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Abstract. In this paper, we have studied the effective use of HCl acid in sol–gel method to demonstrate a ZnO
nanoparticles (NPs)-based liquid petroleum gas (LPG) sensor with enhanced sensitivity. ZnO NPs were prepared by
adopting standard sol–gel method with modification. The size of the NPs varies from 12 to 40 nm. The growth parameters
were tuned to allow the formation of more oxygen vacancies in the as-grown sample, which was confirmed from the
absorption study and EDX data. Then, the gas sensors were fabricated using as-prepared ZnO NPs and it was tested for
LPG. Interestingly, it was found that the solvent used in the sol–gel method is playing a crucial role in the sensing of LPG.
An enhanced sensitivity (*60%) with 1000 ppm of LPG at a lower operating temperature and good performance stability
were achieved when aqueous HCl acid was used as a solvent. Commonly used solvent in the sol–gel method is DI water
which results in almost similar morphology of the NPs and a sensitivity of 50% only with 1000 ppm of LPG. Response
time of 67 s and reset time of 40 s were observed at an operating temperature of 250°C. Use of HCl acid over the
commonly used DI depicts better sensing performance of LPG. The effect of operating temperature and concentration of
the LPG were investigated in detail to understand the effectiveness of the modified sol–gel-synthesized ZnO NPs sensor
for LPG gas and found to be very efficient.
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Introduction

Semiconducting metal oxides have gained prime importance, stimulating intense investigations in several application areas. In particular, nanostructures of ZnO, SnO2,
TiO2 and Fe2O3 have received substantial attention for
current applications including gas sensors, photovoltaics
and electro-optical devices. The important aspects that
determine the physical and chemical properties are size,
shape and crystalline structure of the semiconductors. As a
result, strong control over these important parameters has
become a pressing need in recent material research for the
development of smart devices [1].
ZnO is an attractive and most studied material for its
reach in varieties of interesting properties, which makes it a
strong candidate for both fundamental and industrial
research. Due to its wide band gap and non-centrosymmetric structure, it has been utilized in a wide range of
applications, such as UV-photodetectors, gas sensors, dyesensitized solar cells, piezoelectric devices and photochemical degradation of organic pollutants [2–4] and many
areas. Several methods are employed for the synthesis of
ZnO nanoparticles (NPs) with varied sizes and shapes,
which include chemical approaches, such as precipitation,

