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ABSTRACT: Interest in the importance of gas sensing devices has ORI RSt P
increased significantly due to their critical function in monitoring the Ly Recent Advances and Future Challenges
environment and controlling pollution, resulting in an increased market et G
demand. The present review explores perovskite La-Fe-O based gas ke Denaa
sensors with a special focus on LaFeOj; and evaluates their sensitivity to
a diverse range of practical target gases that need to be monitored. An
analysis has been conducted to assess different routes not only of
synthesizing LaFeO; material but also of characterization with the
targeted use for their gas sensing abilities. Additionally, a comprehensive
analysis has been performed to explore the effect of introducing other
elements through doping. In view of the LaFeOj; sensing performance,
more common gases like acetone, ethanol, methanol, formaldehyde,
NO,, and CO, have been targeted. In addition, a discussion on
uncommon gases such as CO, SO,, TEA, C,H;, C4Hy, and others is also
made to give a complete picture of LaFeO;-based gas sensors. The summary and conclusion section of the study addresses the
primary obstacles in the synthesis process, the variables that restrict the sensing capabilities of LaFeOj;, and its commercial
fulfillment.
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1. INTRODUCTION greater risk of many adverse health effects of air pollution.
Hence, not only chronic exposure but also acute exposure of
pollutants of air is hazardous to human health.” As per research
carried by environment protecting agencies, 92% of the world’s
population comes from cities which exceeded the level of
pollutants in air according to WHO guidelines.”"® The study
shows an urgent need for monitoring and controlling air
pollution.

Consequently, it is of the utmost importance to work on
developing highly sensitive sensors that can detect harmful
gases at low ppm concentrations at room temperature (RT) or
relatively low temperature. Moreover, these sensors need to be
of high quality in terms of quick response/recovery, sensitivity,
and stability toward a wide range of volatile gases/organic
compounds. Therefore, there is a significant amount of scope
for growth in the domain of gas sensors research and

The revolution in the field of science and technology has made
human life easier. Particularly, advancement in the agricultural
and industrial sectors has helped the economy boom, which is
very essential for every nation’s growth. However, on the other
side of the coin, the adverse consequences of technological
growth have been observed, which is of permanent importance
to look into. Various hazardous gases and vapors are being
released into the atmosphere, thereby generating air pollution.
This issue has been designated as a primary concern in the
majority of nations. Pollution in the air has a deleterious
impact on all living things, including humans, animals, plants,
and materials. Figure 1 illustrates the main reasons behind air
pollution in developing countries. Basically, air pollution is
primarily brought in due to presence of gases like NO,, SO,,
CO, 0;, H,S, and volatile organic compounds (VOCs) in the
air." Due to the fluidity and ability to spread, air pollution has a
greater detrimental effect on human health systems.”” As per Received:  January 10, 2024
research carried out worldwide in 2019, air pollution is a major Revised: ~ May 18, 2024
part of pollution which contributes around 12% of fatalities. In Accepted: May 29, 2024
addition, it has been claimed that air pollution was responsible Published: July 1, 2024

for about 21% of the fatalities that were caused by

cardiovascular illnesses.” Compared to adults, children are at
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Figure 1. Illustration of causes and main resources responsible for the sudden growth in air pollution in urban areas of developing countries.

development. This review highlights aspects such as the need
for gas sensors, its market study, and varieties of gas sensors
available in the market. Particular attention is made to give an
illustrative picture of chemiresistive perovskite-based gas
sensors with a focus on lanthanum ferrite (LaFeO;). Finally,
a summary is given with a future scope in the field of
perovskite-based gas sensors.

1.1. Market Study of the Gas Sensors. In recent years,
several varieties of gas sensors including new wearable gas
sensors for environmental and human health monitoring have
been commercially accessible in the market.”~"* The world-
wide gas sensor market size was assessed at USD 823.1 million
until 2019. Further, it is anticipated that it will reach USD
1,336.2 million by 2027, expanding at a compound annual
growth rate (CAGR) of 6.4% from 2020 to 2027."” The
significant factors that impact the growth of the global market
for gas sensors include an increase in the use of gas sensors in
the defense and military sectors, an emerging demand for gas
sensors in consumer electronics, and favorable government
regulation regarding the use of gas sensors. On the other hand,
it is projected that the increasing trend toward the Internet of
Things (IoT) and the rising use of sensors in the creation of
smart cities would present profitable prospects for the gas
sensors market in the near future. However, the high initial
cost of the sensors serves as a key barrier for their adoption,
which, in turn, impedes the development of the market.

On the working principles, the gas sensors available in the
market are categorized as follows;

e MEMS (Micro Electro Mechanical System) pellistors:
Mainly used to detect combustible gases. It works on the
following principle: A sudden change in the temperature
of the sensing material due to the oxidation of flammable
gases which comes in contact with the sensor will result
in the change in the resistance of the sensing material.

e Catalytic pellistors: In this pellistor, a thick film of
catalyst is deposited onto the surface of an alumina bead,
and a Pt wire is used to heat the catalyst. A sudden
increase in the bead temperature indicates the presence
of inflammable gas.

e Thermal conductivity pellistors: This sensor can only
be used to detect the gases for which thermal
conductivity is a significantly different value than the
thermal conductivity of air. For example, hydrogen,
helium, methane, etc. This device works by comparing
the thermal conductivity of two different gases.

e Infrared gas sensors: In this sensor a beam of IR is used
to detect the present gas and its concentration in the
atmosphere.

e Chemiresistive gas sensors: The chemical reaction
between the surface adsorbed oxygen and the gas
molecules by forming electron depletion or a hole
accumulation layer causes a change in the electrical
resistance of the sensing element.

o Electrochemical gas sensors: In this type of sensor an
electrochemical reaction causes a current in the external
circuit."*

All of these gas detecting devices are primarily made up of
two fundamental building elements, which are denoted by (a)
receptors and (b) transducers. The receptor undergoes a
change in its characteristics as a result of the target gas
interaction, whereas transducers convert this change into
appropriate signals. Figure 2 illustrates the list of available
types of gas sensors in the market.

1.2. Chemiresistive Gas Sensors. The chemiresistive gas
sensors have some appealing characteristics that differentiate
them from other types of gas sensors which includes the need
for a low heater current, a wide detection range, high
sensitivity, portable devices, miniature dimensions, a long-life
expectancy, suitability, high resistance to shocks, and vibrations
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Figure 2. Gas sensors available in market (created by using images of
products of AEP Components, Netherlands, https://www.aepint.nl/
components).

for use in applications involving measurements or alarm
warnings. The change in electrical resistance or conductance in
the environment of target gas is the basic mechanism of gas
sensing of a chemiresistive sensor. Initially in air, upon
adsorption of oxygen molecules, an electron depletion layer
(EDL) for n-type materials and a hole accumulation layer
(HAL) for p-type materials will be formed on the sensor’s
surface.

Particularly speaking, metal oxide semiconductor-based
(MOS) sensors are capable of performing the functions of
both receptors and transducers at the same time. At first, these
semiconductors will create an electron depletion layer or a hole
accumulation layer as a result of surface adsorption of oxygen
in the air medium, thereby causing a change in the resistance
(rise/fall), depending on the kind of the gas and the type of
MOS. When a p-type metal oxide semiconductor is brought
into contact with an oxidizing gas, the value of its resistance
goes down, whereas the value of its resistance goes up when it
comes into contact with a reducing gas. The statement is true
in a reverse manner in the case of n-type semiconductors."

