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ABSTRACT: Over the last decades, there has been considerable interest in
the synthesis of one-dimensional (1D) metal oxide nanostructures that can
be used in gas sensor devices. Heterostructures, obtained by a combination
of different semiconductor nanomaterials with different band energies, have
been extensively studied in order to enhance their gas-sensing performance.

In this context, our present study focuses on the investigation of

chemiresistive-sensing capabilities of a combination of TiO, nanoparticles
and V,05 nanowires obtained via hydrothermal treatment of the peroxo-
metal complex. The formation of V,0;/TiO, heterostructures was
characterized by X-ray diffraction (XRD), transmission electron microscopy
(TEM), and X-ray photoelectron spectroscopy (XPS) measurements. This
study also proposes an efficient approach to produce 1D V,0;/TiO,
heterostructures with a good range of detection (0.09—1.25 ppm) and
remarkable ozone-sensing properties related to repeatability and selectivity.
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1. INTRODUCTION

Chemiresistors based on metal oxide semiconducting (MOX)
nanostructures have drawn researchers’ attentions because of
their several advantages related to gas sensor performance,
such as stability, sensitivity, and reversibility.' > Despite the
fact that SnO, and ZnO compounds are the most extensively
studied materials used as sensing layer, over the last decades
other MOXs have also been studied because of their promising
gas-sensing performance, especially their selectivity.”” Vana-
dium pentoxide (V,0O;), for example, has excellent properties
related to the detection of various (oxidizing and/or reducing)
analytes.’”'> In particular, one-dimensional (1D) V,Oq
structures (nanowires, nanofibers, nanotubes or nanorods)
present enhanced physical and chemical properties, leading to
an improvement in their sensing properties.u’12 Despite having
wide-ranging applications, the gas-sensing performance of
TiO, nanostructures, another MOX, still needs to be better
evaluated. TiO, in anatase phase has demonstrated interesting
sensing properties related to gases such as acetone'” and
H,S."”

A significant effort has been devoted to enhancing the gas-
sensing performance of devices based on MOX.">">~"* In this
way, nanostructured heterojunctions, such as WO,/SnO,,
Sn0,/Fe,0;, ZnO/Sn0,, and TiO,/V,0;, have been widely
studied because of their satisfactory performance when used in
gas sensor devices."”'"™*” For TiO,/V,05 compounds, this
sensing performance is even better when H,, CO, NO,, NHj,
ethanol, ozone, and propane are used.””*>'>*” Wang et al.
reported an improved ethanol gas sensor employing an MOX
based on TiO,/V,0; heterojunctions with lower operating
temperature, faster response/recovery behavior, better selec-
tivity, and a sensor response seven times higher than that
found for pristine TiO, nanofibers.”” Fu et al,, also studied the
gas-sensing properties of V,0;/TiO, core—shell nanostruc-
tures, observing that such materials exhibit superior sensing
performance toward NH; gas.'” On the other hand, the gas-
sensing properties of V,0—TiO, thin films toward analytes
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such as oxygen, ozone and propane presented a low ozone
response attributed to the presence of carbon impurities
poisoning active sites on the surface of samples synthesized via
sol—gel method.”” This is expected, since the surface
contaminants, such as residual organics or halides from
precursors, can poison the surface-active sites in the samples.
In this way, the use of a simple and environmentally friendly
method to obtain nanostructures without contaminants
(organic compounds), for example the hydrothermal treatment
of the peroxo-metal complex, appears as an important
approach to obtain efficient nanomaterials for gas-sensing
purposes.

