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Chapter

One-Dimensional Metal Oxide
Nanostructures for Chemical
Sensors

Esther Hontarion and Stella Vallejos

Abstract

The fabrication of chemical sensors based on one-dimensional (1D) metal
oxide semiconductor (MOS) nanostructures with tailored geometries has rapidly
advanced in the last two decades. Chemical sensitive 1D MOS nanostructures are
usually configured as resistors whose conduction is altered by a charge-transfer pro-
cess or as field-effect transistors (FET) whose properties are controlled by applying
appropriate potentials to the gate. This chapter reviews the state-of-the-art research
on chemical sensors based on 1D MOS nanostructures of the resistive and FET
types. The chapter begins with a survey of the MOS and their 1D nanostructures
with the greatest potential for use in the next generation of chemical sensors, which
will be of very small size, low-power consumption, low-cost, and superior sensing
performance compared to present chemical sensors on the market. There follows
a description of the 1D MOS nanostructures, including composite and hybrid
structures, and their synthesis techniques. And subsequently a presentation of the
architectures of the current resistive and FET sensors, and the methods to integrate
the 1D MOS nanostructures into them on a large scale and in a cost-effective man-
ner. The chapter concludes with an outlook of the challenges facing the chemical
sensors based on 1D MOS nanostructures if their massive use in sensor networks
becomes a reality.

Keywords: metal oxide semiconductors, one-dimensional nanostructures,
nanowires, nanofibers, heteronanostructures, chemical vapor deposition,
hydrothermal synthesis, electrospinning, chemiresistors, field-effect transistors,
electrohydrodynamic printing

1. Introduction

The chemical sensor market requires high performance on all 4S parameters:
sensitivity, selectivity, speed, and stability. Moreover, the prevalence of the internet
of things (IoT) and wireless sensor networks, as the technology of choice for
pervasive real-time monitoring, demands miniaturized sensors with very low
power and low cost [1]. Over the past few decades, metal oxides semiconductors
(MOS) have been intensively used in chemical sensors for a wide variety of appli-
cations. On one hand, MOS can be produced by low-cost wet-chemical synthesis
routes from earth-abundant low-cost precursors and are, in general, non-toxic. On
the other hand, MOS exhibit unique electronic, chemical and physical properties
that are often sensitive to changes in their environment, making them suitable for
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chemical sensing [2—4]. Finally, the MOS sensors are relatively easy to be miniatur-
ized and integrated into microfabrication processes. In this regard, the micro-
electro-mechanical system (MEMS) technology has enabled the miniaturization
of chemical sensors using MOS by allowing the implementation of heating and
sensing elements by thin-film fabrication [5, 6]. Although, the MOS microsensors
fabricated with MEMS technology are already on the market due to their balance in
performance and cost, they still suffer from high power consumption and lack of
selectivity. The former is connected with the high working temperatures (>200°C),
which are necessary to activate sensing mechanisms such as redox reactions, and
the latter refers to the non-specificity of MOS surfaces to gaseous analytes. Several
strategies have been devised to reduce the power and control the response of the
MOS sensors towards specific gases by structural and/or chemical modification of
the bulk and/or the surface of the sensing material [7]. Also, a most widespread
solution known as the electronic nose uses a broadly responsive array of sensors

to generate complex multi-dimensional measurement data in combination with
pattern recognition software to interpret the resulting signal pattern [8]. Another
strategy relies on the operation of sensors in dynamic mode; this implies the active
variation of control parameters such as the working temperature or bias voltage

by the sensor electronics, allowing application-specific optimization of the sensor
performance or the target application [9, 10]. Finally, UV light-activation has been
exploited for the room-temperature operation of the MOS sensors with improved
detection capabilities such as sensitivity, selectivity, or response/recovery time [11].

In this context, nanotechnology has emerged as a very promising route to
overcome the current drawbacks of the MOS chemical sensors. Enormous research
efforts have been devoted to designing and developing MOS nanomaterials for
chemical sensing with the ultimate goal of achieving the sensitivity and selectiv-
ity levels required for real-world applications while operating the sensors at low
temperature, ideally at room temperature [12]. All this, to pave the way for a new
generation of chemical sensors consuming very low or zero power using nano-
structured MOS layers mounted on cheap, abundant, and easy-to-process substrate
materials such as polymers, paper, or fabrics. Then, the fabrication costs of the
MOS sensors could be reduced by using state-of-the-art technologies to pattern the
electrodes and the MOS nanostructures on top of the substrate, making it possible
to produce chemical sensors on a large scale [13]. This would facilitate the introduc-
tion of chemical sensors based on MOS in growing markets such as smartphones
and wearable devices.

Nanomaterials of all dimensionalities (0D, 1D, 2D, and 3D) and diversity of
MOS such as TiO,, ZnO, SnO,, CuO, NiO and many others are being investigated
for high-performance detection of gases, chemicals and biomolecules [14-20],
mainly for applications in the fields of environmental monitoring, healthcare and
health diagnostics [21, 22]. Nanomaterials serve as building blocks for the assembly
of nanostructured layers with high surface area and porosity, leading to more sensi-
tive and faster chemical sensors. Furthermore, novel synthesis techniques allow
fine-tuning of the composition, morphology, and structure of the nanomaterials’
surface, which, together with possible alterations in the electronic and chemical
properties at the nanoscale, could contribute to enhancing the chemical affinity
of the MOS nanostructures for specific species [23, 24]. Recently one-dimensional
(1D) MOS nanostructures have gained increased attention for chemical sensing
because they are more applicable to nanoelectronics and nanodevices due to their
high-surface-area-to-volume ratio 1D morphology [25, 26]; this means that a
significant fraction of the atoms is surface atoms that participate actively in sur-
face reactions. In 1D nanostructures the width and thickness are confined to the
nanoscale, while the length spans from the micrometric to the millimetric range,
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allowing 1D nanostructures to contact the microscopic and macroscopic world for
many physical measurements.

This chapter surveys the latest achievements in the design and development of 1D
MOS nanostructures for chemical sensing. The focus lies on conductometric sensors,
specifically resistive and field-effect-transistor-based (FET) sensors, where MOS finds
the broadest application. Also, this survey is limited to the 1D nanostructures that have
demonstrated the greatest potential for use in conductometric sensors, namely nanow-
ires and nanofibers. Other 1D nanostructures such as nanorods, nanotubes, nanobelts,
nanoribbons, or nanoneedles have also been investigated, but to a lesser extent. The
techniques for the synthesis of nanowires and nanofibers based on MOS are presented
and discussed in terms of their complexity, the potential for integrating the 1D MOS
nanostructures into sensor architectures and scalability. Finally, the chapter summa-
rizes the challenges ahead and the prospects for progress in this field.

2. Sensitive materials

The heart of a chemical sensing device is the sensing element or sensor, which
consists of two components: a receptor and a transducer. The receptor is the sensitive
or active material that has an affinity for and interacts with a specific analyte, stimu-
lating the transducer and causing a change in some physical or chemical property of
the material that is ultimately converted into an electrical signal. The analyte may be
chemical species (e.g., molecules, ions) or biological species (e.g., microorganisms,
biomolecules) in the gas or liquid phase. The receptor function may rely on various
principles: physical, where no chemical reaction takes place; chemical, in which a
chemical reaction with the participation of the analyte gives rise to the analytical
signal; and biochemical, when a biochemical process involving the analyte and a
biological recognition element is the source of the analytical signal. The latter is called
a biosensor, which is regarded as a subgroup within the group of chemical sensors.
According to the operating principle of the transducer, chemical sensors may be clas-
sified as optical, electrochemical, electrical, gravimetric, magnetic or thermometric
[27]. In electrically-transduced sensors, the signal arises from the changes in the
properties of the sensitive material such as conductivity, work function, or permit-
tivity. These changes are converted into variations in electrical parameters of the
sensor such as capacitance, inductance or resistance and finally into changes in the
device current or voltage. Electrically-based sensors are one of the most investigated
chemical sensors due to their simplicity, portability, compatibility with standard
electronics, non-line-of-sight detection, the capability of continuous monitoring and
potential for wireless transmission.

2.1 Metal oxide semiconductors

MOS has been used as primarily sensitive materials in conductometric chemical
sensors due to their outstanding physical and chemical properties. MOS can be
produced by a large number of cost-effective synthetic methods, have shown to be
active to detect chemical analytes, and their energy band alignment has proved to
be suitable to immobilize biomolecules (e.g., enzymes, antibodies, DNA) [2, 18].
MOS are classified according to their conductivity as n-type and p-type, in which
the charge carriers are electrons and holes, respectively. N-type MOS (e.g., SnO,,
ZnO0, Ti0,, Iny03, W03, V,05) are the most representative materials for sensing
gases and bioanalytes. Some of them are already commercially used, as it is the
case in gas sensors, due to their higher sensitivity compared to p-type MOS
(e.g., NiO, CuO, Co0304, Cr,03, Mn;0,) or other MOS that present both n- and
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Figure 1.

