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Abstract: The development of fast and reliable gas sensors is a pressing and growing problem for
environmental monitoring due to the presence of pollutants in the atmosphere. Among all gases,
particular attention is devoted to NO, which can cause serious health problems. WO3; nanorods
represent promising candidates for this purpose due to their high electrical stability and low cost
of production. Here, the hydrothermal synthesis of WO3 nanorods is reported, in addition to the
realization of a chemo-resistive NO sensor. NO-sensing tests were performed at different temperatures
(250-400 °C) and under different gas concentrations (250-2500 ppm), and NO response and recovery
curves were also modeled by using the Langmuir adsorption theory by highlighting the NO-sensing
mechanism of the WO3 nanorods. An interaction occurred at the surface between NO and the
adsorbed oxygen ions, thus clarifying the NO-reducing behavior. The fast response and recovery
times open the route for the development of fast NO sensors based on WOs3.
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1. Introduction

Nitric oxide (NO) is an odorless and colorless gas that is largely produced in urban
areas as exhaust gas from gas stoves and motor vehicles, as well as in high-temperature
combustion and industrial processes. Serious health problems, such as respiratory diseases
and skin and eye irritations, can be caused by exposure to even low concentrations of NO.
Moreover, high concentrations of NO can cause acidic rains, the production of ozone, and
photochemical smog [1,2]. Therefore, fast and very sensitive devices are demanded for the
detection of NO in order to bring it under control and even reduce its harmful effects on
humans and other beings in the environment.

Due to nanotechnology, great strides have been made in sensitivity with the realization
of NO chemo-sensors with a very low limit of detection of about 10 ppm [3-6], which
is below the Immediately Dangerous to Life or Health (IDLH) value (100 ppm) and the
Threshold Limit Value (TLV, 25 ppm) [7]. Nonetheless, their response time, which is still
higher than 50-60 s, still represents an important limit in their use [5,6].

Nanostructured semiconductors, such as CuO [1], TiO2 [8], MoS, [9], La,O5 [10],
and WO3 [11], have been extensively used for the development of NO gas sensors, and
the 1D morphology (nanorods, nanowires, and nanotubes) seems to be the best way to
achieve a high sensitivity and low limit of detection (LoD) due to the high surface-to-
volume ratio [12]. Among them, WOj3 represents one of the most suitable candidates for
the development of many gas sensors, such as ethanol sensors [13], H,S sensors [14], C,Hp
sensors [15], and NO sensors [11]. It is an n-type semiconductor with an indirect band gap
ranging between 2.4 and 2.8 eV [16]; it has a high performance in terms of sensitivity and is
promising in terms of rapidity due to its high versatility and stability, and the possibility
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of easily synthesizing 1D nanostructures, such as nanorods. Cai et al. [11] synthesized
WO3; nanowires by using hydrothermal synthesis, and their NO-sensing tests showed a
good response towards 500 ppm of NO at 300 °C with an interesting response time of
63 s. The addition of noble metals improved the sensing activity with a good reduction
of the response time, as confirmed by many theoretical studies [17,18]. Chen et al. [3]
synthesized WO3 nanoplates that were decorated with silver nanoparticles, which showed
a response time of 20 s for NO at 0.5-100 ppm with an operating temperature of 170 °C;
Cai et al. [4] synthesized hierarchical Pd-decorated flowerlike WO3 nanostructures by using
the solvothermal method; these were tested for their NO-sensing ability as a function of the
Pd amount, and they delivered a high response to 20 ppm of NO at 200 °C with a response
time of about 30 s. Unfortunately, the use of noble metals increases the production costs
of the sensors, so WO3 nanostructures need some optimizations in order to improve their
sensitivity and rapidity without using noble metals. To achieve this goal, a comprehensive
understanding of the interaction between WO3 and NO based on experimental results is
necessary, but this is still missing. A step forward in the understanding of NO sensing with
WOj3 can be achieved through a basic comprehension of the actual processes underlying the
WO3-NO interaction, allowing one to obtain a high-performance WO;-based NO sensor.

In this paper, we synthesized hexagonal WO3 nanorods by using a hydrothermal tech-
nique and studied the interactions with NO molecules at different temperatures and con-
centrations. The experimental kinetic response and recovery curves of the WO3; nanorods
were modeled by using the Langmuir adsorption theory, allowing the identification of the
thermally activated processes that occurred and their characteristic times, which showed a
chemo-resistive effect. A comprehensive description of the NO-WOj interaction based on
the experimental curves is discussed, in addition to the determination of the response and
recovery times.

