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Interface between Two Immiscible Electrolyte Solutions Electrodes
for Chemical Analysis

The interface between two immiscible electrolyte solutions (ITIES) plays vital roles in various fields,
such as neuroscience, environmental science, analytical chemistry, separation, catalysis, and
nanoparticle synthesis. ITIES emerges as a unique approach in chemical analysis due to its
sensitivity to both redox-active and redox-inactive analytes. Neurotransmitters, metal ions, drug
molecules, and other complex molecules such as proteins have been detected using ITIES. The
detection of redox-inactive species at the ITIES has opened a door to understanding a wide range of
complex systems that are less suited to probing by solid electrodes. In this feature article, we present
the history of electrochemistry at the ITIES; charge transfer reactions, thermodynamics, and kinetics
at the ITIES; electrode—solution interfacial structure; and a diverse range of applications enabled by

ITIES.
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B INTRODUCTION

An interface between two immiscible electrolyte solutions
(ITIES) is a unique electrode, capable of detecting a wide
range of electroactive chemical species regardless of their
classification as redox-active or redox-inactive.'"® ITIES
electrodes have become more prevalent in analytical science
due to their sensitivity beyond redox-active analytes and their
ease of fabrication down to the nanoscale,”* allowing for high
spatial resolution which enables single-entity and nanostruc-
ture studies.””'" Electrochemistry at the ITIES has enabled
researchers to probe fundamental mechanistic pro-
cesses” ™% and a wide range of apglications, including
catalysis,”' ~** cellular studies,”'"">*"*>*57% heavy metal
detection,”’™"* pharmacological studies,”””>~"* single-entity
studies,”* environmentally relevant studies,”>”® and nanostruc-
ture synthesis.”****”~"'® The versatility of ITIES is summar-
ized in Figure 1.

Electrochemical detection relies on the transfer of charge
(ions and electrons) to generate a current, which is one
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parameter used for quantitative analysis. With solid electrodes
such as carbon, charge is transferred via the reduction or
oxidation of electrochemical species such as those in the redox
couples hexaamineruthenium (III) /hexaamineruthenium(II) or
ferrocenium/ferrocene.''”~'*' Complementing solid electro-
des, which can only probe redox reactions,'””'** the ITIES
allows charged species such as ions to cross it, removing their
need to be reduced or oxidized for detection. In addition to ion
transfer (IT) at the ITIES, electron transfer (ET) may also
occur and has stimulated lots of interest. Mechanisms for
charge transfer at the ITIES continue to develop following
significant work b?f several researchers and are discussed later
in the text.>>17-2150124-126

In this feature article, we present fundamentals related to
chemical analysis with ITIES electrodes. These include the
history of electrochemistry at ITIES; charge transfer reactions
at ITIES; thermodynamics and kinetics of charge transfer at
ITIES; electrode—solution interfacial structure; and also
various applications of ITIES such as environmental studies,
biosensing, catalysis, and nanoparticle synthesis.

B HISTORY OF ELECTROCHEMISTRY AT THE ITIES

In 1902 Nernst and Riesenfeld observed current flowing across
an ITIES (a water/ phenol/water interface).127 A traditional
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Electrochemistry $
at the ITIES

Figure 1. Electrochemistry at ITIES electrodes, as demonstrated by
the detection of acetylcholine, plays critical roles in various scientific
disciplines, some of which are listed on the center ring. A few of the
capabilities of ITIES electrodes are also listed and elaborated.

four-electrode electrochemical cell was later introduced to
study the ion/charge transfer occurring in these macro-ITIES
(mm- to cm-sized) systems.””'*>'*® In this four-electrode
system, two Luggin capillaries are brought close to the
interface formed by two different phases, organic (o) and
aqueous (w) (Figure 2A). With the use of the Luggin

