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Abstract

Intense study on gas sensors has been conducted to implement fast gas sensing with high
sensitivity, reliability and long lifetime. This paper presents a rapid amperometric method for gas
sensing based on a room temperature ionic liquid electrochemical gas sensor. To implement a
miniaturized sensor with a fast response time, a three electrode system with gold interdigitated
electrodes was fabricated by photolithography on a porous polytetrafluoroethylene substrate that
greatly enhances gas diffusion. Furthermore, based on the reversible reaction of oxygen, a new
transient double potential amperometry (DPA) was explored for electrochemical analysis to
decrease the measurement time and reverse reaction by-products that could cause current drift.
Parameters in transient DPA including oxidation potential, oxidation period, reduction period and
sample point were investigated to study their influence on the performance of the sensor. Oxygen
measurement could be accomplished in 4 s, and the sensor presented a sensitivity of 0.2863
HA/[%0,] and a linearity of 0.9943 when tested in air samples with different oxygen
concentrations. Repeatability and long-term stability were also investigated, and the sensor was
shown to exhibit good reliability. In comparison to conventional constant potential amperometry,
transient DPA was shown to reduce relative standard deviation by 63.2%. With transient DPA, the
sensitivity, linearity, repeatability, measurement time and current drift characteristics demonstrated
by the presented gas sensor are promising for acute exposure applications.
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1. Introduction

Measurement of ambient gases is of great interests due to the critical role gases play in
human health and safety. Individual exposures to gaseous hazards vary significantly in
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different locations and over time, requiring rapid assessment of gas concentrations for
vulnerable individuals. For example, toxic gases such as NO, and SO, may lead to severe
cardiac and respiratory symptoms even under low exposure [1, 2], and other gases may
directly cause fire and explosion hazards that seriously threaten human safety [3, 4]. Oxygen
is an especially important gas that is crucial for human survival, as oxygen deficiency could
result in suffocation or death. Furthermore, although oxygen is nontoxic and inflammable, in
high concentrations it contributes to fires and explosions acting as an oxidizer. Hence, a
reliable gas sensing technology suitable for rapid monitoring of acute exposure is of great
interest and necessitates investigation.

Several gas sensing approaches have matured to some level of use in practical industrial
applications. Gas chromatography (GC) is a classical and very accurate method for gas
separation and quantification. However, GC suffers from large instrument size, high
equipment cost, long measurement time, and complicated operation requiring professionally
trained personnel [5], making it unsuitable for field applications. Metal oxide semiconductor
(MOS) sensors are widely used in commercial gas sensing instruments and exhibit high
sensitivity, fast response time, low limit of detection (LOD) and the ability to detect many
gas species [6, 7]. Unfortunately, MOS-type gas sensors require heating to increase gas
absorption and catalyze gas reaction [8, 9], leading to high power consumption and
complicated instrumentation that limits miniaturization and field deployment. The also
suffer from long recovery periods that limit real-time operation in practical applications [10].
Optical gas sensors show high sensitivity, good stability and fast response time [11], but they
exhibit undesirable size and cost characteristics [10]. In contrast to all of these approaches,
electrochemical gas sensors exhibit excellent performance in terms of sensitivity, selectivity
and LOD while also being suitable for miniaturization and low cost [12, 13]. However,
traditional liquid-electrolyte electrochemical gas sensors suffer from inherent drawbacks in
electrolyte evaporation and low gas permeation [14]. Solid electrolytes, such as Nafion
membranes [15, 16] and cermet membranes [17] have been investigated as a possible
solution to improve gas permeation and electrolyte lifetime, yet they still suffer from limited
lifetime [14].

