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Extraordinary performance of semiconducting
metal oxide gas sensors using dielectric excitation

Radislav A. Potyrailo®'24, Steven Go', Daniel Sexton’, Xiaxi Li?, Nasr Alkadi3, Andrei Kolmakov®*,
Bruce Amm’, Richard St-Pierre’, Brian Scherer!, Majid Nayeri', Guang Wu', Christopher Collazo-Davila’,
Doug Forman', Chris Calvert®, Craig Mack® and Philip McConnell®

Semiconducting metal oxides are widely used for gas sensors. The resulting chemiresistor devices, however, suffer from
non-linear responses, signal fluctuations and gas cross-sensitivities, which limits their use in demanding applications of
air-quality monitoring. Here, we show that conventional semiconducting metal oxide materials can provide high-performance
sensors using an impedance measurement technique. Our approach is based on dielectric excitation measurements and yields
sensors with a linear gas response (R? > 0.99), broad dynamic range of gas detection (six decades of concentrations) and high
baseline stability, as well as reduced humidity and ambient-temperature effects. We validated the technique using a range
of commercial sensing elements and a range of gases in both laboratory and field conditions. Our approach can be applied to
both n- and p-type semiconducting metal oxide materials, and we show that it can be used in wireless sensor networks, and

drone-based and wearable environmental and industrial gas monitoring.

odern gas sensors are capable of operating at a low power

and have a low cost, and can be used in a range of appli-

cations'”". Sensors based on semiconducting metal oxide
(SMOX) materials, which rely on changes in electrical resistance
(chemiresistors), are used in a variety of practical settings®’, which
include air-quality alarms for residential, industrial and automotive
applications. In such implementations, the performance limitations
of SMOX sensors, which include non-linearity, poor stability and
gas cross-sensitivity, are not critical. However, these limitations
make the sensors unsuitable for other contemporary monitoring
needs, such as the reliable monitoring of ambient environmental
pollutants and indoor air quality, and the surveillance of hazardous
industrial areas.

To reduce the gas cross-sensitivity of SMOX-based sensors, sev-
eral approaches have been employed: combining sensors into arrays,
using temperature modulation to improve the sensor response and
broad-range impedance spectroscopy (Supplementary Notes 1-3).
In particular, platforms based on sensor arrays and temperature
modulation are currently close to field implementation'*'">. The
non-linearity of SMOX sensors, however, has been assumed to be
an inherent issue due to the power law that governs their d.c. resis-
tance response’’~*. The non-linear response degrades the sensitivity
of SMOX sensors at high gas concentrations’' and makes additional
sensor calibration necessary®, which increases costs. Finally, the
issue of poor operation stability”? degrades the limit of detection
(LOD) of the sensors.

In this article, we show that gas sensors based on SMOX materi-
als can yield a linear response by using impedance measurements
based on a dielectric excitation technique. In particular, the imagi-
nary part of the a.c. impedance at a certain frequency range can
provide a linear sensor response over a large range of gas concentra-
tions. Also, compared to conventional chemiresistors, our approach
expands the dynamic range of gas detection, improves sensor base-
line stability, and significantly reduces, or even eliminates, humidity

and ambient temperature effects. Unlike broad-band imped-
ance spectroscopy, our dielectric excitation approach uses specific
frequency ranges by following the front (high- or low-frequency)
shoulder of the spectral peak obtained from dielectric relaxation
measurements of (n- or p-type, respectively) SMOX materials when
they are exposed to various gas concentrations.

We first used the SnO, SMOX material, which is an n-type
semiconductor and is the most popular material in SMOX sen-
sors®’. We then validated our measurement strategy using 15 dif-
ferent sensing elements and numerous gaseous species at different
concentration ranges. A broad range of volatiles of environmental
and industrial importance were tested: benzene, toluene, hydrogen
sulfide, hydrogen, carbon monoxide, methane, ethane, propane,
acetylene, methanol, ethanol, acetone and formaldehyde. We also
explored the effects of humidity (mixtures of volatiles with water
vapour up to 80% relative humidity (RH)) and temperature (—25
to 50°C). Furthermore, we applied our dielectric excitation mea-
surement strategy to a p-type SMOX material and confirmed the
same response linearity. For both n- and p-type SMOX materials,
we employed sensing elements fabricated by state-of-the-art manu-
facturing practices (Fig. 1a and Supplementary Table 1) rather than
custom structures that may have non-Debye contributions to their
response. To illustrate the practical potential of our strategy, we
built wireless sensor nodes using low-power microelectronics and
employed them for stationary, drone-based and wearable environ-
mental and industrial gas monitoring.

Response linearity with diverse sensing elements and gases
The power law in SMOX chemiresistors originates from the
gas-induced changes in the electrical conduction and polariza-
tion effects along the percolating conduction paths of the sens-
ing material’®. These paths are the individual grains, as well as the
interconnects between the grains and the contacts with electrodes
(Fig. 1b,c), as described by a widely accepted equivalent circuit
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Fig. 1| Metal oxide semiconducting materials for gas sensing using conventional resistance and dielectric excitation schemes. a, Examples of SMOX
sensing elements fabricated by high-quality manufacturing practices. SMOX sensing materials are deposited between or on top of electrodes on heated
substrates. b, Cross-sectional scanning electron microscope (SEM) image of the SnO, sensing material in contact with an electrode with its visualized
hierarchical granular and porous structure. ¢, The mechanism of gas sensitivity of SnO, in which a gas-induced SnO, band bending causes the modulation
of the electrical conduction and polarizing effects at intergranular contacts (ICs), electrode/particle contacts (ECs), grain and bulk boundaries and the
bulk resistance of grains. d, The equivalent circuit diagram in which an EC has resistance R_and capacitance R,, the IC has resistance R, and capacitance
Cy and R, is the bulk resistance of the core of the grains. e/f, In situ SEM electrical characterization (e) and EBAC current collection (f) map the SnO,

sensing material. The colour contrast is determined mainly by the absorbed current; the gradual variation of the colour scale along the individual contacted
grains A and B indicates that the conductance in the bulk is ohmic. The step-like difference in the colour level between grains A and B shows the presence
of a potential barrier between them. g-n, Monitoring of different concentration ranges of methane using conventional resistance (g,i,k,m) and dielectric
excitation (h,j,1,n) measurements using a sensing element TGS 2611: 0-10 ppm (g,h), 0-100 ppm (i,j), 0-1,000 ppm (k,I) and 0-10,000 ppm (m,n). For each
concentration range, 16 steps of gas concentrations were produced. Dielectric excitation Z” measurements were at 14 kHz, 24 kHz, 115 kH and 717 kHz for

h, j, I and n, respectively.

model (Fig. 1d). The conductance in the SMOX bulk material fol-
lows an ohmic behaviour with a potential barrier between grains, as
determined using electron beam absorbed current (EBAC) micros-
copy (Fig. lef).

For our initial experiments, we used a commercial methane
sensing element (TGS 2611) and tested it with methane as a model
greenhouse gas at various ppb and ppm levels, as well as a model
flammable gas at various volume percent levels. From measure-
ments of the real Z'(f) and imaginary Z”(f) impedance at different
frequencies f, we found that the Z"(f) response to the gas exhibited
linearity at certain frequencies (at the high-frequency shoulder of
the relaxation peak spectra). For example, for the measurements
using 0-10ppm of methane, the resistance response showed a
non-linear behaviour (Fig. 1g), whereas the Z” (f) response became
linear with the coefficient of determination R*>0.995 at the
high-frequency shoulder of the dielectric relaxation region (Fig. 1h).

We observed this linear behaviour up to the highest methane con-
centration of 10,000 ppm allowed in ambient laboratory conditions
but the resistance response progressively saturated (Fig. 1g-n and
Extended Data Fig. 1).

These results were intriguing because decades of prior work on
impedance spectroscopy of SMOX sensing materials did not report
such linear response (Supplementary Note 3). To understand the
mechanism of such responses of a conventional SnO, material
when using the dielectric excitation measurements, we considered
a SMOX material as a condensed-phase material with a response to
a gas. In this material, the dielectric relaxation region is controlled
by the circuit resistance R and capacitance C (ref. *). As an approxi-
mation, we considered the exposure of the material to a single type
of gas at different concentrations, the circuit resistance R to follow
the classic empirical power law response on gas exposures'**’ and
the circuit capacitance C to be constant because the gas effects on
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the capacitance of SnO, sensors are relatively small****. In materials
science, Z'(f) and Z"(f) dispersion profiles are measured to extract
material properties (Supplementary Note 4) given by:

, R

2 Ry )

2
" _ R*C2nf i 2)
1 + (2nfCR)

According to equation (1), at f— 0, a condensed-phase material
exhibits a high value of Z’, which is equal to R, followed by a gradual
relaxation of Z'(f) to zero as a function of frequency. According to
equation (2), a relaxation peak exists in the Z”(f) spectrum with
its minimum at the relaxation frequency f,. The Z"(f) spectrum
also exhibits a relaxation to zero as a function of frequency. If this
condensed-phase material is a gas-sensitive metal oxide, its resis-
tance R follows the classic empirical power-law response with gas
exposures'*. To describe the resistor response at different concen-
trations of an analyte gas [gas], which includes when [gas] =0, the
power law can be expressed as:

R = Ry (1 + Kgas[gas]) ” (3)

where R, is the material resistance in the absence of analyte gas, K,
is the resistance sensitivity to the analyte gas and f is the power-law
coefficient of response. Numerous previous studies showed that the
coefficient K,,; depends on the nature of the gas, type of sensing
material and sensor operating temperature, whereas the power-law
exponent  depends on three categories of factors, (1) the nature of
the measured gas and its concentration range, (2) the type of sens-
ing material, its grain size, grain surface-to-volume ratio, types of
dopants and types of interconnects between the grains and (3) the
geometry and material of the electrodes of the sensing element'*~*’.

To verify experimental results in Fig. 1g-n and Extended Data
Fig. 1, we simulated the dispersion profiles Z'(f) and Z” (f) described
by equations (1) and (2) and gas-induced changes in R described by
equation (3). We visualized the linearity of theoretical and experi-
mental responses across the dielectric relaxation region by nor-
malizing Z'(f) and Z"(f) to be from 0 to 1 over the tested ranges
of gas concentrations. The correlation between the theoretical and
experimental results of normalized Z'(f) and Z"(f) is depicted in
Fig. 2a-d and Supplementary Figs. 1 and 2. The normalized theo-
retical and experimental Z'(f) responses followed the power law at
low frequencies, becoming non-monotonic on frequency increase
and monotonic at high frequencies, and did not become linear
(Supplementary Fig. 1). The normalized theoretical and experimen-
tal Z”(f) responses were non-linear at low frequencies, becoming
more linear, slightly S-shaped and even exponential at high fre-
quencies (Fig. 2a-d and Supplementary Fig. 2¢,d). Such behaviour
was from contributions of the gas-induced frequency shifts of the
relaxation frequency f, and the change in the Z”(f) signal (see Initial
design rules for high-linearity SMOX sensors).

