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including the simultaneous monitoring of temperature and humidity via voltammetric methods.  
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1. INTRODUCTION 

Gas detection plays an important, even essential role in many areas, ranging from food safety to 

environmental monitoring, with one of the best known examples being fire alarms based on CO[1-3] 

detection. Quantitative measurement of gases is based on a variety of physical or chemical 

principles[4]. Examples of commercialised sensors include techniques using spectrometry[5-9], 

luminescence[10-14] and electrochemistry[15-19] as a basis of sensing. Table 1 summaries different 

types of sensors and their operational principles. Amongst the various techniques, the electrochemical 

approach often shows significant advantages over the others. First and second, an electrochemical gas 

sensor provides high sensitivity at low cost. Third, their compact sizes allow for high portability. 

Fourth, only a small amount of energy is required to run the detector. On the other hand, the selectivity 

of electrochemical sensors is rarely perfect.  

Electrochemical gas sensors are categorised as being either potentiometric or amperometric in 

nature. In the former, a potential, E, is established on a suitable electrode and related to the 

concentrations of the species giving rise to the potential via the concentrations of the Nernst 

equation[20]. Accordingly potentiometric sensors respond to the logarithm of the concentrations. 

http://www.electrochemsci.org/
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Figure 2 depicts the structure of one type of potentiometric gas sensing electrode. Note the presence of 

two reference electrodes and an internal solution.  

 

Table 1. Table comparing of the principles of different gas sensing techniques. OV = organic vapour 

 

Type Principle Some examples 

Photoionization 

sensor 

Detection of the charge generated from 

the ionised gas molecules produced by 

UV light 

OV[4, 141-143], NO2[144] 

IR sensor Comparison of IR intensity before and 

after being absorbed by the target gas 

CO2[145], CO[146], CH4[147] 

Fluorescence 

sensor[148] 

Detection of the wavelength change of 

the fluorescence 

CO[149],H2S[150],HCN[151] 

Metal oxide 

semiconductor  

Measurement of changes in resistance 

after the gases absorbed on the 

semiconductor surface 

H2[152-154], NH3[155, 

156],NO2[157], CO[158] 

Catalytic gas 

sensor 

Measure the resistance change on the 

sensor surface after reactions of target 

gas with the catalytic bead 

OV[159], SO2[160], CH4[161, 

162] 

Electrochemical 

sensor  

Detection of electron transferred during 

electrochemical reaction 

O2[63, 136, 163], NO2[164], 

H2S[165, 166], OV[164] 

 

 
 

Figure 1. A potentiometric gas sensor electrode. The concentration of gas is recorded as the shift of 

potential. Gases, like CO2, first diffuse through the membrane then dissolve in the internal 

solution. The pH of the solution is changed due to the formation of acidic compounds, like 

H2CO3. A potential shift of 59 mV with every one unit of pH is predicted by the Nernst 

equation[175]. 
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Figure 2. Electrochemical gas sensors produced by Honeywell Analytics (www.honeywell.com). A 

electrochemical cell consists of electrodes, membrane and insulate separators (to keep 

electrodes away from each other). A detector case has a complete electronic circuit which 

allows the gas concentration to be read. A data recorder can continuously record the gas 

concentrations.  

 

Gases like carbon dioxide [21-26], sulphur dioxide[27, 28] and ammonia[29-31] are detected 

potentiometrically where the gas concentrations can be read as shifts in the measured potential. Often 

the gases are not measured directly but indirectly via their equilibration with protons in aqueous 

solution (as in Figure 2) to give concentration via pH measurements. Nonetheless, most gas sensors are 

amperometrically based where the concentrations of gas are monitored by current measurements with 

the latter arising from electrolysis (oxidation or reduction) of a target gas at a working electrode. 

Amperometric sensors mostly originate from the design of the ‘Clark oxygen electrode’[32] developed 

first for medical experiments. The Clark type gas sensor has a history of over five decades. In the 

immediately following sections, the classic and modern Clark type sensors are reviewed along with 

their advantages and drawbacks in the practical gas detection. Subsequently we address recent 

advances in the area of amperometric gas sensing including the use of room temperature ionic liquids 

(RTILs) as solvents and micro-electrodes as detectors. 

 

 

 

2. CLARK TYPE SENSORS 

2.1 History of the Clark Oxygen Electrode 

The Clark oxygen electrode made its first appearance in 1956. It was invented by Professor 

Leland Clark[32], often considered to be the ‘father of biosensors’, and was designed to measure the 

‘tension’(concentration) of oxygen in blood and tested first on dogs. The device supported the 

publication of another Clark invention, an oxygen generator for cardiac surgery[33]. 

The original design consisted of a power supply, a platinum cathode, a potassium chloride-

calomel anode (which was later replaced with a silver wire) and a cellophane membrane. All the 

electrodes were placed inside a glass tube and were wrapped with cotton soaked with saline solutions. 

The cellophane membrane was used to separate the internal and external environment in order to avert 

the influence of red blood cells in the oxygen measurements. To realise the detection, oxygen first 

diffuses through the membrane and enters the internal solution. The reduction of oxygen then takes 
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place at the platinum cathode (see Equation 1) when the power supply applies a potential of 0.6 V (vs. 

anode) to the cathode.  

 

 (1) 

 

The current of the reduction of oxygen was recorded using a galvanometer. The measured 

current was proportional to the concentration of O2. This linear dependence of current on the 

concentration of dissolved oxygen was first discovered by Heinrich L. Danneel[34] as long ago as the 

nineteenth century as part of a study on dissolved oxygen in Nernst’s laboratory. Experiments were 

performed by applying -0.2 V vs. platinum at a platinum macro-electrode in a water solution 

containing dissolved oxygen. In experiments with blood the biosensor failed since the platinum was 

blocked by adsorbed blood cells[35]. 

Experiments were carried out by Clark to optimise experimental conditions such as 

temperature, cathode voltage and choice of membrane material[32]. The current reading was observed 

to increase with the temperature due to the fact that oxygen diffuses faster at higher temperatures. The 

optimised voltage was within the range of 0.6 to 0.8 V against the anode but 0.6 V was deliberately 

chosen to reduce blood clot formation in vivo. It was found that the response time was largely limited 

by the time taken for oxygen diffusion through the membrane reflecting both the diffusion coefficient 

and solubility of oxygen in the membrane as compared to the aqueous electrolyte of the sensor as well 

as their relative thickness. The best membrane materials in order to decrease the response times were 

identified. A collection of polymers was investigated, including cellophane[32], dialysis tubing, 

condom rubber, condom skin and polyethylene. The time taken to reach steady state reading decreased 

in the following order[32]: condom skin > condom rubber > polyethylene = dialysis tubing > 

cellophane. The best response time (~ 20 s) was seen with cellophane membranes. However, the 

cellophane membrane slowed the response time by half as compared to what was observed without 

using a membrane (~ 10 s)[32].  