Remarkable benefits can be achieved using room temperature ionic liquid (RTIL) as the
electrolyte in electrochemical sensing, since RTILs possess negligible vapor pressure, high
thermal stability and a large working potential window [18]. This has encouraged design of
many RTIL-based gas sensors that exhibit good performance and demonstrate the value of
RTIL. Nevertheless, due RTIL’s the high viscosity, low gas permeation still remains a
critical issue [12, 14]. Two approaches that have been introduced to address this limitation
are decreasing RTIL thickness and avoiding gas permeation through RTIL [19]. In our
previous work, the second approach was adopted in a sensor structure with a porous
polytetrafluoroethylene (PTFE) substrate through which gas could quickly diffuse [18, 20].
This sensor utilized constant potential amperometry, which is a classic electroanalytical
method for gas detection [12, 21] that continuously applies a constant potential while
recording the oxidation or reduction current for qualitative and quantitative gas analysis.
Although this method can record real-time current changes over a long time period, reaction
by-products could accumulate on the surface of the working electrode due to the high
viscosity of RTIL [22], which would cause adverse effects on diffusion of target gas and
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current response. Furthermore, the measurement by constant potential amperometry is
generally conducted after full decay of the charging current that requires long time to
stabilize. R. Wang et al. [23] reported a potential-step chronoamperometry method for
oxygen detection with reversible reactions, but the 40 s measurement time is still slow for
real time health and safety applications. To meet the requirements of acute gas exposure
applications, the sensor must respond rapidly to changes in gas concentration and the
measurement time must be on the order of seconds. To achieve this goal, this work
introduces a new transient double potential amperometry (DPA) method for rapid gas
detection with RTIL-based gas sensors by utilizing transient currents and reversible reactions
of oxygen.

In this paper, a microfabricated gold interdigitated gas sensor with RTIL electrolyte was
used for oxygen detection in air. Porous PTFE was utilized as the sensor substrate to speed
target gas diffusion to the sensing electrode, which was formed directly on the porous PTFE
using photolithography and custom microfabrication procedures. Cyclic voltammetry and
the new transient DPA method were used for sensor characterization and analysis of oxygen
measurement performance. A comparison between constant potential amperometry and
transient DPA was conducted to validate the superiority of transient DPA in oxygen sensing.

2. Experimental

2.1 Methods and apparatus

High purity nitrogen and compressed air (21% oxygen) were purchased from Airgas Inc. for
background gas and oxygen targets, respectively. RTIL 1-butyl-1-methylpyrrolidinium bis-
(trifluoromethylsulfonyl)-imide ([C4mpy][NTf5]) (IOLITEC. Inc.) was chosen as the
electrolyte for oxygen sensing because it presented good performance in our previous work
[18, 24]. A CHI 760 (CH Instrument, USA) instrument was utilized for all electrochemical
tests. A Gas Blender 103 (MCQ Instrument, Italy) was used for automatic gas mixing and
flow control. In all tests, the gas flow rate was set to 200 standard cubic centimeter per
minute (sccm). Cyclic voltammetry was employed to characterize reactions in RTIL.
Transient DPA was implemented for oxygen measurement in air using the multi-potential
steps method within the CHI software, as detailed in section 2.3. Constant potential
amperometry was employed for comparison with transient DPA.

2.2 Sensor design and implementation

Porous PTFE offers excellent thermal and chemical stability as well as good permeability as
a gas sensing substrate [25, 26]. These properties permit the microfabrication of a PTFE-
based sensor with fast gas diffusion through PTFE substrate. Microporous PTFE (POREX,
USA) with 4 pm pore size and 35% porosity was chosen for the sensor substrate. Gold was
chosen as the sensing electrode because it is a readily available material for microfabrication
and has shown good performance for oxygen sensing in many other studies [27-29]. To
form a complete and miniaturized gas sensor, three electrodes including working electrode
(WE), counter electrode (CE) and quasi-reference electrode (RE) were designed to be
integrated on the same porous PTFE substrate using the interdigitated structure shown in
Fig. 1. Beneath the gold electrode, a thin layer of titanium was included to enhance adhesion
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of electrodes to the porous PTFE substrate. Each WE/CE electrode finger was designed to
be 1.8 mm x 250 um, and the gap between electrodes was set to 150 um. Both WE and CE
had three fingers to ensure the intensity of current response in redox reaction. The RTIL
electrolyte was designed to be placed on top of the electrode surface while target gases flow
directly through porous PTFE substrate. This structure allows the gas to diffuse quickly to
the electrode-electrolyte interface, bypassing the need to diffuse through the RTIL layer.

To implement the miniaturized sensor structure, the microfabrication procedures based on
our previous work [19] were used to deposit and pattern the electrodes. Due to the porosity
and softness of PTFE, the PTFE substrate could not be directly attached to the photoresist
(PR) spinner using vacuum. Hence, a temporary glass holder was introduced to support the
PTFE substrate. A PR layer of thickness 10 um was coated on the PTFE surface at a
spinning rate 2100 rpm for 60 s (PR AZ4620). A soft bake was then conducted at 95°C for 5
min to enhance photosensitivity of PR. The PR was then patterned by UV exposure for 45 s
followed by immersion in AZ300 MIF developer for 4min. Thermal evaporation was used to
deposit a 5 nm titanium layer and a 300 nm gold layer on the patterned PR. Finally, the
fabricated substrate was immersed in acetone for more than 12 hours and ultrasonic cleaning
was performed for 15 min to pattern metals using a full lift-off procedure. After rinsing with
acetone, IPA and de-ionized water and drying with N, the sensor was ready to be packaged
for further test.

