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Abstract

The reliable sensing of hazardous gases is still a major research focus in industry as
well as academia since we are surrounded by gases in everyday life and lots of
applications involve the release of a range of different gases to the environment.
Commercially available electrochemical gas sensors have been developed and
typically perform well in ambient conditions. However, in extreme conditions, i.e. at
high or low temperatures (i.e. well below -20 °C and higher than 50 °C) and pressures
(well below atmospheric conditions), aqueous-based electrolytes can evaporate or
freeze, which can significantly shorten the lifetime of the sensing device (which can
be, depending on the analyte, between 1 year to 10 years). Replacing the electrolyte
with room temperature ionic liquids (RTILs), that have lower melting points and
significantly lower vapor pressures than water, can result in more robust gas sensing
devices. The electrochemical responses of various gaseous analytes in ionic liquids
under ideal laboratory conditions have been studied previously by other researchers.
However, the influence of external factors such as temperature and pressure changes
as well as fluctuations in the humidity are much less investigated. This important
behavior should be understood before applying room temperature ionic liquids as new

electrolyte materials in electrochemical gas sensing devices.

This thesis provides a first step towards investigating the influence of varying humidity
levels on the electrochemical sensing of oxygen and ammonia gas. In the first chapter,
the choice of the RTIL cation and anion combination is shown to be crucial for oxygen
sensing in humid environments, because absorbed water from the humid gas stream
changes the electrochemical redox mechanism via follow-up reactions with the
electrogenerated superoxide. It is shown that the ionic liquid structuring at the
electrode/electrolyte interface can prevent the reaction of superoxide with water,
however, the interfacial RTIL structure becomes weaker at higher humidity levels. A
drastic dependence on the RTIL cation is observed. For ammonia oxidation, the
presence of water does not affect the electrochemical reaction mechanism, but an
obvious change in the transport properties and a narrowing of the electrochemical
window is observed. Even so-called “hydrophobic” RTILs, typically with wide
electrochemical windows, have significantly narrower windows in the presence of

humidity, which partially superimposes with the ammonia oxidation currents at high
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humidities. The addition of non-ionic polymers to the ionic liquid electrolyte to form
so-called “gel-polymer electrolytes” showed some promising results in preventing the
reaction between water and the superoxide radical for hydrophilic ionic liquids, but no

obvious improvements were obtained for already hydrophobic RTILs.

Other important criteria for electrochemical gas sensors are high selectivity towards
certain gases and good sensitivity. In the second chapter, the possibility to chemically
functionalize ionic liquid ions with certain chemical moieties to either increase or
decrease the interaction with certain gaseous analytes is attempted. RTILs based on
the imidazolium cation were functionalized with polar groups and gas solubility values
for hydrogen, oxygen and sulfur dioxide were measured. Polar functionalities in the
RTIL did not result in a chemical binding of sulfur dioxide, instead all gases were
reversibly physically dissolved, and the gas solubility appeared to be mainly dependent
on the molar volume of the RTIL. The sensitivity of an electrochemical sensor can
depend on the type of electrode material and its geometry. In this thesis, better
electrochemical responses were obtained for the detection of low parts-per-million
concentrations of sulfur dioxide via cyclic voltammetry on platinum compared to gold
electrodes. A comparison between microarray and macro-disk electrodes resulted in
good sensitivities for electrodes with both geometries, however, continuous
monitoring of sulfur dioxide via long-term chronoamperometry resulted in the
formation of sulfur deposits in the microarrays, hence passivating the electrode
surface. A similar result was obtained for custom made micro-pillar interdigitated
electrodes. In the latter study, the relatively high viscosity of RTILs (and significantly
higher response times compared to aqueous-based electrolytes) was attempted to be
overcome by employing a custom-made micro-pillar electrode design that uses
capillary force to obtain a uniform thin layer of ionic liquid (~30 um) above the
electrode. This gave a fast response time for sulfur dioxide detection and appears to be
promising for future investigations where fast response times to toxic gas leaks are

required.

In the final chapter, poly(ionic liquid) (PIL) membranes were applied as a non-flowing
electrolyte on thin-film electrodes. Preliminary studies revealed promising
electrochemical responses for oxygen, ammonia and sulfur dioxide gas without any
change in the cyclic voltammetry shape and no reduced electrochemical windows in

comparison with pure ionic liquids. The increased viscosity of the PIL membranes
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results in slower diffusion of the analyte and hence lower current responses. However,
cleaner blank responses in the absence of an analyte resulted in lower limits of
detection, which makes these electrolytes promising materials for the application in

commercial gas sensors for the trace detection of toxic gases.

In summary, the results from this thesis provide fundamental knowledge that suggests
that RTILs could indeed replace conventional electrolyte/solvent systems for
electrochemical gas sensing. However, humidity in real world environments can
significantly impact the electrochemical response and therefore several correction

parameters would have to be introduced within the sensor device to account for this.
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1. Background

1.1. Gas Sensors

The human population all over the world is surrounded by gases, toxic ones like
ammonia (NH3) or nitrogen oxides (NOy) but also vital ones such as oxygen (O2). The
continuous and reliable monitoring of these gas concentrations is crucial to avoid
harmful effects on the environment and human health. Nitrogen dioxide (NO) can
severely influence human health at concentrations as low as 0.3 parts-per-million
(ppm).! Sulfur emissions are known contributors to air pollution and therefore
contribute to climate change.? Air is composed of around 20.9 vol.% of oxygen gas,
the ideal content required for the respiratory processes of most living organisms.
However, at enriched or depleted concentrations of oxygen, the atmosphere can be

hazardous (Table 1.1).

Table 1.1. Oxygen concentrations according to the occupational health exposure standards.?

Atmospheric O; concentration

Effects
/ vol.%
25+ Spontaneous combustion of e.g. clothing
23.5+ Serious fire danger
20.9 Oxygen concentration of air
19.5 Minimum ‘Safe Level’
16 Increased breathing and pulse rate, loss of
coordination, impaired thinking and attention
14 Fatigue, faulty coordination, impaired judgement
12 Nausea, vomiting, disturbed respiration with possible
permanent heart damage
<10 Nausea, vomiting, inability to move and loss of
consciousness followed by death
<6 Convulsive movements, respiration stops and later
heart action ceases, death in minutes
<4 Unconsciousness after one or two breaths, death

Gas sensor research is therefore a highly relevant topic in academia as well as in
industry. Much research still focuses on improving certain properties such as obtaining
lower detection limits and a higher sensor robustness. Other important criteria are

long-term stability, low power consumption and miniaturization. The following two



sections summarize general detection methods used in commercially available gas
sensors, followed by a more detailed discussion of electrochemical methods and

challenges of the different devices based on electrochemistry.

1.1.1. Different Methods

Commercially available gas sensors are based on different measurement techniques,
all having their advantages and disadvantages. A short summary of some of the
methods will be discussed here, but further, more detailed information can be found in

a detailed review by Liu et al.*

Only a few commercial gas sensors are based on acoustic methods, where the speed of
sound or attenuation, i.e. energy loss of an acoustic wave travelling through a media®,
is measured. Generally, the travel time of sound over a certain distance is determined
and compared to a reference gas. Small differences in the travel time can then be used
to determine the gas concentration.® Alternatively, the attenuation can be determined
for the detection of specific gases such as oxygen’ or methane, carbon dioxide or
ethylene.® A major drawback of this method is the high power consumption as well as

variations of environmental impacts, such as change of humidity, on the setup.

Due to its high costs and challenges for miniaturization, a method with less attention
for commercial applications is gas chromatography (GC). In academia settings, GC is
a well-established and widely used characterization technique due to its high
sensitivity and selectivity as well as excellent separation performance.” The method is
based on using a carrier gas (mobile phase) to transport the analyte through a column
(stationary phase) where specific chemical and physical interactions of the sample
molecules with the column results in a separation. The outlet of the column is
connected to a detector, where the identity and concentration of analyte species are

determined.!?

More common sensing devices are based on calorimetric methods, i.e. a technique
based on changes in the resistance of ceramics inside the sensor device in the presence
of target gases. This allows the determination of combustion enthalpies or thermal
conductivities of gases. The superior detection range and the lower limit of detection
(LOD) values that can be achieved (as low as parts-per-thousand, ppt), makes this
method suitable for industrial use. In catalytic conductivity sensors, the analyte gas is

combusted at high temperatures on a ceramic that is modified with a catalyst.!! The
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heat produced (specific to the analyte gas and related to the specific combustion
enthalpy), causes a change in the resistance of a reference coil, which is used to
determine the chemical species and its concentration. In thermal conductivity sensors,
the thermal conductivity of gases is used to identify them.!? Here, the reference coil in
a gas chamber is heated to a certain temperature. After introducing the target gas, the
resistance of the coil changes due to the thermal conductivity of the surrounding gas.
The drawback is that both methods exhibit high power consumption and the possibility
of exploding.

Another commonly used technique in commercial sensors is based on optical
methods.!3!* This is due to significantly higher sensor lifetimes in combination with
good selectivity and sensitivity and fast response times. There are several different
techniques, but all of them are based on absorption spectrometry where the Beer-
Lambert law!> gives a direct relationship between analyte concentration and
absorbance of photons at a specific wavelength. In the sensor, infrared (IR)-sources
emit radiation into a gas chamber filled with the analyte. After the specific absorption
of radiation by the target gas, the absorbed wavelength is determined by the inbuilt IR
detector. A huge advantage of this technique is the possibility of miniaturization which

is difficult to achieve for the previously discussed methods.

Most commercially available sensors are, however, based on various electrochemical

measurement techniques, which will be discussed in the following section.

1.1.2. Electrochemical Gas Sensors

Electrochemical gas sensors are generally divided in three types: potentiometric,
conductometric and amperometric.

In conductometric sensors, the change of the conductivity of the electrode in the
presence of the target analyte is measured. Metal oxide semiconductors such as TiO»,
SnO; or ZnO» that can electrochemically react with the target analyte are usually
applied.!® Adsorption or redox reactions of the analyte with the semiconductor surface
results in an electronic change of the surface, causing a change in the resistivity of the
material. This sensing technique is a highly sensitive and low cost method, however,
the most promising and highly sensitive SnOz-based materials require high

temperatures during sensing, which is still a huge drawback.!®



In potentiometry, a potential change between a reference and a working electrode that
are in contact with an electrolyte/solvent system, is used to identify the target analyte.!”
The general principle follows the Nernstian electrochemical cell (see equation 1.1).!%
9 In the case of two compartments separated by a frit with different oxygen partial

pressures (pg, and py,), the open circuit potential (OCP) between the two electrodes

is given by the Nernst equation!®:

11
Po,
!
Po,

OCP:C+Eln( ) 1.1
4F

where C is a constant, R is the universal gas constant (8.314 J K-! mol!), T the

respective temperature and F the Faraday constant (96485 C mol!). The main

advantage of this technique is the wide concentration range of the analyte that can be

detected; however, the whole setup must be in thermal and chemical equilibrium which

results in prolonged response times.
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Figure 1.1. Commercially available amperometric gas sensor design.

In amperometry, the current produced by applying a constant (or varying) potential, is
related to the concentration of the analyte. The first amperometric gas sensor was the
Clark sensor for continuous oxygen monitoring in blood, established by Leland Clark
in 1953.2% Generally, an amperometric gas sensor (see Figure 1.1) is composed of three
electrodes immersed in an electrolyte/solvent. Additionally, the device is covered with
a gas permeable membrane to allow the gas to diffuse into the electrolyte/solvent and
prevent the evaporation of the liquid phase. The biasing of the working electrode
causes an electron transfer reaction that oxidizes or reduces the target gas; the resulting
current gives an indication of the analyte concentration. The applied potential at which

the reaction is initiated can be used to identify the chemical species. Commercially



available gas sensors from companies such as Delphian (for hydrogen sulfide, carbon
monoxide or sulfur dioxide), SGX Sensortech (for various gases, such as ammonia,
carbon monoxide, oxygen) and MSA Safety (for gases such as oxygen, sulfur dioxide,
nitrogen dioxide or carbon monoxide) are still based on the Clark-type and are used
with aqueous-based electrolytes.”! Commercially available hydrogen sulfide sensors
for example have a similar design as the Clark-type oxygen sensor with an aqueous
sulfuric acid electrolyte. This sensing device consumes water while detecting the gas
electrochemically, however, the reaction at the counter electrode regenerates water by
reducing oxygen which means that it is a so called non-consuming electrochemical
sensing device. This device applicability is limited by the presence of oxygen. At high
temperatures for an extended period of time, water can evaporate from any aqueous-
based sensor causing a non-recoverable damage of the device.?? Hence, the reactions
at the working electrode as well as the counter electrode and the electrolyte are crucial
for an electrochemical sensing device. Therefore, research in replacing aqueous-based
electrolytes in gas sensing devices with more robust alternatives (such as non-volatile
electrolytes that are not degrading and show good electrochemical responses) is of
interest.

In 1999, Thomas Welton highlighted the use of room temperature ionic liquids as
solvents for synthesis and catalysis.?* Since then, several researchers started to replace
conventional electrolyte/solvent systems with ionic liquid electrolytes in
amperometric gas sensing devices.?*?% Some characteristics of ionic liquids, such as
low volatility, tunability of the cation and anion structures, polarity and viscosity made
researchers propose to replace the gas permeable membrane and improve the
robustness of the sensors, i.e. applying gas sensor devices at extremely high or low
temperatures where aqueous electrolytes cannot be used. The high costs of ionic
liquids can be overcome by changing the gas sensor design, where volumes of less
than 10 pL are required (see Figure 1.2). The hygroscopicity of ionic liquids influences
the electrochemical gas sensing drastically, therefore research into how to overcome
the absorption of water or how to calibrate for this has to be performed; part of this

will be covered in this thesis.
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Figure 1.2. Sketch of the thin-film electrode (TFE) and the gas sensing setup used in previous
research.’”?

1.1.3. Challenges of Commercial Gas Sensors

The last two sections introduced various different gas sensing techniques, all of them
with their advantages and drawbacks summarized in Table 1.2. As can be seen in the
table, apart from acoustic sensing, all methods show good selectivity and sensitivity,
but only electrochemical methods make it possible to produce miniaturized sensor
devices at low cost and with long lifetimes. Amperometric sensors conform to most of
the requirements for commercial devices. The only drawback is their robustness, i.e.
currently available sensors require a gas permeable membrane to reduce the
evaporation of the aqueous electrolyte, and even then, it cannot be prevented
completely. The temperature at which these sensors can be operated is usually limited
to -40 to +50 °C for an extended period of time.?? Additionally, the relatively slow
diffusion of the target gas through the membrane also increases the response time of
the device. At temperatures well below 273 K, conventional aqueous electrolytes tend
to solidify, making them not applicable for use in these types of sensors. Room
temperature ionic liquids (RTILs) are being employed to overcome most of these
problems, however they have additional drawbacks which must be accounted for. The
fluidity of RTILs as well as their hygroscopic nature, are the two main drawbacks.
Apart from that, the altered sensor design requires the partitioning of the gas into the
viscous RTIL followed by the diffusion towards the electrode, whereas in a

commercial design, the gas diffuses through a porous membrane directly to the



connected working electrode. Another major parameter is the selectivity towards
certain analytes which is obtained in commercial sensing devices by the addition of
filters that trap analytes that cause a false reading®?, RTILs could be an alternative to

replace these filters due to specific analyte gas-ionic liquid interactions (see 1.2.1.2.7).

Table 1.2. Characterization of important gas sensor parameters for different gas sensing methods.?

Selectivity Low Long

Method and Miniaturization o g Robustness
e . costs lifetime
sensitivity
Acoustic X 4 X v X
Gas v % % v v
Chromatography

Calorimetry v v v X X
Optical v X X v v
Conductometric v v/x v X X
Amperometric 4 4 v v X
Potentiometric v v x X X

1.2.  Ionic Liquid-based Electrolytes

Ionic liquids (ILs) are widely defined as salts with melting points (mp) below 100 °C.
The first IL reported in 1888 by S. Gabriel and J. Weiner was ethanolammonium
nitrate with a melting point of 52 — 55 °C.3° A conventional salt such as sodium
chloride has a melting point of 801 °C. Replacing the sodium cation with 1-butyl-3-
methylimidazolium decreases the mp to approximately 70 °C which is already by
definition an ionic liquid. Exchanging the chloride anion by bis(trifluoromethyl-
sulfonyl)imide ([NTf>]") further decreases the melting point to well below room
temperature resulting in a so-called room temperature ionic liquid (RTIL). The loss of
symmetry and weakening of intermolecular forces causes a significant drop in the

melting point.

The story of true room temperature ionic liquids, i.e. salts that are liquid at room
temperature, began in 1914 with Paul Walden who was searching for molten salts that
were in a liquid state at temperatures where no special equipment was necessary to
study chemical properties like conductivity and the molecular size.’! He discovered
that ethylammonium nitrate, abbreviated as [EtNH3][NOs], melts at 12 °C, this is
nowadays referred to as the first real room temperature ionic liquid. However, no

research was focused on this type of material for nearly 40 years until Hurley and Weir
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recognized the benefits for electrodeposition applications by dissolving inorganic salts
in I-alkylpyridinium halides.>®> They established a binary phase diagram for 1-
ethylpyridinium bromide and aluminum chloride mixtures and discovered that a 2:1
molar ratio was liquid at room temperature. From then on, more and more researchers
focused on ionic liquids and in the 1980s, the research topic began to broaden. In the
early 1980s, 1-3-dialkylimidazolium cations with improved transport properties in
terms of conductivity and viscosity, were introduced by Wilkes et al.** Up until now,
imidazolium-based RTILs are the most popular cations. In 1996, a significant
improvement towards air and moisture-stable RTILs was made by the introduction of
[NTf]" as an anion by Bonhote et al.**, which also allowed a broadening of the range
of cations such as ammonium?® and phosphonium?® cations, applied in RTILs. In 2001,
Jim Davies introduced the term ‘task specific ionic liquids’ (TSILs) which have
moieties in the chemical structure that allow specific interactions with substrates.’’
Various combinations of cations and anions were then used by researchers that were
targeted towards their research focus. Research into ionic liquids is still a major focus
in chemistry with approximately 3500 new research papers per year (2020) and there
are still several properties that are continuing to be understood on a molecular level.
Also, their promising benefits means RTILs have been attempted to be introduced into
commercial applications.*® Baden Aniline and Soda Factory (BASF) solved a
separation problem in the synthesis of alkoxyphenylphosphanes by applying ionic
liquids, the so-called BASIL (Biphasic Acid Scavenging utilizing Ionic Liquids)

process.>’

In electrochemistry, ionic liquid electrolytes are considered as infinitely concentrated,
i.e. solvent free, ionic solutions which is in contrast to traditional electrolyte/water

systems that are considered as dissociated ions solvated by water.



1.2.1. Room Temperature Ionic Liquids
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Figure 1.3. Chemical structures of room temperature ionic liquid cations and anions commonly used in
electrochemical gas sensing applications, where n and x represent the number of carbon atoms in the
alkyl chain.

Room temperature ionic liquids are salts composed of bulky organic cations, e.g.
alkylimidazolium, alkylpyridinium or tetralkylammonium and tetraalkylphosphonium
ions and mainly inorganic anions, such as halides, tetrafluoroborate,
bis(trifluoromethylsulfonyl)imide or tris(perfluoroalkyl)trifluorophosphate (Figure
1.3). The size and asymmetry in at least one of the ions, in combination with weaker
ion-ion interaction forces, results in low melting points and therefore they exist in a
liquid state at ambient temperatures. This is in contrast to typical organic and inorganic
salts, such as sodium chloride, that form crystal-like structures due to their small size

and the strong ionic intermolecular forces.*0-4!

The liquid nature of RTILs allows their application as replacement solvents in different
fields. They are good solvents with broad solubility characteristics that can dissolve
starting materials in organic synthesis applications*?, they can be applied in extraction

purposes*®® or for dissolving gases**. Also, ionic liquids can be used in industry as



lubricants*-46

, electrolytes in batteries*’ or in fuel cells*®. The ability to dissolve
various chemicals, i.e. polar and non-polar/hydrophilic and hydrophobic molecules,
just by changing the cation or anion structure, in combination with their low volatility,

makes them a useful solvent for the synthesis of new chemicals.

Table 1.3. Abbreviations, IUPAC names and molecular weights (M) of commercially available RTILs
used throughout this thesis.

Abbreviation IUPAC name Sum formula gﬂlﬁ){'l
CmNIE e Cll0s: 1
[Comim][FAP] tris(p;Eggli;i;ﬁit:/ll};ii?gjjrz(?;?;gphate CrHuFgNoP 536.17
[Csmim][BF4] 1'buty1:t’r' ;;iiﬁ;fi:;zonum CsHisBE:N,  226.02
[Csmim][PFe] 1'bufil)jﬁzgﬁiﬁ;‘:ium CsHisFN.P 284.18
[Camim][FAP] tris(p;};zggg)i;gi?;}),‘:iﬁf(?rzs;?iphate CratlisF1eNP 584.23
oty e melimioion o,
[Comim][FAP] tris(ple;llz)f?:;i:erzﬁ?gﬁllﬁ?rzoﬂlilf;hate CrsHisF1sNoP 61228
[Capy]INTE] bis(triﬂic_)tr);l:r}ilt)}}:;ii;llgrrgrl)imide CiHuFeNaOs5; - 416.36
[Campyrr][FAP] tris(;éﬁggtsg(?;fﬁ};}l/)l‘i?glf;ir((l)glliglsl;hate C1sHaFisNP 58727
[S221]INTE] bis(tﬂlﬁiﬁﬁiiﬁ:ﬁiféﬂ%?mide CHENOS, - 385,37
[Nar1 JINTE] bls(zfﬁﬁfnfet?gﬁfﬁf?fylﬁlde CoHisFeNa0a52 - 396.37
Pty oo s, s
[Pras66][FAP] trihexyltetradecylphosphonium CasHesF1sPs 928.10

tris(pentafluoroethyl)trifluorophosphate

The high cost of these solvents can be overcome by the possibility of recycling of the
ionic liquids, therefore they are often referred to as ‘green solvents’.*” Their good
solubility properties, however, come along with the challenge of obtaining high purity

electrolytes where it is known that small levels of impurities can have a significant

10



effect on electrochemical responses.®® More ionic liquid properties that are important

for their use as electrolytes will be discussed in detail in the following sections.

1.2.1.1. Classification

Various room temperature ionic liquids exist, classified according to their chemical
structures, and therefore abbreviations rather than their full chemical names are
typically used (Table 1.3 and Table 1.4). Multiple abbreviations for the same chemical
structure are established by different researchers, e.g. 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide is abbreviated as [Comim][NTf:], [Emim][NTf],
[Comim][TFSI], [Emim][TFSI], [C2Ciim][NTf:] or [C2C1im][TFSI]. Table 1.3 and
Table 1.4 summarize the full chemical names, abbreviations, and molecular masses of
RTILs used throughout this thesis. In addition, RTILs are generally subdivided into
protic (proton-donating group) and aprotic (non-proton-donating group) ionic
liquids.®! In this thesis, mainly aprotic RTILs were investigated because the presence
of labile protons can result both in the degradation of the electrolyte via electron
transfer reactions, or in a change of the electrochemical response of target analytes

which makes them less applicable in analytical chemistry.

Table 1.4. Abbreviations, IUPAC names and molecular weights of synthesized RTILs used in this thesis.

M,/

Abbreviation IUPAC name Sum formula 1
g mol

1-(2-hydroxyethyl)-3-

[C2OHmim][NTH:] methylimidazolium CsH3FsN4O4S, 407.31
bis(trifluoromethylsulfonyl)imide

I-methylnitrile-3-methylimidazolium

[CCNmim][NTE] bis(trifluoromethylsulfonyl)imide

CsHi1FsN3OsS,  402.29

2-(3-methylimidazolyl-1-yl)-ethoxy-4-

[C2Sucemim][NTH;] oxobutanoic acid Ci2HisFeN3OsS,  507.38
bis(trifluoromethylsulfonyl)imide

1-methylbenzyl-3-methylimidazolium

[CBenzmim][Nt] bis(trifluoromethylsulfonyl)imide

CisHi1sFsN3O4S,  467.41

heptyltriethyl i
[N7222][NTH] eptyftriethylammonitm CisH3oFeN20sS:  480.53

bis(trifluoromethylsulfonyl)imide

1.2.1.2.  Physicochemical Properties

The promising properties of RTILs to be used as electrolytes in electrochemical gas
sensors are discussed in the next sections. Additionally, advantages and disadvantages

to aqueous-based systems will be described. Table 1.5 summarizes some
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physicochemical properties of a few ionic liquids, and for more data, Zhang et al.
published a database on these properties of 588 RTILs composed of 276 different

cations and 55 anions, extracted from 109 literature sources.>?

Table 1.5. Physicochemical properties of RTILs commonly used for electrochemical gas sensing
applications at 298 K.

RTIL Viscosity / Conductivity / Density / Melting point /
mPa s Sm* kg m* K
[Comim][NT#] 32.5+£0.6™ 0.95 +0.02%* 1518 £2% 252 £ 4%
[Camim][NT5H] 52 +2% 0.39 +£0.04"7 1436 + 2% 267 £ 4%
[Cemim][NTf] 70.1£0.1%* 0.218 £ 0.004> 1372 + 1% 269 + 3%
[Cymim][NT5H] 81 + 4% 1344 + 8% 280 + 4%
[Comim][BF4] 38.8 £ 0.4% 1.55 +0.02% 1283 + 1% 288 + 1%
[Comim][PFs] 0.49 +0.01% 331 £ 4%
[Csmim][PFs] 257 + 14% 0.15£0.02% 1363 + 2% 283 + 2%
[C4mim][FAP] 78 £17° 1624 + 57
[Na1,1,1][NTH] 98+ 10" 0.15+0.02" 1393 £ 27 292 £ 6"
[Ne,1,1,1][NT£] 153+ 177 0.043 £ 0.0047 1311 + 267 305+ 17
[Ns222][NTH] 239+ 77 0.062 £0.0037° 12492+ 0.3" 287 £ 47
[Csmpyrr][NTH] 86+ 17" 0.277 £ 0.004* 1395 + 2% 258+ 6"
[Csmpyrr][FAP] 272 + 14% 1583 + 1% 277 + 2%
[P2225][NTf] 86.3 £0.2% 0.165 £ 0.003% 1303 £ 2%
[Pias66][DCA] 439 + 13% 899 + 1%
[Pias66][NTE] 337+ 12% 1066 + 1%
[Pis6.66][FAP] 347+ 12% 1183.3 £0.8%
[S22,1][NTH] 40.7 £0.7% 0.69 = 0.01% 1501 + 3% 256.4 £0.4%
1.2.1.2.1. Viscosity

RTILs are entirely composed of cations and anions. Due to the strong van-der-Waals
(vdW) forces, ion-ion interactions and hydrogen bonding, more energy is necessary
for the movement of the ions. Viscosities in RTILs have been studied in detail by

several groups®-°

and values as low as 30 mPas at 293 K are reported for
[Comim][NTf:]. In contrast, [Pisgses][FAP], an ionic liquid with strong vdW
interactions due to the long alkyl chains and strong hydrogen bonds caused by the
fluoride ligands in the anion, has a viscosity of approximately 472 mPa s at 293 K.%!
Jiang et al. summarized the measured viscosities of 268 ionic liquids from 215

12



literature references and introduced corrections for water and halide residuals.” In
summary, these impurities have a significant effect on the recorded viscosity which
has to be taken into account during fundamental studies of thermodynamical
properties. The viscosity typically follows the Vogel-Fulcher-Tammann (VFT)
equation®?:

B

n= 1, eT-Tvr 1.2

where # and 7 are the experimentally determined viscosity and temperature
respectively, 7o and B are temperature dependent variables and 7vr is a temperature

that is approximately 50 K below the glass transition temperature of the ionic liquid.

For the use of solvents as electrolytes in electrochemical sensing applications, the
viscosity is a crucial characteristic to ensure that analytes such as gases diffuse fast
enough through the system. Slow diffusion rates increase the response time, which is
an important factor for gas sensors in terms of detecting a gas leak. The dynamic
viscosity of water at 298 K is 0.89 mPa s, which is approximately 30 times lower
than for [Comim][NTf:]. The addition of co-solvents such as typical organic solvents,
or even water, can overcome this issue but this can result in a limited operation in

extreme conditions because of the volatile solvent.

1.2.1.2.2. Hygroscopy

The ionic nature of RTILs makes them highly hygroscopic. Some ionic liquids, such
as those with imidazolium cations with short alkyl chains paired with halide anions,
are fully miscible with water, whereas others, like [C4mim][NTf>], can absorb up to
3,280 ppm of water after equilibration.%® Cations and anions of RTILs are quite bulky
and therefore the solvation is sterically hindered. Hence, the absorption of water which
solvates the ions, is a property that must be considered when using ionic liquids of
different hydrophilicity. A general rule is that the larger the cations and anions are, the
lower the water uptake.”* The polarity of ionic liquids can be adjusted by increasing
the alkyl chain length in the cation, e.g. in imidazolium-, ammonium- or phosphonium-
based ILs. Substitution of the hydrogen atoms by fluorine atoms reduces the water
uptake as well. O’Mahony et al. studied the water content in commercial RTILs at
atmospheric conditions and concluded that the anions are more crucial for the overall

water uptake.”” Perfluorinated and bulky anions such as [FAP]- or [NTf] in ionic
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liquids have a lower water content than halide-based ones. This was supported in a
computational study where the water content in ionic liquids was predicted by applying
the conductor-like screening model for real solvents (COSMO-RS) by Zhou et al.”®
The presence of water can have beneficial effects like reduced viscosity and increased
conductivity, however the presence of moisture can also have a significant influence

on the electrochemical mechanisms of an analyte as well.

1.2.1.2.3. Conductivity

The ionic conductivity is a function of the temperature and size as well as the mobility
of ions in liquid media. In the case of non-conductive liquid media like water or
organic solvents, salts are added in certain concentrations to increase the ionic
conductivity. In the case of ultrapure water, the conductivity can be increased from
5.5 uS m! to values around 1.3 S m™! by adding 0.1 M KCl as supporting electrolyte.”’
Commercial gas sensors usually contain a H>O/H2SOj4 electrolyte mixture with
conductivities from 2.1 Sm™! to approximately 8.0 Sm for 0.025M and 0.1 M
H>SOs, respectively.”® In aqueous electrolytes, the ions are solvated by the water
molecules. The conductivities of RTILs are, however, more comparable to organic
solvents like acetonitrile with 0.1 M of supporting electrolytes such as tetra-n-
butylammonium perchlorate. In contrast to conventional organic solvents, RTILs are
composed of cations and anions only and therefore act as both, the solvent and
electrolyte. As previously discussed, the viscosity of ionic liquids is significantly
higher than aqueous solutions which results in lower ionic mobility and therefore also
lower conductivity values, usually in the range of 45 mS m™! for [C4smim][C4F9SO3]*
to 1.4 S m! for [Comim][BF4]”. An increase in the cation size or the presence of
hydrogen bonding in ionic liquids, like in [PF¢], comes along with a decrease in
mobility and therefore also conductivity.!% A temperature increase causes an increased
mobility of ions and also influences the conductivity according to the Vogel-Fulcher-

Tammann (VFT) law for conductivity'®!:

K=A- T_% . @~ B(T-To) 1.3

where « is the ionic conductivity, 4, B and T are constants and 7 is temperature in K.
The addition of co-solvents decreases the viscosity and therefore increases the mobility

of ions. However, in contrast to electrolyte/organic solvent mixtures where the solvent
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is the main component, only approximately 15% of acetonitrile is necessary to increase

the conductivity of imidazolium-based ionic liquids by a factor of 50.!%2

1.2.1.2.4. Electrochemical Window

The electrochemical window (EW) of a solvent is used as an indication for the
electrochemical stability and it is also known as operating range, defined by the
oxidation and reduction potential of the supporting electrolyte or the solvent.
Therefore, it also limits the applicability of the electrolyte system for detecting certain
analytes that are oxidized or reduced outside of this range. The H2O/H2SO4 solvent
system, a typical electrolyte/solvent combination in commercial gas sensors, has an
EW of less than 2 V.!% The application for certain analytes is therefore limited by the
oxidation of water and the reduction of protons to hydrogen gas. In the case of RTILs,
the oxidation limit is determined by the stability of the anion and the cathodic limit by
the stability of the cation. It must be noted that EWs of RTILs are highly dependent
on the electrode material. Zhao and Bond reported an electrode dependence of the EW
for ionic liquids, which has to be taken into account.!%* A general trend is that on glassy
carbon electrodes, a much wider electrochemical window is usually observed for protic
as well as aprotic RTILs. Whereas noble metal electrodes such as platinum or gold
have a smaller overpotential for the reduction of protons or impurities like water.!%
Suarez et al. concluded identical behavior after investigating the electrochemical
window of two different ionic liquids on four electrode materials, i.e. tungsten,
vitreous carbon, platinum and gold.!® De Vos e al. discussed the electrochemical
degradation mechanism of various RTIL cations and anions in their review,
highlighting that the presence of water changes the mechanism significantly.!?’
O’Mahony et al. established a stability trend for typical anions and the common
[Csmim]* cation that follows: [NTf,]" = [FAP]" > [PFe] = [BF4] > halides.” For the
cations with the same anion [NTf:], the trend follows pyrrolidinium = phosphonium
~ ammonium > imidazolium, with no crucial difference between cyclic and non-cyclic
ammonium cations, as also concluded by Lane et al.'® Electrochemical windows in
dry conditions of between 3 — 7 V can be observed depending on the cation and anion
combination, with a maximum of 7 V for [Ne22][FAP] reported by Howlett et al.'®-
110 These values can alter in the presence of co-solvents or impurities. Variations in
the reported EWs are not only due to a different purity level of the sample or different

electrode materials, but also due to altering current cut-offs, i.e. the current of the
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respective cathodic and anodic potential limit or different scan rates. Usually, current

density cut-offs between 0.1 to a few mA cm are used.

O’Mahony et al. reported the EW changes in several vacuum-dried, atmospheric and
wet ionic liquids at different temperatures on a platinum electrode and concluded that

the more hydrophobic ionic liquids repel water more effectively (see Table 1.6).%

Table 1.6. Electrochemical window of nine room temperature ionic liquids on a platinum micro-disk
electrode at a current density cut-off of I mA cm? in vacuum-dried, atmospheric and wet conditions at
298 K reported by O’Mahony et al.”’

Electrochemical Window / V

RTIL vacuum-dried atmospheric wet
[Comim][NT£] 4.2 2.8 2.6
[Csmim][NT£] 4.3 2.9 2.8

[C4mim][PFs] 4.8 3.9 2.6
[C4smim][BF4] 4.6 2.4 2.0
[Csmim][OTH] 4.2 33 2.7
[C4smim][I] 2.0 1.9 1.6
[Csmpyrr][NTH] 4.2 3.0 2.0
[Ne6222][NTE] 47 2.3 2.2
[P14,666][NTf] 5.2 3.2 1.8

1.2.1.2.5. Thermal and Chemical Stability

Aqueous electrolyte systems are limited to a narrow operation temperature range, i.e.
at very low temperatures, the system can solidify, and at elevated temperatures, the
liquid can evaporate. RTILs, on the other hand, have a broad temperature range where
they do not show any sign of decomposition. The solidification temperature depends
on the ionic liquid structure and can be as low as 192 K for [Csmim][BF4]'!'! and as
high as 398 K for [Cimim][AICl4]''? (which is still considered as ionic liquid, but there
are examples with significantly higher melting points which are by definition no ionic
liquids anymore). The decomposition temperature (note: ionic liquids normally do not
show a significant evaporation before decomposition) can be several 100 K higher than
water, e.g. [Csmim][NTf:] decomposes at 723 K.* Maton et al. performed a thorough
analysis of the decomposition mechanism of several RTILs and the effect of the ion

113

structures on the thermal stability.'’” The decomposition mechanism can follow

nucleophilic substitutions!!4, eliminations or dealkylations!!> depending on the cation
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and anion structure. Generally, imidazolium cations are more thermally stable than
tetraalkylammonium or tetraalkylphosphonium cations in a series of [NTf>]-based
RTILs. The stability of the formed carbon radicals increases slightly with the number
of carbons in the chain, hence short chained ionic liquids show a higher thermal
stability. Replacing the alkyl chains with more stable aryl substitutes further enhances
the thermal stability as shown by Davis et al for perarylphosphonium-based ionic
liquids.'!'¢ The presence of basic anions, such as halides, reduces the thermal stability
significantly due to the possible alkyl chain cleavage. The thermal stability of RTILs

follows the series!!”:
[PFs]" > [NTf:]- > [CF3SO3] > [BF4] >> [I], [Br], [CI]

Also, the chemical stability of RTILs must be considered. Good solubility behavior is
observed, and at ambient concentrations, the non-reactivity of most of the ionic liquid
cations and anions is confirmed.'!® However, in the case of the solubilization of carbon
dioxide gas in [Comim][OAc], a study by Yokozeki er al.''® showed a reversible
chemical reaction between the gas and the RTIL ions.!!” The basicity of the acetate
anion can cause a deprotonation of the hydrogen on the Cz position of the imidazolium
cation, resulting in chemical binding of the CO.. For electrochemical purposes, the
chemical stability of the electrolyte is of special interest. The reduction or oxidation of
analytes can result in the formation of highly reactive species such as radicals that can
cause decomposition of the ionic liquid, e.g. the reduction of oxygen gas results in the
formation of the highly reactive superoxide radicals, which can sometimes react with

the ionic liquid.
1.2.1.2.6. Tunability

RTILs are described as ‘designer solvents’ because of the tunability of their
characteristics by simply changing their cation and anion combination. The change
from an ionic liquid with a halide anion to one with [FAP] significantly increases the
hydrophobicity. Ionic liquids can be easily tailored to have particular properties in
terms of hydrophobicity, viscosity or conductivity. Further options are to mix two or
more ionic liquids or to chemically modify the cation or anion to get so-called task-
specific ionic liquids.'?® Kermanioryani ef al. attached functional groups, i.e. phenyl
or benzyl, into the alkyl side chain of an imidazolium-based ionic liquid to increase

the interactions with the analyte, methylene blue.!?! Several examples of this approach
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can be found in the literature to improve the solubility of analytes. It is of special
interest for analytical sensing applications to reduce the limit of detection for certain
highly toxic compounds such as gaseous SOz or H»S, but also for solids such as
explosives or drugs. A more detailed discussion on the tunability of ionic liquids

towards gaseous analytes will be given in the next section.

1.2.1.2.7.  Gas Solubility

The promising solubility properties of RTILs require a fundamental study of the
solubility mechanisms. Gas solubility data is very important for assessing chemical

processes like gas separations for the removing of certain gaseous molecules!??-123,

124-125 24,126
9

gas-liquid reactions for reaction optimization or gas sensing in sensors and
a broad database has been established over the last two decades. A lot of work has
been reported on the solubility of non-polar gases such as nitrogen (N2), oxygen (O2)
and hydrogen (H>) as well as polar gases like carbon dioxide (CO2) and sulfur dioxide
(SO») in RTILs with regards to the identification of the structure relation between gas
solubility and ionic liquid structure. Shiflett e al. discussed the different experimental
methods commonly used to determine the gas solubility.!?” The methods are mainly
subdivided into analytical, i.e. chromatographic and spectroscopic, and physical
methods, such as gravimetric and synthetic. The different methods have advantages
and drawbacks but nevertheless, the accuracy of the data requires a fully characterized
ionic liquid phase in terms of purity and water content, as well as the gaseous analyte,
and proper error analysis of the method to validate the measured data. The gas
solubility is usually reported as mole fraction of gas (xgs, equation 1.4) or as the

Henry’s law constant (Ku, equation 1.5), defined as follows:

liq

ngas

Xgas = ig + 1.4
Ngas T Ny,
Ko = lim fgas(pi T, xgas) . (pgas(peq' Teq)peq 15
H -_— = .
Xgas—0 Xgas Xgas

i
Where n,

gas 1S the amount of gas in mole in the liquid phase, niiLq is the amount of ionic

liquid in mole in the liquid phase, fg.s is the fugacity of the gas and @gas the fugacity
coefficient. T and Teq are temperature and temperature at the equilibrium, respectively,

and p and peq are pressure and pressure at the equilibrium.
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The mole fraction solubilities reported by Jacquemin et al.!?® range from around 10
for non-polar gases such as hydrogen to more than 0.015 for polar ones such as CO»,
for [C4mim][BF4] at room temperature and a partial pressure of 0.1 MPa. Higher mole
fraction solubilities are usually reported for SO> in RTILs, e.g. by Huang et al.'?
reported a value of 0.6 at room temperature at 1 bar in [C4smim][OAc]. However, huge
variations, i.e. up to 100%, have been reported, particularly for hydrogen, oxygen and
nitrogen, by different groups and measured with varying methods.** The endless
combinations of ionic liquid cations and anions resulted in a focus towards less
expensive computational predictions of solubility data compared to a more time
consuming experimental approach. The relationship between ionic liquid and gas
structure is therefore of major interest. The solubility is defined as either physical, i.e.
only via van-der-Waals forces, electrostatic interactions or hydrogen bonding, or
chemical in the case of a chemical bond between ionic liquid and gas. Non-polar gases
are purely physically dissolved in the ionic liquid. However, at low temperatures and
pressures, the presence of basic anions such as acetate can cause a dominant chemical
binding of carbon dioxide, as has been demonstrated by Yokozeki et al.!'® CO;
solubilities in RTILs have been a hot topic over the last decades, especially the CO»
removal from flue gas and waste gas streams to reduce the CO> emissions. However,
the removal of SO from industrial flue gas is drawing more and more attention
nowadays. Due to the high toxicity of sulfur dioxide, special precautions must be taken
while handling this gas, and a reliable detection of low concentrations of SO is

required, which will be discussed in more detail in chapter 4.

