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The growing impact of airborne pollutants and explosive gases on human health and occupational safety
has escalated the demand of sensors to monitor hazardous gases. This paper presents a new miniaturized
planar electrochemical gas sensor for rapid measurement of multiple gaseous hazards. The gas sensor
features a porous polytetrafluoroethylene substrate that enables fast gas diffusion and room tempera-
ture ionic liquid as the electrolyte. Metal sputtering was utilized for platinum electrodes fabrication to
enhance adhesion between the electrodes and the substrate. Together with carefully selected electro-
chemical methods, the miniaturized gas sensor is capable of measuring multiple gases including oxygen,
methane, ozone and sulfur dioxide that are important to human health and safety. Compared to its
manually-assembled Clark-cell predecessor, this sensor provides better sensitivity, linearity and repeata-
bility, as validated for oxygen monitoring. With solid performance, fast response and miniaturized size,
this sensor is promising for deployment in wearable devices for real-time point-of-exposure gas pollutant
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1. Introduction

Airborne pollutants such as O3z (ozone) and SO, (sulfur diox-
ide) are of great concerns due to their adverse and deadly impact
on human health [1]. Furthermore, explosive gases and oxidizers
such as CH4 (methane) and O, (oxygen) need to be observed regu-
larly for occupational safety [2]. Although a variety of gas sensors
have been developed to monitor air pollutants and gaseous haz-
ards, most existing tools are, unfortunately, incapable of accurately
measuring acute exposure on site due to their intrinsic limitations
in physical size, response time and/or repeatability [3]. A robust
and wearable-sized gas sensor that is capable of real-time point-
of-exposure monitoring could provide immediate alerts of gaseous
hazards to vulnerable individuals. Furthermore, such a sensor could
be widely deployed in wearable devices deployed across large areas
to provide vital location- and time-tagged exposure data for human
health assessment and timely treatment notices and safety alerts,
as illustrated in Fig. 1.

Gas sensing technologies that have been widely studied,
and popular options include metal oxide semiconductor, optical,
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surface acoustic wave and electrochemical [4]. Among these, elec-
trochemical sensing offers attractive features and performance
including low cost, low power consumption, high sensitivity and
high selectivity [5,6], which are all very important for acute expo-
sure monitoring applications. Furthermore, the instrumentation for
electrochemical sensing has been implemented in complementary
metal oxide semiconductor (CMOS) chips [7], allowing the entire
sensor system to be realized in miniaturized and wearable formats.
However, an inherent drawback of conventional electrochemical
sensors is that their lifetime is highly limited due to evaporation
of supporting liquid electrolytes [8]. To overcome this limitation,
room temperature ionic liquids (RTIL) have been utilized as elec-
trolytes in many new electrochemical gas sensors [9-11]. The low
vapor pressure, electrochemical and thermal stability and high
ionic conductivity of RTILs ensure a long operation lifetime and
excellent performance for electrochemical gas sensors [12,13]. On
the other hand, existing RTIL-based electrochemical sensors suffer
from relatively large physical dimensions and/or long measure-
ment time that limit their use in point-of-exposure monitoring of
gaseous hazards [6,14]. Also, very few existing sensors demonstrate
the capability to measure multiple gases, which is an important
requirement in many applications including air pollutant monitor-
ing.

This paper introduces a new, miniaturized, planar RTIL elec-
trochemical (MPRE) gas sensor for rapid multiple gas pollutant
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Fig. 1. Applications of gas sensors deployed in wearable devices for real-time point-
of-exposure gas monitoring.

monitoring. Evolving from our prior work on a miniaturized gold
planar electrode gas sensors [12], the MPRE sensor utilizes plat-
inum sensing electrodes and introduces a new fabrication process
toimprove the adhesion between electrodes and the substrate. Four
different gases, oxygen, methane, sulfur dioxide and ozone were
tested to verify the performance of the MPRE sensor.

2. Experimental
2.1. MPRE gas sensor design

A variety of RTIL-based electrochemical sensors have been
developed for gas measurement. In most of these, RTIL is coated
atop a set of electrodes supported on a solid substrate [15], and
gases must diffuse through the RTIL electrolyte to reach the elec-
trode surface. Because of the high viscosity of RTIL [16], this typical
structure exhibits a long response time that limits its application
in real-time point-of-exposure measurement.

