation and
other degradation reactions, at least in biomass from the
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easily fractionated grass, Miscanthus giganteus."®® Ovejero-
Pérez et al."® have reviewed and compared IonoSolv and orga-
nosolv methods, recommending the combination of the two
technologies for synergistic benefits.

Implementation of this suggestion, that is biomass pre-
treatment using 4™ generation PILs with mixed dopants (water
and/or alcohols), is still in its infancy. In 2020, Chen et al.'®
found that, using [HN;q4][HSO,] with 40 wt% ethanol or
butanol, provided multi-faceted advantages when compared to
traditional IonoSolv. The energy consumption in the PIL
regeneration process was lower when using alcohol dopants.
In the presence of alcohols, -O-4 ether linkages were con-
verted to a-alkoxylated ether linkages, which enhanced deligni-
fication and hindered lignin condensation. Finally, a highly
enzyme-accessible cellulose fraction was produced. Thus, this
method has been identified as a potential route towards a
higher value-added lignin product and a more economically
viable lignocellulosic biorefinery.

PIL pre-treatment of Kraft lignin to produce high value
chemicals

PILs have been used as pre-treatment solvents to upgrade low-
quality Kraft lignin produced from the Kraft process.'® Here,
[HN;,,][HSO4] was used as a pre-treatment solvent (160 °C,
1 h, mass ratio lignin: PIL = 1:9) to depolymerise and deoxy-
genate Kraft lignin prior to a hydrothermal liquefaction
(280 °C, 4 h). This produced bio-oils which contained up to
59% vanillin. Importantly, including the PIL pre-treatment
stage resulted in a 27% higher bio-oil yield when compared to
direct hydrothermal liquefaction.

Marine biomass processing methods

Moving away from lignocellulosic, land-grown biomass, chito-
san and chitin are typically found in marine biomass, as a part
of cephalopods’ endoskeletons (e.g. octopus, squid) and crus-
tacean shells (e.g. crabs, lobsters).'®'®® Although these are
amongst the most abundant biopolymers after cellulose, there
have been relatively few attempts to fractionate and valorise
these components using PILs. This is likely due to the recalci-
trant nature of these biopolymers, which are linked together
by strong B-1-4 glycosidic bonds."®®

In  2015,'  methylimidazolium  hydrogensulfate,
[HC,im][HSO,], was shown to promote the conversion of chito-
san and chitin to HMF in reasonable yields. Aqueous solution
of [HC;im][HSO,] (4 wt%) was reacted with chitosan or chitin
(180 °C, 5 h) to yield 30 or 19 mol% of HMF, respectively. A 5%
decline in yield was observed from run 1 to run 5. Pure HMF
was isolated through a simple procedure of washing with ethyl
acetate and subsequent vacuum distillation. In 2017, the same
PIL was used at a higher mass loading (10 wt%) in a 3:2
wt:wt ratio of H,O:DMSO0.'®® Reaction with chitosan and
chitin (180 °C, 6 h) gave HMF at yields of 35 and 26 mol%,
respectively. Although these conditions increased HMF yield
by ca. 5-7 mol%, the HMF purification step was more inten-
sive and required column chromatography making the water-
based process far more appealing.

This journal is © The Royal Society of Chemistry 2024
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In conclusion, there is much room for improvement in this
research area, and there may be an opportunity for PILs to
advance the field in the same way as they have in the treatment
of lignocellulosic biomass.

Summary and outlook

The current ‘state of the art’ for lignocellulosic biomass pro-
cessing is the Kraft process used in the paper pulping industry.
The Kraft process requires highly caustic processing con-
ditions, and yields low-quality, recalcitrant, and contaminated
lignin. Between 15 and 30 wt% of the biomass is of such low
quality that it is simply burned as a heat source.

Research into PIL-based biomass treatment is an excellent
example of a sustainable technology that has been developed
from fundamental discovery of enhanced biomass fraction-
ation using hydrated PILs, through robust scoping studies and
scale-up, to techno-economic analysis and finally to the
market. It relies on very low-cost PILs, based on sulfuric acid
and inexpensive amines. PILs are the key enabling factor
required to achieve circularity in this realm, and their use is
aligned with 12 Principles of Green Chemistry, delivering less
hazardous chemical synthesis and safer solvents/auxiliaries, in
addition to extant benefit of using renewable feedstock.'®® A
combined IonoSolv-organosolv approach is particularly prom-
ising, as there is the potential to use ethanol from the sacchar-
ification of the isolated cellulose fraction as an IL cosolvent, in
place of water. This reduces greatly the cost of PIL regeneration
and improves circularity of the process. Furthermore, alkoxylat-
ing the p-O-4 ether linkages in lignin enhances delignification
and inhibits condensation, generating a high-value, pure
lignin fraction.

The main challenge in the technology remains valorisation
of the hemicellulose entrained in the PIL phase, essential for
full circularity. Most reported approaches rely on chromato-
graphic separation, which is not cost effective or well-scalable.
Only very recently, an in situ catalytic oxidation approach has
been reported, but this strand of research is in its naissance,
and requires further intensive study to assess its viability.

Another challenge - or possibly an opportunity - is the
valorisation of other biomass sources, in particular marine
biomass. Chitosan and chitin have been reported to dissolve
in aprotic ionic liquids,"”° but there is paucity of research on
their dissolution and processing in protic ILs. This is particu-
larly puzzling in the case of chitosan, which is known to dis-
solve in solutions of mild organic acids. Existing research in
the area is focused on the catalytic conversion of these biopoly-
mers to HMF; again, the papers are few and far between, and
use aqueous solutions of weakly acidic PILs, such as
[HC,im][HSO,].

Looking into the future, it is predicted that the combined
IonoSolv-organosolv process has the potential for large-scale
industrial implementation in plant biomass processing.
Furthermore, it could potentially be used in marine biomass
processing, as alkoxylation of the glycosidic ether bonds in
chitin and chitosan may be the key required to unlock many
potential uses of these biopolymers. Analysing gaps in the
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knowledge, broader research into the processing of marine
biopolymers with inexpensive and recyclable protic ionic
liquids is an exciting area, waiting to be explored.

Energy storage and conversion

Concerns about climate change, pollution, and energy security
motivate extensive research into energy storage and conversion
devices, aiming for net-zero global emissions by 2050. These
activities are strongly aligned with several SDGs: SDG7 - afford-
able and clean energy, SDG11 - sustainable cities and commu-
nities and SDG13 - climate action. Energy storage is particu-
larly important for balancing electrical grids, which are
increasingly supplied with electricity from renewable
resources, which are intermittent and non-dispatchable.
Although most energy storage is currently pumped hydroelec-
tricity (ca. 96% of global capacity),"”" electrochemical energy
storage (ESS) is being increasingly deployed around the world
(~300 GW h by 2030 according to the US Department of
Energy)'”> and the International Energy Agency predicts
almost a seven-fold increase from 2020 to 2026.'”3 In fact, to
meet net-zero emissions targets, it is estimated that 600 GW
are required by 2030.

Broadly, ESS comprises various types of batteries and super-
capacitors, whilst energy conversion devices constitute fuel
cells and electrolysers. Both categories are explored here in the
context of using PILs to make functional improvements to
current state-of-the-art technologies.

Alkali-ion batteries

Batteries based on alkali-ions, predominantly lithium-ions, are
now ubiquitous in everyday life: in portable electronics, elec-
tric vehicles, and stationary energy storage.'’* Despite wide-
spread commercialisation of lithium-ion battery (LIB) techno-
logy since the 1990s, safety concerns remain due to the
inherent volatility and flammability of commercially used car-
bonate-based organic electrolytes.'”> Several high-profile cases
involving thermal runaway events, as well as limited operating
temperatures, have driven research towards alternative electro-
Iyte systems, whilst accelerating research into other alkali-ions,
such as sodium-, potassium-, magnesium- and calcium-ion
batteries."”® Indeed, these less-studied technologies have
received increasing attention with a view to increasing energy
density, whilst also seeking cheaper, more sustainable routes
to mass production.

With regards to alternative electrolyte systems, ILs have
long promised safety advantages due to their intrinsically low
volatility and high thermal stability,"”” but most research to
date has been on aprotic ionic liquids,'’® as reviewed by
Balducci.'”® The presence of “free” protons in PILs discour-
aged their use as electrolytes in alkali-ion batteries, but
recently it has been recognised that the availability of these
protons could be controlled (and reduced) through the differ-
ence in pK, of the Brgnsted acid and Lewis base constituting
the PIL."®*'8! For the last decade, research has highlighted the
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advantages and limitations of using PILs in alkali-ion
electrolytes.'®

Early proof-of-concept work by Balducci and co-workers
demonstrated both the use of PILs in mixtures with traditional
LIB electrolytes, as in the case of 0.5 M LiNO; in
[HHpyrr][NO;]/propylene carbonate (PC),"®° as well as the
implementation of a PIL as the sole electrolyte, with
[HN,,,|[TFSI] containing 1.0 M LiTFSL'® Although the water
content was high for LIBs (<80 ppm) in the former case, the
charge-discharge process for a LiFePO, (LFP) cathode was
demonstrated to occur at a potential in which the mixed elec-
trolyte was stable.'®® Despite displaying reasonable discharge
capacities at low C-rates, a constant capacity fade was observed
at room temperature, and sufficient stability was only found at
reduced temperatures. The latter case demonstrated that PILs
could be employed as sole electrolytes (with low water content
of <10 ppm), and by use of Li,Ti;O,, as an anode, due to the
low cathodic stability of LiTFSI in [HN,,,][TFSI|. A low dis-
charge capacity of 60 mA h g~' was observed, representing
only 40% of the capacity seen in the analogous propylene car-
bonate (PC) system, but this capacity was shown to be stable
for a total of 300 cycles.'®® A subsequent Raman and FT-IR
spectroscopic study'®* showed that coordination of added Li-
ions by anions of the IL is greater in aprotic than in protic
systems, due to greater inter-ionic interactions in the latter,
potentially leading to improved mobility of Li" and greater
ionic conductivity. Early MD calculations of [HNyu]|[NO;]
strengthened this view, suggesting that the structure of PILs is
only marginally disrupted by the addition of lithium salts.'®
Moreover, mixtures of PILs and PC were further shown to sup-
press anodic dissolution of aluminium current collectors."®®

Most subsequent research has been focused on LIBs and
has highlighted both the lower cost and easier synthesis of
PILs with respect to similar AILs."®”'®° These investigations
have centred on their use as sole electrolytes, combined with
an appropriate alkali-ion salt, investigating ionic conductivity,
viscosity, electrochemical stability window (ESW), and charge-
discharge behaviour in coin-cell batteries. Given the high vis-
cosity of ILs with respect to carbonate-based electrolytes, Li-
ion transport was thought to be much reduced, particularly
affecting LIB performance at high current densities. However,
in 2015, Menne et al. showed that the unique Li* environment
in PILs based on [FSI]7, such as [HC,pyrr][FSI], gave access to
higher performance than analogous AILs (Fig. 18)."°° The vis-
cosity of these PILs was shown to be lower than those contain-
ing [TFSI]” anions and, importantly, ca. 40% lower than that
of the equivalent AIL. Most importantly, the discharge
capacities of LFP-graphite LIBs were shown to be only slightly
reduced versus the incumbent technology and indeed capacity
at high C-rates was greater than that observed in the AIL
system.

