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ARTICLE INFO ABSTRACT

Keywords: We report herein an investigation on the ozone gas-sensing performance at room temperature of SnO, nano-
SnO, particles assisted by a light-emitting diode. X-ray diffraction and high-resolution transmission electron micro-
Nanoparticles scopy analyses indicated the nanocrystalline characteristics of the SnO3 particles after heat treatment. Besides,
Chemiresistor . . . . . .
Light-assisted optical measurements pointed out that the nanoparticles presented an optical gap of approximately 3.8 eV with a
1 -assiste: . s e . . .
Ozgone broad photoluminescence emission at around 625 nm, which was linked to the presence of oxygen vacancies,

suggested by XPS analysis. With regard to the light-assisted gas-sensing measurements, electrical analysis
revealed a clear dependence of the ozone sensing performance on the wavelength of the source of illumination
chosen, with the highest ozone response being reached upon excitation in the ultraviolet region. Theoretical
calculations showed that the (110) surface could increase the stability of photogenerated carriers and contribute
to enhancing the gas-sensing features under ultraviolet excitation due to the presence of [SnOg] and [SnOs]
clusters, which are capable of inducing an electron-hole dissociation and a reliable chemical environment for O3

DFT calculations

interaction.

1. Introduction

Metal semiconducting oxides (MOXs) have attracted growing
attention due to their potential in diverse practical applications,
including resistive gas sensors. [1-5] With regard to resistive gas sensors
or chemiresistors, they have been investigated for the detection of
various analytes, mainly harmful species, such as NOy, CO, NH3, H,S,
and Os. [1,6-9] According to the literature, chemiresistors based on
MOXs have worked at relatively high temperatures, i.e., superior to
150 °C. To achieve such temperatures, self-heaters have been made up
in the structure of the device, thus involving more complexity in the
manufacturing steps, besides increasing the energy consumption of the
such devices. [10-12] Note that these operating temperatures may
provoke permanent changes in the chemical and structural character-
istics of the sensing layer, impairing its lifetime. [13,14]

In this sense, researchers have focused on the development of sensing
materials with high sensitivity and selectivity, and fair stability, apart
from operating at moderate temperatures (preferably close to room
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temperature). An efficient and versatile strategy to achieve sensitivity
has been the full or partial replacement of the conventional thermal
activation by light stimulation. [10,11,15-17] The irradiation of the
sensing materials with a low-energy consumption source such as
light-emitting diodes (LEDs) has provided promising results. In previous
works, we reported that the ozone gas-sensing properties of ZnO-SnO,
nanocomposites and pristine ZnO were improved when the materials
were kept under continuous UV illumination. [15,18] In another study,
Gonzalez et al. combined thermal and light stimulations to enhance the
sensing performance of WO3 nanoneedles. [11,19] They reported that
the combination of mild heating (< 100°C) with pulsed UV light irra-
diation of the sensing layer resulted in a significant increase in the
sensing activity of the WOs3. [19]

Among the various MOXs investigated as light-assisted sensing ma-
terials, tin dioxide (SnO2) has been applied for the detection of a wide
range of analytes. [20-22] In its stoichiometric form, this compound
acts as an insulator, while the SnOs behaves as an n-type semi-
conductor with a band gap of approximately 3.6 eV at 300 K. [23] The
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presence of such defects in the SnO5 network, e.g. oxygen vacancies, has
allowed the use of wavelength in the visible region to stimulate its
gas-sensing properties at room temperature. [24-29] For example,
Anothainart et al. reported the NO; sensing properties of the SnOy
compound under visible illumination at room temperature. [24] They
observed that the photoexcitation with wavelengths smaller than 600
nm was enough to activate the adsorption mechanism of SnO,. Despite
the fact that ozone gas sensors based on SnO, compound are widely
studied, few papers have specifically studied of the effect of wavelength
on the light-assisted ozone sensing performance of SnO,. Motivated by
these considerations, we investigate herein the role played by the
different wavelengths employed to assist the ozone gas sensing experi-
ments using SnOy nanoparticles as a sensing layer. For this purpose,
experimental and theoretical approaches were employed in order to
evaluate the SnO, sensing activity. X-ray diffraction, transmission
electron microscopy, optical spectroscopies, and electrical measure-
ments were performed along with first-principles calculations to get
insight into the electronic properties of adsorption of O3 molecules on
the SnO, surfaces.

