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ABSTRACT: Developing unconventional electrolytes such as ionic liquids (ILs) and deep eutectic solvents (DESs) has led to remark-
able advances in electrochemical energy storage and conversion devices. However, the understanding of the electrode-electrolyte
interfaces of these electrolytes, specifically the liquid structure and the charge/electron transfer mechanism and rates, is lacking due
to the complexity of molecular interactions, the difficulty in studying the buried interfaces with nanometer-scale resolution, and the
distribution of the timescales for the various interfacial events. This Feature Article outlines the standing questions in the field, sum-
marizes some of the exciting approaches and results, and discusses our contributions to probing the electrified interfaces by electro-
chemical impedance spectroscopy (EIS), surface-enhanced Raman spectroscopy (SERS), and neutron reflectivity (NR). The related
findings are analyzed within electrical double-layer models to provide a framework for studying ILs, DESs, and, more broadly, the

concentrated hydrogen-bonded electrolytes.

INTRODUCTION

Interfaces form ubiquitously in nature when a solution in-
teracts with a metal, semiconductor, polymer or another so-
lution, resulting in a double-layer of balanced opposing
charges on both sides.! Electrochemists are motivated to
characterize these interfaces to understand the excess
charge accumulation as it relates to electron transfer reac-
tions in electrocatalysis, electrodeposition, energy storage
and conversion processes, among others. To develop a
physical model of the interface, configurations of the ions,
dipoles, and neutral molecules, as well as the variation of
actual and perturbed species concentrations with distance
from the electrode, are needed.?

The electrical double-layer (EDL) models aim to combine
the solid-state theory of the electrode to capture the nature
of electrons and the statistical mechanics of the electrolyte
to describe the interface.3 The traditional view of a dilute
electrolyte is that many water or solvent molecules form
solvation sheaths around the dissociated ions* with negligi-
ble ion-ion interactions. Classical double-layer theories
such as Helmholtz® and Gouy-Chapmané-Stern’ sufficiently
describe the interface for dilute electrolytes. Concentrated
electrolyte classes, such as ionic liquids (ILs) and deep eu-
tectic solvents (DESs), challenge this traditional view of an
electrolyte since there are significant ionic interactions8-10
in addition to surface-specific interactions and voltage-in-
duced ion orientations at the electrode-electrolyte inter-
face.11.12

ILs are distinguished from molten salts by the criteria of
melting below 100 °C.13 ILs have a wide liquidus range, low
or negligible volatility, tunable solvation strength, and wide
electrochemical stability window that enable access to elec-
trochemical processes that cannot be achieved with aque-
ous or non-aqueous organic electrolytes. DESs exhibit prop-
erties similar to ILs and form upon mixing of Lewis or
Brgnsted acids and bases; often these constituents can be
hydrogen bond acceptors (HBAs) and hydrogen bond do-
nors (HBDs) at a specific composition that results in a liquid
with a significantly depressed freezing point.l* Common
HBDs are alcohols, amines, and amides, and common HBAs
are halide salts.’5 Though there is some uncertainty about
the exact composition of these mixtures to fulfill the

definition of a DES,*¢ these concentrated electrolytes are of
interest for many applications due to their tunable proper-
ties and low volatility owing to their hydrogen bonding net-
work. Structures of the ILs and DESs mentioned in this arti-
cle are given in Figure 1.

A few example applications of ILs and DESs involving an in-
terface include metal deposition, batteries, extractions/sep-
arations and electrocatalysis.!” In these applications, per-
formance metrics such as current density, Faradaic effi-
ciency, and deposit morphology are impacted by the inter-
facial structure, which determines the charge distribution
and influences the likeliness and the rate of an interfacial
reaction. Therefore, to understand electro-kinetics in ILs
and DESs, a sufficient description of the interface including
surface adsorbed species and charge distribution is needed.
An excellent review of the EDL theories and their applica-
bility to ILs was written by Fedorov and Kornsyshev in
2014.18 Later in 2020, Kornsyshev, Bazant, and co-work-
ers?? presented an EDL model to couple the steric and elec-
trostatic forces in ILs that predicted discrete ion layers with
decaying oscillations along the perpendicular direction
away from the polarized electrode. Nonetheless, extended
studies and theoretical frameworks are lacking for inter-
faces with concentrated hydrogen-bonded electrolytes such
as DESs. There are several unanswered or debated ques-
tions in the field: (1) How to describe the IL/DES-electrode
interfaces as a function of molecular functionality and com-
position?; (2) What is the interfacial thickness and how is
the liquid structured?; (3) What is the role of hydrogen
bonding on potential-dependent capacitance?; (4) What are
the surface species (e.g, specifically adsorbed on the elec-
trode) and how do they impact electron transfer?; (5) Can a
new EDL model be developed to effectively capture DES be-
havior under polarization?; (6) What is the origin of hyste-
resis in EDL formation with changing potential sweep direc-
tion?

Transient voltammetry techniques such as cyclic voltamme-
try (CV) and electrochemical impedance spectroscopy (EIS)
offer a means to investigate the interfacial phenomena, in-
cluding charge transfer kinetics2? and potential-dependent
capacitive behavior?!, However, studying these phenomena
in concentrated and highly viscous electrolytes such as ILs
and DESs presents challenges compared to aqueous



systems. Factors such as reference electrode stability and
compatibility,22 ohmic drop, and mass transfer limitations
must be carefully considered.20: 23 Therefore, new ap-
proaches beyond the classical electrochemical methods are
needed to answer the questions posed above and there is a
need to integrate advanced characterization techniques
(e.g., spectroscopy) with appropriate electrochemical meth-
ods.

Recently, a wider range of techniques has been used to
study ILs at interfaces. Scanning tunneling microscopy
(STM) has been used to investigate the lateral arrangement
of ions in the interface with limited success due to insuffi-
cient atomic resolution.2% 25 Fourier Transform Infrared
Spectroscopy (FTIR),26 Surface Enhanced Infrared Absorp-
tion Spectroscopy (SEIRAS),?” Shell Isolated Nanoparticle
Raman Spectroscopy (SHINERS),28 Surface Enhanced

Raman Spectroscopy (SERS),2%-31 Sum Frequency Genera-
tion (SFG),3%34 and Neutron Reflectivity (NR)35 have been
demonstrated for probing the interface and acquiring a
compositional knowledge to complement the electrochemi-
cal techniques. However, theoretical guidance in interpret-
ing and analyzing the data from these advanced techniques
is still needed in order to develop a unified understanding.

In this Feature Article, a current understanding of the inter-
facial structure involving ILs and DESs enabled by various
approaches is introduced and the specific EDL theories de-
veloped to describe these concentrated electrolytes are
briefly introduced. The significance to the electrode-elec-
trolyte interfaces on electron/charge transfer reactions in
energy storage devices and electrocatalytic reactions utiliz-
ing IL and DES electrolytes is discussed. Our contributions
in probing and modeling these interfaces are highlighted.

IONIC LIQUIDS
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Figure 1. Molecular structure, full/abbreviated names of common anions and cations for ILs, and hydrogen bond acceptors (HBAs)

and donors (HBDs).



WHAT ARE THE DIFFERENCES WITH INTERFACES FORMED
WITH ILs and DESs vs. DILUTE ELECTROLYTES?

