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ABSTRACT: Urban air pollution is a critical health problem in cities all - o B
around the world. Therefore, spatially highly resolved real-time monitoring of
airborne pollutants, in general, and of nitrogen dioxide, NO,, in particular, is
of utmost importance. However, highly accurate but fixed and bulky
measurement stations or satellites are used for this purpose to date. This
defines a need for miniaturized NO, sensor solutions with detection limits in
the low parts per billion range to finally enable indicative air quality
monitoring at low cost that facilitates detection of highly local emission peaks
and enables the implementation of direct local actions like traffic control, to
immediately reduce local emissions. To address this challenge, we present a
nanoplasmonic NO, sensor based on arrays of Au nanoparticles coated with a thin layer of polycrystalline WO;, which displays a
spectral redshift in the localized surface plasmon resonance in response to NO,. Sensor performance is characterized under (i)
idealized laboratory conditions, (ii) conditions simulating humid urban air, and (iii) an outdoor field test in a miniaturized device
benchmarked against a commercial NO, sensor approved according to European and American standards. The limit of detection of
the plasmonic solution is below 10 ppb in all conditions. The observed plasmonic response is attributed to a combination of charge
transfer between the WO; layer and the plasmonic Au nanoparticles, WO; layer volume expansion, and changes in WO; permittivity.
The obtained results highlight the viability of nanoplasmonic gas sensors, in general, and their potential for practical application in

m Metrics & More ’ Q Supporting Information

)

Au-WOs Nanoplasmonic
NO:z sensor

Downloaded viaCHALMERS UNIV OF TECHNOLOGY on April 19, 2022 at 07:43:04 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

indicative urban air monitoring, in particular.
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Ensuring a healthy and livable urban environment is a
priority all over the world due to rapidly progressing
urbanization. According to the WHO, air pollution, in general,
and nitrogen dioxide (NO,), in particular, are among the
largest health risk factors." As a consequence, the real-time
monitoring of airborne pollutants, such as NO,, is of utmost
importance to reliably assess their impact, to enable crafting
and accurate evaluation of new policies, and for decision
makers to take fast action in response to local air pollution
episodes, such as real-time traffic congestion control. To
monitor air quality, to date, highly accurate but costly,
stationary and bulky measurement stations are used,” and
chemiluminescence has been defined as the standard NO,
measurement method in the corresponding European Standard
(EN 14211: 2012). The data gathered by such monitoring
stations provide high accuracy but offers only very low spatial
resolution since these stations are very sparsely deployed at a
few locations only due to their high cost. Hence, deeper
insights into highly resolved spatial and temporal variability of
pollutants remain impossible. Consequently, a technological
breakthrough enabling—ideally—equally accurate but mobile
and spatially highly resolved air quality monitoring devices are
needed. To this end, one of the remaining key challenges is the
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required detection limit for NO, in the low parts-per-billion
(ppb) range' and in the presence of potentially interfering
molecular species abundant in urban air, such as O,, CO,, CO,
and H,O. Therefore, significant research has been invested in
developing NO,-sensing platforms comprising different
materials and utilizing different readout principles, as
summarized in recent reviews.” Among the NO,-sensitive
materials, metal oxides, in general, and tungsten trioxide
(WOs;), in particular, have been identified as highly NO,-
selective and have therefore been explored in a plethora of
designs, ranging from thin films to colloidal nanoparticles.”~ "
Among a large number of sensor readout principles, resistive
metal-oxide-semiconductor (MOS-type) sensors' *'* and elec-
trochemical sensors®'® are to date considered the best
compromise in terms of technology maturity, sensitivity,
cost, and device miniaturization potential. However, the
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Figure 1. (a) Schematic top view and cross-section through the Au—WO); nanoplasmonic sensor depicting the quasirandom array of Au nanodisks
fabricated onto a transparent Borofloat glass substrate and encapsulated by a 40 nm thick WO, film. (b) SEM image of a sensor surface revealing
the WO;-coated Au nanodisks and the highly polycrystalline WO; coating. Scale bar equals 100 nm. Inset: Zoom-in SEM image of a single WO;-
coated Au nanodisk, scale bar equals 20 nm. (c) High-resolution XPS spectrum of the annealed sensor surface in the energy region of the W 4f;,
and W4f; ), doublet peaks, whose maxima are positioned at 36.7 & 0.1, 38.8 + 0.1 eV, respectively, which is in good agreement with a WO, surface
oxidation state.>* (d) Optical extinction spectra of a nanoplasmonic Au—WOj sensor before (blue) and after (red) exposure to 1 part per million
(ppm) NO, in dry synthetic air. The interaction with NO, induces a spectral redshift, Alpeqo of the LSPR peak.

performance of MOS-type sensors is limited by their long
response time and signal drift, whereas electrochemical sensors
are limited by cross-sensitivity and susceptibility toward
changes in the humidity level and temperature."* At the
same time, nanoplasmonic gas sensors based on localized
surface plasmon resonance (LSPR)'*'® have recently emerged
as a competitive technology platform with high sensitivity, fast
response, and significant miniaturization potential, in principle,
down to the level of the individual nanoparticle.'” ™" In the
context of NO, sensing, a proof-of-principle plasmonic
detection combined with an NO,-selective material, such as
a metal oxide’* or a molecular compound,'®** has been
demonstrated. However, no reports about the application of
plasmonic NO, sensors in real urban air exist, and their limit of
detection (LoD) is generally widely unexplored.

Here we report a nanoplasmonic NO, sensor platform based
on arrays of Au nanoparticles coated with a thin layer of highly
polycrystalline WO, for which we assess in detail its response
to NO, under (i) idealized laboratory conditions, (ii)
conditions simulating humid urban air and (iii) in a realistic
field test in the city of Goteborg, Sweden, benchmarked with a
stationary chemiluminescence-based nitrogen oxide analyzer
(Serinus 40, Acoem). As the key results, we find an
extrapolated sensor LoD of about 3 ppb in all conditions,
including the field test. This performance exceeds”**~* or is
on par””’~* with the most sensitive NO, sensors reported in
the literature. Furthermore, together with the highly promising
field test results, our findings highlight the potential of
nanoplasmonic air quality sensors for large-scale deployment
in urban environments for the purpose of so-called indicative
monitoring of urban air.”* Such indicative monitoring serves

the purpose of identifying the periods and spatial distribution
of elevated NO, concentrations with high spatial resolution
and is, therefore, to be seen as a complement to, rather than a
replacement of, the highly accurate measurement stations used
to date.

B RESULTS AND DISCUSSION

Sensor Nanofabrication and Characterization. The
sensor surfaces were prepared by nanofabricating a quasiran-
dom array of Au nanodisks 120 nm in diameter and 20 nm in
thickness onto a 9.5 X 9.5 X 1 mm glass support (Borofloat,
Schott Scandinavia AB) using Hole-mask Colloidal Lithog-
raphy”” (details in Methods). To functionalize it for NO,
detection with high specificity, we deposited a 40 nm thick
WO; film onto the nanostructured surface by RF magnetron
sputtering, followed by two-step annealing at 400 °C for 12 h
in 4% H, in Ar, and subsequently at 400 °C for 12 h in air.
This resulted in Au nanoparticles completely encapsulated in a
highly polycrystalline layer (Figure lab), for which X-ray
photoelectron spectroscopy (XPS) analysis reveals that the W
4t,, and W 4f;,, doublet peaks are positioned at 36.7 = 0.1,
38.8 + 0.1 eV, respectively. This confirms an oxidation state of
the surface that corresponds to WO, (Figure 1c).* Exposing
this sensor surface to NO, then indeed results in a spectral
shift of the LSPR peak, A4, which can be employed as the
basis for the sensor readout to detect NO, (Figure 1d).

