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ARTICLE INFO ABSTRACT

Keywords: In this study, we are reporting the fabrications of undoped LaCrO, and Ni%*, Fe3+, Co?** modified LaCrO; thin
Modified LaCrO; sensor films by spin coating method using the sol-gels prepared for these thin film samples. The structural properties
Greenhouse gas sensor of the spin coated LaCrO; thin films measured by X-ray diffractometer (XRD), which confirms the formation
?‘EK/I of orthorhombic LaCrO; nanoparticles. The morphological properties of the prepared films were investigated by

the ease of scanning electron microscopy (SEM), and high-resolution transmission electron microscopy (HR-TEM)
where the orthorhombic and crystalline LaCrO; nanoparticles were observed. Energy dispersive x-ray analysis
(EDAX) was utilized for the determination of elemental composition. The prepared material was found be in
perfect elemental composition. The surface area and BJH pore distribution was observed by Brunauer-Emmett-
Teller (BET) analysis. The Ni%*, Fe?*, Co?* modified LaCrO, thin film found with high surface area of 86.32 m?/g.
Optical properties of both prepared materials investigated by ultraviolet differential reflectance spectroscopy (UV-
DRS) to compare band gap energy of prepared sensors. It is observed that due to modification of transition metals,
band gap energy of modified LaCrO; sensor is found to be declined. The electrical properties were carried out
to confirm semiconducting behaviour of LaCrO; semiconductor. The thin films were subjected for gas sensing
study of CO, CO,, NO,, LPG, toluene vapours and petrol vapours. The modified LaCrO; sensor found to be
highly sensitive for CO,, CO, and NO, gases with response 82.14 (300 °C), 74.52 (200 °C) and 65.18% (150 °C)
respectively. The relative humidity from 10 to 90% at 20 Hz found to be efficient for modified LaCrO; sensor. In
summary it can stated that transition metal doping successful to tune the band gap energy, porosity and surface
area of modified LaCrO; sensor. Due to this the sensor properties such as% response,% selectivity, response
recovery, reusability and humidity sensing performance found to enhance for modified LaCrO sensor.

Relative humidity

1. Introduction

The nanoparticles are very efficient materials which are extensively
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with different oxidation state such as II, IV, in combination with three
oxygen. In most of the literature the Perovskite materials referred as
ABOj; type solid material (Tan et al., 2014; Slonopas et al., 2019). The
first Perovskite material synthesis according to reports was CaTiO;.
After that large number of Perovskite material were synthesized and
used by the researchers for various catalytical applications (Chen et al.,
al.,2013; Jain et al., al.,2006; Ding and Xue, 2010; Huang et al.,
2014; Zhang et al., al.,2020). There are many facile methods for
the fabrication of Perovskite oxides such as very popular sol-gel,
co-precipitation, micro fluids, hot injections, cation/anion exchange,
combustion, chemical vapour deposition, electrochemical methods,
spray Pyrolysis, magnetic sputtering, ball milling, solid state reaction
etc. (Morozova et al., 2017; Zhang et al., 2014; Koli et al., 2020).

These Perovskite metal oxides and similar materials, commonly em-
ployed in various applications such as solar cells, electrochemical ap-
plications, light emitting diodes, sintering, drug delivery, biochemical
process, glass and optical lenses, Lasers, piezoelectric sensors, electro-
luminescence, surface chemistry, SOFC, optoelectronics, thin/thick film
sensors, photo detectors and another catalytic application (Adeel et al.,
2020; Bataglioli et al., 2019; Koli et al., 2019; Jiao et al., 2020; Kim et al.,
2016; Koli et al.2018; Shinde et al., 2020; Koli et al., al.,2018). The pur-
pose behind the use of these materials results from their high thermal
stabilities, excellent sensitivities, energy storage abilities, simple synthe-
sis, high accessibilities and selectivity, natural inherent catalytic proper-
ties, etc. The Perovskite materials reported for electronic application in
commercialized form are listed as Metal halide Perovskite like CsPbX3
(X=Cl, Br, I), CsNiBr3, metal oxide Perovskite like LaFeO5, LaCrO; etc.
(Zhang et al., al.,2016).

The undoped LaCrOs is utilized in huge numbers of the applications
as reported previously. The undoped LaCrO3 has a band gap energy
(8.40 eV) as semiconductors have. The band gap energy of semicon-
ducting metal oxides (SMO) can be declined by doping strategy. among
the detailed techniques like in-situ doping can be successfully applied
for the decrease of band gap of materials. In the greater part of the cases
the band gap of semiconductor can be modified by methods for change
metal doping. There are two advantages of progress metal doping, for
example, decrease of band hole, improved synergist action and surface
zone. In the current examination the band gap is brought up down to
2.6 eV with the help of insitu progress metal doping (Wang et al., 2014;
Rehman et al., 2017). This P-type LaCrO; exist in three different lattices
depending upon the synthesis temperature, when the LaCrOj is calcined
at around 830 °C, its crystal phase is found to cubic with space group of
Pm3m. The other two crystal phases of LaCrO; are hexagonal which has
a space group R™3C, while the most common crystal phase of LaCrO,
nanostructure is orthorhombic phase which has a space group of Pnma
(Shi et al., 2011; Thamilmaran et al., 2018).

In a significant number of the studies explored in detail, it is seen
that the modified LaCrO; material is a decent dielectric material be-
cause of high polarizability. In this sense, the meaning of dielectric ma-
terial can be attributed to the energy storage material as well as its usage
in the catalytic applications. While perovskite materials are exception-
ally productive in different applications as mentioned above, recently
besides those applications the perovskite oxides are also being utilized
in new different applications such as monitoring toxic gases concentra-
tion and air purification (DeCoste and Peterson, 2014). There are differ-
ent procedures, like sedimentation chamber, material channel, dry and
wet electro channels, ventury and rotating scrubber, activated carbons,
photocatalytic oxidation (PCO), high effectiveness particulate assistance
(HEPA) and so on, by which air refinement is checked (Ao and Lee, 2005;
Chen et al., 2010; Ren et al., 2017; Nam et al., 2018).

