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Electrospinning (ES) has emerged as a cutting-edge technology for the development of next-generation
intelligent optoelectronics and flexible electronics, thanks to its high-throughput production capabilities,
structural versatility, and multifunctional potential. Electrospun nanofibers (NFs), characterized by their
high specific surface area, structural adaptability, and customizable properties, present a compelling
alternative to conventional materials and fabrication strategies. Despite notable research advancements,
a systematic understanding of the optimization of structure—property relationships and scalable integra-
tion techniques for ES-based intelligent (opto)electronic devices remains lacking. In this review, we
provide a comprehensive summary of recent advances in ES NFs for intelligent electronic and
optoelectronic systems, including photodetectors, synaptic devices, transistors, and gas sensors. Next,
we critically analyze mechanisms for property modulation via control of crystallinity, defect engineering,
and heterostructure design, demonstrating how these microscale strategies enhance device
performance and multifunctionality. Furthermore, we discuss broader implications and persistent
technological bottlenecks in ES technology, identifying key opportunities for future research. Finally, we
emphasize the need for precise multi-scale engineering and innovative designs to advance ES NFs
toward intelligent, multifunctional, and commercially viable applications.

1. Introduction
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With the rapid development of advanced technologies such as
artificial intelligence, autonomous driving, and wearable electro-
nics, optoelectronic and electronic devices are evolving toward
miniaturization, high integration, and multifunctionality." To
meet the needs of diverse application scenarios, industry pro-
duction demands higher requirements on electrical conductiv-
ity, structural stability, and material flexibility.®® Therefore,
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developing material systems with precise spatial control and
synergistic functional integration has become a key scientific
challenge. While conventional methods offer stability, they often
struggle to integrate multi-dimensional heterostructures seam-
lessly, which are essential for next-generation electronics.

Electrospun nanofibers (NFs), due to their high specific
surface area, excellent flexibility, and favorable electrical prop-
erties, have become fundamental building blocks for construct-
ing high-performance devices.”'*> Various techniques have
been developed for fabricating 1D materials, such as chemical
vapor deposition and template-assisted methods."*'* However,
these methods often suffer from limitations, including the
need for complex equipment, high costs, and limited process
control. In contrast, electrospinning (ES) is a simple, low-cost,
highly versatile method well-suited for fabricating 1D NFs with
diverse structures and functions. ES enables efficient produc-
tion of NFs and offers tunable processing parameters (such as
solution composition, nozzle design, and collector configu-
ration), allowing for precise control over the materials’ mor-
phology, structure, and performance.’>” Critically, ES bridges
the gap between bottom-up molecular design and top-down
structural assembly, providing a unique platform for engineer-
ing charge transport at the nanoscale. Based on these advan-
tages, the ES technique shows great promise for high-
performance device integration and functional customization.
It has been widely explored in fields such as optoelectronics,
flexible sensing, and energy conversion.'®>°

To date, hundreds of kinds of polymers, inorganic com-
pounds, and 1D composite materials have been successfully
fabricated using ES techniques.”™** The composition of elec-
trospun fibers is diverse and can be tailored through the
combination of polymers, colloids, small molecules, and com-
posites to suit specific physical and electrical properties for
various applications.>*** For example, adjusting the grain size
of NFs by modulating the element ratio allows a transition from
semiconductor to conductor behavior, enabling the construc-
tion of all-ES electronic devices.>® Moreover, electrospun fibers
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exhibit a variety of structural configurations, with core-shell
NFs being the most representative example.”*>® This type of
structure reflects a microscopic heterostructure within a single
fiber and is typically achieved through coaxial ES. Beyond the
microscale, spatial heterostructures can also be constructed by
modifying the injection setup to enable the interweaving of
fibers with different compositions.>®*° This macroscopic het-
erostructure enables hierarchical material design, further
expanding the potential of ES in specific device architectures.