1.3. Motivation of the Review Article. Figure 3a,b shows
number of research articles over the period of the last ten years
on gas sensors based on only common metal oxide
semiconductors (MOS). It can be clearly seen that significantly
less efforts and focus have been made for La-Fe-O based gas
sensors as compared to other gas sensing materials like MnO,,
Zn0, W03, Sn0,, CuO, etc.” 17131628 There is a wide range
of research for other uncommon MoS, which is not attributed
in the present graph.

Due to the easily tunable electronic properties by doping
and the partial substitution of transition metals, LaFeO; has a
good scope in the field of gas sensing applications.”” Many
researchers reported some versatile gas sensors based on
LaFeO; and its compositions like LaFeOg/ Sn0O,, BaTiO,/
LaFeO;, LaFeO;/Fe,0;, Ag-LaFeO;, etc.’™** The motivation
of the present review article is to give a detailed and systematic
study of development in the field of LaFeO; based gas sensors
which will offer key points for planning new strategies in the
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Figure 3. (a) Percentage of research articles published on MOS
materials as gas sensors. (b) Number of research articles published in
the field of gas sensing materials during the last ten years.

investigation of LaFeOj as a gas sensor. Figure 4 showcases the
number of publications over the period of the last ten years in
the field of LaFeO; gas sensors.

The initial identification of perovskites was accomplished by
the Russian mineralogist Lev Perovski. The perovskite
structure is predominantly observed in compounds with the
general formula ABO;, where A represents lanthanide or alkali
earth metals, and B denotes a transition metal.*®> A few of the
perovskite compositions are highlighted over here: BiFeO;,
LaFeO;, PrFeO,; BaTiO;, CaZrO; PbTiO; and CaSiO;.
Figure 5 showcases the crystal structure of the ABX;
perovskite.

These perovskites exhibit several notable characteristics,
including a high absorption coefficient, low excitation binding
energy, high dielectric constant, and enhanced charge transport
capabilities. Extensive research has been conducted on
transition metals incorporated in ABO; based perovskite
structures, exploring their potential applications in various
fields such as catalysis, fuel cell electrodes, colossal magneto-
resistance, photocatalytic dye-degradation, supercapacitors,
and gas sensing.*™*

LaFeOj; exhibits superior gas sensing capabilities compared
to other ABO; based perovskites due to its substantial surface
area and abundance of surface-active sites. The strategic
substitution of La and/or Fe atoms in LaFeO; allows for facile
modification of its elemental composition. The substitution of
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Figure 4. Number of research articles published on LaFeO; as a gas sensor.

Figure S. Image showing the crystal structure of ABX; perovskite.
Reprinted from ref 35. Copyright 2012. American Chemical Society.

La sites with a small quantity of other elements results in
variations in the adsorption of oxygen on the surface.
Additionally, the replacement of Fe sites influences the
characteristics of the adsorbents.”’ LaFeOQ; is a semiconductor
material of p-type conductivity characterized by an ortho-
rhombic crystal structure. The potential of heterojunctions
formed between LaFeO; and n-type semiconductor materials
for detecting a wide range of hazardous gases and volatile
organic chemicals is considerable, particularly due to their
ability to exhibit shorter response and recovery times. As a
result, it exhibits favorable electronic and ionic conductivity,
along with enhanced stability at relatively lower operating
temperatures, as indicated by previous research.*'

2. GAS SENSING MECHANISM OF LaFeO;

Gas sensing techniques are commonly categorized into two
distinct mechanisms. One category encompasses theories such
as the Fermi level control theory, grain boundary barrier
control theory, and electron depletion layer theory (EDL)/

hole accumulation layer theory (HAL), which elucidate the
alterations in electrical properties from a relatively microscopic
standpoint. In every application, a change in electrical
characteristics necessitates associated changes in physical
characteristics such as energy bands and work functions.

The alternative theory focuses on the examination of the
macroscopic interaction between materials and gases. This
particular theoretical framework encompasses the adsorption—
desorption model, the bulk resistance control mechanism, and
the gas diffusion control mechanism.

These theories enable the utilization of modern material
analysis tools that are grounded in apparent physical
phenomena, thereby enhancing the efficiency and analyzing
the process of gas sensing reactions. Figure 6 illustrates the
schematic of plausible gas sensing.*'

The operational principle of the LaFeOj; gas sensor is based
on the phenomenon of resistance change resulting from the
adsorption and desorption of gas molecules on the surfaces of
materials. The dominance of holes (h*) as the primary charge
carriers in LaFeOj; can be attributed to its classification as a p-
type semiconductor, where these holes are generated through
the ionization of La** cation vacancies'”**

The sensor based on LaFeO; will undergo an initial reaction
with oxygen present in the atmosphere due to the high
electron affinity (0.43 eV). The oxygen molecules undergo
adsorption on the surface of LaFeQy3, resulting in the formation
of chemisorbed oxygen species (O,, O7, and O?). The
reaction during this process is as follows:

Oy(gas) = Oa(ads) (1)
Osads) T € = Oxaas) ()
Oxaae) T ¢ = 20(aa) 3)
Oty + € = Olaay ©

This process involves the transfer of electrons from the
surface of LaFeOj to the oxygen species, leading to an increase
in the concentration of holes (h*) on the sensor’s surface. The
width of the hole accumulation layer on the surface of the
LaFeOj; sensor is altered either by an increase or reduction,
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Figure 6. Gas sensing mechanism of sensors. Reproduced from ref 41.
Copyright 2019, with permission from The Royal Society of
Chemistry.

depending on the specific gas type, due to the reaction
occurring between the gas molecules and the oxygen species
that are adsorbed on the sensor’s surface as shown in Figure 7,
whereas Figure 8 depicts the list of reducing and oxidizing
gases sensed by LaFeOs.

Resistance Decreases

Resistance Increases

Figure 7. Gas sensing mechanism of LaFeO;.

3. LaFeO; SYNTHESIS STRATEGIES

Gas sensing is a surface dependent property of a material. It is
highly dependent on the surface morphology, porosity, particle
size, as well as surface to volume ratio of the material. Hence
the synthesis method can directly affect the gas-sensing ability
of the material. At present, various methodologies have been
documented in the literature pertaining to the synthesis of
LaFeO; perovskites. A variety of techniques have been
employed to generate captivating morphologies. Figure 9
illustrates the various routes for synthesizing LaFeO; perov-
skites. Lanthanum nitrate (La(NO;);6H,0) and ferric nitrate

Reducing gases

; Sulphar Dioxide (SO,), Carbon Dioxide (CO,),
Carbon Monoxide (CO), Hydrogen sulphide (H,S)
Nitrogen oxide (NO,), Hydrogen (H,),

Oxidizing gases
~ Hydrogen peroxide (H,0,)

Oxygen (0,),

Figure 8. List of reducing and oxidizing gases sensed by LaFeOj.

Figure 9. Various routes of synthesizing LaFeO; perovskites.

(Fe(NO;);:9H,0) are commonly employed as precursor
materials in the synthesis of LaFeO;. The impact of reaction
conditions, such as temperature and reaction time, on the
synthesis process can significantly influence the surface
morphology and particle size.”>**>* The advantages and
drawbacks of various techniques of synthesis of LaFeOj; are
listed in Table 1.