To shorten the response time of RTIL-based gas sensors, we
previously reported a macro-scale Clark cell that was manually
assembled by stacking platinum mesh (working electrode), filter
paper (insulator) and platinum wires (counter and reference elec-
trodes) on top of a thin sheet of porous polytetrafluoroethylene
(PTFE) [17]. The porous PTFE substrate allowed a pathway for gas
to quickly reach the electrode/electrolyte interface without diffus-
ing through RTIL, which generated a substantial improvement in
response time. However, this device was produced using a manual
assembly process that generated an undesirable performance vari-
ation between devices and limited miniaturization of the sensor.

To enable sensor miniaturization and reduce performance vari-
ability maintaining the rapid response of our PTFE structure, our
group previously introduced a gas sensor that utilized microfabri-
cation processes to form planar gold electrodes on a porous PTFE
substrate [12]. The MPRE gas sensor presented in this paper adopts
our prior porous PTFE and introduces design improvements includ-
ing an additional titanium layer to promote electrode adhesion to
the rough porous substrate and use of a disk-shaped working elec-
trode for better multi-gas sensing performance. As shown in Fig. 2
sensor structure diagram, porous PTFE was used as the substrate,
and a titanium adhesion layer and a platinum electrode layer were
subsequently deposited on the substrate. The electrodes, includ-
ing working electrode (WE), reference electrode (RE) and counter
electrode (CE) were observed to be reliably attached to the rough
porous PTFE surface by the titanium adhesion layer. After precise
metal patterning via a lift-off photolithography process, RTIL was
directly added on the surface of the electrodes as the electrolyte.
Due to the porosity of the substrate, gas targets can rapidly reach to
the electrode surface by passing through pores in the PTFE substrate
rather than permeating through the RTIL electrolyte, enabling rapid
sensor response. It is worth stressing that reactions still take place
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Fig. 2. The structure schematic of the MPRE gas sensor including porous PTFE sub-
strate, titanium adhesion layer, platinum electrode layer and RTIL electrolyte.

at the interface of the electrode and the RTIL electrolyte though the
sensor design introduces gas through the porous PTFE substrate.

2.2. Sensor microfabrication and packaging

Many techniques have been employed to fabricate electro-
chemical sensors including microfabrication [18], screen printing
[19] and inkjet printing [20]. Among these, microfabrication tech-
nologies can achieve very uniform, accurate and reproducible
patterning with micro/nano-sized resolution [21]. Therefore,
microfabrication technologies were chosen to realize the MPRE gas
sensor design.

To implement MPRE sensor microfabrication, one challenge is
that microfabrication processes are difficult to perform on porous
PTFE substrates due to this material’s flexibility (which makes it
difficult to hold in process equipment), roughness (which makes
it difficult to focus photolithography processes accurately), and
surface porosity (which makes adding and removing thin films dif-
ficult). To address these challenges, in prior work [12] we affixed
PTFE to a glass slide to keep the substrate rigid during fabrica-
tion, and we chose AZ4620 photoresist (PR) to form a thick layer
(~10 wm) that allows thin-film metals to be reliably patterned
using lift-off even on the rough and porous PTFE surface. However,
this prior process utilized thermal evaporation for thin-film metal
deposition, which introduced high energy metal atoms that can
raise the temperature of the PTFE surface higher than 300 °C. Above
120°C, PTFE can undergo vitrification, molecular transformation to
glass [22], which introduces stress to the substrate surface and was
observed to promote undesired peeling of thin-film metals. Fur-
thermore, this heat can affect PTFE pore size on the surface that
may hinder gas flow through the substrate.

To overcome the shortfalls of our prior process, magnetron sput-
tering was chosen for thin-film metal deposition in this work rather
than thermal evaporation. Sputtering releases metal atoms through
momentum exchange due to collisions rather than heating and
results in less heating of the PTFE surface during deposition [23].
Additionally, the electrode material was changed from gold to plat-
inum in this designin order to improve sensitivity to multiple gases,
and deposition of a titanium adhesion layer beneath platinum was
added to the microfabrication flow to further improve reliability
of metal attachment to the rough PTFE substrate. Fig. 3 describes
the microfabrication process used to fabricate the MPRE gas sensor.
First, a glass slide was cleaned in oxygen plasma, and PTFE mem-
brane with 4 wm average pore size (POREX PM23]) was affixed to
the glass slide by a double-sided tape. Thena 10 pm layer of AZ4620
PR was spin-coated at 2100 revolutions per minute (rpm) on the
PTFE surface, and the desired electrode areas were UV exposed
through a photomask as shown in Fig. 3(a). After UV exposure,
the glass slide was removed, and the PR on the PTFE surface was
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Fig. 3. The microfabrication process and packaging of the MPRE sensor: (a) UV exposure; (b) Develop; (c) Sputter Ti/Pt; (d) Lift-off.

