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Abstract

The increasing demand for reliable, sensitive, and cost-effective gas sensors drives ongoing
research in this field. Ideal gas sensors must demonstrate high sensitivity and selectivity,
stability, rapid response and recovery times, energy efficiency, and affordability. One-
dimensional (1D) metal oxide semiconductors (MOSs) are prominent candidates due to
their excellent sensing properties and straightforward fabrication processes. The sensing ef-
ficacy of 1D MOSs is heavily dependent on their surface area and porosity, which influence
gas interaction and detection efficiency. Polymeric templates serve as effective tools for
enhancing these properties by enabling the creation of uniform, porous nanostructures with
high surface area, thereby improving gas adsorption, sensitivity, and dynamic response
characteristics. This review systematically examines the role of polymeric templates in the
construction of 1D MOSs for gas sensing applications. It discusses critical factors influenc-
ing polymer template selection and how this choice affects key microstructural parameters,
such as grain size, pore distribution, and defect density, essential to sensor performance.
The recent literature highlights the mechanisms through which polymer templates facilitate
the fine-tuning of nanostructures. Future research directions include exploring novel poly-
mer architectures, developing scalable synthesis methods, and integrating these sensors
with emerging technologies.

Keywords: polymer template; metal oxide semiconductor; one-dimensional; gas sensing
performance

1. Introduction

Modern advancements in industrialisation and urban development have significantly
enhanced the quality of life by enabling the establishment of advanced infrastructure,
facilities, and services [1]. However, this progress has concurrently increased the emission
of hazardous toxic gases into the atmosphere, posing serious risks to environmental sustain-
ability and human health [1]. Consequently, the effective detection and monitoring of these
gases are imperative, rendering gas sensing technologies critical for pollution control and
safeguarding public safety [1]. Central to the functionality of any gas sensor is the sensing
layer, whose material composition and structural characteristics critically determine key
sensor performance parameters such as sensitivity, selectivity, response time, and long-term

stability [2].
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Metal oxide semiconductors (MOSs) have been extensively investigated as sensing
materials due to their chemical robustness, thermal stability, and favourable electrical
properties [3]. Notably, the dimensionality of these MOSs, ranging from zero through
to three-dimensional (0-3D) nanostructures, as displayed in Figure 1, has a profound
influence on their gas sensing efficacy [2]. One-dimensional (1D) MOS nanostructures,
for example, nanowires, nanotubes, and nanorods, have garnered considerable attention
as highly effective sensing layers [4]. Their unique morphology provides a high surface-
to-volume ratio, enhancing gas adsorption and facilitating accelerated electron transport,
which jointly contribute to heightened sensitivity and rapid sensor response [4]. The ability
to precisely control these 1D morphologies enables optimisation of material properties to
achieve lower detection limits for a broad range of toxic gases.

Classification of Nanomaterials
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Figure 1. Classification of nanomaterials in their respective dimensions, ranging from 0D to 3D
and everyday examples, reproduced with permission from Saleh [5], Environmental Technology &
Innovation, published by Elsevier 2020.

Despite these advantages, pristine MOS nanostructures frequently face limitations
such as agglomeration, poor dispersibility, and restricted surface functionalisation, which
can impair sensing performance [4]. In this regard, polymeric templates play a crucial role
in overcoming these challenges. Polymers function as adaptable scaffolds, directing the
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synthesis of uniform 1D MOS nanostructures with controlled dimensions and porosity [6].
Beyond templating, polymer matrices can also modulate the electronic environment and
surface chemistry of metal oxides, thereby enhancing gas adsorption sites and facilitating
charge transfer mechanisms [6]. Such polymer-metal oxide hybrid composites often exhibit
superior mechanical flexibility, enhanced stability, and improved sensitivity compared to
their pure MOS counterparts [6].

Recent studies have demonstrated the instrumental role of polymeric templates in
the fabrication of 1D MOS nanostructures with superior gas sensing properties. For in-
stance, electrospun polymer nanofibres have been employed as sacrificial templates to
produce ultrathin MOS nanofibres with exceptional responses to hydrogen sulphide (H;S),
attributable to their interconnected porous networks and high crystallinity [7,8]. Similarly,
polymer-assisted hydrothermal synthesis has yielded well-defined ZnO nanowires exhibit-
ing improved sensing behaviours towards C,H; gas [9]. These advancements demonstrate
the synergistic effect of polymeric templates in mitigating the drawbacks of conventional
MOS fabrication approaches and advancing the development of next-generation gas sensors
possessing tunable, highly efficient sensing layers.

The utilisation of polymeric templates to engineer 1D metal oxide nanostructured
sensing layers presents a powerful strategy to enhance gas sensing performance. To the
best of our knowledge, only a few reviews have addressed the use of polymeric materials
as templates for the synthesis of one-dimensional nanostructures, with a clear correlation
between the resulting structural properties and gas sensing performance [10-12]. Notably,
the existing studies are dated to 2020 [10] and 2022 [11,12], highlighting the need for a
comprehensive review that captures recent advances in 1D nanostructured materials and
their gas sensing capabilities. This review critically evaluates recent progress in this area,
emphasising fundamental principles, synthesis techniques, and the sensing capabilities
of polymer-assisted 1D MOS systems. Viewed through this lens, polymeric materials
not only serve as fabrication facilitators but also emerge as key enablers of augmented
sensor functionality, thereby paving the way for innovative applications in environmental
monitoring, industrial safety, and healthcare diagnostics.

2. Fundamentals of 1D MOS Gas Sensors

The field of gas sensing has witnessed substantial progress with the advent of 1D
MOS nanostructures. These materials, commonly designed as nanowires, nanorods, and
nanotubes, exhibit unique physical, electronic, and chemical features that render them
highly appealing for advanced gas sensing applications. Understanding the fundamentals
of 1D MOS gas sensors necessitates an exploration of their core structural, morphological,
electronic, and optical properties, as each directly influences sensor performance.

2.1. Structural Properties

At the atomic scale, 1D nanostructures are characterised by well-ordered lattices
that can be either single-crystalline or polycrystalline, depending on the synthesis route
employed. High crystallinity, as seen in many hydrothermally grown ZnO in Figure 2
or SnO, nanowires, is highly desirable because it minimises grain boundaries that act as
trapping sites for charge carriers [13]. The reduced presence of such defects facilitates
enhanced charge transport, crucial for achieving rapid and sensitive gas detection [13].
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Figure 2. The SEM images of highly crystalline ZnO nanowires synthesized via hydrothermal
method under different solution concentration and growth duration; (a) 10 mM and 1 h, (b) 5 mM
and 1h, (c) and (d) 1 mM and 6 h. Reproduced with permission from Sen et al. [14], Thin Solid Films;
published by Elsevier, 2016.

The nature of the crystal lattice strongly influences sensor performance. For example,
5nO; commonly crystallises in the rutile phase [15], while ZnO typically forms a wurtzite
lattice structure [16]. These distinct crystal structures impact the density and type of intrin-
sic defects, such as oxygen vacancies, which serve as active sites for gas adsorption and
interaction. In ZnO nanorods, the wurtzite structure combined with high crystalline quality
leads to efficient electron mobility and surface reactivity, enabling sensitive detection of
gases like Nitrogen dioxide (NO,) [17]. Similarly, rutile TiO; nanowires with tailored crys-
tallinity exhibit excellent stability and reproducible sensor responses towards VOCs [18].
Thus, controlling the crystal phase and quality directly affects the electronic properties
underpinning sensor performance.

