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Abstract: The colorless, odorless, and tasteless gases monoxide and carbon dioxide, when present
in specific amounts in the air, may either replace oxygen in red blood cells (CO) or increase the
respiratory rate causing cardiac arrhythmias (CO2), leading to death. Commercial sensors take
around 8 h to detect levels of CO (50 PPM), causing moderate poisoning. SnO2 presents controlled
interactions with the atmosphere using conductance and vacancy adjustments to capture electrical
properties. However, the selectivity of gas detection by SnO2 can still be improved, thus also increasing the application possibilities. The present study aimed to optimize the sensing of CO and
CO2 in SnO2 using palladium functionalization. The vapor-liquid-solid method synthesized a network of SnO2 nanobelts decorated with palladium nanoparticles. The sensitivity of the sensors for
CO and CO2 were evaluated, characterizing parameters such as response time, a wide range of CO
and CO2 concentrations, and temperature. In the seventh measurement cycle, the sensor response
for different concentrations of gases in consecutive cycles showed a sensitivity of up to 125% for CO
in 200s (3 minutes?). Furthermore, we observed increased sensor sensitivity with material doping
with nanoparticles from 130 ppm to 1360 ppm in 30 seconds to CO. Conclusion: The results provide
a better understanding of the sensitivity of SnO2 in palladium-decorated nanoparticles, offering insights for detecting low CO concentrations quickly. The behavior of these doped nanosensors
showed us the importance of considering them as a practical possibility for detecting these gases of
importance to human health.
Keywords: nanobelts; tin oxide; gas sensor; carbon monoxide; carbon dioxide; CO; CO2