1.2.1.3.  Structuring of Ionic Liquids (Bulk vs. Surface)

In early times, room temperature ionic liquids were considered to be highly
concentrated salt solutions showing structural characteristics similar to homogeneous,
molecular liquids.'*® However, modern studies reveal a more complex dynamic,
physical and chemical behavior. The presence of polar and non-polar moieties in the
ionic liquid cation and anion structures causes an ordering, which can cover a range
from small ion clusters!'®! to self-assembled bicontinuous nanostructures, first reported
by Schréder et al.!*? Canongia Lopes et al.'*® simulated the bulk structure of a set of
[C,mim][PFs] ionic liquids with » = 2 — 12 and illustrated nano segregation into polar
and non-polar domains. Snapshots of equilibrated states visually show that dominant

polar regions are replaced by more and more extended non-polar domains with
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increasing alkyl chain lengths in the imidazolium cation. The presence of the two
domains lead to excellent solvent properties for a broad range of chemicals, i.e. polar
as well as non-polar molecules. Nevertheless, the bulk structure is highly dependent
on external factors like temperature and pressure, which influences the dynamics of
the ionic liquid phase. Wang predicted structure variations in the presence of an
externally applied electric field.!** The reorganization of the ionic liquid structure in
the electrical field is of special interest for electrochemical applications.!*®> For
supercapacitors, the ion density in the first layer as well as the length of the alkyl chains
of imidazolium-based ionic liquids is an important parameter of the differential
capacity of RTILs.!3¢ In battery research, an insulating solid electrolyte interphase is
beneficial due to the stabilization of charged electrodes.!3”!3 For electrochemical
sensing applications, less research has been conducted so far but it is known that the
structuring can have an effect on the sensitivity and selectivity of the device.'** Hence,
the interfacial structures of ionic liquids must be considered. The structure of RTILs
close to an electrified solid, i.e. an electrode, has been studied by several research
groups applying different methods (illustrated in Figure 1.4). Atomic force microscopy
(AFM)!140-141 " gurface force apparatus (SFA)'*? neutron reflectometry!®, sum
frequency generation vibrational spectroscopes (SFG-VS)!# and surface-enhanced
infrared absorption spectroscopes (SEIRAS)'* were used for experimental
characterizations of the solid-liquid electrical double layer (EDL) as well as theoretical

approaches summarized by Fedorov and Kornyshev in their detailed review.!4®
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Figure 1.4. Expected electrical double layer (EDL) in dry and impurity free room temperature ionic
liquids

1.2.1.4.  Electrochemistry

Electrochemical measurements in room temperature ionic liquids often differ from

measurements in conventional electrolyte/solvent systems in terms of mass transport
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and diffusion of an analyte and electrical double layer formation. The structure is

important because the electron transfer is happening there.

A comparison of the diffusional transport of N,N,N’,N’-tetramethylphenylenediamine
in acetonitrile and RTILs revealed that ionic liquids can be treated in a similar manner
as organic solvents, however, diffusion coefficients of neutral and ionic species are

significantly lower due to higher viscosities.!’

Electron spin resonance (ESR)
experiments to study rotational diffusion of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO) in various RTILs showed that rotational and translational diffusion is

dependent on the structure of the ionic liquids.'*8

RTILs with an extensive lipophilic
moiety, i.e. several long alkyl chains such as in [Piagg6]*, can exhibit significantly
different diffusion properties compared to ionic liquids with smaller cations such as
[Comim]". Evans et al. reported differences in the diffusion coefficient of oxygen and
the reduced superoxide radical of a factor of 10 for the reduction of oxygen gas in a
series of RTILs.!* Therefore, a broad variety of RTIL cation and anion combinations
results in changing properties which therefore has to be considered for electrochemical

applications.

The electrical double layer structure of aqueous electrolyte/solvent systems will be
discussed in section 1.4.1.1. The Stern diffuse double layer model is not applicable for
RTILs because of the absence of solvent molecules that solvate the ions. Instead, the
EDL is composed of multi-layers of alternating cations and anions as shown for molten
salts.!® Nevertheless, the high capacitance and great stability allows their use in

electrochemical double-layer capacitors.'!-1>2

1.2.2. Gel-Polymer Electrolytes

Commercially available electrochemical gas sensors usually employ a gas-permeable
membrane to avoid the evaporation of the electrolyte, but also to keep the liquid
contained in the reservoir.?% 33 RTILs exhibit higher viscosities, therefore the flow is
significantly reduced, however, extreme agitation or changing orientations of planar
sensors, such as upside down, are not practical for a ‘membrane free’ sensor.
Therefore, researchers investigated the gelification of pure ionic liquids by the addition
of polymers. These materials are known as gel-polymer electrolytes (GPEs).!>*155 The
addition of lithium salts to these materials is often required to overcome the reduced

intrinsic conductivity, especially in battery research.!*6-1% GPEs have also found
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160 29, 161-

application in several other fields like solar cells!, fuel cells'®® and gas sensors
162, The gelification of the ionic liquid electrolyte with poly(methyl methacrylate)
(PMMA) makes it possible to use gas sensors in different orientations without any
change in the electrochemical response as shown by Lee et al.> Amanchukwu et al.
previously showed that not all polymers are stable in the presence of superoxide, which
is electrochemically formed when oxygen is reduced.!®® Partially halogenated
polymers such as poly(vinyl chloride) (PVC) or poly(vinylidene difluoride-co-
hexafluoro-propylene) (PVDF-HFP) and poly(acrylonitrile) (PAN) are known to
chemically degrade, whereas PMMA or poly(tetrafluoroethylene) (PTFE) are stable
against a nucleophilic attack from superoxide. Various polymer and ionic liquid
combinations can be studied and optimized for different applications. In addition,
mixing commercially available polymers is a low-cost method to increase the
robustness of the electrolyte material and make a material that does not flow. The

mixing of RTILs with polymers is, however, limited by the interactions between the

two compounds; unfavorable interactions could lead to a phase separation.

1.2.3. Poly(Ionic Liquids)

A newer and less investigated approach to increase the robustness of RTIL-based
electrolytes is to polymerize either the ionic liquid cation or the anion to get so-called
poly(ionic liquids) (also known as polymerized ionic liquids) (PILs) (not to be
mistaken with protic ionic liquids with the same abbreviation). These materials drew
more and more attention from the early 2000s onwards when Ohno’s group reported
various polymerized ionic liquid monomers.!%+1% Several types of PILs exist
nowadays, with polycations'®® and polyanions!, in addition to copolymerized!> and
poly(zwitterionic)'%® ones. The ionic conductivity is improved compared to GPEs due
to partly mobile counter ions, but lowered considerably compared to pure RTILs.!®
The PILs reported up until now are mainly solid with only a few showing liquid/fluidic
behavior at ambient temperature. A huge advantage of PILs is their relatively easy
purification, which is very challenging for neat RTILs due to their good solubilization
properties and liquid nature. Precipitation from a solution or freeze-drying are well
established methods for the purification of polymers; these methods can be also
applied for PILs. Tang et al. reported in 2005 the significantly improved CO:
absorption capacity of PILs compared to neat ILs.!”° Bara et al. confirmed a further

improvement of CO; permeability and selectivity with increasing N-alkyl substituents
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or incorporating a polar moiety into the cation structure.!”! PIL-based gas separation
and sorption is still a strong research focus. Further applications of PIL materials are
as highly selective gas chromatography stationary phases!’?, matrices for enzyme
immobilisation'”>17* and catalysts'’”>'’6, Additionally, PILs have been also
incorporated in sensing devices for gases!”7"178, biomolecules!”-!8! pH!8? and ions'®3
18 A recent study by Wang et al. showed the implementation of PIL nanofibrous

membranes into real-life wearable electronics.!®

1.3. Electrochemical Oxidation-Reduction Reactions

of Gases

Most of the work in this thesis involves the electrochemical oxidation/reduction of
various gases in room temperature ionic liquids (RTILs). The following sections will
therefore summarize the electrochemical mechanisms of the chosen gases in

conventional as well as in RTIL electrolytes in dry environments.

1.3.1. Oxygen

Table 1.7. Oxygen reduction reaction in acidic protic, basic protic and aprotic electrolytes and
respective standard potentials.'® 1%

Standard potential / V vs

Electrolyte Oxygen reduction reaction NHE
0, +2H* + 2e~ - H,0, 0.70
Acidic protic H,0, + 2H* 4+ 2e~ - 2H,0 1.76
0, +4H* + 4e~ - 2H,0 1.23
0, + H,0 + 2e~ - HO; + OH™ -0.07
Basic protic HO; + H,0 +2e~ - 30H™ 0.87
0, + 2H,0 + 4e~ — 40H" 0.40
0,+ e = 03" Electrolyte dependent
Aprotic
0"+ e =05 Electrolyte dependent

Oxygen (0O2) gas is a crucial part of everyday life and is required for biological
respiration or in fuel cells for energy conversion. The reliable monitoring of oxygen
concentrations is therefore an important requirement in health and safety. The Clark

oxygen electrode developed by Leland Clark in 1953 is the first electrochemical sensor
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for continuous oxygen sensing.?’ The whole setup is based on an aqueous electrolyte
where oxygen can be reduced according to two pathways, either a 2-¢” or a 4-¢
reduction reaction. The exact mechanism and standard potential depend on the pH of
the electrolyte (see Table 1.7). In the absence of protons, i.e. in aprotic solvents such
as dimethyl sulfoxide (DMSO) or dimethylformamide (DMF), a 1-e” reduction to the
superoxide radical (0*) is observed.'®” Various researchers have studied the kinetics

188-190 and the influence of

of the oxygen reduction reaction (ORR) in aqueous media
the electrode material'®!1? is still an important research focus, especially for an
improved electron transfer efficiency, e.g. in fuel cells for energy production.'®* Most
commercially available RTILs are also considered as aprotic electrolytes, and the
electrochemical ORR responses have been therefore well studied by several groups.?*
194-195 However, the hygroscopic nature of RTILs results in the absorption of water
molecules, whose presence can change the ORR mechanism from a 1-e” to a 2-e” or 4-

¢ mechanism, as has been shown by Yuan ef al.!*®

who compared the response of dry
and wet RTILs. A more detailed study with different water contents and various ionic

liquids will be discussed later in the results section 3.1.

1.3.2. Ammonia

Ammonia (NH3) is a colorless gas with a pungent odor and is a common chemical used
in the production of important products such as fertilizers for agriculture, in the form
of ammonium nitrate, and also in cleaning products as ammonium hydroxide, or as a
cooling utility in refrigeration systems. One of the most commonly employed methods
to synthesize ammonia gas is the Haber-Bosch process where nitrogen and hydrogen
gas are combined at high pressure and high temperature in the presence of a catalyst.!®’
Evidently, ammonia is very well present in our society and has many associated health
risks and dangers. Ammonia is considered to be extremely hazardous due to its
flammable nature and caustic properties, as well as its ability to cause neurotoxicity
and metabotoxicity.!”® Recent studies have shown that exposure to a concentration of
25 ppm should be limited to a maximum of 10 hours.!”® Therefore, the reliable
detection of ammonia gas, especially at low concentrations but also in extreme
conditions such as high humidity levels or high temperatures, is critical to avoid

201

accidents like explosions?%, to detect air pollution from vehicles*®! as well as being an
p p g

indication for diseases in medicine?®?. Miiller and Spitzer (1905) studied and proposed
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the mechanism of the ammonia oxidation reaction (AOR) on a platinum electrode in

basic aqueous media (equation 1.6 — 1.8)?%:

1
NH3+30H_ —>§N2+3H20+3€_ 1~6
NH; +70H™ — NO; + 5H,0 + 6e™ 1.7
NH; + 90H™ — NO3 + 6H,0 + 8¢~ 1.8

Gerischer and Maurer (1970) performed analytical investigations of the products and
proposed a more detailed mechanism.?** The oxidation of NH3 occurs by the reaction
of adsorbed OH" radicals at the platinum surface to form NH, (x = 1 or 2) radicals and
N2H, (y = 2 or 4) intermediates. Further oxidation results in the formation of nitrogen
gas. The chemisorption of by-products on the platinum electrode results in an

irreversible passivation.

A few studies about the ammonia oxidation on platinum or glassy carbon in non-
aqueous media, such as acetonitrile?®>, dimethyl sulfoxide and also RTILs, have been
reported so far.2%¢2% A cyclic voltammetry study by Buzzeo ef al. has revealed a large
oxidative wave corresponding to the mechanism in equation 1.9.2%7 The deprotonation
of the electrogenerated ammonium (NH4") ion to ammonia gas and protons (equation
1.10), leads to a reductive wave assigned to the formation of hydrogen gas (equation
1.12). An additional oxidation wave is assigned to the bulk oxidation of hydrogen gas
(equation 1.13) as confirmed by Ji et al. who also confirmed that a pre-reduction wave,

only observed in RTILs, is caused by the solvation of the protons by the RTIL anions,

A" (equation 1.11).2%8
1

4NH; — EN2 + 3NH] + 3e” 1.9
NH} = NHs +H* 1.10

N B B 1
H ....A + e _)EHZ 1.11

1

H +e™ > H, 1.12
H, - 2H" + 2e~ 1.13
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1.3.3. Sulfur Dioxide

Sulfur dioxide (SO) is an invisible gas with a sharp smell that is hazardous to humans
as well as nature even at very low parts-per-million (ppm) concentrations.? 2!° SO, is
a background environmental gas that can cause acidic rain in the presence of moisture
and result in damage to building materials such as limestone. Sulfur dioxide is a by-
product in petroleum refineries and is a severe threat for air quality. Upon inhalation,
it can result in respiratory problems and at higher concentrations it can be deadly.?!!
Hawai’i Volcanoes National Park created a SO; air pollution advisory program
outlining how the air quality influences human health (see Table 1.8). The National
Institute for Occupational Safety and Health (NIOSH) defined a concentration of
100 ppm as hazardous to life and defined the permissible exposure limit (PEL) as

2 ppm averaged over a 10-hour work shift of 5 days and a maximum of 5 ppm during

any 15-minute work period.

Table 1.8. Air quality index and effects of different concentrations of sulfur dioxide in air (taken from
https://www.nps.gov/subjects/air/humanhealth-sulfur.html).

Air quality index Effects

No cautionary statement

Moderate Reduce prolonged/heavy exertion outdoors
(0.1 — 0.2 ppm) for sensitive people

Unhealthy for sensitive groups Reduce prolonged/heavy exertion outdoors

(0.2 — 1.0 ppm) for people with lung disease/asthma

Avoid all exertion outdoors for people with
lung disease/asthma

Reduce prolonged/heavy exertion outdoors
for everyone else

Avoid all outdoor exertion for people with
Very unhealthy lung disease/asthma

(3.0 —5.0 ppm) Reduce prolonged/heavy exertion outdoors
for everyone else

Hazardous Avoid all outdoor exertion for everyone

(>5.0 ppm) Leave area if directed by Civil Defense
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The mechanism for the electrochemical SO, oxidation in aqueous media was first
studied by Seo and Sawyer in 19632!2, and it was extensively studied by Appleby and
Pichon in 1979?13 and afterwards by several other researchers*'42!¢ for hydrogen
production (patented later on as Westinghouse Process?!”). Various articles about the
mechanism?!®, the influence of the electrocatalytic surface?!s, temperature

dependence?!® and SO, concentrations?!? can be found in the literature.
1Y

The electrochemical reduction of aqueous SO, was only observed in acidic media
(equations 1.14 and 1.15), while in basic or neutral media, no reduction signal is
observed.?!?2! The mechanism on a dropping mercury electrode is a 2-e” reduction

that is pH dependent®?!:
SO, + 2H* + 2e~ = H,S0, 1.14

2H,S0, — S + SO, + 2H,0 1.15

The second step is slow at pH values above 1, which can lead to the formation of
dithionite ions (S204*) via chemical reactions. The reduction of dithionite to

thiosulfate results in a small additional reduction wave.??!

The reduction mechanism was also studied in non-aqueous media, i.e.
dimethylformamide (DMF), on various electrodes using different electrolytes.??>2%5 A
one electron reduction mechanism, followed by a dimerization reaction is suggested

(equations 1.16 and 1.17).
S0,+e” =505 1.16

2503~ = S,02~ 1.17

Barrosse-Antle et al. studied the reduction mechanism of high concentrations of SO,
by cyclic voltammetry in several RTILs. One cathodic wave was observed according
to equation 1.16. Several anodic waves were assigned to solvated and non-solvated
radicals and dimers; the solvation occurs due to the interaction of the acidic C; proton

of the imidazolium cation.?2°

A patent for an amperometric gas sensor applying ionic liquids as electrolyte for the

detection of SO> has been presented by Eckardt and Warratz.??’
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1.4. Characterization Methods

The following sections give a brief theoretical overview about the characterization
techniques used in this thesis. A more detailed description can be found in standard

textbooks. %19

1.4.1. Introduction to Electrochemistry

Electrochemistry is an interdisciplinary field between chemistry and physics where an
electric potential is applied to an electrode that is in contact with an ionic conductor
(electrolyte) to enforce electrochemical reactions at the electrode surface resulting in
the detection of currents.!® Dynamic electrochemistry is normally used to extract
thermodynamic as well as kinetic quantities happening during an electrochemical
experiment.!” In this thesis, dynamic electrochemistry is applied to study
electrochemical responses of certain gases in room temperature ionic liquid-based
electrolytes. The other branch, equilibrium electrochemistry, studies electrochemical
processes after the establishment of an equilibrium. In dynamic electrochemistry, a
clear equilibrium is not obtained and the response after applying a constant or varying
potential or current is measured. The respective responses that are obtained are then
used to get insight into the electron transfer processes happening in the electrochemical
cell. To wunderstand and interpret the outcomes, some basic concepts of
electrochemistry must be introduced. The following section introduces the
experimental setup as well as important concepts such as the electrical double layer
(EDL), Faradaic and non-Faradaic processes and mass transport that are important to
understand the experiments in this thesis. The theory behind the two main
electrochemical techniques used in the results chapters are also introduced, i.e. cyclic

voltammetry (CV) and chronoamperometry (CA).

1.4.1.1.  Electrical Double Layer

In an electrochemical cell, the electrode is in contact with the electrolyte/solvent
system. The application of a positive or negative potential at the electrode results in a
surface charge and an electric field decaying towards the bulk solution. The adsorption
of counterions from the electrolyte/solvent system to screen the surface charge causes
the formation of an electrical double layer (EDL). This EDL was first described by

228 in 1853 and later improved by introducing a diffuse model

Hermann von Helmholtz
by Louis Georges Gouy?? and David Leonard Chapman?®° to the so-called ‘Gouy-
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Chapman model’. However, both models do not represent a highly charged EDL
correctly. In 1924, Otto Stern?*! suggested the combination of the Helmholtz model
and the Gouy-Chapman model. The widely accepted Stern model describes the EDL
as containing strongly adsorbed counterions (Helmholtz model) in combination with a
diffuse layer (Gouy-Chapman model). The Stern model (see Figure 1.5) considers that
the smallest distance between the electrode and counterion is on the order of the ion
size; this plane is defined as the outer Helmholtz plane (OHP). However, ions are
treated as point charges which is a limitation of this model. The potential changes
linearly within the strongly adsorbed ion layer and decays exponentially through the
diffuse layer to the bulk solution, where a negligible potential is observed. The Stern
model considers the solvation of the ions by solvent molecules, whereas for room
temperature ionic liquids (RTILs) that are only composed of cations and anions, no
solvation is possible and therefore the Stern model has not to be proven valid yet. At
a charged electrode, the formation of dense RTIL cation and anion layers to form the
EDL has been previously studied using theory by several groups.?**-23> Experimental

)40-141 " neutron reflectometry!'# or

methods such as atomic force microscopy (AFM
surface-enhanced infrared absorption spectroscopy (SEIRAS)!*> have been applied to
study the EDL as well. A more detailed discussion on this can be found in section

1.3.1.3.
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Figure 1.5. Sketch of the Stern model of the electrical double layer in conventional electrolytes. For
simplicity, solvent molecules are not illustrated, and solvation of the cations and anions is illustrated
as fading color.
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1.4.1.2. Faradaic and Non-Faradaic Processes

The application of a potential at the electrode generates a current that can be measured,
resulting from a combination of Faradaic and non-Faradaic processes happening at the
electrode/solution interface. These processes are named after Michael Faraday, one of
the most important experimental scientists in the history of electrochemistry.?*¢ In
1952, Grahame defined a Faradaic process as a transfer of charged particles from the
electrode to the electrolyte, meaning that applying a constant potential results in a

237 The electron

constant current over time and a constant electrode composition.
transfer from the electrode to the electrolyte or vice versa causes the occurrence of a
reduction or oxidation process, respectively. The charge detected per mole of electrons
passed through the electrode was defined by M. Faraday as Faraday’s constant
(96485 C mol"). In contrast, at potentials where redox reactions are
thermodynamically and kinetically unfavorable, adsorption or desorption processes
can still occur at the electrode resulting in current responses. In these so-called non-
Faradaic (or capacitive) processes, no electron transfer occurs across the
electrode/electrolyte interface, but the charge is progressively stored at the electrode
resulting in a change of the electrode/electrolyte interphase with time; therefore, these
processes are dependent on both, the surface area of the electrode and the electrolyte
composition. Both Faradaic and non-Faradaic processes can occur simultaneously and
ideally, experimental conditions are optimized to minimize or determine the exact non-
Faradaic contribution. The Faradaic currents are then used for analytical analysis as
well as determining physical parameters, such as the diffusion coefficient or the bulk

concentration.

1.4.1.3. Mass Transport

The transport of electrochemically active species from the electrolyte bulk phase
towards the electrode surface can occur via a combination of three different processes,

i.e. convection, migration, and diffusion.

Convection is defined as the transfer of heat by the movement of material itself, in this
case molecules, caused by thermal or concentration gradients in a solution. Convection
can be also introduced by external factors such as stirring and pumping. The
contribution from convection to the mass transport for the experiments performed in

this thesis is assumed to be negligible.
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Migration is defined as the movement of charged species due to the presence of an
electric field. The contribution from migration to the overall mass transport is
dependent on the ion charge and its concentration, as well as the electric field applied.
In electrochemistry, the application of a potential at the electrode results in an electric
field extending out towards the bulk solution, therefore migration is a crucial process.
In conventional electrolyte/solvent systems, the concentration of an inert background
electrolyte is usually high enough to reduce the effect of the analyte on the formation
of an electric field out towards the bulk solution. For RTILs that purely consist of
cations and anions, however, the high concentration of ions can have a larger effect on
the migration of analytes. Due to the fact that overscreening and crowding can occur

with RTILs, a net electric field can be present.?3

Diffusion is defined as the movement of species from a high concentration region to a
lower concentration region due to the presence of a concentration gradient. In
electrochemistry, the conversion of one electrochemical species to another at the
electrode establishes a concentration gradient that results in the diffusion of analyte
species towards the electrode to balance the gradient. The flux of molecules due to a

8 which includes a term for the

concentration gradient follows Fick’s first law?}
diffusion coefficient, D, of the chemical species. In more viscous RTILs, significantly
smaller diffusion coefficients are observed, in contrast to conventional
electrolyte/solvent systems, where the diffusion of most of the analytes is significantly
higher. Additionally, the difference in diffusion coefficient of charged and uncharged

species is much more pronounced.?*”

1.4.14. Electrochemical Setup

An electrochemical cell typically consists of three electrodes, i.e. a working electrode
(WE), reference electrode (RE) and counter (or auxiliary) electrode (CE), which are
connected via the electrolyte/solvent system. The electrochemical redox processes
occur at the WE and the CE, and the potential of the WE is measured relative to the
reference electrode potential, which is usually a commercially available Ag/AgCl
electrode in aqueous solutions (see Figure 1.6). Common working electrode materials
applied in electrochemical cells are platinum, gold, and glassy carbon, and for counter
electrodes, platinum mesh, carbon rods or silver wires (typically in the shape of a coil
to increase the surface area) are used. For room temperature ionic liquids, attempts

have been made to develop stable reference electrodes, although no commercial REs
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are established yet. Therefore, quasi-reference electrodes with an unstable reference
potential, such as Ag or Pt wires, are usually applied. Wandt et al.>** investigated a

1.2 studied a Ag/Ag* micro

lithium iron phosphate reference electrode and Huber ef a
reference electrode for electrochemical measurements in ionic liquids. However, these
may be difficult to apply in all situations. As an alternative, internal references such as
ferrocene/ferrocenium (Fc/Fc*) or cobaltocene/cobaltocenium (Cc/Cc*) can be used to
determine the exact reference potential. However, the requirement to dissolve
ferrocene or cobaltocene in RTILs can affect the electrochemical response of the
analyte by either electrochemical reactions or by changing the diffusion behavior as

shown by Torriero et al.>*?

The counter electrode is usually chosen so that the surface
area is large, the choice of the material, i.e. Pt, Au or any other metal, is however less
crucial, as long as the current flow at the working electrode is not restricted and the
metal is conductive. The choice of the WE material is an important factor that must be
considered before starting an electrochemical sensing experiment. Common working
electrode materials applied in electrochemical cells are platinum, gold and glassy
carbon, but not every analyte is electrochemically active on every surface, e.g. Tanner
et al.** showed that for the reduction of carbon dioxide (CO>) in RTILs, only on gold
and silver an obvious CO; reduction signal could be observed, with no response on
platinum and glassy carbon. Other studies have shown that certain materials can act as
catalysts to either detect an analyte at lower potentials or improve the sensitivity for
the redox processes. Examples include metallophtalocyanine for nitric oxide (NO)
sensing?**, nickel phosphide nanosheets for non-enzymatic hydrogen peroxide (H>0)

sensing?*® or porphyrin functionalized graphene for explosives sensing?#S.

Electrode connections

| |
L
Reference clectrode
L—"  (RE)
Counter clectrode
Glass cell — (CE)
//
Working electrode _L—
(WE)

~ Porous

Electrolyte/Solvent frit

Figure 1.6. Sketch of a conventional three-electrode setup composed of a working electrode (WE),
counter electrode (CE) and reference electrode (RE) in a conventional electrolyte/solvent system.

32



In this thesis, various types of commercially available (MicruX Technologies, Oviedo,
Spain), small (6 mm x 10 mm) and planar electrodes (see Figure 1.7) are used to study
the electrochemical behavior of different gases. They are composed of three platinum
electrodes or three gold electrodes, where the working electrode has different
geometries. The metals are deposited on a glass substrate and protected with a SU-8
resin layer, giving the working electrode certain patterns (see Figure 1.7). Generally,
they are divided into macro- and micro-disk electrodes, defined by the size of the
working electrode. The diffusion pattern of analytes towards the electrode surface is
defined by the WE dimension, where radial diffusion is dominant at micro electrodes
and planar diffusion at macro electrodes. In this thesis, two out of three types of
commercially available thin-film electrodes (TFEs) were used for electrochemical gas
sensing experiments. TFEs have a 1 mm working electrode diameter and are
considered as ‘macro’ electrodes with a dominant planar diffusion behavior (see
Figure 1.7 top).!% Microarray thin-film electrodes (MATFEs) have 91 recessed micro
electrodes (10 pm diameter per micro electrode) and the diffusion behavior is mainly
radial, with a small contribution of a planar diffusion inside the recession (see Figure
1.7 bottom).247-248 Interdigitated array thin-film electrodes (IDAs) where two WE
electrodes are interlocked like fingers (various number of pairs with adjustable
electrode/gap widths) show a combination of planar and radial diffusion behavior
(hemicylindrical).?*® It should be noted that in more viscous electrolytes, these

diffusion trends could be different.

Thin-film ¢lectrode (TTT)

r ‘ MU,
Reference clectrode Counter electrode - l =¥ %
(RE) 4 (CE)
Working electrode Tnterdigitated array clectrode (TDA)

(W)

ML DM N M NNy

|
Il
|

Microarray electrode (MATFE)

Electrode connections t 1 1

Figure 1.7. Sketch of the electrodes used for the gas sensing experiments in this thesis and comparison
of diffusion patterns towards thin-film electrodes (TFEs), interdigitated array electrodes (IDAs) and
microarray thin-film electrodes (MATFEs).
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1.4.1.5. Electrochemical Techniques

The electrochemical techniques applied to study the electrochemical sensing of
gaseous analytes in this thesis are explained in the following two sections. In cyclic
voltammetry, the current is measured as a function of the applied potential, in contrast
to chronoamperometry where the current is measured as a function of time at a fixed

applied potential.
1.4.1.5.1. Cyclic Voltammetry

In cyclic voltammetry (CV), the applied potential is swept linearly from a start
potential (£1) to an end potential (£2) and reversed back to E1 while the current is
recorded. The measured current vs. applied potential results in a voltammogram where
the shape is a function of several factors such as concentration of analyte, size and
geometry of the working electrode, mass transport, electrochemical redox mechanism
of the analyte, diffusion coefficient of the analyte and scan rate, i.e. how fast the

potential changes over time.?*°

a Reversible b Quasi-reversible C Irreversible

j Red _|
3

50 o = =

Figure 1.8. Cyclic voltammetry peak shapes for a (a) reversible, (b) quasi-reversible and (c) irreversible
electrochemical reaction on a macro-disk electrode.

The voltammogram usually starts at a potential where no electrochemical process and
therefore no current occurs. As the potential is changing, electrons are transferred to
or from the electrode and a current change is detected. The current increases until the
rate of the electron transfer is limited by the diffusion of the analyte, resulting in a peak
current (ip) for macro-disk electrodes. A further change of the applied potential results
in a drop in current due to the increasing diffusion layer thickness and therefore a
reduced rate of diffusion of the analyte from the bulk to the electrode. When the
potential scan is reversed, the electrogenerated species is converted back to the initial
analyte for reversible electrochemical reactions, where similar processes occur as

previously discussed.
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In the case of a fully reversible electrochemical mechanism (Figure 1.8a) with fast
electron transfer kinetics, the voltammogram shows a peak-shaped behavior in the
forward and the reverse scan with a peak-to-peak separation of 57/n mV at 298K (n is
the number of electrons). A chemically irreversible process (Figure 1.8c), i.e. where
the electrochemically produced species is chemically reacting (EC mechanism), only
gives one peak in the forward scan and no peak-like response in the backward scan. In
intermediate cases, the reaction is defined as electrochemically quasi-reversible
(Figure 1.8b), where one peak is observed in the forward and one peak in the backward

scan, but with larger peak-to-peak separations compared to the reversible case.

For a fully reversible process, the Randles-Sevcik equation (equation 1.18) gives the
relationship between peak current (ip) and electrode area (4), diffusion coefficient (D)
of the analyte as well as concentration of the analyte in the bulk phase (csuit), scan rate
(v) and number of electrons for the electrochemical process (1).2°! Also in the equation

are Faraday’s constant (¥, the universal gas constant (R) and the temperature (7).

1
ip = 04463 n -F - A (nFVD)E L.18
lp =V n Chulk RT

A study of the change in peak current with scan rate can give information about
processes occurring at the electrode as well as enabling the extraction of variables in

the Randles-Sevcik equation. For quasi-reversible processes, this equation is not valid

because the slower electron transfer kinetics also affect the peak current.

For electrochemically irreversible reactions with very slow kinetics, the peak current
is given according to the following equation'®:

1
aFvD)E 1.19
RT

ip = 04958 -F A *Cpulk ° <—
where a is the charge transfer coefficient, a factor that signifies the fraction of the

interfacial potential that drives the reaction at an electrode/electrolyte interface.?>

For micro electrodes, such as MATFEs, the voltammogram usually shows a current
plateau (is®¥) instead of a peak-like behavior as previously discussed for macro

electrodes (Figure 1.9). The change from a dominant planar diffusion to radial
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diffusion results in faster replenishment of the analyte due to a higher mass transport

rate from the bulk to the electrode interface.?>°

7 Ox
IS

E

Figure 1.9. Cyclic voltammetry response for an electrochemical reaction on a micro electrode.

It is noted that these equations were established for conventional electrolyte/solvent
systems, however, room temperature ionic liquids (RTILs) often exhibit different
physicochemical properties such as significantly higher viscosity values and therefore
result in different transport properties. Evans et al. showed that the diffusion
coefficients of oxygen and the reduced superoxide radical are a factor of 10 and 100,

respectively, lower than in conventional solvent systems. !4’

1.4.1.5.2. Chronoamperometry

In contrast to cyclic voltammetry where the potential is gradually changed with time,
in chronoamperometry, the potential is stepped from a potential £; where no
electrochemical process happens and therefore no current is detected to a potential £
where the analyte is either oxidized or reduced (Figure 1.10a). The current is measured
as a function of time (Figure 1.10b). Short-term biasing (several seconds) of the
electrode is mainly used for electroanalysis whereas long-term chronoamperometry
(LTCA), where the electrode is constantly biased for several minutes to hours, is
performed to check the stability of the setup and for continuous monitoring. LTCA is
a harsh method which purposely can change the electrode surface and the analyte
concentration. This can result in instabilities in the current response; therefore, this
method is mainly used for stability tests of sensing devices. Depending on the electrode
device, the Shoup and Szabo (equation 1.20)!% 233 expression for microelectrodes, or

the Cottrell equation (equation 1.22)!8 for macroelectrodes can be used to fit the
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chronoamperometric transients vs. time plots (Figure 1.10b) and to extract unknown

variables.

i:4'n'F'Cbulk'D'Te'f(t) 1.20

Where £{t) is a dimensionless function according to:

1 L
f(t) =0.7854 + 0.8863 -t 2 + 0.2146 - ¢ 07823t 2 121
1
= LB o 1.22
m2 - t2

With the electrode radius () and geometric surface area (4), diffusion coefficient (D)
of the analyte as well as concentration of the analyte in the bulk phase (cpuik), number

of electrons for the electrochemical process (n) and Faraday’s constant (F).

This technique is usually not used to gain information about the kinetics of the
electrochemical processes happening at the electrode because a potential E>, higher
than the standard potential of the electrochemical oxidation or reduction of the analyte,

is usually applied.

As previously mentioned for cyclic voltammetry, the use of RTILs in
chronoamperometry can also result in unexpected results, which will be discussed in

the results chapters in this thesis.

a b

E i
E.’
Shoup and Szabo
EI
Cottrell
t t t

Figure 1.10. (a) time (t) vs. potential (E) and (b) electrochemical current response (i) for a
chronoamperometry experiment on a macro-disk electrode (red) and micro-disk electrode (black).
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1.4.2. Atomic Force Microscopy

In 1986, atomic force microscopy (AFM), which is a high-resolution scanning probe
microscopy technique, was invented by Binnig, Quate and Gerber.?>* In AFM, a
mechanical tip scans over a sample surface, allowing vertical resolutions lower than
I nm. Various surface properties such as the topography, electrical conductivity,
friction, surface potential or adhesion can be measured. An atomic force microscope
(see Figure 1.11) is composed of a cantilever with a sharp tip, a laser beam focused on
the backside of the cantilever and reflected onto a photodiode, a light microscope and
a piezo scanner that allows the precise movement of the sample. A control unit,
connecting the photodiode and the piezo scanner, monitors and controls the cantilever
continuously such that the laser spot is kept at the same position on the photodiode.
An alternative type of AFM fixes the sample, and the cantilever is connected to the
piezo scanner. Different modes are applied, depending on the information of interest,
which can be found in standard literature about AFM.?>> In this thesis, force distance

curves were measured to gain information about ionic liquid ordering at an electrified

surface.
Atomic force microscope Force distance curve
Light microscope
S
Laser Approach
d/.a s¢ Photodiode 3 —_—
iode = -
g & Retract
2 E
2|z
= BE
2 =
. Control =
Cantilever Sample e PC E g
Piezo z
v
scanner [ X

z-piezo movement

Figure 1.11. Schematic of an atomic force microscope consisting of a light microscope, a laser diode,
a photodiode, a cantilever, a piezo scanner, and a control unit interfaced to a computer and an example
of a force distance curve.

A complete force distance curve has an approach and retract curve. The cantilever
moves towards the surface and the vertical laser deflection is recorded as a function of
the z-piezo movement. At a certain distance, the so-called ‘snap in’ region, the
cantilever tip is attracted to the surface, further approaching of the tip results in a

bending of the cantilever and a steep increase in the deflection, which can be converted
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¢ after calibration of the cantilever. After

into a force according to Hooke’s law?’
reaching the maximum force, the tip is slowly retracted from the surface. Due to an
adhesion process, the tip may stick to the surface until the adhesion force is overcome.
In this thesis, approach curves of a cantilever tip towards an electrode surface that is
covered with ionic liquids, are measured. RTILs form cation and anion layers in the

presence of an electric field, therefore several ‘snap in’ regions can be detected when

the cantilever approaches and breaks through a layer.

1.4.3. Scanning Electron Microscopy and Energy-dispersive X-

ray Spectroscopy

Scanning electron microscopy (SEM) is a characterization method that can be used to
create an image by scanning a focused electron beam over a surface.?’ In 1937, SEM
was developed by Manfred von Ardenne when the limited resolution of light
microscopes became a problem.?>® The scanning electron microscope is based on an
electron beam that is focused under vacuum onto a sample by several optical devices,
i.e. lenses and apertures (see Figure 1.12). The interaction of the electrons with the
sample results in the release of various signals that are used to obtain information about
the topography and composition. Various detectors collect Auger, secondary and
backscattered electrons as well as X-rays, which is usually referred to as energy
dispersive X-ray spectroscopy (EDS). Transmitted and scattered electrons are used for
morphological studies, which is part of transmission electron microscopy (TEM).
SEM is often paired with EDS, where SEM is used to visualize the topography and

EDS is used to obtain a semi-quantitative elemental composition of the sample.?>’

The interaction volume of the electron beam with the sample depends on the
acceleration voltage of the electrons. A higher electron energy results in more
information about the sample, however, it can result in melting and therefore a
degradation of the specimen. The interaction of the electron beam with the electrons
of the sample results in their elevation to an excited state. The return to their ground

state results in the emission of X-rays, which is specific for the elements in the sample.

In this thesis, SEM is used to analyze the topography of poly(ionic liquid)/ionic liquid
membranes. Additionally, EDS is used to analyze electrode surfaces after gas sensing

experiments for analyzing surface modification.
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Figure 1.12. Schematic of a scanning electron microscope consisting of an electron beam, an anode,
two apertures, a condenser and objective lens, scan coils, a vacuum pump and a secondary electron,
backscattered electron, and X-ray detector (left) and the signals that are obtained when an electron
beam interacts with a sample (right).

1.5. Aims of Thesis

One research focus of this thesis is to determine the influence of non-ideal laboratory,
i.e. humidified, conditions on the electrochemical gas sensing of toxic and non-toxic
gases in room temperature ionic liquids. This starts with the comparison of two chosen
analyte gases, i.e. oxygen and ammonia, where it has been shown in literature that the
presence of water in humidified conditions causes a change of the electrochemical
mechanism for oxygen, but not for ammonia gas. Additionally, the effect of the
presence of water on the electrochemical window as a function of the ionic liquid
structure will be analyzed. The studies will be performed in different room temperature

ionic liquids with various cation and anion structures.

Further investigations in increasing the selectivity and sensitivity of gas sensors that
will improve the ability to sense gases at concentrations below the permissible
exposure limit will be conducted. Ionic liquids with various functional groups in their
structures will be synthesized and the gas solubility of oxygen, hydrogen and sulfur
dioxide will be measured to determine whether the gas selectivity of the electrolyte
can be adjusted by changing the chemical structure of the ionic liquid. Also, various

different electrodes, i.e. different electrode materials (platinum and gold) as well as
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geometries (macro-, microarray- and interdigitated-electrodes), will be studied to

further increase the gas sensing sensitivity of sulfur dioxide.

Another major aim will be to overcome the flowing nature of the ionic liquids. The
sensing experiments in this thesis will be performed on planar and commercially
available thin-film electrodes, however, this can be only done in an upright electrode
orientation, because the liquid could easily flow off the electrode. Increasing the
robustness of these type of planar devices will be attempted by the implementation of

poly(ionic liquids) as electrolytes.
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2. Experimental Chapter

This chapter summarizes general experimental setups and techniques used in this
thesis that are not specifically explained in the respective chapters. Chemicals or

techniques for individual studies will be described in the relevant chapters.

2.1. Chemicals and Materials

All chemicals, room temperature ionic liquids and gases used for this thesis will be

specified in the experimental section of the respective chapter.

2.2.  Electrochemical Experiments

All experiments were performed with a PGSTATI101 Autolab potentiostat (Metrohm
Autolab, Gladesville, NSW, Australia) interfaced to a computer with NOVA 1.11
software. The electrochemical cell was housed inside an aluminum Faraday cage to
reduce electromagnetic interferences. The working electrode (WE), counter electrode
(CE) and reference electrode (RE) of the macro thin-film electrodes (TFEs) (ED-SEI,
MicruX Technologies, Oviedo, Spain) are composed of either platinum (Pt) or gold

(Au) deposited on a Pyrex substrate, with a WE disk diameter of 1 mm.

The platinum microarray thin-film electrodes (MATFEs) (ED-mSE-10-Pt, MicruX
Technologies, Oviedo, Spain) were also employed as sensing devices. For MATFEs,
the | mm diameter Pt disk is covered with a layer of SU-8 resin, into which 91 micro-
holes (p-holes) of 10 um diameter were made to create 91 recessed micro-disk
electrodes. The center-to-center distance between each p-hole is 100 = 1 pm and the

SU-8 layer has a depth of 3.5 + 1.0 um, according to the manufacturer.

The interdigitated platinum micro-pillar electrodes were fabricated at the South
Australian node of the Australian National Fabrication Facility (ANFF-SA) by the
research team led by Dr. Eva Alvarez de Eulate from University of South Australia.
The glass substrate contains 40 pairs of interdigitated platinum electrode fingers with
a width of 10 um, a length of 5,000 um and a 50 um gap between the fingers. The SU-
8 micro-pillars in the gaps have a height of 30 um and a diameter of 30 um. One set
of the electrode fingers was used as a working electrode the second set as the counter
electrode. A silver wire, acting as reference electrode, was placed in contact with the

RTIL in the reservoir area.
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An electrode adapter supplied by MicruX (for the commercially available electrodes),
or soldered wires (for the fabricated electrodes) were employed to connect the
electrodes to the potentiostat. The Pt-WE electrode was usually electrochemically
activated prior to each experiment by cyclic voltammetry (CV) cycling (~ 100 times)
at 1 V sl in nitrogen purged 0.5 M H2SO4 (aq) between -0.75 V and +0.70 V. For the
Au-WE, CV cycles between -1.2 V and 1.1 V were performed. For all experiments, a
step potential of 2.5 mV has been used. The activated electrodes were then rinsed twice
with ultrapure water and acetone before drying under a nitrogen stream. Please refer

to the respective chapter for the exact activation procedure.

A chosen volume of the ionic liquid (see respective experimental part for the exact
volumes) was drop-cast to cover all three electrodes. For all measurements on the
commercially available MicruX electrodes, the integrated CE and RE, i.e. Pt or Au,
were used. A silver wire was used as a RE for the Pt-p-pillar IDA electrodes. The
prepared electrode was then inserted into the glass T-cell supported by a silicon-bung.
The whole cell was then thoroughly purged with nitrogen to remove dissolved gases
and impurities (such as oxygen and carbon dioxide) and monitored electrochemically
until a constant blank CV was obtained. Two electrochemical techniques, i.e. cyclic
voltammetry (CV) and chronoamperometry (CA), were applied to perform the
electrochemical experiments. More detailed explanations about the sensing of analytes
under humidified conditions and introducing different concentrations of an analyte,

are discussed in the following sections.