NO,-Sensing Mechanism. When it comes to using WO,
for the detection of NO, in oxygen-rich environments, such as
ambient air, the corresponding sensing mechanism has been
reported in the literature based on both experimental and
theoretical investigations and for different signal-transducing
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Figure 2. Schematic depiction of the proposed NO,-detection mechanism of Au—WO; nanoplasmonic sensors. (a) Schematic of the pristine WO,
film on the top of the plasmonic Au nanodisk. (b) Schematic of oxygen adsorption on the Au—WOj surface below and above 100 °C. At T < 100
°C, oxygen is adsorbed as O by withdrawing an electron (e”) from the WO;, whereas at T > 100 °C, the adsorbed O withdraws e~ and
dissociates into 207. (c) Schematic of NO, (ad)sorption in the ppb (low) and ppm (high) NO, concentration regimes. NO, is chemisorbed as
NO3 (nitrite) and NOj (nitrate) species by withdrawing electrons from the oxide and/or coadsorbed oxygen species, thereby changing the
electron density in the oxide. This process, in turn, induces a charge equilibration between the oxide and the Au nanoparticles embedded in it,
which lowers the electron density in the Au and gives rise to the observed spectral redshift of the LSPR peak. Furthermore, in the ppm (high) NO,
concentration range, besides charge transfer induced by the surface reaction, likely changes in the bulk of the metal oxide also have to be
considered. Specifically, as a consequence of higher equilibrium NO, surface coverage, a subsurface transformation of WO, into W(NO),, is likely
to take place and leads to both a volume expansion and permittivity change of the oxide.

principles.””~** These principles all have in common that they
exploit the fact that oxygen molecules strongly interact with
metal oxide surfaces, in general, and with WO;, in particular,
according to the following scheme

OZ(gas) - OZ(ads) (1)
Ol(ads) +e - O;(ads) (2)
O;(ads) te — 2’C)a\ds) (3)

Here, depending on the operating temperature, different
oxygen species are predominantly adsorbed on a WOj; surface,
that is, for temperatures below 100 °C, it is mostly O3 that
captures electrons from the WO; conduction band, and in the
range from 100 to 300 °C, oxygen is mainly adsorbed in the
form of O~ (Figure 2ab)."!

Introducing also NO, to the system leads to the
coadsorption of O, and NO, ions. However, owing to the
five times higher electron affinity of NO, compared to O,,"
NO, chemisorbs in the forms of NO3 (nitrite ion) or NO3
(nitrate jon) by capturing electrons either from WO; or from
preadsorbed oxygen species, according to the following
reactions

NO, + e"SNO;, 4)
NO, + O — NO; ()

Since thereby an electron transfer from the surface to the
analyte molecules takes place, the electrical conductivity of the
active metal-oxide-sensing layer is altered, enabled by the
existence of native vacancies and defects in its structure. The
specific role of these defects in WO;-based NO, detection has
been investigated in detail in various studies.””**** The
common conclusion is that the interaction between WO; and
NO, is enhanced in the presence of the oxygen vacancies since
they function as active adsorption sites for NO,.* Con-
sequently, the majority of reported WO;-based NO, sensors
are of the MOS-type, in which measured changes in the
conductivity of the WO;-sensing layer in the presence of NO,
constitute the signal transduction princigple.s’ 40 Accordingly,
also other oxides like ZnO,"”** $n0,,**" and In,0,’"* have

been used in MOS-type NO, sensors by exploiting a similar
detection principle.

In this study, however, we utilize a different sensing
principle, which on the one hand relies on the strong
interaction of the Au nanodisk array on the sensor surface
with incident visible-NIR light via LSPR, and on the other
hand, the sensitivity of the LSPR to changes occurring both to
the plasmonic nanoparticles themselves and to their intimate
surroundings, which subsequently is reflected in a finite A4,
(cf. Figure 1d). To specifically rationalize the origin of the
observed A4, signal generated by NO, for the sensor surface
at hand, we recall that the LSPR frequency of a Au
nanoparticle, Q, in its simplest form, is a function of the free
electron density in the metal and the refractive index of the
surrounding matrix as

Ne?

(1 + 2¢,)m.g, (6)

where N is the conduction electron density, e is the elementary
charge, €, is the dielectric function of the matrix, m, is the
electron mass, and &, is the permittivity of free space.”>’
Translated to the case at hand, the chemisorption of NO, onto
the WOj; surface leads to a conductivity change of the WO,
layer due to electron depletion by the formed NO; species on
its surface, as discussed above. Consequently, owing to a
subsequent charge equilibration between the WOj; layer and
the Au nanoparticles, the free electron density of these particles
is slightly reduced and leads to the observed spectral redshift of
the LSPR peak, as also proposed in the literature for other
Au—metal oxide nanocomposite plasmonic gas sensors.”">*
Next, it is also interesting to briefly consider the likely
impact of NO, concentration in the analyte medium on this
process. For low NO, concentrations in the ppb range, the
equilibrium coverage of NO; is low and likely limited to the
surface, rendering charge transfer from the Au nanodisks to
surface-bound chemisorbed NO; via WO;, the main sensing
mechanism (Figure 2c). However, when the NO, concen-
tration in the analyte medium increases to the parts per million
(ppm) range, the equilibrium NO3 and NO3 coverage on the
sensor surface increases significantly, and the formation of
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NOj is favored,”® as observed on various metal oxides in
experimental studies and corroborated by theoretical calcu-
lations.***” Since adsorbed NOj species are also known to
have a higher stability than adsorbed NO3, it becomes
increasingly likely that a subsurface transformation of WO,
into W(NO), also takes place at high NO, concentrations in
the analyte medium (Figure 2c). Since this process not only
leads to a charge transfer but also induces a volume expansion
and a sizable change in permittivity of the oxide matrix around
the Au nanoparticles (both of unknown magnitude since no
corresponding studies determining their magnitude exist to the
best of our knowledge), the observed plasmonic response at
higher NO, concentrations is likely a cumulative effect of three
factors, that is, (i) charge transfer, (ii) matrix volume
expansion, and (iii) matrix permittivity change (Figure 2c).

In addition, we note that it is likely that the sputtered WO,
layer exhibits a certain degree of porosity. In principle, this
means that such pores may enable NO, diffusion to the Au/
WO, interface and thus direct interaction between Au and
NO, that may contribute to or even provide a complementary
sensing mechanism. However, as our control experiments on
uncoated Au nanoparticles reveal, even at high NO,
concentrations in the 5—10 ppm range, no significant Al
response is recorded (Figure S1), which corroborates the
sensing mechanism discussed above.

NO, Detection in Dry Synthetic Air. To test the sensing
performance toward NO, in dry laboratory conditions, we first
conditioned an as-fabricated and thermally annealed sensor by
exposing it for 4 h to synthetic air at 250 °C. After this
conditioning stage, we conducted NO,-sensing measurements
from the 1 ppm down to 15 ppb NO, concentration range (the
lowest concentration attainable with our setup) by exposing
the sensor to different NO, pulses with different concen-
trations in synthetic air at 250 °C (Figure 3a). Each
concentration step was repeated 3—4 times (Figure S2).
Evidently, the sensor exhibits a consistent, reversible, and
reproducible response that distinctly depends on NO,
concentration. Furthermore, a typical noise level of ¢ =
0.006 nm can be extracted from the sensor response (Figure
3b). To determine the concentration dependence of this
response and thereby generate a calibration curve, we extracted
Al peq for all measured NO, pulses and plot them as a function
of NO, concentration (Figure 3c). This analysis reveals a
distinct concentration dependence of Al and an extrapo-
lated LoD of ca. 3 ppb at these idealized dry conditions in
synthetic air. It is also worth noting that the error bars at
higher NO, concentrations are larger than at lower
concentrations. This is likely the consequence of our
measurement sequence implemented from high to low NO,
concentration (Figure S2) since the sensor is “fresh” at the first
high concentration exposures and, therefore, initially under-
goes a certain degree of structural conditioning during the first
exposures to NO, before reaching a new morphological
equilibrium state.

Temperature Dependence of Sensor Response in Dry
Synthetic Air. The operating temperature has been reported
to have a significant impact on the NO,-sensing performance
of WO,;.*"***" Hence, it is important to characterize our
system in this respect. To do so, we investigated the sensors in
dry synthetic air in the temperature range from 50 to 250 °C,
with 50 °C increments, using both the highest and lowest NO,
concentrations of our measurement range, that is, 1 ppm and
1S ppb. Focusing first on the high concentration 1 ppm pulses,
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Figure 3. (a) Time-resolved Alpeq response of a Au—WO,
nanoplasmonic sensor to NO, exposures at different concentrations
in dry synthetic air at 250 °C. The shaded area denotes the pulse of
NO, exposure with the specific concentrations indicated in the figure.
The different noise levels between high and low NO, concentrations
are due to different data acquisition sampling times. (b) Zoom-in on
the Al response of the sensor to 15 ppb NO,. Inset: noise level
determination, revealing a standard deviation () of 0.006 nm, as
denoted by the red band. (c) Alcqx of the sensor plotted as a function
of the NO, concentration. The error bars denote the standard
deviation from three exposure pulses at each NO, concentration. The
solid line depicts a fit to the experimental data using the Redlich—
Peterson semiempirical adsorption model.>® The inset shows the
same plot for the low end of the NO, concentration range. The green-
and red-dashed lines signify the three-fold noise level (36 = 0.018
nm) and the extrapolated limit of detection (LOD = 3.3 ppb),
respectively.

