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Electrode—Electrolyte Interfacial Processes
in Ionic Liquids and Sensor Applications

Xiangqun Zeng, Zhe Wang, and Abdul Rehman

2.1 Introduction

Electroanalytical methods or electrochemical sensors involve a group of quantitative
and qualitative methods in which an electric excitation function is applied to an elec-
trochemical cell and a response function is measured. Based on the properties of the
applied excitation function, they are categorized as potentiometry, voltammetry,
impedance spectroscopy, etc. All these methods require the use of electrodes where
the electron-transfer reactions occur and an electrolyte, an ionically conducting
medium, to transport charge within the electrochemical cells, to establish the electro-
chemical contact of all electrodes effectively, and to solubilize the reactants and prod-
ucts for efficient mass transport. Ionic liquids (ILs) are a class of compounds containing
organic cations or anions that melt at or near room temperature. They represent a new
type of nonaqueous and biphasic electrolytes that combine the benefits of both solid
and liquid systems [1-7]. They are shown to have negligible vapor pressure, high ionic
conductivity, wide potential window (up to 5.5 V), high heat capacity, and good chem-
ical and electrochemical stability and have been demonstrated as media in electro-
chemical devices including super-capacitors, fuel cells, lithium batteries, photovoltaic
cells, electrochemical and mechanical actuators, and in electroplating [8-10]. The
liquid crystalline structure as well as the solvation properties of ILs has their own
significance in many of these applications. In the past, ILs are regarded as completely
nonvolatile, but the work of Earle et al. has shown that some ILs may be evaporated
and recondensed [11]. However, generally speaking, most ILs have zero vapor pres-
sure at room temperature; thus, there is no drying out of the electrolytes presenting
many potential benefits for analytical methods and technique developments in com-
parison to traditional aqueous and nonaqueous electrolytes/solvents.
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It is well known that the maximum efficiency of electrochemical devices depends
upon electrochemical thermodynamics, whereas real efficiency depends upon the
electrode kinetics. To understand and control electrode reactions and the related
parameters at an electrode and solution interface, a systematic study of the kinetics
of electrode reactions is required. When ILs are used as solvents and electrolytes,
many of theelectrochemical processes will be different and some new electrochemical
processes may also occur. For example, the properties of the electrode/electrolyte
interface often dictate the sensitivity, specificity, stability, and response time, and thus
the success or failure of the electrochemical detection technologies. The IL/electrode
interface properties will determine many analytical parameters for sensor applica-
tions. Thus, the fundamentals of electrochemical processes in ILs need to be studied
in order to have sensor developments as well as many other applications such as
electrocatalysis, energy storage, and so on. Based on these insights, this chapter has
been arranged into three parts: (1) Fundamentals of electrode/electrolyte interfacial
processes in ILs; (2) Experimental techniques for the characterization of dynamic
processes at the interface of electrodes and IL electrolytes; and (3) Sensors based on
these unique electrode/IL interface properties. And in the end, we will summarize the
future directions in fundamental and applied study of IL—electrode interface proper-
ties for sensor applications.

2.2 Fundamentals of Electrode/Electrolyte Interfacial
Processes

Electroanalytical methods and electrochemical sensors are based on changes of
electrode—electrolyte interface or the electrochemical reactions occurring at elec-
trode/electrolyte interface for the detection of a specific analyte. The nature of elec-
trode/electrolytic solution interfaces plays a central role in electrochemical surface
science. A large number of important reactions take place at the interface between a
metal and a solution: metal deposition and dissolution, electron- and proton-transfer
reactions, corrosion, film formation, and electro-organic synthesis. If we want to
understand and control these processes using ILs, it requires a detailed knowledge
of the properties of the electrode/IL interface such as the adsorption of the ILs on
electrode surfaces upon the variation of the electric potential, which acts as a
driving force for all charge transfer reactions. As shown in Fig. 2.1, a study of elec-
trochemical reaction at an electrode/solution interface is performed in an electro-
chemical cell. Typically, an electrochemical cell consists of three electrodes. The
reference electrode establishes a constant electrical potential and the working elec-
trode is where electrode reaction takes place. The electrical current is expected to
flow between the working electrode and the auxiliary electrode, often also called the
counter electrode. By holding certain variables of an electrochemical cell constant
and applying an external electrical excitation function to the working electrode,
information about the analyte can be obtained based on the measurement of how
other variables change with the controlled variables. The common electrical
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physical processes may also contribute to the overall kinetics of any particular
reaction creating complex electrolysis mechanism. The overall reaction rate will be
limited by the slowest step. In particular, the mass transport process (i.e., the trans-
port of the reactant molecules to the electrode surface and the removal of the reac-
tion products from electrode interface when formed) plays significant roles for the
kinetics of electrode reactions. Chemical reactions at the electrode or in the solution
also affect the mechanisms and kinetics of electrode reactions. The chemical reac-
tions involved in electrolysis mechanisms are not only occurring in the homogenous
solution phase (e.g., if the products of the electrode reactions are not chemically
stable), but a significant range of heterogeneously coupled chemical reactions can
also occur. Furthermore, the chemical processes that occur at electrode/electrolyte
interface can also be coupled to mass transport. Finally, electrode materials and prop-
erties influence electrochemical reactions. For example, the surface area and the
geometry of an electrode could influence the current and may also affect the mass
transfer process, as in the case of a rotating disk electrode [12] and an ultramicro elec-
trode [13]. Another area of electrode/electrolyte interface is that an electrode can be
modified by the immobilization of a layer of material on to its surface so that the
surface character of the immobilized material can control the electrode’s performance
and can be explored for a wide range of applications. The modified surfaces can offer
novel properties such as the ability to hold charge (as in battery), induce novel spe-
cific reactions, and act as organic semiconductors or chemical/biosensors. The modi-
fication of the electrode greatly expands the application of electrochemistry [14—16]
such as the enzyme electrodes that are widely used in biosensors and bio-electro-
chemistry. Thus, electrode—electrolyte interface processes can be complicated, and
understanding these processes will enable the selection of the electrode potential, cur-
rent density, solvent, supporting electrolyte, solution pH, temperature, deliberate
modification of electrode surface or addition of other reagents, etc., based on the
requirements of a specific application including sensors. Below we will detail the
most important processes at electrode/electrolyte interface.

2.2.1 Adsorption

Electrode surface conditions such as roughness and modification are related with the
electrochemical active sites and the properties of the electrode/electrolyte interface.
Electrode surface conditions also include their single crystal faces. ILs contain
organic cations or anions that could adsorb specifically or nonspecifically on the
electrode surfaces. The adsorption of organic substances at an electrode/solution
interface is of fundamental importance for many chemical and electrochemical pro-
cesses. For example, adsorption can affect and change the electrode reaction kinetics.
Molecules that exhibit structure-sensitive chemisorption are expected to undergo
structure-sensitive electrocatalytic reactions. The adsorption of electrochemically
active materials could change the peak shape, peak potential, and peak current of a
cyclic voltammogram [17]. Depending upon the site of adsorption, electrochemically
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active species can be oxidized at different potentials. More complicated adsorption
mechanisms exist when surface adsorbed species are not stable in either its charged
or uncharged forms, or if they are desorbed during potential cycling. An IL’s tremen-
dous diversity in structural and chemical properties will allow various electrode-IL
interfaces to be designed to unravel the IL-IL and IL-electrode substrate interaction.
Typically, in the case of chemisorptions, the dominant IL-electrode interaction will
be due to strong covalent or ionic chemical forces; in the case of physisorption, one
often finds that the van der Waals force acting directly between the adsorbates domi-
nates. In this case, the optimum adsorbate—substrate bonding geometry can be over-
ridden by the lateral adsorbate-adsorbate interactions, yielding, for example,
incommensurate structures in which the overlayer and the substrate have indepen-
dent lattices. The IL-IL interactions will include electrostatic interactions, hydrogen
bond interactions, orbital-overlapping interactions, and van der Waals interactions.
These interactions may be attractive or repulsive depending on the properties of IL
and the substrate electrode. Adsorption phenomena in IL-electrode interface are
important for understanding the structure of the electric double layer (EDL) and for
their various electrochemical applications.

2.2.2 Electrical Double Layer

The double-layer model is used to visualize the ionic environment in the vicinity of
a charged surface which can be either a metal under potential control or a dielectric
surface with ionic groups. It is easier to understand this model as a sequence of steps
that would take place near the surface if its neutralizing ions were suddenly stripped
away. The double layer formed, in turn, causes an electrokinetic potential between
the surface and any point in the mass of the suspending liquid. This voltage differ-
ence is on the order of millivolts and is referred to as the often surface potential. The
magnitude of the surface potential is related to the surface charge and the thickness
of the double layer (Table 2.1).

Table 2.1 The molecular interaction forces present in IL solvents

Type of interaction The energy equation

Ton—dipole Uson-soiven ==(zept cOS O)(4mep)r”
Dipole—dipole Ulipole-dipote = — (24 *p? )/ (4 7€) 3K Tr
Dipole-induced dipole Ulipole-induced dipote = —(@1182° + aopt, Y (dmep)r®
Ion-induced dipole Uloninduced dipole = ~(2°€°0)/ (4 me)2r"
Dispersion Ulgispersion = =(Besan)(L1)/(1, + D)2

Symbols: z—the charge of the ion; —the dipole angle relative the line joining the ion to the center
of dipole; e—electric charge of —1.602 x 107"° coulomb; I—the ionization potential; e,—the vac-
uum permittivity; r is the separation distance between the charges; g—the charge (assuming equal
value of charge on each side of the molecule); a—polarizability of the solvents; Kg—the Boltzmann
constant; 7—the absolute temperature; y,—permanent dipole moment of solvent
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ILs are free of solvents; thus, electrostatic interaction is the predominating force
between the electrode and IL electrolyte. The electrode may have interactions with
dipole moments of the anion and cation functional groups due to the bulky anions
or cations of ILs. Even though the IL—electrode interface structure has some simi-
larity to traditional electrode—electrolyte double layer, the IL—electrified metal
interface behaves differently from those described by Gouy—Chapman-Sterns
double-layer model. The study shows a well-defined structural organization of IL at
Au(111) electrode interface with three structurally distinct regions: the interfacial
(innermost) layer composed of ions in direct contact with the electrode; the transi-
tion region over which the pronounced interfacial layer structure decays to the bulk
morphology; and the bulk liquid region where structure depends on the degree of ion
amphiphilicity [18]. The innermost layer which templates ion arrangements in the
transition zone is much more structured where the ions form a single layer at the
surface to screen the electrode charge [19]. AFM results on gold and graphite in vari-
ous ILs showed that the double layer at IL-electrified metal interface is not one
layer thick, thereby extending the transition zone up to five ion pair diameters from
the interface [20, 21]. In addition to the Coulombic short range electrostatic interac-
tion, the ions in ILs are often large in size, flexible, highly polarizable, and chemi-
cally complex with a number of interionic forces (such as dispersion forces,
dipole—dipole interaction, hydrogen bonding, and pi-stacking forces). Steric effects
will contribute to the IL—electrode interface structure as well. Moreover, adsorp-
tions of anions and/or cations are likely to occur at the IL—electrode interfaces. The
specific adsorption, ion structures and properties, and the applied potential all influ-
ence the structure and thickness of the double layer of ILs near metal surface. For
example, multiple sterically hindered allylic functional groups could be incorpo-
rated to minimize IL—electrode interactions and maximize compressibility of the
solvation layers [22—24]. It was reported that the adsorption and dissolution of gas
molecules in the IL—electrified metal interface can lead to the change of the double-
layer structure and thickness and the change of IL viscosity and the dielectric con-
stant (i.e., less organized arrangement of ILs) [25, 26]. The molecular structure of
ILs such as alkyl chain length influences the relative permittivity [27]. Capacitance
at a fixed potential will depend on double-layer thickness and permittivity of the
liquid at the interface. Consequently, varying the structure of IL anions or cations
and applied potential can result in the rearrangement of ions and/or adsorbates
that enables the modification of the double-layer structure at the IL—electrified
metal interface (e.g., thickness and permittivity) [28-30] and subsequently the mod-
ification of the IL double-layer capacitance.

2.2.3 Chemical Reactions

An electron-transfer process at electrode/electrolyte interface can often have two
types of chemical reactions. One is the electron-transfer reaction coupled with
heterogeneous chemical reactions including those surface adsorption processes that
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occur at electrode/electrolyte interface. Another is the electron-transfer reaction-
coupled homogeneous reactions such as EC reaction: (A+ne<« B; B — product),
ECE reaction: (A+ne<B; B—-C, C+ne<~ D), EC' mechanism (A+ne<B;
B+Y — A+product), where the prime (') represents a catalytic process. Among
these coupled chemical reactions, catalytic reactions are widely sought after since
they often represent a clean and efficient method of enhancing chemical reactivity.
The reaction mechanisms change with the solvents. In ILs, the electrophilic (Lewis
acid) organic ions can be reduced electrochemically at the cathode or chemically by
reducing agents (Q+e— Q™). On the other hand, many of the nucleophilic (Lewis
base) organic ions can be oxidized electrochemically at the anode or chemically by
oxidizing agents (Q — Q'*+e). Here, Q"~ and Q"* are radical anion and cation, respec-
tively, and are extremely reactive if their charges are localized. However, if the
charges are more or less delocalized, the radical ions are less reactive. The dynamic
properties of ILs can have remarkable influences on the potentials of various types of
redox couples and on the mechanisms of the electron-transfer processes that occur
either heterogeneously at the electrode or homogeneously in the solution. For exam-
ple, in high-permittive ILs, ILs can easily dissociate into ions. The anion or cation of
ILs can form ion-pair complex with the radical cation or anion, respectively. With the
decrease in permittivity of ILs, however, complete dissociation becomes difficult.
Some part of the IL electrolyte remains undissociated and forms an ion pair
(A*+B~ < A*B"). Ion pairs contribute neither ionic strength nor electric conductivity
to the solution. Since there is high concentration of anion and cations in ILs, the
formation of triple ions (A*+A*B~ < A*B"A*) and quadruples can also occur. ILs
could also play roles as proton donors to lower the energy needed to oxidize the
electroactive materials. In summary, the study of redox processes in ILs can be very
complex requiring the adaptation of a diverse range of electrochemical and spectro-
scopic tools to characterize their properties and mechanisms during electron-transfer
processes at electrode/electrolyte interface.

