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ive of electrospun semiconductor
metal oxides as high-performance gas sensor
materials for NOx detection

Niloufar Khomarloo,*abc Elham Mohsenzadeh,bc Hayriye Gidik,bc

Roohollah Bagherzadeh *a and Masoud Latifid

Gas sensors based on nanostructured semiconductor metal oxide (SMO) materials have been extensively

investigated as key components due to their advantages over other materials, namely, high sensitivity,

stability, affordability, rapid response and simplicity. However, the difficulty of working at high

temperatures, response in lower concentration and their selectivity are huge challenges of SMO

materials for detecting gases. Therefore, researchers have not stopped their quest to develop new gas

sensors based on SMOs with higher performance. This paper begins by highlighting the importance of

nitrogen monoxide (NO) and nitrogen dioxide (NO2) detection for human health and addresses the

challenges associated with existing methods in effectively detecting them. Subsequently, the mechanism

of SMO gas sensors, analysis of their structure and fabrication techniques focusing on electrospinning

technique, as well as their advantages, difficulties, and structural design challenges are discussed.

Research on enhancing the sensing performance through tuning the fabrication parameters are

summarized as well. Finally, the problems and potential of SMO based gas sensors to detect NOx are

revealed, and the future possibilities are stated.
1 Introduction

Gas sensing technologies play a critical role in various appli-
cations, particularly in the eld of healthcare. In which NO and
NO2 are two specic target gases with great signicance in this
eld. Among gas sensors, SMO based gas sensors have received
remarkable attention owing to their unique properties, such as
high sensitivity, simple fabrication, miniaturization, porta-
bility, and real-time monitoring. They are widely used as
commercial sensors as they exhibit a wide range of electronic,
chemical, and physical properties.1,2 SMO gas sensors operate
based on the adsorption and desorption processes occurring on
the surface of the sensing material when interacting with the
target gas molecules. The movement of electrons and holes is
affected by the size and geometry of the materials; therefore, the
sensing layer usually determines the sensitivity and selectivity.

Based on this, nanostructured SMOs have garnered signi-
cant attention3 as they have new physical and chemical
, Institute for Advanced Textile Materials

Technology (Tehran Polytechnic), Iran.

eh_r@aut.ac.ir

atériaux Textile (GEMTEX), F-59000 Lille,

search and Excellence Centers, Amirkabir

c), Tehran, Iran

24
properties and large specic surface areas with numerous active
sites, which facilitate fast adsorption and reaction of target
gases.4–6 Nanobers as one of the nanostructures, enhance
sensing performance including high sensitivity, and rapid
response. A nanober mat, forming a gas-sensitive layer is
characterized by high porosity and a large surface-to-volume
ratio, in addition, the metal oxide crystallites in nanobers
can be extremely small in size.7 Among different strategies to
form nanobers,8–10 their fabrication through the electro-
spinning technique have emerged as a promising platform for
enhancing the performance of gas sensors.11 These nanobers
possess unique morphological and structural characteristics
that signicantly inuence the sensitivity, selectivity, and
stability of the sensors. Electrospinning offers numerous
benets for gas sensor development, including high crystalline
structure, the potential for noble metal doping, competitive
production rates, and the ability to create diverse structures
such as core–shell and hollow.12 In this review, we focus on the
electrospinning process for SMOs nanober production to
detect nitrogen monoxide (NO) and nitrogen dioxide (NO2). In
controlling the size and uniformity of the nanobers, polymers
are employed during the preparation of the precursor. Subse-
quently, the electrospunmembrane is subjected to a calcination
process to obtain the nal nanobrous SMOmaterials.7 There is
extensive research on developing sensitive and selective gas
sensors for different applications using nanobers through the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrospinning method.13 Nonetheless, only few of the studies
focus on detecting NO.

In this review, we consider NO2 gas since NO is highly
reactive leading to its conversion into NO2.14,15 Moreover, pro-
longed exposure to NO2 levels exceeding 3 ppm for more than 8
hours can result in severe respiratory complications.16 There-
fore, it is crucial to take measures to prevent such exposure.
Furthermore, we delve into the inuence of electrospinning
parameters on the formation of nanober structures, consid-
ering that detection in resistive-type gas sensors, relies on the
surface adsorption and desorption processes. Therefore,
surface morphology, sensing layer structures and its composi-
tion is of great importance in interactions with target gas
molecules. We provide a comprehensive overview of common
metal oxide nanobers and their composites with other mate-
rials, all fabricated using the electrospinning method, focusing
specically on NO and NO2 detection. Finally, future perspec-
tives and potential strategies to enhance nanober structures
through optimization techniques are proposed and improved
preparation methods are addressed. Future advancements aim
to signicantly improve the performance of metal oxide gas
sensors in detecting NOx gas. Henceforth, the implications of
this research are far-reaching and hold great promise for
advancing healthcare technologies.
Fig. 1 Schematic of non-invasive and easy-to-use sensor based on
SMOs nanofibers to detect gases in exhale.
2 Importance of detecting NO and
NO2 gases

Asthma, also called bronchial asthma, is a heterogeneous disease
diagnosed by the presence of intermittent symptoms of wheezing,
coughing, and chest tightness, typically related to reversible
airow obstruction, usually resolves spontaneously or with
asthma treatment.17Over the years, clinicians have dened several
phenotypes based on the presentation and age of onset of
symptoms, the severity of the disease, and the presence of other
conditions such as allergy and eosinophilia with different long-
term outcomes and responses to therapy with corticosteroids.18

Despite the recognition of these phenotypes of asthma, the
approach to the management of asthma recommended by the
International Global Initiative for Asthma (GINA) guidelines
continues to be, based on the severity of the condition, with drugs
based on asthma control.19 Asthma affects more than 235 million
people in the world. This total includes more than 5 million
children just in the US. Asthma can be life-threatening if not
treated, also, this respiratory disease is a chronic, ongoing,
condition,meaning it doesn't go away and needs ongoingmedical
management. In addition to nancial costs, asthma has a long-
term impact on the quality of life of susceptible individuals.20

NO2 is an oxidizing gas, which is considered to be the most
dangerous and toxic gas that should be controlled. In the
process of industrial development, waste gases will inevitably be
produced, including nitrogen compounds. Among these waste
gases, NO2 can cause the human body to infect some respiratory
diseases, such as asthma. The Health and Safety Rule Alarm
mentioned that the human body cannot stay more than 8 h in
an environment with 3 ppmNO2.21–23 Thus, NO2 is considered to
© 2024 The Author(s). Published by the Royal Society of Chemistry
be one of the most dangerous gases and the environmental
pollution of this gas has become a global issue. Therefore, it
plays a key role in monitoring industrial waste gas that develops
excellent NO2 gas sensors.24

NO as an oxidizing gas, plays a key role in lung biology and
an inammatory mediator is produced in the lung from nitric
oxide synthases during the conversion of the amino acid L-
arginine to L-citrulline. NO is a biomarker of respiratory disease
such as asthma and it is normally produced by the human
respiratory system.25 A biomarker is a measurable indicator that
can evaluate normal or pathological biological processes or
pharmacologic responses to a therapeutic intervention.18 The
fractional exhaled nitric oxide (FeNO) biomarker originated
from nitric oxide production by the airway epithelium as
a result of inducible nitric oxide synthase upregulation during
the process of allergic inammation.26 Diagnostic methods to
detect respiratory disease are not only costly but are also inva-
sive, thereby adding to people's stress. To diagnose the disease
before it becomes chronic, measuring the FeNO is one solution
which can be performed easily and close to real-time.27 In
conjunction with symptom scores and lung function tests,
FeNO measurement could provide a more useful and effective
approach for the identication of asthma and other
corticosteroid-responsive inammatory airway conditions.28,29

Unfortunately, technologies like chromatography-mass spec-
troscopy require site and bulky equipment, highly trained
personnel, and time-consuming preconcentration of samples,
all of which impede its use as a screening tool.30

Therefore, measuring the concentration of NO in exhaled
breath by nanostructured SMO gas sensors (Fig. 1) can help
overcome costly, invasive, and complicated methods which are
used nowadays.20,25,31–37 To further explain the process of SMO
based gas sensors, the next section comprehensively elaborates
on their properties and structure.