2.3. Gas-mixing Setup

The gas-mixing setup used in this thesis to obtain different analyte concentrations in
the gas phase is illustrated in Figure 2.1. The supplier, purity level and concentration

of the gas cylinders are specified in the respective experimental part of each chapter.

The gas cylinders were equipped with a pressure regulator which is specific to the
analyte gas. Poly(tetrafluoroethylene) (PTFE) tubing equipped with Swagelok fittings
were used to connect the gas cylinder to a flowmeter (FC1 or FC2). Two separate gas
lines were then connected to a Swagelok T-joint to achieve homogenous mixing of the
two gases. The relative flow rates, set at the flow meter, were used to calculate the gas
concentration in the gas stream in volume percentage (vol.%). The gas line was

connected to the glass T-cell equipped with the gas sensing device via Swagelok

60



fitting. Additionally, the gas outlet of the T-cell was connected to another PTFE tubing
to ensure the safe release of the gas mixture in the fume cupboard. Overall flowrates
were kept constant throughout an experiment and are specified in the experimental

parts.

Faraday Cage
Thin-Film Electrode
Swagelok Joints

Rubber Bungs

Gas Inlet Gas Outlet

ENF

Glass T-Cell

Electrical
Contacts

Analyte Gas

Figure 2.1. Gas mixing setup used throughout the experiments for this thesis.

2.4.  Gas Solubility Measurements

The experimental setup used for the measurement of gas solubilities is based on an
isochoric saturation technique previously applied and described by various
researchers.!” In this method, an accurately determined quantity of a certain gas is
brought into contact with a precisely determined volume of the ionic liquid. After
reaching equilibrium at a certain temperature, the pressure above the ionic liquid phase
is directly related to the gas solubility in the ionic liquid. The gas solubility is

calculated from pressure-temperature (p7) measurements at various temperatures.

The apparatus (see Figure 2.2) is composed of an equilibrium cell (EC) with a
magnetic stir bar for the ionic liquid, a manometer (M) and a gas bulb (GB) inside a
temperature controlled (£0.01 K) thermostatic bath (TB). Additionally, the cell has
two valves (V1 and V2) to separate certain compartments and is connected to a vacuum

pump (VP), a vacuum gauge (VG), a cold trap (TP) and the respective gas cylinder.

Before the gas solubility evaluation, the precise calibration of the volume of the gas

bulb (VGB) at two temperatures to consider the thermal expansion of the Pyrex glass as
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well as the temperature dependent density of the ionic liquid (prti) by density
measurements, must be conducted. Firstly, the GB is filled with the respective gas, the
exact quantity of the gas is determined by measuring the gas pressure at a constant
temperature with the thermally equilibrated manometer. After closing V2, a certain
amount of ionic liquid is introduced into the EC. The precise mass is determined
gravimetrically. The ionic liquid is degassed for several hours at a constant
temperature before V1 is closed and V2 opened to bring the gas in contact with the
liquid phase. The overall volume (Vi) of the part that is inside the TB and segregated
by V1 was previously determined via gas expansion experiments. The pressures and
temperatures are recorded as a function of time until constant values are observed,
indicating thermodynamic equilibrium. A temperature dependent gas solubility value
can be obtained by changing the temperature of the thermostatic bath and repeating

the previous steps.

Gaiﬁinlet VG Purcl Gas Pure lonic Liquid
]
- pVT Liquid Volume
1 Measurement Determination
8 [ |

Equilibration | «— Degassing

] Pressure,

NewT | «——| Temperature
Measurements

[ EC Solubility —

<€
VP TP Q
M
2|l

Figure 2.2. Schematic of the experimental apparatus consisting of a vacuum pump (VP), a cold trap
(TP), a vacuum gauge (VG), a thermostatic bath (TB), a precise manometer (M), an equilibrium cell
(EC) with a stir bar, a gas bulb (GB), valves (VI and V2) and connectors (Cl and C2) and the flow
chart of the experimental procedure.

The gas content in the ionic liquid, nlziq, is calculated by the difference of two pV'T
measurements — one when the bulb is filled with gas and the other when the vapor-
liquid equilibrium is attained:

lig __ piniVGB Peq (Vtot - Vliq)

n, = - 2.1
g [ZZ (pini' Tini)RTini] [Zz (peq, Teq)RTeq]

62



with pini and Tini as initial pressure and temperature respectively and peq and Teq after
reaching the equilibrium, R the universal gas constant and Z, the compressibility factor

of the respective pure gas given as:

p
Z,=1+—"B 2.2
2 tRT

where B is the second virial coefficient for the pure gas, usually taken from books by

Dymonds.*?

The gas solubility can be expressed in various forms, such as mole fraction x> (eq. 2.3)

or as Henry’s law constant Ky (eq. 2.4):

liq
X2 = liqn2 liq 23
n, +n;
T, T
KH = lim fZ(p xZ) ~ (Pz(Peq GQ)peq 54

where niiq is the quantity of ionic liquid in the liquid phase, n;iq is the quantity of gas
in the liquid phase, f> is the fugacity of the solute and ¢> the fugacity coefficient. T
and p are the temperature and pressure and Teq and peg, the temperature and pressure

at the equilibrium.
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3. The Effect of Humidity on RTIL-
based Gas Sensors

Room temperature ionic liquids are known to be highly hygroscopic, which results in
a change of their physicochemical properties. The electrochemical redox mechanism
of various gases has already been studied in dry RTILs in detail, however, for the
application of RTIL-based gas sensors in real world environment, the impact of
humidity on the sensing must be understood. This chapter is divided in three

subchapters that address the impact of humidity on sensing responses.

The first part discusses how the mechanism of the oxygen reduction reaction in RTILs
changes at different humidity levels and shows that the choice of RTIL cation and
anion can significantly change this behavior. This study leads to the second chapter
where the influence of water on the electrochemical window of RTILs is investigated.
The effect on ammonia oxidation, a mechanism that does not change in the presence

of water, is then studied.

In the last section, an attempt to overcome the significant influence of water on the
oxygen reduction mechanism is made, by mixing the RTIL with commercially

available polymers to create so-called gel-polymer electrolytes (GPEs).
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3.1.  Effect of Ionic Liquid Structure on the Oxygen

Reduction Reaction under Humidified Conditions
This chapter has been published in the following peer-reviewed journal:

Doblinger, S., Lee, J., Silvester, D. S., Effect of lonic Liquid Structure on the Oxygen
Reduction Reaction Under Humidified Conditions. J. Phys. Chem. C 2019, 123,
10727-10737.

The abstract has been removed from this chapter and the supporting information has
been included after the references. Figure and table captions as well as equation

numbers have been changed. A few changes of the formatting have been made.
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3.1.1. Introduction

The reliable monitoring of gases under extreme conditions is an important criteria for
sensors in industry, and is especially important for health and safety requirements.!
Commercially available sensors usually consist of a three-electrode setup, with an
aqueous-based electrolyte (usually water/H>SO4), and a gas permeable membrane that
prevents solvent evaporation at high temperatures.? However, this membrane also
reduces the diffusion rate of gases towards the electrode.’ An alternative, proposed by
Buzzeo et al., is the use of room temperature ionic liquids (RTILs) as a non-volatile

electrolyte, which removes the need for a membrane layer.*

RTILs are composed of cations and anions that are liquid at room temperature due to
asymmetry in at least one of the ions> and weaker ion-ion interaction forces.® RTILs
are increasingly used in synthesis,” as well as in electrochemistry applications,®!! due
to their promising characteristics, such as negligible volatility, high stability up to
certain temperatures without decomposition, and high conductivity.!? Due to their
intrinsic conductivity, they have been extensively explored as alternative electrolyte
materials.!® The wide electrochemical windows (ca. 4-6 V)!'* of these solvents make
them suitable candidates for electrochemical sensing applications; with the detection
of gaseous analytes like hydrogen, oxygen or ammonia already reported in the
literature.!> However, the hygroscopic nature of RTILs is an issue for their use in
practical environments that currently hinders their implementation in commercial
membrane-free sensors. The tendency for RTILs to absorb moisture can lead to
instability and unreliability in the measurements when the gas-sensor is subjected to

16-18 T¢ is hence clear that water is a

real-atmospheres with changing humidity levels.
significant impurity in RTIL-based gas sensors that need to be investigated; this can

be indirectly monitored by studying the oxygen reduction reaction (ORR).

The ORR has been widely reported in aprotic RTILs for the purposes of oxygen gas
detection.® % 1920 Katayama et al. published an almost reversible redox couple in
ammonium-based ionic liquids with a peak current density ratio of 0.97.2! It has also
been shown that the reduction of oxygen can undergo different mechanistic pathways,
depending on the presence and concentration of protic species such as water (which
provides H"), which could cause a shift from a 1-e¢~ (equation 3.1) to a 2-¢ (equation
3.2) or even a 4-¢~ (equation 3.3) reduction reaction.?*2* This significantly complicates

the reliable calibration of a sensor when exposed to different humidity levels, since
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water can act as an effective proton source,?® opening up electrochemical reaction

pathways that are dependent upon the concentration of water.

0,+e” - 05° 3.1

0, + 2H* + 2e~ - H,0, 3.2

0, + 4H" + 4e~ - 2H,0 3.3
Therefore, several groups (including ours), have used hydrophobic RTILs,2%28 or
29-30

mixed the electrolyte with a hydrophobic polymer to reduce the water uptake.

However, this did not eliminate the water absorption problem entirely.

When examining the impact of absorbed moisture on the electrochemical processes at
the electrode-RTIL interface, the structure of the RTIL at the interface must be taken
into account.!” Research performed by other groups has shown that as with
conventional solvents, ionic liquids form electrical double layers (EDLs) at the
electrode/solution interface.?!2 The EDL structure at the electrode interface could
have a severe impact on the transport of analytes such as gases or moisture towards
the surface, which is required to induce an electrochemical reaction. Several methods
including atomic force microscopy (AFM),3-3* surface force apparatus (SFA),»
neutron reflectometry,’® sum frequency generation vibrational spectroscopy (SFG-
VS)37 and surface-enhanced infrared absorption spectroscopy (SEIRAS)*® have been
used to try to elucidate this behavior. For RTILs, the thickness and number of layers
at the electrode is strongly dependent on the charge density at the surface and the nature
of the cation and anion. Depending on the cation and anion structure, the EDL that is
formed when a potential is applied can be either more or less pronounced.** 34! Single
as well as ion-pair layers have been detected at the interface using AFM.?* 42 With
regards to layer thickness, theoretical simulations of these EDL structures are in good
accordance with experimental data.** It is already well known that when the electrode
is highly charged, more than one cation or anion layer can be formed near the
electrode** which means that either the cation-analyte or anion-analyte interactions
may influence the concentration profile of various dissolved species. Hence,
knowledge of the EDL structure is crucial to explain changes in the response in
electrochemical experiments. However, the structuring of RTILs on surfaces in the

presence of other species (e.g. oxygen or water) is not very well understood.
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Computational studies have been carried out to investigate the influence of adsorption
of water® or ferrocene* in RTILs. However, despite the extensive literature published
on the structure of the EDL of RTILs, experimental studies on the influence of species,
such as absorbed gases or water, are still lacking.?* Characteristics of the RTIL, such
as the charge carrying atom, as well as the alkyl chain length, number, and position(s)
on both the cation and the anion, appear to be key determining factors of water sorption
properties of RTILs. COSMO-RS predictions have shown that there is a strong
interaction between water and ionic liquid anion in the bulk phase.*’ This means that
for different RTILs that have the same anion, the mutual solubility of water only varies
slightly, while for RTILs with same cation and different anions, the effect is more
pronounced.*’ It should also be noted that the bulk-phase behavior of water in RTILs
can be very different to the behavior near a charged electrode surface. For example, Bi
et al.*® showed that the electrosorption of water on electrodes in humid, hydrophobic
ILs was higher than in hydrophilic RTILs even though the bulk phase solubility of
water showed the opposite trend. Therefore, the effect of water on electrode processes
may be different to the trends expected based on the hydrophobicity/hydrophilicity of
the RTILs.

In this work, we demonstrate the influence of the RTIL structure at the EDL — varying
both the cation and the anion — and show its effect on the ORR in humidified
environments using cyclic voltammetry (CV). Six different cation types (imidazolium-
, pyrrolidinium-, pyridinium-, ammonium-, sulfonium- and phosphonium-) with
different alkyl chain lengths and several different anions are analyzed. Atomic force
microscopy (AFM) is then performed under unbiased and biased conditions to provide
insights into the impact of water on the EDL structure of RTILs on a charged surface,

and to give an explanation for the electrochemistry results.
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3.1.2. Experimental

3.1.2.1. Chemical Reagents
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Figure 3.1. Chemical structures and abbreviations of the room temperature ionic liquid cations and
anions used in this study.

All RTILs were obtained at the highest purities possible. Diethylmethylsulfonium
bis(trifluoromethylsulfonyl)imide  ([S22.1][NTf2], 99%, IoLiTec-Ionic Liquids
Technologies =~ GmbH,  Heilbronn, = Germany),  butyltrimethylammonium
bis(trifluoromethylsulfonyl)imide ([Na4,1,1,1][NTf2], 99.5%, loLiTec), butylpyridinium
bis(trifluoromethylsulfonyl)imide ([Capy][NTH2], 99%, IoLiTec),
trihexyltetradecylphosphonium tris(pentafluoroethyl)trifluorophosphate
([Pia6s66][[FAP], >98%, Merck Pty. Ltd. Kilsyth, Victoria, Australia),
butylmethylpyrrolidinium  bis(trifluoromethylsulfonium)imide  ([Csmpyrr][NTf2],
99.5%, IoLiTec), 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([Comim][NTf], 99.5%, IoLiTec), 1-ethyl-3-methylimidazolium
tris(pentafluoroethyl)trifluorophosphate ([Comim][FAP], for synthesis >98%, Merck),
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1-butyl-methylimidazolium bis(trifluoromethylsulfonyl)imide ([Csmim][NTf:],
99.5%, IoLiTec), 1-butyl-3-methylimidazolium
tris(pentafluoroethyl)trifluorophosphate ([Csmim][FAP], high purity >99%, Merck),
1-butyl-3-methylimidazolium tetrafluoroborate ([Csmim][BF4], 99%, loLiTec), 1-
butyl-3-methylimidazolium hexafluorophosphate ([Csmim][PF¢], high purity >99%,
Merck),  1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate
([Cemim][FAP],  high  purity, @ Merck) were used as  received.
Trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide ([Pi46,6,6] [[NTf2])
was kindly donated by the group of Professor Chris Hardacre (now at the University
of Manchester, UK) when he was located at Queens University Belfast, UK. 1-hexyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([Cemim] [NTfz], 99%,
IoLiTec) was kindly donated by Professor Rob Atkin (University of Western
Australia). The RTIL heptyltriethylammonium bis(trifluoromethylsulfonyl)imide
([N222,7][NTf>]) was synthesized according to standard literature procedures* (see
electronic supplementary information (ESI) Figure S3.8 for the NMR data). The
chemical structures of the ionic liquid cations and anions used in this study are
summarized in Figure 3.1. Ultrapure water with a resistivity of 18.2 MQ cm prepared
by a Milli-Q laboratory water purification system (Millipore Pty Ltd., North Ryde,
NSW, Australia) was used for humidifying the oxygen gas stream. Acetone
(CHROMASOLV®, for HPLC, >99.0%, Sigma-Aldrich) and ferrocene (98%, Sigma-
Aldrich) were used as received. A 1 M stock solution of H2SOas(aq) (prepared with
ultrapure water from a 95-98 wt.% H>SOs solution, Ajax Finechem, WA, Australia)
was used for the activation of the thin-film electrodes. High purity oxygen gas
(>99.5%) and high purity nitrogen gas (99.99%) cylinders were purchased from BOC
Gases (Welshpool, WA, Australia).

3.1.2.2.  Electrochemical Experiments

CV measurements were performed with a PGSTAT101 Autolab potentiostat
(Metrohm Autolab, Gladesville, NSW, Australia) interfaced to a computer with
NOVA 1.11 software. The electrochemical cell was housed in an aluminum Faraday
cage to reduce electromagnetic interferences. The working electrode (WE), counter
electrode (CE) and reference electrode (RE) of the thin-film electrodes (TFEs) (ED-
SE1 Pt, MicruX Technologies, Oviedo, Spain) are composed of platinum (Pt)

deposited on a Pyrex substrate, with a WE diameter of 1 mm. Wires were soldered
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onto the connecting pads of the chip. The WE was electrochemically activated prior to
each experiment by CV cycling (> 300 times) at 1 Vs in nitrogen purged 1 M
H>S04 (aq) between -0.75 and +0.7 V. The activated chips were then rinsed twice with
ultrapure water and acetone before drying under a nitrogen stream. To account for the
unstable Pt quasi-RE on the TFE, modification of the RE with lithium iron phosphate
(LFP) (previously developed by our group’®) was attempted. However, the interaction
of superoxide with the LFP material led to a change in ORR peak shape and current
over consecutive scans, making measurements unreliable. Therefore, to investigate the
influence of humidity on CV peak potentials for selected RTILs, ferrocene was added
in-situ, and potentials were shifted such that the midpoint of the ferrocene/ferrocenium

(Fc/Fc®) redox couple was at 0 V.

Seven pL of the ionic liquid was drop-cast to cover all three electrodes on the TFE and
purged for at least 45 min in a high purity nitrogen stream at a flow rate of
500 mL min"! to remove dissolved gases and impurities such as oxygen and carbon
dioxide. The relatively high volume of electrolyte on the small chip (compared to our
previous experiments) ensures that the electrogenerated products from each scan can
be effectively diluted, so that their accumulation is negligible. For all oxygen
measurements, the integrated CE and WE were used. After purging the electrolyte with
nitrogen gas for at least 45 min, oxygen was introduced into one arm of a modified

glass T-cell.’!

The oxygen line was additionally connected to a humidity generator
(Owlstone Humidity Generator OHG-4, Owlstone, Cambridge, UK) that separates the
gas flow into ‘dry’ and ‘wet’ streams by bubbling the gas through a container of
400 mL of ultrapure water at a flow rate of 500 mL min!. Adjusting the dry to wet
flow ratio results in different humidity levels and the measured dew point (74) was

converted to obtain the relative humidity percentage (RH%), using equation 3.4°%:

Tq Tamb )

RH% = 100% =* 1Om(Td+Tn_Tamb+Tn 34

with the constants m = 7.59 and T, = 240.73 °C, the ambient temperature 7amb and the
dew point Tq in °C (Humidity Conversion Formulas, Vaisala).>® The dew point was
measured at a location close to the electrochemical cell to ensure that the actual
humidity introduced into the T-cell is not affected by condensation or adsorption along

the tubing (see Figure 3.2).
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Figure 3.2. Schematic of the gas humidifying system used for voltammetric measurements on thin-film
electrodes (TFEs).

Since the humidity generator is not able to detect humidity levels lower than 1 RH%,
measurements were conducted at a starting humidity level of ~1 RH%. It is also known
in the literature that even with prolonged vacuum purging, a significant amount of
water is retained (in the ~10 — 100 ppm range)>* in the RTIL. An equilibration time of
45 min was employed before performing CV scans at each humidity level to ensure
that the gas was fully saturated, particularly into the most viscous ionic liquid.
Repeated CV scans for O: reduction were carried out under constant humidity
conditions to identify the duration for a stable peak current to be achieved (see Figure
S3.10 to Figure S3.13 in the supporting information). 45 mins was found to be more
than sufficient for equilibrium to be attained across all RTILs and humidities. Hence,
before the commencement of experiments, the RTILs were also first purged under N>
gas for more than 45 mins. It is noted that water uptake times of up to 180 min were
observed for RTILs at different humidity environments,>® but that study employed a
larger volume of ionic liquid and used a static set-up, in contrast to the large surface-
to-volume (seven microliter RTIL droplet spread out over a thin-film electrode) and

the constant flow system used in our experiments.

All experiments were carried out at least in triplicate and all data points were used to
establish the trendline that was fitted by a logistic regression analysis. In order to
remove the contributions caused by different solubilities and diffusion coefficients in
the RTILs, the currents were normalized, where the measured currents at different

humidities were divided by those measured at 1 RH%.
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3.1.2.3. AFM Measurements

Atomic force microscopy (AFM) experiments were carried out with a Bruker
Dimension Icon interfaced to a computer with NanoScope 9.4 software in contact
mode using activated Pt TFEs. Force curves were collected continuously with a scan
rate of 0.16 Hz while the ramp size was between 100 and 160 nm. A silicone barrier
(Selleys Silicone Sealant, Padstow, NSW, Australia) was constructed around the
electrode cell to confine the ionic liquid during the AFM measurements. All
experiments were performed with a silicon nitride AFM tip (SNL-10, spring constant
0.35 Nm™!). The tips were carefully cleaned in sulfuric acid (1 M) for 60 s, washed
with ultrapure water and acetone, and finally dried under a nitrogen stream.
Measurements were conducted on an uncharged and a negatively charged electrode
surface under mildly humidified conditions (ca. 40 RH%). When the electrode was
negatively polarized, rapid formation and growth of H> bubbles were observed at
< -1V in [Comim] [NTf:] (see supporting information for a detailed discussion).
Hence, a less negative biasing potential of -0.8 V was chosen for the studies. Due to
the roughness of the electrode surface (see Figure S3.15 in the supporting information),

flat areas of the electrode surface were used for the AFM measurements.

3.1.2.4. Computational Estimation of Ion Dimensions and Water-

affinity

The structure of several RTIL cations and the [NTf;]" anion was computationally
optimized (Spartan ’14, Wavefunction, Inc., California, USA) with a semi-empirical
approach, using the parameterized model number 3 (PM3) method for single isolated
ions in vacuum. For the cations with significant degree of freedom (e.g. [N4,1,1,1]" and
[Piase6]") the alkyl chains were pre-oriented before the structures were minimized.
The dimensions were estimated from the optimized structures based on their expected
orientations. Re-positioning of the RTIL side-chains, due to interactions with the
electrode surface (unbiased/negatively-biased), and neighboring species (e.g. cation,
anion, water) can affect the layer thickness created by the cations/anions. It is noted
that the computationally obtained values are simply to aid with the analysis of AFM
force-curve measurements; a more thorough computational investigation of layer
thicknesses is beyond the scope of this work. The value estimated for [Comim]" agrees

well with literature.>®
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The computationally estimated orthogonal dimensions, corresponding space-filling
(CPK) volumes for each of the ions and the water molecule, as well as their solvation

energies (SEs) are summarized in Table S3.1. The CPK volumes follow the trend:

[Piase6]" >>>[N7222]" > [FAP] > [Comim]* > [Campyrr]” > [Csmim]*
= [Capy]" > [NTH2] = [Na1,1,1]" > [Comim]" = [S22,1]" >> [PFs]" > [BF4]” 3.5
>H,0

The PM3 calculated SEs of selected single isolated RTIL molecules are also listed in
Table S3.1 to provide the local affinity of each ion towards surrounding water
molecules; the greater the SE value, the more hydrophobic the molecule is likely to
be. It is noted that these values are relevant on the inter-molecular scale but may or
may not apply for the bulk RTIL as they do not account for RTIL-RTIL and bulk
interactions, and hence may not coincide with bulk properties of hygroscopicity and

hydrophobicity. The SEs (listed in Table S3.1) follow the trend:

[P14,6,6,6]+ >>> [FAP]' > [Cémim]+ > [N7,2,2,2]+ > [C41’l’1il’1’l]+ > [Czl’l’lil’l’l]+ =
[Campyrr]" = [Capy]" > [Na1,1,1]" > [S22.1]" >> [NTf2] >> [PFe] >> H20 3.6
> [BF4]

3.1.3. Results and Discussion

3.1.3.1.  Cyeclic Voltammetry of RTILs in Dry vs. Wet Environments

CV was carried out in different RTILs under a pure oxygen atmosphere at a range of
humidity levels from <1 RH% up to ~95 RH%. Representative cyclic voltammograms
in [Na1,1,1][NTfz] at four different humidity levels are presented in Figure 3.3. A
reversible one-electron reduction to superoxide (see equation 3.1) was observed in a
dry environment (<1 RH%, black line). The CV shape is typical for an
electrochemically quasi-reversible process, which is well reported for the
oxygen/superoxide redox couple in RTILs.!'® At increased humidity levels, the
reductive peak current becomes larger and the reduction process became more
irreversible, resulting in a decreased superoxide oxidation peak. Ferrocene was added
to the solution as an internal reference due to significant potential shifting occurring at
the Pt quasi-RE in the presence of the humidified gas. The voltammograms were
shifted so that the midpoint of the ferrocene/ferrocenium redox process was at 0 V,
and a substantial shift (~600 mV) of the ORR potential, from ca. -1.3 V (vs. F¢/Fc™") at
<1 RH% (dry) to ca. -0.7 V at 95 RH% (wet) was observed. This is likely due to the
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increased presence of proton-donors that catalyze the reduction reaction (see equations
3.2 and 3.3), which is further supported by the significant increase in the ORR peak
current. From <1 RH% to 55 RH%, a current increase of approximately 2.5 times
(from -6 pA to -15 pA) was observed, indicating a mix of 2- and 4-electron processes,
which is supported by the absence of the superoxide oxidation peak. At 95 RH%, the
current increased by a factor of three (to ca. -19 pA), which suggests closer to a 4-
electron process is dominating (equation 3.3). A change in the oxygen diffusion
coefficient as the result of viscosity changes in the water-saturated RTIL may also
contribute to the increased currents, but a detailed study of this effect is well beyond

the scope of this work.

In contrast with [Na4,1,1,1][NTf2], the peak position vs. the Pt quasi-RE in [P146,66][FAP]
was substantially less affected by humidity (see supporting information Figure S3.9
b), and the ORR peak current only showed a ~20% increase, likely owing to the much
higher hydrophobicity of the [Pisee6]" cation compared to [Na11,1]" (see trend in
equation 3.6).
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Figure 3.3.Cyclic voltammograms at 100 mV s, in [Nu1,1,1][NTf>] on a Pt TFE, with 7 mM ferrocene
as internal reference in an Oz-saturated flow with RH% of < 1 RH% (black), 13 RH% (green), 55 RH%
(blue) and approximately 95 RH% (red).

3.1.3.1.1. Anion Effect

The type of anion is known to have a significant impact on the hygroscopic behavior
of RTILs.>* 57 The bulk solubility of water in ionic liquids containing the [FAP]~ anion
is much lower compared to [NTf], [PF¢], or [BF4] — see trend in equation 3.6, and

also in reference [57]. It was previously shown that electro-absorption of water in the
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EDL is more pronounced for hydrophilic anions at negative potentials.’® In an ionic
liquid, absorbed water molecules are known to preferentially interact with the anion.®
47.58-59 Hence, it is important to investigate how different anionic species may affect
the ORR reaction at different humidity levels. Figure 3.4 shows the normalized ORR
current as a function of increasing humidity levels in four different [Csmim]*-based
RTILs. The current is mostly unaffected at low humidity levels (< 15 RH%) suggesting
that the cation is the determining factor at low humidity levels. This is consistent with
AFM32-33, 3960 and SEIRAS?® studies, where it is well known that the innermost layer
at a negatively biased surface is mainly composed by cations. The normalized ORR
current then begins to increase above 15 RH%. The current at high humidity levels (>

95 RH%) follows the trend:

[FAP]" < [NTf:]- < [PFs]" < [BF4]- 3.7

which is consistent with the computationally predicted molecular-hydrophobicity and
volume trends for individual anionic molecules (see trends 3.5 and 3.6), and by

COSMO-RS calculations*’ from a separate study.

For the [BF4]~ RTIL, there is a lower than expected current trend between 20 and
80 RH%. It was suspected that this may be due to insufficient equilibration time.
However, waiting 130 min instead of 45 min before recording the first scan did not
affect the current response (see supporting information Figure S3.10). Instead,
repeated CV scanning caused an increase in the current, suggesting a possible side-
reaction and build-up of electrogenerated products contributing to the current. This is
not surprising considering that [BF4]", as well as [PFs]", can undergo hydrolysis.®! At
90 RH%, the electrogenerated products are likely saturated at the EDL from the initial
scan; consecutive scans at this humidity level can cause severe changes in the ORR
current due chemical reactions with previously electrogenerated species, such as H>O».
Overall, the results in Figure 3.4 suggest that bulky, hydrolytically stable and
hydrophobic anions such as [FAP]™ are recommended for applications where a stable

ORR response in humidified environments is required, e.g. for oxygen sensing.
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Figure 3.4. Effect of humidified environments on the normalized current for oxygen reduction in
[Cimim][BF4] (o), [Camim][PFs] (®), [Camim][NTf>] (A) and [Cimim][FAP] (V) with increasing
relative humidity percentages (RH%,). CVs (at 100 mV s™) were obtained on Pt-TFEs, with each scan

was taken after 45 min equilibration time. All experiments were performed at least in triplicate and the
trendlines were fitted by a logistic regression analysis.

3.1.3.1.2. Effect of Cation with Hydrophobic Anion, [NTf;]|

A negatively polarized electrode during oxygen reduction voltammetry implies that
the EDL structure at the electrode-RTIL interface will be dominated by the RTIL
cation. In contrast with anions, cations generally only have a slight influence on the
solubility of water in RTILs.*> 47 Properties such as the molecular affinity to water
(predicted by SE values), coupled with cation size (based on CPK volumes) — which
may sterically hinder the adsorption of other species at the electrode surface (see Table
S3.1 in the supporting information) — need to be considered. In this study, only RTILs
displaying quasi-reversible ORRs were included, i.e. the pyridinium ionic liquid was
omitted due to an irreversible ORR process (see supporting information, Figure
S3.14). The presence of an obvious superoxide oxidation peak for the remaining RTILs
implies that any impurities in the RTILs (e.g. left over from the synthesis procedure)
are minimal, and do not affect the electrochemical processes occurring during the

oxygen reduction reaction.

Figure 3.5 presents normalized ORR peak currents vs. humidity for eight different
RTILs sharing the same (moderately hydrophobic) [NTfz]™ anion. Compared to the
previous study of different anions (section 3.1.3.1.1), the type of cation appears to have
a more significant influence on the ORR current at lower humidity levels (i.e. <
40 RH%). There is a clear difference between the humidity level at which the ORR
current starts to sharply increase — referred to as the “onset-humidity” — typically

occurring at below 30 RH%, and follows the trend:
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[P146.66]" > [Comim]" > [Camim]" = [N7222]" = [Na,1,1,1]" >> [Campyrr]* -
=~ [S22.1]" >> [Comim]*
This is in contrast with the different anions discussed in section 3.1.3.1.1, where the
onset-humidity appears to be almost unaffected by the type of cation present.
Significant variability in the data points towards higher humidity levels prevents a
confident evaluation of the 95 RH% current trends, although it is clear that the ORR
current in the [Pis666]" RTIL is much less affected by water compared to the other
cations. The variability in current could be due several factors including increased
follow-up chemical reactions and even bubble formation at the electrode-RTIL
interface due to water-splitting reactions (see Figure S3.18 in the supporting

information).

Zhong et al.®° reported that at low water contents, a stable structuring of the RTIL at
the electrode exists and is dominated by the cation. At increasing humidity levels,
water molecules begin to disrupt and weaken the structuring of the RTILs at an
electrode. Hence, the intermediate RH% trends are dominated by the tendency of the
EDL structure to be affected by the presence of water. The trends at high RH% are
thus a better reflection of the bulk hydrophobicity of the RTILs.

Inorm
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Figure 3.5. Effect of humidified environments on the normalized current for oxygen reduction in
[Comim][NTf>] (®), [S221][NTf>] (), [Campyrr][NTf2] (A), [Comim][NTf3] (®), [Ne111][NTf3] (V),
[N7222][NTf2] (+), [Csmim][NTfz] (O) and [Pissss][NTIf2] (1) with increasing relative humidity
percentage (RH%). CVs at 100 mV s were carried out on Pt-TFEs and each scan was taken after
45 min equilibration time. The scans were taken at 100 mV s and with a step potential of -2.5 mV. The
trendlines were fitted by a logistic regression analysis.
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Between the three imidazolium-based RTILs, the trends are in order of increasing alkyl
chain length, as expected in terms of increased cation hydrophobicity. The ORR in
[Comim][NTf>] appears to be the most affected by the presence of moisture at
extremely low humidity levels, where a sharp ORR current increase from 0 to 3 RH%
is present. This is in contrast with the other RTILs where a relatively more stable
region of low ORR current vs. humidity is present. The significant dependency of the
onset-humidity on the type of cations is a factor to be considered when designing
humidity sensors where sensitivity within a particular humidity range is desired; or for
the case of an oxygen sensor, where sensitivity to moisture should be avoided. Surface
spectroscopy measurements®’ have shown that imidazolium cations with small alkyl
chains (e.g. [Comim]") tend to align with the aromatic ring structure flat against
platinum surfaces. Applying a negative potential stabilizes this conformation, while
increasing the alkyl chain length causes a tilting of the planar structure. However, it is
surprising that there is a substantial difference in the ORR CV current response
behavior between [Comim]* (black squares), [Csmim]* (red circles) and [Csmim]*
(purple hollow circles). Nevertheless, the longer alkyl chains of [Csmim]" and
[Csmim]" allow the formation of a more hydrophobic innermost layer that prevents

accumulation of water near the electrode.

Interestingly, the two ammonium ionic liquids, [N4,1,1,1][NTf2] and [N72.22][NTf:],
with significantly different cation alkyl chain lengths, produced similar ORR-current
behavior in Figure 3.5. A layer of ammonium cations will form at a negatively charged
surface. At sufficiently high negative surface polarization, the positively charged
nitrogen group will be pulled towards the negative surface charge, inducing a
reorientation of the short alkyl chains. Ultimately, this results in a dense structure of
cations at the electrode interface, where longer alkyl groups are expected to point away
from the charged surface, orientating in the most stable energetic state to maximize
interaction with the anion layer above. However, the three shorter alkyl chains of the
ammonium RTILs studied are too short and less flexible to effectively cover the
electrode surface area between repelling cations, and do not form a highly dense
hydrophobic layer at the electrode interface. This can leave cavities and pathways for
water transportation to the electrode surface. Furthermore, the positively charged
nitrogen atom is less shielded by the shorter alkyl chains. This can allow water

molecules to interact via the electronegative oxygen, and with the two aligning
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hydrogens more strongly attracted to the negatively polarized surface. However, in the
case of [Pi46,66][NTf2], the reorientation of the four long alkyl chains forms a dense
hydrophobic layer that prevents the absorption of water in the EDL close to the
electrode surface. Hence it is recommended for bulky and highly hydrophobic cations

(e.g. [P1466,6]") to be employed for stable responses with less interaction from water.

3.1.3.1.3. Effect of Cation with a Highly Hydrophobic Anion,
[FAP]

Figure 3.6 shows ORR peak currents vs. humidity for different RTILs with the most
hydrophobic [FAP]™ anion used in this study, and different cations, namely
[P146,6,6][FAP], [Comim][FAP], [C4mim][FAP], and [Csmim][FAP]. As expected,
normalized currents at > 30 RH% for the [FAP] -based RTILs are lower than the
corresponding [NTf>]-based RTILs (Figure 3.5), because of the higher
hydrophobicity of [FAP]". Additionally, the [FAP]™ anion has an onset-humidity of
10 RH% for [Comim][FAP] (Figure 3.6) which is a significant improvement compared
to [Comim][NTf>] (Figure 3.5). The onset-humidity follows the trend:

|:P14,6,6,6]+ >> [C4mim]+ = [CGl’l’lin’l]+ > [Czl’l’lin’l]+ 39

e [C,mim][FAP] ® [C,mim][FAP]
¥ [Py,66,6[FAPI

0 20 40 60 80 100
Humidity / RH%

Figure 3.6. Effect of humidified environments on the normalized current for oxygen reduction of
[Comim][FAP] (®), [Camim][FAP] (®), [Csmim][FAP] (A) and [P14s6.6][FAP] ( W) with increasing
relative humidity percentages (RH%). CVs were carried out on Pt-TFEs. Each scan was taken after
45 min equilibration time and all experiments were performed at least in triplicate. The scans were
taken at 100 mV s and with a step potential of -2.5 mV. The trendlines were fitted by a logistic
regression analysis.

Interestingly, the onset-humidity trend for the three imidazolium cations with the
[FAP] anion is not as expected and is different to that observed for [NTfz]". It is not
entirely obvious as to why it is the case for the [FAP]-based RTILs, but this unusual
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behavior is consistent with a previous AFM study under dry conditions that revealed
differences in the packing density of the three imidazolium ionic liquid cations that

did not follow the expected trend based of increasing alkyl chain length.3?

3.1.3.2. Physical Characteristics of the Ionic Liquid Electrical
Double Layer on a Pt-TFE

Fedorov and Kornyshev’s®? study of the ionic liquid (IL) EDL at the electrified solid-
IL interfaces reveals a “generally more complicated than expected” structure, due to
the tendency of ILs to self-assemble. Previous work suggests an EDL structure that is
comparable to aqueous electrolytes, consisting of an adsorbed ion layer succeeded by
an electrostatically bound diffuse layer.®-% However, it was found from AFM studies
that a multilayer of both single and cation-anion pair layers can form at the interface,
and the number of layers increased and were more tightly organized at higher
potentials.** ¢ Here, three RTILs: [Comim][NT£], [N4.1,1,1][NTf:], and [P14,6,6,6][NTf2]
were selected to perform AFM force curve measurements under humidified conditions
at ca. 40 RH% (Figure 3.7), and will be contrasted with the CV results in the previous
sections. These RTILs represent three distinct behaviors observed in the
electrochemical studies above: (case 1) [Comim][NTf>] shows a significant change in
ORR current at low humidities, (case 2) [Na4,1,1,1][NTf2] gives a stable ORR current at
low RH%, and (case 3) [Pi4,6,6,6][NTf2] where the ORR current remains stable up to

high moisture contents.

The electrode was held at the open circuit potential (OCP) and biased at -0.8 V (vs. the
quasi-Pt-RE) to compare the effect of a negative surface biasing during ORR on the
EDL. Several force-distance curves were collected and one representative curve per
sample and condition is used for the discussion. It is noted that the studies were
conducted on rough platinum thin-film electrodes which complicates the interpretation
of results but were performed to represent the real conditions used for electrochemical
sensing. Three overlayed force-distance curves per sample can be found in the ESI
(Figure S3.17) to show the reproducibility at different areas on the electrode. We note
that the layering of RTILs such as [Comim][NTf],> [Campyrr][NT£>]® or ammonium
RTILs*® on a flat electrode under ‘dry’ conditions has been previously reported, but

these conclusions may not be valid for a significantly rougher surface.
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Figure 3.7 Representative force vs. distance curves for a silicon nitride cantilever approaching a Pt-
TFE surface at the OCP (grey) and -0.8 V (vs. pseudo Pt RE) (orange) in (A) [Comim][NTf>], in (B)
[Na.1,1.1][NTf2] and in (C) [P14.6.6,6][NTf2] in 40 RH% (in air). An overlay of three force-curves for each
experimental case can be found in the supporting information (Figure S3.17).

3.1.3.2.1. General Trends in AFM Force-curves

Overall, the force-curves in Figure 3.7 for both charged and uncharged surfaces show
step-like features, superimposed on a broad curve with the force gradually increasing
towards 0 nm separation. The broad curve is related to the compression of stable EDL
structures by the tip as well as the interaction of the tip with the rough electrode
surface. The steps correspond to tip-interaction with structured layers of molecules
(e.g. cations, anions, water, etc.) orientated and assembled over the electrode surface.
Subtle step-features are also present in between the more pronounced ones, which are
attributed to either different conformations of ions, the presence of interstitial water or
may be caused by roughness of the electrode surface. In the following discussions, the
more pronounced layers will be referred to as layers 1, 2, 3, etc., with layer 1 being the

surface-adsorbed innermost ion layer.

The thickness of the EDL can be observed by the occurrence of a ‘snap-on’ event. This
is defined as the distance at which the descending tip experiences the first significant
attractive force towards the diffuse layer and is observed as an abrupt drop in the
measured force coinciding with the start of the compression behavior. Within the EDL,
the pronounced layer-thicknesses can be estimated by measuring the width between
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each step of the force-curves and are expected to be a function of the ion or ion-pair
sizes. The force required for the AFM tip to puncture through a layer is referred to as
the “push-through” force. Zhong et al.*° reported that the EDL of [Csmpyrr][NTf] is
structurally weakened in the presence of water, even at very low water contents around
66 ppm. Based on the results shown in Figure 3.5, [Comim][NTf:], [S22,1][NTf2] and
[Campyrr][NTf2] show an early onset humidity, meaning that there is a significant
amount of water present in the EDL even at low humidity levels. This is in contrast to
the research reported by Cheng et al., where AFM studies were carried out in dry and
humidified [Comim][NTf>] on mica surfaces, with a silica-terminated silicon AFM tip
(of 5-10 nm radius).” The steps appeared more pronounced under humidified
conditions (43 RH%), and a negligible compression behavior was observed. This is
probably because of the atomically smooth and uniform surface of Mica as well as the
fact that water is required to charge the Mica surface. The uniformly charged and
smooth surface of Mica allows highly ordered establishment of the first layer, which
can then allow more ordered subsequent layers to form, whereas more disordered and
less defined structures are expected on the rougher Pt-TFE surface used in our study

(see discussions in supporting information).

Also, an interface-selective vibrational spectroscopy study on the behavior of
ammonium ILs at Au interfaces showed that alkyl chains form a loose structure that
reaches into the anion layer, resulting in a more interdigitated structure rather than a
clearly separated alternating cation/anion layer.*® This behavior could further add to
the contribution of the superimposed compression-like feature, especially for the
longer chain RTILs (e.g. [Pi4,6,6,6][NTf2]). For this work, we have chosen to examine
the EDL on the non-ideal Pt-TFE (also used for the CV experiments) since this is a

more typical representation of an electrode surface found in real sensors.

3.1.3.2.2. Comparison of the EDL of Individual RTILs

To aid with the discussion, estimations of the layer thicknesses were obtained from
computationally optimized molecular structures of each ion, as shown in Figure S3.20
in the supporting information. Orientations of the ions were based on suggestions from
other research.’’8. Since only the first few layers are expected to have a strong
influence on the electrochemistry at the Pt-RTIL interface, they will be focused on in

the following sections.
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Case 1: Unbiased electrode (at OCP)

In [Comim][NTf>] and [Ng,1,1,1][NTf2] several pronounced layers (Figure 3.7A and B
grey arrows) are visible in the force-curves. However, in [Pi4g66][NTf2] no
pronounced layers are discernible. During tip-engagement, the initial interaction with
the EDL is with the diffuse layer, which typically occurs at a separation between 3.5
and 4.5 nm. For [Comim][NTf>] the initial “snap-on” behavior occurs from ca. 4.5 nm
to ca. 3.8 nm, which could indicate a higher degree of water-incorporation into the

EDL structure compared to the bulk RTIL.