After the conditions were optimised, experiments for oxygen detection were carried out on 

blood both in vitro and in vivo. In vivo oxygen sensing was achieved through inserting the Clark type 

electrode into the aorta of a heparinised
i
, Nembutalized

ii
 dog. The oxygen responses were recorded by 

a galvanometer. The first experiment was performed under different levels of oxygen where readings
iii

 

on the galvanometer of 74 and 96 indicated partial pressure of O2 of 95 mm Hg and 700 mm Hg 

respectively. This design was proved to accurately reflect the oxygen content. The sensing stability 

using the Clark type electrode was determined under a constant air supply (3 hours) where identical 

signals were observed throughout the experiment[32]. 

The development of the Clark type oxygen electrode is deemed to be the birth of at-point-of-

care measurements. Clerk cells subsequently allowed applications in gaseous oxygen monitoring, 

direct blood oxygen measurements and much later even the development of early glucose sensors[23]. 

This great invention has inspired numerous scientists of later generations to develop other gas sensors 

using the Clark oxygen electrode as the basis. These are discussed in the next section.  
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2.2 Modern Clark Type Gas Sensors 

Modern gas sensors are typically derived from the original design of the Clark type electrode 

where the gas of interest first passes through a suitable permeable membrane and then dissolves in an 

internal solution where the electrochemical reaction takes place. Despite the diverse designs for 

different target gases, Clark type gas sensors share some common features where at least two 

electrodes are required and a gas selective membrane is used to retain the solvents. This basic design is 

the one used by companies such as Honeywell, Draeger, Alphasense, etc. to produce gas sensors for 

the market today. The general form of commercialised gas sensors is shown in Figure 2. As can be 

seen in Figure 2, a gas sensor consists of a electrochemical cell that contains electrodes, membrane and 

insulating separators (to keep electrodes away from each other), a detector case, which gives digital 

readings of gas concentrations, and a data recorder, which exports the gas concentrations into a 

computer. A summary of some gases that can be detected electrochemically using sensors supplied by 

different companies is shown in Table 2.  

 

Table 2. Table of available gas sensors from different sensing companies.(as at May 2014) CH = 

hydrocarbon compounds and HX = hydrogen halide. 

 
 

 

O2 CO2 CO PH3 CH NH3 H2S HCN SO2 ClO2 HX Halogens NO NO2 O3 OV H2O2 H2 

                   

https://www.honeywellanalytics.com/ 

Honeywell √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

http://www.alphasense.com/ 

Alphasense √ √ √ √  √ √ √ √ √ √ √ √ √  √ √ √ 

http://www.casellasolutions.com/ 

Casella √  √ √  √ √ √ √ √ √ √  √  √ √ √ 

http://www.alphasense.com/ 

Draeger √  √ √  √ √ √  √ √ √  √ √ √ √ √ 

http://www.geotechuk.com/ 

Geotech √   √  √ √ √ √ √  √  √  √ √ √ 

http://www.indsci.com/ 

Industrial Scientific √  √ √  √ √ √ √ √ √ √  √  √ √ √ 

http://www.ionscience.com/ 

Ion Science Ltd √  √    √           

http://www.magusintl.com/ 

Magus International √  √    √           

http://www.MSAsafety.com 

MSA √  √ √  √ √ √ √ √  √     √  

http://www.castlegroup.co.uk/ 
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Castle Group Ltd √  √ √  √ √ √ √ √  √ √   √ √  

http://www.emersonprocess.com/ 

Net Safety √  √   √ √  √        √  

 

Some companies focus on independently manufacturing and developing gas sensors for a full 

range of applications. Others may specialise in health and safety or environmental monitoring. The 

products are divided into small portable devices for field work and larger fixed devices used, for 

example, in ships or in the laboratory. It is noted that the sensors normally experience a life time of 

around 2 years, limited mainly due to the failure of the membrane and/or loss of the solvent (see next 

section). More details of gas sensing products in different companies can be found in the websites of 

the corresponding companies given in Table 2. 

The value of a gas sensor depends on four properties: selectivity, sensitivity, response time and 

sensor lifetime. Selectivity allows the detection of a specific gas as other gases are either filtered out 

physically or chemically. Sensitivity indicates the dependence of the measured current on the 

concentration of gas. Factors influencing the sensitivity are not restricted to the electrode but reflect 

the sensing environment. Response times are also of vital importance since the sensor needs to reflect 

promptly the changing gas concentrations. This is normally measured by the time taken to reach 90% 

of the steady state response(t90).  

The sensor lifespan is controlled by the electrode materials, solutions and membranes. A sensor 

case (see Figure 2) lasts for a long time (> 100 years). An electrochemical sensor normally has a shelf 

life of 6 month to a year. In standard sensing environments (-40 to 50 
o
C, 20 - 90 % RH, ~ 1 atm)[36], 

the membrane lasts for ca. 3 years and the sensing probe can run more than several thousand 

detections.
iv

 Lifetime limiting factors include the extreme temperature and pressures, low humidity 

environment and involvement of toxic gases[37]. These directly lead to consumed or contaminated 

filling solutions or electrode surfaces, resulting in electrode expiration.  

 

2.3 Limitations 

Despite the popular application of Clark type electrodes for gas detection, they suffer from 

some significant limitations. Lifespan, response time and sensitivity are greatly influenced by the use 

of membranes and conventional solvents as is next discussed. 