The fabricated sensor was mounted on a custom printed circuit board (PCB), as shown in
Fig. 3, for convenient electric connection. A hole was drilled through the PCB beneath the
electrode area to permit gas flow to the electrodes through the porous sensor substrate. Small
drops of epoxy resin were used to adhere the backside of flexible sensor substrate to the
PCB at all four corners. Silver conductive epoxy was utilized to route sensor electrode
connector pads to wiring on the PCB. After packaging, RTIL was coated on the sensing area
of the sensor using a pipette. The sensor was then placed in an oven at 60°C for at least 1
day to remove any gas emission from resins and PCB and to minimize moisture in the RTIL
that could interfere with oxygen reactions. The sensor was visually inspected by optical
microscopy, and a very rough electrode surface could be observed due to the roughness of
PTFE substrate, as shown in Fig. 3b. The width of fabricated fingers was found to range
from 270 um to 280 um, and the gap between fingers was found to vary from 120 ym to 130
pum. Compared to the designed geometry, the results were slightly wider electrodes and
slightly narrower gaps, which is due mainly to the rough surface of porous PTFE that does
not allow complete contact between the photomask and the substrate during UV exposure.
The scanning electron microscope (SEM) image of the electrode surface is shown in Fig. 3c.
Due to the rough surface of PTFE substrate, the titanium/gold electrodes exhibit a very
rough surface that is beneficial for enhancing the active sensing area of WE in
electrochemical analysis. Moreover, pores observed in the electrodes promote gas diffusion
from backside to the three-phase (gas/electrode/electrolyte) interface where reactions take
place.
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2.3 Transient double potential amperometry

Prior work with RTIL gas sensors has demonstrated two important performance challenges
that this study seeks to overcome. The first is long measurement time, generally on the order
of 100 s of seconds, using traditional electrochemical methods that must ensure a stable
current response after sufficient decay of the charging current and, consequently, impede
real-time monitoring applications. The second is reaction byproduct accumulation on the
sensor surface leading to drift that ultimately limits the operation lifetime of the sensor.
Because by-product generation occurs during sensor measurement, it is exacerbated by long
measurement times. Thus, we explored a new means to address both of these challenges by
making measurements quickly while reversing by-products to minimize their accumulation.
A new transient DPA method was explored to achieve this goal wherein double potentials
for both oxygen reduction and superoxide radical (O, ") oxidation are applied to reverse by-
products and transient reaction currents are recorded without waiting for the charging
currents to decay. When employed for fast oxygen measurement, transient DPA
measurement is based on the reverse reaction of oxygen and superoxide as given by

Oxte” =0y (1)

It is worth noting that the superoxide radical is not stable in a humid atmosphere where
reaction with water would suppress the reverse reaction due to its high capacity for reduction
as shown by [30]

205 +H20 — O2+HO5 +OH ™ (2)

Thus, the reaction of O»/0,~ must be verified in RTIL during oxygen measurement in air.

The transient DPA technique that was employed is illustrated in Fig. 4. An oxidation
potential £ywas first applied on WE for the oxidation period 7, to oxidize all reaction
products. Subsequently, a reduction potential £z was applied for the reduction period 7zto
reduce oxygen. A typical response current from transient DPA during oxidation and
reduction periods is shown in Fig. 4b. Notice the response current experiences fast decay at
the beginning of the oxidation and reduction periods due to exponential decay of the
charging current. At some relatively long time into each period, the current will stabilize
after sufficient decaying of the charging current, as illustrated by the conventional
amperometry reduction sample point #, In contrast, transient DPA extracts a transient
sample current at a much earlier time in the reduction period, represented by £, permitting
measurements to be made much more quickly, and consequently limiting long-term by-
product accumulation.

