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Abstract:

lonic Liquids (ILs) have become highly popular solvents over the last two decades in a range of
fields, especially in electrochemistry. Their intrinsic properties include high chemical and thermal stability,
wide electrochemical windows, good conductivity, high polarity, tuneability, and good solvation properties,
making them ideal as electrochemical solvents for different applications. At charged surfaces such as
electrodes, an electrical double layer (EDL) forms when exposed to a fluid. IL ions form denser EDL
structures compared to conventional solvent/electrolyte systems, which can cause differences in the
behaviour for electrochemical applications. This Perspective article discusses some recent work (over the
last 3 years) where the structure of the EDL in ILs has been examined and found to influence the behaviour
of supercapacitors, batteries, sensors and lubrication systems that employ IL solvents. More fundamental
work is expected to continue in this area, which will inform the design of solvents for use in these

applications and beyond.
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1. Introduction — Structure of the Electrical Double Layer in lonic Liquids

lonic liquids (ILs) are pure salts that have melting points lower than 100°C, and room temperature ionic
liquids (RTILS) — a subclass — are liquids below 25°C IL properties, such as high chemical and thermal
stability, good conductivity, wide electrochemical windows, good solvation, and tuneability, have resulted
in significant fundamental and applied research interest over the last two decades. When ILs are employed
in different applications at charged interfaces (e.g. in electrochemistry and lubrication), it is imperative that
researchers understand the fundamental structure and behaviour of the ions at the electrode (or other
charged surfaces) because ion structure can dramatically affect the application performance. While the
properties of bulk ILs often define the physical parameters — such as solubilities, viscosities, water uptake,
diffusivity etc. — these properties may be altered at the electrode/IL interface because of denser ion
structuring in the electrical double layer (EDL) at charged surfaces.

IL ions interact strongly with solid surfaces and usually have pronounced interfacial structures,
which can be divided into three distinct regions: the boundary (surface-adsorbed) layer, the transition zone
(near-surface layers), and the bulk phase (Figure 1a).* The boundary layer consists of ions in direct contact
with the solid surface, thus the composition of the boundary layer is predominantly determined by the
properties of the solid substrate; adjacent to the boundary layer are several near-surface layers, termed the
transition zone. Through this transition zone, which is typically a few nanometres across, the pronounced
interfacial layer structure decays into the bulk phase.?

Experimental techniques, such as atomic force microscopy (AFM),”® vibrational sum-frequency
generation (SFG) spectroscopy,®° surface force apparatus (SFA),** neutron reflectometry (NR),*2 surface-
enhanced Raman spectroscopy (SERS),*3 low-energy electron and photoemission electron microscopy,*
X-ray scattering,'® capacitance® and impedance®® measurements, as well as theoretical approaches® -1
have been used to characterize the layering and interfacial structure of ILs close to a surface. For
electrochemical applications, the EDL composition at charged surfaces is of crucial importance because
electron transfer and charge storage occur within this region. In aqueous electrolytes, the widely accepted

Stern-model predicts the potential decay from the electrode towards the bulk electrolyte (see Figure 1c).?°



However, the absence of solvent molecules in ILs results in an ion concentration that oscillates from the
innermost ion layer near the surface extending out to the bulk phase (Figure 1a and 1b).?! At a moderately
charged surface, the IL boundary layer is called the Stern layer. It is enriched with a monolayer of counter-
ions that “overscreens” the surface charges and thus induces a few near-surface cation or anion layers
(Figure 1a). At a highly charged surface, the crowding of counter-ions can extend across two monolayers
and dominate overscreening (Figure 1b). Furthermore, IL cations and anions are much larger than
conventional electrolyte salts (e.g. Na*, K*, CI"), so their charges are more delocalised. The chemical
structures of ILs are also much more diverse because they can contain different functional groups,
sometimes with polar and non-polar side chains. Therefore, a robust model for the EDL to describe all I1Ls

is still under intense investigation.
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Figure 1. Simplified schematic showing the structure of the double layer for an IL with a short alkyl chain that has
homogeneous bulk structure at (a) a low charged surface and (b) a high charged surface vs (c) conventional solvents.

The purpose of this Perspective article is to highlight key articles from the last 3 years which probe the
relationship between IL interfacial nanostructure for electrochemical and lubrication applications. For more
exhaustive descriptions of IL EDLSs, the reader is referred to detailed review articles.? In this Perspective,
we will first discuss the important effects of water on the EDL, noting that water can often be present in
ILs due to their hygroscopic nature.?> We will then go on to highlight some of the work done over the last
three years where the structure of the IL/electrode interface was deemed to be important, specifically in the
different areas of supercapacitors, batteries, sensors and lubrication. It is hoped that this article will provide

some background and perspective to the reader on how we believe it is vitally important to consider the



fundamental behaviour of ILs at electrodes and charged surfaces, even in the context of very application-

focussed work.