A Counter1

Reference 1 Reference 2

Counter 2

Figure 2. Schematic diagram of a (A) four-electrode electrochemical
cell for macro-ITIES system. Reference wires 1 and 2 (Ag/AgCl wire)
are inserted into the Luggin capillaries containing each phase, the tips
of which are positioned close to the interface. Counter 1 and Counter
2: counter platinum wire electrodes.'”> Modified with permission
from ref 125. Samec, Z,; et al. J. Electroanal. Chem. Interfacial
Electrochem.1979, 100, 841—852. Copyright 1979 Elsevier. (B) Nano
or micro-ITIES system supported at the tip of a glass pipet. Yellow
and blue colors represent the organic and aqueous phases,
respectively.

capillaries, the error created by the ohmic potential drop is
reduced since reference electrodes can be placed very close to
the interface. Two counter electrodes were also inserted into
two w phases separated from the working space by glass frits
(Figure 2A) to measure the current flowing across the ITIES.

Later in 1986, Taylor and Girault introduced the micro-
ITIES, supported at the tip of a micropipette.45 Micro-ITIES
systems have several advantages over a macro-ITIES system,
including small ohmic potential drop and charging current and
increased spatial resolution due to decreased electrode size."*’
Additional advantages of miniaturizing the ITIES include
increased sensitivity, enhanced mass transport, and a lower
limit of detection. Since the current measured at a micro-ITIES

is considerably smaller (nA to pA scale), Taylor and Girualt
employed a simplified two-electrode system with an organic
phase sandwiched between two aqueous phases in a U tube.*’
Two Ag/AgCl reference electrode wires were inserted at
opposite ends of the tube, and a potential was applied between
these electrodes to measure current from ion transfer at the
ITIES formed at the micropipette tip.*> The U tube apparatus
has been applied to other studies as well, varying the solutions
and reference electrodes to meet the study’s needs.”**'*°
Later, this two-electrode system was simplified, where an
ITIES was created by immersing the tip of a micropipette filled
with an electrolyte solution in another electrolyte solution that
the micropipette’s solution is immiscible with (Figure
2B).>>"*" A conducting wire was affixed inside the pipet, and
another reference electrode was placed outside the pipet; a
voltage was applied between the two electrodes.” Similarly,
two-electrode electrochemical cells have been used for nano-
ITIES systems,'>>>7>'%*

B CHARGE TRANSFER PROCESSES AT THE ITIES

The faradaic processes at the ITIES are mediated in several
different ways, including direct IT, assisted IT (AIT),
heterogeneous ET, and coupled ET and
[T, 21178124 1261337135 Thig versatility enables the detection
and manipulation of a wide range of chemical species, allowing
for applications in various fields.

Direct lon Transfer. Ion transfer at the ITIES has been
reported by studies pioneered by several groups back to the
1970s.13%10137 1 4 preliminary note published in 1976,
Koryta, Vanysek, and Brezina reported the polarization of the
interface between two immiscible electrolyte solutions; they
also observed the ion transfer at the polarized ITIES."”” Later
in 1979, Koryta presented that, in the absence of current
flowing across the ITIES, an equilibrium is established, with
the equilibrium potential difference (A¢,,) determined from
equations in the Thermodynamics section below.'® If a
potential difference greater than Ag,, is imposed on the
system from an external source (AV = A¢peq + 1, where 77 is
overpotential), the charge introduced will be used in part for
the transfer of an ion across the interface and partially for
charging the double layer."®

In 1980, Homolka et al. further discussed IT (Figure 3 ).
An ITIES was established between adjacent phases w and o
where both phases contain a common ion I"."® This is a poised
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Figure 3. Charge transfer across the interface between two immiscible
electrolyte solutions (ITIES). A positive charge is introduced into the
aqueous phase (w) by a metallic electrode, which either drives ion I
across the ITIES or charges the aqueous side of the ITIES via
cation(s) J*. In the organic phase (0) the current continues with the
transfer of I' into the bulk of 0 or with the charging of the organic side
of the ITIES via anion(s) A™."* Modified with permission from ref 18.
Homolka, D.; et al. Anal. Chem.1980, 52, 1606—1610. Copyright
1980 American Chemical Society.
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system in which the Nernst—Donnan equation applies.'®