2.3 Techniques for Studying Interfacial roperties in ILs

The interfacial properties of IL/electrode interfaces are different from other media
(i.e., aqueous or traditional nonaqueous media) because of the unique properties of
ILs, especially the electrochemical properties. To understand the electrode/electro-
lyte interface chemistry for sensor research, the mechanisms of the electrochemical
reactions, and the essential performance-limiting factors, both in the bulk and at the
surface of the electrode materials need to be investigated, preferably in situ. In situ
analysis is much desired due to the fact that ex situ measurements are usually not
able to follow the fast kinetics at electrode interfaces. The past decades have been
characterized by a spectacular development of in situ techniques for studying inter-
facial processes at metal electrodes. Radioactive tracer [31, 32], pulse potentiody-
namic [33, 34], and galvanostatic methods [35] have been applied quantitatively to
study the adsorption of organic compounds at solid metals. In the study of complex
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2.3.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is a widely used electrochemical technique to study
electrochemical reaction mechanisms and the rates of oxidation and reduction pro-
cesses. In CV, the current at the working electrode is plotted versus the applied
potential to give the cyclic voltammogram traces of an analyte in solution. For
studying an electrochemical process using CV, a stable supporting electrolyte and
good solubility of analyte in the electrolyte is essential. ILs can offer benefits in
both these aspects for CV characterizations. The solubility of the redox active mate-
rials in ILs would not be a problem due to the availability of a wide range of ILs with
desired functionalities to choose from. ILs have high thermal stability. Most of ILs are
stable up to 300 °C [61]. However, the electrochemical stability of an IL electrolyte
is important for various electrochemical applications.

2.3.1.1 Electrochemical Stability (Electrochemical Potential Window)

The electrochemical stability of nonaqueous electrolytes is crucial for any electro-
chemical application. The electrolyte must be electrochemically stable up to the high
voltage cutoff (the highest voltage at which cell is allowed to operate), and stable
down to the lowest voltage cutoff. Typically, electrochemical potential window lies at
a voltage range in which the electrolyte is not oxidized or reduced. The electrochemi-
cal potential window is a measure of the electrochemical stability of an electrolyte
against oxidation and reduction processes. This value, on one hand, characterizes the
electrochemical stability of ILs, i.e., the limits of the potential window correspond to
the oxidation limits and the reduction limits of the electrochemical decomposition of
the involved ions. On the other hand, the width of the electrochemical window gov-
erns the range of potentials available for studying the electrochemical processes that
will not be affected by the electrolytes and/or the solvents. One of the important
considerations in electrochemical characterization of the potential window is the cell
design and reference electrode. In order to avoid contamination to the IL electrolytes
due to the reference electrode filling solution (e.g., KCl), a quasi-reference electrodes
often used are rather than the saturated Ag/AgCl or calomel electrode. The quasi-
reference electrode often used is Ag, Au, or Pt thin film or wire. The quasi-reference
electrode and the auxiliary electrode are placed far apart so that the product at the
counter electrode will not diffuse to the reference electrode which can affect its sta-
bility. Compared with different reference electrodes in the same IL system, the width
of potential window should be consistent. The change of reference electrode materi-
als only affects the absolute value of potential in most of IL systems. And all of them
can be calibrated by using stable redox couple, such as Fc*/Fc. Thus, we can compare
the potential windows reported using different quasi-reference electrodes.

The structures of ILs make them more electrochemically inert than other sol-
vents such as H,O and acetonitrile [62].The electrochemical window in ILs is much
larger than that of most conventional aqueous and nonaqueous electrolytes [63].
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Table 2.2 Potential windows RTIL Potential window (vs. Fe'/Fe, 0.2 V)
of common RTILs [Cmim][NTf,] | -2.6t03.0V
[C,mim] 261022V
[CF;80] |
[C,mim][BF,]  |-2.8t032V
[Comim][PE] ~ [-25t03.0V _
[Cymim][HSO,] | -2.5t03.0V
[C,mim][C]] 251015V
[Cmim][NOs] | -25t020V
[Piassd[NO)l  =231020V
[Ni4.4.4][NO;] -35t1020V
[NeaooJINTE] | -35w30vV
[Pri6o6][NTH] ' ;34 to3.0V
[P146.66][FAP] 351030V
[C,mPY][NTE,]  [-32103.0V

Table 2.2 lists the potential windows of some commercial ILs, obtained from refer-
ences [64—67] and also from our own investigations. Here, the purities of all ILs are
higher than 95 %. The electrochemical stability of ILs with cations of either quater-
nary ammonium structures or pyrrolidinium is better than that of imidazolium.
However, anion stability is an issue. Halides can be easily oxidized; thus, halides-
based ILs have lower electrochemical stabilities. Additionally, the high chemical
activity of halides may result in side reactions during the analyte redox process. The
fluorine-containing anions (BF,~ and PF4") are not as stable and can be decomposed
in the presence of trace amounts of water producing HF under electrochemical pro-
cess, although this reaction usually isn’t observable during electrochemical study
for short time testing, since both B-F and P-F bonds are weaker than C-F bond
[68]. Additionally, for most organic anions, the negative charge is delocalized which
increases their stability. It denotes that the electrochemical potential window is sen-
sitive to impurities. Schroder and coworkers have reported that ILs such as [Cymim]
[BE.] can rapidly absorb atmospheric water and that the presence of water has a
profound effect on cyclic voltammetric experiments with platinum electrodes
[69-71]. Any other impurities such as moisture residues from preparation could
give an electrochemical signal during CV characterization. Since the purity of ILs
affects the accuracy of the potential window measurement, the potential window
obtained experimentally can be regarded to have some uncertainty. Theoretically
potential window of ILs was basically dominated by the stability of ions. A general
trend for the magnitude of the electrochemical oxidative limit is observed as fol-
lows: [Piygeel®>[Ne222]*>[Comim]*~ [CymPy]* and [FAP] = [NTf,]">[BF,] >
[PFs]™>[MeSO,] > [NO;]>[CF;80;]” [61, 62]. The anodic “breakdown” is pre-
sumed to be due to the oxidation of the anionic component of the ILs. In most cases,
the stability of the anion determines the anodic potential limits, and stability of the
cation determines the cathodic potential limits. But in the practical measurement,
the predicted values depend also on the electrode material and current density.
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2.3.1.2 Mass Transport

The mass transport of electroactive species plays significant roles in electrode kinetics.
The electroactive species can move by diffusion, convection, and migration. The
measured mass transport is a combination of these three processes:

1. Migration: movement of charged species under the influence of an electric field.
2. Diffusion: movement of species because of their concentration gradient.
3. Convection: movement of species under the influence of a physical disturbance.

Typically, the contribution of the charged electroactive species which is often in
very low concentration to migration process is much smaller than the contribution
of inert electrolyte. In conventional electrolyte solutions, ions exist in the form of
solvent complexes, and consequently, the solvent molecules are parts of moving
ions. As a result, in addition to the flux of ions, there is also a flux of the solvent.
This flux leads to the formation of a concentration gradient between the cathodic
and anodic compartments during the electrochemical reaction. In the ILs, there is no
solvent. ILs can be considered as an excess of inert ions carrying the current; thus,
migration of electroactive species can be neglected. In an IL electrolyte, the ionic
conduction is related to both the anion and the cation mobility and their transference
number. The total cation and anion transference numbers is equal to unity.

t, +t_=1 2.1)

where t, and t_ are the transference numbers, depicting the portion of charge carried
by cations or anions, respectively. Since ILs have much higher viscosities than com-
mon electrochemical supporting electrolytes, they have an effect on the diffusion
coefficients of species. A previously reported study compares the diffusion coeffi-
cients of a neutral molecule and the radical cation produced after an electrochemical
reaction in an IL and acetonitrile. The diffusion coefficient of the cation radical was
consistently about half that of the value of the neutral molecule. In contrast, in aceto-
nitrile, the ratio of the diffusion coefficients was nearly 60 % or higher [72], providing
an indication that viscosity and charge have considerable effects on the transport
of diffusing species in ILs [73-75]. We can consider that mass transport is mainly
governed by the diffusion process. In this case, the diffusion coefficients, for both the
reduced and oxidized forms of the redox species, can be calculated from the slope of
the dependence of the peak current i, on the square root of the scan rate, according to
the Randles—Sevcik equation [76]:

1/2
i = 0.446nFA(%j CD"y" (2.2)

The Stokes—Einstein equation [77] is generally applicable for molecular liquids and
ILs, at least semi-quantitatively, for analyzing the diffusion coefficient D. Water is
ubiquitous in the environment. It was shown that water induced accelerated ion
diffusion compared to its effect on neutral species in ionic liquids [78]. We also
observed that IL conductivity is significantly increased when [Bmim][BF,] is
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exposed to normal atmosphere for 24 h with 0.25 % wt moisture since fewer cycles
are needed to reach a fully conductive polyvinyl ferrocene film [79]. Because of its
high molecular weight, the diffusion coefficient of an IL is typically smaller than
that of analytes regardless of the medium. However, despite the presence of an addi-
tional interaction between the functional group in IL and analytes, this behavior
contrasts with the case of a small anion or radical anion; ion-pair formation leads to
a marked decrease in the diffusion coefficient.

2.3.1.3 Charging Current in CV

As mentioned before, ILs have a unique double-layer structure, and the double-
layer capacitance can be measured by both cyclic voltammetry and EIS. Our studies
and others have shown that the capacitance of IL/electrode interface is potential
dependent, and the adsorption of gas on the IL/electrode interface will decrease the
double-layer capacitance under a specific DC bias potential [80]. In contrast to the
EDL typically observed in dilute aqueous or nonaqueous electrolytes, the ions of
ILs are strongly oriented near the electrode into an ordered layer structure with
local ion density at maximum possible value [81, 82]. Multiple ion pair layers form
at the interface of IL and metal electrode. Due to this heterogeneity, the lattice
formation at the interface and the subsequent capacitance variations are not mono-
tonic as described by the Gouy—Chapman-Stern’s model [83-85]. Additionally,
the hysteresis effects of an IL, where the double-layer capacitance depends on the
scan direction of the DC potential, contribute to the slow pseudocapacitive process
at the IL—electrode interface [86—88]. Since the change of IL orientation due to
applied potential is a very slow process, the resulted charging currents only can be
observed at a slow scan rate. Figure 2.4 shows that the small CV peaks related to
heterogeneous IL orientations were observed in CV at slow scan rates (e.g.,
20 mV/s) in the most of studied ILs. These small peaks will contribute to some
uncertainty for the current measured, especially for the Faradaic process, under
slow scan rates. Consequently, the double-layer charging current will increase the
complexity of CV results. In order to obtain accurate Faradaic current measure-
ment, it is recommended that the peak current of electrochemical processes should
be measured under the high scan rate in CV study. The double-layer capacitance
measured under this condition can be considered the average capacitance instead
of the potential-dependent value.

2.3.1.4 Scan Rate Effects on the IL Double-Layer Charging Currents

In an EC redox process, the Faradaic current depends on the concentration of the
analyte and increases monotonically with analyte concentrations. Numerous studies
by others and our lab show that the structure and dynamics of the electrochemical
double layer in room temperature of ILs are very different from the traditional
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Fig. 2.4 CV of [C;mPy][NTf,] at 20 mv/s on Pt under air condition. The small peaks (red circles)
are presenting charging current by the IL orientation during the potential scanning

aqueous and nonaqueous electrolytes. For example, in two separated studies,
Gore and Druschler et al. [86, 89] have reported the hysteresis effects in the
potential-dependent double-layer capacitance of room temperature ionic liquids at
either a Pt electrode or a gold electrode. They explained this hysteresis effect due to
the slow pseudocapacitive processes in a frequency range below 10 Hz. We have
also observed a similar behavior in our study [90]. It is well known that the first
potential cycle is critical to target analyte concentration profile for a Faradaic pro-
cess in aqueous solutions. However, it is unpredictable in ionic liquid since its pseu-
docapacitance is scan rate related, and thus the value is highly dependent on the
potential and the history of electrode conditions in the IL [91-93]. Currently, there
is no method that can obtain the accurate value of pseudocapacitance in an IL con-
sistently. As we know, increasing the scan rate in cyclic voltammetry allows one to
decrease the thickness of the diffusion layer, and the pseudocapacitive process
caused by the slow orientation of the IL will be negligible. Thus, the hysteresis of
the IL double layer will be minimized using higher scan rate. This can help to obtain
the reproducible and accurate current values for sensor application. High scan rate
could facilitate a steady state of the IL—electrode double layer to be established dur-
ing the multiple potential cycling. As shown in Fig. 2.5, for the methane-oxygen
system [94], the difference of peak currents of methane oxidation (0.9 V) and oxy-
gen redox (1.2 V/0.9 V) processes in the 6th cycle and 20th cycle at 500 mV/s, is
less than 0.2 pA, confirming that the methane and oxygen concentration profile in
ionic liquid is reproducible and the double-layer charging current is relatively con-
stant. Thus, electrochemical measurements based on redox processes in IL should
be characterized at the high scan rate, and peak current of first cycle should not be
used for the analyte quantification.
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Fig. 2.5 Cyclic voltammograms of 5 % methane and dry air in [C,mPy][NTf,] (500 mV/s scan rate)

2.3.1.5 Electrolyte Conductivity

Compared to the conventional aqueous electrolyte, the conductivity of the ILs is at
least one order of magnitude smaller. In contrast to the conventional aqueous electro-
lyte, the higher the concentration of the ILs, the smaller the conductivity of the solu-
tion due to their high viscosity. This is expected. At high salt concentrations, all solvent
molecules are called “solvent in salt solution,” in which the ions primary shell is more
complex, and the resulting system shows different properties at the low concentration
salt solution [95-97]. In such a case, the conductivity increases with the increasing
amount of salt, goes through a maximum, and decreases with a further increase of the
salt concentration. However, most of the molecular liquids have relatively low viscos-
ity, and therefore, the dilution of the viscous neat IL with molecular diluents decreases
the viscosity of the mixture [98]. Table 2.3 lists the dynamic viscosity (1) and specific
conductivity (x) values of common solvents and RTILs [66, 99]. In an IL system, the
solution resistance (R,) is high due to higher viscosity and slow ion mobility of ILs.
Typically, the solution resistance was calculated from conductivity of the ILs and
electrode geometry. In most ILs, the dynamic voltage drop (IR-drop) would not be
negligible and can affect the accuracy of the applied electrode potential. The IR-drop
is the voltage loss (drop) when current flows through a resistor. IR-drop occurs in
most of the electrical circuits and electrochemical systems. In ILs, the solution resis-
tance R, could be measured by both AC and DC techniques. In most electrochemical
systems, IR-drop could be estimated to be lower than 10 mV. However, in some high
capacitance systems and high Faradaic current systems, such as supercapacitor and
fuel cell, IR-drop is significant. Although many commercial electrochemical instru-
ments have the capability to compensate IR-drop, it still has to be considered in some
analysis of an electrochemical process [100, 101].
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Table 2.3 A comparison of Viscosity Conductivity*

dyngnﬁc viscosiFy'(n) and Solvents (cP) (mS/em)

specific COl'.ldUCthIIy. () for a N.N-Dimethylformamide :0.794 4.0¢

representative selection of —

molecular solvents and Acetonitrile 0.345 7.6

nonhaloaluminate RTILs Ethanol 1.074 0.6
Dimethylsulfoxide 1.987 2.7
[Comim][NTf,] 28 8.4
[C,mim][NTf,] 44 3.9°
[Comim][NTT,] 59
[Csmim][NTT,] 74
[C;mim][BF,] 43 13.0
[C;mim][PF] 5.2
[Cymim][PF¢] 275 1.5
[Ng222][NTE,] 167 0.67
[Neaaal [NTE;] 595 0.16
[CsmPy][NT,] 63 14
[C;mPy][NT,] 85 22

Unless otherwise stated, 7=25 °C

*Conductivity for organic solvent containing 0.1 M tet-
rabutylammonium perchlorate at 22 °C

20 °C

2.3.2 Potential-Step Methods (Chronoamperometry)

Potential-step method is an electrochemical technique in which the potential of the
working electrode is either held at constant or stepped to a predetermined value, and
the resulting current due to Faradaic processes and double-layer charging processes
occurring at the electrode (caused by the potential step) is monitored as a function
of time. Especially for practical electrochemical sensor in real-world application,
chronoamperometry is preferred due to its simplicity and low cost of instrumentation.
Besides its wide use in most electrochemical sensor systems, chronoamperometry
has been used in the understanding of the kinetics of the electrochemical processes
as well.