1.1 Effect of Water on the EDL

Water can be a friend or foe in ILs, depending on the application.?*-?* Water absorption in the bulk
IL can be deliberately controlled by careful selection of dipole moments of the cation and anion of the IL
i.e. if a lower content of water in the IL is required, then the cation and anion combinations should be
chosen so that they are significantly less polar than water. Water uptake in the bulk IL is believed to be
mainly dependent on the anion, because water molecules form more hydrogen bonds with anions rather
than with cations.?>2® Therefore, ILs with more hydrophilic anions, such as [BF4]™ and [PFs] ", have higher
water solubilities compared with ILs containing more hydrophobic anions, such as [TFSI]™ and [FAP].%

The electrosorption of incorporated water in the EDL at electrified interfaces is also known to occur
in ILs.?® At gold or carbon electrodes, close to the potential of zero charge, it was reported that water is
mainly present in the bulk phase rather than in the interfacial region.?® As charge is applied to the electrodes,
water adsorption increases at both the positively and negatively charged electrodes in hydrophobic ILs such
as [Campyrr][TFSI]. However, for more hydrophilic ILs such as [Csmim][BF4], although water still
accumulates at the positively charged electrode, it is more depleted at the negatively charged electrode
compared to the neutral electrode.?® This effect is likely controlled by the nature of anion, where water
rather strongly interacts with hydrophilic [BF4]~ anions, so solvated [BFs]~ ions are attracted to the
positively charged surface (termed ‘water following anions’). The same IL/water system was also examined
by Harada et al., who showed via frequency-modulation atomic force microscopy (FM-AFM) that even for
highly diluted [Camim][BF4] (molar ratio of 0.05 to 0.1 IL in water), accumulation of the IL ions at both
the cathode and anode is observed and the coverage is increased by applying a potential .2°

The operating potential range or “electrochemical windows” of ILs are also very sensitive to
changes in humidity levels in the environment above the I1L.3%%! The electrochemical window (EW) of “dry’
ILs is determined by the oxidation and reduction of the anion and cation, respectively; EWs were found to

be between ca. 4 — 7 V on a Pt surface, depending on the IL structures. However, ‘wet” RTILs had very
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narrow EWSs on Pt between ca. 1.5 — 2.5 V,* suggesting that the anodic and cathodic limits are determined
by the oxidation and reduction of water. Even at very low humidity levels in ILs (as low as 10 % relative
humidity), a significant amount of water can be present in the interfacial electrode/RTIL region that reduces
the EW.?°-%0 Understanding this effect is important because some applications require operation in real
environments where moisture will be present at significant levels. In-situ atomic force microscopy (AFM)
studies reveal that water electrosorption has a profound impact on the double layer structure near charged
and electrified planar surfaces.®> However, the addition of water largely affects the structure and thickness
of the Stern layer (surface adsorbed innermost layer) compared to the layers further away from the
electrode. The presence of water in ILs causes reorganization of ions in the Stern layer; the extent of which
is mainly dependent on the electrode potential, the electrode material, the chemical structure of the IL and
its water content.??

To elaborate on the potential dependent molecular rearrangements and phase transitions in the EDL,
Sieling et al. fabricated a monolayer of amphiphilic imidazolium-based IL on a gold surface and immersed
it into an aqueous electrolyte solution.®® The IL monolayer represents the innermost interfacial layer of the
EDL in dilute ILs. Potential driven structure transformations and changes in orientation of the ions were
observed using in-situ polarization modulation infrared reflection absorption spectroscopy (PM IRRAS).
As the negative charge density increases at the Au electrode, hydrocarbon chains in the IL shift from a
bent/tilted orientation to an upward/straightened orientation, allowing more space for ions to reach the
electrode surface, while the imidazolium orientation remains unaltered. By using coarse-grained mean-field
theory, Chen et al. disclosed the phenomenon that when water was present in the ILs, contrasting dielectric
properties between species play an important role in water adsorption or depletion near the electrode.?*
Although strong electrostatic correlations between cations and anions can increase double layer
capacitance, they do not alter the adsorption phenomenon. Components with higher dielectric constants
preferentially adsorb on the electrode; at the same time, charge screening determines if the capacitance is

increased or decreased. Hence, both electronic polarizability and electrostatic correlation can modify the



capacitance. This concept can be applied to design electrolytes with preferential adsorption of targeted
species onto the electrode.

In-situ sum-frequency generation (SFG) spectroscopy can be used to accurately resolve the
interfacial structure and observe potential driven water adsorption at the electrode. SFG investigations of
water in [Comim][BF4] at a Pt(111) surface revealed that the electrode potential causes free water molecules
from the bulk to form a network of hydrogen-bonded water molecules at the interface (see Figure 2).3* By
using water electrosorption as a ‘reporter molecule’, the authors determined the potential of zero charge
(PZC) of Ptiin the IL to be +0.1 V vs a standard hydrogen electrode (SHE). These diverse studies reveal the
complicated behaviour of water at the EDL in ILs, presumably caused by strong bonding interactions with
the ions. Therefore, more work is still needed to for a full understanding of the behaviour of water at the

electrode-solution interface especially when different IL cations and anions are employed.
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Figure 2. Potentiodynamic in-situ sum-frequency generation (SFG) spectra of the Pt(111)/[Comim][BF.] interface
with 0.5 M H;0. (a) SFG spectra at potentials E > 0.1 V vs SHE and (b) spectra at E < 0.1 V vs SHE. The potential
sweep rate was set to 0.9 mV/s. (c) IR absorbance spectra of the bulk [Comim][BF4] electrolyte with 0.5 M H2O. The
right column schematically shows the proposed structures of water and IL ions at the Pt(111) interface. Reprinted
with permission from reference 34, Copyright 2020 American Chemical Society.

The next sections will describe some of the recent developments over the last three years in the
areas of supercapacitors, batteries, sensors and lubrication systems where the structure of the EDL is an

integral part of the application response. We highlight the importance of considering the EDL structure and



its behaviour as a function of applied potential when ILs are employed for applications in these important

areas.