1. Introduction
Tin oxide (SnO2) has a tetragonal rutile structure belonging to the P42/mnm space
group, good crystalline quality, lattice constants of a=b = 4.7399 Å and c= 3.1881 Å, high
band gap energy (3.6 eV) and high exciton binding energy (130 meV) at room temperature
[1–5]. SnO2-based gas sensors have been developed for years, mainly those whose conductance is modified due to interactions with the gas atmosphere [6–8]. In recent years,
control of the electrical properties of SnO2 nanobelts (NB) has attracted significant attention [9–11]. Especially, SnO2-based NB is particularly useful due to conductance tuning,
possibly due to the vacancy control [12]. Additionally, these materials have higher lengthto-diameter and surface-to-volume ratios than bulk materials. SnO2 NB are one-dimensional and have attracted attention thanks to their unique properties and various special
nanostructures. SnO2 is a strong candidate for future transistors, piezoelectric devices,
and solar cells [13]. Furthermore, the high sensibility to toxic and combustible gases can
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be highlighted, accelerating studies on SnO2 gas sensors in different geometries, such as
thin films, heterojunctions, nanoparticles, and NB [14].
Nanobelts are synthesized by various techniques [15–18] and have been widely applied as gas sensors. Thus, the new generation of gas sensors will have to present characteristics such as excellent cost-benefit ratio, high sensibility, and selectivity, and being a
stable [19–21]. The selectivity of detection of gas sensors based on transparent conducting
oxide (TCOs) is still the subject of significant challenges for the development of sensory
systems used in environmental monitoring, as well as industrial safety applications.
The oxide NB metal functionalization, in addition to presenting economic advantages, is also a powerful way to improve the sensibility and selectivity of the NB [14].
According to Chan et al., the improvement obtained through functionalization by metallic
nanoparticles can be understood from different views, such as manipulation of the acidbased properties of the NB surface, change in donor density, catalytic promotion, and extension of the electron depletion region at the junction metal-semiconductor [22]. SnO2 NB
have already been functionalized with different catalytic nanoparticles such as SiO2, palladium, copper, platinum, and Lysine to improve the selective detection of other analytes,
including acetone, and sulfur dioxide, nitrogen dioxide, carbon dioxide, and hydrogen
[23–27].
The detection process in SnO2 NB is based on the change in the material's conductivity through the difference in the concentration of electrons caused by adsorption and desorption of the analyte (gas). When SnO2 comes into contact with the analyte, its molecules
react with the adsorbed oxygen anions. These charges become free and can be promoted
back to the conduction band, causing the sensor resistance to change. Kalmakov et al.
showed that in the presence of carbon monoxide, SnO2 reacts with pre-absorbed species
such as O-(s) and O2-(s), reducing the concentration of oxygen on the surface, donating the
few electrons to the volume of the material, resulting in an increase in conductivity, which
depends on the CO concentration [6]. The surface condition plays a crucial role in CO2
detection. In an atmosphere rich in nitrogen, commonly used as a carrier gas, oxygen molecules are excluded from forming oxygen species such as 𝑂𝑂2− , 𝑂𝑂− and 𝑂𝑂2− in the region
close to the surface [28,29]. CO2 is a weak reducing gas, poorly ionized when it reacts with
oxygen vacancies. The electron gain, due to the presence of CO2, creates a change in the
carrier concentration, thus decreasing its general resistance, as observed in several works
[4,13,24].
In recent years, due to the increase in the temperature of the planet - global warming,
gases such as CO2 and CO have been highlighted. There are several myths about how
these gases are obtained and the dangers they can cause. Both gases are present in the
environment and have different compositions and are generated through various chemical reactions. Additionally, CO2 and CO do not cause the same effects in the human body,
although they are both toxic. CO can be produced through any incomplete combustion of
fuel, usually associated with a low amount of oxygen. However, this gas is not formed
naturally; it can be formed through boilers, combustion engines, heaters in general, fireplaces, etc. As can be seen, the generation of this gas is associated with human behavior
and, as it is so dangerous, it can cause many problems to human beings, including leading
to death. According to the Occupational Safety and Health Administration (OSHA), concentrations above 200 ppm can cause headaches, fatigue, and nausea after 2-3 hours of
continuous exposure. Concentrations above 600 ppm can already lead to death.
On the other hand, CO2 is also a toxic gas found in the atmosphere at a concentration
of approximately 400 ppm, while the limited tolerance is around 3900 ppm. This gas can
be generated, in addition to those ways mentioned for CO, but also through fermentation
processes. Due to the danger presented by these gases, their monitoring becomes essential, not only for safety but also for the quality of life, since even at low concentrations,
there will be some adverse effects.
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In the present work, NB made of pure SnO2 and decorated with palladium was synthesized by vapor-liquid-solid (VLS) methods, forming a network of nanobelts. Pd nanoparticles were deposited after NB growth by thermal evaporation. The grown samples
presented a simple design and easy direct application as gas sensors without having to go
through a photolithography process to define electrodes. In this way, we believe we have
a simple and easy-to-apply device. Both devices were tested at different temperatures, 50
and 75 oC. Their response was obtained for various concentrations of both CO and CO2. A
comprehensive study of these gases' detection mechanisms was also presented. Finally,
the results showed a relatively low concentration of the studied gases compared to SnO2based sensors in the literature, which the vast majority work under high temperatures.
Furthermore, our devices showed a rapid response and recovery after exposure to the
analytes studied.
2. Materials and Methods
SnO2 NBs were grown using the method proposed by Wagner et al., Vapor-LiquidSolid [15] and also described by Araújo et al. [30]. This method consists of depositing a
thin metallic layer (15 Å) on a Si/SiO2 substrate, which will serve as catalyzed nanoclusters. These clusters are used as preferential sites for adsorption of vapor phase components, leading to a one-dimensional growth of the structures. 0.1 g of tin powder (Aldrich,
purity>99.99%) was placed in an alumina crucible and placed in the center of a tubular
reactor (Lindberg blue M). The system is heated to 950 °C at a rate of 20 °C/min and held
at this level for 50 min. The vapor generated by the precursor powder is carried by an
Argon/Oxygen gas mixture (15/8 sccm - Mass Flow MKS 1149) throughout the synthesis
time; the pressure is kept constant at around 350 mbar; a schematic profile of the growth
process is shown in Figure 1a. The material as grown is shown in Figure 1b; after growth,
a palladium thin layer (~ 5nm) was evaporated onto the as-grown nanobelts; this evaporation presented a dark appearance in contrast to a lighter region shadowed by the sample
holder used in the thermal coater system. (Figure 1c ). After evaporation, these samples
underwent heat treatment, 300 oC for 30 min, to produce the metallic nanoparticles (Figure
1d).
The material as-grown was analyzed according to scanning electron microscopy
(SEM, JEOL JSM 6510, operated at 20 kV), X-ray diffraction (XRD, Rigaku D/max-2500,
Cu-Kα radiation), and Raman Spectroscopy (HR800 Evolution micro-Raman spectrometer, Horiba-Jobin-Yvon, laser diode operating at 532nm). Figure 1e shows an SEM image
of the samples as grown. At the bottom is a nanobelt with a catalytic Au nanoparticle at
the tip, confirming the VLS growth mechanism. The composition of the as-grown material
can be evidenced through EDX measurements. These results show that the nanobelts are
composed of Sn and O (Figure 1d). The crystalline phase of the synthesized samples was
analyzed by X-ray diffraction. Figure 1g shows the spectrum obtained at room temperature for pure SnO2 nanobelts. The results indicate that the samples presented a tetragonal
structure of the rutile type (JCPDS: 41-1445) belonging to the P42/mnm space group [1,3];
the nanobelts showed an excellent crystalline quality. Finally, Figure 1h shows the Raman
spectrum of the SnO2 nanobelts. We can observe that the spectrum of the samples showed
bands centered at 474, 632, and 775 cm-1, corresponding to three active Raman vibration
modes (Eg, A1g, and B2g), respectively [31,32]. The results showed a typical characteristic
of the rutile phase of SnO2 nanobelts in agreement with the XRD measurements.
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Figure 1. Schematic representation of the nanobelts growth configuration, decoration with nanoparticles, and structural characterization: (a) profile of the tubular oven reactor with the main items for
the growth of nanobelts; the material as grown on Si/SiO2 substrate is shown in panel b); some asgrown samples went through a process of deposition of palladium nanoparticles (5 nm) and it is
possible to observe a white region due to the sample holder inside the thermal coater system; in
panel d) the substrates with the nanobelts after the heat treatment are shown Samples shown in panel
b) were characterized by morphological and structural analysis: in panel e) is depicted a SEM image
showing a network of as-grown nanowires, highlighting a single nanobelt of SnO2 showing the Au
nanoparticles, typical of VLS growth (immediately below figure); in panel f) the EDX spectrum