2.3.2.1 Kinetics Study for Electrochemical Process

Chronoamperometry was used to determine the electron-transfer kinetics and it
could provide information regarding the dynamic model of an electrochemical pro-
cess. In chronoamperometry, the current is integrated over relatively long time inter-
vals; thus, it gives a better signal to noise ratio in comparison to other voltammetric
techniques. The Faradaic current, which is due to electron-transfer events and is
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most often the current component of interest, decays as described by the Cottrell
equation [77] in planar electrodes.

nFADJ’C;,

i(r)=id(r) =T/2;>m—0 (2.3)
In most electrochemical cells, the decay of Faradaic current vs. time is much
slower than that of double-layer charging current; however, electrochemical sys-
tems with no supporting electrolytes are notable exceptions. [Ls are more viscous
than traditional organic solvents, thus slowing the diffusion of the electroactive
species leads to transient behaviors. While the current behavior in the ILs system
could be interpreted using the continuum model, it was recognized that the mecha-
nisms by which an [L—electrode interface responds to an applied electrical field are
quite different from a traditional, polar solvent. In the latter, solvent molecules
re-orientate, whereas in an IL the molecules must move relative to each other. These
differences must impact upon the overall observed rate of electron transfer, even if
the free energies of activation are similar. That is, while inner-sphere electron-
transfer rates might be expected to be very similar in ILs compared to polar organic
solvents, outer-sphere electron transfers will be very different due to the screening
response mechanisms [102, 103]. In order to possibly minimize the effect of “IR
drop” and “capacitive charging” on the estimation of the heterogeneous electron-
transfer rate constant, the microelectrode, scanning electrochemical microscopy
(SECM), and other techniques have been used in many investigations by Mirkin,

Bard, and Compton [104-107].

2.3.2.2 Faradaic Current Determination

Chronoamperometry (or potential step) can be regarded as an extreme fast potential
sweep of CV which is especially beneficial for the practical IL-based sensor develop-
ment due to its unique double-layer structure as discussed in the earlier section.
However, as with all pulsed voltammetric techniques, chronoamperometry generates
high charging currents, which decay exponentially with time as in any Randles circuit.
As shown in our early work [90], the time-dependent oxygen reduction currents, i(f),
in ILs, can be described as the sum of the Faradaic current for EC reaction, i, and the
double-layer charging current, i., on the electrode as shown in Eq. (2.4):

c,dv, C . dV,
i(t) =i +i =i _+ di” "dl, “bulk ™ 7 bulk
dr dr

2.4)

In this expression, C and V represent capacitance and electrode potential, with
“dl” and “bulk” denoting double layer and bulk solution, respectively. The Faradaic
current (e.g., due to oxygen reduction) ordinarily decays much more slowly than the
charging current (cells with no supporting electrolyte are notable exceptions).
Typically the cell time constant 7=R,Cy, where R, is the uncompensated resistance
and Cj is the double-layer capacitance, is very useful to determine the timescale of
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Fig. 2.6 Potential step experiment from 0 V to —1.2 V at 100 % air in three ILs. Time constant
=6 s and 507 is about 300 s

a potential step method. As such, it is important that analysis is applied over a
sufficiently broad time interval in order to assure the reliability of the results. The
charging current can be considered insignificant when current is sampled at times
exceeding 5R,Cy. As shown in Fig. 2.6, the time constant obtained from potential
step experiment (step from 0.0 V to —1.2 V in 100 % air) is =6 seconds (the time
required for current decays to 37 % maximum current). Thus, in order to minimize
the large double-layer charging current of IL, we measured the current at the 300th
second which is 50z. The current can be mainly attributed to the Faradaic current of
oxygen reduction, and the double-layer charging current is negligible after 300 s,
which is much longer than that in aqueous electrolytes (lower than few seconds).
And the double-layer capacitance is also potential-dependent [80], because under
different potentials the orientations of IL are different and the values of relative
capacitances vary as well. Thus, cell time constant 7 is not a constant and varies in
different systems. The value of 7 is related to the IL structure. Thus, chronoam-
perometry is not an efficient method to study the dynamic interfacial process in an
IL system. For practical electrochemical applications, the significant conditioning
process or preconditioning step (>507) is required to establish a constant IL.—
electrode interfacial boundary layers. Obviously, in different ionic liquids, the inter-
face relaxation processes due to potential step vary and these processes have not
been fully investigated so far.

2.3.3 Electrochemical Impedance Spectroscopy

In CV and potential step, the electrode surface reaction is studied through large
perturbation on the system to drive the electrode to a condition far from equilibrium
and observe the response. Typically in EIS, the electrochemical reaction is perturbed
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with an alternating signal (e.g., potential) of small magnitude and the way in which
the system follows the perturbation in steady states is measured. The use of low
amplitude perturbation in EIS allows the application of a linear model to interpret the
results which can yield useful information about the physicochemical properties of
the system. Analysis is generally carried out in the frequency domain, although mea-
surements are sometimes made in the time domain and then Fourier transformed to
the frequency domain. For the analytical application, EIS is a powerful, informative,
and noninvasive method, which can be used to study the interfacial events and trace
the blocking behaviors (as complexation and adsorption) or diffusion effects at modi-
fied electrodes and serve as a transducer [108], especially in the electrochemical
system. EIS has been used to measure the resistance of an electrolyte solution, grain
boundary resistance, and interfacial capacitance. The Nyquist plot (Zy, vs. Zg,) at
high frequency (near 100 kHz) is determined by the solution resistance (R,) and the
electrode capacitance. However, for a specific electrochemical process and physical
status, EIS is by no means limited to the measurement and the analysis of data at the
impedance level (e.g., impedance vs. frequency) but may involve any of the four
basic immittance levels; thus, most generally, IS stands for immittance spectroscopy.
The signal of the whole system can be equivalent to a combination of certain electric
components described by an “equivalent circuit.”

2.3.3.1 Randles Circuit

An ideal electrode—electrolyte interface with an electron-transfer process can be
described using Randle equivalent circuit shown in Fig. 2.7. The Faradaic electron-
transfer reaction is represented by a charge transfer resistance K., and the mass trans-
fer of the electroactive species is described by Warburg element (W). The electrolyte
resistance R is in series with the parallel combination of the double-layer capacitance
Cy and an impedance of a Faradaic reaction. However, in practical application,
the impedance results for a solid electrode/electrolyte interface often reveal a fre-
quency dispersion that cannot be described by simple Randle circuit and simple elec-
tronic components. The interaction of each component in an electrochemical system
contributes to the complexity of final impedance spectroscopy results. The EIS results
often consist of resistive, capacitive, and inductive components, and all of them can be
influenced by analytes and their local environment, corresponding to solvent, electro-
lyte, electrode condition, and other possible electrochemically active species. It is
important to characterize the electrode/electrolyte interface properties by EIS for their
real-world applications in sensors and energy storage applications.

Fig. 2.7 The typical Ca
Randle’s circuit _|
— |
— —
R ZW

W._
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2.3.3.2 Proposed Equivalent Circuit in ILs

The typical IL system could be considered as a solvent-free system, in which it can
simplify the EIS analysis significantly which spurs its wide use in the characteriza-
tion of the IL—electrode interface. However, due to low mobility of ions in an IL and
multiple molecular interactions present in an IL, more time is needed to reach to a
steady state of [L—electrode interface structure and arrangement, when a potential is
applied. Furthermore, the electron-transfer process in ILs is different from that in
traditional solvents containing electrolytes. Thus, the interfacial structures of IL are
more complex than other systems. Even the electrode geometry could affect the EIS
results of IL systems. It is noted that the bulk ILs could not be simply described by
aresistor (R;) as in classic electrochemical systems. And the electrode double layer
in IL electrolyte couldn’t be simply depicted as a capacitor. So the Randle equiva-
lent circuit is not sufficient to describe an IL system. Significant efforts have been
made to illustrate the properties of diffusion layer and the bulk ILs with equivalent
circuits. However, currently there is no general equivalent circuit model to describe
the interface of an IL system.

2.3.3.3 EIS Measurement in IL

For practical EIS characterization of IL system, the purity of IL used, the hysteresis
effect of IL, and the different experimental measurement conditions can all contribute
to the variability of EIS results. Thus, for the EIS measurement: (1) A significant
conditioning time for IL—electrode interface is required to minimize the hysteresis
effect so that the interfacial boundary layer of IL is at a steady state for each mea-
surement; (2) The electric field applied to the working electrode should be parallel.
For sensor applications, the field effect transistor electrode structure in which the
voltage applied across the gate and source terminals or the interdigited electrode
structure is considered as better electrode designs for IL system using EIS testing.
Additionally, EIS has the ability to monitor the ion movement and orientation in real
time. However, the presence of the Faradaic process increases the complexity of
results; because of the large capacitance of double layer, it is hard to analyze the
contributions due to electron-transfer process or the charge transfer processes based
only on impedance result. Combining impedance with spectroscopic methods is
often used to obtain conclusive results.

2.3.4 Infrared Spectroscopy

Spectrometric methods are based on the interactions of electromagnetic radiations
with the atomic and molecular species. Among them, IR spectroscopy (with wave-
numbers ranging from about 12,800 to 10 cm™! or wavelengths from 0.78 to 100 pm)
is mostly used to obtain structural information about the molecular species.



26 X.Zeng et al.

IR absorption, emission, and reflection spectra for molecular species either in solid,
liquid, or gas phases arise mostly from various changes in energy due to transitions
of molecules from one vibrational or rotational energy state to another. The fre-
quency or wavelength of this energy transition is characteristic of the specific chemi-
cal bond vibration and/or rotation in the molecule which are determined by the
molecular structure, the masses of the atoms, and the associated vibrational energy
coupling. Attenuated total reflectance (ATR) and reflection-mode of IR in conjunc-
tion with electrochemical methods allow samples to be examined directly in the solid
or liquid state without further preparation and are widely used in the characteriza-
tion of electrode—electrolyte interface properties. Most of ILs are IR-active mole-
cules. Since ILs are stable and chemically inert, the IR characterization can be easily
performed on the IL-based system directly.

2.3.4.1 1R Signal from IL

ILs have negligible vapor pressure making them not volatile, and this property permits
in situ IR characterization of IL systems at various timescales without considering
solvent loss generated uncertainties. High solubility of analytes in the ILs enables
accurate characterization of their IR spectra in ILs. On one hand, the usage of ILs can
eliminate the effect of water, and on the other hand, the signal from IL functional
group can complicate the interpretation of Fourier transform infrared spectroscopy
(FTIR) results. For example, hydrogen bonding is barely present in highly hydropho-
bic ILs, and as a result, the relative band shifts caused by the hydrogen bonding are
negligible when analyzing the IR results in ILs [100, 109-111]. For those high purity
IL systems, the IR spectra could be considered as the sum of the spectra of anion and
cation and other species. Most of the methods used for studying the traditional ionic
compounds such as ionic melts can be applied to the study of ILs. It is also noted that
the IR response in liquid states of IL is different from the one obtained in a crystalline
IL, predominantly because of lower energy conformations of the molecules in liquid
states. For example, the IR spectra of [NTf,]” in crystalline [C,;mim][NTf,] shows
intensive bands at 649 and ~600 cm™' (Fig. 2.8). Therefore, one may conclude that
the anion is in cis conformation in this crystal. Furthermore, the intensity of both
bands gradually decreases in the premelting region due to the predominance of the
trans conformation in the liquid state. But they are still detectable [112—115]. Those
conformation differences are present in the fingerprint region of IR (under
1,000 cm™), whereas most variability comes from anions. [NTf,]- has O=S8=0
(1,100 cm™ and 1,400 cm™) and C-F bonding (1,000 cm™!) [112-115]. B-F of BF,
is located at 924 cm™! and 1,312 cm™', and P-F of PF is about 843 cm™ [116-119].
For cations, the bands are located in the rest of the regions and address the IL struc-
ture, such as C—C (around 1,450 cm™), C=C (around 1,600 cm™), and C-N bonding
(around 1,450 cm™). Only C-H bonds around 3,000 cm™ and 1,200 cm™ are highly
sensitive to their chemical environment. Typically, the addition of an analyte will
change the C—H vibration and hydrogen bonding as well (Fig. 2.8).
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Fig. 2.8 FTIR spectra of [C,mim][NTf,] under a nitrogen atmosphere

Table 2.4 Main IR bands Wavelength of the band (cm™) | Vibration

(em™) assigned C—H in ILs 3171, 3124 WC—H) aromatic, strong_
2933, 2939, 2878 v(C-H) aliphatic, strong
1575, 1467 v(ring), strong, sym
1431, 1386 MeC-H, asym
1170 Ring, strong, sym

A comparison of IR spectra of acidic and basic ILs reveals only a small distortion
of the aromatic ring, which is not of such extent as in the case of a salt with a smaller
cation. This means that the hydrogen bond between the hydrogen on the carbon
atom and a chloride ion is very weak or absent. This kind of bond is seen in the case
of [Cymim][Cl], where there is a band at 3,088 cm™!, and the peaks at 3,100 cm™ are
considerably smaller [120-123].The weak absorption from 2,500 cm™ to 2,850 cm™
may be attributed to the formation of hydrogen bonds between the aromatic protons
and the halide ions. In basic ILs, the extent of hydrogen bond acceptor Cl- is limited.
Hydrogen bonds are weak or even not present. Other anions such as [PF¢] -, [BF,],
and [NTf,]~ are weakly complexing anions and not expected to participate in strong
hydrogen bonding. Indeed, even [C,mim][PF¢] shows no hydrogen bonding bands
in the region 3,000-3,100 cm~! where C-H...Cl" interactions on imidazolium chlo-
ride were observed previously. Therefore, IR results are consistent with a lack of
hydrogen bonding within weakly complexing anions [124]. This means that cat-
lon—anion coulombic attraction is driving the overall structure, with local steric
effects influencing the final orientation of ions. Table 2.4 lists the IR response of
C-H bond in ILs [112-119].
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2.3.4.2 Effects on Dissolved Analytes (Peak Position and Width)

ILs could provide a highly purified environment to monitor the interface reactions,
and the species of interests can be localized near the interface because of the
high viscosity of the ILs. Both these effects can enhance the observed IR signals.
The p-type polarized IR is considered best as the light source for measuring
IR-active species through bulk IL. However, typically the strength of signals is
attenuated due to the long optical path in ILs.

