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Abstract

In this work V,05 nanoparticles (NPs) were synthesized via a facile Pechini sol-gel route from NH,VO;. The
as-synthesized amorphous NPs were annealed at three different temperatures, i.e. 350, 450 and 550 °C for
2 h, to study the effect of annealing temperature on the gas sensing performance of the crystalline V,05 NPs.
Different characterizations were performed on the synthesized materials to explore their chemical, morpho-
logical and structural features. Ethanol gas sensing properties of the annealed V,05 NPs were explored at
room temperature with a response of 20 to 1600 ppm ethanol gas. The sensor annealed at 450 °C, indicated the
highest sensing response of ~37% to 1600 ppm ethanol vapour along with good selectivity and repeatability.
The boosted sensing properties of the optimized gas sensor were related to the optimization of crystallinity and
particle size after annealing at 450 °C. Thus, proper choice of annealing temperature is important to realize
the sensors with high sensing performance.
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I. Introduction ides have unique features including high sensitivity and
stability, low price, fast dynamics, simple fabrication
and small size [6]. They can be used for the detection
of various VOCs such as ethanol [7], acetone [8] and so
on. Their working principle is based on the resistance
modulation when exposed to gases and thus, by sim-
ply measuring the resistance, it is possible to evaluate
the sensing response to targeted gases [9,10]. However,
one of their main disadvantages is high sensing temper-
ature, which limits their application in remote areas due
to high power consumption and the need for frequent

Ethanol (C,H;OH), as an important member of
volatile organic compound (VOC) family, is widely
used as solvent in chemical and food industries [1]. Fur-
thermore, it is widely used as a beverage and unfortu-
nately alcohol drinking is one of the major causes of
car accidents globally. The exposure to ethanol causes
headache and drowsiness at low concentrations and liver
damage and breathing problems at high concentrations
[2]. In addition, ethanol is explosive in the range of 3.3
to 19vol.% in air [3]. Interestingly, ethanol is also a battery changes.

biomarker for obesity-related liver disease [4]. There- Among different vanadium oxides, such as VO, VO,,
for.e, the Qetection of ethanol is vital from different V,0,. V,0,, V,0,, V,0,, and V, 0, the latter oxide
points of view. . . has been widely investigated in the field of gas sensors

angntly, £as Sensors are w1d§1y used in a coqplq of  thanks to its high stability and unique electrical prop-
applications for public safety, environmental monitoring 4 ties [11]. Vanadium pentoxide (V,0;) as a semicon-
of hazardous gases, exhaled breath monitoring, etc. [5]. ducting metal oxide with narrow band gap of 2.3 eV has
Among available gas sensors, semiconducting metal ox- unique electrical and optical properties [12]. Further-
more, V,0O; is relatively abundant, has catalytic activity
and can be easily synthesized by various methods [13].
Thanks to these features, it has been used for realization
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of gas sensors [14], batteries [15], detectors [16], su-
percapacitors [17], energy storage devices and catalysts
[18]. In spite of its high potential in gas sensing field,
in comparison with SnO, and ZnO, it has captured less
attention [19]. It should be noted that due to high con-
ductivity of V,0 at room temperature (RT), gas sensors
fabricated from V,0O5 can be used at this low tempera-
ture [20-22], which remarkably reduces the power con-
sumption of gas sensors, facilitating the application in
remote areas with shortage of power.

For gas sensing studies, different parameters such as
particle size, chemical composition and crystalline na-
ture of sensing layer greatly affect the gas sensing per-
formance [23-25]. Upon decrease of particle size, the
surface area increases, resulting in availability of more
adsorption sites for the targeted gases and a higher sen-
sitivity is expected. Also, when the crystallinity is high,
a better conduction through the crystal lead to an en-
hanced gas response. Generally, increase of crystallinity
is performed through annealing at higher temperatures,
which results in the growth of particle sizes. Therefore,
it is necessary to find optimal annealing temperature to
obtain the best sensing performance. Surprisingly, the
systematic study of particle size and crystallinity of pris-
tine V,0; nanoparticles (NPs) for gas sensing studies
has not been reported yet.

Herein, we synthesized V,05 NPs by a simple Pe-
chini sol-gel route. Subsequently, the synthesized prod-
ucts were annealed at three temperatures, namely 350,
450 and 550°C for 2h. The gas sensors were fabri-
cated and the effect of annealing temperature on their
gas sensing performance was evaluated at RT. It was re-
vealed that the V,05 NPs annealed at 450 °C had the
highest sensing performance to ethanol. A balance be-
tween crystallinity and particle size resulted in the high-
est response to ethanol gas. The results of this study
highlight the significant effect of annealing temperature
on the gas sensing response of V,05 gas sensors, which
should be optimized.