When a charge is introduced into the phases from an external
source, two processes occur. The first of these is the charging
of the ITIES. The second process is the transfer of ions across
the ITIES. When the electrolyte of w consists of only very
hydrophilic ions (J* and a counteranion) and o consists of only
very hydrophobic ions (A™ and a countercation), there is a
potential range in which the ITIES behaves like an ideally
polarized electrode and the injected charge is only used to
charge the interface (Figure 3).'® Outside of this potential
window, these hydrophilic/hydrophobic ions will be trans-
ferred across the interface into their nonideal phases. When
semihydrophobic ions (I*) are present in the system, the
charge introduced can cause their transfer across the ITIES
within the potential range controlled by J*, A7, and their
counterions (Figure 3), giving an effect analogous to those
shown by redox-active species.

Direct IT at the ITIES has enabled the qualitative and
quantitative detection of many chemicals, such as acetylcho-
line,”**>® various metal ions,”*>'*® and biological macro-
molecules.””™ A related field making use of ion transfer
principles is another type of ion-selective electrodes, i.e.,
membrane electrodes where ion transfer occurs between solid
membranes and solutions. Considering the scope/focus of this
feature article on ion transfer between two immiscible
solutions, we are not able to provide an in-depth discussion
on such electrodes. Instead, we refer readers to reviews in this
field with a few examples cited here.'*””'** For the analytes
whose detection is not feasible via direct IT, assisted ion
transfer offers an alternative option and is explained below.

Assisted lon Transfer. In 1979, Koryta introduced assisted
ion transfer (AIT) to propose a solution to address the
challenge in detecting certain chemicals whose IT occurs
beyond the potential window.' He proposed using ion-
ophores, molecules which can complex with ions and reduce
the Gibbs energy of their transfer between phases. For
instance, the Gibbs energy of transfer of hydrophilic metal
ions such as Na*, K*, Li*, Rb*, Cs*, Mg*', Cd**, and Cu*" from
w to o is reduced by the presence of an ionophore such as
dibenzo-18-crown-6 (DB18C6) in o.”! 7671261437145 Thege
crown ether molecules have the ability to chelate the ions at
the interface and facilitate their detection. This type of AIT is
classified as transfer by interfacial complexation (TIC). Apart
from TIC, there are other mechanisms of AIT, including
transfer by interfacial dissociation (TID),"*®'*® transfer
followed by organic phase complexation (TOC),'®'* and
aqueous complexation followed by transfer (ACT).'**'*
Different mechanisms of AIT are described in detail in
previous literature.”"*

To demonstrate the favorable shift in transfer potential that
ionophores induce, we can look at Figure 4, which shows
overlapping cyclic voltammograms for an ITIES system where
researchers attempted to transfer Cd** from w to o with and
without an ionophore present.'“*Figure 4 shows that, without
the ionophore, Cd*" transfer did not occur in the potential
window (dotted line). Once the ionophore was added to the
organic phase, Cd*" transfer fell within the potential window
and a current increase was observed, corresponding to Cd**
detection (solid line). Further discussion of AIT applications
and the theory associated with them can be found in other
literature, 16:17/19:20,40,126,143,146,149-151

One example of a natural ionophore used in AIT is
valinomycin. Valinomycin is a naturally occurring antibiotic
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Figure 4. Cyclic voltammograms of the assisted ion transfer of 150
UM Cd** across the water/1,2-dichloroethane interface, with (solid
line) and without (dashed line) 10 mM of the ionophore 4'-
morpholinoacetophenone-4-phenyl-3-thiosemicarbazone
(MAPPT).'*® Further information about the system is in the original
publication. Reproduced with permission from ref 148. Bingol, H,;
Atalay, T. Open Chem. 2010, 8, 1134—1139. Copyright 2010 De
Gruyter Open Access.