of

the as-grown samples is shown; and finally in panels g) and h) the XRD pattern of the as-synthesized
SnO2 nanowires and room-temperature Raman spectrum of SnO2 nanobelts are shown.

Once the material was grown, it did not need to undergo to any photolithography
process to define the metallic electrodes. We emphasize that this is extremely important
because it allows the development of devices quickly and at a lower cost when compared
to those that require photolithography. Such types of devices were already used in previous works, as seen in [30,33]. These devices were built in a metal/NB/metal architecture,
where the metallic electrodes were commercially Test Probes Contact Pins type, connected
directly to the gas detection chamber.
The target gases in this study were CO2 (40-800 ppm; 99.99% purity) and CO (70-1300
ppm; 99.99% purity). The different desired concentrations were obtained by purging the
gas in an airtight chamber of approximately 50 mL with a known volume of nitrogen gas
determined by a mass flow controller (Mass Flow MKS 1149). The concentration obtained
is a ratio between the nitrogen fluxes (background gas) and the target gas (CO and CO2),
in addition to the respective molar masses of these gases. That's why the concentration
values were so different from each other. The final gas flow was maintained at a rate of
approximately 50 sccm. Teflon O-rings were used in the metal joints of the gas chamber
to seal it against gas leaks. Sensor experiments were conducted under nitrogen flow with
different conditions: i. pure SnO2, different concentrations of target gases, temperatures of
50 and 75 oC; ii. SnO2 with palladium nanoparticles, different concentrations of target
gases, and temperatures of 50 and 75 oC.
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The sensor response, and sensibility, reflects the concentration of the target gases,
and this can be monitored by recording the changes in the conductivity of the SnO2 nanowire network. The sensibility of the sensors was calculated as follows:
𝑆𝑆(%) =