3.1. Hydrothermal Growth. Several authors have
reported the synthesis of LaFeOj; by a hydrothermal route. It
is a simple and cost-effective method which produces
nanocrystalline materials at a relatively low temperature with
increased chemical reactivity. These advantages may be the
reason for adopting the hydrothermal route by several
researchers for the synthesis of LaFeQ,."***7¢>

In this technique, a sealed container known as an autoclave
is used to perform a reaction where autogenous pressure is
produced at an elevated temperature as shown in Figure 10.
Autogenous pressure inside the autoclave depends on the
temperature and fill factor, which is the ratio of volume of
solution to available volume inside the autoclave. Controlled
synthesis of LaFeOj; is possible by varying the hydrothermal
conditions. The reaction time of 6, 12, 18, and 24 h at 180 °C
is responsible for developing the microspheres having
crystallite size of samples about 59, 64, 76, and 88 nm,
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Table 1. LaFeO; Synthesis Techniques with Advantages and Drawback

drawbacks

advantages

LaFeOj; synthesis method

no.

It requires a high temperature for synthesis.

Very low (10 nm) crystallite can be prepared.

Hydrothermal 180 °C (10 h) (40 mL in S0 Controlled size,

Citrate sol—gel

Toxic byproducts can be produced.

low temperature growth, cost effective, and less complicated

2

mL capacity Teflon lined autoclave)

Yolk-shell structure, the thin shell has good permeability to allow the diffusion of gas. The core and the
outer and inner shells can provide a larger surface areas to absorb more target gas molecules.

°C (12 h)

Hydrothermal with chemical etching 140
Electrospinning

In the preparation of organic NFs, the variety of
polymers used in electrospinning is limited.

Efficient preparation of nanofibers of various morphology having a controlled size.

4

It can only form an ordered mesoscopic structure.

Provides enhanced surface activities, high surface-to-volume ratio, and fast diffusion, which allows easy gas

Carbon sphere template method

S

penetration into the sensing layers.

Can effectively control the morphology, particle size, and structure during the preparation of nanomaterials

PPMA template method

7
8

Limited to small scale synthesis

Hollow nanostructures, attributed with a large specific surface area and abundant paths for effective gas

Self-templated chemical process

diffusion and reaction

Slow processing, cost and low amount of product

This process produces powders with a controlled size and shape and higher structure homogeneity, while

Sol gel

9

the ratio of oxidization is lower, thanks to a low temperature procedure

High temperature method

Good control over the structure and kinetics of the process, and the fine control of the product’s chemical

Modified pechini route

10

composition

Slow processing, cost and low amount of product

high purity, high crystallinity, narrow particle size distribution

Sol gel method based on PVA

11
12

It requires high electricity.

high purity and short reaction time

Rapid decomposition of the La[Fe(CN)¢]

SH,O under microwave irradiation

time, the LaFeO; particles with required crystallite size can be
developed easily through the hydrothermal method. The
sample prepared by this technique exhibits spherical
morphology with a high surface to volume ratio.

3.2. Sol—Gel Synthesis. Several researchers have adopted
the sol—gel technique for the synthesis of LaFeO; and its
composites as the synthesis of nanomaterials can be done
easily with controlled parameters. Also this synthesis route
requires a low reaction temperature and time compared to the
hydrothermal method. Figure 11 explains the sol—gel process
for the synthesis of LaFeO; ***

At the beginning, all aqueous solutions of precursors with
appropriate molar ratios will be mixed together and stirred by a
magnetic stirrer to achieve a sol. On heating about 2—4 h, the
sol turned into a highly viscous gel form, and further heating a
gel burnt with violent combustion resulted in the powder in a
loose form. Then the calcination is required to get the pure
form of the sample. Doping and making different compositions
of LaFeOyj are also possible through this method.

It is observed that the LaFeO; samples prepared by the sol—
gel method exhibited a spherical stonelike morphology, and the
number of pores on the surface of samples prepared by the
sol—gel method were greater than that of samples prepared by
some other method.® Hence, LaFeOj prepared by the sol—gel
method shows better sensitivity for many test gases than
prepared by other methods.®®

3.3. Other Methods for Synthesis of LaFeO;. Qin et
al.** reported the synthesis of LaFeO; by the PMMA (poly
methyl methacrylate) method. PMMA colloidal crystals were
added into the solution of precursors prepared in ethylene
glycol and methanol and soaked for 3 h. Finally, by using
vacuum filtration, excess solution was removed and dried. The
prepared sample was calcined at 600 °C for 4 h, and a pure
phase orthorhombic structure of LaFeO; with crystallite size
50 nm was obtained and confirmed by XRD analysis. SEM
images revealed that PMMA crystals were eliminated
completely by calcinations at 600 °C, and the ordered
hexagonal arrangement of the inverse opal nanostructure was
obtained as shown in Figure 12(a). The surface area and pore
volume of samples were 24.907 m?/g and 0.181 cm®/g,
respectively. The samples were tested for gas sensing for 100
ppm concentration of test gas; the obtained results are as
shown in Figure 12(b) and the observed best sensitivity for
methanol sensing, where the gas response value was 96.

Zhang et al.” reported the synthesis of LaFeO; hollow
nanospheres using carbon spheres as a template. The process
of synthesis of these hollow-nanospheres using carbon spheres
as a template is illustrated in Figure 13. The carbanions spheres
were obtained by keeping a glucose solution at 180 °C for 6 h
in a hydrothermal autoclave followed by washing with distilled
water and ethanol. These carbanion spheres were dispersed
into the initial precursor of LaFeO; and heated for 24 h at
room temperature. Finally the obtained LaFeO; powder
calcined at 700 °C for 3 h. Nanospheres with a diameter of
300 nm were obtained. Zhang et al. concluded that hollow
structures with an increased surface area will be favorable for
application of gas sensors which exhibits a high response, good
selectivity, and stability to formaldehyde gas.

Koonsaeng et al.’® reported thermal decomposition of metal
organic complex for the synthesis of a Sr doped LaFeO; metal
organic complex by mixing of precursors and TEA with various
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Figure 10. Hydrothermal synthesis process of LaFeO;. Reproduced from ref 43. Copyright 2015 Elsevier and ref 44. Copyright 2018, with

permission from Elsevier.

molar ratios in separated round-bottom flask which contained
EG solvent and then distilled for 6 h at 190 °C with
continuous stirring. Orthorhombic structure of prepared
samples with grain size 2—5 ym and specific surface area 8—
12 m*/g was observed. The synthesized material showed good
selectivity for ethanol having the highest response 31.8 at 350
°C for 100 ppm of ethanol concentration.

Zhang et al.*® reported a precipitation method for synthesis
of hollow spindles of LaFeO;. Figure 14 shows the steps of the
synthesis of the samples. These hollow spindles are then used
for gas sensing. Compared to NHj;, SO,, and CO samples, it
shows good sensitivity for NO, at an operating temperature of
155 °C.

Matei et al.°° reported the solution combustion synthesis of
LaFeO;. The solution combustion synthesis is a very famous,
cheap, and nontoxic way to synthesize LaFeO; powders.
Bellakki et al.””*® reported potassium doping up to 30% of
LaFeOj; by the combustion method.

Fan et al”> and Wei et al*® used an electrospinning
technique for the synthesis of LaFeO; The width and
thickness of prepared nano belts/nanowires were controlled
by varying parameters. The synthesis process is shown in
Figure 18.

4. LaFeO; FOR REDUCING GASES SENSING

4.1. Acetone (C5H¢O) Sensing. Acetone is a volatile
organic compound, widely used in industry, laboratory,
medical fields, and domestic applications. The flammable
nature of acetone makes it most hazardous. Hence, there is a
need to develop sensors that detect acetone vapors accurately

and rapidly.