Dimensional parameters, including diameter, length, and aspect ratio (length-to-
diameter), play a crucial role in defining the sensing behaviour of 1D MOS nanostruc-
tures [19]. Nanostructures with smaller diameters inherently possess a higher surface-to-
volume ratio, which maximises the number of active adsorption sites available for gas
molecules [17]. This effect enhances sensitivity significantly because the charge carrier
modulation induced by gas adsorption occurs predominantly at the surface. According
to Cai et.al [20] ultrathin Selenium-Tin (Se-Sn) nanofibers fabricated via electrospinning
with diameters below 100 nm show markedly improved gas sensing performance due to
their large accessible surface area and porous morphology. These nanofibers exhibit high
sensitivity and selectivity toward triethylamine (TEA), owing to their enhanced surface-to-
volume ratio and effective electron transport pathways enabled by the ultrathin and porous
structure. The aspect ratio is equally important, particularly when these nanostructures
are employed as single-element sensors or in networks where conduction pathways are
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established along their length. High aspect ratios facilitate efficient electron transport,
enabling fast and amplified changes in electrical resistance upon gas exposure.

2.2. Morphological Properties of 1D MOS for Gas Sensing

The morphology of 1D MOS nanostructures plays a fundamental role in determining
their gas sensing characteristics. Key morphological features such as surface topography,
porosity, uniformity, and defect structure influence how gas molecules interact with the
sensor surface, impacting sensitivity, selectivity, response time, and stability.

2.2.1. Surface Topography and Porosity

Surface roughness and porosity profoundly affect the density of accessible active
sites for gas adsorption [21]. Rough, porous structures increase surface area and provide
pathways that facilitate the penetration and diffusion of gas molecules deep into the
sensing layer, rather than restricting interactions to the external surface [21]. For instance,
electrospun MOS nanofibers such as LaCoOj [22], ZnO [23], and Iny,O3 [23] exemplify the
benefits of enhanced surface morphology. LaCoO3 nanofibers produced by electrospinning
polymer templates followed by calcination at different temperatures exhibited a highly
porous, interconnected network with fibers below 58 nm in diameter. This high surface-
to-volume ratio significantly improves the adsorption of ethanol, translating to faster
and stronger sensor responses [24]. Similarly, porous ZnO nanofibers fabricated through
electrospinning demonstrate increased sensitivity to reducing gases such as Hp, CO, and
CHy,, attributable to the hierarchical pore structures that accelerate gas diffusion and
interaction kinetics, thereby enhancing the surface reaction rate and improving overall
sensing performance [25].

Template-assisted synthesis methods further enable the engineering of precise
nanoscale morphologies [26]. For example, TiO, nanotube arrays created by electrochem-
ical anodization polymer templating possess uniform vertical alignment and nanoscale
pore diameters [25]. These architectures provide a vast active surface area coupled with
rapid gas diffusion channels, enhancing sensor response and recovery times while main-
taining structural robustness. Post-synthesis treatments like annealing or acid etching
can fine-tune pore size and surface roughness, further optimizing gas accessibility and
sensor performance.

2.2.2. Homogeneity and Defect Sites

Achieving morphological uniformity is crucial for sensor consistency and selectivity.
Uniform 1D nanostructures with well-defined diameters, lengths, and surface properties
ensure reproducible sensor output by reducing variability in electron transport and gas
interaction pathways [4]. Techniques such as vapour-liquid-solid (VLS) growth of ZnO
nanowires and nanorods have successfully produced highly monodisperse arrays that
exhibit stable and selective detection of gas analytes, demonstrating the importance of
controlled morphology [4,27,28].

Conversely, deliberate introduction of controlled defects can enhance sensor sensitivity
and selectivity. Defects in materials are irregularities or disruptions in the regular arrange-
ment of atoms within a crystal lattice. These imperfections can significantly influence the
physical, chemical, electronic, and optical properties of the material. Defects play a crucial
role in determining the gas-sensing performance of materials [29,30].

Oxygen vacancies, for example, are one of the most critical morphological defects
intrinsically linked to MOS gas sensing mechanisms. These vacancies act as electron donors,
creating localized sites favorable for the adsorption of gas molecules [31]. Photolumines-
cence (PL) has been widely applied to study the defect structures in transition in MOS
materials [32-34].
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When exposed to an excitation source with photon energy equal to or greater than the
band gap, MOS nanocrystals absorb the photons, leading to the generation of photo-excited
electrons in the conduction band and holes in the valence band. These electron-hole pairs,
known as excitons, subsequently recombine at defect sites, producing trap-state lumines-
cence. PL is therefore a valuable tool in gas sensing research for probing defect-related
properties in MOS-based sensors. In addition to PL, other complementary techniques
such as cathodoluminescence (CL), electron paramagnetic resonance (EPR), X-ray pho-
toelectron spectroscopy (XPS) and Raman spectroscopy are also commonly employed to
investigate and analyze defect structures in these materials [30,35-39]. Mhlongo et al. [32]
demonstrated that higher oxygen vacancy concentrations not only enhanced gas sensing
but also induced room-temperature ferromagnetism, linking defect-mediated magnetism
with sensing performance. The correlation was established through a combination of
techniques, including PL to track defect-related emissions, XPS to quantify oxygen-vacancy
contributions in the O 1 s spectrum, EPR as an indirect probe of vacancy-induced ferro-
magnetism, and direct gas sensing measurements. These results highlights the central
role of oxygen vacancies and highlight the effectiveness of multi-technique approaches in
clarifying structure—property relationships in MOS-based sensors.

Enhanced vacancy concentration within ZnO nanorods [40,41] or SnO;, nanowires [42]
has led to improved sensitivity and faster response times at room temperature, a significant
advantage for practical applications.

In addition to intrinsic defects, doping or surface decoration with metal nanoparticles
(such as Pd, Pt, or Au) can introduce catalytic sites and heterojunctions that improve charge
transfer and catalytic oxidation/reduction reactions at the sensor surface [43-45]. Au-
functionalized ZnO nanorods, for example, demonstrated ammonia (NH3) by facilitating
NHj spillover effects on the ZnO surface [46]. These dopants and defects create active
centers that specifically enhance gas molecules adsorption or reaction kinetics, boosting
sensor performance.

Balancing defect concentration is essential since excessive defects may increase charge
carrier recombination or degrade stability [31]. Synthesis approaches such as controlled
atmosphere annealing and polymer-template-assisted growth allow for fine control of
morphology and defect density to tune sensor performance toward the desired balance of
sensitivity and longevity.

2.3. Electronic Properties

The electronic properties of 1D MOS nanostructures are fundamental to their out-
standing gas sensing performance, as they govern the conversion of gas adsorption events
into measurable electrical signals [11]. Typically, many MOS materials such as ZnO, TiO;,
and SnO; behave as n-type semiconductors, where electrons serve as the primary charge
carriers. However, p-type MOS materials like NiO, CuO, and CozO4 have also gained inter-
est for complementary sensing applications. The sensing mechanism principally involves
modulation of the electrical conductivity or resistance of the nanostructure due to changes
in surface charge carrier density induced by gas adsorption [11]. In ambient conditions,
oxygen molecules adsorb onto the MOS surface and capture conduction band electrons,
creating an electron depletion layer [11]. The extent of this depletion layer is sensitive to
interactions with target gases. Exposure to reducing gases such as H, or CO results in the
reduction of adsorbed oxygen ions and releases electrons back to the conduction band,
decreasing the depletion width and lowering resistance [3]. Conversely, oxidising gases
like NO, extract additional electrons from the surface, deepening the depletion region and
increasing resistance [3].
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The 1D morphology of these nanostructures plays a critical role in amplifying this
effect because their diameters often approach or are smaller than twice the depletion layer
thickness, meaning gas-induced surface charge changes influence the entire cross-section.
This results in significant and rapid variations in electrical resistance, enabling the detection
of gases at very low concentrations. Additionally, the high crystalline quality and long-
range order in single-crystalline nanowires minimize electron scattering, supporting swift
charge transport and fast sensor response times [47,48].