3 Sensing mechanisms,
heterojunction strategies, and
considerations for enhanced NO and
NO2 detection

Gas sensors can be classied into electrochemical, optical,
thermoelectrical, electrical, and piezoelectric. Among these
RSC Adv., 2024, 14, 7806–7824 | 7807
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types, the mechanism of SMOs is based on chemiresistive gas
sensors. These gas sensors are electrical and can be produced by
metal oxide, conductive polymers22,23 carbon nanotubes, and
their composites.38 Compared to carbon materials and organic
materials, SMOs generally have higher sensitivity, faster
response/recovery speed, better reversibility and stability, and
they are cost-effective with simple fabrication processes.5 While
polymer-based chemiresistors offer several advantages e.g., low
power consumption, small size, low operating temperature, and
low cost, their sensitivity depends on the type of coating and
they also show a dri in baseline due to polymer instability.39

Therefore, here we focused on SMO as a promising material
for highly sensitive gas sensors.40 Pristine metal oxides exhibit
not only high working temperatures but also limited
response41,42 and poor selectivity43–45 as highlighted in various
published articles. To enhance the detection of harmful gases,
achieving high response and selectivity becomes particularly
crucial. In pursuit of improved gas sensing performance for
metal oxides, researchers have explored numerous approaches,
including morphology regulation,46–48 preparation methods,
doping activation by external light sources, and composite
materials.24,49,50 Various nanostructures and types of SMO
sensing materials have been successfully employed to address
these limitations. Among them, one-dimensional (1D) nano-
structured sensing materials such as nanobers, nanowires,
and nanorods have gained signicant preference for gas sensor
development. This preference stems from their inherently
higher surface-area-to-volume ratio, which allows for enhanced
absorption of the target gas. Additionally, the broader interac-
tion zone across the cross-sectional area enables a more
pronounced modulation of electrical properties upon exposure
to analytes.51

At the same time, different strategies such as the doping
effect, formation of heterojunction, etc., have been researched
for tuning the chemical nature, materials structure, and elec-
tronic properties of 1D nanostructure sensing materials which
further optimized sensitivity, selectivity, operating temperature,
and so on.24,51 SMOs are categorized into n-type and p-type.
Beyond n-type or p-type metal oxide as a sensing material,
combining metal oxides with other metal oxides, noble metals,
and carbon-based materials might generate p–p, n–p, and n–n-
type heterojunctions and potentially further enhance electron
mobility.1 Fabrication of n–n junctions with the addition of n-
type semiconductors such as zinc oxide (ZnO),52 tin(IV)oxide
(SnO2), molybdenum trioxide (MoO3), and ceric oxide (CeO2),
and p–n junctions with the addition of p-type semiconductors
such as NiO, Co3O4 and PdO showed high responses.52 ZnO,
titanium dioxide (TiO2), tungsten trioxide (WO3), and SnO2 are
the most common SMOs. The subsequent section elucidates the
specications required for a dependable gas sensor and
outlines the sensing mechanism employed for NO and NO2,
which are oxidizing gases, using p-type and n-type SMOs.
Subsequently, the structural characteristics and sensitivity of
electrospun SMO nanobers towards NO and NO2 are compiled
and analyzed.

Nanomaterials-based gas must be capable of detecting trace
concentrations of gases sensitively and selectively, even in the
7808 | RSC Adv., 2024, 14, 7806–7824
presence of interfering environmental or physiological factors.17

There are several requirements which are summarized as
follows.

1. Strong anti-interference ability. Gas sensors must be
immune to the high humidity and other interfering gases in
exhaled breath, ensuring the accuracy and reliability of breath
analyses.

2. High sensitivity and low limit of detection (LOD). Gas
sensors must be able to recognize low-concentration
biomarkers of the disease, even at single-molecule level.

3. Strong stability. Exposed to the same respiratory gas
sample, gas sensors must exhibit consistent results.

4. Rapid and real-time gas sensors must respond to
biomarkers quickly, saving time compared to bulky equipment
(i.e., GC-MS).

5. Good interaction. Gas sensing systems should have
a friendly human/computer interface. The test results should be
clear and visual, the experimental parameters should be
tunable, and the operation should be simple. As noninvasive
detection techniques, gas sensors play an important role in
breath diagnosis. Therefore, great efforts have been made to
design and develop novel gas sensors.

In this regard, to enhance the performance of NO gas
sensors, studies should work on increasing their sensitivity,
selectivity, and lower working temperature to detect low gas
concentrations. To measure the capability of sensors, the
sensing layer is exposed directly to the gas. The interaction
between the target gas and sensing layer modulates the elec-
trical resistance of the gas sensor, resulting in the generation of
a sensing signal. This conductivity change is due to variations in
the width of the electron depletion layer across the exposed area
of the sensing layer.53 The response of the n-types gas sensors to
oxidizing gases such as NO and NO2 is dened by the ratio of Rg/
Ra and for p-type SMOs is Ra/Rg. Here, Ra is the original base
resistance of the sensor in air, and Rg is the stabilized resistance
of the sensor in the presence of the applied gas.54

Selectivity is the ability of the gas sensors to detect a specic
gas in a mixture of gases. The response time (sres) is dened as
the time in which the resistance of the sensor changes to 90% of
the original base resistance, and the recovery time (srec) is
dened as the time needed until 90% of the signal is recov-
ered.55,56 Repeatability is one of the signicant features of gas
sensors in practical applications. If a sensor shows large varia-
tions in response over sequential cycles, it may fail to detect
a specic gas accurately. Based on the Liu model, the sensor
properties are formulated as functions of grain size, depletion
layer width, lm thickness, oxygen vacancy density, gas
concentration, pore size as well as operating temperature.57 The
prevailing theory regarding the mechanism of gas sensing
involves the adsorption of oxygen and is widely accepted in
scientic circles.12 According to this theory, when a sensor is
exposed to air, oxygen molecules interact with semiconductors,
causing the capture of electrons and the subsequent formation
of oxygen anions. The nature of these oxygen anions is inu-
enced by the operating temperature. At temperatures below
147 °C, the predominant form of oxygen anions is O2

−. As the
temperature rises, the O2

− species transforms, leading to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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formation of O−. At temperatures exceeding 397 °C, the oxygen
anions are further converted into O2−.48–50,58

In the n-type metal oxide gas sensors adsorbed air oxygen
onto the metal oxide receives electrons from metal oxide via
conduction bands. This electron transformation causes
a reduction in carrier charges in the metal-oxide surface and the
formation of the depletion layer and the formation of oxygen
ions. The reducing target gas takes electrons from oxygen and
transports electrons to the conduction band of metal oxides
resulting in an increasing conductivity and reducing resistance.
In the case of exposure to the oxidizing target gas like NO and
NO2, the overall result reduces the conductivity and increases
the depletion layer (Fig. 2).50–53,59 In the p-type metal oxide, the
adsorbed oxygen traps the electron through the valence band of
metal oxide which results in generation holes. The effect of
exposure to the reducing or oxidizing target gases on the
conductivity is the reverse of n-type cases.1,12

The surface band bending on SMOs nanobers occurs due to
the chemisorption of oxygen species in the air. As the concen-
trations of NO and NO2 increase, there is a gradual accumula-
tion of adsorbates on the material's surface, leading to a slower
return of resistance to its initial state at lower concentrations.
This slight deviation in resistance values is attributed to kinetic
inhibition processes at room temperature.