developed to form the PR pattern shown in (b). Then, 5 pm tita-
nium followed by 300 pm platinum was deposited via sputtering
in (c). The thick platinum layer ensures the formation of continu-
ous traces on the porous PTFE surface. The planar thin-film metals
were then patterned via lift-off of PR in acetone overnight followed
by ultrasonic cleaning for 5 min as shown in (d).

To facilitate gas flow and electrical connections during sensor
characterization and use, the flexible MPRE sensors were pack-
aged with a custom printed circuit board (PCB) and 3D-printed
gas flow chamber, as shown in Fig. 3 (bottom). First, the MPRE
sensor was cleaned with IPA and deionized water and then dried
with nitrogen. The sensor was then attached to a PCB contain-
ing a hole drilled beneath the active WE sensing area that allows
gases to diffuse to the WE from the backside. Because the sen-
sor’s porous PTFE substrate is very flexible, a small amount of
resin epoxy was used to fully stretch the sensor over the hold in
the PCB. Then electrodes on the substrate were connected to PCB
traces using conductive silver epoxy for electrical connection to
external instrumentation. The PCB assembly was then mounted
on a 3D-printed flow chamber that provides interfaces to con-
nect with different gas sources. Finally, RTIL was deposited on the
surface via pipette to cover electrode areas of the MPRE sensor.
Different RTIL chemical compositions can be selected to achieve
selective measurements of specific gas targets [11], since gases
need to be adsorbed at IL/electrode interface and/or dissolved
in RTIL electrolytes that provide partial selectivity for different
gases. To measure the multiple gases shown in this paper, 1-
butyl-1-methylpyrrolidinium bis-(trifluoromethylsulfonyl)-imide
([C4mpy][NTf;]) (IOLITEC. Inc.) was chosen as the RTIL electrolyte.
The [C4mpy][NTf,]-Pt interface on the electrode surface provides a
unique catalytic property [24], which enables the MPRE sensor to
measure multiple gases.

2.3. Electrochemical test setup

The packaged MPRE sensor was placed in a desiccator filled
with calcium carbonate to minimize humidity because moisture
is a known interferent in RTIL-based gas sensors [11] that must be
addressed using compensation or filtering techniques prior to real-
world applications. A CHI 760 (CH Instrument, USA) was utilized
for oxygen and methane tests, and a VersaSTAT MC potentiostat

(Princeton Applied Research, USA) was used for sulfur dioxide and
ozone tests. A Gas Blender 103 (MCQ Instrument, Italy) was used
for automatic gas mixing and flow control. The total gas flow rate
in all tests was set to 200 standard cubic centimeters per minute
(sccm) unless stated otherwise. N, was used as the background gas
to mix with other gases in order to achieve air samples with differ-
ent concentrations. All gases were purchased from Airgas Inc and
used without further purification. Dry compressed air was used as
the oxygen source, which contains about 21% oxygen.

3. Results and discussion
3.1. Electrode inspection

The MPRE gas sensor was first inspected to investigate its elec-
trode size and surface morphology. Fig. 4(a) shows a photograph
of a fabricated MPRE gas sensor after mounting on the PCB but
before RTIL deposition. The overall size of the reported MPRE sen-
sor is about 7 x 8mm?, but the sensor geometry can be tailored
to different shapes and sizes to suit application needs. The opti-
cal microscope view in Fig. 4(b) defines the structure of the three
electrodes of the reported MPRE sensor; the diameter of the WE is
about 1050 wm, and the width of CE and RE is about 550 um. The
gap between WE and CE is about 130 wm with a gap of 140 pum
between RE and CE. Fig. 4(c) shows a close-up scanning electron
microscope (SEM) image of the platinum electrode topography.
Due to the porosity of the PTFE substrate, the electrode surface
can also be observed to be the rough and porous, which will effec-
tively enhance the sensing area. Fig. 4(d) provides a side view of a
rough spot on the electrode using focused ion beam (FIB). The sil-
ver and black areas represent the PTFE substrate, and the grey area
indicates the electrode surface. The continuous junction area with
uniform color between the substrate and the electrode indicates
good adhesion between the substrate and the electrode despite of
the very rough surface of the substrate.

