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Abstract 

Ionic Liquids are salts that are liquid at (or just above) room temperature. They possess several 

advantageous properties (e.g. high intrinsic conductivity, wide electrochemical windows, low 

volatility, high thermal stability and good solvating ability), which make them ideal as non-volatile 

electrolytes in electrochemical sensors. This mini-review article describes the recent uses of ionic 

liquids in electrochemical sensing applications (covering the last 3 years) in the context of 

voltammetric sensing at solid/liquid, liquid/liquid interfaces and carbon paste electrodes, as well as 

their use in gas sensing, ion-selective electrodes, and for detecting biological molecules, explosives 

and chemical warfare agents. A comment on the future direction and challenges in this field is also 

presented. 
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1. Introduction 

Room Temperature Ionic Liquids (RTILs) are an exciting class of solvent, receiving much attention 

in recent years as a replacement for conventional solvents in a wide range of applications. Ionic 

liquids (ILs) are defined as salts that melt below 100oC;1 and room temperature ionic liquids 

(RTILs), as their name suggests, exist in the liquid state at room temperature (25oC). They are 

typically comprised of a bulky organic cation (e.g. imidazolium, tetraalkylammonium or 

pyrrolidinium) paired with an inorganic/organic anion (e.g. tetrafluoroborate, hexafluorophosphate, 

bis(triflurormethylsulfonyl)imide). The structures of some commonly used cations and anions are 

shown in Figure 1, along with the nomenclature used throughout this article.§

1-3

 RTILs possess several 

archetypal properties such as low-volatility, high physical and chemical stability, wide 

electrochemical windows, intrinsic conductivity, wide liquid range, high polarity and the ability to 

dissolve a wide range of compounds.1, 2 In addition to the use of RTILs in applications such as 

catalysis,  ‘green’ chemistry,4, 5 organic reactivity,6, 7 analytical methods,8, 9 biocatalysis and 

enzymes10, 11 and applications in the chemical industry,12 they have also become recognised as ideal 

alternative electrolytes for use in many electrochemical devices, such as actuators,13 capacitors,14-16 

batteries,17 fuel cells,18 solar cells19 and sensors.20 It is the latter application that is the focus of this 

review. 

There are three main types of electrochemical sensors based on either the measurement of a 

redox current (amperometric), the development of a potential (potentiometric) or a change in 

resistance (conductometric). Amperometric sensors typically consist of two or three electrodes 

connected through an electrolyte medium. The analyte species diffuses through the electrolyte to be 

detected at the working electrode surface. Potentiometric sensors (e.g. ion selective electrodes) 

usually consist of a membrane that contains ion exchangers, lipophilic salts and plasticizers, and the 

trans-membrane potential gives the activity of the analyte ion in solution. RTILs have the ability to 

replace conventional electrolyte systems in amperometric/potentiometric sensors and this is 

                                                 

§ It is noted here that a general recommendation for the nomenclature of ionic liquids does not 
currently exist, but the naming conventions adopted correspond to those most commonly used in the 
articles referenced in this review. 



 2 

becoming the topic of many laboratory investigations, although this research is still in the early 

stage and RTIL based sensors are yet to be commercialized. Before the widespread use of RTIL-

based sensors can occur, the electrochemical behaviour of analytes in RTILs, together with 

sensitivity (detection limits) and selectivity in RTILs, needs to be fully understood. The focus of 

this review is to describe some recent developments using RTILs in electrochemical sensing 

applications. For the background and properties of electrochemistry in RTILs, interested readers are 

directed to several excellent review papers that cover these topics in detail.21-24 This review paper 

follows on from two reviews (by Wei and Ivaska25 and Shvedene et al.26) that were published 

around the same time in 2008 and a biosensor-focussed review (by Shiddiky and Torriero27) 

published in early 2011. This overview will therefore describe only recent works in the last 3 years 

(excluding biosensors, here taken to be sensors that incorporate a biological recognition process), 

from mid 2008-mid 2011. The focus will be first on voltammetric sensing at solid|IL and liquid|IL 

interfaces, and at carbon paste electrodes, followed by the use of RTILs in gas sensors, ion-selective 

electrodes (ISEs) and for the detection of biological molecules, explosives and chemical warfare 

agents. This will show that ionic liquids have many advantageous properties that can be exploited in 

sensor devices for selective analyte detection. 

 

2. Applications of Ionic Liquids in Electrochemical Sensing 

2.1 Voltammetric Sensing 

Voltammetry is a powerful suite of tools used by electrochemists to monitor concentrations and 

diffusion coefficients of species in solution and to understand their behaviour and electrochemical 

reaction mechanisms. The technique can be applied to any species than can undergo redox 

transitions on solid electrodes, or any ion that can be transferred across interfaces (in the case of 

liquid/liquid experiments). 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). RTILs have been investigated as an alternative electrolyte medium over the past 10 

years or so and have been shown to be very favourable media due to their intrinsic conductivity, 
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wide electrochemical windows, low volatility and their ability to solvate a wide range of 

compounds.28 Although there has been a lot of work focussed on understanding reaction 

mechanisms and kinetics and thermodynamics of electrochemical reactions in RTILs,21, 28 the focus 

here will be only on the works that suggest the use of RTILs in electrochemical sensing 

applications. This topic will be split into three sections: sensing at solid/RTIL interfaces, sensing at 

liquid/RTIL interfaces and sensing using RTILs as a binder (e.g. in carbon paste electrodes). It is 

clear that RTILs have huge potential for use in robust voltammetric sensors.  