One of the major drawbacks of Clark type electrodes in gas detection lies in the use of a 

membrane as the response time is largely limited by the time taken for diffusion through the 

membrane. It can be easily understood by comparing the diffusion coefficient of O2 in air, water and in 

polymer membranes. The diffusion coefficient of O2 in air [38] is 0.179 cm
2
 s

-1
 (298 K) and in water 

[38] is 2.10 × 10
-5

 cm
2
 s

-1
 (298 K) whereas in polymer membranes[39, 40] this value decreases to the 

order of magnitude of 10
-6

 cm
2
 s

-1
. The decreased diffusion coefficient of oxygen in a membrane 

reflects the low gas permeability of polymer membranes
v
. In a typical Clark cell, the oxygen 

permeability in a membrane is 8 × 10
-11

 mol m
-1

 s
-1

 atm
-1

 and in water is 2.7 × 10
-9

 mol m
-1

 s
-1

 atm
-

1
[41]. Note that the response time depends on both the membrane material and the thickness of the 



Int. J. Electrochem. Sci., Vol. 9, 2014 

  

7158 

membrane. The original work on the Clark electrode showed that the response time rose from 20 

seconds to 30 seconds when the thickness of cellophane doubled. Table 3 summarises typical values of 

t90 for commonly detected gases using commercial sensors. Toxic gas sensors(H2S, NH3, SO2 and 

NO2) contain filling solutions of concentrated H2SO4 whilst that of O2 sensors is an aqueous solution 

of potassium acetate[42]. The membrane is one type of gas permeable solid polymer membranes. Data 

collected from the user manuals of AlphaSense products show t90 of longer than 10 seconds. The 

prolonged response time due to the presence of the membrane makes some sensors impractical for 

real-time monitoring as the change of sensing conditions can happen within seconds or less. Membrane 

dependent sensitivity is another issue. For example, work by Do et al.[43] demonstrates that enhanced 

sensitivity was achieved by using conducting polymer membranes (polyaniline/Au/Nafion
®
) as 

working electrodes which not only reduces the need of a separate working electrode but also increases 

the sensitivity of nitrous oxide detection from 0.33 µA ppm
-1

[44] to 2.28 µA ppm
-1

.  

 

Table 3. Table of t90 of some of the gases. Information is summaried from user’s manuals of different 

gas sensing companies. Solutions for toxic gas sensor (H2S, NH3, SO2, NO2) sensor are 

concentrated H2SO4 and that of O2 sensor is an aqueous solution of potassium acetate 

(KC2H3O2). The membrane is one type of gas permeable solid polymer membranes. 

 

Gas t90 

O2 < 11 s 

NH3 < 90 s 

H2S < 15 s 

SO2 < 25 s 

NO2 < 25 s 

 

Conventional solvents[45] used for gas detection are prone to evaporative losses, leading 

eventually to sensor failur[46]. Other sensing failures may be caused by high and low temperatures 

where solutions may be boiled or frozen in these environments. An electrochemical sensor normally 

has a lifetime of 24 month under standard conditions (~ 25 
o
C, ~ 60 % RH, and within 20 % of 

ambient pressure)[36].  

H2S, as an oil field gas, is one example that requires the sensor to be operated in extreme 

conditions (-60 to 60 
o
C)[47, 48] where shorter lifetimes may be expected. The internal solution 

electrolyte of commercial sensors is often composed of H2SO4/H2O[49]as this electrolyte has a vapour 

pressure which most closely mirrors ‘average ambient’ conditions. However problems still remain as 

stated below. First the sensing range of the solution (-45 to 50 
o
C) is smaller than some real-world 

sensing conditions (-60 to 60 
o
C)[47]. Second losses of water result at humidity values lower than 60 

% RH and gains of water at humidity values higher than this value. Experiments (by AlphaSense) in 5 

M H2SO4 aqueous solution showed loss of the solution by ca. 50 % (by mass) at the temperature of 20 
o
C and at a humidity ranging from 0% to 25% RH over 2 days. At humidity values higher than 60 % 

RH, a ‘flood’ in the sensing chamber is caused where the solution increased by around 100% in mass, 

of water at the temperature of 20 
o
C and at a humidity of 95 % RH over 2 days.

vi
 Such changes to the 

solvent compositions result in the need for constant calibration of sensors. Further to this, the narrow 
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electrochemical windows of H2SO4/H2O (2 V) preclude useful electrochemical reactions of some gases 

to be observed in this media[50, 51]. 

Other limitations may be ascribed to the nature of the electrochemical process used 

analytically. Due to the electron transfer process involved in the gas detection, the diffusion 

coefficient, the number of electrons transfer and the gas concentrations are all sensitive to the 

environmental change. Therefore gas sensors typically are internally temperature and/or humidity 

compensated.
vii

 This is discussed in later sections.  

Cross sensitivity
viii

 of non-target gases may result in a false reading of target gas 

concentrations. Taking an O2 sensor as an example, an 6 % increase in signal is seen in the presence of 

20 % CO2. If more than 25 % CO2 is present in the system, the O2 sensor is damaged and an enhanced 

oxygen concentration is read, due to adsorption of CO2 into the electrolyte(KC2H3O2).
xi

 In addition, 

highly oxidising gases like chlorine, bromine, chlorine dioxide, and ozone can also interfere with 

oxygen sensing as electrons transferred during the oxygen reduction process can be possibly taken by 

those oxidising gases[42]. 

The next section focuses on overcoming some of the discussed limitations using recent 

advances.  

 

 

3. ADVANCES 

Recognising the limitations of the traditional Clark type oxygen sensors as discussed in the 

previous section, we next discuss recent developments aimed at overcoming these disadvantages. The 

following sections introduce recent advances for gas sensing systems from two respects: solvents and 

electrodes.  

 

3.1 The use of ionic liquids for gas sensing 

Room temperature ionic liquids (RTILs) are typically comprised of a bulky asymmetric organic 

cation and a small inorganic anion and exist as liquids at or below room temperature (298 K).[52] The 

main commercial suppliers of ‘high purity’ grade RTILs include Sigma-Aldrich
x
, Merck

zi
 and BASF

zii
. 

The purity of RTILs is frequently analysed[53] using electrochemical techniques[45, 52, 54], high-

performance liquid chromatography[55-57], and X-ray photo-electron spectroscopy[58-60]. Figure 3 

shows some commonly used ionic cations and anions. The contrasting sizes of the ions result in poor 

coordination and therefore at room temperature the materials are liquids rather than solids like NaCl. 

RTILs have special properties which can offer an alternative to conventional solvents for use in gas 

sensors. The following sections focus on the possible beneficial properties of RTILs and their 

applications in gas detection.  

