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ABSTRACT: Continuous greenhouse gas monitoring at sub-zero Sub-zero Temperature with CO present 5500
temperatures is needed for monitoring greenhouse gas emission in ) t % 4500

cold environments such as the Arctic tundra. This work reports a  « (Bmpy’ :.® = :
single-frequency electrochemical impedance sensing (SF-EIS) * ™I ° ° o N 3500 ~
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(CO,) at a wide range of temperatures (—15 to 40 °C) by using e EOXK:
robust ionic liquid (IL) sensing materials and noninvasive, low- €0, o, co, co, co; co, Time (s)

power, and low-cost impedance readout mechanisms since they

cause minimal changes in the sensing interface, avoiding the baseline change for long-term continuous sensing. In addition, a
miniaturized planar electrochemical sensor was fabricated that incorporates a hydrophobic 1-butyl-1-methylpyrrolidinium
bis(trifluromethylsulfonyl)imide ([Bmpy][NTf,]) IL electrolyte and Pt black electrode materials. The high viscosity of the ILs
facilitates the formation of thin, ordered, and concentrated layers of ionic charges, and the inverse relationship of IL viscosity with
temperature makes them especially suited for impedance sensing at low temperatures. The unique low-temperature properties of ILs
together with EIS transduction mechanisms are shown to be sensitive and selective for continuously monitoring CO, at a —15 to 40
°C temperature range via impedance changes at a specifically selected frequency at the open circuit potential (OCP). Molecular
dynamics simulations revealed insights into the structure and dynamics of the IL at varying temperatures in the presence of methane
and CO, and provided potential explanations for the observed sensing results. The miniaturized and flexible planar electrochemical
sensor with the [Bmpy][NTf,] electrolyte was tested repeatedly at subzero temperatures over a 58-day period, during which good
stability and repeatability were obtained. The CO, impedance sensor was further tested for sensing CO, from soil samples and shows
promising results for their use in real-time monitoring of greenhouse gas emissions in cold temperatures such as permafrost soils.
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( ; reenhouse gases (GHG) trap heat and have far-ranging conditions during shipping. They also have more room for

environmental and health effects. The increase in global human errors in the sampling and sample handling stages.
temperatures due to GHG emissions causes the thawing of Currently, there are no in situ GHG sensors that can function
frozen land such as the Arctic permafrost, resulting in a positive reliably at extremely cold conditions such as Arctic permafrost,
feedback 100p of further carbon emissions from build—up Preventing researchers from Capturing GHG dynamics at fine
. . 1-5 .
organic materials. It. hfis been predicted that up to 1%6 scales during the process of permafrost thawing.
billion tons of carbon dioxide (CO,) and methane (CH,) will Electrochemical transducers are made of compact low-power

be released from permafrost soils by 2100 at the current rate of
global warming.1 The development of accurate, continuous,
and in situ methods for measuring GHG concentrations in
low-temperature environments is crucial for understanding the
effect of global warming on the rate of permafrost carbon
release and designing mitigation strategies. Traditional
methods of GHG analysis in low-temperature environments
such as Arctic soil typically require multiple steps that include
sample collection in the fields, transporting frozen samples to
laboratories, sample processing, and quantification using
analytical tools such as gas chromatography. In addition to
being time-consuming, these non-in situ methods are prone to
producing inaccurate data resulting from changes in sample

and low-cost microelectronic circuits that are widely explored
for real-time continuous monitoring of chemical species for
environmental, health, and domestic and industrial safety
applications.® However, traditional electrochemical sensors use
aqueous media that freezes at subzero temperatures. In recent
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decades, ionic liquids (IL) containing organic cations or anions
have been demonstrated as robust nonvolatile electrolytes and
solvents for electrochemical sensors and energy storage
devices. Many ILs and/or IL mixtures have freezing points
far below 0 °C and are also stable at high temperatures (e.g.,
>200 °C).°'% Using ILs as solvents and electrolytes thus
eliminates issues experienced with traditional electrochemical
sensors (dry-out of solvents and evaporation of electrolytes at
high temperatures as well as the freezing of water at low
temperatures), making them feasible sensing materials at wide
temperature ranges.