 

2.1.1 Sensing at Solid/liquid interfaces 

The electrochemical behaviour of various species at solid electrodes in ionic liquids is a very active 

area, with most studies focussing on understanding the reaction mechanisms and comparing 

behaviour to that in conventional electrolyte systems. On the whole, reactions and mechanisms have 

been found to be the same in ionic liquids and conventional solvents, however, some notable 

differences and anomalous behaviour have been observed in RTILs, which are highlighted in a 

comprehensive review article.21 It is extremely important to understand any anomalous behaviour in 

RTILs before they can be employed as direct replacements for conventional molecular solvents 

(containing supporting electrolytes) in sensor devices. In the last few years, several authors have 

recognized the advantageous properties of RTILs as electrolytes for sensors. A few key recent 

advances in the area of voltammetric sensing at solid electrodes are highlighted below. The sensing 

of biological molecules, gases and explosive/chemical warfare agents at solid electrodes will be 

described in later sections of this review. 

 One example of the use of RTILs for voltammetric sensing is reported by Lu et al.29 who 

used a task specific ionic liquid (TSIL, i.e. an RTIL that has a specific functional group) in 

combination with bismuth oxide (Bi2O3) for the electrochemical detection of heavy metal oxides 

including cadmium oxide (CdO), copper oxide (CuO) and lead oxide (PbO) (see Figure 2). The 

TSIL contained a [NTf2]- anion and a tetraalkylammonium cation with one carbon chain 

functionalised with a carboxylic acid group. The presence of the acid group allowed for 
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solubilisation of the metal oxides into the ionic liquid. The TSIL was coated as a thin layer onto a 

surface containing three indium tin oxide (ITO) printed electrodes (working, counter and reference 

electrode) and acted as the selective solubilisation medium and electrolyte. After a 120 sec 

accumulation time at -1.1 V (where the metal oxides were deposited) CdO, CuO and PbO, exhibited 

well-defined stripping voltammetry with peak currents that were linearly proportional to 

concentration over the range 1 to 8 ng/L and low detection limits of ca. 0.28, 0.30 and 0.34 ng/L for 

CdO, CuO and PbO, respectively. It was observed that the same experiments employing RTILs 

without task-specific functional groups (such as [C4mim][PF6]) did not show any stripping signals, 

suggesting that many more species may be able to be detected by selective “tuning” of the RTIL 

structure (e.g. to improve solubility). It is envisioned that more analyte species may begin to be 

detected by employing newly-synthesized TSILs with specific functional groups. 

Huang et al.30 used a nanoporous gold electrode coated with a self assembled monolayer of 

3-mercaptopropylsulfonate (MPS) to detect the concentration of copper metal (Cu2+) in water using 

stripping voltammetry. The working electrode was formed by electrodeposition of zinc on gold to 

form AuxZn1-x in a 40-60 mol% zinc chloride-[C2mim]Cl ionic liquid, followed by removal of Zn to 

give nanostructured gold and self assembled monolayer formation of MPS. The prepared electrode 

was used in conjunction with a Ag/AgCl reference electrode and a gold wire counter electrode and 

placed in aqueous solutions of 0.1 M NaNO3 containing Cu2+. The calibration curve showed linear 

behaviour (current vs. concentration) over the range 0.1 to 5 µg/L Cu2+ with a low detection limit of 

2 ng/L (or 0.031 nM). Although the RTIL was not directly used in the sensing process, it provided a 

solvent medium that can withstand the high temperatures (~120 oC) that are required for the alloy 

formation; this cannot be achieved with conventional volatile solvents. This presents an alternative 

mercury-free method to detect Cu2+ and has the potential to be applied wide variety of metals of 

interest. 

 

2.1.2. Sensing at liquid/liquid interfaces 



 5 

Electrochemistry at the Interface between Two Immiscible Electrolyte Solutions (ITIES) is a 

powerful method to detect ions that are not redox-active at conventional solid|liquid interfaces. It 

relies on the transfer of ions across the interface, as opposed to electron exchange at solid 

electrodes. ITIES experiments typically take place at water|organic solvent interfaces, with solvents 

such as 1,2-dichloromethane, 1,6-dichlorohexane and nitrobenzene commonly employed.31 In 

recent years, ionic liquids have also been explored as an alternative water-immiscible solvent phase. 

The reader is directed to an excellent review article by Samec and Kakiuchi32 describing their 

pioneering and recent work in this area. Readers are also referred to an in-depth review paper by 

Opallo and Lesniewski33 that describes some applications of sensing at electrodes modified with 

ionic liquid droplets, with reactions occurring at the three-phase boundary (solid|RTIL|aqueous). 

There are many potential applications for sensing at the liquid/liquid interface, however, here some 

of the recent reports of the detection of ions transferring across liquid/liquid interfaces (as opposed 

to droplet modified electrodes) are highlighted. The main advantage of this type of sensing 

compared to solid/liquid sensing is that the RTIL 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 has been quite active in this research area, following their pioneering work in 2003.34 In 

collaboration with Mirkin, they recently reported kinetics of ion transfer at the ionic liquid/water 

nanointerface.35 The interface was formed at the tip of a nanopipette (with radii from 10 to 150 nm) 

and the transfer of tetrabutylammonium from water to the hydrophobic RTIL [P14,6,6,6][C4C4N] 

(structure shown in Figure 1) was reported. Although the authors did not specifically describe the 

application of their work in sensing, this could have implications in the field due to the use of very 

small (nano) interfaces that gives rise to lower ohmic drop (important in resistive media such as 

ionic liquids) and higher current density, which is highly beneficial for sensing applications. 

Perhaps most importantly, the same group have also highlighted the ultra-slow relaxation of the 

electrical double layer in RTILs at millimeter36 (but not nanometer)35 sized interfaces, which may 

lead to self-inhibition of the charge transfer step across the RTIL-water boundary, limiting the 

performance of a sensor that relates charge transfer to analyte concentration. More research is 
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required in this area to understand the impact of the ultraslow relaxation on sensor responses and 

behaviour. 