that transports potassium ions across a cell membrane via
complexation. Because of its interior with an environment
similar to the hydration shell of an ion in aqueous solution and
its strongly hydrophobic exterior, valinomycin at an ITIES can
abstract a hydrophilic ion from a hydrophilic environment to a
hydrophobic one because of its “hydrophilic” interior and
hydrophobic exterior.'>” This is another example in which an
ionophore can assist in moving the charge between phases.
Beyond valinomycin and DB18C6, other ionophores have
been used to aid ion transfer across the ITIES to ensure
detection of ions of interest within diverse potential
windows.”' 7129143 These specialized ionophores include
cyclic thioethers,'*” ionophores containing thiourea groups,'*’
and crown ethers such as diazadibenzo crown ethers'>' and
trimeric macrocycle with tris(crown ether) (TriBCE).'*?
Heterogeneous Electron Transfer. While the ion
transfer capability distinguishes the ITIES from a solid
conductor—solution interface electrode, the ITIES is also
able to carry out ET processes. ET processes at the ITIES have
gained significant interest due to their fundamental importance
and novel applications, like artificial 1photosynthesis,153
catalysis,*' =" nanoparticle synthesis,”’~'*" and liquid redox
extraction.”">* ET kinetics of both charged and uncharged
species at the ITIES have been probed using scanning
electrochemical microscopy (SECM).>”*"'** Here, we will
not go into depth about ET at the ITIES. Instead, we refer

readers to the following articles and the references
above, 121450,51,155

B THERMODYNAMICS

The thermodynamics of IT across an ITIES is presented
here.>*7140156157 Congider that an ion, F, is in equilibrium
between aqueous (w) and organic (o) phases of an ITIES,
where z is the charge of the ion, as in eq 1.

I*(w) = I*(o) (1)
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Because the system is at equilibrium, the electrochemical
potentials (%) of the ion in w and o are equal, as shown in eq
47

'“11: = Hp ()

The electrochemical potentials of I° in w and o can be

expressed as in eqs 3 (w) and 4 (0):>">°
mY=pu2" + RTIn(A}) + zFg” 3)
il =p2° + RTIn(Af:) + zFg)° “@

In eqs 3 and 4, the variables are the standard chemical

potential of species IF in phase i(/,tlg‘i), the activity of the

standard chemical potential of species F¥ in phase i(A}:), inner
potential or Galvani potential of phase i (¢)’), the universal gas
constant (R), temperature (T), and Faraday’s constant (F).
The Galvani potential difference between w and o (A%¢) can
be expressed as

Avp =" — " (s)

By rearranging eqs 3 and 4 to describe ¢ and ¢°, respectively,
in terms of I and solving we have eq 6:

Alp = (" — pu2°)/zF + (RT/zF)In(A}/A})
Al = N’ + (RT/zF)In(Af/AL) ©)

The standard Galvanic potential difference of transfer of IF
from w to o(Aﬁ,(ﬁIg) is defined in eq 7 as*”'*

AL = (2" — pul*)/2F = —AG)""°/zF )

where AG)“~° is the standard Gibbs free energy required to
transfer I from w to o. Aow(ﬁlg is specific to the ionic analyte
and phases, allowing for qualitative detection of the analyte at
ITIES electrodes."*

The potential-specific detection of different electroactive
species at the ITIES has led to various applications of ITIES
electrodes, allowing qualitative identification and quantitative
analysis of species in complicated solutions.”””>>"*#!*> One
such application lies in neurochemistry and is described by
Figure 5. Figure S presents amperomograms collected
following direct exposure of a nano-ITIES to 2 mM solutions
of acetylcholine, gamma-amino butyric acid, glutamate,
dopamine, serotonin, K*, and H'. Because current spikes are
observed only after the introduction of acetylcholine, the
detection at a nanoITIES is specific to acetylcholine at the
applied potential. Other studies have been carried out to
determine transfer potentials for various other species to
demonstrate their specific detection in various ITIES
systems. | 35158160

B KINETICS

The determination of the kinetics of charge transfer at an
ITIES has been reported.”'>**'3>'°M1%% A" recent review
article by Amemiya and colleagues presents a very nice
discussion regarding kinetics at the ITIES.'*® Given the space
limitations, we will not discuss kinetics in detail; instead, to
refer readers to these references.

| 2pA Acetylcholine A | - —— B

=t d PP

| 2pA Glutamate c | 1pA Dopamine D
12pA Saratonin . | 2pA High Concentration K‘l=
| 1pA H* G

0 1 ?