To quantify the response linearity, we applied linear fits to the
normalized Z'(f) and Z"(f) responses and calculated the R? values of
these fits. A comparison of the R? values of the theorical and experi-
mental Z”(f) responses (Fig. 2e,f) shows a clear trend in the frequency
positions that provided linear gas responses with the desired resolu-
tion. The linearity of the Z"(f) responses was R*>0.995 for theo-
retical and experimental values (Fig. 2¢,f and Supplementary Fig. 3).
This strong correlation between these initial theoretical and experi-
mental Z'(f) and Z"(f) data (Fig. 2 and Supplementary Figs. 1-3)
validated our initial model of the gas-response mechanism using
dielectric excitation measurements. Theoretical and experimental
data showed that the gas-response linearity of the condensed-phase
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n-type SMOX material was controlled by the measurement mode Z'
or Z" and frequency fas described by equations (1)-(3).

At very high measurement frequencies, the theoretical R* values
stabilized (Fig. 2¢), whereas the experimental R? values decreased
and their noise increased (Fig. 2f). The insights of this discrep-
ancy are provided from equations (1) and (2) and Extended Data
Fig. 1, in which the Z'(f) and Z"(f) spectra gradually relax to zero as
a function of frequency. Experimentally, these values approached
the noise floor of the measurement system, so unable to resolve the
gas response at high frequencies. In contrast, the simulations shown
in Fig. 2e depict that in the absence of the measurement noise the
response linearity was sustained at high frequencies. As shown in
Figs. 1 and 2, with the extension of the gas concentration range, the
best frequency to achieve the linear response increased. In measure-
ments when the expected concentrations are unknown, the optimal
frequency can be determined using known autoranging techniques
(Supplementary Note 5 and Supplementary Fig. 4).

Our achieved control of response linearity with sensing of
methane up to 10,000 ppm encouraged us to explore the potential
of the dielectric excitation measurements to expand the dynamic
range of gas detection even further. By testing the sensor response
with 0.625-ppm steps of CH, concentration, we achieved a LOD of
20 ppb of methane (Extended Data Fig. 2a). Our tests with methane
from 0 to 110,000 ppm (11% volume) in a special chemical hood
also achieved a linear response (Extended Data Fig. 2b). Thus, we
expanded the dynamic range of methane-gas sensing to more than
six decades (5.5 % 10° fold). The response linearity over such a broad
measurement range is an important milestone for SMOX sensing
concepts because the power-law response of SMOX resistors lim-
its the range down to typically 2-3 decades and rarely extends to 4
decades of gas concentrations®.

We further compared the responses of our sensors with those
of pellistors as established safety detectors of high levels of flam-
mable gases. Supplementary Figs. 5 and 6 illustrate that our sensors
were able to detect not only much lower concentrations of meth-
ane but also did not suffer from the erroneous decrease of pellistor
response when detecting relatively high concentrations of methane.
This broad range of measured gas concentrations opens the oppor-
tunities to monitor infrared-inactive industrial gases (for example,
hydrogen) with complementary capabilities to those of pellistors.

To explore if the observed linear response with methane was
common across diverse types of volatiles and designs of SMOX sens-
ing elements, we tested 15 types of sensing elements with numerous
volatiles. We selected SMOX sensing elements manufactured with
bulk and thin-film structures and different configurations of elec-
trodes (Supplementary Table 1). These sensing elements were with
n-type, mostly SnO,, material because it is the most popular SMOX
material®’. We utilized these sensing elements without any addi-
tional electronic circuit components (for example, potential divid-
ers). In operation, the resistance of these sensing elements ranged
from ~2x10% to 5% 10°ohm. Diverse volatiles, such as hydrogen,
carbon monoxide, methane, acetylene, methanol, ethanol, acetone,
toluene, benzene, formaldehyde and hydrogen sulfide were mea-
sured because many of these chemical species were included in the
specifications of SMOX chemiresistors driven by their dopants and
by the importance for environmental and industrial applications.

Extended Data Fig. 3 and Supplementary Fig. 7 illustrate the
results with these n-type SMOX sensing elements plotted as resis-
tor and dielectric excitation responses. Using dielectric excitation
methodology, we found linear response to numerous volatiles to
be independent of the designs of the sensing elements and types
of volatiles. Although most responses from diverse sensors were
linear, some responses were slightly sigmoidal or had an enhanced
sensitivity at high gas concentrations (Extended Data Fig. 3e and
Supplementary Fig. 7e), as also theoretically and experimentally
observed for methane (Supplementary Fig. 2¢,d).
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Fig. 2 | Theoretical verification of the experimentally developed dielectric excitation scheme for the controlled linearity of SMOX sensors. a-d, Normalized Z”
gas-response profiles to methane gas from O to 1 at various frequencies across the dielectric relaxation region of the SMOX sensing material at 0-10 ppm
(a), 0-100 ppm (b), 0-1,000 ppm (c) and 0-10,000 ppm (d). The theoretical values are plotted as gradient colours. Exemplary sets of experimental data

at three representative frequencies are shown with colours that correspond to the theoretical frequency values. e f, Calculated R? values of linear fits to the
theoretical (e) and experimental (f) Z”(f) responses for all the measured concentration ranges of methane. Expt, experiment.

To investigate this phenomenon and to seek needed insights, we
analysed these gas-response results as Nyquist plots (Supplementary
Figs. 8 and 9). Although laboratory-prepared sensing materials can
have Nyquist plots with almost ideal Debye relaxation®>”, often in
such manually prepared sensing materials there is also a substantial
risk of having distorted Nyquist plots due to a variety of effects that
cause non-Debye relaxation (Supplementary Note 3). The Nyquist
plots from our tested sensing elements had zero depression angles of
the Z' versus -Z" semicircles that visualize no detected effects from
non-Debye relaxation. The presence of only Debye relaxation in our
Nyquist plots facilitated the development of our initial design rules
for the sensors with a high response linearity based on the dielectric
excitation strategy.

Encouraged by the gas-response linearity of n-type SMOX sensing
elements, we tested a p-type SMOX sensing element (Supplementary
Table 1) for its response to ethanol as a model analyte (Extended
Data Fig. 4). In the case of the p-type SMOX material, the d.c. resis-
tance increased with the increase of ethanol concentrations from
~2x%10°ohm in air to ~3X10°0hm in ethanol following the power
law; the Z"(f) response was linear at the low-frequency shoulder of
the relaxation peak (Extended Data Fig. 4a-d). The Nyquist plots
had zero depression angles visualizing no detected effects from
non-Debye relaxation (Extended Data Fig. 4e). The resulting Z"(f)
response at low frequencies had a linearity of R*=0.994 (Extended
Data Fig. 4f), similar to those of n-type SMOX materials.

Thus, for both, n- and p-type SMOX materials the linear Z”(f)
gas responses were observed on the front-edge shoulder of the relax-
ation peak that followed the gas concentrations. For n- and p-type
materials, the front-edge shoulder was the high- or low-frequency
regions of the relaxation peak, respectively as summarized in
Extended Data Fig. 5.

Effects of variable ambient humidity and temperature

A variable air humidity affects the power-law response of chemire-
sistors by changing their baseline and gas sensitivity**~*!. An exam-
ple of the effects of water vapour from 0 to 80% RH on the resistance
and dielectric responses to ethanol (as a model vapour) is presented
in Fig. 3a-d. The resistance response had a known substantial
decrease in baseline and decrease in gas sensitivity with the increase
of RH (Fig. 3a,b shows the linear and logarithmic y scales, respec-
tively). Meanwhile, the dielectric excitation provided three impor-
tant advancements over the resistance measurements (Fig. 3c):
(1) the response baseline was less affected by humidity variations,
(2) the sensor sensitivity increased with the increase of RH and (3)
the response linearity slightly improved in the presence of water
vapour. We assessed the sensor linearity as R? values of the linear fit
for dry air and four levels of RH (Fig. 3d) and had two additional
findings: (1) R? increased with RH, from 0.975 (0% RH) to 0.997
(20% RH) and to 0.999 (80% RH) and (2) the frequency ranges
of the linear response overlapped for 20-80% RH, being slightly
lower for 0% RH. Thus, the dielectric excitation provided a linear
response for different humidity levels, which simplifies the calibra-
tion of such sensors for practical uses®.

We further performed additional studies of the RH effects on the
linearity of diverse sensing elements and volatiles (Supplementary
Figs. 10-15). We found that the response baseline was consistently
less affected by humidity variations as compared to the resistance
readout, the sensitivity of the sensors either increased or decreased
with the increase of RH and the response linearity consistently
improved with RH and had overlapping frequency ranges.

The effects of the ambient temperature on chemiresistors remain
an unsolved problem that reduces sensor accuracy’>” and adds
complications in sensor calibrations’. Dielectric excitation provided
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Fig. 3 | Effects of ambient humidity and temperature on the resistance and dielectric responses of SMOX sensing elements. a-d, Effects of ambient
humidity from O to 80% RH on exposures to ethanol vapour on the resistance response, linear scale (a), resistance response, logarithmic scale (b) and
dielectric response (Z” at 0.17 MHz) with a dramatic reduction in the RH effects (¢), and the frequency dependence of R? values of the linear fit for different
RH levels (d). e-i, Effects of ambient temperature from —25 to 50 °C on exposures to methane gas on the resistance response, linear scale (e), resistance

response, logarithmic scale (f) and dielectric response (Z” at 0.56 MHz) (g),

frequency dependence of the R? values of the linear fit for different ambient

temperatures (h) and temperature-insensitive dielectric response (Z' at 2.7 MHz) (i). a-d, Experimental details: sensing element CCS801, ethanol at 0, 4,
8,12,16 and 20 ppm and water vapour at O, 20, 40, 60 and 80% RH. e-i, Experimental details: sensing element TGS2611, methane at O, 50, 100, 150, 200

and 250 ppm and ambient temperature at 50, 25, 0 and —25 °C, as indicated

an elegant solution for self-compensation against a variable ambi-
ent temperature. We tested sensors in an environmental chamber
with cycling of the ambient temperature from —25 to 50°C and
replicate gas exposures (Fig. 3e-i). The resistance response had
the expected ambient-temperature-induced baseline offsets and
variable non-linear response (Fig. 3e,f for the linear and loga-
rithmic y scales, respectively). The Z” sensor response also had
ambient-temperature-induced baseline offsets, but with the sen-
sor response linearity preserved at all the tested temperatures with
well-behaved baseline steps, for example, as shown in Fig. 3g at
0.56 MHz. The results of the analysis of sensor linearity as R* values
of the linear fit for all the temperatures (Fig. 3h) showed R*>0.999
with a stable frequency range of the linear response.