Addressing the challenge of NO gas converting to NO2 in the
sensing mechanism, research employs strategies to ensure
comprehensive detection of all NO molecules.14,15 The NO2

sensing mechanism is considered, involving reactions between
NO molecules and available oxygen species, resulting in the
formation of nitrite and/or nitrate species. This increases the
overall resistance of the sensor. The adsorption and desorption
rates of NO are inuenced by activation energy, dependent on
the operating temperature. Temperature-dependent processes,
such as the formation of N–N bonds and intermediate
N2O2

2−(ads) species, contribute to the generation of N2O and
O−(ads), reacting with NO to form NO2. The release of electrons
Fig. 2 Schematic representation of the outer depletion region and
inner conduction region.

© 2024 The Author(s). Published by the Royal Society of Chemistry
is observed during these processes, inuenced by the sensor's
operating temperature.60

The interaction of n-type semiconductor oxides with NO2 in
dry air, leading to a decrease in electrical conductivity, can be
described by specic reactions:61

NO2 (gas) 4 NO2 (ads) (1)

NO2 (gas) + e− 4 NO2
−(ads) (2)

2NO2 (gas) + 1/2 O2 (gas) + 2e− 4 NO2
− (ads) + NO3

− (ads)(3)

NO2
− (ads) + 1/2 O2 (gas) 4 NO3

− (ads) (4)

In Nasriddinov et al.'s61 studies, the sensitivity of hybrid
materials towards NO was found lower than NO2. The interac-
tion between SMO surfaces and NO/NO2 follows a similar
mechanism, involving adsorption and the localization of elec-
trons from the semiconductor conduction band. The lower
sensitivity of hybrid materials towards NO, compared to NO2,
can be attributed to distinct initial steps in the detection
process. The reaction with NO2 involves a straightforward one-
electron reduction (reaction (7)), beneting from the strong
oxidative properties of nitrogen dioxide. On the other hand, the
interaction with NO (reaction (5)) primarily involves the oxida-
tion of the target gas facilitated by oxygen on the semiconductor
oxide surface.

This fundamental difference in mechanisms likely explains
the disparate sensitivities to NO2 and NO, despite the genera-
tion of similar surface species in both pathways. Additionally,
an increase in relative humidity (RH) within the range of 0–90%
leads to a decline in baseline resistance for all materials, as well
as modications in the sensor signal during the interaction
with nitrogen oxides. Furthermore, the heterojunction exhibits
modulation at the junction, which manifests as alterations in
both the depletion region and potential barrier. In contrast to
junctions comprised solely of n-type materials, the trapping and
release of electrons from the conduction band play a more
signicant role in modifying the potential barrier and depletion
region established by the junction.8 The heterojunction
demands an equilibrium while this equilibrium is disrupted
when the density of electrons is and just, the systemmust adjust
and return to a steady state, giving us more sensitive
responses.62 Reducing gases will grow the depletion region and
cause more bend banding, growing the potential barrier, as
more electron density decreases in the conduction band.
Oxidizing gases would have the opposite effect.48–50
4 Optimizing sensitivity through
electrospun nanofibers:
a comprehensive exploration of
morphological factors and applications
in NO and NO2 gas detection

1D nanostructured sensing materials, such as nanobers, offer
immense potential for enhancing sensitivity in gas sensors.
RSC Adv., 2024, 14, 7806–7824 | 7809
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This is primarily attributed to their large surface-area-to-volume
ratio, which enables the presence of numerous reactive sites.
The abundant reactive sites facilitate effective charge carrier
transport and promote high surface energy, contributing to
improved sensitivity in gas sensing applications.63,64 Gas
sensing performance is inuenced by the structure and the
morphology of nanobers such as diameter, grain size, and
crystallinity. Smaller diameters offer a larger surface-to-volume
ratio, resulting in increased active sites, efficient charge carrier
transport, and higher surface energy.63

In nanobers, smaller crystallite sizes that approach the
Debye radius have a signicant impact on gas sensing. They
result in a maximized resistance change of the sensing material
upon exposure to air, leading to a substantial variation in the
electrical signal. Consequently, when exposed to the analyte,
the electrical signal variation reaches its maximum value. This
behavior highlights the importance of achieving smaller crys-
tallite sizes in nanobers for optimizing gas sensing
performance.65

Furthermore, it is essential to strike a balance between grain
size and sensitivity in gas sensing. Increasing the grain size can
lead to a decrease in sensitivity. However, it also results in
improved crystallinity, which contributes to the overall gas
sensing performance. Achieving the optimal balance between
grain size and sensitivity is crucial to enhance the gas-sensing
capabilities of the material. There are several materials
synthetic methods to produce a broad variety of nanobers
sensing materials based on SMOs, such as melt-blown,66,67 self-
assembly,68 solution blow spinning,67 force spinning,69 and
electrospinning.70 Electrospinning is a straightforward,55

versatile, and low-cost route to produce different kinds of
nanocrystalline metal oxides with a highly porous brous
morphology.11,71,72 Therefore, this technique is favored in
producing nanobers due to its exibility in having different
structures and applying numerous materials. For this reason,
chemiresistive sensors depend on materials and structure and
this technique has the potential to detect gasses such as NO and
NO2 which are challenging in low concentrations.55

Moreover, with the increasing number of electrospinning
companies in recent years, it is expected to move progressively
from a laboratory bench process to an industrial-saleable
process. From a commercial point of view, electrospinning is
the only method of choice for the large-scale preparation of
nanobers compared to other available methods, due to the
easy handling, minimum consumption of solution, controllable
nanober diameter, low cost, simple, and reproducible nature
in processing nanobers as well as technical advances over
other methods (scale up the process). Accordingly, composite
metal oxides can be produced easily and massively on
a commercial scale by a straightforward, very low-cost, versatile,
and facile electrospinning process.55

Among different morphologies, porous nanostructures
composed of nanograins with small nal diameters (D# Debye
length) have a profound impact on enhancing effective gas
adsorption and diffusion. This, in turn, signicantly increases
the sensitivity of the sensor.55,73–76 In addition to remarkably
specic surface areas in electrospun nanobers (one to two
7810 | RSC Adv., 2024, 14, 7806–7824
orders of magnitude larger than at lms), they possess high
porosity (approximately 70–90%) owing to the presence of small
and large pores. These characteristics render electrospun
nanobers highly attractive for designing ultra-sensitive
sensors.74,77 Additionally, the electrospinning technique
enables the fabrication of ceramic nanobers derived from
various inorganic precursors/polymeric matrices, offering
versatility in terms of different assemblies such as nano-
composites, core–shell structures, or hollow congurations.78

This review bridges the existing knowledge gap by focusing
specically on the sensitivity of electrospun nanobers towards
NO and NO2 gases (Fig. 3). While there are previous reviews
available on electrospinning SMOs and their sensitivity towards
various gases, this review emphasizes the detection of NO gas
and subsequently NO2 using electrospun nanobers. By exam-
ining the inuence of electrospinning parameters on nanober
structure, researchers can explore a new approach to developing
SMO-gas sensors with controlled nanober structures that
enhance surface-to-volume ratio for improved detection of NO
and NO2 gases. Furthermore, the review acknowledges the
limited study on detecting NO at the ppb level, which holds
signicant relevance in disease diagnosis and monitoring.
4.1 Fine-tuning gas sensitivity: electrospinning parameters
and structural optimization in metal oxide nanobers

A typical setup for electrospinning consists of a high-voltage
power supply (10–70 kV), spinneret with a metallic needle,
solution reservoir, and grounded collection device,7 as it is
shown in Fig. 4.