Figure S. Amperomograms measured at —0.48 V vs the half wave
transfer potential of the tetrabutylammonium ion. Amperomograms
are measured following the local injection of solutions of 2 mM (A)
acetylcholine (noticeable current spikes indicate detection), (B)
gamma-amino butyric acid, (C) glutamate, (D) dopamine, (E)
serotonin, (F) K*, and (G) H*. A lack of any spike in current from the
local introduction of the ions shown in B-G indicate a lack of their
detection.” Reproduced with permission from ref 9. Shen, M.; et al. J.
Am. Chem. Soc2018, 140, 7764—7768. Copyright 2018 American
Chemical Society.

B ELECTRODE-SOLUTION INTERFACIAL
STRUCTURE

There are two kinds of electrode—solution interfaces: the solid
conductor—solution interface and the ITIES. The distributions
of ions at these interfaces are shown in Figure 6, with specific
schematics for the solid conductor—solution interface (Figure
6A) and the ITIES (Figure 6B).

A A

B T

Potential
Potential

Distance Distance

Figure 6. Schematic representation of the distribution(s) of ions at a
(A) conductor—electrolyte interface where potential drops across the
concentration dependent diffuse layer. Screening is potential depend-
ent as the concentration in the diffuse layer is potential dependent.
(B) polarized ITIES where potential drops across a concentration-
independent layer. There is no diffuse layer. The bulk charges screen
the potential, causing potential independent screening.' Modified
with permission from ref 169. Gschwend, G. C.; Girault, H. H. J.
Electroanal. Chem.2020, 872, 114240. Copyright 2020 Elsevier.

For the solid conductor—electrolyte interface, the formation
of the electrical double layer has been described previ-
ously, 14718 1 Figure 6A, ions with charges opposite of
the conductor’s will closely approach the interface, with ionic
concentration decreasing with increased distance.””'*’ Because
of the distance-dependent ionic concentration, potential also
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decreases with distance.'®” This potential drop is due to charge
screening by ions closer to the interface.'®”

At the ITIES it had been thought that a double layer with a
diftuse layer falling into each of the two solution phases
existed.'*>'® The ITIES has since been further studied and
found to be distinct from that of a solid conductor—electrolyte
interface and is not considered to have a true double-layer
structure.'”’ The arrangement of ions at the ITIES cannot be
considered a double layer due to its lack of distinct Helmholtz
and diffuse layers.”'® Instead, at the interface of a polarized
ITIES there are monolayers of ions constrained in close
proximity to the interface.'®” Recently, Girault and colleagues
used both a simulation approach and experimental measure-
ments including surface second harmonic generation, surface
tension measurements, and high-frequency capacitance meas-
urements to propose that the potential distribution at liquid—
liquid interfaces could be visualized by a “discrete Helmholtz”
model as in Figure 6B,'*~'"" rather than by the Stern—Guoy—
Chapman model presented in Figure 6A.*”'**"'**Figure 6B
highlights that, at the ITIES, two correlated monolayers of ions
are arranged at the ITIES. This ion distribution at the interface
leads to a potential drop confined to a thin region near the
ITIES from the lack of potential-dependent screening.'®

B APPLICATIONS OF THE ITIES

The unique electrochemical sensing mechanism of ITIES
enables tackling challenges in various fields. These include
studying the secretion of cholinergic transmitters, cellular
toxicity, catalysis, separation, nanostructure synthesis, environ-
mental application, etc. Due to space limitations, only a few
examples are highlighted here, and we apologize for not being
able to elaborate in detail other application examples.