In [Comim][NTf:], layer thicknesses are approximately 0.3 nm (layer 1), 0.63 nm
(layer 2), and ~0.51 nm each for layers 3, 4 and 5. [Comim]" is known to rest relatively
flat and well-ordered on the surface.?” The stability of this orientation will determine
the effectiveness of the cation to block moisture adsorption at the electrode surface.
Comparing the layer thicknesses with Figure 3.7, it can be assumed that the innermost
layer almost equals the size of a cation (=0.25 nm), followed by an anion layer
(=0.6 nm), as expected. Further layers are significantly thicker (around 0.5 nm) that
would match a water + cation layer, or an anion layer. So the layer thickness suggests

water incorporation between the ion layers, which was also concluded by Zhong ef al.

for [Campyrr][NT£].9°

[N4,1,1,1][NTf2] has approximately the following layer thicknesses: 0.5 nm (layer 1),
1.1 nm (layer 2), and the subsequent three layers are ca. 0.7-0.9 nm thick. Again, it
can be assumed based on previous research that the innermost layer is formed by
cations, followed by an anion layer. However, in this case no separate cation and anion
layers can be detected and therefore it cannot be determined whether there is water
incorporation or simply a less well separated cation—anion layer due to the presence of
the longer alkyl chain. It may even be possible that the innermost layer is formed of a
cation bilayer followed by the expected cation-anion double layers as predicted by
Kornyshev et al. for ‘tricky quaternary structures in combination with more compact
anions’.®” Examining the structure of [Na4,1,1,1]", the three short methyl groups (believed
to be facing the electrode surface) would not be effective at shielding the localized
positive charge on the nitrogen atom, allowing interaction with the water molecules
and preventing adsorption on the Pt-surface. The absence of a ‘snap-on’ behavior,

indicates that there is insignificant water incorporation within the EDL of this RTIL,
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and is consistent with the results in Figure 3.5. However it can be seen that the

innermost layer is thicker for [N4,1,1,1]" compared to [Comim]*.

In contrast, [P14,6,6,6][NTf2] does not form very prominent layers. Most force curves in
this RTIL were dominated by a very obvious compression-like behavior without
obvious structuring. These features could be associated with conformational changes
of the long (l4-carbon) alkyl chains coupled with re-organization of anions
sandwiched between the cation layers that are held in an interdigitated pattern. Like
with [Ng4;1,1,1][NTf2], no initial “snap-on” behavior was present in [Pi466,6][NTf:],
which suggests an insignificant amount of water-incorporation into the EDL,
consistent with the electrochemistry results. In summary, even on the rough Pt surface,
ionic liquid structuring in the EDL can be observed in humid environments for the
smaller cations, but no conclusions can be drawn for the larger phosphonium one —
characterization on a flat electrode or SEIRAS measurements are required to determine

whether structuring is present or not.

Case 2: Biased Pt electrode (at -0.8 V)

At a negatively biased Pt surface, the force-curves for [Comim][NTf>] and
[Na4,1,1,1][NTf:] (Figure 3.7A and B, orange) reveal greater forces on the cantilever
below a separation of ~1.5 nm compared to the unbiased case. In general, higher forces
are required to push through the innermost layers which are composed of more ordered
cations that are attracted more strongly to the negatively charged surface, as previously
reported by Rivera-Rubero et al.>” However, for [P146¢6,6][NTf2], the long hydrophobic
alkyl chains are able to significantly shield the influence of the surface electric field,
thus reducing the stabilizing effect of a negative potential bias and therefore no
obvious changes in the structuring can be seen. Our experimental results agree well
with a molecular dynamics simulation study,*® and also support the CV observations

for the [P14,6,6,6]-based RTILs in Figure 3.5 and Figure 3.6.

Under negative potential biasing and above a separation of 0.5 nm, less pronounced
steps are observed in humidified [Comim][NTf>] (Figure 3.7A orange) as a result of
water molecules competing for space with ions in the layers and therefore weakening
the layering compared to the unbiased surface (Figure 3.7A grey) or dry
environment.>* %% %6 In contrast, a higher number of pronounced layers are observed

on the charged Pt electrode in [Na41,1,1][NTfz], which may hint at less disruption from
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an increased number of water molecules incorporating in the EDL and competing for
space with the RTIL ions under humidified conditions. For [Pi46,6,6][NTf2], the much
longer alkyl group of the cation prevents condensed and stable structures from forming
but shielding of the positive charge coupled with the high hydrophobicity inhibits the
incorporation of polar water molecules into the EDL. Furthermore, at distances > 1.5
nm, the layers remain relatively unaffected by negative biasing, which further
substantiates this interpretation. In conclusion, potential biasing results in an increased
force required to push through the innermost layers, and for the small RTIL cations,
obvious structural layers begin to vanish due to the competition between water and IL

10ns.
3.1.4. Conclusions

The ORR mechanism was studied by CV on Pt-TFEs in several different RTILs under
humidified conditions. Peak potentials and currents were found to vary with humidity
levels, showing a gradual shift in the reduction mechanism with increasing humidity
(from < 1 to 95 RH%). The degree by which a given RTIL is susceptible to humidity
changes was found to be a function of ion size, structure, and water affinity. Generally
speaking, the cation influences the ORR current at humidity levels below 40 RH% due
to the more pronounced structuring of the ions near the negatively charged electrode,
while the anion has a more significant impact on the ORR reaction above 65 RH%
where water molecules begin to disintegrate the EDL structures. AFM force-curve
results indicated that water is present at the electrode-RTIL interface in [Comim][NTT3]
and [Na4,1,1,1][NTf2], but is not detected in the hydrophobic RTIL [P14,6,6,6][NTf2], which
agrees well with the CV results. A much greater level of water incorporation in
[Comim][NTf>] was detected, which explains why the ORR current in this RTIL was
highly affected by the presence of moisture even at extremely low humidity levels (e.g.
< 5 RH%). The innermost EDL layers are stabilized at the negatively polarized
electrode, and the water layer near the electrode-RTIL interface becomes more
apparent in [Comim][NTfz] and [N4,1,1,1][NTf2] due to the presence of ions and/or water
molecules whereas the outer layers vanish due to the water incorporation. However, in
[P14,6,6,6][NTt2], the longer alkyl chain of the cation reduces the layering effect of the
negative surface bias, and even at an electrode bias of -0.8 V, no indication of a water-
layer at the electrode-RTIL interface was observed. These results suggest that for

applications where a stable ORR current response is necessary, the use of highly
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hydrophobic and large RTIL cations and anions (e.g. [Piss6c6]” and [FAP]) is
recommended. Alternatively, if a large change with humidity is desired (e.g. for

humidity sensors), the choice of hydrophilic ionic liquids could be favorably exploited.
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3.1.6. Supporting Information

[NTf,]

Figure S3.8. Chemical structure and 'H-NMR signals of the synthesized RTIL [N7222][NTf3].

Nuclear magnetic resonance spectra were recorded using a Bruker Avance 400

spectrometer (400 MHz for 'H-NMR).

"H-NMR (8 / ppm, acetone-ds): 0.89 (3H, m), 1.32 (4H, m), 1.42 (13H, m), 1.85 (2H,
m), 3.45 (2H, m), 3.53 (6H, q).
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Figure S3.9. ORR CVs of (a) [Camim][BF4] and (b) [Pi4:6.6.6][FAP] at different humidities. CVs were
measured every 45 min with a scan rate of 100 mV s, a step potential of -2.5 mV and an oxygen
concentration of 100 vol.%.
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Figure S3.10. Normalized current as a function of exposure time for the ionic liquid [Cimim][BF4] at
RH% values of 10% (®), 60% (®), 60% with a longer waiting time (4) and 90% (V).
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Figure S3.11. Normalized current as a function of exposure time for the ionic liquid [P14:6.6.6][FAP] at
RH% values of 10% (®), 50% (®) and 90% (A).
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Figure §3.12. Normalized current as a function of exposure time for the ionic liquid [Comim][NTf>] at
RH% values of 10% (®), 55% (®) and 90% (4).
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Figure S3.13. Normalized current as a function of exposure time for the ionic liquid [Cimim][PFs] at
RH% values of 10% (®), 50% (®) and 90% (A).
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Figure S3.14. (a) CVs and (b) normalized current vs. applied humidity for the ORR in the RTIL
[Capy][NTf3]. CVs were measured every 45 min at a scan rate of 100 mV s and a step potential of -
2.5 mV and an oxygen concentration of 100 vol.%. Current was normalized according to the peak

current of the lowest humidity level.

An AFM map of a bare Pt-TFE surface is shown in Figure S3.15. The surface statistics

were analyzed using the software Gwyddion 2.49 (http://gwyddion.net/), giving an

average height of 4.1 nm and a mean-square roughness of 1.2 nm. These values are

larger than the sub-nm EDL structures that are being probed. The step-like structures

can be attributed to the AFM-tip interacting with the EDL established on the electrode,

with superimposed compression-like features from the diffuse layer established from

the surrounding troughs and valleys, illustrated in Figure S3.16.

Figure §3.15. Three-dimensional AFM map of an activated bare Pt-TFE surface in air obtained by
contact-mode technique. Note: The Z-axis is not on the same scale as the X-Y plane, making the

protrusion of surface features more exaggerated.
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Tightly organised structures

Figure S§3.16. lllustration of how the electrical double layer of the RTIL may vary on an uneven surface,
such as the Pt thin-film electrode used in the experiments.

Table S3.1. Cartesian (x, y, and z) dimensions of each ionic species from PM3 computationally
optimized structures (shown in Figure §3.20) with the x-axis aligned with the widest length, as well as
the corresponding (CPK model) volumes.

Volume / Solvation
RTIL ion x/nm »y/nm z/nm - Energyq), SE* /
kJ mol!
[Comim]* 0.69 0.50 0.26 0.137 -189
[Camim]* ; ; ; 0.173 -185
[Cemim]* ; ; ; 0.208 173
[Capy]* - i i 0.171 191
[Campyrr]* ; ; ; 0.185 -190
[Na1,1,1]" 0.73 0.43 0.36 0.159 -200
[N7222]" - - - 0.266 -177
[P1as66]" 1.98 1.04 0.73 0.630 32
[S22.1]" - - - 0.131 204
[NTf:] 0.81 0.39 0.31 0.160 -222
[PFe] - - ; 0.073 244
[FAP] - - - 0.247 -169
[BF4] - - ; 0.053 2268
HO 0.16 - - 0.019 -259

* The lower the SE values, the greater the affinity towards the surrounding polar molecules (e.g.
water). Note: All values are based on a single ionic molecule in vacuum.
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NOTE: Due to air exposure, an oxide layer is expected to form on the surface of the
silicon nitride AFM-tip, which can react with moisture to form a layer of hydrophilic
hydroxyl groups when immersed in the humidified RTIL. A hydrophilic interface will

thus impart a small attractive force on the engaging AFM-tip.
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Figure S§3.17. Three overlayed force-distance curves for the RTILs [Pii666][NTF2] (top),
[Na1.1.1][NTf>] (middle) and [C:mim][NTfz] (bottom) at the OCP (left) and a bias potential of -0.8 V
(right).

Before proceeding with the force curve measurements, the sample was mapped, and a
suitable flat spot was chosen. At least 500 and up to over 1,000 force curves were
collected for each RTIL, with the Pt-TFE substrate unbiased at OCP, and then biased
at -0.8 V. The raw data was batch-processed with the help of a code (programmed in-
house) to extract useful data, to assist with the identification and selection of force
curves that show distinct EDL features, as well as to automate the conversion into
force-separation plots. The best ca. 20 short-listed force-curves were then selected for
analysis. The rough electrode surface made averaging the force curves difficult,

therefore a representative “best” force curve for each RTIL and biasing condition is
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presented, with an overlay of three force-distance curves shown in Figure S3.17. The
approach of the AFM tip disturbs the surface structure, therefore low scan rates as well

as high ramp sizes were chosen to allow time for reorganization of ions in the EDL.

H: bubble formation at the RTIL-Pt interface under negative bias:

Figure S3.18. Generation of H> bubbles during AFM measurements in the RTIL [Comim][NTf3] at an
applied potential of -0.8 V (vs. pseudo Pt) as a function of time: (4) 0's, (B) 150s, (C) 300 s, (D) 500 s,
(E) 750, (F) 2,000s, (G) 3,500 s and (H) 4500 s. The cantilever dimension (from tip to edge of the
photo) is 100 um.

Figure §3.19. Absence of H> bubble generation during AFM measurements in the RTIL [P14,6.6,6] [NTf2]
at an applied potential of -0.8 V (vs. pseudo Pt) as a function of time (4) 0s, (B) 100 s, (C) 250s, (D)
500s, (E) 750 s, (F) 1,500 s, (G) 2,500 s and (H) 4,000 s. The cantilever dimension (from tip to edge of
the photo) is 100 um.

It was observed that at sufficiently high negative biasing (> -1 V), rapid formation of
H> bubbles on the Pt surface appear in [Comim][NTf:] due to the reduction of water.
Hence, a biasing of -0.8 V was used, to reduce the rate of H> bubble formation at the
electrode-RTIL interface. Optical images from the AFM instrument showing the
bubble growth and build-up over time can be found in Figure S3.18, where visible H»

bubbles are generated after ca. 300 s. In contrast, no observable bubbles were formed
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in [P146,6,6][NTT2] at WE potentials from -0.8 V and even down to -2.5 V after 30 min
of constant biasing (see Figure S3.19). This observation agrees with the CV (Figure
3.5) and AFM results (Figure 3.7) in the main text. Significant O> bubble formation

was also observed under an anodic bias at +1 V in [Comim][NTf2] (not shown).

The bubbles can “block” the accessible electrode surface and hinder the progress of
the ORR. High instability in the CV peak currents is apparent from the lnorm Vvs.
humidity plots in Figures 4 to 6 of the main text, especially approaching higher
humidity levels. [Pis666]"-based RTILs exhibit significantly less instability in the
measured peak currents (Figure 3.5 and Figure 3.6 of the main text). The gradual build-
up and growth of the interfacial bubbles could lead to extreme instability during
constant biasing conditions (e.g. amperometric monitoring of O2). This highlights the
importance of the choice of electrode material in RTIL-based experiments or for
applications carried out under humid conditions. The use of an electrode material (e.g.
gold, silver, or glassy carbon) that does not have a significant catalytic activity towards
water is hence recommended. In Figure 3.7 of the main text, distinct EDL structures
were still obtainable in some force curves (before significant growth of H, bubbles e.g.
at biasing times < 300 s). It is believed that during repeated tip-surface engagement,
the tip was occasionally able to displace any formed micro-bubbles, thus allowing the

RTIL EDL to re-form and be probed on the next tip-engagement.

Estimation of cation and anion dimensions from computationally optimized molecular

structures.

0.13 nm "
py 0.35 nm

[C,mim]"

0.46 nm [N, 1.1]’

[Piags o (Compressed)

Figure §3.20. Computationally optimized (PM3) structures of cations [Comim]*, [N4111]", and
[P1ss66]", and the anion [NTf3]-based on assumed orientations and conformations suggested in other
work."? Distances that are assumed to be significant to the double-layers formed are estimated as
indicated.
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3.2. Effect of Humidity and Impurities on the
Electrochemical Window of Ionic Liquids and Its

Implications for Electroanalysis
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been included after the references. Figure and table captions as well as equation
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3.2.1. Introduction

Room temperature ionic liquids (RTILs) are employed in various research fields as
replacements for conventional solvents due to their promising characteristics like low
volatility, intrinsic conductivity, good solubilization properties, high chemical and
physical stability, in combination with broad electrochemical windows.!”? Their
application as electrolytes in batteries® and fuel cells*, as solvents in organic synthesis®
or as lubricants®” is an active research topic nowadays. RTILs are liquid at 25 °C due
to the combination of asymmetrical cations and anions that cause reduced ion-ion
interactions and lower melting points than traditional salts.> 8 However, the ionic
nature results in a highly hygroscopic characteristic, the strength of which depends
upon the exact cation-anion combination. COSMO-RS calculations’ as well as
experimental studies'®!! have shown that the solubility of water is highly dependent
on the ionic liquid anion-water interactions in the bulk phase, with a trend of increasing
hydrophilicity from [FAP]" < [NTf;]" < [PF¢]7 < [BF4]" < [halides]. The
physicochemical properties are highly dependent on the water content and the
influence on properties like density and viscosity has been studied by several groups.'*
13 However, an in-depth understanding of what occurs at a molecular level is still not
fully present. In addition to their hygroscopic nature, a challenge faced when using
RTILs is the difficulty of purification after synthesis; due to their good solubilization
properties, as well as high boiling points, simple distillation or extraction steps are less
successful. A review by Barrosse-Antle et al.'* discussed the effect of different
impurities such as water, halides, gases and trace synthetic impurities on the cyclic
voltammetry response of the ionic liquid. It is noted that cyclic voltammetry is a highly
sensitive electrochemical method for observing even low concentrations of redox

active molecules.

The use of RTILs for electrochemical sensing applications has been the research focus
of several groups.!>-?* The voltammetric responses of various gases in RTILs including

2526 nitrogen dioxide?’, ammonia gas®® and hydrogen sulfide?* have been

oxygen
studied mostly in ideal ‘dry’ conditions with only one analyte present. However, the
presence of water, in the case of a sensor exposed to an open environment with a broad
range of humidity conditions, or other impurities, in enclosed systems like batteries,
has a significant influence. Liu ef al.’° studied the effect of water on electrochemical

oxygen sensing in ‘dry’ and ‘wet’ [Csmim][BF4] on a planar microsensor device,
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showing a drastic influence of water on the redox potential and the current of the
oxygen reduction reaction (ORR), and good stability for the water-free and water-
saturated electrolyte. We previously demonstrated the effect of the RTIL structure on
the ORR in various RTILs*!, where it is known that in dry conditions, a reversible one-
electron reduction to superoxide is observed.*? The presence of moisture, however,
changes the mechanism to an irreversible two- or even four-electron process,
depending on the concentration of water.?*-> At low relative humidity (RH) levels, the
ionic liquid cation structure significantly alters the availability of water within the
electrical double layer to react with the electrogenerated superoxide radical, whereas
the anion mainly affects the response at high moisture contents where the electrolyte
behaves more like the ionic liquid ‘bulk’.?! This is because RTILs form structures at

electrified interfaces3¢-38

, where at low relative humidities, the alkyl chains of the
cations can form a compact hydrophobic layer, effectively preventing the
accumulation of water at the electrode. At high humidity levels, a weakening of the
structuring and a dramatic change of the ORR mechanism, is observed. For the oxygen
reduction reaction, where the electrochemical mechanism changes at different

moisture contents, this effect can be suppressed or enhanced by changing the cation

and anion combination of the ionic liquid.3!

O’Mabhony et al.!! investigated the effect of water on the electrochemical window and
the potential limits of 12 RTILs in ‘dried’, ‘ambient’ and ‘water saturated’ systems at
three temperatures, i.e. 298 K, 318 K and 338 K. Their study clearly showed a drastic
reduction in the electrochemical window from vacuum-dried to water saturated
conditions, e.g. for [Comim][NTf;], the window was reduced from 4.2 V (vacuum-
dried) to 2.8 V in atmospheric conditions, using a cut-off current density of
1 mA cm2.!! The variation in water content due to the identity of the anion was also

discussed, indicating the same trend as stated above. Schroder et al.*®

investigated the
absorption of water from a water-saturated argon gas stream into ionic liquids. It was
concluded that the presence of water reduces the viscosity of the RTIL, and the rate of
diffusion of dissolved ionic and non-ionic species is affected differently in ‘wet” RTILs
due to the nanostructuring of polar and non-polar regions. We note that the impact of
a controlled relative humidity level on the electrochemical window has not been
studied in detail so far. Therefore, in this work we have studied this effect using cyclic

voltammetry for nine commercially available RTILs with various cations and anions,
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by controlling the humidity of the gas phase above the ionic liquid. Additionally, we
have investigated the effect of changing transport properties like viscosity and the
reduced electrochemical window of the water-saturated ionic liquids on the
voltammetric response of two model analytes, decamethylferrocene (DmFc) and
ammonia (NH3) gas. The anodic and cathodic limits of the electrochemical window
are determined in dry conditions by the oxidation and reduction of the ionic liquid
cation and anion, respectively. The introduction of water via a gas stream of a
controlled relative humidity level eventually results in the two limits being defined by

the electrochemical window of water.

3.2.2. Experimental

3.2.2.1. Chemical Reagents

All RTILs were obtained at the highest purities possible from commercial suppliers.
Diethylmethylsulfonium bis(trifluoromethylsulfonyl)imide ([S22,1][NTf2], 99%.,
IoLiTec-Ionic  Liquids  Technologies = GmbH,  Heilbronn, = Germany),
butyltrimethylammonium bis(trifluoromethylsulfonyl)imide ([Ng4,1,1,1][NTf2], 99.5%,
IoLiTec), butylmethylpyrrolidinium bis(trifluoromethylsulfonyl)imide
([Campyrr][NTH2], 99.5%, IoLiTec), butylmethylpyrrolidinium
tris(pentafluoroethyl)trifluorophosphate ([Csmpyrr][FAP], high purity >99%, Merck
Pty. Ltd. Kilsyth, Victoria,  Australia), 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([Comim][NTfz], 99.5%, IoLiTec), 1-butyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide ([Csmim][NTf:], 99.5%,
IoLiTec), 1-butyl-3-methylimidazolium tetrafluoroborate ([Csmim][BFs], 99%,
IoLiTec), 1-butyl-3-methylimidazolium hexafluorophosphate ([Csmim][PFs], high
purity >99%, Merck), 1-butyl-3-methylimidazolium
tris(pentafluoroethyl)trifluorophosphate ([Csmim][FAP], high purity >99%, Merck)
were used as received. Ultrapure water with a resistivity of 18.2 MQ cm prepared by
a Milli-Q laboratory water purification system (Millipore Pty Ltd., North Ryde, NSW,
Australia) was used for humidifying the nitrogen gas stream. Acetone
(CHROMASOLV®, for HPLC, >99.0%, Sigma-Aldrich) and
bis(pentamethylcyclopentadienyl)iron(Il) (DmFc, 97%, Sigma-Aldrich) were used as
received. A saturated DmFc solution in [Csmpyrr][NTfz] was prepared by dissolving
5 mg of the solid in 0.5 mL of ionic liquid. An aliquot of 1 puL of the supernatant was
then used for the electrochemical experiment. A 0.5 M stock solution of H2SO4 (aq)
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(prepared with ultrapure water from a 95-98 wt.% H>SOj4 solution, Ajax Finechem,
WA, Australia) was used for the activation of the platinum thin-film electrodes (Pt-
TFEs). An ammonia gas cylinder (1000 ppm in nitrogen) was purchased from CAC
Gases (NSW, Australia) and a high purity nitrogen gas cylinder (99.99%, grade 4) was
purchased from Coregas (NSW, Australia).

3.2.2.2. Electrochemical Experiments

Cyclic voltammetry (CV) measurements were performed with a PGSTAT101 Autolab
potentiostat (Metrohm, Gladesville, NSW, Australia) interfaced to a computer with
NOVA 1.11 software. The electrochemical cell was housed in an aluminum Faraday
cage to reduce electromagnetic interferences. The working electrode (WE), counter
electrode (CE) and reference electrode (RE) of the thin-film electrodes (TFEs) (ED-
SE1 Pt, MicruX Technologies, Oviedo, Spain) are composed of platinum (Pt)
deposited on a Pyrex substrate, with a WE disk diameter of 1 mm (area ~0.785 mm?).
Wires were soldered onto the connecting pads of the chip. The WE was
electrochemically activated prior to each experiment by CV cycling (= 100 times) at
1 Vs in nitrogen purged 0.5 M H2SO4 (aq) between -0.75 V and +0.70 V. The
activated chips were then rinsed twice with ultrapure water and acetone before drying
under a nitrogen stream. Previous investigations***! have shown an excellent

reproducibility (within ~2—5%) for electrochemical responses on these TFEs.

1 uL of the electrolyte was drop-cast to cover all three electrodes on the TFE and
purged for approximately 30 min in a high purity nitrogen stream at a flow rate of
500 mL min! until a constant blank CV was measured. This was done to remove
dissolved gases such as oxygen and carbon dioxide. The low volume of electrolyte
required to cover all electrodes on the planar device ensures that the equilibration time
is relatively fast. For all measurements, the integrated Pt-CE, Pt-WE and Pt-RE were
used. After achieving a constant blank, humidified nitrogen gas at a flow rate of
500 mL min"! was introduced into one arm of a modified glass T-cell*? for the potential
window and DmFc experiments. For the NH3 experiments, dry ammonia gas with a
flow rate on 125 mL min™! was introduced. To introduce environments with different
humidities, the dry carrier nitrogen gas line was additionally connected to a humidity
generator (Owlstone Humidity Generator OHG-4, Owlstone, Cambridge, UK) that
separates the gas flow into ‘dry’ and ‘wet’ streams by bubbling the gas through a
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container of 400 mL of ultrapure water at a flow rate of 500 mL min'!. The detailed

experimental set-up is shown in our previous work.>!

Since the humidity sensor is not able to measure humidity levels lower than 1 RH%,
measurements were conducted at a starting humidity level of ~1 RH%. It has been
reported in the literature that even with prolonged vacuum purging, a significant
amount of water is retained (in the ~10— 100 ppm range'!) in the RTIL. An
equilibration time of 20 min was employed before performing CV scans at each
humidity level to ensure that the gas was fully saturated, particularly in the most
viscous ionic liquid. A second CV scan for NH3 detection was carried out after further
20 min under constant humidity conditions to ensure full equilibration. 20 mins was
found to be more than sufficient for equilibrium to be attained across all RTILs and
humidities. It is noted that water uptake times of up to 180 min were observed for
RTILs at different humidity environments,** but that study employed a larger volume
of ionic liquid and used a static set-up, in contrast to the large surface-to-volume (one
microliter RTIL droplet spread out over a thin-film electrode) and the constant flow

system used in our experiments.

3.2.3. Results and Discussion

The effect of increasing moisture contents on the electrochemical window (EW) of
nine commercially available room temperature ionic liquids (RTILs) with different
cations and anions has been studied via cyclic voltammetry (CV), showing how water
reduced the electrochemical window (EW) and promoted the observation of dissolved
impurities already present in the ionic liquids. We also demonstrate how the presence
of moisture in [Csmpyrr|[NTf;] affected the voltammetry of two dissolved species
(decamethylferrocene (DmFc) and ammonia (NH3)), whose electrochemical reaction
mechanisms are known to be unaffected by follow-up reactions in the presence of

water.

3.23.1. Effect of Humidity on the Electrochemical Window of
RTILs

The impact of impurities and moisture on the electrochemical window (EW) of nine
different ionic liquids has been examined by analyzing the cyclic voltammetry
response on a platinum thin-film electrode (Pt-TFE) at a scan rate of 100 mV sl

Electrochemical windows of various ionic liquids have been widely reported by
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several research groups with typical cut-off current densities higher than
0.5 mA cm2.!1:3% 4445 However, most researchers do not show a close-up of the lower
current region, where often it is observed to have some noticeable redox features
(based on our observations), in contrast to conventional solvent/electrolyte systems
that show featureless voltammetry. Even at the highest purity level offered by
commercial suppliers, RTILs contain some impurities, and they often vary from batch
to batch for the same RTIL. Therefore, we determined the electrochemical window of
several commercially available RTILs with different cations and anions under ‘dry’
conditions (at a relative humidity level below 1%) using a cut-off current of 15 pA
(~1.9 mA cm? current density) (blue) as well as 1.5 pA (~0.19 mA cm™? current
density) (red) (Figure 3.21). As can be seen for the higher cut-off current, most CVs
appear to be relatively flat resulting in wide electrochemical windows between 4.3 and
6.5 V, which are comparable to those reported previously by other research groups for
‘dry’ RTILs.!!> 144548 Dye to the use of a platinum pseudo reference electrode, anodic
and cathodic potential limits between different ionic liquids cannot be directly
compared, although the absolute potential windows should not be affected by the
unstable reference. We note that the RTILs used in our study were not vacuum dried,
only thoroughly purged in a nitrogen stream with a controlled humidity level of

<1 RH%.

Comparing ionic liquids with the same anion, i.e. [NTf:], and different cations (see
Figure 3.21a, b, d, e and g), the trend of the widest electrochemical window, and
therefore electrochemically more stable ionic liquid, is as follows: [Comim]" <
[Camim]* < [S221]" < [Nai11]" = [Campyrr]". Consistent with other reports®,
imidazolium-based cations are more easily reduced compared to single centered
cations like pyrrolidinium or ammonium, and the longer the alkyl chain in the RTIL,
the higher the electrochemical stability. The trend for electrolytes with the same cation,
i.e. [Csmim]*, and different anions (see Figure 3.21c, e, f and i) is: [BF4]" < [PF¢] =
[NTf;]- < [FAP]. This is in contrast to the trend of increasing stability from [NTf;] <
[BF4] < [PFs] established via computational calculations by Kazemiabnavi et al.>° In
our experiments, a controlled humidity level of <1 RH% and no vacuum drying of the
RTILs means that traces of water are introduced into in the electrolyte, which we
believe is enough to cause a reduced EW for the two more hydrophilic samples, i.e.

[C4mim][BF4] and [C4smim][PF¢]. The electrochemically most stable RTIL out of the
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ones studied, is therefore [Csmpyrr][FAP] - a combination of the most stable cation

and most stable anion - with a potential window of 6.5 V.

The purity of ionic liquids is a major concern for their applications in several fields,
e.g. the presence of ions like lithium, sodium or potassium cations results in an increase
in the density and viscosity, therefore changing the transport properties of the ionic
liquid.>! De Giorgio et al.’? have shown that traces of lithium ions in ionic liquids
cause a decrease in the oxygen reduction current due to the formation of insoluble
lithium-oxygen species blocking the electrode, which presents a major drawback for
lithium-air batteries employing ionic liquids. Often, precursors can be left over from
the RTIL synthesis, and give voltammetric responses in the blank signal which can be
problematic for sensing of analytes at extremely low concentrations. We chose a cut-
off current of 1.5 pA because this is a typical current response for gases (e.g. for
20 vol.% of oxygen on these TFEs), therefore the CV scan was reversed at +/- 1.5 pA
to determine the EWs (see narrower dashed lines in Figure 3.21 and solid black line in
Figure 3.22). As can be seen, the electrochemical windows are significantly smaller,
i.e. approximately 1 V smaller for most of the electrolytes. It can be observed that the
single centered cations, [S22,1]", [Na,1,1,1]" and [Campyrr]" typically show pronounced
redox processes in that current range that reduce the EW significantly, especially in
case of the sulfonium-based RTIL where the window is reduced by 1.5 V, compared

to a reduction of <1 V for imidazolium-based ionic liquids.

Figure 3.22 shows the close-up CV scans of the full electrochemical window of all
nine commercially available RTILs as the relative humidity level is gradually
increased from <1 RH% to >95 RH% on a Pt-TFE at a scan rate of 100 mV s’!, with a
cut-off current of +/- 1.5 pA to minimize the electrolyte decomposition and build-up
of side products. The close-up scans clearly illustrate that some commercially available
RTILs with reported purities of 99.5%, such as [Comim][NTf>] (Figure 3.22b) and
[Na4,1,1,1][NTf2] (Figure 3.22d), still contain redox active impurities in the available
EW. Also [Csmpyrr][NTf>] (Figure 3.22g) shows large quasi-reversible voltammetric
responses close to both the cathodic, as well as the anodic, limit of the scanned

window.
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Figure 3.21. Electrochemical window and chemical structures of a) [S22.1][NTf2], b) [Comim][NTf>],
¢) [Camim][BF4], d) [N41.1.1][NTf2], e) [Cimim][NTf2], ) [Camim][PFs], g) [Cimpyrr][NTf3], h)
[Campyrr][FAP] and i) [Camim][FAP] on a platinum thin-film electrode at <I RH%. The red dashed
lines represent a cut-off current of 1.5 uA and the blue dashed line shows a cut-off current of 15 uA.
All scans were taken at 100 mV s™'. The black arrows indicate the start potential and the scan direction.

As can be seen in Figure 3.22, most of the imidazolium-based ionic liquids (Figure
3.22b, ¢, e and f) show the same prominent impurity peak between -0.4 V and -0.8 V,
which becomes slightly more pronounced with increasing relative humidity level. The
potential of the impurity signal stays relatively constant, even as the electrochemical
window decreases, indicating that the redox mechanism does not change in the
presence of water, in contrast to what is known for the oxygen reduction mechanism
in humidified conditions.! Similar behavior is observed for the ammonium RTIL in
Figure 3.22d. As mentioned, the purification of ionic liquids is quite challenging due
to their good solubilization properties and low vapor pressures. Residues from the
synthesis are therefore most likely causing voltammetric responses, e.g. imidazole is
known to be a common impurity in commercially synthesized ILs.>* Attempts to
identify these impurities are not successful as their concentration is below the detection

limit of typical analytical methods, e.g. via NMR, and suppliers do not include all
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information on impurities. However, from our extensive experience, electrochemistry

is very sensitive to these impurities, as demonstrated in Figure 3.22.
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Figure 3.22. Effect of increasing relative humidity (RH%) on the electrochemical window of the RTILs
a) [S221][NTf2], b) [Comim][NTf2], ¢) [Cimim][BF4], d) [Na111][NTf2], e) [Cimim][NTf2], f)
[Camim][PFs], g) [Campyrr][NTf2], h) [Campyrr][FAP] and i) [Camim][FAP] on a platinum thin-film
electrode at a scan rate of 100 mV s™. The black arrows indicate the start potential and the scan
direction.

As mentioned above, the controlled humidity environment above the liquid phase
causes absorption of water into the ionic liquid, resulting in a reduced viscosity which
causes an increased diffusion coefficient of dissolved species like impurities or
analytes and also the possibility of a proton-coupled redox pathway for the impurity
signals.*® The more pronounced voltammetric response is therefore explained by a
higher diffusion coefficient; this effect will be discussed in more detail in section
3.2.3.2.1 using the intentionally dissolved species decamethylferrocene (DmFc),

where the electrochemical behavior is quite well known.

Table 3.2 summarizes the total electrochemical window (EWotar) of all nine RTILs at
a cut-off current of 15 pA (at <l RH%), 1.5 pA (at <1 RH%) and 1.5 pA (at
>95 RH%). Table S3.3 in the supporting information also summarizes the anodic and

cathodic limits of the EWs. It is noted that these experiments were performed with a
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platinum pseudo-reference electrode that is built into the TFE devices. The potential
of Pt references are likely to be unstable, especially upon the introduction of different
gases.>* Therefore, the absolute anodic and cathodic limits of the electrochemical
window cannot be used for comparison of different RTILs. However, the total EW
values can be used for comparison between the different RTILs.

Table 3.2. Total electrochemical windows of nine RTILs at cut-off currents of 15 uA (~1.9 m4 cm?

current density) at <1 RH%, 1.5 uA (~0.19 mA cm current density) at <l RH% and 1.5 u4 at >95
RH%.

Teutott = 15 pA, Teutott = 1.5 A, Teutotr = 1.5 pA,

<1 RH% <1 RH% >95 RH%

RTIL EWiota / V EWiota /' V EWtota / V
[S2.2.1][NTf2] 5.0 3.5 2.1
[Na4,1,1,1][NTE] 59 4.1 2.3
[Campyrr][NTH] 59 5.6 23
[Campyrr|[FAP] 6.5 54 2.6
[Comim][NTf] 4.3 3.6 2.0
[Csmim][BF4] 4.4 3.5 1.8
[C4mim][PFs] 4.8 3.6 2.1
[C4mim][NTH] 4.7 3.8 2.2
[C4mim][FAP] 5.2 4.5 2.6

Under ‘dry’ conditions (<1 RH%), the limits of the EW are determined by the
oxidation of the ionic liquid anion and the reduction of the ionic liquid cation; the exact
electrochemical degradation mechanisms have been described in a detailed review by
De Vos et al.»® Whereas under humidified conditions (>95 RH%), all ionic liquids
show approximately the same operation range due to the fact that the limits are now
determined by the oxidation and reduction of water. Figure S3.28 in the supporting
information shows that scanning over a much wider potential range results in a plateau
current where water has been electrolyzed. However, consecutive scans bring about a
color change of the RTIL from colorless to brown as a result in the build-up of by-
products due to degradation of the RTIL; a more detailed discussion can be found in
the supporting information. The studied ionic liquids were not vacuum dried due to

the planar electrode set-up, but were thoroughly purged for an extended time in dry
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nitrogen (<1 RH%), before the experiment and therefore EW values somewhere
between the ‘vacuum-dried’ and ‘atmospheric’ values reported by O’Mahony et al.!!
are expected. Comparing the ‘vacuum-dried’ values at current densities of
1 mA cm? with our values at currents of 15 puA at <l RH% (which equals
1.9 mA cm considering our geometric working electrode area of 0.785 mm?), similar
values are observed. The ‘wet’ values reported by O’Mahony et al.!! are between 1.6 V
for [Csmim][I] to 2.9 V for [C4dmim][NTfz], which is in the same range as our
reported values at >95 RH% (between 1.8 V for [Csmim][BF4] and 2.6 V for the two
[FAP]-based RTILs). The fact that the electrochemical windows in highly humidified
conditions are quite similar for all RTILs (1.8 — 2.6 V) leads us to conclude that the
window is determined by mainly water. The electrolyte can therefore be described as
‘water-in-RTIL’ at low humidities and ‘RTIL-in-water’ at very high relative

humidities.>®
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Figure 3.23. Plot of electrochemical window at cut-off currents of +/- 1.5 uA versus relative humidity
level (RH%) for RTILs with the same cation (a) and the same anion (b).

As previously discussed, the presence of synthetic impurities can reduce the EW. For
[Campyrr|[NTT], the change is quite small (0.3 V), whereas the presence of redox
active compounds in [Na4,1,1,1][NTf2] causes a reduction of 1.8 V. It is also shown in
Figure 3.22 that the presence of water causes further limitations to the electrochemical
window. Figure 3.23 shows the cathodic and anodic electrochemical window values
at a cut-off current of 1.5 pA as a function of the relative humidity (RH) for a range of
RTILs with the same cation, [Csmim]", (Figure 3.23a) and a range of RTILs with the
same anion, [NTf:],, (Figure 3.23b). For both cases, similar trends are observed,
independent of the cation and anion combination. More hydrophilic RTILs like
[Csmim][BF4] and [Csmim][PFs] initially have a smaller EW than the more
hydrophobic [Csmim][FAP] in dry conditions, but the effect of water under saturated
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conditions is mostly the same (Figure 3.23a). For the same anion (Figure 3.23b), only
[Campyrr][NTt:] showed a sharp decline at the cathodic limit of the electrochemical
window before levelling off. Apart from that, the presence of water typically causes a

linear reduction of the EW with increasing relative humidity.

Various literature articles have shown the formation of well-defined interfacial

36, 57

structures of RTILs at charged interfaces , which has been investigated using

different experimental methods, including atomic force microscopy (AFM)3%: 38,
surface-enhanced infrared absorption spectroscopy (SEIRAS)> and sum frequency
generation vibrational spectroscopy (SFG-VS)®. These studies reveal that the
electrical double layer (EDL) is formed by well-defined alternating cation and anion
layers close to the charged surface that become less ordered and more similar to the
RTIL bulk structure further away from the electrode. The presence of water causes a
weakening of the dense layer, but the exact mechanism and the dependence of the
RTIL structure is yet to be investigated. Reid et al.%! showed that water can fully
dissociate or form aggregates in the RTIL bulk phase depending on the cation and
anion hydrophilicity and on the concentration of dissolved water. Feng ef al.%? studied
the electrosorption of water at electrified interfaces via molecular dynamics
simulations, revealing that water accumulates at nanometer distances from charged
surfaces in humidified imidazolium-based ionic liquids. Water molecules easily fill
the voids between the electrode surface and the bulky ionic liquids resulting in a layer
of water that is more pronounced close to a positively charged electrode, where the
RTIL anions are the counterions.®? This can be also seen in our results in Figure 3.23,
where at positive potentials, the electrochemical window limit is already significantly
reduced at low humidity levels. A similar trend in the electrochemical window change
of the nine RTILs with different hydrophilicities as a function of humidity level

1.92, where a low humidity level in

(Figure 3.23), supports the predictions by Feng et a
controlled gas environments introduces water that accumulates close to the electrode

and therefore determines the width of the electrochemical window.

Our previous study®' on the oxygen reduction reaction as a function of different
humidity levels showed that the electrochemical mechanism, which is highly sensitive
to traces of water, is not the same for RTILs with different hydrophilicities. We
concluded that up to a reasonably high humidity level (~70 RH%), a certain degree of

ionic liquid structures is still present but are significantly weakened (depending on the
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chemical structure of the RTIL) at electrified interfaces, preventing the accumulation
of water. Increasing the water content further causes a complete disruption of the dense
structure at the electrified surface. Long alkyl chains and large relative sizes of polar
and non-polar moieties in the chemical structure can result in hydrophobic pockets
formed by non-polar groups in the RTIL structure, especially in the presence of water
as has been discussed by Hayes er al.*® However, this behavior is still not fully
understood yet and requires further investigation using both, computational and

experimental methods.

Based on this knowledge and our results in water saturated conditions, we suggest a
simplified model of the interface between a charged electrode and an ionic liquid in
both ‘dry” and ‘wet’ conditions, as shown in Figure 3.24. For simplicity, only the case
of a negatively charged electrode is illustrated. In ‘dry’ RTILs, the electrode charge is
balanced by dense alternating cation-anion layers (Figure 3.24a). In the presence of
water, it is likely that partially solvated RTIL ions balance the electrode charge (Figure
3.24b). Instead of a layer of pure water close to the electrode, solvated cations
introduce sufficient water to the electrode to reduce the electrochemical window. For
a large hydrophobic moiety in the side chain of the cation, small and non-polar
molecules can become dissolved in these pockets and are protected from the
surrounding water but are still close enough to the electrode to be electrochemically
reduced or oxidized. We suggest that the electrolyte composition inside the electrical
double layer changes from ‘water-in-RTIL’- to ‘RTIL-in-water’ behavior from ‘dry’
to ‘humidified’ conditions (see Figure 3.24), i.e. comparable to a conventional
electrolyte/solvent system.%® In hydrophobic RTILs such as [Csmpyrr][NTf], the
bulk-phase water content in a water-saturated sample is around 1.1 wt.%'!, which does
not seem to be significant. However, on a molecular level, the molar concentration of
water is significantly higher than the weight-per-volume concentration, resulting in an
approximate ratio of 1:4 for water:RTIL ions. The operating range of the electrolyte is
therefore determined by water electrolysis at higher humidity levels, and not by the
RTIL oxidation and reduction. It is also important to mention that the bulk and
interfacial solubility of water in ionic liquids is probably very different, but this has
not been studied in detail yet. This requires further studies to determine the exact
mechanism of the change between the two extremes (Figure 3.24) in water-controlled

environments, as well as the influence of the RTIL structure.
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Figure 3.24. Schematic illustration of the suggested structures of room temperature ionic liquids at a
negatively charged surface in dry (a) and highly humidified conditions (b).% The ionic liquid ions are
shown in orange (cation) and blue (anion) and the water is shown in red (oxygen) and grey (hydrogen).