2. Effect of the EDL on Electrochemical Applications of ILs

2.1 Supercapacitors

Supercapacitors store and release charge rapidly during charging and discharging processes. The energy
density of supercapacitors is determined by the capacitance of the system and the potential window of the
solvent. The energy density of supercapacitors can be enhanced by using electrodes with high surface area
and by widening the electrochemical window. Although organic electrolytes offer wide potential windows,
at the same time they suffer from inflammability and toxicity. ILs are a safe, high-voltage alternative to
traditional electrolytes for use in supercapacitors.

The nature of the electrode, along with its surface chemistry, can affect the EDL structure, which in
turn affects the differential capacitance of supercapacitors. Porous electrodes are often used for capacitor
and battery applications rather than planar electrodes because they can improve ion and electron storage
capacity, and their high surface area can enhance reaction rates and improve mass and charge transfer
processes. Porous electrodes have varying morphologies and pore-size distributions, resulting in complex
EDL charging by imposing a confined environment and modifying the layered structure compared to planar
electrodes.®> % Both classical molecular dynamics (MD) and density functional theory (DFT) simulations
reveal that the electrode pore-size distribution should be narrow and that the solvent selection should be
made based upon the size of the IL ions (relative to the pore size), and the operating voltage to attain the

maximum theoretical capacitance.36-3

Role of the IL cation

The chemical structure of the IL affects the ion distribution near a charged electrode and within
micropores. MD simulations revealed that changing the cation can significantly alter structure and
dynamics of the EDL at various potentials, although the capacitance remains almost unaltered.3® According

to conventional EDL theories, the EDL capacitance for imidazolium ILs is inversely proportional to the



length of the neutral segment (alkyl chain) of the imidazolium cation.®® “° An increase in the side-chain
length reduces the packing density of counterions at a charged surface, thus affecting the cathode more than
the anode. For porous electrodes, capacitance increases with an increase in the alkyl chain length of the
imidazolium cation,® #' pointing towards a different EDL due to confinement effects. Capacitance
improvements are restricted to small micropores at moderate surface potentials. For sufficiently long alkyl
chains, the cations form a bilayer structure due to strong aggregation of the nonpolar chains.*?

In addition to the length of the alkyl chain, orientational preference and the density of ions in the
first layer are important parameters for the potential dependency of differential capacitance (Cq) of ILs.*3
Simulations of quaternary ammonium cation-based ILs with four alkyl groups can help to explain this
effect. With up to three butyl chains in an ammonium cation ([Ns44,1]"), the orientation of the butyl chains
shifts from a parallel to perpendicular direction from the electrode as the potential becomes more negative
while Cq decreases (see Figure 3, a,b,c). However, when four butyl chains are present (Figure 3, d), Cq is
still smaller despite there being no change in orientation due to geometric restrictions, pointing towards the

densification of quaternary ammonium ions in the first layer.**
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Figure 3. Snapshots of (&) [N41,1.1]", (0) [Na.4,1,1]", (C) [N44421]", and (d) [Na44.4]" in the first ionic layer of a negatively
charged graphene electrode, viewed from the lateral direction. (1) Lying orientation in which all the butyl chains are
parallel to the electrode. (2) Standing orientation in which one or more butyl chains are pointing to the IL bulk.
[Na.4.44]" shows the standing orientation only. Reprinted with permission from reference #. Copyright 2020 American
Chemical Society.

When the alkyl chain length increases to Cg or more in ammonium based ILs (e.g. [Nsgs 1][TFSI]), steric

repulsion dominates ion-ion interactions, which leads to an increase in anion density.”® At positive



potentials, easy penetration of the large alkyl chain into the anion structure reduces the repulsion between
‘like’ charges, leading to enhanced capacitance.'® In the case of a sulphonium based IL, the alkyl chain
length affects the dynamic properties but does not affect capacitance at a planar graphene-based
supercapacitor device.*> Comparing the different cations of imidazolium, pyrrolidinium and ammonium,
those with more flexible structures show higher capacitance. Ammonium cations show the largest relative
increase in capacitance with potential as these ions offer more degrees of rotational freedom and

accessibility of larger potentials with a more stable cation.

Role of the RTIL anion

There is no general understanding of whether, or how, the IL anion affects the Cq and the EDL structure in
different IL systems, due to the complexity of the electrode-IL interface,**" but Chaban et al. reported that
ILs with ions of equal sizes showed maximum capacitance.*® The relationship between anion size and EDL
capacitance of the IL was further elaborated by Wang et al. who concluded that as anion size increases,
ionic mobility is restricted, which in turn increases the EDL thickness, charging time and average
differential capacitance at high voltages.*® In the case of pyrrolidinium ILs with different anions
sandwiched between graphene sheets, the range of charge-ordering was found to be highly dependent on
the anions. Small sized anions have more electrostatic interactions, enhancing the charge-ordering
structures near graphene.>® However, in imidazolium ILs with cyano-based anions, by varying the number
of cyano groups in the anion, the maximum differential capacitance attained at negative potentials remains
unaffected. The potential where maximum capacitance occurs shifts to more negative values with an

increase in the number of cyano groups on the anion.>!