With continued research, ES has been applied to fabricate a
wide range of 1D nanomaterials for advanced devices such as
photodetectors, synaptic devices, and gas sensors (as discussed
in the following sections).>*” These studies demonstrate the
great potential of ES technology for electronic and optoelec-
tronic devices. Despite these advances, most current research
still focuses on specific material systems or single-device types,
lacking comparative studies across different device categories
fabricated by ES. Moreover, systematic strategies for construct-
ing structure-determined and/or interface-driven ES-based
intelligent (opto)electronic devices are still lacking. Therefore,
a comprehensive review is needed to summarize the structural
features, performance improvements, and application routes of
ES NFs in intelligent electronic and optoelectronic devices.
This will provide valuable theoretical insights and practical
guidance for future research and the development of ES
devices.

In this review, we focus on the recent advances in ES NFs for
intelligent electronic and optoelectronic devices. First, we
briefly revisit the development history of ES and introduce its
fundamental working principles. Then, various ES techniques
are discussed in detail, including parameter control and equip-
ment optimization. Next, we highlight the regulating mecha-
nism based on ES at both the micro- and macro-scales. Finally,
the application of electrospun NFs in key devices (such as
photodetectors, synaptic devices, transistors, gas sensors, and
triboelectric generators) is systematically summarized and ana-
lyzed as outlined in Fig. 1.
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Fig. 1 Overview of intelligent (opto)electronics based on ES technology.

2. Development of electrospinning
technology

2.1. Fundamentals of electrospinning

The ES of nanoscale fibers is achieved by spinning and stretch-
ing polymer solutions or melts under electrostatic field.*® It is a
simple, practical technique widely used in the production of
NFs. Historically, its origin can be traced back to the 17th
century, during the era of Elizabeth I, when William Gilbert
discovered that a charged piece of amber could deform a nearby
water droplet into a cone and eventually cause it to eject smaller
droplets.*® This phenomenon laid the groundwork for the
development of electrohydrodynamic theory. In 1887, Charles
Boys observed that fibers could be drawn from a viscoelastic
liquid under an electric field, marking a significant step toward
the concept of ES.** In 1902, John Cooley and William Morton
introduced the term “electrospinning” and filed two patents on
the technique.** This was followed by John Zeleny’s investiga-
tion into the surface behavior of droplets in electric fields and
his attempt to establish a mathematical model in 1914.*>*® ES
saw its first practical application in 1938, when researchers used
electrospun fibers as filter materials for gas masks. In 1964,
Geoffrey Taylor introduced the concept of the Taylor cone and
published a series of foundational studies, initiating the theo-
retical exploration of ES.>%***

Afterwards, the field experienced a period of stagnation until
the early 1990s, when advances in electron microscopy enabled
nanoscale characterization. Researchers demonstrated that a
wide range of polymers could be electrospun into NFs, revita-
lizing interest in the technique and leading to the broader use
of ES.***® Since 1995, theoretical studies by Reznik, Hohman,
and others have focused on stretching, whipping instability,
and Taylor cone morphology, deepening understanding of

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 The development route of ES technology.

fiber-forming mechanisms. As the theory evolved, the scope
of ES expanded to produce composite and ceramic NFs, core—
sheath and hollow fiber architectures, and continuous fiber
yarns.*** The ES technique gained intense attention in the
early 21st century for fabricating inorganic NFs, including
various polyoxides and chalcogenide-based materials. The
development route of ES is shown in Fig. 2.>°7%

Nowadays, ES is widely known as a technique for producing
ultrafine fibers with nanoscale diameters.>*** As shown in Fig. 3a
and b, the ES setup is generally classified into far-field ES and near-
field ES.**® The former operates with a nozzle-to-collector dis-
tance from several to tens of centimeters and is commonly used to
fabricate random or non-woven NFs. In contrast, near-field ES can
yield well-aligned and patterned fibers with high precision under a
relatively low applied voltage.®” Both techniques have been widely
adopted for materials processing in emerging electronic and
photonic devices.*"**”! Regardless of the mode used, the basic
ES setup consists of three indispensable components: a high-
voltage power supply, a syringe pump, and a collector.