3.2. Oxygen sensing
Constant potential chronoamperometry is a conventional elec-

trochemical method to evaluate the performance of gas sensors.
Considering the critical role oxygen plays in human life, the MPRE
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Fig. 4. The photo of the MPRE sensor and inspection of electrodes: (a) The photo of two packaged sensor on PCB; (b) The photo of the electrodes by optical microscope; (c)
The SEM image of platinum electrode topography and (d) a side view of a rough spot on the electrode using FIB.
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Fig.5. The oxygen response of the MPRE sensor: (a) Current response for chronoam-
perometry at —1.2V; (b) Calculation of response time for 20% air change. The inset
of (a) shows the calibration plot of current. vs. oxygen concentration.

sensor was first tested for oxygen measurement in air samples
using constant potential amperometry at —1.2V with a sampling
frequency of 50Hz N, and different air samples were alternately
pumped into the gas chamber, where the concentration of air sam-
ples was varied from 20% air to 100% air in 20% air increments.
Because the air contained 21% oxygen, this effectively varied the
concentration of oxygen in samples. The results in Fig. 5(a) show
that the MPRE gas sensor can rapidly respond to varying oxygen

concentrations, and a higher response current was recorded for
higher oxygen concentrations. To characterize the sensitivity and
linearity of the MPRE sensor in oxygen sensing, the highest cur-
rent response in each concentration was extracted, and the plot
of current vs. oxygen concentration is shown in inset of Fig. 5(a).
The sensitivity of the MPRE sensor, defined as the slope of cali-
bration equation, is 0.74 pA/[% oxygen], and the linearity is 0.97.
The current change in samples with low concentration is relatively
lower than that in samples with high concentration. To achieve an
accurate quantification of oxygen in low concentrations, an extra
calibration in low concentration range is required. Also, it was
observed that the current baseline in N, period does drift, which
is mainly attributed to reaction product accumulation on the elec-
trode surface during long-term tests. To evaluate the response time
of this MPRE sensor, the current response from a change of 0% air to
20% air was recorded and is plotted in Fig. 5(b). The response time,
defined as the time to reach 90% of the highest current response,
was measured as 10s. This short response time can be ascribed to
the porous substrate that greatly facilitates gas diffusion.

In constant potential chronoamperometry, measurements are
generally conducted after sufficient decay of charging current to
avoid its interference to Faradic current. However, this approach
requires a long to stabilization time in practical applications, and
the baseline drift always occurs due to by-products accumula-
tion. To address these limitations, we previously introduced a new
method called transient double potential amperometry for rapid
gas measurements [25]. This method directly uses transient cur-
rents in the decaying stage rather than waiting for the stabilized
stage to greatly shorten gas measurement time. Also, both oxi-
dation potential and reduction potential are applied to reverse
reaction products, thus eliminating the interference of by-products.
To further evaluate the performance of the MPRE sensor, addi-
tional oxygen measurements were made using transient double
potential amperometry. To provide a benchmark for comparison
of the MPRE sensor performance, the same test methods were
used with a manually-assembled Clark-cell gas sensor [17]. Both
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Fig. 6. A comparison of the MPRE sensor and Clark-cell sensor in oxygen sensing using double potential amperometry: (a) The current density response of the MPRE sensor
(solid line) and Clark-cell sensor (dash line) for oxygen sensing. Both sensors were applied with 0.2V and —1.2 V for superoxide oxidation and oxygen reduction, respectively.
The inset shows the zoomed curves of Clark-cell sensor. (b) The calibration of the MPRE sensor and Clark-cell sensor for oxygen sensing. Each sample was tested for five

times.