∆𝑅𝑅
𝑅𝑅0

=

𝑅𝑅0 − 𝑅𝑅𝐸𝐸
𝑅𝑅0

× 100,

(1)

where the E-index refers values resistance and current under gas exposure, while the 0index refers to the reference resistance/current values (baseline) which were obtained
when the sensor is exposed to nitrogen flow only. The eq. (1) has two exciting aspects depending on the exposed gas. When exposed to CO2, a reducing gas (it will transfer electrons to the nanobelts’ system), it will increase the sample current (S > 0). On the other
hand, when exposed to an oxidizing gas such as CO, electrons will be withdrawn from the
nanobelts’ system, decreasing the sensor current (S < 0). In this work, we define the response time where the sensor reaches 90% of the maximum change after exposure to the
gas samples. Thus, recovery time was defined as the time required to recover 10% of the
initial baseline value after exposure to the target gas [34].
3. Results
Figure 2b shows the characterization configuration of the target gas sensors. All measurements were made under nitrogen gas as a background, to which the target gases were
mixed. The measured concentrations were obtained using a mass flow controller of one
cubic centimeter per minute (sccm). The detection chamber has a volume of approximately 25 cm3; coupled to it there is a heater where the working temperature can be controlled from room temperature to 300 oC. Attached to the detection chamber, two connection pads make electrical contact with the NB network. This process demonstrates the
practicality and speed of building and testing gas sensors. Current-time characterization
was performed by applying an electrical voltage of 5.0 V and monitoring the electrical
current using a Keithley 6517-B. Finally, a sketch model of the applied voltage is shown
at t0 = 0; after a specific time, the target gas is inserted into the camera, and the sensor
responds, as shown in the red curve. The figure refers to the result for an oxidizing gas
(CO). After t1 > 0, the target gas is switched off, and the sensor behavior is restored.
The setup described above was used to obtain the curves shown in Figure 2b and
Figure 2c. Figure 2b shows the sensibility curve, obtained from equation (1), at room temperature for the CO sample. The concentrations studied were extremely high, above 1600
ppm. The system was tested for these values because they were the only ones that offered
the sensor response at room temperature. Figure 2b shows the curves obtained when the
target gas is carbon dioxide in concentrations between 960-3000 ppm. The concentration
obtained is a ratio between the nitrogen fluxes (background gas) and the target gas (CO
and CO2), in addition to the respective molar masses of these gases. That's why the concentration values were so different from each other.
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Figure 2. Schematic representing the setup configuration used for gas detection, including gas cylinders, mass flow controllers, solenoid valves, detection chamber, test leads, the Keithley 6517-B electrometer, and a representative response curve sensor (oxidizing gas); in b) the sensor response for
the CO target gas at different concentrations and in c) the results for CO2.

There are two essential aspects of Figure 2b and Figure 2c: i. the sensor responses of
both curves are practically the same, although with a different shape; ii. The result obtained
when the target gas was CO was expected to have a negative sensibility (eq. 1) because it
is an oxidizing gas that steals electrons from the sensor surface (this process is described
below). To obtain any signal beyond the background, the gas flow inside the detection
chamber needed to be above 100 sccm. Indeed, when the target gas is CO2, there is some
charge transfer to the SnO2 nanobelts film. However, this transfer is irrelevant since the
response obtained for a concentration of 3000 ppm is lower than for the other concentrations Figure 2c. Additionally, when the target gas was CO, the sensibility was expected to
be negative (eq. 1), as the response current is smaller than the background current, and this
was not observed Figure 2b. We believe that the response observed in both cases is due to
turbulent flow (high sccm's) inside the chamber, which is more likely related to a temperature variation or surface cleaning than to the presence of gas.
The results presented in Figure 2b-c led us to two questions: i. at what temperature
can we have a correct answer for the gas sensors; ii. And under which conditions we will
have the lowest sensor operating temperature. Figure 3 presents the sensibility curves obtained for the target gases CO and CO2, for temperatures of 50 and 75 oC. All measurements were performed under a constant flow of nitrogen for approximately 120 seconds;
after this period, the valve with the target gas is opened for approximately 30s and then
closed. Two cycles were obtained, the second cycle being more stable than the first.
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Figure 3. Panels a and b show sensor sensibility for CO gas at temperatures 50 and 75 oC, respectively;
In panels c) and the sensor sensibility for O2 gas is shown at 50 and 75 oC, respectively.