Interestingly, in this experiment we also found that the real
part Z’' of the impedance response at 2.7 MHz was not affected by
temperature (Fig. 3i). This temperature self-compensation effect
is probably a result of the differences in the frequency-controlled
temperature dependence of dielectric properties of electrical sensor
circuit components (for example, sensing material, substrate and
electrodes). Systems components with different temperature coef-
ficients have been implemented previously to eliminate tempera-
ture sensitivity in electronic devices whereby at certain operation
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conditions the components cancel out the overall temperature
effects for the whole system™. Compensation of the temperature
effects on sensor performance typically requires an additional hard-

ware solution®>°,

Initial design rules for high-linearity SMOX sensors
To develop the initial design rules for high-linearity SMOX sen-
sors, we combined our accumulated experimental knowledge on
the response linearity under diverse ambient conditions with the
insights from the Nyquist plots from numerous designs of SMOX
sensing elements and with the knowledge of the origins of the
coefficients K,,, and f# in equation (3). The non-linear response in
chemiresistors is controlled by these two coefficients that aggregate
all the sensor design, manufacturing and application-specific vari-
ables. In previous studies, the values of these coefficients under the
explored ambient conditions were K,,,=0.001-0.1 and f=0.2-1
(refs. 13-2).

To evaluate the effects of K, and § on the linearity of sen-
sor response with dielectric excitation, we numerically explored
the effects of K, and § on the Z(f)" spectra (equation (2) with

gas-modulated resistance, as described by equation (3). As shown in
Supplementary Fig. 16, the coefficient K, controlled the frequency
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region for the highest R% the maximum R? of 1.00 was achieved for
B=0.5, which makes this f value the best for the sensor linearity.
The highest K, had the strongest effect on R* for different values
of f. When f increased from 0.5 to 1, the sensor linearity slightly
dropped down to R*=0.994 (K,,,=0.1). A more important unde-
sired effect of § on the sensor linearity was that when f decreased
from 0.5 to 0.1, the sensor linearity dropped down to R*=0.88
(Kgs=0.1), as summarized in Fig. 4a.

To initially validate this theoretical finding, we performed experi-
ments with 16 sensing elements (n and p type; Supplementary Table 1)
and 10 volatiles with their different concentration ranges, mixtures
with water vapour up to 80% RH and variation of ambient tem-
perature from -25 to 50 °C. Supplementary Table 2 provides a sum-
mary from these experiments with 70 test conditions. Figure 4b,c
summarizes the relation between f and R? from these experiments,
which validates our theoretical predictions. In these figures, we also
highlight the p-type SMOX material that has an R* value on a par
with the values from diverse n-type sensing elements and three R?
values at R?~0.97 that were from several experiments in dry air.

Thus, the mechanism of linear gas response at the gas-modulated
front shoulder of the relaxation peak in SMOX sensing materials
may originate from two aspects. First, Kramers-Kronig relations
between the real and imaginary parts of the complex permittivity
of diverse types of materials—which include SMOX sensing materi-
als—provide the basis for the correlation between the gas-induced
material effects as the d.c. resistance and as the dielectric responses
of Z'(f) and Z"(f) under an applied a.c. field””. Second, although the
Z'(f) gas response is proportional to the power-law dependence
under an applied d.c. excitation (f— 0), the frequency shifts of the
relaxation frequency f, of the relaxation peak and the simultane-
ous change of the amplitude of the Z"(f) signal create a frequency
region in which the Z”(f) changes almost linearly in relation to the
gas concentration. These theoretical and experimental findings pro-
vide us with the initial design rules for high-linearity SMOX-based
sensors in which the sensor linearity of R*~ 1 is achieved using our
dielectric excitation if the sensor is built with the power-law expo-
nent f~0.5. The coefficient of sensor sensitivity K, controls the
frequency region for the highest R2.

as

Improvement in LOD, stability and dynamic response

The baseline instabilities of SMOX chemiresistors is a serious
practical limitation that degrades their limit of gas detection®. Our
dielectric excitation provides a desired solution to this problem.
As an example, Figure 5a,b illustrates replicate (n=3) linear and

logarithmic responses of a chemiresistor to different hydrogen gas
concentrations in the presence of an unstable baseline. In con-
trast, the dielectric excitation improved the relative levels of the
gas-induced responses versus the baseline instabilities (Fig. 5¢,d).
This improvement was frequency dependent (Fig. 5¢). As a result,
the LOD was also frequency dependent (Fig. 5f). The LOD for the
H, chemiresistor was 10.5ppm, but improved to 0.18 ppm with
Z"(f) measurements at ~0.1 MHz. This 58-fold improvement was
achieved without any redesign of the sensing material or electrodes,
but rather by applying our dielectric excitation.

Dielectric excitation also provided an elegant approach for
baseline corrections using a high-frequency portion of the sensor
response. We tested the sensor response to periodic exposures to
methane (n=22 cycles) for ~130 hours with increasing and decreas-
ing methane concentrations for up to 11% volume. Sensor responses
R and Z” for a single and multiple cycles of gas exposures are pre-
sented in Fig. 5g-j to compare the capabilities of both methods. The
single-cycle data showed rapid saturation and baseline instabilities
of the resistance response (Fig. 5g), but a linear and baseline stable
dielectric response (Fig. 5h). Comparison of the sensor perfor-
mance over the whole test duration revealed baseline instabilities of
the resistance response typical for SMOX materials (Fig. 5i,j for the
linear and logarithmic y scales, respectively) that were almost elimi-
nated in the dielectric response (Fig. 5k). Interestingly, although the
high-frequency tail of the spectrum was not affected by the methane
response, it revealed a pure baseline fluctuation (green trace of Z”(f)
at 3MHz (Fig. 51)), which allows a straightforward two-frequency
self-correction of the sensor baseline. Such a baseline correction is
mathematically not available in single-output sensors®*.

In measurements with different gas concentrations, we observed
that the sensor recovery time was faster in the Z”(f) measurement
mode relative to that in the Z'(f) measurement mode (Fig. 1g-n).
This improvement was achieved because under an a.c. excitation
at high frequencies, the sensor speed is related only to the grain
boundary effects with the fast a.c. displacing charges, whereas in
the chemoresistance mode the sensor speed is governed by the d.c.
conductance of multijunctions®*. We performed follow-up experi-
ments that compared sensor operational speed with the dielectric
excitation and d.c. resistance readouts. Our initial experiments
were performed with methane (Extended Data Fig. 6) followed by
experiments with numerous additional gases and vapours measured
with n- and p-type sensing elements (Extended Data Figs. 3 and 4).
The dielectric excitation consistently provided substantial improve-
ments in the sensor recovery time.
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Fig. 5 | General improvement of SMOX sensor baseline using dielectric excitation scheme. a-f, Results of the sensor response to hydrogen concentrations
that ranged from O to 500 ppm in steps of 50 ppm over the test time of 700 min; sensing element, TGS 821. a,b, Resistance response on the linear (a)
and logarithmic (b) y scales, respectively, depict exemplary large baseline fluctuations (dotted line boxes). ¢,d, Z” response with substantially reduced
contributions of the baseline fluctuations (dotted line boxes). Plot in d is the zoomed-in y axis of plot in c. e, Frequency-dependent noise of the baseline
response (s.d. o, blue line) and frequency-dependent sensor response to 50 ppm H, (green line). f, LOD from the Z”(f) response (blue line) illustrates
the existence of the minimum in the LOD at ~0.1 MHz with the dielectric excitation, which is ~0.18 ppm of hydrogen, and the LOD from the resistance
response of 10.5 ppm (red line). g-1, Results of the sensor response to periodic exposures to methane for ~130 h with increasing and decreasing methane
concentrations (n=22 cycles). Methane concentrations, 0-11% volume with steps of 1.37% volume; sensing element, TGS 2611. g h, Single cycle of
resistance (g) and dielectric excitation (h) responses. i-k, Replicate cycles of resistance response on the linear (i) and logarithmic (j) y scales, and
dielectric response (Z” at 0.7 MHz) (k). I, Zoomed-in regions of the Z” baseline instability illustrated at 0.7 MHz (blue trace) and 3 MHz (green trace).
The blue and green traces are offset for clarity. Black dotted lines in i-1 show an ideal flat baseline.

Multigas sensing and miniaturization for field deployments
Our main goal was not to focus on multigas detection using a.c.
excitation because such a capability was demonstrated earlier*-**'.
However, as we had already characterized our available conven-
tional SMOX sensing elements for their response linearity and sta-
bility in variable ambient conditions, we also illustrated in this work
their capabilities in the discrimination and quantitation of diverse
and closely related gases and their mixtures. Supplementary Note 6
and Supplementary Figs. 17-21 summarize our results with gases
of importance to environmental pollution (fugitive emissions of
methane, ethane and propane), workplace safety (carbon monox-
ide, methane and hydrogen) and process monitoring (dissolved gas
analysis of transformer oils—acetylene, hydrogen and methane).
For efficient multigas sensing with future SMOX sensors, their
structural designs should be accordingly advanced to provide the
required diversity in their independent outputs®.

We further implemented our strategy with commercial
integrated-circuit impedance analysers to monitor urban and
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industrial pollution sources over a broad range of concentrations.
Figure 6 compares the results of sensors based on the dielec-
tric excitation for measurements of exemplary volatiles such as
benzene, toluene, hydrogen, formaldehyde, and carbon mon-
oxide measured by desktop (top graphs) and integrated circuit
(bottom graphs) impedance analysers. Both configurations of
the dielectric excitation measurements had similar linearity and
ppb LOD values of detected chemical species (summarized in
Supplementary Table 3). The advantages of the integrated cir-
cuit system were in providing a >10°-fold power reduction and
an about 10°-fold reduction in volume over the desktop imped-
ance analyser.