2. Materials and Methods

Hexagonal WOs3 nanorods were synthesized through hydrothermal synthesis, and the
precursor solution was prepared by using sodium tungstate (Na;WO,), sodium chloride
(NaCl), and hydrochloric acid (HCI). The thermal treatment was performed at 180 °C for
3 h; the obtained powders were collected and washed by using deionized water and ethanol
and dried on a hot plate in air at 50 °C for 1 h [19]. The obtained powders were dissolved
in deionized water with a concentration ratio of 1:4, and some drops of the WO3-based
solution were released on a conductometric gas sensor, which consisted of an alumina
substrate (6 x 3 mm?) with a Pt heather on the backside and interdigitated Pt electrodes
on the front side (inset in Figure 1b). Morphological analyses were carried out by using a
scanning electron microscope (SEM; Gemini Field Emission SEM Carl Zeiss SUPRATM 25
(FEG-SEM, Carl Zeiss Microscopy GmbH, Jena, Germany)). NO-gas-sensing measurements
were performed in a stainless-steel test chamber that allowed measurements in a controlled
atmosphere. NO gas was used and diluted in synthetic dry air at a given concentration
by using mass-flow controllers. The sensor was heated from room temperature (~20 °C)
up to 400 °C in dry synthetic air with a relative humidity (RH) lower than 3% by using a
dual-channel power-supplier instrument (Agilent E3632A) to bias the built-in heater. The
response to NO gas was evaluated by recording the resistance at an applied voltage of 1.0 V
through a Keithley 6487 picometer with a time step of about 2.5 s.

The analysis of the experimental curves provided information about the kinetics of
the NO sensing in the approximation of a monolayer adsorption onto a homogeneous
surface. Starting from the assumptions that there were not phase transitions and that
the adsorption took place at specific localized sites that could accommodate only one NO
molecule, the Langmuir adsorption theory allowed us to study the sensor’s reactions during
the response phase, S, and the recovery phase, S*, by fitting the experimental response
and recovery curves through the consideration of one (w = 1) or two (w # 1) isotherm
equations, depending on the number of active reaction channels, as follows [20,21]:

S = So{w[l —exp(—t/7)] + (1 —w)[1 —exp(—t/1]} (1)
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S* = Solw* * exp(—t/1) + (1 — w*) x exp(—t/75)] 2

Figure 1. Low- (a) and high-magnification (b) SEM images of WO3; nanorods deposited onto an
interdigitated electrode (inset).

In these equations, Sy is the maximum value of the change in resistance (the same
value was fixed for the response and recovery phases), 7, and T, (n stands for 1 or 2)
are lifetimes associated with the two isotherms during the response and recovery phases,
respectively, and w and w* are weights attributed to reaction channel 1 during the response
and recovery phases, respectively.

3. Results and Discussion
3.1. Morphological Results

Figure 1a,b show the low- and high-magnification SEM images of the hydrothermally
synthesized WO3 nanorods, which had an average length and diameter of about 700 nm
and 50 nm, respectively, and were drop-coated on the conductometric gas sensor to cover
all of the electrical contacts in order to maximize the electrical signal (inset in Figure 1b).
Our previous work confirmed the hexagonal crystal structure for WO3 nanorods prepared
under similar conditions [19].

3.2. NO-Sensing Measurements

Experimental NO-sensing curves were obtained by considering the variations in the
resistance as a function of time while a mixture of NO and dry air or only dry air were fluxed
into the test chamber (response and recovery phase, respectively). Different temperatures
in the range of 250-400 °C were tested. A sensor response towards NO appeared at 350 °C,
and different NO concentrations (250-2500 ppm) were evaluated. Figure 2 shows the
variations in the resistance (black curve) under cycles of different NO concentrations (red
curve) at 350 °C; the resistance decreased when NO gas was fluxed into the test chamber
(purple arrow) and increased when the NO flux was stopped (yellow arrow).