ES works by ejecting charged polymer jets under the influ-
ence of an electric field. As shown in Fig. 3a, the polymer droplet
at the needle tip is initially sagging due to gravity. Electrostatic
forces overcome surface tension when a high voltage is applied
between the needle and collector, causing the droplet to deform
into a Taylor cone. Once the electrostatic repulsion reaches a
critical point, a fine charged jet is ejected from the cone’s
apex.”” Fig. 3b illustrates the near-field mode, in which the
shorter distance enables localized fiber deposition. As time
progresses, the ejected jet transitions from a straight, stable
region into a region of bending instability, as shown in Fig. 3c.
This well-known phenomenon of whipping instability is driven
by electrostatic repulsion.”® Fig. 3d depicts the force compo-
nents responsible for this behavior: upward and downward
forces from the outer segments of the jet (Fyo, Fpo) combine
to produce a radial force (Fg), which deflects the jet and initiates
spiraling motion. During this instability, the polymer jet is
continuously stretched, its diameter gradually decreases, and
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Fig. 3 Electrospinning configurations and jet dynamics. (a) Schematic illustration of the far-field ES and (b) near-field ES setups.”? Reproduced with
permission from ref. 72. Copyright 2019, this article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence. (c) Jet
evolution from Taylor cone formation, jet ejection, to fiber whipping.”® Reproduced with permission from ref. 73. Copyright 2012, Elsevier. (d) Schematic
of electrostatic forces causing fiber bending instability. (e) High-speed optical image showing the conical envelope formed by rapid jet oscillation.”*

Reproduced with permission from ref. 74. Copyright 2008, Elsevier.

it undergoes rapid solidification through solvent evaporation.”
Fig. 3e presents a high-speed optical image of the jet captured
under illumination.” The colorful, cone-shaped envelope con-
sisting of many branches is an optical illusion caused by the
high-frequency oscillation of a single filament. This dynamic
behavior promotes further thinning and uniform deposition of
NFs onto the collector. The final form is deposited as solid NFs
with diameters typically in the hundreds of nanometers,
arranged in a random orientation.

To systematically illustrate the material design and functional
diversity enabled by ES, Table 1 summarizes representative studies
of ES NF-based optoelectronic and electronic devices, categorized
by material type, polymeric matrix, solvent, working mechanism,
and device application. A wide range of functional devices, from
photodetectors, synaptic transistors, field-effect transistors (FETS),
gas sensors, to self-powered generators, have been fabricated using
both inorganic (e.g,, ZnO, InGaZnO, and In,0;) and organic (e.g.,
P3HT (poly(3-hexylthiophene))) semiconductors. These materials
are often dispersed in polymers like PVP (polyvinyl pyrrolidone),
PVDF (polyvinylidene fluoride), or PEO (polyethylene oxide) to
facilitate fiber formation and alignment.®'3*2*3%7577 Notably,
diverse working mechanisms, such as heterojunction engineering,
ionic migration, phase transition, and piezo-triboelectric coupling,
have been leveraged to achieve tunable plasticity, enhanced photo-
responses, and self-powered sensing. These mechanisms are
intimately correlated with the structural and interfacial character-
istics imparted by ES morphology.'®”% %

Chem. Soc. Rev.

Depending on the target application, NFs should be pre-
cisely tuned in terms of morphology and diameter to meet
specific device requirements. A clear understanding of the ES
process and its physical mechanisms is crucial for achieving
such control. A detailed discussion on parameter optimization
will be provided in the following sections.

2.2. Methodology of the electrospinning process

ES technology offers excellent advantages in fabricating con-
tinuous NFs. However, the experiment will be affected by
internal and external factors. NFs with different morphologies
can be obtained by controlling various parameters and improv-
ing the device during the ES process.'*" The related regulation
methods will be introduced in the following section.