3.2.3.2. Electrochemistry of Dissolved Species at Different RH% in
[Campyrr][NTH]

Ionic liquids are considered to be hygroscopic, and the extent of water uptake depends
on their cation and anion structure.®> This means that the application of room
temperature ionic liquids in real-world environments where moisture is present,
requires fundamental understanding of the impact of water on the physicochemical
properties. Several researchers have studied the impact of water on the
physicochemical properties such as density and viscosity of the RTIL bulk phase by
adding certain contents of water to the RTILs.!?"!* The impact of relative humidity on
the electrochemical window (EW) of RTILs!! and on the voltammetry of dissolved
species in RTILs* has also been previously discussed.!! Yaghini ef al.% studied the
effect of water on transport properties such as self-diffusivity and conductivity for
imidazolium-based ionic liquids, concluding that water enhances the mobility of ionic
species, and the extent at which the diffusion of the cations and anions is influenced,
depends on their molecular structure. For hydrophobic, water immiscible ILs, cations
and anions are equally affected.%® Therefore, we have chosen to study the change in
the voltammetric response of two dissolved species that are not expected to participate
in follow-up chemical reactions with water, i.e. decamethylferrocene (DmFc) and

ammonia (NH3), in an environment with controlled relative humidity levels.

3.2.3.2.1. Decamethylferrocene (DmFc)

Decamethylferrocene is a well-studied internal reference that is stable in the presence

of water, showing a one electron redox mechanism in RTILs according to equation
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3.10.°” DmFc has been shown to be a superior redox standard compared to ferrocene
in various organic solvents due to a less solvent dependent redox potential.®’-%3
Therefore, DmFc has been used as a model probe to study the effect of water on the

diffusion behavior in the ionic liquid [C4smpyrr][NTf:] by cyclic voltammetry (CV).

DmFc = DmFct + e~ 3.10

Figure 3.25 shows the voltammograms at a scan rate of 100 mV s'! of the oxidation of
DmFc and subsequent reduction of decamethylferrocenium (DmFc*) (according to
equation 3.10) in [Csmpyrr][NTf>] as a function of different humidity levels, with the
normalized change of the current shown in the inset. Successive CV scans at the same
humidity level resulted in identical responses, confirming that the response is stable
with CV scanning and there is no electrode fouling occurring. The voltammetric
response for DmFc in [Casmpyrr][NTf2] is chemically reversible with a peak-to-peak
separation of AE, = 63.5 £2 mV for all humidity levels.

As can be seen in Figure 3.25, increasing the humidity level results in an increased
oxidation peak current up to approximately 70 RH% (orange line); further increase of
the water content in the gas stream results in a less severe but still noticeable current
change. An increase in current of approximately 35% from ‘dry’ (<1 RH%) to ‘wet’
(>95 RH%) conditions was observed in [Csmpyrr][NTf]. In contrast, Schroder ef al.*
studied the impact of water absorbed into the ionic liquid from a controlled gas flow
on the diffusion coefficient of redox systems in ionic liquids with more hydrophilic
anions, including [Csmim][BF4] and [C4mim][PFs]. Their study revealed an increase
of the diffusion coefficient of the neutral N,N,N’,N -tetramethyl-p-phenylenediamine
(TMPD) by a factor of two at a water content of approximately 5 wt.%, and a one order
of magnitude increase for the ionic methyl viologen (MV?"), showing that the effect
of water on the diffusion coefficient for neutral and ionic species are not affected in
the same way. It is therefore reasonable to expect a smaller impact on transport
properties due to a lower water concentration in more hydrophobic ionic liquids, like
[Campyrr][NTS]. In the case of DmFc, the redox signal occurs well away from the
edge of the electrochemical window or the location of impurity peaks, so the narrowing
potential limits shown earlier in Figure 3.22 are not expected to affect the currents. A
35% increase in current is therefore likely caused by a reduction in viscosity and

increase in diffusion coefficient of DmFc as water is added to the RTIL.
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Figure 3.25 Cyclic voltammetry response of decamethylferrocene (saturated concentration) in
[Campyrr] [NTf2] as function of different relative humidity levels (RH%) on a platinum thin-film
electrode at a scan rate of 100 mV s The inset plot shows the normalized current (Inorm) as a function
of the relative humidity, where the oxidation peak currents were normalized to the current recorded at
the driest condition, i.e. <I RH%.

3.2.3.2.2. Ammonia Gas

Ammonia (NH3) was chosen because its oxidation mechanism is not expected to be
affected by water in terms of follow-up reactions, but the oxidation potential is closer
to the edge of the electrochemical window® and therefore, might be more affected by
the reduced EW. The mechanism of ammonia oxidation in RTILs and aprotic solvents

such as acetonitrile, is believed to follow equations 3.11 —3.13.70-7

1
4NH3(g)—>3NHf{+§ N,(g9) +3e” 3.11
NH; = NH; + H* 3.12

1
HY* +e™ - > H, 3.13

In an extension of the mechanism, Buzzeo et al.’® also showed that RTIL anions can
bind to the electrogenerated proton. In our experiments, ammonia gas (200 ppm) was
introduced into the glass cell with 1 pL of [Csmpyrr][NTfz] on a Pt-TFE. The full
redox response at <1 RH% (see supporting information Figure S3.29) shows the same
features as previously reported in dry conditions’™, i.e. a single oxidation peak
followed by two reduction processes and an additional oxidation of adsorbed hydrogen
gas. According to the mechanism, the addition of water (or protons) should not have a

significant effect on the oxidation reaction in terms of follow-up chemistry. For
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simplicity, only linear sweep voltammetry (LSV) for the ammonia oxidation is further

shown.

Figure 3.26 shows the LSV response for the oxidation of 200 ppm NH;3 gas as a
function of increasing relative humidity level. The response in the absence of ammonia
at <1 RH% (dashed line) shows no voltammetric features. Changing the humidity level
results in a systematic increase in the current response for the oxidation process.
Additionally, a shift in the oxidation potential from approximately 0.85 V to around
0.45 V can be seen which is most likely caused by the unstable reference potential (as
described before). The onset of the electrochemical window is obvious for the scan at

78 RH% (olive line) and very obvious for >95 RH% (navy line) in Figure 3.22g.

For DmFc (section 3.2.3.2.1), an approximate 35% increase in current over the whole
humidity range was observed. The DmFc¢/DmFc* redox process occurs at potentials
around 0 V (vs. the integrated Pt-RE), far away from the onset of the electrochemical
window. However, the ammonia oxidation signal occurs at ~0.85 V vs. Pt at <1 RH%,
significantly closer to the anodic limit of the EW. Therefore, the introduction of water
causes both a reduced viscosity of the solvent (hence an increased NHj3 diffusion
coefficient) and also a shift in the onset of the anodic limit of the electrochemical
window which, according to Table S3.3, reduces by approximately 1.6 V form ‘dry’
to ‘wet’ [Campyrr][NTfz]. The peak current for ammonia oxidation approximately
doubles, which is significantly higher than the 35% increase for DmFc, likely due to
the greater contribution from the reduction in the EW. Shiddiky et al.”® previously
reported the “nonadditivity” of faradaic currents in ionic liquids when two
electrochemically active analytes (ferrocene and cobaltocenium) are present in the
same solution, resulting in a different current response with an alteration in the
capacitive currents. This non-conventional behavior may be important to consider in
our work because water as an impurity could also cause a faradaic current contribution

to the DmFc response.

Ammonia oxidation was further studied in ionic liquids with different cations and
anions, and the results are shown in full in the supporting information (Figure S3.30
and Figure S3.31). In general, all ionic liquids show the same behavior as for

[Campyrr][NTH:], showing a shift of the NH3 oxidation potential and a gradual increase
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of the oxidation peak current. Due to different ammonia gas solubilities in the ionic

liquids, the peak currents were normalized to the response at the driest condition.
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Figure 3.26. Linear sweep voltammetry for the oxidation of 200 ppm of ammonia gas in
[Campyrr] [NTf] on a Pt-TFE at a scan rate of 100 mV s at different relative humidity levels (RH%,).
Dashed line represents the blank in the absence of ammonia gas at <I RH%.

Figure 3.27 shows the normalized ammonia oxidation current (Z,.») as a function of
the relative humidity level (from <1 RH% to >95 RH%) for four RTILs with different
hydrophilicities. Some additional RTILs were not included, i.e. [Csmim][BF4] and
[C4mim][PFs], for the reasons discussed in more detail in the supporting information.
All RTILs show a similar trend: a gradual increase of the normalized current by
approximately 100% with increasing humidity. These ionic liquids cover a range of
relatively hydrophilic electrolytes like [Comim][NTf>] and [S221][NTf2] to more
hydrophobic ones like [N4,1,1,1][NTf>], hence the water uptake is not expected to be
identical. No drastic effect of the cation could be seen (in contrast to our previous study
for humidified oxygen experiments?!), supporting the assumption that the ammonia
oxidation reaction mechanism remains the same. In the case of a change of the redox
mechanism of NH; gas in the presence of water, much more dramatic trends of Zom
vs. RH% would be observed. Therefore, for the oxidation of ammonia gas in
humidified conditions, the choice of the ionic liquid is less important than for
oxygen.®! The change in current response for ammonia oxidation as the humidity level
is increased is a combination of increased diffusion coefficients caused by decreased
solvent viscosity, in addition to the narrowing electrochemical window that contributes

to the current at the same potential as the ammonia oxidation process.
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Figure 3.27. Normalized ammonia oxidation current as a function of different relative humidity level
(RH%) for four ionic liquids. Currents were normalized to the oxidation current at the lowest humidity
level for easy comparison between different electrolytes.

3.2.4. Conclusions

In dry conditions, the nine RTILs in this study have relatively large available
electrochemical windows of 4.3 — 6.5 V. These become systematically reduced as the
humidity of the environment is increased, until eventually reaching electrochemical
windows mostly defined by water oxidation and reduction (1.8 — 2.6 V). This behavior
supports the suggestion of a different structure of the electrical double layer for RTILs
at charged electrodes in ‘dry’ and ‘humidified’ conditions. Electroactive intrinsic
dissolved impurities were also present in the lower current range chosen for this study,
also becoming more obvious with humidity. For two intentionally dissolved species
whose mechanisms are not affected by follow-up reactions with water, one that occurs
in the middle of the electrochemical window (DmFc) showed current increase caused
by a reduced viscosity (higher diffusion coefficient). The other one (ammonia) that
occurs closer to the potential limit of the electrochemical window is affected by both
the change of transport properties and the reduction of the electrochemical window.
This is an important observation that should be considered for electrochemical
applications, when RTILs are exposed to an ‘open’ environment where the absorption
of water not only affects the transport properties, but also the electrochemical

operating range.
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3.2.6. Supporting Information

Table S3.3. Anodic (EWpos) and cathodic (EWneg) potentials (vs. the integrated platinum pseudo-
reference electrode), as well as total electrochemical windows (Etwwi) of nine RTILs at cut-off currents
of 15 uA at <1 RH%, 1.5 uA at <1 RH% and 1.5 uA4 at >95 RH%.

Teutott = 15 pA, Tutort = 1.5 pA, Tautort = 1.5 pA,
<1 RH% <1 RH% >95 RH%

EWpss EWnee EWiwl EWpos EWiee EWow EWpos EWiee EWiol

/N IV IV /N IN NN IV YV
[S:20)INTE] 25 25 5.0 12 23 35 06 -15 21
[NaiJINTR] 27 32 59 15 26 41 05 -18 23
[Compyrr][NTf:] 28 3.1 59 25 31 56 09 -14 23
[Campyrr][FAP] 3.1 34 65 23 31 54 11 -15 26
[C:mim][NTH] 22 2.1 43 19 <17 36 09 -11 20
[Comim][BFs] 29  -1.5 44 21  -14 35 10 08 18

RTIL

[C4mim][PFé¢] 2.7 2.1 4.8 2.1 -1.5 3.6 1.1 -1.0 2.1
[Camim][NTf2] 2.3 24 4.7 2.2 -1.6 38 1.0 -1.2 2.2
[Csmim][FAP] 3.1 2.1 5.2 2.6 -1.9 4.5 1.1 -1.5 2.6
o) w3
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Figure $3.28. Cyclic voltammetry over a very wide potential range in (a) [Cimpyrr][NTf2] and (c)
[Camim][BF4] on a Pt-TFE at a scan rate of 100 mV s at different relative humidity levels (RH%,).
Photos of the electrodes and the electrolytes after the experiment ((b) and (d)), after scanning the
extended potential range at increased humidity levels.

All nine RTILs showed a similar trend of reduced electrochemical windows with
increasing relative humidity, as shown in Figure 3.22 in the main text. To support the
suggestion that the cathodic and anodic limits of the electrochemical window is

determined by the water oxidation and reduction, further studies were performed. The
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potentials were scanned to more positive and more negative values to see whether the
current increases continuously, or if the current plateaus once the water has been

electrolyzed.

Figure S3.28 shows CV over a wide potential range for [Csmpyrr][NTf:] and
[Csmim][BF4] on a Pt-TFE at a scan rate of 100 mV s! at different humidity levels
and photos of the electrodes after the wide-scan experiment. For the more hydrophobic
[Campyrr|[NTH] (Figure S3.28a), the electrochemical window between 3 and -3.2 V
was scanned in the ‘dry’ and the ‘humidified’ conditions. In contrast to the CV scans
illustrated in Figure 3.22, the potential at which the scan was reversed, was kept
constant for all cases and no cut-off current was applied. The inset shows a gradual
increase of the CV response at the cathodic and anodic limit of the electrochemical
window with increasing humidity level. At the maximum relative humidity
(>95 RH%), the CV response at the negative potential became significantly noisier,
which is most likely cause by the hydrogen bubble formation at the electrode. At these
wide potential ranges, consecutive scanning also causes a degradation of the ionic

liquid, illustrated by a color change from colorless to brown (see Figure S3.28b).

For [C4mim][BF4], which is fully miscible with water, the same study was attempted.
However, at only 6 RH%, one wide scan (red line in Figure S3.28c¢) resulted in the
browning of the RTIL (Figure S3.28d), suggesting that at this humidity level, a large
concentration of water is already present. It is therefore not advisable to scan very
positive or very negative potentials if water is present in the RTIL, due to the build-up
of unwanted electrogenerated products. It is known that the tetrafluoroborate anion is
not electrochemically stable in the presence of water and ionic liquids based on this
anion are highly hygroscopic.! This suggests that the electrochemical window of
completely dry [BF4]-based RTILs should be significantly larger (as predicted by
computational calculations?), however the high water contents (and lower current cut-

offs) result in smaller experimentally measured EWs.
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Figure §3.29. Cyclic voltammetry response for the oxidation of 200 ppm of ammonia gas in
[Campyrr][NTf] on a Pt-TFE at a scan rate of 100 mV s at different relative humidity levels (RH%,).
The dashed line represents the blank in the absence of ammonia gas at <I RH%.

5004

Q) 4o [ C2mimIINTT b) " [S22iNTE)
>95 RH% 400+
300
< < 0
< [
= 200 L
1009 100
= e - ob=
0.0 0.4 0.8 1.2 0.
E/Vvs Pt E/Vvs Pt
) [Campyrr][NTf] N4 11,1 ]INTH]

I/ nA

E/V vs Pt E/Vvs Pt

Figure S$3.30. Linear sweep voltammetry for the oxidation of 200 ppm of ammonia gas in a)
[Comim][NTf2], b) [S22.1][NTf2], ¢) [Campyrr][NTf2] and d) [N4.1,1,1][NTf2] on a Pt-TFE at a scan rate
of 100 mV s at different humidity levels (RH%). The dashed line represents the scan in the absence of
ammonia gas at <1 RH%.
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Figure S3.31. Linear sweep voltammetry for the oxidation of 200 ppm of ammonia gas in a)
[Cimim][BF4] and b) [Cimim][PFs] on a Pt-TFE at a scan rate of 100 mV s at different humidity
levels (RH%). The dashed line represents the blank in the absence of ammonia gas.

[BF4] and [PF¢] anions are known to be hydrolytically unstable, and typically, ionic
liquids containing these anions are highly hygroscopic.! Dry [Csmim][BF4] forms
strong cation-anion networks, however, in the presence of water, these networks
change due to strong hydrogen bond interactions between the tetrahedral [BF4]" and
the pseudo-tetrahedral water network.> Therefore, at high humidity levels, the water
content is so high that water-anion interactions dominate over ionic liquid cation-anion
interactions, where the electrolyte composition is believed to change from ‘water-in-
RTIL’-like to ‘RTIL-in-water’. LSV for ammonia oxidation at different humidities in
[Csmim][BF4] is shown in Figure S3.31a. A large increase in current is observed
(approximately 6 times) from ‘dry’ (<1 RH%) to ‘humidified’ (>95 RH%) conditions.
It is noted that this RTIL is the only one in the study that is fully miscible with water,
so it is likely a very large amount of water present?, and the effect of water on the RTIL

may be much more complicated than simply a change in the transport properties.

For ammonia oxidation in [Csmim][PF¢], the current was observed to reduce on
successive scans, even at low humidity levels (see Figure S3.31b), which means that
accurate currents cannot be recorded. Unusual behavior for ammonia oxidation in this
RTIL has been reported previously.’ Because of the unstable currents for ammonia
oxidation in this RTIL, this data was not included in the discussion in the main

manuscript.
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3.3. Effect of Humidity on Gel-Polymer Electrolytes

3.3.1. Introduction

Chapter 3.1 has revealed that the RTIL structure at the electrode/ionic liquid interface
has a significant effect on the electrochemical response obtained for the oxygen
reduction reaction at different humidity level. Various research groups attempted
different methods to prevent water from accumulating in the RTIL, such as modifying
the ionic liquid structures with alkyl chains!-?, attaching fluorine moieties in the
cation/anion structure® or adding hydrophobic polymers*>. Lee et al. mixed RTILs
with poly(methyl methacrylate) (PMMA) to successfully show a less severe effect
from water on the ORR.® Additionally, this also led to a gel-like material — a so-called
gel-polymer electrolyte (GPE) — that overcame the flowing nature of the electrolyte,
meaning that the planar gas sensing device could be operated in various orientations
without any leakage. 50 wt.% of polymer was required to create a stable non-flowing
gel, which simultaneously came along with a significantly higher viscosity and lower
conductivity of the electrolyte. However, the investigation did not study a broad

humidity range, only dry, ambient, and wet conditions.

The motivation in this thesis is to study these GPEs in more detail, by employing
various molar masses of the polymer as well as different polymer species in
combination with different RTIL structures. In this chapter, non-ionic polymers will
be added to neat RTILs to obtain GPEs, to study whether adding polymers can prevent
water from reacting with the electrogenerated superoxide species. Because of the low
cost and wide availability of the polymers, this could give access to a less expensive
alternative to pure RTIL electrolytes. In this section, a series of polymers with different
hydrophilic/hydrophobic characteristics and different molar masses were mixed with
three chosen RTILs. The RTILs were those that showed a massive change of the ORR
current at low humidities, a small change at intermediate humidities and a stable ORR
current even at high humidities (see chapter 3.1.). It was also investigated whether

these electrolyte systems showed reversible responses in the voltammetry.

This study is preliminary work and due to time constraints, no in depth characterization

of the results was performed. Further studies are required.
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3.3.2. Experimental

3.3.2.1. Chemical Reagents

The  RTIL I-ethyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide
([Comim][NTf2], 99.5%, IoLiTec-lonic Liquids Technologies GmbH, Heilbronn,
Germany), was used as received. Trihexyltetradecylphosphonium
bis(trifluoromethylsulfonyl)imide ([Pi4,6,6,6][[NTf2]) was kindly donated by the group
of Professor Chris Hardacre (now at the University of Manchester, UK) when he was
located at Queens University Belfast, UK. The RTIL heptyltriethylammonium
bis(trifluoromethylsulfonyl)imide ([N22.27][NTf2]) was synthesized according to
standard literature procedures.” The polymers poly(methyl methacrylate) (average My
= 15,000, Sigma Aldrich), poly(methyl methacrylate) (average My = 120,000, Sigma
Aldrich), poly(methyl methacrylate) (average My = 350,000, Sigma Aldrich),
poly(ethyl methacrylate) (average My = 850,000, Sigma Aldrich) and poly(butyl
methacrylate) (average My = 337,000, Sigma Aldrich) were used as received.
Ultrapure water with a resistivity of 18.2 MQ cm prepared by a Milli-Q laboratory
water purification system (Millipore Pty Ltd., North Ryde, NSW, Australia) was used
for humidifying the oxygen gas stream. Acetone (CHROMASOLV®, for HPLC,
>99.0%, Sigma-Aldrich) and tetrahydrofuran (>99.0%, Sigma Aldrich) were used as
received. A 1 M stock solution of H2SO4 (aq) (prepared with ultrapure water from a
95-98 wt.% H>SO4 solution, Ajax Finechem, WA, Australia) was used for the
activation of the thin-film electrodes. High purity oxygen gas (>99.5%) and high purity
nitrogen gas (99.99%) cylinders were purchased from BOC Gases (Welshpool, WA,
Australia).

3.3.2.2.  Preparation of Gel-Polymer Electrolytes

Different mixtures of polymers and ionic liquids were prepared according to the
following procedure (see Table 3.4). The polymer was dissolved in the respective
amount of THF in a glass vial by heating and ultra-sonication until it was a
homogenous solution. Afterwards the required amount of RTIL was added. The
volume of THF was adjusted to reduce the viscosity so that the GPEs could be pipetted
easily. The concentration of the polymer was approximately 25 wt.% for samples with

[Comim][NTf;] and [N7222][NTf:] and 10 wt.% for samples with the RTIL
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[P14,6,6,6][NTf2]. The volumes of GPE mixture that were pipetted onto the electrode

were adjusted so that the volume of the THF-free electrolyte was around 7 pL.

Table 3.4. Sample name, mass of polymer (Mpoiymer), mass of RTIL (mrriL), polymer concentration in the
solvent free sample ([Polymer]), mass of the casting solvent (mrur) and concentration of GPE in the
sample ([GPE]).

Sample MPolymer / mgriL / [Polymer] / mrur / [GPE] |
mg mg wt.% mg wt.%
25PMMA120/75C2mim 50.5 151.8 25 750.3 21
25PMMA350/75Cmim 50.3 151.5 25 741.0 21
25PMMA15/75Comim 51.6 150.7 26 347.5 37
25PEMA/75Comim 513 156.7 25 702.1 23
25PBMA/75C2mim 52.1 153.8 25 317.9 39
25PMMA15/75N722.2 52.6 152.2 26 325.2 39
25PEMA/75N7.22. 52.7 150.3 26 495.0 29
25PBMA/75N72.22 49.6 152.1 25 319.6 39
10PMMA15/90P14,6.6.6 21.8 185.8 11 148.8 58
10PEMA/90P14,6,6.6 19.9 182.0 10 357.3 36
10PBMA/90P14,6,6.6 22.3 188.8 11 3233 40

3.3.2.3. Electrochemical Experiments

CV measurements were performed, and electrodes were prepared as previously
explained in section 3.1.2.2. The required volume of the GPE mixtures was drop-cast
to cover all three electrodes on the TFE (working electrode disc diameter of 1 mm?)
and purged overnight under a nitrogen stream to remove dissolved gases, impurities

such as oxygen and carbon dioxide and THF.
3.3.3. Results and Discussion

Gel-polymer electrolytes composed of commercially available polymers, i.e.
poly(methyl methacrylate) (PMMA), poly(ethyl methacrylate (PEMA) and poly(butyl
methacrylate) (PBMA) and different ionic liquids, i.e. [Comim][NTF2], [N72.22][NTf2]
and [Pi46,6,6|[NTf2] were used as electrolytes to study the effect on the oxygen
reduction reaction in humidified conditions. The impact of molecular weight as well
as the nature of the polymer was investigated. The improvements as well as the

drawbacks compared using pure ionic liquids will be discussed.
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3.3.3.1. Influence of Molecular Weight of Polymer

Several gel-polymer electrolytes composed of 25 wt.% of PMMA with three different
average molecular weights, i.e. 15,000, 120,000 and 350,000 g mol™!, and 75 wt.% of
[Comim][NTf>] were prepared. The influence of the polymer molecular weight of the
polymer on the response of the electrochemical oxygen reduction reaction in

humidified conditions was studied.

As has been concluded from several researchers in the field of polymer science, the
physical properties of polymers such as their fatigue, endurance or tensile strength,
depends on the molecular weight (Mw) as well as on the molecular weight distribution
(MWD).2 In case of using polymers as a scaffold for neat ionic liquids in electrolytes,
several characteristics have to be fulfilled. First, the scaffold is required to be
electrochemically stable and should not affect the redox mechanism. Second, the
scaffold must also provide a stable and homogeneous electrolyte composition for

sensing applications with reproducible responses.

Figure 3.32 shows the current, normalized to the response at a relative humidity level
of less than 1 RH%, as a function of relative humidities from <1 RH% to >95 RH%
for the three different GPE compositions. Also included is the line of best fit for the
neat [Comim][NTH;] ionic liquid taken from the study described in chapter 3.1 (dashed
line), where a huge current change at low humidities was observed, reaching a

normalized current plateau of approximately 4 from 12 to 95 RH%.

All samples containing PMMA showed significant improvement compared to the neat
ionic liquid at low relative humidity levels. The electrolyte composed of the polymer
with the lowest molecular weight, i.e. 15,000 g mol! shows a superior performance
compared to all other samples. The maximum current change at the highest RH% is
approximately 2 which is only 25% of the current change of the neat [Comim][NTf3]
electrolyte. In comparison, the polymer with an intermediate molecular weight of
120,000 does in general show also an improvement compared to the neat IL, but the
maximum change in the normalized current is still around 3. No improvement for the
350,000 g mol! sample could be observed at high moisture contents. The prepared
samples did not show obvious phase separation, however, the normalized current

response at varying humidity levels is different, suggesting a crucial difference in the
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ability to repel water from the electrode surface and therefore from reacting with the

reduced superoxide radical.

norm
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Figure 3.32. Effect of different molecular weights of PMMA in the GPE composed of 25 wt.%
PMMA/75 wt.% Comim NTf> on the normalized ORR current in humidified conditions.

All systems were prepared and characterized at least in triplicate, and it is noted that
there are higher variations for samples with higher molecular weights (data not
shown). The electrolytes were drop casted after dilution using THF as casting solvent
and sometimes the electrochemical response was very resistive depending on how the
film dried. In those cases, the gel was removed, then the electrode was freshly activated
and newly prepared. It is assumed that during the evaporation of the casting solvent,
mainly polymer molecules precipitate from the liquid phase. Passivation of the
working electrode is a clear indication that the GPEs are not homogeneous on a

microscopic scale.

Another observation was a significantly different cyclic voltammetry shape for the
oxygen reduction reaction. The GPE composed of the low molecular weight PMMA
showed a quasi-reversible CV, where only a very small oxidation current was obtained
(green CV in Figure 3.33). In contrast, the other two GPEs showed a more comparable
response to the neat [Comim][NTf;] (see Figure 3.33). The peak current responses
decrease with increasing molecular weight of the polymer which can be attributed to
a change in the viscosity and therefore the diffusion coefficient of the gas. However,
due to the absence of the reverse peak for the GPE composed of low molecular weight
PMMA, the results in Figure 3.32 must be interpreted carefully. The absence of the
reverse peak implies that the electrogenerated superoxide radical already reacts in the

electrolyte even in the absence of water, so the change of the normalized peak current
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is not caused by the reaction of water with superoxide. It is suggested that the change

of the diffusion behavior due to a lower viscosity is a possible explanation.
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Figure 3.33. Cyclic voltammetry response for the electrochemical reduction of 100 vol.% of oxygen in
[Comim] [NTf>], and GPEs composed of 75 wt.% [Comim][NTf>] and 25 wt.% of PMMA (M., = 15,000),
PMMA (M, = 120,000) or PMMA (M., = 350,000).

3.3.3.2. Influence of Polymer

The previous section has shown that the molecular weight of the polymer contributes
to the current response significantly. GPEs composed of low molecular weight PMMA
showed superior improvement towards preventing the reaction of superoxide with
water for the whole humidity range, however, no reversible ORR response was
obtained. It was attempted to increase the hydrophobicity of the polymer, by using
polymers with longer alkyl chains compared to the methyl chain in PMMA. It is noted
that polymer with intermediate to high molecular weight of PEMA and PBMA were
used for preliminary tests only. Figure 3.34 shows the normalized oxygen reduction
current fit for the neat [Comim][NTf:], the fit for the GPE composed of the low
molecular weight PMMA (taken from Figure 3.32) and [Comim][NTf;] mixed with
high molecular weight samples of PMMA, PEMA (ethyl chain) and PBMA (butyl
chain). The trend of a less normalized current change with increasing humidity
between the different polymer species is expected due to the increased hydrophobicity
of the longer chained polymers. At 95 RH%, the current changed by a factor of 4 for
PMMA, approximately 3 for PEMA and 2.5 for PBMA.

As discussed in chapter 3.1, the current change at high humidity levels is determined
by the hydrophobicity of the electrolyte; more hydrophobic ILs show a smaller current
change than more hydrophilic ILs. At lower RH%, the RTIL interfacial structures at
the electrode surface can prevent the superoxide reaction with water. In a series of
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imidazolium-based RTILs with different alkyl chain lengths, no current change up to
15 RH% was observed for [Csmim]" and [Csmim]" in contrast to [Comim]™. It has been
suggested that the alkyl chains of the cations can form a hydrophobic layer close to the

electrode where water is not reacting with the electrogenerated superoxide.

Vv 25 wt% PMMA (M 15000) Fit
¢ 25 wt% PMMA (M, 350000)
B 25 wt% PEMA (M, 850000)
® 25 wt% PBMA (M, 337000)
= neat [C,mim][NTf,] Fit
-
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Figure 3.34. Effect of different high molecular weight methacrylates, i.e. PMMA, PEMA, PBMA, in the
GPE composed of 25 wt.% polymer/75 wt.% Camim NTf> on the normalized ORR current in humidified
conditions. Also included is the low MW PMMA fit from Figure 3.32 (green dashed line).

It appears that PEMA and PBMA have a similar effect on the current response, where
the alkyl chains of the polymers enhance the hydrophobic nature, or at least form
hydrophobic regions within the electrolyte, where water can be separated from the
superoxide radical and therefore no chemical reaction between the two species occurs.
However, the results obtained from these GPEs are not as promising as GPEs
composed of low molecular weight PMMA, where it is noted that no reversible cyclic

voltammetry shape for the oxygen reduction reaction had been observed.

GPEs with the previously mentioned polymers, and different [N7222][NTf2] and
[P146,6,6][NTf2] were investigated as well. Figure 3.35 shows the change of the
normalized current as a function of the humidity level up to 50 RH% for GPEs
composed of low molecular weight PMMA, PEMA (Mw = 850,000) or PBMA (Mw =
337,000) with [N7,222][NTf2] or [P14,6,6,6][NT1:], respectively. All GPE compositions
showed a single reduction wave in a dry gas environment, however, at increased
humidity level, the peak merged with the onset of the electrochemical window and no
peak current could be extracted. The limited data obtained does not suggest any
reduced impact of the presence of water on the ORR for [N72,22][NTf>]. In fact for

[P14,6,6,6][NTT2], a significant normalized current change for the GPE in contrast to the

142



neat IL, which means that the addition of the polymer altered the RTIL structuring at

the electrode that ended up allowing the reaction of water with superoxide.

Overall, it shows that adding a hydrophobic polymer to a RTIL does not necessarily
make the electrolyte more water repellent. The approach is promising for more
hydrophilic RTILs, such as [Comim][NTf:], an RTIL that was not able to prevent the
superoxide reaction with water even at low humidity levels. However, for the more
hydrophobic RTILs, i.e. [N72.22][NTf2] and [Pi4,6,6,6][NTf2], no obvious improvement
compared to the neat RTIL could be observed.
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Figure 3.35. Effect of different high molecular weight methacrylates, i.e. PEMA, PBMA, PMMA in the
GPE composed of 25 wt.% polymer/75 wt.% IL on the normalized ORR current in humidified
conditions. Left with [N722.2][NTf2]and right [P146:6.][NTf2].

3.3.4. Conclusions

Commercially available, non-ionic polymers were added to ionic liquids to obtain gel-
polymer electrolytes for electrochemical gas sensing in humidified conditions.
Preliminary studies on the effect of different molecular weights and polymers on the
oxygen reduction reaction response were investigated via cyclic voltammetry. GPEs
composed of low molecular weight PMMA showed no reversible electrochemical
response and promisingly, the influence of water on the ORR current was minimal.
Higher molecular weight PMMA showed good reversibility in dry gas conditions with
a lower degree of change of the normalized ORR current compared to neat
[Comim][NTf2]. High molecular weight polymers with longer alkyl chains, like PEMA
and PBMA, combined with [Comim][NTf;] showed promising responses in terms of
prevention of the reaction of water with the superoxide radical. However, the GPEs
containing [N7.222][NTf2] or [Pi466,6][NTf2] showed a more severe current change,

even more significant than the pure RTIL. It is therefore assumed that the combination

143



of polymer and RTIL must be fully optimized before GPEs can be applied further for

humid gas sensing applications. This requires further, more detailed investigations.
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4. Improving the Selectivity and
Sensitivity of RTIL-based Gas Sensors

A robust electrochemical gas sensor should show high sensitivity and good selectivity
towards the gas in a real-world environment. This chapter is divided in three sub

chapters: one is focused on selectivity and the other two are focused on sensitivity.

A significant advantage of using RTILs is the possibility to chemically modify the
structure and therefore make these electrolytes “task specific” or more selective
towards certain gases. The first part of this chapter studies the effect of various
functional groups attached to the RTIL cation on the solubility of oxygen (O),
hydrogen (H»>) and sulfur dioxide (SO2) gases. Based on these results, relationships
between the gas solubility of polar and non-polar gases and the chemical structure of

RTILs are made.

The second part focuses on the electrochemical reduction of sulfur dioxide, a gas that
has a permissible exposure limit (PEL) of 2 ppm. Various electrode materials,
geometries and electrochemical techniques were investigated and optimized to achieve

a reliable and stable detection limit of low parts-per-million concentrations of SOx.

The third part investigates specially manufactured electrodes that form thin RTIL

layers for fast response times for sulfur dioxide sensing.
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4.1. Functionalized Imidazolium

Bis(trifluoromethylsulfonyl)imide Ionic Liquids for

Gas Sensors: Solubility of Hz, O: and SO
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4.1.1. Introduction

The need for highly sensitive and robust gas sensors is a main research focus in the
area of gas monitoring for environmental, industrial and health purposes. A broad
variety of systems are available, however the requirements of low cost, small and
mobile sensors that have high robustness in extreme conditions are not often fulfilled.
Room temperature ionic liquids (RTILs) are drawing more and more attention for
application as electrolytes in gas sensors' due to their unique characteristics like low
volatility, high conductivity, large electrochemical window, good solvent properties
as well as high chemical and thermal stability.? It has been shown that the high thermal
stability up to approximately 350 °C of certain ionic liquids makes it possible to detect
volatile organic compounds (VOCs) up to 200 °C.3 By far, the most attractive property
of RTILs is the possibility of tuning their properties by appropriately combining
cations and anions or by introducing chemical functionalities in their structures.* This
allows the adjustment of the physicochemical properties towards certain requirements
such as low or high viscosities, high gas absorption or increased selectivity towards
certain analytes. This concept is present in the preparation of task-specific ionic liquids
(TSILs) initially prepared to increase the selectivity in gas absorption and improve
sensitivity towards trace analyte capture and detection.

Bates and co-workers introduced the idea of TSIL with an amine-functionalized
imidazolium-based IL with increased carbon dioxide capacity due to the reversible
formation of a carbamate.> To avoid the increase of the viscosity of the RTIL solution
after the gas absorption, further developments have been proposed by Gurkan et al.®
who designed ionic liquids based on suitably substituted aprotic heterocyclic anions
capable of selectively and reversely absorbing carbon dioxide while maintaining the
liquid fluidity. Polymerized ionic liquids (PILs) and amino-acid-based polymerized
ionic liquids (AAPILs) have also been used for enhanced carbon dioxide sorption.’
In the case of sulfur dioxide (SO»), little research has been performed so far compared
to CO» especially with regards to SO2/O; or SO2/H: separation in mixed gas streams.
Anderson et al.® measured Henry constants, Ky, for sulfur dioxide and carbon dioxide
in two commercially available ionic liquids based on the [NTf2]™ anion. They showed
a significantly higher Ku and therefore lower solubility at 25 °C for CO2 (around
32 bar) compared to SO> (approximately 1.6 bar) for both RTILs, explained by a pure

physical absorption mechanism. Shiflett ez al.® studied SO» absorption in imidazolium-
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based ionic liquids with different anions and suggested a chemical absorption
mechanism. Yuan et al.’’ studied the impact of the chemical modification of
ammonium ionic liquids with hydroxyl groups and measured high, reversible SO
capacities explained by the reaction of the gas at the —-NH group in the hydroxyl
ammonium cation to form N—S bonds. Under vacuum conditions or at elevated
temperatures, this reaction can be reversed to release SO2, which makes these RTILs
reusable. Jin er al!' compared SO, absorptions in conventional 1-butyl-3-
methylimidazolium tetrafluoroborate, [Csmim][BF4], and hexafluorophosphate,
[Csmim][PFs], and in the TSILs 1,1,3,3-tetramethylguanidinium lactate and
monoethanolaminium lactate, and concluded that both ILs can absorb SO» effectively
at high partial pressures, but only TSILs exhibit high sulfur dioxide capacities at low
partial pressures of SO>. A comparison of solubility isotherms revealed that the
proposed TSILs absorb SO; chemically as well as physically in contrast to a pure
physical absorption mechanism in RTILs.

Several researchers have measured the solubilities of non-polar and small gases like
hydrogen and oxygen in commercially available RTILs such as [Csmim][BF4],
[Csmim][PFs] or I1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,
[C4mim][NTf:]. For Oz, some work showed no change in the solubility with
temperature'? whereas others noted increasing solubility with increased temperature!3,
not coherent with the common exothermal gas dissolution observed in RTILs.!*16
Even if for hydrogen, an ‘inverse’ temperature effect, i.e. hydrogen solubility increases
with increasing temperature in [Csmim][PFs]'® and [Cismim][NTf>]'7 has been
reported, the temperature has only a small influence on the solubility of light, non-
polar gases in RTILs, supported by the enthalpy of solvation (AsoivH*) values being
only slightly negative. The mole fraction solubility of light gases in RTILs are in
general 1-2 orders of magnitude lower than that of CO,.!®

It has been first established by Anthony et al.'* that dissolved gases mainly interact
with the anion of the RTILs. More recently, it is assumed that gas solvation
mechanisms are more complex and, depending on the structure of the RTIL, might be
controlled by functionalization of the cations as clearly seen when the cation side
chains are fluorinated.!*-?° Blesic ef al.?! studied also the phase behavior of mixtures
of ionic liquids and fluorinated and non-fluorinated benzenes, observing that the
competition of the solute interaction with the polar and non-polar nanoregions

determines the solubility in this case. When the solubility of gases is not controlled by
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specific interactions with RTIL ions, it increases with the size and flexibility of the
ions or, in other words, when the molar volume (V) of the RTIL increases.??> However,
for gases that have strong interactions with ionic liquids, the segregation of the liquid
into polar and non-polar regions has to be taken into account.?* Therefore, modification
of the domain in which the analyte is mainly distributed is one way to increase the
solubility of different gases, i.e. CO2 and SOz in the polar region and Hz and Oz in the
non-polar domain of the RTIL.

This work focusses on chemically modifying imidazolium cations by functionalizing
with different moieties and quantify how they influence the absorption and selectivity
of different gases namely SO2/H> and SO2/O2. The anion was kept identical, i.e.
bis(trifluoromethylsulfonyl)imide, [NTf;], and the alkyl side-chains in the
imidazolium cations were functionalized to change the non-polar nanoregion probably
affecting the gas solubilities of analytes that dissolve in the non-polar regions.

Based on these results obtained herein, the developed systems could be used as
electrolytes to study their suitability for electrochemical gas sensing experiments.
Several researchers showed that ionic liquids form alternating cation- and anion-rich
layers next to a charged surface, with a thickness that depends on the applied potential.
2427 For electrochemical sensing applications, analytes can be either locally retained
from or accumulated in the electrical double layer by choosing an appropriate cation
and anion combination that more effectively solubilizes the analyte, or one that
chemically binds the analyte reversibly to influence the diffusion towards or away
from the electrode. If there is no chemical interaction between the gas and the ionic
liquid, the application of an external electrical field can restructure the polar and non-
polar ionic liquid domains to change the solubility of the gas.

In this paper, the experimentally measured solubilities of hydrogen, oxygen and sulfur
dioxide in a series of functionalized and non-functionalized imidazolium-based ionic
liquids with the [NTf;]™ anion are reported at temperatures between 303 and 333 K
using the well-established isochoric saturation method.?® A set of functionalized ionic
liquids was synthesized, and their densities and viscosities were determined in a
temperature range of 293 to 353 K. Additionally, the selectivity is discussed based on

the experimentally determined gas solubilities.
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4.1.2. Experimental

4.1.2.1. Chemical Reagents

All commercially available RTILs were obtained at the highest purity level possible.
1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([Comim][NTfz],
99.5%, loLiTec) and 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([C4mim][NTE2], 99.5%, loLiTec) were used without further purification. 1-(2-
hydroxyethyl)-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C2OHmim]
[NTf:]), 1-methylnitrile-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide
([CCNmim][NTHf2]), 2-(3-methylimidazolyl-1-yl)-ethoxy-4-oxobutanoic acid
bis(trifluoromethylsulfonyl)imide ([Cosuccmim][NTf;]) and 1-methylbenzyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([CBenzmim][NTf;]) were
synthesized and characterized according to standard literature procedures (see details
in the supporting information). The structures of the RTILs studied are shown in Figure
4.1. All RTILs were dried overnight at 60 °C under reduced pressure to remove traces
of water as well as dissolved gases before experiments.