Schematic illustration of the sensing mechanisms in an n-type metal oxide semiconductor: (a) Interaction
with ambient oxygen and with a reducing gas and variation of the sensor vesistance; adapted with permission
from [32], Copyright 2012 Authors, licensee IntechOpen. (b) Electron depletion layer at the grain surface
and intergrain barrier potential; adapted with permission from [33], Copyright 2012 Authors. (c) Hydrogen
detection mechanisms in a metal oxide semiconductor functionalized with metal nanoparticles; adapted with
permission from [51], Copyright 2018 Elsevier.

p-type behavior (e.g., Fe,0;, HgO,) [28, 29]. Also, n-type MOS are thermally stable
and have the possibility to work at lower partial pressure, in contrast to p-type MOS
which are less stable due to their tendency to exchange lattice oxygen easily with air.
Another practical reason for the use of n-type MOS in conductometric sensors is
related to the preferred direction for resistance change during detection of reduc-
ing gases (the vast majority of gaseous analytes), which simplifies the peripheral
electronics for measurements and improves the reproducibility of the output signal.
Nonetheless, p-type MOS should not be underestimated as sensitive materials, as
significant improvement in sensor performance can be achieved by incorporating
p-type MOS with commonly used n-type MOS [30]. As an example, p-type MOS
have been used as good catalysts to promote selective oxidation of various volatile
organic compounds. Moreover, the distinctive oxygen adsorption of p-type MOS
may be used to design high-performance gas sensors that show low humidity
dependence and rapid recovery speed [31].

Figure 1a and b illustrate the sensing mechanisms in an n-type MOS [32, 33].
The molecules of the ambient oxygen are adsorbed and then ionized by captur-
ing electrons from the conduction band. Thus, an electron depletion layer of a
given width, known as Debye length, forms at the surface of the MOS grains and a
potential barrier develops at the boundaries of adjacent grains, caused by the nega-
tive surface charge due to the adsorbed oxygen ions. As a result, the density of free
electrons is reduced and the electron conduction is hindered, increasing the sensor
resistance. In the presence of a reducing gas (electron donor), the gas molecules
react with the adsorbed oxygen ions, which are released to the ambient, while the
trapped electrons return to the conduction band. Then, the density of free electrons
increases and the intergrain barrier potential is reduced, resulting in a decrease in
the sensor resistance. Many optimization strategies aim at modulating or triggering
variations in the electron depletion region or barrier potential in a controlled man-
ner to improve the receptor function in chemical sensors based on MOS.

2.2 Functionalized metal oxide semiconductors

Since the efficiency of the chemical receptor material is surface-dependent,
previous research on MOS sensors proved that MOS with sizes within the Debye
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length, typically of the order of 2-100 nm, are attractive in chemical sensing as they
provide higher surface-area-to-volume-ratio, as compared to bulk materials. Also,

it was found that nanostructures (e.g., 1D MOS) can provide specific crystal facets
and electronic properties to the surface that enhance the performance of the recep-
tor [34]. Further, the functionalization or modification of MOS nanostructures by
loading, doping, surface-decoration or hybridization with second-phase constitu-
ents (e.g., noble metals, other MOS, carbon-based materials) showed other ways to
enhance and extend the capabilities of the receptor [35, 36]. Similarly, in biochemi-
cal sensors, the functionalization of the surface by immobilizing biomolecules that
act as biological recognition elements of specific analytes (e.g., glucose, urea, cancer
cells, viruses) is mandatory to sensitize the MOS surface [2, 18, 37].

The rationale for these improvements or further sensitization is generally con-
nected with an increase in the density of active sites (e.g., defects, oxygen vacan-
cies) or charge carriers (doping effect). Also, it is related to the catalytic activation
(chemical sensitization) and the formation of interfaces (electronic sensitization),
either metal-semiconductor or semiconductor-semiconductor interfaces. The latter
is known as heterojunctions as they involve two dissimilar semiconductors, whilst
the combination of multiple heterojunctions together in a system is called a hetero-
structure. The materials chosen for these interfaces dictate the principles of sensing;
for example, in gas sensing, adsorption, reaction, and electronic behavior. On one
side, the intimate electrical contact at the interface between the two components
equilibrates the Fermi level across the interface to the same energy, usually resulting
in charge transfer and further extending the region of charge depletion/accumula-
tion. On the other side, the mix of the two components leads to synergistic behavior.
This means that each component serves a different purpose that is complementary
to the other, so that the synergistic effect of the two-component system is greater
than the effect of each element. The synergistic effect is possible due to three
common features: geometric effects, electronic effects, and chemical effects. These
are the basis for the improved sensing properties such as enhanced sensitivity and
recovery speed or reduced operating temperature of the MOS heteronanostructures
[38—42]. These approaches are also used to improve further the selectivity, par-
ticularly towards gas analytes. The usual combination includes wide bandgap MOS
of n-type as the host material and second-phase constituents commonly chosen
from noble metals (e.g., Pt, Pd, Ag, Au) [43-45] or other transition metal oxides
(e.g., p-type: NiO, CuO, Cr,0;, Fe;05, Co304, Mn304; n-type: SnO,, ZnO, In,0;,
WO;, TiO,) [46, 47]. Recent combinations also make use of carbon-based materials
(e.g., carbon nanotubes, graphene) [48, 49] and two-dimensional (2D) inorganic
materials (e.g., transition metal dichalcogenides TMDC, transition metal carbides
and nitrides MXenes, phosphorene) [50].

Generally, the modifiers or additives (i.e., metals, MOS, rGO) enhance the
sensing properties of the host MOS by surface- (chemical sensitization) and/or
interface- (electronic sensitization) dependent effects. As an example, Figure 1c)
illustrates the synergistic mechanisms, both chemical and electronic, enabling
the detection of hydrogen by a MOS functionalized with metal nanoparticles [51].
The chemical sensitization includes spill-over (i.e., the enrichment of the MOS
surface with reactive species through catalysis), whereas the electronic sensitiza-
tion involves Fermi level control (i.e., changes in the chemical state of the additive
with active species). To date, there is no clear evidence of whether any of these
mechanisms are superior. Nevertheless, the literature indicates the need to combine
both mechanisms to induce a better performance of MOS. The possibility of tuning
the sensor performance via chemical and electronic sensitization depends strongly
on the characteristics (size, shape, distribution, composition, oxidation states) of
the MOS and additives forming the heteronanostructure and the formation of an
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intimate electric contact at the interface of the components. The optimal combina-
tion of components significantly improves the selectivity and sensitivity of MOS
sensors to specific gases, especially for sensors operated at room temperature.

In summary, MOS nanomaterials modified with second-phase materials and
controlled interfaces are essential for sensing chemical species more efficiently.
Among several nanoscale materials, 1D structures have been shown to be most rel-
evant to chemical sensing. They are projected as potential structures for molecular-
level sensing, particularly when integrated as single elements. Below are discussed
the most common synthetic methods to achieve 1D MOS nanostructures and their
integration with appropriate transducers for their application as chemical sensors.

3. Synthesis of 1D metal oxide nanostructures

Among a host of 1D nanostructures, nanowires and nanofibers bring the
greatest potential for use in the next generation of chemical sensors based on
MOS [52-60]. Both nanomaterials have a high specific surface area and a large
surface-area-to-volume ratio. However, their aspect ratio, crystallinity and surface
properties may differ markedly because of the different synthesis techniques and
conditions used, which in turn result in different chemical sensing performances.
The techniques for the synthesis of 1D MOS structures can be classified in two
general approaches: top-down and bottom-up technologies. Top-down technolo-
gies are subtractive technologies that rely on microfabrication methods, mainly
lithography and etching processes, to reduce the lateral dimensions of a MOS film
to nanometer size. Usually, the 1D nanostructures produced by this approach are
amorphous or polycrystalline structures. Top-down technologies are well developed
in the semiconductor industry, but need expensive equipment limiting their broad
application in the academic sector. Bottom-up technologies, in contrast, are additive
technologies that consist of the assembly of molecular building blocks that lead to
the formation of nanostructures. Bottom-up technologies are generally enabled by
vapor- or solution-based techniques and are considered cost-effective solutions for
large-scale production of 1D nanostructures [24]. The nanomaterials produced by
this approach may have monocrystalline or polycrystalline characteristics depend-
ing upon the specific processing steps of the vapor- or solution-based techniques
employed.