Wide Electrochemical Windows 

The width of the electrochemical window of a system is determined by the oxidation and 

reduction  potential  of  the  supporting  electrolytes  or  the  solvents. Wider  electrochemical windows 

allow a greater range of molecules to be detected without masking from background currents. 
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Figure 3. The structures, chemical names and usual abbreviations of the commonly used ionic 

components of RTILs  

 

 

Water has an electrochemical window of 2.4 V and acetonitrile of 5 V. However, the oxidation 

or reduction potentials of the constituent ions are impossible to measure accurately. This is because the 

commonly used reference electrodes in RTILs are Ag or Pt pseudo reference electrodes which may 

cause potential drifts (around 5 mV). To overcome this issue, either a stable Ag/AgNtf2 external 

reference electrode is made[61] or an internal reference probe, normally ferrocene(Fc) or ferrocene 

derivatives, is dissolved in RTILs. The latter is commonly adopted for simplicity. The electrochemical 

windows are defined as the potential corresponding to a current density
xiii

 of 1 mA cm
-2

. A low current 

density is deliberately chosen since only small current is used in gas detection[62-65]. A number of 

reports indicate that the oxidation and reduction potentials of ionic liquids are electrode material 

dependent[66-69]. The material dependence of electrochemical window was studied by Zhang and 

Bond[69] at Au, glassy carbon (GC) and Pt working electrodes in [C4mim][BF4]. The magnitude of the 

electrochemical reductive window adhered to the electrode material sequence of Au ≈ GC > Pt while 

the oxidation window magnitude followed the order Au > GC ≈ Pt.  
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O’Mahony et al. compared the cathodic and anodic limits of some frequently used ionic 

liquids. To collect these data, the potentials were measured against the Fc/Fc
+
(ferrocene/ferrocenium) 

couple at 298 K and recorded at a Pt micro electrode. It was found that the anion followed the 

decreasing trend of stabilityO[47]: [NTf2] ≈ [FAP] > [PF6] ≈ [BF4] > [OTf] > halides (Br
-
, I

-
). As the 

counter ion may also influence the oxidation potential of the anion, the cations were fixed to be 

[C4mim] in this study. The cathodic limits decreased as: [C4mprr] ≈ [P14,6,6,6] ≈ [N6,2,2,2] ≈ [C6mim] > 

[C4mim] ≈ [C4dmim] > [C2mim]. Here the anions were selected to be [NTf2] for fair comparison. The 

electrochemical windows of RTILs typically range from 3 - 6 V. The widest electrochemical window 

is reported to be [N6,2,2,2][FAP](7.0 V)[68, 70].  

 

Table 4. Table of electrochemical window (EW) and conductivity (κ) of vacuum dried aprotic ionic 

liquids at, unless stated, 298 K. Data are collected and summaried from the literatures 

 

ionic liquid   EW 

(V)[46]  

 κ(mΩ
-1

cm
-

1
)[167] 

 thermal stability 

(K)  

 vapor pressure (Pa)  

[C2mim][NTf2]  4.3  9.2[168]  455  0.0067 

[C4mim][NTf2]  4.8  4.0[169]  450  0.0036  

[C6mim][NTf2]  5  0.22[170] 428  0.012 

[C6mim][FAP]  5.3  0.17[171]  - - 

[C4mpyrr][NTf2]  5.2  2.1[167] -  

[C4mim][OTf2]  4.9  2.9[172]  - - 

[C4mim][BF4]  4.7  0.36[170] 424  

[N6,2,2,2][NTf2]  5.4  0.67[173]    

[P14,6,6,6][NTf2]  5  -     

[P14,6,6,6][FAP]  5.6  1.1 (Merck)   -   

water  2.4  13 [174]
a
  2273 - 

acetonitrile  5  7.6  [174]
b
     

a. 0.1 M KCl as supporting eletrolyte.  

b. 0.1 M TBAP as Supporting electrolyte, measured at 295 K. 

 

Table 4 compares the electrochemical windows of some commonly used RTILs and the 

conventional solvents, water and acetonitrile[46]. 

Apart from the chemical nature of RTILs, other factors also have a large impact on the 

electrochemical window. The study by O’Mahony et al. showed[71] that the width of the 

electrochemical window is subject to both the water content and temperature. It was found that 

electrochemical window decreased in the following order of ionic liquid conditions: vacuum-dried > 

atmospheric > wet and 298 K > 318 K > 338 K. The temperature effect is because the electron transfer 

rate constant increases with the temperature. Hydrophobic RTILs may show less dependence on the 

width of electrochemical windows when exposed to atmospheric moisture as they uptake less water as 

compared to hydrophilic RTILs.[72] It was found by O’Mahony that the anion in particular affects the 

level of water uptake[47]. The hydrophobicity of the anions showed the following trend:[FAP] > 
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[NTf2] > [PF6] > [BF4] > halides. As for cations, long carbon chains enhance water repulsion in the 

solvent due to reduced polarity[73]. 

 

Inherent conductivity 

Inherent conductivity is another important property of RTILs. It can be easily appreciated since 

RTILs are purely composed of ions. For RTILs, the extent of conductivity depends on the mobility of 

the ions composing the RTILs. The conductivity of RTILs near 298 K normally lies in the range of 

0.12 - 8 mΩ
-1

 cm
-1

 which is comparable to organic solvents containing 0.1 M tetra-n-butylammonium 

perchlorate (TBAP) as supporting electrolyte where the values are within the range of 0.5 - 8 mΩ
-1

 cm
-

1
. Table 4 lists the conductivities of RTILs, water (0.1 M KCl as supporting electrolyte) and 

acetonitrile (0.1 M TBAP as supporting electrolyte). 

The large range of conductivities of RTILs reflects their structural differences. Bulky 

constituent ions usually show slower movement. This is exemplified by comparing the conductivity of 

[C2mim][NTf2], 9.2 mΩ
-1

 cm
-1

 and [C6mim][NTf2], 0.22 mΩ
-1

 cm
-1

. Here an order of magnitude drop 

is measured when the alkyl substituted group in the imidazolium changes from an ethyl to a hexyl 

group. Another cause of a decrease in mobility, hence conductivity, may be hydrogen bond 

formation[74]. The protic RTILs composed of fluoro- (F) or oxyl- (O) substituted anions generally 

show low conductivity ranging from 0.14 to 1.3 mΩ
-1

 cm
-1

[69]. For the similar sized aprotic RTILs, 

the conductivities are above 4 mΩ
-1

 cm
-1

, except [[C4mim][BF4], where there may be some hydrogen 

bonds due to [BF4]. 