2.2.1. Precursor design and process parameters. The for-
mation of continuous and uniform electrospun NFs depends on
the interplay between the intrinsic properties of the precursor
solution and the external parameters applied during processing.
The precursor solution provides the molecular foundation that
determines whether a stable jet can be initiated and sustained.
The selection of polymer type, molecular weight, and concen-
tration directly affects the degree of chain entanglement in the
solution. As illustrated in Fig. 4, representative polymers such as
PAN (polyacrylonitrile), PVP, PVA (polyvinyl alcohol), PS (poly-
styrene), and PVDF show distinct molecular structures that
influence solubility, viscosity, and dielectric response. Adequate
chain entanglement is essential for ensuring cohesive jet

This journal is © The Royal Society of Chemistry 2026
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Materials Solvent Polymer Mechanism Application Ref.
SnZnO, DMF PVP Heterojunction Photodetector 81
ZnSn0;/In,03 DMF PAN Heterojunction Photodetector 82
Sr-In, 05 DMF PVP Phase transition Photodetector 83
Tri-cation perovskite =~ DMF/DMSO PVP Photomultiplication effect Photodetector 31
Ag-ZnO Ethanol/DI PVP P-N junction Photodetector 84
InGdO DMF PVP Oxygen vacancy Synaptic device 76
ZnSnO DMF PVP Synaptic plasticity Synaptic device 85
ZnO DMF PVP Tunable plasticity Synaptic device 35
InSnMgO DMF PVP/PEO Ionic migration Synaptic device 86
PQT-12 Chloroform/Chlorobenzene ~ PEO Ionic migration Synaptic device 36
InGdO DMF PVP Oxidation-based FET 87
InZnO DMF PVP Element doping FET 88
InZnHfO DMF PVP Oxygen defects FET 89
SnO, DMF PVP Schottky barrier FET 90
InGaZnO DI water PVA/CS Aligned NF FET 91
Sn0O,/SnS, DMF/Ethanol PVP Heterojunction Gas sensor 30
Au/SnO, Methanol PVP Plasmonic effect Gas sensor 92
MoS,/Sn0O, DMF/ethanol PVP P-N heterojunction Gas sensor 93
NaPt-WO; DI PVP Synergistic effect Gas sensor 94
DPA DMF PVDF Piezotronics effect Tactile sensor 95
PA11/ZnO DMF/ethanol PA11/polyester  Triboelectric effect Triboelectric generators 96
PVDF-TrFE DMF PMMA Electrostatic Polarization Triboelectric generators 97
PVDF-HFP DMF PVDF-HFP Microstructure-Triboelectrification ~ Triboelectric generators 98
PANI/ZnO DMF PVDF/PTFE Piezo-tribo hybrid Triboelectric generators 99
P3HT Chloroform P3HT Acoustic carrier control Triboelectric generators 100

stretching. Excessively high concentrations increase viscosity and
hinder the formation of a stable Taylor cone, whereas insufficient
concentrations lead to fragmented jets and electrospraying.'®>"%*
These behaviors originate from the molecular level, where polymer
coils overlap sufficiently to resist capillary breakup during
elongation.

The choice of solvent further modulates solution behavior by
influencing viscosity, surface tension, and dielectric constant.
Solvents such as DMF (N,N-dimethylformamide), ethanol, water,
THF (tetrahydrofuran), and acetone differ in volatility and solva-
tion ability.>#*%%” These properties determine the extent of
polymer chain expansion and the rate of solvent removal once the
jet is exposed to the electric field. A solvent with strong solvation
capability promotes homogeneous dispersion, while high volati-
lity supports rapid solidification. When polymer, solvent, and
functional additives are combined, the precursor solution can
exhibit a wide range of behaviors, especially if inorganic, carbon-
based, or hybrid nanomaterials are introduced. The interactions
between polymer chains and nanomaterials can alter the viscoe-
lastic response of the solution, thereby influencing the unifor-
mity of the fibers and their surface morphology. By incorporating
semiconducting polymers, quantum dots, metal oxide or chalco-
genide particles, and plasmonic components into the spinning
solution, one can tailor light absorption, charge transport, and
dielectric responses within the fibrous network.'”*™™" Rational
design of precursor systems, therefore, not only secures a stable
ES process but also endows NFs with targeted functions required
for electronic and optoelectronic devices.