Oxygen 5.0 (99.999% pure) was purchased from Messer, nitrogen 5.0
(99.999% pure) and hydrogen 5.0 (99.999%) were purchased from Linde Gas and
sulfur dioxide 4.0 (99.99%) was purchased from Air Liquide. All gases were used as

supplied without further purification.
4.1.2.2. Density and Viscosity Measurements

Densities were measured at atmospheric pressure and within a temperature range from
293 to 353 K with a U-shaped vibration-tube densimeter (Anton Paar, model DMA™
5000 M). The temperatures were kept constant within 0.001 K and measured with an
accuracy of 0.01 K. The precision was determined as 107 g cm™>. The densimeter was
calibrated before the measurements with air and the Anton Paar certified ultra-pure
water. The measured values were corrected for viscosity using the inbuilt full range
viscosity correction option from Anton Paar.

Dynamic viscosities were measured with a rolling ball viscosimeter (Anton
Paar, Lovis 2000 ME) within a temperature range from 293 to 353 K. The temperatures
were controlled within 0.005 K. The experiments were performed with a capillary tube
(1.59 mm diameter) and a steel ball. Calibration experiments were performed as a

function of temperature and angle with appropriate standard viscosity oils from
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Paragon Sci. The overall uncertainty was estimated as 0.5%. Samples were dried

overnight at 333 K under reduced pressure before measurements were performed.

/>[/>[/>[/>[/> />
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OH
[CCNmim]* [C,OHmim]*

[Cymim]*
o) o o [CBenzmim]*
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Figure 4.1. Chemical structures and abbreviations of the commercial and synthesized ionic liquid
cations and the anion, [NTf>]", used in this work.

4.1.2.3.  Gas Absorption Measurements

Gas absorption was measured with an in-house built apparatus which is based on an

isochoric saturation method as described elsewhere in more detail.2®

A precisely calibrated bulb with volume Vg is filled with the respective gas at a known
pressure and constant temperature thus allowing the calculation of the quantity of gas
in the equilibration cell. After bringing the gas in contact with the dried and degassed
ionic liquid, the constant temperature and pressure above the liquid at the equilibrium
can be used to calculate the solubility of the respective gas in the liquid phase. The
quantity of ionic liquid present in the equilibrium cell, ni, is determined
gravimetrically with a precision of +0.1 mg. The volume occupied by the liquid
solution, Vi, is determined through the knowledge of the density of the pure ionic

liquid, assuming that it does not change significantly upon the dissolution of the gas.
The gas content in the ionic liquid, nlziq, is calculated by the difference of the two pV'T

measurements — one when bulb is filled with gas and the other when the vapor-liquid
equilibrium is attained:
lig _ piniVGB peq (Vtot - Vliq)

n - 4.1
2 12 Pinis Tint)RTini] 2, (peq, Teq)RTeq]
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with pini and Tini as initial pressure and temperature respectively and peq and Teq after
reaching the equilibrium. Vi« is the total volume of the equilibration cell and Z; is the
compressibility factor of the respective pure gas. The gas solubility can be expressed
as mole fraction x> according to equation 4.2 or as Henry’s law constant Ku (equation

4.3):

lig
__ T 42
X2 = nliq 4 nliq :
2 1
T, x T
KH = lim fz(P 2) ~ (pZ(peq eq)peq 4.3
%2-0 X2 X2

where /> is the fugacity of the solute and ¢> the fugacity coefficient.

For the calculation of the compressibility factor, the fit function for the second virial
coefficient, B, of hydrogen from 273 to 400 K was taken from the compilation by
Dymond and Smith?* and for oxygen and sulfur dioxide from Dymond er al.’® (see

equations 4.4 to 4.6) for temperature ranges from 270 to 373 K and 270 to 470 K

respectively.
By, = — 1.03725 X 107*T% + 8.27777 x 107°T — 8.36008 x 10~ 4.4
By, = — 4.64968 x 107477 + 4.92052 x 10T — 1.21657 x 10** 45

Bgp, = — 8.26060 x 1077 — 4.97860 x 10*°T> — 2.3892 x 10**T +2.47940 x 10*' 4.6

4.1.3. Results and Discussion
4.1.3.1. Density and Viscosity

The experimentally measured densities are listed in Table S4.7 and were fitted as a

function of temperature according to the following equation (see Table 4.1):

p=po—A-T 4.7
The linear density dependence on temperature perfectly describes the experimental

data.
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Table 4.1. Parameters of equation 4.7 used to fit the experimental density p as a function of the
temperature in K.

Ionic Liquid po! kg m3 A/104 K
[CCNmim][NTf3] 1899.7 696.27
[Comim][NT£] 1814.3 892.53
[C;OHmim][NTf] 1866.9 980.36
[Csmim][NT£] 1717.3 405.52
[CBenzmim][NTf] 1727.3 871.57
[C2Sucemim][NTHf] 1855.4 860.02

The results were compared to the literature, when data were available, and the densities
are in good agreement with reported values (see supporting information Figure S4.4
to Figure S4.7). For [Comim][NTf:], a huge dataset of experimentally measured
densities has already been reported. The deviation from most of the literature values is
less than 0.1%. The negative deviation of 0.05% — i.e. lower experimental densities
in our case — can be explained by the fact that other groups prepared the ionic liquids
in their laboratory (at least the anion exchange steps) whereas the sample that was used
for this study was obtained commercially with the highest purity available, i.e. 99.5%.
Residues of the salts used for the anion exchange can cause a higher RTIL density. For
[Csmim][NTf>], very good agreement with literature data was achieved. The datasets
for which large deviations were found, were obtained for less pure salts or samples
containing large amounts of water. For [CCNmim][NTf;] and [C;OHmim][NTf>] (two
of the synthesized samples), only a limited number of density values are reported and
significant differences in these values can be observed. In the case of synthesized ionic
liquids, unreacted precursors can still be present after purification steps.’! The
densities measured herein (equation 4.7 and Table 4.1) were necessary for the

calculation of the gas solubility.

Viscosity data (see Table S4.8) were fitted via the Vogel-Fulcher-Tammann (VFT)

equation:

n=my- e Tvr 8
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where # and T are the experimentally determined viscosity and temperature values
respectively, 7o and B are temperature dependent variables and 7vr is a temperature

that is approximately 50 K below the glass transition temperature of the substance.

Table 4.2. Parameters of equation 4.8 used to fit the experimental viscosity n as a function of the
temperature in K.

Ionic Liquid 1o/ mPas B/K Tvr /K
[CCNmim][NTf:] 0.25 696.27 200.48
[Comim][NTf] 0.12 892.53 139.12
[C2OHmim][NTf] 0.08 980.36 159.74
[C4mim][NTH] 0.59 405.52 207.84
[CBenzmim][NTf] 0.13 871.57 147.11
[CoSucemim][NTH;] 0.15 860.02 186.67

Comparison of experimentally determined viscosities with previously published data
are shown in the supporting information (Figure S4.4 to Figure S4.7). Positive and
negative deviations of our data to that previously reported, indicates that our results do
not present systematic errors. However, even if the viscosities of [Comim][NTfz] and
[Csmim][NTf>] are in good agreement with literature values (within 2%), the glass
transition temperatures (7z) — which should be approximately 50 K above the 7vr
values — are in accordance to published ones for the shorter alkyl side-chain (7 =

195 K) but not for the cation with a longer chain (7 = 186 K) see (Table 4.2).32

Table 4.3. Overview of experimentally measured densities p and viscosities n for the studied ionic
liquids at 313.15 K.

Tonic Liquid p/gem3? n/mPasP
[CCNmim][NTf] 1.59335 126.6
[C;mim][NT£] 1.50276 202
[C;OHmim][NT#] 1.56222 473
[Csmim][NT£] 1.42200 28.5
[CBenzmim][NT£] 1.44206 98.5
[C>Sucemim][NTHf] 1.55439 138.1

2+ 105 gem? *+0.5%
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Table 4.3 summarizes the densities and viscosities at 313.15 K of the ionic liquids
studied herein. In general, attaching more polar functional groups such as —OH, -CN
or —COOH, increases the molecular weight as well as intermolecular forces like
dipole-dipole interactions and hydrogen bonding. As can be seen in Table 4.3,
increased densities are observed for functionalized imidazolium-based ionic liquids.
The density at 313 K follows the order [Csmim][NTf;] < [CoBenzmim][NTf;] <
[Comim][NTf:] < [C2OHmim][NTE] < [CoSucecmim][NTH] < [CCNmim][NTf:]. The
viscosity trend at 313K is as follows: [Comim][NTf] < [Csmim][NTf] <
[C2;OHmMim][NTH] < [CoBenzmim][[NTf:] < [CCNmim][NTfz] <[C2Succmim][NT1].
Water contents were not measured due to the low sample volume; therefore water
could be present in the ionic liquids and affect the properties even after the drying.

Oliveira ef al.>?

studied the effect of water on the two physical chemical properties of
RTILs and concluded that the presence of water is more crucial for variations in the
viscosity than those of the density, due to the fact that viscosity is highly dependent on
intermolecular interactions. Generally, this could explain the higher variations
between experimental and literature data in the case of viscosity. The study?® also
revealed that the relative density difference between ‘water saturated’ and ‘dried’
pyridinium-based ionic liquid is less than 1%. It is noted that the viscosity only affects
the time to reach thermodynamical equilibrium, whereas the variation in density
directly affects the determination of the gas solubility. Due to the fact that comparison
of our data with literature data did not show significant differences, no further drying
of the samples was performed before the measurements. For gas solubility
determinations, the ionic liquid was degassed and kept under vacuum for several hours
while the pressure was continuously measured to ensure that no volatile compounds
were present in the cell before equilibration of the gas with the ionic liquid was

performed.

4.1.3.2. Gas Solubilities

Experimentally measured temperatures, 7, and pressures, p, the measured mole
fraction gas solubilities, x2, calculated Henry’s law constants, Ku, mole fraction
corrected for a partial pressure of 1 bar, x2 (1 bar), and molarity, c, are reported in the

supporting information Table S4.9 to Table S4.11.
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The precision () was calculated via error propagation for each measurement based on
the uncertainty of the gravimetrically determined mass (+ 0.001 g) and the volume of
the glass bulb cell, as well as the variation of the pressure (approximately + 0.02 mbar)
and temperature (approximately + 0.003 K) measurements. The precision of the mole
fraction solubility for all measurements is within+2 x 107* to =4 x 10~* for all samples
and temperatures which also indicates the limits for the gas solubility values with this
kind of setup.

The gas solubilities for all studied gases decrease with increasing temperature and
therefore, especially for the less soluble hydrogen and oxygen, the experimental data
shows a much larger relative error for the higher temperatures studied here (e.g. a
relative error of more than 100% is reported for the very low solubility of H> in
[Comim][NTf>] at 333.15 K). For SO», the measured absorptions are several orders of
magnitude higher, therefore the contribution of the precision of the experimental setup
affects the overall error much less, the reported values are being affected with errors
within 0.2%. The uncertainty introduced by the experimental method has to be taken
into account for the following discussion and hence the gas absorptions at the lower
temperatures (i.e. 313 K), with generally lower relative errors, were used for
comparison between the solutes.

Table 4.4 lists the mole fraction solubility of the three gases, hydrogen, oxygen and
sulfur dioxide, in the functionalized and non-functionalized imidazolium ionic liquids
at 313 K. As can be seen, the solubilities of hydrogen and oxygen are approximately
2-3 orders of magnitude lower than for SO, in general H» being slightly less soluble
than O in the RTILs studied.

The differences in solubility can be rationalized by the Hildebrandt solubility
parameters, J, which take the cohesive energy density into account.** Hydrogen and
oxygen are considered as non-polar gases with small solubility parameters, e.g.
5.08 MPa” for H; and 14.64 MPa” for O,.%> For CO», a value of 19.10 MPa” has been
reported, and it can be assumed that SOz, which is also a polar and heavy gas, has an
equally high 6 even in the absence of literature data. Solubility parameters for
imidazolium-based RTILs were calculated by Bara er al.*® based on a modified
Kapustinskii equation®’, they are between 38.4 MPa” for [Comim][NTf:] and
50.9 MPa” for l-ethyl-3-methylimidazolium dicyanamide, [Comim][DCA].
According to the regular solution theory, gases with higher, i.e. more similar, solubility

parameters to ionic liquids are more easily dissolved.
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As can be seen in Figure 4.2, the trend of increasing gas solubility for all ionic liquids
is H» < Oy < SO», as predicted by the regular solution theory. Furthermore, the
solubility of the non-polar gases mainly follows the trend of increasing molar volume,
Vm, of the ionic liquid, even if the errors for these low solubilities are significant (see
Table S4.9 to Table S4.11). This means that the solubility is dominated by the free
volume of the ionic liquid — i.e. non-specific interactions between the gas and the
liquid. However, in the case of oxygen, it can be seen that non-functionalized ionic
liquids show slightly higher oxygen solubilities when compared to the functionalized
ones. As previously mentioned, the solubility of light gases is mainly defined as
physical absorption in the non-polar region of the ionic liquid, therefore the solubility
is assumed to decrease with the addition of more polar groups in the side-chain,
keeping the molar volume, Vn, the same. This effect can be seen for [Comim][NTf>]
(Vi = 260.30 cm® mol™") and [C2OHmim][NT£,] (Vm = 260.72 cm?® mol™') where the
synthesized sample shows smaller gas solubilities even if the molar volumes are
approximately the same. This assumption can only be confirmed for oxygen as for
hydrogen, the molar volume is more decisive taking into account that the relative error
of the solubility data.

Table 4.4. Overview of molar volumes, Vm, calculated from the experimental densities of the RTILs and

mole fraction gas solubilities, x, corrected for a 1 bar partial pressure of the gas in the studied ionic
liquids at 313 K.

Vi / x(Hz) / x(02) / x(S0») /

Ionic Liquid
cm? mol! 104 104 10+
[CCNmim][NTf] 252.48 4.7 9.3 2913
[Comim][NTf2] 260.39 9.8 15 3727
[C2OHmMim][NTf] 260.72 7.3 13 3077
[Camim][NTf] 29491 7.6 20 3017
[CBenzmim][NTf] 323.87 13 15 3626
[CoSucemim][NTH]  326.42 19 26 4129

It has been reported that the ionic liquid anion-gas interaction is an important factor
that contributes to the solubility of polar gases like CO», the cation having only a small
effect.’®40 Greater flexibility in the anion structure such as in the [NTf,]™ anion,
supports the presence of a larger free volume in the polar region of the RTIL where

polar gases are absorbed.*'** As in our study the anion was kept the same for all
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samples, the modifications on the cation are the reasons for the change in solubility.
Table 4.4 shows that the solubilities are significantly higher for the more polar SO by
more than two orders of magnitude, in comparison to the non-polar gases. No evidence
of a chemical absorption of SO, is found. Apart from [Comim][NTf;], which has an
unexpectedly high SO> solubility, ionic liquids with more polar functional groups in
their side chain, such as —CN or —OH, give markedly lower mole fraction solubility
values compared to less polar benzyl or alkyl side chains.

Both chemical and physisorption have been reported for SO> in RTILs, depending on
the cation and anion.® '®* Huang ef al.** observed a purely physical absorption of SO
in several imidazolium and 1,1,3,3-tetramethylguanidinium-based ionic liquids with
[BF4]” and [NTf:] as anion. Anderson et al.® calculated the partial molar enthalpy and
entropy of dissolution of SO, and CO; in [Cemim][NTf>] and reported a significantly
stronger interaction between the solvent and solute (SO;) with an enthalpy of
dissolution (AsovH™) value of approximately —20 kJ mol™! compared to —11 kJ mol!
for CO». The entropic contribution (AsorvS™) 1s also twice as high for SO». These values
suggest a purely physical absorption mechanism favored for sulfur dioxide compared
with carbon dioxide.

Table 4.5. Molar enthalpy of solvation (AsovH™) and molar entropy of solvation ( AsonS®) of SO:2 at a
pressure of 0.1 MPa in the six ionic liquids averaged over the temperature range from 304 to 333 K.

Tonic Liquid AsovH” / KJ mol! AsovS™ / J mol! K!
[CCNmim][NT£] 20 +2 —75+5
[Comim][NTf] 2042 7145
[C;OHmim][NT£] 2142 7545
[Camim][NTf] ~1942 ~70+5
[CBenzmim][NTf] 2042 7145
[C2Sucemim][NTH] -18+1 —-65+4

Table 4.5 shows the calculated molar enthalpy and entropy values of solvation for SO,
calculated from the experimental data for the synthesized and commercially available
imidazolium-based ionic liquids. As can be seen, AsnH” is within the experimental
error (around —20 kJ mol ™) for all samples, which is the same as reported by Anderson
et al.® for [Cemim][NTf:] and for physical absorption of CO> in [C4smim][TFA], by

Carvalho et al*® Furthermore, similar molar entropy values for all ionic liquids
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indicate that the effect of the solute in the structure of the liquid phase is similar for all

gases, also pointing towards physical absorption of the gas.

-
o,
I <o,

[CCNmim]*
[C,mim]*
[C,OHmim]*
[C,mim]*
[CBenzmim]*
[C,Succmim]*

Figure 4.2. Comparison of solubility of hydrogen, oxygen and sulfur dioxide in the studied RTILs
corrected for a partial pressure of 1 bar at 313 K (x2 x 10™*). For simplification, only the abbreviation
for the cation was used. SO: solubilities are significantly higher (as listed in Table 4) but are capped in
this Figure at x(SOz) = 40 x 107,

Based on the calculated molar enthalpies and entropies of dissolution, there is no
indication of chemical binding of SO, as has been confirmed previously for CO; by
several groups**® in the case of an ionic liquid anion, such as acetate, which is able
to deprotonate an acidic hydrogen from the ionic liquid cation.**° The
bis(trifluoromethylsulfonyl)imide anion is known to be a weak base that cannot
deprotonate the most acidic hydrogen atom from the imidazolium ring and thus not
allowing the reaction with carbon dioxide or sulfur dioxide.

For applications where these ionic liquids are used in electrochemical gas sensors, the
spontaneous, irreversible chemical binding of an analyte is undesirable. A chemically
bound analyte could accumulate in the electrolyte and the establishment of a
calibration curve over a broad concentration range would not be reliable. However,
sensing of trace concentrations of toxic gases like SO could be improved. The gas
analyte should be absorbed reversibly, and the electrolyte must be electrochemically
stable, preferably over a wide electrochemical window.

For gas sensors based on RTILs for use in real world environments, it is also desired
to have a high selectivity towards certain gases that are toxic or dangerous at low
concentrations. Therefore, the selectivities of SO2/H> and SO»/O, were calculated

based on the molar fraction solubility of the respective gases and corrected for a partial
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pressure of 1 bar at 313 K (see supporting information Table S4.9 — Table S4.11). Air
is mainly composed of nitrogen which is electrochemically inert, and oxygen, which
can be electrochemically reduced at similar potentials as SO,. Therefore, a high

S0O,/0; selectivity is desired for the sensing of low concentrations of sulfur dioxide.

Il so,H,
600 - I so,/0,

400

Selectivity

200

= £ = £ £ &
z E, I £ N S
s ¢ g < & 9o

Figure 4.3. Gas selectivities, SO2/H2 and SO2/O:, calculated from the ratio of the mole fraction
solubility at 313 K.

Figure 4.3 illustrates the SO»/H> and SO»/O; selectivities of the different ionic liquids
at 313 K calculated from the experimental mole fractions ordered from the lowest Vi
(left) to the highest (right). As can be seen, for the SO»/H> selectivity, high sulfur
dioxide selectivities can be achieved in [CCNmim][NTf>] due to a low hydrogen and
reasonably high SO; solubility. As previously discussed, hydrogen is mainly dissolved
in the non-polar domains formed by the ionic liquid structure, whereas sulfur dioxide
can act as a linker between the cation and the anion in certain RTILs, and so strongly
interacts with the ring hydrogen atoms in the imidazolium cation®!; therefore it is
mainly present in the polar region of the ionic liquid structure. For the selectivity of
sulfur dioxide and oxygen, the trends are not as obvious. In general, a similar trend as
for hydrogen could be observed, however taking into account that relative error on the
measured solubilities of the non-polar gases, it may be concluded that there is no
significant improvement in the selectivity towards sulfur dioxide achieved by

attaching polar functional groups to the side chain of the imidazolium cation.
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4.1.4. Conclusions

The density, viscosity and gas solubilities of hydrogen, oxygen, and sulfur dioxide in
a set of functionalized and non-functionalized imidazolium-based room temperature
ionic liquids with the same bis(trifluoromethylsulfonyl)imide anion, are reported. In
general, the trend of increasing solubility is H2 < Oz < SO», with the solubility values
for oxygen approximately twice as high as for hydrogen. For SO, the solubility is 2-
3 orders of magnitude higher. No chemical binding of the gases was observed,
confirmed by the calculation of the molar enthalpy and entropy of SO» solvation. The
attachment of polar groups to the imidazolium side chain appears to have only minor
effects on the solubility of sulfur dioxide, whereas the change of the molar volume Vi
that occurs because of the functionalization explains the hydrogen solubility. For
oxygen, a competing effect between improved solubility with increased Vi and

decreased solubility with increased polarity in the side chain could be observed.
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4.1.6. Supporting Information

Svynthesis of Task-specific Ionic Liquids:

1. 1-methylnitrile-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

[CCNmim][NTf3]

The compound was synthesized according to standard literature procedures.! 1-
methylnitrile-3-methylimidazoliumchloride was separated as a solid in good yield
from a 1:1 mixture of 1-methylimidazole and chloroacetonitrile. The solution was
stirred for 5 h at room temperature. The solid was recrystallized from acetonitrile/ethyl

acetate.

For the anion exchange, 1-methylnitrile-3-methylimidazolium chloride was dissolved
in water and an equimolar amount of LiNTf, was added. After stirring for 2 h, the
organic phase was separated and washed several times with water until the addition of
AgNOs to the water phase did not from a precipitate. The liquid was dried under

vacuum and characterized via NMR.

'"H NMR (400 MHz, CDs;CN) & 8.59 (s, 1H), 7.52 (t, J = 1.9 Hz, 1H), 7.42 (t, J =
1.8 Hz, 1H), 5.20 (s, 2H), 3.85 (s, 3H). Signals at 2.14 ppm and 2.09 ppm are assigned

to water and acetone respectively, which were removed during the drying step.
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2. 1-(2-hydroxyethyl)-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide
[C2OHmMim][NTf]

The compound was synthesized according to standard literature procedures.”> 1-
methylimidazole and bromoethanol were mixed in acetonitrile and stirred for 2 d at
70 °C. After evaporation of the solvent, the resulting solid was recrystallized from

ethyl acetate/methanol in a ratio of 2/1 (v/v).

For the anion exchange, 1-(2-hydroxyethyl)-3-methylimidazolium bromide was
dissolved in water and an equimolar amount of LiNTf; was added. After stirring for
2 h, the product was extracted with dichloromethane and washed several times with
water until the addition of AgNOs to the water phase did not from a precipitate. The
solvent was evaporated, and the liquid was dried under vacuum and characterized via

NMR.

------

'"H NMR (400 MHz, CD3sCN) 6 8.47 (s, 1H), 7.42 (t, J = 1.7 Hz, 1H), 7.36 (t, J =
1.7 Hz, 1H), 4.24 — 4.20 (m, 2H), 3.88 — 3.78 (m, 5H). Signal at 2.12 ppm is assigned

acetone, which was removed during the drying step.
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3. l-methylbenzyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[CBenzmim][NTf]

The compound was synthesized according to a slightly modified standard literature
procedure.? 1-methylimidazole and 2-phenethylbromide were dissolved in toluene and
stirred for 1 d at room temperature. After evaporation of the solvent, the resulting solid

was washed with ethyl acetate.

For the anion exchange, 1-methylbenzyl-3-methylimidazolium bromide was dissolved
in water and an equimolar amount of LiNTf, was added. After stirring for 2 h, the
product was extracted with dichloromethane and washed several times with water until
the addition of AgNO; to the water phase did not from a precipitate. The solvent was

evaporated, and the liquid was dried under vacuum and characterized via NMR.

'"H NMR (400 MHz, CD3CN) 6 8.24 (s, 1H), 7.36 —7.25 (m, 5H), 7.20 — 7.15 (m, 2H),
4.37 (t,J=7.2 Hz, 2H), 3.76 (s, 3H), 3.12 (t, /= 7.2 Hz, 2H). Signals at 2.15 ppm and
2.09 ppm are assigned to water and acetone respectively, which were removed during

the drying step.
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4. 2-(3-methylimidazolyl-1-yl)-ethoxy-4-oxobutanoic acid
bis(trifluoromethylsulfonyl)imide [Cosuccmim][NT1]

The compound was synthesized according to a slightly modified standard literature
procedure.* 1-(2-hydroxyethyl)-3-methylimidazolium bromide and succinic anhydride
were mixed in acetonitrile and stirred at 80 °C for 1 d. The product was washed several

times with ethyl acetate and dried under vacuum.

For the anion exchange, 2-(3-methylimidazolyl-1-yl)-ethoxy-4-oxobutanoic acid
bromide was dissolved in water and an equimolar amount of LiNTf, was added. After
stirring for 2 h, the product was extracted with dichloromethane and washed several
times with water until the addition of AgNOs3 to the water phase did not from a
precipitate. The solvent was evaporated, and the liquid was dried under vacuum and

characterized via NMR.

'"H NMR (400 MHz, D>0) & 8.69 (s, 1H), 7.46(t, 1H), 7.40 (t, 1H), 4.46 (m, 2H), 4.26
(t, 2H), 3.88 (t, 2H), 3.85 (s, 3H), 2.61 (m, 2H).
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Table §4.6. IUPAC name and abbreviation of ionic liquids used in this study, including supplier, purity
level and purification if applicable.

Purity
IUPAC name Abbreviation Source (mole Purification
%)
1-ethyl-3-methylimidazolium [Comim] ) No further
o o IoLiTec 99.5 )
bis(trifluoromethylsulfonyl)imide [NTf2] purification
1-butyl-3-methylimidazolium [Camim] ) No further
o o IoLiTec 99.5 ) ]
bis(trifluoromethylsulfonyl)imide [NTf2] purification
Recrystallisation
1-methyInitrile-3-methylimidazolium [CCNmim] ) and thoroughly
o o Synthesized > 99* ] i
bis(trifluoromethylsulfonyl)imide [NTf2] washing with
water
Recrystallisation
1-(2-hydroxyethyl)-3- )
o ) [C2OHmim] and thoroughly
methylimidazolium Synthesized > 99* ] i
o o [NTf2] washing with
bis(trifluoromethylsulfonyl)imide
water
Thoroughly
I-methylbenzyl-3-
o ] [CBenzmim] washing with
methylimidazolium Synthesized > 99*
o o [NTf2] ethyl acetate and
bis(trifluoromethylsulfonyl)imide
water
o Thoroughly
2-(3-methylimidazolyl-1-yl)-ethoxy- )
o [Czsuccmim] ) washing with
4-oxobutanoic acid Synthesized > 99*
[NTf:] ethyl acetate and

bis(trifluoromethylsulfonyl)imide
water

 Estimated as no additional signals in NMR spectra and no precipitate for AgNOs test
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Table S4.7. Experimental densities (p) of the studied ionic liquids as a function of temperature at
atmospheric pressure.

[C:Sucemim][NTf] [CBenzmim][NTf;] [CCNmim][NTf,]
T/K? p/gem® T/K? p/gem3® T/K? p/gem®
293.15 1.57406 293.15 1.46069 293.15 1.61341
298.15 1.56910 298.15 1.45599 298.15 1.60835
303.15 1.56416 303.15 1.45131 303.15 1.60330
308.15 1.55926 308.15 1.44667 308.15 1.59828
313.15 1.55439 313.15 1.44206 313.15 1.59335
323.15 1.54955 323.15 1.43293 323.15 1.58359
328.15 1.54476 328.15 1.42840 328.15 1.57872
333.15 1.53997 333.15 1.42388 333.15 1.57389
338.15 1.53522 338.15 1.41940 338.15 1.56908
343.16 1.53048 343.16 1.41493 343.16 1.56426
348.15 1.52575 348.15 1.41047 348.15 1.55945
353.15 1.52102 353.15 1.40602 353.15 1.55465

[C2OHmim][NTf;] [C2mim][NTHf] [Csmim][NTHf]
T/K? p/gem3® T/K? p/gem3® T/K? p/gem®
293.15 1.58193 293.15 1.52293 293.15 1.44112
298.15 1.57704 303.15 1.51280 303.15 1.43153
303.15 1.57207 313.15 1.50276 313.15 1.42200
308.15 1.56712 323.15 1.49279 323.15 1.41254
313.15 1.56222 333.15 1.48288 333.15 1.40316
323.15 1.55245 343.16 1.47304 343.15 1.39382
328.15 1.54761 353.15 1.46325 353.15 1.38454
333.15 1.54276
338.15 1.53796
343.16 1.53317
348.15 1.52839
353.15 1.52362

“£001K *+10°gem?
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Table S§4.8. Experimental viscosities (n) of the studied ionic liquids as a function of temperature at
atmospheric pressure.

[C2Sucemim] [NTH;] [CBenzmim][NTHf;] [CCNmim][NTHf]
T/K? n/mPas® T/K? n/ mPas® T/K? n/ mPas®
303.15 245.4 303.15 175.0 303.15
308.15 182.7 308.15 129.7 308.15 169.4
313.15 138.1 313.15 98.5 313.15 126.6
323.15 81.9 323.15 58.5 323.15 73.3
328.15 65.8 328.15 47.2 328.15 58.6
333.15 54.0 333.15 38.7 333.15 47.7
338.15 44.8 338.15 322 338.15 39.5
343.16 37.6 343.16 27.1 343.16 33.2
348.15 32.0 348.15 23.1 348.15 28.2
353.15 27.5 353.15 19.9 353.15 24.2

[C:OHmim|[NTf;] [Comim][NTH] [Camim][NTH]
T/K? n/mPas® T/K? n/mPas® T/K? n/mPas®
293.15 127.3 293.15 39.1 293.15 68.8
298.15 95.8 303.15 27.4 303.15 41.1
303.15 74.1 313.15 20.2 313.15 28.5
308.15 58.6 323.15 15.0 323.15 20.0
313.15 47.3 333.15 11.9 333.15 15.1
323.15 31.1 343.16 9.5 343.15 11.8
328.15 26.2 353.15 9.4
333.15 22.4
338.15 19.4
343.16 16.9
348.15 14.9
353.15 13.2

“+£0.005K *+0.5%
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Table S§4.9. Experimental results for the solubility of H: in the studied ionic liquids at different
temperature, T, expressed as mole fraction, x2, both at experimental equilibrium pressure, p, as well as
corrected for 1 bar, Henry’s law constant, Ku, molarity, ¢, in mM and the uncertainty, u, in %.

Ku/10°  x2/10*

T/K? p/10°Pa®  x,/10* c/mM u/%
Pa (1 bar)
[C2mim][NTf]
304.43 723.58 8.81 822 12.17 471 20.7
313.38 744.42 7.32 1018 9.83 3.78 22.6
323.33 767.61 443 1734 5.77 2.20 34.6
333.27 790.76 0.82 9697 1.03 0.39 193.5
[Csmim][NTf]
304.43 653.05 5.39 1212 8.25 3.32 28.0
313.38 671.77 5.10 1318 7.59 3.04 26.9
323.32 692.58 3.83 1809 5.53 2.20 333
333.27 713.36 1.94 3677 2.72 1.08 67.6
[C2OHmim][NTf,]
304.42 679.64 5.67 1200 8.33 3.22 17.2
313.35 698.91 5.07 1378 7.27 2.79 15.1
323.27 720.40 3.87 1864 5.37 2.05 18.3
333.18 741.82 2.65 2801 3.57 1.35 30.1
[CBenzmim][NTf;]
304.43 662.85 10.25 647 15.46 4.81 17.2
313.38 681.93 9.04 755 13.25 4.10 17.7
323.33 703.15 6.54 1076 9.30 2.85 22.7
333.27 724.41 2.67 2712 3.69 1.12 57.3
[CCNmim] [NTf]
304.43 646.22 3.48 1855 5.39 2.15 52.7
313.38 664.73 3.15 2112 4.73 1.88 53.0
323.32 685.29 1.78 3861 2.59 1.02 87.3
333.26 705.86 --- --- --- --- ---
[C2Sucemim] [NTH;]
304.43 692.68 13.26 523 19.13 591 43.1
313.38 712.46 13.70 520 19.23 5.90 342
323.32 734.48 10.47 702 14.24 4.34 37.8
333.27 756.52 4.39 1723 5.80 1.76 86.0
--- indicates values below the detection limit #+0.003 K ®+2Pa
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Table S4.10. Experimental results for the solubility of O: in the studied ionic liquids at different
temperature, T, expressed as mole fraction, x2, both at experimental equilibrium pressure, p, as well as
corrected for 1 bar, Henry’s law constant, Ku, molarity, ¢, in mM and the uncertainty, u, in %.

Ku/10° x2/10%

T/K? p/10°Pa®  x,/10% c/mM  u/%
Pa (1 bar)
[Comim][NTH]
304.44 706.03 11.76 600 16.67 6.45 15.2
313.39 726.34 10.86 669 14.95 5.75 14.9
323.33 748.90 9.03 829 12.06 4.61 16.7
333.27 771.48 5.90 1308 7.65 2.90 24.2
[Csmim][NTH]
304.44 690.77 14.45 478 20.93 8.44 10.9
313.38 710.63 13.86 513 19.51 7.83 10.4
323.33 732.76 11.84 619 16.16 6.45 11.2
333.27 754.91 8.66 872 11.47 4.55 15.8
[C2OHmim][NTH;]
303.44 640.33 8.53 751 13.32 5.15 14.7
313.38 660.78 8.59 769 13.00 4.99 13.1
323.32 681.23 7.90 862 11.60 4.42 13.3
333.26 701.69 6.48 1083 9.24 3.50 16.6
[CBenzmim][NTf;]
303.44 639.03 9.80 652 15.34 4.77 13.4
313.38 659.47 9.70 680 14.71 4.55 13.0
323.32 679.83 9.47 717 13.94 4.28 12.5
333.27 700.21 8.38 836 11.97 3.65 14.5
[CCNmim][NTf;]
303.44 637.91 5.82 1095 9.13 3.64 32.1
313.38 658.24 6.09 1081 9.25 3.67 28.8
323.32 678.61 4.95 1371 7.30 2.87 31.6
333.26 699.01 2.35 2968 3.37 1.32 68.3
[C2Succmim][NTf;]
304.43 654.60 13.21 495 20.19 6.23 29.2
304.44 644.14 13.50 477 20.96 6.47 28.2
313.39 673.19 17.43 386 25.89 7.95 23.9
313.39 662.49 15.82 419 23.88 7.33 26.0
323.34 694.01 14.84 467 21.39 6.53 234
333.28 714.85 9.34 765 13.07 3.96 383

*+0.003K +2Pa
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Table S§4.11. Experimental results for the solubility of SO: in the studied ionic liquids at different
temperature, T, expressed as mole fraction, x2, both at experimental equilibrium pressure, p, as well as
corrected for 1 bar, Henry’s law constant, Ky, molarity, ¢, in mM and the uncertainty, u, in %.

Ku/105 x,/10°

T/K? p/10°Pa®  x,/10* c/mM  u/%
Pa (1 bar)
[Comim][NTH]
304.42 411.21 1880.8 2.17 4603.6 3295.5 0.1
313.35 454.05 1681.5 2.68 3727.2 2281.9 0.1
323.26 500.17 1471.4 3.38 2960.5 1604.5 0.1
333.18 544.24 1277.4 4.23 2361.6 1171.8 0.1
[Csmim][NTH]
304.42 456.80 1673.2 2.71 3689.5 1994.0 0.1
313.34 505.62 1514.3 3.32 3016.5 1464.6 0.1
323.27 560.29 1339.1 4.15 2407.0 1067.8 0.1
333.19 612.62 1177.9 5.17 1936.1 803.4 0.1
[C2OHmim][NTH;]
304.42 501.41 1914.5 2.60 3848.6 2412.8 0.1
313.35 552.60 1687.2 3.25 3077.3 1704.9 0.1
323.26 606.56 1453.7 4.14 2415.1 1213.7 0.1
333.19 656.83 1245.8 5.23 1910.9 894.8 0.1
[CBenzmim][NTf;]
304.41 549.09 2442.5 2.23 4487.0 2526.9 0.1
313.35 601.39 2162.3 2.76 3626.3 1756.5 0.1
323.27 655.94 1875.0 3.47 2882.3 1242.4 0.1
333.19 706.63 1617.7 4.33 2307.7 914.6 0.1
[CCNmim][NTf;]
304.42 611.84 2196.1 2.76 3624.2 2263.6 0.2
313.35 655.27 1891.4 3.43 2913.4 1628.2 0.2
323.27 700.02 1590.2 4.36 2291.8 1170.4 0.2
333.19 740.66 1339.2 5.48 1823.4 872.4 0.2
[C2Succmim][NTf;]
304.41 635.81 3181.2 1.99 5016.8 3101.2 0.2
313.34 673.77 2774.9 2.42 4129.4 2154.8 0.2
323.27 712.78 2366.8 3.00 3329.1 1519.4 0.2
333.19 748.29 2023.8 3.69 2711.3 1125.5 0.3

*+0.003K +2Pa
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4.2. Detection of Sulfur Dioxide at Low Parts-per-
million Concentrations using Low-cost Planar

Electrodes with Ionic Liquid Electrolytes
This chapter has been published in the following peer-reviewed journal:

Doblinger, S., Lee. J., Gurnah, Z., Silvester, D. S., Detection of sulfur dioxide at low
parts-per-million concentrations using low-cost planar electrodes with ionic liquid

electrolytes. Anal. Chim. Acta 2020, 1124, 156-165.

The abstract has been removed in this chapter and the supporting information has been
included after the references. Figure and table captions as well as equation numbers

have been changed. A few changes to the formatting have been made.
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4.2.1. Introduction

The reliable monitoring of air quality is a major focus of gas sensing research,
especially due to the fact that some gases, even at low parts-per-million (ppm)
concentrations, can cause harmful effects on nature and humans.'> One of the
background environmental gases is sulfur dioxide (SO.), an invisible gas with a sharp
smell that, in the presence of moisture, can cause acidic rain and damage to building
materials such as limestone. SO is a typical by-product in petroleum refineries or
fossil fuel burning power plants. It is known that SO> is a severe threat towards air
quality and health?, therefore the release of the gas needs to be strictly regulated. It
causes respiratory problems upon inhalation and at higher concentrations it can be
deadly.’ The National Institute for Occupational Safety and Health (NIOSH) defined
a concentration of 100 ppm as dangerous to life, and stated that the recommended
permissible exposure limit (PEL) is 2 ppm averaged over a 10-hour work shift of 5
days per week, and a maximum of 5 ppm during any 15-minute work period. The
effects on health are felt quickly — usually within 15 minutes — so a fast responding

sensor for low ppm concentrations is essential.

Generally, gas sensors based on optical*, gas chromatographic® or electrochemical®
techniques have been studied extensively. Electrochemical techniques give access to
low energy consuming devices with good sensitivity and selectivity in combination
with good repeatability and low concentration detection.” Much research has been
focused on electrochemical SO, sensors for industrial usage.®® The electroanalysis of
sulfites (including SO») using low-cost devices has recently been the focus of various
research papers.!%!3 One type of electrochemical sensor is an amperometric gas sensor,
containing three electrodes in contact with a liquid electrolyte; there are several
amperometric sensors available commercially for SO, detection.!* However, the
drawback of these sensors, which are typically based on aqueous electrolytes, is their
short lifetime in extreme conditions such as high temperatures, causing evaporation of
the solvent. Therefore, research has been focused towards replacing conventional
solvents with room temperature ionic liquids (RTILs) in amperometric gas sensor
devices.!> RTILs are a class of non-volatile, chemically and thermally stable
electrolytes with high conductivity and wide electrochemical windows.!>!® They
typically consist of bulky cations and anions that result in melting points well below

100 °C and most commonly below room temperature and are highly tunable.!®2° A
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21-22 and toxic gases such as NOz ?* or HzS 4, have

variety of gases, including O2
already been studied in RTILs. Hussain et al. for example showed that sub-parts-per-
million (sub-ppm) concentration detection of ammonia gas in room temperature ionic
liquids is possible with low-cost thin-film electrodes (TFEs) or microarray thin-film

electrodes (MATFEs).?

The electrochemical reduction mechanism of sulfur dioxide at saturated concentrations
has been studied in different ionic liquids on a platinum micro-disk electrode (10 um

diameter) by Barrosse-Antle et al.?®, and is believed to proceed by the following

reactions:
SO, +e~ — SO, 4.9
SO, « SO, +e” 4.10
SO% - solvent 2 SO, +e~ 4.11
250, 2 S,02 4.12
S,0,4 2 2S0, +2e” 4.13
S,0,2 --solvent @ 2S0,+2e" 4.14

It was suggested (also by other groups)?’-?’ that the mechanism follows a one-electron
reduction of SO> to the SO>* radical anion (equation 4.9). There are two to four
oxidative back peaks consistently reported, but their assignment is however still
inconsistent in literature. Therefore, Barrosse-Antle et al. performed a more detailed
mechanistic study where it was proposed that the two main oxidation peaks are caused
by the oxidation of non-solvated (equation 4.10) and solvated SO>* (equation 4.11),
and the other two were from dimers formed after dimerization of the radicals (equation
4.12), i.e. the non-solvated and solvated dimerized dithionite, S,04* (equation 4.13
and 4.14).2° Choi et al. investigated the stabilizing effect of the acidic proton of the
imidazolium ring which could cause the separation of the oxidative back peaks into
solvated and non-solvated processes.*? Huang et al. also established a calibration curve
between 2 and 100% of SO; in [C4mim][PFs] that resulted in a curved relationship due
to a significant increase in the diffusion coefficient with increasing sulfur dioxide
concentration.’! The increased diffusion coefficients could be due to the fact that SO,
solubilities are extremely high and the gas acts as a lubricant in conventional ionic

liquids, as concluded by Ren et al.*?
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In this study, we investigate the electrochemical SO response on thin-film electrodes
for the first time. Six diverse RTILs and different thin-film electrodes will demonstrate
that the ionic liquid structure as well as the choice of the electrode surface has a great
influence on the electrochemical sensing behavior. We also show the sustained
detection of sulfur dioxide at the permissible exposure limit (PEL) of 2 ppm by
employing these miniaturized, low-cost and commercially available electrode devices
using very small RTIL volumes. Based on our results, the next step towards
commercial SO sensors based on room temperature ionic liquid electrolytes for

detection of low ppm concentrations in real world environments may be realized.