Surface electronic states, including those arising from intrinsic defects, dopants, and
heterojunctions, profoundly affect the sensing behavior by altering charge carrier dynamics
and surface reactions [48]. Oxygen vacancies, common intrinsic defects, act as shallow
donors supplying free electrons and serve as preferred adsorption sites for gas molecules,
particularly oxidising species [48]. Manipulating oxygen vacancy concentration through
controlled synthesis or post-treatment can thus tailor sensor sensitivity and selectivity.
Further enhancement arises from doping or surface decoration with transition metals
(e.g., Fe, Mn) or noble metals (e.g., Au, Pd, Pt). Noble metal nanoparticles deposited on
MOS nanostructures act as catalytic centers, facilitating gas molecule dissociation and elec-
tron exchange via spillover effects that accelerate surface reactions and reduce activation
energies. For example, Pd-functionalized SnO, nanofibers exhibit ultrahigh butane sensing
sensitivity and selectivity because Pd efficiently dissociates butane, promoting rapid elec-
tron transfer to the SnO, surface and markedly modulating its resistance [49]. Moreover,
heterojunction formation between different MOS materials or with other semiconductors
introduces potential barriers that modulate charge carrier transport; gas exposure alters
these barriers and amplifies the sensing signal [50]. ZnO-TiO; heterostructured nanorods
illustrate this effect, offering superior sensitivity and rapid response to ammonia gas due
to synergistic band alignments enhancing electron transfer and surface reactions [51].

2.4. Optical Properties

One-dimensional MOS nanostructures exhibit unique optical properties that are inte-
gral to their function and enhancement in gas sensing applications. These properties arise
primarily from their reduced dimensionality, high surface-to-volume ratio, and quantum
confinement effects [52]. When the characteristic dimensions of these nanostructures ap-
proach or fall below the exciton Bohr radius, quantum confinement leads to an increase
in band gap energy compared to their bulk counterparts, effectively resulting in blue-
shifted absorption edges [52]. For example, ZnO nanorods and SnO; nanowires with
diameters smaller than 50 nanometres show such band gap broadening, which modifies
their photon absorption and emission characteristics [53,54]. These alterations in optical
properties facilitate the use of 1D MOS nanostructures in optical gas sensing techniques,
where gas adsorption induces measurable changes in photoluminescence intensity, optical
absorbance, or Raman scattering [52]. Adsorption-driven variations in local surface states
or charge transfer processes modulate these optical signals, providing an additional, often
complementary, transduction mechanism alongside conventional electrical detection.

Furthermore, many 1D MOS materials demonstrate intrinsic photocatalytic activity
under ultraviolet or visible light illumination [55]. Photon absorption excites electrons
from the valence to the conduction band, generating electron—hole pairs that migrate to
the surface and participate in chemical reactions with adsorbed gas molecules [55]. This
photoactivation enhances surface reaction kinetics, thereby improving sensitivity and
enabling sensor operation at or near room temperature, which is an essential advancement
over traditional high-temperature MOS sensors.

In addition to electrical and photocatalytic effects, modern sensor designs increasingly
leverage integrated multi-modal transduction approaches, where both optical and electrical
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responses are simultaneously monitored [56]. This hybrid strategy exploits the comple-
mentary nature of electron transport modulation and optical signal variation upon gas
adsorption, enhancing sensitivity and selectivity. Similarly, devices utilizing whispering
gallery mode optical resonators coated with 1D MOS nanostructures capitalize on shifts in
optical resonance wavelengths induced by gas adsorption-related refractive index changes,
achieving highly sensitive and rapid gas detection [56]. Integration of polymer matrices
with MOS nanostructures further facilitates flexible optical sensor platforms with enhanced
molecular recognition and optical clarity, thereby improving overall sensor robustness and
functionality [52,56].

3. Gas Sensing Mechanism and Contributing Factors

There are different types of gas sensors, including MOS, Fluorescence, electrochem-
ical, and IR sensors (see Figure 3), each designed to detect specific gases or groups of
gases. These sensors operate based on different underlying principles and mechanisms,
depending on the type of gas they are intended to detect. Thus, their working principles
vary, with each type employing a unique sensing technology to function effectively. This
is like what is observed in MOS gas sensors, which operate based on the principle of
chemoresistance, where the electrical resistance of the material changes depending on the
type and concentration of the gas present [1].

IR sensor

Comparison of IR
intensity before and

| |

Metal Electrochemical
Semiconductor Sensor
Sensor

|

Detection of electron
transfer during the

Change of electrical
resistance of before and

after adsorption of target after adsorption of target Sskehiguabon ool
;ﬁ molecules gas molecules

Figure 3. Some types of gas sensors and their underlying principle, reproduced with permission
from [57].

It has long been accepted that the gas-sensing mechanism of MOS is primarily based
on oxygen adsorption. However, this view has been challenged in recent years by several
researchers. For instance, N. Goel et al. [2] emphasise that the operating temperature plays
a crucial role in influencing the sensing mechanism of these materials. MOS can be cate-
gorized based on their operating temperature into two types: surface-conductance-based
materials, which are typically oxide-based and operate at low to moderate temperatures be-
low 600 °C, and bulk-conductance-based materials, which function at higher temperatures,
generally above 700 °C [2,3].

The sensing mechanism of the MOS is further categorized at the microscopic and
macroscopic levels. The microscopic levels support different mechanisms like Fermi-level
control theory and charge carrier depletion layer theory, while the macroscopic level focuses
on adsorption/desorption processes, bulk resistance control mechanism, and gas diffusion
control mechanisms [2]. Typically, in MOS-based gas sensors, the macroscopic is preferred
because the focus is more on overall sensor performance, such as sensitivity, response time,
and stability, than on microscopic interactions [29].
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MOQOS-based gas sensing devices are primarily influenced by chemical adsorption and
desorption, as this is the dominant mechanism governing their sensing behaviour. Chemical
adsorption (chemisorption) involves the formation of strong chemical bonds between
the adsorbate and the adsorbent, making it a specific and often irreversible process [1].
Desorption, the reverse process, requires breaking these bonds and is influenced by factors
such as temperature and surface properties [58,59].

MOS sensors can be classified into n-type and p-type based on their dominant charge
carriers: electrons for n-type and holes for p-type [60]. These two types respond differently
when exposed to a target gas. When the gas comes into direct contact with the sensor
surface, a chemical reaction occurs, leading to a fluctuation in the electrical signal. This
happens because the target gas either donates or accepts electrons during the surface
interaction, which alters the charge carrier concentration and causes a measurable change
in the resistance of the sensor [3]. This reaction is summarized in Table 1, which shows how
the interaction between the target gas and the MOS surface leads to either an increase or a
decrease in resistance, depending on the type of gas and whether the material is n-type or

p-type [61].

Table 1. Surface reaction effects on n-type and p-type MOS Sensors.

. Effect on n-Type Effect on p-Type
Gas Type Reaction Type Electron Flow MOS MOS
Reducing gas I Releases electrons . . .
(e.g., CO, Hy, NH). Oxidation of gas. into MOS. Resistance decreases.  Resistance increases.
Oxidizing gas . Withdraws electrons . . .
(e.g., NO,, O3, Cly). Reduction of gas. from MOS. Resistance increases.  Resistance decreases.

According to Padvi et al. [61], an ideal gas sensor should exhibit high sensitivity and
selectivity, good stability, a long-life cycle, low operating temperature, and fast response
and recovery times. These factors are central, as they can either enhance the functionality
of the sensor or limit its effectiveness, preventing it from meeting the criteria of an ideal
gas sensor [2,61]. When designing ideal gas sensors, it is essential to take key performance
parameters into account. One of the most important of these is sensitivity, which refers to
the ability of the sensor to detect the presence of gases. Factors such as the composition
and properties of the sensing material, as well as the operating temperature, especially at
room temperature, must be considered when assessing the sensitivity of the sensor [2,3,29].