Sens Actuators B Chem. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wan et al. Page 6

3. Results and discussions

3.1 Cyclic voltammetry study of oxygen reversibility

In order to characterize the O/0,~ reversibility, cyclic voltammetry was conducted in both
N> and 100% compressed air backgrounds scanning from —0.4 V to —1.6 V with a scan rate
of 0.1 V/s. Cyclic voltammograms of the sensor in both backgrounds are shown in Fig. 5.
When tested in Ny, the current response of the sensor is very low and no apparent peak could
be observed, denoting a clean gas background with no reactions occurring. In contrast, a
distinguishable reduction peak was observed at —0.994 V in 100% air during cathodic
scanning, which was assumed to be caused by oxygen reduction. The oxidation anodic
scanning peak at —0.638 V was assumed to be caused by oxidation of superoxide radical to
oxygen, in accordance with the literature [12]. To establish the potential of the quasi-
reference electrode against a standard hydrogen electrode (SHE), the reduction potential of
oxygen was used as a reference point. The reduction potential peak of oxygen vs. Ag/AgCl
is —0.86 V in ionic liquid [31], and the reduction potential of Ag/AgCl vs. SHE is 0.222 V.
Thus, the gold quasi-reference electrode potential against SHE is approximately 0.356 V.
Since (2) shows that the superoxide radical will be consumed if water is present, degrading
reaction reversibility, this existing oxidation peak also suggests that no moisture exists in the
compressed air or the RTIL. The peak-shaped curve during oxidation and reduction indicates
a mass transfer controlled process due to the low diffusion coefficient of oxygen and
superoxide radical in RTIL. The asymmetry of reduction peak and oxidation peak was
attributed to the diffusion difference of oxygen and superoxide in RTIL [31]. These cyclic
voltammetry results verify that the reaction between oxygen and superoxide radical is
reversible in RTIL by applying different potentials, which establishes the feasibility of
reversing superoxide using DPA.

3.2 Parameters study in transient DPA

In transient DPA, parameters including oxidation potential, oxidation period, reduction
potential, reduction period and sample point must be defined oxygen detection, as described
in section 2.3. First, the reduction potential was set to —1.2 V because the reduction peak of
oxygen was observed at =1V in Fig. 5, and this slightly more negative reduction potential
will ensure faster reduction reaction.

To define the oxidation potential, different potentials from 0.8 V to 0 V with 0.2 V interval
were investigated in 100% compressed air to determine its influence to the sensor
performance. The oxidation period and reduction period were preliminarily set to 60 s and
20 s, respectively. Nine repetitive tests were conducted at each oxidation potential, and the
averaged current response vs. time is shown in Fig. 6a. When applying a higher oxidation
potential, a higher oxidation current amplitude was observed in the oxidation phase, and a
higher reduction current amplitude was also observed in the reduction phase. Both oxidation
current and reduction current decreased with time within their respective phases due to the
decaying of the charging current. To directly compare the influence of different oxidation
potentials, currents measured with different oxidation potentials were extracted at three
different sample points 1 s, 2 s and 20 s, in the reduction phase. The results plotted in Fig. 6b
show that the reduction current response decreases slightly with decreasing oxidation
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potential for all the three datasets (at different sample points). The small error bars in nine
repetitive tests denote good repeatability with different oxidation potentials, and no
significant difference in error was observed at different oxidation potentials. However,
oxidation of gold electrodes can occur at high oxidation potentials which could degrade
sensor performance. For example, in experiments applying a 0.8 V oxidation potential for
two days, the color of the gold electrodes turned black. Subsequent energy-dispersive X-ray
spectroscopy showed the surface of the electrodes had a significantly increased amount of
oxygen. Moreover, many gaseous components of air that could act as interference sources,
e.g. hydrogen, nitric oxide and hydrogen sulfide, have an increased likelihood of oxidizing at
higher oxidation potentials. On the other hand, transient DPA study at oxidations potentials
below 0.2 V showed low current response. Thus, 0.2 V was chosen as the oxidation
potential.

When comparing the current error bars in Fig. 6b for different sample points, notice that
errors at 1 s and 2 s, where the currents were recorded in the decay stage, are comparable to
the current errors at 20 s, where the currents were recorded at a relatively stable stage.
Moreover, the transient current amplitude in the decay stage is much larger than that in the
stable stage. These results demonstrate that a transient current in the decaying stage can
provide good repeatability and large amplitude for oxygen measurement, while a stable
current in conventional constant potential amperometry is not necessarily required. Hence,
we chose to reduce the reduction period to 2 s, which greatly shortens the measurement time
without sacrificing sensor performance.