Different routes are commonly used to synthesize 1D MOS nanostructures
[61-63]. Whist chemical vapor deposition (CVD) is one of the most representa-
tive vapor-phase methods for forming 1D nanostructures; hydrothermal synthesis
and electrospinning-assisted synthesis are the most representative amongst the
liquid-phase methods. However, CVD and hydrothermal synthesis share common
mechanisms for 1D structure formation based on nucleation and growth processes,
whereas 1D structures formed by electrospinning rely on the generation of guiding
polymer-based fibers using an electrostatic field to shape the 1D structure. The
following sub-sections discuss separately the synthesis of 1D MOS nanostructures
based on nucleation and growth processes and those mediated by electrospinning,
herein called nanowires and nanofibers, respectively. A sub-section dedicated to the
functionalization of these 1D nanostructures with second-phase materials is also
included in this section.

3.1 Synthesis of nanowires based on nucleation and growth processes

The group of synthetic methods employed to form chemical-sensitive 1D struc-
tures usually involves CVD and hydrothermal processes. Generally, CVD refers to
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methods based on chemical reactions of gaseous reactants in an activated environ-
ment. In CVD synthesis, chemical precursors in the vapor phase are delivered to
areactor, where external energy (heat, light, or plasma) is added to the system to
initiate the deposition reactions. These reactions can be homogeneous or heteroge-
neous; the first occurs in the gas phase whilst the second occurs between gas-phase
species and a solid substrate (usually involving an initial gas phase reaction with the
formation of reactive intermediate species). Homogeneous reactions form typically
non-adherent powders and by-products whereas heterogeneous reactions lead to
nucleation and growth processes on solid substrate surfaces that result in the forma-
tion of a solid material [64]. Tuning the reaction conditions by adjusting pressures,
precursors, and type of activation, amongst other CVD-type related parameters,
can promote the formation of either planar films or 1D structures such as nanow-
ires. In contrast, hydrothermal synthesis refers to chemical reaction methods run in
a sealed and heated aqueous solution at appropriate temperatures (100-1000 °C)
and pressures (1-100 MPa); the name solvothermal is commonly used when organic
solvents are involved in the solution. In hydrothermal/solvothermal synthesis, the
properties of the synthesized structures are controlled by adjusting parameters
such as the solution pH, the chemical species concentration, and the oxidation-
reduction potential, apart from the temperature and pressure. The nucleation of the
structures can also be adjusted by adding inorganic additives. Thus, hydrothermal/
solvothermal synthesis can generate large good quality crystals while keeping
control over the material composition [65]. Both CVD and hydrothermal/solvother-
mal methods have been suitable to deliver MOS nanoparticles and nanostructures
including nanowires of ZnO [66-68], SnO, [68, 69], or WO; [70, 71], to cite a few
examples. The formation of nanowires by these methods generally responds to two
mechanisms: one assisted by adding catalyst seeds and the other without catalysts.

3.1.1 Mechanisms involving catalyst

This growth mechanism is characterized by the use of molten metal catalysts
over the substrate that can rapidly adsorb a fluid (in gaseous, liquid, or supercriti-
cal phase) containing the MOS precursor to supersaturation levels. According
to the type of fluid, this mechanism is known as vapor-liquid-solid (VLS),
solution-liquid-solid (SLS) or supercritical-fluid-liquid-solid (SFLS) [24, 72, 73].
The adsorption of the fluid can be molecular or dissociative followed by adatoms
diffusion on the catalyst, the substrate, or the nanowire sidewalls. Diffusion across
the substrate and the sidewalls needs to be rapid to avoid nucleation events. In this
regard, the nanowires can grow from the top or from the bottom of the catalyst
as single nanowires, as depicted in Figure 2a—c, respectively [74]. In many cases,
there is a one-to-one correspondence between the catalyst particle size and the
nanowire, although this is not a rule. Multiple nanowires can also grow, without
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Figure 2.

Catalytic growth of nanowires from (a and b) the top and (c) the bottom of the catalyst particle. Nanowires in
(a) and (c) may have a one-to-one corvespondence with the catalyst particle size, whereas wires in (b) do not
have divect corvespondence with the catalyst particle size; reprinted from.
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(a) High-vesolution SEM image of a ZnO nanowire grown by VLS mechanism using binary allow of Cu/Au
as a catalyst; veprinted with permission from [75], Copyright 2012 Authors. (b) HRTEM image of CuO
nanowires grown by non-catalytic mechanism assisted by twin boundary defects (the insets show fast Fourier
transform images from the areas of the crystals indicated by ved squaves); reprinted with permission from [78],
Copyright 2014 American Chemical Society.

direct correspondence with the catalyst size, but with other structural factors such
as the curvature and lattice matching at the catalyst-nanowire interface. VLS- and
SFLS-related methods have a wide selection of catalysts (Au is the most common)
and deliver high-quality nanowires with wide synthetic tunability. However, they
usually require high temperature (>400 °C) and/or high pressure, and specialized
equipment. SLS-related methods, in contrast, have the advantage of requiring low
temperature (200-350 °C), although this fact restricts to a certain degree the choice
of catalyst to low melting point catalyst such as Ga, In, or Sn. These mechanisms
have brought up discussions of whether the catalyst particles reach a liquid-phase
or stay in the solid phase. Nevertheless, and since any of these possible ways is ruled
out, currently one can also find literature reports that state the growth of nanowires
by vapor-solid-solid (VSS), solution-solid-solid (SSS), or supercritical-fluid-solid-
solid (DFSS) mechanisms, with the results suggesting that the dynamics of nanow-
ire growth is not affected by the phase of the catalyst particle [72]. An example

of ZnO nanowires grown by VLS using binary allow of Cu/Au as the catalyst is
displayed in Figure 3a) [75]. Cu/Au catalysts have better adhesion properties than
pure Au catalysts providing advantages to pattern vertically aligned nanowires as
demonstrated for ZnO nanowires.

Catalytic growth of nanowires brings a fine control over the wire geometry,
specially diameters and lengths. However, the nanowires yielded by catalyst-based
routes incorporate catalyst atoms (impurities) into their structure, influencing the
nanowires’ physical and chemical properties and possible intended applications.
Therefore, non-catalytic alternative routes (without using catalyst particles) are
also being used and explored to grow nanowires. The next sub-section deals with
this type of mechanism.

3.1.2 Mechanisms without catalysts

Also known as the catalyst-free growth mechanism. It is usually represented by
the vapor-solid (VS) growth mechanism, although it also includes other growth
processes, such as those assisted by defects or droplets. In the vapor-solid (VS)
growth, mass transport is achieved preferably from the vapor phase. The nanowire
crystallization originates from the direct vapor condensation, without needing
the assistance of defects. In this process, the initially condensed molecules form
seed crystals that serve as nucleation sites. Once an atomic layer is nucleated, the
subsequent atomic layers grow at a faster rate than the wire edge, whose edge is
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consumed by mass transport to the newly formed layer [63, 76]. Previous, in-situ
TEM observations of catalyst-free VS grown tungsten oxide nanowires showed that
the wires’ edges grow approximately 20 times slower than the newly formed atomic
layers [77]. Non-catalytic growth of nanowires assisted by defects, in contrast,
relies on line defects that act as nucleation centers. In this type of growth, mass
transport can be provided from a vapor or by adatoms diffusion along with the
growing structure. Previous reports connect the final 1D morphological structure
with the defect types. For instance, defects such as screw dislocations showed

to lead to nanowires with cylindrical shape [76], whereas planar defects (twin
boundaries) have proved to serve as points for preferential nucleation (reducing the
nucleation energy barrier) on the nanowire tip and lead to prism-like 1D morpholo-
gies [78], as shown in Figure 3b).

The group of non-catalyst mechanisms can also involve growth processes
assisted by liquid native droplets (form by the native metal of a MOS, e.g., Cu for
CuO, or Zn for ZnO). Due to the consumption or crystallization of the metal droplet
during reactions and nanowire growth, these metal droplets are not considered as
catalysts, despite the nanowire growth process following similar principles to those
of catalyst growth via the VLS mechanism. Hence, the nanowires yielded utiliz-
ing native metal droplets do not display the droplets at the top/bottom of the wire
structure or introduce impurities as in VLS [76]. Previous experiments corroborated
this growth mechanism by in-situ TEM analysis of Al,O; nanowires grown from Al
liquid particles. The studies revealed a layer-by-layer growth at the Al liquid droplet
and AL,O; nanowire interface, promoted by the surrounding oxygen and AL,O gases,
following the so-called oscillatory mass transport, which is also characteristic in the
growth of the nanowires by VLS and VS [79].