The IL—electrode interfacial properties play significant roles
in their electrochemical sensing.''~"* Even though the double
layer differential capacitance is a property well defined and
characterized for ideally polarizable electrified interfaces for
those formed at solid electrodes in contact with aqueous
electrolytes, studies of IL—electrode interface properties are
much limited, particularly the effect of the temperature on the
differential capacitance or impedance at an IL/electrolyte
interface with the presence of gaseous solutes."* The viscosity
of the IL decreases with the increase of temperature.”” We
hypothesize that the high viscosity of ILs at low temperatures
will result in the formation of a more dense and concentrated
layer of ionic charges on the electrode surface. This relatively
rigid IL—electrode double layer at low temperatures can be
beneficial for the chemical sensing of gaseous analytes since the
molecular interactions between the gas molecules and an IL
could result in decreasing resistance by decreasing ionic
attractions in the IL. Consequently, the high viscosity of ILs at
low temperatures that is usually considered a limitation to
practical electrochemical applications in energy storage devices
and amperometric sensing (due to the low ionic conductivity
of the IL and low diffusion coefficient of the analytes in the IL)
becomes an advantage in impedance sensing, since ordered
and concentrated electric double layer could provide high
sensitivity and selectivity especially at low temperatures. In
addition, temperature has an impact on several physicochem-
ical properties of the gaseous analyte in the ILs including
viscosity, density, and solubility. For example, the temperature-
dependent solubility of gases in the ILs can be utilized to tune
selectivity based on the different temperature-dependent
solubility equilibrium of the analytes and interferents in the IL.

In this study, taking advantage of the unique physical and
chemical properties of ILs with noninvasive low-power and
low-cost electrochemical impedance techniques, we developed
a novel single-frequency electrochemical impedance sensing
(SF-EIS) method for real-time continuous monitoring of CO,
at low temperatures. In contrast to the widely used
electrochemical voltammetric methods that apply a constant
or varying DC potential at the working electrode to drive the
redox reactions of the analyte for detection, SF-EIS sensing is
based on the measurement of the change of interfacial
impedance at the electrode-electrolyte interface under an AC
perturbation of a few mV amplitudes at a constant frequency
that allows real-time, nondestructive chemical sensing. SF-EIS
is ideally suitable for long-term and continuous sensing
applications due to the minimum perturbation of the sensing
interface with low amplitude AC voltage that does not result in
interfacial redox reaction(s), thus having minimum change of
the sensing interface and minimizing signal baseline drift and
with minimum power consumption. CO, was chosen as the
target GHG because CO,, along with CH,, represents the most
important GHG produced in large quantities through
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anaerobic respiration and methanogenesis processes in thawing
permafrost.''” In addition, we designed and fabricated a
miniaturized flexible electrochemical soil gas sensor prototype
with Pt black electrodes on a gas-permeable Teflon membrane.
Pt black, a fine powder of platinum with good catalytic
properties, not only provides a high surface area but also allows
simple and robust fabrication of planar electrodes on flexible
polymer membranes. Hydrophobic and high-conductivity IL
[Bmpy][NTf,] was selected as the electrolyte. The function-
ality of the developed IL-impedance gas sensor was tested for
CO, sensing over a wide temperature range (—15 to 40 °C).
Its application for soil GHG sensing was also tested using
natural soil samples. The same sensor device with the IL—
electrode interface was tested continuously over short and long
periods (i.e., 58 days) to demonstrate its long-term reusability
for sensing CO, at low temperatures. Our results show that the
reported impedance sensor provides the continuous sensing of
CO, at subzero temperatures. This unique CO, sensing
method and its sensor prototype when optimized further with
enhanced analytical performance and integrated with micro-
sensor electronics is expected to allow in situ monitoring of
CO, emission in permafrost soils, facilitating the under-
standing of dynamic changes of soil GHG at various spatial and
temporal scales.

B MATERIALS AND METHODS

Reagents and Materials. 1-Butyl-1-methylpyrrolidinium bis-
(trifluromethylsulfonyl)imide ([Bmpy][NT£,]) (99%, m.p. —18 °C)
was obtained from Ionic Liquid Technologies GmBH and used as the
electrolyte. N, (Praxair, 99.99%) and instrument-grade CO, (Praxair,
99.99%) were used as control and the GHG analyte, respectively.
Platinum (Pt) black powders were acquired from Sigma-Aldrich (Pt
black 205915). Porous polytetrafluoroethylene (PTFE) films were
obtained from Interstate Specialty Products (POREX porous PTFE
PM6M).

Miniaturized Planar Electrochemical Sensor Fabrication.
The miniaturized planar electrochemical sensor device, as shown in
Figure 1, is made of three platinum electrodes that were fabricated by

Pt Black
electrodes

Porous PTFE membrane

Figure 1. Flexible planar electrochemical soil gas sensor prototype.

evaporating Pt on a porous PTFE film (POREX porous PTFE
PM6M) using a polyimide shadow mask. The shadow masks were
laser-machined (Epilog Mini 18) out of one millimeter thick and 1 in.
wide Kapton tape using 15% speed and 8% power. After the porous
PTEFE film was attached with the polyimide shadow mask, a 200 nm
thick Pt with a 10 nm titanium adhesion layer was deposited by e-
beam evaporation (Angstrom Engineering Evaporator). Then, Pt
blacks were diluted in deionized (DI) water and evenly pipetted to
electrode areas on the PTFE film (defined by the polyimide shadow
mask). After the aqueous Pt colloidal suspension dried by natural
evaporation at room temperature, another coating was applied. This
process was repeated until proper conductivity was achieved. When
the DI water evaporates, the Pt black adheres to the evaporated Pt
layer most likely by van der Waals force.'® Afterward, the polyimide
shadow mask was peeled off, leaving only patterned metal electrodes
on the PTFE film. This facile process does not use any reagents and
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thus avoids contamination of the platinum material, which is
beneficial for electrochemical sensing. Six sensor devices were made
and the details of their uses for different analytical studies in this work
are summarized in Table S1. Additional details of fabrication are
shown in the Supporting Information.