AZpeq increases significantly with temperature up to 200 °C.
Then, we don’t observe a further A4, increase when ramping
up the operating temperature to 250 °C (Figure 4a).
Interestingly, a different trend is revealed for the 15 ppb
case, for which we record no response at 50 °C and a
maximum amplitude at 150 °C before decreasing again at even
higher temperatures (Figure 4b).

To rationalize the identified significantly different temper-
ature dependencies of the sensor at 15 ppb and 1 ppm (Figure
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Figure 4. (a) Time-resolved Al response toward 1 ppm NO, plotted as a function of operating temperature in the range 50—250 °C. (b) Time-
resolved Al response toward 15 ppb NO, plotted as a function of operating temperature in the range of 50—250 °C. The shaded areas depict
the NO, pulse. (c) Alpeq vs operating temperature as obtained from (a)b). The error bars denote the standard deviation from three subsequent
NO, pulses at each temperature. We note that the different absolute A/, value at 250 °C compared to Figure 3a is a consequence of batch-to-
batch variation since the sensor investigated here was made as part of a different batch than the one used to obtain the data displayed in Figure 3a.

4c), we remind ourselves that both equilibrium surface
coverages of chemisorbed species and reaction kinetics are
temperature dependent. Generally, adsorption/desorption
equilibria are shifted in favor of desorption at a higher
temperature, which means that adsorbate surface coverages
usually are lower at higher temperature.””" At the same time,
reaction kinetics are enhanced at elevated temperatures, and
more bulk-like W(NO), phases may form also in the
subsurface region of the WO, layer.””®* Translated to our
situation, this means that the former effect is expected to be
most prominent in the low NO, concentration regime, where
the sensor response is expected to be solely dictated by NO;
coverage on the surface, and thus explains why we observe a
signal amplitude maximum at 150 °C (Figure 4b,c). At higher
NO, concentrations in the ppm range, on the other hand, the
temperature dependence of the NO) surface coverage is
expected to be significantly less pronounced as the surface is
expected to be completely covered in the considered
temperature range. Therefore, in this regime, reaction kinetics
for the formation of W(NO), become more relevant and the
dominating factor that dictates the sensor response amplitude,
thereby explaining the observed continuous A4, increase for
the increasing temperature at 1 ppm NO,, as well as the
generally accelerated response (Figure 4a,c). As the main
conclusion, we thus identify a sensor operation temperature of
150 °C as the best compromise for a wide dynamic range and
use it from here forward.

NO, Detection in Simulated Humid Urban Air. To
further benchmark our nanoplasmonic Au—WOj; sensor
platform for air quality monitoring in urban air, we designed
an experiment that closely resembles real ambient conditions.
Specifically, we operated the system in synthetic air mixed with
1 ppm CO and 400 ppm CO,, humidified to 50% relative

humidity (RH) at 30 °C, to emulate urban air at ambient
conditions, where the CO and CO, concentrations mimic the
natural abundance of these species. Like in the previous
experiments, we then exposed the sensor to NO, pulses at
concentrations ranging from 1 ppm down to 15 ppb (Figure
S3), with the sensor heated to 150 °C that we identified above
as the best compromise in terms of sensitivity toward both
high and low NO, concentrations (Figure Sa). As the main
result, we observe a distinct, reversible, and NO, concen-
tration-dependent A4, response down to 1S ppb, which
again is the lowest concentration we can produce in our setup.
This is a remarkable performance since it is achieved despite
potential cross-sensitivity to the background species in the gas
mixture.”~%

To this end, while a detailed assessment of the role of these
different molecular species in the sensing process is beyond the
scope of our study, an earlier study has revealed complex
surface chemistry as a consequence of the fact that CO,, H,O,
and NO, are oxidizing, whereas CO is a reducing gas. This, for
example, means that they either may compete for or assist with
the adsorption of NO, on the surface.® As the key point here,
however, we clearly find that the presence of these molecules
does not impair sensor performance in terms of the magnitude
of the A/, response since 15 ppb NO, is easily resolved, just
like in the dry case, without CO and CO, (Figure Sa). In fact,
by determining the typical noise in our sensor response as ¢ =
0.005 nm (Figure Sb) and then extrapolating the Al versus
NO, concentration curve in the low concentration range, we
can derive an LoD defined by three times the typical noise, 30,
of ca. 3.1 ppb, which is identical to a sensor operated at dry
conditions and without CO and CO, in the background

(Figure Sc).
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Figure 5. (a) Time-resolved AZpeq response of a nanoplasmonic Au—
WO; sensor upon exposure to different NO, concentration pulses in
synthetic air mixed with 1 ppm CO, 400 ppm CO,, and 50% RH set
at 30 °C. The sensor operating temperature was 150 °C. The shaded
area denotes the NO, pulse duration. (b) Zoom-in on the time-
resolved A/, response of the sensor to 15 ppb NO, from (a). Inset:
noise level determination revealing a standard deviation (o) of 0.00S
nm, as denoted by the red band. (c) Ak of the sensor plotted as a
function of NO, concentration. The error bars denote the standard
deviation from three pulses at each NO, concentration. The solid line
depicts a fit to the experimental data using the Redlich—Peterson
semiempirical adsorption model.*® The inset shows the same plot for
the low end of the NO, concentration range. The green- and red-
dashed lines signify the threefold noise level (3¢ = 0.015 nm) and the
extrapolated limit of detection (LoD = 3.1 ppb), respectively.

To put this result into perspective, we first note that an LoD
of 3 ppb is on par with the best thin-film WO;-based MOS-
type NO, sensors reported in the literature.”*> However, as
the key distinctive feature and a step beyond this state of the
art, our sensors exhibit this low ppb LoD in an environment
where all molecular species are mixed (and not where the
sensor is exposed sequentially to them”’), thereby truly
emulating a real urban air environment.

Field Testing a Nanoplasmonic Au—WO; NO, Sensor.
As the last step of our Au—WO; nanoplasmonic sensor chip
benchmarking, we integrated it with a miniature urban air
quality sensor device (Insplorion AB, Goteborg, Sweden) to

test its NO,-detection performance in real urban air in a proper
field test. To generate the sensor readout, the device measures
the relative change in transmitted light intensity by the sensor
chip over a range of wavelengths in the red/NIR spectral
region. The specific wavelength range is chosen to coincide
with the left flank of the LSPR peak of the sensors to maximize
the transmittance change upon a shift of the peak®” induced by
a change in NO, concentration. To measure this transmittance
change, standard light-emitting diodes and surface-mounted
photodetectors are used in the device, and a microcontroller
maintains the working temperature of the sensor chip constant
at above 100 °C. The fractional increase in light transmitted
through the sensor chip, caused by a redshift of the LSPR peak,
is used as the signal readout.

To calibrate the device prior to the field test measurements,
we exposed it to multiple pulses and steps of NO, in dry
synthetic air in the concentration range of 25—100 ppb in the
laboratory (Figure 6a). The obtained response plotted as a
calibration curve is shown in Figure 6b. It indicates an
extrapolated LoD of 2.0 ppb, which is on par with the LoD’s
identified above for the sensor chips alone and using A4, as
the readout (cf. Figures 3c and Sc). Based on this calibration
curve, a transfer function relating the change in relative
transmittance measured by the device and NO, concentration
was determined. The microcontroller in the device was then
configured to automatically perform the transfer function
during the field measurements to determine the NO,
concentration in real time.

The field test itself was conducted by sampling air from an
urban environment in Goteborg, Sweden, over the span of 5
days by mounting the device close to a road with high traffic
activity in the city (Figure 6¢c). As the main result, we obtained
reliable real-time NO, concentration measurements by the
plasmonic NO, sensor in a concentration range of ~2—25 ppb,
with a general rise of the ambient NO, levels during daytime
and with distinct peaks due to increased traffic activity (Figure
6d—all data have been averaged to 15 min increments).
Remarkably, the measured general trends and absolute
concentration values are in quite good agreement with the
reference measurements executed simultaneously using the
Serinus 40 reference station.