2. Experimental section
2.1. 2.1. Synthesis of SnO, nanoparticles

The SnO, nanoparticles were synthesized via hydrolysis of tin chlo-
ride, followed by thermal treatment. The tin (II) chloride (SnCl,.6H>0,
99.9%) and ethyl alcohol anhydrous (CH3CH20H, 99.5%) were pur-
chased from Sigma-Aldrich Corporation and used without any further
purification. The tin chloride (0.1 M) was dissolved in 100 mL of ethyl
alcohol under constant stirring at room temperature. Then, 22.5 mL of
deionized water was dropped into the solution, which was kept under
stirring for 30 min. To remove the chlorides from the solution, the
dialysis process was performed, and the obtained precipitate was dried
in an electric oven at 80 °C overnight. The as-obtained powder had an
amorphous characteristic, revealed by X-ray diffraction analysis. To
obtain a crystalline sample, it was annealed in an electric oven for 1 h at
500°C under an air atmosphere.

2.2. 2.2. Characterization techniques

X-ray diffraction measurements were collected using a Shimadzu
diffractometer (XRD6100, CuKo radiation) in the 20 range from 20° to
80° with a step of 0.02, and at scanning speed of 2° min~!. Ultraviolet-
visible diffuse reflectance spectrum (UV-vis DRS) was collected on a
spectrophotometer (Shimadzu, UV-2600) coupled to an integrating
sphere from 200 to 800 nm. The morphological features were investi-
gated using a high-resolution transmission electron microscopy
(HRTEM, FEI Tecnai G2 F20) operating at 200 KeV. Room temperature
photoluminescence (PL) measurements were performed using a 355 nm
laser as the excitation source, focused on a 200 pm spot at constant
power of 5 mW. The luminescence signal was dispersed by a 19.3 cm
spectrometer (Andor/Kymera) and detected by a Si charge-coupled de-
vice (Andor/Idus BU2).

2.3. 2.3. Gas-sensing experiments

To perform the ozone gas-sensing measurements, the sensors were
prepared following a procedure commonly adopted by our team [15,
30-32]. First, 50 mg of the sample was dispersed in 0.5 mL of isopropyl
alcohol using an ultrasonic cleaner. The obtained suspension was then
dripped onto a SiOy/Si substrate with 120 nm thick Pt electrodes
separated by a distance of 50 mm. To remove the solvents in the sus-
pension, the sensor sample was annealed for 30 min at 500°C in an
electric oven. Afterwards, the sensor sample was inserted into a special
chamber that allows the control of the substrate temperature, the gas
flow, and the Os levels. The O3 gas was generated using a calibrated
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pen-ray UV lamp, providing concentrations ranging from 12 to 94 ppb.
In these dynamic experiments, the dry air (carrier gas) containing O3 gas
was blown directly onto the sample, keeping a constant flux of 500
SCCM. Further details regarding the gas-sensing workbench may be
found in our previous works. [30,31,33,34] The electrical resistance of
the sample was monitored with an electrometer (Keithley, 6514) by
applying a voltage of 1 V (DC). All measurements were carried out at
room temperature (25 + 1 °C) under continuous light irradiation pro-
vided by a light-emitting diode (LED) 10 mm distant from the sensing
sample. The wavelengths studied here were UV (315 nm, 0.6 mW), vi-
olet (405 nm, 10 mW), and blue (465 nm, 20 mW). Longer wavelengths
were also investigated, however, no influence on the sensing perfor-
mance was found. It is worth mentioning that for each experiment using
a certain LED, the studied sample was kept in a dark chamber overnight
to protect it from any previous light stimulation. The sensor response (S)
was defined as S=Ro3/Rair, Where Rps and R;; are the electric resistance
of the sensor exposed to O3 gas and dry air, respectively. [15,31,32]