3.2 Polymer-assisted synthesis of nanofibers

Metal oxide nanofibers can be synthesized by chemical bottom-up routes like
the ones described in the previous sub-section, as well as by top-down routes either
mechanical or spinning methods [80-82]. Among the latter, electrospinning is the
most widely used method for the production of metal oxide nanofibers, mainly due
to its high simplicity and ease of use, low-cost setup, ability to mass-production
of continuous fibers, and flexibility in controlling the diameter, morphology,
structure, and alignment of the fibers [82-84]. The typical setup for electrospin-
ning is depicted in Figure 4a) [85]. This is rather simple and operates at ambient
conditions, although the mechanism of electrospinning is complex [86, 87]. An
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Figure 4.

(a) Schematic illustration of the synthesis of SnO, nanofibers by (step 1) electrospinning of the precursor
solution followed by (step 2) high-temperatuve sintering of the as-spun fibers; adapted with permission from
[85], Copyright 2018 Authors, licensee MDPI. (b) SEM micrograph of the hollow SnO, nanofibers resulting
from (a); reprinted with permission from [97], Copyright 2013 eXpress Polymer Letters.
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electrospinning system consists of three major components: a high voltage supply,

a spinneret (e.g., glass capillary tube, metallic needle, pipette tip) and a grounded
collector. The high voltage source injects the charge of a given polarity into a
polymer solution, which is fed (e.g., syringe pump) at a constant rate to the spin-
neret. An electric field is thus established between the spinneret and the collector
and when it reaches a critical value, the liquid reaching the spinneret tip forms a
cone (Taylor cone) that emits a liquid jet through its apex. This charged liquid jet

is stable only at the tip of the cone and undergoes an unstable and rapid stretching
and whipping process downstream of the spinneret, which leads to the formation of
along and thin thread. As the liquid jet is continuously elongated and the solvent is
evaporated, its diameter can be reduced from hundreds of micrometers down to the
sub-micrometer scale. The electrospun polymer fibers are deposited randomly on
the plate due to the attraction of the collector placed in front of the spinneret.

The diameter, morphology, and structure of the electrospun fibers are key fac-
tors that need to be controlled for practical applications [88, 89]. They depend on a
multitude of parameters related to the solution, setup and electrospinning process
[90-94]. Target fibers can be obtained by properly choosing the polymer and the
solvent and their concentration in the solution, thereby adjusting the electrospin-
ning-relevant solution properties such as viscosity, surface tension, and electrical
conductivity. The setup orientation (e.g., vertical, horizontal), spinneret type (e.g.,
needleless, single-needle, coaxial-needle) and nozzle diameter, solution feed rate,
applied voltage, and spinneret-to-collector distance tremendously influence the
fiber features. These features are also affected by the evaporation conditions such as
ambient temperature and humidity.

Nanofibers of the MOS used for chemical sensing can be produced by elec-
trospinning of a solution containing a polymer (e.g., polyvinylpyrrolidone PVP,
polyvinylalcohol PVA, polyvinylacetate PVAc, polyethylene oxide PEO) and an
inorganic precursor (e.g., acetates, nitrates, chlorides) in a solvent (e.g., deionized
water DIW, ethanol EtOH, isopropyl alcohol IPA, dimethyl formamide DMF) fol-
lowed by a sintering step, also known as annealing or calcination, at high tempera-
ture [84, 95, 96]. After obtaining the electrospun polymer/metal composite fibers,
the polymer is eliminated by the sintering process. The evaporation of residual
solvent and water from the fibers occurs in the first place, at low temperature. As
the temperature rises, the polymer decomposes gradually and fiber shrinkage takes
place. Simultaneously the inorganic precursor undergoes a complex transforma-
tion including outwards radial diffusion, nucleation, condensation, crystallization
and oxidation processes to finally form metal oxide nanograins aligned along the
preceding as-spun fibers [84]. A simplified schematic of the process is shown in
Figure 4a) [85], while Figure 4b) displays the SnO, nanofibers obtained by sinter-
ing the as-spun fibers [97]. The nanofibers have diameters of less than 100 nm that
are rather uniform along the entire length of the nanofibers, which are in the order
of hundreds of micrometers. They are hollow nanofibers and have an ultra-thin
porous granular wall consisting of SnO, nanograins.

Sintering parameters such as the heating rate, sintering temperature and time,
cooling rate, and atmosphere largely influence the diameter, structural morphology,
crystallinity and grain size of the MOS nanofibers [93], which in turn determine
their sensing performance [98-100]. Hollow nanofibers have about twice the active
surface area of solid nanofibers of the same diameter, which increases the sensor
response, as gases can interact with both the outer and inner surface of the nanofi-
bers [101]. While MOS nanowires are single-crystalline with no noticeable grains,
electrospun MOS nanofibers are composed of polycrystalline grains. Higher sinter-
ing temperatures or longer sintering times result in better crystallinity, which in turn
leads to higher sensor response. Also, the grain size increases with the increasing
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sintering temperature and time, but the sensor response decreases with the increas-
ing grain size due to the lower surface area. Hence, it is necessary to optimize the
size and crystallinity of the grains in the MOS nanofibers simultaneously to attain
superior sensing behavior [102-107]. The diameter and wall thickness of the hol-
low MOS nanofibers increase with the increasing concentration of polymer and
inorganic precursors in the solution, respectively [108]. Reducing both the diameter
and wall thickness also improves the sensing properties of the electrospun MOS
nanofibers [98]. A decrease in the diameter of the nanofiber contributes to decreas-
ing both the grain size and the time of gas diffusion into the nanofiber, resulting in
enhanced sensor response and reduced response time. Nevertheless, there is a limit
in the process of enhancing sensor performance by decreasing the grain size, since
an excessive decrease of grain size (<10 nm) leads to a loss of structural stability
and, as a consequence, to changes in both surface and catalytic properties of the
material. Moreover, the porosity of the wall determines the accessibility of the gases
to the inner surface of the hollow fibers, and several strategies have been adopted to
increase the porosity of the electrospun MOS nanofibers. One strategy is to remove
the polymer from the as-spun polymer/metal fibers by exposing the fibers to RF
oxygen plasma before sintering [109, 110], as can be seen in Figure 5. This technique
allows tuning the porous structure of the hollow MOS nanofibers by controlling the
etching power and time. Finally, in a recent work 1D hierarchical structures of ZnO
have been prepared by growing ZnO nanowires over electrospun polyacrylonitrile
(PAN) fibers loaded with Au nanoparticles, as seeds for catalytic VLS growth [111].
Figure 6 shows the resulting ZnO cactus-like structures, whose surface area is far
larger than that of electrospun ZnO nanofibers of the same diameter.

Figure 5.

SEM micrographs of electrospun PVA/Sn fibers (a) without post-treatment and (b) after exposure to RF
oxygen plasma, (c) highly porous hollow SnO, nanofibers obtained by sintering of the PVA/Sn fibers in (D).
Reprinted with permission from [110], Copyright 2009 Elsevier.

Figure 6.

(a) SEM micrograph of a ZnO nano-cactus like structure obtained by VLS growth of ZnO nanowires over
electrospun fibers of polyacrylonitrile (PAN) loaded with Au nanopavticles. (b) Higher magnification SEM
micrograph of the dashed area in a), showing Au nanoparticles at the tip of ZnO nanowires (dotted circles)
and EDX spectrum of the ZnO structure (inset). Reprinted with permission from [111], Copyright 2021
Elsevier.
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3.3 Functionalization of 1D metal oxide nanostructures

Functionalization or modification with second-phase constituents (modifiers
or additives) can strongly change the physical and chemical properties of the 1D
MOS nanostructures. Tailoring the properties (e.g., shape, size, load, dispersion)
of the additives is a very challenging task because not all methods allow for the
control of their properties and homogeneous dispersion over the 1D MOS nano-
structures. The functionalization or modification of 1D MOS nanostructures with
second-phase materials may be of the decorative-type, only at surface level, when
incorporating low amounts of the additives at the surface. It can also involve single
mixtures, when mixing 1D nanostructures and the additives randomly, or dop-
ing, when additive atoms incorporate in the intrinsic material structure [25, 112].
Generally, the methods to functionalize or modify 1D MOS nanostructures fall into
two categories: one-step processes in which the additive materials are incorporated
simultaneously during the 1D nanostructure formation or multiple-step processes
in which the additives are incorporated over the pre-synthetized 1D MOS nano-
structures [113]. In both cases, the incorporation may involve a precursor for the
targeted additive or pre-formed particles, as shown in Figure 7. Routes 1 and 2 (rep-
resenting one-step processes) may be enabled by sol-gel, hydrothermal synthesis,
CVD, and electrospinning. Routes 3 and 4 (representing multiple-step processes)
rely on techniques, such as dip- or spin-coating, to introduce pre-formed additives
or a broad type of techniques that can incorporate the additive from a precursor or
as ions. For instance, high energy ion implantation, immersion in solutions contain-
ing the additive precursor followed by a photocatalytic reduction or heat treatment,
sputtering, hydrothermal synthesis, CVD including atomic layer deposition (ALD),
amongst others.