We also built wireless sensor nodes based on modern
low-power microelectronics and employed them for unattended,
drone-based and wearable environmental and industrial gas moni-
toring. The results of these field validation campaigns are pre-
sented in Supplementary Notes 7-9, Extended Data Figs. 7-9 and
Supplementary Figs. 22-29.
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Fig. 6 | Dielectric excitation measurements of responses of SMOX sensing elements to various volatiles with LODs at ppb levels. a-e, Measured
chemical species—benzene (a), toluene (b), hydrogen (c), formaldehyde (d) and carbon monoxide (e)—measured by a desktop (top graphs) and an
integrated circuit impedance analyser (bottom graphs). The ppb LOD values are summarized in Supplementary Table 3. Conc, concentration.

Conclusions

We have developed a gas-sensing strategy for conventional SMOX
materials that is based on dielectric excitation measurements. The
approach offers a linear response, broad dynamic range and baseline
stability, as well as substantially reduced humidity and ambient tem-
perature effects. We believe that our dielectric excitation measure-
ment strategy could be easily adapted to a variety of n- and p-type
SMOX sensing materials and implemented in a range of emerging
applications, which include wearable monitors, autonomous robot-
ics, home health and sensor networks. The broad acceptance of
other (physical and physiological) sensors in mobile devices is the
guiding force for our gas sensors for indoor air quality and outdoor
ambient air quality, toward improving their performance to be on
par with traditional analytical instruments*~*.

SMOX-based sensors could also complement modern miniatur-
ized traditional analytical instruments (such as wearable gas chro-
matographs®) in terms of gas selectivity and accurate detection in
complex backgrounds by adopting insights from other areas of ana-
lytical instrumentation. For example, SMOX chemiresistors have
only a single output, whereas traditional analytical instruments
have multiple outputs, because of their different theoretical design
origins®, to enable the accurate quantitation of gaseous chemical
species of interest in the presence of known and unknown inter-
ferences. The design principles of individual multivariable sensors
based on multiresponse sensing materials and transducers that
provide up to four-dimensional response dispersion®*® and out-
perform conventional sensor arrays* could be considered also. The
system-level integration of such ideas could optimize the perfor-
mance of future SMOX gas sensors in diverse scenarios.

Methods

Sensing elements. The SMOX sensing elements were purchased from different
manufacturers; their types and tested gases are summarized in Supplementary
Table 1. Where possible, SnO, sensing materials were selected as the n-type

SMOX materials. As a control, we also used a p-type SMOX material, as
highlighted in Supplementary Table 1. The operating temperature of the sensing
elements was controlled by the applied voltage of the heater and was typically

at 300°C, as described by the manufacturers. Cross-sectional SEM imaging and
energy-dispersive X-ray spectroscopy analysis were performed to explore the
morphology and composition of the sensing materials in contact with one of the
electrodes. EBAC microscopy was implemented to visualize the conduction paths
in the device. The EBAC irradiation conditions for SnO, were 10keV with a 14nA
electron beam.

Exposures to gases and vapours. Different concentrations of gases, vapours and
their mixtures were produced using three custom-made computer-controlled
gas generation and mixing systems with complementary capabilities, using air
as a carrier gas and a total gas flow of ~0.2-11min"". System 1 was operated

with non-explosive levels of gases and vapours. System 2 was operated with
explosive and highly toxic gases in a walk-in hood. System 3 was operated with
non-explosive levels of gases and vapours and was utilized in conjunction with
sensor tests in an environmental chamber*’-*’.

Sensor data acquisition. The impedance spectra Z(f) of sensors were measured
using laboratory and ASIC (application-specific integrated circuit) impedance
analysers. The laboratory impedance analysers were Agilent 4294A (Agilent
Technologies, Inc.) operating from 40 Hz to 110 MHz, Keysight E4990A (Keysight
Technologies) operating from 20 Hz to 10 MHz, Keysight E4990A operating
from 20 Hz to 20 MHz and Keysight E4990A operating from 20 Hz to 120 MHz.
The ASIC impedance analysers were AD5933 and ADuCM355 chips (Analog
Devices, Inc.) operating from 1 to 100kHz and from 1 to 200 kHz, respectively.
In laboratory evaluations, data acquisition from desktop analysers and the ASIC
analysers was performed using LabVIEW (National Instruments). The sensor
nodes were designed to collect data and to send it using Wi-Fi to a central hub
where the data was stored in ASCII format and analysed. Examples of the size
and power consumption are: Keysight E4990A, 22 cm X 30 cm X 43 cm, ~160 W;
ADuCM355, 1 mm X 5mm X 6 mm, ~50 mW.

Analysis of sensor data. Analysis of sensor data was done using KaleidaGraph
(Synergy Software), Python (Python Software Foundation) and PLS_Toolbox
Software (Eigenvector Research, Inc.) operated with MATLAB (The Mathworks
Inc.). Multivariate data processing was done in MATLAB and Python. Statistical
and machine-learning methods were implemented for the qualitative and
quantitative analyses.
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The support vector machine (SVM) method was used as the supervised
learning algorithm that analyses data the for classification and regression analysis.
The support vector machine constructs a set of hyperplanes in multidimensional
space that is utilized for classification, regression and outlier detection®'.

The principal components analysis (PCA) method was used as an unsupervised
method for pattern recognition for the classification of multivariate data. Principal
components analysis reduces a multidimensional dataset by calculating orthogonal
principal components that are oriented in the direction of the maximum variance
within the dataset™.

A one versus all (OVA) method was used for the classification of measurement
results that exhibit a high degree of correlation in variations in the same class.

One versus all utilizes training of a single classifier per class, where given a
classification problem with N possible solutions, a one-versus-all solution consists
of N separate binary classifiers—one binary classifier for each possible outcome™.

The heat maps depicted in Supplementary Fig. 17e—g were constructed by
calculating at each frequency the ratio of the sensor response for a pair of gases
and then calculating the magnitude of the difference in this quantity for pairs of
frequencies. Mathematically, this is represented for gases 1,2 at a pair of frequencies
i,j as:

Z{(gas2)

Dy = |22
T |2 (gas)

Z!(gas2)
"
g )

where D is the quantity shown in the heat map and Z{ (gas g) is the sensor
response at frequency f when gas g is present. If the sensor has similar selectivity

Z!(gas2) Z’”(gas 2)
Z](gas1) ZJ”(gas 1)

at frequencies i and j, then and D;~ 0. However, if the sensor

"
7] (gas2) , 4] (gas2)

Wima“dl’v”

has different selectivities at frequencies i and j then
Pairs of frequencies with D;;> 0 have diversity in their selectivity and therefore are
good candidates to include as independent variables in transfer functions for the
independent quantification of different gases using a single sensor.

The LOD was calculated at a signal-to-noise ratio (SNR) of three* from the
sensor response S at its smallest measured gas concentration and the measured
sensor noise 6 as LOD =SNRX X [gas]/S.

Physics-based gas-leak localization modelling was performed by using ANSYS
(Fluent, Inc.), a computational fluid dynamics software package to simulate
methane gas leaks into air, which form plumes that evolve under dynamic wind
conditions. The developed model solved Naiver-Stokes equations with a k-epsilon
submodel for transient flow field simulation, given wind data (wind speed and
direction, from a weather station) and ppm methane gas concentrations monitored
by the wireless sensor nodes as the inputs. A methane-transport submodel was
used for gas-leak tracking, and probing points were defined to capture the methane
leak concentrations at various locations. The model was run with various leak
locations. For each leak location, the resulting responses at the probing points
after running the model were compared with the actual responses from the sensor
nodes. Then, the candidate leak location with the best match was determined as
the predicted leak location by the model. After the leak location was determined,
the leak rate was quantified by further postprocessing of the responses of the model
and actual field testing.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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Extended Data Fig. 1| Spectral details of dielectric excitation measurements of response of a SMOX sensing element to different concentration ranges
of methane. a, 0-10 ppm, b, 0-100 ppm, ¢, 0-1,000 ppm, and d, 0-10,000 ppm. Each panel (a-d) has the top graph of Z'(f) spectra, middle graph of Z"(f)
spectra and the bottom graph is the zoomed-in region of Z”(f) spectra with the spectral region of the linear sensor response to methane (dotted lines).

Different colors in spectra in (a-d) are labeled as O to 16 as the respective methane gas concentration steps depicted in Fig. 1g-n and plotted as a blank
(0) and every other spectrum (2-16).
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Extended Data Fig. 2 | Broad range of gas-response linearity achieved with dielectric excitation measurements. a, Detection of methane at sub-ppm and
low-ppm concentrations with the achieved LOD of 0.02 ppm. b, Detection of methane from O to 11 % vol.
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Extended Data Fig. 3 | Examples of responses of different types of SMOX sensing elements to diverse gaseous species obtained using conventional
resistance (top graphs) and dielectric excitation measurements (bottom graphs). a, Ethanol, b, CH,, ¢, H,. Insets in bottom graphs are different
generations of SMOX sensing elements. For details of the SMOX sensing elements, see Supplementary Table 1. For corresponding Nyquist plots, see

Supplementary Fig. 8.
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Extended Data Fig. 4 | Dielectric excitation measurements with a p-type SMOX material using a VOCM31 sensing element (see Supplementary Table 1).
Ethanol was used as a model analyte. Monitoring of ethanol concentrations using a, conventional resistance and b, dielectric excitation measurements. ¢, Z'(f)
and d, Z"(f) spectra and e, Nyquist plots of sensor response. f, Frequency dependence of the R? values of the linear fit. Inset, low-frequency range. Ethanol
vapour concentrations: 0, 300, 600, 900, 1200, 1500, and 1800 ppm. For details about the VOCM31 sensing element (see Supplementary Table 1).
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Extended Data Fig. 5 | Rules for dielectric excitation measurements to achieve linear gas-sensing response in n- and p-type SMOX materials.