In addition to intrinsic solution factors, external process
parameters determine how the jet evolves after leaving the needle
(Fig. 5). The applied voltage, solution flow rate, and the distance
between the needle and the collector together determine the

This journal is © The Royal Society of Chemistry 2026

electric field distribution, the initiation of the Taylor cone, and
the extent of jet stretching."**™"*> In practice, the applied voltage
is typically adjusted between 10 and 25 kV, depending on the
conductivity and surface tension of the precursor solution, as well
as the setup geometry. A minimum threshold is required to
overcome surface tension and generate a stable jet, while mod-
erate electric fields promote continuous thinning of the charged
filament and lead to uniform fibers."**""'® When the voltage is set
too high, the jet undergoes severe whipping and branching,
leading to irregular morphologies and bead defects. The solution
flow rate typically lies between 0.1 and 1.0 mL h™* and controls
the volume of liquid delivered to the needle tip per unit time.**® A
too-low flow rate causes intermittent jetting and may break the
continuity of the deposited fibers. In contrast, a too high rate
leads to insufficient stretching and incomplete solvent evapora-
tion, resulting in thick fibers or a bead-on-string structure. The
needle-to-collector distance is usually set between 10 and 20 cm
and influences both the field strength and the jet flight
time."*'*" A short distance increases the electric field but limits
the jet’s residence time, resulting in poor stretching and residual
solvent. A long distance weakens the electric field and reduces
deposition efficiency. These parameters act cooperatively rather
than independently, so a high flow rate often needs to be
compensated by a larger voltage or a longer distance to maintain
a stable, well-stretched jet.”*'?*>'%3

Environmental conditions further modulate jet solidifica-
tion and microstructure development.'>***> Ambient tempera-
ture affects solvent viscosity and polymer chain mobility, while
relative humidity controls the extent of vapor-induced phase
separation, particularly in systems containing water or other
hygroscopic solvents. At high humidity, condensed droplets
and slow drying can result in porous or wrinkled fiber surfaces,

Chem. Soc. Rev.
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Fig. 4 Schematic illustration of the precursor design for ES.

whereas low humidity promotes rapid solvent evaporation,
favoring smooth, dense fibers. The volatility and mixing ratio
of solvents, such as DMF, ethanol, or water, determine both the
jet’s solidification rate during flight and the formation of
internal features, including voids and skin-core structures.
When semiconductor nanoparticles, quantum dots, or metal
oxide precursors are present, the drying kinetics also influence
their spatial distribution within the fiber cross-section. By
coordinating applied voltage, flow rate, collector distance,
and environmental conditions, it is possible to engineer NFs
with controlled diameter, surface roughness, and porosity.
These morphological features in turn govern light scattering,
absorption length, and carrier transport pathways, which are
crucial for optimizing the performance of electrospun NFs in
electronic and other optoelectronic devices.

2.2.2. Feeding configuration and receiving system. The pre-
cursor formulation governs the intrinsic feasibility of fiber for-
mation, while the feeding system configuration and collector
design dictate the external organization of the NFs. Collectively,
these elements determine the structural complexity, alighment,
and spatial arrangement of the final fiber assembly. They regulate
both the delivery, merging, and acceleration of the precursor
solution under an electric field, as well as the guidance, stretching,
and organization of the resulting jet during deposition.