II. Experimental

2.1. Synthesis of V,05 NPs

Ammonium metavanadate (NH,VO,), ethylene gly-
col (EG; C,H,O,) and citric acid monohydrate
(C4HgO, -H,0) were employed as starting materials.
Initially, NH, VO, was dissolved in distilled water at
70°C for 1h to obtain solution with concentration of
0.2M and in a separate beaker citric acid solution
(concentration of 0.4 M) was obtained by dissolving
C¢H O, -H,O in distilled water also at 70 °C for 1h.
Subsequently, the citric acid solution was slowly added
to the NH, VO, solution and later on the esterification
agent (EG) was added too. The prepared solution was
dried at 120 °C for 12h to yield the rigid skeleton of
powder. Finally, the samples were annealed at differ-
ent temperatures (350, 450 and 550°C) for 2h. The
resultant powders were ground in an agate mortar and
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Figure 1. Schematic representation of different steps used for
the synthesis of V,05 NPs

final V,04 powders were obtained. Figure 1 schemat-
ically exhibits the synthesis steps for preparation of
V,04 NPs.

2.2. Characterization

The crystallinity of the products was explored by
XRD (Philips X’Pert MRD) using CuKa radiation (4
= 1.5418 A). The morphological features were exam-
ined by field-emission scanning electron microscopy
(FE-SEM; MIRA3 TESCAN-XMU). Energy disper-
sive X-ray spectroscopy (EDS) incorporated in FE-
SEM was employed for compositional studies. FTIR
spectra (Golden Gate Diamond ATR accessory; Bruker
Tensor II) were recorded in a wavelength range from
400 to 4000cm™!. The characteristic bonds vibra-
tions in the samples were examined by Raman spec-
tra (Lab Ram HR; Horiba) with a 532 nm laser. UV-
Vis spectra were acquired using a UV-visible spec-
trophotometer (Shimadzu, UV-1280, Japan) and nitro-
gen adsorption-desorption isotherms were acquired by
BELSORP MINI I at 77 K.

2.3. Gas sensing tests

Alumina substrates with interdigitated Pd-Ag elec-
trodes were used as sensor substrates. The V,05; NPs
were mixed with water and then they were precisely
drop-coated onto the substrate to form a uniform layer.
After evaporation of water, the fabricated gas sensors
were connected to a digital multimeter (HIOKI, 3801-
50) and put into a gas chamber having volume of 101.
Then, desired amount of the targeted gas was injected
into the chamber using a mass flow controller (MFC).
For VOC gases such as ethanol and toluene, desired
amounts were calculated and then injected into gas
chamber using a syringe. Resistance values of gas sen-
sors were continuously recorded in both air (R,) and
target gas (R,) atmospheres and the response (%) was
defined as:

R, + R,
R%) = —p—

a

x 100 (1)
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ITI1. Results and discussion

3.1. Structural, morphological and chemical studies

Figure 2 shows XRD patterns of the V,05 NPs an-
nealed at various temperatures. After annealing the for-
mation of crystalline phase was observed and XRD
peaks related to crystalline orthorhombic V,05, match-
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Figure 2. XRD patterns of V,0; NPs annealed at: a) 350 °C,
b) 450 °C and c¢) 550 °C
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Figure 3. FE-SEM images of V,0; NPs annealed at:
(a,b) 350 °C, (c,d) 450 °C and (e,f) 550 °C

ing with JCPD File No. 041-1426, were detected [26].
The intensity of the XRD peaks for the V,05 powder
annealed at 350 °C was weaker than those of other two
samples, demonstrating weaker crystalline nature of this
sample, as expected. Upon increase of crystallization
temperature, the intensity of peaks gradually increased,
confirming higher crystallinity of the samples at higher
temperatures. It should be noted that in the XRD pattern
of the sample annealed at 450 °C, some minor peaks
other than V,0, phase have appeared, which could be
related to the presence of V;0, [27]. These peaks were
not observed in the XRD pattern of the sample annealed
at 350 °C, possibly due to very low amount of this phase
and low crystallinity at this temperature. In addition, at
550°C the XRD peaks of the formed minor phase dis-
appeared due to its complete conversion to V,0O5 phase.
However, in the sample annealed at 450 °C, overall,
amount of the minor phase is extremely low in com-
parison with V,05 and hence it has no significant effect
on the sensing performance.

Crystallite sizes of the annealed samples were calcu-
lated from the most intense peak using Scherrer equa-
tion [28]:

_0.89-4
"~ B-cosf

where A is the CuK, wavelength, § is the full width
at half maximum of the most intense peak and 6 is
Bragg angle. Calculated crystallite sizes of the sam-
ples annealed at 350, 450 and 550 °C, were ~35, ~45
and ~56 nm, respectively, i.e. by increasing the anneal-
ing temperature, the crystalline size increased. Thus,
the sample annealed at higher temperature showed both
higher crystallinity and larger crystallite size.