a, Response of n-type materials to increasing concentrations of reducing volatiles where Z”(f) spectra follow the increasing gas concentrations with
the high-frequency shifts. b, Response of p-type materials to increasing concentrations of reducing volatiles where Z”(f) spectra follow the increasing
gas concentrations with the low-frequency shifts. Thus, for both, n- and p-type SMOX materials the linear Z”(f) gas responses were observed on the
front-edge shoulder of the relaxation peak that followed the gas concentrations. For n- and p-type materials, the front-edge shoulder was the high- or
low-frequency regions of the relaxation peak, respectively.
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Extended Data Fig. 6 | Dynamic response of the SMOX-based sensor in different modes of operation. a, Conventional chemiresistor mode, b, Dielectric

excitation measurement mode.
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Extended Data Fig. 7 | Wireless sensor node components and field data collection unit. a, Boards for sensor data acquisition, b, Boards for sensor data
acquisition and wireless data communication. ¢, Assembled sensor node. d, Sensor nodes in a chamber for gas calibration. e, Field data collection unit,
paper coffee cup shown for scale.
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Extended Data Fig. 8 | Benchmarking of the performance of the developed wireless sensor node against a tunable diode laser absorption spectroscopy
(TDLAS) system in dynamic detection of methane under ambient wind conditions. a, Test layout. Dynamic responses of b, TDLAS and ¢, developed
sensor system.
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Supplementary Notes

Supplementary Note 1: Arrays of SMOX and other sensing materials

Combining sensors into arrays'™ is a common approach to mitigate poor selectivity of
individual conventional sensors as shown in excellent studies with sensor arrays containing up to
65,536 elements>%!!. The field of sensor arrays (also known as electronic noses) has matured to
understanding of their remaining needs, e.g. correction for the uncorrelated drift of each sensor
in an array and ability to operate in the presence of high levels of known and unknown
interferences. The state of the art in sensor arrays and their prospects has been critically analyzed
in “classic” and very recent reviews'>6,

Supplementary Note 2: Temperature modulation of SMOX chemiresisors

Temperature modulation of SMOX chemiresisors expands the dimensionality of sensor
response by utilizing variable temperature as an independent variable*’*. Temperature
modulation for multi-gas detection has been applied since 1980-s*7°%6>_ Over the years significant
achievements have been in the areas of understanding the effects of the temperature modulation
on multi-gas resolution, response hysteresis, accelerated sensor aging upon temperature cycling,
and data acquisition to monitor transient signals. Temperature modulation has been also applied
for stability improvements®®’. Different time scales have been employed for temperature
modulation ranging from milliseconds®*-°, to seconds®* %, and to tens of seconds>>*1:¢%%  For
analysis of transient signals, dedicated tools were utilized such as Pade—Z-transform, multi-
exponential transient spectroscopy, window time slicing, ridge regression solution, fast Fourier
transform, and some others®>®. Temperature modulation was not focused on the advances of
achieving linear sensor response and eliminating sensor drift as described in this Article.

Supplementary Note 3: Impedance spectroscopy of SMOX and other sensing materials

Impedance spectroscopy has been implemented to study numerous fundamental and
applied aspects of SMOX sensing materials. Analysis of fundamental principles of operation’®"?
has been performed. Effects of oxygen’*’®, temperature’>’"*, and humidity’!"*-8%%437 were
quantified. Types of equivalent circuits’”## and effects of capacitance®**-°! and capacitance and
conductance’®” contributions were explored. Analysis of grain boundaries’®’®** has been
performed. Studies on the improvements of selectivity?**” and effects of doping®”*%1% were
accomplished. Results of comparison of commercial and laboratory prepared sensing powders’®
and sensing elements®' and impedance analysis of sensor quality'?! were reported. Composite,
mixed oxides, multilayer, and nanostructured materials were evaluated®®!921% SMOX sensors
were explored for their room temperature operation'®”19-11% " Pattern recognition of impedance
SMOX gas sensor arrays was performed!'!!. Pattern recognition of impedance of individual SMOX
gas sensors was suggested for detection of different gas components in air®. Radio-frequency'!?
and microwave resonant sensing!'> using SMOX materials was demonstrated. Multimodal
impedance sensing of humidity and mechanical pressure''*, and hyphenated detection of
impedance and photocurrent'!'> was introduced. Effects of aging and poisons®®!'¢-118 as well as
moisture resistance!!® were studied. Methods for machine learning corrections for impedance
sensor response' '® were demonstrated.

Debye relaxation in SMOX materials was investigated demonstrating that laboratory
prepared sensing materials can have Nyquist plots with almost ideal Debye relaxation®>%1°!, In
manually prepared sensing materials there is also a significant risk of having distorted Nyquist
plots due to a variety of effects causing the non-Debye relaxation’?7%-82:120-124,
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This brief summary illustrates the evolution of the implementation of impedance
spectroscopy methodologies from developing understanding and new knowledge of the basics of
the sensor operation to studies of the effects of aging and poisons and to comparison of commercial
and laboratory prepared sensors. Over the years, review articles and book chapters provided the
details of the state-of-the art of impedance spectroscopy methodologies for SMOX sensors!?>128,
Impedance spectroscopy has been also implemented to study diverse types of sensing materials
including zeolites, dielectric, conjugated, and formulated polymers, carbon nanotubes, ligand-
functionalized metal nanoparticles and many others®’12%126.129-132,

Our team has been implementing impedance spectroscopy for gas and vapor sensing using
diverse types of sensing materials and transducers with the goals of improving selectivity of our
sensors and rejection of interferences. Examples of our sensing materials include SMOX,
dielectric and conjugated polymers, ligand-functionalized metal nanoparticles, and carbon
allotropes; examples of our transducers include resonant and non-resonant structures operating
over the radio-frequency and microwave regions of electromagnetic spectrum, as summarized in
recent reviews'>!"1%° These detailed studies of SMOX and other sensing materials using
impedance spectroscopy did not anticipate results that we have summarized in this Article.

Supplementary Note 4: Description of dispersion profiles Z'(f) and Z’'(f) in materials
science and gas sensing

In materials science, Z'(f) and Z"’(f) dispersion profiles are measured to extract the intrinsic
properties of materials as described by Eq. 1 and Eq. 2 of the main text!*!*, In impedance
measurements for gas sensing, Z'(f) and Z"’'(f) dispersion values also have been measured to
explain the intrinsic properties of sensing materials as described by Eq. 1 and Eq. 2 of the main
text!27:13%:140 without teachings that are reported in this study.

Supplementary Note 5: Auto-ranging

Different monitoring scenarios (e.g. ambient rural and urban air, workplace atmosphere,
exhaust gases) span a broad range of concentrations of gases of interest'*!. To quantify gases over
their broad range of concentrations with a linear sensor response and its desired resolution, we can
apply our dielectric excitation methodology coupled with auto-ranging techniques that are
commonly implemented in electronics. For the best resolution of gas concentrations, we have
linear calibration curves at several frequencies that correspond to the broadest concentration range
and more narrow concentration ranges. As an example, Supplementary Fig. 4 demonstrates our
steps in auto-ranging of three measured sensor responses 1 — 3. While we measure responses from
the sensor across all frequencies of our measurement system, to determine a gas concentration, we
start with the calibration curve at the highest frequency. If the sensor response is above the bottom
20% of the sensor responses at this frequency (sensor response 1), we look at the linear calibration
curve at this frequency and relate the sensor response to the gas concentration (Supplementary
Fig. 4a). If the sensor response is below the bottom 20% of the sensor responses at this frequency
(sensor responses 2 and 3), we switch to a decade lower in gas concentrations by using the linear
calibration curve at the lower frequency and relating the sensor response to the gas concentration
(sensor response 3, Supplementary Fig. 4b). If the sensor response 3 is below the ~ bottom 10%
of the sensor responses at this frequency, we switch further to a decade lower in gas concentrations
and utilize the corresponding calibration curve (Supplementary Fig. 4c¢). Thus, these sensor
responses at different frequencies allow high-resolution determination of gas concentrations across
the broad range of gas concentrations with linear response advantages!4*-144,



Supplementary Note 6: Discrimination and quantitation of multiple gases.

Our dielectric excitation measurement strategy of conventional SMOX sensing elements
allowed discrimination and quantitation of diverse and closely related individual gases and their
mixtures at different ratios. We selected gases with importance to process monitoring (dissolved
gas analysis of transformer oils - acetylene C>H», hydrogen H»>, and methane CHs), environmental
pollution (fugitive emissions of methane CH4 and other hydrocarbons such as ethane C2Hg and
propane C3Hg), and workplace safety (carbon monoxide CO and methane CHy).

An example of discrimination of three diverse gases such as acetylene CoHz, hydrogen Ha,
and methane CHy is illustrated in Supplementary Fig. 17. Dynamic sensor responses Z" and Z”’
to three gases at three positions along the dielectric relaxation shoulder are depicted in
Supplementary Fig. 17a-c. At one position (Z’ at 0.4 MHz, see Supplementary Fig. 17a), sensor
response to three gases was approximately the same, while at another positions, the response to
CH4 was the smallest (Z’ at 2.0 MHz, see Supplementary Fig. 17b), or the response to H> was
the largest (Z’° at 3.7 MHz, see Supplementary Fig. 17¢). Thus, operation of the sensor at
different frequency positions along the dielectric relaxation shoulder and detection at Z" and Z"”
provided a desired response pattern to the tested gases for their quantitative discrimination. We
visualized the multi-gas sensor detection the by implementing a one-versus-all (OVA) algorithm,
widely applied in genomic analysis'*1*7 (see Methods). Supplementary Fig. 17d depicts a 3D
plot of our OVA model that produced orthogonal responses to individual gases C2Ha, H>, and CHa.

To understand how the selectivity of the sensor response depends on frequency, we built
heat maps of the sensor responses for different gas and frequency pairs (Supplementary Fig. 17e-
g). Heat maps are commonly utilized in diverse disciplines ranging from medicine'*® to
neuroscience'*’ to determine correlations or other associations between variables. We constructed
heat maps by first calculating at each frequency the ratio of the sensor response for a pair of gases
and then taking the magnitude of the difference in this quantity for pairs of frequencies (see
Methods for mathematical definition). For a given pair of gases, frequencies with similar
selectivity have a difference of about zero (blue). For pairs of frequencies with diverse selectivity
the difference is ~ 0.5 - 1 (orange - red). Results in Supplementary Fig. 17e-g illustrated that each
pair of gases had a specific region of frequencies with diversity of sensor responses to these gases.

Next, we set a more challenging task of discriminating between three closely related
hydrocarbon gases such as methane CHa, ethane C2Hg, and propane CsHs. Such discrimination is
important in determination of the biogenic or thermogenic origin of sources of environmental
emissions and in process monitoring of the quality and aging of liquefied natural gas fuel. The
sensor produced different Z” and Z’’ response patterns that allowed discrimination of these closely
related hydrocarbons (Supplementary Fig. 18).