At the same time, we observe some discrepancies in the
quantification of NO, concentrations for some measurement
periods. To put these into perspective, we first note that the
Serinus 40 is a certified reference instrument that detects NO,
by chemiluminescence with high accuracy, whereas our sensor
device has been developed with the intention to be used for
indicative monitoring. In this sector, to date, no standards
exist, and lower accuracy can be tolerated as a trade-off for the
possibility to deploy miniaturized and cost-effective sensors
with high spatial density across, for example, a city.

Nevertheless, despite this difference in scope of the two
systems, it is important to discuss the potential reasons for the
observed discrepancies. As the contributing first reason, we
identify the different gas intake characteristics of the two
systems. In the plasmonic system, the sensor surface is
separated from the ambient air by a polytetrafluoroethylene
membrane with 100 nm pore size, which means gas transport
to the sensor surface is entirely reliant on diffusion, with the
membrane being the bottleneck. The Serinus 40, in contrast,
uses pneumatic ports for air sampling, which very likely creates
very different mass transport characteristics in the two systems
and, therefore, affects response and recovery times on the
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Figure 6. (a) Time-resolved Au—WOj; nanoplasmonic sensor device response to NO, pulses and steps in the concentration range of 25—100 ppb
benchmarked by a Serinus 40 chemiluminescence measurement system. (b) Corresponding Au—WO, nanoplasmonic sensor calibration curve
derived from the data shown in (a). It is used to derive the transfer function that converts the sensor response of the device into absolute NO,
concentration values by fitting a second-degree polynomial (with the intercept term set to zero) to the experimental data points. The extrapolated
LoD is depicted by the dashed lines, and with 3¢ = 0.162 a.u,, it equals ~2.0 ppb. (c) Photograph of the Au—WO, nanoplasmonic sensor device
mounted on a light pole for field testing close to a highly trafficked road in Géteborg, Sweden. (d) Direct comparison of the NO, concentration
evolution measured across the 5 day field test by the Au—WOj; nanoplasmonic sensor device (green) and the Serinus 40 reference system (grey).

All data have been averaged to 15 min increments.

shorter time scales. These effects are, however, not severe
enough to explain the major observed discrepancies between
the two systems.

A second potentially important factor to consider is varying
humidity during the field test due to weather variations in the
course of the 5 day period. Here, in the Serinus 40, water is
removed from the sampled air by Nafion tubing inside its dryer
compartment, and the instrument, thus, always samples dry air,
whereas in the plasmonic device, the ambient air is sampled as
is. Hence, even though relative humidity changes occurring at
ambient conditions due to weather variations are reasonably
small when translated to the plasmonic sensor’s high operating
temperature, they are likely still relevant. This hypothesis is
corroborated by our laboratory measurements in humid
synthetic air, which revealed faster response with larger
amplitude per unit NO, in humid (cf. Figure Sa) compared
to dry (cf. Figure 3a) conditions. This, thus, suggests that (a
part of) the discrepancy between the two sensor systems used
in the field test may be the consequence of humidity variations.

As a final aspect, we note that in urban air, not only NO, but
also NO is present, however, usually at even lower
concentrations. Therefore, it is relevant to briefly address the
potential cross-sensitivity of our plasmonic sensor toward NO.
Here, we can resort to that Serinus 40 also measured the NO
concentration during the field test, yielding an average of a few
ppb consistently below the NO, level (Figure S4).
Furthermore, a control experiment, where we exposed the
plasmonic sensor to 2 and 3 ppm NO, revealed an opposite
response, that is, a spectral blueshift of the LSPR peak
(compared to a redshift for NO,) at essentially one order of
magnitude smaller amplitude compared to the corresponding
response to NO, (Figure SS). This finding is in-line with
similar studies performed with resistive metal oxide sensors®”*®

and implies that variations in the NO concentration are likely
negligible in the plasmonic sensor response in the NO
concentration range identified for the field test and thus for
air quality monitoring in general.

B CONCLUSIONS

In conclusion, we have presented a Au—WO; nanoplasmonic
NO, sensor with a sub-10 ppb limit of detection both in
laboratory conditions and in a 5 day field test next to a highly
trafficked road in Goteborg, Sweden, using a miniaturized
autonomous sensor device, which we also benchmarked with a
chemiluminescence-based Serinus 40 reference system certified
both according to European (EN14211) and US EPA (RFNA-
0809-186) standards. The found performance of the Au—WO,
nanoplasmonic NO, sensor, which is enabled by a nano-
fabricated sensor chip surface comprising a quasirandom array
of Au nanodisks coated with a 40 nm thick polycrystalline
WO; film operated above 100 °C, is on par with or exceeds the
performance of existing solutions using alternative readout
principles in terms of the limit of detection. The identified
discrepancies between the plasmonic sensor and the reference
system during the field test are identified as likely
consequences of humidity variations handled differently by
the two systems and highlight the importance of further
investigations of humidity-related effects. Taken all together,
these results prove the viability of nanoplasmonic gas sensors,
in general, and their potential for practical application in
indicative urban air monitoring, in particular, where low cost
and large-scale deployment capability are the key enabling
factors.
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B METHODS

Sensor Nanofabrication. Au nanodisk arrays were fabricated
using the Hole-Mask Colloidal Lithography technique, which is
described in detail elsewhere,®® onto 9.5 X 9.5 mm? glass substrates
(Borofloat, Schott Scandinavia) and silicon wafer substrates (for SEM
imaging and XPS measurements). In brief, the hole-mask nano-
fabrication steps were as follows:

(1) Substrates were cleaned in an ultrasonic bath consecutively
with acetone, isopropanol, and deionized water. Each step was
applied for 3 min.

(2) APMMA (MicroChem, 950 000 molecular weight, 2 wt %
in anisole) layer was spin-coated at a spin rate of 2000 rpm for
4S5 s. Subsequently, the substrate was placed on a hot plate at
170 °C for S min for soft-baking.

(3) To reduce the hydrophobicity of the surface before drop-
coating a suspension of positively charged poly-
(diallyldimethylammonium chloride) (PDDA) solution, the
substrates were exposed to oxygen plasma (Plasma-Therm
Batchtop RIE 95 m, 50 W, 250 mTorr, 10 sccm) for § s.

(4) A PDDA solution (Sigma-Aldrich, M, = 200,0000—
350,000, 0.2 wt % in Milli-Q water) was drop-cast onto the
PMMA layer and incubated for 45 s, followed by rinsing in
deionized water and blow-drying with nitrogen gas.

(5) A suspension of negatively charged polystyrene (PS)
spheres (Interfacial Dynamics Corporation, 120 nm in
diameter, 0.2 wt % in Milli-Q water) was drop-cast and
incubated for 3 min, followed by rinsing in deionized water and
blow-drying with nitrogen gas.

(6) A 1S nm thick chromium film was deposited by e-beam
physical vapor deposition (Lesker PVD 225, base pressure of S
x 1077 Torr, deposition rate of 1 AJs).

(7) The PS spheres were removed from the surface by tape-
stripping (SWT-10 tape, Nitto Scandinavia AB) to reveal holes
in the Cr film at the positions of spheres.

(8) To complete the hole-mask pattern, the surface was
exposed to oxygen plasma (Plasma-Therm Batchtop RIE 95 m,
50 W, 250 mTorr, 10 sccm) for 3 min to etch the PMMA layer
through the holes in the Cr film.

(9) A 20 nm thick gold film was deposited with the same
technique and parameters used in step (6) to grow the Au
nanodisks through the hole-mask.

(10) The samples were soaked in acetone to dissolve the
remaining PMMA layer, rinsed in isopropanol, and blow-dried
in nitrogen gas. This final step left the surface covered with
gold nanodisks.

(11) A 40 nm thick WO; thin film was RF-magnetron-
sputtered onto the Au nanodisks using a power of 150 W and
1:1 Ar:0, (30 sccm) at 25 mTorr.

(12) Two steps of annealing were applied as post-processing.
The samples were annealed first at 400 °C for 12 h under the
flow of 4% H, in Ar in a tube furnace, followed by 400 °C for
12 h in air.