The LaCrO5 nanoparticles in nature have a porous structure and due
to this they have very highly efficient adsorption properties. In the re-
cent time, this material is utilized in air purification method such as
controlling of concentration pollutant gases such as CO, CO,, NO, etc.
The fast industrialization, and auto mobilization leads to produce pollu-
tants like NOx, CO, CO, etc. Many researchers are looking for suitable
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material, which can be used to and monitored the concentration of these
pollutant emissions. The carbon dioxide is the primary gas among other
greenhouse gases like CH,, NO,, O3 etc. Hence its elevated concentra-
tion due to automotive exhaust and industrial discharge leads to global
warming and another severe health hazards. Although the toxic effect
of CO,, this gas also being used in many applications such in produc-
tion of many chemicals, fermentation in drug development, feedstock, in
casting molds, soldering agent in metal industries, fire extinguisher, and
in monitoring the quality of soft drinks etc. among trusted gas sensors
for monitoring CO, the devices, there are several sensors such as non-
dispersive infra-red absorption (ND-IR) and HVAC controller. One of the
major drawbacks of ND-IR sensor is its large size and non-economic cost.
Hence, for monitoring CO, and other gas concentrations most of the
researchers have focused on the Chemiresistive type sensors based on
metal oxide. The fabrication of Chemiresistive sensors is easy and they
are low cost and thermally strong, hence the nanostructured perovskite
materials are the best promising materials for sensing mechanism of the
device (Fan et al., 2013; Meng et al., 2015; Sekhar et al., 2010).

The transition metals such as Ni%2*, Co2t and Fe3* are found to be
very effective for tuning band gap, electrical, conducting, improving
surface area, tuning crystal morphology of host lattice etc. According to
several reports the, transition metal can change the host lattice taking
place in the structural and crystalline properties of prepared material.
According to several reports the, doping of group first and transition
metals leads to enhanced metal ionic charge efficiency. In addition, the
homologous elements Fe, Co, Ni are the promising metals to improve the
photoreactivity and quantum yield, photoantioxidents and photoconver-
sion of some organic compounds by several metal oxides. In many cases,
it has been investigated how the transition metal doping plays a vital
effective role on the properties such as dielectric, magnetic, electrical,
impedance, spectroscopic properties (Herz, 2016; Adole et al., 2019;
Koli et al., 2018; Pradhan and Roy, 2013; San et al., 2014; Shinde et al.,
2020; Walsh, 2015). The normal oxides can be transformed to better
catalyst oxides, by ease of surface doping. But in most of the cases, tran-
sition metals from 3d-5d series are the best option due to their stability
in various oxidation states, good surface, high thermal stability. This
surface modification leads to enhance the better electrical, conducting
and surface characteristics of the particular material. Hence transition
metals such as Fe, Ni, Co, Cu, V, Cr etc. are utilized for doping purpose
by researchers in most of catalytical applications (Matussin et al., 2020;
Xu et al., 2014; Yadav et al., 2018).

In this paper we, are revealing the transition metal doped perovskite
lanthanum chromium oxide (PLCO) for the sensing of a few industrial
and ozone depleting substances (greenhouse gases). In spite of the fact
that an impressive work on sensors has been accounted for PLCO sensor,
but in this paper, we are reporting a sensor component for CO and CO,
gases called as greenhouse gases emitted from automobiles regularly.
Increasing pollution affects nature negatively in many ways. Here we
have led gas detecting work for the substances depleting ozone layer,
for example, CO, CO,, NO, and so forth. Our purpose in this study is to
research much more focusing on CO, and CO, gases, besides the other
ones, by means of modified LaCrO5 sensors. However, we are successful
to obtain some significant inferences on the sensing mechanism of these
two gases. Notwithstanding, we are also revealing the likewise sensing
reports for the NO,, LPG, toluene fumes and petroleum vapours. All
these gases produced from the majority of the chemical industries, met-
allurgical cycles, car fumes, residential processes and the centralization
of these gases must be defined, hence risks due to them can be fore-
stalled within the time Previously H,S, NOx, Acetone gases were dis-
tinguished by utilizing perovskite sensors, however CO, CO,, and LPG,
toluene fumes and petroleum fumes are seldom announced by analysts
utilizing modified LaCrO sensors.

Thus, in the overall study of gas sensing for modified LaCrO; we were
interested on sensing ability of this material for CO and CO, detection at
various concentration of these gases. Additionally, the modified LaCrO4
sensor was also utilized for humidity sensing mechanism. The impor-



P.B. Koli, K.H. Kapadnis, U.G. Deshpande et al.

tant parameters of a gas sensor such as sensitivity, selectivity, response
recovery, and reusability are performed in detail for the selected gases.
The results obtained for overall sensing mechanism for modified LaCrO5
sensor are noteworthy and definitely promising in the field of sensors
and transducers.

2. Materials and methods

All the chemicals used in the synthesis of LaCrO; nanoparticles
were analytical grade and used without further purification. The chem-
icals like lanthanum nitrate, nickel nitrate, ferric nitrate, cobalt nitrate,
chromium nitrate and citric acid were purchased from modern chemi-
cals Nashik.

2.1. Synthesis of modified LaCrOj thin films

The crystalline, LaCrO; material modified by transition metals such
as cobalt, nickel and iron was prepared by sol-gel method. In this method
lanthanum nitrate hexahydrate (0.07 mol), chromium nitrate nonahy-
drate (0.01 mol) and citric acid (0.08 mol), were dissolved in a beaker
70 ml of double distilled water. Ni2*, Fe3*, and Co2* salts of 5% con-
centration (atomic weight%) were dissolved in three separate different
beakers 50 ml of double distilled water. The dopant metal nitrate con-
centration (5% Ni2*, Fe3*, Co2") was added slowly to the above solution
of lanthanum and chromium nitrate solution. This solution was put on a
magnetic mixer and it was started to be stirred with a constant stirring
speed for 30 min and 0.01 mole concentration of citric acid solution was
added into this solution whose temperature was kept at 80 °C through-
out this stirring time. After this process, color of the solution turns to the
dark black-green, at this stage heating was stopped and reaction mixture
was allowed to cool. This viscous black-green colored gel was used for
thin films preparation. This gel was then applied on previously weighed
glass substrate (1cmx2 cm) by Spin coating device with 3000 rpm and
coating of the film was completed nearly 130 seconds’ time. Then the
obtained light green-colored thin films were dried under IR lamp for
30 min and then kept in muffle furnace for 4 h at 450 °C (Hussain et al.,
2019; Zarrin et al., 2019).

2.2. Synthesis of undoped LaCrOj thin films

For the fabrication of undoped LaCrO; thin films, the same ways
above were followed step by step. But with a difference, in this pro-
cess the dopant concentration of the metals was not added during the
preparation of undoped LaCrO5 thin films.