2.4. 2.4. Computational methods

Theoretical calculations based on the Density Functional Theory
were carried out by combining hybrid B3LYP [35,36] functional and
two- and three-body contributions to the long-range dispersion energy
(B3LYP-D3), [37] as implemented in the CRYSTAL17 code. [38] Herein,
bulk and surface models were used to investigate the O3 gas sensing
properties of SnOs. The tetragonal rutile phase was generated from XRD
data, while the non-polar (100) and (110) surfaces were constructed
using symmetrical and stoichiometric slabs. Durand-Barthelat (DB) core
pseudopotentials were used for Sn atoms [Kr]5s25p2, whereas O centers
were described with all-electron 6-31G* basis set, following previous
theoretical studies for bulk and surface SnO, models. [39-41] The
electronic integration over the Brillouin Zone was performed using a 8
x 8 x 8Monkhorst—Pack k-mesh. [42] Five thresholds were set to 8, 8, 8,
8, and 16 in order to control the accuracy of the Coulomb and exchange
integral calculations. The convergence criteria for mono and bielec-
tronic integrals were set to 108 Hartree, while the RMS gradient, RMS
displacement, maximum gradient, and maximum displacement were set
t03x 1074 1.2 x1073 45 x 10*and 1.8 x 1072 a.u,, respectively.
The electronic properties were evaluated through the density of states
(DOS), band structure profiles, and charge analysis tools implemented in
the CRYSTAL17 code. [38]

Aiming to investigate the O3 sensing properties of the SnO, samples,
adsorption models were constructed from (2 x 2) supercell expansions
of previously optimized slabs. The adsorption enthalpy was calculated
considering the expressions:

1

Euts = [Ettavs0y) — (Estas + NEo, ) + Egsse] (@)

=|

_ frozen “frozen Afrozen Afrozen
EBSSE - (E.;/ub - E\'lah+ghp.\'l) + <E03 - EO; +gh]7.rt) (2)

here E(gq-0,) is the total energy of the optimized slab with adsorbed O3
molecule, Egqp is the total energy of the isolated optimized slab, N is the
number of adsorbed O3 molecules per unit cell and Egg is the total en-
ergy of ozone in the gas phase. The basis set superposition error (BSSE)
was calculated considering the two separated moieties (slab + O3)
frozen in the minimum adsorption configuration, with and without
ghost functions, respectively.

The photo-assisted O3 sensing properties were evaluated considering
the existence of excited electrons and holes through the localization of
charge doping levels using the keyword DOPING, which allows adding
(or removing) electrons to (from) the system. [38]

3. Results and Discussions

X-ray diffraction (XRD) patterns of the SnO, samples before and after
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Fig. 1. (a) XRD patterns of SnO, samples before and after heat treatment. (b) HRTEM micrograph of the annealed sample. The inset in Fig.(b) shows the interplanar

distance of the nanocrystalline SnO, sample.
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Fig. 2. Optimized crystalline structures for SnO, bulk and surface models.
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Fig. 3. Black curve (axis on the right): Kubelka-Munk equation used to estimate
the optical gap (Eg) of the nanocrystalline SnO, sample. Blue curve (axis on the
left) PL spectrum of SnO, nanoparticles.

heat treatment are displayed in Fig. 1(a). It can be seen that the as-
obtained sample presents a typical amorphous XRD pattern and, after
the annealing process XRD peaks were observed. These XRD reflections
confirm that the crystalline structure was obtained. Additionally, they
match the tetragonal rutile phase of SnO,, according to Joint Committee
on Powder Diffraction Standards (file #36-1451). With regard to the

morphological features, Fig. 1(b) shows an HRTEM micrograph of the
crystalline SnO; sample. An analysis of this image reveals that the
nanometric characteristic of the particles remains with an average size
of 6 nm even after heat treatment. Moreover, the inset in Fig. 1(b)
presents the interplanar distance of (110) crystallographic plane of the
SnO; phase, which is approximately 0.33 nm. [43,44]

Theoretical results for bulk and surface models of SnO, are sum-
marized in Fig. 2, indicating the building blocks that describe the
crystalline structure. It can be seen that the calculated lattice parameters
for SnO, were a = b = 4.664 Aandc=3.155 f\, which are in accordance
with previous theoretical and experimental results. [39-41] The build-
ing block of SnO; is the [SnOg] cluster, which is composed of two short
(2.018 10\) and four long (2.031 10\) Sn-O bonds. For the (100) and (110)
surface models, the existence of a single dangling bond forming under-
coordinated [SnOs] centers can be noted. The significant difference
between the surface models can be attributed to the [SnOs] orientation
and the presence of superficial [SnOg] clusters along the (110) surface,
inducing increased stability for the latter.