The CO sensor response at 50oC (Figure 3a) shows a response with an increasing concentration of the target gas. It is noteworthy that the negative sign of the sensibility is kept
only to indicate the typical response of an oxidizing gas. As we increase the concentration,
the sensor response tends to increase, except for values up to 1300 ppm. Such behavior
can be attributed to sensor saturation, although in this case, it was expected that the observed sensibility value would be close to 50%. Another explanation may be related to the
one presented above. For these CO concentrations, the flux inside the detection chamber
is relatively high to the point of lowering the working temperature and having a cleaning
effect on the nanobelts network surface. Figure 3b shows the CO gas sensor response for
a temperature of 75 oC in a concentration range between 136-1360 ppm. There is an evident
improvement in the sensor response with increasing concentration of the target gas; however, for high concentrations, there is still a saturation region. The entire process of detecting the SnO2 nanobelts film for carbon monoxide will be discussed later.
Figure 3c-d presents the results for the CO2 target gas (80-800 ppm) at 50 and 75 oC,
respectively. We can see that the response practically doubled with the increase in temperature; in addition, there was an improvement in the resolution of the sensor, especially
when we look at the second cycle. For the temperature of 50 oC, there is a response for the
target gas; however, there is no direct relationship between the response and the increase
in concentration. This effect is overcome when the temperature is 75 oC, when the definition of the response becomes evident. This process will be discussed later.
The results presented in Figure 2 and Figure 3 showed that although the SnO2 nanobelts network could detect the presence of the analyte under study, it was impossible to
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have a direct relationship and resolution, as found in the literature [4,6,35]. Increasing the
working temperature (room temperature, 50 oC, and then 75 oC) improved these aspects,
but the device still showed a low resolution. Like other authors who studied SnO2 as an
active layer for detecting gases such as CO and CO2, we decorated the nanobelts films
with palladium nanoparticles [24,36–38].

Figure 4. a) Sensor response for different CO concentrations within the 136-1360 ppm; b) Similar
measure to the previous one. However, the concentration was gradually increased after each cycle;
in c) we have the sensitivity for different CO2 concentrations between 40-800 ppm, in d) a gradual
measure of the sensitivity for the described range of concentrations. All under the same applied
voltage value of +5 V.

To improve the properties of SnO2 nanobelts-based sensors at a temperature as close
as possible to room temperature, we decorated the nanobelts films with palladium nanoparticles, as described in section 2. Responses were measured for both CO and CO2 over
a wide concentration range. Figure 4 shows the result for these samples for 50 oC (other
temperatures were not tested because we are only interested in the working temperature
closest to the ambient). Figure 4a, shows the sensibility curve at different concentrations.
We observed that there is a better definition in the sensor response, that is, there is no
more overlap between the response curves, when compared to the results presented in
Figure 3a-b, with the maximum response being more than doubled. Figure 4b shows the
detection spectrum of the SnO2 nanobelts film sensor, taken by increasing the concentration at each cycle. There is a low background response when the concentration is below
210 ppm (third “peak” from left to right (Figure 4b)). From this value onwards, the response becomes more prominent and tends to increase with increasing CO concentration,
and there is a saturation tendency for concentrations above 1150 ppm (17th peak).
Similarly, we tested the same device for the CO2 target gas; Figure 4c shows that the
relative response increased about sixfold when compared to that shown in Figure 2c, for
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the device without the palladium nanoparticles. The increase was 2.5 times higher when
compared to the sample without the nanoparticles, but at 75 oC. Additionally, we observed an improvement in the sensor resolution, with a more straightforward response
for different concentrations used. Figure 4d shows the response obtained for the CO2 target
gas at a concentration of 40 – 800 ppm with steps of 40 pm. For concentrations below 120
ppm, the response is very low and close to the background values. However, for values
above this, the response becomes clearer, tending to saturation for values above 680 ppm.
In the next section, we will discuss, in more detail, why the sensor is sensitive to these two
gases and why the presence of nanoparticles improves the sensibility and resolution of
the sensor.
Some parameters are extremely important to characterize a sensor, such as sensitivity
(here defined as the change in the input parameter required to produce a standardized
output change) and the response and recovery time of the sensor. These parameters can
place the device as a strong candidate for future applications. Figure 5 compiles all this
information regarding the characterization parameters of the CO and CO2 sensor based
on SnO2 nanobelts film.