The ITIES has been applied to environmental purposes such
as water quality testing. Recent research has shown that it is
possible to detect herbicides in water, 6potentially leading water
quality testing in a new direction.”””

ITIES electrodes have been coupled with scanning electro-
chemical microscopy (SECM) where SECM is used to
position ITIES electrodes at a close distance (down to
nanometers) from the secretion sites of biomolecules. In 1995,
Bard and co-workers coupled a micro-ITIES electrode with
SECM." Since then, several groups used both micro- and
nano-ITIES electrodes in conjunction with SECM for various
applications.”' "">#1#2#5 751 A nano-ITIES electrode is able to
perform experiments with nanometer spatial resolution and
high temporal resolution down to milliseconds, which enable
the study of different dynamic biological processes like
chemical transmission.”*® Apart from the high spatial and
temporal resolution, these electrodes can collect data with a
high signal-to-noise ratio since they can be positioned much
closer to the substrate compared to a micro/macro electrode.

Another powerful application of ITIES is the detection and
quantification of neurotransmitters. Electrochemistry has
played a vital role in measuring brain chemicals, revolutioniz-
ing our view of brain function and diseases. The conventional
electrodes are carbon fiber microelectrode for the detection of
redox-active transmitters. Due to space limitations, we will not
discuss in detail redox-active neurotransmitter detection.
Readers can consult these review articles and book chapters
in this area.'”>”"*" For studying the secretion of nonredox-
active neurotransmitters from living neurons, the Shen group
has used nano-ITIES electrodes coupled with SECM to
measure the concentration and release dynamics of cholinergic

neurotransmitters, which are redox-inactive but electroactive,
from Aplysia californica neurons.”*® Using SECM, they were
able to position the electrodes as close as ~140 nm vertically
from the release sites on the soma (Figure 7A), where

Amperometric Detection
of Neurotransmitter _

B SECM Concentration Dynamics at Single Synapse
Neurotransmitters vesictes @) J\' ® M o m
° €]
° .. [Neurotransmitters (J ® ® Q ..
RETRONK ;.2 v V2,3
PESES A Y C A

iSynaptic Cleft | *»

PE—— E—— ¥

Singlet Doublet Multiplet

Figure 7. High signal-to-noise ratio study of cholinergic neuro-
transmitter release dynamics was achieved with nano-ITIES-scanning
electrochemical microscope (SECM) platform. (A) Schematic of real-
time release dynamics measurement of cholinergic transmitters from
Aplysia californica soma. Inset: the amperometric trace shows well-
defined current increase upon chemical stimulation. Application of
chemical stimulation is represented by arrows.”® Reproduced with
permission from ref 46. Welle, T. M.; et al. Chem. S¢i.2018, 9, 4937—
4941. Copyright 2018 Royal Society of Chemistry. (B) New
exocytosis mechanism, i.e., multiple-vesicular-exocytosis, was unveiled
by single synaptic cholinergic chemical transmission study that was
achieved with nanoITIES and SECM.” Reproduced with permission
from ref 9. Shen, M,; et al. J. Am. Chem. Soc.2018, 140, 7764—7768.
Copyright 2018 American Chemical Society.

transmitter release dynamics were studied with millisecond
temporal resolution. The amperometric trace (Figure 7A inset)
represents the extrasynaptic transmitter concentration and
release dynamics simultaneously. A significant response was
detected in response to high-concentration potassium
stimulation of the neuron. The technique also enabled
collection of additional information such as the permeability
of the neuronal soma. Besides extrasynaptic transmission, the
cholinergic neurotransmitter release dynamics at the synapse
between two neurons was studied using a nanoITIES electrode
with a radius of ~15 nm (Figure 7B) by the same group.’
Authors also proposed a multiple-vesicular-exocytosis mecha-
nism based on the results from the synaptic measurements.