Material Characterization. A Zeiss Supra 55 VP SEM was used
for imaging sensor surfaces at an electron beam acceleration voltage of
10 kV using a secondary electron detector. For further material
characterization, XPS measurements were executed in a PerkinElmer
PHI 5000C ESCA system with an energy step width of 0.125 eV and
a pass energy of 58.70 eV. The correction of peaks was done with
respect to the carbon 1s peak using the Multipak 6.0 software.

NO,-Sensing Measurements. The measurements were con-
ducted in a quartz tube plug-flow reactor equipped with an optics unit
for transmittance measurements (Insplorion X1, Insplorion AB). The
resistive heating coils around the tube and Eurotherm temperature
controller enable measurements at up to 600 °C. The standard
deviation of the sensor temperature reading is ~0.1 °C. The reactor
was configured with several mass flow controllers (Bronkhorst AP) to
regulate the gas compositions and with a humidifier (Bronkhorst-
controlled evaporator and mixer) to mimic humid air. Synthetic air
(Strandmollen AB, 20.9% O,, 79.1% N,) was used as the carrier gas,

and all the gases involved in the measurements (NO,, CO, CO,—
Strandmollen AB) were supplied from cylinders diluted in synthetic
air. The total gas flow rate used in the experiments was 340 mL/min.

The sensor chip mounted in the reactor was illuminated by a
tungsten halogen lamp (AvaLight-Hal, Avantes) through an optical
fiber with a collimating lens, and the transmitted light was collected
using a fixed grating spectrophotometer (AvaSpec-ULS2048CL-EVO,
Avantes). A 20th degree polynomial fit is applied to the raw measured
extinction spectra around the LSPR peak. The 4., is determined by
finding the wavelength where the first derivative of the fitted
polynomial is equal to zero. The shift in the A, was used as the
sensing descriptor in this study.

Plasmonic NO, Sensor Device Measurements in Laboratory
Settings. The sensor device was exposed to pulses and steps of NO,
in dry synthetic air in the concentration range of 25—100 ppb,
regulated by several mass flow controllers (Bronkhorst AP).
Simultaneously, the NO, concentration throughout the measurement
was monitored by a stationary nitrogen oxide analyzer (Serinus 40,
Acoem) using chemiluminescence technology. A calibration curve was
derived by plotting the device signal for the corresponding NO,
concentration detected by the nitrogen oxide analyzer.

Plasmonic NO, Sensor Device Field Test Measurements.
The sensor device was calibrated in laboratory settings prior to the
field test measurements. The device was placed in a protective casing
and mounted close to a road with high traffic activity in Go6teborg,
Sweden. The field test measurement was conducted over the span of 5
days. In order to compare the performance of the sensor device, the
Serinus 40 nitrogen oxide analyzer was used to monitor the air in the
vicinity of the device. NO, concentrations measured by the device and
the analyzer were averaged to 15 min increments.

The Serinus 40 reference instrument uses the gas-phase
chemiluminescence technique to detect NO and NO,.*” The sample
gas passes via two different paths— NO path and NO,, path. The NO,,
path has a longer residence time due to a delay loop and an NO, to
NO converter. Any NO species passing through this path remains
unaffected, whereas the NO, species are converted into NO. Hence,
the total amount of NO reaching the reaction cell is the combination
of original NO present in the sample and converted NO,.

At the end of each path, the sample gas arrives at the reaction cell
and reacts with ozone to form activated NO, species (chemilumi-
nescence reaction for NO).

NO + 0, = NO, + O, + light 7)

The luminescence of the activated NO, species is detected by a
photomultiplier tube. The NO concentration is evaluated from the
intensity of the chemiluminescence. The NO, concentration is
calculated by subtracting the NO concentration obtained in the NO
path from the NO, path.

The instrument holds both US EPA (RFNA-0809-186) and EN
(EN14211) approval certificates.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssensors.1c02463.

Raw sensor data showing time-resolved A4, responses
of Au nanodisks upon NO, exposure and the Au—WO,
sensor upon NO, exposure in dry synthetic air and
humid air, concentrations of NO, and NO measured
using Serinus 40 during the field test, and response of
the Au—WOj sensor upon NO exposure (PDF)

B AUTHOR INFORMATION

Corresponding Authors
Irem Tanyeli — Department of Physics, Chalmers University of
Technology, 412 96 Gdéteborg, Sweden; Insplorion AB, 413

https://doi.org/10.1021/acssensors.1c02463
ACS Sens. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acssensors.1c02463?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c02463/suppl_file/se1c02463_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irem+Tanyeli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c02463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

46 Géteborg, Sweden; © orcid.org/0000-0002-5433-2524;
Email: irem.tanyeli@insplorion.com
Christoph Langhammer — Department of Physics, Chalmers
University of Technology, 412 96 Goiteborg, Sweden;
orcid.org/0000-0003-2180-1379; Email: clangham@
chalmers.se

Authors

Iwan Darmadi — Department of Physics, Chalmers University
of Technology, 412 96 Goteborg, Sweden; ® orcid.org/
0000-0002-5921-9336

Martin Sech — Insplorion AB, 413 46 Goteborg, Sweden

Christopher Tiburski — Department of Physics, Chalmers
University of Technology, 412 96 Gditeborg, Sweden

Joachim Fritzsche — Department of Physics, Chalmers
University of Technology, 412 96 Gditeborg, Sweden

Olof Andersson — Insplorion AB, 413 46 Gditeborg, Sweden

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssensors.1c02463

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare the following competing financial
interest(s): The corresponding author is scientific advisor at
the company Insplorion AB who actively participated in this
study.

B ACKNOWLEDGMENTS

This research has received funding from the Mistra Innovation
project MI16.19, from the Swedish Foundation for Strategic
Research Framework project RMA15-0052, and from the Knut
and Alice Wallenberg Foundation project 2016.0210. Part of
this work was carried out at the MC2 cleanroom facility, at the
Chalmers Materials Analysis Laboratory, and under the
umbrella of the Chalmers Excellence Initiative Nano.

B REFERENCES

(1) World Health Organization. WHO Global Air Quality Guidelines.
Particulate Matter (PM2.5 and PM10), Ozone, Nitrogen Dioxide, Sulfur
Dioxide and Carbon Monoxide; World Health Organization: Geneva,
2021. Licence: CC BY-NC-SA 3.0 IGO.

(2) Castell, N.; Dauge, F. R; Schneider, P.; Vogt, M.; Lerner, U,;
Fishbain, B.; Broday, D.; Bartonova, A. Can Commercial Low-Cost
Sensor Platforms Contribute to Air Quality Monitoring and Exposure
Estimates? Environ. Int. 2017, 99, 293—-302.

(3) Zhang, C; Luo, Y; Xu, J.; Debliquy, M. Room temperature
conductive type metal oxide semiconductor gas sensors for NO2
detection. Sens. Actuators, A 2019, 289, 118—133.

(4) Khan, M,; Rao, M.; Li, Q. Recent Advances in Electrochemical
Sensors for Detecting Toxic Gases: NO,, SO, and H,S. Sensors 2019,
19, 90s.

(5) Zhao, S.; Shen, Y.; Zhou, P.; Zhong, X.; Han, C.; Zhao, Q.; Wei,
D. Design of Au@WOj; core—shell structured nanospheres for ppb-
level NO, sensing. Sens. Actuators, B 2019, 282, 917—926.

(6) Li, J; Liu, X;; Cui, J.; Sun, J. Hydrothermal Synthesis of Self-
Assembled Hierarchical Tungsten Oxides Hollow Spheres and Their
Gas Sensing Properties. ACS Appl. Mater. Interfaces 2018, 7, 10108—
10114.

(7) Khan, H.; Zavabeti, A.;; Wang, Y.; Harrison, C. J.; Carey, B. J;
Mohiuddin, M.; Chrimes, A. F.; De Castro, I. A,; Zhang, B. Y.; Sabri,
Y. M,; Bhargava, S. K; Ou, J. Z.; Daeneke, T.; Russo, S. P.; Li, Y,;
Kalantar-Zadeh, K. Quasi physisorptive two dimensional tungsten

oxide nanosheets with extraordinary sensitivity and selectivity to NO,.
Nanoscale 2017, 9, 19162—19175.

(8) Zheng, X.; Zhang, C.; Xia, J.; Zhou, G; Jiang, D.; Wang, S.; Li,
X.; Shen, Y.; Dai, M.; Wang, B.; Li, Q. Mesoporous tungsten oxide
electrodes for YSZ-based mixed potential sensors to detect NO, in the
sub ppm-range. Sens. Actuators, B 2019, 284, 575—581.