1D heteronanostructures have gained great attention due to their hybrid proper-
ties, which may induce synergies between the host material (MOS) and the guest
material (modifier or additive), resulting in improved and/or new attributes for the
chemical detection [114-116]. In the first place, p-type MOS of transition metals
(e.g., CuO, NiO, Fe,03) and noble metals (e.g., PdO, Ag,0) have been applied to
develop ultrasensitive chemical sensors by tuning the electrical properties of the
n-type MOS by forming n-p heterojunctions. Also, n-n heterojunctions may lead to
enhanced sensing performance of the nanostructures composed of two n-type MOS
with different work functions (e.g., Sn0,-Zn0O, WO;-SnO,, TiO,-Sn0O,, Sn0,-In,03),
as compared to single-phase MOS nanostructures. In addition, the combination of
MOS and graphene may significantly improve the performance of MOS gas sensors
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Routes to the functionalization or modification of 1D MOS nanostructures with second-phase materials
(modifiers or additives); adapted with permission from [113], Copyright 2006 American Chemical Society.
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at room temperature [48, 117]. Graphene is a family of two-dimensional (2D) nano-
materials (e.g., pristine graphene PG, graphene oxide GO, reduced graphene oxide
rGO, graphene quantum dots GQD, graphene nanoplatelets GnP) that are obtained
from natural graphite or synthesized chemically from organic compounds, and
have different morphology, physical, chemical, and electronic properties. Among
them, rGO is the best choice for gas sensing applications because it has oxygen
functional groups, defects and vacancies on its surface, which favor the adsorption
of gases. Moreover, rGO behaves as a p-type semiconductor and is stable at high
temperature [118, 119]. When added to 1D MOS nanostructures, rGO nanosheets
can increase the overall sensing surface and adsorption sites, and form n-p or p-p
type heterojunctions with the MOS grains, thereby modulating the resistance of
the MOS gas sensors. Also, noble metals (e.g., Au, Ag, Pt, Pd) and transition metals
(e.g., Ni, Cu, Co) act as effective modifiers or additives, particularly due to their
catalytic properties.

The functionalization or modification of 1D MOS nanostructures based on
nucleation and growth processes usually rely on two-step processes, in which the
second-phase material is incorporated in a subsequent step after the synthesis
of the 1D nanostructure; routes 3 and 4 in Figure 7. Hence, the methods for the
functionalization step are varied. They may include, for instance, sputtering as in
recent reports that showed the incorporation of DC pulsed sputtered Au nanopar-
ticles over the surface of hydrothermally synthesized ZnO nanowires, as displayed
in Figure 8a) [120]. In this method, the size and density of the Au nanoparticles
decrease as the sputtering pressure increases (e.g., from 5 to 20 mTorr) due to the
dependency of the mean free path and rate of gas phase collisions on the process
pressure. The routes to functionalize 1D nanostructures in a second-step process
also involve a broad variety of CVD methods. Among them, for instance, aerosol-
assisted (AA) CVD has demonstrated to be useful to incorporate both metals and
MOS nanoparticles over 1D nanostructures. This method allowed for the incorpora-
tion of dispersed nanoparticles based on n-type or p-type MOS from metals such as
Pd [121], Ni, Co, or Ir [122]. It also allowed for the formation of core-shell 1D nano-
structures based on WO; nanowires covered by a Ce,Os thin film [123]. Similarly,
flame-assisted CVD has shown to functionalize 1D nanostructures including SnO,
nanowires with Au and Pd nanoparticles [124]. This method has also been used
to modify the surface of SnO, nanowires with an amorphous carbon layer [125].
Other methods for functionalization in a second-step may also combine the merits
of several techniques, including sol-gel, dip-coating, and flame spray pyrolysis,
as is the case of the sol-flame method. This method incorporates the second phase

C0;0,@Cu0O

Figure 8.

(a) TEM micrograph of a ZnO nanowire functionalized with sputtered Au nanopavticles; reprinted with
permission from [120], Copyright 2021 Elsevier. (b) Functionalization of CuO nanowires by sol-flame:
HRTEM (left) and TEM (right) micrographs of a CuO nanowire functionalized with Co;0, nanoparticles;
reprinted with permission from [126], Copyright 2013 American Chemical Society.
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Figure 9.

(a) SEM micrograph of WO, nanowires functionalized with noble metal nanoparticles (Au, Pt) in a single-
step process by AACVD. HRTEM micrographs of WO, nanowires functionalized with nanopavticles of (b)
Au and (c) Pt, with insets showing the size distribution and lattice fringes of the nanoparticles; veprinted
from [128].

material by dip-coating the nanowires with a sol-gel precursor solution and anneal-
ing them over a flame for a few seconds. During the flame treatment, the metal salt
precursor decomposes chemically to the final metal or MOS and nucleates locally
over the nanowire. An example of this process used to functionalize CuO nanowires
with Co;0, is displayed in Figure 8b) [126].

The functionalization or modification of 1D MOS nanostructures based on
nucleation and growth processes can also be achieved by one-step processes.
However, their use is less common, despite the advantage of reducing processing
steps. Examples of 1D nanostructures functionalized by a one-step process include
those achieved by the AACVD of two metal precursors from one-pot simultane-
ously [127]. In this method, the precursor leading the formation of nanowiresisina
higher concentration than the precursor for the modifier. Figure 9 displays exam-
ples of the WO; nanowires functionalized with Au and Pt nanoparticles obtained by
this method [128]. The functionalization of nanowires with MOS from metals such
as Fe [129] and Cu [31] was also achieved by this method.

There is much less published work on the functionalization or modification of
electrospun MOS nanofibers for application in chemical sensors than on nanowires.
Most works chose to incorporate the additives or their precursors into the solution
containing the polymer and the inorganic precursor of the MOS (i.e., routes 1 and
2 in Figure 7). Thus, for example, composite nanofibers are prepared by dissolv-
ing inorganic precursors of the involved MOS in suitable solvents and mixing
the solutions with the polymer solution, usually by magnetic stirring. Then, the
inorganic precursors are distributed uniformly in the polymer by electrospinning
and the metals are oxidized upon sintering of the electrospun polymer/metal
fibers. Intimate contact between the MOS nanocrystals is achieved in the composite
nanofibers [130-133]. Another method uses the coaxial-electrospinning configura-
tion [84, 134], for which polymer solutions are prepared with each of the inorganic
precursors separately. The solution with the precursor of the main metal oxide
leaves the spinneret through a central circular nozzle, while the solution with the
precursor of the second metal oxide exits the spinneret through an annular nozzle
that surrounds and is concentric to the circular nozzle, as depicted in Figure 10a)
[135]. After sintering of the electrospun fibers, composite nanofibers with a core-
shell structure are obtained, in which the two metal oxides occupy distinct zones
with a well-defined interface [136-138], as can be seen in Figure 10b).

The same strategy has been adopted for the functionalization of electrospun
MOS nanofibers with additives such as graphene (rGO) and metals. In this case, the
rGO flakes and metal nanoparticles are dispersed or their precursors are dissolved
inaliquid (e.g., DIW, EtOH, IPA), usually by ultrasonic agitation. The colloidal dis-
persions or solutions so obtained are added to the solution with the polymer and the
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(a) Layout of a typical spinneret used for coaxial electrospinning; adapted with permission from [135],
Copyright 2019 Authors, licensee MDPI. (b) TEM micrograph of an In,0;-SnO, cove-shell nanofiber obtained
by sintering of coaxially electrospun PVP/In-PVP/Sn fibers; veprinted with permission from [138], Copyright
2016 American Chemical Society.

inorganic precursor of the host MOS and, then, magnetically stirred until a homo-
geneous electrospinnable solution is achieved. As an example, Figure 11 shows TEM
images of an electrospun nanofiber of SnO, loaded with rGO [139]. Double-shell
hollow nanofibers are usually obtained, with the rGO nanosheets on top of the
MOS nanograins [139-143]. Generally, it has been found that the rGO-loaded MOS
nanofibers are more sensitive to specific gases and that the optimal operating tem-
perature (i.e., the temperature at which the sensor response reaches a maximum)

is lower than that of the pure MOS nanofibers. This improved sensing behavior is
attributed to the formation of local n-p or p-p (MOS-rGO) heterojunctions.