The formation of an electric double layer at the electrode-
electrolyte interface has been studied since the early days
of electrochemistry. Helmholtz introduced the first concep-
tual picture of this interface in 1853 as a simple capacitor
formed by ions in the electrolyte side attracted by the oppo-
sitely charged surface, creating a well-defined plane-like ar-
rangement. Gouy and Chapman re-evaluated this arrange-
ment by considering the entropic effects, proposing a dif-
fuse charge zone where charge density diminishes with dis-
tance from the electrode towards the bulk.¢ This model has
been shown to accurately describe electrolytes with low ion
concentrations at applied voltages around the point of zero
charge (PZC) when there is no specific adsorption on the
electrode surface. Potential-dependent capacitance curves
assume a U-shape in this model. Since the model excludes
the ion volume, the charge can be stored infinitely at high
voltages, which is unrealistic. Stern combined these two ap-
proaches with a 'Helmholtz-like' compact layer which
avoided the infinitely increasing differential capacitance
curves at higher voltages.” Nevertheless, these earlier mod-
els fail to explain the complex interfacial behavior of ILs
where camel-shape and even bell-shape capacitance curves
have been reported since a combination of van der Waals,
Coulomb, dipole, and solvophobic forces are at play.3¢ While
similar shapes in capacitance curves have been reported for
aqueous systems, the underlying phenomenon differ. To un-
derstand these differences, it is best to first describe the tra-
ditional view of the EDL and the significance of PZC in dilute
aqueous systems.

At PZC, the electric field near the surface nearly diminishes,
except for a dipolar effect arising from the interaction be-
tween water and the electrode. Water possesses a dipole
moment, and the presence of surface charge leads to a pref-
erential orientation of water molecules near the interface,
depending on the surface charge.3” When water molecules
adsorb onto an electrode surface, their orientation can sig-
nificantly impact the PZC of that interface. Specifically, at
low potentials below the PZC, hydrogen atoms of water tend
to orient towards the surface, whereas at potentials more
positive to the PZC, oxygen atoms face the surface. This re-
orientation of water molecules at the interface can influence
the overall charge distribution, thereby causing a shift in the
PZC. It is important to note that the specific adsorption of
ions and the reorientation of water dipoles are interrelated
phenomena that exert a critical influence on the interfacial
capacitance behavior.38 Bockris and colleagues recognized
that the dipole moment of water plays a pivotal role in the
EDL dynamics3?, and introduced the Bockris, Devanathan
and Miiller (BDM) model that accounts for a different die-
lectric constant in the first and second water layers at the
interface.4? So far, it is not clear how the dielectric effects
influence the EDL in the case of ILs and DESs as they both
present widely varied structures and compositions.

When examining scenarios involving basic and inert metals
in non-specifically adsorbing dilute electrolytes, such as the
case of mercury (Hg) immersed in aqueous solutions of so-
dium fluoride (NaF)# or sodium dihydrogen phosphate
(NaH2P04)*2, the determination of the PZC can be accom-
plished by analyzing experimental differential double-layer

capacitance curve within the G-C framework where the
minimum corresponds to PZC. With ILs and DESs, the PZC is
often more challenging to determine as there may be no
clear minimum in the capacitance curve. This is believed to
be related to specific ion adsorption.

The pioneering work of Valette and Hamelin on Ag*3-45 and
Au*¢ electrodes with diverse crystallographic orientations,
immersed in aqueous electrolytes like sodium perchlorate
(NaCl0a4), potassium hexafluorophosphate (KPFs), and po-
tassium tetrafluoroborate (KBF4), has yielded insights into
the impact of adsorbing electrolytes on EDL behavior. They
reported a distinct double peak formation (camel-shape)
around PZC of the capacitance curve. This was later ex-
plained by Shin et al.#?, through molecular dynamics (MD)
simulations, as the change in charge-separation distance
due to specific ion adsorption and the alteration of the ori-
entation of the water dipoles leading to a change in the ef-
fective dielectric constant. Consequently, a maximum in ca-
pacitance was observed both in negative and positive polar-
izations, thus forming the peaks on both sides of the PZC
minima, likened to the two-humps on camel, hence referred
as the camel-shape. Further, Pajkossy et al. 48 observed only
a single peak formation (bell-shape) with the more reactive
metal Pt (111) electrode immersed in potassium perchlo-
rate (KClO4) and NaF solutions. The authors attributed the
peak formation to the reorientation of the water dipole
layer and the chemisorption of the water at the interface.

In concentrated electrolytes, as the ions are associated to a
degree, the potential-dependent capacitance hence the
shape of the curve is highly dependent on the short-range
interactions. However, it has been shown that long-range
electrostatic forces in ILs can also play a role at the surface.
Gebbie et al.* reported long-range interactions at mica and
gold (Au) surfaces for ILs as measured by surface force ap-
paratus (SFA). Long-range interactions show IL-dependent
exponential decay, with lengths ranging from 5 to 10 nm for
many [Ls.50-53 Despite differences in short-range structur-
ing, the similar decay lengths imply a common mechanism
in the long-range force regime. Gebbie et al. also studied the
temperature dependance of long-range interaction forces
through SFA.5° The near-surface bound ion layers remained
unchanged with temperature, while the interaction decay
length systematically decreased as the temperature was in-
creased from 22 to 75 °C. This was explained through the
disruption of ionic correlations at elevated temperatures,
thus enabling ions to screen surfaces over shorter distances
more readily.5 These studies highlight that short-range
structuring and long-range interactions are commonly pre-
sent in ILs and the composition, surface, and external con-
ditions highly influence the short- and long-range double
layer regime. However, the earlier interpretation of the
long-range electrostatics displayed by ILs exceeding the
theoretical Debye length was likened to dilute electrolytes
which was controversial and led to further discussions and
revisit of the topic in 2017 by Rutland, Israelachvili, Perkin,
Atkin, and colleagues.5* It was discussed that the ionic asso-
ciations are too strong in ILs that only a small fraction of
ions acts as free charge carriers. Therefore, large decay
lengths emerge as the interaction between two central ions
through their surrounding counterion clouds is effectively
lowered. This was referred as the charge renormalization



and linked to permittivity of the liquid following a scaling
law.55 Nevertheless, the origin of long-range forces in ILs re-
mains debated as the charge renormalization could not ex-
plain all of the literature data and the hysteresis in capaci-

tance curves with changing direction of the polarization.>¢
57

Atkin and colleagues studied the interfacial structure of ILs
formed on atomically flat model substrates, including
graphite, mica, and silica, with atomic force spectroscopy
(AFS).58 The oscillations in the force separation curves were
found to correlate with the ion dimensions. Further, the lay-
ered interfacial structure was observed to be a strong func-
tion of the surface charge and roughness. Other studies uti-
lizing X-ray reflectometry (XR)>° and SFA®0 also confirmed
the presence of multiple alternating layers of cations and
anions perpendicular to the interface between IL and elec-
trode, where interfacial layering was found to extend from
3-4 up to 12 layers.61-62 This layering behavior is in contrast
to dilute electrolytes where a single compact layer on the
electrode surface is followed by a diffuse ion layer. The spe-
cific structural arrangement also varies depending on the
substrate material. For instance, angle-resolved XPS studies
have shown that on a Ni (111) surface, [MMIM][TFSA] ad-
sorb with the cations lying flat against the surface and the
anions positioned above the imidazolium rings.®3 Con-
versely, on an Au (111) surface, the anions are observed to
be located between the cations, both in direct contact with
the surface but with the anions slightly elevated above the
cations. 64