2.3. Thickness measurement of the undoped and modified LaCrO3 thin
films

The thickness of the films was calculated by the help of the Eq. (1).

The calculated thickness of the undoped LaCrO; films was 5.128 ym
and 5.41 ym for modified LaCrO5. The thickness of the film was found
in the thin region (Lopes et al., 2016).

t=AM/AXp (1)

AM = Mass difference of the film before and after deposition.

p = Composite density of undoped and modified lanthanum chromium
oxide (LaCrO3)

A= Area of the films (Breadth = 2 cm, Height = 1.5 cm)

2.4. Characterization techniques

The XRD pattern of undoped and modified Perovskite Lanthanum
chromium oxide (PLCO) was recorded by using D8 Bruker AXS GmbH
(Germany), Braggs scanning angle varying from 10-80°. The surface
morphology and characteristics of the material were analysed by us-
ing scanning electron microscope (SEM), model number S 4800 Type
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Fig. 1. (a) XRD patterns of undoped LaCrO5 nanoparticles (b) XRD patterns
Ni%*, Fe3*, Co** modified LaCrO, nanoparticles.

II High Technologies Corporation, Japan. The crystal morphology was
investigated by use of high-resolution transmission electron microscopy
(HR-TEM) model number Jeol/JEM-2100. While the elemental composi-
tion of the thin films of modified LaCrO5; was examined by using energy
dispersive x-ray analysis (EDAX) spectrometer model number X-Flash
detector 5030, make Bruker AXS, GmbH, Germany. The optical prop-
erties were investigated with aid of ultraviolet differential reflectance
spectroscopy (UV-DRS) equipment model UV Vis NIR Spectrophotome-
ter, Agilent Cary 200 nm to 3000 nm. The electrical properties of the thin
films of modified LaCrO; were determined by using block diagram as
mentioned in Fig. 8. The digital temperature controller was used to con-
trol and measure the temperature of the thin films, model number PEW-
202/PEW-205. The resistance across the films was measured by using
output voltage digital multimeter model number CIE classic 5175.The
thin films of modified LaCrO; material were prepared by using spin
coater model Delta spin RC-2100, 3000 rpm.

3. Results and discussion
3.1. X-Ray diffraction study

The XRD patterns of Ni®*, Fe3*, Co?* incorporated Perovskite
LaCrO5 material and undoped LaCrO5 are shown in Fig. 1a,b from which
formation of crystalline LaCrO; was confirmed. These both materials
were analysed by using X-ray diffraction technique with D8 Bruker
AXS GmbH (Germany), Braggs scanning angle varying from 10-90°
The MoKa radiations (wavelength1.54A0) are used to generate the X-
ray source. In the XRD spectrum as depicted in Fig. 1 from which the
Bragg’s reflection peaks can be assigned to the formation of crystalline
LaCrO5 with orthorhombic crystal lattice. The PLCO material is exist
in three crystal structures such as cubic, hexagonal and orthorhombic
phase. According to literature formation of LaCrOs lattice is depends on
the calcination temperature. In the present research PLCO material cal-
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500nm

Fig. 2. (a,b) FE-SEM Images of undoped LaCrO, nanoparticles (c,d) FE-SEM Images Ni?*, Fe3*, Co?* modified LaCrO; nanoparticles.

cined at 450 °C is formed with orthorhombic crystal lattice as depicted
in Fig. 1 and confirmed from TEM data. The 26 values of diffraction
peaks obtained from XRD data for modified LaCrO; material are 23.00,
32.69, 40.26, 46.83, 52.68, 58.18, 68.33 and 77.71 The two theta values
can be assigning to the reflection of (101), (121), (220), (202), (301),
(321), (242), (341) and (402) planes. The diffraction peaks mentioned
above confirms the formation of orthorhombic LaCrO; material. The
average particle size was calculated by using Debye- Scherer’s formula
represented in Eq. (2).

D = K\A/pCOSO @)

Where D is average particle size, K is constant (0.9 to 1), g is full width
half maxima (FWHM) of diffracted peak, 6 is the angle of diffraction. The
average particle size for Ni%*, Fe?*, Co?* modified LaCrO; was found
to be 21.92 nm, while for undoped LaCrO; average particle size was
28.78 nm. The match scan data of modified LaCrO3 shows the formation
of crystalline LaCrO5; nanoparticles with JCPDS cart number 33-0701
(Khetre et al., 2013; Zarrin et al., 2020). With doping concentration of
elements probably imparts many lattice changes in host molecule like
crystal defects, oxygen vacancies, F-centres, edge dislocations etc. due
to this shifting of two theta values and changes in intensity may be
observed in doped host lattice. Here, the line shifting or shift in two theta
values is not observed may be due to minuscule doping concentration
of elements.

3.2. Scanning electron microscopy (SEM)

The microstructural graphs of undoped and modified LaCrO5; mate-
rials calcined at 450 °C is as shown in Fig. 2 where the nanoparticles
of different size of undoped and modified LaCrO; can be observed. The
lanthanum chromium oxide lattice exhibits different phases of LaCrO,

material reported by the researchers. From the SEM images one can
find that LaCrO5 crystals are very closely agglomerated and appeared
as lumps of tiny nanoparticles disperse. Between these smaller lumps
the empty dark spots are appearing in the SEM images which are very
small voids/smaller cavities, these voids are very helpful for the ad-
sorption phenomenon of gas sensing (Chadli et al., 2016). Because of
these cavities the smaller gases molecules may be occludedas adsorbates
molecules. Most of the study on gas sensing for perovskite materials re-
ported that adsorption of gas molecules on the surface of material as well
as in the small cavities through physisorption and chemisorption mecha-
nism on the film surface which acts as adsorbent. Since gas sensing and
humidity sensing are surface entities hence surface area evaluation is
an important investigation for prepared sensors. From, the SEM images
material is found to porous with voids and cavities hence the available
surface area calculated using BET isotherm found to be excellent for
both prepared sensors. Reported SEM images found to be in good agree-
ment with the BET isotherm study. The surface area of prepared sensors
is as reported in Table 1.