The most important parameter is gas sensitivity, which still
does not reveal the exact reasons, but it is strongly related to
surface reactions.54 SMOs nanobers have large specic surface
areas with numerous active sites, facilitating fast adsorption
and the reaction of the target gases, thus enhancing their
sensing performance.5,24 Sensing layers containing nanorods
and nanosheets require extensive processes such as high
temperatures or special equipment for fabrication, while
nanoparticles and nanobers require relatively simple
processes such as electrospinning.80 As Metal oxides are not
directly spinnable, they need to rely on the use of precursor
solutions.81 The size of the nanograins can be manipulated and
changed according to the desired applications of the nanobers
by controlling the heat treatment conditions of heating
temperature, heating time, heating and cooling rate. For gas
sensing applications, the size of the nanograins must be opti-
mized to obtain the best sensing performance.

Generally, nanobers with smaller nanograins have better
sensitivity and faster response than those with larger nano-
grains due to the higher surface area.55 It's worth highlighting
that nanober sensors offer a signicant advantage in terms of
reduced response and recovery times. This advantage is
particularly important, as slow response and recovery times
used to be a signicant drawback of traditional gas sensors.
This improvement can be attributed to the extensive surface
area and heightened porosity of nanober-based sensitive
materials. The remarkable porosity plays a crucial role in these
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Overview of research gap in detecting NOx gas using electrospun nanofibers.
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sensors, contributing to their exceptional operational charac-
teristics, namely, rapid and excellent response rates when
compared to conventional sensor materials. This distinctive
structure enables the effective inltration of the target gas into
the porous structure of the ceramic layer, which is believed to be
the primary reason behind the exceptional gas sensitivity
exhibited by metal oxide gas sensors produced through this
technique.82 Unlike standard thin- and thick-lm technologies
that generate granular layers with densely packed nano-
particles, leading to inefficient gas transfer, electrospun sensors
display a dual distribution of pore sizes, encompassing both
small and large pores. This feature augments gas diffusion and
increases the conductometric response of these layers.98 The
structure of as-spun nanobers can be inuenced by each step
of the electrospinning process. In the subsequent section, we
Fig. 4 Scheme of the home-made electrospinning setup.79 Reproduced

© 2024 The Author(s). Published by the Royal Society of Chemistry
examine the key parameters of electrospinning that signi-
cantly impact the diameter and structure of SMO nanobers.
4.2 The role of various variables in electrospun nanobers

The optimization of electrospun ber is based on the nal
application and the desire of researchers, which is about more
surface-to-volume in sensing applications. To have control of
the structure, it should be known that there are 6 forces needed
to be considered for optimizing the parameters in the electro-
spinning method; (1) body or gravitational force, (2) electro-
static force (force exerting on charges carried within a jet
segment when the jet is in an electrostatic eld) which carries
the charged jet from the needle to the collector, (3) coulombic
stretching force (repulsion force between charges of mutual
from (ref. 79) with permission from Elsevier, copyright 2016.
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polarities) which tries to push apart adjacent charged species
carried within the jet segment and is responsible for the thin-
ning or the stretching of the charged jet during its ight to the
target, (4) viscoelastic force which tries to prevent the charged
jet from being stretched, (5) surface tension that also acts
against the stretching of the surface of the charged jet, and (6)
drag force from the friction between the charged jet and the
surrounding air.83 In the following section, practical factors
inuencing the morphology of nanobers are explained
regarding to their inuence in sensitivity of gas SMO sensor.

Polymer concentration is an important operational param-
eter in the electrospinning process, which inuence the ber
morphology signicantly. The formation of the bers is
inhibited in the solutions with high concentrations due to their
high viscosity.84 The high viscosity makes the solutions difficult
to ow through the syringe needle to form nanobers under an
electrostatic force.85 Therefore, appropriate solution concen-
tration becomes one of the key parameters to optimize the nal
electrospinning bers. Extremely low solution viscosity can
cause the formation of beads in nanobers despite solutions
with relatively high viscosity, in which the stable jets without
breaking due to the cohesive nature of the high viscosity, travel
to the electrode and form the uniform bers on the collecting
grounded electrode. Sol–gel electrospinning of metal oxides is
based on the electrospinning of a solution of metal–organic
precursors (alkoxides, chlorides, nitrates, acetates, or acetyla-
cetonates) in a volatile solvent (alcohol, acetone, or water) and
organic polymers (PVA, PVP, PEO, or PAN). The viscosity and
conductive of the other f solution are increased evidently as the
polymer concentration is increased85 and by increasing the
viscosity of the solution, the average diameters of the as-spun
bers decrease.83 The choice of solution composition is based
on the compatibility and solubility of a certain metal oxide
precursor with a polymer solvent and the ability to achieve the
required viscosity of the solution. Nevertheless, sometimes,
Fig. 5 Formation of beads in nanofibers prepared by electrospinning (a)
after calcination, and (c) ZnO/CdO response to 33 ppmNO at different te
copyright 2019.

7812 | RSC Adv., 2024, 14, 7806–7824
a surfactant is needed to make the inorganic nanoparticles
effectively disperse in the polymer.7

High-concentration results in elevated viscosity and surface
tension, thereaer the stretching ability was reduced so the
diameter of nanobers would increase.85–87 Moreover, the
applied electrical voltage has an evident inuence on ber
morphology. The surface tension of the solution and the elec-
trostatic force should be balanced to obtain stable jets to form
continuous bers. Once the applied voltage exceeds the critical
voltage, the jets of the liquids will get ejected from the cone tip.
The jets will not be stable, which is responsible for the bead
formation (sometimes called electrospray if the beads are
separate particles) if the solution viscosity is extremely low.
High voltage can generate more charges to the solution or
droplet surface located at the tip of the needle (larger coulombic
forces) as well as a stronger electrical eld (larger electrostatic
forces), both of which will stretch the jets fully for the favorable
formation of the uniform and smooth bers.12,14 As it is shown
in Fig. 5 nanobers have beads in their structure and aer
annealing, they showed sensitivity towards NO gas, however,
the inuence of free-bead nanobers is not studied on the
sensitivity of NO gas. Fig. 5 demonstrates that NO detection was
carried at 33 ppm which indicates the potential of detecting this
gas in ppb level for disease diagnosis in the future.