There are numerous gases present in the atmosphere, but an ideal gas sensor should
be capable of detecting the target gas even in the presence of other interfering gases. This
characteristic is referred to as selectivity [3]. To ensure the accuracy of the sensor’s output,
high selectivity is essential. Another critical parameter is stability, which refers to the
ability of the sensor to deliver consistent and reliable readings over an extended period [29].
However, this is often a limiting factor in MOS sensors [2,3,29].

Response time is defined as the duration between the moment when the gas concen-
tration reaches a certain level and when the sensor produces a corresponding signal [29].
In contrast, recovery time refers to how long the sensor takes to return to 90% of its original
signal after the removal of the target gas [29]. Gas sensors that operate at room tempera-
ture are preferred for many real-world applications due to their low power consumption,
enhanced durability, and ease of portability. However, most MOS-based gas sensors re-
quire elevated temperatures to initiate the adsorption/desorption processes on the sensing
surface [2,3,29].
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4. Polymeric Template Selection, Synthesis, and Gas
Sensing Performance

Polymeric materials play a crucial role in the development of advanced gas sensors
due to their versatile chemical structures, ease of synthesis, and tunable properties. The
selection of appropriate polymers is fundamental to optimizing the sensor’s performance,
including sensitivity, selectivity, and stability. By carefully designing polymer matrices
and incorporating functional groups, researchers can tailor interactions with specific gas
molecules, enhancing the overall detection capabilities. The synthesis methods employed
significantly influence the morphological features of the polymers, which in turn affect
their gas sensing behavior.

The unique properties of 1D MOS, together with their ability to confine charge carrier
transport along a single axis, lead to enhanced charge mobility and heightened sensitivity,
making them exceptionally effective for detecting gas molecules. Moreover, hollow 1D
MOS nanostructures offer improved adsorption and desorption kinetics, resulting in faster
sensor response and recovery times. Integrating these 1D MOS with polymeric materials
combines the benefits of both, leading to superior gas sensor performance.

4.1. Polymetric Template Selection

Polymeric templates are structures used to guide the formation of polymers with
specific properties and configurations [62]. These templates can be made from various
materials, including Deoxyribonucleic Acid (DNA), Ribonucleic Acid (RNA), hydrogels,
and metal-organic frameworks (MOFs) [63]. By acting as precise scaffolds, polymeric
templates enable the control of size, shape, and arrangement of polymers, which is essential
for developing materials with tailored functions across many scientific and technological
fields [6,63,64].

Polymeric templates are broadly classified into two categories: natural and synthetic
polymers. Both types play essential roles in various applications due to their unique prop-
erties. Table 2 summarizes the different types of polymers, highlighting their key properties
and their uses across multiple fields. Polymeric templates play a crucial role in shaping
the structure, pore size, and surface area of 1D MOS by effectively controlling the material
formation process, which directly impacts their performance [65]. The morphology can be
finely tuned by adjusting parameters including polymer concentration, molecular weight,
and infiltration conditions. Furthermore, microwave annealing accelerates the infiltration
process and provides superior control over the morphology compared to conventional
thermal treatments [6,66]. In terms of porosity control, the resultant porosity is influenced
by both the type of polymer used and the synthesis technique employed [67,68]. For in-
stance, employing polyesters combined with sequential vapor infiltration (SVI) allows for
the precise tuning of micro- and mesoporous structures [68]. Block copolymers (BCPs), in
particular, create more open surface architectures relative to intrinsic microporous polymers
such as PIM-1 [69]. Surface area control is achieved through methods such as utilizing
anodic aluminium oxide (AAO)-based polymer templates that replicate complex surface
morphologies, thereby enhancing surface area [66]. The use of swollen polymers as tem-
plates produces porous materials with high surface areas, making them well suited for
catalytic and separation applications [70]. Moreover, interactions between the polymer tem-
plate and MOS influence the physical characteristics of the composite, which can improve
selectivity and overall material gas sensing performance [70].
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Table 2. Overview of natural and synthetic polymeric templates [70-73].

Type Polymer Properties Applications
Biodegradable, i
Chitosan biocompatible, Drug delivery,

antimicrobial porous structures

Water-soluble, forms gels, . . .
Tissue engineering,

Alginate high ion . hydrogels
Natural exchange capacity
Cellulose Abundant, biodegradable, = Nanocomposites,
high tensile strength nanostructures
Biocompatible, forms Drug delivery,

Gelatin hydrogels, high

S rous structures
water affinity porous structure

Polystyrene Rigid, transparent, good Microspheres,

chemical resistance nanostructures

Polyvinyl Alcohol bioc‘:{\éatfar(_:liob}{:e ble(,)o d Drug delivery,
(PVA) & '8 porous materials

film-forming properties

Synthetic Biodegradable, Tissue engineerin,
Polylactic Acid (PLA) biocompatible, good sca ﬂ% 1ds &
mechanical properties
Water-soluble .
Polyvinylpyrrolidone . . ! Drug delivery,
(PVP) biocompatible, excellent stabilizers

film-forming

4.2. Synthesis Strategies

Various fabrication techniques, such as thermal evaporation, self-catalytic growth, hy-
drothermal synthesis, and electrospinning, have been employed to produce 1D MOS [73,74].
Among them, electrospinning stands out for its simplicity, scalability, and efficiency in pro-
ducing 1D nanostructures, commonly referred to as nanofibers [74-76]. These nanofibers
exhibit a fibrous morphology with diameters ranging from a few nanometers to several
microns, depending on factors such as solution composition, processing parameters, and
environmental conditions. In the case of MOS-based nanofibers, their structural attributes
are primarily influenced by the composition of the spinning solution and the electrospin-
ning conditions. Therefore, optimizing these parameters is essential to achieve the desired
nanofiber architecture.

The selection of an appropriate polymer is critical, as the electrospinnability of the
solution depends on the molecular weight of the polymer and its ability to provide suitable
viscosity. Compatibility between the polymer and the metal salt precursor is also essential,
as it enhances the homogeneity and stability of the spinning solution. Post-electrospinning,
the sacrificial polymer must be removed to yield pure MOS nanofibers. Calcination is the
most employed method for this purpose, and its parameters, particularly temperature and
duration, play a pivotal role in determining the final properties of the nanofibers. Table 3
summarizes studies based on 1D MOS nanofibers [75,77,78].

Calcination can significantly affect the crystallinity, morphology, and surface area of
the resulting MOS structures—for example, Liming et al. [79] reported that increasing the
calcination temperature from 400 °C to 600 °C transformed the material from an amorphous
to a crystalline phase, thereby enhancing its gas-sensing performance toward ethylene
glycol at room temperature. Achieving optimal crystallinity is essential for enhancing gas
sensing performance. Higher calcination temperatures and longer calcination durations
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typically improve crystallinity, which in turn reduces the number of charge carriers. This
reduction enhances the modulation of electrical resistance during gas adsorption and
desorption, resulting in improved sensor responses. Additionally, 1D MOS produced
under these conditions often consists of nanograins. As calcination temperature and
time increase, these nanograins tend to coalesce and grow, altering the physical and
chemical properties of the nanofibers [24]. Larger grains reduce the number of grain
boundary barriers, leading to a less pronounced resistance modulation and, consequently,
diminished sensing performance. For example, SnO; nanofibers with smaller grains have
demonstrated superior CO sensing capabilities compared to those with larger grains, due
to the increased number of potential barriers at grain boundaries that enhance resistance
modulation [80]. Conversely, ZnO-based 1D materials with larger grains have shown better
sensing performance than those with smaller grains [81,82], highlighting that the optimal
grain size for sensing can vary depending on the material system.