(9) Prajapati, C. S.; Bhat, N. ppb level detection of NO, using a
WO; thin film-based sensor: material optimization, device fabrication
and packaging. RSC Adv. 2018, 8, 6590—6599.

(10) Kida, T.; Nishiyama, A.; Hua, Z.; Suematsu, K,; Yuasa, M.;
Shimanoe, K. WO; Nanolamella Gas Sensor: Porosity Control Using
SnO, Nanoparticles for Enhanced NO, Sensing. Langmuir 2014, 30,
2571-2579.

(11) Walker, J. M.; Akbar, S. A.; Morris, P. A. Synergistic effects in
gas sensing semiconducting oxide nano-heterostructures: A Review.
Sens. Actuators, B 2019, 286, 624—640.

(12) Yamazoe, N.; Shimanoe, K. Fundamentals of Semiconductor
Gas Sensors. In Semiconductor Gas Sensors, 2nd ed; Jaaniso, R., Tan,
O. K,, Eds.; Woodhead Publishing, 2019; pp 3—38.

(13) Mead, M. IL; Popoola, O. A. M.; Stewart, G. B.; Landshoff, P.;
Calleja, M.; Hayes, M.; Baldovi, J. J.; McLeod, M. W.; Hodgson, T. F,;
Dicks, J.; Lewis, A.; Cohen, J.; Baron, R.; Saffell, J. R;; Jones, R. L. The
use of electrochemical sensors for monitoring urban air quality in low-
cost, high-density networks. Atmos. Environ. 2013, 70, 186—203.

(14) Gerboles, M.; Spinelle, L.; Borowiak, A. Measuring Air Pollution
with Low-Cost Sensors; European Commission, 2017, JRC107461.

(15) Tittl, A; Giessen, H.; Liu, N. Plasmonic gas and chemical
Sensing. Nanophotonics 2014, 3, 157—180.

(16) Nugroho, F. A. A;; Darmadi, I; Cusinato, L.; Susarrey-Arce, A.;
Schreuders, H.; Bannenberg, L. J.; da Silva Fanta, A. B,;
Kadkhodazadeh, S.; Wagner, J. B.; Antosiewicz, T. J.; Hellman, A;
Zhdanov, V. P.; Dam, B.; Langhammer, C. Metal-polymer hybrid
nanomaterials for plasmonic ultrafast hydrogen detection. Nat. Mater.
2019, 18, 489—49S.

(17) Liu, N.; Tang, M. L.; Hentschel, M.; Giessen, H.; Alivisatos, A.
P. Nanoantenna-enhanced gas sensing in a single tailored nanofocus.
Nat. Mater. 2011, 10, 631—636.

(18) Chen, L.; Wu, B;; Guo, L,; Tey, R; Huang, Y,; Kim, D.-H. A
single-nanoparticle NO, gas sensor constructed using active molecular
plasmonics. Chem. Commun. 2015, 51, 1326—1329.

(19) Taylor, A. B.; Zijlstra, P. Single-Molecule Plasmon Sensing:
Current Status and Future Prospects. ACS Sens. 2017, 2, 1103—1122.

(20) Paliwal, A,; Sharma, A; Tomar, M, Gupta, V. Room
temperature detection of NO, gas using optical sensor based on
surface plasmon resonance technique. Sens. Actuators, B 20185, 216,
497-503.

(21) Joy, N. A,; Nandasiri, M. L; Rogers, P. H,; Jiang, W.; Varga, T;
Kuchibhatla, S. V. N. T.; Thevuthasan, S.; Carpenter, M. A. Selective
Plasmonic Gas Sensing: H,, NO,, and CO Spectral Discrimination by
a Single Au-CeO, Nanocomposite Film. Anal. Chem. 2012, 84, 5025—
5034.

(22) Chen, C; Zhang, Q; Xie, G.; Yao, M.; Pan, H.; Du, H,; Tai, H,;
Du, X; Su, Y. Enhancing visible light-activated NO, sensing
properties of Au NPs decorated ZnO nanorods by localized surface
plasmon resonance and oxygen vacancies. Mater. Res. Express 2020, 7,
015924.

(23) Rogers, P. H,; Sirinakis, G.; Carpenter, M. A. Plasmonic-based
Detection of NO, in a Harsh Environment. J. Phys. Chem. C 2008,
112, 8784—8790.

(24) El-Basaty, A. B,; El-Brolossy, T. A,; Abdalla, S.; Negm, S;
Abdella, R. A.; Talaat, H. Surface plasmon sensor for NO, gas. Surf.
Interface Anal. 2008, 40, 1623—1626.

(25) Shen, Y.; Zhong, X,; Zhang, J.; Li, T.; Zhao, S.; Cui, B.; Wei,
D.; Zhang, Y.; Wei, K. In-situ growth of mesoporous In,0; nanorod
arrays on a porous ceramic substrate for ppb-level NO, detection at
room temperature. Appl. Surf. Sci. 2019, 498, 143873.

(26) Xu, K;; Tian, S.; Zhy, J.; Yang, Y.; Shi, J.; Yu, T.; Yuan, C. High
selectivity of sulfur-doped SnO, in NO, detection at lower operating
temperatures. Nanoscale 2018, 10, 20761—20771.

https://doi.org/10.1021/acssensors.1c02463
ACS Sens. XXXX, XXX, XXX—XXX


https://orcid.org/0000-0002-5433-2524
mailto:irem.tanyeli@insplorion.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christoph+Langhammer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2180-1379
https://orcid.org/0000-0003-2180-1379
mailto:clangham@chalmers.se
mailto:clangham@chalmers.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iwan+Darmadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5921-9336
https://orcid.org/0000-0002-5921-9336
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Sech"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+Tiburski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joachim+Fritzsche"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olof+Andersson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c02463?ref=pdf
https://doi.org/10.1016/j.envint.2016.12.007
https://doi.org/10.1016/j.envint.2016.12.007
https://doi.org/10.1016/j.envint.2016.12.007
https://doi.org/10.1016/j.sna.2019.02.027
https://doi.org/10.1016/j.sna.2019.02.027
https://doi.org/10.1016/j.sna.2019.02.027
https://doi.org/10.3390/s19040905
https://doi.org/10.3390/s19040905
https://doi.org/10.1016/j.snb.2018.11.142
https://doi.org/10.1016/j.snb.2018.11.142
https://doi.org/10.1021/am508121p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am508121p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am508121p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7nr05403c
https://doi.org/10.1039/c7nr05403c
https://doi.org/10.1016/j.snb.2019.01.016
https://doi.org/10.1016/j.snb.2019.01.016
https://doi.org/10.1016/j.snb.2019.01.016
https://doi.org/10.1039/c7ra13659e
https://doi.org/10.1039/c7ra13659e
https://doi.org/10.1039/c7ra13659e
https://doi.org/10.1021/la4049105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la4049105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.snb.2019.01.049
https://doi.org/10.1016/j.snb.2019.01.049
https://doi.org/10.1016/j.atmosenv.2012.11.060
https://doi.org/10.1016/j.atmosenv.2012.11.060
https://doi.org/10.1016/j.atmosenv.2012.11.060
https://doi.org/10.1515/nanoph-2014-0002
https://doi.org/10.1515/nanoph-2014-0002
https://doi.org/10.1038/s41563-019-0325-4
https://doi.org/10.1038/s41563-019-0325-4
https://doi.org/10.1038/nmat3029
https://doi.org/10.1039/c4cc08395d
https://doi.org/10.1039/c4cc08395d
https://doi.org/10.1039/c4cc08395d
https://doi.org/10.1021/acssensors.7b00382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.7b00382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.snb.2015.03.095
https://doi.org/10.1016/j.snb.2015.03.095
https://doi.org/10.1016/j.snb.2015.03.095
https://doi.org/10.1021/ac3006846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac3006846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac3006846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/2053-1591/ab6b64
https://doi.org/10.1088/2053-1591/ab6b64
https://doi.org/10.1088/2053-1591/ab6b64
https://doi.org/10.1021/jp800524z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp800524z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/sia.2980
https://doi.org/10.1016/j.apsusc.2019.143873
https://doi.org/10.1016/j.apsusc.2019.143873
https://doi.org/10.1016/j.apsusc.2019.143873
https://doi.org/10.1039/c8nr05649h
https://doi.org/10.1039/c8nr05649h
https://doi.org/10.1039/c8nr05649h
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c02463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

(27) Zhang, C.; Boudiba, A.; de Marco, P.; Snyders, R.; Olivier, M.-
G.,; Debliquy, M. Room temperature responses of visible-light
illuminated WO; sensors to NO, in sub-ppm range. Sens. Actuators,
B 2013, 181, 395—401.