Among the analytes that demand specific MOX sensors,
ozone (O,) requires special attention, since it is a powerful
oxidizing gas that may affect human health if individuals are
exposed to subparts per million (subppm) levels.”®™**
Generated by photochemical reactions between sunlight and
compounds present in the atmosphere, such as nitrogen oxides
(NOx), hydrocarbons, oxygen, and other volatile organic
compounds (VOCs), O; has been indeed considered an air
pollutant with several adverse effects, commonly associated
with morbidity and mortality.””>* According to the World
Health Organization (WHO), O; levels from 0.1 ppm (parts
per million) in the air can cause pulmonary diseases.”>”’
Additionally, for OSHA (Occupational Safety and Health
Administration), the permissible employee exposure to ozone
gas is an average concentration of 0.1 ppm for 8 h. Contrarily,
the US EPA (United States Environmental Protection Agency)
recommends an ozone level of 0.08 ppm for a maximum of 8 h
outdoors.*>** Therefore, it is desirable to develop sensing
materials for devices to detect and continuously monitor O;
levels present in the atmosphere. In this way, several devices
based on WO,,*>*° $n0,,*” Zn0O,* AgZWO4,28 and CuWO,”
have been studied as a way to detect the ozone level in the
atmosphere. Nevertheless, these sensors were reported with a
low or unknown selectivity.

As already mentioned, our focus is to develop one-
dimensional (1D) V,0,/TiO, heterostructures obtained by a
hydrothermal treatment of the peroxo-metal complex, which
was considered a simple and environmentally friendly
methodology, and study their gas-sensing performance toward
O; gas. The properties of V,05/TiO, heterostructures were
investigated by X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), transmission electron microscopy
(TEM), and electron energy loss spectroscopy (EELS).
These results have a significant impact on the scientific field
due to their potential technological applications.

2. EXPERIMENTAL SECTION
2.1. Preparation of V,05 and V,05/TiO, Samples. In a typical

procedure to obtain V,05/TiO, heterostructures, an appropriate
amount of a solution containing V,05 nanowires and titanium (Ti)
peroxo complex was prepared. The method employed for both
syntheses was described in greater detail by Avansi et al.****! and de
Mendonga et al,** respectively. The V,05 nanowires were obtained
by the dissolution of V,0 micrometric powder (Alfa Aesar, 99.995%
purity) in a solution containing distilled water and a proper amount of
hydrogen peroxide (H,0O, 30%), which was set at a molar ratio of
1:10 (V/H,0,).*" Then, the solution was placed into a homemade
microcontrolled hydrothermal cell with fine temperature control and
self-generated pressure monitoring. The V,05 nanowires were
obtained through hydrothermal treatment at 200 °C during 24
h.**** In order to prepare Ti peroxo complex, a specific amount of
metallic Ti (99.7%, Aldrich) was added to a solution with H,0,/NH,

(both 29.0%, Synth). Subsequently, a solution containing 200 mg of
preformed V,0g nanowires and an appropriate amount of Ti peroxo
complex was prepared in order to study three amounts of Ti/V (equal
to S, 10, and 25 mol %) that had their pH value adjusted to around 2.
This mixed solution was then placed into a 100 mL hydrothermal cell
and subjected to a temperature of 200 °C for a 6 h treatment. The
precipitates were separated by centrifugation, washed with pure
alcohol for several times, and dried in an electric oven at 50 °C for 24
h.

2.2. Characterization of Samples. The crystalline structures of
the as-synthesized samples were investigated using a Shimadzu XRD
6100 diffractometer with a monochromatic Cu ka source, collected in
a continuous scan mode (scan speed equal to 2°/min and a step of
0.02°).

The samples were characterized by conventional TEM performed
on a Jeol JEM 2010 URP (operating at 200 kV). Additionally, high-
resolution (HRTEM) images were obtained by an image aberration-
corrected FEI Titan-Cube microscope (operating at 300 kV).
Electron energy loss spectroscopy (EELS) measurements were
performed on a probe-corrected STEM FEI Titan Low-Base 60—
300 (operating at 80KV). HRTEM images and EELS measurements
were obtained on a previously described setup.**

The XPS analysis was performed on a Thermo Scientific K-Alpha
spectrometer using a monochromatic Al Ka source. The as-obtained
data were analyzed using Casa XPS software (Casa Software Ltd.a,,
U.K.), and the spectra were calibrated using a C 1s line (284.8 eV) of
the adsorbed C on the sample surface.