Different oxidation periods were also investigated from 60 s to 0.5 s, and the resulting
current response vs. time is shown in Fig. 7. In the oxidation phase, the oxidation current
decays to a relatively stable stage when the oxidation period is longer than 20 s, while below
20 s the oxidation currents cannot reach a stable point due to an insufficient decaying of the
charging current. In the reduction phase, the reduction currents decrease as the oxidation
period decreases. The reduction current at sample point #= 2 s was extracted to compare the
performance at different oxidation periods. As shown in Fig. 7b, currents with oxidation
period above 20 s are nearly the same, likely due to achieving full current charging decay in
a long oxidation period. In contrast, the reduction current exhibits significant decrease with
oxidation periods below 20 s. Moreover, the error in nine repetitive tests increases
significantly when shortening the oxidation period below 2 s. An oxidation period of 2 s was
selected to minimize both measurement time and repeatability error.

3.3 Quantitative measurement of oxygen with transient DPA

The transient DPA parameters chosen through experimental study were then utilized for
quantitative analysis of oxygen in air to validate the feasibility of the method for sensing
applications. To ensure consistent working conditions of gas flow equipment, the lowest
concentration was set to 0.1% air in a background of N,. Six different samples were
measured with nine repetitive tests, and the averaged current response vs. time is shown in
Fig. 8. Currents in both the oxidation phase and the reduction phase were observed to exhibit
a gradient response to different concentrations. This occurs because increasing oxygen
concentration would lead to more by-products in the reduction phase causing higher
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reduction currents, and reversing by-products in the oxidation phase would lead to an
according increase in oxidation currents.

The datasets were analyzed using MATLAB to determine the impact of choosing different
sample points on the sensitivity, linearity and repeatability of oxygen measurement. As the
time of the sample point in the reduction phase was increased from 0.02 s to 2 s, both the
current and the sensitivity to oxygen were found to decrease. In contrast, both the linearity
and repeatability were found to increase as the sample point time increased. Fig. 8b plots the
reduction currents at sample point 1 s and 2 s and shows that the sensitivity of this oxygen
sensor, defined as the slope of calibration equation, are 0.3523 uA/[%0,] and 0.2863
HA/[%0,] with linearity of 0.9899 and 0.9943, for sample point 1 s and 2 s, respectively.
Furthermore, currents at sample point £2 s present smaller error bars, especially at higher
oxygen concentrations, which indicates a better repeatability than the currents at £1 s.
Because charging current is regarded as noise to faradic current in electrochemical analysis,
currents at a longer sample point could also provide larger signal to noise ratio and lower
LOD. Therefore, a reduction phase sample point of £2 s was chosen for oxygen
measurement, and the sensitivity at this sample point was used for further calculation. It is
worth noting that a shorter sample point is also feasible and would obtain higher sensitivity
while sacrificing linearity and repeatability.

3.4 Repeatability and stability

Repeatability and long-term stability are important characteristics to evaluate the reliability
of a sensor. The short-term repeatability was investigated by performing 20 repetitive tests in
100% air (21% oxygen) with optimized transient DPA and extracting the reduction current at
sample point £2 s. As shown in Fig. 9a, the reduction current is very stable in repetitive
tests and the RSD is 0.45%, indicating good repeatability in short-term test. The standard
deviation was found to be 0.032 pA, which represents a variation of 0.11% oxygen. To study
the long-term stability of the sensor, 4000 sequential tests with optimized transient DPA
were conducted in 100% air over 16000 s (4.4 hour) and the reduction current at £2 s was
extracted. Fig. 9b shows that over a long time period the current remains quite stable with an
RSD of 2.66% and a standard deviation of 0.167 uA, which represents a variation of only
0.58% oxygen in long-term test. An additional long-term stability test was performed using
the same procedure over a 17 day period. The sensor responses in Fig. 9c fluctuate around a
mean current with a standard deviation of 0.501 pA (1.75% oxygen), but the results display
no significant long-term drift. The variation over time is likely due to changes in the
laboratory environmental conditions, especially temperature and humidity, which can have a
significant impact on RTIL-based gas sensors [32, 33]. Although laboratory temperature was
measured to hold within 2°C, the humidity was found to vary from 38% to 62% over a week.
For future laboratory testing, humidity can be accurately controlled using an environmental
chamber. For field sensing applications, temperature and humidity compensation [34] can
readily be implemented.