Some authors have attempted to further improve the gas sensing capabilities of
electrospun single-phase MOS nanofibers [144], MOS composite nanofibers [145, 146],
and rGO-loaded MOS nanofibers [147] by functionalization of the nanofibers with
metal nanoparticles. For this purpose, they chose also the routes 1 and 2 in Figure 7,
leading to the dispersion of the metal nanoparticles, formed in-situ or pre-formed,
in the solution with the polymer, inorganic precursors, and eventually rGO. Sensors
based on hybrid nanofibers composed of ZnO, rGO and nanoparticles of Au or Pd
prepared by electrospinning showed enhanced sensitivity towards reducing gases
and volatile organic compounds, for the pure and rGO-loaded ZnO nanofibers [147].

Figure 11.

(a) Low-magnification and (b) high-magnification TEM micrographs of an rGO-loaded SnO, nanofiber
obtained by sintering of an electrospun PVA/Sn/rGO fiber; reprinted with permission from [139], Copyright
2015 American Chemical Society.
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It was proven therefore the synergistic combination of the catalytic effects of the
noble metal nanoparticles and the hybrid sensing mechanism, which combines the
effects of radial resistance modulation, intergrain (ZnO/ZnO) modulation and local
n-p (ZnO-rGO) heterojunctions. Moreover, it has been observed that there is an
optimal value of the load of rGO (<1 wt%) and metal nanoparticles (1-4 wt%) in
the nanofibers, above which the gas sensing performance of the hybrid nanofibers
does not show further improvement or starts degrading. This result is attributed

to the agglomeration of rGO nanosheets and metal nanoparticles in the polymer,
resulting in the formation of agglomerates on the surface of the nanofibers and
hence in an increased density of p-p (rGO-rGO) heterojunctions and metal-metal
contacts, in detriment of n-p or p-p (MOS-rGO) heterojunctions and metal-MOS
contacts. The electrospinning of polymer solutions containing nanomaterials is very
challenging as to achieve an even distribution of the nanomaterials in the polymer
fibers, since the large specific energy of the solution promotes the agglomeration of
the nanomaterials [148, 149]. To overcome this problem, the nanomaterials can be
loaded onto the surface of the fibers either after electrospinning or after sintering the
as-spun fibers, i.e., routes 3 and 4 in Figure 7. This approach however adds complex-
ity and costs as it introduces an additional process step (e.g., sputtering, ALD) for
which dedicated equipment is required [150, 151].

4. Integration of 1D metal oxide nanostructures into chemical sensors

The chemical sensing capabilities of the MOS have been exploited primarily in
electrically-transduced sensors of the resistive and field-effect transistor (FET)
types [55]. Chemiresistive sensors or chemiresistors and FET sensors are the most
investigated and exploited sensing configurations owing to their simplicity, ease of
fabrication and operation, and feasibility of miniaturization. The most widely used
architectures of chemiresistors and FET sensors are presented in this section. There
follows a discussion on the methods and techniques that allow 1D MOS nanostruc-
tures to be integrated as sensitive material into such architectures, paying atten-
tion to aspects such as sensor reproducibility and potential for scaling up sensor
fabrication.

4.1 Sensor architectures

Chemiresistive sensors are bipolar devices addressed to measure the electrical
resistance of a semiconductor (e.g., 1D MOS nanostructure) as the sensing mate-
rial bridging two electrodes or interdigitated electrodes (IDE) supported by an
insulating substrate. Typically, FET sensors consist of a semiconductor (e.g., 1D
MOS nanostructure) as the conducting channel connected by the source and drain
electrodes. This semiconductor is placed on the top of an insulated gate electrode so
that its conductance can be regulated by varying the bias voltage of the gate elec-
trode. This classical architecture for electronic metal-oxide field-effect transistors
(MOSFET) is usually similar for FET sensors addressed to gas-phase analytes. In
contrast, the architecture of FET sensors for liquid phase analytes differs from the
traditional MOSFET, since the gate electrode (or reference electrode) is immersed
into the liquid analyte with the conducting channel being sensitive to the ions of
the analyte. Therefore, this architecture is known as an ion-sensitive field-effect
transistor (ISFET) [37]. Figure 12 displays a schematic illustration of the two types
of sensor architectures (resistive and FET) targeted in this section.

Nowadays, the fabrication of these transducer platforms exploits micro/
nano-fabrication technologies, usually based on silicon as substrate and
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Figure 12.
Schematic illustration of a vesistive (a) and FET transducing platform for gas (b) and liquid (c) phase
analytes. NW: nanowires, D: drain electrode, S: source electrode, and G: gate electrode.
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Figure 13.
(a) Layout of a typical microvesistor (lateral view); adapted with permission from [6], Copyright 2018
Authors, licensee MDPI. (b) Optical image of a microhotplate and its indicated components (top view).

micro-electro-mechanical systems (MEMS) technology. This facilitates their
integration as arrays in monolithic microchips as well as the incorporation of
microheaters with low thermal losses (the so-called microhotplates) [5, 6, 74].
Figure 13a) displays the typical architecture of a microresistor consisting of a
microhotplate and a sensing material on its top, and Figure 13b) shows an image
of a microhotplate. This consists of a thin layer (a few micrometers thick) of a
dielectric material, also called a membrane, supported by a silicon substrate at

its periphery. The microheater is embedded within the membrane and insulated
from the interdigitated electrodes patterned on top of the membrane. The use of
silicon and MEMS technologies allows for the incorporation of integrated circuits
along with the driving and signal conditioning circuitry or other smart features
(e.g., wireless communication) to build electronic noses with potentially low-cost
production [152, 153]. However, recently other substrate materials (e.g., polymers)
and technologies (e.g., printing) are being explored and optimized to provide also
integrated elements driven by the use of optimized active 1D MOS nanostructures
that can operate at room temperature or close to it [13, 154].

4.2 Assembly of 1D metal oxide nanostructures on transducer platforms
To enable practical use of 1D MOS nanostructures, these structures must bring

the interdigitated electrodes (chemiresistor) or the source and drain electrodes
(FET) into contact. This allows the electrical current to flow and the resistance (or
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conductance) changes to be monitored. Such connection can be attained either by
a single 1D nanostructure or by multiple 1D nanostructures [52, 54, 98]. Due to the
requirement of precise alignment between the 1D nanostructure and the patterned
electrodes, the fabrication process of the individual 1D nanostructure device is
rather complicated, time-consuming and expensive. Therefore, to simplify the fab-
rication process and electrical signal measurement, the multiple 1D nanostructure
devices become the most widely accepted configuration for practical applications.

4.2.1 Coating methods

The assembly of multiple 1D nanostructures for chemical sensors usually
involves the use of a two-step process [52], following any of the routes sketched
in Figure 14a). In the first route (top-electrode architecture), either 1D nano-
structures are synthesized directly on a blank substrate or pre-synthetized 1D
nanostructures are transferred on the substrate. Then, the electrodes are deposited
by sputtering on the substrate with the 1D nanostructures on their top with the help
of a mask. Conversely, in the second route (bottom-electrode architecture), the
electrodes are deposited firstly on the blank substrate and the 1D nanostructures are
either synthesized or transferred on the substrate with the patterned electrodes on
its top. Technologically, bottom-electrode architectures are preferred for chemical
sensors, as they may facilitate the direct integration of 1D nanostructures. This type
of architecture also prevents the introduction of contaminants into the sensitive
materials as the processing steps for the definition of the electrode are performed
before the integration of the sensitive material.

The synthesis of 1D MOS nanostructures directly onto the sensor substrate
[155], either a blank substrate or a substrate with patterned electrodes, is the
preferred choice, since it reduces the fabrication time and costs of the sensors.
Also, it reduces the incorporation of contaminants by avoiding the use of transfer
media (often liquids) that tend to degrade the surface properties of the sensitive
structures. On the other hand, the direct integration of 1D MOS nanostructures
demands substrate materials such as silicon (Si), alumina (Al,03), quartz, or high-
temperature-resistant polymers (e.g., polyimide PI) [156] capable to withstand
the thermal steps required for the synthesis of the MOS nanostructures and the
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Figure 14.