sensors were applied with an oxidation potential 0.2V for 2s
and a reduction potential —1.2V for 2s. Samples 0% (100% N,)
to 100% air in 25% air increments were tested, and each sample
was recorded five times. Considering the significant size difference
of the two sensors and the linear relationship between Faradic
current amplitude and sensing area according to Cottrell equa-
tion, the current density (ratio of current to sensing area) was
used for direct comparison to normalize for sensing area. The
sensing areas of two sensors were experimentally determined
after completing all measurements, using cyclic voltammetry in
10 mM potassium ferricyanide/ferrocyanide (0.1 M KCl) according
to Randles-Sevcik equation [26], and the sensing areas of the MPRE
sensor and Clark-cell sensor were found to be 0.0368 cm? and
3.736 cm?, respectively. After averaging results from five repetitive
transient double potential amperometry tests, the averaged cur-
rent density vs. time results are plotted in Fig. 6(a), which shows
that two sensors present very different response curves. The cur-
rent response contains a superoxide oxidation period and oxygen
reduction period, and the MPRE sensor exhibits significantly higher
current density in both periods compared to that of the Clark-cell
sensor. The current density at 2s into the reduction phase was
extracted at each concentration and is plotted in Fig. 6(b) along with
a linear calibration. The sensitivities of the MPRE sensor and Clark-
cell sensor for oxygen sensing are 14.81 wA/cm?/[% oxygen] and

2.00 wA/cm?/[% oxygen] with a linearity of 0.98 and 0.94, respec-
tively. The MPRE sensor demonstrated a remarkably improved
sensitivity in oxygen sensing compared to that of the Clark-cell sen-
sor. The error bar of five repetitive tests in each concentration is also
plotted to characterize the repeatability of the sensors. The largest
relative standard deviation (RSD) of 1.35% (0.31% oxygen) for the
MPRE sensor was observed in N, (0% oxygen), and the largest for
the Clark-cell sensor was 13.21% (4.08% oxygen) observed in 75%
air. At all five concentrations, the RSD of the MPRE sensor is much
smaller than that of the Clark-cell sensor, denoting better repeata-
bility of the MPRE sensor in oxygen sensing. It is worth noting that
platinum acted as a quasi-reference in the MPRE sensor, and cyclic
voltammetry was used to track the reference potential drift during
oxygen measurement. The potential drifted about 90 mV negatively
in 21% oxygen compared with the oxygen reduction potential in
5.25% oxygen. Since constant potential chronoamperometry was
used in our measurements, the potential drift was not taken into
account to simplify all experiments.

3.3. Oxygen-methane coupling test

Methane is one of the major greenhouse gases that cause global
climate warming. Moreover, methane is important in the mining
industry due to its explosive and flammable nature that causes



H. Wan et al. / Sensors and Actuators B 255 (2018) 638-646 643

occupational safety hazards. To address these potential threats,
a methane sensor enabling real-time point of exposure monitor-
ing is of great importance and necessitates investigation. Due to
the kinetically low electrooxidation rate of methane, a methane-
oxygen coupling reaction in [C4mpy][NTf,] was introduced to
promote the reaction at room temperature [24,27], and the total
reaction mechanism is described by:

CH4 + 205 — CO, +2H,0 1)
2CH4 430, — 2CO + 4H,0 2)

where methane can be oxidized to carbon dioxide (CO) and car-
bon monoxide (CO) depending on the oxygen concentration during
methane oxidation. This coupling reaction was utilized on the
MPRE sensor to study its performance in methane sensing.

In this study, the potentials for oxygen reduction and methane
reduction were set —1.2V and 0.9V, respectively. The period for
reduction and oxidation were set to 10s each. By adjusting flow
rates of 100% air and 10% methane, six samples of different methane
concentration were tested, and each concentration was tested five
times using double potential chronoamperometry. Each gas sam-
ple was continuously pumped for 30 min before measurement to
maintain a stable gas environment.