Tuneable IL systems

ILs are highly tuneable solvent systems, and many different combinations of ions are possible by changing
the chemical structures of the cation and anion and/or adding functional groups. Amino acid ILs (AAILS)
are biological ILs that are low-cost, biocompatible and non-toxic. In the case of the AAIL 1-ethyl-3-methyl-

imidazolium phenyl alanine ([Comim][PHE]), a hydrogen bond exists between the cation and the anion, as



well as between the anions in the bulk state. The number of hydrogen bonds between cations and anions is
increased when an AAIL is confined between graphene sheets, while the number of H-bonds between
anions remains unaffected.>? The phenyl ring of the [PHE]™ anion inhibits n-r stacking of the imidazolium
cation with graphene, leading to more accumulation of anions in the Stern layer, in contrast to the more
commonly used [Comim][PFs] IL, where more cations exist in the first layer. Because the cations and anions
in the two ILs have different adsorption and desorption energies from the surface, separation of the anion
in the case of an AAIL is easier than the cation, compared to [Comim][PFe]. Supercapacitors comprising of
AAILs therefore require less energy to show a response to the applied electrical potential.>> The presence
of polar and non-polar groups in the anion of AAILs (and some other conventional ILs) can affect the
double layer structure. Polar groups decrease the responding potential even more as they increase the spatial
volume of the anion and weaken the anion interaction with graphene. This leads to a more balanced ratio
of ions in the first layer.>® Similar results were reported with an AAIL containing a carboxylic group.>*
Another more recent class of ILs are surface-active ILs (SAILS), which contain inherent amphiphilic
structures that give rise to surfactant-like self-assembly. Mao et al. discovered attractions between alkyl
chains in the SAIL [Csmim][AOT], which was found to enhance charge storage at electrified interfaces
through the formation of highly ordered nanostructures comprising of distinct polar and non-polar domains
that were strongly aligned at the electrode surface (Figure 4).%° However, this was only possible at high
temperatures, so the development of SAILs that are more fluid at lower temperatures would be of much

benefit for supercapacitor applications.
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Figure 4. Bulk-phase structural and electrochemical characterization of [Csmim][AOT]. (a) Molecular structures of
[Csmim]*, [BF4]™ and [AOT] (H, white; C, grey; N, blue; S, yellow; O, red; B, pink; F, cyan). Typical distances
within the molecular ions are indicated. b, SANS profiles of [Csmim][BF4] (25°C) and [Csamim][AOT] (25, 50 and
70°C). Inset: illustration of self-assembly of [Csmim][AOT] leading to a repeating nanostructure comprising [AOT]"
bilayers (red, cation; blue, anion). Simulated SANS profiles are consistent with the experimental data. c, d, Cyclic
voltammogram profiles (scan rate = 20 mVs™!) (c) and the specific capacitance versus the scan rate (d) for
[Camim][BF4] and [Camim][AOT] at 25, 70, 130 and 200°C. Reprinted and modified with permission from reference
5, Copyright 2019 Springer Nature Limited.

IL mixtures

The complex structure of ILs at electrodes can undergo transitions due to composition alteration. Mixing
two or more ILs can improve the capacitance as well as the macroscopic properties of the IL as an
electrolyte, by modifying ionic electrostatic interactions and ionic steric effects.*®>" Double salt ILs
(containing more than one type of anion or cation) further expands the possibility of different electrolyte
compositions as well as ionic interactions, which in turn can tune the EDL properties. In a mixture of two
ILs with different sized anions (e.g [Comim][TFSI]/[Comim][BF4]), the observed enhanced capacitance at
the cathode is caused by effective anion exchange, which in turn increases cation adsorption.®” The extent
of this exchange is prominent when smaller sized anions (e.g. [BF4]") are present at low mole fractions.?’

Wang et al. introduced the concept of selective charging by utilizing IL mixtures with different cations on
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a porous electrode for high energy and high power density outputs.®® The difference in ionic interaction
leads to selective sieving i.e. cations with stronger interactions densely pack into the mesopores, while
cations with weak interactions accumulate in the micropores, leading to enhanced capacitance without
compromising power density.*

Addition of solvents to the IL facilitates ion diffusion and improves the power density of electrical
double layer capacitors (EDLCs).>® An in-depth analysis revealed that solvation dampens charge
overscreening, leading to increased capacitance at very low concentrations of solvent.>® At the same time,
solvation decreases the adsorbed ion concentration and this results in a decrease in capacitance in very
dilute mixtures. Therefore, careful selection of the solvent and its concentration, together with the electrode

surface chemistry, can potentially boost the power density of energy storage devices.®%-¢!

2.2 Batteries

Batteries store charge via Faradaic processes. Charging and discharging is accompanied by metal ion
intercalation and deintercalation at the cathode and anode, and diffusion of ions in the electrolyte. Because
of the diverse and complex irreversible interfacial reactions that include electrolyte decomposition, parasitic
reduction of organic cations, solid-electrolyte interphase (SEI) formation and dendritic metal plating,
understanding these reactions are crucial to increase the energy density of batteries.®? IL-based electrolytes
are highly desirable for use in high energy density batteries due to their high interfacial stability towards
metal anodes and good compatibility with high voltage cathodes. Typically, the IL plays the role of a solvent
to dissolve the metal salt. The use of a metal salt with the same anion as the IL, together with the use of an
electrode with preferential metal ion intercalation at a relatively lower potential than where organic cation
decomposition occurs, can effectively suppress the parasitic reduction of organic cations. Electrolyte
decomposition can be avoided by using ILs with large ions and stable functional groups.®® For example,
the low reductive stability of imidazolium (e.g. [Camim]* or [Camim]¥) can be overcome by replacing the
acidic proton with an alkyl group at the C>-position. Aliphatic quaternary ammonium, phosphonium, or
longer chained pyrrolidinium ions (e.g. N-alkyl-N-methylpyrrolidinium ([Compyrr]™) with n > 4) can be

used instead because they are more electrochemically stable.®* Furthermore, IL mixtures can increase the
12



electrochemical stability window by decreasing the potential of zero charge. DFT studies of
[Comim][TFSI])/[Comim][BF4] mixtures reveal that varying the composition of the mixture results in altered
ionic profiles near the electrode surface and hence, a different potential of zero charge.®® Exploring the
optimum composition of IL mixtures and their EDL structures is thus important in this regard.