Inorganic ILs such as the halogen salts of alkali metals provides strong ionic
environment. The strong interaction between the analyte and the salt is manifested
by peak shift from its position in gaseous state or liquid state of itself. For example,
v of CO, was found with about 150 cm™ shift from its position in gaseous state.
The shift of v, of CO, is about 40 cm~'confirming this fact [125-128]. In an organic-
based IL, this effect is not that strong. The position of this band for CO, dissolved
in IL is very close to that of CO, dissolved in glassy polymers, such as poly(methyl
methacrylate) (PMMA). The blue-shift is lower than 30 cm™' [129-132]. However
for H,O the polar molecule structure and hydrogen bonding make this effect ampli-
fied. The presence of two bands corresponding to the antisymmetric and symmetric
stretching modes of water indicated that molecules of water are present in the “free”
(not self-aggregated) state bound to the basic anion via H-bonding [133-135]. The
blue-shift of the antisymmetric stretching band has been used to correlate the rela-
tive strength of the interaction between water and RTILs with different anions. The
strength of H-bonding increases in the order [PFy] <[SbFs] < [BF,] <[ClO,] <[CF;S
05]<[NO;}<[CF;CO,] [110, 111, 136-139].

Another effect is on the IR peak width of the analyte. Since most of the anions in
IL are Lewis acids, the IR signal of dissolved analyte could be increased by the
interaction. For example, the anions could act as weak Lewis bases, and CO, appears
to be a useful probe to sense the extent of their basicity. The width of the v, mode,
measured as an effective average width of the split band (the average width
represents the width of the doublet at the half maximum of the absorbance), is an
estimate of the strength of the interaction of CO, with the Lewis bases: the width
increases with the increase of the strength of the interaction [113, 130, 140]. This
could also be a result of the strength of interaction decreasing with the increase of
anion size. Thus, the strength of these interactions cannot be solely responsible for
the solubility of CO, in these ILs, and, presumably, a free volume contribution in the
IL plays a significant role. The strength of anion—cation interaction in the IL affects
the available free volume, and one would anticipate that a weaker interacting anion
leads to more free volume being available. It makes the result more complex.

2.3.4.3 Interface Signal

For the study of electrochemical processes, the interfacial information is even more
important. However, due to the strong bulk absorption of IL, the transmission mode
was limited to the electrode design. Using ATR mode may partially eliminate
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interference from ILs, ATR-IR spectroscopy overcomes some of the limitations
inherent to other techniques when the objective is to gain spectra of molecules
dissolved in highly absorbing media. And also the interface information could be
collected using the reflection mode as well. But the IR signal is limited by the thick-
ness of the liquid film. The signal/noise ratio is another issue that should be consid-
ered. Typically, these methods are limited to verify the products during the
electrochemical processes and are not able to provide the information regarding
interfacial structure and dynamics. To understand the dynamical electrochemical
process in IL and to obtain detailed molecular level information on the interface,
the surface-enhanced spectroscopic techniques have to be applied since the bulk
adsorption of IL is relatively strong. Among many surface enhanced spectroscopy
techniques, SFG has been explored to characterize the electrode—IL interface. The
nonlinear laser spectroscopy SFG method has long been recognized as an important
tool for deducing the composition, orientation distributions, and some structural
information of molecules at gas—solid, gas—liquid, and liquid—solid interfaces with-
out interference from the bulk electrolyte. Thus, the interface is probed in situ, while
the electrode potential is changed. Currently, SFG is the most efficient method to
directly obtain the interfacial structure from the electrode surface.

SFG measurements of metal/aqueous electrode surfaces have been conducted on
Au, Ag, and Pt electrode surfaces. The most extensive studies have been conducted
with platinum single-crystalline and polycrystalline surfaces [141-143]. Using a
free electron laser, Guyot-Sionnest and Tadjeddine demonstrated the first use of
Vibrational Sum Frequency Spectroscopy (VSES) to study ionic adsorption at an
electrified metal/aqueous electrolyte interface [144—146]. Conboy et al. used it to
determine the orientation of the imidazolium cation at the RTIL/SiO, interface, as
well as the structure of the interfacial water molecules [147—149]. Baldelli et al.
extended it to investigate the metal/IL interface. It provides solid evidences on the
potential-dependant double layer of IL [19, 150]. SFG could determine the ion’s
location and orientations on the metal surface under variable applied potential via
measuring the tilt of the terminal alkyl -CHj group on the cation. The results can
be compared with those in situ EIS results to obtain an in-depth understanding of
IL/solid interface [151, 152].

2.3.5 In Situ EQCM Methods

Electrochemical quartz crystal microbalance (EQCM) is a powerful analytical
technique for probing electrode—electrolyte interfacial processes by using a quartz
crystal electrode. Figure 2.9 shows an integrated EQCM electrode fabricated on a
monolithic quartz wafer. AT-cut quartz crystals oscillating in a shear thickness mode
exhibit extraordinary high sensitivity to potential-induced changes in the mass at
electrode—electrolyte interface via the change of its resonance frequency. In addi-
tion to that, the monitoring of the mechanical state of the viscoelastic coatings at a
quartz crystal electrode via a change in their shear storage and loss modulus is






2 Electrode-Electrolyte Interfacial Processes... 31

> 0.0
.-‘.‘3 -5 1
€ -1.0
[-}]
= 1.5 1
>
L o —
b
- -3e-5
‘ =
- -6e-5 3
O
200 1
= 0
o
Lo - 4
) 200
-400 - - - 40
- 20 9
L 0 m‘.
<
: : : T -20
0 200 400 600 800

Time /s

Fig. 2.10 Comparison of five-cycle-CV EQCM responses for O, (vol. 40 %) electrochemical
reduction in the absence and presence of CO, in [C,mPy][NTf,]. Scan rate: 20 mV/s

more conventionally used as electrolytes for various electrochemical applications,
in situ EQCM technique is quite powerful for characterizing the interfacial phenom-
enain ILs. For example, we have shown that in situ EQCM enables to answer several
very important questions regarding the IL and electrified metal interfaces that have
not been addressed before: what are the mechanisms of electrode oxidation and
reduction reactions in ILs? Is the adsorption of ILs potential dependent? Is the
adsorption of IL specific or nonspecific under potential control? What are the double-
layer structure changes when the electrode changes from a metal to its oxide? These
capabilities of EQCM methods facilitate the understanding of the structure/property
relationships of electrode reactions in IL electrolytes. For instance, the electrochemi-
cal reactions of O,, CO,, and their mixture were investigated in three structurally
different ILs by in situ EQCM [154]. Compared with electrochemical method only,
the QCM integrated with the electrochemical method was shown to be significantly
more sensitive and powerful for the characterization of the subtle differences
(mass change or viscoelastic change) at IT/electrode interface as depicted in Fig. 2.10
showing current, frequency, and resistance responses obtained simultaneously. This
led to the conclusion that the CO, reduction in ILs is irreversible and forms CO,"~
adsorbate at electrode interface. With increasing concentrations of CO,, the reduction
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of oxygen is switched from a one electron process to the overall two-electron process,
and forms adsorbed CO,~ intermediate species. Even though the mechanisms of
electrochemical reaction between CO, and electrochemical-generated superoxide
radical (O,™) in three structurally different ILs are found to be similar, the simultaneous
EQCM experimental results show that the different cations in three ILs can modify
the kinetics of the electrode reactions of O, and CO, due to a competition between
the ILs’ cation and CO, to react with O,"". The reactivity of O, toward CO,
follows the order of the stability of the ILs’ cation under O, attack. Understanding
of such adsorption of redox intermediate at an electrode/electrolyte interface during
CO; reduction is of fundamental importance for many chemical and electrochemical
processes. In this way, EQCM technique can be used for the study of various gaseous
molecules’ redox processes in ILs in order to characterize the dynamics of the
electrode reactions at an electrode and IL interface for a broad range of applications
such as electrochemical synthesis, supercapacitor, Li-ion battery solid electrolyte
interface, electrochemical conversion, fuel cells, and sensors.

EQCM has also been used to explore the ion—solvent coupling mechanisms in a
redox polymer, polyvinylferrocene (PVF) in ILs, and their solutions. From the data
of frequency and current values, the mass changes and the moles of electrons trans-
ferred can be calculated which can be plotted against each other to obtain very useful
information as shown in Fig. 2.11. This study showed that the unique solvation and
ionic properties of ILs significantly affected the break-in process and the ion—solvent
transport mechanisms of PVF redox switching which is indicated in the form of
difference for the significant difference of mass changes during first and fifth cycle
of the redox reaction. Due to the existence of strong IL—polymer interaction, not only
the anions but also the IL molecules interacted with the PVF matrix. The cations
were later removed from the PVF matrix to balance the excessive positive charge in
PVF oxidation. This also confirmed that IL was not only an electrolyte but also a
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Fig. 2.11 Mass changes vs. electron transferred during PVF conditioning with [CsmPyr][NTf,] as
measured by EQCM. Potential scan rate: 50 mV/s. Scan range: 0-0.6 V. (A) The dots and the
arrows correspond to the first potential sweeping cycle and the solid line to the following cycles.
(B) The mass changes during the fifth potential sweeping cycle
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solvent in PVF redox switching processes. Various types of interactions between
PVF and the IL, including dispersion, dipole induction, dipole orientation, hydrogen
bonding, or ionic/charge-charge interactions, could significantly change the PVF
redox dynamics. The strong IL—polymer interaction in certain ILs, e.g., methanesul-
fonate ILs, may change even the polymer sublattice structure. This property was
being utilized by preconditioning the PVF films with suitable ILs, such as N-alkyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imides, which allows PVF film to
relax to a state compatible with reversible glycylglycylglycine peptide (GGG~) doping/
undoping. In contrast, ILs with structures and properties highly divergent from the
target GGG~ failed to properly condition PVF to a compatible state [155]. These
examples further confirmed that IL’s tremendous diversity in structural and chemical
properties and their distinctive properties offer an excellent opportunity to explore
[L—polymer interactions and to dynamically control the conductive polymer relax-
ation processes and their redox switching mechanism for various applications.

Another new direction of EQCM-based exploration of ILs is by using in situ
admittance mode of EQCM [156] which can characterize the changes in the compo-
sition of the ionic part of the EDL during charge/discharge of high surface area
electrodes, such as activated carbons. Reliable dynamic information on the rather
complicated charging processes in meso- and microporous carbon electrodes can be
obtained by the measurement and analysis of the change in the bandwidth of the
resonance. It has been shown that EQCM is able to monitor ionic and solvent fluxes
[157, 158], and at the same time can reflect the mechanical status of composite
activated carbon electrodes, with high sensitivity. The use of this technique provides
excellent opportunities for designing new porous electrodes, for the optimization of
already existing supercapacitor devices, and for developing effective desalination
cells for capacitive deionization (CDI) of water. In situ EQCM frequency—potential
responses have also been used for understanding the mechanism of the redox reaction
of [Au(II)Cl,]" at the Pt electrode in EmimBF, [159]. The results show that a series
of 2e~ and le~ reductions occurs at the Pt electrode. Once metallic Au was formed
on the Pt electrode surface, the subsequent reduction of [Au(III)Cl,]~ could occur on
the Au deposit with a lower over-potential for electrodeposition. In addition, in situ
EQCM experiments proved that the Au deposited was produced by the dispropor-
tionation of [Au(I)Cl,]~ to [Au(III)Cl,]- and Au metal. The dissolution of the Au
deposit was also investigated in this work by in situ EQCM method using Pt-QCM,
thereby proving it to be a very powerful method in elucidating electrochemical
surface phenomena accompanying mass changes in ILs.

2.3.6 In Situ Electrochemical-Scanning Probe Microscopy

STM and AFM are powerful tools for the in situ studies of the structure and
morphology of electrode interface and have been used to characterize IL electrode
interface as well [60]. These techniques are known to routinely achieve atomic reso-
lution images in high vacuum conditions [160] and even in air. However, in situ
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measurements in liquids tend to be less well resolved owing to inhibited cantilever
resonance and a vast increase in noise [161]. When it comes to ILs, AFM imaging is
quite a complicated process, not only in terms of cell designs [162] and arrangement
but also in terms of image acquisition [18, 60]. Even for the aqueous and organic
electrolytes, electro-viscous effect is quite evident. The viscosity of these solutions
when in contact with the electrode increases more than twofold under the influence
of an electric field [163]. Compared to other electrolytes, the excellent stability of ILs
provides suitability for the long time operation. Moreover, their high purity can make
it possible to investigate the molecular level information in IL at the interface.
However, an IL represents a dense system of cations and anions with no solvent,
so that the individual interactions between neighboring ions create an extraordinary
viscosity effect [164]. In addition to this high viscosity, the adsorption of moisture by
the ILs also creates challenges for the practical measurements. However, despite
these challenges, some fundamental studies have been done in IL systems which can
form the basis of new and more relevant discoveries. For instance, AFM measure-
ments have been done to reveal that ILs are strongly adsorbed on solid surfaces and
that several layers are present adjacent to the surface [124, 165]. This is consistent
with X-ray reflectivity measurements [166] and the proposed theoretical models
[167, 168]. But as expected from the diversity of features in ILs, the functional
groups as well as the chain lengths can significantly affect the adsorption strength.
Study of Atkin and Endres et al. [124] showed that [C,mPy][NTf,] and [C,mim]
[NTf,] behave quite differently on Au(111). Both liquids are adsorbed at the open
circuit potential, but the first one adsorbed approximately four times more strongly
than the latter. This adsorption of ILs on a solid surface is not at all surprising as
water and organic solvents can also be adsorbed [169]. However, the force to rupture
IL layers is one order of magnitude higher than for aqueous/organic solvents. Such a
strong adsorption must influence the image quality in an in situ STM experiment
[170], especially under electrochemical control thereby affecting the electrochemical
reactions. This work also emphasizes that ILs should not be regarded as neutral
solvents which all have similar properties, particularly regarding the differences in
interfacial structure (solvation layers) on metal electrodes which is a function of
ionic liquid species. Conventional double layers do not form on metal electrodes in IL
systems. Rather, a multilayer architecture is present. The number of these solvation
layers is determined by the IL species and the properties of the surface and up to
seven discrete interfacial solvent layers are present on electrode surfaces. In arecently
published paper [171], the structure and dynamics of the interfacial layers between
the air- and water-stable IL [C,mPy][FAP] and Au(111) were investigated using
STM, CV, EIS, and AFM measurements. In situ STM measurements reveal that the
Au (111) surface also undergoes a reconstruction, forming a “herringbone” super-
structure at —1.2 V. AFM force—distance profiles also showed that IL becomes more
structured at higher cathodic potentials with an increase in both the solvation layers
and the push-through effects. EIS measurements showed a capacitive process at the
IL/Au (111) interface which is considerably slower than electrochemical double-
layer formation and seems to be related to the reconstruction of Au(111). In another
work from the same group, the anodic regime for the same IL system [C,mPy][FAP]
and Au(111) was studied. It was again shown that structures form on the nanoscale
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Fig. 2.12 Summary of the EC-AFM investigation of electrochemical intercalation—deintercala-
tion of the anions into HOPG in pure [C;mim][HSO,] and [C;mim][NTf,]

for electrode potentials of up to +2 V which disappear when the electrode potential
is returned to the open circuit potential, and the original surface is recovered. Thus,
these observed processes on the surface are reversible. Interestingly, the work done
in our group has indicated that this heterogeneity of the double-layer structure posed
by different ILs and at different potentials is extremely beneficial for designing sens-
ing interfaces. Therefore, the information gathered by the EC-AFM and sole AFM
studies can significantly enhance the sensor development process.