solvo/hydro-thermal reactions and sol–gel process, and
various physical approaches [5,6]. The sol–gel process
offers many advantages in the preparation of metal oxides,
simple procedure, specific large surface area and a better
homogeneity at comparatively low-processing temperature.
Besides, the morphology of NPs can be tailored by the
relative rate of hydrolysis and condensation reactions during the sol–gel process [7]. Nanoparticles of ZnO have been
prepared using various precursors, the most notable among
them are zinc acetate dihydrate (Zn(Ac)22H2O), zinc
nitrate (Zn(NO3)26H2O) and zinc sulphate heptahydrate
(ZnSO47H2O) [5,8–10]. Due to higher solubility in water,
Zn(Ac)22H2O and Zn(NO3)26H2O have been the predominant precursors utilized in wet chemical methods [10].
However, the removal of their anions is still a difficult
procedure, which specifies the need for a material whose
anion could be removed easily. Therefore, the introduction
of ZnCl2 fitted with the requirement which needs to be
explored. Furthermore, the choice of the solvent plays an
important role in the structure and morphology of the asprepared NPs. Therefore, finding an effective solvent in the
sol–gel method and optimization of all the growth parameters are very important to prepare high-quality ZnO NPs
with controlled size and morphology. Previous work by
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Wen et al [11] had shown the promise for the synthesis of
ZnO NPs of size down to 50 nm by employing ZnCl2
precursor, there were no follow ups to further size reduction
of ZnO NPs by sol–gel process. The present study deals
with our attempt to prepare ZnO NPs of size down to 50 nm
via the sol–gel approach employing a mixed solvent of
water and HCl.
Gas sensors made with metal-oxides are of great interest
from the industry for their low material cost, chemically
stable and excellent sensing properties [12,13]. Liquified petroleum gas (LPG) consists of many hazardous and explosive
hydrocarbon gases. It is widely used for domestic heating and
automobile fuel despite that it is an unsafe gas. Therefore,
synthesis of morphology-controlled metal-oxide nanostructures and fabrication of a low-cost reliable LPG sensor using
such nanostructure is an urgent requirement from society/industry for human safety point of view. Although ZnO is an
efficient material for the sensing of varieties of gases e.g.,
NH3, H2S, etc. at room temperature [14,15], however, it can
detect LPG only when the device is operated at high temperature [16–18]. Therefore, there is a requirement to minimize the operating temperature as low as possible along with
further enhancement of the sensitivity. Researchers are still
exploring different types of modification approaches on the
ZnO nanostructures to decrease the operating temperature by
maintaining a high sensitivity [19,20]. Shimpi et al [18] used
ZnO nanopencil structures instead of standard NPs or nanorods, and the ZnO nanopencils were found to be more sensitive
to the LPG at 250°C with a sensitivity about 60%. Khojier
et al [21] explored the use of Au-activated ZnO nanostructure
for the LPG sensor and achieved fast response. The detection
of gas by ZnO nanostructures is controlled by active surface
area and defects present on the surface. Keeping this in mind,
we modified several growth parameters of the standard sol–gel
process to allow the formation of more surface defects on the
ZnO NPs. It is believed that gas sensors made with crystalline
ZnO NPs with high density of surface defects may able to
detect the LPG at a relatively lower operating temperature.
We studied the effectiveness of the use of HCl acid in the
sol–gel method to demonstrate a ZnO NPs-based LPG
sensor with enhanced sensitivity. The ZnO NPs synthesized
by the standard sol–gel process in DI and the aqueous HCl
acid followed by fabrication of a gas sensor for the detection of LPG. We tuned all the growth parameters in a
combination to allow the formation of a large number of
surface defects. The structure, morphology and composition
of the as-prepared ZnO NPs are determined by powder
X-ray diffraction (PXRD), scanning electron microscopic
(SEM) analysis, transmission electron microscopic (TEM)
images and energy dispersive analysis (EDX). The structural analysis of the sample confirms the formation of ZnO
NPs with size ranging between 12 and 40 nm with polyhedral shapes. Application of the as-grown ZnO NPs was
explored by fabricating a gas sensor and tested for the LPG
gas. The fabricated gas sensor made with HCl acid-based
ZnO NPs exhibits enhanced sensitivity operated at a
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relatively lower temperature compared to the DI water
solvent-based NPs. The effectiveness of the HCl acid for the
development of an efficient ZnO NPs-based LPG gas sensor
and possible origin of the enhanced sensitivity are
discussed.

2.
2.1

Experimental
Materials

Analytical grade anhydrous zinc chloride (ZnCl2) of purity
99.5% (Merck India) was used for the Zn2? source. The
ammonium hydroxide (NH4OH) solution, hydrochloric
(HCl) and nitric (HNO3) acids, all from Merck, were used in
this synthesis.

2.2

Synthesis of ZnO NPs

In a typical synthesis process, 0.05 M concentration of
anhydrous ZnCl2 was slowly dissolved in the aqueous HCl
solution (ratio of 1:1) under constant magnetic stirring. A
few drops of nitric acid were added into the solution to
further improve the solubility of the precursor. The pH of
the solution was adjusted to 5.5 using NH4OH. As a result
of the change in the pH, a white precipitate was formed in
the reaction flask. The chemical reaction was carried out at
room temperature to facilitate the formation of more surface
defects in the NPs. The white precipitate was collected after
the centrifugation, followed by washing with Milli-Q water
and ethanol several times to ensure the removal of the
chloride ion impurities. The wet colourless sample was
dried in air and then, annealed at 800°C for 3 h (sample
code ZNH). To check the effectiveness of the use of HCl
acid, we also attempted the synthesis of ZnO NPs using DI
water solvent only in the standard sol–gel method (sample
code ZND).

2.3

Characterization

The crystallinity and size of the NPs were characterized by
XRD analysis (SEIFERT instrument, 3003 T/T with CuKa
X-ray gun). The surface morphology, particle size and
crystal structure were further checked by using the SEM
(JEOL JSM 6310) attached with EDX analyser and TEM
(JEOL JEM 3010 operating at 200 kV). The absorption
profile of the ZnO NPs was carried out using a double beam
Carry 50E UV–visible (UV–Vis) spectrophotometer.