The electric eld strength is known to increase with the rise
of the applied voltage. Yet, a critical voltage is required to obtain
the cone for ber formation even though the working distance
is very small with very strong electric eld strength. The
unbalanced effect resulted that the prepared ber exhibiting
size distribution when high voltage was applied.7 It has been
pointed out that the feed rate of the polymer solution strongly
inuences the polymer ber morphology.9 There is an optimum
for the feed rate and once the feed rate is sufficient enough to
form bers, a higher feed rate will supply more solution and is
recognized as excess, which will produce bers with beads.84
before calcination, (b) FESEM image of ZnO/CdO nanofibers obtained
mperatures.60 Reproduced from (ref. 60) with permission from Elsevier,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Additionally, it is reported that the chance of ber contraction
(shrinkage) increases with the increase in the working
distance.15

The ber diameter is observed to decrease, and uniformity is
to increase gradually with the increase of the working distance
to reach an optimum point, aer this point by increasing the
distance the uniformity of the bers drops and even some
cracks are observed in the bers.13 Typically, lower number of
bers per area should be obtained when there was a larger
distance between the tip of the nozzle and collector device since
the stretched polymer deposited in a larger area and lower
repetition of ber deposition. Oblong beaded bers were found
when the distance was higher because the time interval was
longer for polymer stretching. However, the increased distance
did not solve the formation of beaded bers prepared with
electrospinning.7,13

In addition, the collection of nanobers in the sensing area
can be precisely controlled through the utilization of electro-
spinning technology. Notably, the implementation of near-eld
electrospinning has been achieved by reducing the distance
between the collector and spinneret to a range of 500 mm to
5 cm. This unique approach eliminates the occurrence of
bending instability, enabling the application of bers with high
spatial resolution. In a study by Zhang et al.,88 they successfully
reduced the deposition areas to 4, 2.8, and 1.7 cm2 by mini-
mizing the distance between the spinneret and the collector to
2.6, 2.1, and 1.7 cm, respectively. The average diameter of the
WO3 nanobers aer calcination was measured and found to be
103 ± 9 nm. The gas response for NO2 is improved by Ag
additives, so, they suggested increased surface activities of WO3

materials with Ag additives.89 In another study by Liao et al. the
inuence of ZnO diameter on sensing response was investi-
gated, and the 100 nm sample exhibited the highest response.90

Continuingly, Table 1 presents the electrospinning parameters
employed for different semiconducting metal oxide nanobers
used in the detection of both NO and NO2 gases. Different
combinations of conditions lead to different nanober
morphology, which reveals that electrospinning is a powerful
method to synthesize desired 1D nanostructures.91

The preceding section delves into the intricate interplay of all
four parameters, each of which exerts a discernible inuence on
the resultant nanober diameters. It is noteworthy that distinct
congurations in the electrospinning parameters yield varying
morphologies, which in turn contribute signicantly to the
ultimate sensitivity of the NO and NO2 gas detection. Another
pivotal factor in inducing morphological alterations is the
calcination step. In accordance with the research conducted by
Naderi et al., their ndings reveal that annealing at 400 °C yields
a notably improved material response. This enhancement can
be attributed to the heightened crystallinity achieved through
this annealing temperature, thereby leading to more effectively
sintered grains. Consequently, these optimized grain charac-
teristics facilitate the seamless transfer of electrons across grain
boundaries, thereby contributing to the material's enhanced
performance.60

The Al2O3–In2O3 nanocomposite was able to detect NOx gas
at room temperature, which, of course, is high gas density and
7814 | RSC Adv., 2024, 14, 7806–7824
since this gas is required to be detected in lower concentra-
tions.91 Therefore, in other studies morphological parameters
were investigated to enhanced the sensing performance
because the size of nanograins, in addition to crystallinity and
nanober diameter,88 constitutes vital factors signicantly
inuencing the electrical and sensing properties of oxide
nanobers. Nanobers, consisting either of smaller grains or
higher crystalline quality, usually show better-sensing proper-
ties than those either of larger grains or inferior crystalline
quality.97 This can be optimized in the calcination process. The
combination of small grain size, high surface area, and high
porosity that includes both small and large pores is ideally
suited for gas sensing. Electrospinning followed by the calci-
nation process results in highly porous structures that oen
display pore size distribution with relatively large pores (sub-
micron to a few microns) between the bers and nanosized
pores within the bers. This unique morphology facilitates easy
penetration of the surrounding gas phase into the layer and
effective distribution of the reactants to the surface of the metal
oxide nanoparticles inside the layer. This probably shows high
gas sensitivity in metal oxide gas sensors produced by electro-
spinning.101 In Li et al.'s work,41 different calcination condition
reveals that ZnO based sensors showed its highest response (Rg/
Ra) of 78.54 to 10 ppm of NO gas at calcinated temperature of
600 °C.

5 Reporting of sensing capabilities:
strategies and outcomes in metal oxide
nanofiber modification and post-
modification processes

The blending method encompasses a process aimed at altering
the characteristics of nanobers by directly introducing modi-
fying additives into the electrospinning solution. The concen-
tration of the introduced dopant can be meticulously controlled
and optimized to achieve optimal sensitivity. Post-modication
involves the initial electrospinning preparation of metal oxide
nanobers, followed by subsequent treatments like noble metal
incorporation, which inuence the nal properties of the
formed nanobers. Different structures can also be extended to
the creation of hollow, porous and core–shell metal oxide
architectures.102 Critical factors inuencing structure outcomes
include the concentration of metal precursor within the solu-
tion, the resultant nanober diameter, and the interplay
between the precursor solution and the ambient conditions
during both electrospinning and subsequent calcination steps.
Particularly, the interaction between various components at the
interface of composite nanobers synergistically inuences gas-
sensing performance. Additionally, incorporating porous
structured nanobers further improves the intrinsic high
surface area, as expounded in studies.103,104 The subsequent
section of this article presents an extensive review of research
studies focused on metal oxide materials, specically ZnO,
SnO2, WO3, and TiO2. These materials are fabricated using the
electrospinning technique and are explored for their efficacy in
detecting both NO and NO2 gases. The performance of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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sensor, particularly its sensitivity and working temperature, has
been reviewed in relation to alterations in structural properties
and composite materials.
5.1 ZnO nanober sensing layer

Zinc Oxide has been used extensively in the production of
sensors as an interesting chemically and thermally stable n-type
semiconductor with a large exciton binding energy and a wide
band gap of 3.37 eV. Many investigations on sensors based on
ZnO have been reported for the detection of toxic and
combustible gases.48,50 It is a promising gas-sensing material for
its excellent gas-sensing response characteristics and long-term
stability. Moreover, the improvement in the sensitivity and
response speed of ZnO gas sensors can be achieved by nano-
structure fabrication.60 To explore the sensor performance of
ZnO-based nanobers, different composites and structure are
studied through electrospinning. It is observed that the porous
structure has higher response to the gas. Choi et al.105 developed
ZnO nanober-based NO2 sensors and compared them to
conventional thin-lm ZnO-based gas sensors. They found that
the response of nanober based NO2 sensors at 350 °C was
higher and faster, however, they did not mention recovery/
response time in their study which needs to be investigated.
Further investigation demonstrated that the response of ZnO
nanober gas sensors can be increased by doping,106,107 heter-
ojunction fabrication,108 and noble metal decoration.106

In the specic context of NO2 gas detection, a study exam-
ined ZnO–SnO2 hollow composite nanobers with varying Zn
ratios, leading to the synthesis of distinct materials evaluated
for gas-sensing capabilities.109 Demonstrating real-time sensing
responses for ZnO–SnO2 composites in Fig. 6 with varying Zn
atom percentages at the optimal operating temperature of 90 °C
reveals that the SnZn20 sample achieves the highest response.
This one-dimensional hollow nanostructure demonstrating
a responsive behavior surpassing that of pristine ZnO and SnO2

nanobers by factors of 9 and 5.2, respectively. Importantly, this
structure exhibited selectivity towards NO2 over other gases,
including ammonia, carbon monoxide, methanol, ethanol, and
Fig. 6 The real-time sensing response for (a) ZnO–SnO2 composites with
towards 1 ppm NO2.109 Reproduced from (ref. 109) with permission fro
33 ppm of NO.60 Reproduced from (ref. 60) with permission from Elsevi