Hollow nanotubes can also be fabricated using the electrospinning technique [83,84].
The production of these nanotubes has been reported to depend on several factors, includ-
ing the composition of the precursor solution, the electrospinning parameters, and the
specific electrospinning technique employed. The first approach involves electrospinning
a polymeric material without incorporating a metal precursor, followed by coating the
resulting fibers with the precursor [62,84,85]. Subsequent thermal decomposition of the
polymer template then yields hollow nanotubes. In a study by Cho et al. [85], electrospun
fibers were used as templates to facilitate the formation of hollow nanotubes. The authors
electrospun a blend of PVP and PMMA, producing fibers with diameters ranging from
400 to 600 nm. These fibers were then coated with a 50 nm SnO, overlayer via sputtering.
Subsequent calcination at 450 °C for 30 min resulted in the formation of hollow submicron
tubes. Transmission electron microscopy (TEM) images revealed hollow nanofibers with
diameters between 300 and 500 nm and shell thicknesses of approximately 15-20 nm. The
resulting polycrystalline SnO; structure exhibited grain sizes of around 10 nm. In another
study, the hollowness of ZnO nanotubes was investigated by varying the concentration of
the polymer in the electrospinning solution. As polymer concentration increases, so does
the viscosity, resulting in the formation of thicker fibers. The authors coated these fibers,
produced at different diameters, with a ZnO precursor to create hollow nanotubes with
varying inner diameters. It was observed that the diameter of the hollow core increased
from 50 nm to 185 nm as the polymer concentration in the spinning solution rose from 5.5%
to 9.0%. Smaller hollow diameters resulted in enhanced performance, attributed to the
increased surface area available for interaction. The method has demonstrated potential
for fabricating hollow hybrid nanotubes suitable for gas-sensing applications [86]. Han
et al. [86] employed a combination of electrospinning and atomic layer deposition (ALD) to
synthesize p-CuO/n-ZnO nano-heterojunction hollow tubes (Figure 4a). Initially, a spin-
ning solution containing PVP and Cu(CH3COO),-H,O was electrospun into nanofibers,
which were subsequently coated with ZnO using ALD with diethyl zinc (DEZn) and H,O
as precursors. The ZnO coating thickness, ranging from 44 to 120 nm, was controlled by
adjusting the number of ALD cycles. The coated fibers were then annealed at 550 °C for 2 h
with a heating rate of 1 °C/min to form hollow nanotubes. XRD analysis confirmed the
presence of both monoclinic CuO and hexagonal wurtzite ZnO phases (Figure 4b). SEM
images revealed ultra-long, hollow nanofibers with smooth surfaces (Figure 4c—e), and the
wall thickness of the nanotubes ranged from 45 to 126 nm (Figure 4f-h). High-resolution
imaging showed lattice spacings of 0.260, 0.281, and 0.252 nm, corresponding to the (002)
and (100) planes of ZnO and the (111) plane of CuO, respectively (Figure 4i). Elemental
mapping indicated uniform distribution of Zn, Cu, and O across the nanotube shells,
suggesting diffusion of CuO nanoparticles toward the outer surface during calcination
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(Figure 4i-1). This demonstrates that by selecting appropriate techniques and precursors, it
is possible to precisely control the shell size and composition, enabling the fabrication of
tailored materials for gas-sensing applications.
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Figure 4. (a) Schematic illustration of the heterojunction hybrid nanotube fabrication process using
a three-step method: electrospinning, coating, and calcination. (b) XRD patterns of CuO/ZnO
heterojunction hybrid hollow nanotubes. (c-e) SEM images, (f-h) TEM images, and (i) HRTEM image
of the CuO/ZnO hybrid hollow nanotubes. (j-1) Elemental mapping images showing the distribution
of Cu, Zn, and O in the hybrid nanotube shells. Reproduced with permission from Han et al. [86],
Sensors and Actuators B: Chemical; published by Elsevier, 2019.

Li et al. [87] synthesized hollow ZnO-5nO; nanotubes using a two-step process. In the
first step, SnO, precursor was electrospun in the presence of a template polymer, followed
by annealing to form hollow SnO; nanotubes. These pre-formed nanotubes were then
immersed in a ZnO precursor solution and subjected to a hydrothermal treatment, resulting
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in ZnO growth on the surface of the hollow SnO, tubes. The resulting ZnO-5nO; hybrid
nanotubes retained a similar morphology to the pristine SnO, tubes, as ZnO primarily filled
the interstitial spaces between SnO, particles. The specific surface area and BJH adsorption
average pore width of the ZnO-SnO, hybrids increased from 2 m? /g to 34 m?/g and from
25 nm to 27 nm, respectively, compared to the neat SnO, nanotubes. This enhancement
was attributed to the hydrothermal process, which reduced crystallite size and improved
nanoparticle dispersion. The study concluded that the increased surface area and broader
pore distribution were due to partial substitution of Sn** sites by Zn?* ions. Similarly, Tian
et al. [88] successfully synthesized hollow ZnO nanotubes via electrospinning, followed by
hydrothermal decoration with ZIF-8 at 80 °C for 3 h. These hybrid materials are particularly
valuable for gas-sensing applications due to the unique properties of MOFs. MOFs are
distinguished by their tunable porosity and high crystallinity, both of which are critical for
achieving enhanced gas-sensing performance [89,90].

Seshendra Reddy et al. [91] employed electrospinning to fabricate hollow SnO, nan-
otubes for gas-sensing applications. A precursor solution containing SnO; and PVP as a
sacrificial polymer was electrospun, followed by annealing to form hollow nanotubes. The
resulting nanotubes were then immersed in a graphene oxide (GO) solution and air-dried.
Subsequently, the samples underwent thermal annealing at 200 °C for one hour. The
pristine SnO; nanotubes exhibited an average diameter of 25 &+ 21 nm, while the GO-doped
SnO, nanotubes showed an increased diameter of 116 &+ 21 nm.

Alternatively, coaxial electrospinning can be employed to fabricate hollow nanotubes,
as demonstrated by [92]. This technique involves the use of a spinneret equipped with
two coaxial capillaries to produce core-shell composite fibers. The core material is sub-
sequently removed, resulting in the formation of hollow nanotubes. Careful selection of
both the core and shell polymers is essential to ensure that the resulting hollow structures
possess the desired structural and physical properties. For example, hollow SnO, nan-
otubes were successfully synthesized by dissolving a precursor salt in a PVP solution for
the core, while paraffin was used as the inner fluid [92]. The resulting fibers had diameters
ranging from 400 to 750 nm. After calcination, the well-defined hollow structure was
preserved, with a final diameter of approximately 430 nm. This indicates that the thermal
decomposition of PVP and paraffin during calcination did not compromise the integrity of
the 1D nanostructure, making this approach highly suitable for the production of hollow
nanotubes. The hollow nanotubes exhibited enhanced gas sensing performance compared
to their solid fiber counterparts, primarily due to their higher surface area, which allows
for greater interaction with target gas analytes.