The optical absorbance measurement of the SnO5 nanoparticles is
displayed in Fig. 3, black curve. The optical band gap (Eg) values of both
samples were determined using the Kubelka-Munk equation,[45] which
provided a value of approximately 3.4 eV. This value is in accordance
with that reported literature for the SnO5 compound.[46,47]. Further-
more, an analysis of the SnO» spectrum (black curve, Fig. 3) reveals the
existence of a tail extending close to around 2.8 eV, indicating the
presence of intrinsic defects, mainly oxygen vacancies, capable of
creating new electronic levels within the band gap. [48,49] In the same
figure, (blue curve, Fig. 3), it is possible to observe that the photo-
luminescence (PL) spectrum of the SnO; nanoparticles consists of a
broad emission band whose maximum is located at around 625 nm.
According to the literature, the presence of such intermediate levels
leads to a system in which the relaxation process happens by several
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Fig. 4. Band Structure and atom-resolved Density of States profiles calculated for SnOsbulk and surface models.

paths, thus originating a broad emission band. [50,51]. Bonu et al. re-
ported that the PL emission around 625 nm can be attributed to defects
created by oxygen vacancies in the SnO;, lattice. [44] Similarly, Kar et al.
conducted a detailed experimental investigation on the PL properties of
SnO, nanorods and nanoparticles. [52] According to their findings, the
PL emission can be linked to a transition of an electron from a level close
to the conduction band edge to a deeply trapped hole in the bulk. [52]
Therefore, the presence of such oxygen vacancies (here suggested by
XPS analysis, Fig.S1) contribute to the formation of new levels in the
band gap region of the SnO,, enabling that longer excitation wave-
lengths generate charge carriers in the sensing layer. [15,53].

Regarding the electronic properties of SnO,, DFT calculations were
carried out for both bulk and surface models to describe the bandgap
region. For the bulk model (central panel of Fig. 4), it can be observed
that the valence band is mainly composed of O (2p) states, while the
conduction band is formed by Sn (5sp) states. The electronic band gap
was calculated as a direct transition equal to 3.92 eV, which is close to
the obtained experimental results. The electronic states distribution
remains equal for the (100) and (110) surface models, whilst the elec-
tronic band gap reduces to 3.72 and 2.67 eV, respectively. The band gap
narrowing can be associated with the chemical environment of the
exposed surfaces, i.e., the undercoordinated Sn centers induce the cre-
ation of intermediary states that contribute to reducing the required
energy for electronic excitation.

The ozone gas-sensing properties of the nanocrystalline SnO, sample
was studied under continuous illumination using certain excitation
wavelengths, i.e., UV, violet and blue. Note that the sample was also
exposed to ozone gas in a dark mode to verify the effect of illumination .
Fig. 5(a) shows the response of the SnO, nanoparticles exposed to 12
ppb of O3 in the absence of any light stimulation (dark mode). As

observed, the sensing activity is apparently null, however, a closer view
reveals a very low response, beyond the non-desorption of the O3 mol-
ecules. It means that this configuration (dark mode and room temper-
ature) did not provide enough energy to get an efficient desorption of
the O3 molecules from the sensing surface.

To evaluate the effect of light stimulation on the ozone gas-sensing
performance, the sample was then submitted to different ozone levels
(Fig. 5(b)-(d)). These measurements were performed at room-
temperature, keeping the sample under continuous illumination stimu-
lation and, only varying the wavelength of light source.

For the three distinct wavelengths studied, the sample presented
sensing activity when exposed to different O3 levels, always achieving
full recovery after each exposure cycle. From the analysis of Fig. 5, it is
evident that the employment of a certain wavelength to assist in the
sensing process affects considerably the adsorption and desorption
processes. These findings suggest that the energy of the photons pro-
vided by the light source may be used to tune the ozone sensing per-
formance of SnO3 nanoparticles.

Fig. 6(a) displays the sensor response curve of the nanocrystalline
SnO, sample exposed to different ozone levels when irradiated by
different light sources (UV, violet and blue). These data were extracted
from Fig. 5, and show an enhancement of the sensor response with
increasing ozone level for all light sources here investigated. In fact,
Fig. 6(a) confirms that the sensor response depends on the wavelength
chosen to perform the light-assisted sensing measurements. The
observed order of gas-sensing performance is UV > violet > blue. Note
that for the lowest analyte concentration (12 ppb) the wavelength
chosen did not affect the sample response, indicating low accuracy of the
sample for very low ozone levels.