Heterogeneity in IL’s structure can also influence their interaction with substrate
electrodes as well, during the electrochemical reactions and such interaction can also
be studied by EC-AFM. Again by understanding these phenomena, more stable and
innovative electrochemical systems can be designed both for sensors and fundamen-
tal electrochemistry. We have studied [172] such interaction of ILs with highly ori-
ented pyrolytic graphite (HOPG) electrodes using EC-AFM, as summarized in
Fig. 2.12. It was observed that electrochemical intercalation—deintercalation pro-
cesses in pure ILs have caused the morphological changes in HOPG. Such changes
due to electrochemical intercalation—deintercalation of ions during electrochemical
processes are a common phenomenon occurring in graphite electrodes. HOPG has
been widely studied as a model to understand the processes during electrochemical
intercalation—deintercalation of ions into graphite. According to the model proposed
for aqueous electrolytes, solvent (H,O) molecules play an important role during the
oxidative reactions on HOPG. Therefore, studying the intercalation—deintercalation
process in ILs which are composed entirely of ions is of primary significance. Being
composed entirely of ions, morphological changes in HOPG will be mostly due to
the intercalation—deintercalation of ions in [Ls. Thus, the ionic sizes can have strong
influence on intercalation into HOPG. The hydrophobic character of the ILs can also
affect the intercalation of the ILs with the hydrophobic HOPG surface. However, these
effects may play smaller roles compared to the anionic size effect. Qur data proved
that these morphological changes are reversible for intercalation and deintercalation,
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which are strongly dependent on the anionic size of the ILs used. It was also possible
to get the quantitative estimate of the amount of thickness changes on the HOPG
surface during the intercalation—deintercalation process. And above a certain volt-
age, degradation of the steps on the HOPG surface occurs to form carbon nanopar-
ticles. Furthermore, STM results can reveal the relationship of the electrochemical
properties and the strength of this interaction. The results of these measurements are
used to find out the symmetry and interatomic distances of metal atoms under
potential control. Surface diffusion of metal atoms in contact with IL electrolytes
has also been explored because of its close relation to the reactivity of the atoms on
the surface. Such studies provide a key to understand many kinds of electrochemical
processes at an electrode—electrolyte interface, such as anion desorption, electrode-
position, corrosion, and surface alloying with a deposit.

As discussed earlier, high viscosity of ILs leads to a complicated situation in terms
of AFM measurements that result in much higher signal-to-noise ratios. In order to
obtain better spatial resolution in such a scenario, a new EC-AFM technique has
been developed which involves independent control of the AFM tip and working
electrode substrate and is named as frequency-modulated AFM (FM-AFM) [173].
FM-AFM measures tip—sample interaction very sensitively by detecting changes in
the resonant frequency of the oscillating cantilever. This allows the tip—sample inter-
action stiffness and tip deflection to be monitored simultaneously, providing the
atomic resolution images. By utilizing this technique for ILs, not only the topogra-
phy of the substrate can be accurately ascertained at very high resolution, but the
energy dissipation curves for oscillating cantilever can be obtained. Thus, the micro-
scopic information regarding the electrical double layer at the electrode surface can
also be attained by the assessment of energy dissipation curves.

2.4 New Approaches for Sensor Development
Using IL 1terface

Following the 1980s PC revolution and the 1990s Internet revolutions, recent
decades have experienced a revolution in sensor research which promises to have a
significant impact on a broad range of applications including national security,
health care, environment, energy, industry and food safety, and manufacturing. The
parameters important in the evaluation of sensors can be thought of as the “five §’s”
of sensor characterization, and include Sensitivity, Selectivity, Speed of response,
Stability, and Size/shape/cost. The unique properties of ILs and IL interface enable
a systematic design process across all design layers, with judicious choices in sens-
ing materials, sensing chemistries, and transducers to uniquely overcome all perfor-
mance challenges, especially those related to sensing capability and miniaturized
sensor system implementation. As summarized in Fig. 2.13, (1) ILs’ remarkable
dissolution properties for organic and inorganic substances enable analyte precon-
centration and sensitivity enhancement for the detections; (2) various molecular
noncovalent interactions between ILs and the analytes contribute in increasing
reversibility; (3) synthetic flexibility of ILs enables selective sensing by
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at the electrode/electrolyte interface of interests. Both electrode materials and
electrolytes play significant roles in the performance of the interface. The analytical
detection properties (e.g., sensitivity, selectivity, response time, drift, stability, and
interference) are largely determined by the electrode/electrolyte interface properties
for all electroanalytical methods. Notably, a majority of the electrochemical sensors
developed to date employ aqueous-based electrolytes that suffer from solvent volatil-
ity leading to the exhaustion of solvent in a reaction batch. The other option is the
nonaqueous electrolyte. Typically, there are three kinds of nonaqueous electrolytes:
aqueous salts that could be dissolved in organic solvents (e.g., lithium perchlorate, and
other perchlorate compounds, which have good solubility and ionization in particular
organic solvents, such as CH3CN), organic compounds with charged ion center (e.g.,
tetra-n-butylammonium perchlorate) or polyelectrolytes (e.g., perfluorosulfonate
[183, 184] and Nafion ionomers [185, 186]), and ILs. However, some of the aqueous
electrolytes could not be dissolved in the organic solvents or cannot be ionized. The
dielectric constants of organic solvents are usually smaller than the aqueous solvents
too, which affects the conductivity a lot. So for a certain organic solvent, there are
only some particular electrolytes used for a certain kind of solvent. Because of their
nonvolatility and much higher ionic conductivity, [Ls have the ability to replace
almost all conventional electrolytes in all types of electrochemical sensors [174, 175,
187, 188]. Here, we will discuss the principles and examples of the most important
analytical applications of ILs where they are used as electrolytes and solvents in
electrochemical sensing.

2.4.2 Sensory Design Based on the Potentiometry

Potentiometry is a method in which the electrochemical cell potential is measured at
equilibrium at which the current is zero. The properties of the interface region differ
from the bulk properties. A potential is established at the phase boundaries, e.g.,
between the solution and the electrode surface. The potential of electrochemical cells
is the sum of all interface potentials including electrode/electrolyte interface and lig-
uid/liquid interface (i.e., the two electrolyte solutions of different compositions that
are in contact with each other). Ideally the measured potential should depend only on
the potential between the interfaces of interest for analytical purpose. This is typically
accomplished by keeping all other interfaces constant through a suitable electrode
construction. Potentiometric sensors (e.g., ion selective electrodes) usually consist of
a membrane that contains ion exchangers, lipophilic salts, and plasticizers, and the
transmembrane potential gives the activity of the analyte ion in solution.

2.4.2.1 Sensing Based on the Liquid inction Potentials

ILs have a broad range of polarity and can be used to design the interface between
two immiscible ILs such as water/organic solvent interface to detect ions that are
not redox active. The transfer of ions across the interface, as opposed to electron
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exchange at solid electrodes, generates a potential which is directly related to the
concentrations of the ions of interest. ILs have been explored as an alternative
water-immiscible solvent phase for sensing at the liquid/liquid interface by the
detection of ions transferring across liquid/liquid interfaces as described in an excel-
lent review by Samec and Kakiuchi [189]. The main advantage of this type of sens-
ing compared to sensing in conventional electrolytes is that the IL is usually
pre-saturated with water, so any differences in humidity in the environment will not
affect the overall sensor response. The group of Kakiuchi in collaboration with
Mirkin has recently reported [105] the kinetics of ion transfer at the IL/water
nanointerface. The interface was formed at the tip of a nanopipette, and the transfer
of tetrabutylammonium from water to the hydrophobic IL trihexyl(tetracdecyl)
phosphonium bis(nonafluorobutylsulfonyl)[Py46][C4C4N] was reported. Although
this work was not specifically related to sensing, this could have implications in the
field due to the use of very small (nano) interfaces that give rise to lower ohmic
drop and higher current density, which is highly beneficial for sensing applications.
The same group has also highlighted the ultraslow relaxation of the electrical double
layerin ILs at millimeter-sized interfaces [190], which may lead to the self-inhibition
of the charge-transfer step across the IL-water boundary, limiting the performance
of a sensor that relates charge transfer to analyte concentration. More research in
this area is needed to understand the impact of the ultraslow relaxation on sensor
responses and behavior, using smaller sized interfaces.

2.4.2.2 Ion-Selective Electrodes with ILs

Ion selective electrodes (ISEs) are electrochemical sensors that allow the potentiometric
determination of the activity of an analyte ion in the presence of other interfering ions.
An ion-selective membrane consists of four major constituents: ionophore [ion car-
rier, e.g., valinomycin (selective to K* over Na*)], lipophilic salt as ion exchanger
[e.g., K*R™ (where R-=lipophilic anion)], plasticizer [e.g., 2-nitrophenyloctylether
(NPOE)] as organic solvent, and polymeric substrate matrix such as Polyvinyl chlo-
ride (PVC). The different potential response has, as its principal component, the Gibbs
energy change associated with permselective mass transfer across a phase boundary.
The ionophore in membrane can selectively complex the target ions at membrane
interface that causes the interfacial charge separation. The measured potential differ-
ences of ISEs are linearly dependent on the logarithm of the activity of a given ion in
solution as described in Nicolsky-Eisenman equation (Eq. 2.5).

i
i

E =E+s, log{ai +Y KM (a, )/} 2.5)
E;: electromotive force (potential) of the cell assembly; E°: cell constant; a;: activity
of primary ion I in sample solution; a;: activity of interfering ion J in sample solu-
tion; z;, z;: charges of I and J, respectively; and K, ;»": potentiometric selectivity
coefficient of primary ion I* against interfering ion J*. An ideal selective electrode
would show all K77 =0.
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ILs possess high ion concentration, high conductivity, and good electrochemical
stability. So they seem to be natural candidates for liquid ion exchanger membrane
electrodes. For these reasons, they have been employed as alternatives to plasticiz-
ers and ion exchangers in membranes of ISEs. Most charged carriers applied in
conventional ISEs are ion exchangers that do not exhibit specific interactions with
the ions to be sensed. As a result, selectivity is determined by the free energy of
hydration of the ions and corresponds to the so-called Hofmeister series [191].
However, ILs can be designed by modifying cations such as imidazolium or pyri-
dinium and pendant alkyl groups with functionality; thus increased selectivity or
even specificity for a given set of ions can be obtained. This new type of IL-based
membrane electrode could be smaller, more portable, and less expensive, with the
possibility of conducting simultaneous and continuous analysis of multiple ana-
lytes. It is also possible to provide real-time output and higher sensitivity and
selectively. Since no sample preparation is required and no sz=condary labels are
needed, these ISEs are very user friendly. For example, low melting ionic solids,
i.e., the ILs that melt slightly above room temperature, can be used in ISEs for the
potentiometric determination of salicylate, perchlorate, thiocyanate, and iodide
ions in water. Three of such ILs [Nggss][BSBI, [Nsss:][BSB], and [Ngss,][BSB]
were proved as suitable salts for both liquid-contact and solid-contact ISE mem-
branes, and [Nggss][BSB] was chosen as the most suitable because of its lowest
melting point. A Nernstian response was observed over the range 10° M to 107! M
for the four chosen analyte ions, with good reproducibility and reversibility and a
fast response time of <10 s. Peng et al. [192] also reported a sulfate ion sensor based
on a PVC membrane containing either one of the two ILs [Csmim][Cl1] or [P 466
[Cl1] as both an anion exchanger and plasticizer, and sulfate ionophore I (1,3-[Bis(3-
phenylthioureidomethyl)]benzene). Both membranes exhibited ideal Nernstian
responses to sulfate over the range 10~ M to 107! M and were successfully applied
for the analysis of sulfate in drinking water samples. We used two imidazolium-
based ILs, 1-butyl-3-methyl-imidazolium bis(trifluoromethanesulfonyl)imide
[Cymim][NTf,] and 1,3-dibutylimidazolium bis(trifluoromethanesulfonyl)imide
[C4Cyim][NTf;], to construct PVC liquid membrane electrodes for the detection of
[NTf,]~. As shown in Fig. 2.14, the ISEs we made have improved selectivity and
sensitivity as compared to anion-sensitive electrodes based on organic ammonium
salts, but we also observed less than Nernstian response due to the partial solubility
of the two imidazolium-based ILs in aqueous solutions. The uptake of water is
expected for IL membranes being in contact with aqueous samples. The wide poten-
tial window is regarded as one of the most important advantages of ILs when they
are used as pure electrolytes [189, 193]. This is not the case for IL-modified elec-
trodes used as ISE, because they operate mostly in contact with aqueous solution.
Similar to our observation, IL [P),¢4¢][C1}/PVC membrane-based potentiometric
sensor also suffered from severe potential instability due to the tendency of the IL
to absorb water, but this was improved by the addition of carbon nanotubes (CNTs)
to the membrane, resulting in a stable Nernstian response over the concentration
range 10 M to 107! M [194]. Thus, hydrophobic ILs and low melting ionic solid
are choices for IL-based new type of ISEs. The solubility of hydrophobic ILs in
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Fig. 2.14 EMF time profile of the [C,mim][NTf,] and [C,C,im][NTf,] PVC membrane at various
Li[NT{;] concentrations