3.3. High-resolution transmission electron microscopy (HR-TEM)

The crystal morphology of prepared undoped LaCrO5 and Ni%+, Fe3+,
Co?* doped LaCrO; nanoparticles was observed by means of high-
resolution transmission election microscopy (HR-TEM), the images of
prepared materials reported in Fig. 3a—d. According to the results ob-
tained in this study, both of these two materials have orthorhombic
lattice structure, this is clearly observed from the TEM images. differ-
ent estimated size of the crystallites varying from 20 to100 nm can be
seen from mapping picture of HR-TEM. In Fig. 3a—d the perfect circu-
lar, oval formed nanoparticles close the orthorhombic appearance of
some precious stone cross section can be seen from TEM pictures of
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Table 1

BET surface area, pore volume and pore diameter of undoped LaCrO; and Ni?*, Fe?*, Co?* modified LaCrO, nanoparticles.
Prepared Material Surface Area (m?/g) Pore volume (cc/g) Pore radius (A) R2
Undoped LaCrO; films 65.34 0.350 77.40 0.9998
Ni%*, Fe3*, Co**modified LaCrO; films 86.32 0.396 77.77 0.9999

A1.33 nm

(c)|20 nm

Fig. 3. (a,b) HR-TEM Images of undoped LaCrOg
nanoparticles (c, d) HR-TEM Images Ni%t, Fe3*,
Co?* modified LaCrO; nanoparticles.

undoped LaCrO; and Ni?*, Fe3*, Co?* modified LaCrO5 nanoparticles.
The present TEM results of undoped LaCrO5 and Ni®*, Fe3*, Co?* doped
LaCrO5 nanoparticles are in good concurrence with XRD and previous
reported results (Shinde et.al 2020; Shinde et al., 2019).

3.4. Energy dispersive X-Ray spectroscopy (EDAX)

The EDAX spectrum of undoped LaCrO; and modified LaCrOg
nanoparticles is as shown in Figure-4 from which the elemental com-
position of prepared undoped and modified LaCrO; sensor material is
can be seen.

The sharp signals of all the elements Fe, Co, Ni, La, Cr and oxy-
gen are observed between 4.5 to 7.5 KeV shown in EDS spectrum. The
characteristic peak of lanthanum is resulted sharp at 4.5 KeV. Whereas
elemental chromium is resolved at 5.5 KeV on EDS scale of both un-
doped and modified LaCrO5. The characteristic signal of oxygen is can
be seen sharp at 0.5 KeV. While the dopant metal Fe, Ni and cobalt are
resoluted between 6.5 KeV to 7.5 KeV in EDS spectrum of doped LaCrO4
material. The atomic weight percentage of both the prepared material
viz. undoped LaCrO5 and transition metal modified LaCrO; is as repre-
sented in Fig. 4a,b in tabulated form (Bagheri et al., 2018; Polat et al.,
2018).

3.5. Optical properties and band gap measurements

The optical properties and band gap measurements of undoped
LaCrO; and Fe®*, Co?* Ni?*, modified LaCrOj thin films was measured

by ultraviolet differential reflectance spectroscopy (UV-DRS) technique.
The absorption peak and band gap are reported in Fig. 5a,b for undoped
and modified LaCrO5 respectively. Fig. 5a represents the absorption
peak and band gap of undoped LaCrO; in which the absorption peak
is reported at 334 nm from which the calculated band gap via Tauc
plot is found to be Eg = 3.38 eV which is in agreement with the re-
ported band gap undoped LaCrO;. While the distance between Valence
band and conduction band (band gap) for Fe3*, Co?*, Ni%>* modified
LaCrO; material is found to be declined due to doping of transition met-
als (Naseem et al., 2014) In case of modified LaCrO5 sensor the band gap
energy is found to be Eg = 2.61 eV with the reduced absorption maxima
292 nm towards blue shift indicating the enhanced energy. The band
gap for both these materials was calculated from following Eq. (3) (for
n=1/2).

[hva]’= (hva — Eg) 3

Where, « is the absorption coefficient, A is a constant and hv is the
photon energy

3.6. Brunauer—Emmett-Teller (BET) study

The Brunauer-Emmett-Teller (BET) study for surface area investiga-
tion was carried out for undoped LaCrO; and Fe3*, Co?* Ni%*, modified
LaCrO5; material with N, adsorption-desorption experiment. Since, gas
sensing study is a surface phenomenon between adsorbate gas molecules
and adsorbent sensor material over the surface in presence of available
oxygen molecules. Hence, the BET study was carried out to scrutinize
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Fig. 4. (a) EDS Spectrum of undoped LaCrO5 nanoparticles (b) EDS Spectrum
Ni2*, Fe3*, Co?* modified LaCrO; nanoparticles.

the surface area towards sensor material regarding porous nature, pore
volume and pore radius of both prepared sensors. From BET calculations
the basic surface characteristics of both prepared sensors represented in
Table 1. While N, adsorption-desorption curves for both sensors plot-
ted as relative pressure versus volume of the nitrogen gas and BJH pore
distribution is as represented in Fig. 6. From the present investigation
of BET study, it can be concluded that out of six isotherm adsorption
categories according to BDDT system, the adsorption curves as men-
tioned in Fig. 6a,b belongs to type IV of BDDT categories of adsorption
isotherm, which constitutes a distinctive porous material (Zhao et al.,
2013). The surface area calculated from BET(Sggt), pore diameter (Dp),
pore volume (Vp), correlation coefficient (R?) parameters are exhibited
in Table 1.

3.7. Electrical properties of undoped and doped Perovskite LaCrO3 thin
films

The solid nano materials are extensively utilized as gas sensors. The
phenomenon of gas adsorption on the metal oxide surface is depends
on the conducting properties of the base material. For this purpose, the
metal oxide surface subjected for the electrical properties. Usually, the
metal oxides show a typical semiconducting behaviour which can be
easily confirmed by mounting the film for resistance calculation against
a selected range of temperature. A typical semiconducting curve can be
observed when the particular material shows a steady decrease in re-
sistivity with the increase in temperature across the film surface. The
reduction in resistivity of the semiconducting material is attributed to
the enhancement of thermally energise flow of charge carriers which
can be explained in terms of hopping control mechanism. In the sim-
pler justification the increase temperature leads to scattering of elec-
tron hopping which is in turn decreasing the resistance of the material.
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Fig. 5. (a) UV-DRS and optical band gap Spectrum of undoped LaCrO; films
(b) UV-DRS and optical band gap Spectrum Ni%*, Fe3*, Co?* modified LaCrO,
films.

