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Abstract

Sulfur dioxide (SO;) is a toxic gas at low parts-per-million (ppm) concentrations, with a permissible exposure limit
(PEL) of 2 ppm. Its detection is mandatory, particularly in the fields of occupational health and safety, and
environmental pollution. In this work, ppm concentration detection of sulfur dioxide was performed in six room
temperature ionic liquids (RTILs), as well as on two different electrode materials — platinum and gold — and with two
different electrode geometries, i.e. macro thin-film electrodes (TFEs) and microarray thin-film electrodes (MATFEs).
Calibration curves were established for 10-200 ppm SO, using cyclic voltammetry to determine the optimum
combination of RTIL, electrode surface and geometry for the sensing. The RTIL 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonium)imide ([Csmpyrr][NTT,]) with a platinum thin-film electrode was found to give the best
response due to the relatively low viscosity of the RTIL combined with the high sensitivity and a clean blank response.
On MATFEs, deposited sulfur particles — confirmed using scanning electron microscopy (SEM) coupled to an energy
dispersive spectrometer (EDS) — were found to passivate and block some of the microholes, leading to unstable long-
term chronoamperometric responses. To the best of our knowledge, this is the first observation of sulfur deposition from
SO; reduction in apraotic ionic liquids. Consecutive additions of 2 ppm SO, were studied in [Campyrr][NTf,] on a TFE
using long-term chronoamperometry, showing excellent reproducibility upon successive additions. This demonstrates
that small volumes of RTILs can be combined with miniaturized, low-cost TFEs and applied for the reliable detection

of sulfur dioxide gas at concentrations lower than the permissible exposure limit of 2 ppm.
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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 [1, 2]. 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 [2], 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 [3]. 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 [4], gas chromatographic [5] or electrochemical [6] 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 [7]. Much research has been focused
on electrochemical SO sensors for industrial usage [8, 9]. The electroanalysis of sulfites (including SO;) using low-
cost devices has recently been the focus of various research papers [10-13]. 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 [14]. 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 focussed towards replacing conventional solvents with room
temperature ionic liquids (RTILs) in amperometric gas sensor devices [15]. RTILs are a class of non-volatile, chemically
and thermally stable electrolytes with high conductivity and wide electrochemical windows [15-18]. 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 tuneable [19, 20]. A variety of gases, including O,[21, 22] and toxic gases such as NO; [23]
or H,S [24], have 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) [25].

The electrochemical reduction mechanism of sulfur dioxide at saturated concentrations has been studied in different
ionic liquids on a platinum microdisk electrode (10 um diameter) by Barrosse-Antle et al. [26], and is believed to

proceed by the following reactions:
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It was suggested (also by other groups) [27-29] that the mechanism follows a one-electron reduction of SO; to the SO,*
radical anion (eg. 1). 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 (eqg. 2) and solvated SO,™
(eq. 3), and the other two were from dimers formed after dimerization of the radicals (ep. 4), i.e. the non-solvated and
solvated dimerised dithionite, S,04> (eqg. 5 and 6) [26]. 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 [30]. Huang et al. also established a calibration curve between 2 and 100 % of SO; in [Csmim][PF¢] that
resulted in a curved relationship due to a significant increase in the diffusion coefficient with increasing sulfur dioxide
concentration [31]. 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. [32].

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 behaviour. 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.

2. Experimental

2.1.Chemical reagents

All RTILs were purchased at the highest purity possible. Diethylmethylsulfonium bis(trifluoromethylsulfonyl)imide
([S221][NTfz], 99 %, loLiTec-lonic Liquids Technologies GmbH, Heilbronn, Germany), 1-butyl-1-
methylpyrrolidinium  bis(trifluoromethylsulfonium)imide  ([Campyrr][NTf2], 99.5%, IoLiTec), 1-ethyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide  ([Comim][NTf,], 99.5%, loLiTec), 1-butyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide ~ ([Csmim][NTf,], 99.5%, loLiTec), 1-butyl-3-
methylimidazolium tetrafluoroborate  ([Camim][BF.], 99 %, IloLiTec), and 1-butyl-3-methylimidazolium
tris(pentafluoroethytrifluorophosphate ([Camim][FAP], high purity >99 %, Merck Pty. Ltd. Kilsyth, Victoria,
Australia), were used as received. Trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide ([P14,6,66][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 1. 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,SO. 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 1. Room temperature ionic liquid cation and anion structures used for this study.