Chem. Soc. Rev.
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As illustrated in Fig. 6a, a series of representative setups
progressively increases in structural complexity, from single-
needle spinning to advanced multi-channel and multimodal
strategies. Single-needle ES remains the most widely used
configuration due to its operational simplicity and stable jet
formation.®® A uniform NF jet is formed when a single pre-
cursor solution is extruded from the needle tip. Introducing a
second syringe enables parallel spinning, in which two separate
jets are ejected and deposited simultaneously. This configu-
ration provides a convenient route for producing multicompo-
nent fiber mats or blending different functionalities on the
same substrate. When the two syringes are connected through a
coaxial spinneret, the inner and outer solutions form a core-
shell jet, resulting in fibers with a well-defined hierarchical
internal structure.”® The resulting NFs can incorporate a func-
tional core, such as a semiconducting or photo-sensitive mate-
rial, protected by a mechanically robust or dielectric outer
sheath. In contrast, co-electrospinning involves multiple noz-
zles, enabling the simultaneous spinning of different jets.*?®
This setup facilitates the fabrication of multi-component NF
networks by interweaving fibers of different compositions. As a
result, it provides an efficient pathway to construct spatially
heterogeneous materials with complex architectures and syner-
gistic functionalities.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Schematic illustration of key ES process parameters.

Fig. 6b highlights how collector design determines fiber
alignment, packing density, and macroscopic arrangement.
Deposition onto a stationary flat collector produces randomly
oriented mats, suitable for filtration or sensing applications."?”
When the collector is a rotating cylindrical drum, the mechan-
ical drawing force imposed by rotation aligns the jet along the
tangential direction, producing oriented NF bundles once the
rotation speed surpasses the alignment threshold.”® Patterned
collectors, such as substrates with trenches or insulating
islands, guide fiber deposition along predefined pathways
and enable ordered network formation.”® In contrast, rotating
disc collectors concentrate electric field lines toward the disc
edge, allowing the jet to wrap and accumulate into continuous
aligned coils.'*® These diverse collecting strategies regulate the
interplay between electrostatic forces, mechanical stretching,
and geometric confinement, allowing NFs to be organized from
discrete strands into tailored architectures.

By appropriately selecting the feeding configuration and
receiving system, the ES technique can serve as a versatile
platform capable of fabricating large-scale nanofibers with
controlled geometry, internal hierarchy, and macroscopic
order."®® The ability to tune these parameters is critical for
designing NF systems for device applications, where fiber
alignment, core-shell arrangement, and structural uniformity
directly affect charge transport, optical coupling, and device
stability.>*®

This journal is © The Royal Society of Chemistry 2026
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3. Property optimization of NFs

ES technology offers a straightforward, cost-effective, and effi-
cient approach to fabricating NF-based (opto-)electronic materials.
Its advantages lie in the precise control of the nanoscale and the
ability to optimize photoelectric conversion efficiency, charge
carrier transport, and interface stability through rational mod-
ulation of the material’s microstructure, defect distribution, and
interface engineering.*>'**™*** In this section, based on recent
studies, we mainly discuss the modulation strategies for ES
optoelectronic and electronic devices from three perspectives:
grain size modulation, oxygen vacancy engineering, and hetero-
structure design.

3.1. Crystallinity and phase modulation

In ES materials, the crystallinity and phase structure are intrinsic
to the material system and can be highly tuned through external
processing conditions. Such modulation plays a pivotal role in
governing carrier transport, optical absorption, and interfacial
polarization.>>®° Instead of merely enhancing crystallinity,
recent studies have focused on guiding the crystallization path-
way through mechanisms such as spatial confinement or
electric-field-induced molecular alignment, aiming to achieve
targeted functional states."**

Zhi et al. proposed a strategy for modulating both crystal-
linity and phase behavior in hybrid ES NFs by incorporating

Chem. Soc. Rev.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs01179e

Open Access Article. Published on 22 April 2026. Downloaded on 4/23/2026 7:01:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

Roller
Collector

Flat Plate
Collector

Parallel Electrodes
Collector

View Article Online

Chem Soc Rev

Rotating Disc
Collector

Fig. 6 Configurational design of electrospinning jets and collectors. (a) Schematic illustrations of different ES configurations, including single-needle,
coaxial, Janus, and multi-jet setups. (b) Schematic illustrations of typical ES collector designs, such as flat plates, rotating drums, parallel electrodes, and

rotating discs.