(28) Parellada-Monreal, L.; Gherardi, S.; Zonta, G.; Malagt, C.;
Casotti, D.; Cruciani, G.; Guidi, V.; Martinez-Calderén, M.; Castro-
Hurtado, I; Gamarra, D.; Lozano, J.; Presmanes, L.; Mandayo, G. G.
WO; processed by direct laser interference patterning for NO,
detection. Sens. Actuators, B 2020, 305, 127226.

(29) Melios, C.; Panchal, V.; Edmonds, K.; Lartsev, A.; Yakimova,
R.; Kazakova, O. Detection of Ultralow Concentration NO, in
Complex Environment Using Epitaxial Graphene Sensors. ACS Sens.
2018, 3, 1666—1674.

(30) Zhou, J.; Cheng, X. F.; Gao, B. J,; Yu, C;; He, J. H; Xu, Q. F;
Li, H; Li, N. J.; Chen, D. Y.,; Lu, J. M. Detection of NO, Down to
One ppb Using Ion-in-Conjugation-Inspired Polymer. Small 2019, 15,
1803896.

(31) Bai, M.; Huang, H.; Liu, Z.; Zhan, T.; Xia, S.; Li, X.; Sibirev, N.;
Bouravleuv, A.; Dubrovskii, V. G.; Cirlin, G. InAs/InP core/shell
nanowire gas sensor: Effects of InP shell on sensitivity and long-term
stability. Appl. Surf. Sci. 2019, 498, 143756.

(32) Huang, Y,; Jiao, W.; Chu, Z.; Nie, X,; Wang, R;; He, X. SnS,
Quantum Dot-Based Optoelectronic Flexible Sensors for Ultra-
sensitive Detection of NO, Down to 1 ppb. ACS Appl. Mater.
Interfaces 2020, 12, 25178—25188.

(33) Abegg, S.; Cerrejon, D. K; Gilintner, A. T.; Pratsinis, S. E.
Thickness Optimization of Highly Porous Flame-Aerosol Deposited
WO, Films for NO, Sensing at ppb. Nanomaterials 2020, 10, 1—18.

(34) The European Parliament and The Council of the European
Union. Directive 2008/S0/EC of the European Parliament and of the
Council of 21 May 2008 on Ambient Air Quality and Cleaner Air for
Europe; Official Journal of the European Union, 2008.

(35) Fredriksson, H.; Alaverdyan, Y.; Dmitriev, A.; Langhammer, C.;
Sutherland, D. S.; Zich, M.; Kasemo, B. Hole-Mask Colloidal
Lithography. Adv. Mater. 2007, 19, 4297—4302.

(36) Mcguire, G. E.; Schweitzer, G. K.; Carlson, T. A. Core electron
binding energies in some Group IIIA, VB, and VIB compounds. Inorg.
Chem. 1973, 12, 2450—2453.

(37) Bai, S.; Ma, Y.; Shu, X,; Sun, J.; Feng, Y.; Luo, R.; Li, D.; Chen,
A. Doping Metal Elements of WOj; for Enhancement of NO,-Sensing
Performance at Room Temperature. Ind. Eng. Chem. Res. 2017, 56,
2616—2623.

(38) Fang, W,; Yang, Y.; Yu, H,; Dong, X.; Wang, T.; Wang, J; Liu,
Z.; Zhao, B.; Yang, M. One-step synthesis of flower-shaped WO,
nanostructures for a high-sensitivity room-temperature NO, gas
sensor. RSC Adv. 2016, 6, 106880—106886.

(39) Saadi, L.; Lambert-Mauriat, C.; Oison, V.; Ouali, H.; Hayn, R.
Mechanism of NO, sensing on WOj; surface: First principle
calculations. Appl. Surf. Sci. 2014, 293, 76—79.

(40) Qin, Y;; Ye, Z. DFT study on interaction of NO, with the
vacancy-defected WO; nanowires for gas-sensing. Sens. Actuators, B
2016, 222, 499—507.

(41) Q, J. J; Gao, S.; Chen, K; Yang, J.; Zhao, H. W,; Guo, L;
Yang, S. H. Vertically aligned, double-sided, and self-supported 3D
WOj; nanocolumn bundles for low-temperature gas sensing. J. Mater.
Chem. A 2015, 3, 18019—18026.

(42) Lias, S. G; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D; Mallard, W. G. Gas-Phase Ion and Neutral Thermochemistry;
American Chemical Society and the American Institute of Physics,
1988; Vol. 17, pp 1-861.

(43) Hua, Z; Wang, Y.; Wang, H.; Dong, L. NO, sensing properties
of WO, varistor-type gas sensor. Sens. Actuators, B 2010, 150, 588—
593.

(44) Levy, M.; Pagnier, T. Ab initio DFT computation of SnO, and
WO, slabs and gas-surface interactions. Sens. Actuators, B 2007, 126,
204-208.

(4S) Han, X;; Yin, X. Density functional theory study of the NO,-
sensing mechanism on a WO; (0 0 1) surface: the role of surface

oxygen vacancies in the formation of NO and NO;. Mol. Phys. 2016,
114, 3546—3555.

(46) Li, T.; Shen, Y.; Zhao, S.; Zhong, X.; Zhang, W.; Han, C.; Wei,
D.; Meng, D,; Ao, Y. Sub-ppm level NO, sensing properties of
polyethyleneimine-mediated WO; nanoparticles synthesized by a one-
pot hydrothermal method. J. Alloys Compd. 2019, 783, 103—112.

(47) Agarwal, S.; Rai, P.; Gatell, E. N.; Llobet, E.; Giiell, F.; Kumar,
M.,; Awasthi, K. Gas sensing properties of ZnO nanostructures
(flowers/rods) synthesized by hydrothermal method. Sens. Actuators,
B 2019, 292, 24—31.

(48) Jiao, M.; Chien, N. V.; van Duy, N.; Hoa, N. D,; van Hieu, N,;
Hjort, K; Nguyen, H. On-chip hydrothermal growth of ZnO
nanorods at low temperature for highly selective NO, gas sensor.
Mater. Lett. 2016, 169, 231—235.

(49) Choi, Y.-J.; Hwang, L-S.; Park, J.-G; Choi, K. J; Park, J-H,;
Lee, ].-H. Novel fabrication of an SnO, nanowire gas sensor with high
sensitivity. Nanotechnology 2008, 19, 095508.

(50) Maeng, S.; Kim, S.-W.; Lee, D.-H.; Moon, S.-E.; Kim, K.-C,;
Maiti, A. SnO, Nanoslab as NO, Sensor: Identification of the NO,
Sensing Mechanism on a SnO, Surface. ACS Appl. Mater. Interfaces
2014, 6, 357—363.

(51) Zhang, D.; Liu, Z.; Li, C; Tang, T.; Liu, X,; Han, S.; Lei, B,;
Zhou, C. Detection of NO, down to ppb Levels Using Individual and
Multiple In,0; Nanowire Devices. Nano Lett. 2004, 4, 1919—1924.

(52) Yang, Q.; Cui, X;; Liu, J.; Zhao, J.; Wang, Y.; Gao, Y.; Sun, P,;
Ma, J; Lu, G. A low temperature operating gas sensor with high
response to NO, based on ordered mesoporous Ni-doped In,0;. New
J. Chem. 2016, 40, 2376—2382.

(53) Kreibig, U.; Vollmer, M. Optical Properties of Metal Clusters.
Springer Series in Materials Science; Springer: Berlin, 1995; Vol. 285.

(54) Joy, N. A;; Rogers, P. H.; Nandasiri, M. L; Thevuthasan, S.;
Carpenter, M. A. Plasmonic-Based Sensing Using an Array of Au-
Metal Oxide Thin Films. Anal. Chem. 2012, 84, 10437—10444.

(55) Yang, L.; Marikutsa, A.; Rumyantseva, M.; Konstantinova, E.;
Khmelevsky, N.; Gaskov, A. Quasi Similar Routes of NO, and NO
Sensing by Nanocrystalline WO;: Evidence by In Situ DRIFT
Spectroscopy. Sensors 2019, 19, 340S.