Figure 5. Response time and recovery time for CO and CO2 gas sensor, a) and b), respectively; in c)
and d) we have the sensitivity vs concentration graphs for CO and CO2, respectively. All the results
presented were taken for 50 oC with and without palladium nanoparticles and 75 oC. Legend: (■) 50
oC; (●) 75 oC; (◆) 50 oC – Pd nanoparticles.
Figure 5 shows the results for response and recovery time, sensibility vs. concentration
obtained for the curves shown in Figure 3 and Figure 4. The solid lines represent the response time, and the dashed lines the recovery time (see Figure 5b and c). We have two
comparisons to be carried out between the two temperatures studied and between the
sensor with and without palladium nanoparticles. The response time obtained was between 160-20 s. In all cases, the response time tends to decrease with the gas increasing
concentration. For a temperature of 50 oC (solid line-circle), there is an increase in response
time up to approximately 350 ppm; from this point on, there is a considerable drop, tending to a constant response time for concentrations above 800 ppm. Similar behavior was
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observed for sensor response at 75 oC (solid line-square), however, a shorter response time
was observed for this case, and from 200 ppm, no significant change was recorded. When
we compare the two temperatures studied, we can observe that the response time is influenced by them for concentrations below 800 ppm; for values above that, both converge.
On the other hand, the presence of nanoparticles makes the response time of the sensors shorter when compared to the device without the nanoparticles for the same temperature. For values above 800 ppm, the value is close to the other cases but getting slightly
higher. The influence of temperature and nanoparticles decorating the nanobelts film is
best observed in the recovery time of the sensors (red dash lines). The best recovery times
were observed for the nanobelts film with palladium nanoparticles, with a practically constant value with increasing concentration (~ 120 seconds). When comparing sensor operation at 50 and 75 oC, the latter showed a slightly longer recovery time when comparing
the exact gas concentration. The effect of temperature and the sensor with nanoparticles
was also evident in the response time of the sensor when exposed to CO2 gas (see Figure
5b). Above 150 ppm the response time was practically constant at 20 seconds, half the
response time compared to CO gas. Additionally, the recovery time was not influenced
by the presence of nanoparticles nor by the increase in temperature. Here we define the
response time when the sensor reaches 90% of the maximum observed response. In cases
involving toxic gases, like the ones we are studying, often the response time must be the
one in which the sensor reaches 50% of the maximum value. In this context, the times
observed in this work presented a fast response, being very useful in alarm situations
where the complete response is unnecessary.
Table 1 - Table referring to the parameters for adjusting the curves shown in Figure 5c and Figure 5d.

Temperature
50 oC
75 oC
50 oC-Pd

a
79.7
27.9

CO
b
6,56 x 10-3
1,70 x 10-1

R2
0.79
0.99

a
6,09
4,81
60,63

CO2
b
1.88 x 10-2
5.24 x 10-2
7.00 x 10-2

R2
0.86
0.99
0.96

Figure 5c-d presents the results for sensibility vs. concentration, this information
shows us how sensitive the sensor can be. Except for the response for the CO sensor at 50
oC, all other measurements showed an improvement in sensibility with increasing gas
concentration. A linear response was observed for concentrations above 250 ppm for CO
gas and above 150 ppm for CO2, respectively. The relationship between sensitivity and
concentration follows a linear fit (𝑆𝑆 = 𝑎𝑎 + 𝑏𝑏 ∙ 𝐶𝐶), where a is the intercept of the y-axis; here,
it does not have much meaning; b is the sensitivity growth rate with concentration
(%/ppm), and C is the target gas concentration. Table 1 shows the values obtained for this
adjustment under different experimental conditions. The presence of nanoparticles improved the response rate for both gases, with an increase of 26 times for CO and approximately 4 times for CO2, respectively.