More recently, Espinoza-Marzal and colleagues®s reported
on the reorganization of ions in ILs that occur over time
scales of 20 hrs and length scales of 10 nm that impacts evo-
lution of EDL, which offers some explanation as to the origin
of the reported capacitive hysteresis and the governing role
of non-electrostatic interactions besides the electrostatic in
ILs wundergoing phase transformation. Interestingly,
Blanchard and coworkers reported the presence a long-
range free charge density gradient in ILs (approximately
100 pm), the magnitude and the extent of which is a rare
occurrence in liquid solvents.t¢ They later showed that the
free charge density depends on the alkyl chain length of the
cation (i.e., substitution on the imidazolium) and greater for
[TFSI]- than [BF4]-anion as examined by fluorescence ani-
sotropy decay measurements.®’

The interfacial ion arrangement in ILs are often described
by two phenomena: overscreening and crowding.c8 When
the charge on the electrode surface is infinitesimally small,
the first electrolyte layer near the electrode results in a
larger counter-ion charge than the one required to screen
the charge on the surface. Consequently, the second layer
over-compensates the excess charge accumulation in the
first ion layer. This results in more charge accumulation in
the second layer than the charge difference between the
electrode and the first layer. These charge oscillations ex-
tend over several layers until they fade into the bulk elec-
trolyte. This phenomenon is called overscreening. The oscil-
lating layers of ions caused by overscreening were first re-
ported by Mezger et al.5° on the sapphire (0001) surface. On
the other hand, when the charge on the electrode is too high,
counter-ions cannot screen this charge on the electrode in a
single monolayer due to geometric restrictions of the bulky

cations and anions of ILs; thus, they form a multi-layer of
the same counter-ion next to the electrode surface. This be-
havior of multi-layer of the same charge accumulation is
called crowding. In computational studies!® where a radial
distribution of ions as a function of distance from the elec-
trode surface clearly demonstrates the said layering and the
overscreening vs. crowding phenomena. However, in the
light of ionic interactions and real ion volumes, it is difficult,
if not impossible, to observe the same in experiments.

The presence of a layered structure is also strongly influ-
enced by the roughness of the electrode surface. This poses
a challenge in experimentally observing the arrangements
of ions in distinct layers, as the length scale of interfacial
structures and surface roughness can be similar. Neutron
reflectivity (NR) is a powerful technique that detects varia-
tions in the scattering length density (SLD) of layered mate-
rials with sub-nanometer precision. If the electrode-electro-
lyte interface of ILs is modeled as a layered material with
varying SLD, NR can provide valuable insights to the num-
ber and thickness of each ion layer. However, liquids hardly
behave as solids and the accurate detection of the composi-
tional changes in the liquid due to ion layers require atomi-
cally smooth surfaces to prevent the propagation of surface
roughness into the liquid.

In our recent study, Klein et al.,3*> we minimized the surface
roughness by utilizing Si surfaces to study the interfacial be-
havior of [Nisss][TFSI] by NR. Si surfaces were chemically
modified to achieve a native surface charge to mimic polar-
ization on the electrode surface. The SLD profiles and reflec-
tivity obtained with Si substrate modified with sputter-
coated Au (left) and chemically deposited Au (right) are
shown in Figure 2. It can be seen that the Au surface ob-
tained by sputter coating on Si, labeled as (Au-Si)s, results in
fringes in the reflectivity data due to the rough Au surface.
This roughness is greatly diminished in the chemically de-
posited Au case, (Au-Si)cq, thus allowing for improved reso-
lution and reduced residuals between the SLD model and
the reflectivity data. These results are promising in terms of
probing IL-electrode interfaces by NR. However, there are
still challenges as the potential-dependent restructuring
may result in even smaller nuances in the reflectivity.
Therefore, a synergistic approach that leverages both ad-
vanced experimental techniques and accurate modeling by
molecular dynamic simulations is still necessary to develop
realistic SLD models to fit the reflectivity data to extract in-
formation from subtle changes in NR and describe the inter-
face through multiple layers instead of one diffuse layer.

In contrast to ILs, studies on DESs are scarce. A few reports
found the bulk liquid structure of DESs to be more struc-
tured than ILs,%%70 and the interfacial studies measuring ca-
pacitance curves presented less dependence on polariza-
tion, compared to ILs. Figueiredo et al.,’! examined glyceline
DES composed of choline chloride (ChCl) and glycerol (1:2
molar ratio) on Pt, Au, and glassy carbon (GC) where very
small capacitance changes were noted with varied poten-
tials; although potential dependent curves were dramati-
cally different between the electrodes, demonstrating a
larger capacitance on Au, and Pt possibly due to specific ab-
sorption of species. Costa et al.”2 also examined similar DESs
based on ChCl as the HBA on mercury electrode and sug-
gested that the cations approach the electrode surface with



their solvation shells composed of the HBD molecules, thus
forming an inner layer on the electrode composed of HBDs.
To further understand the surface species, advanced spec-
troscopic techniques and molecular dynamics (MD) simula-
tions were employed. Vieira et al.”3 utilized polarization
modulation infrared reflection absorption spectroscopy
(PM-IRRAS) to investigate the adsorption of ethaline,
ChCL:EG (1:2), on a GC electrode. Their time-resolved meas-
urements at open circuit potential indicated the self-assem-
bly of the DES at the surface. Stepping towards negative po-
larizations revealed Ch* adsorption on the surface with a
tilted orientation, while stepping towards positive polariza-
tions led to a vertically oriented Ch* adsorbed layer; in ad-
dition to a strongly adsorbed EG layer. Chen et al.7* em-
ployed AFM to study pure Gly and EG, and the correspond-
ing DESs with ChCl, (i.e., glyceline and ethaline, respec-
tively) on highly oriented pyrolytic graphitic electrodes.
They reported again an adsorbed HBD layer on the elec-
trode. The calculated average packing dimensions for inner-
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most layer of pure Gly and EG were 0.5 and 0.45 nm, respec-
tively. Meanwhile, the measured layer thicknesses were
found to be 0.3 nm for Gly and 0.2 nm for EG, indicating a
Gly and EG enriched inner-layer where HBDs lie flat along
the surface. In a separate investigation, Wu et al. 7> explored
the adsorption behavior of ethaline DES on Au(111) using
shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS) and EIS. Their findings indicated that Ch* and EG
adsorb onto the Au surface under negative polarizations
and Cl- was observed to interact strongly with the Au elec-
trode under positive polarizations. These observations
were also corroborated by MD simulations,’¢ 77 and the re-
sults suggested a specific adsorption of the neutral HBD
molecules onto the electrode surfaces, leading to an inner
layer of mixed HBD molecules and counter-ions, depending
on the DES-electrode interactions.

(Au-Si) y | [N ggg][TFSI]
(Au-Si)q | [N, es][TFSI] I interlayer

g = = = (Au-Si) 4 | [N,44s][TFSI] No interlayer
107 4 \

1.0
0.54
0.04

0.5 4

1.0 ;
0.00 0.02

T T T

T T T T T
0.04 006 008 0.10 012 0.14 016 018 020
QA™

§ |
— (Au-Si) 4 | [N5gs][TFSI] 1 interlayer &

Jq0 -5 0 5 0 15 20 25 30
Z(A)

Figure 2. Reflectivity of [N1sss][TFSI] on (Au-Si)s (left) and (Au-Si)ca (right). The NR data was modeled as having no electrode-elec-
trolyte interface (bulk liquid) or 1 interfacial layer; residuals between the calculated and measured reflectivity as shown as the dif-
ference below. The bottom row with the colored-graphs show the corresponding SLD profiles with 1 interfacial layer model (purple)
in between the Au electrode (gold) and bulk electrolyte (red). The overlaps between the shaded regions represent the roughness
that emerge from the model. Reprinted with permission from ref. 35. Copyright 2022, American Chemical Society.