Testing Set-Up and Sensor Characterization. A packaged
electrochemical gas sensor prototype is shown in the left of Figure 1.
The working, reference, and counter electrodes made of Pt black are
fabricated on a gas-permeable membrane. The top ring, with 19 mm
outer diameter, 16 mm inner diameter, and a ~10 mm flat cut edge
for folding the PTFE film inside a tube, serves as an electrolyte
reservoir and was laser-machined out of a 1.6 mm thick acrylic sheet
by 6% speed/12% power. Similarly, the bottom ring, with 19 mm
outer diameter and 14 mm inner diameter, functions as a supporting
structure and was laser-machined out of a 6 mm thick acrylic sheet by
6% speed/70% power. The [Bmpy][NTf,] (100 uL) electrolyte was
drop-cast onto the three electrode surfaces. The initial device
resistance of each fabricated sensor with IL added was measured
with a multimeter since it is being used to optimize the sensor
fabrication parameters. As shown in the right of Figure 1, the planar
and flexible electrode substrate allows easy incorporation into a plastic
syringe tube as a soil gas sensor prototype for its insertion into soil for
soil GHG sensing applications. Single-frequency electrochemical
impedance spectroscopy (SF-EIS) was used as the analytical
technique for CO, sensor testing at a temperature range from —15
to 40 °C using a Gamry electrochemical workstation. The SF-EIS
method uses a sinusoidal AC voltage perturbation with 10 mV
amplitude at a constant frequency (e.g, 1 Hz) at open circuit DC
potential (i.e,, no DC bias potential is applied). The stability of the
sensor device was analyzed by repeating SF-EIS experiments for CO,
sensing at 0 °C over multiple days with the same sensor device.

CO, Sensing Experiments with Natural Soil Samples. Natural
soil samples collected from the Lake Michigan shoreline were used for
testing the sensor’s capability and sensitivity for measuring soil CO,.
The properties and chemical composition of the soil have been well
characterized and studied"” (Table S8 in the Supporting Informa-
tion). To test the sensor for soil gas sensing, the soil samples were
conditioned with a controlled amount of CO, gas by purging the soil
with CO, at a flow rate of 500 sccm for 1 h. After equilibrating, the
release of CO, from this soil sample was immediately measured using
our sensor device and SF-EIS methods. All single-frequency
experiments were conducted at open circuit DC potential with a
sinusoidal AC voltage at a 10 mV amplitude at 1 Hz.

Computational Methods. Molecular dynamics (MD) simula-
tions were used to investigate the conductivity and structure of the IL
electrolyte with and without the presence of the gaseous analytes at
low and high temperatures. Coherent conductivity can be calculated
using statistical mechanics methods based on the fluctuation—
dissipation theorem. We track the center of mass velocity changes
of all molecules of each type together weighted with their charge to
capture coherent conductivity. We used a model of 240 ion pairs
(Table S7) with periodic boundary conditions to determine the
coherent conductivity and throughout 6 ns of simulated real-time.
Detailed computation methods are in the Supporting Information.

B RESULTS AND DISCUSSION

SF-EIS Method for Real-Time and Continuous
Sensing. For real-time and continuous sensing of an analyte,
SE-EIS is the most suitable readout method that measures the
changes in electrochemical impedance upon exposure to the
analyte versus time at a selected constant frequency under a
sinusoidal AC voltage perturbation with small amplitude (e.g.,
10 mV). The typical single-frequency impedance measurement
is made with a constant DC potential applied to the working
electrode of the electrochemical system. However, hysteresis
effects in potential-dependent double layer capacitance of ILs
at both the Pt electrode and Au electrode were reported.”’™>*
The slow pseudocapacitive processes are particularly apparent
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at a frequency below 10 Hz and this hysteresis of the IL—
electrode interface has been interpreted as the slow relaxation
of the electric double layer structure when a DC potential was
applied to the electrode. Thus, the hysteresis effect can lead to
the slow drift of the baseline signal when a DC potential is
applied. To address this issue, a smaller DC bias potential of
—0.3 V or zero volts is used in our early work.”*** Here, we set
the electrode potential at an open circuit potential, i.e., no DC
potential is applied to our electrochemical sensor system in our
SF-EIS experiments to prevent the hysteresis effect at the IL/
electrode interface. This also minimizes the power con-
sumption for long-term continuous gas sensing in the field.