An insulating solid-electrolyte interphase (SEI) layer formed at the anode and/or cathode because
of irreversible electrochemical reactions is highly beneficial to increase the stability of charged
electrodes.® 57 |t not only prevents the contact of organic solvent/organic cations with the electrode
material, but also allows metal cation intercalation and deintercalation outside the electrochemical stability
window of an IL-based electrolyte. Despite its importance, it is the least understood component of Li-ion
batteries, and its formation is believed to be related to the initial EDL structure formed at the
electrode/solution interface.®®

The use of a highly concentrated IL electrolyte is beneficial for Li metal batteries.®®  In locally
concentrated ILs containing different anions (e.g. [FSI]/[TFSI]") with Li salt, the synergy between the
anions results in the formation of a highly concentrated SEI, which leads to less dendritic Li plating as well
as a higher coulombic efficiency.®® %657 The addition of an electrochemically inert co-solvent such as
1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE) to the system decreases the viscosity of the
electrolyte, while the poor solvating ability of TTE maintains the spatial distribution and solvent structure

of the IL ions (see Figure 5).7
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Figure 5. a) Raman spectra and fitting results of dilute IL (DIL), concentrated IL (CIL), and locally concentrated 1L
(LCIL). b) The mole fractions of the ion species in DIL, CIL, and LCIL determined by Raman measurements. c)
Schematic illustration of the solution structures of the IL electrolytes. Reproduced with permission from reference
0 Copyright 2020 John Wiley and Sons.

For sodium secondary batteries, optimization of sodium salt with the IL gives rise to high
performance and good durability at high voltages and over a wide range of temperatures. Hwang et al.
demonstrated through energy dispersive X-ray (EDX) and X-ray photoelectron spectroscopy (XPS)
analysis that decomposition of the IL anion at the cathode leads to the formation of a thin and stable cathode-
electrolyte interphase (CEI) which is linked to outstanding performance at high voltage.” The choice of
the IL anion for Li/Na metal battery applications is crucial in forming the EDL, which determines the
stability and passivity of the SEI. ILs containing the dicyanamide ([DCA]") anion are a cheap alternative
to those that contain fluorinated anions ([PFs]~, [FSI]~, [TFSI], [FTFSI]Y), but still demonstrate excellent
interfacial chemistry for both Li and Na systems. However, the instability of the [DCA]~ anion can lead to
passivation of the electrode. Forsyth et al. demonstrated that adding Na[DCA], Na[FSI], Na[TFSlI], and
Na[FTFSI] to a [Campy]* IL with [DCA] can compensate this issue by generating a thicker and stable SEI
(see Figure 6).”? An increase in temperature not only decreases the electrochemical stability window, but
also affects the thickness of the SEI film.52 ”® To design a thermally stable SEI, careful choice of the IL,
metal salt and electrode is imperative.
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Figure 6. Top: Molecular structures of [DCA], [FSI]-, 3-methyl-1- propylpyrldmlum ([Cgmpy]+) and Na* and
schematic illustration of SEI formation. Bottom: SEM images of cycled Na surfaces with insets of Na symmetric
cells cycled 100 times at 0.1 mAcm2 at 50°C: (left) Na[DCA], (right) Na[FSI]. Modified from the graphical abstract
of ref "2 with permission. Copyright 2019 American Chemical Society.

Dendritic growth of metals at the interface is highly undesirable due to the decreased cycle life, and the
associated safety risks, including short-circuiting and battery fires. Superconcentrated electrolytes
containing an IL and a conventional salt in a 1:1 molar ratio showed markedly different EDLs at electrified
electrodes compared to that of the low salt concentration counterpart.”*" High salt concentrations lead to
more facile reduction of anions and homogeneous metal deposition. Rakov et al. demonstrated that
preconditioning the electrode with high voltages promotes a larger number of salt aggregates on the cathode
and excludes IL cations from realizing a stable SEI formation.” Dendrite free Li plating can be achieved
through the addition of Na[TFSI] to concentrated Li[FSI] and [Comim][FSI] electrolytes. The Na* ion
stabilizes Li* by electrostatically shielding Li*, which promotes smooth Li deposition by forming passive
interphases.®’” Ferdousi et al. demonstrated that water (up to 5000 ppm) can be used as an additive for
superconcentrated sodium IL electrolytes, which contributes to both stable SEI formation as well as
excellent Na cycling stability in these electrolytes.”® Another strategy is to introduce a heteroatom (e.g. Si)
substitution in imidazolium based ILs. Si substitution not only decreases the viscosity of the IL, but also
imparts a wider electrochemical stability window. When Li* salt is added, the presence of Si leads to
dendrite free Li deposition at the anode.””
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In the case of an IL with an aqueous solution containing a salt, different EDLs affect metal cation
transfer to the cathode, as well as the morphology of the deposited metal. For example, Begic et al., through
molecular dynamics simulation, explained the role of water as an electrochemical catalyst by transferring
Zn?* jons through the IL interfacial layers at the cathode.”® Only 3 wt.% water in 1-ethyl-3-
methylimidazolium dicyanamide ([Comim][DCA]) containing Zn salt was sufficient to temporarily bind
with Zn?* cations and move ions across IL layers to the electrode surface by the constant circular flux of
water between the electrode and the bulk IL.”® Overall, it is clear that the EDL structure of ILs and its
effects on battery applications is quite complicated, which can even be true for the simpler conventional

systems using electrolyte with organic solvents, where a general consensus is not reached.