Further work from the same group investigated PILs
formed from [TFSI|” anions and various cations, concluding
that PILs containing imidazolium and pyrrolidinium cations
generally have higher conductivities than those containing
piperidinium and di-pyrrolidinium cations.'* Although
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Fig. 18 Plot showing specific capacity as a function of cycle number
for LIBs with PIL and AIL electrolytes containing [FSI]™ anions, compared
with traditional LP30 electrolyte, reproduced from ref. 182 with per-
mission from Elsevier, copyright 2023.

increasing alkyl chain length was shown to decrease ionic con-
ductivity, cation ring size had a greater influence. The PILs
explored in this study demonstrated higher ionic conductivity
than analogous AILs, with evidence suggesting that coordi-
nation numbers of [TFSI]™ around Li* was as low as 0.4-0.5, as
compared to ca. 2 for AILs (Fig. 19). The different trends in vis-
cosity and ionic conductivity across the different cations high-
lighted the importance of taking both viscosity and lithium
coordination number into account to optimise battery per-
formance. However, it is important to note that the perform-
ance of PIL electrolytes was not compared to traditional car-
bonate-based electrolytes such that its competitiveness with
the incumbent technology could not be directly assessed.
Further work in 2017 that compared [HHpyrr][TFSI] with
[HC,pyrr][TFSI] showed that the charge transfer resistance
associated with lithium insertion-extraction was significantly
lower in PILs compared to similar AILs."”> The study went
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Fig. 19 Plot showing the average lithium coordination number with
respect to the [TFSI]™ anion for various PIL cations, reproduced from ref.
191 with permission from American Chemiscal Society, copyright 2023.
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further by investigating a mixture of PILs, demonstrating stabi-
lity over 50 cycles, even at low temperatures (0 and —20 °C).
However, discharge capacities at these reduced temperatures
were relatively low, when compared with other studies, again
reflecting fundamental insights gained but without demon-
strating a viable, competing system (Table 1). Expanding the
pool of cations for use in PILs as LIB electrolytes, Stettner etal.
investigated two imidazolium cations, combined with either
[FSI]” or [TFSI|", and showed increased ionic conductivity
versus the analogous pyrrolidinium systems.'®® This work cor-
roborated the finding that [FSI]™-based PILs had lower viscos-
ities than their [TFSI|” counterparts,"° although the best
battery performance was found to be from 1,2dimethyl-
imidazolium bis(trifluoromethanesulfon)imide,
[HC,C,im][TFSI], that showed over 50% capacity retention at a
high current density of 5C. Again, however, illustrating a preva-
lent limitation of studies in this area, neither the absolute
capacity or its retention with C-rate increase or cycle number
were tested with typical carbonate-based electrolytes in the
same cell set-up. Without this comparison, it is challenging to
contextualise the performance or fairly assess the durability of
the [HC,C,im][TFSI] system.

Another consideration is the ESW. For instance, the use of
[FSI]™ in place of [TFSI]” decreased the anodic stability of the
IL."®* Comparing the use of analogous PILs and AILs, the pro-
tonated cations have inherently reduced cathodic stability,
resulting in a narrower ESW'® due to deprotonation and
reduction of the cationic proton.'®' This decrease in the ESW
has been seen in other experimental studies,'** and is slightly
lesser for imidazolium than pyrrolidinium cations.'® PILs
have also been employed in alkali-ion batteries using hard
carbons in place of graphite as the anode, in order to increase
accessible capacities."®® Previous experiments had shown that
AlILs could enable safer use of hard carbons, but suffered from
poor performance at high Crates."®® However, the 0.5 M Li
[TFSI] solution in [HC,pyrr][TFSI] was shown to outperform
the 0.5 M Li[TFSI] solution in [C;C4pyrr][TFSI], at current den-
sities from 1C up to 5C (although the trend is reversed at low
C-rates)."” In this study, however, a film-forming agent, vinyl
ethylene carbonate (VEC), was needed, due to the limited
cathodic stability of [HC,pyrr]'.

Complementary to the experimental investigations into the
use of PIL electrolytes in LIB, MD'®” and DFT'®*® simulations
have been used to investigate their structure, inter-ionic inter-
actions, Li" solvation, and ionic mobility. In 2017, Ray et al.
showed that inter-ionic interactions in pyrrolidinium-based
AlLs are weaker than their PIL counterparts and that the PIL
structures were resilient to the addition of Li salts."”” Their
work concluded that Li[TFSI] coordination took place by
gradual destruction of the H-bonding network in PILs, match-
ing the 2014 report that the Li" coordination number is lower
for PILs than AILs. Li-ions were shown to be trapped in cages
formed by [TFSI|” anions and the authors proposed tuning of
the interactions between the IL anion and cation, as well as
the Li" salt concentration, to optimise electrolyte performance.
It is worth noting that although their classical and ab initio
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MD simulations displayed self-consistency, no experimental
validation of these models was presented. Follow-up work
illustrated that [TFSI|” anions approach Li-ions more closely
in AILs than PILs, giving rise to greater conductivities in the
latter."® Moreover, the simulations highlighted the need to
minimise the formation of Li-ion aggregates, and that the ease
of solvation of Li" ions is inversely proportional to the strength
of inter-ionic interactions. In this case, the Li*-Li* networks
described by the MD simulations in this work could be used to
rationalise experimentally determined coordination numbers,
providing some validation for the approach used. Nasrabadi
et al. supported the proportionality between Li" mobility and
interionic interactions, but extended simulations to include
the triethylammonium cation, [HN,,,]"."®" Again, cation-
anion distances in the PIL barely changed upon the addition
of Li" salt, but this study recorded the differences between the
trans (monodentate) and cis (bidentate) configurations of
[TFSI]™ around Li', with the monodentate binding more highly
favoured in the PIL electrolyte, due to hydrogen-bonding of
protonated cations to [TFSI|” (Fig. 20). It should be noted
however, that at the chosen charge-scaling factor, significant
deviation between their simulated values and experimentally
determined values were observed for the cation self-diffusion
coefficient, viscosity, and ionic conductivity. Moreover,
neutron scattering experiments could be used to provide
greater validation the simulated pair radial distribution func-
tions presented in this work.

This work nonetheless gave further theoretical backing to
the higher Li* conduction observed in the PIL versus the equi-
valent AIL, shown to be maximised at an x;; = 0.2. Recent DFT
calculations investigated the graphite surface in the presence
of a range of PILs, comparing these electrode-electrolyte inter-
actions with those of similar AILs.'®® It was shown that the
shortest hydrogen-bonds formed between the cationic protons
and the O, N, and F atoms of the anions, supporting stronger
inter-ionic interactions in PILs versus analogous AILs. In PILs,
anions tend to be located close to the cationic proton, but this
additional characteristic appears not to affect the cation’s
adsorption on graphite significantly. The anions differ in their
distribution, with anions in the protic pyrrolidinium systems
located above cations, not interacting with the electrode
surface, whereas there is some anion-graphite interaction in
AILs. However, large differences were seen when changing
between pyrrolidinium, ammonium, and imidazolium cations,
highlighting the intricate relationship between PILs and
graphite surfaces. This suggests further theoretical and experi-
mental work should be carried out to understand electrode-
electrolyte interfaces, particularly with other electrode
materials.

Alongside investigations into alternative electrolyte systems
for LIBs, work has been undertaken to examine the potentially
advantageous use of PILs in other alkali-ion technologies.
General research into sodium-ion batteries (SIBs) gained trac-
tion in 2000 with the discovery of a highly reversible system
using hard carbon,'® but it was not until 2016 that the first
study of PILs in SIBs compared their performance to similar
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Fig. 20 Diagram showing the monodentate and bidentate configur-
ations of the [TFSI]™ anion wherein lithium, oxygen, nitrogen, sulfur,
carbon, and fluorine are shown in green, red, blue, yellow, cyan, and
pink, respectively. Reproduced from ref. 181 with permission from
American Chemical Society, copyright 2023.

AlLs for two traditional sodium electrode materials, sodium
vanadium phosphate (NVP) and sodium manganese mag-
nesium oxide (NaMM)."*® The authors found that, despite the
lower cathodic stability of the PIL, a higher discharge capacity
could be attained for NVP electrodes cycled at the same
C-rates. Nevertheless, this PIL still performed worse than the
incumbent carbonate-electrolyte system, for which the authors
should be commended for their inclusion, as this enables a
more holistic assessment of the potential for PILs in SIBs
(Fig. 21). Interestingly, despite higher initial capacity using tra-
ditional electrolytes compared to PILs, greater capacity fade
was observed in the former case. Both PILs and AILs demon-
strated a greater coulombic efficiency than the carbonate, illus-
trating that these systems may present reduced performance
but greater durability, indicating a need for longer-term
cycling studies.

The discharge capacities at high C-rates were greater for the
PIL than for the AIL, but unlike the LIB case, the performance
at high current densities comparable to traditional electrolytes
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° '*\
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<
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o 0.3 M NaTFSlin * :
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Fig. 21 Plot of sodium-ion battery discharge capacities in PIL, AIL and
traditional electrolytes, reproduced from ref. 199 with permission from
Royal Society of Chemistry, copyright 2023.
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was not observed in the SIB system. Unfortunately, rapid
capacity fade was seen in NaMM when using the PILs in this
study, again highlighting the importance of pairing the appro-
priate electrode material with the PIL electrolyte in question.

Further work on SIBs was carried out in combination with
hard carbons, but the PIL investigated, [HC,pyrr][TFSI], did
not give a working battery. Even with a film-forming additive,
the electrolyte was unstable below ca. 1.2 V.'**

Given the low potential of K/K', weak solvation energy of
K-ions, and its high transport number, potassium-ion batteries
are seen as appealing alternatives to LIBs, given environmental
and societal challenges in sourcing both lithium and
cobalt.>®® Recently, Arnaiz et al. investigated the use of both
AlILs and PILs in combination with hard carbon and K[TFSI].
Although [C,C,pyrr][TFSI] demonstrated reversible K inser-
tion/extraction without the use of VEC, the [HC,pyrr][TFSI]
electrolyte did not work even in the presence of VEC, failing to
form a stable solid-electrolyte interphase (SEI). This is,
however, the only study of PILs in potassium-ion batteries.
Similarly, a study on calcium-ion devices, combining 20 mol%
PC with [HC,pyrr][TFSI] or [C,C4pyrr]|[TFSI|, demonstrated that
only the aprotic electrolyte sustained stable cycling.'**

Overall, the application of PILs in alkali-ion batteries is
only a decade old, but promising signs relative to their AIL
counterparts have been observed, simulated, and rationalised
in the Li-ion case. Studies have successfully demonstrated
improved performance at higher C-rates and lesser capacity
fade in some cases using PILs. Early indicators from sparse
work on K-ion and Ca-ion batteries are less encouraging, but
the potential improvements associated with the substitution of
an AIL with a PIL in SIBs using NVP cathodes and activated
carbon anodes are promising, and more research should be
directed to uncovering the full potential of PILs in this area,
particularly by taking a holistic approach to long-term stability,
cost and safety credentials.