Such a response of the sensor under an NO-rich atmosphere allows us to define the
sensor response S(%) as follows:

S(%) = (Ra — Rg) /Rq 100 3)

in which Rg and R, are the measured resistances in the presence and absence of NO gas,
respectively. To understand the WO3-NO interaction, S(%) is defined as a function of the
temperature and concentration. Figure 3 shows the values of S(%) obtained at different
temperatures (black squares) of (a) 250, (b) 300, and (c) 350 °C under a 500 ppm flux of NO
as a function of elapsed time during the response and recovery phases (defined according to
Figure 2). The response curves rapidly increased when NO was fluxed into the test chamber
and tended to saturate within 30 s. After the NO flux was stopped, the recovery curves
decreased with a temperature-dependent trend. S(%) was higher at lower temperatures, but
the recovery mechanism was not very efficient. NO concentration tests were carried out at
350 °C to maximize the recovery mechanism. Figure 4 shows the S(%) values (black squares)
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obtained under different NO concentrations of (a) 250, (b) 500, (c) 1000, and (d) 2500 ppm
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Figure 2. Dynamic resistance variations of the WOj3-based sensor (black curve) at 350 °C under
cycles of different NO concentrations (red curve). The arrows indicate when NO was fluxed into the
chamber (named “gas in”) or it was stopped (named “gas out”), which coincided with the start of the
response and the recovery phases, respectively.
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Figure 3. Dynamic responses of the WO3-based sensor (squared symbols) and the fit (red lines)
obtained at (a) 350, (b) 300, and (c) 250 °C under 500 ppm of NO as a function of elapsed time, starting
when NO was fluxed into the chamber.
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Figure 4. Dynamic responses of the WO3-based sensor (squared symbols) and the fit (red lines)
obtained at 350 °C under (a) 250, (b) 500, (c) 1000, and (d) 2500 ppm fluxes of NO as a function of
elapsed time.
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The response curves increased when NO was fluxed into the test chamber, and again,
they tended toward saturation after 30 s. After the NO flux was stopped, the recovery curves
decreased and tended toward the initial value, as expected. Higher NO concentrations
resulted in a greater response. Additionally, for higher concentrations of NO, the recovery
phase was prolonged, as it required a longer time for a full recovery of the sensor after
exposure to the target NO gas.

3.3. NO-Sensing Mechanism

The kinetics of the NO sensing could be determined from the analysis of the ex-
perimental curves by considering the Langmuir adsorption theory [20] and according to
Equations (1) and (2) that were reported in Section 2 (by fixing w = 1 in most cases) for
the response and recovery phases, respectively. The fitting curves (red lines) shown in
Figures 3 and 4 reproduced the obtained experimental data (black squares) well, thus
confirming that only one reaction channel was active during most of the response phases
(only one isotherm was used, w = 1), while during the recovery phase, a fast (R1) and a
slow (R2) reaction channel, independently and concomitantly, were active (two isotherms
were used, w # 1). The fitting parameters as a function of temperature are listed in Table 1.
The maximum response Sy strongly depended on the temperature; it reached its maximum
(53%) at 250 °C and decreased to 12% at 350 °C, as expected from the experimental curves.
At 250 °C, during the response and recovery phases, both R1 and R2 were active, unlike
what happened at 300 and 350 °C, where only R1 was active. R1 was characterized by
typical times of a few seconds (540 s), while R2 was characterized by long times in both
the response (~460 s) and the recovery phase (~290 s). Concerning the weight w, it was
0.6 and 0.4 for the response and recovery phases, respectively. These results confirm that
at 350 °C, the sensor possessed the lowest response times, which are competitive with
those reported for noble-metal-decorated sensors, which are about 20 s for Ag-decorated
WO;3; nanoparticles [3] and about 30 s for Pd-decorated WO3; nanoflowers [4], despite the
lowest response being towards 500 ppm of NO, thus further justifying the choice of this
temperature for the sensing tests with different NO concentrations and, thus, opening the
route to further improvements in the performance of the sensor.

Table 1. Results of the fitting procedure for the response and recovery transients at various tempera-
tures and a fixed concentration of NO (500 ppm).