Chen et al.”® reported the acetone sensing mechanism with
LaFeO; as a sensor. Acetone releases electrons from
preadsorbed oxygen species to the LaFeOj; surface that causes
a change in resistance of LaFeO;. Molecules of acetone can
react with O~ and O”” ions in two ways: (a) adsorbs on O~
ions or (b) replaces weakly adsorbed O* on the Fe site, with
the formation of an oxygen molecule (eq S). They have used a
sol—gel route for the synthesis of LaFeO; powder, and the
prepared powder was annealed in an oven (4 h) at different
temperatures such as 700 °C, 800 °C, 900 °C, and 1000 °C. It
was observed that the resistance of prepared samples in air
varies with its annealing temperature (Figure 16). The
resistance value decreases with an increase in the annealing
temperature.

The prepared powder samples are then coated by making its
paste with deionized water onto an alumina tube (4 mm in
length and 1.2 mm in diameter) about 250 gm thick. This was
further heated for 48 h for 240 °C and used for gas sensing.
During the gas sensing study, it is observed that the sample
annealed at 800 °C shows excellent acetone sensing properties
at 260 °C with a response time of 62 s and a recovery time of
107 s. Hence, the sensitivity of LaFeOj is highly influenced by
the annealing temperature as well as by the operating
temperature.

CH,COCH; + 804, — 3CO, + 3H,0 + 8¢~ (s)

Xiao et al.*’ reported that possible mechanisms of formation
of porous LaFeO; microspheres were explained through the
Ostwald Ripening process and its acetone sensing property.
LaFeO; microspheres were prepared by the hydrothermal
method using a Teflon lined autoclave of 50 mL capacity at
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Figure 12. (a) SEM image of LaFeOj, synthesized by the PMMA method and (b) its gas sensing performance. Reproduced from ref 64. Copyright

2015, with permission from Elsevier.

180 °C for 10 h, and prepared samples were calcined at 800 °C
for 2 h. Oriented attachment and a self-assembly mechanism
caused the formation of porous LaFeO; microspheres. Figure
17 shows (a) low-magnification and (b) high-magnification
SEM images of as-prepared LaFeO; microspheres.

These porous microspheres were mixed with water to form a
paste, which was coated onto an alumina tube (7 mm in length

and 1.5 mm diameter) having gold electrodes at both ends for
testing gas sensing performance. It was observed that these
microspheres exhibit excellent performance to acetone.*
Murade et al.** reported the synthesis of Sr-doped
nanostructured LaFeO; and its acetone sensing performance.
La,_,Sr,FeO; (x = 0, 0.1, 0.2, 0.3, and 0.4) was prepared by
using a sol—gel citrate method, and the sensor was fabricated
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by coating a thick film of prepared power on a ceramic tube
which was printed with a Au electrode and Pt conducting
wires. It clearly indicated that La,,Sry;FeO; shows good
response to acetone at 275 °C. The summary of results of
acetone sensing by LaFeOj; is shown in Table 2.

4.2. Ethanol (C,H;OH) Sensing. Ethanol (ethyl alcohol)
is a flammable and volatile organic compound and mainly used
as a fuel in engines, rockets, fuel cells, and also household
heating/cooking. Also, ethanol has applications in the medical
field. Ethanol sensors are more popular and in great demand
due to the highly flammable nature of ethanol. Many
researchers reported LaFeO; and its compounds for ethanol
sensing. The summary of the results of ethanol sensing by
LaFeO; is shown in Table 3.

Reaction:

C,H OH + 60,4, — 2CO, + 3H,0 + 6ne” (6)
Song et al.”® reported a Pb doped LaFeO, ethanol sensor

with enhanced sensitivity. They prepared nanocrystalline
La,_,Pb,O; (x = 0, 0.1, 0.2, 0.3) material using the sol—gel

method. The XRD pattern of prepared samples showed a
perovskite phase with orthorhombic structure. With the
increasing value of «, the unit cell volume should be increased
because the Pb>" ion is larger than replaced La®" ions, but
when the value of x exceeds 0.3, the cell volume decreased due
to stoichiometric structure of LaFeO; perovskite transformed
into the nonstoichiometric La,;_,Pb,O; structure. The
crystallite grain size decreased with the increase in Pb content
that indicated Pb doping can restrain the growth of the grain
size. To study gas sensing performances the slurry of prepared
samples using PVA as a binder is coated on the Al,O; tube
having a length of 8 mm, external diameter of 2 mm, and
internal diameter of 1.6 mm, and it was calcined 2 h at 400 °C.
It was tested for gas sensing, the results of gas sensing at 500
ppm for various test gases shown in Figure 18. It is clear that
Pb doping is beneficial for the performance of ethanol sensing,
and the maximum sensitivity is achieved at x = 0.2 for an
operating temperature of 140 °C (Figure 18).

Koonsaeng et al®® reported the Sr doped LaFeO; as a
promising candidate for ethanol detection. Sr doped LaFeOj,
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Figure 15. Electrospinning technique for the synthesis of LaFeO; and its SEM images. Reproduced from ref 33. Copyright 2011 Elsevier and ref 46

copyright 2017, with permission from Elsevier.
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Figure 16. Resistance of samples in air with annealing temperature.
Reprinted from ref 76. Copyright 2016, with permission from
Elsevier.

was prepared by thermal decomposition of the metal organic
d-complex as follows. First of all, precursors and TEA were
mixed with appropriate molar ratios in a round-bottom flask
which contains EG solvent and distilled at 190 °C for 6 h. The
obtained precipitate was washed, dried, and calcined at 850 °C
for 4 h. The phase formation is confirmed from the XRD
analysis (Figure 19). The paste of the prepared sample was
coated onto an alumina substrate 3 mm in length and 2 mm in

00 am
ey

Figure 17. (a) Low-magnification and (b) high-magnification SEM
images of LaFeO; microspheres. Reprinted from ref 43. Copyright
2015, with permission from Elsevier.

width which is formed by using X-100 binder and acetyl
acetone as a solvent. Gold electrodes were fixed at the both
ends of the substrate. Further it was annealed at 400 °C to
become ready for a gas sensing study. The gas sensing
properties of La;_,Sr,O; were studied for some reducing gases
including ethanol, acetone CH,, H, in the range of an
operating temperature of 200—300 °C. The highest sensitivity
for ethanol gas was observed due to active sites for ethanol
adsorption which were generated because of the substitution of
La*" with Sr*" ionic dopants. The maximum response for
ethanol was 31 with a short response and recovery time as
recorded at 350 °C.