Despite improved Li-ion transport in most PILs when com-
pared to AILs, the performance of such devices rarely matches
the incumbent technology using traditional carbonate electro-
Iyte systems. Nonetheless, when the improved safety creden-
tials of these non-flammable electrolytes are considered, slight
decreases in performance, seen for some PIL systems, could be
a compelling compromise. Indeed, more robust and detailed
investigations into safety gains and techno-economic assess-
ment of these systems is needed to quantify green metrics for
these applications and understand the potential for PILs to be
used in future LIBs and SIBs.

To conclude this section, the authors would like to high-
light unconventional uses of PILs in alkali-ion batteries, quite
apart from their application as alternative electrolytes. A
unique example of the application of PILs in alkali-ion bat-
teries was demonstrated in 2015, wherein Zhang et al. used
PIL precursors to produce carbon-coated cathode nano-
particles of LVP for use in high-power LIBs.””' LVP suffers
from intrinsically low electronic conductivity and capacity
fade, arising from side reactions with electrolytes at high
potential. Here, a nanoparticulate cathode active material was
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synthesised within a micron-sized carbon matrix, restricting
particle growth, and increasing electronic conductivity. Only a
small amount of PIL was required, keeping costs low and high
C-rates of 50C were shown to yield high capacities which were
maintained with less than 30% loss over 10000 cycles.
Certainly, this avenue of study could be expanded to cover
other high-capacity electrodes that suffer from low electronic
conductivity.

Metal-based batteries

In a bid to access higher energy and power densities, metal-
based battery technologies are being pursued.'”® This includes
Zn-air secondary batteries,”®® safer solid-state Li metal bat-
teries,”** and improving the durability of novel chemistries
such as Li-$**® and Li-0,.>°

An early example of the use of PILs in metal-based batteries
can be found in the work of Liu et al., who investigated their
use in Zn-air batteries.’®” Barriers to this technology include
short circuits caused by dendritic growth of zinc, passivating
ZnO films growing on Zn electrodes, and both evaporation and
carbonate precipitation in alkaline aqueous electrolytes.
Although there were previous examples of AILs used to demon-
strate dendrite-free Zn-air batteries, this work first presented
the use of a PIL, [HC,im][TfO], to dissolve ZnO and produce
both pure PIL and PIL/H,O mixtures as electrolytes. The study
stopped short of investigating full charge-discharge cycling
behaviour, but the authors were able to show that quasi-revers-
ible Zn plating/dissolution was possible when using 70:30
PIL:H,0 mixtures. This again demonstrates ionic liquid-
solvent mixtures as a separate group of formulated, 4™ gene-
ration ionic liquids.®” Follow-up work that implements this
and similar PILs should be carried out in full cell zinc-air bat-
teries to examine electrolyte-electrode interactions in an oper-
ating cell.

A 2019 study on the plating behaviour of Na metal, by
Jankowski et al.,>°® employed a proton on the PIL anion, in a
so-called anion amphiprotic ionic liquid, originally designed
for use as proton-conducting materials in fuel cells. 1-Ethyl-3-
methylimidazolium trifluoromethylsulfonylamide,
[C1C,im][TFSA], was shown to have superior ionic conductivity
versus [C,C,im]|[HSO,], and comparable to that of its analogous
AIL, [C,C,im][TFSI]. Addition of Na[TFSI| decreased the overall
ionic conductivity, but a reduction in overpotentials at high
concentrations was observed in Na plating/stripping tests. This
improvement was attributed to enhanced Na' conductivity in
highly aggregated clusters. The authors also speculated that
the proton on the anion increased Na" transport due to H'/Na"
exchange, although further studies are required to confirm
this.

Recently, the focus has shifted to the potential of testing
PILs in full cells containing alkali-metals,>*>*'° such as Li and
Na, for newer technologies beyond LIBs. AILs have shown
some promising performance in polymer-based batteries, as
well as Li-air and Li-sulfur batteries,>'* but due to the nar-
rower ESW of PILs, electrolyte degradation and the hydrogen
evolution reaction (HER) can occur, if not mitigated, at the
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metal anode. Attempts to limit the contact between PILs and
Li metal surfaces have included both the envelopment of PILs
inside cross-linked polymers (Fig. 22)*°° and the use of viny-
lene carbonate (VC).>°>*'° VC was shown to form an effective
protective  layer that minimised contact between
[HC,pyrr][TFSI] and Li metal, and although only at a low C-rate
of C/20, specific discharge capacities of >150 mA h g~* were
achieved.”*® In a follow-up study, an increase in stability due
to the formation of poly(VC) on the anode surface was demon-
strated, whereby the PIL-based electrolyte was shown to be
stable at the potential at which Li plating takes place.*'® Cells
with Li-metal anodes and LFP cathodes were shown to retain
75% capacity after 50 cycles, and when using the [FSI|” anion,
high-voltage nickel-manganese-cobalt cathodes could be
used. Nonetheless, further investigations to optimise the VC
content are required to reach significant cycle stability, as the
long-term durability of these systems is yet to be proven.

Another application of PILs in the context of metal-based
batteries is as additives to Pb-acid batteries (which are increas-
ingly used in electric vehicles for start-stop and energy recovery
systems), to widen the ESW and to potentially inhibit corrosion
of current collectors.”™* It was found that PILs with shorter
chains showed higher thermal stability but that the longer the
side chain, the greater the reduction in the potential at which
the HER occurred. The oxygen evolution reaction was relatively
unchanged, such that [HN;4 ,6][HSO,] could be added to the
positive electrode and increase the ESW, which resulted in
improved performance. This resulted in reduced corrosion cur-
rents, particularly with longer side-chain PILs, but slightly
higher self-discharge.*'*> This work is an example of the appli-
cation of PILs to an older battery technology. Nonetheless,
given the continuous prevalence of Pb-acid batteries in tra-
ditional applications (uninterruptible power supplies) and
their adoption in many electric vehicles for specific functional-
ity, the use of cheap PILs to increase cycling capacity should
be subject to techno-economic analysis to establish industrial
viability.
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Fig. 22 A — Schematic showing the formation of cross-linked polymer
with PIL and Li salt, B — Photographs of polymer electrolyte membrane
displaying robustness and elasticity. Reproduced from ref. 209 with per-
mission from Wiley-VCH, copyright 2023.
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The development and implementation of PILs in electrolyte
systems that come into contact with metal electrodes is still at
an early stage, but recent promising results suggest that
despite their inherent reactivity, there may be sufficient means
to engineer passivating layers that enable gains versus their
harder-to-prepare AIL analogues. The potential for PILs in
non-alkali metal-based batteries (additives in Pb-acid systems,
solvents in Zn-air batteries) is yet to be explored comprehen-
sively. Notably, there are no examples of PILs used in Li-sulfur
or Li-air battery systems. If this was enabled via the use of
appropriate passivating agents, access may be granted to much
higher density devices.

Supercapacitors

Supercapacitors (also known as electrochemical capacitors),
have a higher energy density than dielectric capacitors, and
are increasingly sought after for applications where high power
density is required. This includes portable and flexible elec-
tronics,'® hybrid electric vehicles,>"* and uninterrupted power
supplies.”™® They can be classified either as electrical double-
layer capacitors (EDLC), which store charge purely via non-far-
adaic processes, or as pseudocapacitors that are dominated by
reversible redox reactions (faradaic processes) occurring at
electrode-electrolyte interfaces,*'® or as hybrids. However, the
energy density of most supercapacitors remains low, such that
significant research is focused on both increasing their
specific capacitance and their accessible voltage window,
whilst exploring more sustainable routes to producing elec-
trode and electrolyte materials.

ILs were first used in EDLCs as salts dissolved in traditional
organic solvents, limited by the ESW of the solvent.>"
Subsequent studies focused on pure ILs as electrolyte systems,
enabling greater energy densities by accessing higher voltages,
but facing issues of low conductivity and high viscosity.
Nonetheless, a wide range of AILs have been employed as elec-
trolytes and tested in supercapacitors with various electrode
materials, which has been comprehensively reviewed
elsewhere.*'®?'° Lately, PILs as electrolytes have also been the
subject of research attention, particularly with regards to
pseudocapacitive contributions, though their narrower ESW
limits accessible energy densities.”” The use of a range of
PILs as liquid®** and solid gel**” electrolytes has been recently
reviewed. A separate application of PILs associated with super-
capacitors, however, is their use as carbon precursors to
produce porous carbons for use as electrode materials.”*® This
was last reviewed in 2017.%2* Here, we have decided to refer the
reader to the recent reviews on the use of PILs as electrolytes
in supercapacitors, and focus on more recent developments in
the synthesis of carbon materials from PIL precursors.

Much effort has focused on the production of carbon elec-
trode materials with controlled structures, using a range of
hard and soft templating methods, to attain high surface
areas, large pore volumes, and heteroatom doping. It has been
known for some time that mesopores (2-50 nm) facilitate
mass transport, micropores increase active sites, and hetero-
atoms could improve wettability and oxidative stability.>*®

This journal is © The Royal Society of Chemistry 2024
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Given the limited availability of suitable precursors for
N-doped carbon materials, as most organics evaporate or com-
pletely decompose at carbonisation temperatures,”®> ILs as
such were naturally of interest as potential non-volatile precur-
sors.”*® High costs and multi-stage synthetic procedures for
AILs led Zhang et al. to explore the use of PILs as low-mole-
cular weight organic precursors for the direct synthesis of
porous carbons.””” They demonstrated that easy-to-prepare
PILs containing nitrogen atoms could be carbonised to yield
N-doped porous carbons and highlighted the tunability of the
approach, given the simple acid and base starting materials.
Evidence showed that nitrogen doping gave rise to improved
conductivity, basicity, and oxidative stability due to interaction
of nitrogen’s free electron pair with the carbon r-system.>?®
Although this work surveyed an impressive array of PILs, inves-
tigating the influence of precursor structure on the resultant
doped carbon material, the study stopped short of applying
these electrode materials in supercapacitor devices.