3.5 Comparison between constant potential amperometry and transient DPA

The remarkable difference between constant potential amperometry and transient DPA is
that an oxidation potential is applied to effectively re-oxidize by-products and decrease by-
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product accumulation on the surface of the WE. Since by-products accumulation may
interfere with target gas diffusion and cause current drift during measurement, a comparison
was made to evaluate the repeatability difference between constant potential amperometry
and transient DPA. As shown in Fig. 10a, N, was first pumped into the gas chamber for 30
min to eliminate all possible interferants. Afterwards, alternating samples of N, and 50%
compressed air were introduced for 5 min each in five sequential gas concentration cycles. A
constant potential of —1.2 V was applied on the WE, and the current shown in Fig. 10b was
recorded with a 10 Hz sampling frequency. In a subsequent test with the same gas
concentration cycles, transient DPA was applied at about 4s before each N, purge. The
recorded transient DPA reduction current vs. time is shown in Fig. 10c, and the inset of Fig.
10c plots the transient DPA reduction current vs. time overlapped for all five gas cycles.
Transient DPA exhibits much higher current response mainly because it includes a charging
current. From these experimental datasets, values were extracted at the end of each gas cycle
for repeatability analysis. For constant potential, response currents of each gas concentration
cycle were averaged during the last 2 s of each cycle. For transient DPA, the reduction
current at =2 s was extracted. The repeatability observable in Fig. 10b and the inset of Fig.
10c is compared in Fig. 10d. Over the five gas cycles, the RSD in constant potential
amperometry is 4.48% while the RSD in transient DPA is only 1.65%. The deviation of
transient DPA is 63.2% less than that of constant potential amperometry, and the apparent
downward drift in constant potential is conceivably due to by-products accumulation. In
addition to better repeatability, transient DPA benefits from a greatly reduced measurement
time compared to constant potential amperometry, which makes it more suitable for real-
time monitoring of gaseous hazards.

4. Conclusion

This paper introduced an RTIL-based microfabricated gas sensor and a new transient DPA
method for rapid oxygen measurement based on the reverse reaction of oxygen. Parameters
in transient DPA have been studied to optimize sensing performance. The sensor and
measurement method were tested at different oxygen concentrations and presented good
sensitivity, linearity and repeatability. Long-term stability test also validated the good
reproducibility of the sensor for oxygen measurement. Compared with constant potential
amperometry, this method could largely decrease the measurement time and effectively
increase the repeatability by reducing by-product accumulation. Using transient DPA, this
miniature electrochemical sensor is suitable for implementation within a wearable
microsystem that provides a promising platform for acute gas exposure monitoring in
practical applications.
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Highlights

. An electrochemical gas sensor was fabricated with porous
polytetrafluoroethylene as the substrate and room temperature ionic liquid as
the electrolyte.

. A new transient double potential amperometry was explored to decrease
measurement time and reverse reaction by-products.

. The sensor was validated to present good sensitivity, high linearity and good
repeatability with the new method.
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Structural schematic of the microfabricated RTIL gas sensor.
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4. Lift-off
Au/Ti

3. Thermal evaporation
Au/T1

Glass

Microfabrication process flow for formation of sensor electrodes on porous PTFE substrate.
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Figure 3.
Fabricated RTIL-based electrochemical gas sensor: (a) gas sensors packaged on a PCB; (b)

optical microscope view of gold interdigitated electrodes; and (c) SEM image of the rough
electrode surface.
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Figure 4.
Principle and parameters of transient DPA for reversible reactions: (a) The potential vs. time

applied on WE; (b) typical WE current response vs. time. £y, oxidation potential; £,
reduction potential; 7, oxidation period; 7z, reduction period; £, and #,, sample points in
the reduction phase.
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Cyclic voltammetry test of microfabricated RTIL gas sensor in N, and 100% compressed air.
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Figure 7.
Study of effect of oxidation period: (a) Plot of current response vs. time for different

oxidation periods. The inset magnifies the reduction phase current; (b) Plot of reduction
current vs. oxidation period at sample point £2 s
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Figure 8.
(a) Current response of the microfabricated RTIL gas sensor for different air (oxygen)

concentrations; (b) The oxygen calibration curve at sample points £1 s and 2 s.
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Figure 9.
Study of short-term repeatability and long-term stability using transient DPA in 100% air

(21% oxygen) with reduction current extracted at £2 s: (a) 20 repetitive tests; (b) 4000
repetitive tests; (c) Multiple tests over 17 days.
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Figure 10.
Performance comparison of constant potential amperometry and transient DPA for five

cycles of alternating gas concentrations between N, and 50% air: (a) gas concentration
cycles vs. time; (b) constant potential amperometry current response vs. time; (c) transient
DPA current response vs. time; (d) reduction current comparison using constant potential
amperometry (blue) and transient DPA (green). The inset in (c) shows the transient DPA
reduction current plots overlapped for five gas cycles.
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