FE-SEM images of the V,05 NPs annealed at dif-
ferent temperatures, i.e. at 350, 450 and 550°C, are

@)

2 pm

2 um

Figure 4. EDS elemental mapping analyses of V,0; NPs
annealed at: a) 350 °C, b) 450 °C and ¢) 550 °C
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Figure 5. N, adsorption-desorption isotherms of V,0; particles annealed at: a) 350 °C, b) 450 °C and c) 550 °C

shown in Fig. 3. Even though the samples show al-
most the same morphology, it seems that with increas-
ing of the annealing temperature, the size of particles
has been slightly increased, in agreement with crystal-
lite sizes calculated from XRD patterns. Figure 4 shows
EDS elemental mapping analysis of the V,05 NPs an-
nealed at different temperatures. There is no segrega-
tion or discontinuity in chemical composition and in all
cases, both O and V elements have been evenly dis-
tributed over the entire surface of synthesized materials.

To further illustrate the role of annealing temper-
ature on structure of the prepared powders, nitrogen
adsorption-desorption isotherms of different sensors
were acquired (Fig. 5). The specific surface areas, cal-
culated using BET approach, were 7.3, 7.2 and 6.2 m?/g
for the V,04 powders annealed at 350, 450 and 550 °C,
respectively. The decreased specific surface area upon
annealing is in agreement with XRD and FE-SEM re-
sults.

Figure 6 indicates FTIR spectra of all samples
annealed at different temperatures. The characteristic
peaks of the V,05 sample annealed at 550 °C are lo-
cated at 402, 799 and 1005 cm™! related to the V;-0,
V-0O-V vibrations and V=0 stretching, respectively,
without any sign of impurities [29]. FTIR spectrum of
the sample annealed at 450 °C has the same peaks with a
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Figure 6. FTIR spectra of V,05 NPs annealed at various
temperatures
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Figure 7. Raman spectra of V,0; NPs annealed at various
temperatures

slight shift, while for the sample annealed at lower tem-
perature, two additional small peaks related to residual
organic species were detected.

Figure 7 exhibits the Raman spectra of the V,05 NPs
annealed at different temperatures. All samples exhib-
ited the characteristic modes of vanadium oxide (V,Os).
The peaks at 92 and 191 cm™! were ascribed to vibra-
tional modes of layered structure of V,0s. The peak
at 131 cm™! was due to V=0 vibrational mode and the
peaks at 274 and 406 cm™! were related to the folding
of V=0. The peak at 522cm~! was attributed to the
V-O-V bond stretching and the peak at 688 cm™' was
assigned to the V-0 stretching vibrational mode. The
band at 990 cm™! is generated by the stretching of V=0,
demonstrating the existence of layer-type structure of
V,0, [30,31].

Optical properties of the synthesized V,05 NPs were
also investigated and corresponding UV-Vis spectra of
the powders annealed at various temperatures are shown
in Fig. 8. The UV-Vis spectra are very similar and were
used to calculate band gap energies of all samples by us-
ing the Tauc plots, shown in Figs. 8b-d. The calculated
band gaps of the samples crystallized at 350, 450 and
550°C were 2.27,2.24 and 2.25 eV, respectively, which
is close to the reported values in literature [32].
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Figure 8. UV-Vis absorption spectra of V,0; NPs annealed at different temperatures (a) and Tauc plots of V,0; NPs annealed
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3.2. Gas sensing studies

Figure 9a-c indicates dynamic resistance graphs of
the V,04 NPs annealed at 350, 450 and 550 °C to var-
ious amounts of ethanol at RT (21°C) and Fig. 10
gives relevant calibration curves of different gas sen-
sors to ethanol gas at 21 °C. Based on dynamic resis-
tance curves, all sensors showed p-type behaviour, in
which their resistance increased upon introduction of
ethanol vapour into gas chamber. Also, based on calibra-
tion curves, the response enhanced with increasing of
the ethanol concentration, thanks to more adsorption of
ethanol on the sensor surface at higher concentrations.
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Figure 10. Calibration graphs of V,0; gas sensors towards

ethanol at 21 °C
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Figure 11. Selectivity histograms of different gas sensors to
various gases at 21 °C

Among three different gas sensors, the sensor annealed
at 450 °C, revealed the highest response to ethanol gas.
Hence, the sensor annealed at 450 °C was exposed to
different gases to explore its selectivity behaviour. Fig-
ure 11 reveals the selectivity histogram of optimal gas
sensor to various gases at 21 °C. Obviously, the sensor
indicated a higher response to 50 ppm ethanol gas rela-
tive to 10000 ppm methane, 100 ppm CO and 1000 ppm
CO, and toluene gases. Even though both gas sensors
calcined at 350 and 550 °C show almost no response to
CO, CO, and toluene gases, their response to ethanol is
lower than for the sensor calcined at 450 °C.