Other researchers have also contributed to this area. For example, Ballantyne et al.37 

reported the formation of stable liquid/liquid interfaces between water and a range of hydrophobic 

ionic liquids. The interface was formed within a hole of 10 µm diameter, and a 4-electrode system 

was employed. They showed cyclic voltammetry for the transfer of tetramethylammonium from 

water to the RTIL [N10,6,6,6][TPBF20]. Very recently, Silvester and Arrigan38 reported the transfer 

of several common ions (three cations and three anions) across the interface between water and a 

commercially available hydrophobic RTIL [P14,6,6,6][FAP] with a melting point of <-50 oC (i.e. a 

liquid well below RT). This was the first report of voltammetry at an array of water|RTIL 

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 μm 

diameter) and provided advantages of micron-sized interfaces (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-RTIL 

interface, but it was limited to ions that transfer at potentials less negative that the RTIL anion (e.g. 

[FAP]-) transfers to water. As a result, the synthesis of RTILs with (even more) extremely 

hydrophobic cations and anions (which are not yet available at present 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 possible, 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 haemoglobin.39 

 

2.1.3 Sensing at electrodes using ionic liquids as a binder 

Recently, ionic liquids have been found to be efficient binders in the preparation of carbon 

composite/carbon paste electrodes (CPEs). They are prepared by mixing or grinding graphite 

particles with the ionic liquid, followed by the transfer of this mixture into a cavity of a polymer or 
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glass tube. By substituting a non-conductive organic binder (e.g. oil) with ionic liquids, low cost 

and easy to fabricate electrodes have been produced, with the advantages of high conductivity and 

improved electrochemical performances compared to traditional oil-based electrodes. Figure 3 

shows a sketch of the electrode reaction mechanisms at oil-based CPEs compared to ionic liquid 

carbon paste electrodes (ILCPEs).33 Higher currents (both faradaic and capacitive) are often 

observed at ILCPEs compared to traditional CPEs, This is believed to be due to the larger 

electroactive area for electron transfer in the ILCPEs (represented as curved arrows on Figure 3) 

due to the conductive RTIL 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: 

changes in paste morphology, better solubility of polar analytes in the RTIL (compared to the 

binder) or the presence of additional interface where transfer across the liquid/liquid interface can 

occur (straight arrows on Figure 3). This section will discuss the recent use of ionic liquids as a 

binder for voltammetric sensing applications. Other uses of carbon paste electrodes for the detection 

of biological molecules are discussed in section 2.4.  

Kim et al.40 reported the fabrication of a multi-walled carbon nanotube (MWCNT) ionic 

liquid electrode for the voltammetric detection of phenolic compounds in red wine. The MWCNT 

ionic liquid was prepared by the immobilisation of 1-butylimidazole bromide onto an epoxy group 

on a poly(glycidyl methacrylate)-grafted MWCNT. The working electrode was fabricated by drop-

casting the MWCNT ionic liquid solution (with tyrosinase and chitosan) on an indium tin oxide 

(ITO) glass. A three-electrode system with a Ag/AgCl (satd. KCl) reference electrode and a Pt wire 

counter electrode was employed. Three brands of red wine were tested in a background of 

phosphate buffer solution. The sensing range for phenolic compounds was 0.01 to 0.08 mM and the 

concentration of phenolics in commercial red wines was determined to be in the range of ca. 400-

3000 mg/L. 

Sun et al.41 employed an ionic liquid ([C4mim][PF6])-based carbon (graphite) ionogel 

electrode for the voltammetric detection of hydroquinone. The fabricated electrode was employed 

in a 3-electrode setup with a saturated calomel reference electrode and a platinum wire counter 
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electrode. Hydroquinone solutions were prepared in aqueous phosphate buffer solutions as the 

supporting electrolyte and differential pulse voltammetry was performed on different concentrations 

of hydroquinone. A good linear relationship was observed between current and concentration in the 

range 0.13 to 100 µM with a detection limit of 70 nM. 

Xu et al.42 used a glassy carbon (GC) electrode modified with two conducting components: 

acetylene black (AB) and the RTIL [C4mim][PF6], for the detection of trifluralin (a herbicide) in 

soil samples. The modified working electrode was used in a 3-electrode set-up with a saturated 

calomel reference electrode and a platinum wire counter electrode, in a background of pH 5.5 

phosphate buffer solution as a supporting electrolyte. Here, the analyte (triflualin) partitions from 

water into the AB-RTIL film and is detected by cyclic voltammetry at the GC electrode. A linear 

response between current and concentration was obtained in the range from 0.08 to 12 µM 

trifluralin, with a low detection limit of 10 nM after an accumulation step of 120 seconds at open 

circuit potential. Using an ionic liquid as the binder provided improved conductivity and higher 

sensitivity compared to similar modified electrodes without ionic liquids. 

These three reports suggest that RTILs can be easily employed as a binder in carbon-

composite electrodes, with good responses for analyte detection in synthetic and real-world 

samples. In particular, the higher currents at IL-CPEs compared to oil-CPEs has huge advantages 

for sensing applications. 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 and more work in this area is expected. 

 

2.2 Gas Sensing 

RTILs have recently shown much promise as stable and non-volatile electrolytes 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. O2, CO, SO2, H2S, NO2, Cl2) currently employ 
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conventional solvents (e.g. H2SO4/H2O 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. 

RTILs 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 

oC), with no possibility of solvent evaporation or degradation. This, combined with the intrinsic 

conductivity (no need for supporting electrolyte), wide potential windows (to investigate 

compounds that may have been inaccessible otherwise) and in some cases, increased gas solubility 

in RTILs, makes them ideal electrolyte media for gas detection. Recent advances in amperometric 

gas sensing using RTIL solvents is thoroughly reviewed by Rogers et al.43 who describe the 

electrochemistry of various gases including oxygen, carbon dioxide, hydrogen, ammonia, hydrogen 

sulfide, sulfur dioxide and nitrogen dioxide in RTILs. The same group also suggested the possibility 

to use RTILs in membrane-free amperometric gas sensors, as depicted in Figure 4.20 The 

elimination of a membrane may allow for improved response time, since the analyte gas is in direct 

contact with the electrolyte and has only a single medium to diffuse through before detection at the 

working electrode surface. Some of the most recent advances using RTILs for gas sensing 

(amperometric and otherwise) are reviewed below. It is expected that more work will take place in 

this important area, particularly towards commercialization of highly robust amperometric gas 

sensors for use in extreme (high temperature and pressure) environments.  