Wang et al.’”” achieved a stable sensing performance to
ethanol by a BaTiO;/LaFeO; sensor at operating temperature
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Table 2. Acetone Sensing Performance of LaFeO,

time response/ operating
material method sensitivity formula recovery (s) temp (°C)  ref
LaFeO, Sol—gel citrate Srx =03 (La 0.8 @ S = (R 20/270 275 42
151, FeO3) 500 ppm R)/R,
a-Fe,O; /LaFeO; Hydrothermal method 180 °C a-Fe,0; 483 @ S =Ry/R, 16.5/2 350 34
heterojunction 100 ppm
LaFeO;, Sol—gel annealed at 800 °C — 2.068 @ S =Ry/R, 62/107 260 76
0.5 ppm
LaFeO, Hydrothermal method 180 °C for 10 h — 142 @ S =R/R, 9/17 260 43
S0 ppm
LaFeO, Sorghum straw as biotemplate — 124 @ S =R/R, 9/18 240 77
200 ppm
Yolk-shell LaFeO, Hydrothermal method combined with 255 @ S =Ry/R, 5/25 225 44
microspheres annealing and etching process 100 ppm
Table 3. Ethanol Sensing Performance of LaFeO;
time response/ operating
material method doping sensitivity formula recovery (s) temp (°C) ref
La,_Pb,FeO, Sol—gel at 60 °C Pb 14 @100 ppm Ry/R, 10/40 140 78
(x=02
LagsBag,sFeO;  Sol—gel Ba 3.8 Ry/R, 10/14 240 81
2.4 @10 ppm 17/25
LaFeOj; Thermal decomposition of metal ~ Sr 31.8 @1000 ppm R/R, 120 350 65
organic complex (LagsSry sFeOs)
BaTiO;/LaFeO;  Citric sol—gel method BaTig)3 /LaFeO; (ratio 102.7 @100 ppm Ry/R, 16 128 32
1:2
LaFeO, Hydrothermal method (annealing  Yolk shell 3.8 and 6.7 @100 ppm S = R,/ 5/25 225 44
and etching) R,
LaFe, Mn,O;  Sol—gel method Mn ()x =0,02 03,05 162 @50 ppm S=R/ 23/31 210 79
0.6 R,
LaFeO;-Fe,0; Electrospinning — 89 S=Ry/ 150/250 170 33
R,
49 @ S00 ppm 10/24 285
LaFe,O;_5 Sol—gel x =07/ 132 @ 1000 ppm S=Ry/ 1/1.5 140 80
0.8/0.9/1.0/1.1/1.2/1.3
70
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Figure 18. Graph of sensitivity vs operating temperature. Reprinted
from ref 78. Copyright 2005, with permission from Elsevier.

128 °C. To prepare a BaTiO;/LaFeO; nanocomposite,
BaTiO; nanoparticles and LaFeO; nanoparticles were mixed
in a molar ratio of 1:2 and calcined for 2 h at 200 °C. These
BaTiO;/LaFeO; prepared nanocomposite powder was mixed
with terpineol to form a paste, and its thin film was coated
onto a ceramic tube (outer diameter 1.2 mm, length 4 mm)
which was preinstalled with gold electrodes at its two ends.
After annealing at 600 °C it was used for the gas sensing study.
The BaTiO;/LaFeOj; sensor exhibit improved the capability of

Figure 19. XRD pattern of LaFeO; and Sr doped LaFeO;. Reprinted
from ref 76. Copyright 2018 Elsevier.

absorbing the oxygen species in air and show a dynamic
response to ethanol as shown in Figure 20.

Fan et al.”” reported formation of LaFeO;-Fe,0; nanobelts
as a promising candidate for ethanol detection by electro-
spinning. The width and thickness of prepared nanobelts are
measured in SEM as shown in Figure 21. The gas sensing
performance was investigated by coating these nanobelts onto
a ceramic tube (diameter 1.35 mm and length 4 mm having
predeposited gold electrodes) for different gases, and in
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Figure 20. Ethanol sensing by (a) LaFeO; and (b) BaTiO;/LaFeOs.
Reprinted from ref 32. Copyright 2019, with permission from

Elsevier.

Figure 21. (a) Low-magnification and (b) high-magnification SEM
images of untreated Fe(NO;);-PVP composite nanobelts. (c) SEM
image of the Fe,O; composite nanobelts calcined at 600 °C (inset:
magnified image). (d) Low-magnification and (e) high-magnification
SEM images of untreated La(NOj;);-Fe(NO,);-PVP composite
nanobelts. (f) SEM image of LaFeO; composite nanobelts calcined
at 600 °C (inset: magnified image). Reprinted from ref 33. Copyright
2011, with permission from Elsevier.

conclusion it is declared that LaFeO;-Fe,O; nanobelts are the
more suitable as a sensing material for ethanol gas.

Li et al.” reported n-type LaFe,_,Mn,O; for ethanol sensing
and explained transformation of a p-type LaFeO; to n-type
LaFe,_,Mn,O; semiconductor. Lanthanum nitrate, ferric
nitrate, and citric acid were dissolved in 25 mL of distilled
water, and subsequently, Mn-nitrate was added dropwise and
stirred for 30 min. Then 0.5 g of PEG was added, and an
orange-red wet gel was formed. Again, the wet gel was dried at
80 °C for 10 h to obtain a dry gel (powder). The prepared
powder was calcinated at 700 °C for 3 h, and gas sensing
performance was observed by coating a 60-um-thick film of
prepared powder onto a ceramic tube that was 4 mm in length,
1.2 mm external diameter, and 0.8 mm internal diameter.
Typically, the LaFeO; semiconductor shows a p-type nature
that when it was exposed to a reducing gas its resistance value
increased rapidly. But due to the doping of Mn, structural
defects were formed, electronic compensation was dominant,
and the material showed behavior of an n-type semiconductor.

In the presence of reducing gas, the acetone resistance of the
prepared samples decreased rapidly and acted as an n-type
semiconductor ethanol sensor.

Cao et al.* prepared nanocrystalline LaFe,O;_; powder by
the sol—gel method with x = 0.7/0.8/0.9/1.0/1.1/1.2/1.3. To
fabricate the gas sensing device, prepared nanocrystalline
LaFe, O;_s; powder was coated onto a ceramic tube having an
outer diameter of 1.2 mm and length of 4 mm, which is
preinstalled with gold electrodes. LaFe;3O;_5 shows the best
sensitivity for ethanol sensing due to its relatively large surface
concentration of adsorbed oxygen species and monodentate
La-carbonate.

4.3. Methanol (CH;OH) Sensing. Rong et al.*’ reported
cage and core—shell structures of Ag doped LaFeO; which
showed excellent performance toward methanol sensing. These
structures were developed by using the molecular imprinting
technique. Its structural and morphological properties were
studied by XRD, SEM, TEM, and FTIR. Figure 22(a) and (c)

2

5. 2°pum_ 3 (d)

K"
J

Figure 22. (a) and (c) Low-magnification SEM images of as-prepared
cage and core—shell samples; (b, d) high-magnification images of cage
and core—shell samples. Reprinted from ref 47. Copyright 2018, with
permission from Nanotechnology, IOP Publishing.

shows low-magnification SEM images of as-prepared cage and
core—shell samples, and Figure 22(b) and (d) shows high-
magnification images of cage and core—shell samples. To
perform gas sensing analysis, the paste of as-synthesized
samples was coated onto the outside of an alumina tube (4 mm
in length, 1.2 mm in external diameter, and 0.8 mm in internal
diameter) with electrode pair of Au at each end. The thickness
of sample coatings on the tube is about 0.6—0.8 mm. The cage
and core—shell exhibit 16.98 and 33.7 response values at 215
and 195 °C, respectively, for 5 ppm of methanol gas
concentration.