perovskite nanocrystals (Cs,InCls-H,0) into a fluorinated poly-
mer matrix. During ES, the applied high-voltage electric field
stretches the polymer jet and exerts a directional force on the
embedded nanocrystals. This alignment is synergistically
enhanced by interfacial hydrogen bonding between the nano-
crystals and the polymer chains, which induces anisotropic
interfacial strain and local dipolar fields (Fig. 7a). Such coupled
field-interface interactions initiate a non-equilibrium phase
transition, wherein the system transforms from a disordered,
amorphous-like network into a uniaxially aligned polar crystal-
line phase (Fig. 7b).*° Unlike conventional thermally driven
grain growth, this transformation is governed by a symmetry-
breaking mechanism. Under the influence of the electric field,
polarizable polymer segments align, and the intrinsically low-
symmetry nanocrystals with soft lattice modes undergo direc-
tional reorganization. Importantly, this field-induced ordering
enhances crystallinity and modulates the crystal phase, thereby
inducing a symmetry switch and a reversal of polar orientation.

Chem. Soc. Rev.

The resulting aligned dipolar structure strengthens interfacial
polarization and facilitates efficient charge redistribution, ulti-
mately boosting piezoelectric and triboelectric performance.
This demonstrates how ES, beyond morphological shaping, can
serve as a powerful platform for in situ phase engineering,
offering new pathways for the functional design of hybrid
optoelectronic materials.

In contrast to the field-driven phase transition, Chen et al
employed a geometry-guided crystallinity modulation strategy,
leveraging the control of ES needle diameter to tune the grain
size of ITO (indium tin oxide) NFs. As the fiber diameter
decreased, a corresponding grain size reduction was observed,
leading to quantum confinement-induced bandgap widening
(Fig. 7¢).*® As the fiber diameter decreased, the grain size
decreased accordingly, widening the bandgap due to quantum
confinement. Smaller grains suppressed unwanted free carrier
generation and enhanced gate modulation, as evidenced by a
significantly improved on/off ratio in field-effect transistors.

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Microstructural ordering and grain-size dependent electronic modulation. (a) Schematic mutual interaction and (b) proposed interaction
mechanism between Cs,InCls(H,0) and PVDF-HFP (hexafluoropropylene)chain.®° Reproduced with permission from ref. 80. Copyright 2024, American
Chemical Society. (c) The bandgap variation corresponding to various grain sizes of ITO NFs.2> Reproduced with permission from ref. 25. Copyright 2023,
Springer Nature.

However, the increase in grain boundaries also introduced These two approaches, namely field-induced phase ordering
potential carrier-scattering centers, highlighting a trade-off and geometry-driven grain modulation, represent distinct
between mobility and confinement. yet complementary facets of crystallinity engineering in ES

This journal is © The Royal Society of Chemistry 2026 Chem. Soc. Rev.
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systems. The first emphasizes the control of internal symmetry
and molecular orientation to stabilize specific phases during fiber
formation. The second relies on tuning grain size and boundary
density to modulate the material’s energy landscape and charge
transport behavior. Together, these strategies underscore a
broader principle: crystal evolution in ES materials is not solely
determined by post-processing. Still, it is fundamentally shaped by
the dynamic conditions inherent to the ES process itself.

3.2. Defect and doping engineering

Defect and doping engineering represent a widely applicable
strategy to modulate the electronic properties of ES nanoma-
terials across diverse material systems. Whether in inorganic
oxides, hybrid composites, or polymer-based semiconductors,
manipulating vacancy concentrations and chemical dopants
provides a robust handle for tuning carrier transport, inter-
facial energetics, and functional stability."**"%¢