Fechler et al. had highlighted a possible synergistic inter-
action between sulfur and nitrogen atoms in co-doped carbon
materials derived from AILs, suggesting increased surface
density of active sites and improved catalytic reactivity.>*®
Many research groups thus explored the use of PILs containing
both N and S atoms to produce co-doped porous carbons for
use as electrodes in supercapacitors (Fig. 23).>'%?2972%2

Throughout these studies, a templating agent, such as col-
loidal ~ silica,®®® F-127,2*%**'232  or sodium  dodecyl
sulfate,?****? has been used to create mesopores, whilst micro-
pores were shown to result from the release of SO, and NH;
during high-temperature carbonisation. There has been a
focus on producing hierarchical pore structures that combine
the benefits of different pore size regimes: micropores for
charge storage, mesopores providing fast ion-transport, and
macropores providing large ion reservoirs.”>® Thus, the smal-
lest pores are more associated with electrochemical capaci-
tance, whereas mesopores and macropores give rise to high-
rate capacitive performance. In addition to the use of soft tem-
plates, activation using KOH or other chemical activators>**>**
have been used to generate ordered porous carbons with high
surface areas (Fig. 24). The implications of a high-temperature
template removal step or a harsh chemical activation on the

g Macroporous
Mesoporous

Microporous

5
g ",,m,} Evaporation
1) Self-Assemny" 7
PILs & Macroporous ) P

Fig. 23 Schematic illustrating the use of PILs and templating agents to
produce hierarchically porous structures for use as supercapacitor elec-
trodes, reproduced from ref. 231 with permission from American
Chemical Society, copyright 2023.
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Fig. 24 SEM micrographs of hierarchically porous carbons made from
carbonisation of PILs based on lysine (a) without activation; (b) activated
by NH4Cl; (c) activated by KOH; (d) activated by K,COsz and (f)-(h)
showing EDX mapping of porous carbons derived from lysine with
K>COs activation, showing uniform heteroatom doping. Reproduced
from ref. 233 with permission from American Chemical Society, copy-
right 2023.

green credentials of these routes remains
unquantified.

As shown in Table 2, early N/S co-doping work from 2015 to
2018 predominantly used PILs containing the [HSO,]” anion,
combining it with a nitrogen-containing cation such as 1,10-
phenanthrolinium, [Phen]',**® phenothiazinium,
[Phne]", >33 or N-methylglucamine, [Megl]".>*°
Supercapacitor testing was carried out in 6 M KOH or in more
environmentally benign 1 M Na,SO,. The porous carbon elec-
trodes derived from [Phne][HSO,] had the highest specific
capacitance in alkaline conditions, reaching 330 F g™' at a
current density of 1 A g ,>****" likely due to high sulfur
content deriving from both anion and cation of the PIL precur-
sor. When activated at 700 °C with KOH, this porous carbon
material had a significantly higher surface area of 2010 m? g™*
(¢f 575 m> g' for its unactivated analogue) and displayed
better high-rate capability. This approach highlights the poten-
tial for a combination of soft templating and chemical acti-
vation to achieve high-performance supercapacitor electrodes.
On the other hand, in neutral conditions, electrodes derived
from [Phen][HSO,] demonstrated higher specific capaci-
tances,*® suggesting that the specific interactions between
electrodes and electrolytes requires further study in order to
understand how to optimise performance when using a par-
ticular electrolyte.

Interestingly, from 2019 onwards, there has been a ten-
dency towards carbonisation of bio-derived PILs, including
from chitosan®** and from amino acids by the combination of
lysine,*** arginine,**® threonine,*®* or serine cations,**® with
either [HSO,]™ or [H,PO,]>” anions. A comprehensive study of
21 amino-acid PILs was carried out by Zhou et al. that showed
that the greatest carbon yields were derived from aromatic
amino acids, and of the aliphatic amino acids, lysine-based
PILs gave the highest yield.>*® This study investigated the use
of NH,Cl, K,CO; and KOH activation, showing that K,COs-acti-
vation of [Lys][HSO,],-derived electrodes led to highly ordered
porous carbons (Fig. 24) with the highest specific capacitance
to date, 350 F g™* (at 1 A g™'). This is particularly encouraging

synthetic
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given the more benign nature of K,CO; vs. KOH. On the con-
trary, due to the lower voltage window (0-1 V) associated with
this material, its maximum energy density (6.9 W h kg™ at
248 W kg™') is far below the maximum energy density
measured in supercapacitors derived from arginine-based PILs
(12.5 W h kg™" at 445 W kg™ ")*** and serine-based PILs (13.0
W h kg™ at 163 W kg™"),>*° given their wider voltage windows.

These latter studies demonstrated the inclusion of P atoms
by use of phosphate in the place of sulfate anions.”**>**° The
introduction of phosphorus was shown to increase wettability
and decrease charge transfer resistance, while widening the
potential window by protecting unstable active sites, enhan-
cing both oxidative and reductive stability.**® In the work by
Zhou et al., poly(vinyl alcohol) was used to make a gel electro-
Iyte of the amino-acid PIL and activation by (NH,),(HPO,) in a
1:2 precursor/activator ratio produced a high-performing
device in 6 M KOH, with a P content of ca. 3 at%. A lesser
amount of phosphorous was introduced by carbonisation of a
serine-based PIL (<1 at%),”*®> but nonetheless a high
maximum energy density was observed due to the wider
voltage window (0-1.3 V).>** The potential to introduce mul-
tiple heteroatoms that increase specific capacitance and oper-
ating voltage windows, whilst simultaneously forming hier-
archical porous carbon structures from simple amino-acid
PILs, is promising, and more research should focus on mor-
phology optimisation while retaining high heteroatom content
from these sustainable precursor systems.

Wang et al. recently demonstrated a means to introduce
boron into porous carbons, as B atoms are thought to impart
greater oxidative resistance whilst also favouring graphitisa-
tion.>** In this work, [Thr][HSO,] was self-assembled into a 3D
pore network using a cheap cationic surfactant (cetrimonium
bromide) and boric acid. Upon carbonisation, boric acid acted
both to introduce boron into the electrode surface but also as
a pore-forming agent, yielding an electrode that demonstrated
a high specific capacitance of 242 F g™* (at 1 A g~ ') when using
10 wt% CTAB and a 1:1 ratio of threonine and boric acid.***
Nevertheless, a suitable benchmark using state-of-the-art elec-
trode materials fabricated by traditional means was not
included in this study, limiting the understanding of the
extent to which these boron-doped carbon electrodes might be
competitive.

There are several examples of PILs being used effectively to
give rise to hierarchical porous carbons for use as super-
capacitor electrodes, with significant heteroatom doping, and
a recent trend towards amino-acid precursors and the co-
doping of a mixture of N and either S, P or B atoms (Table 2).
Recent work by Wu et al. stands out, however, for its use of a
metal system to grow crystals that are subsequently removed
by the addition of HCI (Fig. 25),>*" transforming an otherwise
suboptimal microstructure into a highly graphitic structure
with a more suitable pore size distribution. Although it may be
argued that metal-free synthesis is more appealing following
green chemistry principles, the use of this removable catalyst
may unlock the potential of other amino-acid PILs, with high
carbon yields but otherwise unsuitable microstructures. A

This journal is © The Royal Society of Chemistry 2024
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Fig. 25 Schematic showing the fabrication of hierarchical porous
carbons by use of PILs and metal catalyst (Co(NO3z),-6H,0), reproduced
from ref. 236 with permission from Elsevier, copyright 2023.

recent study by Al-Zohbi et al. is also notable for using
[HHpyrr][HSO,] rather than an amino-acid-based PIL.>*’ By
combining it with polyaniline and nanomaterials, the authors
produced electrodes that performed well in acidic conditions
(¢f. [Lys][HSO,], + K,CO; activation®*?), but without requiring
an activation step.>®” Cycle stability was investigated to only
1000 cycles with capacitance retention at 73% for their best
system, but this study invites greater exploration of PILs in
combination with conductive polymers, particularly as the PIL
was shown to give rise to favourable nanofiber-type mor-
phology with high surface areas that are ideal for super-
capacitor applications.

Overall, it is apparent that studies in this area rarely bench-
mark the system under investigation against a more classical
porous carbon fabrication process, such that assessing the
techno-economic balance between traditional and new PIL-
based procedures is challenging. A greater understanding of
the dynamics at electrode—electrolyte interfaces in these novel
systems is only starting to be probed,>'*?*® and the exploration
of their robustness to use in flexible applications is
fledgling.”***® Finally, a recent report that incorporates PILs
into cross-linked polymer electrolytes provides inspiration for
further exploration in the fabrication of solid-state EDLCs.>%°

Redox flow batteries

Redox flow batteries (RFB) are secondary batteries that charge
and discharge by the redox processes taking place in two
liquids, normally on opposite sides of a membrane, that are
circulating between tanks and electrochemical cells. Energy is
stored in redox active species rather than electrodes, such that
RFB are expected to be more durable than metal and metal-ion
batteries. Combining this with independent scaling of energy
and power, and potentially lower costs for scale-up, the techno-
logy promises to provide long-duration, large-scale energy
storage.”*® The incumbent chemistry is the all-vanadium RFB
which has been commercialised, but is limited by inherently
low energy density due to its solubility limit in aqueous solu-
tions (2.0-2.5 M depending on supporting electrolyte)**° and
the narrow ESW of water (<2 V).

M4 | Green Chem., 2024, 26, 1092-1131
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For over a decade, researchers have looked at alternative
electrolyte systems, including the use of ILs, mainly of the
aprotic type. Recent reviews of their use as supporting electro-
lytes, solvents, active species, and in the formation of mem-
branes can be found here.>*"*** PILs then gained attention
because of their cheap and single-stage preparation pro-
cedures. Recently, three main avenues have been pursued, that
of using PILs as solvents to access higher concentrations of
active species,>***** using PILs as part of the fabrication of
novel membranes,”*> or indeed using PILs as redox-active
species themselves.>*®

In 2020, Zhou et al. showed that [HN,,,][TfO] could be used
effectively to produce asymmetric porous membranes for use
in vanadium-based RFBs.>**> The PIL was dissolved in a sulfo-
nated poly(ether sulfone) (SPES) solution and via phase inver-
sion and PIL removal, a membrane with a dense SPES layer
and a highly porous layer was fabricated. The greater the PIL
concentration, the greater the ionic conductivity of the mem-
brane produced. Importantly, a much lower vanadium-ion per-
meability was observed versus typical Nafion® membranes. As
a result, a higher coulombic efficiency was attained, though a
lower voltage efficiency meant a comparable energy efficiency
was achieved. Nonetheless, this membrane costs less than
one-tenth of the price of Nafion®, so research aimed at mini-
mising its Ohmic resistance and thus maximising voltage
efficiencies at high current densites should be pursued, which
may be achieved by employing an even thinner membrane.