The typical semiconducting behaviour of undoped and modified LaCrO5
is as shown in Fig. 7a—c and plot of Log R against 1/T for determining
the activation energy of undoped and Ni%*, Fe?*, Co?* modified LaCrO4
film sensor as represented in Fig. 7b-d. Since the activation energy and
resistivity are the important electronic properties and their magnitude
plays vital role in chemical reactivity. Table 2 shows the resistivity of
undoped LaCrO5 and modified LaCrO5 calculated from Eq. (4). In case
of Ni2*, Fe2+, Co2* modified LaCrO; film sensor droped value resistiv-
ity is due to the addition of dopant metal such as Ni%*, Fe?*, Co%*. Due
to doping of this metal the rate of conductivity is found to be enhanced
while the resistivity is found to be slowed down. The reverse trend is
observed in case of undoped LaCrO; here the resistivity value is more
and conductivity value is declined. The activation energy of the sensors
was calculated from Eq. (5).

p=Rbit/L @
p = Resistivity of the film, R = resistance at room temperature,
b = breadth of film, t = thickness of the film, L = length of the film
R = Rye /KT ®)

R = Resistance varied at different temperatures, R, = Resistance at 0 °C,
AE/T = Variation of energy with temperature i.e., activation energy,
AE = 2.303 * K * Slope (Calculated from graph), K= Boltzmann constant
(8.61733 x 107> eV. K1)

3.8. Activation energy and transient response
The actuation vitality in the low temperature area is in every case not

exactly the vitality in the high temperature region since material goes
from one conduction system to another. In the low temperature region,
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Table 2
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Resistivity and activation energy for undoped and modified LaCrOs.

Prepared Grain Size Resistivity (Q Activation Energy (eV)
Sensor (nm) m)
L.T. H.T.
Undoped LaCrO, 21.92 nm 13.527 x 10° 0.1564 03717
Ni%*, Fe3*, Co**modified LaCrO;  28.78 nm 5.368 x 103 AE = 0.2142 eV AE = 0.9979eV

(L.T. = Lower temperature, H.T. = High Temperature).
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Fig. 6. BET N, adsorption-desorption curves for (a) undoped LaCrO; b) Ni%*,
Fe3*, Co?* modified LaCrOj thin films.

the expansion in conductivity is expected to the versatility of charge
transporter, which is relying upon the imperfection, flaw or obstruction
in materials. So, the conduction system is typically called the area of low
temperature conduction. In this area actuation vitality diminishes since
a little warm energy very adequate for the initiation of charge bearers
to participate in the conduction process (Singh et al., 2019; Silva et al.,
al.,2016).

In alternate words the various defects, void, nullity is feebly ap-
pended in the grid can without much of a stretch move. Henceforth,
increment in conductivity in the lower temperature area can be ascribed
to the expansion of charge portability. In high temperature region, the

enactment vitality is higher than that of low temperature locale. In this
belt the electrical conductivity is chiefly dictated by the characteris-
tic imperfections and consequently is called as natural conduction. The
high estimations of actuation energy in this zone might be credited to
the way that the activation expected to shape the imperfections is a lot
bigger than the activation required for its float. That is the reason that
natural imperfections caused by the warm changes decide the electrical
conductance of the films surface is just at raised temperature.

3.9. Gas sensing study of undoped and modified LaCrOj thin films

The gas sensing study was executed by means of homemade gas sens-
ing unit as illustrated in Fig. 8. The electrical resistance of the thick films
in the presence of air (Ra), as well as in the presence of gas (Rg) was
measured to calculate the gas response or sensitivity (S) given by Eq. (6).
The sensitivity of Ni%*, Co%*, Fe?* modified LaCrOj films was examined
for the gases such as CO, CO,, LPG, NO,, Toluene vapours and petrol
vapours. The sensitivity (gas response) of these gases is represented in
Fig. 9a,b. According to reports LaCrO; is good sensor for H,S, ethanol,
but very few reports are reported for LPG, Petrol vapours, and green-
house gases like CO, CO,. As all these gas vapours are poisonous and
their little concentration is highly toxic, due to this we keep emphasis to
monitor these gases using undoped LaCrO5 and modified LaCrO5. The
resistance of the prepared films was computed significantly crossed over
technique. Here, modifying resistance of the thin film sensor brought
about change in voltage over definite resistance. The voltage over def-
inite resistance, i.e., particular resistance of the film is interconvertible
and can be determined effectively with the guide of Ohms law. The ideal
convergence of gas was presented inside the gas chamber and fixed DC
voltage was applied to the film circuit. The film sensor resistance was
checked by computerized yield voltage multimeter with model number
CIE Classic 5170. Every time chosen gas permitted to present inside the
glass chamber, the yield voltage reaction between sensor circuit and
gas was recorded with multimeter. Gas residue was cleaned by sup-
plying fixed temperature inside the gas detecting get together through
thermostat.

S% = Ra — Rg/Ra.100 (6)

Ra= Resistance in presence of air, Rg= Resistance in presence of gas
The prepared sensors undoped LaCrO; and modified LaCrO; were
used to sense toxic gas vapours like CO, CO,, NO,, LPG, toluene
vapours and petrol vapours. Out of these above listed gases very rare
data reported on gas sensing properties of LPG, petrol vapours (PV) and
toluene vapours (TV) gases using modified LaCrO; sensor. From the
collected data of gas response of all the tested gases, exhibits that these
both sensors undoped LaCrO; and modified LaCrO; shows best pre-
eminent response for CO, gas. The modified sensor shows sensitivity for
CO, (82.14%) gas at 300 °C and gas concentration 1000 ppm. While for
other tested gases the response recorded for modified LaCrO; showed
74.52% for CO at 200 °C, 65.18% response for NO, gas at 150 °C. As
Well as LPG vapours showed 59.48%, toluene vapours 45.16% and
petrol vapours exhibited 60.45% response at 250 °C, 350 °C and 150 °C
respectively. The undoped LaCrO; also exhibited high response to CO,
gas with 70.12% at 300 °C at gas concentration of 1000 ppm. The
outstanding results for modified LaCrO5 are attributed to high surface
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Fig. 7. (a) Variation of resistance with tem-
perature for undoped LaCrO; film sensor (b)
Plot of Log R against 1/T for activation energy
of undoped LaCrOj film, (c) Variation of re-
sistance with temperature for Ni%*, Fe3+, Co>*
modified LaCrO; film sensor (d) Plots of Log R
against 1/T for activation energy of Ni?*, Fe3+,
Co?* modified LaCrO, film sensor.
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Fig. 8. Circuit diagram for gas sensing study used in present research.

area (86.32 mz/g) from BET analysis, dwindle band gap (2.61 eV) of
modified LaCrO5 in comparison to undoped LaCrO;. Porous nature
of modified LaCrO; thin film sensor leads to highly efficient inter-
action between adsorbate gases and surface-active adsorbent LaCrO,
sensor. Since, different gases exhibits altering energies indispensable
for adsorption-desorption and chemical reactivity over the surface of
semiconducting metal oxide sensor, due to this mechanism the response

recorded at elevated temperature for sensor is depends upon gas to be
sensed.