water is much smaller than the solubility of water in IL and in some cases is much
below the fraction of percent. This property is crucial from the point of view of
stability of IL membrane electrodes, because of the possibility of microliter-sized
liquid deposit dissolution in few milliliters of the surrounding aqueous electrolyte.
However, IL-membrane electrodes are reported to be stable at least in electrochem-
ical timescale indicating slow dissolution in the case of more hydrophilic ILs.
For example, Nishi et al. [195] used the hydrophobic IL methyltrioctylammonium
bis(nonafluorobutylsulfonyl)imide [Nggg,][C4CsN] containing the ionophore
dicyclohexano-18-crown-6 (DCH18C6) for the potentiometric detection of K* in
water. Facilitated ion transfer was reported for K+ and the two-phase system was
used for the potentiometric determination of K*. A Nernstian response to K+ (59 mV
per decade) was observed over the concentration range 10> M to 10! M with a
response time of 20 min. It is clear from these reports that ILs have the ability to be
used in membranes of ISEs. However, the long-term stability of such sensors may
be restricted by the leaching of IL ions from the membrane into the water phase.
At present, the ILs available may not be sufficiently lipophilic to serve as suitable
replacements for components in conventional ISEs (e.g., ion exchangers in PVC
membranes). This has prompted the researchers to use IL composites in ISEs. For
example, polymer/IL/multiwalled CNT composite electrode was developed [194]
as an all solid-state potentiometric sensor for various anions (SO,*, Cl-, NOs",
SCN-, and ClO;"). Moreover, a potentiometric Er(IIl) sensor consisting of a multi-
walled CNT/[C,mim][BF,] carbon paste electrode containing 5-(dimethylamino)
naphthalene- 1-sulfonyl-4-phenylsemicarbazide (NSP) as the sensing material was
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also constructed. A Nernstian response of 19.8 mV per decade was observed in the
range 107 M to 10! M with a detection limit of 5x 10-* M for Er(IIl). This shows
that the use of IL as a binder demonstrated improved performance compared to
mineral oil (paraffin), and the combination of the three sensing materials gave better
sensitivity, selectivity, response time, and stability compared to traditional Er(III)
carbon paste sensors. Thus, this strategy is going to be more useful in preparing
ISEs until new highly lipophilic ILs are synthesized.

2.4.2.3 Nonclassical Potentiometry

In ISE, the equilibrium potential change of the electrode is inversely proportional to
the charge of the analyte being detected. Thus, it is not feasible for its use for detect-
ing large, highly charged molecules, due to the very small sensor response to highly
charged macromolecules. However, in 1990s, several research groups demonstrated
a nonclassical potentiometry [196] for the detection of different macromolecular
polyions, including heparin, protamine, carrageenan, and DNA. The response
mechanism of nonclassical potentiometry is fundamentally different, employing
nonequilibrium, steady-state conditions to generate a useful sensor response. lonic
liquids have also been used in the nonclassical potentiometric electrode fabrication.
Langmaier and Samec [197] employed a thin microporous membrane impregnated
with valinomycin and the hydrophobic IL [N, ,,,,,][TFPB] for the facilitated
amperometric detection of K+ and Na*. The use of IL in the membrane in this case
provided enhanced stability and selectivity compared to conventional K* ISEs. A
similar strategy can be applied with the addition of a water-soluble crown ether
(18-crown-6) to the aqueous phase, in order to make it possible to distinguish the
voltammetric waves of various alkali metal cations (K*, Na*, Li*, and Mg?"), and the
promising results suggest that the IL membrane may be suitable for application in
an amperometric ISE for K*. The work of Silvester and Arrigan [198] is quite
important in this regard who reported the transfer of several common jons across the
interface between water and a commercially available hydrophobic IL [Py46]
[FAP] with a melting point of <—50 °C. This was the first report of voltammetry at
an array of water/IL microinterfaces, rather than at a single interface or porous
polymer-supported interface. The interface array was formed within the micropores
of a silicon chip membrane (30 pores and 23 um diameters) and provided advan-
tages of micron-sized interfaces such as radial diffusion, higher current densities,
and lower iR drop, but with larger currents for sensing low concentrations of redox-
inactive ions. This work has shown that sensing of various ions is possible at the
water—IL interface, but it was limited to the ions that transfer at potentials less nega-
tive than the IL anion (e.g., [FAP]") transfers to water. As a result, the synthesis of
ILs with extremely hydrophobic cations and anions which are not yet available in
the liquid form is required in order to extend the potential windows to those similar
to organic solvent/supporting electrolyte systems (e.g., 0.9 V). If this is made pos-
sible, this should allow for the observation of species that have been detected at the
positive potential limit in water/organic solvent systems, e.g., important biomolecules
such as lysozyme and hemoglobin.
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It is already known that the contamination of IL with water shrinks potential
window to that exhibited in aqueous electrolyte solution [78]. This is also the case of
most hydrophobic ILLs composed of large 1-alkyl-3-methyl-imidazolium cations and
homologs of [NTf,] anions. Therefore, the uptake of water is expected for IL deposit
being in contact with aqueous electrolyte in the nonclassical potentiometry.

2.4.2.4 Sensing Based on Voltammetry

Voltammetry is a powerful suite of tools that enables qualitative and quantitative
information about the analytes to be obtained by the measurement of the current as a
function of applied potential. The technique can be applied to any species that can
undergo redox transitions on solid electrodes, or any ion that can be transferred across
interfaces (in the case of liquid/liquid interface). The analyte species diffuses through
the electrolyte to be detected at the working electrode surface. It was also used to
monitor the diffusion coefficients of species in solution and to understand their
behaviors and electrochemical reaction mechanisms. Voltammetry typically takes
place with two- or three electrodes that are connected through an electrolyte medium
(e.g., water or organic solvents containing a background electrolyte). There has been
a lot of work focused on understanding the reaction mechanisms, kinetics, and ther-
modynamics of electrochemical reactions in ILs. However, ILs have recently shown
much promise as stable and nonvolatile electrolytes, especially in amperometric gas
sensors. A typical amperometric gas sensor consists of three electrodes connected
through an electrolyte, which is covered by a gas-permeable membrane. The gas
passes through the membrane, diffuses through the electrolyte, and is detected at the
working electrode. Most commercially available amperometric sensors of gases (e.g.,
0,, CO, SO,, H,S, NO,, and Cl,) currently employ conventional solvents (e.g., H,SO4/
H,0O mixtures, or organic solvents such as acetonitrile or propylene carbonate) that
cannot survive drastic temperature changes or extremely dry or humid conditions.
The “lifetime” of a sensor is often determined by how quickly the electrolyte dries up
and the solvent often has to be replaced every few days/weeks in the most extreme
conditions. ILs possess negligible volatility and high chemical stability, making them
ideal electrolyte media in robust gas sensors for potential application in more extreme
operating conditions (e.g., up to 300 °C), with no possibility of solvent evaporation
or degradation. This, combined with the intrinsic conductivity (no need for support-
ing electrolyte), wide potential windows (to investigate compounds that may have
been inaccessible otherwise), and, in some cases, increased gas solubility in ILs,
makes them ideal electrolyte media for gas detection. Furthermore, ILs can stabilize
the radical cation or radical anions which enables new redox chemistry of many ana-
lytes that are quasi reversible. However, the high viscosity of ILs often results in slow
and less reproducible response [199] that have limited their direct use in practical
sensors regarding the response time and sensitivity. To increase response speed and
circumvent the high viscosity of ILs, we introduced an innovative electrochemical
cell (Fig. 2.15) with a porous Teflon membrane as the support for ILs that facilitate
diffusional transport through the pores and provide two levels of selectivity (i.e., the
size of the pore and the IL membrane) [90]. Analytes entering from the back side
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Fig. 2.15 Schematic diagram (not to scale) of the Clark-type oxygen sensing cell with the analyte
flow from the back side to circumvent the high viscosity of ILs, and the current transients recorded
at —1.2 V for different oxygen concentrations using three different ILs. Nitrogen was used as the
carrier gas

were able to quickly reach the electrode/electrolyte interface without passing
through the IL diffusion barrier, reducing response time to mere seconds. Figure 2.15
also shows the amperometric response of three [NTf,]-based ILs to oxygen and
illustrates a strong dependence on the choice of cation, as desired. High sensitivity,
complete reversibility, long-term stability (less than 0.3 % potential shift over 90
days), rapid response, and strong selectivity (selectivity coefficient ~0.01 % for
CO,, NO, NO,, SO,) of this IL oxygen sensor were observed.

Recent advances in voltammetry-based gas sensing involving ILs have been
reviewed by Rogers et al. [200] who describe the electrochemistry of various gases
including oxygen, carbon dioxide, hydrogen, ammonia, hydrogen sulfide, sulfur
dioxide, and nitrogen dioxide in ILs. From these studies, it appears that the most
logical step forward in this area is to employ thin IL layers to overcome the slow
diffusion often associated with viscous ILs. This may result in decreased response
times, on the order of minutes or seconds, which is ideal for most gas sensor device
requirements. Microelectrodes fabricated on a silicon chip can be an important
advancement in this regard as shown by Compton’s group [179]. The use of small
(micron-sized) working electrodes can minimize any iR/Ohmic drop limitations
that are often associated with voltammetry in highly resistive ILs on larger elec-
trodes (larger currents). Also from these studies, the electrochemical reaction
mechanisms of carbon dioxide, hydrogen sulfide, and chlorine gas in ILs can be
explored. For example, the electrochemical reduction of CO; in the RTIL [Cymim]
[Ac] was studied on a Pt microelectrode using cyclic voltammetry. CO, undergoes
a chemically irreversible one-electron reduction to the radical anion CO;™ and
subsequent followup chemistry including interaction/complexation with the
IL. The behavior was found to be irreversible due to strong absorption of CO; in
the IL, suggesting that this system may not be suitable for real-time sensing of
CO,; however, the high solubility (>1.5 M) of CO, in [Cymim][Ac] suggests a
method for sequestration of the greenhouse gas. We have also used voltammetry in
ILs in combination with QCM technique [154] as described in in situ EQCM section
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proving that the CO, reduction in ILs is irreversible and forms CO,™~ adsorbate at
electrode interface. In the presence of O, and with increasing concentrations of CO,,
the reduction of oxygen is switched from a one-electron process to overall two-
electron process, and forms adsorbed CO,™~ intermediate species. Such information
about the mechanisms of the reaction is highly beneficial for the development of the
sensor systems.

2.4.2.5 IL Redox Chemistry Enabled Reliable Voltammetric Sensing

Study focusing on understanding the reaction mechanisms and comparing behavior
to that in conventional electrolyte systems is an active research area and always
establishes the foundation of reliable sensing before the actual sensing protocols are
developed. In some cases, reactions and mechanisms have been found to be the
similar in ILs as those in conventional solvents, however, in some cases, notable
differences and unusual behavior have also been observed. It is extremely important
to understand the atypical behavior in ILs before they can be employed as direct
replacements for conventional molecular solvents (containing supporting electro-
lytes) in sensor devices. Compton’s group [201], for example, has reported the two-
electron reduction of 100 % chlorine gas to chloride on a Pt microelectrode in a
range of ILs ([C,mim][NTf;], [C,mim][NTf;], [C,mPy][NTf,;], [Camim][BF,],
[C;mim][PF¢], [Camim][CF;SO;], [Ng22,][NTT,], and [Cemim][Cl1]). The behavior
of the voltammetry at various scan rates was highly unusual, with limiting currents
observed to decrease with increasing sweep rate. This intriguing observation was
assigned to a mechanism of adsorption of chlorine gas on the Pt electrode surface.
The adsorbed chlorine itself cannot be reduced, but must undergo desorption before
the electron-transfer step. At slower scan rates with longer timescales, there is more
desorption resulting in more surface available for electron transfer, thereby resulting
in higher currents at slower scan rates. The large voltammetric currents observed
suggest that Cl, has a very high solubility (1-10 M) in ILs, making these solvents
attractive for the purposes of Cl, gas sensors. The authors did not report the effect of
varying concentrations of Cl, on the current response, but this seems like the next
logical step especially given the unusual adsorption mechanism. If the current scales
linearly with concentration, ILs may prove to be a useful medium for robust CI, gas
sensing.

Although IL electrolytes provide partial selectivity, the primary selectivity of an
IL—electrochemical sensor comes from the redox properties of the analyte observed
using amperometric methods, wherein the electrical current generated by reaction of
an analyte at an electrode at a fixed or variable potential is measured [22]. We have
shown redox chemistry that occurs only in ILs and can be exploited to enhance sen-
sor performance [202]. As shown in Fig. 2.16, we discovered that at platinum elec-
trode in [NTf,]-based ionic liquids (ILs), facile methane electro-oxidation is
observed suggesting a unique catalytic Pt-[NTf,] interface for electron-transfer
reaction of methane at room temperature. Little methane electro-oxidation signals are
observed in ILs with other anions. In this experiment, an oxygen reduction process
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was included; as a result, the incomplete methane oxidation product CO was fully
oxidized to CO, in the presence of superoxide ions, since superoxide can quickly
adsorb on the electrode surface to form the active species, and [CymPy][NTf,] is one
of the best solvents to stabilize superoxide. In contrast to many methane oxidation
systems reported, there are no incomplete oxidation products such as CO or COOH
detected and the final methane oxidation products in [CymPy][NTf,] are confirmed
to be CO, and water by in situ infrared spectroscopy and electrochemistry. The
electrochemical oxidation of methane at Pt/[C,mPy][NTf,] interface depends on the
methane concentration linearly (from 1 % to 10 vol% methane concentration). As
shown in Fig. 2.16, taking advantage of the unique coupled chemical reactivity of
superoxide with the methane electrode oxidation product CO, that takes place in
[CymPy][NTf,] at room temperature, we introduce an innovative internally refer-
enced electrochemical method for methane detection that increases the reliability of
the measurements by determining these two ambient gases within a single sample
matrix in real time, with cross-validation occurring for a single sensory element.
The coupled reactions facilitate the complete oxidation of methane to CO, and
water in [CymPy][NTf,] and the in situ generated CO, was used as an internal stan-
dard for oxygen detection which addresses the fundamental limitations to accuracy
and the long-term stability and reliability in chemical analysis. We have validated
this ionic liquid-based methane sensor employing both conventional solid macro-
electrodes and flexible microfabricated electrodes using single- and double-poten-
tial step chronoamperometry and the analytical parameters [202]. Figure 2.16 shows
the amperometric response of a methane sensor with the IL [C,mPy][NTf;], as
methane concentration is increased and oxygen concentration is decreased. Both
analytes can be selectively quantified by alternating the bias potential. Oxygen can
be reduced to superoxide radical which was used for oxygen sensor development
(1.2 V) as shown in Fig. 2.16. High sensitivity, complete reversibility, long-term
stability (less than 0.3 % potential shift over 90 days), rapid response, and strong
selectivity (selectivity coefficient ~0.01 % for CO,, NO, NO,, and SO,) of this IL
oxygen sensor were observed. The simplicity of detection using low-power and
low-cost potential step chronoamperometry and microfabricated electrodes pro-
vides strong foundation for their easy integration with engineering advancements
such as portable electronics, networked sensing, and next-generation monolithic
implementation for autonomous, maintenance-free sensor operation with a long
lifetime for the detection of methane with high sensitivity and specificity using
smaller, inexpensive, and low-power transducers for their applications for monitor-
ing the methane emissions.