In our study with ethaline on GC, Pt, and Au electrodes, Dean
et al.2! also observed strong Cl- adsorption on Au electrode
as evident from the peak appearance on the differential ca-
pacitance curve upon positive polarization as seen in Fig-
ure 3 while a very weak potential dependence was seen
with GC and Pt electrodes. In contrast to ILs, the capacitance
curves resembled more of a shallow U-shape. The theoreti-
cal framework that captures this behavior was developed
by modifying the classical theories for dilute electrolytes
with an additional interaction parameter that accounts for
the ionic interactions as detailed in the next section.
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Figure 3. Differential capacitance (bottom) and CV (top) of
ethaline at Pt (black), GC (blue), and Au (orange) electrodes. CV
scan rate is 20 mV.s-1. EIS was conducted over a frequency
range spanning from 500 kHz to 100 mHz, utilizing an applied
voltage amplitude of 20 mV. Inset schematics represent the
equivalent circuit model that was fitted to the EIS data to calcu-
late the differential capacitance. Reprinted with permission
from ref. 21 under CC-BY-NC-ND license.

For ILs, the physical picture that emerges from the studies
thus far is that given a negatively charged surface, the inner-
most layer becomes cation-rich displaying an overscreened
or crowded interface, depending on the strength of ion-solid
and ion-ion interactions, and the shape of the ions. The ad-
jacent layer is then an anion-rich layer to preserve electro-
neutrality, which may also overscreen the preceding layer.
In this way, this pattern is repeated across a few layers, re-
sulting in ordered and alternating ion layers close to the
electrode, extending a few nm away from the interface.
More so for DESs, the prevailing phenomena are the specific
HBD or ion adsorption to the electrode surface, lack of a
clear PZC, and a weak potential-dependence in the U-shape
capacitance curve on inert electrodes. Figure 4 schemati-
cally illustrates the main differences discussed for the inter-
faces formed with ILs and DESs, compared to conventional
dilute electrolytes. It is clear that these concentrated elec-
trolytes cannot be evaluated with the framework of classical
Gouy-Chapman-Stern theory.

INTERFACIAL MODELS

In 2007, Kornyshev?8 used the Poisson-Fermi equation to
model concentrated electrolytes, particularly for describing
IL interfaces. The electrolyte was treated with a mean-field
lattice-gas model to analytically express the differential ca-
pacitance. Bazant and colleagues independently devised the
same analytical answer by solving a modified Poisson-
Nernst-Planck equation?? 8% and proposed a comparable ca-
pacitance and potential distribution expression. Interest-
ingly, when Oldham?8! used the same ideas as the Gouy-
Chapman-Stern to model the IL-electrode interface, an iden-
tical potential profile predictions to Goodwin-Kornyshev's
mean field theory was obtained for a limited number of
cases.’8 Later, Bazant and Kornyshev's derived formula was
modified to account for short-range forces and ion size
asymmetry.82 The resulting Goodwin-Kornyshev capaci-
tance (C;x) expression is as follows:82

2y sinh?2 (az—u)
In(1+ 2y sinh?(5)

1
1+2y sinhz(%)

Cexk = C4 cosh (az—u) eqn (1)
Here, Cq is the Debye capacitance (Ca = a1/2¢"/4mAa) and it is
related to ¢, the effective dielectric constant of the medium
and Aq, the Debye length. Other parameters are k» which is
the Boltzmann constant, u which is the dimensionless po-
tential (u = eV/ksT) and o which accounts for short range
interactions in concentrated electrolytes such as ILs where
there is no solvent (c<1). The first part of eqn. 1 (Ca cosh
(%)) captures a Gouy-Chapman like behavior, leading to the

formation of U-shaped capacitance curves. This part alone
is sufficient for the treatment of dilute electrolytes and for
small polarizations around PZC. However, to observe the
behavior of ILs, which have a wider electrochemical win-
dow, the second part is needed as it captures the compacity
factor, y, and its relation with the ionic associations. Accord-
ingly, (1-y) represents the proportion of free volume in ILs.
This parameter has also been viewed as the fraction of mo-
bile ions.83 8 When y > 1/3, the capacitance curve repre-
sents a bell-like shape; when y < 1/3, the curves present a
double hump shape known as the 'camel’ shape. This term
emerges from the fact that ions are highly associated in ILs
and not all ions contribute to conductivity as free ions do.

More recently, Goodwin and Korynshevss treated ion-pair-
ing as a reversible process where ion pairs persist at small
potentials and dissociate when the electrostatic potential is
larger than the free energy of an association. The strong
ionic associations leading to aggregation has also been re-
cently treated as a percolating ionic network, hence re-
ferred as gelation. Goodwin et al.,8¢ reported a similar tran-
sition from a gelled state to a regime dominated by free ions
with increasing polarization of the electrode. This was lik-
ened to the transition from gelation (over screening) to
crowding. Consequently, the gelled state presents a devia-
tion from the Debye-Hiickel theory; leading to longer
screening lengths than those predicted by the theory. In a
related context, Safran and Pincus®’ recently introduced a
scaling analysis for concentrated electrolyte solutions sur-
passing 1 M concentration. The scaling arguments propose
a linear correlation between the screening length and salt
concentration, aligning with the experimental findings ob-
served through surface force measurements.
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Figure 4. Schematic representations of the interface for dilute electrolytes, ILs, and DESs on a negatively charged electrode, along
with their corresponding differential capacitance curves. A compact ion layer is followed by a diffuse layer for dilute aqueous elec-
trolytes on the left. The middle panel represents the interface for ILs under overscreening and crowding. Differential capacitance
curves for ILs show camel (solid line) and bell (dashed line) shapes. The right panel represents the interface for DES with specific

adsorption of neutral HBD molecules on the electrode surface.

The 'bell' shape capacitance suggests the liquid has a high
compacity, to begin with, and there are no voids to admit by
increasing the potential, thus decreasing the capacitance
immediately. In the case of 'camel' shaped capacitance
curves, following an initial admission of voids and an in-
crease in capacitance, the ability of ion packing near the
electrode decreases, leading to lattice saturation (i.e., maxi-
mum capacitance). With increased polarization, ions of
identical charges begin to occupy multiple layers, causing
the double layer to expand and thicken, resulting in the de-
cay of capacitance. Another aspect to consider in the theo-
retical framework for double layer is the varying relative
permittivity. It is important to note that variations in the rel-
ative permittivity as a function of the distance from the elec-
trode surface are well-established in dilute aqueous electro-
lytes; the relative permittivity of water in dilute electrolytes
fluctuates from 78 in the bulk to 6 at the electrode surface.88
Even though relative permittivity of the IL assumed to be
constant regardless of the distance from the solid surface in
the aforementioned GK model predicting a camel-shaped
differential capacitance curve, the self-consistent mean field
model developed by Lauw et al. 82 enables the polarizability
of the ions comprising the IL and still predicts a camel-
shaped differential. In relation to the shape of the capaci-
tance curve, Merlet et al. °° discussed the importance of con-
sidering not only charge density perpendicular to the inter-
face but also the lateral distribution of charges for a com-
prehensive understanding of interfaces formed with con-
centrated electrolytes. This three-dimensional perspective
of the interface was also elucidated by Kornyshev and
Qiao®, highlighting a unique feature of IL double layers
where structural transitions can occur in the layer adjacent
to the electrode, even without specific adsorption of its ions
on the electrode surface, especially in nano-confinement.