2.3. Preparation of the Sensors and Gas Sensor Measure-
ments. The ozone gas-sensing properties of V,05 and V,0;/TiO,
samples were investigated based on a similar procedure already
reported by our group.***”*® In the first step, a suspension containing
V,05 and V,0;/TiO, powders in isopropyl alcohol (20 mg/mL) was
prepared in an ultrasonic bath for 30 min. Then, it was dripped onto a
SiO,/Si substrate with interdigitated Pt electrode arrays with
thicknesses of 100 nm and spaced S0 um apart. Afterward, the
samples were annealed at 500 °C in an electric oven under air
atmosphere for 2 h. The sensor sample was then inserted into a gas-
sensing chamber to have its temperature and target concentrations
controlled* Figure S1 presents an image of the dynamic gas-sensing
chamber available in our lab. To control the temperature and study
the working temperature, the as-prepared sensor was maintained by
an external heating source based on an Hg lamp driven by a regulated
power supply. As it can be seen in Figure S1, the lamp used for
heating was inserted into a metallic platform, avoiding any interaction
between light and surface sample. This heating system was able to
allow suitable temperature stability and less heat loss to the
environment. During the experiments, the electrical resistance was
monitored by an electrometer (HP4140B Source/Pico-ammeter)
with the application of 1 V DC voltage. Dry air was used both as a
reference (baseline) and a carrier, and O; gas was generated by
oxygen oxidation using a pen-ray UV lamp (UVP company, model 97-
0067-01). The total gas flow rate was kept constant and equal to 500
sccm. The gas-sensing performance was available to O; concen-
trations ranging from 0.09 to 1.25 ppm. To investigate the selectivity
of the samples, NO,, CO, and NH; gas-sensing measurements were
performed at different concentrations in 3 cycles of 60 s. To study the
sensor response (S), we employed the same equation already reported
by several papers, defined as S = ((R\gas — R,,)/R,,), where Ry, and
R, are the electric resistances of the device exposed to gas and dry air,
1'espectively.45’39‘28 Sensor response time and recovery time were also
defined as already reported.****® The former refers to the time
required for the electrical resistance to reach 90% of its initial
resistance value, whereas the latter designates the time required for
the electrical resistance to recover 90% of its initial value after gas flow
interruption. The response and recovery times were estimated using
the sensor response upon an exposition time of 5 min. This parameter
was chosen because the V,0;/TiO, sample did not reach the
saturation level, even for longer times, as seen in Figure S2.
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3. RESULTS AND DISCUSSION

Initially, the as-obtained samples were studied by X-ray
diffraction (XRD), as seen in Figure 1. These results confirm
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Figure 1. XRD patterns of the as-obtained V,05 and V,04/TiO,
samples (Ti/V — S, 10, and 25 mol %) and the reference compounds
adopted (V,05 orthorhombic (JCPDS 85-0601) and TiO, anatase
(JPCDS 21-1272)).

only the presence of V,0; orthorhombic nanostructure (PDF
#85-0601)"" for pristine samples, as expected. For V,05/TiO,
samples, both V,0; orthorhombic (JCPDS 85-0601)* and
TiO, anatase (JPCDS 21-1272)**** crystalline phases can be
observed (denoted by * in Figure 1), especially by the
presence of a more pronounced diffraction peak at around 26
equal to 25°, which has its intensity increased when a higher
amount of TiO, is added.

Figure 2 corresponds to representative transmission electron
microscopy (TEM) images of the as-synthesized samples.
They are composed of nanowires decorated with nanoparticles
sized around 20 nm, as seen in Figure 2f. As expected, a small
amount of such nanoparticles can be visualized for V,0,/TiO,
samples with Ti/V—35 and 10 mol %—according to Figure 2.

Electron energy loss spectroscopy (EELS), when developed
in a TEM, is a very powerful technique for investigating the
chemical composition of materials at the local (even atomic)
level.*~*° Representative EELS mapping analyses (Figures
3b—d) and HRTEM image (Figure 4) obtained for the V,05/
TiO, (25 mol %) sample confirm that nanowires and
nanoparticles correspond to V,Oy and TiO,, respectively.*”**
Fast Fourier transform (FFT) analysis from the indicated
regions A and B (Figures 4b and c), respectively, validate the
single crystalline nature of V,0; orthorhombic and TiO,
anatase nanostructures. As a matter of fact, the analysis of
the interface region reveals the coalescence between the
different nanostructures, confirming the formation of V,0s/
TiO, heterostructures. Furthermore, TEM images also show
the presence of other nanoparticles attached to different
regions of V,05 nanowires, indicating that the growth of
heterostructures occurs through epitaxial growth process,
similar to what was observed for other heterostructures
obtained by hydrothermal method.””>® Thus, the growth
mechanism appears to be related not only to a specific