© 2024 The Author(s). Published by the Royal Society of Chemistry
formaldehyde with response/recovery time of 68/83 s respec-
tively. ZnO hollow bers with smaller hole diameters were more
sensitive to oxidizing gases than those with larger diameters.
The improved gas-sensing ability was attributed to the
increased surface area of the hollow bers due to the smaller
hole diameter.97

Later, in 2019, Naderi et al.,60 applied the electrospinning
method followed by calcination to synthesize ZnO/CdO nano-
bers. They improved the ability of sensor to detect lower
concentration of NO gas. In their study, an electroless gold-
plated interdigitated electrode with a spacing of 200 mm is
fabricated on an alumina substrate to host the designed
nanobers being used as gas sensors. The gas-sensing activity
of the heterojunction is investigated against NO and analyzed
by monitoring resistance changes. The ZnO/CdO nanobers are
found to be highly sensitive to a very low concentration range of
NO gas (1.2–33 ppm) at other minimal operating temperatures
of 215 °C. Additionally, repeatability and long-term stability (45
days, every 5 days, standard deviation = 0.7) were obtained for
this sensor. Short response times of 47 and 35 seconds and
recovery time of 1249 and 630 seconds are achieved versus 3 and
33 ppm of NO, respectively as it is shown in Fig. 6. This may be
attributed to the energy band diagram of ZnO/CdO nanobers
as n–n heterojunction and their role in facilitating more elec-
tron transfer within the sensor and from the sensor to the NO
gas molecules which is depicted in Fig. 7. In addition, CdO is
known as an n-type semiconductor with a large number of
native oxygen vacancies because of which it has low resistance.20

Therefore, CdO decreases the resistance of the CdO/ZnO
enabling the easy detection of the resistance variation during
the sensing measurement and the rapid electron transportation
between the electrodes of the sensor. The above-mentioned
oxygen vacancies cause more adsorption of oxygen molecules
on the surface of the CdO/ZnO heterojunction, which is bene-
cial to the surface reaction activity/kinetics, and thereby
strengthens the sensing properties.110 The selectivity of the
sensor against NO could be attributed to the lower activation
energy of the material against it, which accelerates its
different Zn atom percent at optimumoperating temperature of 90 °C
m Elsevier, copyright 2018. (b) ZnO/CdO nanofibers at 215 °C against
er, copyright 2019.
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desorption reactions and enhances the NO sensing perfor-
mance compared to other gases/VOCs.

Regarding the inuence of heterojunction, recently, Bonyani
et al., fabricated Au-decorated polyaniline (PANI)-ZnO by elec-
trospinning for detecting NO2 gas. The diameter of the ZnO
nanobers increased because of the presence of PANI. In
addition, for the sample with 50 wt% PANI, many ZnO nano-
bers are bonded together, which ultimately decreases the
overall surface area of the ZnO nanobers.95 Au-decorated ZnO-
NI (25 wt%) composite nanober gas sensor showed a response
(Rg/Ra) of 50 towards 50 ppm NO2 at 300 °C. The enhanced
sensing response stemmed from the optimal amount of Au,
generation of Au–ZnO Schottky junctions, and catalytic effect of
Au NPs. Gold nanoparticles (Au NPs) play two signicant roles
in the gas sensing mechanism of Au-decorated ZnO nanober
gas sensors. Firstly, Au acts as a catalyst, facilitating the disso-
ciation of incoming O2 gas molecules on its surface. This results
in the efficient dissociation of oxygen molecules on the Au NP
surface. Through a spillover effect, the ionic oxygen species then
migrate to the adjacent ZnO surface, leading to enhanced
reactions with NO2 gas and consequently yielding a higher
response. Secondly, due to the disparity in work functions
between Au (>5.35 eV) and ZnO (5.2 eV), electrons transfer from
ZnO to Au upon close contact, equalizing the Fermi levels and
forming Schottky junctions.38 Consequently, the presence of Au
NPs results in an expanded width of the electron depletion layer
compared to that of pristine ZnO nanobers.

Further exploration of the performance of Au compositions
enhanced by ZnO is warranted in various applications. Notably,
Ponnuvelu et al.'s study addresses the impact of humidity by
presenting insights into the sensing performance of Au-doped
ZnO nanobers. This particular set of sensors holds promise
for environments characterized by high humidity levels, such as
exhaled breath situations. In their study, heterojunction mate-
rial showed an improved behavior at RH of 20% than at higher
RH (90%). At higher RH% the formation of amoisture layer over
the sensing lm occurred and thereby resulting in reducing the
physisorption process. The ZnO/Au heterojunction nanobers
7816 | RSC Adv., 2024, 14, 7806–7824
exhibited a typical nanograined structure with 1D morphology
consisting of two distinct lattice fringes corresponding to Au
and ZnO and exhibited increased NO2 gas-sensing properties
when compared with ZnO nanobers due to the electron
transfer process between Au and ZnO at the interfaces and the
presence of surface defects in the nanograins.111

To investigate the inuence of additives on working
temperature of sensors, Abideen et al., produced ZnO
nanobers/reduced graphene oxide (rGO) via the electro-
spinning method.98 They found out that rGO nanosheets do not
affect the size of the ZnO nanograins or the diameter of nano-
bers. NO2 gas molecules adsorb onto the surfaces of the
nanobers, diffuse, take electrons from, and then create
electron-depleted regions, eventually leading to a decrease in
the conductivity of the nanobers. Likewise, the emission of
electrons occurs when the NO2 gas is removed. However, the
transfer of electrons and the formation of anions on the surface
of the sensing material are signicantly dependent on the
temperature and sensing material. Sensors containing rGO
showed a higher response than pure ZnO nanobers at 300 °C,
350 °C, and 400 °C. It is noteworthy that the best response was
achieved at 400 °C. To develop highly sensitive NO gas sensor
Rh-doped ZnO nanobers were prepared by electrospinning. At
the optimal operating temperature of 150 °C, its response
values (Rg/Ra) were 1.04 and 36.17, with the corresponding
response time of 45 s and 32 s, towards 50 ppb and 10 ppm NO,
respectively. The sensor also exhibits good selectivity, repeat-
ability and linearity between the relative humidity and the
response values. This way, the sensor was able to reduce
working temperature and also response/recovery time.92 None-
theless, this structure needs to be studiedmore towards NO and
NO2 gases to decrease the working temperature of ZnO based
nanobers gas sensor and improve selectivity towards sensor
array.

5.2 SnO2 nanober sensing layer

Tin oxide is a highly studied metal oxide due to its remarkable
stability, wide bandgap of 3.6 eV, and excellent electron
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mobility. SnO2-based metal oxide sensors typically require high
operational temperatures for effective gas sensing, resulting in
increased power consumption and reduced sensor lifespan.
Nevertheless, this challenge can be effectively addressed by
leveraging a different structure such as a core–shell, porous,
hollow, and noble metals into the sensor design.112 Reports
show that hollow SnO2 nanotubes exhibit maximum responses
at a certain temperature with lower response/recovery time.93,109

Therefore, dual factors, particularly, analyte and temperature,
can strongly affect the sensing performance like response/
recovery time.