Despite the theoretical frameworks developed to date, fore-
seeing the interfacial properties of an IL-electrode interface
is challenging, primarily due to the difficulty in inde-
pendently determining the compacity (y) of the IL. Never-
theless, we can begin to understand the interface by probing
the mobile ion layer by EIS. The strength of EIS lies in its
inherent ability to probe electrochemical processes that
may unfold simultaneously but across different time scales
distinguishing it from DC techniques. For instance, the
charging of the double-layer typically takes microseconds,
while diffusion takes place on a timescale of hundreds of
milliseconds.?2 However, the interpretation of the EIS data
needs to be performed with care. EIS data for electrochem-
ical systems without a Faradaic reaction is typically ana-
lyzed by an equivalent circuit model representation such as
a simple R-C circuit (R stands for a resistor and C stands for
a capacitor element connected in series). In many electro-
chemical interfaces such as the IL-electrode interface, the
double-layer capacitance may not strictly adhere to ideal ca-
pacitor behavior. The deviations from the ideal behavior
stem from factors such as electrode roughness?? and the
sluggish nature of processes like ion adsorption, ion reori-
entation, and lateral reorganization of adsorbed ions on the
electrode, as detected by time-resolved X-ray reflectivity
(XRR).?* Considering the distributed time constants intro-
duced by these factors which result in non-ideality, the ca-
pacitance is more accurately represented by a constant
phase element (CPE) in an equivalent circuit analysis rather
than a capacitor. This way, CPE can also account for inertial
motions and voltage-induced transformations of bulky or
asymmetric ions of ILs and DESs, on the electrode surface.
The capacitance of the corresponding R-CPE circuit can
then be expressed as:
.a—1
€ = & Tl eqn (2)
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where ‘Q’ and ‘a’ are fit parameters; Q corresponding to the
charge and ‘a’ corresponding to the deviation of CPE from
ideal capacitor (a=1) whereas @i is the angular frequency
(Hz).

Given that the potential-dependent characteristics of the
differential capacitance provide crucial insights for compar-
ing theory predictions with experimental data, it is highly
advisable to collect EIS spectra across a wide-range of fre-
quencies and conduct fitting of the spectra instead of relying
solely on single-frequency calculations. To effectively fit the
R-CPE circuit, it becomes crucial to discern the frequency
range governing the charging and discharging of the dou-
ble-layer, excluding other phenomena occurring during the
formation of the double layer such as molecular reorienta-
tion and surface adsorption. The frequency of interest can
be identified by transforming the Nyquist plots (Z’ vs. Z")
into complex capacitance plots (C’ vs. C”) using the equation
3, where the double layer formation manifest itself as a
semi-circle on the C’ vs. C” plot.%>
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eqn (3)

C’ and C” correspond to the real and imaginary components
of capacitance, respectively, whereas Z’ and Z” are the real
and imaginary components of impedance, respectively. This
analysis makes sure that only frequencies corresponding to
the characteristic time for double-layer charging is used in
the analysis.

The Goodwin-Kornyshev (GK) model has been applied to
many early experimental works. Lockett et al.?¢ examined
[BMIM]* based ILs with various anions ([BF4],, [PFs]-, and
[CI]) on different electrodes (Pt, Au and GC). The capaci-
tance curves all displayed a camel-shape, but with different
PZCs. They found that specific adsorption due to interac-
tions between the electrode and the electrolyte components
has an influence on the curve near the PZC. Jitvisate et al.’
also observed camel-shaped differential capacitance curves
in neat ILs, studying [EMIM]* with [TFSI]- and [BF4]-. The
varying local maxima at the positive end of [EMIM][BF4]
compared to [EMIM][TFSI], indicated the impact of ion size.
In the case of [EMIM][BF4], the spherical anions were sub-
stantially smaller than the cations, resulting in a higher and
steeper capacitance peak during the positive polarization.
However, the agreement with the model for [EMIM][TFSI]
was less pronounced, with similar local maxima for nega-
tive and positive ends due to comparable sizes of the anion
and the cation. They noted that the GK model fit better with
ILs having small-sized ions.

When examining capacitance, variables such as placement
of electrodes for a uniform current distribution, the elec-
trode roughness, and the potential scan direction (positive-
to-negative vs. negative-to-positive) should be considered
as hysteresis are known to occur. Capacitance hysteresis,
characterized by a delayed respond to the applied potential,
introduces difficulties in measurement and comparison of
consecutively acquired data points. This complexity is elab-
orated in the study by Gore et al. 28 where EIS vs. linear AC
voltammetry was shown to have an impact. Lockett et al. 96
found that scans starting from the OCP yield more con-
sistent results, while Zhou et al.? highlighted the experi-
mental challenges in returning to the initial OCP once po-
tential is swept in once direction. Druschler et al.100

investigated the differential capacitance behavior of
[EMIM][TFSI] and [BMpyr][TFSI] on a Ptgpoy) electrode us-
ing broadband EIS. They observed capacitive hysteresis de-
pendent on scan direction, attributing it to slow pseudo-
capacitive processes, likely tied to ion adsorption at fre-
quencies below 10 Hz. To understand the structural origins
of the capacitive hysteresis, Uysal et al.101 employed X-ray
reflectivity (XR) and MD simulations to graphene-
[Comim][TFSI] interface. They attributed the slow response
of interfacial structure to applied potential due to steric hin-
drance and scan-direction-dependent hysteresis to the re-
organization of alternating anion and cations layers seen in
XR.

Efforts to mitigate hysteresis and ensure consistent inter-
face probing by EIS have been explored by Lucio and
Shaw.102 Alternatively, Luco et al.1%3 introduced the large-
amplitude (50-200 mV) Fourier-transformed AC voltamme-
try (FT-ACV) technique that employed frequency range of
10 Hz to 1 kHz with single frequency perturbations. This
method overcame scan-direction dependent hysteresis. An-
other study by Lucio et al.10¢ using FT-ACV method focused
on the interface of boron-doped diamond (BDD) electrodes
with various ILs where nearly ideal capacitive behavior was
obtained without any impact from IL composition or scan
direction. We believe this result is likely due to the very in-
ert behavior of the BDD electrode.

Our group examined the differential capacitance of a series
of ILs with [N1114]*, [EMIM]*, and [PYRi3]* cations and
[TFSI]- anion on GC electrode.1%5 Figure 5a shows the meas-
ured differential capacitance curves as a function of applied
potential, where only camel-shaped curves were obtained.
The capacitance behavior around PZC (data in hollow sym-
bols) aligns with the predictions of GK theory (fitted solid
line). However, the decay past the maxima in both negative
and positive potential sweep deviate from the theoretical
expectations. When contrasting theoretical predictions
with the experimental data, it becomes apparent that the
potential-dependent attributes of the experimental findings
are more broader than the theoretical predictions. The XRR
investigations uncovered the presence of three different
time scales linked to ionic rearrangements on the electrode
surface.?* These timescales include the vertical movement
of ions, taking place within 1-10 milliseconds, and the reor-
ientation and lateral ordering of molecules, which occur
over alonger period of 10-100 milliseconds. As a result, the
discrepancy between the theory and the experimental data
in Figure 5a arises because the theoretical models fail to in-
corporate non-Coulombic interactions between ions and
surface atoms, as well as slower processes occurring such
as ion reorientations and specific ion adsorption. The neces-
sity to screen the surface charge on the electrode with more
counter-ions in the electrolyte at higher potentials crowds
the interface. However, ion reorganize at the electrode sur-
face intuitively gets more difficult as the surface gets more
crowded.