Yet, another practical approach for producing hollow nanotubes involves the use of
a single-needle electrospinning technique. In this method, two immiscible polymers are
co-electrospun, followed by calcination to form hollow structures. Ab Kadir et al. [93].
demonstrated this by preparing hollow SnO, fibers using a mixture of two polymer solu-
tions: PVP containing a stannous chloride precursor, and polyacrylonitrile (PAN). Varying
amounts of PAN were added to the PVP/stannous chloride solution before electrospin-
ning. The resulting fibers had diameters ranging from 80 to 400 nm, depending on the
concentration of PAN. After calcination, hollow nanotubes were obtained with diameters
of approximately 80 nm and 250 nm for 1 mL and 2 mL PAN additions, respectively. Inter-
estingly, the addition of 3 mL PAN led to the formation of fibers with multiple small hollow
channels and an overall diameter of around 400 nm (Figure 5a—c). The formation of these
hollow structures was attributed to the immiscibility and incompatibility between PVP and
PAN, which, combined with elongational forces during electrospinning, induced phase
separation, as shown in Figure 5. During calcination, PAN domains formed the core while
the PVP/stannous chloride mixture formed the shell. Both polymers decomposed upon



Processes 2025, 13, 3180

15 of 27

heating, while the SnCl, was oxidized to SnO,, resulting in the formation of hollow SnO,
nanotubes as well as solid fibres, depending on the concentration of PAN (see Figure 5).
In another study, Zhang et al. [94] employed a single-needle electrospinning technique
using a precursor solution composed of PAN, PVP, and zinc acetate. They reported that
phase separation occurred during electrospinning, with PAN forming the core and the
PVP/zinc acetate mixture forming the shell. Upon annealing, this core-shell structure led
to the formation of hollow ZnO nanotubes. This demonstrates that hollow nanotubes can
be produced through the combination of immiscible and incompatible polymers, regardless
of the specific salt precursor used. In contrast, Wei et al. [95] successfully fabricated hollow
ZnO nanotubes using a single polymer in the presence of a precursor. In this approach,
hollow structures were formed due to phase separation that occurred during electrospin-
ning, driven by solvent evaporation. The authors used PVP as the polymer, dissolved in
a 1:1 mixture of DMF and ethanol, while zinc acetate dihydrate was dissolved in deion-
ized water. The two solutions were then combined and electrospun. It was observed
that during electrospinning, Zn?* ions migrated toward the fiber surface as the solvent
rapidly evaporated. This migration led to the formation of hollow nanotubes composed of
non-uniform ZnO nanoparticles (15-35 nm) distributed along one-dimensional fibers with
diameters ranging from 70 to 170 nm after calcination at 600 °C for 3 h in air. The resulting
fibers exhibited a rough and porous surface. This morphology was attributed to the rapid
evaporation of ethanol, which caused Zn?* ions to accumulate at the fiber boundary and
encapsulate the PVP core.
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Figure 5. Schematic illustration for the formation mechanism of (a) hollow and (b) solid fibers using
electrospinning via the phase separation method. SEM images of (c,d) hollow nanotubes at low PAN
concentration, and (e) solid fibers at higher PAN content. TEM images of hollow nanotubes (f,g) and
(h) solid fibers. Reproduced with permission from Ab Kadir et al. [93], The Journal of Physical
Chemistry C; published by American Chemical Society, 2014.

Post-treatment conditions have been reported to play a critical role in the formation of
hollow nanotubes from electrospun nanofibers [96-98]. In particular, the calcination heating
rate significantly influences the final fiber morphology. A slow heating rate of 2 °C/min was
found to be optimal for producing hollow nanotubes, whereas a higher rate of 10 °C/min
resulted in the formation of solid fibers [96]. Although this phenomenon was observed, no
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definitive explanation was provided by the authors. It is worth noting that the polymer
often used to obtain such morphology is PVP from the SnO, viewpoint. Su et al. [97] also
produced SnO, nanotubes by electrospinning a solution composed of PVP and SnCl,-2H,0
as salt precursor. They found that heating rates of 2 °C/min produced solid fibers, but
6 °C/min produced well-defined nanotubes, whereas at 10 °C/min, the structure collapsed.
The authors attributed the formation of either solid or hollow nanotubes during calcination
to two competing effects. The first is fiber shrinkage caused by the thermal decomposition
of PVP, which tends to produce solid fibers. The second involves the diffusion of gases
generated from PVP decomposition, which escape from the fiber core toward the shell,
creating internal pressure that can expand the fiber into a hollow structure. At slow
heating rates, the release of gases occurs more rapidly than the decomposition of PVP. This
allows gases to diffuse out efficiently, maintaining internal pressure close to the external
environment. As a result, shrinkage becomes the dominant effect, leading to the formation
of solid fibers. In contrast, at moderate heating rates, the decomposition of PVP accelerates,
and the gas diffusion rate becomes slower than the rate of gas generation. This causes gas
accumulation inside the fibers, increasing internal pressure. The elevated pressure promotes
outward movement of nanoparticles, forming a shell and resulting in hollow nanotubes. In
this scenario, expansion due to gas buildup becomes the dominant factor. However, when
the heating rate is too high, the rapid decomposition of PVP produces a large volume of
gases in a short time. The excessive internal pressure may exceed the mechanical stability
of the fibers, leading to structural failure and breakage of the hollow nanotube.

Hwang et al. [99] successfully synthesized hollow ZnO nanotubes by optimizing
the annealing temperature. A mixture of PAN and a ZnO precursor was electrospun
and subsequently calcined at various temperatures, including 400, 500, 600, and 700 °C.
Hollow nanotubes were observed only at annealing temperatures of 500 °C and above.
Additionally, it was noted that annealing at 500 °C for one hour produced hollow nanotubes
with narrower diameters compared to those annealed for two hours or longer, indicating
that extended annealing promotes more complete hollow structure formation, as shown in
Figure 6. Elsewhere, n—n junction hybrid hollow nanotubes were synthesized using a single-
step method [100]. Metal precursors of ZnO and SnO; were blended with a polymeric
matrix and then processed via electrospinning. The resulting nanofibers were annealed at
various temperatures for 2 h, using a constant heating rate of 5 °C/min. It was determined
that an annealing temperature of 500 °C was optimal for producing hollow-structured
fibers, which exhibited a specific surface area of approximately 37 m?/g and a pore size
distribution ranging from 15 to 39 nm.

Table 3. Overview of studies utilizing various polymers as templates for the fabrication of one-
dimensional nanostructured materials via electrospinning.

Polymer and Precursor Conditions Post Treatment Verdict
-Voltage = 19 kV Polycrystalline ZnO fibers with diameters
PVP -Feeding rate = 0.05 mL/h o ranging from 50 to 200 nm were obtained,
Zn(NOs3),-6H,0 -Tip-to-collector Annealed at 550 °C consisting of multiple layers measuring
distance = 15 cm approximately 10 to 25 nm each [101].
The resulting crystalline CozO4 1D
nanostructures retained a spiderweb-like
PVA “Feeding rate = 0.3 uL h~1 . Lﬁrled ;tb 60 °C foi"3 h, arzangement, with ﬁbe}‘[ﬁlamfe%ltjers ranging
Co(NO),-6H,0 >98% Voltage = 20 kV ollowed by annealing at rom 100 to 200 nm. These fibers were
- 600 °C for 3 h composed of interconnected nanoparticles

measuring approximately 3 to 10 nm,
forming a porous structure [102].
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Table 3. Cont.

Polymer and Precursor

Conditions

Post Treatment

Verdict

PAN/PVP
ZHC12 /COClZ -6H20

-Voltage = 16 kV

-Tip-to-collector

distance = 15 cm
-Feeding rate = 1 mL/h

Heated in air at 400, 500,
and 6000 °C for 1.5 h

The one-dimensional fibrous architecture
was preserved after calcination. However,
annealing at 600 °C led to more pronounced
fragmentation of the resulting fibers. The
fibers exhibited mesoporosity, with specific
surface areas of 6.015, 19.521, and
10.424 m? /g for samples annealed at 400 °C,
500 °C, and 600 °C, respectively [79].

PVA
(CH3C02 )2 Zn

-Tip-to-collector

distance = 20 cm

-Voltage = 10 kV
-Feeding rate = 0.5 mL/h

Annealed in air at
400-800 °C for2 h

Although the fibrous architecture was
retained, the fibers consisted of nanograins
approximately 20 nm in size. Structural
perfection improved with annealing up to
700 °C; however, further temperature
increases led to a decline in structural
integrity [82].

pvP
SnClz ~2H20

-Feeding rate = 0.3 mL/h
-Voltage = 14 kV
-Tip-to-collector
distance = 15 cm

Annealed in air at 500 °C
for 2 h at different heating
rates of 2 °C/min,

6 °C/min, and 10 °C/min

The heating rate influenced the structure of
the resulting one-dimensional materials: a
rate of 2 °C/min produced solid fibers, and
6 °C/min resulted in the formation of
hollow nanotubes. In comparison, a rate of
10 °C/min caused most of the nanotubes to
collapse [97].