In the SF-EIS method, the impedance was measured
between the working and reference electrodes. As shown in
Figure S1, the Nyquist plot in which the impedance response
of the full frequency range (100 kHz to 0.1 Hz) at room
temperature without CO, is shown. The impedance response
at the low-frequency range can be modeled by the standard
Randles equivalent circuit with electrolyte resistance R,
charge-transfer resistance R, double-layer capacitance Cyg,
and diffusion element W, as shown in the Figure SI inset.
Figure S2 summarizes the linear plots of Z., values vs CO,
concentrations measured at constant frequencies of 0.1, 1, and
10 Hz. The slopes of these plots were used to determine the
sensor sensitivity to CO, concentration at these frequencies.
The sensitivity increases with decreasing frequency with 0.1 Hz
(—8.642 Ohm/% CO,) being the highest, followed by 1 Hz
(=3.916 Ohm/% CO,) and 10 Hz (—3.844 Ohm/% CO,). To
compare the signal-to-noise ratio, the average impedance at
each CO, concentration was calculated by averaging the CO,
impedance data points at each concentration and we calculated
the relative standard deviation in the nitrogen background.
The baseline relative standard deviation of the nitrogen
background was 0.42% at 0.1 Hz that is higher than that at
1 Hz (0.31%). This indicates that although the sensitivity was
higher at 0.1 Hz compared to 1 Hz, the noise was also more
significant at higher frequencies so the signal/noise ratio is not
improved significantly at low frequencies. Higher frequencies
also allow fast data acquisition, which is preferred for real-time
in situ gas monitoring. The average time to obtain a data point
at 0.1 Hz is significantly slower than at 1 Hz. Considering these
factors, 1 Hz was chosen as an optimal frequency for our SF-
EIS experiments.

Temperature Dependence of CO, Impedance Sensor
Sensitivity with the SF-EIS Method. The sensitivity of the
miniaturized CO, sensor was studied by conducting SF-EIS
experiments at different temperatures from —15 to 40 °C, and
1 Hz was chosen as the AC frequency. The sub-zero
temperatures tested have been reported to be representative
of permafrost soils.”® Figure 2a shows the SF-EIS results at
different temperatures when the sensor is exposed over time to
a series of controlled CO, concentrations (0—100%), with
periods of zero concentration in between each controlled
analyte concentration. A decrease in Z., with an increase in
CO, concentration can be observed (Figure 2b). Sensor
sensitivity and repeatability at different temperatures can be
determined from the calibration curve of the sensor obtained
from the recorded data. As shown in Figure 2a and
summarized in Table S2, the slope of the calibration curve
(i.e., sensitivity) of the IL impedance sensor to CO,
concentration is generally higher at sub-zero temperatures
when compared to those at room temperature and 40 °C. In
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Figure 2. (a) SF-EIS experiments in the —15 to 40 °C temperature
range; (b) linear calibration curves. Frequency: 1 Hz, AC voltage: 10
mV, DC bias: OCP. Same sensor device was used in all these
experiments carried out on two consecutive days, i.e., 40 °C, RT, —10
and —15 °C tested on day one and 0, —4 and —7 °C tested in the
following day.

addition, the initial impedance (ie, Z.; at 0% CO,) is
increased with decreasing temperature.

The results of the initial impedance at varying temperatures
shown in Figure 2 are consistent with Walden’s rule of the
temperature-dependent conductivity—viscosity relationship of
liquids. The viscosities (#) of many ILs were well
characterized." Generally, the viscosity of ILs increases with
decreasing temperatures; in other words, its fluidity (7')
increases as the temperature increases.”” Thus, a more densely
packed layer of ionic charges at the IL—electrode interface is
expected at low temperatures, as shown in Figure 3. Based on
the Walden relationship of the conductivity vs viscosity of
liquid electrolytes, the absolute impedance of the IL—electrode
interface (defined here as initial impedance (Z.,)) should
increase with decreasing temperature. Our results shown in
Table S2b and Figure 2 are consistent with this trend.
Densities of ILs are shown to decrease with the increase of
temperature, following a quadratic polynomial relationship."®
Since ILs have significantly higher ionic densities at lower
temperatures, our results can also be interpreted as a density
effect. While the viscosity and density of the IL increase with
decreasing temperatures, there is also a competing effect of
CO, solvation, as the solubility of CO, is expected to be higher
at lower temperatures, e.g., in imidazolium-based ILs.”’
Additional studies of CO, solubility in ILs at various
temperatures were also reported but with inconsistent
observations.' "> Our experimental results in Figure 2 suggest
that the influence of viscosity and density dominates over that
of solubility, leading to increased impedance despite higher
CO, concentration at lower temperatures. Early work shows
that the anion of the IL dominates the interactions with CO,,
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Figure 3. Schematics of changes of IL—electrode interfacial properties
for impedance-based CO, sensing at different temperatures.

with the cation playing a secondary role. As a result, the
decrease of the impedance in the presence of the CO, solute is
likely the results of CO, interactions with NTf, anion that
decreases the ion attraction between the cation and anion of
the IL.