CH,OH ) + 20(g,) = CO, + H,0 + 4e” )

Rong et al.” further developed graphene doped Ag-LaFeO,
for the application of methanol sensing. Ag-LaFeO; modified
with graphene showed very excellent performance for
methanol sensing. The samples prepared by 0.75% weight
ratios of graphene in LaFeOj; have the best selectivity for
methanol. At S ppm of methanol concentration, the sensor
based on 0.75% graphene doped Ag-LaFeO; showed a
response value about 51 at the operating temperature 102
°C. Hence, Ag-LaFeO; graphene exhibited an increased
surface area compared to Ag-LaFeO,.

https://doi.org/10.1021/acsomega.4c00334
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Rong et al.”* reported quasimolecular imprinted Ag-LaFeO,
as an ultrasensitive methanol sensor. A sol—gel and
combustion method was adopted for the synthesis of Ag
doped LaFeO; and methanol was used as a solvent in
fabrication of the methanol sensor. Use of methanol as a
solvent offered a positive impact on the gas sensing properties
of the device. The sample prepared by the sol—gel method is
more sensitive to methanol than the sample prepared by the
combustion technique because of the large number of pores
formed on the surface of sample prepared by sol—gel method
which can be clearly seen in the images by scanning electron
microscopy (SEM) shown in Figure 23. This increased the
number of pores and more sites to absorb the molecules of the
test gas.

(a? N

6 pm’

O jum
- —

1 pum 100 nm
— - g

Figure 23. SEM images of Ag doped LaFeOj; as-synthesized by (a, b,
¢, d, e) combustion and the sol—gel (f, g h, i, j) method at various
magnification levels. Reprinted from ref 63. Copyright 2018, with
permission from Springer Nature.

Rong et al.”’ reported a heterojunction of Ag-LaFeOs with
nitrogen doped carbon quantum dots as a methanol sensor.
This heterojunction was an excellent candidate for the
detection of methanol due to its improved electron transport
and charge pair separation ability. In Ag-LaFeO;/NCQDs a
bridge between NCQDs and Ag-LaFeO; is formed for
transport of charge, which carries electron transport easily.
Hence it will reduce the response and recovery times of the
sensor.

Qin et al.** synthesized microporous structured LaFeQ; for
methanol sensing. The spheres of monodispersed poly(methyl
methacrylate) were used as a template to prepare the 3D-
ordered macrospores. The morphology and structure were
confirmed by XRD, SEM, and TEM techniques. The increased
surface area of LaFeO; due to the ordered three-dimensional
structures will highly influence the sensing property of material

compared to bulk reference LaFeO; The 3D-ordered
macrospores of LaFeO; exhibited both a microporous and
mesoporous nature and caused Knudsen diffusion and
molecular diffusion of gas, which largely affected the sensitivity
of the material. Table 4 shows a summary of results of
methanol sensing by LaFeOs.

4.4. Formaldehyde (HCHO) Sensing. The use of
formaldehyde is very common in various industries as well as
in medical laboratories, and it is actually a pollutant in the
indoor environment. LaFeQ; is very sensitive for the detection
of formaldehyde. Table 5 shows the summary of formaldehyde
sensing results by LaFeOj; based sensors.

Zhang et al.** reported formaldehyde sensing by LaFeO,
hollow nanospheres. These nanospheres were synthesized
successfully using carbon nanospheres as templates. First of all,
carbon spheres were prepared by a hydrothermal method and
then dispersed into the initial solution of precursors of LaFeOj;
edged at room temperature for 24 h. Then after centrifuge
washing and drying in an oven, a powder was obtained, which
was finally calcined at 700 °C. These prepared nanospheres
were characterized by XRD and FESEM, and the gas sensing
property was studied. To perform the gas sensing test, a paste
of prepared powder samples in water was formed and printed
as a 300 mm thick film on an alumina tube with 7 mm in
length and 1.5 mm in diameter with predeposited Au
electrodes at both ends of the tube. The results of gas sensing
clearly showed that LaFeOj; hollow nanospheres are the best
material for formaldehyde sensing.

HCHO + 20, = CO, + H,0 + 2e” (8)

Wei et al.** reported Ag doped LaFeOj; as highly sensitive
and fast formaldehyde gas sensor. Initially Ag doped LaFeO,
and undoped LaFeOj; nanofibers were synthesized by the
electrospinning method, and the chemical and structural
analysis was carried out using XRD, SEM, and HRTEM. The
formaldehyde sensing of prepared samples was studied by
coating a 300 um thick film on a ceramic tube having Au
electrodes connected through a Pt wire. It is found that
LaFeO; detects a lower concentration of formaldehyde as
compared to pristine LaFeO; material, and this is because the
Ag in LaFeO; will promote the reaction rate by acting as a
catalyst between surface adsorbed oxygen ions and form-
aldehyde gas molecules. During the doping of Ag, some Ag
atoms replace the atoms of LaFeO; and formthe defects, which
increased hole concentration in the material.

Zhang et al.** reported Ag-LaFeO, modified by SWCNT
(single-walled carbon nanotubes) as an improved form-
aldehyde sensor. Initially Ag doped LaFeO; was prepared by
the sol—gel method and further modified by single wall carbon
nanotubes. The resistance of SWCNT-LaFeO; samples is
comparatively lower than that of LaFeO; due to the easy
transportation of electrons through SWNT which affects the
operating temperature. As prepared 0.75% SWCNT is the
optimal ratio to modify LaFeO; above the 1% of SWCNT
agglomeration starts. This drastically affected the electron
conductivity of sensing material which also depends on
proportion of dopant below 1%. Due to decrease in resistance
of sensor it can operate at low temperature. The reduction in
operating temperature due to the doping of SWNT and well
dispersed particles causes increase in specific surface area and
increased number of adsorbing vacancies on the surface of
sensor. To perform gas sensing test, paste of prepared powder
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Table 4. Methanol Sensing Performance of LaFeO,

time
response/ operating
material method doping sensitivity ~ formula recovery (s)  temp °C  ref

Ag-LaFeO, Sol—gel and microwave chemical synthesis Graphene0.75 % 51 @S ppm  Ry/R, 30/28 102 82

weight percent

Ag-LaFeO, Sol—gel (ALS) and combustion (ALC) Ag (ALS) 5229 Ry/R, 32/37 155 63

synthesis quasi-molecular imprinting
technology
(ALC)
3489 @
S ppm

LaFeO, Sol—gel method combined with molecularly Silver-doped 335 @ R /R, 42/57 195 47

imprinted technology as precursors S ppm

Nitrogen-doped carbon Microwave synthesizing Ag 73 @S ppm  R/R, 92 29
quantum dot/Ag-LaFeO,

Ag-LaFeO; molecularly Sol—gel method molecularly imprinted (filter ~ Ag 0.1 mmol 23.5 R,/R, 175 83
imprinted polymers paper, silk and carbon fiber template) silver nitrate (fiber 1)
(ALMIPs)

19.67 125
(fiber 2)
17.59 @ 125
S ppm (fiber 3)
LaFeO;, PMMA template method 96 @ R,/R, 25/23 190 64
96—100
ppm
Table S. Formaldehyde Sensing Performance of LaFeO,
time response/ operating
material method doping sensitivity formula recovery (s) temp (°C) ref
Ag—LaFeO, Sol—gel method combined with the SWCNTs 0.75% 23 — 6/20 86 °C 84
microwave chemical synthesis weight ratio
0.5

LaFeO, Hydrothermal (180 °C) 13 @200 ppm  R,/R, 260 °C 45

LaFeO, Electro spinning method Ag 10% 4.8 @S ppm R/R, 2/4 230 °C 46

Ag-LaFeO, B, N, S, Cl doped graphene Ag ForB=18 @ Ry/R, 23/30 27 °C 85

1 ppm

Herichal Sol—gel method — 116 @50 ppm  R,/R, 90 125 °C 40
microporous
LaFeO;,

Table 6. NO, Sensing Performance of LaFeOj;

time response/recovery operating temp
material method doping sensitivity formula (s) °C) ref
LaFeO; Hydrothermal GO  183.4% @3 ppm  (R,-R,)/R, X 100 — 250 °C 86
LaFeO; Radio frequency magnetron sputtering — 29.60 (Ra/Rg) X 100 24/35 RT (25) 87
technique
10.04 @1 ppm 30/42
LaFeO;  Self-templated chemical process — 81.4% S ppm (R:-Rp)/Rx 100 40/329 155 °C 48

samples in ethanol is formed and printed on an alumina tube
having length 4 mm and diameter 1,2 mm predeposited Au
electrodes at the both end of tube. The 0.75% SWCNT Ag-
LaFeO; showed good response even at low 1 ppm form-
aldehyde gas with very fast response and recovery times.