Accurate discrimination and quantitation of gases in their mixtures is a challenge for
conventional field-deployable analytical instruments'® and is conceptually prohibitive for
traditional single output sensors such as SMOX chemiresistors and others'>!. However, using the
dielectric excitation measurement strategy, we successfully discriminated and quantified gases in
their mixtures. Two representative examples include discrimination of CH4 and CO
(Supplementary Fig. 19) and CH4, H2, and C;H: (Supplementary Fig. 20). To quantify these
gases, we applied support vector machine (SVM) technique (see Methods).

Discrimination between gases that have their large concentration differences is a significant
unmet need using different traditional analytical instrumentation. However, using the dielectric
excitation measurement strategy, we discriminated and quantified gases in their mixtures with their
at least 200,000-fold ratio in concentrations. Supplementary Fig. 21 illustrates responses of the
sensor to hydrogen and methane with hydrogen concentrations in the range from 0 to 12.5 ppm in
the steps of 2.5 ppm and methane concentrations in the range from 0 to 50 % vol. in the steps of
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12.5 % vol. Selecting different frequencies for the discrimination of these gases resulted in the
establishing the gas response pattern where at three selected frequencies the relative response of
the sensor to two gases at their highest tested concentrations was either the same (Supplementary
Fig. 21a) or bigger for hydrogen (Supplementary Fig. 21b) or bigger for methane
(Supplementary Fig. 21c). Such pattern of raw responses was sufficient to provide the two-gas
discrimination using a PCA model (Supplementary Fig. 21d). Thus, we discriminated these gases
with their difference in concentrations of 500,000 ppm methane (largest tested methane
concentration) and 2.5 ppm hydrogen (smallest tested hydrogen concentration), which was a
200,000-fold gas-concentrations ratio. While these experiments on the discrimination and
quantitation of multiple gases were performed in the laboratory, our current efforts are to bring
these capabilities to the field-deployed sensor nodes. Results of these studies are forthcoming.

Supplementary Note 7: Design of wireless gas sensor nodes

While initial lab experiments were performed using desktop impedance analyzers, we
further designed gas-sensor nodes for field applications. In the node design, we utilized one of
the integrated circuit impedance analyzers described in Methods. The operation frequency range
of the dielectric excitation measurements was tuned by using a tuning capacitor in the sensor
circuit that was in parallel with the sensing element and the impedance analyzer. In the performed
experiments, the sensor was exposed to water vapor at two concentrations and to methane gas at
two concentrations with exposure to dry air in between. Measurements were performed using a
laboratory impedance analyzer over the frequency range from 100 Hz to 100 MHz. Five tuning
capacitors were sequentially added to the electrical circuit of the sensor during exposures to water
vapor and methane gas. The values of the five tuning capacitors were 10 pF, 47 pF, 100 pF, 470
pF, and 1000 pF. Sensor responses to water vapor and methane gas were recorded without a
tuning capacitor and with five tuning capacitors. The labels for these sensor responses without a
tuning capacitor and with five tuning capacitors are 0, 1, 2, 3, 4, and 5, respectively.

Supplementary Fig. 22a,b depict real Z’ and imaginary Z’’ impedance spectra of the
sensor in air measured without the tuning capacitor and with five tuning capacitors. Data of these
measurements illustrates that the spectra were monotonically shifting to the smaller frequencies
upon addition of the tuning capacitor and the increase of its value. The magnitude of the responses
of Z’ and Z”’ were not appreciably affected by the tuning capacitor. Supplementary Fig. 22¢-h
depict Z’ and Z’° impedance spectra of the sensor in air, exposed to water vapor at two
concentrations, and exposed to methane gas at two concentrations measured without the tuning
capacitor and with five tuning capacitors. Thus, adding tuning capacitors did not affect the
magnitude of the responses of the sensor to methane and water and only shifted the position of the
relaxation frequency fo. Supplementary Fig. 22i depicts the relation between the position of the
relaxation frequency f, in air and the applied value of the tuning capacitor.

Gas-sensor nodes were designed to provide wireless deployments (see Supplementary
Fig. 23). The sensor node components were fabricated using standard design methodologies
resulting in 50 g weight of the populated boards and were packaged into wireless nodes. The
sensor node components and the field data collection unit are depicted in Extended Data Fig. 7.
The nodes were used for unattended, drone-based, and wearable applications (Supplementary
Fig. 24). Details of the wearable sensor node components are illustrated in Supplementary Fig.
25. The response speed of our sensor was an important aspect in detection of emissions. In the
initial field tests, we determined that the response speed of the sensor nodes was similar to a
standard tunable diode laser absorption spectroscopy (TDLAS) system (Extended Data Fig. 8).



Supplementary Note 8: Field validation of gas-sensor nodes for localization of fugitive
emissions sources on gas-distribution sites

The sensor nodes were arranged in a wireless sensor network (WSN) and were in periodic
operation for more than 400 days in several field validation campaigns at high temperature and
humidity (Oklahoma) and sub-zero temperatures (North Dakota, Arkansas, and British Columbia)
as illustrated in Supplementary Fig. 26. By using our sensors network and analyzing dynamic
responses of each sensor, we solved the challenging problem of locating fugitive emissions sources
on gas-distribution sites in the presence of numerous vents that produce a variable background of
normal operation conditions of the field equipment. For the localization of the fugitive emissions
sources, we arranged the sensor network in a weather-forecasted L-shaped formation
(Supplementary Fig. 27a) to capture wind-modulated sensors responses during ~140 min of the
test. During the first 100 min, the baseline site data was collected in the presence of vents that
were responsible for the complicated variable normal background. During the next 40 min of the
test, “fugitive emissions” or “emission anomalies” 1, 2, and 3 were induced (Supplementary Fig.
27b). The raw responses of the deployed networked sensors over the whole 140 min of the test
demonstrated that none of the individual sensors discriminated between the vents and fugitive
emissions (Supplementary Fig. 27c). To locate fugitive emissions sources in the presence of
numerous vents we used our machine learning tools (see Methods), analyzed the raw sensor
responses over the first 100 min of sensors data, and developed a dynamic model of the normal
operation of the site. We validated this model by applying it on the last 40 min of the data, correctly
identifying times of all three fugitive methane emissions (Supplementary Fig. 27d). We further
applied our physics-based CFD technique (see Methods) and correctly determined the location of
the fugitive methane emissions on the site (Supplementary Fig. 27e,f) in the presence of
numerous vents. The sensor nodes demonstrated stability with < 15 % drift between the initial
calibration and after 407 days (Supplementary Fig. 28 and Extended Data Fig. 9).

Supplementary Note 9: Demonstration of sensors in flights on a drone and as a wearable
system for detection of industrial emissions

In addition to extensive field testing of the developed sensor nodes in stationary positions
around gas production and distribution facilities, we tested our sensor nodes in flights on an
unmanned aerial vehicle (UAV) or a drone to bring the ability to selectively detect analyte
emissions in the presence of confounding interferences. Because available light-weight laser-
based TDLAS systems are tuned to a particular hydrocarbon gas, they miss other hydrocarbons
in the emission cloud, significantly underestimating emission rates of greenhouse gases. Our gas
sensor node provides a solution for the multi-gas detection using aerial surveillance. In our field
tests, the UAV with the attached sensor node was flying in a circular pattern around the methane
leak source detecting the methane leak in real time. Supplementary Fig. 29a depicts an outdoor
site during the test with the operational UAV and a methane leak source. Results of the real-time
detection of methane leak (see Supplementary Fig. 29b) depict a periodic pattern of methane
response as the result of flying of the UAV with the attached sensor node in a circular pattern
around the methane gas tank detecting the methane leak in real time. The different concentrations
of the detected methane are the result of the random wind pattern during the experiment. A
wearable sensor node was built (Supplementary Fig. 25) and tested for measurements of natural
gas emissions from a compressor station (Supplementary Fig. 29¢). The real-time response of
the wearable sensor (Supplementary Fig. 29d) illustrated monitoring of natural gas emissions
from the compressor.



Supplementary Table 1. Different types of SMOX sensing elements such as bulk and thin-film

structures utilized with the dielectric excitation scheme of gas sensing.

Sensor Sensor Manufacturer Detected gases Sensing Heater
# model material power
(mW)
1 TGS 8100 Figaro Engineering Inc. Gaseous air SnO, 15
Osaka, Japan contaminants
2 CCS 801 ams AG, Austria Indoor air quality n-type 33
SMOX
3 AS-MLV-P2 | ams AG, Austria Reducing gases SnO, 34
4 MiCS-4514 | SGX Sensortech, Reducing gases 76
Switzerland
5 SB-12A FIS Inc., Hyogo, Japan Methane SnO» 120
6 TGS 2602 Figaro Engineering Inc. Odorous air n-type 280
Osaka, Japan contaminants SMOX
7 TGS 2611 Figaro Engineering Inc. Methane, natural gas SnO; 280
Osaka, Japan
8 TGS 2620 Figaro Engineering Inc. Solvent vapors SnO> 210
Osaka, Japan
9 TGS 800 Figaro Engineering Inc. General air SnO; 650
Osaka, Japan contaminants
10 TGS 813 Figaro Engineering Inc. Combustible gases SnO; 835
Osaka, Japan
11 TGS 821 Figaro Engineering Inc. Hydrogen gas SnO; 660
Osaka, Japan
12 TGS 822 Figaro Engineering Inc. Organic solvent SnO; 660
Osaka, Japan vapors
13 P/N 711 Synkera Technologies, Flammable gases n-type 900
Inc. Longmont, CO, USA SMOX
14 MQ-3 Hanwei Electronics Co. Organic solvent SnO; 750
Ltd., Zhengzhou, China vapors
15 MQ-7 Hanwei Electronics Co. Carbon monoxide, SnO» 350
Ltd., Zhengzhou, China hydrogen
16 VOCM31 Alphasense Ltd, Great Broadband total p-type 340
Notley, UK volatile organic SMOX
compounds

General view of sensor elements 1-16:




Supplementary Table 2. R?, Kg.s, and B values from 70 experimental conditions tested in this