Regarding the wavelength of the light source employed in the
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Fig. 5. Room-temperature gas sensing response of nanocrystalline SnO, sample exposed to different O3 levels (12, 20, 94 ppb) and continuously assisted by a light
source. (a) without any illumination “dark mode”, (b) blue, (c) violet, and (e) UV-light.

sensing experiments, the UV source has been widely explored. [10,11,
15,53] Its choice is based on the band gap energy of the sensing material.
However, as previously discussed the presence of different defects in the
nanocrystalline SnO5 makes wavelengths in the visible region useful for
assisting ozone gas-sensing measurements. It can be seen in Fig. 6(b)
that the ozone sensing response depends on the wavelength of the light
source used to assist the SnOy sample. It is noteworthy that the sample
detected the O3 gas (presenting total recovery) when illuminated by the
following wavelengths: UV, violet and blue, with no sensing activity
when irradiated by green light. An analysis of the curve presented in
Fig. 6(b) reveals a significant reduction in the sensor response at longer
wavelengths, demonstrating the importance of photogenerated charge
carriers in the detection of O3 molecules.

Table 1 presents the performance of some MOXs synthesized by
different methodologies, applied as a light-assisted ozone gas sensing
material. It can be seen, the minimum ozone level detected by SnOy
nanoparticles is close to those reported for other MOXs. It demonstrated
that the chemical synthesis here used is a facile method to prepare
efficient ozone gas sensors.

Let us now analyze the ozone gas-sensing properties of SnOy and
their relationship with light activation. For this purpose, the first anal-
ysis involves the electron and hole localization and the exposed (100)
and (110) surfaces modeled from the addition and removal of electrons

from previously optimized surfaces, as depicted in Fig. 7. The excited
electron is localized on the undercoordinated [SnOs] cluster for both
surfaces, while the hole is localized on the neighboring oxygen atoms.
The significant difference is related to the hole localization. For the
(100) surface, the hole is localized on the superficial oxygen atoms, i. e.,
the [SnOs] is directly involved in the electron-hole excitation and
localization.

On the other hand, for the (110) surface the hole is localized on the
neighboring [SnOg] cluster, reducing the probability of electron-hole
recombination, and consequently increasing the reactivity. This fact
follows the structural and electronic features reported above, where the
existence of both [SnOs] and [SnOg] surfaces induce higher surface
stability and increased reactivity despite the increased band gap value in
comparison to the (100) surface. Therefore, even though the narrow
band gap of the (100) surface induces an increased rate of electron-hole
excitation using the visible spectra region (2.64 eV = 464.36 nm), the
localization of excited charge carriers reduces the stability and increase
the recombination rate in comparison to (110). In this context, it is
possible to argue that the SnO5 (110) surfaces are better for UV-assisted
gas adsorption since the charge carriers remain stable.

In order to evaluate the gas-sensing property of the SnO, surfaces,
the adsorption energy of O3 was calculated considering neutral and
charged surface models. The major structural features evaluated to
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Fig. 6. Light-assisted ozone sensing response of nanocrystalline SnO, sample as a function of (a) ozone level and, (b) wavelength of light-assisted.

investigate the O3 gas-sensing properties before and after electronic
excitation are depicted in Fig. 8 and summarized in Table 2.

First, it can be observed that the O3 adsorption occurs as two-point
interactions for the (100) surface and one-point interaction for the
(110) plane, resulting in superior adsorption energy for the former.
Moreover, the distance between the Oz molecule and the under-
coordinated Sn center is smaller for the (100) surface, indicating that the
neighboring [SnOs] clusters contribute to induce a superior geometrical
orientation that governs the adsorption mechanism. Furthermore, the
ozone adsorption along both SnO, surfaces maintains the molecular
geometry for Og, indicating a reversible mechanism.