The conductivity can also be changed due to the external environment. Influential factors 

include temperature and the presence of additives. The variation of RTILs conductivity with 

temperature follows the Vogel-Tammann-Fulcher(VTF) relationship with an empirical equation[75] 

being  

 

 (2) 

 

From 258 K to 298 K, the conductivity of [C2mim][NTf2] increases from 1.5 to 9.2 mΩ
-1

 cm
-

1
[76]. The higher conductivity at increased temperature reflects the increased mobility of the ions of 

RTILs. It was found that the addition of acetonitrile boosts the conductivity of imidazolium based 

RTILs where the conductivity of RTILs increases by more than 50 times with addition of just 15 % 

acetonitrile[77]. Similar observations were made with other co-solvents[78-81]. The use of organic co-

solvent aims to decrease the solvent viscosity and hence increase conductivity.  

 

Low Volatility 

The volatility of a solvent is measured by its vapour pressure. The pressure is measured when 

the gas phase of the solvent is in equilibrium with its liquid phase. This property reflects the 

applicability of a solvent under extreme conditions, notably high temperature and low pressure. High 

vapour pressure indicates the likelihood of solvent losses under extreme environmental conditions. 

Compared to almost all conventional solvents, RTILs have much lower volatility. This is evidenced by 

its capability for use in X-ray Photo-electron Spectroscopy(XPS)[82]. XPS is generally not applicable 
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to liquids since it employs ultra-high vacuum (UHV) where conventional solvents evaporate. However 

XPS is now regularly used to characterise RTILs[83-88]. The vapour pressure of pure water[89, 90] at 

298 K is 3167.73 Pa whereas that of most ionic liquids is few mPa at 298 K[91]. This significant 

difference reflects the much stronger inter-molecular (ionic) forces in RTILs.  

 

High thermal stability 

The suitability of RTILs as solvents in gas sensing depends on the range of possible operation 

temperatures which is defined mostly by the melting point and decomposition temperature. Note, 

however, that a RTIL may also evaporate below its decomposition temperature. Maton et al.[92] 

thoroughly reviewed the factors that may affect the thermal stabilities, decomposition mechanisms and 

tools to analyse thermal decomposition for many RTILs.  

As compared to conventional solvents, RTILs often exhibit high thermal stability. This is 

evidenced by the fact that RTILs remain as liquids over a large temperature range. For example, 

[C4mim][NTf2] is liquid between 184 and 723 K as compared to the range of 273 K to 373 K for water 

at 1 atm.  

The high thermal stability of RTILs is ascribed to their stable component organic and inorganic 

ion structures. Decomposition of RTILs follows various mechanisms[93, 94], including nucleophilic 

substitution(SN1 and SN2)[95], thermal rearrangement[96], alkene formation and dealkylation[91]. 

RTILs containing halides experience relatively low thermal stability as halides are good 

nucleophiles and in IL media, strongly basic in nature. It is possible for halides to react with the 

cations, leading to alkyl chain cleavage, at temperatures as low as 373 K. The thermal stability of 

RTILs decreases with increasing nucleophilicity of the constituent anion.  

Stable products resulting from decomposition encourage thermal decomposition at low 

temperatures[73, 97]. Long alkyl chains in the cation decreases thermal stability due to the favourable 

formation of stable carbon radicals. This is observed with basic anions, such as halides, [PF6], [BF4] 

and [NTf2]. Because the conjugated radicals are stabilised through charge delocalisation, phenyl and 

allyl substituted cations show low thermal stability and decomposition via an SN1 mechanism may take 

place. 

 

Tunability 

Another advantageous feature of RTILs is their ‘tunability’. As RTILs consist of two ions, the 

composition of RTILs can be varied by altering either component and therefore they are frequently 

referred to as ‘designer solvents’. By simply modifying the composition of RTILs, the physical and 

chemical properties can ideally be tailored for particular needs. This is exemplified with work by 

Xiong et al.[98] where ferrocene oxidation potentials can be shifted by changing the size of the anion 

of the ionic liquids. Three anions were studied (in the order of increasing size): [BF4], [NTf2] and 

[FAP] with the same counter ion, [C4mim]. Figure 3 shows the abbreviations. It was found that the 

oxidation potential of ferrocene increases with decreasing size of anion as presumably the ferrocenium 

cation is stabilised by with the presence of the smaller anion. This observation has the important 

implication that the oxidation potential of ferrocene, commonly used as an internal redox reference, 

can be tuned away from the potential of analytes of interest.  
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One method to tune the composition of RTILs is to simply mix two RTILs. This method has 

been used to optimise the solubility of CO2 [99] and SO2[100-102]. This variation in the concentration 

of the RTILs leads to different intermolecular interactions and hence to a change in the gas capture 

activity[100]. Binary mixtures of ionic liquids are not rare[103] as mixed RTILs commonly combine 

merits of the different components. A study by Fox et al.[104] shows that the conductivity of a mixture 

of [py1,5][NTf2] and [pi1,5][NTf2] (see Figure 3 for abbreviations) remains unchanged but the viscosity 

decreases as compared to the individual components.   

 

Ionic liquids and gas sensors 

In the context of their use in electrochemical gas sensors, RTILs are of particular interest as this 

can address some of the problem caused by conventional solvents[46]. A wide diversity of gas 

detection has been studied in RTILs. Rogers et al.[45] reviewed the reaction mechanisms of various 

gases, including O2, CO2, H2, NH3, H2S, SO2 and NO2, in RTILs. Some electrochemical reactions in 

RTILs are shown in Table 5.  

 

Table 5. Table of some electrochemical reactions of gas in RTILs[45]. 

 

Gas     Reaction in RTILs 

O2       

NH3      

H2S      

SO2      

NO2    
 

 

Examples of the use of RTILs for gas sensors include the application to CO2 sensing where the 

wide voltammetric window allows the electrochemical reduction of CO2 to be observed. Also RTILs 

are deemed good solvents for electrochemical H2S sensors where a very wide range of temperature is 

typically required. The benefits of applying RTILs as solvents for gas sensors are next summarised.  

First, the wider electrochemical windows provided by RTILs as compared to those seen in 

aqueous/organic system suggests that many more gases may be detected electrochemically by using 

RTILs in comparison to conventional solvents. Also the wider potential window allows different 

reactions to be studied. 

Second with the use of RTILs as solvents, membrane free electrodes can be realised as 

proposed by Huang et al.[105] This advance arises because of the RTIL low or zero volatility[106] 

which prevents their significant evaporation. As discussed in Section 2.3, the use of membranes largely 

limits the response times. The use of membrane free RTILs potentially eliminates rate determining gas 

diffusion through the membranes thus possibly allowing much more rapid response times. Figure 4 

shows a schematic design for a membrane free gas sensor. 