What is interesting in the capacitances shown in Figure 5a
is the asymmetry in the camel-shaped curves. In particular,
for [PYR13][TFSI] and [EMIM][TFSI], a higher increase in ca-
pacitance upon positive polarization is seen even though
the anion is the same, compared to negative polarization.
With positive polarization of the electrode, it is expected



that the anions will enrich the interface. However, despite
the fact that all of the ILs have the same [TFSI]- anion, the
excess charge density seems to be different. This suggests
that the cation also plays a crucial role in determining ex-
cess anion packing due to significant ionic interactions,
leading to differences in the absolute values of maxima in
differential capacitances. This is more clearly seen in Figure
5b where ILs with [TFSI]- anion and quaternary ammonium
cations with varied alkyl chain length and ether functional-
ity were examined; it shows a greater extend of increase in
capacitance for [Nisss][TFSI] (comparing global maxima
with PZC capacitances)1%. The ammonium ILs have a
slightly wider electrochemical stability compared to those
with [PYR13]* and [EMIM]*, in particular, extending the pos-
itive limit towards 3 V (vs. Fc/Fc*) on GC. With the increased
flexibility induced by the longer alkyl chains and ether link-
age (i.e., [N122201]), the quaternary cation intrudes into the
anion-rich layers of the interface resulting in increased
compacity and increased capacitive storage but also faster
decay past the maxima due to the increased interfacial
thickness. Complementary SERS analysis, albeit on silver
electrode, suggested the compaction and reduced rotational
freedom for the quaternary ammonium cation, [N1sss]*, with
increased polarization.1%¢ When the surface charge was in-
creasingly positive, the intruding alkyl chains of the cation
prevented anion-anion repulsions, thus resulting in in-
creased capacitance. On the other hand, the chains buckled
upon increased negative polarization, thus enabling more
ion accommodation, and again increasing the capacitance
with respect to PZC. However, the increase upon negative
polarization was not as significant due to large size of
[N1sss]* cation that thickens the double layer without a sub-
stantial increase in excess charge. As seen from the fits of
GK model to the measured data in Figure 5, the mean field
theory presents a fairly good description of the IL-electrode
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interface especially with non-reactive electrodes such as
GC. Further, it is agreed that the molecular-level arrange-
ment of ILs at an electrified surface is influenced by the ion
size, functional moieties, and the lengths of the alkyl chain
subsitutions.107

Unlike ILs, we found that the GK model does not work well
or not needed for DESs despite their similarity to ILs. In
ionic DESs such as ethaline, the halide salt is dissociated to
some degree by hydrogen bonding with the HBD compo-
nent (e.g., EG-Cl- and EG-Ch*); in turn the ions also present
hydrogen bonding (i.e., between -OH of Ch* and CI). There-
fore, the solvated ions present minor capacitance variations
upon varied potential as attributable to steric constraints.
As a result, the capacitance curves do not have many fea-
tures in the absence of specific ion adsorption (Figure 3).
On more reactive electrodes such as Pt, the electrochemical
stability window is also narrower and virtually no change in
ion density is captured by EIS, while on GC electrode with
wider negative limit, a capacitance curve resembling a shal-
low U-shape emerged. This is better seen in Figure 6a
where [TFSI], weakly coordinating ion, was replaced with
Cl- in ethaline; blue triangles represent a U-shape. However,
the increase in capacitance with potential does not match
with that of neither Gouy-Chapman nor Goodwin-
Kornyshev descriptions. Therefore, Dean et al.2! proposed a
modified Gouy-Chapman model to describe DES-electrode
interfaces:

Coc = Cqcosh(a ¥/5) eqn (4)

where «is the new interaction parameter to account for the
hydrogen bonding and ionic interactions in DESs, Ca is De-
bye capacitance and controlled by Debye length, and u is di-
mensionless potential, as defined before.
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Figure 5. (a) Differential capacitance of [EMIM][TFSI], [PYR13][TFSI], and [N1114][TFSI] on a GC electrode. Reprinted with permis-
sion from ref. 105. Copyright 2019 Royal Society of Chemistry, (b) Differential capacitance of [N1sss], [N2228],[N122(201;and [N1114]
cations of different alkyl chain length with [TFSI] anion. Reprinted with permission from ref. 106. Copyright 2019 American
Chemical Society. EIS was conducted within the frequency range of 500 kHz- 100 mHz, with an amplitude of 10 mV. The lines are
the fits with the mean-field model of Goodwin-Kornyshev. Error bars indicate the statistical average associated with averaged
capacitance values calculated in the range of frequencies with a 90% confidence interval.

Accounting for the interactions through « fit the data well
as seen from the solid lines in Figure 6a. The evaluated o

varied between 0.011 for ChCl:EG (1:2) and 0.012 for 1:4,
1:6, and 1:20 mixtures, which demonstrates significant



deviation from dilute electrolytes (¢ would be 1 for com-
pletely dissociated salts) and no dependence on the
HBA:HBD ratio since hydrogen bonding is present at all
compositions. In comparison, the equivalent ion-ion inter-
action parameter in the GK model for ILs ranged between
0.02 and 0.12,105.106 presenting larger deviations from the
dilute system in comparison to ChCl:EG mixtures. To further
investigate on the impact of ion charge density and the
strength of hydrogen bonding on capacitance curves, Dean

e ChCL:EG1:2 & ChTFSLEG 1:2

et al.1%8 examined mixtures of choline acetate (ChAc) and
choline oxalate (Ch20x) in comparison to ChTFSI and ChCl;
all with EG at molar ratios of 1:2 and 1:4. The strength of the
hydrogen bonding network was shown to vary with the ion
charge density as examined in the bulk liquid through the
examination of physical properties, NMR, and the energies
calculated for representative clusters of anion-EG solvated
ions by density functional theory.

ChAc:EG 1:2 o Ch,0Ox:EG 1:2
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Figure 6. Differential capacitance curves for ChCl:EG, ChTFSI:EG, ChAc:EG and Ch20x:EG (1:2) mixtures on GC (a) and Au (b) elec-
trodes. Solid lines indicate the modified Gouy-Chapman fits. EIS was conducted within the frequency range of 500 kHz to 100 mHz
with an amplitude of 20 mV. Localized surface-enhanced Raman spectroscopy of choline ChAc:EG (1:2) (c) at select potentials on a
roughened Au electrode with a 785 nm excitation laser at a spectral range of 600 to 2300 cm-! with a 20x magnification objective
and the peak intensity of -CO moiety of surface adsorbed [Ac]- (d) indicating Au-[Ac]- interactions. Reprinted with permission from

ref. 108. Copyright 2022 American Chemical Society.