2.4.3 Electrified IL/Electrode Interface and Related Sensor
Based on Impedance Technique

EIS, which involves the application of a sinusoidal electrochemical perturbation
(potential or current) over a wide range of frequencies, allows for the measurement
of impedance changes in the forms of double-layer capacitance and the
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charge-transfer conductance that originate from the change of polarization of IL-
electrode interface. The current signals and the impedance signals are all related to
the active area of the electrodes. Thus, EIS-based sensors not only provide orthogo-
nal detection modes to amperometric sensors but they also permit self-monitoring
of the sensor’s stability and automated calibration for drift mechanisms. We have
demonstrated an innovative capacitance sensor based on the change of the surface
charge at IL.—electrified metal interfaces either due to the change of ion or electron
transport in ILs resulted from the redox process of analyte or the polarization
reaction due to adsorption/dissolution of analyte in ILs [80]. At room temperature,
ILs have high viscosity, and the diffusion and conductivity of ions are normally
lower in ILs than in aqueous electrolyte solutions. Thus, they can be regarded as a
solid and liquid interface simultaneously. As a result, ILs are ideally suited for
applications that require a thin or intensely concentrated layer of ionic charge, such
as capacitance sensor development. Compared with molten salts at room tempera-
ture, the ions comprised of ILs are often large, flexible, highly polarizable, and
chemically complex with a number of interionic forces (such as dispersion forces,
dipole—dipole interaction, hydrogen bonding, and pi-stacking forces) in addition to
coulombic forces present. Additionally, adsorption of anions and/or cations is likely
to happen at the interfaces with ILs. Specific adsorption of IL on solid surface
depends on the chemistry of the ions and applied potential. Varying the applied
potential can result in the rearrangement of adsorbed ions which allows the modifi-
cation of the IL double-layer capacitance. Capacitance at a fixed potential will
depend on double-layer thickness and permittivity of = liquid at the interface. Ion
size and applied potential influences the double-layer thickness, and alkyl chain
length influences the relative permittivity. Consequently, varying the structure of IL
anions or cations and applied potential enables the modification of the double-layer
structure at the IL—electrified metal interface (e.g., thickness).

The double-layer structures in ILs are highly dependent on IL physicochemical
properties and the applied potential. When exposed to an analyte especially small
gaseous molecules, the molecular interaction events that occur at the IL interface
can lead to polarization reaction at interface via redox reaction, binding, or dissolu-
tion of the analyte in ILs. For example, the analyte can displace or rearrange the IL
order in the double layer to a new orientation. Removing analyte allows the IL
double layer return to its original orientation. For example, the IL [CymPy][NTf;],
which has a double-layer structure favoring small gas molecule adsorption, can
sensitively and selectively measure concentrations of CH, (Fig. 2.17) using EIS
with a-0.3 V DC bias [80]. Figure 2.17c also clearly shows that the sensor returns
to its baseline value when the analyte is removed, demonstrating the reaction is
fully reversible with less than 0.1 % drift. The selectivity comes from the unique
highly ordered arrangement of ions in the innermost layer of IL—electrode interface
which is potential dependent. The degree of ordered structure at IL—electrode inter-
face can be tuned by the applied bias (e.g., —0.3 V for CH,) and by the unique
molecular structure of the IL ions. The high viscosity of ILs that is usually consid-
ered a limitation to practical electrochemical applications due to slow rate of mass
transport is an advantage in capacitance [203] measurement due to a more ordered
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Fig. 2.17 (a) Plots of real part of complex capacitance at different methane concentrations. (b)
Change of real part of complex capacitance (C,,) at 1 Hz vs. methane concentrations. [C,mPy]
[NTf;] is the IL and DC bias is =0.3 V; (¢) C,. measured over five cycles of alternate exposure to
5 % methane (N, carrier gas at 200 sccm). DC potential is —0.3 V vs. Au quasi reference electrode.
AC frequency is at 1 Hz

and concentrated double layer. Thus, impedance measurements provide an orthog-
anal detection mode to amperometric measurement, enhancing measurement sensi-
ivity and improving sensor robustness.

2.4.4 IL Electrochemical Microarrays

For real-time multiple analyte monitoring, a group of sensors must be brought
‘ogether, typically in an array format. We have demonstrated small arrays of IL
sensors using both amperometric and impedance approaches. An array of four
[L-coated glassy carbon electrodes was tested for the voltammetric detection of
DNT and TNT, and a correlation (with 100 % classification accuracy) between the
'edox properties and the physiochemical parameters of the species involved was
'evealed (Fig. 2.18) [204]. Detection limits in liquid phase of 190 nM and 230 nM
for TNT and DNT, respectively, and a linear range up to 100 uM were obtained.
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Fig. 2.18 Square wave voltammograms of 0.1 mM of TNT and DNT in four different ILs

Interference from water was eliminated by calibrating with a redox peak that was
not proton related. Gas phase analysis showed strong redox signals for TNT and
DNT and demonstrated that ILs serve as a preconcentrator to improve the sensitivity
of very low vapor pressure analytes. These examples demonstrate that the combina-
tion of IL materials and electrochemical transducers overcomes many obstacles in
forming an effective sensor system. IL—electrochemical sensors are also well suited
for miniaturization and can be fabricated with very low cost. In contrast to nonspe-
cific transducers such as a surface acoustic wave device, arrays of amperomertic and
EIS transducers allow a secondary perturbation (e.g., potential) that enhances selec-

tivity and increases analytical information content without increasing the number of
physical sensor elements,

2.4.4.1 Microarray Fabrication

To improve current density and to overcome iR/Ohmic drop common in resistive
ILs, small-sized working electrodes and eventually “lab-on-a-chip” type systems
are being investigated. Microfabrication technologies, particularly thin film deposi-
tion of microelectrodes and formation of microfluidic channels, have been widely
applied to analytical systems [205, 206]. Electrode arrays, both macro- and
microscale, are now commonly fabricated using thin film metal deposition and pho-
tolithography [207-210]. For example, Fig. 2.19 shows an interdigitated electrode
(IDE), which was fabricated using thin film deposition of gold on porous Teflon.
Figure 2.19 also shows the data using this electrode for the measurement of oxygen
concentrations. These miniaturized sensors yield similar sensitivity to results shown
before. Similar fabrication techniques can be applied to optimize electrodes for the
sensor interfaces developed within this project and design array structures. As fab-
rication of these electrodes relies on photolithography, the size and geometry of the
electrode can easily be varied to meet the needs of the sensor interfaces, and differ-

ent electrode configurations can be utilized within the same array to improve ana-
lytical performance.
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Fig. 2.19 Amperometric sensing of oxygen using (inset) micro-fabricated concentric ring disk
electrode on porous Teflon

An ethylene gas sensor employing a thin layer of the IL [C;mim][BF,] on a
“lab-on-a-chip” sensor was proposed by Zevenbergen et al. [177] The sensor con-
sisted of a 1-mm diameter Au working electrode surrounded by a Pt ring-shaped
quasi-reference electrode and a Pt rectangular counter electrode. CV curve of ethyl-
ene in the IL revealed an oxidation peak before the onset of gold oxidation.
Interestingly, the ethylene oxidation peak was only visible when water was present in
the IL; no response was observed with humidity levels less than 20 %. As a result,
the authors studied the dependence on humidity and observed larger responses
when the humidity level was higher. A detection limit of 760 ppb and a linear
response (current vs. concentration) up to 10 ppm were achieved. This suggests that
amperometric ethylene detection in ILs is possible; however, it is limited only to envi-
ronments with sufficient humidity levels (more than 40 %), which limits the applica-
“ion of such a sensor in extremely dry environments.

4.5 IL as Component for New Electrode Materials

Jesides using ILs as electrolytes for electrochemical sensor development, their low
nelting points and low tendency to crystallize, realized by the combination of large,
isually asymmetric cation and smaller anion, make them good candidates for elec-
rode modifications that can lead to a diverse set of applications in sensing fields.
“hese modifications can be done in many different ways as shown in Fig. 2.20;
however, the choice of modification is entirely based on the application require-
1ents. For example, IL/CNT-based composite materials, consisting of highly elec-
‘oactive carbon nanotubes and fluid electrolyte, can be utilized for a wide variety of
lectrochemical applications, such as sensors, capacitors, and actuators. In electro-
hemical biosensors, these composite materials can also be used as an immobilizing
1atrix to entrap proteins and enzymes, which provide a favorable microenvironment
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(1-methyl-3-octylimidazolium bis-(trifluoromethyl-sulfonyl)imide) allows to obtain
solid state and easy to miniaturize devices.

In many of these cases of direct modification, ILs, especially the imidazolium
based, can also be appended to demonstrate functionalities which are related to their
immobilization onto the electrodes to generate different types of modified elec-
trodes. These functionalities include self-assemblies of IL on the electrode surface,
covalent bonding of IL to the electrode surface, IL functions that can be used for the
preparation of IL-based polymer (PILs) films, and IL used for the functionalization
of conductive elements of the film. When the electrode is ready, the counter ions are
electrostatically attracted to positively charged functionalities and they can be
exchanged after immobilization on the electrode surface. Such small modifications
can be highly suitable for incorporating the desired characteristics to the electrode
materials. But most importantly, the electrodes modified by any of these methods
can then be utilized for various sensing applications. For example, Ng et al. [214]
employed a nanocomposite gel consisting of a three-dimensional graphene mate-
rial and the IL [C,mim][PFq] for the amperometric detection of nitric oxide (NO).
A linear response of current vs. concentration over the range 1-16 pM NO was
observed, with a fast response time of less than 4 s and a low detection limit of
16 nM. The improved response of this modified electrode is attributed to the porous
graphene material that has a high specific surface area and superior conductivity
which generated a 3-D graphene/IL. nanocomposite to provide a novel platform for
sensitive NO detection.

Although the generic combinations of IL with other electrode materials as shown
in case of NO sensing have proven quite useful for sensing applications, the results
are again generic in most cases with much less selectivity than required. Therefore,
the focus is now shifting to use more task-specific ILs in the electrode modifica-
tions. Lu et al. [215] have shown that a task-specific IL in combination with bismuth
oxide (Bi,03) can be used for the electrochemical detection of heavy metal oxides
‘ncluding cadmium oxide (CdO), copper oxide (CuQ), and lead oxide (PbO). The IL

:ontained an [NTf,]™ anion and a tetraalkylammonium cation with one carbon chain
unctionalized with a carboxylic acid group. The presence of the acid group allowed
or the solubilization of metal oxides into the IL. The IL was coated as a thin layer
mto a surface containing three indium tin oxide (ITO) printed electrodes and acted
s the selective solubilization medium and electrolyte. It is envisioned that more ana-
yte species may begin to be detected by employing newly synthesized ILs with
pecific functional groups.

«4.5.2 Carbon Paste Electrodes with IL as Binder

“he high viscosity of ILs can also be employed to enhance the performance of the
nodified electrodes, for example, ILs as binders in carbon paste electrodes (CPE)
vhich can then be used as sensing materials as well. In most cases, hydrophobic ILs
re used for IL-based carbon paste electrodes (IL-CPE). Contrary to classic CPEs,
heir binder is composed of charged species and exhibits ionic conductivity which
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enhances the electrochemical sensing capabilities of these modified electrodes.
Typically, IL-CPEs are prepared as classic CPEs by mixing or grinding the graphite
particles with IL and placing the mixture in a cavity of the polymer or glass tube.
After polishing, the electrode is ready to use. The IL/graphite particles ratio has to
be optimized from the point of view of not only mechanical stability but also capaci-
tive current, resistance, and specific electrode process, and 7:3 graphite-to-IL ratio
has become a popular composition. Imidazolium-type ILs also tend to form physical
gel when ground with SWCNTSs by physical cross-linking of the nanotube bundles,
mediated by local molecular ordering of ILs. Recently, ILs have been found to be
efficient binders in the preparation of carbon composite/carbon paste electrodes.
They are prepared by mixing or grinding graphite particles with the IL, followed by
the transfer of this mixture into a cavity of a polymer. Higher currents (both Faradaic
and capacitive) are often observed at IL-CPEs compared to traditional CPEs. This is
believed to be due to the larger electroactive area for electron transfer in the IL-CPEs
due to the conductive IL medium. In traditional oil-based CPEs, electron transfer can
only take place at the carbon/aqueous electrolyte interface. Other reasons for the
higher currents may also be due to the changes in paste morphology, better solubil-
ity of polar analytes in the IL (compared to the binder), or the presence of additional
interface where transfer across the liquid/liquid interface can occur.

From all this discussion, it is quite clear that ILs can be easily employed as a
modifying component of the electrodes, and in whatever way it is done, they come
up with good responses for analyte detection in synthetic and real-world samples.
In particular, the higher currents at IL-CPEs compared to oil-CPEs have huge
advantages for sensing applications. Task specificity renders high selectivity, if
employed in this modification. Otherwise, many of the sensing performance param-
eters are enhanced up to certain extents, even if the ILs are used randomly. The ease
of preparation and the low cost of such sensing systems suggest that this could be a
very active field for future sensing of species in the food/drink industry and for
environmental monitoring of soil/water samples.

2.4.6 Adsorption and Absorption-Based Chemical Sensing
Using IL Thin Films

In contrast to electrochemical sensor, the high viscosity of ILs is beneficial for
adsorption based sensor since they can be cast into a thin film which makes them
suitable for many chemical sensing applications. Being highly volatile, solvents are
seldom used as sensing elements. In contrast, ILs have no significant volatility,
allowing chemical processes to be carried out with essentially zero emission of
toxic organic solvents and enabling their utilization as recognition elements. In
these applications, ILs behave as both solid and liquid interfaces simultaneously,
thus overcoming the issues associated with the interchangeable use of solid and
liquid phases and the requirement of solvents to generate these phases. Depending
on the physical phenomenon involved for the solvation of analytes in ILs, a coating
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of IL can swell, shrink, or undergo a viscosity change. The solvation in ILs is
controlled by the variable contributions of adsorption-desorption and partition phe-
nomena depending upon IL and analyte properties to furnish additional selectivity,
thus opening up excellent opportunities to design different arrays of chemically
selective IL films. Such characteristics make these ILs suitable for the detection of
analytes in liquid or atmospheric environments via mass sensing approaches such as
Quartz Crystal Microbalance (QCM) or MEMS.