Figure 2. TEM images of V,0/TiO, samples with (a and b) Ti/V =
5 mol %; (c and d) Ti/V = 10 mol %; and (e and f) Ti/V = 25 mol %.

crystallographic plane or its respective surface energy but also
to the presence of defects on the V,0j5 surface.

The ozone gas-sensing properties of pristine V,0g and
V,05/Ti0,(2S mol %) samples were investigated. First, the
optimum working temperature (T,.4) of the samples was
studied through a S min exposure to 0.29 ppm of O,
According to Figure S3 (Supporting Information), the results
indicate that the V,0/TiO, heterostructure presents a high
response compared with the pristine V,Os for all temperatures
Indeed, we found that the best response occurs at 300 °C, as
observed in Figure S3. In addition, it can be noted that the
sensor response decreases at a temperature above 300 °C,
which represents a typical behavior of a metal oxide gas sensor.
This can be attributed to a competition between adsorption
and desorption processes.”'®*”*" Furthermore, both samples
present total reversibility and an excellent repeatability, as seen
in Figure S4.

Once the optimum working temperature was found, the
samples were kept at 300 °C and then exposed to different O,
levels for 5 min, as shown in Figures Sa and b. It is clear that
the response increases when the exposure to O; gas starts until
reaching a saturation stage, then it decreases to its original
value when the injection is switched off. This behavior reveals
desirable features for a sensing material, such as good
sensitivity, total reversibility, and nonsaturated response.”””"
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Figure 3. Electron microscopy analysis of V,0;/TiO, samples: (a)
STEM bright-field image of a region containing several nanoparticles
on nanowires; (b and c) EELS elemental maps extracted from the
EELS spectrum-image recorded in the region showed in a,
corresponding to V and Ti, respectively; and (d) combined elemental
map of b and c.

Regarding the gas-sensing performance, from Figure S it is
evident the higher response was presented by the hetero-
structure in comparison with the pristine sample. This
enhancement can be attributed to the presence of additional
sites, which are promoted by the formation of a heterojunction.
These sites are thermally activated and play an important role
in the ozone adsorption process.'”***>>* Zheng and co-
workers studied the TiO,-doped SnO, powders employed as
gas sensors capable of detecting volatile organic compounds

(VOCs). The authors observed that the formation of an n—n
junction between both semiconductors become beneficial to
oxygen adsorption on the sample surface because of a greater
electron density.”” Furthermore, a linear relationship between
sensor response and Oj level for the V,0:/TiO, hetero-
structure is also perceived, suggesting that even a concen-
tration of 1.25 ppm of Oj; is not enough to fill all sites available
on the heterostructure surface.

Figure 6a shows the normalized sensor response for both
pristine V,05 and V,0/TiO, heterojunction upon an
exposure to 1.25 ppm of O; at a working temperature of
300 °C. The analysis of these dynamic curves reveals that the
formation of the heterojunction also affects the adsorption
process of the sensing material while its desorption remains
unchanged, as seen Figure 6a.

The variation of response and recovery times as a function of
O; concentration is displayed in Figure 6b. It can be observed
that the V,0;/TiO, heterostructure presents a longer response
time than that of the pristine sample. This behavior can be
related to a high density of active sites in the heterostructure,
which increases the saturation level, and consequently will
require longer times to be filled. Regarding the recovery time,
the results obtained are quite similar for both samples, since
the provided thermal energy is enough for the complete
desorption of O; molecules adsorbed on the surface of the
samples.*®