After averaging the five repetitive results, the currents recorded
from five repetitive tests were averaged and are plotted vs. time
in Fig. 7(a) for six methane concentrations. In both the oxygen
reduction phase and methane oxidation phase, the current ampli-
tude was observed to decrease over time, mainly due to the decay
of charging current. The MPRE sensor presents different current
response to different gas samples. Similar to the method employed
for oxygen sensing, the currents at 10s (end point of reduction
phase) and 20s (end point of oxidation phase), shown in insets of
Fig. 7(a), were extracted for further sensor calibration. The calibra-
tion curve in Fig. 7(b) shows that the MPRE sensor reduction-phase
current magnitudes exhibit a positive linear relationship to oxy-
gen concentration, with a sensitivity of 0.22 wA/[% oxygen| and a
linearity of 0.96 for oxygen sensing. Based on the measured sensi-
tivity and largest standard deviation, the MPRE sensor presents a
resolution of 0.60% oxygen in oxygen-methane coupling test. Also,
small error bars obtained from five repetitive tests indicate good
repeatability of the MPRE sensor in oxygen sensing with a largest
RSD of 1.2%. A relatively low current change is also observed in
samples with low concentrations, indicating a relatively low sen-
sitivity. Thus, an accurate calibration is also required in cases that
the sensor is used in samples with low oxygen concentration.

The calibration curve in Fig. 7(c) shows that the MPRE sensor
oxidation-phase currents exhibit a positive linear relationship to
methane concentration, up to at least 6% methane, with a sensitiv-
ity of 0.31 wA/[% methane] and a linearity of 0.9991 for methane
sensing. Somewhere between 6% and 8% methane, the current
amplitude was observed to start decreasing with higher methane
concentrations. This phenomenon is believed to be attributed to
the incomplete oxidation of methane at high concentrations. Excess
methane could lower the current response due to insufficient sup-
ply of oxygen for oxidation. According to Egs. (1) and (2), the mole
ratio of oxygen to methane should be larger than 1.5 to guaran-
tee that all methane is consumed during oxidation. At standard
temperature and pressure, this correlates to a critical oxygen-to-
methane volume ratio of 1.38. Notice that the fourth sample with
6% methane, has a volume ratio of 1.4, just larger than the critical
ratio, and methane appears to be fully oxidized by oxygen. How-
ever, the ratio of the fifth sample with 8% methane is only 0.525, far
smaller than the critical ratio, denoting insufficient consumption of
methane. Thus, the red zone in Fig. 7(c) indicates where methane
could not be fully oxidized and the methane concentration is out
of range for the MPRE sensor. Based on the measured sensitivity

and largest standard deviation, the resolution for methane sensing
is 0.28% methane in this oxygen-methane coupling test. The RSD
in all samples is below 1%, showing very good repeatability of the
MPRE sensor for methane measurement.

3.4. Sulfur dioxide sensing

To validate the MPRE sensor’s capability for point-of-exposure
multi-gas monitoring beyond oxygen and methane, air pollutants
including sulfur dioxide (SO;) and ozone (O3) were also tested. To
implement electrochemical measurement of SO,, the mechanism
of SO, electroreduction in RTIL is [28,29]:

SO, +e” = SOy~ (3)

where sulfur dioxide can be reduced to the SO, ~ radical at a certain
negative potential. For each test sample, the sensor was first biased
at 0V for 10 min for conditioning and then a negative potential of
—1.5Vwas applied for 10 s to measure sulfur dioxide reduction cur-
rent. Six samples with concentrations varying from 0 ppm (part per
million in volume) to 2500 ppm were tested by setting the flow rate
of nitrogen to 100 sccm and varying the flow rate of a 5000 ppm SO,
source from 0 sscm to 100 sccm with 20 sccm increments. The cur-
rent response of the MPRE sensor for different samples is shown
in Fig. 8(a). These curves present a decaying current response with
current magnitude increasing with higher SO, concentrations. Cur-
rents at both 3s and 10s were extracted for calibration and are
plotted in Fig. 8(b). The sensitivity of the MPRE sensor for SO, mea-
surement is 0.13 wA/100 ppm and 0.18 wA/100 ppm at 3s and 10s
with a linearity of 0.92 and 0.97, respectively. Thus, higher sen-
sitivity and linearity were observed with longer reduction times.
The tests for 2222 ppm SO, were repeated five times as shown in
Fig. 8(c), and the MPRE sensor presents a resolution of 209 ppm for
SO, sensing based on the largest variation. The RSD in the repeti-
tive tests is 0.91%, denoting very good repeatability of the sensor in
SO, measurement.

3.5. Ozone sensing

Ozone is another pollutant that widely exists in air and can
threaten human health. M. Carter et al. reported an amperomet-
ric gas sensor for ozone measurement using ionic liquids as the
electrolyte [30]. To verify the capability of the MPRE sensor for dif-
ferent gases sensing, electrochemical tests were conducted using
the MPRE sensor for O3 measurement.