Regarding decreasing the working temperature of SMOs gas
sensors, in 2022, Su et al. obtained hollow electrospun SnO2

nanotubes by controlling the ramping rate of calcination and
investigating their sensing response to NO. During calcination,
two opposite effects may occur, leading to the formation of
different morphologies. The rst effect is the shrinkage of
nanobers because of the decomposition of PVP during heat-
ing, which forms solid nanotubes. The other is the diffusion of
gases (primarily originating from PVP decomposition) from the
inside of nanobers toward the outside of nanobers, which
causes the expansion of nanobers, thereby forming hollow
nanotubes. When the heating rate is slow (e.g., 2 °C min−1), the
diffusion rate of gases through the interspace among SnO2

nanoparticles is faster than the decomposition rate of PVP. They
found out that a low heating rate (2 °C min−1) results in the
formation of solid SnO2 nanotubes, while a high heating rate
(10 °C min−1) makes most nanotubes collapse as it is shown in
Fig. 8a. The medium heating rate (6 °C min−1) can construct
hollow SnO2 nanotubes. In comparison with solid SnO2 nano-
tubes, hollow SnO2 nanotubes possess higher surface area and
more abundant oxygen species, which is favorable for the
sensing performance, especially the sensitivity. Considering
different humidity, hollow SnO2 nanotubes in Fig. 8b exhibits
a high sensitivity of 33.3 toward 500 ppb NO and can detect NO
down to 10 ppb at low temperature of 160 °C. Upon exposure to
Fig. 8 (a) Schematic representation of hollow nanofibers obtained from
sensors towards 500 ppb NO gas at 160 °C under 20% RH.93 Reproduce

© 2024 The Author(s). Published by the Royal Society of Chemistry
500 ppb of NO, the response time is 214 s, and the recovery time
is 115 s. As the gas concentration increases, the response time
and recovery time shorten. However, there is a lack of
comprehensive understanding of the relationship between the
structure and the sensing performance.93

In another study, Su et al.,93 demonstrated that hollow SnO2

nanotubes (NTs) exhibited a remarkable sensing performance
for NO at 160 °C. The sensing materials were prepared by direct
annealing of electrospun precursor nanobers, and hollow NTs
can be obtained at an appropriate heating rate of 6 °C min−1.
Given the large surface area of hollow SnO2 NTs, their sensing
performance is better than that of solid SnO2 NTs. The response
of hollow SnO2 is approximately 33.3 upon exposure to 500 ppb
of NO at 160 °C.

In an effort to diminish the operating temperature of
sensors, with consideration for the structure of the electrospun
composition, Bai et al. evaluated the potential of the SnO2–ZnO
core–shell nanober to detect NO2.109 At an operating temper-
ature of 90 °C, the SnO2–ZnO composite-based sensors
demonstrate a response of approximately 5.2 which is 9 times
greater than that of pure SnO2 and ZnO sensors, respectively.
Thereaer, to decrease the working temperature of sensors, in
2021, Ma et al.96 demonstrated the highly sensitive and selective
detection of NO by Bi-doped SnO2 two-dimensional ultrathin
nanosheets with porous structures, fabricated using electro-
spinning method. In this study, SnO2 with 0.75 mol% bismuth
(Bi) detects 10 ppm of NO at a relatively low temperature of 75 °
C with a response of 217. Further, a low detection limit of
50 ppb has also been achieved, however, the response/recovery
time is not reported in their study. They indicated that sensing
properties can be attributed to the ultrathin structure, which
has a high surface area and abundant pores.

Noble metal doping or decoration may diminish some gas
sensing performance and it depends on the gas analyte. Jang
et al. fabricated gas sensors based on Pt nanoparticles func-
tionalized SnO2 nanobers.113 Varying the concentrations of Pt
calcinated electrospun nanofiber (b) dynamic response curves of the
d from (ref. 93) with permission from Elsevier, copyright 2022.
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nanoparticles, the authors showed that the sensitivity to NO2

decreased with the introduction of Pt nanoparticles in SnO2. In
this case, with Pt functionalization, upon exposure to oxidizing
agents, the additional electron trapping is smaller than that of
pristine SnO2 nanobers leading to a lower sensitivity to NO2.
Calculating the absorbed energy and charge transfer with
various dopants enables researchers to nd the best dopant for
a specic analyte.114
5.3 WO3 nanober sensing layer

Tungsten trioxide with an energy band gap of 2.6 to 3.0 eV is
a metal oxide semiconductor that is structurally polymorphic,
meaning that it has a wide variety of structural forms that
depend on several parameters. A nanostructured chemiresistor
based on a polymorphic WO3 was used to selectively detect the
low concentration of NO.115 The parameters that are most likely
to affect its structure are the heating/annealing treatment in the
synthesis stage, and also the additives in the oxide. Basically,
according to Bonardo et al. WO3 showed a perovskite-like cubic
structure based on the angular division of a regular octahedron
with an oxygen atom in each corner and a tungsten atom at the
center. Several researchers in the production of WO3 have
resulted in three common crystal structures, namely mono-
clinic, orthorhombic, and hexagonal.52 In this regard, Zhang
et al.116 developed WO3 nanober-based NO2 sensors and
compared them to conventional thin-lm WO3-based gas
sensors by changing the heating rate of calcination step. Their
sensor displayed response of 101.3 as it is shown in Fig. 9 and
the response time (125 s)/recovery time (231 s) toward 3 ppm
NO2 at 90 °C. Diffusion coefficient and strong absorbing capa-
bility for surface species and NO2 gas molecules, originating
from the high porosity, high oxygen vacancy concentration, and
high surface area. An alternative strategy for enhancing sensor
performance involves is using various types of carbon nano-
tubes such as graphite, graphene, reduced graphene oxide,
Fig. 9 Response curves of the WO3 nanofiber-based sensors to
various NO2 concentrations at 90 °C.116 Reproduced from116 with
permission from Elsevier, copyright 2021.

7818 | RSC Adv., 2024, 14, 7806–7824
carbon dots, and carbon nanotubes as the second phase in
WO3-based gas sensors.

The exceptional attributes of these carbon materials signi-
cantly contribute to enhancing sensing performance.117 rGO,
Fig. 10 (a) TEM micrographs of the resulting (a) Ag-doped and (b)
undoped WO3 nanofibers and, (b) schematic of sensing NO2 in (a)
undoped (b) Ag-doped and (c) energy level before and after injection
of gas, (c) gas response plot of the WO3 nanofiber gas sensors with
various Ag doing concentrations. The sensors were exposed to 5 ppm
NO2 at different operating temperatures.89 Reproduced from (ref. 89)
with permission from Elsevier, copyright 2018.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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which is a p-type semiconductor, will form a p–n junction with
WO3, which is an n-type semiconductor. In addition to aug-
menting the response signal towards gas targets, the inclusion
of rGO in WO3-based sensors also has the potential to lower the
operational temperature of the sensor. Concerning noble
metals, Yoo et al. showcased that Pt-WO3 exhibits remarkable
sensitivity to NO. Nevertheless, the hydrothermal synthesis
method employed for its creation imposes constraints on its
scalability and versatility. Consequently, there arises a compel-
ling need to investigate the potential of electrospinning—an
alternative technique offering enhanced scalability and versa-
tility—for synthesizing Pt-WO3. By investigating the electro-
spinning technique, we can assess its efficacy in producing Pt-
WO3 with enhanced properties and evaluate its suitability for
large-scale production of highly sensitive nitric oxide sensors.118