The selectivity is another essential parameter to be
considered when developing a gas detection device.”*">*>*
In this sense, the sensor response of V,0:/TiO, hetero-
structures was investigated for oxidizing and reducing gases,
i.e, NO,, NH;, and CO, as seen Figure 7. The responses of the
pristine V,04 and V,04/TiO, heterostructure were compared
for an exposure of O3, NO,, NH;, and CO gases for 60 s at a
working temperature of 300 °C. The values found for the
V,0;/TiO, heterostructure were around S = 1.4 for O, S =
0.04 for NO,, S = 0.06 for CO, and S = 0.03 for NHj, clearly
indicating a high selectivity of heterostructure, which responds
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Figure 4. (a) HRTEM image of V,05/TiO, heterostructures; (b and c) Fast Fourier transform (FFT) related to the regions (A and B,

respectively) illustrated in a.
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Figure 5. Dynamic response—recovery curves of (a) pristine V,Oj
and (b) V,04/TiO, heterostructure-based sensors to O; gas at a
working temperature of 300 °C in different levels for S min. (c)
Sensor response comparison for V,05 and V,04/TiO, samples.

better when exposed to O; gas. On the other hand, the pristine
V,0; sample exhibited comparable response to all gases
evaluated. It is important to highlighted that MOX sensors
which have been studied to detect the ozone level in the
atmosphere were reported with a low selectivity,”” or even with
a unknown selectivity.”**> > Therefore, we can conclude that
this heterostructure is promising for practical applications, as it
is capable of detecting subppm ozone levels.

The long-term stability was also evaluated by exposing the
sensors three times to 0.29 ppm of O; at 300 °C for 30 days,
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Figure 6. (a) Normalized sensor response of V,05 and V,0,/TiO,
upon an exposure to 1.25 ppm of Oj; at a working temperature of 300
°C. (b) Variation of response and recovery time as a function of
ozone levels.

T T T T T T T T T T T
.0,
CO (5 ppm) »- V,04/TiO,
. o »
T, o 300 °C
o NH, (5 )
ppm .
8 3 texposure' 60s
O
g
2 gNo, (1 ppm)
-
0, (1 ppm)
| LA S e e S S S S S S S S S S S e
0.0 0.5 1.0 1.5 20

Sensor response
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and the results are shown in Figure 8. After consecutive
exposures, the sensitivity of V,05/TiO, was still higher than
that of the pristine sample, demonstrating that these
heterostructures have greater potential to detect ozone gases
over long periods of time.

In order to understand the better gas-sensing performance of
V,0; and V,0;/TiO, heterostructures, XPS analyses were
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heterostructure upon an exposure to 0.29 ppm of ozone for 30 days.

performed. Due to the lower amount of TiO, nanoparticles
and its sensing performance, we focused our measurements on
the V,04/TiO, sample with 25 mol %. Figure 9a shows a
typical XPS survey spectrum of the as-obtained V,05 and
V,0,/TiO, (25 mol %) samples. The observed peaks in these
spectra only reveals the presence of V, Ti, O, and C. Carbon is
a contaminant adsorbed on the sample surface associated to
the ambient exposition (according to O 1s XPS analyses).

Figure 9b shows a high-resolution Ti 2p XPS, where it is
possible to see titanium peaks consisting of Ti 2p;,, and Ti
2p,,, spectral doublets with binding energies of about 458.5
and 464.3 eV comparable to those reported for titanium
dioxide, thus confirming the presence of Ti** ions.’® The
vanadium—oxygen region in the XPS spectra of such samples is
displayed in Figure 9. XPS analyses reveal very similar results
for both samples. The V 2p XPS spectra consist of two peaks at
517.5 and 524.9 €V related to spin—orbit components.”” The
deconvolution of the V 2p;/, peak into two components at
approximately 517.5 and 515.1 eV reveals the presence of
multiple vanadium oxidation states, ie., V°* and V* ions.>®
The O 1s spectra were deconvoluted into three components,
labeled as O 1s(1), O 1s(2), and O 1s(3), as seen in Figure 9d.
The main peak at ~530 eV corresponds to O~ ions connected
to metal cations (Ti** and/or V**/V*),*® while the other two
peaks with a binding energy of approximately 531.4 and 532.8
eV are ascribed to hydroxyl groups (OH—) and oxygen bound
to organic species and/or water molecules adsorbed in sample
surface, respectively.””>” Additionally, the O 1s(2) component
can also be associated with surface defects or oxygen
vacancies.'® The presence of these oxygen vacancies or defect
concentration on the surface of the samples might facilitate the
chemisorption process, which could contribute to an improve-
ment of the gas-sensing performance.' Comparing the
obtained values for the pristine V,Og and V,0./TiO, (25
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mol %) heterostructure, the percentage of the O 1s(2)
component is quite similar, i.e., approximately 13% and 12%,
respectively. Thus, only the presence of oxygen vacancies or
defect concentration on the surface does not explain the
improvement in the gas-sensing performance.