PVP
SnCl,-2H,0/PdCl,

-Voltage = 20 kV
-Tip-to-collector
distance = 10 cm

Annealed at 600 °C for2 h

Hollow nanotubes of Pd-doped SnO,
nanofiber were attained using single needle
electrospinning [83].

PAN
SDOZ

-Voltage = 20 kV

-Tip-to-collector

distance = 10 cm
-Feeding rate = 0.5 mL/h

PAN was stabilized at
250 °C for 2 h, followed by
calcination at 700 °C for 1 h.

Coating a PAN template with a SnO,
precursor via atomic layer deposition (ALD),
followed by calcination, resulted in smooth,

wrinkle-free SnO, nanotubes. This was
attributed to the stabilizing effect of PAN
during the deposition and thermal treatment
processes [84].

PVP
Zn(AC),-2H,0

-Voltage = 19 kV
-Tip-to-collector
distance = 20 cm

Annealed at 600 °C for 3 h
in air

Solvent evaporation-induced phase
separation resulted in the formation of
one-dimensional ZnO nanotubes with a
surface area of 99.2 mz/g [95].

pvP
SnCl4 -2H20/ZH(NO3)2 ~6H20

-Voltage = 20 kV

-Tip-to-collector

distance = 20 cm
-Humidity = 40-50

Annealed at 600 °C for 3 h
in air with a heating rate of
10 °C/min

Porous hollow SnO, and ZnO nanotubes
composed of nanoparticles approximately
10 £ 5 nm in size [98].

PVP
SnCly-2H,0/Zn(NO3),-6H,0

-Voltage = 18 kV
-Tip-to-collector
distance =15 cm

Annealed at 600 °C for 3 h
in air at a heating rate of
1 °C/minute

Smooth fibers were initially obtained before
annealing. However, during the annealing
process, Sn and Zn ions diffused toward the
fiber surface. Continued heating led to the
decomposition of the polymer matrix, along
with chloride and nitrate ions, facilitating
the oxidation of Zn and Sn into nanograins.
As the temperature increased, these
nanograins grew and reorganized to form
hollow nanotubes. The resulting structures
were mesoporous, with pore sizes ranging
from 2 to 50 nm and a specific surface area of
approximately 17 m?/g [77].

pvp
Zn(CH;CO0),-2H,0/
SHC12 '2H20/AgN03

-Voltage = 15 kV

Annealed at 600 °C for 2 h

Rough, porous tubular structures were
formed, exhibiting an average diameter of
about 248 nm and a wall thickness of around
24 nm [103].

PVP
SnCl,-2 H,O/AuCl;-HCI-4H,O

-Voltage = 15 kV
-Feeding rate = 8 pL/min
-Tip-to-collector
distance = 15 cm

Annealed at 500 °C for 2 h
in air at a heating rate of
3 °C/min

Nanotubes with diameters ranging from
60 to 90 nm were decorated with gold
nanoparticles via ultraviolet light irradiation,
resulting in well-dispersed nanoparticles
uniformly distributed along the nanotube
surfaces [104].
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Polymer and Precursor Conditions Post Treatment Verdict

_ Salt precursors were mixed with PVP, and

Zn (CH Ié\gz)/)P SH 0/C :'\r/i()lfse _112 0 tk \r/ Annealed for 2 h at 400 °C the PS was introduced into the system to
(CH C3OO) ’ iH 6 /Nio disfan(iecg 1e 5C com with a heating rate of produce nanotubes after electrospinning and

(Ci—I COé) 4%_1 o Feeding rate_— 0.6 mL/h 1 °C/min in air annealing at 400 °C for 2 h, with a surface

3 -4 - =0.

area reaching ~29 m? /g [78].

PVP

Zn(N03 )2 -6H20/SHC12 -ZHzo

Before calcination, smooth fibers with
diameters of up to 200 nm were obtained.
Following annealing, the fibers developed a
wrinkled and rough surface morphology,
with an average diameter reduced to
- Annealed at 600 °C for5h  approximately 150 nm. The resulting hollow

nanotubes exhibited a rough and porous
surface, composed of ZnO and SnO,
nanoparticles ranging in size from 5 to
20 nm, and featured wall thicknesses of
around 20 nm [105].

PVP
SnCly-2H,0/Zn(AC),

-Voltage = 15 kV
-Tip-to-collector
distance = 15 cm

The resulting tubes had a diameter of
approximately 800 nm, with a wall thickness
of about 100 nm [75].

Annealed at 600 °C for 3 h
at a rate of 2 °C/min

300 nm 300 nm

Figure 6. TEM images of ZnO resulting from annealing at 500 °C at different times (a) 1 h, (b) 2 h,
(¢) 3h, and (d) 4 h [99].

4.3. Gas Sensing Performance

The polymer-assisted synthesis methods provide 1D MOS materials with high surface
area and abundant active sites, promoting efficient gas adsorption and diffusion [106,107].
This structural optimization translates directly into improved gas sensor performance at the
experimental level. Overall, the works reported highlight how the integration of polymers
in the fabrication process serves a vital structural and morphological function, enabling the
development of MOS nanomaterials with superior sensing properties [108,109].

For instance, Morais et al. [110] reported on the synthesis and gas sensing performance
of WO3 nanofibers prepared via the electrospinning method. This approach enabled the
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authors to precisely control the morphology, grain size, and porosity of the nanofibers, key
factors that contributed to enhanced gas sensing capabilities. The study systematically
investigated the sensor response toward NO,, demonstrating notable sensitivity, selectivity,
and fast response and recovery times. The researchers emphasized the critical role of
the PVP polymer used in the electrospinning precursor solution, which primarily acted
as a templating and fiber-forming agent. By modulating the concentration of PVP and
molecular weight, the microstructural characteristics of the WOj fibers could effectively
be controlled. Importantly, the PVP was removed after calcination, ensuring that the final
sensing material was composed solely of WO3. The unique 1D nanofiber structure achieved
through polymer-assisted synthesis provided a high surface area and abundant active sites,
promoting efficient gas adsorption and diffusion.

Similarly, Feng et al. [111] used PVP as a templating and fiber-forming agent during
the electrospinning process of In-NiO, allowing for the creation of uniform, 1D porous In-
NiO nanofibers. After calcination at 500 °C, the PVP was removed entirely, leaving behind
p-type In-NiO nanofibers with high surface area and optimized morphology. The obtained
nanofibers demonstrated significant sensitivity and selectivity toward methanol gas, along
with response and recovery times of 273 and 26 s at an operating temperature of 300 °C. The
improved sensor performance was primarily attributed to the intrinsic properties of NiO,
combined with the porous nanofiber structure enabled by the polymer-assisted synthesis.

Kgomo et al. [35] reported on a single-step electrospinning method to fabricate meso-
porous, belt-like In,O3 for methane sensing, systematically exploring how annealing tem-
perature influences morphology, surface defects, and textural characteristics. Among the
samples tested, the sensor annealed at 550 °C demonstrated exceptional performance: a
response factor of 1.1 to 90 ppm of methane at a low operating temperature of 100 °C, with
fast response and recovery times of 36 s and 44 s, respectively, as well as good stability,
selectivity, and a low detection limit of 0.18 ppm. The enhanced performance is attributed
to the mesoporous belt-like morphology composed of small particles (see Figure 7), which
provides a high surface area, abundant oxygen vacancies, and numerous active sites,
facilitating efficient methane adsorption and desorption.