3.10. Selectivity and variation in gas response with gas concentration

The selectivity curves of prepared thin film sensors shown in Fig. 9c.
The selectivity for tested gases was calculated using Eq. (7). In both
the sensors high response recorded for CO, Here, each tested gas was
considered to be target gas. Since the high response was recorded for
carbon dioxide hence its selectivity was considered to be 100% and ac-
cordingly the selectivity was calculated as shown in Fig. 9-c. Variation
in sensitivity with gas concentration of prepared thin film sensors is as
shown in Fig. 9d-e. It can be observed that, gas response enhanced
significantly with increase in gas concentration from 100 to 1000 ppm.
The linear relationship between gas concentration and gas response may
be ascribed to the accessible surface-active sensing sites over the sensor
film which acted on tested gases. Lowering in gas concentration ulti-
mately lowers the surface reaction among adsorbed oxygen molecules
and adsorbate gases over film surface, which in turn gas response
also decreases. On the other hand, enhancement in gas concentration
leads to increase surface reaction with available oxygen molecules and
this surface area coverage of gases improves gas response on the film
surface.

%SeleCtiVity = (Slargelgas/SHighrespondinggas) -100 @

S target gas — Sensitivity of films for target gas
S High responding gas~ Sensitivity for films for high responding gas
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Fig. 9. (a) Gas response of tested gases at opti-
mum temperature for undoped LaCrO (b) Gas

%, response of tested gases at optimum tempera-
_,_t:a ture for modified LaCrO; film )% selectivity
—v—NoO, of undoped and modified LaCrOj film (d, e) Gas
TV response of tested gases with change in gas con-
o centration.
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3.11. Sensing mechanism of PLCO sesnors for CO, gas concentration

The CO, is one of the major green house gas responsible for vari-
ous fatal effects in human and animals. According to the reports carbon
dioxide concentration at varied concentration causes different toxico-
logical effects hazardous for animals. In medical term carbondioxide
is often term as carbondioxide intoxication or dry ice poisoning. The
carbon dioxide concentration was varied from 100-1000 ppm in order
to get change in gas response curves, as the gas concentration changes
from lower to higher concentration. The CO, sensing mechanism for the
modified PLCO is can demonstrate as below in steps a-c.

0, (air) T € — 0O,~ (adsorb) (a)
0, + 2e— — 202~ (adsorb) ®)
2C0; (ga5) + 20% Fe?*/Co**/Ni**/LaCrO3— 2C03? (desorb) (©

The CO, is an oxidising gas whose interaction on the surface of mod-
ified LaCrO4 film sensor is as demonstrate above in reaction a-c. The in-
stigate CO,, gas is desorb as a carbonate ion from the film surface. While
some of the superoxide radicles ions on the sensor surface get oxidized

giving rise to free electrons, get readily transferred to the conduction
band of modified LaCrO5. Hence, the hoping of electrons crosses the va-
lence band of LaCrO; to outstretch the conduction band and hence the
conductivity of modified LaCrO5 sensor is found to be increased for CO,
gas.

3.12. Sensing mechanism of PLCO sesnors for CO gas concentration

The exposure of CO gas vapours with nanocrystalline thin films of
modified LaCrO and its reponse at various concentratoin is represented
in Fig. 9. As the sensor mechanism is a surface phenomenon, the sensors
probably absorb the atmospheric oxygen on its surface and transform
this oxygen into the reactive species such as peroxo (0~), (superoxo)
0O, and (oxo0) 0% species which are very active surface entities. The in-
teraction between O, species and CO converts as CO3~. Adsorbed oxy-
gen species in the form of superoxide molecules in contact with film
sensor, may responsible for the redox mechanism and also gives change
in output signal. Due to this a conduction of elctric field is created be-
tween oxide entities and sensor. Because of these electronic effects CO is
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Fig. 10. (a) Dependence of output signal for
relative humidity (RH) on modified LaCrO; at
20 Hz, 200 Hz, 500 Hz (b) humidity response
for undoped LaCrO; and modified LaCrO; at
20 Hz (c) Stability of modified LaCrO; at vari-
ous relative humidity condition for 60 days.

(b)

«=@== Undoped LaCrO,
e=g== Modified LaCrO,

- 5
3 4 | |==500 Hz 1x10
S a9 |=@==200 Hz| a
X s e 20 Hz 9x10
Té 8x10 4 ‘ ) ’E 8)(104
D a S 4
2 6x103- X 7)(104
H 8 6x10
= 3 e a
8 4x10' § 5x10
o 2 ax10*
22x10°4 é’ .
g 3x10
o 4
o y T T ; y  2x10°4 :
0 20 40 60 80 0 20

Relative Humidity %

(c)

40 60

Relative Humidity %

1)(104' —'_‘\—
0,
ox10°] (10% RH)
_ 3
8x10 4
£ oxtod ——(30% RH)
§ 7x10 4
-~ 31
6x10 4 « ——
Q O —
—— o (509
£ 5x10°] (50% RH)
- 31
2 4x10 1 —(70% RH)
g 3x10 4
2x10’; (90% RH
3 \— o )
1x10 T T T T T T
10 20 30 40 50 60

Number of days

oxidized by charged oxide species into CO5;~ and this carbonate is evapo-
rated from sensor surface at desired temperature, leads to improve sens-
ing mechanism of sensor material due to desorprion of gaseous molecule
from surface of sensor. Carbonate desorption from metal sensor surface
can be depicted as below steps d-f. The adsorb oxide intermediates are
initiated with rise in thermal conditions of the surface. These carbonates
species are responsible for withdrawing the electrons from conduction
band of metal oxide sensors which enhances the conductivity of metal
oxide sensor. Hence, modified LaCrO; sensors are found to be very effec-
tive for the CO vapours. The mechanism of CO gas for modified LaCrO4
sensor is as shown in steps d-f.