Several papers have focused their work on gas-sensing
performance of heterojunctions.">'~** Recently, our group
investigated the gas-sensing properties of a ZnO/SnO,
heterojunction operated at room temperature under ultraviolet
illumination.” It was observed that the formation of the
heterojunction hinders the charge carrier recombination, which
consequently become available for chemisorption processes.”!
Both V,0; and TiO, are n-type semiconductors with distinct
electronic properties, such as electron affinity (y),"”% work
functions (), ”°® and band gaps.w’zo’%sg’61 Based on this, Fu
and co-workers proposed a gas-sensing mechanism capable of
detecting VOCs for TiO,-based heterojunctions.'” According
to the authors, when an equilibrium between the semi-
conductors occurs, the electron transfers from TiO, to the
lower-energy conduction band of V,05 until their Fermi
energy levels become equal.'” This alignment leads to a band
bending after the equilibrium is reached, resulting in the
presence of a hiﬁher number of electrons in the TiO,
conduction band.”” Wang et al. also observed that the
formation of n—n type heterojunctions based on TiO, and
V,O; results in an energy barrier and additional depletion layer
at the interfaces, influencing the heterojunction resistance.”’
Concerning Oj; sensing performance, V,05—TiO, thin films
were already studied by Zhuiykov et al, who observed a low
ozone response of the heterostructure attributed to the
presence of carbon impurities poisoning active sites on the
sample surface, probably related to the sol—gel method
employed to obtain the samples.”” This brings an important
advantage, since this method excludes the presence of foreign
ions or organic ligands which influence their sensin
performance and are often not easily eliminated.*>**>¢>

Besides having higher sensor performances, the studied
V,05/TiO, heterostructures present different dynamic curves
observed for sensor response, showing that the formation of a
heterojunction creates additional actives sites. In this way, the
enhanced sensor response of the V,0;/TiO, heterostructure
to O; gas can be linked to a two-phase interface synergistic
effect induced by effective heterojunctions between V,Oq
nanowires and TiO, nanoparticles. As a matter of fact, the
pristine TiO, sample was not sensitive toward O; gas,
considering the Oj level and working temperatures employed.
As the V,04/TiO, heterostructure was thermally activated, the
modulation of the potential barrier energy starts at the
heterojunction interface after the combination of both
semiconductors, thus enhancing its gas sensor performance
in a mechanism similar to that proposed by different sensors
based on heterostructures.'”*’ The ozone sensing mechanism
is illustrated by Figure 10. When the samples are exposed to O,
gas, O; molecules are adsorbed and react on their surface
according to the equations in Figure 10. Then, the trapped
electrons are released, changing the barrier potential at the
interface, thus leading to a variation of resistance.

4. CONCLUSION

The structural, electronic, and surface properties of V,0/TiO,
heterostructures, obtained via hydrothermal route, were
studied in detail. HRTEM and EELS mapping analyses
confirm the formation of V,0/TiO, heterojunctions.
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Figure 10. Ozone gas-sensing mechanism of V,05/TiO, hetero-
structures obtained via hydrothermal treatment.

Electrical measurements demonstrated that the ozone sensor
response increases considerably as a result of the formation of
heterojunctions between V,05 and TiO,. Such improvement
can be attributed to a good separation of charge carriers at the
two-phase interface, displaying a synergistic effect that
facilitates ozone chemisorption processes. To summarize, the
studied samples present very promising gas-sensing properties
toward ozone gas with great sensor response, selectivity, and
repeatability as well as a subppm range of detection. These
results represent a remarkable advance for technological
applications in ozone sensing.
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