After conditioning at 0V for 10 min, —0.8 V was applied to the
sensor for 10 s for ozone reduction. Six different gas samples were
tested with concentration increasing from 0 ppm to 1000 ppm in
200 ppm increments. As shown in Fig. 9(a), typical decaying current
responses were obtained with current amplitude increasing with
03 concentrations. Currents at 3 s and 10s were extracted and are
plotted in Fig. 9(b). For ozone measurement, the sensor exhibited a
sensitivity of 0.11 wA/100 ppm and 0.064 A/100 ppm with linear-
ity of 0.916 and 0.921 at 3s and 105, respectively. The sensitivity
decreases with longer reduction time, while the linearity increases
slightly. Five repetitive tests were conducted for 800 ppm O3 as
shown in Fig. 9(c), and the MPRE sensor presents a resolution of
92 ppm in ozone sensing based on the largest variation. The RSD in
the tests is 1.85%, exhibiting good repeatability of the MPRE sensor
for O3 measurement.

3.6. Comparison

Table 1 shows a comparison of the results of this study with
other work. The MPRE sensor demonstrated capability for multi-gas
sensing, while most other work show only single gas measurement.
Moreover, the MPRE sensor exhibits very short response time due
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Fig. 7. The methane-oxygen coupling test: (a) The current response of the MPRE sensor in the coupling tests. —1.2 V was applied for oxygen reduction, and 0.9V was applied
for methane oxidation; (b)The calibration of the sensor for oxygen measurement; (c) The calibration for methane measurement, in which red zone indicates methane out of
range. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Sulfur dioxide measurement: (a) The current response of the MPRE sensor in SO, measurement; (b) The calibration of the sensor using currents at 3 s (green) and 10s

(blue); (c) The relative variation of five repeat tests using currents at 10s in 2222 ppm SO,. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 9. Ozone measurement: (a) The current response of the MPRE sensor in O3 measurement. (b) The calibration of the sensor using currents at 5s (green) and 10s (blue);
(c¢) The relative variation of five repeat tests in 800 ppm Os. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 1
Comparison with other work.

Gas Targets Gas Diffusion
This work 03, CHy4, SO,, O3 Through porous PTFE
[13] 0, Through thin RTIL film
[15] 0, Through porous polyethylene
[27] 0, Through thin RTIL film

Size Response Time
Disk WE: diameter 1.05 mm ~10s
Microelectrode array:~4 mm*4 mm ~26s

Disk WE: diameter 1 mm ~20s

Disk WE: diameter 4 mm ~3.5min

to fabrication with porous PTFE that allows gas to quickly diffuse
to the electrode for reaction in the thin RTIL film. Compared with
other gas sensors, the MPRE is very promising in real-time point-
of-exposure monitoring, and its miniaturized size facilitates the
integration with wearable devices.

4. Conclusion

This paper introduced a new miniaturized planar RTIL electro-
chemical gas sensor for rapid multiple gas pollutant monitoring. A
detailed fabrication process for the MPRE sensor was described to
achieve good reliability. Test results show that the sensor has good
sensitivity, linearity and repeatability for oxygen measurement.
Additionally, methane sensing was demonstrated with a sensitiv-
ity of 0.31 wA/[% methane] and a linearity of 0.9991 in the range
of 0% to 6% methane using a methane-oxygen electrochemical
coupling method. SO, and O3 measurements also validate the capa-
bility of the MPRE sensor for monitoring other air pollutants. These
results encourage the future development of a sensor array that
can simultaneously measure multiple gases in a mixed gas environ-
ment. Selectivity can be achieved by judicious choice of electrode
materials, RTIL chemical composition and electrochemical method
(particularly bias voltage) with data processing algorithms that
have been widely applied in electronic nose systems [31]. Several

algorithms have been studied in our group to achieve identification
and quantification of mixed gases based on data from a gas sensor
array [32,33]. Furthermore, a high sensitivity multi-channel CMOS
circuit has already been developed in our group for air quality moni-
toring based on an RTIL-based gas sensor array [34]. Thus, the MPRE
gas sensor, together with the CMOS circuit provides a very promis-
ing platform toward a miniaturized, inexpensive, rapid-response,
low power, multi-gas sensing array for point-of-exposure monitor-
ing of gaseous hazards.
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