Article.
Description R? Sensing element Gaseous species B Kgas %RH
Fig. 1 10 ppm 0.9996 TGS 2611 CH4 0.812 0.136 0
Fig. 1 100 ppm 0.9996 TGS 2611 CH4 0.708 0.105 0
Fig. 1 1,000 ppm 0.9988 TGS 2611 CH4 0.747 0.0802 0
Fig. 1 10,000 ppm 0.9995 TGS 2611 CH4 0.609 0.224 0
Fig. 3 0% RH 0.9749 CCS801 EtOH 1.96 0.477 0
Fig. 3 20% RH 0.9969 CCS801 EtOH 0.738 2.42 20
Fig. 3 40% RH 0.9988 CCS801 EtOH 0.62 3.47 40
Fig. 3 60% RH 0.9994 CCS801 EtOH 0.571 4.21 60
Fig. 3 80% RH 0.9994 CCS801 EtOH 0.544 4.65 80
Fig. 3T =-25C 0.9999 TGS 2611 CH4 0.447 0.281 0
Fig. 3 T=0C 0.9999 TGS 2611 CH4 0.455 0.239 0
Fig. 3T =25C 0.9999 TGS 2611 CH4 0.454 0.193 0
Fig. 3 T = 50C 0.9998 TGS 2611 CH4 0.449 0.163 0
Extended Data Fig. 3 a 0.9998 CCS 801 EtOH 0.737 0.00762 0
Extended Data Fig. 3 b 0.9993 P/N 711 CH4 0.554 0.00376 0
Extended Data Fig. 3 ¢ 0.9965 TGS 822 H2 1 0.0511 0
Extended Data Fig. 4 0.9944 p-type VOCM31 EtOH -0.409 0.398 0
Suppl. Fig. 7 a 0.9984 MiCS-4514 co 0.842 0.128 0
Suppl. Fig. 7b 0.9972 AS-MLV-P2 Co 0.665 0.344 0
Suppl. Fig. 7 ¢ 0.9737 CCS 801 [€0) 0.379 0.0454 0
Suppl. Fig. 7d 0.9962 TGS 2611 C2H2 0.875 0.00131 0
Suppl. Fig. 7 ¢ 0.999 TGS 8100 H2 0.663 0.957 0
Suppl. Fig. 7 f 0.9991 SB-12A CH4 0.574 0.0774 0
Suppl. Fig. 7 ¢ 0.9924 TGS 2611 Toluene L11 0.00124 0
Suppl. Fig. 7h 0.9998 TGS 822 MeOH 0.619 0.469 0
Suppl. Fig. 7 0.9975 TGS 822 EtOH 0.619 0.97 0
Suppl. Fig. 7 0.9955 TGS 2620 EtOH 0.756 0.102 0
Suppl. Fig. 7k 0.9691 TGS 8100 EtOH 0.846 0.0555 0
Suppl. Fig. 71 0.9992 MQ-3 Acetone 0.669 0.934 0
Suppl. Fig. 7m 0.9985 TGS 800 Benzene 0.659 1.06 0
Suppl. Fig. 7n 0.9926 TGS 2602 H2S 0.594 33.9 0
Suppl. Fig. 10 0% RH 0.99 AS-MLV-P2 EtOH 0.596 0.981 0
Suppl. Fig. 10 20% RH 0.9987 AS-MLV-P2 EtOH 0.729 0.239 20
Suppl. Fig. 10 40% RH 0.9983 AS-MLV-P2 EtOH 0.675 0.271 40
Suppl. Fig. 10 60% RH 0.9984 AS-MLV-P2 EtOH 0.654 0.291 60
Suppl. Fig. 10 80% RH 0.9973 AS-MLV-P2 EtOH 0.676 0.285 80
Suppl. Fig. 11 0% RH 0.9969 TGS 2602 Toluene 0.422 2.87 0
Suppl. Fig. 11 20% RH 0.9983 TGS 2602 Toluene 0.445 4.32 20
Suppl. Fig. 11 40% RH 0.998 TGS 2602 Toluene 0.444 5.05 40
Suppl. Fig. 11 60% RH 0.9977 TGS 2602 Toluene 0.448 5.21 60
Suppl. Fig. 11 80% RH 0.9984 TGS 2602 Toluene 0.453 4.93 80
Suppl. Fig. 12 0% RH 0.9926 TGS 2602 H2S 0.594 33.9 0
Suppl. Fig. 12 20% RH 0.9932 TGS 2602 H2S 0.875 9.96 20
Suppl. Fig. 12 40% RH 0.9933 TGS 2602 H2S 0.936 6.06 40
Suppl. Fig. 12 60% RH 0.9944 TGS 2602 H2S 0.907 5.42 60
Suppl. Fig. 12 80% RH 0.9943 TGS 2602 H2S 0.916 5.03 80
Suppl. Fig. 13 0% RH 0.9991 MQ-3 Acetone 0.673 0.924 0
Suppl. Fig. 13 20% RH 0.9992 MQ-3 Acetone 0.669 1.72 20
Suppl. Fig. 13 40% RH 0.9993 MQ-3 Acetone 0.66 1.94 40
Suppl. Fig. 13 60% RH 0.9992 MQ-3 Acetone 0.656 2.09 60
Suppl. Fig. 13 80% RH 0.9988 MQ-3 Acetone 0.657 2.16 80
Suppl. Fig. 14 0% RH repl 1 0.9956 TGS 821 H2 0.952 0.803 0
Suppl. Fig. 14 40% RH repl 1 0.9987 TGS 821 H2 0.784 0.906 40
Suppl. Fig. 14 80% RH repl 1 0.9979 TGS 821 H2 0.813 0.933 80
Suppl. Fig. 14 0% RH repl 2 0.9967 TGS 821 H2 0.897 0.962 0
Suppl. Fig. 14 40% RH repl 2 0.9974 TGS 821 H2 0.86 0.938 40
Suppl. Fig. 14 80% RH repl 2 0.9975 TGS 821 H2 0.843 0.89 80
Suppl. Fig. 14 0% RH repl 3 0.996 TGS 821 H2 0.964 0.743 0
Suppl. Fig. 14 40% RH repl 3 0.9971 TGS 821 H2 0.9 0.606 40
Suppl. Fig. 14 80% RH repl 3 0.998 TGS 821 H2 0.848 0.565 80
Suppl. Fig. 14 0% RH repl 4 0.9962 TGS 821 H2 0.985 0.531 0
Suppl. Fig. 14 40% RH repl 4 0.9973 TGS 821 H2 0.889 0.723 40
Suppl. Fig. 14 80% RH repl 4 0.9975 TGS 821 H2 0.879 0.725 80
Suppl. Fig. 14 0% RH repl 5 0.9943 TGS 821 H2 1.05 0.648 0
Suppl. Fig. 14 40% RH repl 5 0.997 TGS 821 H2 0.895 0.875 40
Suppl. Fig. 14 80% RH repl 5 0.9972 TGS 821 H2 0.9 0.71 80
Suppl. Fig. 15 0% RH 0.9985 TGS 813 CH4 0.848 0.861 0
Suppl. Fig. 15 10% RH 0.9993 TGS 813 CH4 0.754 0.545 10
Suppl. Fig. 15 20% RH 0.9995 TGS 813 CH4 0.711 0.514 20
Suppl. Fig. 15 30% RH 0.9996 TGS 813 CH4 0.683 0.528 30




Supplementary Table 3. LODs for representative gaseous species obtained using the desktop
and integrated circuit analyzers (see data in Fig. 6).

Gaseous species

Desktop analyzer

Integrated circuit analyzer

LOD (ppm) LOD (ppm)
Benzene 0.11 0.09
Toluene 0.28 0.24
Hydrogen 0.026 0.027
Formaldehyde 0.016 0.014
Carbon monoxide 0.16 0.38