2.4

Gas-sensing experiment

As-prepared ZnO NPs powder was grounded thoroughly
along with a binder chemical (polyvinyl alcohol (PVA) 1 g
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per 10 ml) to make a fine paste. Then, the mixture paste was
subjected to a cold pressing (5 ton mm-2) in a hydraulic
press with a die of 1 cm diameter. In this process, a pellet of
ZnO NPs of 1 cm diameter and 1.5 mm thick was made.
The freshly prepared pellet was then sintered at 300°C in air
for 1 h to improve physical strength and electrical interconnects between NPs. After the sintering process was over,
the pellet was removed from the furnace and allowed to
natural cooling for several hours before using it as a sensor.
Fabrication of the gas sensor was completed after making
two ohmic contacts with 1 mm spacing using high-quality
silver paste. The gas-sensing study to detect the LPG in pure
air ambience was carried out in a gas chamber. The sensor
was placed directly on a heater inside the gas chamber and
then, tested for sensing at different temperatures. A chromel–alumel thermocouple was kept in contact with the
sensor to monitor the temperature. Before the introduction
of LPG, the gas chamber prefilled with pure air was
maintained at atmospheric pressure, the sensor was allowed
to establish equilibrium inside the chamber for about 1 h at
operating temperature. The concentration of LPG was varied by sending required amount (ml min-1) of LPG and
pure air in the gas mixture through mass flow controller
(MFC). Electrical resistance of the sensor was measured in
air (Ra) and in LPG (Rg) using a Keithley source-measure
unit (model 2400). The sensitivity of the as-fabricated gas
sensor was calculated from the following equation:
Sð%Þ ¼ ½ðRa  Rg Þ=Ra   100:

ð1Þ

The exposure time of the gas to the sensor was maintained
for 10 min for all the measurements to obtain a stabilized
resistance. The gas sensing experiment was repeated several
times to measure the sensitivity as a function of the operating temperature for different amounts of LPG concentration. Transient measurement was done at a repetitive cycle
of ‘gas in’ and ‘gas out’ conditions and the data were
recorded in 10 s intervals.

3.
3.1

Results and discussion
PXRD analysis

The first characterization of the prepared ZnO NPs was
done by employing XRD with CuKa radiation (k = 1.5406
Å) to check the structure and crystalline phase. The recorded XRD pattern of the ZnO NPs is shown in figure 1 which
shows characteristic peaks of hexagonal wurtzite phase
indexed as (100), (002), (101), (102), (110), (103), (200),
(112) and (201). From the observed strong peaks, it is
evident that ZnO NPs exhibit high-quality crystalline features. Unlike the XRD pattern of the bulk ZnO, here, we
observed broadening in the Bragg’s peaks from both the
samples (ZND and ZNH), suggesting that the product
should be comprised of NPs. No relevant diffraction peaks
corresponding to any impurities are observed. The particle

159

(a)

(b)

Figure 1. Powder XRD pattern of the sol–gel synthesized ZnO
nanoparticles synthesized in (a) aqueous HCl (sample ZNH) and
(b) DI water only (sample ZND). Strong diffraction peaks reflect
the better crystallinity of the as-prepared ZnO nanoparticles.

size measurement with the Scherrer formula (D = 0.9k/
x cos h) was estimated the average size of the NPs of 20
nm, which closely matches with the TEM observations.

3.2

SEM image and EDX analysis

Successful synthesis of the ZnO NPs is evident from the
SEM surface morphology image, as shown in figure 2a. An
image in the magnified scale (figure 2b) shows the formation of a large number of pseudo-hexagonal plates like
microcrystal aggregates as well as nanocrystals. According
to the micrograph, the aggregates have their mean diameters
ranging from 15 to 400 nm. The increase in particles size
is a known phenomenon resulting from sintering. It is
observed that in the sol–gel preparative method, prepared
NPs are easily agglomerate to big-sized particles with relatively better morphology and the grain sizes are less uniform. Under the present reaction conditions, with moderate
temperature, pH and the nature of the solvent, the tiny
particles underwent a self-induced process and aggregates
into bigger size particles. In the previous study, a strong
influence of the solvent to the shape and size of the ZnO
NPs was observed [22].
To obtain compositional information, an EDX study of
the ZnO NPs was carried out. The accuracy of this method
is not significant, but it is sufficient to get an estimated
composition analysis and stoichiometry. The measured
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Figure 2. SEM image of the sol–gel synthesized ZnO nanoparticles in aqueous HCl. (a) Surface morphology and
(b) high-resolution view of the same. (c) EDX spectrum of the ZnO NPs and its atomic composition of elements in the
inset. (d, e) A typical TEM image of the ZnO nanoparticles and high-resolution lattice image, respectively.
(f) Corresponding SAED pattern of the above ZnO nanoparticles confirms the highly crystalline structure.