Elegant work was carried out by Compton and co-workers,44 who proposed a membrane-

free Clark-type O2 sensor, consisting of a microelectrode array of 80 12 µm diameter gold recessed 

microelectrodes fabricated on a silicon chip. The RTIL used was the hydrophobic ionic liquid 

[P14,6,6,6][FAP] which was found to readily form thin films (0.2 µL corresponding to ca. 6 µm 

thickness) on the hydrophobic surface of the microarray. A fast response to O2 (ca. 20 seconds from 

introduction of the gas) was observed over a concentration range of 2-13 v/v %. The use of small 

(micron-sized) working electrodes minimises any iR/Ohmic drop limitations that are often 
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associated with voltammetry in highly resistive RTILs on larger electrodes (larger currents).  The 

same group also reported the electrochemical reaction mechanisms of carbon dioxide, hydrogen 

sulfide and chlorine gas in ionic liquids. For example, the electrochemical reduction of CO2 in the 

RTIL [C4mim][Ac] was studied on a Pt microelectrode using cyclic voltammetry.45 CO2 undergoes 

a chemically irreversible one-electron reduction to the radical anion CO2
•- and subsequent follow-up 

chemistry including interaction/complexation with the ionic liquid. The behaviour was found to be 

irreversible due to strong absorption of CO2 in the RTIL, suggesting that this system may not be 

suitable for real-time sensing of CO2, however, the high solubility (>1.5 M) of CO2 in [C4mim][Ac] 

suggests a method for sequestration of the greenhouse gas. The mediated detection of hydrogen 

sulfide on a Pt microelectrode was reported in the RTIL [C2mim][NTf2].46 It was observed that the 

presence of 2,3-tert-butyl-o-benzoquinone in the RTIL resulted in a decreased potential for the 

analyte signal, due to the reaction of the mediator with H2S. Concentrations in the range 200-10,000 

ppm H2S were studied, with reversible behaviour observed over short times (0-20 mins). However, 

the response times were long (140 minutes) but as the authors note, the response times quoted 

reflect the relatively large volume of electrolyte: faster response times are expected with an 

improved sensor design. Compton’s group also reported the two-electron reduction of 100 % 

chlorine gas to chloride on a Pt microelectrode in a range of ionic liquids ([C2mim][NTf2], 

[C4mim][NTf2], [C4mpyrr][NTf2], [C4mim][BF4], [C4mim][PF6], [C4mim][OTf], [N6,2,2,2][NTf2] 

and [C6mim]Cl).47 The behaviour 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 (longer timescales), there is more desorption resulting in more of the surface 

available for electron-transfer; this gives rise to higher currents at slower scan rates. The large 

voltammetric currents observed suggest that Cl2 has a very high solubility (1-10 M) in RTILs, 

making these solvents attractive for the purposes of Cl2 gas sensors.47 The authors did not report the 

effect of varying concentrations of Cl2 on the current response, but this seems like the next logical 
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step especially given the unusual adsorption mechanism. If the current scales linearly with 

concentration, RTILs may prove to be a useful medium for robust Cl2 gas sensing. 

Other authors have also employed RTILs for amperometric gas sensing. For example, an 

elegant free standing Pt-Au bimetallic membrane with a leaf-like nanostructure was proposed by 

Shen et al.48 for the amperometric detection of oxygen in four different ionic liquids containing the 

[NTf2]- anion. A small volume (1 µL) of ionic liquid was used to create a layer (thickness 40 µm) 

that was connected to the bimetallic working electrode surface and silver wire quasi 

reference/counter electrode. A linear relationship (current vs. concentration) was observed for 

oxygen in the range 0.05 to 0.4 vol % O2, with a fast response time (steady state signals were 

observed within several seconds), high current density and very small background currents 

(comparable to those at solid microelectrode|RTIL interfaces). Ng et al.49 employed a 

nanocomposite gel consisting of a three-dimensional graphene material and the ionic liquid 

[C4mim][PF6] for the amperometric detection of nitric oxide (NO). A linear response of current vs. 

concentration over the range 1-16 µM NO was observed, with a fast response time of less than 4 

seconds and a low detection limit of 16 nM. The authors state that this is better than that of other 

NO sensing platforms based on carbon nanotubes and gold nanoparticles. The improved response is 

attributed to the porous graphene material that has a high specific surface area and superior 

conductivity. The 3-D graphene/IL nanocomposite can provide a novel platform for sensitive NO 

detection.  

An ethylene gas sensor employing a thin layer of the RTIL [C4mim][BF4] on a “lab-on-a-

chip” sensor was proposed by Zevenbergen et al.50 The sensor consisted of a 1mm diameter Au 

working electrode surrounded by a Pt ring-shaped quasi-reference electrode and a Pt rectangular 

counter electrode (see Figure 5). Cyclic voltammetry of ethylene in the RTIL revealed an oxidation 

peak before the onset of gold oxidation. Interestingly, the ethylene oxidation peak was only visible 

when water was present in the RTIL; 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. 
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concentration) up to 10 ppm were achieved. This suggests that amperometric ethylene detection in 

RTILs is possible, however it is limited only to environments with sufficient humidity levels (more 

than 40 %), which limits the application of such a sensor in extremely dry environments. 

These reports have shown that RTILs are highly favourable media for use in electrochemical 

gas sensors. In many cases, the RTIL is used directly in contact with a bare metal electrode (cf. 