CO, adsorption into the IL/electrode interface could affect
the IL/electrode interface capacitance. Early observation shows
that differential capacitance increased with an increasing
temperature between 80 and 140 °C.'" Other computer
simulation studies at a wide temperature and density range
based on the restricted primitive model of an electrolyte near a
charged hard wall showed that the capacitance of the interface
is quantitatively similar between the high- and low-density
regimes. In both cases, the capacitance has a negative slope at
high temperatures and a positive slope at low temperatures.
Therefore, these results imply that the behavior of the
capacitance at low temperatures is not a density but a
temperature effect, because the properties of the IL—electrode
interface are temperature-dependent. However, these prior
studies did not consider subzero temperatures. The capaci-
tance changes due to the interaction of CO, and anions or
cations in the double layer are expected to be more complex.
Thus, in this work, we used impedance as the sensing signal
rather than capacitance sensing based on the effects of CO,
adsorption into the IL/electrode interface.

MD Study of IL/Electrode Interface Structures and
Properties at Varying Temperatures. To further under-
stand the molecular mechanism of the interface impedance
change with or without gaseous solutes at various temper-
atures, we applied MD simulations to investigate the
conductivity of the IL solutions and their structure at various
temperature conditions. Coherent conductivity as measured in
SF-EIS experiments can be calculated using statistical
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mechanics methods that are based on the fluctuation—
dissipation theorem.”® ILs made of large and bulky charged
ions with permanent dipole moments interact with each other
via directional electrostatic interactions. The interactions of the
solute with the cation or anion of ILs via electrostatic or van
der Waals interactions could lead to changes in conductivity,
e.g., weakening the cation—anion interactions to increase the
ionic conductivity, strengthening the interactions to decrease
the conductivity, or insignificant change of the interactions
leading to negligible changes in conductivity. Research shows
that the ions often self-assemble into well-defined nanostruc-
tures in the bulk''~" Bulk ILs often have a spongelike
nanostructure due to the segregation of charged and uncharged
groups into separate domains. CO, and CH, are both nonpolar
molecules since the individual bond dipoles cancel each other
which results in zero net dipole moment. Recent work shows a
strong correlation between the ratio of unoccupied space in
pure ILs and their ability to absorb CO,.”” Our selection of the
hydrophobic [Bmpy][NTf,] as our electrolyte provides a high
amount of unoccupied spaces due to the bulky Bmpy cations.
The hydrophobic NTf, anion is shown to weaken cation—
anion interactions, enabling higher absorptivity of CO,.
Water—anion attraction is relatively weak in ILs with smaller
anions, likely due to a more distributed charge in NTf,
impeding the absorption of H,0 and minimizing the
interference from humidity at ambient conditions.”” Our MD
simulation with 240 ion pairs confirms that even at a very high
concentration of CO, or methane dissolved in the IL, it only
leads to a small increase of the size of our periodic simulation
cell. As shown in Table S7, the addition of gaseous molecules
CO, and CH, leads to less volume increase at lower
temperatures.

As shown in Figure 4, our computational study shows a
surprising trend. The conductivity increases with the addition

)
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1000/T (1000 K)

Figure 4. Coherent conductivity of [Bmpy][NTTf,] solutions obtained
by MD simulation.

Coherent Conductivity (S cm

1E-4 '
4.0

of CO, and CH,, but at lower temperatures, CH, does not
increase the conductivity at all. The discovered phenomenon
should not be interpreted as an absolute correlation to simulate
temperature conditions, given the limitations of MD with
regard to conductivity, especially for ILs due to the trading of
complexity for significantly lower computation cost. Structure
considerations help explain this result. We calculated radial
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distribution functions (RDFs) of all atom force field types. We
need to understand why the conductivity is increased by CO,
but not as much or even not at all by CH, at low temperatures.
RDFs in Figure 5 show some differences between CH,/IL in
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Figure 5. RDFs (probability density) relative to the carbon center of
the relevant analyte.

the upper part of the figure and the CO,/IL in the lower part
as well as the temperature evolution. CH, can be found more
frequently near Cp, which is the force field name of the
terminal carbon of the alkyl tail of the cation of the IL.
Interestingly, at lower temperatures, the probability increases
even more. We note further that CH, can be found more
frequently near another methane molecule. CO, molecules are
clearly better dispersed in the IL. For CO,, we notice a very
different trend, namely, a better dispersion in the IL at low
temperatures, which could mean better solubility as well. CO,
is slightly more likely found near the NTf, anion at low
temperatures (Figure S, green solid line). The absolute
distance from any analyte molecule of course has to be
understood in the context of the structures involved. For
example, the CH, carbon will always have a distance greater
than about 4 A to a terminal alkyl carbon in Bmpy* simply
because hydrogen atoms sterically separate these carbons.
Names for atomic species for the used molecules are illustrated
for clarity in Figure S.