2.3 Sensors

For electrochemical (voltammetric/amperometric) sensors, the electron transfer process occurs at the
working electrode/electrolyte interface. Therefore, the EDL structure can directly affect the sensitivity and
selectivity of chemical sensors’®, and also influence any follow-up reactions after the electrochemical step.
The solubility of an “analyte” (the species to be detected), its rate of diffusion towards the electrode, as
well as any adsorption processes at the electrode are all determined by the properties of the IL layer close
to the electrode. The focus of this discussion will be on the detection of gases, which are the easiest analytes
to detect in ILs, because their concentrations can be easily changed by adjusting the concentration of gas in
the gas phase above the IL.

Lin et al. characterized the IL/electrode interfacial relaxation processes in the context of
amperometric gas sensors for oxygen detection.®% Due to the potential dependency of the interfacial EDL
structure, variations in interfacial capacitance were found to occur, and these resulted in difficulties for
analyte adsorption at the electrode. Different concentrations of the analyte in the EDL give a change in the
response signal. The authors suggested establishing a conditioning potential of 0V before each
measurement for oxygen detection to ensure a consistent and stable IL/electrode interface.2® Zhan et al.
showed that the more densely packed EDL of [Comim][TFSI] in an electric field shows higher capacitance

compared to the less densely packed EDL of [Campyrr][TFSI].8! They showed that changes in temperature
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can alter the behaviour of the EDL in the presence of an analyte, such as carbon dioxide (COz). For the
electrochemical reduction of CO, in [Comim][TFSI], five different reaction pathways are possible.8!
Variations in temperature can therefore be used to tune the reaction pathway because of the alteration of
the EDL at the IL/electrode interface.

For a sensor to be viable in real environments, it needs to operate over a wide range of temperatures
and in different humidity environments. The presence of water/humidity can have a significant influence
on the electrochemical mechanism for some gases, such as oxygen. For the oxygen reduction reaction
(ORR), the reaction changes from a one-electron mechanism in a ‘dry’ IL to a two- or four-electron
mechanism in a ‘wet’ IL because of follow-up chemical reactions of the electrogenerated superoxide with
water.8? The change in mechanism results in much larger currents recorded in wet conditions compared to
dry conditions. The ORR was studied in a wide range of ILs with different anions and cations, and the IL
structure was found to have a very large influence on the ORR currents in humidified conditions.®® At high
humidities, currents increased in ILs according to the tends associated with the bulk solubility of water (up
to 6 times current increase for an imidazolium IL with the hydrophilic [BF4]™ anion). However, at more
moderate humidity levels below 40% relative humidity, the cation was found to have the most influence.
By keeping the IL anion constant ([TFSI]") and changing the cation, it was shown that more hydrophilic
cations (e.g. in [Comim]* or [Campyrr]®) in the EDL can be easily penetrated by water, which can then react
with the electrogenerated superoxide radical. However, for much more hydrophobic cations (e.g.
[Pss66,14]"), the dense hydrophobic layer formed at the electrode (due to the presence of long alkyl chains)
effectively prevents water molecules from reacting with the electrogenerated superoxide radical in the
interfacial region (see Figure 7a).2 This was confirmed by AFM studies that showed that the [Comim]*
interfacial structure was obvious in dry conditions (see Figure 7b) but collapsed at 40% relative humidity.®
This shows that for oxygen sensing in moderately humid environments, ILs with very hydrophobic cations
are much more favourable than hydrophilic ones, because they can reduce the interactions of superoxide
with water. In very wet, water saturated environments (e.g. >60% relative humidity), careful choice of the

anion is even more important, with [FAP]~ proving to be the best anion for repelling water near the EDL.23
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Figure 7. (a) Plot of current vs humidity showing how the normalized ORR current changes with increasing humidity
levels in ILs with three different cations. Schematic to the right shows the expected double layer structure, where the
small imidazolium and ammonium cations are unable to block water (H,O) from reaching the electrogenerated
superoxide at the electrode. Modified from the graphical abstract of reference 8 with permission. Copyright 2019
American Chemical Society. (b) Force curve generated as an AFM tip approaches a negatively biased electrode,
showing distinct jumps that correspond to cation and anion layers normal to the electrode. The right hand side shows
a cartoon representation of an AFM tip penetrating through the layers of at the surface. The well-defined layered
structure was collapsed in the presence of moisture (40% relative humidity) for the more hydrophilic [Comim][TFSI]
and [N4,1,1,1][TFS|] ILs.