Clark cell) or combined with other materials (e.g. bimetallic membranes, graphene, polyaniline) for 

improved responses. The low volatility of RTILs is a particular advantage since the use of a 

membrane can be eliminated. It appears as though the most logical step forward in this area is to 

employ thin RTIL layers to overcome the slow diffusion often associated with viscous RTILs. This 

may result in decreased response times, on the order of minutes or seconds, which is ideal for most 

gas sensor device requirements. Additionally, to improve current density and to overcome 

iR/Ohmic drop common in resistive RTILs, small sized working electrodes (e.g. micro- or micro-

array) and eventually “lab-ob-a-chip” type systems are predicted to become widely used. 

 

2.3 Ionic Liquids in ISEs 

Ion Selective Electrodes (ISEs) have been developed over the last four decades as sensitive and 

inexpensive sensors to measure analytes of environmental and medical importance, and typically 

have a fast reversible response to the analyte of interest. ISEs produce a potential (EMF) that is 

proportional to the trans-membrane difference in activity of ions. Conventional ISEs employ four 

components in the membrane: (1) a skeleton e.g. PVC, (2) a plasticizer e.g. 2-nitrophenyloctylether 

(NPOE) or dioctyl sebacate (DOS), (3) an ion exchanger e.g. K+R- (where R-=lipophilic anion) and 

(4) an ionophore e.g. valinomycin (selective to K+ over Na+). Ionic liquids (ILs) have recently been 

employed as an alternative to plasticizers and ion exchangers in membranes of ISEs. It is noted that 

most of the ILs used for ISEs have melting points slightly above room temperature, so it is not 

appropriate to refer to them here as RTILs. Several authors have successfully incorporated ionic 

liquids for fundamental sensing of ions, as described below, suggesting the possibility to 
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incorporate lipophilic ionic liquids into membranes of potentiometric and amperometric ion-

selective electrodes. 

For example Nishi et al.51 used the hydrophobic RTIL [N8,8,8,1][C4C4N] containing the 

ionophore dicyclohexano-18-crown-6 (DCH18C6) for the potentiometric detection of K+ in water. 

Facilitated ion transfer voltammetry was reported for K+ (from water to the RTIL) 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 10-5 to 10-1 M with a response time of 

20 minutes. Langmaier and Samec52 employed a thin (112 µm) microporous membrane 

impregnated with valinomycin and the hydrophobic ionic liquid [N12,12,12,1][TFPB] for the 

facilitated amperometric detection of K+ and Na+. Cyclic voltammetry for K+ and Na+ transfer from 

water to the RTIL membrane was reported, and the use of the RTIL in the membrane provided 

enhanced stability and selectivity compared to conventional K+ ISEs. The RTIL membrane 

electrode was used to detect K+ and Na+ in table and tap water samples (0.02 to 3.4 mM) in the 

presence of a large excess (1 M) of interfering ions such as Mg2+ and Ca2+. The same group53 

employed a similar K+ ISE containing the same ionic liquid, but with the addition of a water-soluble 

crown ether (18-crown-6) to the aqueous phase. This made it possible to distinguish the 

voltammetric waves of various alkali metal cations (K+, Na+, Li+ and Mg2+) and the promising 

results suggest that the RTIL-membrane may be suitable for application in an amperometric ISE for 

K+. 

Chernyshov et al.54 used low-melting ionic solids (LMISs, defined as ILs that melt slightly 

above room temperature) for the potentiometric determination of salicylate, perchlorate, thiocyanate 

and iodide ions in water. Three LMISs [N6,6,6,6][BSB], [N8,8,8,8][BSB] and [N8,8,8,1][BSB] were 

examined as suitable salts for both liquid-contact and solid-contact ISE membranes, and 

[N8,8,8,8][BSB] was chosen as the most suitable because of the lowest melting point. A Nernstian 

response was observed over the range 10-4 or 10-5 to 10-1 M (see Figure 6) for the four chosen 

analyte ions, with good reproducibility and reversibility and a fast response time of <10 seconds. 
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Peng et al.55 reported a sulfate ion sensor based on a PVC membrane containing either one 

of the two RTILs [C8mim]Cl or [P14,6,6,6]Cl 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 10-5 to 10-1 M and were successfully applied for the 

analysis of sulfate in drinking water samples. The same group56 employed a 

polymer/IL/multiwalled-CNT composite electrode as an all solid-state potentiometric sensor for 

various anions (SO4
2-, Cl-, NO3

-, Sal-, SCN- and ClO4
-). The ionic liquid [P14,6,6,6]Cl was added to 

the PVC membrane in the ratio 20 wt.% IL to 80 wt.% PVC. It was noted that the sensor suffered 

from severe potential instability due to the tendency of the IL to absorb water, but this was 

improved by the addition to CNTs to the membrane, resulting in a stable Nernstian response over 

the concentration range 10-5 to 10-1 M. 

Faridbod et al.57 developed a potentiometric Er(III) sensor consisting of a multi-walled 

CNT/[C4mim][BF4] carbon paste electrode containing 5-(dimethylamino)naphthalene-1-sulfonyl-4-

phenylsemicarbazide (NSP) as the sensing material. A Nernstian response of 19.8 mV per decade 

was observed in the range 10-7 to 10-1 M with a detection limit of 5×10-8 M for Er(III). Using the 

RTIL as a binder showed 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. 

It is clear from these reports that RTILs 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). Research in this field may be restricted until new highly lipophilic ILs are synthesized. 