Nikiforidis et al. showed for the first time that
[HHpyrr|[MeSO;] can be used as a solvent for vanadium active
species, increasing the maximum concentration from 2.5 M in
purely aqueous solution to 6 M in a mixed PIL-water solu-
tion.”** Using this mixed system also overcomes the limitation
of upper operating temperature; V,0s normally precipitates
from aqueous H,SO, at ca. 45 °C, whereas the authors showed
their electrolyte could be stored for over 60 days from —20 to
80 °C. The viscosity of the 2 M V** PIL-water solution, was
only a little higher than a 2 M V** aqueous solution (3.86 mPa
s versus 0.9 mPa s), though this increased dramatically upon
increasing concentration to 6 M. Upon addition of VOSO, to
the PIL, pH dropped to similar values seen in the incumbent
system and it was shown that the species likely exists in a wide
variety of complexes whereby deprotonated pyrrolidine may act
as a ligand. coulombic efficiencies of ca. 85% were observed,
but energy efficiencies did not exceed 67% (Fig. 26), which is
appreciably lower than that obtained in the standard case (ca.
80-85%). Nevertheless, an energy density of 77 W h L™ was
demonstrated, representing 70% of the notably high theore-
tical energy density of 112 W h L. The authors recommend
further work to identify the most appropriate membrane and
investigate longer-term cycling stability as only 30 cycles were
presented. A follow-up study from the same authors ran a
single cell at 40 °C with 3 M VOSO,, demonstrating a coulom-
bic efficiency of ~90%, but still a low energy efficiency of ca.
64%.>"

A recent investigation of a range PILs as redox-active
species for use in RFBs is particularly encouraging in this

This journal is © The Royal Society of Chemistry 2024
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Fig. 26 Plots showing (a) the cycling performance of the aqueous PIL
at 4 M vanadium concentration; (b) the associated coulombic (blue) and
energy (red) efficiency at 60 mA cm™2 and 25 °C, reproduced from ref.
243 with permission from Elsevier, copyright 2023.

area.246

The authors state that it is straightforward to syn-
thesise redox-active PILs by combining redox-active organic or
organometallic acids with liquid amines and present voltam-
metric measurements for a range of PILs. Conclusions drawn
from this study were that PILs may be able to supply protons
to electrochemical reactions even in a basic environment, that
it is wise to avoid precursor molecules with acidic functional
groups attached directly to aromatic rings, and that is it impor-
tant to select redox-active species with large free energy differ-
ences between both their oxidised and deprotonated forms,
and their reduced and protonate forms. The most promising
PIL investigated was propylammonium 4-nitrophenylacetate,
[H3N3][(NO),(CsH4)(CO,CH3)], which displayed fully reversible
redox behaviour, but full cell testing against a suitable comp-
lementary half-cell remains to be explored. Indeed, further
work in this area should not only account for electrolyte pro-
perties (electrode potential, ionic conductivity, and viscosity
etc.), but it is also vital to account for electrolyte-membrane
interactions that give rise to cross-over, fouling and therefore
battery cycle stability.

Clearly the design and implementation of PILs either as
electrolytes or in the fabrication of membranes is at a very
early stage. It is promising that mixtures of PILs and water can
solubilise typical active species (i.e., vanadium), highlighting
the need to explore this strategy for maximising the energy
density in non-vanadium systems. Moreover, the recent work
highlighting the potential of PILs to act as redox-active species
themselves should be inspiration for further analysis of the
wide pool of candidate PILs, considering the cautionary con-
clusions from this work. Lastly, the potential for use of PILs in
membraneless designs, as have recently been investigated for
their AIL counterparts, should be explored.**’

Proton batteries

Given the somewhat labile proton present in PILs, there has
also been interest from the proton battery community to
utilise them either as components in the battery
separator**®?*° or as proton-conducting electrolytes.>*>*** An
early example of the former application was published in 2014
by Mishra et al. in which [HC,C,im][HSO,] was immobilised in
a blend of poly(vinylidenefluoride) and poly(vinylpyrrolidone)

This journal is © The Royal Society of Chemistry 2024
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to afford a gel polymer electrolyte (GPE).>** This proof-of-
concept work was the first example of a well-retained PIL
within a polymer blend, giving rise to ionic conductivity
similar to the liquid state and adequate thermal stability (T4 =
130 ©°C). Proton batteries comprising archetypal Zn/
ZnS0,-7H,0 anodes and PbO,/V,0s/Graphite/GPE cathodes,
sandwiching this GPE as a separator, performed best at low
currents, demonstrating a stable cell voltage at 1.54 V with an
energy density of 35 W h kg™, far greater than previous
studies (0.1-8 W h kg™"). Nevertheless, at only 50 pA, signifi-
cant capacity fade was observed over just 10 cycles, which pre-
cludes practical use of such a device.

An all-organic proton battery was subsequently assembled
using a slurry containing substituted pyridine triflates and
their corresponding pyridine base, sandwiched between con-
ducting redox polymers with pendant active species
(Fig. 27).>*> An appreciable discharge capacity of 103 mAh g™*
was observed at 70 mA g~ (corresponding to a C-rate of C/2)
and still had measurable discharge capacity (25 mA h g”') at a
C-rate of 160C. Although the cell potential was limited to ~0.5
V, this work successful showed that PILs can contribute to
novel battery technologies in the absence of metals. Further
work on these systems indicated that lower acid-doping level
would likely result in improvements in conductivity, processa-
bility, and electrochemical stability, thus bolstering future
proton battery performance.>>®

A more recent approach has been to polymerise PILs, giving
rise to poly(ionic liquids) with high fluidity at RT.**® This
study highlighted the importance of non-stoichiometric PILs
for effective use in electrochemical devices.”>® The authors
stated that a low glass transition temperature is needed to
ensure high charge carrier mobility and appreciable ionic con-
ductivities in polymer electrolytes. In their work, protic poly
(ionic liquids) were made from poly(dimethylsiloxane) back-
bones with azole groups attached by alkyl thioether linkers,
utilising HTFSI as the acid dopant. The resulting electrolytes
had ESWs greater than 2 V and good thermal stability (200 °C
< T4 < 350 °C) but as these electrolytes were not tested in
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proton battery devices, it is difficult to assess their interactions
with the other cell materials, let alone their performance in
real-life operating conditions.

One of the first examples of PILs being employed as electro-
lytes in proton batteries was by Karlsson et al. in which they
used non-stoichiometric triazolium PILs.>* This work under-
lined the importance of carefully controlling the proton
activity of the electrolyte and achieved high conductivities
(>20 mS cm™') at room temperature. Similar electrodes were
employed as in the first all-organic battery,>>> giving similar
electrochemical performance, but with the added advantages
of lower toxicity and lower melting point than pyridine-based
electrolytes. Further work improved the preparation route of
the conducting redox polymers used as electrodes in proton
batteries, increasing the operable potential difference to 0.8V,
achieving a discharge capacity of 62 mA h g™, and a capacity
retention of 80% after 500 high C-rate (4.5C) charge-discharge
cycles.>*® Despite low specific capacity versus alkali-ion battery
systems, this early-stage development of a new battery system
is broadly promising, given the increase in voltage and
decreased capacity fade versus previous systems.

Research into the use of PILs in all-organic proton batteries,
as with the use of PILs in redox flow batteries, is in its early
stages. However, rapid progress in widening the ESW, improv-
ing capacity retention, and widening operating temperature
ranges supports greater research intensity, particularly with a
view to producing the higher-power density, more sustainable,
and more recyclable batteries of the future. Metal-free, durable
batteries with improved green and safety credentials are
indeed appealing and warrant more research and
development.

Hydrogen fuel cells

Hydrogen fuel cells, which convert the chemical energy con-
tained in hydrogen into electrical energy, have long been
lauded as a green alternative to traditional fossil-fuel-burning
technologies, e.g., the internal combustion engine.**® Their
operation relies on the exergonic oxidation of hydrogen at the
anode, i.e., the hydrogen oxidation reaction (HOR), coupled to
the reduction of oxygen at the cathode, ie., the oxygen
reduction reaction (ORR), yielding water as the sole product.
Despite their obvious environmental benefits, their use is
limited by economic viability, performance, and durability.
Currently the most effective hydrogen fuel cell type is the
polymer electrolyte membrane fuel cell (PEMFC). It uses a
solid perfluorinated polymer membrane, known as Nafion®,
whose dual role is to physically separate the half-cell reactions
(necessary to prevent gas mixing) and to facilitate proton
diffusion from the anode to the cathode. Although Nafion®
performs effectively under ambient conditions, its conductivity
diminishes dramatically at elevated temperatures (>80 °C) pri-
marily due to dehydration of the membrane.”® As a result,
careful control of heat and humidity levels is necessary when
operating PEMFCs at elevated temperatures. PEMFCs also rely
on the use of expensive noble metal catalysts, most notably Pt,
which are expensive and prone to CO poisoning, thus only
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high-quality hydrogen (>99.999% purity) can normally be
used.?*> Moreover, the sluggish electrochemical kinetics of the
ORR at the cathode remains a persistent bottleneck which
limits the operational voltage of the PEMFC at current den-
sities of practical interest (ca. 1 A cm™?).>%°

Significant recent progress in material design has improved
the durability and activity of Pt and Pt-alloy catalysts for the
ORR. However, there is a thermodynamic limit to the improve-
ments that can be attained through electrocatalytic material
design.>®” Beyond that, manipulating the chemical environ-
ment at the electrode-electrolyte interface where ORR occurs
has been shown to enable further improvements.**® For
example, incorporation of a thin, hydrophobic layer of a PIL,
[7-methyl-1,5,7-triazabicyclo(4.4.0)dec-5-ene][bis( pentafluoro-
ethyl-sulfonyl)imide], [HMTBD][beti], into Pt-Ni catalyst pores
markedly improved their performance and durability toward
ORR in acidic media.>®*2%> The effect was attributed to
increased O, concentration, exclusion of interfacial water, and
reduced coverage of adsorbates at active sites. Similar enhance-
ments were reported for Pt,>°"?%* Fe-N and N-doped carbon-
aceous®® ORR catalysts. The influence of local proton activity
at Pt and Au catalytic active sites on ORR rates was recently
investigated by Shao-Horn and coworkers.”®® PILs containing
protic cations of varying pK, formed thin interfacial layers at
the electrode-electrolyte catalytic interface (Fig. 28). The
results showed that ORR rates were highly dependent on the
strength of hydrogen bonds formed between the PIL and the
reaction intermediates at the electrode surface. Optimum rates
were observed when the pK, of the PIL cation and that of the
reaction intermediates were closely matched, resulting in
favourable proton tunnelling dynamics. This study elegantly
demonstrates the ability of PILs to selectively tune interfacial
hydrogen bonding at catalytic active sites, leading to faster
proton coupled electron transfer (PCET) reaction rates. This
approach has the potential to be extended to other environ-
mentally significant PCET reactions, such as the electro-
catalytic reduction of carbon dioxide to produce fuels.>*®

A separate strategy designed to improve the robustness and
activity of the Pt-based catalysts involves raising the oper-
ational temperature of the fuel cell beyond 100 °C.” Under
such conditions, the use of anhydrous, thermally stable,
proton conducting electrolytes is desirable. In this context, the
properties of many PILs, such as low vapour pressure, thermal
stability, and availability of active protons, have inspired their
use as proton conducting electrolytes, or electrolyte additives,
in the development of intermediate temperature (100-300 °C)
fuel cells. Progress in this area has been extensively reviewed
in the past two years,*”**”72®% thus our discussion will be
limited to a concise overview of both areas, focusing on the
current state-of-the-art and future challenges.

Pioneering work by Watanabe and coworkers®’°>”* demon-
strated the proton conducting abilities of neat PIL electrolytes,
several exhibiting conductivities >10 mS em™" at 120-130 °C.
Of these, [HN,,,]|[TfO] has emerged as an archetypical PIL elec-
trolyte due to having favourable properties of high ionic con-
ductivity (53 mS em™" at 160 °C), low melting point (m. p. =

This journal is © The Royal Society of Chemistry 2024
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Fig. 28 Tuning the local proton activity using PILs at electrocatalytic surfaces for oxygen reduction reaction, reproduced from ref. 265 with per-

mission from Nature Portfolio, copyright 2023.