The most critical features analyzed from Table 2 are associated with
the geometrical constraints resulting from the localization of excited
electrons and holes. For the (100) surface, the localization of missing
electrons (holes) points to a minor reduction of Sn-Os bond length,
indicating that the adsorption energy does not increase with the hole
localization. However, after the localization of adding charges (elec-
trons), the Sn-Os distances reduce to a greater extent, demonstrating
that excited electrons enhance the O3z adsorption mechanism. These
facts are related to the localization of electronic states reported in atom-
resolved DOS (Fig. S3), where the obtained results for O3 adsorption
after electron localization suggests a different pattern associated with
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Table 1

Room-temperature performance of the MOXs used as light-assisted ozone gas sensors.
Sensing material Processing methodology Light source / wavelength (nm) O3 level*(ppb) Reference
SnO, thin film Sputtering UV-LED / 370 2000 [54]
ZnO nanorods CVD UV-lamp /366 500 [55]
ZnO microparticles Precipitation followed by annealing UV-LED / 400 10 [56]
In,03 microparticles Melt impregnation Blue-LED / 460 50 [57]
In,03 nanoparticles MOCVD UV-LED / 400 10 [58]
Zn0O-SnO, nanocomposite Hydrothermal UV-LED / 325 20 [15]
SnO, nanoparticles Precipitation followed by annealing UV-LED / 315 12 This work

Violet-LED / 405
Blue-LED / 465

* Minimum Oj level, experimentally, detected.

Figure 7. Spin density isosurface for (100) and (110) surface models of SnO,
containing an adding (left) and missing (right) electron to model the electron-
hole localization after excitation. The isovalue was set as 0.005 eV/A>.

(110)

Figure 8. Optimized geometries for O3 adsorption along with the (100) and
(110) surface models of SnO, before the electron excitation.

the contribution of Sn centers, while the hole localization spreads out
along all oxygen atoms of the exposed surface.

On the other hand, for the (110) surface the calculated Sn-O3 bond
distances after the localization of electrons and holes reduce almost by
the same extent, indicating that both mechanisms increase the adsorp-
tion energy and O3 gas-sensing properties. Such fact can be attributed to
the presence of both [SnOs] and [SnOg] clusters along the exposed

Table 2

Adsorption energy (E.qs) and structural parameters evaluated for O3 adsorption
along with the (100) and (110) surface models of SnO,. The oxidized (+1) and
reduced (-1) refer to the localization of missing and adding electrons,
respectively.

Surface Electronic state Eaas(ev) 10-0 (&) [c) 25n-0 (A)

(100) Neutral -0.75 1.275 119.04 2.400
Oxidized (+1) - 1.269 119.68 2.389
Reduced (-1) - 1.343 121.66 2.185

(110) Neutral -0.33 1.261 119.79 2.546
Oxidized (+1) - 1.264 121.15 2.432
Reduced (-1) - 1.302 117.53 2.456

surface, which contribute to the localization of excited charge carriers in
different crystalline sites, enhancing the O3 adsorption mechanism for
both electronic states, as presented in atom-resolved DOS (Fig. S3).

As previously discussed, the (110) surface exhibits an increased
charge carrier stability since the electrons and holes are localized in
distinct clusters, resulting in a reduced recombination rate. Therefore,
the UV-assisted excitation generates photoexcited charges responsible
for enhancing the O3 sensing performance. In contrast, despite the band
gap reduction (visible spectra) and increased adsorption energy for the
(100) surface, the excited charge carriers exhibit a more effective
recombination rate, which in turn reduces the O3 sensing activity.

4. Conclusions

In summary, the pristine SnO, compound operating at room tem-
perature under continuous light stimulation was investigated as an
ozone gas sensor. XRD and HRTEM analyses confirmed the nano-
crystalline characteristics of the sample after heat treatment. Electrical
measurements revealed a dependence of ozone sensing performance on
the wavelength of light stimulation. The maximum ozone response of
the SnO, nanoparticles was reached under UV light, while no sensing
activity was observed for light stimulation using a green light source.
The DFT calculations used to support the experimental measurements
showed the significant aspects associated with the stability of photo-
generated carriers along the (100) and (110) surfaces of SnO, and
confirmed that the presence of undercoordinated and regular Sn centers
contributed to exciton dissociation on the (110) surface and increased
adsorption energy after electronic excitation. We believe that the find-
ings presented herein may be extended for further light-assisted sensing
materials, such as ZnO, WO3, and In,0s3.
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