 

2.4 Sensing of Biological Molecules 

RTILs have been shown to be ideal candidates as replacement electrolytes in biosensors due to their 

intrinsic conductivity, high stability and excellent biocompatibility. A recent review paper by 
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Shiddiky and Torriero27 describes in detail the recent development and construction of IL based 

electrochemical biosensing systems, including carbon ionic liquid electrodes (CILEs) and ionic 

liquid-modified macrodisk electrodes. Since the authors cover the majority of the work in the 

biosensing area up to 2011, the focus here will be only on the direct detection of biological 

molecules using RTILs. The ability to detect biological molecules directly without a biomolecular 

recognition is desirable to obtain important information on their intrinsic thermodynamic and 

kinetic properties (formal potentials, electron transfer rate constants, diffusion coefficients and 

coupled chemical reactions),58 which may be different in RTILs and conventional solvents. To date, 

there is relatively little information available on the fundamental behaviour of biological molecules 

in RTILs; however, this information can provide the basis for the development of sensors 

employing RTILs either as the solvent medium, or as a droplet (e.g. on a solid electrode) in aqueous 

media. Below are some recent examples of direct electrochemical detection of biological molecules 

using RTILs. For more detail on the use of RTILs specifically in biosensors, interested readers are 

directed to the biosensor-focussed review paper.27 

 Loget et al.31 reported the direct electron transfer to hemoglobin (Hb) and myoglobin (Mb) 

at a glassy carbon electrode in water using an RTIL ([C4mim][BF4]) as the electrolyte. In this study, 

Hb and Mb were reduced by 4 and 1 electron(s), respectively. Sharp and well-defined 

voltammograms were observed for Hb and Mb, indicating that the proteins are not strongly 

adsorbed on the electrode surface, which is in contrast to most works in traditional electrolyte 

media. It was observed that the RTIL promoted and facilitated the electron transfer between the 

electrode and the proteins, possibly due to the bulky RTIL ions that provide a micro-environment 

suitable for orientation of the heme proteins on the electrode surface. This provides a means to 

detect Hb and Mb at a bare glassy carbon electrode in water/RTIL solutions.  

ShangGuan et al.59 reported the electrochemical oxidation of paracetamol in water solutions 

(0.1 M acetate buffer) using a carbon-RTIL ([C4mim][PF6]) electrode. Higher currents were 

observed and the voltammetric behaviour indicates that the reaction is more electrochemically 

reversible compared to similar electrodes with a traditional oil-based binder. The carbon-RTIL 
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electrode showed linearity (current vs. concentration) in the range 1×10-6 M to 2×10-3 M with a 

detection limit of 0.3 µM. The electrode showed good sensitivity and reproducible response even in 

the presence of interferents (e.g ascorbic acid, caffeine, p-aminophenol, glucose and urea) that are 

commonly found in pharmaceutical and urine samples. 

The use of screen printed electrodes with RTILs has also recently become a focus for direct 

sensing of biological molecules. For example, Chernyshov et al.60 used a screen-printed electrode 

modified with a graphite-RTIL ([C4dmim][NTf2]) composite for the voltammetric detection of 

dopamine, adrenaline and dobutamine in aqueous solutions. Calibration graphs were linear for 

current vs. concentration over the concentration ranges: 4×10-6 M to 1×10-4 M (for dopamine), 

3×10-7 M to 1×10-4 M (adrenaline) and 2×10-7 M to 1×10-4 M (dobutamine), with detection limits of 

1.2 µM, 1.3 µM and 5.3 µM, respectively. The electrode response was stable and reproducible, 

although the authors note that relatively water soluble RTILs (such as others that were studied in 

their work) may not be suitable for the fabrication of long-life sensors due to leakage of RTIL ions 

into the aqueous phase. A similar problem occurs with membrane ISEs, as discussed in section 2.3. 

Notable work was performed by Ping et al.61 who used a screen-printed electrode bulk-modified 

with graphite, cellulose, acetate and the ionic liquid [C8Py][PF6] for the detection of dopamine in 

aqueous solutions. A linear range (current vs. concentration) of 1×10-6 M to 2.5×10-3 M and 

detection limit of 0.5 µM was reported for dopamine at the modified electrode. 

 Compton’s group have been active in this area and have employed RTILs in modified 

electrodes or used them directly as solvents for the detection of various biological molecules. For 

example they employed a carbon nanotube-ionic liquid ([C8Py][PF6]) composite sensor for the 

detection of ascorbic acid, hydrogen peroxide and nicotinamide adenine dinucleotide (NADH).62 

The sensor showed low background current, high sensitivity, high stability and good 

reproducibility. They followed this with a study of the direct electrochemistry of NADH in two 

RTILs, [C2mim][NTf2] and [C4mim][PF6]63 on a platinum electrode. Voltammetric peaks for 

NADH were observed in [C4mim][PF6] but not in [C2mim][NTf2], suggesting that careful choice of 
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the RTIL nature is extremely important. This knowledge is highly beneficial for researchers 

choosing the most appropriate RTIL to employ for selective analyte sensing. Compton’s group also 

reported the electrochemical reduction of guanine and adenine on Pt in a wide range of RTILs: 

[N6,2,2,2][NTf2], [C4mim][PF6], [C4mpyrr][NTf2], [C4mim][NTf2], [C4mpyrr][N(CN)2] and 

[P14,6,6,6][FAP].64 In two of the ionic liquids ([N6,2,2,2][NTf2] and [P14,6,6,6][FAP]) a one-electron 

reduction of both guanine and adenine is observed, followed by a chemical step (e.g. dimerization). 

These analytes can be monitored in the concentration range from 2 to 30 mM in RTILs, suggesting 

a suitable method for their detection. The voltammetry of catechol and dopamine was also reported 

on bare Pt electrodes in the RTILs [C2mim][NTf2] and [C4mim][BF4] by the same group,65 

suggesting the possibility for the detection of these biologically important molecules.  

A sensor for the simultaneous voltammetric detection of guanine and adenine was proposed 

by Xiao et al.66 The electrode was prepared using multi walled carbon nanotubes (MWCNTs) with 

the RTIL [C4mim][PF6] as a binder, followed by electrodeposition of gold nanoparticles from a 

HAuCl4 solution onto the carbon-paste electrode. Anodic stripping voltammetry was observed for 

guanine and adenine at different potentials, and the peak potentials were sufficiently separated for 

simultaneous detection. Peak currents for both analytes were linearly proportional to concentration 

in the range 9×10-7 M to 1.4×10-4 M and detection limits down to nanomolar levels were achieved 

after an accumulation step of 150 seconds. The sensitivities were unchanged when the other species 

was present in the same sample. This sensor was applied for the detection of guanine and adenine in 

real-world samples (milk, plasma and urine). 