Third, in contrast to conventional solvents that are likely to dry out or decompose at extreme 

temperatures or pressures(see Section 2.3), the low volatility and high thermal stability of RTILs allow 
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the sensors to function at extreme conditions (high/low temperature and pressures) without any losses 

in concentrations. This advantage not only ensures a longer lifetime of the gas sensors but also reduces 

the need of calibration. 

 

 
 

Figure 4. Proposed membrane-free gas detector  

 

Fourth, RTILs are comprised of ions and hence they are fully supported solvents which reduce 

the need of additional supporting electrolytes. The ions composing RTIL can be tuned so as to enable 

RTIL to possess desired chemical and physical properties.  

Fifth, RTILs are usually suggested to be used in three-electrode sensors, or if a working micro-

electrode is used then a two-electrode system can be employed. The various reference electrodes for 

use in RTILs have been reviewed[45] and a Ag/Ag
+
 electrode developed by Meng et al.[61]. However 

ferrocene and its derivatives are often used as internal redox references. Ferrocene itself has a 

significant volatility in RTILs solvents so analytes such as decamethylferrocene has been proposed. 

The tuneability of RTILs solvents has the benefit that the reference signal can be shifted away from the 

target analyte if necessary[107]. RTIL solvents often show ohmic resistances approximating to those 

seen for organic solvents in electrochemistry and as such are best studied using micro-electrodes as 

working electrodes. These are discussed in the next section.  

 

3.2 The use of micro-electrodes for gas sensing 

A micro-electrode is defined as having at least one dimension on the micro-scale (10 to 100 

µm). Due to the relatively low conductivity and high viscosity of RTILs as compared to conventional 

solutions, micro-electrodes are widely employed to compensate these undesired features. This is 
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because micro-electrodes demonstrate higher mass transport rates, better signal-to-noise ratios and 

lower uncompensated resistances than macro-electrodes. These properties are detailed as below. 

The diffusional regime (convergent or linear) is determined by the size of the electrode radius, 

r, relative to the diffusion layer thickness, (See equation 3)[20]. Within the experimental time scale (in 

the regime of r << d), convergent diffusion dominates at a micro-disc electrode as the electro-active 

materials are driven not only onto the electrode surface but also to the edge of the electrode[108]. A 

macro-electrode, on the other hand, experiences less effective linear diffusion (as r > d). 

 

 
(3) 

 

Here, D is the diffusion coefficient and t is the experimental time. Convergent diffusion 

dominates when r < d and linear diffusion occurs when r < d. 

The use of micro-electrodes improves the signal-to-noise ratio since noise is proportional to the 

active electrode surface area whilst the signal depends on the total size of the diffusional field[20, 

109]. A better signal-to-noise ratio leads a lower detection limit[42]. 

In addition, as less current is generated with a smaller electrode area, less solution resistance is 

experienced by a micro-electrode as compared to a macro-electrode in the same solution. Therefore a 

simple two-electrode system can be exploited by using a micro-electrode[20, 110]. 

 

 
 

Figure 5. Fabraications of laminated a) platinum linear micro-band and b) platinum annular micro-

band. Platinum foil is connected to a copper conductor and sandwiched between two pieces of 

laminating foil. The electrode is sealed by thermal lamination. A linear band is made by cutting 

the edge off (perpendicular to the lamination.) An annular band is made by punching a hole 

through the middle of the metal foil.  
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Xiong et al. have proposed a simple laminated method to produce both linear and annular band 

disposable micro-electrodes for oxygen detection[111, 112]. Figure 5 depicts the electrode fabrication 

methods where a piece of platinum was attached to a conducting material then was sandwiched 

between two pieces of laminating paper. The electrode was thermally sealed by a laminator. Micro-

band electrodes were made either by cutting the edge off(linear band) or punching a hole through the 

middle(annular band). Proven by theory based upon diffusion onto band micro-electrodes[113], both 

electrodes demonstrated high capacity toward oxygen sensing with high reproducibility.  

An array of micro-electrodes [105, 114] provides merit over a single micro-electrode as the use 

of large numbers of micro-electrodes operating in parallel not only enhances the sensing signals but 

also offers insurance against the failure of a few individual electrodes. 

 

 
 

Figure 6. Schematic demonstrations of micro-electrode fabrications. a) Screen printed method. b) 

photo-lithography.  

 

From the manufacturing aspect, disposable electrode arrays not only should be made of low-

cost materials but also be feasible to be produced in bulk scale. Therefore, the manufacturing process 
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desirably avoids complex steps and uses accessible production equipment. Available fabrication 

methodologies including screen printing[115-118] and photo- or chemically etching[119-122]. 

Fabrication methods, along with the advantages and disadvantages of each method, have been 

extensively reviewed by Huang et al.[105]. Figures 6 a) and b) show two methods of micro-electrode 

array fabrication. Micro-electrode array suppliers include The Multi-Channel Systems
xiv

, NanoFlex
xv

, 

Micro Probe, Inc.
xvi 

and AlphaOmega
xvii

. The choice of manufacturing method and electrode geometry 

dictate the usage and cost. Taking a ‘well’ electrode array as an example (see Figure 7), they are 

suitable for holding solvents inside the 3D well without the need of a separate cell. In order to test the 

validity of arrays of different geometries, such as micro-disc, micro-band and micro-pillar as shown in 

Figure 7, various mass transport models were developed to characterise the responses of these 

electrode arrays[123-125]. Benefiting from these available theories, micro-electrode arrays were used 

as working probes for gas detections[105, 126-128]. Griveau[126] has investigated the use of micro-

disc arrays for amperometric NO monitoring which showed high selectivity and sensitivity. Further to 

this, simultaneous detection of NO and gases like CO2 and O2 has been developed.  

 

 
 

Figure 7. Different types of microarrays. a)A micro-disc electrode array. b)a micro-pillar electrode 

array. c) a micro-band array (‘well’ electrode array).  

 

Huang et al.[105] successfully developed a membrane free oxygen sensor using micro-

electrode arrays as working electrode and ionic liquids([P14,6,6,6][FAP]) as solvents. This oxygen 

sensing system showed high sensitivity and most importantly, was freed from the problem caused by 

the use of membranes, especially frequent calibration.  
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4. INTELLIGENT GAS SENSORS 

This section discusses recent achievement of designs towards intelligent sensors. Apart from 

providing accurate measurements of gas concentration, an intelligent sensor can also self-calibrate 

against changes of the sensing environment such as temperature and humidity.  