4.2.2. Experimental

4.2.2.1. Chemical Reagents

All RTILs were purchased at the highest purity possible. Diethylmethylsulfonium
bis(trifluoromethylsulfonyl)imide  ([S22.1][NTf2], 99%, IoLiTec-Ionic Liquids
Technologies GmbH, Heilbronn, Germany), 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([Csmpyrr][NTf:], 99.5%, IoLiTec), 1-ethyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide ([Comim][NTf.], 99.5%,
IoLiTec), 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([C4mim][NTfE2], 99.5%, IoLiTec), 1-butyl-3-methylimidazolium tetrafluoroborate
([C4mim][BF4], 99%, IoLiTec), and 1-butyl-3-methylimidazolium
tris(pentafluoroethyl)trifluorophosphate ([Csmim][FAP], high purity >99%, Merck
Pty. Ltd. Kilsyth, Victoria, Australia), were wused as received.
Trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide ([P14,6,6,6][NTf2])
was kindly donated by the group of Professor Chris Hardacre, now at the University
of Manchester, UK. The chemical structures of the ionic liquid cations and anions used
in this study are shown in Figure 4.8. Acetone (CHROMASOLV®, for HPLC,
>99.0%, Sigma-Aldrich) and acetonitrile (anhydrous, 99.8%, Sigma-Aldrich,
Missouri, United States) were used as received. A 0.5 M stock solution of H>SO4(aq)
(prepared with ultrapure water from a 95-98 wt.% H>SO4 solution, Ajax Finechem,
WA, Australia) was used for activation of the thin-film electrodes. Sulfur dioxide
(509 ppm in nitrogen) and high purity nitrogen gas (>99.999%) were purchased from
Coregas (NSW, Australia).
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Figure 4.8. Room temperature ionic liquid cation and anion structures used for this study.

4.2.2.2. Electrochemical Experiments

All experiments were performed with a PGSTAT101 Autolab potentiostat (Metrohm
Autolab, Gladesville, NSW, Australia) interfaced to a computer with NOVA 1.11
software. The electrochemical cell was housed inside an aluminum Faraday cage to
reduce electromagnetic interferences. The working electrode (WE), counter electrode
(CE) and reference electrode (RE) of the macro thin-film electrodes (TFEs) (ED-SEI,
MicruX Technologies, Oviedo, Spain) are composed of either platinum (Pt) or gold
(Au) deposited on a Pyrex substrate, with a WE disk diameter of 1 mm. Furthermore,
platinum microarray thin-film electrodes (MATFEs) (ED-mSE-10-Pt, MicruX
Technologies, Oviedo, Spain) were also employed as sensing devices. For MATFEs,
the 1 mm diameter Pt disk is covered with a layer of SU-8 resin, into which 91 micro-
holes (p-holes) of 10 um diameter were made to create 91 recessed micro-disk
electrodes. The center-to-center distance between each p-hole is 100 £ 1 pm and the
SU-8 layer has a depth of 3.5+ 1.0 um, according to the manufacturer. Photos and
images of the electrode devices are given in the supporting information in Figure
S4.13a. An electrode adapter supplied by MicruX was employed to connect the

electrodes to the potentiostat. The Pt-WE was electrochemically activated prior to each
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experiment by cyclic voltammetry (CV) cycling (~ 100 times) at 1 V s’ in nitrogen
purged 0.5 M H>SOs (aq) between -0.75 V and +0.70 V. For the Au-WE, CV cycles
between -1.2 V and 1.1 V were performed. The activated electrodes were then rinsed
twice with ultrapure water and acetone before drying under a nitrogen stream. 0.5 pL
of the ionic liquid was drop-cast to cover all three electrodes on the TFE or MATFE
(see Figure S4.13b). The low volume of electrolyte on the small chip ensures relatively
fast response times, whilst also keeping the cost of the sensor as low as possible, noting
that RTILs themselves are relatively expensive if used in large quantities. For all
measurements, the integrated CE and RE, i.e. Pt or Au, were used. The prepared
electrode was then inserted into the glass T-cell supported by a silicon-bung, which is
then purged with nitrogen for approximately 30 min to remove dissolved gases and
impurities (such as oxygen and carbon dioxide) and monitored electrochemically until
a constant blank CV was obtained, before commencing with the SO, experiments. To
obtain different concentrations of SO2, the 509 ppm sulfur dioxide cylinder (nitrogen
fill) was diluted with nitrogen using a gas mixing system, by adjusting relative flow
rates, according to our previous work.> A sketch of the gas sensing set-up is shown in
Figure S4.13c. For the sensing experiments at 1-10 ppm, the overall flow rate is

increased to 1000 mL min! to obtain the lowest concentrations in this study.

For long-term chronoamperometry (LTCA) experiments, the initial potential was held
at 0 V for 5 s for stabilization, before stepping to a potential where diffusion-controlled
SO2 reduction occurs. The system is initially placed under nitrogen to record a stable
blank transient, before the analyte gas is subsequently introduced at defined

concentrations, i.e. either 2 ppm or different SO> concentrations from 1-10 ppm.

4.2.2.3. Electrode Imaging

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) (Clara-FESEM, Tescan, Kohoutovic, Czech Republic) was used to analyze the
working electrodes of Pt-TFEs and Pt-MATFEs after the SO> reduction experiments
have been carried out, as well as on the control samples, which were prepared by
subjecting to the same electrochemical parameters, but in the absence of SO gas. The
SEM/EDS measurements were all carried out using an accelerating voltage of 10 keV

at a working distance of 15 mm.
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The SEM/EDS samples were consistently prepared by either performing cyclic
voltammetry calibration of SO> gas from 10 to 200 ppm on MATFEs or first
performing two CV scans on freshly activated Pt-TFEs to verify the position of the
SO, peak, before holding the potential at the SO, reduction overpotential for five
minutes. The prepared electrodes were then gently soaked for 3 mins, consecutively in
3 separate vials containing clean acetonitrile, before drying under a gentle stream of
dry air. The samples were then coated with ~3 nm of platinum via vapor deposition to

prevent surface charging during imaging.

4.2.3. Results and Discussion

4.2.3.1. Reduction of SO2 on Macro Thin-film Electrodes

In order to detect SO gas favorably at low parts-per-million (ppm) concentrations, it
is important to select the optimum ionic liquid structure and electrode device that gives
stable and reproducible responses. Six common RTILs with different cations and
anions were used to screen their suitability for detecting low ppm concentrations of
the analyte. Plots of reduction peak current vs. the square root of scan rate were linear
in all RTILs, suggesting that the process is diffusion controlled (plots not shown).
Figure 4.9 shows typical cyclic voltammetry (CV) responses for the reduction of sulfur
dioxide at a scan rate of 100 mV s! in the six ionic liquids on a platinum macro thin-
film electrode (Pt-TFE). The measured currents were converted into current densities
(/) using the geometrical surface area of the working disk (diameter of 1 mm) to easily
compare with the response on microarrays (see section 4.2.3.2). Background
subtracted calibration curves (shown as insets in Figure 4.9) were extracted from cyclic
voltammetry measurements at concentrations of 10, 25, 50, 100, 150 and 200 ppm.

Dashed lines represent the response in the absence of SO-.

As reported by other researchers on conventional disk electrodes, a single SO»
reduction peak according to eq. 4.9 is observed in RTILs.?"?% 3435 However, the
number and position of the reverse oxidation peaks are strongly dependent on the scan
rate as well as the solvation of the reduced species, as reported by Barrosse-Antle et
al *® In their study, electrochemical SO> reduction was examined in several saturated
imidazolium-based ionic liquids (100% SO:), where it was revealed that four oxidative
peaks can be observed in [Csmim][NOs] at a fast scan rate of 4 V s'. A comparison

between experimental and simulated cyclic voltammograms resulted in the assignment
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of the first reverse peak to the oxidation of non-solvated SO»* (eq. 4.10) followed by
the oxidation of the solvated species (eq. 4.11). The acidic proton on the imidazolium
cation was used as possible explanation for the solvation. Additional back-peaks

belong to the oxidation of the dimer.
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Figure 4.9. Cyclic voltammetry at a scan rate of 100 mV s™ for electrochemical sulfur dioxide reduction
at concentrations from 10 to 200 ppm in (a) [Comim][NTf>], (b) [S2.2.1][NTf2], (c) [Camim][NTf>], (d)
[Campyrr][NTf2], (e) [Cimim][BF4] and (f) [Piss6s][NTf2] on a Pt-TFE (diameter 1 mm) with
background subtracted calibration curves shown in the insets. The dashed line represents the response
in the absence of SO..

In the present work, much lower concentrations (parts-per-million) of sulfur dioxide
are studied on macro thin-film electrodes, and several different RTIL cations are
employed. As shown in Figure 4.9, one reduction wave was obtained in all RTILs,
consistent with that by Barrosse-Antle et al.?® In contrast to the previous study in
saturated SO; electrolytes, no third or fourth oxidation peak was observed suggesting

that the dimerized products are not present. This is not unexpected due to the much
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lower concentrations studied in our work, leading to a lower rate of dimerization. In
the imidazolium-based ionic liquids, the presence of two oxidation back-peaks can be
seen. Whereas in the sulfonium-, pyrrolidinium- and phosphonium-based ones, either
one or zero anodic waves are observed. This suggests that the cation has a very large
effect on the voltammetric wave shapes, which is expected because the cation provides
solvation of the negatively charged SO> radical ion. Out of the non-imidazolium-based
cations, the peak-to-peak separation is largest in [Csmpyrr][NTf:] (Figure 4.9d)
compared to [S221][NTf:] (Figure 4.9b), with no obvious oxidative peak in
[P14,6,6,6][NTT2] (Figure 4.9f). It is assumed that these single-centered cations are not
able to solvate the radical anion effectively due to the absence of acidic protons and

shielding of the cation by the hydrophobic alkyl chains.

It can also be seen in Figure 4.9 that a shift in the reduction potential occurs as the
concentration is changed, especially in [Comim][NTf], which is the ionic liquid with
the lowest viscosity (Table 4.12). For this study, the inbuilt reference electrode (RE)
was used, however it has previously been demonstrated by Wandt et al. that the
introduction of gas can cause a severe RE potential shift.3® The reference potential can
also be affected by the migration of electrogenerated species towards the platinum
reference electrode, especially in a less viscous solvent. Out of the six different RTILs
studied, the shift in SO, reduction potential was only significant in [Comim][NTT3]
(which has the lowest viscosity out of the different RITLs used).” Therefore, it is
concluded [Comim][NTfz] is not an ideal electrolyte for SO» detection on these
electrode devices. In terms of the analytical response, almost all ionic liquids show an
excellent linear relationship (R? = 0.999) between current density and concentration.
In contrast, Huang et al.’! reported a curved like behavior, most likely caused by the
high SO solubility that can act as lubricant resulting in increased diffusion

coefficients.

We also studied the use of gold thin-film electrodes in four of the RTILs to determine
if Au shows an improved behavior compared to Pt (see cyclic voltammetry for 10 —
200 ppm SOz on gold electrodes in the supporting information Figure S4.14). Similar
trends as on Pt can be observed with a single reduction peak and the reduction potential
shifting in [Comim][NTf:]. In terms of the oxidative back-peaks, the reverse peaks
appear to be sharper and well defined on gold; specifically the imidazolium-based

RTILs show a more pronounced first oxidation peak and for [Csmpyrr][NTf:], two
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oxidation waves are observed in contrast to a single one on platinum. However, the
behavior in [Pi466,6][NTf2], is much better on Pt compared to Au, where an obvious
reduction peak is not observed on Au. Linear calibration curves were obtained for all
samples on gold electrodes (Figure S4.14), with the exception of [Pi4666][NTT2].
According to the literature®®, the adsorption strength of SO, is markedly different
between platinum and gold surfaces, which may affect the sensing response, especially

in the presence of the large tetraalkylphosphonium cation.

In Table 4.12, the slopes of the calibration plots on the Pt-TFE and the Pt-MATFE
(discussed in section 4.2.3.2), are summarized in order of increasing RTIL viscosity.
The viscosities cover a broad range from 39.7 mPas for [Comim][NTf:] to
453.6 mPas for [Pis4666][NTf2]. The sensitivity — defined as the slope of the
calibration curve — is the highest in [Comim][NTf:], approximately six times higher
than the lowest sensitivity in [P14,6,6,6][NTf2]. The sensitivity decreases with increasing
viscosity, suggesting that a lower viscosity of the electrolyte is desired for higher
sensitivity detection of analytes. It should be noted that imidazolium-based RTILs can
solvate the reduced superoxide radical, which is in contrast to the sulfonium-,

ammonium- and phosphonium-based ionic liquids.

Table 4.12. Summary of viscosities () at 293 K and sensitivities for 10— 200 ppm SO: on a Pt-TFE and
a Pt-MATFFE in six different ionic liquids.

Pt-TFE Pt-MATFE
RTIL n/ slope / slope /
mPas mA m2 ppm! mA m2 ppm!

[Comim][NTH] 39.7% 6.0 73
[S22.1][NT£] 49,940 4.6 10.1
[Csmim][NT]] 66.441 27 4.6
[Campyrr][NT£] 98.74 29 7.7
[Camim][BF4] 135.6% 2.6 1.4
[P1a.66][NTE] 453.6% 0.89 0.38

The lowest concentrations of sulfur dioxide detected in the existing literature are well
below 10 ppm, but all employ modified electrodes at high temperatures, and different

electrochemical techniques (i.e. not amperometric). Betty et al. reported the detection
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of 1 ppm SO: at room temperature with synthesized SnO> nanoparticle films via DC
conductance and AC impedance.* Zhou et al. were able to electrochemically detect
3 ppm of SO, on NiO-ZnO nanodisks at 240 °C.*¢ And Liu et al. reported the detection
of 0.5 ppm on Au-modified SnO> at 200 °C.*’ Based on our results, the combination
of commercially available room temperature ionic liquids and low-cost Pt-TFEs are a
good option for sensing low concentrations of SO, gas using amperometric techniques
at ambient temperatures without high power consumption. The 10 ppm CV response
is clearly distinguishable from the blank measurement and suggests that much lower

analyte concentrations can be easily detected, as will be described in more detail later.

4.2.3.2. Reduction of SO: on Platinum Microarray Thin-film

Electrodes

Microelectrodes give rise to higher current densities due to the dominance of radial
diffusion. Although the overall current is lower at microelectrodes, this can be
compensated for by including multiple electrodes in an array. Microarray thin-film
electrodes (MATFEs) are commercially available, such as those from MicruX used in
this study, which have a design with 91 recessed microelectrodes having 10 um
diameter. Hussain et al. already demonstrated the improved sensing behavior of
MATFEs over macro thin-film electrodes (TFEs), resulting in the detection of sub-
ppm concentrations of ammonia gas.”> We therefore studied SO reduction on Pt-
MATFEs to compare current densities and sensitivities with a view to detect ultra-low
concentrations of the gas. Figure 4.10 shows typical cyclic voltammetry responses for
the reduction of sulfur dioxide at a scan rate of 100 mV s’! in six ionic liquids on
platinum microarray thin-film electrodes (Pt-MATFEs). The measured currents were
converted into current densities (J) using the geometrical surface area of the working
electrodes (10 um diameter per electrode multiplied by 91 electrodes), for direct
comparison with the macro TFEs. Background subtracted calibration plots are shown

as insets and the dashed lines show the response in the absence of the analyte.

In contrast to the peak-shaped behavior observed on macro TFEs, MATFEs show
steady state or slanted steady state behavior due to the microelectrode-like nature and
dominance of radial diffusion. The slanted response is thought to be caused by
background impurities in the RTILs that superimpose the steady state current as can
be seen in the blank CVs (Figure 4.10). At such low gas concentrations, any small

impurity peak can have a significant effect on the analyte current. This is especially
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apparent in the imidazolium RTILs (Figure 4.10a, c and e), where it has been reported
that impurities such as imidazole can be left over from the synthesis.*® However, the
response of 10 ppm SO» gas is still clearly distinguishable from the blank and a highly
linear relationship (R?> = 0.999) between SO, concentration and J is observed in all
electrolytes. As expected, the current densities are higher on microarray electrodes for
most of the samples. Both, [S22,1][NTfz2] as well as [Csmpyrr][NTf2] give current
densities more than twice as high on the MATFEs compared to macro TFEs. Whereas,
for the two more viscous RTILs, ie. [Csmim][BF4] and [Pisse6][NTL2], J is
approximately half on the MATFE compared to the TFE. This could perhaps be the
result of significant build up SO reduction products, trapped in the micro-holes of the
MATFE:s (see discussion in section 4.2.3.3), or the fact that the current density in the
MATFE configuration is more dependent on the diffusion coefficient than the current
density in the TFE configuration. It is also worth mentioning the flatter blank response
in [S2.2,1][NTf2] and [Csmpyrr][NTf>] in the potential range for SO» reduction, which

is more ideal for sensing lower concentrations of the gas.

A comparison of the slopes (sensitivities) of the calibration plots of the macro TFEs
and MATFE:s is shown in Table 4.12, revealing significantly higher sensitivities (2.2
— 2.6 times) for the microarrays, with values of 10.1 and 7.7 mA m ppm™ for
[S2.2,1][NTf2] and [Csmpyrr][NTf:], respectively. The most viscous RTILs have the
smallest slopes, and interestingly, they even show lower sensitivities on the microarray
thin-film electrode compared to the macro TFE. The improvement in the sensitivity by
more than a factor of two for the sulfonium- and the pyrrolidinium-based ionic liquids,
in addition to their flatter blank response, appear to be good characteristics for further

studies at ultra-low ppm concentrations of SO;.
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Figure 4.10. Cyclic voltammetry at a scan rate of 100 mV s for electrochemical sulfur dioxide
reduction at concentrations between 10 and 200 ppm in (a) [Comim][NTf2], (b) [S221][NTf2], (c)
[Camim][NTf>], (d) [Campyrr][NTf2], (e) [Camim][BF4] and (f) [Pi4s.6.6][NTf2] on a Pt-MATFE with
background subtracted calibration curves shown in the insets. The dashed line represents the response
in the absence of SO:.

4.2.3.3.  Sulfur Deposition After SO, Reduction Experiments

Figure 4.11a shows a scanning electron microscope (SEM) image of a micro-hole on
a Pt-MATFE after cyclic voltammetry experiments from 10 to 200 ppm SO2 were
performed in [Csmpyrr][NTf:]. The particles deposited within the micro-hole were
verified as sulfur (S) as shown in Figure 4.11b on the grey marked area (1). The blue
area (2) was chosen on a cleaner area within the micro-hole showing a large Pt peak
and a subtle sulfur peak, and finally (3) was measured on the surrounding SU-8 layer
showing the absence of both Pt and S peaks. The silicon (Si) peak is from the
underlying glass substrate of the Pt-MATFE due to penetration of the electron beam —
which also makes the EDS measurement of thinner sulfur contaminants and particles

more challenging (see Figure S4.16). Similar sulfur deposits were found in the micro-
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holes of Pt-MATFEs after SO reduction in the RTIL [S22,1][NTf2] (results not shown).
The electrochemical reduction of SO2 in aqueous solutions produces sulfur according

to the following mechanism?®:

SO,(aq) +4H* +4e~ — S(s) + 2 H,0 4.15

To the best of our knowledge, the electrochemical reduction of SO; to sulfur in aprotic
ionic liquids has previously not been observed in the literature. However, it is well
known that trace concentrations of water persist in ionic liquids even after purging
under high vacuum.*->! This could cause the reaction in equation 4.15 to occur even

in aprotic RTILs, resulting in the formation of sulfur particles on the platinum

electrode surface.
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Figure 4.11. (a) SEM image of a Pt-MATFE micro-hole after carrying out cyclic voltammetry
calibration experiments in [Cimpyrr][NTf2] (as shown in Figure 4.10d). (b) EDS spectra measured on
three different areas as marked in the SEM image in (a).

Long-term chronoamperometry (LTCA) experiments were carried out at a potential
where diffusion-controlled SO; reduction occurs in the presence of 200 ppm SO in
[Campyrr][NTSz] and [Csmim][NTfz], as well as in [Csmim][FAP] (a non-sulfur
containing ionic liquid) on macro-sized Pt-TFEs, where no micro-holes are present.
All experiments show that the surface is populated with tiny particulates of sulfur
deposits (see Figure S4.15a) after SO» reduction experiments. A few larger deposits
were also observed near the edge of the macro working electrode of the Pt-TFE — likely
due to higher flux at the edges, similar to the case of the MATFEs. However, carrying

out the exact same LTCA measurements in the absence of SO gas resulted in a clean
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Pt-TFE surface as shown in Figure S4.15b, showing that it is the SO; reduction process

that is responsible for the presence of the deposits.

It is known that the electrochemical oxidation performance of SO on Pt electrodes in
aqueous media is intrinsically linked to sulfur formation at the electrode surface at
reducing potentials.’® In other words, the presence of sulfur on the working electrode
acts as a catalyst for SO; oxidation in aqueous solvents. However, the impact of sulfur
deposits towards SO reduction in aprotic RTILs has not yet been reported in the
literature. To compare the impact of sulfur deposition on SO reduction on both TFEs
and MATFEs, and to investigate the suitability of our sensors for continuous
monitoring of SO; gas (even with the possibility of electrode fouling), we proceeded
with further amperometric studies on both TFEs and MATFEs in the two selected
RTILs, [Csmpyrr][NTfz] and [S2,2,1][NTf2]. To reduce the significance of sulfur build-
up on the working electrode, as well as to study the low concentration analytical utility
of these devices for SO sensing, a lower SO> concentration range (1-10 ppm) was

chosen, as discussed in the next section.

4.2.3.4. Detection of Low Parts-per-million Concentrations of SO;

The permissible exposure limit (PEL) for sulfur dioxide gas is 2 ppm, averaged over a
10-hour working shift, according to the National Institute for Occupational Safety and
Health (NIOSH). The reliable and fast detection of concentrations well below 10 ppm
is therefore a focus in SO» sensing research to avoid harmful effects on human health.
Due to the higher current density, Pt-MATFEs were initially selected as the most ideal
surface to carry out low concentration detection of sulfur dioxide. The RTILs
[S2.21][NTfz] and [Campyrr][NTf:] were chosen because they showed the highest
sensitivity in combination with very clean responses in the absence of SO: (see Figure
4.10). Additionally, the relatively low viscosities of these RTILs are a desired

characteristic for faster response times.

Figure S4.17 and Figure S4.18 in the supporting information show CVs for 1 — 10 ppm
SOz in [S22,1][NTf2] and [Campyrr][NTf2] on Pt-MATFEs, which were the most
promising systems at higher concentrations. CV measurements showed a linear
relationship (R?> = 0.996 and 0.999, respectively) between current density and
concentration. However, long-term chronoamperometry (LTCA) revealed unstable

currents during the continuous monitoring of SO2. A more detailed discussion can be
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found in the supporting information. The instability is attributed to the electrode
surface being fouled by sulfur deposits during the electrochemical reduction of SO»,
as discussed previously. Therefore, instead of acting as catalysts (as was the case for
aqueous SO: oxidation’®), the sulfur deposits act as a passivate for the reduction
process in RTILs. Furthermore, the recessed electrodes lead to accumulation of
reduction products, which in turn could lead to complete sulfur passivation of the
microelectrodes within the array. The harsh constant biasing LTCA technique is
therefore not suitable for SO: sensing on MATFEs that have recessed electrode

designs.
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Figure 4.12. (a) Cyclic voltammetry at a scan rate of 100 mV s for electrochemical SO: reduction at
concentrations from 1 to 10 ppm in [Cimpyrr][NTf2] on a Pt-TFE with the background subtracted
calibration curve including error bars from 3 independent experiments shown in the inset. The dashed
line represents the blank scan in the absence of SO:>. A total flow rate of 1000 mL min™' was employed.
(b) Long-term chronoamperometry (LTCA) response for electrochemical sulfur dioxide reduction at
concentrations from 1 to 10 ppm in [Cimpyrr][NTf2] on a Pt-TFE with the background subtracted
calibration curve including error bars from 3 independent experiments shown in the inset. (c) Long-
term chronoamperometry response for electrochemical sulfur dioxide reduction by a periodic
introduction of 2 ppm SO: (response phase) followed by a period of N:>-purging (recovery phase) in
[Campyrr][NTf>] on a Pt-TFE, with a nitrogen flushing step employed between SO: additions.

In light of this, we employed mm-sized (macro) Pt-TFEs for low concentration
(< 10 ppm) SOz sensing. Of the two RTILs, [Campyrr][NTf>] was singled out as it was
substantially less impacted by the occurrence of sulfur deposition compared to

[S22,1][NTf2]. Figure 4.12a shows the CV response of 1—10 ppm SO, in
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[C4ampyrr][NTS2] on a Pt-TFE, with the blank measurement in pure nitrogen shown as
the dashed line. The inset shows a calibration plot of current density vs. concentration.
The shapes of the CVs at these low concentrations appear similar to that obtained at
the higher (10 — 200 ppm) concentration range (see Figure 4.9d). A good fit (R? =
0.998) was achieved for the calibration, however, the definition of peaks at lower
concentrations is not as good as the higher concentrations, resulting in the calibration
plot for CV measurements giving a limit of detection (based on three standard

deviations of the line) of 1.5 ppm.

Long-term chronoamperometry (LTCA) was then performed to show if SO can be
continuously monitored at low concentrations. The potential was held at -1.5 V where
sulfur dioxide is reduced, and the cell was placed under nitrogen to obtain a blank
amperometric transient. SO, at different concentrations from 1 — 10 ppm was then
introduced, and the plateau current obtained at each ppm level was used to establish a
calibration curve. Figure 4.12b shows the LTCA response from 1 to 10 ppm of SO»,
with the inset calibration plot showing a highly linear relationship between J and
[SOz]. The limit of detection (LOD) was found to be 0.5 ppm for LTCA, compared to
1.5 ppm for CV, which suggests the preference of long-term chronoamperometry over
cyclic voltammetry for reliably detecting very low SO: concentrations. This is
consistent with our previous experiments for ammonia detection, which also showed

that LTCA was the preferred technique compared to CV at sub-ppm concentrations.>

It was noticed that the plateau current on TFEs was constant for more than 180 s,
suggesting good stability with minimal effects from electrode fouling. To determine if
the sensor can reliably measure at concentrations close to the permissible exposure
limit, repeated additions of 2 ppm SO> were performed. Figure 4.12c shows the
amperometric response for periodic introductions of 2 ppm SO, (response phase)
followed by a period of Na2-purging (recovery phase) for four cycles. Reproducible
responses and very little change in the plateau currents were observed. Table 4.13
summarizes the sensitivity (slopes) in [Csmpyrr][NTf>] on the macro Pt-TFE obtained
from the CV measurements for both concentration ranges, the sensitivity obtained
from the LTCA calibration at 1 — 10 ppm of SO and the #9 response and too recovery
time (where f99 is defined as the time taken to reach 90% of the steady-state current).
As can be seen, the sensitivity using CV is highly consistent and within experimental

error for both concentration ranges. The response and recovery times of 91 (+ 8) s and
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103 (£ 11) s respectively, are significantly higher compared to smaller, non-polar
gases with lower solubilities, such as oxygen, which had a response time of
approximately 20 s according to Huang et al.! Although a low volume of ionic liquid
was used in our study (0.5 pL), it is expected that the response time could be further
reduced with a thinner electrolyte layer. Based on these observations, we believe it
should be even possible to reliably detect SO2 at concentrations lower than 1 ppm.
This is a significant outcome, since so far, the reliable detection of such low
concentrations of sulfur dioxide has not been observed in room temperature in RTILs,

especially with miniaturized, low-cost electrodes.

Table 4.13. Electrochemical data for the reduction of SO: (10— 200 ppm) and (I — 10 ppm) in the RTIL
[Campyrr] [NTf>], using cyclic voltammetry (CV) and long-term chronoamperometry (LTCA) on
platinum thin-film electrodes (Pt-TFEs) including the slope of the calibration curves, and the to
response and top recovery for 2 ppm additions using LTCA.

Cv LTCA LTCA for 2 ppm SO,
slope (10—  slope (1- slope (1-
200ppm) 10ppm) 10 ppm) o o
ppm ppm ppm
RTIL response recovery
/mAm? /mAm? / mA m™
1 » p /s /s
ppm ppm ppm

[Campyrr][NTE;] 2.9 (£0.1) 3.0 (20.1) 0.57 (£0.01) 91 (+8) 103 (£11)

4.2.4. Conclusions

The electrochemical reduction of sulfur dioxide has been studied in six different room
temperature ionic liquids (RTILs) on two different electrode materials and using two
different electrode geometries using cyclic voltammetry. Linear relationships between
current density vs. SOz concentrations from 10 — 200 ppm were established for all
systems with higher current densities on microarray electrodes compared to their
macro counterparts, except in the two most viscous ionic liquids, [Csmim][BF4] and
[P14,6,6,6][NTt2]. It was concluded that platinum electrodes outperformed gold surfaces
in all RTILs. The most promising ionic liquid — [C4smpyrr][NTf2] — was then employed
for further studies with a Pt-TFE and a Pt-MATFE for sensing experiments at low ppm
SO, concentrations. Linear relationships between current density (/) and concentration
were obtained for 1 —10 ppm SO using both cyclic voltammetry and long-term
chronoamperometry. In the case of microarray electrodes, long-term stability and

reproducibility was not ideal due to fouling of the electrode surface caused by sulfur
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deposition in the micro-holes; this was verified with scanning electron microscopy in
conjunction with energy dispersive spectroscopy. This is the believed to be the first
observation of this phenomenon in aprotic RTILs. Sulfur deposition was not found to
affect the amperometric sensing performance on the larger (macro) Pt-TFEs at ppm
SO- concentrations. Therefore, we recommend the use of low-cost macro-sized thin-
film electrodes (TFEs) for the reliable detection of sulfur dioxide in RTILs at

concentrations close to, and lower than, the permissible exposure limit (PEL) of 2 ppm.
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4.2.6. Supporting Information
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Figure §4.13. (a) Photograph of the commercial thin-film electrode used in this work, consisting of
platinum working, reference and counter electrodes on a glass substrate. Images to the right are
scanning electron microscopy (SEM) images of a thin-film working electrode (diameter 1 mm) and a
thin-film microelectrode array electrode. The microarray is formed within a SU-8 polymer layer (ca.
3.5 pm thick) to create 91 recessed micro-disk electrodes each with a diameter 10 um. (b) lllustration
of the sensing mechanism. SO: gas is continuously flowed over the room temperature ionic liquid (RTIL)
droplet which is on top of the three electrodes. After equilibration, the solvated SO: is reduced at the
electrode and a current is produced. (c) Illustration of the gas sensing experimental set-up. The analyte
gas (SO:3) is diluted with nitrogen gas through a gas-mixing system to create different concentrations
of SO: gas. This is passed through a sealed glass cell that contains the planar electrode device. The
electrical contacts of the planar electrode are outside of the glass cell and are connected via soldered
wires to the potentiostat.
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Figure S4.14. Cyclic voltammetry at a scan rate of 100 mV s for electrochemical sulfur dioxide
reduction at concentrations from 10 to 200 ppm in (a) [Comim][NTf2], (b) [Cimpyrr][NTf2], (c)
[Camim][BF4] and (d) [P146.6.6][NTf2] on a gold macro thin-film electrode (Au-TFE). The calibration
curves — plot of peak current vs. concentration — are shown in the insets. The dashed line represents the
blank scan in the absence of SOz. A constant total flow rate of 400 mL min™ was employed.

Figure S4.15. SEM images of platinum thin-film electrodes after conducting 5 mins of long-term
chronoamperometry at -1.5 V in the RTIL [Cimpyrr][NTf2] (a) in the presence of 200 ppm SO: gas, and
(b) in the absence of SO: gas (i.e. nitrogen purged environment). The inset to (a) shows one of the few
sparsely distributed larger sulfur particles deposited at the edge of the working electrode disk. No

deposits were observed in the absence of SO: gas.
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Figure §4.16. EDS spectra from one of the particles in Figure S4.15 (a) fitted without sulfur, and (b)
fitted with sulfur.

As shown in Figure S4.17a, cyclic voltammetry for SO, reduction in [S2,1][NTf] on
a Pt-MATFE, which was found to be the most promising combination for SO,
reduction at higher concentrations (10— 200 ppm) using cyclic voltammetry. In
contrast to the steady state behavior at higher concentrations (Figure 4.10b in the main
manuscript), a slanted behavior is observed at lower ppm concentrations, due to a
larger relative contribution from the blank. A single oxidative back peak arises at
approximately -0.4 V (vs. Pt) that was absent at high SO> concentrations. In order to
test the ability to continuously monitor SO, gas, long-term chronoamperometry
(LTCA) was performed. Sulfur dioxide was introduced while applying a constant
potential at the sulfur dioxide reduction peak (see Figure S4.17b), revealing an

unstable current response for repeated additions of 2 ppm SOs.

The same experiment in the second chosen RTIL ([Csmpyrr|[NTf>]) gave much better
CV responses (see Figure S4.18a). The steady state response for the lowest
concentration (1 ppm) of SO can be easily distinguished from the blank, and the
calibration plot of current density vs. concentration is highly linear (R? > 0.99). LTCA,
however, showed decreasing current responses for successive additions at the same
concentration (2 ppm) of analyte. Figure S4.18b (inset) shows the calibration graph
obtained for 1—10 ppm SO using LTCA. After the current reached a plateau
following a concentration change, a gradual drop in current was observed over time,

indicating the possibility of a fouled surface. A reproducibility test was performed by
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introducing 2 ppm SO; repeatedly, with a nitrogen flushing step between each addition
(see Figure S4.18c). A decrease in plateau current was observed upon successive
additions. Due to the fact that these microarray thin-film electrodes consist of an array
of recessed electrodes, the deposition of sulfur particles in the recessed holes (as
discussed in the main paper) can passivate the electrodes and give rise to a smaller
electrode surface area available for the electrochemical reduction process. After the
electrode had been used for calibration experiments in Figure S4.18b, the current
decreased even further (see Figure S4.18d), showing further passivation of the
electrode over time. This suggests that continuous real-time SO> measurements on
MATFEs may not be possible using this technique. However, a macro TFE shows a

much less pronounced effect even when employing LTCA.

Therefore, we conclude that microarray electrodes are promising for the detection of
low ppm concentrations of sulfur dioxide using cyclic voltammetry, whereas
continuous real-time monitoring of the analyte using LTCA may not be possible due
to the build-up of sulfur particles that result in electrode fouling. Macro TFEs,
however, have a larger electrode surface area and are less affected in terms of electrode

fouling due to the sulfur deposits, so LTCA is a viable method.
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Figure §4.17. (a) Cyclic voltammetry at a scan rate of 100 mV s for electrochemical SO: reduction at
concentrations from 1 to 10 ppm SOz in [S2.2,1][NTf>] on a Pt-MATFE. The calibration curve for current
density (at -1.25 V) vs. SO: concentration is shown in the inset. The dashed line represents the blank
response in the absence of SO2. A total flow rate of 1000 mL min”! was employed. (b) Long-term
chronoamperometry response for electrochemical sulfur dioxide reduction at repeated additions of
2 ppm in [S2.2,1][NTf2] on a Pt-MATFE, with nitrogen flushing step performed between SO: additions.
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Figure §4.18. (a) Cyclic voltammetry at a scan rate of 100 mV s for electrochemical SO: reduction at
concentrations from 1 to 10 ppm in [Campyrr][NTf>] on a Pt-MATFE with the calibration curve shown
in the inset. The dashed line represents the blank response in the absence of SO:. A total flow rate of
1000 mL min™! was employed. (b) Long-term chronoamperometry (LTCA) response for electrochemical
sulfur dioxide reduction at concentrations from 1 to 10 ppm in [Campyrr][NTf>] on a Pt-MATFE with
the calibration curve shown in the inset. (c) Long-term chronoamperometry response for
electrochemical sulfur dioxide reduction at repeated additions of 2 ppm in [Cimpyrr][NTf>] on a Pt-
MATFE, with a nitrogen flushing step performed between SO: additions. (d) LTCA response for
electrochemical sulfur dioxide reduction at repeated additions of 2 ppm in [Cimpyrr][NTf>] on a Pt-
MATFE, with a nitrogen flushing step performed between SO: additions after a calibration experiment
(shown in Figure S4.18b) was performed.
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4.3. Interdigitated Array Microelectrodes for Gas

Sensing

4.3.1. Introduction

In the previous chapters, it was shown that room temperature ionic liquids have
specific advantages over aqueous-based electrolytes, i.e. wide electrochemical
windows as well as good chemical and thermal stability in combination with good
solubilization properties. In addition to the electrolyte, the electrode material and its
geometry can have a crucial effect on the electrochemical response. This is especially
true in the case of sulfur dioxide, where it was shown for microarray electrodes that
sulfur deposits, formed by the electrochemical reduction of SO> gas, can block the

electrode.

However, the slower diffusion of the analyte in viscous RTILs can result in slow
responses, and in many cases, a fast response is an important criterion for gas sensors.
This slow response can be overcome by reducing the viscosity of the RTIL, for
example by adding an organic solvent. However, the planar electrode devices used in
this thesis can then not be applied in different orientations due to the flowing nature of
the electrolyte. Different approaches have been proposed to overcome this problem.
Gel-polymer electrolytes (GPEs), which are physical mixtures of ionic liquids with
polymers have been examined for robust gas sensing. For GPEs, the addition of
polymer increases the viscosity so that no flow occurs, while the RTIL provides the
electrical conductivity required for the electrochemical sensing. Various polymers, e.g.
partially  cross-linked poly(ethylene glycol)methyl ether (PEG-MEMA)!-2,
porous polyethylene?®, poly(methyl methacrylate)*>, or poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP)®, have been tested so far for gas sensing with
RTILs. Good responses were observed for gaseous analytes and proof-of-concept
studies on the applicability of the sensor in different orientations were reported.’
However, the main challenges of introducing polymers are the very slow diffusion of
the analyte, in addition to the possibility of the polymer reacting with the

electrogenerated species as has been shown for PVDF-HFP reacting with superoxide.®

One way to overcome the challenge of slow gas diffusion is to reduce the thickness of

the RTIL layer on the electrode. This can be achieved by reducing the RTIL volume
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that is drop-casted, or by employing external forces that spread the RTIL, e.g. by spin
casting, or by forming microchannels, as was demonstrated by attaching 1-
hexadecanethiol to gold electrode electrodes via gold-thiol chemistry resulting in fast
response times for gases such as oxygen’, ammonia and hydrogen chloride®. However,
this technique is limited to gold surfaces which is an electrode surface that is not
suitable for all gaseous analytes (e.g. hydrogen) due to poor kinetics. Alternatively,

electrodeposition of metals in the channels can be attempted.’

An alternative approach is proposed in this chapter, using microchannels to “wick”
RTILs and create a thin layer of RTIL for fast gas sensing responses. The research
group of Dr. Eva Alvarez de Eulate from University of South Australia fabricated
custom-made interdigitated electrodes with micro-pillars in between the electrode
arms (see Figure 4.19). The spread of the RTIL is therefore achieved by capillary force
and the height of the pillars determines the thickness of the electrolyte layer as well as
reducing the flow of the liquid. A small volume of the RTIL is loaded onto the reservoir
area (see Figure 4.20a) and the spread of the RTIL over time can be observed visually

over the whole electrode area (see Figure 4.20b-d).

4.3.2. Experimental

4.3.2.1. Chemical Reagents

The room  temperature ionic liquid 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([Csmpyrr][NTf:], 99.5%, IoLiTec, Heilbronn,
Germany) was used as received without further purification. Acetone
(CHROMASOLV®, for HPLC, >99.0%, Sigma-Aldrich, Missouri, United States) and
acetonitrile (anhydrous, 99.8%, Sigma-Aldrich) were used to clean the electrodes. A
0.5 M H2SO4 stock solution (prepared with ultrapure water with a resistivity of
18.2 MQ cm, from a 95-98 wt.% H>SO4 solution, Ajax Finechem, WA, Australia) was
used for the electrode activation. Ammonia (48 ppm in nitrogen), sulfur dioxide
(51 ppm in nitrogen) and high purity nitrogen (>99.99% purity) gas cylinders were
purchased from Coregas (NSW, Australia).
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4.3.2.2. Electrode Fabrication and Imaging

The electrodes used for the electrochemical gas sensing experiments were prepared by
the research group led by Dr. Eva Alvarez de Eulate at the University of South

Australia in Adelaide according to the following procedure:

Figure 4.19. 45-degree SEM image of the platinum u-pillar interdigitated array electrode (Pt-u-pillar
IDA) taken by the team of Dr. Alvarez de Eulate. Scale bar = 10 um.

The wicking platinum micro-pillar interdigitated array electrodes (Pt-p-pillar IDAs)
were fabricated at the South Australia node of the Australian National Fabrication
Facility (ANFF-SA) on smooth borosilicate glass substrates (BF4” round and 1.1 mm
thick). First, approximately 100 nm of Cr was sputtered (HHV TF500) onto a
borosilicate glass wafer followed by a AZ5214EAT resist deposition at 4000 rpm for
30 s (spin coater Delat 80 RC). The substrate was soft-baked for 60 s at 110 °C and
exposed to a hard contact electrode mask using a constant dose of 50 mJ cm™ for
patterning the AZ5214E layer. Reversal baked at 115 °C for 2 min on a hotplate and
flood exposed at a constant dose of 400 mJ cm™ (use a blank glass mask) is required
for reversal lithography. The substrate was then developed using AZ-726 developer
for 60 s. Subsequently, 10 nm of Ti and 100 nm of Pt were sputtered on top of the
patterned surface. The photoresist was removed using acetone and etching of the Cr
with ceric ammonium nitrate which rendered the Pt interdigitated electrodes on the
glass substrate. Once the electrodes were patterned, they were cleaned with acetone
and isopropanol, a layer of SU8-10 was spin-coated at 1000 rpm for 30 s. The substrate
was then soft baked for 2 min at 65 °C and 10 min at 95 °C. After aligning with a mask
aligner (EVG 620) to the cross marks between the capillary, the 30 pm in diameter
micro-pillar mask is exposed to a hard contact at a constant dose of 10 mJ cm™. Post

exposure, the wafer was baked for 1 min at 65 °C and 1 min at 95 °C, and finally the
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SU8 pillars (see Figure 4.19) were developed using glycol methyl ether acetate
(PGMEA) for 2 min with a final hard bake at 130 °C for 10 min.