This bulk property was found to impact the interfacial be-
havior. EIS and SERS analysis probing the interface on GC
(Figure 6a) and Au (Figure 6b) electrodes revealed a con-
trasting behavior between Ac (green) and Ox* (red) sys-
tems despite their structural similarities. For ChAc:EG on GC
electrode, there was a steady increase in capacitance upon
negative polarization demonstrating the responsiveness in
Ch* ions while virtually no change was observed for

Ch20x:EG. On Au electrode, the electrochemical stability
window was narrower for both and the PZC capacitance
was lower for Ch20X:EG, compared with GC. Further, the po-
tential-dependence was nearly absent for Ch20x:EG on Au,
similar to GC. The strong association between Ox% anions
and EG molecules restricts the ion mobility and restructur-
ing, whereas for Ac’, de-solvation and surface adsorption oc-
curred, as evidenced by the peak appearance in capacitance



(Figure 6b) and the increase in peak intensity in SERS for
Ac (Figure 6c¢). Compared to ChCl:EG where Cl- adsorption
was previously reported (Figure 3),2! this behavior in ca-
pacitance is similar. SERS peak intensity for the -CO moiety
of Ac” (Figure 6d) follows a very similar trend to that of the
capacitance curve (Figure 6b), thus providing evidence to
the surface adsorption of Ac (not present in SERS of
Ch20X:EG). ChTFSL:EG system displayed a dampened U-
shaped differential capacitance on both GC and Au elec-
trodes; the nearly identical capacitance on both surfaces
suggests that anion surface adsorption is not a concern. It
can be concluded that for DESs with strong hydrogen bond-
ing interactions, the interfacial charge density is not a
strong function of the applied potential within the limited
electrochemical stability window due the inability to these
systems to efficiently screen the surface charge. On the
other hand, specific ion adsorption can occur, leading to de-
viations from the modified Gouy-Chapman model.

SIGNIFICANCE OF THE ELECTRODE-ELECTROLYTE IN-
TERFACE IN ENERGY STORAGE AND CONVERSION

The interfacial structure significantly influences the voltage
profile hence the thermodynamics and kinetics of electro-
chemical reactions (e.g., in energy storage devices,10? sen-
sors,110 and electrocatalytic reactors!!?). In particular, a di-
rect connection can be made between the capacitance and
the energy storage capacity, eqn. 5, in electrical double layer
capacitors, also known as supercapacitors.

c=1
14

eqn (5)
C is the capacitance, q is charge, and V is voltage applied.

In supercapacitors, the fundamental charging/discharging
process relies on the electrosorption of ions from an elec-
trolyte onto electrode surface under an applied electric po-
tential.!12 As seen in equation 5, excess ion accumulation
and the charge density are important measures. These pa-
rameters can be directly probed with the differential capac-
itance analysis discussed previously. However, real capaci-
tors employ porous electrodes for an increased electrode-
electrolyte surface area.l’3 Therefore, additional parame-
ters like electrode wettability,114 115 electrode materials and
structure,!16 electrolyte composition,'” and electrode-elec-
trolyte compatibility!!® needs to be considered. There has
been a body of work from Gogotsi and colleagues examin-
ing ion adsorption on carbonaceous electrodes and ion ac-
cumulation in porous and structured carbons.11%-121 These
contributions have clarified the mechanisms of diffusion,
electrosorption, aggregation, dynamics, the resulting elec-
trochemical behavior,?! and the capacitive performance!22
of ILs inside porous carbon and related nanostructured
electrodes with complex pore architectures and surface
chemistries. Moreover, double layer formation and voltage-
induced structural reconfigurations in these complex elec-
trodes are still harder to predict in the case of ILs where
pore sizes reach down to ion sizes; ions are further asym-
metric and their accessibility into and mobility within the
pores may depend on the ion reorientations. There has been
interest in DESs as supercapacitor electrolytes due to elec-
trochemical stability, lack of flammability, and scalable
availability, as alternatives to ILs.123 While many reports
document their practicality, the fundamental research and
theoretical work on the DES-electrode interface on both flat

and porous electrodes is needed to enable DES design for
improved supercapacitors. For a thorough examination of
the theory and simulations regarding ILs in nanoconfine-
ment, readers are encouraged to consult the perspective ar-
ticle authored by Perkin 124 and a more recent in-depth re-
view provided by Kondrat et al.125

The electrode-electrolyte interfacial structure has an influ-
ence on nucleation and film growth during electrodeposi-
tion processes. The use of ILs and DESs in metal electrodep-
osition has piqued significant interest, aiming to tackle
some of the challenges linked with electroplating in aque-
ous electrolytes. These challenges include low current effi-
ciency and the complexity of bath formulations. In particu-
lar ILs and DESs enable the deposition of reactive metals26
and metal-alloys?7 that are typically challenging to obtain
in aqueous solutions due to electrochemical stability and
solubility limitations. Abbott et al. 128 conducted a compara-
tive study on nickel (Ni) deposition in ethaline DES and a
Watts bath (a commonly used aqueous electrolyte for Ni
deposition). The Ni layer deposited from the DES exhibited
uniform density, resulting in a smooth, featureless, and
highly reflective surface. In contrast, the Ni layer obtained
from the Watts bath showed a rougher surface with a dull
appearance. Additionally, the Ni layer obtained from the
DES was notably harder than that from the Watts bath, in-
dicating a finer grain size for Ni deposits from the DES elec-
trolyte. Moreover, ILs featuring bulky cations tend to result
in more smaller structures, opening up possibilities for var-
ious nanoscale depositions!29, with potential applications in
fabrication of sensors.13% Due to the ability to tune metal
speciation?3! and therefore the redox potentials, ILs are
found advantageous for deposition of various metals such
as aluminum (Al)132 and rare earth metals,33 with impactful
applications such as the fabrication of semiconductors.134
Even though the mechanistic understanding of how the in-
dividual ions in ILs control the deposition process is not yet
fully developed,!35 ILs present significant impact on deposit
morphology, attributed to their unique interfacial structur-
ing, in some cases their specific adsorption, and ultimately
their influence on the charge transfer kinetics through spe-
ciation that differ from conventional electrolytes.

Measuring reaction kinetic parameters in IL and DES elec-
trolytes using traditional electrochemical techniques is
challenging due to the mass transfer limitations imposed by
these viscous liquids. In particular, the conventional Tafel
analysis is not appropriate since the limiting current in ILs
and DESs are too small in order to obtain a linear Tafel slope
where the increase in potential directly correlates with in-
crease in current. For example, by employing Tafel analysis,
Shaheen et al.,13¢ calculated a charge transfer coefficient of
0.9 for the oxidation of the redox-active molecule (2,2,6,6-
trimethylpiperidin-1-yl)oxyl (TEMPO) in ethaline, demon-
strating a significant deviation from the expected value of
0.5 for a single electron transfer reaction. Later, this was ex-
plained through the surface adsorption of oxidized TEMPO,
as evident in SERS analysis we performed.37 The oxidized
TEMPO desorbs from the surface at a much slower rate than
the molecular diffusion rate and the electron transfer rate.
This was in fact found to be the case even in aqueous media.
Nonetheless, Savinell, Wainright, and colleagues23 reported
that Tafel analysis works well when the exchange current
density is less than the 57% of the limiting current. There-
fore, for electrolytes where the limiting current is already
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very small, they developed an extended Butler-Volmer
equation in order to study electrokinetics in DESs for esti-
mating accurate exchange current density and transfer co-
efficients. Such methods are especially useful considering
the various applications of ILs and DES where reaction rates
are important such as redox flow batteries (RFBs) employ-
ing high energy density electrolytes.