The first part of this section is concerned with accurate measurements of gas concentrations by 

optimising chronoamperometry conditions. The second part focuses on the development of 

voltammetric temperature and humidity sensors to allow measurements ‘at’ the electrode surface rather 

than more remotely. The third part discusses the employment of a ‘superoxide trapping’ RTIL and its 

suitability in keeping an oxygen sensing system moisture insensitive. 

 

4.1 Micro-disc electrode chronoamperometry: Shoup and Szabo analysis 

 
 

Figure 8. Demonstration of current responses at short time and long time.  

 

Traditionally, the current generated by sensing (electrochemical) processes is used to reflect the 

concentrations of gas. However the current is not only dependent on concentration but also is a 

function of the number of electrons transferred during the electrochemical process and the diffusion 

coefficient of target molecules. An error in determining gas concentration may result from the change 

of any of these variables. This is not rare due to the fact that diffusion coefficients are sensitive to both 

temperature and humidity changes. Hence a method that allows simultaneous determination of 

concentrations and diffusion coefficients is advocated - specifically chronoamperometry has been used 

for this propose. In chronoamperometry, the potential steps from a potential where no current passes to 

a potential where the reaction of interest fully occurs in a diffusional controlled way. The current is 

record as a function of time. At the short time, the current response i(t) recorded at a planar disc 

electrode follows Cottrellian behaviour: 

 

 

(4) 
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Here A is the electrode radius, D is the diffusion coefficient, c is the concentration of analyte, F 

is Faraday constant and t is the experimental time. 

Whilst the current decays to zero for a macro-electrode, at longer time, a steady state current, 

iss, is seen at a micro-disc electrode: 

 (5) 

 

where r is the electrode radius and all other terms are defined as above. It is evident that at long 

time, current is a function of ncD
1/2 

and at short time current is a product of ncD. Thus the parameters 

(nc) and D can be measured simultaneously through combining the current at short and long times.  

Several models[129-132] have been proposed for simulating the current-time behaviour of 

chronoamperometry at micro-disc electrodes. Shoup and Szabo analysis is the most frequently used 

which describes chronoamperometric responses over all time values within an error of 0.5 %[131]. 

 (6) 

where  

 

(7) 

This equation is readily imported in data analysis software, such as Origin. Typically the value 

of electrode radius, r, is fixed as known and the software then automatically implements the fitting 

procedure. The values of c and D are iterated until the best fit (least difference between simulated and 

experimental current responses) is achieved.  

Despite the simple operation of this technique, it was found by Xiong et al.[133] that values of 

concentration and diffusion coefficient of two systems (ferrocenes in acetonitrile and cobaltocenium in 

[C2mim][NTf2]) calculated by fitting Shoup and Szabo analysis to chronoamprometries for different 

transient times can vary slightly. This is because the Cottrellian current scales with D
1/2

c and the steady 

state current is a function of Dc (for n = 1). At too short measured times, capacitative non-Faradaic 

currents lead to large error whilst at long times the steady state signal dominates and many pairs of c 

and D gives same steady state current. Hence, accurate values of c and D are only possible when a 

‘good’ balance between the Cottrellian current and the steady state current is measured.  

In order to find out the optimised transient times, the simulated and experimental 

chronoamperometry at a range of transient times are compared to give the errors where the following 

equation is used: 

 

 

(8) 

 

% MSAD is the mean scaled absolute deviation, Isim is the simulated current and Iexp is the 

experimental current. MSAD corresponding to different pairs of c and D obtained from fitting 

simulations to experimental chronoamprometry of ferrocene oxidation at 1 s is shown in Figure 9. 

Through comparison of results obtained from Shoup and Shoup analysis and from MSAD evaluation, 

it was found that optimised transient time for the best value determinations depends on the 
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system(electrode size and analyte diffusion coefficient). Two examples in this work showed that the 

best transient time for ferrocene oxidation in acetonitrile is between 0.15 s and 0.5 s whereas 

cobaltocenium reduction in [C2mim][NTf2] requires longer transient times (5 s). 

 
  

Figure 9. A 2D plot of MSAD. Colour listed on the right indicates the % MSAD. x axis is the 

concentraion and y axis is the diffusion coefficient of ferrocens. This plot is based upon the 

chronoamperometry of the ferrocene oxidation in acetonitrile. Reproduced by permission of 

tdhe Royal Society of Chemistry. 

 

4.2 Temperature and Humidity 

Since the values of nc and D can be achieved accurately using chronoamperometry along with 

Shoup and Szabo analysis, it is essential to consider other external factors on the sensing accuracy. 

Due to the fact that an electrochemical gas sensor relies on the electron transfer process which 

is always highly sensitive to temperature and sometimes to humidity changes, the sensing accuracy is 

influenced by the change of environment. The affected parameters include the number of electron 

transfer, the concentration and the diffusion coefficient of solutes. How the environment plays part in 

these parameters is discussed below. 

The following equilibrium is considered when a gaseous molecule is dissolved in a solution 

 (9) 

where A(g) is the analyte A in gas phase and A(dis) is dissolved A. Gas solubility and 

temperature normally exhibit a negative correlation[134] in ionic liquids as the equilibrium 9 shifts to 

the gaseous phase at higher temperature.  

However this depends on the gases and solvents studied. CO2 in [C4mim][Ac] is one of the 

exceptional cases, where a possible chemical step is involved during CO2 dissolution[99, 135]. The 

correlation between dissolved gas concentrations and temperature are determined by the Van’t Hoff 

equation. 
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(10) 

where Keq is the equilibrium constant, ΔH is the standard enthalpy change and all other terms 

are defined as above. 

The diffusion coefficient of a solute in ionic liquids generally increases with temperature. This 

correlation can often be predicted by the Arrhenius equation: 

 

(11) 

Here, D is the diffusion coefficient and Ea is the energy of activation and all other terms are 

defined as before. The influence of humidity on the solubility is due to the solubility difference as 

water content of the ionic liquid changes. For example, for the pure solvents, the saturated solubility of 

oxygen in water is 1.2 mM and in [P14,6,6,6][Ntf2] is 7.5 mM. The solubility of humidified oxygen in 

[P14,6,6,6][Ntf2] ranges between these limits[136]. 