—13.1 °C), high thermal stability (T4 = 360 °C) and electroactiv-
ity towards HOR and ORR at low overpotentials.?”* A fuel cell,
using a [HNj,,][TfO]-Nafion® composite membrane, was
shown to produce a power density of 63 mW cm™> and an
open-circuit voltage (OCV) of 0.75 V at 120 °C under non-
humidified conditions,””* demonstrating the use of PILs as
proton carriers in a practical fuel cell setup. This pioneering
work in 2010 laid the foundation for many of the more recent
studies shown in Table 3. The introduction of hydrophobic
PILs, such as [HN;,,|[TfO] and [HN;,,][NfO] for example, into
the catalyst layer demonstrated a much improved maximum
power density of >750 mW cm %, and decreased Pt/C degra-
dation upon cell reversal conditions.””> On the other hand,
only 50 cell reversal cycles were explored and no long-term
durability studies were presented. Similar work with another
hydrophobic PIL, [MTDB][TFSI], demonstrated slightly lower
maximum power density (ca. 600 mW cm™>) but highlighted
the importance of selecting the appropriate PIL concentration
to avoid blocking catalyst later pores. Indeed, more work is
highly recommended in the area of catalyst design and incor-
poration of hydrophobic PILs in membrane electrode assem-
blies (MEAs).

Significant efforts have focused on relating the PIL chemi-
cal structure to their thermal and electrochemical properties,
as outlined in the introduction. It is increasingly obvious that
the physicochemical properties of PILs are not readily predict-
able based on current models and that a wide range of often
overlooked parameters, such as PIL non-stoichiometry

This journal is © The Royal Society of Chemistry 2024

(Bronsted acid excess),”’® and ion size and symmetry*’” are

highly influential on their conductive and electroactive pro-
perties. Further studies examining the thermal and electro-
chemical properties of PIL liquid electrolytes, and their
relation to PIL composition, are necessary to provide a more
complete picture of structure-activity relationships which will
aid their design for future fuel cell applications.

For practical application in fuel cells, PILs must be inte-
grated with solid polymeric materials to form thin (ca.
20-50 um) proton exchange membranes (PEMs) that, ideally,
are functional at intermediate temperatures (100-300 °C)
under non-humidified conditions. To date, PILs have been
integrated with a wide range of conventional polymers, includ-
ing Nafion®,””**7%?% polybenzimidazole (PBI),>”°*** poly
(vinylidene fluoride-co-hexafluoropropene) (PVdF-HFP),>* sul-
fonated polyimide (SPI),>®* sulfonated poly(ether ether ketone)
(SPEEK)***"**® and, more recently, poly(ionic liquids).?®”~>°
These yield PEMs that, generally, display conductivities in the
range 0.1-40 mS cm™' at intermediate temperatures under
non-humidified conditions. Common challenges include PIL
leakage from the polymer matrix during operation®" and
mechanical weakness (relative to non-PIL functionalised poly-
mers), attributed to plasticising effects of PILs.>*>*%
Membrane additives, such as silica®®>** and zeolites,**' have
been shown to aid PIL retention, whilst mechanical integrity
can be improved with judicious choice of PIL, polymer and
additive blends for membrane preparation.>**>°® Whilst many
studies have focused solely on probing the conductive pro-
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perties of PIL-polymer composite membranes under non-
humid conditions, and - in some cases - intermediate temp-
eratures, only a few have examined their performance as MEA
components in practical, intermediate-temperature fuel cells.”
In such studies, fuels cells incorporating MEAs based on PIL-
modified Nafion,>*>?” PBI,*#**°® and SPEEK/PBI**° produced
impressive current densities (0.3-0.9 A cm™?) and power den-
sities (0.2-0.4 W cm™>) when operated between 100 and 200 °C
under anhydrous conditions, as review elsewhere.” Despite
successful fabrication of poly(ionic liquid)-PIL iongel mem-
branes with high conductivity,”®*?%° these promising
materials have yet to be demonstrated in fuel cell devices.

Whilst the performance metrics in the tested systems are
encouraging, factors such as long-term stability, gas per-
meability, response to fluctuating operating temperature,
pressure and load variations, catalyst compatibility, and per-
formance using non-purified fuel and oxidant steams (for
example <99.99% purity H, and air) must be thoroughly inves-
tigated to establish the feasibility of PIL-integrated PEMs for
practical use in next-generation, intermediate temperature fuel
cells.

Summary and outlook

Within the area of energy storage and conversion, PILs have
been most investigated for their applications in super-
capacitors and fuel cells, with an increase in the study of their
implementation in lithium-ion batteries over the last decade.
Although research into PILs as electrolytes in supercapacitors
and as proton conductors in polymer electrolyte membranes
in fuel cells continues, interest is growing in both the pro-
duction of co-doped carbon materials as supercapacitor elec-
trodes and improving electrocatalysis in fuel cells by incorpor-
ating PILs at the electrode-electrolyte interface.

Despite the ‘labile’ proton in PILs initially discouraging
their use in alkali metal-ion batteries, the advantages of lower
viscosity, higher conductivity, and potential for cheap and
simple synthesis versus analogous AILs have encouraged
increasing number of studies. Currently, the main drawback is
that their performance does not yet match incumbent techno-
logy, even though it surpasses analogous AILs in certain cases.
However, advantageous externalities such as safety, cost, and
ease of manufacture should be factored in when industrial
scale-up is considered.

Pyrrolidinium-based PILs have been most studied, but in
many cases, their stable cycling behaviour is only achieved
under certain niche conditions, such as at low tempera-
tures,'®® with film-forming agents,'®® or with specific anode
materials.'®® Imidazolium systems, although less studied,
show more promise and warrant greater investigation.'®
Fundamental experimental and theoretical work highlight the
lower coordination of Li" species in PIL versus AIL systems and
have shown that the [FSI|™ anion is particularly favourable in
terms of mass transport, given reduced viscosities. The domi-
nant use of [FSI|” and [TFSI|™ anions is, of course, associated
with relatively high cost of PILs reported in this section;
however, they are used as small scales in contained devices,

This journal is © The Royal Society of Chemistry 2024
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therefore this high cost is not generally considered to ham-
string the implementation of the potential energy storage
technologies. At the same time, these electrolytes may be
released to the environment, upon device damage or inap-
propriate disposal, which poses potential threats. This, as well
as end-of-life recycling of devices based on highly fluorinated
electrolytes, requires more attention from the research
community.

This area is undergoing multi-directional, intensive devel-
opment, with increasing number of applications being
explored, and exciting discoveries to be made. Looking into
the future - notwithstanding some potential durability
improvements during cycling NIBs with NVP electrodes,"’
other alkali-ion systems (i.e., K, Ca**) have not yet shown
promising results, often due to lower cathodic stability,
demonstrating greater capacity fade than in traditional electro-
lytes. Attention should be directed towards the NVP system,'®’
which indeed presents slightly improved capacity versus a
similar AIL system and demonstrates improved cycling stability
versus a typical organic electrolyte, with further work should
directed at fundamental transport mechanisms. Indeed,
increasing durability accelerates the path to commercialisation
by meeting application specifications and reducing costs.

Although some examples of PILs having an advantageous
effect on metal-plating,*®” research into their inclusion in
metal-based batteries is fledgling. The use of protective layers
to prevent metal-PIL contact is a promising avenue,*’® but in-
depth compositional and distribution studies involving film-
forming agents is required to extend cycling stability to reason-
able limits. Indeed, if such micro-engineering were to prove
effective for a reasonable number of cycles, the successful
implementation of PILs in beyond-Li technologies such as Li-
air and Li-S may be unlocked, reducing the need for cobalt in
typical  high-energy = density  nickel-cobalt-manganese
cathodes.

Research into the use of PIL precursors to produce co-
doped carbonaceous electrodes for supercapacitors has grown
over the last decade, with a recent focus on bio-based
solutions.>**?** Although hydrogensulfate anions are typically
used to provide sulfur dopant atoms, achieving maximised
specific capacitances was shown to depend on cation selection
and activation method, which warrants further study including
direct comparison with incumbent activated carbon materials.
Of the bio-based approaches, the best-in-class uses a
[Lys][HSO,], precursor, activated by both potassium carbonate
and potassium hydroxide. Although this bio-based precursor
direction of study may appear more environmentally sustain-
able, it is evident that full lifecycle analysis to assess the true
benefits of these systems, accounting for their harsh activation
steps, is lacking.

Two areas of recent focus have been the use of PILs as flow
battery electrolytes and as proton shuttles in proton batteries.
In the former case, the lower viscosity and higher conductivity
of PILs versus AlLs is compelling, although their inherently
more viscous nature versus aqueous and common organic elec-
trolytes is a challenge. Recent work highlighting the need to
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electronically decouple the redox-active centre from any ioniz-
able functional group in PIL systems promises greater investi-
gation in this vein.>*® Increasing the accessible energy density
and widening the operating temperature window of the
vanadium system by selection of the appropriate PIL may also
deliver tangible improvements to the incumbent technology if
long-term cyclability is established.>*?

Proton battery technology is nascent but PILs appear to be
ideal candidates due to their inherently high proton conduc-
tivity. The demonstration of an all-organic proton battery in
2017%°% paved the way for further improvements in 2021>°
giving rise to a 0.8 V battery with good capacity retention at
high C-rate. Nonetheless, longer-term cycle stability studies are
still needed to explore its industrial viability.

Although research continues to explore PIL-based mem-
branes for PEMFCs, a promising area of research now focuses
on the performance improvements attainable from the
inclusion of certain PILs in the catalyst layers of fuel cells.
Hydrophobic PILs such as [MTDB][beti] have demonstrated
greater longevity and ORR performance when combined with
various catalysts in half-cell experiments,>*9 262264265 attriby-
ted to increase O, solubility and greater access to catalytically
active sites. Combined with recent studies that highlight the
importance of matching the pK, of the PIL with reaction inter-
mediates,*®® there is great promise for the implementation of
bespoke PILs in real devices, such as operating fuel cells and
electrolysers.>*®° The authors recommend further research
into PILs in fuel cell catalyst layers, particularly in full-cell
systems that more closely mimic real applications.

Overall, there has been increasing research intensity over
the past decade in the application of PILs to various electro-
chemical devices, many of which can be speculated to achieve
performance/cost/sustainability balance amenable to deliver a
mature, sustainable technology in the future. An important
challenge in asserting this lies in prevalent lack of comparative
examples of incumbent technologies for a fair assessment of
the benefits of these novel approaches (poor benchmarking).
Indeed, technoeconomic and life cycle analysis is called for,
given the likelihood that some performance and durability
compromises may need to be made, albeit with potential sus-
tainability advantages over traditional approaches. It is also
incumbent on the field to investigate further the electrode-
electrolyte interfaces in these new systems to better under-
stand performance-related micro- and nano-structural changes
when these devices are operated in real-world conditions. It is
particularly important to investigate the underlying factors
that affect the thermal stability and electrochemical perform-
ance of PILs to elucidate a more complete picture of structure—
activity relationships in these important energy conversion
devices.