As Shimizu et al. pointed out previously, long alkyl chain
cations in the ILs tend to form nonpolar domains. We
confirmed the presence of such domains via the RDF, as
shown in Figure 6. A distance of four Angstroms is roughly

25
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Figure 6. RDF of the terminal carbon of the cation alkyl chain to the
same carbon in other [Bmpy] cations.
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how close two terminal carbons can be. The probability density
peaks exactly at that distance. At lower temperatures, this trend
is stronger (black dashed line) but the addition of analyte
(either CO, or CH,) enhances this effect even more, however,
only at 243 K and not at 263 K. Given the presence of
nonpolar domains and the earlier finding of the strong
coordination of methane to the alkyl end of the cation of
the IL, the reason for CH, impacting the conductivity of the
solution less, especially at low temperatures is found. Cation—
anion interactions are disrupted more by the addition of CO,
than CH, as the alkyl end holds less charge density and
methane can even accumulate in these areas. The ring-end of
the cation of the IL will pair up with the anion as if no methane
was added; at least, we expect that to happen to a certain
concentration. Even though the full effect of CH, no longer
increasing conductivity is evident at around —30 °C, the trend
shown in Figure 4 and analyzed RDFs in Figures 5 and 6
provide more confidence that the predicted ordering could
very well occur at higher temperatures such as —10 °C. MD
only gives us the trend that needs to be further validated by
experimental data.’

Repeatability and Stability of the IL CO, Impedance
Sensor. For continuous GHG monitoring at low temperature
environments, it is crucial to test sensors over both short and
longer periods of time in order to understand the effect of
external conditions on sensor performance. This would enable
the development of methods for efficient calibration and device
maintenance. The short-term repeatability of the sensing signal
was measured by conducting SF-EIS sensing using the same
sensor device by alternating the gas sample either with N, gas
or 50% CO, at 400 s intervals for three cycles. The relative
standard deviations of Z, values between three averages in
the presence of an analyte at different temperatures were
calculated and are shown in Figure S6. It can be seen that the
relative standard deviation values are relatively small (less than
0.25%), indicating the repeatability of CO, sensing signals. In
addition, there is no particular relationship between standard
deviation values and temperature. In order to study the
stability of the miniaturized gas sensor over longer time
periods, SF-EIS experiments were conducted using the same
sensor device over a 58-day period that is stored in ambient
conditions when it was not under test. These conditions were
chosen to mimic the practical usage of the sensor for
continuous CO, sensing in low temperature environments.
Figure 7a shows the Z,, values recorded at 50% CO, in a N,
background over a period of days. Two observations can be
seen from these data: (1) At each test, the impedance Z,,
decreases in the presence of CO, compared to the background
signal; (2) The initial impedance Z,., values of the sensor in
both CO, and N, backgrounds remain consistent within a few
days of the test but they shifted after a long storage time (e.g.,
weeks). The shifts of the initial impedance value of the sensor
measured in N, conditions reflect the impacts of environ-
mental conditions on its properties due to its storage at
ambient conditions.

We hypothesize that this shift in initial impedance measured
in N, conditions after the sensor is stored in the ambient
conditions is a result of the Pt black electrode being partially
oxidized over longer periods of storage at ambient conditions.
All single-frequency experiments to measure Z,, values in the
presence of N, and CO, were conducted at open circuit
potential (OCP). Figure S7 summarizes the average OCP of
the sensor device during the multiple-day experiments that
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Figure 7. (a) Comparison of multiday average sensor signal Z,, with
the same sensor under background conditions: N, and 50% CO,; (b)
relative Z ., change vs days. Experimental conditions: same sensor
device; temperature at 0 °C, AC frequency: 1 Hz, 10 mV AC, DC
potential is set at OCP.