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 aluminium
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-SE1, 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 (MATFEsS) (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 (u-holes) of 10 um diameter were made to create 91 recessed microdisk electrodes.
The center-to-center distance between each p-hole is 100 £ 1 ym 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 Sla. An electrode adapter supplied by MicruX was employed to connect the electrodes to the potentiostat. The
Pt-WE was electrochemically activated prior to each experiment by cyclic voltammetry (CV) cycling (~ 100 times) at
1V stin nitrogen purged 0.5 M H,SO4(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 uL of the ionic liquid was drop-cast to cover all three electrodes on the TFE or
MATFE (see Fig. S1b). 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
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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 SO, 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 [33]. A sketch of the gas sensing set-up is shown
in Fig. Slc. 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 initially potential was held at 0 V for 5 s for stabilization,
before stepping to an overpotential potential where SO- 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.
2.3. Electrode imaging

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) (Clara-FESEM, Tescan,
Kohoutovic, Czech Republic) was used to analyse 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.

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 vapour deposition to prevent surface

charging during imaging.

3. Results and discussion

3.1. Reduction of SO, on macro thin-film electrodes

In order to detect SO, gas favourably 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 2 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 (J) using the geometrical surface area of the working disk
(diameter of 1 mm) to easily compare with the response on microarrays (see section 3.2). Background subtracted
calibration curves (shown as insets in Fig. 2) 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. 1 is
observed in RTILs [27-29, 34, 35]. 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. [26]. In
their study, electrochemical SO, reduction was examined in several saturated imidazolium-based ionic liquids (100 %
S0,), where it was revealed that four oxidative peaks can be observed in [Csmim][NOs] at a fast scan rate of 4 V s1. A
comparison between experimental and simulated cyclic voltammograms resulted in the assignment of the first reverse
peak to the oxidation of unsolvated SO, (eq. 2) followed by the oxidation of the solvated species (eqg. 3). 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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Fig. 2. 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) [S22.1][NTf2], (c) [Camim][NTF,], (d) [Campyrr][NTF:], (e) [Camim][BF4] and () [P14,6,66][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 Fig. 2, one reduction wave was obtained in
all RTILs, consistent with that by Barrosse-Antle et al. [26] In contrast to the previous study in saturated SO, electrolytes,
no third or fourth oxidation peak was observed suggesting that the dimerised products are not present. This is not

unexpected due to the much lower concentrations studied in our work, leading to less chance for dimerisation. In the
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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 voltametric 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
[Campyrr][NTf,] (Figure 2d) compared to [S22.1][NTF.] (Fig. 2b), with no obvious oxidative peak in [P146,6,6][NTT2] (Fig.
2f). Itis 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 Fig. 2 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 1). 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 [36]. 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][NTf.] (which has the lowest viscosity out
of the different RITLs used) [37]. Therefore, it is concluded [Comim][NTf;] 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. [31] 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
behaviour compared to Pt (see cyclic voltammetry for 10-200 ppm SO- on gold electrodes in Fig. S2). 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 [Campyrr][NTf;], two oxidation waves are observed
in contrast to a single one on platinum. However, the behaviour in [P14666][NTT.], 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 (Fig. S2), with the exception of [Pi4666][NTT2]. According to the literature [38], the adsorption strength of
S0; is markedly different between platinum and gold surfaces, which may affect the sensing response, especially in the

presence of the large tetraalkylphosphonium cation which structures at the negatively charged electrode surface.

In Table 1, the slopes of the calibration plots on the Pt-TFE and the Pt-MATFE (discussed in section 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 mPa s for [P1ae66][NTT2]. 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 [P1s6,6,6][NTf2]. The sensitivity
decreases with increasing viscosity, suggesting that a lower viscosity of the electrolyte is desired for higher sensitivity

detection of analytes.

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 of 1 ppm SO- at room temperature with synthesized SnO- nanoparticle films via DC conductance



and AC impedance [39]. Zhou et al. were able to electrochemically detect 3 ppm of SO, on NiO-ZnO nanodisks at
240 °C [40]. And Liu et al. reported the detection of 0.5 ppm on Au-modified SnO; at 200 °C [41]. 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.