4. Discusions
All curves based on the change in sensor resistance when exposed to target gas can
be divided into three phases: stabilization → adsorption/response → recovery. The surface of the nanobelts plays a crucial role in the response of the gas sensor based on metal
oxides. As already discussed in another work [28–30]; Tin oxide is one of the most studied
n-type semiconductor TCOs for gas sensors. Its detection mechanism is explained based
on the change in electrical conductivity, which occurs through the chemical interaction of
gas molecules with the oxide surface [39]. It is expected that no oxygen particles will act
in the detection chamber since the sensor is continuously exposed to the background gas
(Nitrogen). This leads us to form oxygen species like 𝑂𝑂2− , 𝑂𝑂 − and 𝑂𝑂2− , near the surface
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of the nanobelts [4]. In the presence of the background gas, lesser electrons get enough
energy to jump into the conduction band and travel across the junction while holes are
left behind. There will be an accumulation of charges at the interface, forming an intermediate spatial charge layer. Thus, the gas sensor will not change resistance when its surface
is saturated with nitrogen. As a result, a depletion region is formed. Under the atmosphere
of the gas, the acceptor or donor electrons are adsorbed on the surface of the metal oxide,
resulting in a change in the material's conductivity. The conductivity of the TCOs gas sensor depends on the charge transfer mechanisms between the adsorbed gaseous species, as
well as the surface reaction with the gas. Figure 6 shows the charge transfer on the sensor
surface, as well as a diagram representation of the proposed bifunctional detection mechanisms, both for the effect of oxidizing gases and for reducing gases [40].

Figure 6 – Schematic illustration of the chemical reactions on the surface of the nanobelts and the
respective band diagram: panel a) network of nanobelts with oxygen molecules adsorbed on the
surface of the nanobelts; in panel b) Nanobelts network with palladium nanoparticles; in c) chemical
reactions involving CO gas, on the left the conductance response; while in d) chemical reactions involving CO2 gas, on the, left the conductance response.

In our study, we have a SnO2 nanobelt network which can be described by the energy
band theory. Figure 6a represents this band configuration for this SnO2 nanobelts network, where the contact point between two nanobelts has the same behavior as a grain
boundary structure. These interconnected NB form larger aggregates connected by these
junctions. Figure 6b illustrates the depletion region and the pre-adsorbed oxygen molecules on the surface of SnO2 and palladium nanoparticles (SnO2-Pd). The Pd nanoparticles
act as catalysts accelerating the dissociation of oxygen molecules, increasing the flow of
oxygen ions adsorbed on the NB surface. The more oxygen ions adsorbed on the surface
of the SnO2, the more detection sites there will be, leading to increased sensibility. Depending on the type of gas detected (oxidizing or reducing), the response will increase or
decrease the material's conductance. Figure 6b this was represented by a decrease in the
potential barrier. Additionally, SnO2 has an electron affinity of 4.5 eV, while palladium
has a work function of 5.5 eV. Thus, when Pd NPs contact the nanobelts, electrons flow
from the SnO2 to the nanoparticles. A depletion region, or a Schottky barrier, will be
formed between both materials [36,41]. Under these conditions, when molecules of a reducing gas (Figure 6c), for example, interact with pre-adsorbed oxygen electron, they return to the Pd-SnO2 nanobelts and reduce this Schottky barrier, increasing conductivity.
On the other hand, when an oxidizing target gas is adsorbed on the nanobelts network,
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the adsorbed oxygen combines with the electrons on the material's surface, increasing the
electronic surface barrier. This creates a large amount of positive charge at the material
interface. A space charge layer will be formed between the negative charge and the positive charge resulting in a potential barrier around the junctions of the SnO2 nanobelt network. When electrons in the conduction band are transferred from one nanobelts to another, the junction potential barrier must be overcome.
−
In the presence of 𝑂𝑂2 we have a different detection mechanism. The 𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎
species is
found as the primary type of species absorbed at temperatures above 200 oC. In this case,
−
the CO gas interacts with 𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎
and tends to release electrons in the conduction band and
thus decreasing the conductance of SnO2, as observed by different authors [42–44]. The
equations below show the chemical reactions in this situation [40].
−
𝐶𝐶𝐶𝐶 + 𝑂𝑂2,𝑎𝑎𝑎𝑎𝑎𝑎
⇌ 𝐶𝐶𝑂𝑂2.𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑒𝑒 −

−
−
𝐶𝐶𝐶𝐶 + 2𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎
⇌ 𝐶𝐶𝑂𝑂32 ⇌ 𝐶𝐶𝑂𝑂2.𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎
+ 𝑒𝑒 −
1
⇌ 𝐶𝐶𝑂𝑂2.𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑂𝑂2 + 2𝑒𝑒 −
2

(2)

(3)