4.3.2.3. Electrochemical Experiments

A PGSTATI101 Autolab potentiostat (Metrohm, Gladesville, NSW, Australia) was
interfaced to a computer with NOVA 1.11 software and used to perform all
electrochemical experiments. The platinum micro-pillar interdigitated array electrodes
(called Pt-p-pillar IDAs hereafter) were activated in air plasma for 30 s to reduce the
contact angle of the SUS pillars to promote spontaneous spreading of the RTIL. The
array consists of two Pt arms with 40 interdigitated fingers (width 10 pm and 5000 um
in length) defined by an SU-8 layer masking the remainder of the surface. One arm of
the IDA was used as the working electrode (WE) with the other arm used as the counter
electrode (CE). The electrochemical cell was housed inside an aluminum Faraday cage
to reduce ambient electromagnetic interferences. For gas sensing, the Pt-p-pillar IDAs
were prepared with an external silver wire, acting as a pseudo-reference electrode
(RE), attached to the surface. Prior to experiments, both fingers of the electrode were
electrochemically activated by cyclic voltammetry (CV) in nitrogen-purged 0.5 M
H>SOs4 (aq) between -0.55V and +1.0 V (vs. Ag) at 1 Vs~! for >100 cycles. The
activated electrodes were rinsed thoroughly with ultrapure water and acetone, before
drying under a gentle stream of nitrogen. Approximately 1 puL of the RTIL
[Campyrr][NTT:] was loaded onto the reservoir area to connect to the external silver
wire RE. The RTIL was allowed sufficient time to wick via capillary force to evenly

cover the electrodes of the Pt-p-pillar IDA device (see Figure 4.20).

The height of the micropillars (30 pm) is believed to define the thickness of the RTIL
layer. The prepared electrode was then inserted through the slit of a silicone-bung
(made in-house) before being placed into a glass cell. The cell was then purged with
nitrogen for ca. 30 min to remove dissolved gases and impurities in the RTIL, before
commencing with the gas sensing experiments, consecutive CV scans (with 5 min wait
times) were carried out until a constant blank CV was obtained. To obtain different
concentrations of the analyte gases, the relative flow rates of nitrogen and ammonia or

sulfur dioxide were adjusted. The total flow rate was kept constant at 500 mL min’!.
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Figure 4.20. Microscope images of the Pt-u-pillar IDA taken by the team of Dr. Alvarez de Eulate; (a)
before the loading of the RTIL, and after 4, 6 and 15 s (b —d).

4.3.2.4. Electrode Imaging

The electrodes were analyzed with scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) (Clara-FESEM, Tescan, Kohoutovic, Czech
Republic) by the research group at the University of South Australia. The SEM/EDS
measurements were all carried out using an accelerating voltage of 10 keV at a
working distance of 10 mm. The samples were coated with approximately 3 nm of
platinum via vapor deposition to prevent surface charging during the imaging. The
EDS measurements were carried out with an accelerating voltage of 10 keV as well as
analyzed using Aztec® 4.3 software (Oxford Instruments Nanotechnology Tools

Limited, Tubney Woods, Abington, UK).
4.3.3. Results and Discussion

The electrochemical response of two analyte gases, ammonia and sulfur dioxide, has
been studied on the fabricated Pt-p-pillar IDA electrodes. Both analytes have been
previously studied on macro thin-film electrodes (TFEs), where linear relationships
between currents and concentrations were established.!!! Cyclic voltammetry
responses of ammonia and sulfur dioxide gas for two concentration ranges, i.e.
1 —10 ppm and 10 — 50 ppm, are shown in Figure 4.21. Clear redox responses were

observed for both gases.
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Figure 4.21. Cyclic voltammetry responses of the electrochemical oxidation of ammonia gas at (a) high
(10— 50 ppm) and (b) low (1 — 10 ppm) concentrations and of the electrochemical reduction of sulfur
dioxide gas at (c) high and (d) low concentrations. Dashed line is the response in the absence of the
analyte gas. The insets show the background corrected calibration graphs for current vs. concentration
for ascending and descending runs, including a line of best fit.

Ammonia oxidation resulted in a steady state like CV shape, as expected for
interdigitated electrodes, which is caused by the radial diffusion of the analyte in one
dimension and linear diffusion in the other. Highly reproducible currents for the
ascending and descending calibration runs were obtained at higher concentrations of
the gas. Slightly higher currents were detected for the descending run at the lower
concentration range. In contrast, sulfur dioxide did not show a steady state CV shape.
Instead, CV peaks were obtained for both concentration ranges. For the calibration
curves, the currents at 1.1 V for the oxidation of ammonia and at -1.2 V for the
reduction of sulfur dioxide (see dashed lines in Figure 4.21) were used. A linear
relationship between current and gas concentration was still obtained, despite more
obvious differences in the current response between the ascending and descending
runs. For both gases and both concentration ranges, good linearity between current
responses and gas concentrations (R? >> 0.99) were observed. LOD values of
0.28 ppm for ammonia and 0.25 ppm for sulfur dioxide were obtained, both well below

the permissible exposure limit (PEL) of the gases (see Table 4.14).
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Table 4.14. Summary of sensitivity, Pearson’s correlation coefficient (R?), and limit of detection (LOD)
obtained from the calibration experiments from the descending calibration curve at different
concentration ranges on the Pt-u-pillar IDA electrode.

Concentration

Gas Sensitivity R’ LOD*
range
NH; High (10 — 50 ppm) 4.9 nA ppm’ 0.9972 2.41 ppm
NH; Low (1 —10 ppm) 6.4 nA ppm’' 0.9992 0.28 ppm
SO, High (10 — 50 ppm) 14.0 nA ppm’ 0.9983 1.99 ppm
SO, Low (1 — 10 ppm) 14.8 nA ppm’ 0.9994 0.25 ppm
*LOD was calculated from three times the standard deviation of the line of best fit.
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Figure 4.22. Chronoamperometric transients for the electrochemical oxidation of ammonia gas, carried
out at +1.1V, at (a) high (10-50ppm) and (b) low (I-10ppm) concentrations, and the
electrochemical reduction of sulfur dioxide gas, carried out at -1.2'V, at (c¢) high and (d) low
concentrations. Dashed line is the response in the absence of the analyte gas. The insets show the
background corrected calibration graphs for current vs. concentration for the ascending and
descending runs, including the lines of best fit.

Chronoamperometry (CA) experiments were examined as alternative to CV for
possible continuous gas sensing. Figure 4.22 shows the chronoamperometric transients
for ammonia oxidation and sulfur dioxide reduction for the two concentration ranges,
i.e. 1 =10 ppm and 10 — 50 ppm. As can be seen in Figure 4.22a and Figure 4.22b,
excellent linear relationships between the transient current response and ammonia
concentration were observed for both, the ascending and descending runs. The lowest

concentration, i.e. 1 ppm of NH3, can be clearly differentiated from the blank response

221



which is also a good indication of a very low limit of detection. The transients for
sulfur dioxide (Figure 4.22¢ and d) change linearly with a change in concentration, but
a huge discrepancy in the current between the ascending and descending runs is
observed. We have previously shown that sulfur deposits, that block the electrode, can
be formed at the electrode of microarray electrodes and result in a decrease in current
response (see chapter 4.2). Similar behavior is expected to cause the change in
response for Pt-p-pillar IDA electrodes, especially as small particles that block the
electrode area contribute to a more significant change of the electrode area for smaller

electrode sizes.

Long-term chronoamperometry (LTCA) has been attempted for both analyte gases to
study the possibility for continuous real-time sensing. However, like the MATFE study
in chapter 4.2, a successive decline of current was observed for sulfur dioxide. For
ammonia (see Figure 4.23), a similar but less extreme, response decay as for sulfur
dioxide was observed. In contrast to sulfur dioxide, ammonia oxidation should not
form any solid particles that block the electrode, however, it has been shown that
LTCA of ammonia oxidation on platinum electrodes results in electrode fouling'2. The
chronoamperometric transients recorded at 1 ppm of NH3 gas have been used to
calculate the response and recovery time, because it is expected that the thin RTIL film
should reduce the response time significantly. Hussain et al. reported a response time
of 315+ 20 s that has been observed for 1 ppm of ammonia gas on a platinum
microarray electrode where the RTIL layer thickness of 0.14 4+ 0.03 mm was
estimated.!® For the Pt-p-pillar IDA electrodes, the layer thickness is assumed to be
determined by the 30 um pillar height, i.e. the RTIL layer is approximately 5 times
thinner. A response time of 50 + 5 s and a recovery time of 104 + 10 s was obtained.
This is a promising outcome as it suggests that further decreasing of the pillar height
could result in even faster response times. A fast response time is an important criterion
for gas sensors, especially for toxic gases. However, this has to be appropriately
balanced with a sufficient volume of ionic liquid, because electrogenerated product

build-up can be more significant with a very thin layer.
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Figure 4.23. Long-term chronoamperometry (LTCA) transient for ammonia oxidation calibration,
carried out at +1.1 V with periodic introduction of varying concentrations of NH3 (response phase) and
N2-purging (recovery phase) in [Campyrr][NTf>] on the Pt-pr-pillar IDA at 10, 8, 6, 4, 2, 1 ppm NH;
gas, descending followed by ascending concentrations. On the right-hand-side are the background
subtracted calibration plots of the ammonia oxidation currents for the (blue) descending and (red)
ascending sequence of concentrations, together with the linear regression lines.

4.3.4. Conclusions

The electrochemical gas sensing behavior of specially fabricated platinum micro-pillar
interdigitated array electrodes has been investigated for ammonia oxidation and sulfur
dioxide reduction. The micro pillars present between the electrode fingers resulted in
the formation of a thin ionic liquid layer, where the RTIL was spread using capillary
force. Electrochemical gas sensing of the two analyte gases, i.e. ammonia and sulfur
dioxide, gave linear calibration curves for concentration ranges from 1 to 50 ppm via
cyclic voltammetry with limits of detection of 0.28 ppm for NH3 and 0.25 ppm for
SO2, which are well below the respective permissible exposure limits.
Chronoamperometry experiments showed a good linear relationship between current
and gas concentration for both, the ascending and descending runs for ammonia. For
sulfur dioxide, however, the currents were not reproducible on successive runs, which
is most likely caused by sulfur deposits that block the electrode. Long-term
chronoamperometry experiments indicated faster response times compared to
commercially available MicruX electrodes for ammonia gas due to a thinner

electrolyte layer.

The fabricated electrodes appear to be a promising prospect to reduce the response
times of electrochemical gas sensors based on viscous ionic liquids. Further work to
optimize the electrode materials for longer-term sensing for different gases should

therefore be conducted but is out of the scope of this thesis.
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5. Poly(Ionic Liquids) For
Electrochemical Gas Sensing

The last two experimental chapters showed how the presence of water influences the
electrochemical gas sensing responses in ionic liquids (chapter 3) and how the
sensitivity and selectivity of these sensing devices can be improved (chapter 4).
However, a main challenge of the gas sensing setup used throughout this research is
that the RTIL is a liquid electrolyte that can flow off the planar electrode. As
mentioned previously, this can be overcome by either increasing the viscosity of the
RTIL by adding a polymer to create a ‘gel’ or by confining the electrolyte in a certain

arca.

This final chapter introduces poly(ionic liquids) as alternative electrolyte materials to
the previously discussed gel-polymer electrolytes. Mixtures of ionic liquids with
poly(ionic liquids) can result in free-standing and peelable membranes. These have
been widely studied for gas separation applications, but their use as an electrolyte for

amperometric gas sensing applications has not yet been investigated.
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5.1. Introduction

Commercially available amperometric gas sensors are typically based on the historical
Clark type design!, composed of two (or three) electrodes, connected with an
electrolyte/solvent (usually H2SO4/H>0), and covered with a gas permeable membrane
to both retain the solvent inside the sensor, and to impart some selectivity towards
different gases like oxygen (O;), carbon dioxide (CO>), sulfur dioxide (SOz) or
ammonia (NH3). Their limitations include the evaporation/solidification of the solvent
at extremely high or low temperatures, and the high response times caused by the slow
diffusion of the analyte through the membrane. The use of room temperature ionic
liquids (RTILs) however, can overcome these drawbacks. RTILs are often considered
as replacements for conventional electrolyte/solvent systems due to their promising
characteristics, such as high conductivity, wide electrochemical windows, good
chemical and thermal stability and good solubilization properties.>® They also exist in
the liquid state over a broad temperature range and the vapor pressure at room
temperature is very low (a few mPa’ compared to 2620.2 Pa for water®), therefore the
solvent does not evaporate and can be used in a ‘membrane-free’ design. However,
apart from the high hygroscopicity caused by the ionic nature of RTILs, the flowing
of the electrolyte prevents the application in robust commercially available sensors.
They are required to be encapsulated due to leakage of the liquid, and the sensor may

not be suitable to be used in different orientations.

Lee et al’ investigated the use of gel-polymer electrolytes (GPEs), which contain
commercial polymers mixed with RTILs, for oxygen sensing with cheap planar
electrodes. The addition of up to 50 wt.% of poly(methyl methacrylate) (PMMA) to
pure [Comim][NTf;] resulted in an electrolyte that did not flow but was conductive
enough to still be used for oxygen sensing. This combination of a low-cost electrolyte
and a low-cost planar electrode device could be used in various orientations and
additionally water was successfully repelled from the system. The drawback is,
however, lower conductivity values due to the reduced mobility of the ionic liquid
cations and anions in the rigid polymer scaffold. Later on, Lee ef al.!° studied the
suitability of thin films of poly(vinylidene fluoride-co-hexafluoropropylene)/ionic
liquid GPEs for amperometric gas sensing of oxygen and ammonia. Highly

reproducible currents and fast response times were obtained for both gases. However,
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long-term experiments resulted in a staining of the electrolyte due to the suspected

degradation of the polymer or build-up of reaction products.!!

Poly(ionic liquid)s (PILs) are polyelectrolytes that combine the promising
characteristics of neat ionic liquids (conductivity, chemical and thermal stability,
tenability of the structure) and the physical stability of polymers'?, and have drawn
more and more attention in various fields. Qin et al.!3 showed the application of
pyrrolidinium-based PIL membranes as eco-friendly and antibacterial materials in the
healthcare sector. In materials science, PEDOT (poly(3,4-ethylenedioxythiophene)
has several advantageous properties (high transparency, electrical conductivity,
thermal stability) in various applications such as in antistatic coatings, photovoltaic
cells, or organic light-emitting diodes (OLEDs). Hydrophobic PEDOT/PIL
dispersions have been explored as superior and more stable alternatives to aqueous
PEDOTY/PSS (poly(styrene sulfonate sodium salt)), which degrade over time due to the
presence of water and acidic PSS), in OLEDs.!*!> PIL-based sensors for pH!'®, ions!”-

1921 and gases®*?} have been explored by different groups. Willa et

18 biomolecules
al.?? incorporated La;0>COj3 in PIL membranes to detect CO> by electrochemical
impedance spectroscopy which resulted in good sensitivity in humid environments. Ji
et al?* combined PILs with single walled carbon nanotubes for carbon dioxide sensing
via impedance spectroscopy, which resulted in good selectivity. However, UV
irradiation was required to desorb the gas for good reproducibility. No research has
been focused on amperometric sensing methods so far. The most active research is

2426 and as flexible

performed as membranes for efficient gas sorption and separation
electronics?’. The most studied gas so far is carbon dioxide due to the high CO»-affinity
of certain ionic liquids. Various methods for the synthesis of these membranes have
been investigated so far, e.g. pure PIL membranes?*-?°, PIL copolymer membranes>°
and neat RTILs incorporated into the PIL structure’!. Their application as robust

electrolytes in amperometric sensors has not been explored in detail so far.

In this chapter, the applicability of PIL/IL membranes for electrochemical purposes
was studied by gradually replacing the pure IL with poly(ionic liquids). The suitability
of these new materials was assessed by examining the electrochemical window
response and the redox behavior of different gases such as oxygen (O2) and sulfur

dioxide (SOz). As mentioned previously, the electrochemical behavior of all analytes

6,32-33 34-35

is already well-studied in neat RTILs by our group and by other researchers
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5.2.  Experimental

5.2.1. Chemical Reagents

The commercially available RTIL was obtained at the highest purity possible. 1-Ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([Comim][NTf:], 99.5%,
IoLiTec-Ionic Liquids Technologies GmbH, Heilbronn, Germany) was used as
received. Poly(diallyl-1-dimethylammonium bis(trifluoromethylsulfonyl)imide was
synthesized according to standard literature procedures®® and kindly donated by Dr.
Liliana Tomé (Universidade Nova de Lisboa, Portugal) and Prof. David Mecerreyes
(Ikerbasque, Basque Foundation for Science, Spain). Acetone (CHROMASOLV®, for
HPLC, >99.0%, Sigma-Aldrich) was used as received. A 0.5 M stock solution of
H>SO4 (aq) (prepared with ultrapure water from a 95-98 wt.% H2SO4 solution, Ajax
Finechem, WA, Australia) was used for the activation of the thin-film electrodes.
Sulfur dioxide (509 ppm in nitrogen), ammonia (969 ppm in nitrogen) and oxygen
(high purity) were purchased from Coregas (NSW, Australia) and a high purity
nitrogen gas (99.99%) cylinder was purchased from BOC Gases (Welshpool, WA,

Australia).
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Figure 5.1 membrane composed of  poly(diallyl-1-dimethylammonium)
bis(trifluoromethylsulfonyl)imide ([PolyDADMA][NTf2]) and [C:mim][NTf>] used as electrolyte for
electrochemical sensing experiments.

5.2.2. PIL/IL Membrane Preparation

Different concentrations of the PIL/IL mixture were prepared according to Table S5.3.
The PIL was first weighed in a glass vial and dissolved in the respective amount of
acetone. The respective neat ionic liquid quantity was added, and the mixture was
stirred overnight at room temperature at a rotation speed of 400 rpm. 19 pL of the

mixture was drop cast on the electrode and the casting solvent was left to evaporate
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slowly at room temperature, by keeping it in a closed environment, resulting in a gelled

membrane on the electrode.

5.2.3. Electrochemical Experiments

The thin-film electrodes (working electrode disc diameter of 1 mm?) were prepared
according to the procedure outlined in section 2.2. The respective amount of neat ionic
liquid (7 pL) or PIL/IL mixture (19 pL) was drop-cast to cover all three electrodes on
the TFE, and the casting solvent was then evaporated slowly in a closed environment.
Afterwards the cell was purged for approximately 30 min under a nitrogen stream at a
flowrate of 500 mL min™!' to remove dissolved gases and impurities such as oxygen
and carbon dioxide. For gas sensing experiments, the removal of impurities was
monitored by repeated CV scanning until a stable blank response was observed. For
all measurements, the integrated CE and RE were used. After obtaining a constant
blank, dry analyte gas was introduced into one arm of the T-cell. To obtain different
concentrations of the analyte, the respective cylinder was diluted with dry nitrogen
through a gas mixing system by adjusting the relative gas flow rates (as described

previously). See section 3.1.2.2 for the experimental setup for the humidity study.
5.3.  Results and Discussion

5.3.1. Electrochemical Window of Membranes

A wide operation range is a promising characteristic for robust RTIL-based
electrolytes for the detection of analytes in a wide potential range. The suitability of
IL/PIL membranes as a highly robust electrolyte without the drawback of a reduced
electrochemical window has therefore been studied on two common electrode
materials, i.e. platinum and gold. It has been shown by some groups that for certain
analytes, such as carbon dioxide?’, platinum is electrochemically inactive, therefore,
the applicability of these membranes on gold as an electrode material was also studied.
The electrochemical window at a current cut-off of 10 pA of three ionic
liquid/poly(ionic liquid) (IL/PIL) membranes with weight ratios of 60/40, 40/60 and
20/80 was determined via cyclic voltammetry on a platinum thin-film electrode (Pt-
TFE) as shown in Figure 5.2a, and a gold thin-film electrode (Au-TFE) as shown in
Figure 5.2b at a scan rate of 100 mV s™!. For comparison, the response of pure

[Comim][NTf>] has been included and shown as a green line.
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Significant impurity signals between -0.4 and -1.0V are observed for pure
[Comim][NTf>] which were also seen in our previous study (see chapter 3.2). All
commercially available imidazolium-based RTILs gave similar quasi-reversible
signals that are most likely left over precursors from the synthesis.*® It is obvious that
adding more PIL to the neat [Comim][NTf;] in the membranes results in smaller
impurity responses, which is probably because the PIL is a solid and is easier to purify
post-synthesis compared to the ionic liquid. A membrane composition as high as
80 wt.% PIL showed a slanted electrochemical response caused by large ohmic drop
contributions at both the oxidation and reduction limits, as well as significant redox
peaks within the scanned window, therefore this membrane was excluded for further

studies.

It is assumed that the irreversible reduction of the cation results in the formation of
electrogenerated products which cause significant signals in the CV responses. As can
be seen in Figure 5.2a, the electrochemical window (EW) increases with higher
polymer content on platinum electrodes. This is due to the PIL cation is composed of
the electrochemically more stable pyrrolidinium compared to imidazolium. Sharply
increasing currents at the oxidation and reduction limits were observed for the pure IL
as well as for IL/PIL ratios of 40/60 and 60/40, which indicates that adding relatively
large quantities of the polymer does not significantly alter the kinetics of the cation
reduction and anion oxidation. On gold electrodes (Figure 5.2b), similar behavior as
on Pt-TFEs were observed. However, the effect of wider EWs for higher polymer

contents is less pronounced.

——pure IL ——pure IL

10{——60wt.% IL / 40 wt.% PIL 101——60 wt.% IL / 40 wt.% PIL
—— 40 Wt.% IL / 60 wt.% PIL ——40 wt.% IL / 60 wt.% PIL
——20wt.% IL / 80 wt.% PIL ——20wt.% IL / 80 wt.% PIL

11 pA
o

2 ; : ; g ; ;
E/Vvs. Pt E/Vvs.Au

Figure 5.2. Cyclic voltammetry showing the electrochemical window of the pure IL and the IL/PIL
membranes with the weight ratios of 60/40, 40/60 and 20/80 at a current cut-off of 10 uA on a platinum
thin-film electrode (a) and a gold thin-film electrode (b). All scans were recorded at 100 mV s™. The
black arrows indicate the start potential and scan direction.
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In summary, adding PILs to create gelled membranes can not only improve the
robustness of the electrolyte, but also give good electrochemical responses as long as
the polymer content in the membrane is not too high. An additional benefit is that

slightly wider EWs were observed on both electrode materials as well.

5.3.2. Oxygen

The electrochemical oxygen reduction reaction (ORR) in RTILs has been studied

4. 3940 apnd the mechanism in shown in section 1.3.1.

extensively by several groups
Figure 5.3 shows the electrochemical response for the reduction of oxygen to
superoxide at various concentrations (0 — 100 vol.% O,) in pure [Comim][NTf;] and
different ratios of [Comim][NTf>] / PIL mixtures (i.e. 60/40 and 40/60 wt.%) on
platinum thin-film electrodes (Pt-TFEs) at a scan rate of 100 mV s!. Blank
measurements in the absence of oxygen are shown as dashed lines. We attempted to
also study the mixture with the ratio [Comim][NTf,]/PIL (20/80 wt.%), however no
clear peak response could be obtained for high oxygen concentrations; only the lower
oxygen concentrations, i.e. 5 to 40 vol.% resulted in peak like behavior (see supporting
information Figure S5.8). Generally, all three membrane compositions showed similar
responses where the currents decrease gradually with increasing polymer content in
the electrolyte but there is no obvious change in the peak shape observed. The most
likely reasons for the lower currents with increasing polymer content are either the
lower oxygen solubility in the PIL, or a significantly increased viscosity that results in

the slower diffusion of oxygen.

Interestingly, the increasing polymer content results in improved blank responses. In
the case of neat [Comim][NTf:], a reduction process around the oxygen reduction
potential is observed in the presence of non-electrochemically active nitrogen which
is caused by impurities in the ionic liquid, e.g. imidazole is known to be a common
impurity in commercially synthesized ILs.*® The purification of RTILs is challenging
due to the good solubilization properties, in combination with high boiling points,
which means that simple distillation or extraction of impurities is often not successful.
Solid polymers, however, can be easily separated from the liquid starting materials by

precipitation and can be further purified by recrystallization.

Baseline subtracted calibration plots were established as shown in Figure 5.3d, and

calibration equations show a highly linear relationship (R’ > 0.999) between the
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reduction current / and the oxygen concentration (see Table 5.1). The sensitivities (the

slope of the calibration line) were seen to decrease with increasing polymer content.

However, the limit of detection (LOD) improves with higher PIL content, which is

most likely due to a cleaner blank response in the absence of an analyte gas.
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Figure 5.3. Cyclic voltammetry for electrochemical oxygen reduction at concentrations between 20 and
100 vol.% in (a) pure IL, (b) 60 wt.% IL / 40 wt.% PIL, (c) 40 wt.% IL / 60 wt.% PIL and (d) the
respective baseline corrected calibration curves on a Pt-TFE. The dashed line represents the blank
without Oz at a scan rate of 100 mV s and an overall flow rate of 500 mL min™.

Table 5.1. Summary of Pearson’s correlation coefficient R?, sensitivity, limit of detection (LOD), and
peak-to-peak separation for the highest gas concentration AE for the electrochemical oxygen reduction,
and sulfur dioxide reduction in the previously specified electrolytes.

Oxygen Sulfur Dioxide
Sensitivity
LOD? AEp Sensitivity LOD?* AEp
Sample R’ /mA R?
vol.%  /mV /mA ppm!  /ppm  /mV
vol.%!
pure IL 0.9996 -57.3 2.9 369 0.9993 -3.8 23 137
60 wt.% IL /
0.9999 -30.0 1.6 286 0.9997 -2.0 14 142
40 wt.% PIL
40 wt.% IL /
0.9999 -17.8 1.3 286 0.9995 -1.1 19 134
60 wt.% PIL

aLOD was calculated from three times the standard deviation of the line of best fit.
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5.3.3. Sulfur Dioxide

The voltammetric responses for the reduction of different concentrations of sulfur
dioxide (25 to 500 ppm) in pure [Comim][NTf,] and 60/40 and 40/60 membrane
compositions on a Pt-TFE at a scan rate of 100 mV s! are shown in Figure 5.4a — c.
Dashed lines represent the response in the absence of the analyte. The corresponding
calibration plots (baseline corrected) are shown in Figure 5.4d. The electrochemical
mechanism of the reduction of sulfur dioxide has been studied by various researchers,

33,41-42

previously and has been also discussed in section 1.3.3, but adding the polymer

does not seem to change the mechanism, only the magnitude of the current responses.

a b
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; ; : ) 124— : ; S
16 1.2 0.8 04 0.0 1.2 0.8 0.4 0.0
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204 ® pure IL
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Figure 5.4. Cyclic voltammetry for the electrochemical sulfur dioxide reduction at concentrations
between 25 and 500 ppm in (a) pure IL, (b) 60 wt.% IL / 40 wt.% PIL, (c) 40 wt.% IL / 60 wt.% PIL and
(d) the respective baseline corrected calibration curves on a Pt-TFE. The dashed line represents the
blank scan without sulfur dioxide at a scan rate of 100 mV s and an overall flow rate of 500 mL min™’.

Generally, the SO reduction peak shapes did not change significantly but the currents
decreased with increasing polymer content, as previously shown for oxygen. Also,
smaller voltammetric responses in the blank scans (in the absence of SO) can be
observed with increasing PIL content. This is significant as it enables the possibility
to detect very low concentrations of a toxic analyte gas without any interference from
impurity responses. Another promising observation in these experiments is the reduced
reference potential shift which is a common occurrence for thin-film electrodes with a

pseudo reference electrode. It is suggested that the higher viscosity of the gelled
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membranes hinders the diffusion of electrogenerated species from the working

electrode towards the reference electrode, altering the electrode surface.

The relationship between the current and the SO, concentration is highly linear (R? >
0.99) for all samples (Table 5.1). Also, the LOD values are slightly lower in the
presence of PILs which is an excellent outcome, despite the lower currents. It is noted
that the limits of detection are relatively high compared to literature values; however,
very low sulfur dioxide concentrations were not yet tested, so future studies using PILs

will focus on the reliable detection of concentrations below 10 ppm.

5.3.4. Ammonia

The electrochemical ammonia (NH3) oxidation mechanism is well-studied in aprotic

solvents by Schiffer et al.* and also as in RTILs by various researchers*+

as
discussed in section 1.3.2. Therefore, the oxidation of 20 to 500 ppm ammonia gas was
performed in the [Comim][NTf,]/PIL membranes as well as in pure [Comim][NTT;] for
comparison. Figure 5.5 summarizes the cyclic voltammetry responses (a—c) on a Pt-
TFE taken at a scan rate of 100 mV s™! and the respective background subtracted

calibration curves in (d).
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Figure 5.5. Cyclic voltammetry for electrochemical ammonia oxidation at concentrations between 20
and 500 ppm in (a) pure IL, (b) 60 wt.% IL / 40 wt.% PIL, (c) 40 wt.% IL / 60 wt.% PIL and (d) the
respective baseline corrected calibration curves on a Pt-TFE. The dashed line represents the blank scan
without ammonia at a scan rate of 100 mV s and an overall flow rate of 500 mL min™.
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Table 5.2. Summary of Pearson’s correlation coefficient R°, sensitivity, and calculated limit of detection
(LOD), for the electrochemical ammonia oxidation in the different electrolytes.

Ammonia
Sample R’ Sensitivity / mA ppm’! LOD?/ ppm
pure IL 0.9960 1.15 54
60 wt.% IL / 40 wt.% PIL 0.9955 0.68 57
40 wt.% IL / 60 wt.% PIL 0.9970 0.50 47

aLOD was calculated from three times the standard deviation of the line of best fit.

Generally, the peak shapes do not change significantly as more poly(ionic liquid) is
added. However, the currents become lower for membranes with a higher polymer
content. The relationship between the current and NH3 concentration is highly linear
(R? > 0.99) for all samples (see Table 5.2). Also, in contrast to the oxygen and sulfur
dioxide experiments, no improvement of the blank CV could be observed because the
positive potential region in pure [Comim][NTf.] does not show voltammetric
responses in the blank scan. The calculated LOD values for all three electrolytes are
roughly similar. It is again noted that the limits of detection are relatively high
compared to literature values; however lower ammonia concentrations were not yet

tested, and this will be the focus of future studies.

5.3.5. Humidified Oxygen Gas

Chapter 3.1 of this thesis discussed the effect of water on the oxygen reduction reaction
at different humidity level as a function changing the ionic liquid structure. This effect
has been attempted to be overcome by adding commercially available polymers, such
as PMMA, PEMA or PBMA, which in fact was possible, however, the results were
not fully reproducible (see chapter 3.3). Because PIL-based electrolytes showed
promising characteristics for electrochemical gas sensing, the humidity test was also
performed with these materials. Figure 5.6 shows the cyclic voltammetry response for
the electrochemical reduction of 100 vol.% oxygen gas at different humidity levels in
the two PIL membranes on platinum thin-film electrodes. A reversible one-electron
reduction in dry conditions was observed, as previously discussed. For both
compositions, a similar change of the CV shape was obtained at around 18 RH%,
where a transition from a single reduction peak to a merged double peak occurred. A
further increase in the water content in the gas phase, resulted in a single reduction

wave with a significantly more negative current, this is assumed to be due to a change
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in the mechanism to a 2-electron reduction process, supported by the absence of the

superoxide oxidation peak.

4460 wt.% IL / 40 wt.% PIL 40 wt.% IL / 60 wt.% PIL

-3
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Figure 5.6. Cyclic voltammetry response for the electrochemical reduction of 100 vol.% oxygen at
different humidity levels in the electrolyte membranes composed of (a) 60 wt.% IL / 40 wt.% PIL and
(b) 40 wt.% IL / 60 wt.% PIL on Pt TFEs.

The peak currents were normalized to the peak current at the driest condition and
plotted against the relative humidity level (see Figure 5.7). Small current changes up
to approximately 10 RH%, followed by a sigmoidal shape between 10 and 60 RH%
and an almost plateau-like trend was obtained at high humidities. The results obtained
for neat [C4smpyrr][NTf;] showed similar behavior where a maximum current change
of approximately 4 was observed. This suggests that the studied IL/PIL membranes do
not show improved capacity to prevent the reaction of superoxide with water in
humidified conditions. This could be because the poly(ionic liquid) is still highly
charged and therefore attracts water molecules in a similar way as pure ionic liquids;
a PIL species with longer alkyl chains or an extended lipophilic moiety in the polymer

backbone is assumed to give more promising results.

® 60 wt.% IL /40 wt.% PIL
4L A
A 40 wt.% IL /60 wt.% PIL

0 20 20 80 80 100
Humidity / RH%

Figure 5.7. Plot of the normalized cyclic voltammetry current for the electrochemical reduction of
100 vol.% oxygen at different humidity level, normalized to the current obtained at the driest condition
in IL/PIL membranes with a composition of 60/40 and 40/60.
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5.4. Conclusions

Poly(ionic liquid)-based membranes were investigated as robust, non-flowing
electrolytes for electrochemical gas sensing on planar thin-film electrodes. Different
ratios of polymer to neat ionic liquid content showed only a small influence on the
initial electrochemical window, however, a high amount (80 wt.%) of PIL resulted in
a change of the cyclic voltammetry shape after consecutive scans which indicates a
composition change or high resistance. IL/PIL ratios of 40/60 and 60/40 were used as
electrolytes for the electrochemical gas sensing of oxygen, ammonia, and sulfur
dioxide. The cyclic voltammetry shapes did not change with increasing polymer
content, suggesting the mechanism does not change. Significantly less features in the
blank response with the PILs resulted in improved limits of detection, especially for
oxygen gas. However, the ionic nature of the polymer meant that the gelled membranes

could not prevent the absorption of water at most humidity levels.

The IL/PIL membranes used in this thesis appear to be highly promising alternatives
as electrolytes on planar electrodes devices due to their non-flowing nature and
featureless blank responses. The possibility to regulate the electrolyte thickness by
adjustment of the drop casting mixture composition could result in a very fast-
responding gas sensor. Further characterization of these membranes should therefore
be conducted in the future, as they show excellent prospects for use in robust

membrane-free gas sensing devices for a range of gases.
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5.6.  Supporting Information

Table S5.3. Masses of PIL, IL and acetone used for the preparation of the membrane. Calculated IL
percentage in the membrane after evaporation of the casting solvent and IL/PIL content in the mixture.

S | m(PIL) m([Comim][NTf;]) m(acetone) % IL % IL/PIL
ample
/ mg / mg / mg / wt.% / wt.%
20 wt.% IL /
160.5 41.0 347.7 20.3 36.7
80 wt.% PIL
40 wt.% IL /
120.7 80.7 355.1 40.1 36.2
60 wt.% PIL
60 wt.% IL /
80.9 121.6 3539 60.0 36.4
40 wt.% PIL
a) %4 80 wt.% PIL b) o4
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Figure §5.8. Cyclic voltammetry response for the oxygen reduction reaction in the membrane composed

0f 20 wt.% IL / 80 wt.% PIL.
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Figure S5.9. Plot of peak current (I) vs. square root of scan

40

rate (v) for the electrochemical reduction

of 100 vol.% oxygen in pure [Comim][NTf2] and IL/PIL membranes with weight ratios of 60/40 and
40/60 on platinum thin-film electrodes. Scans were taken at 2000, 1000, 750, 500, 250, 100, 50 and

10mV s,
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6. Conclusions and Future Outlook

6.1. Conclusions

The work reported in this thesis gives significant fundamental insights into the
application of room temperature ionic liquids (RTILs) as -electrolytes in
electrochemical gas sensors for toxic gases such as sulfur dioxide or ammonia, and
vital gases, such as oxygen. Investigations have been conducted to improve the
robustness of the planar sensing devices so that they can be applied outside of ideal

‘dry’ laboratory conditions.

The influence of humidity on the electrochemical response was investigated for
ammonia and oxygen gas as well as the electrochemical window, which was studied
via cyclic voltammetry. The electrochemical oxygen reduction mechanism was found
to be greatly affected by the presence of water. However, varying the ionic liquid
cation and anion structures can alter the structure of the electrical double layer at the
electrode and therefore prevent the reaction of the electrogenerated superoxide radical
with water. For ammonia gas, the presence of water does not directly affect the
electrochemical mechanism, however, water significantly changes the electrochemical
window (operation range of the electrolyte). This resulted in a higher than expected
current response which must be considered for the sensing of analytes in humid
conditions, especially where the redox potential of the analyte is close to the limits of
the electrochemical window. The addition of commercially available neutral polymers
to ionic liquids showed a partial improvement in terms of blocking water, however, it
also resulted in a large drop of conductivity and the observation of some non-

homogeneous electrolyte compositions and irreproducible electrochemical behavior.

The selectivity of gas sensors towards certain target gases can be influenced by the
properties of the electrolyte. RTILs with various functional groups have been
synthesized and the influence of the gas solubility of oxygen, hydrogen and sulfur
dioxide has been studied. The increased polarity of the side chains in the ionic liquid
cation was assumed to increase the gas solubility of the polar sulfur dioxide over non-
polar gases, like oxygen or hydrogen. However, no significantly increased selectivity
towards sulfur dioxide was observed for the synthesized RTILs, as all three gases were

physically solubilized. Therefore, the gas solubilities increased with molar volume and
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only a small contribution of the polar side groups were observed. The variation of the
electrode material and geometry was studied to increase the selectivity of sulfur
dioxide gas sensing devices. Platinum showed better electrochemical responses than
gold on commercially available thin-film electrodes. Linear relationships between
current response and gas concentration were obtained for macro-, microarray and
interdigitated electrodes via cyclic voltammetry. However, a significant current decay
over time has been observed for smaller electrode sizes, i.e. microarray and
interdigitated electrodes, when continuous gas sensing has been attempted via long-
term chronoamperometry. It has been shown that solid sulfur particles can form and
block the electrode surface, which has a significantly more severe effect for smaller
electrode sizes. An attempt to use capillary force to form a thin and uniform layer of
ionic liquid to reduce the response time showed promising results for future electrode

designs.

To overcome the flow of ionic liquids from planar electrode devices, freestanding
poly(ionic liquid) (PIL) membranes have been investigated as alternative electrolytes.
These membranes combine the characteristics of polymers, such as mechanical
stability, with the physico-chemical characteristics of ionic liquids, like good
electrochemical stability, wide electrochemical windows and good solubility
properties. Preliminary investigations confirmed that a PIL content of 40 wt.% is
enough to form freestanding and peelable membranes with an identical (or slightly
larger) electrochemical window compared to pure RTILs. Linear calibration curves
via cyclic voltammetry have been obtained for the three gases, oxygen, ammonia and
sulfur dioxide, where decreased current responses and lower sensitivities were
observed with increasing polymer content. In contrast, typical impurity signals that
were observed in neat RTILs are significantly decreased which allows the easier

identification of low currents in the negative potential window region.

6.2. Future Outlook

The work discussed in this thesis provides insights into the challenges and
improvements of ionic liquid-based gas sensors for the application in real world

environments.

Room temperature ionic liquids have been well studied in laboratory conditions,

however, the performance in real-world environments with several varying conditions,
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such as humidity, temperature and mixed gases, has not been studied so far. This thesis
has shown that the presence of humidity can significantly alter the properties of RTILs.
Future research in the calibration of ionic liquid-based gas sensors for different
analytes must consider the change of the electrochemical responses in the presence of
various humidity levels. For ammonia gas for example, the change in humidity mainly
influences diffusion behavior as well as the electrochemical window, this can be easily
adjusted for by a correction factor that considers the relative current change at different
humidities for each gas concentration. This must be done for every gas and ionic liquid
separately as the RTIL properties are highly structure dependent. For gases such as
oxygen, where a change of the electrochemical mechanism is observed, further
research is required to determine whether the build-up of by-products in the electrolyte
causes a loss of the sensing capacity. Further research is required to analyze the
influence of temperature or pressure on the current response, which could result in

additional correction factors for the calibration curve.

Chapter 4 discussed some attempts to influence the sensitivity and selectivity of gas
sensing devices. The modification of the ionic liquid structure to increase the
selectivity towards certain gases did not show significantly improved behavior,
however, this should be a focus point for future research, as this could result in highly
selective electrolytes. Further functional groups such as amines, thiols or sulfates could
be studied in future investigations. The physico-chemical as well as the
electrochemical performance must be studied to evaluate whether these task specific
analytes can actually be alternatives to commercially available ionic liquids. It has also
been shown that the electrode material and geometry can greatly affect the
electrochemical responses. Platinum has been shown to be a more ideal material over
gold, so other, less expensive materials (like graphite or copper) could also be used to
keep the electrode costs even lower. The comparison between macro, microarray and
interdigitated electrodes revealed good sensitivities and responses via cyclic
voltammetry for sulfur dioxide sensing. A continuous long-term detection of SO; via
long-term chronoamperometry was not successful on platinum. However, a change of
the electrode material where no sulfur deposits are formed, would be of benefit. In
terms of shorter response times, the Pt-p-pillar IDA electrodes showed highly
promising results. The implementation of the capillary effect to macro sized electrodes

could be a future research focus to exactly define the RTIL thickness on the electrode,
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and it is predicted that a further decrease of the pillar height might give even shorter

response times.

The planar and commercially available MicruX electrode devices are a good starting
point for miniaturized gas sensors. lonic liquids have shown promising characteristics
for electrochemical applications in their pure state, however, this thesis also showed
multiple drawbacks when the electrolyte is exposed to ambient conditions. The last
experimental chapter has solved the problem of the limitations in the orientation, the
sensing devices can be used. Poly(ionic liquid) membranes offered similar
electrochemical properties to pure RTILs, but with the extra benefit of the increased
mechanical stability, resulting in a more robust gas sensor device. Significantly more
research is required to determine the long-term stability of these membranes. It must
be also studied whether property trends established for neat RTILs, like gas
solubilities, temperature and pressure stability and hygroscopicity, are also valid for
PIL/IL membranes. In addition, so far only one membrane composition has been
investigated, the incorporation of different ionic liquid structures into the membrane

could further improve the robustness of the material.

With that said, the humidity studies and the research on the sensitivity and selectivity
of these ionic liquid-based planar gas sensing devices give several insights into the
fundamental aspects. However, for a more applied purpose, the research on PIL/IL
membranes as electrolytes is more promising due to a significantly more robust gas
sensor device. The fact that the electrolyte thickness can be adjusted by dilution of the
PIL/IL/acetone mixture or alternatively by spin casting gives hope for very fast
responding sensors. Additionally, these electrolyte membranes could be also applied
for the sensing of analytes that are present in aqueous or non-aqueous solutions, where
the analyte is extracted from the liquid phase into the membrane. After the extraction
process, the setup can be used straight away for electrochemical sensing experiments
without any additional preparation steps. This could result in easy-to-use sensing

devices for onsite sensing.

Every reasonable effort has been made to acknowledge the owners of copyright
material. I would be pleased to hear from any copyright owner who has been omitted

or incorrectly acknowledged.
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