Table 1. Summary of viscosities () at 293 K and sensitivities for 10 — 200 ppm SO, on a Pt-TFE and a Pt-MATFE in six different
ionic liquids.

Pt-TFE Pt-MATFE

RTIL y/mPas Asr'];’_ﬁ’f)é ot . Asr'ﬁfi):) ot
[Cmim][NTF] 39.7[42] 6.0 7.3
[S221][NTF] 49.9[43] 4.6 10.1
[Camim][NT]] 66.4[44] 2.7 4.6
[Campyrt][NTF] 98.7[45] 2.9 7.7
[C.mim][BF] 135.6[46] 2.6 14
[P1a666][NTF] 453.6[47] 0.89 0.38

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 behaviour of MATFEs over macro thin-film electrodes (TFES), resulting in the detection of sub-ppm
concentrations of ammonia gas [25]. 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. Fig. 3 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 behaviour observed on macro TFEs, MATFEs show steady state or slanted steady state
behaviour 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 (Fig. 3). At such low gas concentrations, any small impurity peak can have a significant effect on the analyte
current. This is especially apparent in the imidazolium RTILs (Fig. 3a, c and e), where it has been reported that impurities
such as imidazole can be left over from the synthesis [48]. 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
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in all electrolytes. As expected, the current densities are higher on microarray electrodes for most of the samples. Both,
[S221][NTT,] as well as [Campyrr][NTf;] give current densities more than twice as high on the MATFESs compared to
macro TFEs. Whereas, for the two more viscous RTILS, i.e. [Camim][BF4] and [Pia6,66][NTT2], 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 microholes of the MATFES (see discussion in section 3.2), leading to a slowing of the reaction kinetics
according to Le Chatelier's principle; compared to the macro TFE, where reduction products have more space to diffuse
away rather than accumulate at the working electrode. It is also worth mentioning the flatter blank response in
[S221][NTf2] and [Campyrr][NTf,] in the potential range for SO, reduction, which is more ideal for sensing lower

concentrations of the gas.
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Fig. 3. 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][NTf;], (b) [S221][NTf], (c) [Camim][NTF,], (d) [Campyrr][NTf.], (e) [Camim][BF4] and (f)
[P14,666][NTT2] on a Pt-MATFE with background subtracted calibration curves shown in the insets. The dashed line represents the
response in the absence of SO..

A comparison of the slopes (sensitivities) of the calibration plots of the macro TFEs and MATFEs is shown in Table 1,
revealing significantly higher sensitivities (2.2 — 2.6 times) for the microarrays, with values of 10.1 and 7.7 mA m ppm-
L for [S221][NTf2] and [Campyrr][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,
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in addition to their flatter blank response, appear to be good characteristics for further studies at ultra-low ppm

concentrations of SO5.
3.3. Sulfur deposition after SO reduction experiments

Fig. 4a shows a scanning electron microscope (SEM) image of a microhole on a Pt-MATFE after cyclic voltammetry
experiments from 10 to 200 ppm SO, were performed in [Campyrr][NTf.]. The particles deposited within the microhole
were verified as sulfur (S) as shown in Fig. 4b on the grey marked area (1). The blue area (2) was chosen on a cleaner
area within the microhole 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 Fig. S4). Similar sulfur deposits were found in the microholes
of Pt-MATFEs after SO, reduction in the RTIL [S221][NTf2] (results not shown). The electrochemical reduction of SO,
in aqueous solutions produces sulfur according to the following mechanism [38]:

SO,(aq) + 4HT + 4e~ - S(s) + 2 H,0 (7

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 [49-51]. This could cause the reaction in equation (7) to occur even in aprotic RTILS,
resulting in the formation of sulfur particles on the platinum electrode surface.

(b) 251 o

25

2.0
energy / keV

Fig. 4. (a) SEM image of a Pt-MATFE microhole after carrying out cyclic voltammetry calibration experiments in [Campyrr][NTf]
(as shown in Fig. 3d). (b) EDS spectra measured on three different areas as marked in the SEM image in Fig. (a).