Temperature So T T w T T, w"
“Q) (%) (s) (s) (%) (s) (s) (%)
250 53 17 461 0.6 12 288 0.5
300 23 39 - - 7 93 0.8
350 12 35 - 17 121 0.6

An analogous analysis was carried out at a fixed temperature by varying the NO
concentration. Experimental curves were fitted in accordance with Equations (1) and (2)
(red curves in Figure 4); an excellent agreement was obtained, as mentioned above, and
the obtained fitting parameters are reported in Table 2. During the response phase, only
one process was active (w = 1) under 250 and 500 ppm of NO flux, with surprisingly low
characteristic times of the order of 1040 s, as well as for the correlated recovery phase.
In the other cases, the response and recovery phases were characterized by the activation
of two mechanisms, R1 and R2, with very short (10-35 s) and long (110-280 s) times,
respectively. Sy increased with the increase in NO concentration, as expected, with the
maximum value (43%) being at 2500 ppm.
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Table 2. Results of the fitting procedure for the response and recovery transients with various
concentrations of NO at the temperature of 350 °C.

Concentration So T () w -rf ‘r; w'
(ppm) (%) (s) (s) (%) (s) (s) (%)
250 2 8 - - 14 - -
500 12 35 - - 67 - -
1000 26 20 254 0.8 8 117 04
2500 43 18 103 0.9 13 272 04

The NO-WOs interactions can be described by starting from the results of Langmuir-
based modeling [1,19,20], which allowed us to identify the chemical reaction occurring
during the NO-sensing mechanism; this was dominated by reducing processes, since WO3
is an n-type semiconductor and the electrical resistance decreased after exposure to NO.
Gas-sensing measurements were carried out in a controlled atmosphere, in which the O,
concentration was kept constant during the response and recovery phases. This resulted in
a high concentration of oxygen ions on the surface of WO3, whereby our experimental data
suggested an interaction between the NO molecules and the oxygen adsorbed onto the
WO3 surface, rather than a direct interaction with the WO3. According to the literature [1],
the interaction between NO and adsorbed oxygen occurs as follows:

NO + 0%, — > NO, + 2e”

ads

NO 40, —> NO; + e~

ads

which results in a decrease in electrical resistance according to the experimental data.
At 250 °C, both chemical reactions occurred, thus leading to the activation of both R1
and R2, while in the other cases, only the first occurred, since Oid_s is the most stable ion
at temperatures higher than 300 °C. No response toward 500 ppm of NO was obtained
at 400 °C. This experimental evidence and the decrease in Sy with the increase in the
temperature suggest a quenching of the interaction between NO and adsorbed oxygen
with increasing temperature.

The recovery phase occurred through the interaction between the O, present in the
dry synthetic air and the surface of WOj3 by restoring the initial conditions. R1 and R2
could arise from the O, molecules adsorbed onto the WO; surface in the form of O_,, and
Oﬁ;s, respectively, as follows [22]:

O, 4s T€ — 20,,,if100°C < T < 300°C
O,y +e — O3 if T > 300°C

ads

At 250 °C, the recovery phase occurred through the activation of only R1, since Ogd;
does not exist at this temperature. At 350 °C, high NO concentrations (1000 and 2500 ppm)
quickly ran out of O%ﬂ;s) reserves (R1), whereby the interaction occurred with few O%ﬂ;s)

(the low concentration was due to the high temperature).

4. Conclusions

A powder of noble metal-free WO3 nanorods (400 nm long, 50 nm large) was produced
by using a hydrothermal technique and then drop-casted onto interdigitated Pt electrodes,
which were used to analyze the WO3-NO interaction after exposure to different concentra-
tions (250-2500 ppm) at different temperatures (250-400 °C). The experimental data show a
trend that suggests that the interaction occurred through reducing processes. The Langmuir
adsorption theory was successfully used to model the experimental data by individuating
two interaction channels and their characteristic times between the NO and the adsorbed
oxygen species on the WOj3 surface, whose activation depended on the temperature. The
fast and slow channels were attributed to the interactions between NO and Of{dg and O,
respectively, with lifetimes of the order of a few seconds in the first case and of the order of
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~2450 s in the latter case. The recovery phase was dominated by the adsorption of O onto
the WOj; surface in the form of 0,45 and Oid_s, with lifetimes of a few seconds in the first
case and of 100-300 s in the second case. The fastest processes dominated the response and
the recovery phases, thus speeding up the sensing performance, which was comparable
with that reported in the literature for noble-metal-decorated sensors. The higher response
at low temperatures can open the route to the development of free-Pt WO3-based NO
sensors with low operating temperatures and low response times.
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