Electrocatalysis

There has been a growing interest in the use of PILs as electro-
lytes or electrolyte additives in electrocatalysis, extending
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beyond reactions relevant to hydrogen fuel cells. Preliminary
investigations have demonstrated the reactivity of PIL protons
in HOR and OER at Pt electrode surfaces,”’®>”* indicating
their active involvement in PCET reactions. This discovery
holds considerable significance as it opens up new possibili-
ties for harnessing this property in various environmentally
important PCET reactions, including water electrolysis, lignin
oxidation, and electrochemical carbon dioxide and nitrogen
fixation. Scaling up such electrochemical reactions in a sus-
tainable and cost-effective manner would be transformative,
paving the way for replacing traditional, polluting, chemical
production processes like the Haber-Bosch process for NH;
production which is estimated to account for 1.2% of the
global anthropogenic CO, emissions.*'® Such ambitions rely
on delivering not only superior electrocatalytic materials but
highly conductive protic electrolytes with tuneable reactivity
and high solvating power, especially for gases. Within this
framework, PILs might present significant benefits over the
conventional aqueous electrolytes currently in use, particularly
in terms of precise proton activity control, which is especially
crucial in electroreduction reactions where minimising com-
petitive HER is necessary. Voltammetric studies have demon-
strated that the electrochemical reactivity of PIL electrolytes
can be effectively modulated by carefully selecting specific
anion and cation combinations.*'"*'> Despite their controlla-
ble reactivity, the ability to stabilise reactive intermediates
through ionic or hydrogen bond interactions, and capacity for
proton transfer, it is surprising that only a limited number of
studies have explored these characteristics for PCET electro-
catalytic reactions to date. In this summary, we will provide an
overview of recent research on the use of PILs in such reactions
and offer recommendations for future studies.

Water electrolysis

The production of hydrogen through water electrolysis is an
attractive pathway for sustainable fuel generation. Currently,
only about 4% of worldwide hydrogen production comes from
water electrolysis, with the remainder predominantly sourced
from steam reforming, a fossil fuel dependent process that is
energy-demanding and emits CO as a byproduct.*® Ideally,
the electricity powering the electrolyser should come from
renewable resources, like solar or wind, ensuring the pro-
duction of truly emission-free ‘green hydrogen’. Currently,
advanced electrolysers function under highly acidic or alkaline
conditions, which can have adverse effects on the structural
integrity of the electrolyser components, such as electrode cor-
rosion and membrane degradation. Researchers have explored
the use of ILs as electrolyte additives to facilitate efficient and
stable water electrolysis without the use of strong acids or
bases.’* De Souza and colleagues were the first to investigate
the use of AILs in the form of alkylimidazolium salts as elec-
trolyte additives for water electrolysis.*'® Promisingly, mixtures
of these AILs and water, with varying proportions, underwent
successful electrolysis to produce hydrogen. The most effective
combination, in a 70:30 volumetric ratio, exhibited efficien-

cies exceeding 95%. However, high overpotentials were
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observed at low current densities in the region of 15 mA cm™2.
Subsequent research conducted by the same group demon-
strated that substituting the imidazolium-based AIL with an
alkylsulfonic acid-functionalized PIL, specifically 3-triethyl-
ammonium-propanesulfonic acid tetrafluoroborate,
[N25(CH,)3SO3H|[BF,], resulted in an enhanced current
density of >1 A cm™> whilst retaining a similar efficiency (93%)
for hydrogen production. Remarkably, these results surpassed
those achieved with a 0.7 M KOH electrolyte, indicating the
superior performance of the [Ny,,(CH,);SO;H][BF,] electrolyte
when present at an equivalent concentration.*'® However, a
question remains about the stability of this system and the
nature of acidic species within. The [BF,]” anion is known to
hydrolyse in both acidic and basic aqueous environments,*"”
releasing HF in quantities sufficient to etch laboratory glass-
ware, which renders any aqueous applications of [BF,]”
systems practically impossible.*'®

Li et al. provided the first report of a PIL, prepared through
a Bronsted acid and Lewis base neutralisation reaction, for
water electrolysis.>’® Using diethylammonium formate,
[H;N,,]JHCOO], as an electrolyte additive, the authors
observed hydrogen evolution at a lower onset potential (—0.002
V vs. RHE) and at an enhanced rate (ca. 0.21 A cm™2) compared
to aqueous electrolytes that contained imidazolium-based AILs
or inorganic salts at equivalent concentrations. Thimmappa
et al. examined the mechanism of hydrogen evolution at a Pt
cathode in mixtures composed of [HNj,,][TfO] and water.**°
Voltammetric measurements revealed the occurrence of two
distinct HER processes. The first process was ascribed to the
reduction of hydronium ions at an onset potential of —0.225 V
vs. SHE, while the second process was hypothesised to arise
from the reduction of [HNj,,]" cations, occurring at an onset
potential of —0.475 V vs. SHE. Despite the limited number of
studies conducted, the existing research highlights the co-cata-
lytic characteristics of PILs when used as electrolyte additives
for hydrogen generation at Pt electrodes. While these studies
offer valuable insights, the precise mechanism underlying the
observed improvements remains uncertain. It is possible that
the enhancements may be linked to the formation of favour-
able hydrogen bonding networks at the electrode-electrolyte
interface, which may lower the energy barrier for hydrogen for-
mation, but this remains a speculation. It would be an impor-
tant next step to examine whether the durability of water elec-
trolysis cell components, and the catalytic activity of electro-
des, are preserved over extended periods in the presence of
electrolytes containing PIL additives.

Biomass oxidation

The combination of the capability to dissolve biomass and
high conductivity renders ionic liquids as suitable media for
the electrochemical conversion of lignocellulosic biomass into
value added chemicals. Hempelmann and co-workers first
suggested the use of PILs as electrolytes for lignin oxidation,
highlighting the core benefits of PILs: labile proton and low
cost.**! The authors identified that triethylammonium metha-
nesulfonate, [HN,,,|[CH;S0;], exhibits excellent performance
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as an electrolyte for lignin solubilisation. When used in con-
junction with electrodes coated with ruthenium-vanadium-
titanium mixed oxide, [HN,,,][CH;SO;] facilitates the oxidative
cleavage of lignin, resulting in a diverse range of fragmenta-
tion products including guaiacol, syringol, and vanillin. A sub-
sequent study showed that addition of water to this electrolyte
led to enhanced degradation efficiencies and yielded a higher
mass of low molecular weight compounds.®*> Ma et al. exam-
ined the electrochemical oxidation of phenolic lignin model
compounds in electrolytes composed of sulfonic acid-functio-
nalised imidazolium-based IL and water. This study revealed
that PIL-containing electrolytes demonstrated vastly superior
faradaic efficiencies in the oxidation of these model com-
pounds compared to electrolytes containing ILs without the
sulfonic acid group. This superiority was partly attributed to
labile protons enabling higher conductivity. The authors also
emphasised the role of reactive oxygen species generated
during the ORR in inducing an indirect oxidation effect on
substrates, which was more pronounced in the case of PILs.**?

This area is relatively new, and while promising, there are
several hurdles to be expected in its applications. Firstly,
moving on from model systems to actual biomass will intro-
duce variability of feedstock and impurities that are certain to
influence the electrocatalytic oxidation, which necessitates
robust feedstock scoping studies. Further on, a common chal-
lenge in processing of biomass with ionic liquids is the separ-
ation of small, polar molecules from the ionic liquid matrix;
judicious choice of PIL systems and target products will be
required to assess which processes are practical in terms of
product separation and PIL recycling.

Nitrogen reduction

Electrochemical reduction reactions that involve proton trans-
fer from the electrolyte to a substrate, such as the conversion
of nitrogen to ammonia, are often hampered by non-selective
proton reduction, producing H, at the cathode which dramati-
cally lowers faradaic efficiency. PILs present an advantageous
characteristic of allowing the fine-tuning of proton activity.
This capability proves valuable in mitigating undesired para-
sitic side reactions, such as HER, which are commonly
encountered in water-based electrolytes.>** Ideally the proton
on the PIL cation should possess sufficient stability to avoid
direct reduction at the electrode surface, while also exhibiting
the necessary activity to participate in the selective PCET reac-
tion. A notable example demonstrating this principle was
shown by MacFarlane and co-workers®” utilising an phos-
phonium-based IL, trihexyl(tetradecyl)phosphonium  tris
(pentafluoroethyl)-trifluorophosphate [Pegs 14][€FAP], known
for its high nitrogen solubility,****® which served the dual
role of electrolyte and co-catalyst for the electroreduction of
nitrogen to ammonia in the presence of hydrogen gas
(Fig. 29). Whilst this IL would typically be characterised as
aprotic, the C-H bond adjacent to the phosphorus cationic
centre is activated in the presence of organolithium. The acti-
vated protons are combined with electrons and lithium-acti-
vated N, to form NH;. The ylide formed in the process is sub-

Green Chem., 2024, 26,1092-1131 | 1121


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc03297c

Open Access Article. Published on 08 December 2023. Downloaded on 7/21/2025 3:32:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical Review

()
Phosphonium
cation H R Yiide
V77 aeN o
2 p . R 3

Fig. 29 Schematic illustration of the use of a ‘proton shuttling’ phos-
phonium ionic liquid electrolyte to facilitate the electrochemical
reduction of nitrogen to ammonia. Reproduced from ref. 37 with per-
mission from American Association for the Advancement of Science,
copyright 2023.

sequently reduced back to the phosphonium cation by protons
liberated by hydrogen oxidation at the anode, thereby complet-
ing the catalytic cycle. The weakly acidic character of the IL
suppresses hydrogen evolution at the cathode, enabling
ammonia production at a rate of 53 nM s~' cm > with a
remarkable faradaic efficiency of 69%. This represents a sig-
nificant advancement compared to previous studies, where
reported values typically fall within the range of 1 nM s™* cm™>
at faradaic efficiencies of about 30%.%”

Low-temperature nitrogen activation is one of the Holly
Grails of sustainable catalysis, since the current technology to
generate ammonia (Haber-Bosch process) consumes 1-2% of
global human energy consumption and is associated with
enormous CO, emissions. Recent pioneering papers from the
MacFarlane group have attracted enormous interest, as they
offer a pathway that is — at least potentially - scalable. From
the ionic liquids perspective, the main challenge is posed by
the [eFAP]™ anion, which is extremely costly and, even if it can
be afforded, its salts are difficult to procure in appreciable
quantities. It is interesting to see whether the demand for this
new application will drive increased availability of this anion,
and drive the price somewhat lower (although the level of
fluorination poses a barrier to significant cost reduction).
While recent reports demonstrate that common alternative
anions failed to offer the same performance, it is anticipated
that new alternatives will be investigated by the community.