In another study by Dong et al. [112], the authors presented a polymer-template-
assisted electrospinning method, enhanced by solvent evaporation-induced phase separa-
tion, to synthesize porous o-Fe;O3 nanofibers for ethanol sensing. In their approach, PVP
served both as a structural template and as a carrier for the iron precursor. At the same
time, a binary solvent system with differing volatilities was used to drive pore formation
during fiber spinning. The phase separation process produced polymer-rich and polymer-
lean domains that, upon calcination, yielded an interconnected porous x-Fe,O3 network.
Structural analyses confirmed uniform porosity and crystallinity, and the resulting fibers
exhibited significantly higher ethanol sensitivity and ultrafast response times compared to
non-porous counterparts, owing to their increased surface area and shorter gas diffusion
pathways. Further studies are listed in Table 4, whereby the polymer template, synthesis
method, resulting morphology and key sensing performance metrics are discussed.

Across these studies in Table 4 and the other studies discussed throughout this review,
a clear set of insights emerges on the role and importance of polymer templates in the
synthesis of 1D MOS nanomaterials for gas sensing. In all cases, the polymer, most often
PVP, functions as both a fiber-forming agent and a sacrificial template that governs the final
morphology of the material, porosity, and surface characteristics. By combining polymer
templating with electrospinning, continuous, uniform nanofibers, belt-like structures,
and nanotubes with high surface area and abundant active sites can be produced. These
structural features directly enhance gas—solid interactions by increasing adsorption capacity
and enabling faster gas diffusion through the sensing layer. The calcination step not only



Processes 2025, 13, 3180

20 of 27

crystallizes the MOS phase but also removes the polymer, leaving a pure oxide framework
with tailored porosity and optimized grain connectivity. This structural control is essential
for translating material-level design into measurable improvements in sensitivity, selectivity,
and response/recovery dynamics.
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Figure 7. (I) Gas sensing performance of the In,O3 belt-like structures obtained through electrospin-
ning showing the (a) Selectivity of the fibers, (b) response reproducibility curves, and (c) 30 days
stability measurements, (d) resistance curves towards 90 ppm of CHy in different levels of relative
humidity levels (0%, 60% and 90%) and (II) FE-SEM images of the In,O3 belt-like samples at different
annealing temperatures. Reproduced with permission from Kgomo et al. [35], Materials Research
Bulletin; published by Elsevier, 2023.
Table 4. MOS obtained through polymer templating and their gas sensing performance.
Polymer Template/MOS  Method Morphology Gas Sensing Performance Refs.
o . ~ High selectivity towards
PVP-WO3 Electrospinning Nanofibers 0.5 ppm of NO, at 150 °C. [110]
~ Enhanced response to 200 ppm
PVP-In doped NiO Electrospinning Nanofibers towards methanol at 300. C [111]
Response and recovery time of
273 s/26 s at 200 ppm.
. RF sputtering . ~ High response of 109.5 towards
PVP-InGaZnOy4 coating, Submicron tubes 2 ppm NO, at 300 °C. [113]
~Highly sensitive and ultrafast
PVP-o-Fe; O3 Electrospinning Nanofibers recovery time of 7 and 5 s towards [112]
1000 ppm ethanol at 340 °C.
~ 68% sensitivity towards 50 ppm
AAO-ZnO Vacuum sucking Nanowires NH; with response and recovery

time of 28 s and 29 s at [114]

room temperature.
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Table 4. Cont.

Polymer Template/MOS

Method Morphology Gas Sensing Performance Refs.

PVP-In,O5

Electrospinning Belt-like

~ Response factor of 1.1 to 90 ppm
of methane at 100 °C, with
response and recovery time of 36 s
and 44 s, and LOD of 0.18 ppm.

[35]

PAN-ZnO

~ Excellent sensitivity and
selectivity towards ethanol.

Vapour Liquid Solid =~ Nanofibers ~ The sensitivity for ethanol [115]

increased from 2.59 for 10 ppm to
20.23 for 500 ppm.

PVP-WO,

~ The porous WOj3 nanofibers
detected 700 ppb of acetone with
3 V bias voltage using

Electrospinning Nanofibers photo-activation with a [116]

response/recovery time of
33 5/42 s and excellent
repeatability.

PVP/ In2 03 @PW1 Q@SHOQ

~ Response of 22.6 towards

Electrospinning Nanofibers 100 ppm ethanol with LOD of [117]

13.9 ppb.

PVP/LaFeO3 /Fe203

~ LaFeO3:Fe; O3 = 10:1 sensor had
a response of 38.46 towards

Electrospinning Nanofibers 100 ppm formaldehyde at 120 °C, [118]

with response and recovery time
of 3sand 11 s.

5. Challenges and Prospects

The use of polymer templates in the synthesis of 1D MOS gas sensors presents several
challenges and prospects. Among the main challenges are the typically high operating
temperatures required for MOS sensors, which result in high power consumption and
potential structural degradation, limiting safe and practical applications [29]. Achieving
efficient room-temperature sensing remains a major hurdle. Additionally, selectivity is a
significant issue, as MOS sensors often struggle to differentiate target gases from interfering
ones, complicating reliable detection [2]. Detecting gases at very low concentrations and
maintaining sensor stability under variable environmental conditions, such as fluctuations
in humidity and temperature, is also challenging to achieve [2]. While polymer templates
enable controlled morphology and microstructure design, reproducibly fabricating the
ideal pore structure, grain size, and defect density for consistent performance is com-
plex. Furthermore, scaling up from laboratory-scale polymer templating methods like
electrospinning to cost-effective, commercial manufacturing is still an ongoing challenge.

Looking ahead, there are several exciting prospects for polymer-templated 1D MOS
gas sensors. Advances in polymer chemistry and templating techniques can further en-
hance control over the microstructure, enabling sensors with higher surface area, optimized
porosity, and defect engineering that could operate effectively at or near room temperature,
significantly reducing power consumption. Combining metal oxides with conducting
polymers, noble metal nanoparticles, or carbon-based materials offers synergistic improve-
ments in sensitivity, selectivity, and response speed [119-122]. Novel synthesis methods
such as solvent-induced phase separation and multi-template approaches could produce
nanostructures with superior gas diffusion and adsorption properties. The development of
flexible, wearable, and miniaturized sensor platforms incorporating polymer-templated
MOS structures is a growing trend driven by the need for portable and real-time gas
monitoring [65,123]. Additionally, strategies like doping and heterojunction formation
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combined with polymer templating open pathways to multi-gas sensing with enhanced
specificity. Overall, polymer templates remain a powerful and versatile tool for overcom-
ing current limitations and advancing the design of next-generation, high-performance,
energy-efficient, and cost-effective 1D MOS gas sensors.

6. Conclusions

In conclusion, polymer templates play a pivotal and active role in the synthesis of
1D MOS nanomaterials for gas sensing applications. Their dual function as fiber-forming
agents and sacrificial templates enables precise control over the morphology, porosity, and
surface characteristics of the resulting MOS structures. Through polymer-assisted methods
such as electrospinning, researchers can reliably fabricate continuous, uniform, and highly
porous nanofibers, belts, and nanotubes that exhibit enhanced gas adsorption, accelerated
diffusion, and improved gas-solid interactions. The calcination process further refines these
materials by crystallizing the MOS phase and removing the polymer, leaving optimized
porous frameworks with tailored grain connectivity.

Moreover, polymer templates allow for fine-tuning critical microstructural parameters
such as grain size, pore distribution, and defect density that directly influence sensing
performance metrics like sensitivity, selectivity, and response/recovery times. Studies
across diverse MOS have demonstrated that variations in polymer type, concentration, and
processing conditions can be strategically employed to target specific gases with superior
sensing dynamics. Therefore, polymer-assisted synthesis is not merely a fabrication conve-
nience but a powerful design tool that enables the engineering of 1D MOS nanostructures
with exceptional functional properties. As demand for high-performance, cost-effective
gas sensors continues to grow, using polymer templates will remain a central strategy in
advancing the next generation of metal oxide-based gas sensor technologies.
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