In contrast, the accessibility of water can be also beneficial for sensing. For example, Chi et al.®
showed that trace water in [Campyrr][TFSI] can provide a proton source that facilitates the electrooxidation
of acetaldehyde. Tang et al.® also showed that trace water in ILs is beneficial for the oxidation of carbon
monoxide (CO) on a platinum electrode. The IL-platinum interfacial structure of two different RTILs was
studied, and changes in the interfacial structure caused a subtle change in the CO oxidation response.
However, very high water concentrations hinder CO oxidation, so controlling the water content is very

important when detecting this gas.®®

2.4 Lubrication

Lubricants are applied between sliding surfaces to reduce friction, wear and adhesion.®® When the
normal load is low, the solid surfaces are generally well separated by the bulk lubricant via fluid dynamic
forces, friction and wear is relatively low. At high loads, the bulk of the lubricant is squeezed out from the
space between the sliding surfaces separated by a single boundary layer of lubricant molecules or ions,

which is the EDL Stern layer for a charged surface.®’
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The physical properties of ILs are attractive for the lubrication of a variety of surfaces including —
but not limited to — steel, aluminium, titanium and ceramics.*® 8% Similar to conventional high-end
lubricants such as perfluoropolyethers, ILs have high mechanical and thermal stability, as well as excellent
thermal conductivity, meaning they can transfer heat away from sliding surfaces. In addition, the distinct
interfacial nanostructures of ILs make them superior lubricant candidates, especially in the boundary
lubrication regime.®° ILs interact strongly with solid surfaces via electrostatic interactions (if the surface is
charged) and van der Waals forces, and laterally with other ions adsorbed to the surface, leading to a well
formed, robust boundary (mono)layer.®* If one of the sliding surfaces is an electrode, the ion composition
of the boundary layer can be controlled by applying a potential, and through this the lubricity. This makes
trobotronics (the active external control of friction) achievable with ILs. °>*% As shown in Figure 8, the
lateral force (friction) change as the compositions of the Stern layers switch from cation-enriched to anion-
enriched when the potential changes from negative to positive. Superlubricity, which refers to near zero
increase in friction with load, is achieved for (i) [Pes6,14]" enriched Stern layer at -1.0 V, where long alkyl
chains associated with [Ps g6,14]" cations assist the formation of robust boundary layers via enhancing lateral
cohesive forces, and (ii) [TFSI]™ enriched Stern layer at +1.0 V, where the bulky fluorine atoms reduce

geometric contact corrugations and form a smooth and flat boundary layer.*3
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Figure 8. Lateral force vs. normal load of four ILs at the OCP, -1.0 V and +1.0 V on highly oriented pyrolytic
graphite: @ trihexyltetradecylphosphonium bis(2-ethylhexyl)phosphate ([Pe.6.6,14][BEHP]), (b)
trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide ([Pes6.14][TFSI]). Adapted from reference * with
permission. Copyright 2021 American Chemical Society.
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One key barrier to commercialization of pure ILs as lubricants on a large scale is high cost. However,
their tuneable nature means that ILs can be customized to be oil miscible by introducing long alkyl chains
to both cations and anions. The development of oil-miscible ILs provides the opportunity to use ILs as
lubricant additives, which mitigates the high cost of pure 1Ls.®¢ Compared to commercially available
additives such as zinc dialkyldithiophosphates (ZDDPs), ILs generate no ash upon decomposition, they are
stable at high temperatures, and have better compatibility with a wider range of surfaces. Previous studies
have shown that base oils with low concentrations of IL additives can lubricate a variety of solid surfaces,
due to the formation of a robust EDL structure similar with pure ILs.*® However, the ordering of the ILs in
the EDL is weakened to a certain extent due to the existence of oil molecules, which leads to the push-

through of the boundary layer and increased friction at high normal load.**

Cost-effective tribotronic control of friction is also achievable for IL-oil mixtures. Recent studies
show that an ion concentration threshold needs to be reached for IL-oil mixtures to achieve potential-
responsive friction, owing to insulation by hydrocarbon base oils.*® In Figure 9, when the IL concentration
is 20 wt.%, lower friction at negative potentials occurs due to a densely packed, cation rich Stern layer,
whilst higher friction towards positive potentials is found to correlate with a more diffuse, extended anion-
rich Stern layer.®> However, currently the friction-reduction mechanisms for IL-oil tribotronics are still
unclear due to the limited research in this area; the compatibility and interaction of ILs with other lubricant
additives at applied potentials needs further investigation to develop more high-performing and cost-

effective lubrication systems.
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Figure 9. Friction force as a function of normal load in a solution of 20 wt.% IL ([Pss6.14][BMB]) in propylene
carbonate (PC) on a gold electrode surface at three applied potentials (open circuit potential (OCP), -1V and +0.25 V)
during loading (closed symbols) and unloading (open symbols). Adapted from reference *® with permission from the
PCCP Owner Societies.
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Summary and Future Outlook

In this Perspective article, we highlighted some key recent reports where the EDL structure of ILs is critical.
One beauty of ILs is that the cation and anion structures can be tuned by incorporating different chain
lengths and functionalities to give the most favourable properties depending on the application
requirements. However, this also presents a challenge to researchers because there are an almost infinite
number of combinations of IL cations and anions available, and a lot of research time is therefore required

to determine the most optimum IL for the task.

Employing ILs as electrolytes in electrochemical energy storage devices has resulted in considerable
improvements in their performance and safety, however, more work is needed before their
commercialisation into everyday devices. To increase the energy and power density of IL-based
electrochemical energy storage devices, understanding the chemical and interfacial reactions appears to be
the key to future success. The selection and manipulation of IL ions, and studying ion-electrode and ion-
ion interactions, is a promising way to improve the charge storage capability of supercapacitor and battery
devices. For batteries, mitigation of interfacial reactions and the formation of a stable SEI is an efficient
approach to widen the electrochemical stability window. Hence, new electrode and IL compositions call
for the development of advanced computational simulations and in-situ experimental tools to observe

electron-transfer and charge-transfer processes that give real-time data and information.