show about 80 mV change of OCP values. The OCP of
platinum electrodes in oxygenated systems has been studied
previously and reported®’ in the presence of oxygen, and OCP
is generally considered to be at a mixed potential, with the
reduction of oxygen being the predominant cathodic process
and platinum oxide formation being the predominant anodic
process. Previous studies’’ have shown that when oxygen is
absent, the Pt electrode rests at more negative potentials. This
is because when there is no oxygen present, there is no
cathodic current from oxygen reduction and the electrode rests
at a more negative potential to offset the anodic current from
the oxidation of trace impurities’> and Pt dissolution. When
oxygen is present, PtO, formation occurs and the oxygen
reduction reaction proceeds at faster rates on oxygen-covered
sites than on bare sites due to the relative strengths of the
platinum—oxygen and platinum oxide-oxygen bonds.*®> The
anodized nature of the local Pt/PtO, reaction results in more
PtO, accumulation on the surface, which in turn provides more
sites on which the oxygen reduction reaction will occur.
Eventually, the anodic PtO, formation reaction has been
shown® to proceed with increased current density and
polarization, leading to more positive rest potentials and
predominant surface coverage of PtO,. However, over longer
periods of time, the cathodic reduction reaction of PtO,
recovers some Pt sites, resulting in fluctuating mixed potential
which is still more positive compared to the resting potential in
the absence of oxygen.” The nature of PtO, coverage also
affects conductance in relation to bare Pt, as shown in previous
studies.”

We carried OCP measurements on a miniaturized sensor
device using controlled concentrations of oxygen over a three-
week period and the same sensor device was used in this study.
In the first week, oxygen concentrations from 0—7% diluted in
nitrogen carrier gas were introduced into a freshly made
miniaturized sensor device and the average OCP over a 10-min
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period was recorded for each oxygen concentration. This was
followed by OCP measurements in nitrogen-diluted air (14 to
25% O, concentration) in the second week and OCP
measurements in 1—25% oxygen concentrations diluted with
nitrogen gas in the third week using the same sensor device.
Figure 8 shows the plots of OCP vs oxygen concentration in
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Figure 8. OCP-time plots at different concentrations of oxygen over
three weeks, 10-min average reported for each measurement.
Experimental conditions: sensor O, temperature: 0 °C, background
gas: N, (Day 1), air (Day 10), N, (Day 22).

these three weekly measurements. In all three measurements, it
can be seen that the OCP shifts positively with the overall
oxygen concentration, consistent with previous rest potential
data’ in the presence and absence of oxygen. It was also seen
that the overall OCP increases with time in the initial three
weeks of measurement, likely as a result of PtO, accumulation
on the electrode surface.

A practical sensor for real-world applications would be
placed under ambient conditions where differing amounts of
oxygen could be present in the sensor environment over long-
term usage. The signal-to-noise ratio limits the resolution of
every sensor. Our test results show that the relative change in
the impedance signal in the presence of the same
concentration of CO, is the same during repeated tests in
N, background gas. As shown in Figure 7b, the relative change
of the impedance signal (Zy, — Z¢oy/Zy,) over multiple days
for the same CO, concentration is less than 5%. Experiments
using air as the background gas also show that the differential
impedance (dZ,,) in the presence of CO, is consistent over
three cycles (Figure S10). Since the shift in the background
impedance signal does not affect the overall sensing perform-
ance, sensor packaging and calibration methods can be
developed to mitigate this baseline signal change for long-
term sensing applications.

Selectivity of IL CO, Impedance Sensors in the
Presence of Methane. To demonstrate the selectivity of
our sensor in air/oxygen environments, we conducted the
same single-frequency experiments in an air background
instead of nitrogen. These experiments were conducted using
sensor S, which was previously used for experiments in natural
soil samples. This sensor is over 2 years old, and it was stored
in ambient conditions. No fresh IL was added prior to these
new experiments in the air background. As seen from Figure
S10, reproducible signals at 10% CO, concentration are seen at
both room temperature and 0 °C. The increased background
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drift and noise are likely a result of sensor aging. However, the
impedance change (dZ..,) in the presence of CO, is consistent
over three cycles (where dZ.., = Z.. (N, average) — Z..,
(CO, average)). This shows that our sensor is selective to CO,
in the presence of oxygen/air and is capable of producing
stable CO, signals even after long-term storage. In addition to
CO,, CH, is another major GHG in permafrost soils, which is
produced by methanogenesis in anaerobic soil environments.
In order to study the selectivity of the miniaturized sensor for
CO, detection in the presence of CH,, SF-EIS experiments in
the presence of CH, were conducted under similar conditions
to that of CO,. In these experiments, the Z ., values were
continuously recorded over a 10-min period in the presence of
N, (control), 50% CO,, and 50% CH, at room temperature
and different subzero temperatures. Relatively high concen-
trations of these gases were chosen for this selectivity test to
highlight their effects on the IL impedance gas sensor. Figure
9a provides the histogram of average Z,, values for CO,, CH,,
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Figure 9. Selectivity experiments in the presence of methane: (a)
average Z,, values in the N, background, 50% CO,, and 50% CH,
respectively, (b) absolute dZ,., values, where dZ., = Z.q (N,
control) — Z,, (analyte gas). DC potential: OCP, AC bias: 10 mV,
frequency: 1 Hz, sensor device: “SE”.

and N, at different temperatures. It can be seen from Figure 9
that the average Z,, values decrease significantly when CO, is
introduced to the sensor, whereas the Z., signal in the
presence of CH, is similar to that of background N, control.
This is further visualized in Figure 9b, which compares the
difference in Z,,, between N,, CO,, or CH, analyte gas (dZ,.,)
at different temperatures. Hence, our data indicate that the
sensor is selective for CO, detection in the presence of CH,,
and thus, it can be used to separately quantify CO, in soil
environments where CH, would also be present.