(a) Schematic diagram of the architectures (top- or bottom-electrodes) used in multiple 1D nanostructures
based chemical sensors: (1) blank substrate, (2) nanowires transferred onto the blank substrate, (3) electrodes
patterned onto the substrate with nanowires, (4) electrodes patterned onto the blank substrate, (5) nanowires
transferved onto the substrate with patterned electrodes; adapted with permission from [52], Copyright 2021
Authors, licensee MDPI. (b) Schematic illustration of wet-coating methods for the transfer of nanomaterials
from a liquid dispersion to a substrate; adapted from [158].

18



One-Dimensional Metal Oxide Nanostructures for Chemical Sensors
DOI: http://dx.doi.org/10.5772/intechopen.101749

high operating temperatures of the MOS chemical sensors (>200 °C). However,
since the most advanced functional nanomaterials for chemical sensing based on
MOS suggest that the next generation of MOS chemical sensors could work at room
temperature, the need for heating elements could be omitted in the future, open-
ing the possibility to use more abundant substrate materials that are cheaper and
easier to process compared to those above. In this respect, steps are already being
taken towards the synthesis of 1D MOS nanostructures on tiny substrates of flexible
stretchable soft polymers (e.g., polyethylene terephthalate PET, polytetrafluoro-
ethylene PTFE, polyaniline PANI, polyimide PI), textiles, or paper [157], which
are of major interest for use in wearable sensor devices for emerging applications
(e.g., healthcare). To achieve this, the processing temperatures are required to be
below the glass transition temperature of polymers (<400 °C PI) or the thermal
degradation temperature of the substrates (<100 °C textiles, paper). This limits

the application of some synthetic procedures as those based on high-temperature
chemical vapor deposition or electrospinning, as they demand temperatures of at
least 400°C for either precursor decomposition or sintering steps. Then, the trans-
fer of the pre-synthesized 1D nanostructures on flexible substrates seems to be the
only feasible alternative to date.

The transfer of the pre-formed 1D MOS nanostructures to the sensor substrate
may be a complex, time-consuming and expensive approach. In transfer methods,
firstly, the 1D nanostructures need to be detached from the substrate on which
they were synthesized and subsequently be dispersed in a liquid, usually a volatile
organic solvent. There is a diversity of wet-coating techniques to transfer nanoma-
terials in suspension in a liquid to a substrate. The most common ones are illustrated
in Figure 14b) [158]. Basically, the choices are either immersing the sensor sub-
strate in the dispersion (dip-coating) or dosing the dispersion in form of droplets
(drop coating, spin coating, spray coating) that settle on the substrate. The liquid
evaporates from the in-flight droplets and/or the substrate, which can be heated at a
constant temperature during or at the end of the transfer process.

The two approaches described previously result in multiple 1D MOS nano-
structures forming a mat- or web-like deposit; this is a stacked network of 1D
MOS nanostructures lying randomly in all directions of space. The deposits often
display a bi-modal pore size distribution with relatively large pores (sub-micron to
a few microns) side by side with nanosized pores (e.g., electrospun nanofibers),
facilitating effective gas transport into the sensing layer. In addition, there are many
cross-points between the 1D nanostructures in the network, which may favor the
current percolation and the whole conductivity of the film. Nevertheless, several
weaknesses have been identified in these mat-type sensitive layers that bring into
question their usefulness for chemical sensors.

Even if the above techniques allow for a high degree of control of the param-
eters relevant to the synthesis or transfer of the 1D nanostructures, properties
such as the size, thickness, porosity, or nano/microstructure vary greatly from one
deposit to another, which lead to differences in the chemical sensing performance
between sensors. To overcome this problem, wire structures connected in paral-
lel are the ideal architecture to achieve a well-defined conduction channel that is
easy to modulate by the interactions of the analyte and surface. In such a structure
the grain boundaries or nanowire-nanowire interfaces are removed and thus the
sensitivity of the system depends only on the nanowire surface due to an efficient
transfer of charge with a lower probability of recombination. Usual approaches to
achieve such integration of 1D nanostructures involve alignment methods based on
the Langmuir-Blodgett technique or electric and magnetic field-assisted orienta-
tion techniques [159] such as dielectrophoresis [160]. For instance, a recent report
based on the dielectrophoresis method proposed the use of a nanoelectrode array
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Figure 15.
(a) View of a nanoelectrode array containing several single-nanowires connected in parallel. (b), (c) Detailed
views of a pair of nanoelectrodes with a nanowire interconnected across them; reprinted from [161].

system for the integration of various single-nanowires connected in parallel [161].
This system allowed for the selective integration of single-nanowires connected
across various faced electrodes using the dielectrophoresis method, as can be
observed in Figure 15.

Several methods have also been developed to orient and align electrospun fibers,
either mechanically (e.g., rotating drum, rotating sharp disk) [84, 162-164] or by
the action of electric fields [165-167]. In the latter, gaps of an insulating material
(e.g., air, quartz, polystyrene) are introduced on the surface of a conductive sub-
strate, and patterned electrodes (e.g., interdigitated electrodes) can also be used to
obtain oriented nanofibers. When an insulating gap is introduced into the collector,
it changes the structure of the external electric field. As a result, the directions of
the electrostatic forces acting on a fiber that is sitting across the gap will be altered.
In addition, once the charged fiber has moved into the vicinity of the electrodes,
charges on the fiber will induce opposite charges on the surface of the electrodes.
These opposite charges will further attract the fiber to the electrodes. These two
types of electrostatic forces simultaneously pull the fiber towards the edge of the
two electrodes and acting on different portions of a fiber will eventually lead to its
uniaxial alignment through the gap, as can be seen in Figure 16 [167].

It has been observed that the electrospun MOS nanofibers have a weak interfiber
interaction and poor adherence to the electrodes and the substrate, resulting in
high contact resistance and inferior mechanical properties. Thus, various treat-
ments have been applied to the as-spun polymer/inorganic precursor fibers before
sintering. These are traditional treatments such as irradiation with UV-light [168]
or hot-pressing [169, 170], and a novel nanoscale welding technique [171]. The
latter is simple and easy to apply, does not require specific equipment, preserves the
interconnected structure of nanofibers, and is also the most efficient in terms of
enhancement of the interfiber connections and interfacial adhesion. All this makes
it the optimal treatment for application in chemical sensors.

Usually, conventional wet-coating techniques do not allow for highly-localized
highly-dispersed coating of very small areas. Ideally, the sensing material should
cover only the zone spanned by the electrodes, this is the active surface of the sensor
whose area in the case of the microsensors is typically less than 0.2 mm?. In prac-
tice, however, it is necessary to use masks to keep the region around the electrodes
clean, particularly the bond pads of the electrodes and microheater. In this regard,
the electrohydrodynamic jet printing technique [172-174], also called e-jet print-
ing, is a precise way to transfer nanomaterials in a liquid on a substrate with greater
resolution and repeatability than standard wet-coating and printing techniques
(e.g., screen printing, aerosol-jet printing, ink-jet printing). In e-jet printing,
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conductive

“ SUW

Figure 16.

(a) Layout of the setup to electrospin fibers as uniaxially aligned arrays, where the collector consists of two
conductive strips separated by a void gap. SEM micrographs of uniaxially aligned electrospun nanofibers of
(b) TiO, and (c) Sh-doped SnO,; the insets show enlarged SEM micrographs of the nanofibers. Adapted with
permission from [167], Copyright 2003 American Chemical Society.

droplets of a liquid suspension, also called an ink, are pulled out from a nozzle by
the action of an external electric field. Charges accumulate at the liquid surface and
the coulombic repulsion causes the liquid meniscus at the nozzle tip to deform into
a conical shape (Taylor cone). When the electric field exceeds a critical value, the
stress from the surface charge repulsion at the cone apex exceeds the surface tension
and a small droplet is emitted towards the substrate. The key to high-resolution
droplet printing is to use electric potentials below those required for droplet atomi-
zation (electrospray) and small nozzles (<100 pm). Then, the deposited droplets
can be as small as hundreds of nanometers.