* Desktop and integrated circuit analyzers had different scan times such as 5 s for desktop and 1 s
for integrated circuit analyzers. Thus, the LODs for two measurement systems were calculated by
taking into the account these scan times differences.
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Supplementary Fig. 1. Theoretical and experimental normalized Z’ gas-response profiles to
methane gas from 0 to 1 at various frequencies across the dielectric relaxation region of
SMOX sensing material: (a) 0 — 10 ppm, (b) 0 — 100 ppm, (c) 0 — 1,000 ppm, and (d) 0 — 10,000
ppm. Depicted frequencies are illustrated as representative examples.
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Supplementary Fig. 2. Theoretical and experimental normalized Z’’ gas-response profiles
to methane gas from 0 to 1 at various frequencies across the dielectric relaxation region of
SMOX sensing material: (a) 0 — 10 ppm, (b) 0 — 100 ppm, (c) 0 — 1,000 ppm, and (d) 0 — 10,000
ppm. Depicted frequencies are illustrated as representative examples.
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Supplementary Fig. 3. Zoomed-in calculated R? values of linear fits to (a) theoretical and (b)
experimental Z’’ responses for all measured concentration ranges of methane.
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Supplementary Fig. 4. Application of auto-ranging methodology for quantitation of gas
concentrations using our dielectric excitation gas detection strategy. Our example
demonstrates steps in auto-ranging of three measured sensor responses 1 — 3 starting at the highest
frequency (a) and switching to decades lower in gas concentrations as measured at the lower
frequencies (b and c).
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Supplementary Fig. 5. Comparison of responses of a pellistor and a SMOX sensing element
operating using the dielectric excitation scheme to methane gas concentrations in the range
from 0 to 1.25 %vol. presented in eights steps with 0.156 %vol. per step. (a) Response of the
SMOX sensing element operating using the dielectric excitation scheme depicts linear response to
eight steps of methane concentrations. (b) Response of the pellistor depicts linear response only
to the last five steps of methane concentrations, the first three steps were not detected.
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Supplementary Fig. 6. Comparison of responses of a pellistor and a SMOX sensing element
operating using the dielectric excitation scheme to methane gas concentrations in the range
from 0 to 10.8 %vol. presented in seven steps with 1.54 %vol per step. (a) Response of the
SMOX sensing element operating using the dielectric excitation scheme depicts linear response to
seven steps of methane concentrations. (b) Response of the pellistor depicts linear response only
to the first five steps of methane concentrations while the last two steps produced an erroneous
decrease of pellistor response due to lack of oxygen in air when detecting relatively high
concentrations of methane.
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Supplementary Fig. 7. Examples of responses of different types of SMOX sensing elements
to diverse gases and vapours obtained using conventional resistance (top graphs) and
dielectric excitation measurements (bottom graphs). (a-c) CO, (d) C2Ha, (e) Haz, (f) CHa, (g)
toluene, (h) methanol, (i-k) ethanol, (1) acetone, (m) benzene, and (n) H»S. For details of SMOX
sensing elements, see Supplementary Table 1. For corresponding Nyquist plots, see
Supplementary Fig. 9.
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Supplementary Fig. 8. Responses of three types of SMOX sensing elements to ethanol vapour
and CH4 and H: gases presented as Nyquist plots from the data of Extended Data Fig. 3.
Responses: (a) ethanol, (b) CH4, and (c) H». Panels (a — ¢) consist of left panels with plots that
include responses to a blank (black lines, labeled as 0) and volatiles (colored lines, labeled as 2 -
16) and a zoomed-in plots (right panels).
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Supplementary Fig. 9. Responses of numerous types of SMOX sensing elements to diverse
vapours and gases presented as Nyquist plots from the data of Supplementary Fig. 7.
Responses: (a-c) CO, (d) C2Hz, (e) Hz, (f) CHa, (g) toluene, (h) methanol, (i-k) ethanol, (1) acetone,
(m) benzene, and (n) H»S. Panels (a — n) consist of left panels with plots that include responses to
a blank (black lines, labeled as 0) and volatiles (colored lines, labeled as 2 and up to 16) and a
zoomed-in plots (right panels).
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Supplementary Fig. 10. Effect of ambient humidity on linearity of sensor response to ethanol
vapor. (a) Resistance and (b) dielectric responses of a AS-MLV-P2 sensing element
(Supplementary Table 1) upon exposures to ethanol vapor (0, 4, 8, 12, 16, and 20 ppm) in the
presence of variable relative humidity (0, 20, 40, 60, and 80 %RH). (c) Frequency dependence of
the R? values of the linear fit for different RH levels.
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Supplementary Fig. 11. Effect of ambient humidity on linearity of sensor response to toluene
vapor. (a) Resistance and (b) dielectric responses of a TGS 2602 sensing element
(Supplementary Table 1) upon exposures to toluene vapor (0, 4, 8, 12, 16, and 20 ppm) in the
presence of variable relative humidity (0, 20, 40, 60, and 80 %RH). (c) Frequency dependence of
the R? values of the linear fit for different RH levels.
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Supplementary Fig. 12. Effect of ambient humidity on linearity of sensor response to H:S
gas. (a) Resistance and (b) dielectric responses of a TGS2602 sensing element (Supplementary
Table 1) upon exposures to HoS gas (0, 0.44, 0.89, 1.33, 1.78, 2.22, and 2.67 ppm) in the presence
of variable relative humidity (0, 20, 40, 60, and 80 %RH). (c) Frequency dependence of the R?
values of the linear fit for different RH levels.
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Supplementary Fig. 13. Effect of ambient humidity on linearity of sensor response to acetone
vapor. (a) Resistance and (b) dielectric responses of a MQ-3 sensing element (Supplementary
Table 1) upon exposures to acetone vapor (0, 4, 8, 12, 16, and 20 ppm) in the presence of variable
relative humidity (0, 20, 40, 60, and 80 %RH). (c) Frequency dependence of the R? values of the
linear fit for different RH levels.
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Supplementary Fig. 14. Effect of ambient humidity on linearity of sensor response to H: gas.
(a) Resistance and (b) dielectric responses of a TGS821 sensing element (Supplementary Table
1) upon replicate (n = 5) exposures to H» gas (0, 4.44, 8.89, 13.3, 17.8, 22.2, and 26.7 ppm) in the
presence of variable relative humidity (0, 20, 40, 60, and 80 %RH). (c) Frequency dependence of
the R? values of the linear fit for different RH levels.
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Supplementary Fig. 15. Effect of ambient humidity on linearity of sensor response to CH4
gas. (a) Resistance and (b) dielectric responses of a TGS813 sensing element (Supplementary
Table 1) upon replicate (n = 8) exposures to CH4 gas from 0 to 625 ppm in ten steps of 62.5 ppm
in the presence of variable relative humidity (0, 10, 20, and 30 %RH). (¢) Frequency dependence
of the R? values of the linear fit for different RH levels. For each level of RH, eight response
curves are shown corresponding to the eight replicates of the sensor response over the 30 h of tests.
RH levels were chosen to be over relatively narrow range (0—30 %RH) vs.other tests (0-80 %RH).
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Supplementary Fig. 16. Determination of optimal conditions for the linearity of sensor gas
response R? under dielectric excitation based on changes of Z’°(f) described by Eq. 2 as
impacted by Kgas and B in the power law response described by Eq. 3. Effects of variable B in
the range from 0.1 to 1.0 on R? values and frequency positions for Kgas values of (a) 0.001, (b)
0.01, and (¢) 0.1.
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Supplementary Fig. 17. Discrimination of multiple gases C2H2, H2, and CH4 using dielectric
excitation measurement strategy of conventional SMOX sensing materials. (a-c) Dynamic
responses of the sensor to three gases recorded at different frequencies. (d) Discrimination of gases
using OVA. (e — g) Heat maps with rows and columns that are frequencies of responses of the
sensor, depicting difference of the sensor responses between pairs of gases. The frequencies were
from 100 Hz to about 10 MHz with the total number of 75 frequencies. Regions without significant
response difference had values of about zero, while regions with significant response difference
had values from about 0.5 to about unity. Gas concentrations: CoH> = 1042, 2083, 3125, and 4167
ppm, H> =4, 8, 13, and17 ppm, CHs = 2083, 4167, 6250, and 8333 ppm.
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Supplementary Fig. 18. Discrimination between individual methane CH4, ethane C2Hs, and
propane C3Hs gases. (a-d) Dynamic responses of the sensor to three gases recorded at different
frequencies. (e) Pattern recognition using PCA scores plot. (f-h) Cross-validated quantitation of
three gases using SVM.
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Supplementary Fig. 19. Detection of CH4 and CO in mixtures. (a) Experimental plan, (b)
Pattern recognition using PCA scores plot in resolving individual gases and their eight mixtures
1-8, and (c, d) Cross-validated quantitation of CH4 and CO gases using SVM.
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using SVM.
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Supplementary Fig. 21. Discrimination between H2 and CHj at their different ratios. (a-c)
Dynamic responses of the sensor to two gases recorded at different frequencies. (d) Pattern
recognition using PCA scores plot in resolving individual gases.

26



0 Air
3 Air
4 Air
5 Air
100 1000 10* 10° 10° 107 10°
Frequency (Hz)
c o | d - e o | F - |9 - | h - o
m""”"”"‘“\ > 0H02 m——r\ o 1H202 _m\ o 2102 | \.. o 3H02 ”"\*\. s 4H02 [ > 5H02
£ : : :
£ o
g’ —""\; ““""\{
N 3
O ——r |y, | fe—— |om—n | Formmm—n, 3 s
g = !
o o
2 3 4 5 6 7 82 3 4 5 6 "/ 82 3 a4 5 6 7 82 3 4 5 6 7 82 3 4 5 6 ‘7 82 3 ‘4 5 6 7
Log Frequency (Hz) Log Frequency (Hz) Log Frequency (Hz) Log Frequency (Hz) Log Frequency (Hz) Log Frequency (Hz)

- 106

1
Laboratory desktop
impedance analyzer

o
o

Integrated circuit
impedance analyzer

in air (Hz)

o
S

Z° Relaxation frequency

108

(.) 2(‘)0 4(‘)0 6(.10 8(.10 10.00

Tuning Capacitor (pF)
Supplementary Fig. 22. Tuning of the sensor response to match the frequency range of the
operation of the integrated circuit impedance analyzer. (a, b) Real Z'(f) and imaginary Z"'(f)
impedance spectra of the sensor in air measured without the tuning capacitor and with five tuning
capacitors. The values of the five tuning capacitors were 10 pF, 47 pF, 100 pF, 470 pF, and 1000
pF. (c-h) Sensor Z'(f) and imaginary Z"’'(f) impedance spectra in air, methane gas (150 and 300
ppm) and water vapor (5 and 10 % RH) measured without the tuning capacitor (c) and with five
tuning capacitors (d-h). (i) Peak frequency Z" vs. the value of the tuning capacitor.
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Supplementary Fig. 23. Design principles of sensor nodes with the developed dielectric
excitation scheme for controlled linearity of SMOX sensors. (a) Design concept for solar-
powered wireless deployment. (b) Block diagram of the key components of the sensor node.
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p
Supplementary Fig. 24. Examples of sensor nodes with the dielectric excitation measurement

strategy for controlled linearity of SMOX sensors. (a) Sensor node for a wireless sensor
network. (b) Sensor node for drone-based environmental surveillance. (c) Wearable sensor node.

Reader
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Interface

Supplementary Fig. 25. Wearable sensor node components. (a) General schematic and (b)
Boards for sensor data acquisition, data processing, and data communication.

Supplementary Fig. 26. Examples of the test sites where the sensor network was deployed.
(a) Initial tests at GE Research site. (b) Initial tests at Oklahoma State University site. (c - ¢) Test
sites at customers sites with gas production where the sensor network was deployed.
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Supplementary Fig. 27. Developed sensors in a WSN implementation for detection of gas
fugitive emissions in the presence of normal vents operation conditions on a gas-distribution
site. (a) Google Map view of a gas-distribution site with positions of eight sensor nodes in a
weather-forecasted L-shaped formation to capture wind directions during ~140 min of
measurements. (b) Regions (green) of the normal site operation over the first 100 min of test used
for model development and three short minor “fugitive emissions” regions 1, 2, 3 during the last
40 min of the field test. (c) Raw responses from eight sensor nodes over ~140 min of
measurements. (d) Validation results of our PCA unsupervised pattern recognition tool to
determine time responses of fugitive methane emissions 1, 2, and 3 in the presence of normal gas
vents. (e) Identified location of fugitive methane emissions using our CFD tool from five possible
locations (segments S1 — S5). (f) Summary of probabilities of detection of anomalies (“fugitive
emissions”) for five segments S1 — S5 shown in (e).
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Supplementary Fig. 28. Calibration stability of the sensor node after 407 days. Shown are
responses to 0 — 213 ppm of methane at days 0 and 407. Over this period of time, sensor nodes
were utilized in numerous tests at GE and in multiple field test campaigns at customers’ sites.
CH4 range was based on field application requirements.
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Supplementary Fig. 29. Pollution detection using gas-selective sensors operating using the
developed dielectric excitation measurement strategy of conventional SMOX sensing
elements on a UAV and in a wearable format. (a) Outdoor site during the test with the
operational UAV and a methane leak source. (b) Results of the real-time detection of methane
leak. Periodic pattern of methane response is the result of flying of the UAV with the attached
sensor node in a circular pattern around the methane leak detecting the methane leak in real time.
The different concentrations of the detected methane is the result of the random wind pattern
during the experiment. (c) Compressor operating using natural gas. (d) Results of the real-time
monitoring of emissions of residual natural gas.
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