5. LaFeO; FOR OXIDIZING GASES SENSING

5.1. NO, Sensing. Sharma et al.*° reported the preparation
of LaFeO; and reduced graphene oxide (rGO)-LaFeO,
microspheres by the hydrothermal method for the application
for NO, sensor. They kept the solution at 160 °C for 6 h for
fabrication of LaFeO; and then calcined it at 800 °C
temperature. For the synthesis of tGO they adopted Hummer’s
method. The obtained samples were characterized and
confirmed by XRD, FTIR, and XPS. The gas sensing device
was fabricated by photolithography on an integrated electrode

30007

and IDE substrate with a size of 500 X 500 ym. The samples
were tested with a device for gas sensing with a sourcing
voltage of 6 V. This LaFeOj; sensor shows a great response for
2 ppm NO, concentration with value of 144.1% at 250 °C. A
sensor made by rGO-LaFeO; showed 183.4% response for 3
ppm NO, at a 250 °C operating temperature. Hence it is
reported that rGO-LaFeO; exhibits a good response due to its
higher surface area and smaller band gap with a bigger pore
size.

Thirumalairajan et al.*” reported the synthesis of LaFeO,
thin films for the fabrication of a room temperature NO,
sensor. They have two different morphologies for the sample
prepared by radio frequency magnetron sputtering. The film
thickness ranged from 100 to 800 nm under three wearing
temperatures such as room temperature, 150 °C, and 300 °C.
The morphology of obtained samples were nanocubes and a
network structure. To study the gas sensing property, the films

https://doi.org/10.1021/acsomega.4c00334
ACS Omega 2024, 9, 29994-30014


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

EVE

Table 7. Carbon Dioxide (CO,) Sensing Performance of LaFeO,

time response/

operating temp
°C

material method doping sensitivity formula recovery (s) ref
La,_,Sr,FeO, Sol—gel Sr (X =02) 125 @ Ry/R, 11/5 380 °C 89
2000 ppm
LaFe0O,/Sn0, Sol—gel method SnO, nano powder (La/Sn  2.72 (Sn-La) R,/R, 20 250 °C. 49
= 1:1) 1.72
@4000 ppm 275 °C
Polyaniline Mesoporous  p—p Isotype PANI (5—15%) 23.20 @20,000 (Ra—Rg)/Ra 90 27 °C 88
LaFeO;, heterojunctions ppm X 100
Table 8. Benzene Sensing Performance of Ag-LaFeO;
material method doping sensitivity formula operating temp (°C) ref
Ag-LaFeO, Microwave chemical synthesis B, Ag 17.5 1 ppm Ry/R, 65 °C 90

were sputtered onto a silicon substrate, and electric contacts
were developed using copper wire and silver paste on the
surface with an area 12 mm X 10 mm. The sensing value of
network structure LaFeO; was 10.03—100.33 for 1—-5 ppm
NO, concentration. For the nanocube structures reported a
higher response that is from 29.62 to 157.89 for 125 ppm NO,
concentration, and response and recovery times were 24—11 s.
and 35—18S s. respectively. It was also reported that a thin film
has very good surface-active sites and good gas sensing
performance for NO, as a test gas. Table 6 shows a summary

Zhang et al.”® developed a highly selective and sensitive
heterojunction between boron-doped graphene quantum dots
(BGQD) and a Ag-LaFeOj based benzene detector. Initially
Ag-LaFeO; was molecularly imprinted by benzene, and then
with the weight ratio 0.1%, 0.25%, 0.50%, 0.75%, and 1% of
boron-doped graphene quantum dots was combined to form a
p-p heterojunction. Figure 24 illustrates a possible benzene

(a) &b (b) iz
g 2 (ads)

of the NO, sensing results by LaFeO; based sensors. CH, ~ o
g Y 0, (ads) 42¢ 02 Ly ( 42eV CO,+H,0+
_ _ _ A
NOj(aa5) + 2030a5) = 205ua) + NOyy) (9) o ATV O CoHoree ] 0EY
2 & o &
A . L o £ a o= fid a
5.2. Carbon Dioxide (CO,) Sensing. Carbon dioxide 5 o 3 % <
. ; i = g I
(CO,) is hazardous to human health and is a greenhouse gas O o> R
that is produced due to the combustion of fossil fuels. So, the 6.7 eV 6.8 6V 6.76V | 68eV
I . . . . °°ggg$ 60000 ©0000 00000
carbon dioxide detection and monitoring of its level have great o] %000 . L
importance today. Various metal oxides are used to develop acoumulation  Depletion accumulation  Depletion
layer region layer region

CO, sensors, but LaFeO; shows very interesting results. Table
7 shows a summary of the CO, sensing results by LaFeO,
based sensors.

Zhang et al.*’ reported the nanocomposite of LaFeO; with
SnO, for the detection of CO,. Initially LaFeO; was
synthesized by the sol—gel method and combined with
SnO,. To fabricate the gas sensor a thick film of sample is
deposited by the screen printing technique on a 36-matrices
flat type material chip and annealed at 500 °C for 2 H. The
sensors prepared by this composite exhibit a two times higher
response than sensors fabricated by pure LaFeO; to CO, gas
because the pn junction is formed between LaFeO; and SnO,.

Hashemi Karouei et al** developed mesoporous micro-
spheres of LaFeO; with polymer for CO, sensing. This is a p-p
type heterojunction, which shows excellent CO, sensing
performance at room temperature. In this work different wt
% values of LaFeO; with PANI were used for the CO, sensing,
and it is observed that this p-p heterojunction showed a 13
times higher response than pure PANI gas sensors to CO, due
to the decrease in the protonation state of PANL

5.3. Benzene (C¢Hg) Sensing. A toxic compound benzene
is produced due to burning of coal, gasoline, oil, and
automobile exhaust. The toxic nature of benzene is mainly
harmful to bone marrow and also enough to cause some other
acute and chronic diseases like drowsiness, headaches, and
aplastic etc. Benzene leak detection and monitoring have a
main priority in the industrial area. The benzene sensing
results are summarized in the Table 8.

Figure 24. Gas sensing mechanism of boron-doped graphene
quantum dots/Ag-LaFeO; (a) in air and (b) in benzene. Reprinted
from ref 90. Copyright 2018, with permission from The Royal Society
of Chemistry.

sensing mechanism. Due to the heterojunction with BGQD the
carrier-transport ability of Ag-LaFeOj is improved, and hence
the sensor works at the lower operating temperature compared
to the pure LaFeO; based sensor.