Highly integrated arrays of MEMS gas sensors have been prepared by e-jet print-
ing [175, 176], as depicted in Figure 17. Firstly, long electrospun MOS nanofibers
were fragmented into smaller pieces by ultrasonication and dispersed in a liquid.
The electrodes were then coated with the fragments of the MOS nanofibers by using
an e-jet printing system including a pulse-modulated voltage supply and a mov-
ing stage to control the droplet size and droplet position, respectively. The nozzle
used was less than 100 pm in inner diameter and the dot pattern size of the MOS
nanofibers was in the order of 40-60 pm. It is worth mentioning that e-jet printing
was accomplished without nozzle clogging and that all the microsensors survived
the process, in contrast to the standard wet-coating techniques, where the failure
of the microsensor is frequently observed owing to the impact of big droplets,
typically of tens of micrometers, causing the fragile dielectric membrane to crack.
Furthermore, using a smaller nozzle, adjusting the applied voltage and pulse width,
and tightly controlling the X-Y moving platform a continuous jetting regime was

a) Micro syringe o
pump Relay switch +F]_ [ungsten |
heating wire
Metallic needle nmy ‘,
—
% 7

High speed camera @ Micro droplet

MHP substrate —— E

[~—"] AJtiminum
| Glass sheet | 1 =l
| Stainless steel electrode | — €lectrode 100 um

l XY stage ]

Figure 17.

(a) Layout of a typical setup for e-jet printing mounted on an X-Y positioning stage, (b) Optical microscope
micrograph of the micvohotplate (MHP), (c) SEM micrograph of the MHP coated with fragments of
Pd-loaded SnO, nanofibers (inset) by using the e-jet printing setup in (a). Adapted with permission from
[175], Copyright 2018 Authors.
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Figure 18.

(a) Sketch of a typical electrohydrodynamic divect-writing (EDW) setup; reprinted with permission from
[186], Copyright 2006 American Chemical Society. SEM images of (b) PVP/Zn fiber obtained by EDW over
a silicon substrate and (c) ZnO nanofiber obtained by sinteving of the PVP/Zn fiber in (b); veprinted with
permission from [189], Copyright 2013 Elsevier.

achieved, enabling to print line patterns less than 40pm in width with a maintained
geometry and homogeneous distribution of the fragments of MOS nanofibers [176].

4.2.2 Patterning methods

Conventional methods based on micro- and nano-fabrication top-down pro-
cesses that include steps of deposition, lithography, and etching may be used to
pattern 1D MOS nanostructures and assist the growth of 1D MOS nanostructures in
selected areas of a device. These processes are usually employed to define the area,
density, and size of 1D nanostructures by patterning catalyst seeds that assist the
growth of 1D nanostructures via VLS growth mechanisms. Other approaches also
include forming templates to assist the directional growth of 1D nanostructures
with subsequent template etching to free the 1D nanostructures. Hence, these
processes generally lead to vertical aligned 1D nanostructures that are bridged with
top and bottom contact as resistors or as FETs, for instance, by adding a vertical
surrounded-gate [177, 178]. These approaches are not discussed in this chapter and
more details can be found in the following literature [55, 158, 179, 180].

The electrospinning technique is more suited for the formation of nanofiber
mats on areas that largely exceed the active area of the chemical sensors. Generally,
the size of the area covered with the electrospun fibers decreases with the decreas-
ing nozzle-to-substrate distance, which is accompanied by a reduction of the
applied potential to preserve the electric field and prevent the onset of electrical
discharges. The near-field electrospinning (NFES) method, also known as the elec-
trohydrodynamic direct-writing (EDW) method, exploits this behavior [181-186].
The working principle of EDW is similar to that of the traditional electrospinning
but with some distinctive features, namely the small nozzle diameter (<50 pm),
the low applied voltage (<1 kV), the short distance between the nozzle and the
substrate (0.5-5 mm), and the use of a moving nozzle and/or substrate, which
facilitates position-tunable alignment and on-demand patterning of fibers on
the substrate. EDW uses the stability region of the liquid jet and supplies discrete
droplets of the polymer solution, in the same way as a dip pen does. This technique
has been proven for direct-writing individual MOS nanofibers on silicon substrate
for use in both chemiresistive [187, 188] and FET [189] sensor devices. As an
example, Figure 18 shows images of a ZnO nanofiber obtained by sintering a PVP/
Zn nanofiber written by EDW on a substrate.
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5. Summary and outlook

This chapter provides a general overview of the status and recent advances in
developing chemical sensors based on 1D MOS nanostructures. The contents focus
on the most frequent strategies and methods used to achieve higher sensing perfor-
mances to cope with present and future applications, which ultimately drive inno-
vation in chemical sensors. The applications usually impose requirements in terms
of capabilities and efficiency of chemical detection, miniaturization, fabrication
costs, power consumption, sensor stability, and lifetime. The combination of these
needs poses difficult challenges to a diversity of enabling technologies encompass-
ing materials synthesis, nanotechnology, nano- and micro-fabrication, and printing
technologies, amongst others. In this context, the survey covers the state-of-the-art
and advances of the main synthetic methods to produce 1D sensitive materials used
in chemical sensors, particularly, nanowires and nanofibers based on MOS. It also
tackles the effect of incorporating second-phase materials to bring improved and/
or new chemical sensing attributes to single-phase 1D MOS nanostructures and the
routes to form this type of heteronanostructures. Finally, it discusses the most com-
mon chemical sensing architectures to enable the response of 1D nanostructures
via resistive or FET measurements, as well as the techniques used to assemble the
nanostructures onto these sensor platforms (of resistive and FET type).

The vast reports and prospects in chemical sensors indicate that the trends of
these devices are directed towards further miniaturization and operation at the
minimum power consumption. The last will be achieved mainly by reducing the
operating temperature (at which sensitive MOS materials are stimulated) to levels
close to room temperature. Improvements on traditional functional parameters
such as the sensitivity, stability, speed of response, and selectivity to application-
dependent target analytes are also expected. All these improvements may ultimately
come true by gaining a better understanding of the synergistic sensing effects
in 1D heteronanostructures composed of MOS, metals and/or 2D nanomaterials
such as graphene, TMDC, or MXenes. So that these combinations can be tailored
more precisely shortening the try and error steps currently employed when tuning
sensitive heteronanostructures. Certainly, this knowledge needs to be developed in
parallel to robust and reproducible routes to synthesize 1D MOS heteronanostruc-
tures. The new synthetic routes must be optimized to enable the high dispersion,
homogeneous distribution, and maximal interfacial area between the MOS and
the second-phase constituents, with the minimum penalty in terms of sustain-
ability, cost-effectiveness, and scalability. One-step routes that allow to grow,
form, or assemble 1D MOS nanostructures directly onto the transducer platforms
are pursued in the first place, followed by the techniques that allow the transfer
of pre-formed 1D MOS nanostructures onto the transducer platforms with good
control over the nanostructure orientation, alignment, and electrical contacts.
When applied to the fabrication of chemical sensors, both types of techniques need
to ensure the localized integration of 1D MOS nanostructures over the active area
of the sensor device. This means that direct and transfer methods for the integra-
tion of 1D nanostructures must be adapted to operate efficiently either, in small
sensitive areas, in agreement with the materials used as platforms, for instance,
silicon-based MEMS or temperature-sensitive substrates (polymers, textiles, etc.).
Therefore, the integration methods must also ensure control in the sub-millimeter
range, optimal connectivity and conductivity between the nanostructures bridg-
ing the interdigitated electrodes, and strong adhesion of the nanostructures to the
transducer platform.
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Traditional synthetic methods based on nucleation and growth processes, such
as hydrothermal synthesis and chemical vapor deposition, must be exploited to
allow one-step integration of 1D MOS nanostructures with transducer platforms.
These techniques are appropriate for direct integration, particularly with silicon-
based platforms. However, their potential is not fully exploited as most of the works
on chemical sensors fabrication turn to a removal and re-deposition approach for
integrating 1D MOS nanostructures synthetized by these techniques.

The electrohydrodynamic techniques emerge as a promising alternative for
integrating 1D MOS nanostructures onto chemiresistive and FET platforms due to
its high-precision for printing areas of less than 0.1 mm? (e-jet printing) or its high-
resolution to write directly (on electrodes and substrate patterns) lines of less than
100 nm in width. The direct printing of 1D MOS nanostructures may improve the
reproducibility of chemical sensors. The application of electrohydrodynamic tech-
niques to manufacture chemical sensors using MOS is still at an early stage. Much
effort needs to be done to optimize the composition and properties of the dispersion
and polymer solutions (inks), nozzle geometry and dimensions, and process condi-
tions, before these techniques, become a rapid and cost-effective tool for large-scale
fabrication of chemical sensors based on MOS. However, their availability in the
short term could push forward the application of 1D nanostructures and emerging
flexible substrates for chemical sensors.
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