RFBs utilize flowing electrolytes and redox reactions for en-
ergy storage; hence the adsorbed species at the electrode
surface and overpotentials induced by viscous DESs can sig-
nificantly influence the kinetics of charge transfer in these
systems. DESs have been found particular interesting for
RFBs due to their low volatility and high concentrations of
redox active species. Since the energy density is related to
the concentration of active material, cell voltage, and the
number of electrons transferred during the redox reaction,
the use of DESs such as ethaline can help increase the solu-
bility limit and facilitate the electron transfer reactions.
While TEMPO redox is shown to be unstable in ethaline due
to side reactions!3® in addition to the surface adsorption
phenomenon, viologens have shown promise, in particular
due to accessibility of the second electron transfer as first
reported by Klein et al.,13% a process unattainable in aqueous
electrolytes. In our follow-up study, Ghahremani et al.140
further examined this chemistry to evaluate their suitability
for RFB applications. The SERS investigation uncovered that
when the surface remains at open circuit potential, an inner
layer forms comprising the Ch* and EG, effectively shielding
the dicationic MV+2 from the surface. Upon the application
of a negative potential, the emergence of ring modes char-
acteristic of the viologen indicates the presence of MV+*
(also confirmed by the distinct blue color of this radical), ac-
companied by a decline in the intensity of peaks related to
Ch* and EG. However, following the relaxation of potential,
MV** continues to persist on the surface, while the peaks for
Ch* and EG remain suppressed. This persistence of peaks
underscores the enduring presence of MV+*, indicating a de-
sorption-limited behavior, a phenomenon also observed for
TEMPO.137 The slow desorption of MV+ impacts the kinetics
of the oxidation-reduction reaction. This can restrict the
rate of electron transfer and charge exchange, affecting
overall efficiency and reaction rate. Additionally, the inner
layer of MV+** on the electrode surface can obstruct electro-
active sites, partially or fully occupying them. This limits the
availability of these sites for the charge transfer process,
further reducing the reaction rate and overall efficiency. To
enhance desorption rates and address these issues, strate-
gies such as modifying the electrode material or adjusting
electrochemical conditions can improve the performance of
RFBs.141 Understanding and managing the electroactive
species in the inner-most layer are crucial for optimizing the
efficiency of the electrode and ensuring reliable energy stor-
age and conversion in RFBs.

Electrocatalysis is yet another domain where the interfacial
structure is crucial to understand such as the case for the
electrochemical CO: reduction reaction (CO2RR).1#2 In par-
ticular, ILs and DESs are known for their high CO2 solubil-
ity,143-145 thus present advantages compared to the aqueous
electrolytes with low COz2 solubilities.14¢ The [EMIM][BF] IL
was even reported to co-catalyze the CO:RR.147 Additionally,
ILs can suppress the hydrogen evolution reaction (HER), a
competing side reaction in aqueous electrolytes. In relation

to the role of ILs on catalyzing the CO2RR, it has been pro-
posed that ILs create a unique structural arrangement near
the electrode surface, playing a stabilizing role for the ad-
sorbed high-energy intermediates like CO2*.148 Sum fre-
quency generation (SFG) was employed to study CO adsorp-
tion at the [EMIM][BF]-Pt interface to specifically examine
the double-layer structure, finding the interface comprises
a Helmholtz-like one ion thick layer.14° Subsequent research
employing surface tunneling microscopy (STM) indicated
that the ordering of ILs near the electrode may involve ei-
ther the monolayer formation or a few multilayers compris-
ing alternating counter- and co-ions, depending on the po-
tential.150. 151 This points to the possibility that IL double-
layers at electrode surfaces may undergo potential-depend-
ent transitions, and these structural changes, primarily in-
duced by negative potentials under reductive conditions
such as parallel alignment of imidazolium cations to the sur-
face,!52 can have ramifications for the cation adsorption and
the electric field strength, and further have been linked to
co-catalytic activity of ILs for COzRR.153

While earlier investigations of IL electrolytes for CO2RR pri-
marily focuses on physisorbing ILs, the development of
functionalized ILs has introduced a more intricate dynamics
that extends beyond the transportation of neutral dissolved
CO: to the electrode surface, and its interaction with the mi-
croenvironment formed by IL, and shifts focus to the species
bound to COz and their behavior at the electrode surface.
This shift underscores the necessity of comprehensively un-
derstanding the mechanisms of COz binding and the pro-
cesses away from the equilibrium as dynamic nature of the
interface presents electron transfer reaction in parallel to
other chemical reactions such as hydrogen transfer among
the IL ions, and COz chemisorption by both the anion and the
cation. Recently, we reported on the reduction of the onset
potential of CO2RR on Ag'5*and Cu's5 electrodes with a CO2-
reactive [EMIM][2-CNpyr] IL in non-aqueous electrolyte
where the microenvironment and the catalytic role of the IL
was examined through the interfacial structure and surface
species as investigated by EIS and in-situ SERS. While CO
was obtained as the only product over Ag (> 95% Faradic
efficiency), various Cz+ products were reported over Cu ow-
ing to the stabilization of the reaction intermediates on the
electrode surface and the hydrogen bonding among the in-
terfacial species. Speciation at the electrode surface due to
chemisorption and the dynamic microenvironment created
by the reactive ILs presents new advances towards control-
ling electrocatalytic reaction outcomes. To better under-
stand and control these reactive interfaces, there are new
questions that need to be answered: (1) How do the in-situ
formed species from CO2 chemisorption contribute to the
overall electrochemical environment?; (2) How do double
layer structuring differ from those encountered in conven-
tional (physisorbing) ILs?; (3) What aspects of the microen-
vironment control the thermodynamics and electrokinet-
ics? To answer these questions, the simultaneous applica-
tion of advanced spectroscopy and electroanalytic tech-
niques is required. Further, the interpretation of the exper-
imental data should be strengthened by computational
studies from atomistic to macro scale.

OUTLOOK

Significant progress has been made in understanding the in-
terfacial electrochemistry of concentrated electrolytes ILs
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and DESs, with researchers combining spectroscopic and
electrochemical techniques to explore the potential-de-
pendent behavior of the interface. However, a comprehen-
sive understanding of the double-layer structure is still
needed, and the choice of concentrated electrolyte presents
a challenge in establishing a generalized understanding
while allowing customization for desired interfacial proper-
ties. Anion size, ion charge density, and ion-electrode inter-
actions are crucial in ion packing, dynamics, and interfacial
behavior in hydrogen-bonded electrolytes with high salt
concentrations. A more precise understanding of the inter-
face will undoubtedly contribute to our comprehension of
electrode reactions. Currently available theories represent
significant advancements towards describing the profiles of
differential capacitance curves by considering ion size dif-
ferences, short-range interactions, and ionic dielectric
properties. However, these theories fail to explain the oscil-
lations observed in local species concentrations and does
not capture universally the behavior of DESs, in particular.
Another major challenge lies in explicitly addressing the be-
havior of electrons at the metal electrode. Furthermore, as
ILs and DESs are hygroscopic solvents, influence of water
on differential capacitance and electrochemical reactions is
crucial to consider. By further investigating the complexi-
ties of electrolyte-electrode interfaces, new possibilities for
designing advanced electrochemical devices based on func-
tionalized IL and DES electrolytes with enhanced perfor-
mance and efficiency can be possible for targeted electro-
chemical applications.
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