The result of eqs. 2 and eq. 3 shows that the sensor signal tends to decrease in the
presence of O2, as observed by Suematsu et al. and Hahn et al. [40,45,46]. In general terms,
the model described above works by reducing the concentration of oxygen on the nanobelts surface by donating some electrons to the conduction band. Resulting in an increase
in conductivity, which depends on the concentration of CO. This behavior is contrary to
what we observed in Figure 3a-b and Figure 4a-b. In this study, the working temperatures
were close to the ambient temperature. Furthermore, there is the possibility of traces of
water vapor, both in the gas and background gas. Thus, we believe that the equation that
describes the chemical reaction during the detection mechanism is best represented by
[40]:
𝐶𝐶𝐶𝐶 + 𝐻𝐻𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎 ⇌ 𝐻𝐻𝐻𝐻𝐻𝐻𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎 ⇌ 𝐶𝐶𝑂𝑂2 + 𝐶𝐶𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎
𝐻𝐻𝐻𝐻𝐻𝐻𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐻𝐻𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎 ⇌ 𝐻𝐻2 𝐶𝐶𝐶𝐶 + 2𝑂𝑂𝑔𝑔𝑔𝑔𝑔𝑔

(4)

The eq. (4) leads the sensor to decrease the conductivity, as observed in our case
shown in Figure 3a-b and Figure 4a-b, and also observed by [43].
D. Wang et al. showed how the CO2 detection mechanism in SnO2 can be. The CO2
molecules are adsorbed on the 𝑂𝑂𝐻𝐻 − groups pre-adsorbed on the surface of SnO2 with the
adsorption of C (in CO2) on the surface-O bridge in the SnO2 lattice. The adsorption of the
O atom on the surface-Sn site. The results show that the CO2 molecule reacts with O from
the 𝑂𝑂𝐻𝐻 − pre-adsorbed on the SnO2 surface, which promotes the formation of the CO3 ion
and the dissociation of the 𝑂𝑂𝐻𝐻 − . This process can be expressed as:
2−
+
𝑆𝑆𝑆𝑆𝑂𝑂2 + (𝑂𝑂𝑂𝑂)−
𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐶𝐶𝑂𝑂2(𝑔𝑔𝑔𝑔𝑔𝑔) → 𝑆𝑆𝑆𝑆𝑂𝑂2 + (𝐶𝐶𝑂𝑂3 )𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

(5)

The gain of electrons from the gas causes a change in the carrier concentration, increasing the sensor's conductivity. This behavior agrees with what we observed (inferior
insert in Figure 6) and is also observed in other works [24,28,47].
Additionally, we can discuss the device response and recovery times (Figure 5a-b).
With the different adsorbent sites and defects, we can expect different mechanisms of oxygen desorption, which contributes to a longer response time until the system reaches
stability. Furthermore, the operating condition of the devices, close to ambient temperature, also plays an essential role in longer response times [48]. Araujo et al. demonstrated
the influence of the applied electric field on the response and recovery time of SnO2-based
sensors. In this case, there is a higher density of electrons that becomes available after
cutting off the flow of the target gas due to a thicker depletion layer. When the gas flow is
interrupted, there is a condition that facilitates a greater oxygen uptake [30]. Wen-Chieh
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Wang et. al. showed that the response time in a hazardous sensor is related to the interactions of the gas with the surface. And these interactions depend more on the effect of temperature than on different concentrations of the target gas (Figure 5a-b) [49].
5. Conclusions
In summary, the results presented showed a device based on a network of SnO2 nanobelts, grown by the VLS method, promising for detecting hazardous gases. This is due to
building the device quickly and without the need for photolithography processes, eliminating the need to use a clean room. We could show a wide detection range for both CO
and CO2, values below concentrations that could present a health risk. Additionally, the
responses for both gases studied were more significant than 50% for CO and 20% for CO2,
respectively. These results were improved by increasing the temperature from 50 to 75 °C
by almost twice. Decorating the devices with palladium nanoparticles improved not only
the sensor's response but also its resolution. In this situation, it was possible to observe
that the responses reached 250% for CO and 120% for CO2, respectively. Furthermore, we
found that both the response time and the recovery time are low enough to be applied as
detectors for the presence of these hazardous gases. Finally, we discuss the models applied to explain the detection mechanisms of both target gases.
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