As can be deduced from these reports, the ability to detect and monitor the concentrations of 

biological molecules is extremely important, particularly in medical and environmental samples 

(e.g. blood/urine/water). Understanding the behaviour of biological molecules in RTILs is an 

important step towards developing commercial sensors containing RTILs, whether they be with 

(‘biosensor’) or without a bio-recognition process, and more fundamental research is required in 

this important area. 
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2.5 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 (e.g. sensing at solid electrodes or gas sensing), it seemed appropriate to give this topic a 

separate section to highlight the importance of this area. With the increasing need for sensors for 

explosive materials at airports and security installations (which may be at risk from improvised 

explosive devices) the interest in developing electrochemical 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 (e.g. chemical warfare agents, CWAs) using RTILs as a 

solvent/supporting electrolyte. RTILs are conductive and have low-volatility, allowing them to be 

deployed in many types of extreme environments (e.g. hot/dry/arid conditions) where other sensor 

electrolytes would fail. This section describes some of the most interesting work in 

explosives/CWA detection using RTILs since 2008. 

An ionic liquid thin layer electrochemical quartz crystal microbalance (EQCM) sensor to 

detect nitro aromatic compounds such as ethyl nitrobenzene and dinitrotoluene (both analogues of 

redox active explosives) was reported by Yu et al.67 The sensor combined both electrochemical and 

piezoelectric transduction mechanisms into a minituarized platform with a counter, working and 

reference electrode. The combination of two methods can be used to cross-validate the 

measurement and increase the accuracy of detection. The RTIL [C4mim][BF4] had a dual function: 

as a liquid medium to connect all three electrodes (for amperometry) and as a medium for the pre-

concentration of explosive vapours (for amperometry and QCM).  

Forzani et al.68 proposed a hybrid electrochemical-colorimetric sensing platform for the 

detection of explosive trinitrotoluene (TNT) vapours as shown in Figure 7. A thin layer of the RTIL 

[C4mim][PF6] was found to selectively pre-concentrate the explosive materials and quickly 

transport the analytes to the electrodes. The explosive vapours were detected by electrochemical 

(cyclic voltammetry) and colorimetric (absorbance change) methods at the working electrode. The 

observed currents and distinct colour changes provide a fingerprint for the identification and 

quantification of TNT. The same group69 later employed a conducting polymer nanojunction that 
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was sensitive only to the reduction products of TNT and was able to discriminate from other redox-

active interferents found in ambient air. The sensor simultaneously measured the current for the 

reduction of TNT and the resulting conductance change of the polymer 

(poly(ethylenedioxythiophene), PEDOT). A linear response (current vs. concentration) was 

observed at concentrations of 30 pM to 6 nM TNT (when present in the liquid phase) and the sensor 

was capable of detecting extremely low levels of TNT (ppt) within 1-2 minutes. 

Graphene, in conjunction with RTILs, has also been employed for highly selective sensing 

of explosive TNT by Guo et al.70 The RTIL [C4mim][PF6] was combined with three-dimensional 

graphene to make an ionic liquid-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 voltammetry) and concentration from 2 to 1000 ppb, with a 

low detection limit of 0.5 ppb for TNT. This was superior to that demonstrated by RTIL-CNT and 

RTIL-graphite composites. 

Jayawardhana et al.71 reported a rapid and sensitive stochastic nanopore sensing method for 

the detection of monovalent cations and liquid explosive components and their sensitizers. They 

employed a α-hemolysin protein pore with botomycin (molecular adaptor) as the sensing element 

and the RTIL [C4mim]Cl as a background electrolyte (1 M in water). This pioneering work is 

believed to be the first time that RTILs have been successfully introduced as supporting electrolytes 

in nanopore technology, and permits the analysis of compounds that are difficult or even impossible 

to detect in aqueous solutions due to their limited solubility. 

Singh et al.72 reported the electrochemical detection for the chemical warfare agent (CWA) 

nitrogen mustard-2 (NM-2) on platinum in the RTIL [S2,2,2][NTf2]. A one-electron oxidation peak 

was observed on the anodic sweep and a reduction wave was observed on the cathodic sweep. This 

is believed to be the first report of cyclic voltammetry for any CWA in ionic liquids. A diffusion 

coefficient of 1.8×10-10 m2s-1 for NM-2 was calculated, which is the same order of magnitude for 

other gases (e.g. O2, H2) in RTILs.43 A linear relationship was observed between current (reduction) 

and concentration in the range 29 µM and 1.2 mM, with a detection limit of 15 µM. The levels at 
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which this gas is toxic is much lower, but this study provides a basis for its detection and room for 

improvement. The authors suggest that RTILs are an alternative greener medium for the detection 

of toxic CWAs and this suggests that more work is needed in this important area. 

These interesting works have shown that it is possible to selectively detect highly dangerous 

explosive and toxic species using an RTIL as an electrolyte and/or pre-concentration medium. In 

may cases, the RTIL has been combined with other materials (e.g. nanomaterials), or the 

electrochemical technique has been combined with a complementary technique. It seems that the 

high viscosity of RTILs compared to conventional 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 areas that are safe to enter for post-

explosion analysis. 