Os(airy + €-—0,~ (adsorb) @
0, + 2e——202" (adsorb) ©
CO (gas) + Oy~ Fe2*/Co?*/NiZ*/LaCrO;— CO3~ (desorb) ®

3.13. Sensing mechanism of PLCO for LPG gas concentration

LPG is a household gas,but at the same time it is also utilized by
various industries for it’s fuel applications. During the handling of these
types of flammable gases the leakge detection is very necesssary and
hence it is prime to detect concentration of LPG vapours by sensors. Our
main interest was to investigate the concenration of LPG vapours by pre-
pared thin film sensors. The probable constituents of LPG are methane,
propane and butane in unequal concentration. From air, the dioxygen
is adsorbed in the form of the species peroxo (O-), (superoxo) O,~ and
(ox0) O%~. At the particular temperature these species evacuate the elec-
tron form conduction band of metal surface there by decreasing the con-
ductivity of sensor material. The initial mechanism of LPG molecule can
be started with carbon atoms that are dissociated and these dissociated
molecules of carbon reacted with electrons from the conduction band
of sensor material. This mechanism is accompanied with the change
in the electrical properties of transition metal oxide-based sensor. The

10

proposed reaction pathway for the LPG is can be demonstrated as below
steps g-j.

C4H;p + 13 0~ — 4CO, + 5H,0 + 13 e-
Butane peroxides

C4Hyo + 130% — 4CO, + 5H,0 + 13 e-
Butane oxides

C3Hg + 10 O~ — 3CO, + 4H,0 + 10 e-
Propane peroxides

(8)
(h)
@

C3Hg + 10 0%~ — 3CO, + 4H,0 + 20 e-
Propane oxides

From above cited steps (g-i), it can be observed that sufficient num-
ber of electrons are releasing between the interactions of oxides and
superoxide with LPG on the sensor surface, leads to increase the conduc-
tivity. The researchers reported that undoped LaCrOs has less sensitivity
towards LPG. Here, the dopant metals like iron, cobalt, and nickel are
expected as promoters to dissociate the oxygen over the LaCrO; surface
which is in turn enhance the sensitivity of LPG towards the modified
LaCrO5 sensor.

()

3.14. Humidity sensing performance of undoped and modified LaCrO3 thin
films sensor

The relative humidity (RH) is one of the prime parameters for a sens-
ing device, associated to real vapour pressure of water to the saturated
vapour pressure of water at the specific temperature. In common hu-
midity sensors the altering electric output signal with the change in hu-
midity arised from adsorption of water molecule over the surface of
sensor. Here both the sensors undoped LaCrO; and modified LaCrO,
utilised for humidity sensing mechanism. The change in electric out-
put signal versus relative humidity resoluted at various frequencies is as
shown in Fig. 10-a. It can be seen from figure —10, that the change in
electric output signal is emphatically overblown by operating frequency
range, at lower frequency range the output signal is found to be most af-
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Fig. 11. (a, b) Response and recovery curves
QD] 80 for CO,, CO gases atundoped LaCrO; sensor (c,
(a) - 1(b) d) Response and recovery curves for CO,, CO
- B804 s
] €0z 1000 ppm E 704 CO- TR0 P gases atmodifiedLaCrO; sensor.
E 704 - "E, 60 R
o an: ] Gas out
60 Gas out (4 .
e < 50
n 504 ] 40
3 40 E '
g 30- ° 30!
& 20] casin 2 204 G“iit
2 10]__ 1] s
D L L) L T T ¥ 0‘ ¥ L ¥ ¥ T 1
0 20 40 60 80 100 120 0 20 40 } 60 80 100 120
Time (s) Time (8)
E CO 1000 ppm
- 90](‘:) C0z21000 ppm . B0 (d)
& 801 — g 70 —
G Gas out
-E., 70 as out ;'-’ 60
€ so; ‘IT' 504
Il 504
@ @ 404
g -
304
304 Q
a Gas in a = P
@ 201 . 2 Ly
x 104 = — g 10- .
0 Od— T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) (Time (s)

fected. When the relative humidity is varied from 10% to 90% at 20 Hz,
the change in electric output signal found to be declined continuously
and shown the highest humidity sensing response at this frequency i.e.
20 Hz. Hence the 20 Hz frequency operating range for humidity sen-
sor was chosen to be fixed operating range for further studies. In over-
all comparison relative humidity sensing experiment, for undoped and
modified LaCrOj5 thin film sensor, the modified LaCrO5 found to be more
effective for humidity sensing, the reason for this behaviour by modi-
fied LaCrOj5 attributed to high surface area, porous nature and smaller
band gap energy. Undoped and modified LaCrO; were utilized for the
humidity characteristics at 20 Hz, these curves for both materials are
as depicted in Fig. 10-b. Both these sensors were utilized from low to
high relative humidity, the rapid change in resistance (output signal)
for undoped and modified LaCrO; is can be seen from Fig. 10-b, associ-
ated with the adsorption process. The curves show that, the change in
output signal due to adsorption process at low characteristics values of
relative humidity makes the modified LaCrO; an effective humidity sen-
sor. In every humidity sensor, the probable electronic mechanism over
the surface of sensor is turn on formation of proton ions (H*) and hy-
dronium ions (H30%) due to dissociation of aqua molecules. These two
species have interconnection to form hydroxyl (OH™) ions. The percent
response of every metal oxide-based sensor will be diminished with rise
in aqua molecules over the film surface, the reason behind that is sensor
surface not effectively contributes in redox mechanism. The most im-
portant characteristic of a sensor when it utilized as any type of sensor
like humidity sensor or gas sensor is its long-time stability. The stabil-
ity of modifed LaCrOj; for relative humidity was observed for 60 days.
From Fig. 10-c it can be seen that output signal varies very slightly with
the change in various relative humidity concentrations. Thus, it can be
concluded that modified LaCrO; sensor can be effectively employed as
humidity sensor at elevated humidity concentration.