Figure 12a exhibits repeatability test to 400 ppm
ethanol over five sequential cycles for the optimized gas
sensor and Fig. 12b offers response versus number of
cycles. There are no noticeable differences between the
responses during different sensing cycles, demonstrat-
ing good repeatability of optimal gas sensor. Finally, we
studied the long-term stability of optimal gas sensor by
exposing to 400 ppm ethanol after 6, 12 and 18 months.
The sensor showed negligible variations in the response
even after 18 months, demonstrating its good long-term
stability (Fig. 13).

3.3. Proposed sensing mechanism

Resistance gas sensor can sense the presence of a
gas in their surrounding atmosphere by generation of
an electrical signal related to change of their electri-
cal resistance [33,34]. In this study, V,04 nanostructure
gas sensors revealed p-type semiconducting behaviour,
which has also been reported previously [35]. Thus, the
sensing mechanism can be related to the creation of hole
accumulation layer (HAL) on the sensor surface and
variation of its thickness upon exposure to gas [36,37].
At first in air, oxygen gas is easily adsorbed on the sur-
face of gas sensors and thanks to its high electrophilic
nature, it becomes chemisorbed on the surface of sen-
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Upon abstraction of electrons, a HAL is formed on the
surface of V,05 particle. Due to the presence of this
layer, the resistance of p-type gas sensors is low in air
[41]. By subsequent exposure to ethanol following reac-
tion is expected:

C,H;,OH+30,” — 2CO, +3H,0+3¢" (5)
Accordingly, due to the release of electrons and sub-
sequent combination with holes in V,0s, the width of
HAL decreases, causing increase of the sensor resis-
tance. Hence, a sensing signal is generated. Figure 14a
schematically presents above mentioned sensing mech-
anism.

-
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Low Resistance
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(d

\
/
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Optimized gas sensor

Response

Crystallinity Particle size Net effect

N /
Figure 14. Schematic of ethanol gas sensing mechanism of
V,0; gas sensors (a) and effect of crystalline (b), particle size
(c) and net effect of crystallinity and particle size (d) on the
gas response

Why the sensor annealed at 450 °C indicated the en-
hanced response to ethanol relative to other gas sensors?
It can be related to two factors namely crystallinity and
particle size [42]. In fact, higher crystallinity of metal
oxides leads to a higher modulation of the resistance
in the targeted gas atmosphere [42]. Therefore, consid-
ering only crystallinity effect, it can be concluded that
the sensor annealed at 550 °C should have a higher re-
sponse than that annealed at 450 °C due to better crys-
tallinity (Fig. 14b). However, another factor, i.e. particle
size also should be considered which shows a reverse
trend in comparison with crystallinity (Fig. 14c). The
particle size of the sensor annealed at 550 °C is larger
than that annealed at 450 °C, thus the sensor can pro-
vide lesser number of adsorption sites (smaller surface
area) relative to that annealed at 450 °C and considering
two mentioned effects, the sensor annealed at 450 °C in-
dicated a higher response to ethanol (Fig. 14d).

It is expected that the sensor will show a higher re-
sponse to higher concentrations of interfering gases and
a similar trend as Fig. 10 is anticipated for it. In fact,
when high amounts of interfering gases (more than 1%)
is present in surrounding atmosphere of the sensor, a
higher response relative to 400 ppm ethanol can be ex-
pected. However, in this research the main goal was to
investigate the effect of annealing temperature on the
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sensing performance. Some modifications of the sen-
sors are necessary for practical applications. For exam-
ple, to have a more selective sensor, the selectivity can
be increased by decoration with noble metals such as Au
NPs. Also, to further increase the response of the sensor,
it can be composited with metal oxides such as SnO,.

IV. Conclusions

V,05 NPs were prepared via a simple Pechini sol-
gel method for ethanol sensing studies. The synthesized
products were annealed at different temperatures of 350,
450 and 550 °C for 2 h. Morphology, phase, crystallinity
and chemical composition of prepared products were
explored through SEM, XRD, Raman and FTIR anal-
yses. It was found that the gas sensor prepared from
V,0; NPs annealed at 450°C exhibited the highest
sensing performance to ethanol gas at room tempera-
ture. Underlying sensing mechanism was discussed and
enhanced sensing capabilities were related to the opti-
mized crystallinity and particle size of the sensor an-
nealed at 450 °C. The results of the present study high-
light the remarkable effect of annealing temperature on
the gas response which should be optimized to achieve
the highest sensing performance.
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