2.4.6.1 IL-Based QCM Mass Sensor

QCM is a mass sensing transducer, the key component of which is quartz that
functions for signal transduction and substrate for sensing materials. Applying
alternating current to the gold electrodes coated on the quartz wafer induces
mechanical oscillations modifiable by interfacial mass changes according to the
Sauerbrey’s equation:

2
Af o Amy (2.6)
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Here Af=frequency shift, Am=mass changes, fy=fundamental frequency, A=elec-
trode area, j,=quartz shear modulus, and p,=quartz density. This principle assumes
that the foreign mass is strongly coupled to the resonator making it quite straightfor-
ward for gas phase operations, where the added mass binds tightly to the surface,
and the films are stiff and thin. However, density and viscosity strongly impact the
nonrigid systems such as ILs, for which the following expression is used:
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lere 7, = viscosity and p, =density of the liquid in contact with the crystal. ILs form
:able layers just like the polymer matrices; however, being liquids, they bound
rmly but not rigidly. QCM is capable of measuring the change of mass as well as
1e energy dissipation properties of thin films simultaneously, upon analyte adsorp-
on/desorption or partition processes in thin films, thus providing rich information
f the dynamic processes occurring during the adsorption—desorption events as
epicted in Fig. 2.21. Dai and coworkers [216] first developed a sensor for organic
apors based on QCM using ILs as sensing materials. When analytes were dis-
dlved in an IL, the viscosity of this IL changed rapidly which generated a fre-
uency shift of the QCM device. The response of the QCM depended on the nature
f both the analyte and the IL. Some of these ILs also have strong affinities for
slected chemical species. Sensors comprising multiple of these sensors, each with
different IL coating, thus can not only detect target analytes but also help identify
hemical speciation. In most of these cases, ILs are solely used as sensing films
'hich interact with targets through ion and dipole forces, hydrogen bonding, and
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van der Waals interactions on various spatial and temporal scales. All these interactions
depend upon variations in ionic composition and structure of ILs, thereby generating
a criterion for selective incorporation and interaction of analytes. In addition, great
solvation ability of ILs enables the rapid and reversible incorporation of gases, as
shown in the work done by our group for detecting different explosive gases [176].
We have also shown that the very different solubilities of ILs for specific reactant
gases create a membrane-like selectively to enhance or suppress (preconcentrate) the
transport of specific reactants and provide a mechanism for selectivity [90]. Using this
principle, we have successfully classified four volatile organic compounds (benzene,
hexane, methylene chloride, and ethanol) via seven IL film-based mass sensors,
where the unique selectivity of the ILs results from strong hydrogen bond basicity
and significant capacity for dipole-type interactions with the analytes [217].

2.4.6.2 IL-Thin Film Formation

For the sorption-based sensor too, thin films on the electrodes are usually formed by
employing the methods in the electrode modification sections. However, the effec-
tiveness of most thin film-based sorption sensors relies on high sensitivity and spec
ificity of the detection interface. The obvious approach to increase the sensitivity o
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QCM sensors is to increase the thickness/amount of the sensing material. Pure ILs
inherently possess certain limitations in this regard, especially for low molecular
weight analytes, where sensitivity enhancement by thicker IL films can substan-
tially influence the reproducibility through temperature-controlled variations in
[L-layer thickness and the spreading out effects. Nonrigidity of thicker films makes
the Sauerbrey’s equation invalid in addition to slower responses, requiring a strategy
to achieve higher IL loading while maintaining the IL-film integrity. For these situ-
ations, IL composite films are usually employed. Several approaches have been
developed for fabricating IL-composite sensing films. In one such example, ILs are
trapped as nanodroplets into the cylindrical cavities of solid alumina matrix, thus
avoiding liquid wetting and softness [218]. Although this matrix can hold more IL
than planar gold surface, the detection limits were not low enough for selected ana-
lytes. Contrarily, conducting polymers (CPs) and polyelectrolytes have charges,
which make them ideal template materials to make IL-composite films. The proof
of the concept was provided with the example of methane [219], a highly inflam-
mable gas with very low molecular weight, and hence an evidential candidate for
higher sensitivity in mass sensing devices requiring abundant total absorption/parti-
tion into the films. An ideal terplate for this purpose should be a porous and stable
scaffold that can be modified to generate the required surface area and wettability
for IL immobilization. Polyaniline (PAN) can provide this dimensionality. Four dif-
ferent oxidation states of PAN including the doped and undoped ones can be tested
for the analytical response with an IL, e.g., 1-ethyl-3-methylimidazolium camphor-
sulfonate [C,mim][CS], which can form hydrogen bonds through the sulfonate
group; however, the doped PAN showed the highest sensitivity being highly charged,
facilitating IL wettability through electrostatic interactions, in addition to hydrogen
bonding. This increased IL surface area exposed to the analyte. The IL distribution
into the nanosized channels of the PAN film helped to increase the response owing
to the increase of IL film coverage. UV—vis and FT-IR data in this case confirmed
[220] the formation of hydrogen bonds between camphorsulfonate and the nitrogen
sites of protic acid-doped PAN. These bonds force the anions to align along the
polymer backbone in a comb-like manner so as to enhance the long-range n-orbital
conjugation. The interacting methane molecules can fit into these comb spaces and
thus an enhanced sensitivity was observed. The enthalpy and entropy of the dissolu-
tion were shown to be higher than those in pure IL or PAN which further supported
the existence of methane inside the composite generating a more ordered structure.
Molecular mechanics simulation agreed with these results as well. This example
and others indicate that CPs often have fairly rigid structures with tunable porosity
and charge states, which can promote the rational development of the CP/IL interface
alongside the IL-controlled parameters. The chemical selectivity can be provided by
varying the oxidation states of CP and ionic structure of IL.

Besides this, many useful approaches are available for [L-composite formation
both for their use in QCM sensors, biosensors, and even for their electrochemical
sensing applications. The most widely used techniques include direct mixing, casting
and rubbing, physical adsorption, electrodeposition, layer-by-layer assemblies, and
sol-gel encapsulation. Physical adsorption of the IL onto a solid support is most
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often used to prepare the sensing films, which is based on binding forces including
ionic interactions, hydrogen bonds, van der Waals forces, hydrophobic interactions,
and so on. However, the more sophisticated methods for this immobilization are
electrodeposition, sol—gel encapsulation, and layer-by-layer assembly. In electrode-
position, a clean electrode is immersed in a bath containing the supporting electro-
active material and corresponding IL which are then electrochemically deposited
onto the electrodes [221, 222]. Electrodeposition of metal nanoparticles onto IL/CNT
is another well-studied technique to prepare AuNP/IL/CNT nanocomposite-based
sensors [223]. In sol-gel encapsulation, an IL-silica sol is synthesized which is then
mixed with different types of interesting molecules to form the films [224], whereas
in layer-by-layer method, a sequential deposition of multiple layers is achieved
[225], one being the IL and the other one that is supporting material, onto the elec-
trode surface by electrostatic, van der Waals, hydrogen bonding, and charge transfer
interactions. From all these approaches, merits and demerits can be identified for
any of them; however, the selection is highly related to the particular application in
which the approach is going to be applied.

2.4.6.3 IL High Temperature Sensor

We have also demonstrated that the IL sensors show great promise for high-
temperature gas sensing [226]. For that purpose, a polar IL, trihexyl(tetracdecyl)
phosphonium dodecylbenzenesulphonate [P,,664][DBS], was prepared via the
alcohol-to-alkyl halide conversion method and coated onto QCM from its ethanol
solution. This sensor was studied for the exposure of both polar (ethanol, dichloro-
methane) and nonpolar (heptane, benzene) vapors even at 200 °C showing linear
response pattern and clear signals as shown in Fig. 2.22. As expected thermody-
namically, the sensor signal decreased with increasing temperature, but still we
could achieve a 5 % detection limit, which is encouraging because most solid sur-
faces are unable to adsorb vapors at temperatures that much higher than their boil-
ing points. Additionally, there was an excellent reversibility for adsorption—desorption
processes, requiring no experimental manipulation for sensor regeneration. The
data for the damping resistance showed that physiochemical parameters such as
Henry’s constant can be more accurately determined at higher temperatures because
of the lowered viscosity of the ILs.

2.4.6.4 1L Solvation and Other Sensing Platform

Although in many mass sensing applications, IL films play the role of solvents to
dissolve the target analytes thereby having a partition coefficient, their roles as sol-
vating species can be best described from the examples of optical sensing. Here,
they dissolve many important optical substances to form stabilized optical matrices.
For instance, Oter et al. reported [227] an optical CO, sensor using the ILs ([Cymim]
[BF,] or [C;mim][Br]) as the matrix with 8-hydroxypyrene-1,3,6-trisulfonic acid
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2.4.6.5 Detection of Explosives and Chemical Warfare Agents

Although many of the new developments in this area can be covered by one of the
previous headings, it seems appropriate to give this topic a separate section to high-
light the importance of this area. With the increasing need of sensors for explosive
materials at airports and security installations which may be at risk from impro-
vised explosive devices, the interest in developing electrochemical and absorptive
sensors for the detection of explosives is growing rapidly, and in the past few years,
there have been several reports on the detection of explosive and toxic materials
using ILs as solvent/supporting electrolytes. ILs are conductive and have low vola-
tility, allowing them to be deployed in many types of extreme environments (e.g.,
hot/dry/arid conditions) where other sensor electrolytes would fail. In the prospects
of such huge importance, the researchers have even used a combination of different
sensing methodologies for these detections. For example, Forzani et al. proposed a
hybrid electrochemical-colorimetric sensing platform for the detection of explo-
sive trinitrotoluene (TNT) vapors [230]. A thin layer of the IL [C,mim][PF;] was
found to selectively preconcentrate the explosive materials and quickly transport
the analytes to the electrodes. The explosive vapors were detected by electrochemi-
cal (cyclic voltammetry) and colorimetric (absorbance change) methods at the
working electrode. The observed currents and distinct color changes provide a fin-
gerprint for the identification and quantification of TNT. The same group later
employed a conducting polymer nanojunction that was sensitive only to the reduc-
tion products of TNT and was able to discriminate from other redox-active interfer-
ents found in ambient air. The sensor simultaneously measured the current for the
reduction of TNT and the resulting conductance change of the polymer, such as
poly{ethylenedioxythiophene) (PEDOT). A linear response (current vs. concentra-
tion) was observed at concentrations of 30 pM to 6 nM TNT and the sensor was
capable of detecting extremely low levels of TNT within 1-2 min.

Carbon materials have got a real interest in this sense, as they possess high sur-
face area which can enhance the IL distribution in the film as well as help in improv-
ing the sensitivity which is critically required for explosive detections. Graphene is
even special and, in conjunction with ILs, has been employed for highly selective
sensing of explosive TNT by Guo et al. [231]. The IL [C;mim][PF,] was combined
with three-dimensional graphene to make an IL-graphene paste electrode with a
large surface area, low background current, and pronounced mesoporosity. A linear
relationship was observed between peak current using absorptive stripping voltam-
metry and concentration from 2 to 1,000 ppb, with a low detection limit of 0.5 ppb
for TNT. This performance was superior to that demonstrated by IL-CNT and
IL-graphite composites. We have also shown for many of explosive targets and
employing electrochemical [204], piezoelectric [176], and EQCM platforms that by
using IL materials, certain performance parameters can be achieved which are no
usually possible with conventional materials.

These interesting works have shown that it is possible to selectively detect highl
dangerous explosive and toxic species using an IL as an electrolyte and/or precon
centration medium. In many cases, the IL has been combined with other material
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(e.g- nanomaterials), or the electrochemical technique has been combined with a
complementary technique. It seems that the high viscosity of ILs compared to con-
ventional solvent/electrolyte systems (resulting in slower mass transport, smaller
diffusion coefficients, and therefore lower currents) may prevent the detection of trace
quantities of explosives that are required for a viable real-world sensor. However,
perhaps one of their most useful applications could be as electrolytes in sensors that
can be deployed directly after an explosion in an enclosed area where temperature
could still be high and other electrolytes would volatilize. This would allow for the
fast identification of “hot,” “warm,” and “cold” zones, allowing forensic personnel to
determine the areas that are safe to enter for postexplosion analysis.

2.5 Future Directions and Concluding Remarks

This chapter gives a brief highlight of the current state of knowledge of IL.-electrode
interface study and the notable contributions to the sensor fields using IL. materials
from our laboratories and others. ILs bring in several benefits as nonvolatile and
stable electrolytes and solvents for electrochemical sensor as well as sensing mate-
rials for adsorption-based mass sensor developments. By synergistically utilizing IL.
interface electrochemistry as well as molecular design and control of IL composites,
ILs-based electrochemical and mass sensors are shown to enable multiple gas detec-
tions with multiple modes detection principles that can address many gas sensors
challenges, especially for sensors that can operate in unconventional and hostile
environments (i.e., elevated temperature, low pressure) or in the presence of typi-
cally interfering substances (e.g., high humidity, pyrophorics) as well as for sensor
miniaturization and robustness. However, in order to further the developments of
[Ls for the sensor applications discussed here, many aspects of the behavior of ILs
need urgent investigation as well: the fundamental electrochemical issues such as
‘e structure of the double layer and diffusion layer at electrode/ionic liquid inter-
face; the speciation of solute ions such as metal ions and polymerized ions; transfer-
:nce numbers and how these are influenced by speciation; dielectric properties and
10w these merge with conduction properties as a function of surface chemistry and
he wetting phenomena of ILs at gas/liquid/solid interfaces; the thermodynamic
juantities such as chemical potentials of solutes in ILs, and how these influence
-edox potentials and redox reversibility; ion association and its effect on thermody-
1amic and transport properties; and interactions of ILs with solutes and interfaces.
Additionally, ILs have been shown as promising alternative solvents in a variety of
ipplications. However, only a few processes are commercialized due to the rela-
ively high cost of ILs. The recovery and reuse of ILs play an important role in the
:ommercialization of processes employing ILs. The understanding of recyclability
of ILs based on the available literature in various application fields is still in its
nfancy stage which was recognized by ILs’ research communities. With ever flour-
shing research and applications of ILs in the future, the study toward thermal stabil-
ty of ionic liquids for engineering applications should analyze the ILs with thoughts
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on evaporation or temperatures at which evaporation kinetics are known.
The temperature-dependent properties and the high dependency of the results on the
experimental factors need to be investigated in the comparison of difterent conditions.
In summary, many fundamental aspects of the physical chemistry and electrochem-
istry of ILs need to be thoroughly investigated, and they promise to further improve
the potential of their various electrochemical and chemical applications.
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