EDX profile of the ZnO NPs is shown in figure 2c and the
estimated atomic composition is found to be 55.04% for Zn
and 44.96% for O. No additional peaks corresponding to
impurity are observed. The EDX analysis further indicates
that the sample is slightly richer with Zn when compared to
O, as expected. Therefore, we have a deficiency of oxygen
in the ZnO NPs which usually present on the surface as an
oxygen capturing defect states. It is expected that the

presence of high density surface defects likely to contributes to improve the gas sensitivity when using as a gas
sensor.
Sample ZND shows similar morphology as witnessed
from the surface morphology image (figure 3a) with particle
size varying from 45 to 418 nm. The atomic composition of
the ZND sample was estimated from its corresponding EDX
spectrum (figure 3b) and it is found to be 51.08% for Zn and
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48.92% for the O. Here, we note that the sample prepared in
DI water only results in comparatively larger grain size and
less oxygen deficiency.

3.3

TEM micrograph study

TEM analysis was carried out to analyse the lattice structure
and size of the as-grown ZnO NPs. The TEM analysis
confirms the formation of ZnO NPs with a large distribution
of the particle size. Figure 2d shows the typical low-resolution TEM image of the NPs. The NPs are in an irregular
non-uniform shape, however, majority of them are in either
hexagonal or spherical shape, as expected. This result is
consistent with the previous report of the sol–gel synthesized ZnO NPs grown at 500°C [23]. The particle size
measured from this TEM image is varying between 12 and
40 nm, which is consistent with the average particle size
determined by the Scherrer formula. Figure 2e shows the
high-resolution lattice image of the ZnO NP taken at the
edge, which confirms high quality single crystalline nature
of the as-grown ZnO NPs. The lattice spacing is found to be
0.28 nm, which corresponds to the spacing of the (100)
plane of the wurtzite structure. The selected area electron
diffraction (SAED) pattern of an individual ZnO NP is
shown in figure 2f, which endorses the wurtzite structure
and single-crystalline nature of the obtained product.
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UV–Vis absorption study

To check the band gap energy of the ZnO NPs, the
absorption spectrum was recorded in the UV–Vis region
from 300 to 800 nm. Figure 4 shows the absorption spectrum and its corresponding Tauc’s plot for determining the
band gap. The excitonic absorption peak is observed at
373 nm. Along with the excitonic absorption peak, this
sample shows a significant amount of absorption in the
visible region. The UV–Vis spectrum of the sample ZND
shows similar characteristic with an absorption peak at 370
nm (data not shown). This visible absorption can be correlated to the transition happening from the deep sub-band
gap defects to the conduction band of the ZnO. In the oxide
semiconductors, most commonly observed sub-band gap
defect is oxygen vacancy defect [18,24]. The estimated
band gap from the Tauc’s plot [25] as shown in the inset of
figure 4 is found to be 2.79 eV. It is believed that this
estimation is found to be lower than the actual band gap of
the synthesized ZnO NPs because of the high absorption
edge below the band gap energy. Our estimated band gap
energy is found to be comparable to the previously reported
value of 3.0 eV from the ZnO nanostructure using sol–gel
synthesis route [26]. Therefore, both the EDX and absorption studies confirm the presence of a significant amount of
oxygen vacancy defects present on the surface of the sol–
gel synthesized ZnO NPs, which will be beneficial to
improve the sensitivity when it is used as a gas sensor.

3.5

Gas-sensing properties of ZnO NPs with LPG

Gas-sensing mechanism of ZnO-based sensors belong to the
surface-controlled property, i.e., change in the resistance is

Figure 3. (a and b) SEM image of the sol–gel synthesized (in DI
water) ZnO nanoparticles and corresponding EDX spectrum,
respectively. Atomic composition of ZnO is shown as inset.