CO, Sensing in Natural Soil Samples. The collected
natural soil samples (see the Materials and Methods Section)
were used for preliminary soil gas sensing experiments using
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the CO, impedance sensor tested above. In these experiments,
the sensor was placed on the soil surface, and SF-EIS
experiments were conducted using the same sensor device at
40 °C (first day), —4, —7, and —10 °C (second day), and 0 °C
(third day) to measure the CO, concentrations released from
the soils with different initial CO, concentrations. Since all the
sensor tests were performed with one sensor device, these
experiments at different temperatures were carried out on
different days. Note that the control experiments in N,
background gas and in the soil sample doped with CO, at
each temperature were performed on the same day. In
addition, the increasing impedance trend with decreasing
temperature is the same for each individual day’s measure-
ments and is consistent. The comparative raw data for these
experiments are shown in Figure S9a—f. At each temperature,
it can be seen that the Z., values measured from SF-EIS
experiments decreased significantly when the sensor was
placed in soil samples that were prepurged with CO, for 1 h.
As discussed above, this decrease in resistive impedance Z,,
could be attributed to molecular interactions between the CO,
analyte and [Bmpy][NTf,] IL that result in decreasing
resistance and increasing conductivity by decreasing ionic
attractions in the IL. Our current experiments show that the
background signal drift direction is opposite to the direction of
signal change in the presence of CO,, these data show that our
sensor is sensitive to soil CO, emission even in the presence of
the signal drifts. Figure 10 provides the comparative histo-
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Figure 10. Summary of control and CO, Z., values in soil sample
tests, gray color: blank soil sample, black color: soil sample purged
with CO, for an hour.

grams of average Z., values of the sensor obtained when
measuring the same soil samples with and without CO,
purging. In both the control and CO, purging experiments,
the average Z,, increases with decreasing temperature due to
the increased viscosity of the IL electrolyte with decreased
temperature. In addition, the sensitivity for CO, detection
increases with decreasing temperature. These soil sensing data
are consistent with our previous CO, sensing experimental
results, indicating the effectiveness of our method for CO,
detection in real soil samples at low temperature conditions.

B CONCLUSIONS

Real-time and continuous-use gas sensors are needed for
environmental monitoring of GHS emissions in a cold
environment. In this work, we conducted temperature-
dependent studies with both computational and experimental
approaches on a novel IL-based single-frequency impedance
sensor for continuously monitoring CO, gas from subzero to
ambient temperatures using IL [Bmpy][NTf,] as the electro-
lyte with miniaturized planar Pt black electrodes in the absence
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of DC potential applied. The real impedance (Z,,) is shown
to decrease linearly with an increase in %CO,, which could be
attributed to molecular interactions between the CO, analyte
and IL [Bmpy][NTf,] that result in decreasing resistance and
increasing conductivity due to decreased ionic attractions in
the IL. The increased viscosity of the IL at lower temperatures
resulted in the formation of more concentrated layers of ionic
charges and proved to be beneficial for sensitivity enhancement
for our impedance-based gas sensing method. The sensor
device with the IL electrolyte shows good stability at ambient
conditions. Continuous sensing experiments conducted with
the same miniaturized planar sensor device over a 58-day
period of time showed that no dry-out and freeze of the IL
electrolytes occurred. Changes in background signals during
these continuous sensing experiments over the 58-day period
were explained based on the change of OCP of the sensor
device at ambient conditions due to partial oxidation of Pt
black electrode materials. However, our results show that Pt
electrode changes did not affect the net relative CO, signal
using either N, or air as background gas. Since ILs have the
durability of traditional inorganic materials (e.g., metal oxides)
and the tunability and synthetic flexibility of the organic
materials, the noninvasive impedance sensing together with the
unique properties of ILs minimizes the fouling or poisoning of
the electrode and electrolyte compared to those amperometric
sensors based on redox reactions. To our knowledge, this is the
first report on low-temperature impedance sensing. Our
sensing method that works at cold temperatures would be
suitable for permafrost soil measurements. Our future work
includes field testing the sensors in Arctic soils, optimizing
sensor performance by increasing the signal/noise ratio, and
designing better IL/electrode interfaces such as using optimal
nanoelectrode materials, IL electrolytes, and sensor fabrication
and packaging. We also aim to enhance the sensor sensitivity
and selectivity for continuous soil CO, monitoring under real-
world conditions.
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