 

 
  

 

Figure 10. Molecular structures (from top to bottom) of decamethylferrocene, 1,2-

diferrocenyleththylene and tetramethyl-p-phenylenediamine.  
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The diffusion coefficient of a gas is affected by change of humidity for similar reasons. 

Dissolved molecules are normally more mobile in water as compared to that in ionic liquids. Hence 

humidified oxygen shows a higher diffusion coefficient than dry oxygen in ionic liquids[136]. 

One solution to the problem caused by changed temperature and humidity is to keep the 

detection system under a restrictedly stable environment where the temperature is thermostatted and 

gases are pre-dried before experiment. However this is not realistic outside of the laboratory in sensor 

applications. A more practical approach is to measure the temperature and humidity of the sensing 

environment and correct the sensor measurements accordingly. An independent temperature and 

humidity sensor is potentially implantable in gas sensing systems for monitoring the change of 

experimental conditions. Commercially a solid state independent temperature and humidity sensor is 

used to measure the temperature and humidity in sensing solutions[137]. However an external probe 

may be remote from the sensing system, leading to a decreased sensitivity of temperature and humidity 

measurement.   

Work by Xiong et al. proposed a built-in voltammetric temperature sensor incorporated into an 

amperometric oxygen sensor[138]. This voltammetric thermometer is able to measure the temperature 

at the electrode surface and therefore provides a real-time temperature. This thermometer is based on 

the potential difference in the formal potentials of two redox couples dissolved in the filling solutions 

of the sensor. The formal potential of a redox couple is related to the temperature according to the 

following equation: 

 

(12) 

 Here ΔS
ο 
is the reaction entropy change. If two redox couples have different change of reaction 

entropy, the temperature dependency of formal potentials of these two redox couples varies. Therefore 

the difference of their formal potentials is a function of temperature. By employing a difference, 

absolute potentials are not needed so that constraints on the reference electrode are reduced. 

Two suitable systems were chosen to be temperature indicators: a single molecule (1,2-

diferrocenyleththylene, see Figure 3 for molecular structure, in [C3mim][Ntf2]) and two independent 

molecules (decamethylferrocene and N,N,N′,N′-tetramethyl-p-phenylenediamine, see Figure 3 for 

molecular structures, in [C2mim][B(CN)4]) respectively. The temperature indicators were tested in 

both dry air and dry oxygen which indicated a high accuracy of temperature with an uncertainty 

smaller than ca. 1.5 K at 298 K without any influence on the oxygen detection. 

After the success of the built-in voltammetric thermometer, a simultaneous temperature and 

humidity detector was developed by Xiong et al.[139]. The humidity sensor is based upon the 

observation made in Section 3.1 where the formal potential of a redox couple changes with the 

composition of ionic liquid. Therefore the differences of the ionic liquid composition due to different 

moisture levels can be indicated by the variation of the formal potential of a selected species.  

To allow a simple measurement, the temperature sensor was humidity independent and vice 

versa. Ferrocene derivatives were chosen to measure both humidity and temperature due to their 

stability under extrame temperatures and pressures. Specifically decamethylferrocene (DmFc) and 

biferrocene(BiFc) were used. The potential difference between the oxidation of DmFc and the first 

oxidation of BiFc were found to be temperature independent. However the potential difference 
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between DmFc/DmFc
+
 and BiFc/BiFc

+
 are humidity dependent. On the other hand, the potential 

difference of DmFc/DmFc
+
 and BiFc

+
/BiFc

2+
 shows temperature dependence with only slight humidity 

dependence. With this method, the temperature and humidity can be accurately measured and values of 

c and D at different humidity can be precisely determined and an iterative scheme to determine 

simultaneous values of temperature and humidity (See Figure 11).  

 
 

Figure 11. Scheme proposed to simultaneously determine the temperature and humidity.  

 

4.3 Reactive ionic liquids 

The reaction mechanism of dissolved molecules in ionic liquids may change with humidity. 

This is because dry protic ionic liquids are free from protons whereas water is a good source of 

protons. For example, the mechanism of dissolved oxygen (in ionic liquid) in the presence of moisture 
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can vary from 1 and 4 electrons transferred[62, 140]. Note that the number of electron transferred also 

depends on the electrode materials. The mechanism undergone at different humidity is unpredictable 

thus resulting in difficult and inaccurate measurements.  

In particular the Shoup and Szabo micro-disc electrode analysis advocated above assumes that 

the number, n, of electrons transferred is known and constant. Then c and D are functions of humidity 

and temperature which can be calculated through the simultaneous humidity and temperature sensor. 

However this approach is not applicable for mechanisms involving a slow chemical step. Taking an 

ECE mechanism(see mechanism 13 to 15) as an example, the number of electrons determined by 

chronoamperometry can vary between 1 and 2 depending on the rate of reaction 14. This may be 

moisture sensitive and will certainly be temperature dependent. 

 

 (13) 

 (14) 

 (15) 

 

An alternative approach, when coupled chemistry is involved, is to control the reaction at a 

known electron transfer stage. Work by Xiong et al. found a method to prevent the influence of water 

on the mechanism of oxygen reduction which is to ‘trap superoxide’ ions using phosphonium based 

ionic liquid. In dry RTILs the process is one electron but in the presence of water, H2O2 is formed in a 

two-electron reaction. Work by Evans et al. demonstrated the capability of phosphonium cation in 

trapping superoxide, O2
.-
, and the following reaction was proposed. 

 (16) 

Superoxide preferentially reacts with phosphonium cations to form ylide than with water. 

Therefore the oxygen reduction can be forced to stop at one electron transfer stage. Experiments 

carried out by Xiong et al. [136], along with relevant theory, showed that during oxygen reduction in 

the humidified [P14,6,6,6][NTf2] (2 % to 36 % RH), oxygen follows an EC mechanism with one electron 

transfer: 

 

 (17) 

 (18) 

 (19) 

The only variables in this system were the concentration and diffusion coefficient of oxygen 

which greatly simplifies the oxygen detection in the humid conditions.  

 

 

 

5. PROSPECTIVES 

The above discussion shows that amperometric gas sensing has moved a long way from the 

original work of Clark. The widespread availability of commercial amperometric gas sensors speaks 

for the extensive value of the approach. Recent advances including the use of ionic liquids and micro-
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electrode promote the development of intelligent gas sensors which can measure the local temperature 

and humidity and give data for an increasing variety of target gases.  
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