6. LaFeO; FOR A FEW OTHER GASES

The performance of LaFeOj; for sensing some other important
gases is reviewed and summarized in the Table 9.

7. STABILITY FOR LaFeO3; BASED GAS SENSORS

Sensor’s stability is also an important parameter which shows
long-time stable functioning ability. Hence, for practical
applications, long-term stability of the gas sensing material is
the fundamental requirement. Many researchers studied the
stability of the LaFeO; based sensors in their work.
Experimental results obtained by the researchers during
stability test are listed in Table 10. Most of the LaFeO,
based gas sensors show a constant response for a long time,
which indicates good stability of the material.
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Table 9. continued

operating

ref

°C)

(

temp

time response/
recovery (s)

formula

sensitivity

doping
Ethylene (CH,CH)

method

material

103,
104

250

Ry/R,

30 @0.2 ppm

Coprecipitation

LaFeO; thick-film

Hydrogen (H,)

Srx =03

325 42

20/270

S = (RR)/

Ry/R,

0.2 @500 ppm

(La,_,Sr,FeO;)

Pb (x = 0.2)

Sol—gel citrate

LaFeO;

78

160
350

10/40
250

S @ 500 ppm

Sol—gel at 60 °C

La, .Pb,FeO;
LaFeO;

65

Ry/R,

1.9 @ 30000 ppm

Sr (Lag3Sr,y,FeO5)

Thermal decomposition of metal organic complex

30010

8. SUMMARY, CONCLUSION, AND FUTURE SCOPE

This review elucidates the gas-sensing capabilities of LaFeO,
and the importance of gas sensors in environmental
monitoring and their pivotal role in pollution control. The
existing gas sensors available in the market and the research
endeavors dedicated to advancing gas-sensor technology in
past decade were evaluated. Furthermore, an assessment was
conducted on a recent study about the potential use of LaFeO;
in gas sensing applications. Additionally, a comprehensive list
was provided, showcasing the oxidizing and reducing gases that
LaFeOj; can successfully detect. The study focuses on several
synthesis methods for LaFeO; and the resulting changes in its
morphologies. The reasons underlying its sensitivity to various
gases and the detailed study findings on specific test gases were
finally explained.

The future potential of LaFeO; based gas sensors is
significant due to their crucial role in environmental
monitoring and pollution management. As a result, there has
been a substantial increase in the market demand for gas
sensing devices. Metal oxides proved to be exceptional
materials owing to their stability and sensitivity as gas sensors,
which functions as both receptors and transducers. Notably,
LaFeO; stands out as an efficient gas-sensing material due to
its easy tunability of chemical compositions with partial
substitution of other elements, and good thermal stability
allows it to function at a wide temperature range and large
number of active surface sites. As such, a total of 913 articles
published in 2022 elaborated the gas-sensing behavior of
LaFeO;.

Among the various methods employed for its synthesis of
LaFeO;, the sol—gel and hydrothermal synthesis methods are
reported most, while other methods gave different morphol-
ogies, as the electrospinning technique enables the production
of LaFeO; in the form of nanobelts and nanowires.
Furthermore, it was observed that hydrothermally grown
LaFeO; heterostructures were patterned with a-Fe,O; or
BaTiO;, yielding high responses for gases like acetone and
ethanol, respectively. Also, the doping of silver enhances
LaFeOyj’s gas-sensing abilities for the detection of methanol
and formaldehyde gases. Further, the improved sensitivity of
LaFeO; is reported to detect NO, and trimethylamine when
combined with reduced graphene oxide (rGO). But some
other gases like CO, SO,, TEA, C,H;, C4Hg, etc. can also be
detected through a gas sensor based on LaFeO;.

In fact, there are few limitations and challenges associated
with using LaFeOj; as a gas sensor. These are as follows:

e The requirement for high temperatures during the
synthesis of LaFeOj; can be a significant drawback, as it
may limit the cost-effectiveness and practicality of large-
scale production.

e Achieving nanoparticles of LaFeO; in the nanometer
size range can be challenging. Nanoparticles are
desirable for gas sensors because they offer a higher
surface area, which enhances gas-surface interactions.
Controlling the particle size precisely can be technically
demanding.

e High resistivity can be a problem as it affects the gas
sensing applications.

e The need for high operating temperatures can limit the
practicality of LaFeO; gas sensors. High-temperature
operation can lead to energy inefficiency.

https://doi.org/10.1021/acsomega.4c00334
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Table 10. Stability of LaFeO; Based Gas Sensors

SI.

no. material and synthesis method test gas stability test conclusion ref
1 LaFeO; radio frequency magnetron sputtering technique. NO, (S ppm) 60 days with interval ~Slight increase in the resistance baseline with 87
of 10 days good sensing stability
2 La,_Sr,FeO; sol—gel citrate Acetone 60 days with interval Constant response with good stability 42
(500 ppm) of 10 days
3 Ag-LaFeOj; molecular imprinted (sol—gel method assisted Toluene 15 days Excellent long-time stability 98
with microwave irradiation) (5 ppm)
4 LaFeOj; biotemplate via a sol—gel process molecular Xylene 30 days with interval No significant change in the sensor response 99
imprinting (10 ppm) of 2 days which confirms excellent stability
S BGQD/Ag-LaFeO; Microwave chemical synthesis. Benzene 40 days Good stability 90
(1 ppm)
6 LaFe, ,Mn,O; Sol—gel method Ethanol 40 days with interval Response of sensor is decreased by 7.8% 79
(50 ppm) of S days
7 LaFeOj;microspheres Hydrothermal Acetone 60 days with interval No significant change in the sensor response 43
(50 ppm) of 10 days which confirms excellent stability
8 LaFeO; yolk shell Hydrothermal method (annealing and ~Acetone 30 days with interval Good relative stability 44
etching) (100 ppm) of 1 days
9 BaTiO;/LaFeO; Citric sol—gel method Ethanol 96 h Good stability 32
10  La,PbFeO; Sol—gel at 60 °C Ethanol 100 h Stable response 78
(500 ppm)

e LaFeO; exhibits a slow response and recovery when
exposed to gases, which can be a limitation in
applications where rapid detection and measurement
of gas concentrations are essential

In addition to the aforementioned limitations, there are
practical challenges that need to be addressed to make it more
suitable for commercial use.

In conclusion, the trends in the research on LaFeO,
perovskite elucidate the following opportunities and Scope:

e The gas sensing behavior of a material depends
significantly on its surface morphology and structural
characteristics. LaFeOj; offers opportunities for modify-
ing its structure and morphology during synthesis by
adjusting parameters such as temperature, reaction time,
and synthesis techniques. These modifications can have
a significant impact on its gas-sensing properties.

e Creating heterostructures by combining LaFeO; with n-
type metal-oxide semiconductors (MOSs) can be
beneficial for improving the sensing properties of
LaFeO;. This approach involves integrating different
materials to create a composite structure that may have
synergistic effects on gas sensing.

e Doping LaFeO; with materials like reduced graphene
oxide (rGO) or silver (Ag), palladium (Pd), and other
suitable elements in specific quantities offers the
potential to develop ultrahigh-sensitive materials for
detecting toxic and combustible gases. Doping involves
introducing small amounts of other elements into the
material to modify its electronic properties and enhance
its gas-sensing capabilities.

e The incorporation of different surfactants into LaFeO,
can increase the surface-to-volume ratio, roughness, and
porosity of the material. These changes can enhance the
surface adsorption mechanism, making it more effective
at detecting and interacting with gases.
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