3.15. Response and recovery of undoped and modified LaCrO3 thin films
sensor for co and CO, gases

The undoped and modified LaCrO; sensors were utilized for sensing
of CO, CO,, NO,, LPG, toluene vapours and petrol vapours. Out of these

11

tested gases CO, CO,, NO, and LPG gases are found be sensitive for pre-
pared sensors. After that we switch our attention towards response and
recovery properties of greenhouse gases CO and CO,. For rapid detec-
tion of these gases, the response and recovery set were explored. The
response and recovery curves of CO and CO, gases for undoped and
modified LaCrO5 depicted in Fig. 11a-d. Initially the undoped LaCrO4
sensor was utilized for response and recovery properties. For carbon
dioxide gas, the response time was 30 s. While recovery time of undoped
LaCrO; sensor for CO, gas was 70 s at 1000 ppm gas concentration. At
the same time CO gas response time for undoped LaCrO; was 45 s and
recovery time was 83 s. Modified LaCrO5 sensor was utilized for the
same gases CO and CO, to get the comparative results. The CO, gas
response time for modified LaCrO5 sensor found to be 28 s and fast re-
covery time was recorded for modified sensor. The CO gas response at
1000 ppm concentration for Fe?*,Co?*,Ni?* modified LaCrO; was 35 s
and recovery were very rapid about 70 s. Therefore, in overall study
the Fe?+,Co?*,Ni%* modified LaCrO; found to be excellent in response
and recovery study for CO and CO, gases. There are many rationales
to discuss the improved response and recovery properties of modified
sensor, probably the dopant concentration can be effective to enhance
electronic and surface properties of the modifed LaCrO sensor. The sen-
sitivity (response) and recovery timescale for tested gases CO and CO,
at undoped LaCrO5 and modified LaCrO; is as shown in Fig. 12.

3.16. Recycling performance of prepared sensors for high responding gases
CO and CO,

For powerful working of any gas sensor, it must comply with the
boundaries like fast activity of sensor, thermal stability, high response
and recovery, good sensitivity for tested gases and most important is sen-
sor reusability. To get the reproducible outcomes, the prepared modified
LaCrO; sensor was utilized for recycling performance for high respond-
ing gases CO and CO,. The ideal conditions followed for reusability was
the gas concentration was kept up at 1000 ppm, the prepared film sen-
sor, and same set up delineated in Figure —7 was used. The reusing for
CO and CO, gases was by modified LaCrO; was led with time frame
days. In the main run of 10 days the modified LaCrO; showed 74.50%
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Fig. 13. Reusability performances by modified LaCrO5 for CO and CO, gases.

for CO and 82.10% for CO, gas. Then after 20 days for example sec-
ond run for modified LaCrO; the reaction for CO and CO, recorded was
74.10% and 81.90% individually. At the same time the sensor following
30 and 40 days indicated response 72.20%, 72.95% for CO and 80.12%,
79.90% response for CO, gas. In generally test it is seen that the pre-
cision of reusability test was about 98% and sensor discovered to be
exceptionally proficient and reproducible for CO and CO, gases. Here
the inspection about the decrease in% sensitivity for every interval of
10 days can be attributed to decrease in surface activeness of the modi-
fied LaCrO5 sensor as the sensor mistreated regularly for the testing, the
upper surface development found to bring down because of revealing of
gas each time therefore its adsorption property cut down. Along these
lines, steady decrease found in the affectability response by the sensor.
The reproducibility of the modified LaCrO sensor for CO and CO, gases
is as delineated in Fig. 13.

3.17. Comparison of prepared sensors for CO and CO, gases

Gas sensors have prime importance now days, due their high-class
demand at various places. Researchers have utilized various materials
to prepare effective sensors to sense toxic, harmful environmental pol-
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lutants and industrial pollutant gases. As per literature survey undoped
LaCrO; film sensors effectively utilized to sense the gases like H,S, NH3,
Acetone, CH;-OH, C,H5-OH, Methane, Cl,, Br, and relative humidity.
Even undoped LaCrO; is modified in the form of nanocomposites or
binary oxides by some researchers to sense the common pollutant
gases. But comparative results of undoped and transition metal doped
LaCrO5 are not reported. Hence, we keep emphasis to demonstrate
the comparative results for these both sensors for CO and CO, gases.
Although in comparative investigation we found that there are plenty
of material sensors utilized for sensing of CO and CO, gases. But using
perovskite LaCrO5 sensor, the gases like CO and CO, gas sensing and
humidity sensing properties are not reported in detail. Thus, in the
present investigation of comparative results between modified LaCrO,
and rest of the other reported sensors for CO and CO, gas sensing, the
modified LaCrO; is quite effective, excellent and reproducible sensor.

4. Conclusions

The undoped LaCrO5 and transition metals Ni%*, Fe3*, Co®* mod-
ified LaCrO53 sensor [perovskite lanthanum chromium oxide (PLCO)]
was prepared by sol-gel- spin coating route. The materials synthesis is
low cost, while prepared sensors found to be efficient, crystalline and
porous, containing high surface area. The prepared sensors undoped
and modified LaCrO; utilized to sense the gases CO, CO,, NO,, LPG,
toluene vapours and petrol vapours. The modified LaCrO5 sensor found
to be highly sensitive for CO and CO,, gases at 300 °C and 200 °C, respec-
tively. While for other gases like NO,, LPG, toluene vapours and petrol
vapours, the modified LaCrO5 is moderately sensitive. The gas sensing
mechanism for CO, CO, and LPG gases was established successfully. In
addition, the modified LaCrO5 sensor was effectively employed for gas
response, selectivity, the humidity sensing performance, response recov-
ery and reusability performance. For all the listed properties the mod-
ified LaCrO5 sensor was very effective in terms of sensing properties.
The relative humidity experiment was performed from 10 to 90% hu-
midity, where the highest humidity response for modified PLCO sensor
was recorded at 20 Hz. From overall results, it is found that transition
metals Ni%*+, Fe3*, Co? " doping was successful to modify LaCrOs lattice.
Due to doping of transition metals, the properties such as band gap en-
ergy, surface area and porosity properties found to be enhanced and al-
tered. In the overall concluding it can be suggested that modified LaCrO5
sensor is highly efficient sensor for CO, CO,, and relative humidity in
comparison to the undoped LaCrO5 due to enhanced porosity, declined
band gap and high surface area of modified LaCrO5 sensor. As per as
previous research for undoped LaCrO; the detailed gas sensing proper-
ties for greenhouse gases and relative humidity was not explained. The
proposed research of modified LaCrO; is very successful to encompass
the important greenhouse gas sensing properties and relative humidity.
Thus, modified LaCrO5 gas sensor can be effectively applied as repro-
ducible and reliable gas sensor for greenhouse gases, LPG and relative
humidity.
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