For applications in gas sensing, a few recent examples have been discussed but further
investigations are required. The structure of ILs at electrodes needs to be studied in more detail to explore
the benefits, and understand the limitations, for sensing applications. We envision that the tunability of the
IL structures will be exploited in future gas sensing applications, where certain chemical moieties can be
attached to the cation of anion structure to increase the solubility of gases in the EDL compared to the bulk
phase, thus resulting in lower limits of detection and higher sensitivities.

Pure ILs are excellent lubricants for a variety of solid surfaces as they can adsorb strongly to the
surface and form robust EDLs. Applying a potential at an electrode surface can tune ion composition and

orientation in the EDL, and thus alter the lubricity in the boundary regime. Active control of lubricity via
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potential may also be achieved using IL-oil mixtures once a sufficient IL concentration threshold is reached
to impart conductivity. The lubricity of such systems strongly depends on the composition and morphology
of the boundary (Stern) layers adsorbed on the electrode surfaces, especially at the nanoscale, which have
rarely been measured directly in situ. Study of ion adsorption kinetics in the EDL will better elucidate the
boundary lubrication mechanism. The research outcomes in this area underpin the development of new and
cost-effective conductive lubricant systems for advanced applications including smart devices and electric

vehicles.

Overall, it is clear that the structure of ions at the electrode is the key to designing favourable
electrolytes with the required physical properties for high performing devices incorporating
supercapacitors, batteries, sensors, and also for lubrication applications. The authors encourage researchers
to further probe into the fundamental properties of the EDL in ILs so that applications with these exciting
materials can be widely realised, and we look forward to reading the upcoming experimental and theoretical

work in this area.
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Abbreviations

IL

RTIL
AFM
SFG

SFA

NR
SERS
FM-AFM
EDL
EDLCs
PM IRRAS
PZC

SHE

EW

MD

DFT

Cd

AAIL
SAIL
SEI

EDX

CEl

ORR
OCP

DIL

CIL
LCIL
XPS
SEM
[Comim][PFe]
[Czmim][TESI]

[Campyrr][TFSI]

[Camim][CI]
[Camim][BF4]
[Csmim][PFe]
[Camim][TFSI]
[Csmim][PFe]
[MOMIM][PFe]
[Comim][PHE]
[Comim][FSI]
[Comim][BF4]
[Comim][DCA]
[Csmim][AOT]
[Nssgg1][TFSI]

lonic liquid

Room temperature ionic liquid

Atomic force microscopy

Vibrational sum-frequency generation spectroscopy

Surface force apparatus

Neutron reflectrometry

Surface-enhanced Raman spectroscopy

Frequency-modulation atomic force microscopy

Electrical double layer

Electrical double layer capacitors

Polarization modulation infrared reflection absorption spectroscopy
Potential of zero charge

Standard hydrogen electrode

Electrochemical window

Molecular dynamics simulation

Density functional theory

Differential capacitance
Amino acid ionic liquid
Surface-active ionic liquid

Solid-electrolyte interphase

Energy dispersive X-ray

Cathode-electrolyte interphase

Oxygen reduction reaction

Open circuit potential

Dilute ionic liquid

Concentrated ionic liquid

Locally concentrated ionic liquid

X-ray photoelectron spectroscopy

Scanning electron microscopy

1-ethyl-3-methylimidazolium hexafluorophosphate
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
1-butyl-3-methylimidazolium chloride
1-butyl-3-methylimidazolium tetrafluoroborate
1-butyl-3-methylimidazolium hexafluorophosphate
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
1-pentyl-3-methylimidazolium hexafluorophosphate
1-[8-mercaptooctyl]-3-methylimidazolium hexafluorophosphate
1-ethyl-3-methylimidazolium phenyl alanine
1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide
1-ethyl-3-methylimidazolium tetrafluoroborate
1-ethyl-3-methylmidazolium dicyanamide

1-butyl-3-methylimidazolium 1,4-bis(2-ethylhexoxy)-1,4-dioxobutane-2-sulfonate

Trioctylmethylammonium bis(trifluoromethylsulfonyl)imide



[Ng222][TFSI]
[NsssH][DEHP]
[Ps,6.6,14][BMB]
[Ps66.14]"
[Na1,11]"
[Naa11]"
[Naaa1]"
[Naa44]*
[Csmpy]*
[Compyrr]*
[PFe]”

[FSI]

[TFSI]
[FTFSI]
[FAP]

DCA

TTE

ZDDP
MoDTC

PIBSI

PAO4

PC

(6{0)]

CO;

H>O

triethyloctylammonium bis(trifluoromethylsulfonyl)imide

trioctylammonium bis(2-ethylhexyl)phosphate
trihexyltetradecylphosphonium bis(mandelato)borate
trihexyltetradecylphosphonium ion
butyltrimethylammonium ion
dibutyldimethylammonium ion
tributylmethylammonium ion
tetrabutylammonium ion
3-methyl-1-propylpyridinium
N-alkyl-N-methylpyrrolidinium ion
hexafluorophosphate ion
bis(fluorosulfonyl)imide ion
bis(trifluoromethylsulfonyl)imide ion
fluorosulfonyl (trifluoromethanesulfonyl)imide
XX

dicyanamide ion

1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether
zinc dialkyldithiophosphate

molybdenum dithiocarbamate

Polyisobutene succinimide

Poly alpha olefin 4 cSt base oil

Polycarbonate

Carbon monoxide

Carbon dioxide

Water
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