 

Conclusions and Future Prospectives 

This article has described the recent developments (over the last 3 years) in the use of ionic liquids 

for electrochemical sensing applications. Their use in voltammetric sensing at solid/liquid and 

liquid/liquid interfaces, use as a binder in carbon paste electrodes, in gas sensing, ISEs, and for 

detecting biological molecules, explosives and CWAs has been discussed. The large amount of 

interest in applying ILs in electrochemical sensors is likely due to the highly robust and non-volatile 

(“green”) nature of ionic liquids, which means they can be applied in a range of harsh environments 

without the issues of solvent evaporation that occurs with conventional solvents. Some possible 

future directions for each type of sensing technique/area have been discussed throughout this article 

and include the wider implementation of TSILs for tuning reactivity in voltammetric sensing, the 

requirement for extremely hydrophobic RTILs to: (1) extend the available potential windows for 
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sensing at liquid/liquid interfaces and (2) be used in ISEs without the issue of leakage into the 

aqueous phase. For gas sensors, the expected future direction is in the use of very thin layers (to 

provide faster response times) and using very small (e.g. micron-sized) working electrodes (for 

higher current densities and reduced iR drop). For electrochemical explosives sensing, it appears 

that RTILs have to be combined with either (1) nanomaterials or (2) complementary techniques, 

since electrochemical sensing in RTILs alone does not seem to be sensitive enough to detect the 

low/trace concentrations required. However, some significant discoveries in this field are expected 

due to the increasing need for portable explosive sensors in a wide range of environments. RTILs 

have shown the most amount of promise when used as a binder in conjunction with carbon 

nanomaterials due to the ease of preparation, higher currents (compared to oil-CPEs), high 

sensitivity, good reproducibility, low cost and long-term stability. As a result, there is much more 

work expected in this area in the near future. 

Based on the work reviewed here, it appears that there are currently a number of challenges 

associated with employing RTILs as replacement electrolytes in electrochemical sensors. Firstly, 

any practical implementation of a sensor (particularly amperometric) requires careful control of the 

potential vs. a stable reference electrode. This is an ongoing problem that is still yet to be answered 

in ionic liquids73 and more work is needed on this topic; there has been a full discussion on this 

topic in a book chapter by Silvester et al.74 Another issue is the intrinsic impurities present in 

RTILs, such as unreacted starting material (e.g. chloride), water and dissolved gases (e.g. oxygen), 

all of which can interfere with the electrochemical response of the analyte. However, most RTILs 

that are now commercially available contain many fewer impurities than when they were first 

available, since there is now a better understanding of the synthetic methods to produce RTILs on a 

bulk scale, resulting in impurity levels that are very low. Humidity monitors may also need to be 

employed to account for the varying water contents in the RTILs in a range of real environments, 

which have been shown to affect the viscosity and the electrochemical response.23 The third issue is 

the high viscosity of RTILs, which may prove be a particular challenge in voltammetric and gas 

sensing, giving slower current responses and poorer detection limits compared to conventional 
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solvent/electrolyte systems. The slow response time can be overcome by using thinner RTIL layers 

and the poorer detection limits may mean that RTILs may only be useful for higher (ppm to %) 

concentrations of gases as opposed to trace (ppb) levels. However, due to their very low volatility 

RTIL-based gas sensors have the ability to be used in environments currently unavailable to 

conventional sensor devices where gas detection is required (e.g. “downhole” in the oil and gas 

industry and in high temperature environments such as mining sites and post-explosion sites). The 

other main challenge associated with RTIL-based sensors is the selectivity towards one particular 

analyte species in the presence of a complex mixture. However, this is a challenge common to all 

conventional sensing devices, not just those containing RTILs. 

Despite these challenges, clearly the tuneability of RTILs and their ability to be easily 

combined with other materials makes them ideal candidates as electrolytes in a range of 

electrochemical devices. Although this field is still in the development stage, it is envisioned that in 

the next decade we will see some significant advances towards commercialization of RTIL-based 

electrochemical sensing systems, particularly when using RTILs as a binder and in the field of 

amperometric gas sensing. 
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Figure legends 

Figure 1.  Names, abbreviations and chemical structures of the ionic liquid cations and anions 

described in this article. 

Figure 2.  Top: Schematic diagram of an electrochemical sensor with a thin layer of task 

specific ionic liquid (TSIL) as a selective solubilization medium. Bottom: square 

wave voltammetric response of 8 ng/L PbO, CdO and CuO in the absence (black 

line) and presence (red line) of 10 ng/L Bi2O3.29 Copyright Elsevier. Reproduced 

with permission. 

Figure 3.  Comparison of the mechanism of electrode reaction of a polar reactant at a 

traditional oil-based carbon paste electrode and IL-carbon paste electrode. Arched 

arrows indicate heterogeneous electron transfer, whereas straight arrows indicate 

transfer across the liquid/liquid interface.33 Copyright Elsevier. Reproduced with 

permission. 

Figure 4.  Schematic diagrams of various gas sensing devices.43 Copyright The 

Electrochemical Society. Reproduced with permission. 

Figure 5. (a) Schematic illustration of the ethylene sensing mechanism. Ethylene dissolves in a 

thin ionic-liquid layer covering a gold working electrode. If a sufficiently high 

potential E is applied to the working electrode, the ethylene is oxidized, resulting in a 

faradaic current i. (b) Photograph of a sensor, consisting of a Au disk working 

electrode (WE), surrounded by a Pt ring-shaped quasi-reference electrode (REF) and 

Pt rectangular counter electrode (CE). (c) Photograph of a DIL package containing 

two chips and a total of four devices that were wire-bonded and covered by epoxy. 

Reprinted with permission from Zevenbergen et al. 50 Copyright 2011, American 

Chemical Society. 

Figure 6.  Potentiometric response of a bulk [N8,8,8,8][BSB]-based solid membrane electrode 

towards different anions (triangle=salicylate; diamond=perchlorate; 
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circle=thiocyanate; square=iodide).54 Copyright American Chemical Society. 

Reproduced with permission. 

Figure 7.  Hybrid electrochemical-colorimetric sensor with a thin layer of ionic liquid as a 

selective preconcentration medium. (A) Cyclic voltammograms of blank IL 

[C4mim][PF6] (black line) and 2 ppm TNT in the IL (red line) at 100 mVs-1. Arrows 

indicate peak currents of TNT. (B) Colour (absorbance) changes during the 

electrochemical reduction of TNT in [C4mim][PF6]. Inset to part B shows two 

images taken before (0.0 V) and after (-1.5 V) TNT reduction. The distinct colour 

change provides a fingerprint for identification and quantification of the explosive.68 

Copyright American Chemical Society. Reproduced with permission. 
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