Long-term chronoamperometry (LTCA) experiments were carried out at the SO, reduction overpotential in the presence
of 200 ppm SO- in [Campyrr][NTf,] and [Camim][NTf,], as well as in [C.mim][FAP] (a non-sulfur containing ionic
liquid) on macro-sized Pt-TFEs, where no microholes are present. All experiments show that the surface is populated
with tiny particulates of sulfur deposits (see Fig. S3a) 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
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in a clean Pt-TFE surface as shown in Fig. S3b, 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 [38]. In other words, the presence of sulfur on
the working electrode acts as a catalyst for SO, oxidation in agueous 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 RTILSs, [Campyrr][NTf;] and [S22.1][NTf.]. 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.
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 [S221][NTf2] and [Campyrr][NTT,] were chosen because they showed the highest
sensitivity in combination with very clean responses in the absence of SO (see Fig. 3). Additionally, the relatively low

viscosities of these RTILs are a desired characteristic for faster response times.

Fig. S5 and S6 in the supporting information show CVs for 1-10 ppm SOz in [S221][NTf.] and [Csmpyrr][NTf;] 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 SO,. A more detailed
discussion can be 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) [38], the sulfur deposits act as a passivant 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.

In light of this, we employed mm-sized (macro) Pt-TFEs for low concentration (< 10 ppm) SO, sensing. Of the two
RTILs, [Campyrr][NTT.] was singled out as it was substantially less impacted by the occurrence of sulfur deposition
compared to [S2.,1][NTT,]. Fig. 4a shows the CV response of 1-10 ppm SO, in [Csmpyrr][NTf.] 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 Fig. 2d). 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.
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Fig. 5. (a) Cyclic voltammetry at a scan rate of 100 mV s for electrochemical SO, reduction at concentrations from 1 to 10 ppm in
[Campyrr][NTT;] 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 [Csmpyrr][NTf,] 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.

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. Fig. 5b shows the LTCA response
from 1 to 10 ppm of SO, with the inset calibration plot showing a highly linear relationship between J and [SO;]. 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 [52].

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. Fig. 5¢ shows the amperometric response for periodic
introductions of 2 ppm SO, (response phase) followed by a period of N»-purging (recovery phase) for four cycles.
Reproducible responses and very little change in the plateau current was observed. Table 2 summarizes the sensitivity
(slopes) in [Campyrr][NTf2] 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 tgo response and ty recovery time (where

13



teo 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 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. [21]. Although
a low volume of ionic liquid was used in our study (0.5 L), it is expected that the response time could be further reduced
with a thinner electrolyte layer. Based on these observations, we believe it should even be possible to reliably detect
SO, 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 miniaturised, low-

cost electrodes.

Table 2. Electrochemical data for the reduction of SO, (10 — 200 ppm) and (1 — 10 ppm) in the RTIL [Csmpyrr][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 tg response and tgo recovery for 2 ppm additions using LTCA.

Ccv LTCA LTCA for 2 ppm SO;
slope (1- too too
slope (10-200 ppm)  slope (1-10 ppm)
RTIL 10 ppm) response recovery
/ mA m?2ppm / mA m?2ppm
/I mA m?2ppm? /s /s
[Campyrr][NTH] 29(x0.1) 3.0(x0.1) 0.57 (£ 0.01) 91(x8) 103 (x11)
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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. SO, 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 [P1466,6][NTf2]. It was concluded that platinum electrodes outperformed gold surfaces
in all RTILs. The most promising ionic liquid — [Csmpyrr][NTf,] — 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
(J) 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 deposition in the microholes; 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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Appendix A. Supplementary Data

Photos of the thin-film electrode devices and TFE and MATFE working electrode surfaces, the sensing mechanism, and
a sketch of the gas-mixing set-up and electrochemical cell. Cyclic voltammetry responses for 1—200 ppm sulfur dioxide
reduction in four different ionic liquids on gold macro thin-film electrodes, scanning electron microscope images and
energy dispersive X-ray spectroscopy spectra of platinum thin-film electrodes after long-term chronoamperometry in
the presence of sulfur dioxide in [Campyrr][NTT;], and experimental results and a short discussion on the reduction of
1-10 ppm SO; in [S221][NTf,] and [Campyrr][NTf,] using cyclic voltammetry and long-term chronoamperometry on

platinum microarray thin-film electrodes. Supplementary data to this article can be found online at .....
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