Other examples of biosensing include using a micropipette-
supported ITIES tip to detect Ag" and study its effects on
fibroblast cells. To probe the toxicity of Ag" with fibroblast
cells, Zhan et al. used a micro-ITIES electrode containing a
commercial calixarene-based Ag* ionophore, which was
positioned near the cell surface using SECM as shown in
Figure 8." The Ag" ionophore enabled the detection of Ag",
which allowed researchers to monitor the cells” interactions
with Ag" via its extracellular concentration. These cellular
studies are two simple examples of how the ITIES has
facilitated the elucidation of complex biological processes
down to the cellular level.
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Figure 8. Schematic diagram of SECM for the in situ measurement of
the local Ag" concentration in the vicinity of fibroblast cells by using
the micropipet-supported water/DCE interface as a tip. Aqueous
phase: 20 uM Ag,SO, + 20 mM Na,SO,. DCE phase: 20 mM silver
ionophore +10 mM BTPPATPBCL* Reproduced with permission
from ref 49. Zhan D.; et al. Anal. Chem.2007, 79, 5525—5231.
Copyright 2007 American Chemical Society.

Researchers have also used electrochemical measurements at
ITIES to elucidate the mechanisms of different biocatalysts.
For example, Huang et al. studied the oxygen reduction
reaction (ORR) using an ITIES electrode filled with Fe'
meso-tetra-(4-N-methyl-pyridyl) porphyrin to carry out a
catalyzed oxygen reduction reaction at the interface.'®
Through this experiment, the group was able to determine
that the reaction mechanism is likely to function via a
heterogeneous proton-coupled oxygen reduction route. They
suggested that the catalyzed ORR at the water—DCE interface
is more likely to proceed via a phase transfer catalysis
mechanism by using a nano-ITIES array supported by a silica
nanochannel membrane.

Another unique application of ITIES systems is separation.
For example, ITIES have been used for the extraction of metals
from spent nuclear waste. The Ding group proposed using an
ITIES system for the extraction of metal from spent nuclear
fuel (the used fuel from a nuclear reactor which still contains
radioactive materials) allowing for repurposing of some parts
of the spent fuel.'"®” For demonstration, they used AIT at the
ionic liquid/water interface to extract potassium ions from the
water phase. The authors used tetraoctylphosphonium tetrakis-
(pentafluorophenyl)borate as the ionic liquid since it exists as
an organic ionic plastic crystal which is stable at high
temperatures.18

Besides biosensing, catalysis, separation, and environmental
monitoring, the ITIES has been demonstrated to be a powerful
platform for nanostructure synthesis.97_101 In these studies,
precursors (reactants) are added to the two separate phases,
aqueous and organic. Electron transfer occurs at the ITIES
leading to the formation of particles directly at the ITIES. One
example is the study from the Shao group, where Pt, Ag, or Au
nanoparticles were synthesized at an ITIES supported by a
nanopipette to produce ultramicroelectrodes.”” The reaction
was the electron transfer reaction between chloroplatinic acid,
silver nitrate, or HAuCl, in the aqueous phase inside the
nanopipette and decamethylferrocene in the organic phase to
synthesize Pt, Ag, or Au nanoelectrodes, respectively.”’
Synthesis at ITIES has great potential for future applications
in making nanoelectrodes and studying reaction mechanisms.

B CONCLUSIONS AND FUTURE DIRECTIONS

The ITIES has expanded electrochemistry to encompass both
redox-active and redox-inactive analytes. While ITIES electro-
chemistry has a long history of several decades, it remains an
evolving field, with the system becoming better understood
with each passing year and with more applications being
explored. The ease with which ITIES electrodes can be
fabricated down to the nanoscale and their capability to
monitor a wide range of reactions/analytes make them an
excellent tool for the probing of small delicate systems,
achieving nanometer spatial resolution. The versatility of
ITIES applications includes biosensing, catalytic study, syn-
thesis, separation, mechanistic study, etc. We envision new and
exciting applications in the ITIES field in the future.
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