Figure 4. UV–Vis absorption spectrum data of the sample ZNH
showing band-to-band excitonic absorption peak at 373 nm. Inset
shows the corresponding Tauc’s plot to estimate the band gap
energy.
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controlled by the species and amount of chemisorbed oxygen on the surface. However, for the case of LPG sensing,
the reaction mechanism is quite complex and proceeds
through several intermediate steps, which are not yet fully
understood [17,27]. In the absence of a target gas, environmental oxygen molecules get adsorbed on the surface of
the ZnO NPs-based sensor by capturing electrons available
in the oxygen vacancy defects [O2 (g) ? e- ? O2-]. Formation of a large number of ionized oxygen molecules by
adsorption process leads to the higher upward band bending
of the ZnO, resulting in very high resistance of the sensor.
At an equilibrium of this chemisorption process, a stabilized
high surface resistance is achieved. Any process afterwards,
that disturbs this equilibrium, gives rise to a change in the
conductance/resistance of the semiconductor. At this point,
we disturb the equilibrium by introducing analyte gas into
the measurement chamber. It is well known that LPG
consists of CH4, C3H8, C4H10, C3H6, etc., and these molecules act as reducing species during LPG sensing by interacting with the ionized adsorbed oxygen [CnH2n?2 (g) ?
O2- ? CnH2nO (g) ? e- ? H2O or CnH2n (g) ? O2- ?
CnH2n-2O (g) ? e- ? H2O]. These reactions produce H2O
and release free electrons back to the conduction band,
hence, decrease in the resistance of ZnO [17,23,28].
Adsorption, interaction and diffusion of LPG molecules over
the surface and between grain boundaries of ZnO nanostructures, require a significant amount of activation energy
which limit the room temperature sensing of LPG.
Figure 5 shows the sensitivity as a function of operating
temperature for the gas sensor made with ZnO NPs under
the exposure of the LPG at varying concentrations ranging
from 500 to 2000 ppm. The sensitivity of the present sensor
is minimum at the lowest operation temperature. As the
operating temperature increases, the sensitivity also
increases and reaches a maximum at 250°C and then,
decreases with further increase in temperature. At an
operating temperature of 100°C, LPG sensor made with
ZND sample shows a sensitivity of *30% and reaches a
maximum of 50% at an operating temperature of 250°C. On
the other hand, the ZNH LPG sensor achieved a sensitivity
of *32% and reached a maximum of *58% at an operating temperature of 250°C. Here, we note that we are able
to enhance the sensitivity of the LPG sensor by introducing
HCl acid. To check further, the sensitivity of gas sensor was
measured as a function of the concentration of the LPG for
different operating temperatures (figure 6). It is observed
that the measured sensitivity gradually increases with the
increase in the concentration of the LPG, as expected. This
data further confirms the attainment of maximum sensitivity
at an operating temperature of 250°C, consistent with the
data presented in figure 5.
Nanoparticles of smaller size have a larger effective
surface area which leads to an enhancement in their surface
activity. Moreover, a large number of small particles can
present in a unit surface area. Then, a large number of
particle–particle interconnects or active sites can interact
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(a)
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Figure 5. Responses of the ZnO gas sensors to the LPG as a
function of operating temperature for different concentrations of
LPG ranging from 500 to 2000 ppm. (a) Sensor made with ZND
sample and (b) sensor made with ZNH sample.