Carbon dioxide reduction

Although the electroreduction of carbon dioxide in IL electro-
lytes has been the subject of extensive research,**”*® to our
knowledge, only Rosenthal and co-workers*****° explore PIL-
containing electrolytes for this purpose. The authors describe
the electroreduction of carbon dioxide to formate at a bismuth
electrode in an electrolyte composed of acetonitrile,
[HDBU][PF¢], and tetrabutylammonium perchlorate. During
controlled potential electrolysis experiments, formate was gen-
erated with an impressive selectivity of ca. 80% at current den-
sities ranging from 20 to 45 mA cm~>.**° Significantly, by sub-
stituting the [HDBU]" cation (pK, = 24) with a less acidic
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[C4Cyim]" (pK, = 32), the reaction pathway was altered, leading
to the dominant production of carbon monoxide, thus high-
lighting the influence of proton activity on the composition of
the generated products (Fig. 30). As always with this family of
anions, the question remains whether [PF¢]” remains stable
under the reaction conditions, or are small quantities of HF
being released, which would certainly affect the reaction.

In a subsequent study, the group examined the ability to
fine-tune product selectivity, using this electrolyte, by adjust-
ing the Ag-to-Sn ratio in silver-tin composite films immobi-
lised on a glassy carbon electrode. The results revealed that
films with a higher proportion of Ag favoured the production
of carbon monoxide, while films with a higher proportion of
Sn resulted in a nearly equimolar mixture of carbon monoxide
and formate.>*° This again supports the importance of simul-
taneous development of both the electrolyte and the electrode
composition.

Homogeneous molecular electrocatalysis

The previously described studies focus on achieving chemical
transformations in PIL-containing electrolytes at catalytically
active metallic electrodes. A less explored area of research
involves the coupling of PILs with homogeneous (molecular)
catalysts to effect chemical transformations at carbon-based
electrodes. Frequently, molecular catalysts imitate the role of
natural enzymatic active sites, which typically comprise Earth-
abundant metal centres and amino acid residues, enabling
them to catalyse PCET reactions. In enzymes like hydroge-
nases, amine groups present in the active site are postulated to
act as proton relays and/or serve as localised proton sources,
thus reducing the energy barrier required for protonation of
the catalytic metal centre.**" It is conceivable that protic alky-
lammonium cations could fulfil a similar function when
present in the coordination sphere of a molecular catalyst.
Along this vein, Pool et al.*** conducted a study where they
combined N,N-dibutylformamidinium bis(trifluoromethane-
sulfon)imide, [HDBF][TFSI], with a nickel-based molecular
catalyst*** that mimics the function of a hydrogenase for HER.
The PIL, whose pK, value closely matched that of the catalyst,
served the triple role of solvent (Ni catalyst is water insoluble),

N
[DBU-HI* | H

HCOO"~ co

Directing Catalyst

Selectivity with
FE,, ~80% lonic Liquid FE., ~ 85%
Jea = 25— 40 mA/em? Additives Jeo = 5 =25 mA/cm?

Fig. 30 Cation-dependent selectivity in electrocatalytic reduction of
CO,. Reproduced from ref. 329 with permission from American
Chemical Society, copyright 2023.
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electrolyte and proton donor. Significantly, whilst low turnover
frequencies were reported for proton reduction in both neat
PIL and in PIL-acetonitrile mixtures, rates increased by four
orders of magnitude in PIL-water solvent systems. The
optimum turnover frequency of 53 000 s™* was achieved when
the mole fraction of water was 0.72. While the exact mecha-
nism of catalyst protonation in the PIL-water mixture remains
uncertain, it is hypothesised that protons might be transferred
to the catalyst either directly from hydronium ions or through
a hydrogen bonding network, where water acts as a mediator
to relay protons from the PIL to the catalyst.>*® This study ele-
gantly demonstrates that the rates of PCET reactions can be
dramatically improved through simple solvent engineering
using PILs.

Summary and outlook

The utilisation of PILs in electrocatalytic reactions is in its
early stages; pioneering papers in the areas such as nitrogen
activation and biomass oxidation have been published only
recently. The authors are certain that these areas will be devel-
oping rapidly, and that further areas of PIL-assisted electroca-
talysis will be developed. Currently, it is difficult to point out
obvious advantages and disadvantages of PILs in electrocataly-
sis, since much of the work is very exploratory in its nature,
and the full picture is yet to emerge. All the areas reviewed in
this section have a significant potential to develop into sus-
tainable technologies, especially if coupled with sustainable
sources of electrical energy.

Looking into the near future of the field, it is apparent that
the attributes of PILs extend well beyond their role as mere
proton donors and/or a source of conductive ions in electro-
lytes. Elucidating the underlying mechanisms that give rise to
the apparent co-catalytic properties of PILs in PCET reactions
could lead to a more informed search for target applications,
thereby unlocking new opportunities. In particular, the
growing recognition of the impact of surface activity of PILs on
the efficiency of electrochemical PCET reactions®****® is the
likely area of future growth, and a potential source of valuable
fundamental understanding. Furthermore, their potential to
function as corrosion inhibitors®*® and heterogeneous electro-
catalyst stabilisers,>*>?*° renders them as attractive electrolyte
components to boost the durability of electrocatalytic reac-
tions, which often face stability challenges.

Conclusions

This review covers four areas of applications: (1) catalytic trans-
formations; (2) biomass treatment; (3) energy storage and con-
version; and (4) electrocatalysis, preceded by an extensive intro-
duction, covering the definition and nature of protic ionic
liquids. Each of the four application is concluded with a
detailed, field-specific “Summary and outlook” part, outlining
challenges and opportunities in each field. Rather than repeat-
ing these, this section serves as a summary of overall trends in
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sustainable uses of protic ionic liquids, points out the main
pitfalls and indicates future directions of predicted growth.

There appear to be two main drivers for the use of PILs in
sustainable applications: (1) economic: protic ionic liquids are
seen as cheaper and easily synthesised alternatives to their
aprotic counterparts, and (2) chemical: the presence of labile
proton, which required for example in Brgnsted acid catalysis,
H'-conducting electrolytes or some electrocatalytic processes.

Each of the four reviewed areas: catalytic transformations,
biomass treatment, energy storage and conversion, and electro-
catalysis, is at a different stage of development, and relies
different families of PILs.

In catalysis, the use as solvent and co-catalyst in transition
metal catalysis (traditional angle of research in 2000s) is
minimal, with the focus on CO, capture and activation, as well
as Fisher esterification and some other Brgnsted acid-catalysed
processes, which is a potential growth area. The focus is on
the use of inexpensive acids, combined in stoichiometric or
non-stochiometric ratios with amines or nitrogen superbases.
There are still many studies involving sulfonic acid-functiona-
lised ILs as catalysts, but if any Brensted acid catalysis is to
compete with the industrial benchmark (mineral acids, acidic
zeolites), it is hard to envisage an economically-viable process
using those, with a possible exception of supported/polymer-
ised systems for niche applications.

Biomass processing a relatively small, but a rapidly growing
area, with demonstrated early potential for commercialisation.
Virtually all studies use water-doped or alcohol-doped PILs,
based on sulfuric acid and cheap amines, which appears to be
a very good direction, considering the scale of biomass proces-
sing industry.

Energy storage and generation is by far the most prolific
research area, with numerous research groups pursuing inter-
esting research in PIL electrolytes for alkali-ion batteries,
metal batteries, supercapacitors, redox flow stationary bat-
teries, all-organic proton batteries and hydrogen fuel cells.
PILs are also explored in the context of materials for energy
storage, such growing research on composite membranes.
Since PILs in energy storage devices are to be used in enclosed
systems for a long time, there is much less constrain on the
price, but more on the electrochemical stability and maximis-
ing performance: there is a reliance on highly fluorinated
anions, chiefly [OTf]”, [TFSI]”, and [FSI|”, combined with
simple amines such as triethylamine, superbases such as
DBU, or more exotic bases, such as 7-methyl-1,5,7-triazabicyclo
(4.4.0)dec-5-ene (MTBD).

Finally, PILs uses in electrocatalysis are rapidly growing,
much like the entire field of electrocatalysis. Although rela-
tively young, the field has already seen some successes in the
electrolysis of water and very promising results in the
reduction of CO, and N,. An emergent and very exciting area
of interest is homogenous electrocatalysis, where coordination
complexes of Earth-abundant metals catalyse biomimetic
reactions.

There are some pitfalls common to all areas of PILs
research. An important one is developing systems that perform
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well at a first glance, in that they indeed catalyse a reaction or
work well as an electrolyte in the particular experiment, but
their design contains an inherent flaw that is bound to prevent
their practical application. Examples include the use of expen-
sive alkylsulfonic acid-functionalised ILs in liquid-phase cata-
lysis (which can be conceptualised as a drop-in replacement of
sulfuric acid) or the use of [BF,]” ionic liquids in aqueous con-
ditions, although it is known that in the long term, they will
hydrolyse to release HF. These examples illustrate chemistries
that, for economic or technological reason, can never be
implemented and therefore cannot be considered truly
sustainable.

Another shortfall is the lack of appropriate benchmarking;
although it is not always possible, when developing a sustain-
able alternative to existing process, it is very important to
compare the newly reported chemistry to incumbent solvent,
catalyst, electrolyte or material, such as organic electrolytes in
Li-ion batteries, or mineral acids in Brensted acid catalysis. It
should be recognised and accepted, that new solutions do not
have to outperform the state-of-the art; it is perfectly accepta-
ble to report on sustainable innovations that do not match the
incumbent technology, but offer an important advantage, and
to propose the strategy for future improvements.

Lastly, both a current shortcoming and a future opportunity
is the tendency to report on early-stage discoveries, even very
promising, without following up with further studies that
would demonstrate robustness of proposed solutions. Only the
area of biomass processing has produced appreciable number
of studies around process economy and life cycle analysis. In
all other cases, there are a few or no articles on green metrics
or techno-economic aspects of research. Some areas, such as
PILs in electrocatalysis, are still nascent, which explains
paucity of such studies, but this does not apply to esterifica-
tions or Li-ion batteries research. It would be very beneficial if
promising electrolytes were studied in devices and compared
to extant technologies; if catalytic studies were scaled-up, or
studied in flow, and complemented with techno-economical
and lifecycle analysis. It is possible that lack of interdisciplin-
ary collaboration that would lead to such studies is one of the
key barriers in translating these new discoveries to industrial
applications.

While recognising the need of collaborative research to take
the new discoveries towards higher technology readiness levels
(TRLs), there is an equally important need for fundamental
studies. Science is enabled by insights into mechanisms of
reactions, liquid structure and speciation, as well as surface
interactions of PILs, in order to understand their chemistry. To
this end, collaboration with spectroscopists, computational
chemists and other specialisms is most beneficial. In review-
ing existing literature, we note that a greater alignment of fun-
damental studies and applications would be very beneficial.
For example, there is a plethora of excellent fundamental
studies which focus on nitrate PILs, that have a very limited
scope of applications, while less attention has been given to
PILs extensively studied in applied chemistry - ionic liquids
with [HSO,]™, [OTf]™, [TFSI]” and [FSI]” anions, especially the
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systems doped with solvents or excess of acid. To summarise,
the most exciting future research lies at the cross-section of
fields and specialisms, enabling synergistic discoveries.
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