(56) Rodriguez, J. A; Jirsak, T.; Sambasivan, S.; Fischer, D.; Maiti,
A. Chemistry of NO, on CeO, and MgO: Experimental and
theoretical studies on the formation of NOj. J. Chem. Phys. 2000,
112, 9929—-9939.

(57) Rodriguez, J. A; Jirsak, T.; Liu, G.; Hrbek, J.; Dvorak, J.; Maiti,
A. Chemistry of NO, on Oxide Surfaces: Formation of NO; on
TiO,(110) and NO,<O Vacancy Interactions. J. Am. Chem. Soc.
2001, 123, 9597—-960S.

(58) Wang, J.; Guo, X. Adsorption isotherm models: Classification,
physical meaning, application and solving method. Chemosphere 2020,
258, 127279.

(59) Zhang, C.; Debliquy, M.; Boudiba, A.; Liao, H,; Coddet, C.
Sensing properties of atmospheric plasma-sprayed WO; coating for
sub-ppm NO, detection. Sens. Actuators, B 2010, 144, 280—288.

(60) Bai, S.; Li, D.; Han, D.; Luo, R; Chen, A, Chung, C. L.
Preparation, characterization of WO;3-SnO, nanocomposites and their
sensing properties for NO,. Sens. Actuators, B 2010, 150, 749—755.

(61) Shen, Y.; Chen, X.; Wang, W.; Gong, Y.; Chen, S.; Liu, J.; Wei,
D.; Meng, D.; San, X. Complexing surfactants-mediated hydrothermal
synthesis of WO; microspheres for gas sensing applications. Mater.
Lett. 2016, 163, 150—153.

(62) Akamatsu, T.; Itoh, T.; Izu, N.; Shin, W. NO and NO2 Sensing
Properties of WO; and Co;0, Based Gas Sensors. Sensors 2013, 13,
12467—12481.

(63) Hiibner, M.; Simion, C. E.; Haensch, A.; Barsan, N.; Weimar,
U. CO sensing mechanism with WO; based gas sensors. Sens.
Actuators, B 2010, 151, 103—106.

(64) Oison, V.; Saadi, L.; Lambert-Mauriat, C.; Hayn, R. Mechanism
of CO and Oj; sensing on WOj; surfaces: First principle study. Sens.
Actuators, B 2011, 160, 505—510.

(65) Li, H; Liu, B,; Cai, D.; Wang, Y.; Liu, Y.; Mei, L.; Wang, L.;
Wang, D.; Li, Q;; Wang, T. High-temperature humidity sensors based

https://doi.org/10.1021/acssensors.1c02463
ACS Sens. XXXX, XXX, XXX—XXX


https://doi.org/10.1016/j.snb.2013.01.082
https://doi.org/10.1016/j.snb.2013.01.082
https://doi.org/10.1016/j.snb.2019.127226
https://doi.org/10.1016/j.snb.2019.127226
https://doi.org/10.1021/acssensors.8b00364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.8b00364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.201803896
https://doi.org/10.1002/smll.201803896
https://doi.org/10.1016/j.apsusc.2019.143756
https://doi.org/10.1016/j.apsusc.2019.143756
https://doi.org/10.1016/j.apsusc.2019.143756
https://doi.org/10.1021/acsami.0c05240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c05240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c05240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/nano10061170
https://doi.org/10.3390/nano10061170
https://doi.org/10.1002/adma.200700680
https://doi.org/10.1002/adma.200700680
https://doi.org/10.1021/ic50128a045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50128a045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.6b03055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.6b03055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c6ra21322g
https://doi.org/10.1039/c6ra21322g
https://doi.org/10.1039/c6ra21322g
https://doi.org/10.1016/j.apsusc.2013.12.095
https://doi.org/10.1016/j.apsusc.2013.12.095
https://doi.org/10.1016/j.snb.2015.08.040
https://doi.org/10.1016/j.snb.2015.08.040
https://doi.org/10.1039/c5ta03711e
https://doi.org/10.1039/c5ta03711e
https://doi.org/10.1016/j.snb.2010.08.035
https://doi.org/10.1016/j.snb.2010.08.035
https://doi.org/10.1016/j.snb.2006.11.047
https://doi.org/10.1016/j.snb.2006.11.047
https://doi.org/10.1080/00268976.2016.1246758
https://doi.org/10.1080/00268976.2016.1246758
https://doi.org/10.1080/00268976.2016.1246758
https://doi.org/10.1016/j.jallcom.2018.12.287
https://doi.org/10.1016/j.jallcom.2018.12.287
https://doi.org/10.1016/j.jallcom.2018.12.287
https://doi.org/10.1016/j.snb.2019.04.083
https://doi.org/10.1016/j.snb.2019.04.083
https://doi.org/10.1016/j.matlet.2016.01.123
https://doi.org/10.1016/j.matlet.2016.01.123
https://doi.org/10.1088/0957-4484/19/9/095508
https://doi.org/10.1088/0957-4484/19/9/095508
https://doi.org/10.1021/am404397f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am404397f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0489283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0489283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c5nj02325d
https://doi.org/10.1039/c5nj02325d
https://doi.org/10.1021/ac3026477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac3026477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/s19153405
https://doi.org/10.3390/s19153405
https://doi.org/10.3390/s19153405
https://doi.org/10.1063/1.481629
https://doi.org/10.1063/1.481629
https://doi.org/10.1021/ja011131i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja011131i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemosphere.2020.127279
https://doi.org/10.1016/j.chemosphere.2020.127279
https://doi.org/10.1016/j.snb.2009.11.006
https://doi.org/10.1016/j.snb.2009.11.006
https://doi.org/10.1016/j.snb.2010.08.007
https://doi.org/10.1016/j.snb.2010.08.007
https://doi.org/10.1016/j.matlet.2015.10.067
https://doi.org/10.1016/j.matlet.2015.10.067
https://doi.org/10.3390/s130912467
https://doi.org/10.3390/s130912467
https://doi.org/10.1016/j.snb.2010.09.040
https://doi.org/10.1016/j.snb.2011.08.018
https://doi.org/10.1016/j.snb.2011.08.018
https://doi.org/10.1039/c4ta00363b
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c02463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors pubs.acs.org/acssensors

on WO;-SnO, composite hollow nanospheres. J. Mater. Chem. A
2014, 2, 6854—6862.

(66) Pokhrel, S.; Simion, C. E.; Teodorescu, V. S.; Barsan, N.;
Weimar, U. Synthesis, Mechanism, and Gas-Sensing Application of
Surfactant Tailored Tungsten Oxide Nanostructures. Adv. Funct.
Mater. 2009, 19, 1767—1774.

(67) Wadell, C; Nugroho, F. A. A,; Lidstrém, E.; Iandolo, B;
Wagner, J. B.; Langhammer, C. Hysteresis-Free Nanoplasmonic Pd-
Au Alloy Hydrogen Sensors. Nano Lett. 2015, 15, 3563—3570.

(68) Becker, T.; Miihlberger, S. T.; Braunmiihl, C. B. V.; Miiller, G.;
Ziemann, T.; Hechtenberg, K. V. Air pollution monitoring using tin-
oxide-based microreactor systems. Sens. Actuators, B 2000, 69, 108—
119.

(69) Ecotech. User Manual for the Serinus 40 Oxides of Nitrogen
Analyser, Version: 3.5, 2021, https://www.ecotech.com/wp-content/
uploads/2021/12/M010028-Serinus-40-NOx-User-Manual-3.5.pdf
(accessed Jan 9, 2022).

https://doi.org/10.1021/acssensors.1c02463
ACS Sens. XXXX, XXX, XXX—XXX


https://doi.org/10.1039/c4ta00363b
https://doi.org/10.1002/adfm.200801171
https://doi.org/10.1002/adfm.200801171
https://doi.org/10.1021/acs.nanolett.5b01053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/s0925-4005(00)00516-5
https://doi.org/10.1016/s0925-4005(00)00516-5
https://www.ecotech.com/wp-content/uploads/2021/12/M010028-Serinus-40-NOx-User-Manual-3.5.pdf
https://www.ecotech.com/wp-content/uploads/2021/12/M010028-Serinus-40-NOx-User-Manual-3.5.pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c02463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