Figure 6. Percentage of the sensitivity of the gas sensor made
with sample ZNH as a function of concentration of LPG for
different operating temperatures ranging from 100 to 350°C.
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with gaseous species to initiate the sensing process. Prajapati et al [29] synthesized nanostructured ZnO thin films
by spray pyrolysis method to sense LPG and the optimum
temperature was found to be 325°C. Similarly, surfactantassisted low-temperature synthesis of nanocrystalline ZnO
by Pawar et al [30] was carried out and the sensor showed
the optimum sensing temperature at around 325°C and thus,
displaying the need for lowering the operating temperature
of the LPG sensor. Jabeen et al [19] reported a lower
operating temperature with highest sensitivity by Pd doping
to the ZnO nanowires. Zhang et al [20] reported *80% of
sensitivity at 10000 ppm of LPG using a complex ZnO/PPy/
PbS-based heterostructure approach. The present work,
however, gives a more promising result that the ZnO NPs
prepared through the sol–gel synthesis in HCl acid is found
to possess enhanced sensing activity at a relatively lower
operating temperature compared to previous studies. The
important point to note here is that no catalyst or impurity
doping has been incorporated to improve the response of the
material. Only the use of an effective solvent/acid does the
job of enhanced sensitivity over the commonly used DI
water solvent. The reduced optimum temperature attained
with the ZnO NPs sensor developed in this work can be
attributed to the reduced grain size with nonuniform distribution and the presence of oxygen vacancy related surface defects as evident from the SEM and EDX analysis. It
has been reported that to achieve improved sensitivity, the
non-stoichiometry is also regarded as one of the strategies.
Because the sensing of gas species in the metal-oxide gas
sensors mainly controlled by the oxygen vacancy states
present on the surface. In the present case, we used set of
combinations of all the growth parameters to intentionally
allow the formation of a large number of oxygen vacancy
defects, majority of them present on the surface of the ZnO
NPs as seen in their EDX data. It is expected that HCl acid
plays a key role over the DI water to maintain the equilibrium concentration of dissolved Zn2? species during the
sol–gel reaction, which leads to the required rate of
hydrolysis–condensation reactions for the synthesis of
smaller size NPs with moderate defects. Furthermore,
Schneider et al [31] reported that when the precursor concentration was kept lower, the specific surface area has
increased considerably which is beneficial for gas sensing.
In the present case, the concentration of ZnCl2 was kept as
low as 0.05 M and it could have indirectly facilitated the
sensing property.
To check the response time of the ZnO sensor with the
LPG, next, we measured transient resistance for 10 min at
LPG concentration of 1000 ppm (figure 7a). Before this
measurement, the gas chamber was evacuated and filled
with pure air at atmospheric pressure. Calculated response
time (defined as the time required to reach 1 – 1/e (63%)
of the maximum sensitivity) is found to be *90 s at
200°C. However, the response time at an operating temperature of 250°C, where we have attained maximum
sensitivity shows the fastest response time of 67 s only.
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Figure 7. Transient measurements of the responses of the ZnO
gas sensors for the different operating temperatures at LPG
concentration of 1000 ppm. (a) Sensor made with ZND sample and
(b) sensor made with ZNH sample.

The reset time (defined as the time required to recovery to
1/e (37%) of the maximum sensitivity) is estimated to be
40 s. At the same operating temperature (250°C), the LPG
sensor made with ZND sample shows the comparatively
slower response time of 88 s (figure 7b). The response and
reset times in the present sensor are found to be comparable to the previous studies using ZnO nanostructuresbased LPG sensors [17]. Surface poisoning, humidity
effect and degradation in ohmic contacts are the main
parameters that affect the stability and reliability of the gas
sensors [32]. To check the stability of this device, we
repeated the gas sensing measurement at an operating
temperature of 250°C after 1 month using two identical
samples, one was kept in a vacuum and another one at
ambient humid condition. The obtained sensitivity value
from the sample kept in a vacuum is found to be close to the
previous value, whereas another sample shows weak
response (data not shown), as expected. Figure 8 shows the
response of the ZnO gas sensor made with ZNH sample
under periodic LPG ‘in/out’ conditions at an interval of 300
s. The response observed in the second cycle is nearly a
replica of the first cycle which confirms the reproducibility of
the fabricated ZnO NPs LPG sensor. The key point of
achieving high sensitivity in the present study is possibly due
to the surface chemistry of the ZnO NPs with the HCl acid.
It is expected that the sensitivity can be improved further by
metal doping to the HCl-based sol–gel recipe.
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Figure 8. Transient response under periodic ‘gas in/gas out’
conditions at an operating temperature of 250°C and LPG
concentration for 1000 ppm (reproducibility check).

4.

Conclusions

ZnO NPs with sizes of 12–40 nm were successfully prepared using a modified sol–gel process in HCl acid. Asgrown ZnO NPs possess spherical and hexagonal shapes
with the hexagonal wurtzite crystal structure. The effectiveness of the HCl acid over the commonly used DI water
in the sol–gel method for the development of a highly
sensitive LPG sensor was investigated and found to be
advantageous. An enhanced sensitivity (*60%) with 1000
ppm of LPG at a lower operating temperature and good
performance stability were achieved when aqueous HCl
acid was used as a solvent. The optimum operating temperature is 250°C, which is lower than the previous studies.
This enhancement is attributed to the high surface area of
the sensor and non-stoichiometric oxygen vacancy states
present on the surface of the ZnO NPs. The effect of
operating temperature and concentration of the LPG were
investigated in detail to understand the effectiveness of the
ZnO NPs sensor for LPG gas and found to be very efficient
with comparatively lower operating temperature.
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