The effects of noble metal dopants on the performance of
various types of sensors have been the subject of studies. Jar-
oenapibal et al.89 fabricated Ag-doped WO3 nanober-based gas
sensors using an electrospinning technique. In the electro-
spinning setup, the DC power supply was set to 19 kV and the
distance between the needle and the metal collector was 15 cm.
The solution was electrospun at the rate of 0.5 mL h−1, resulting
in the deposition of nanobers onto the electrodes. To control
the density of the nanobers on each substrate, exactly 1 mL of
solution was ejected from the syringe. Transmission electron
microscopy (TEM) images showed a form of nanober in
Fig. 10a. As expected, the Ag-doped WO3 nanobers showed an
improved performance for NO2 sensing when compared with
pristine WO3. It was observed that at 0.5 ppm NO2 concentra-
tion, the gas response of 7.7 was exhibited. The proposed
mechanism suggested the electron injection from Ag to WO3,
expanding the depletion layer compared to pristine WO3, as it is
demonstrated in Fig. 10b. Since NO2 is an oxidizing gas when in
contact with Ag-doped WO3 nanobers, it will improve the
depletion layer modulation (Fig. 10b). Besides, the additional
Ag2O also contributes as a chemical sensitizer when in the
presence of NO2. The response of doped electrospun SMOs with
noble metals is attributed to both electronic and chemical
modulation of the material. Fig. 10c underlines the effect of Ag
dopant concentration on the gas response of WO3 nanober gas
sensors. The gas response was observed to peak for the sample
with an Ag dopant concentration of 3 mol%. This may be due to
the fact that this dopant level allows the most effective disper-
sion of small Ag nanoparticles throughout WO3 grains.
Fig. 11 SEM micrographs (mag: 1.41k×, 5 kV) of a 20 min TiO2 elec-
trospun fibrous layer coating the Pt/Ti electrodes (E) of an IDE after
annealing in air, with a zoom-in (the inset) of a few fibers of ∼80 nm
mean diameter (mag: 34.40k×, 5 kV). The gap between two electrodes
is specified with g.99 Reproduced from (ref. 99) with permission from
Elsevier, copyright 2013.
5.4 TiO2 nanober sensing layer

Titanium dioxide is a high resistance n-type semiconductor
material with a band gap of around 3 eV, has attracted signi-
cant attention for its applications in gas sensors due to its
environmental friendliness, chemical stability, catalytic prop-
erties, and the modulation in its structural, optical, and trans-
port properties. Additionally, TiO2 has a three-crystal structure
in nature: anatase, brookite, and rutile. Rutile is the most stable
while the anatase and brookite phases are metastable and can
be converted irreversibly to the rutile phase when heated under
high temperatures in the range of 600–800 °C. Anatase is the
© 2024 The Author(s). Published by the Royal Society of Chemistry
most widely gas sensor due to its prominent gas reaction
capacity and high oxygen vacancies.1

As working temperature is a weakness of SMOs, in Moon
et al.'s work,119 Pd-doped TiO2 bers have demonstrated
auspicious attributes for gas sensing applications, notably
encompassing a notably low operational temperature of 180 °C,
coupled with a commendable gas response (characterized by Rg/
Ra values ranging from 38 to 2.1 at a NO2 concentration of 2.1
ppm). The methodologies expounded herein introduce novel
avenues for the fabrication of metal-oxide nanobers infused
with catalytic dopants, thereby advancing the realm of gas-
sensing technologies. Then, in 2021, room temperature-based
NO gas sensor of TiO2-rGO composite nanobers was
prepared using electrospinning and solvothermal synthesis by
Kuchi et al..120 They demonstrated that when the composite was
exposed to the NO gas, it exhibits gas sensing property at 30 °C.
This composite sensor sensitivity is 7.1 when exposed to
2.75 ppm of NO gas 440 seconds response time. This study
underscores the potential applications of TiO2-rGO composite
nanobers in the realm of gas sensing, particularly for the
detection of low-concentration NO at room temperature.60,61

It is discussed in studies that a doping effect on the polymer
by SMO-like TiO2 nanostructures is capable to decrease the
energy gap and increase the charge carriers available,121 thus,
lead to an increase in gas response in NOx detection. Therefore,
In Zampetti et al.'s study,99 a hybrid electrospun nanobrous
framework of titania, generated at rst by growing up the
nanobers directly onto an interdigitated electrode (IDE) as
a transducer and then coating them with an ultra-thin lm of
PEDOT-PSS, was investigated as a potential sensing material for
NO. Fig. 11 shows ne, rough and bead-free nanobers and it
RSC Adv., 2024, 14, 7806–7824 | 7819
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seems there is a proper combination of the electrospinning set
of parameters, such as viscosity, chemical nature of solvents,
molecular weight, and structure of the carrier polymer, nozzle-
ground distance, potential applied, etc. NO measurements were
performed by introducing the gas at increasing concentrations
ranging from 5 to 50 ppb. It is important to note that NO
concentrations below 1 ppm can be oxidized to NO2 through
stoichiometric reactions when appropriately humidied.122 The
sensor exhibited a response of approximately 1.05 towards
20 ppb of NOx, however, the response time ranged between 5
and 17 min which is higher than the other studies.

6 Perspectives and future directions

The preceding sections provide a comprehensive overview of the
multifaceted aspects surrounding semiconductor metal oxide
electrospun nanobers used as gas sensors for detecting NO
and NO2. The discourse encapsulates the structural design,
fabrication process, performance evaluation, and composi-
tional attributes of these sensors. One of the primary focal
points of this review lies in delineating the intricate interplay
between various electrospinning parameters, the resultant
material structures, and compositions, as well as their collective
inuence on the sensitivity exhibited towards the two target
gases.

This analysis underscores the imminent trajectories that
future research endeavors within this domain are likely to
pursue, with particular emphasis on two pivotal directions.
Firstly, the quest to reduce gas detection limits through inno-
vative designs and novel structures is anticipated to be
a compelling avenue. This entails leveraging the principles of
nanoscale engineering to rene sensing lms, thus achieving
heightened sensitivity and lowering detection thresholds to
low ppb range. Detection limit of NO gas is a challenge for
diagnostic application, that is why, up to now there are no
practical SMO sensors available for detecting NO at low
ranges.6,25,123,124

Signicantly, considerable strides in this arena have arisen
from advancements in fabrication techniques that offer
improved control over nanoparticle characteristics. Secondly,
the endeavor to augment the selectivity and precision of these
sensors to bolster accuracy even under elevated humidity
conditions emerges as a paramount goal. Achieving this
objective in low temperatures involves a deep understanding of
material selection, particularly its surface reactivity, which
greatly inuences selectivity. While the eld has witnessed
notable progress in creating selective interactions between
metal oxides and specic analytes, the broader landscape of
applied sensing materials oen presents challenges in this
aspect. However, potential avenues for enhancing selectivity are
observed within SMOs with distinct compositions, metastable
phases, solid solutions, mixed oxides, and heterojunctions, all
of which contribute to the material's distinctive response. It's
imperative to underscore that, when evaluating the sensitivity
and detection limits of emerging sensing materials for appli-
cations such as breath analysis, assessments must be con-
ducted under breath-realistic conditions. This entails
7820 | RSC Adv., 2024, 14, 7806–7824
simulating high relative humidity levels and relevant analyte
concentrations within gas mixtures. This consideration ensures
the practicality and reliability of sensor performance under real-
world scenarios.

Looking forward, the convergence of advanced sensing
fabrication methodologies, particularly utilizing electro-
spinning technology, holds great promise in discovering novel
gas-sensitive materials that exhibit multifunctional attributes.
These attributes encompass unique structural, electrical, and
physical characteristics that synergistically enhance sensor
performance. The versatility of electrospinning allows for the
creation of solid, hollow, and core–shell bers, with precisely
controlled structures and compositions, thereby presenting
remarkable opportunities for innovation and advancement in
the realm of next-generation gas sensors to detect critical gases
such as NO and NO2.
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