View Article Online

Chem Soc Rev

A representative example is provided by Cong et al., which
systematically modulated the oxygen vacancy (Vo) concentration
in InZnO NFs by altering the cationic ratio (Fig. 8a)."*” Their
study revealed that increasing the Zn content reduces the Vo
concentration, lowering the free-carrier density and power con-
sumption, as shown in Fig. 8b. Conversely, excessive In content
results in a higher V, concentration, which may compromise the
device’s stability (Fig. 8c). In addition, the inset diagram of
Fig. 8b schematically illustrates the microscopic origin of this
phenomenon: the introduction of Zn** ions promotes the for-
mation of a cubic-to-rhombohedral phase transition in the In,O;
matrix. Compared to the cubic phase, the rhombohedral phase
exhibits better packing of anion layers and enhanced electron
mobility due to reduced porosity and an ordered lattice structure.
However, the excessive presence of the rhombohedral phase may
lead to higher conductivity and EPSC (excitatory postsynaptic
current), ultimately increasing energy consumption. Therefore, a
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Fig. 8 Compositional defect control and orbital-level pathways. (a) Device structure, (b) energy consumption, and (c) chemical states of InZnO NF
device with different In: Zn ratios.*> Reproduced with permission from ref. 135. Copyright 2023, Springer Nature. (d) Energy band structure, orbital
structure, and charge transport pathways of InZnO NFs.2¥” Reproduced with permission from ref. 137. Copyright 2021, John Wiley and Sons.
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moderate Zn content (e.g., Iny ;Zn, 30) strikes a balance between
minimizing Vo and preventing phase-induced conductivity esca-
lation, thereby achieving optimal device performance. This find-
ing underscores a broader mechanism relevant not only to metal
oxides but also to conjugated polymers or hybrid systems, where
labile functional groups or dynamic moieties play analogous
roles in defining trap states and local polarization.

Beyond oxygen vacancies, other defect types have also been
widely exploited to regulate carrier dynamics and trap distribu-
tions in electrospun semiconductors. For instance, cation
vacancies (e.g., metal deficiencies in oxide lattices) can act as
deep acceptor-like states, effectively suppressing excess free
carriers and improving threshold voltage stability, which is
particularly beneficial for low-power transistor operation.'
In parallel, anion vacancies other than oxygen, such as sulfur,
or selenium vacancies commonly encountered in chalcogen-
ides and layered semiconductors, introduce localized states
near the band edges that strongly influence photocarrier life-
time, recombination kinetics, and interfacial polarization.
These non-oxygen vacancies often serve as controllable trap
centers or charge donors/acceptors, enabling defect-mediated
tuning of conductivity, responsivity, and memory behaviors.
Such mechanisms have been widely reported in sulfides, sele-
nides, and hybrid nanocomposites, underscoring that vacancy
engineering is not limited to oxygen chemistry but is a general
strategy across a broader class of ES-derived materials.

Further extending this concept, He et al. employed Al doping
in InZnO fibers to introduce shallow donor levels while simulta-
neously improving morphological uniformity. As shown in the
schematic band model (Fig. 8d), AI*" ions serve as electron
donors and participate in orbital hybridization with oxygen
atoms, effectively modulating the density of states near the
conduction band minimum."*” The resulting improvement in
switching behavior and thermal stability highlights the
potential of orbital-level doping design, which is equally rele-
vant in n-conjugated organic frameworks or halide perovskite-
based hybrids, where similar orbital interactions govern optoe-
lectronic behavior.

Taken together, these studies highlight two complementary
approaches: vacancy modulation to govern trap-assisted transport
and memory behavior, and dopant engineering to reshape the
electronic structure and stabilize functional performance. Both
strategies offer generalizable principles applicable to a broad
spectrum of ES materials, including oxide, organic, and hybrid
systems, where defect states, interface chemistry, and local orbital
alignment collectively determine device functionality.

3.3. Hybrid architectures for interface control

Beyond crystallinity and defect modulation, hybrid architec-
tures engineering offers a powerful route to manipulate inter-
facial electronic properties in ES systems. Whether in inorganic
semiconductors or at organic-inorganic interfaces, the critical
behaviors of charge separation, transport, and retention, being
essential for high-performance optoelectronics, can be effec-
tively modulated by tailoring interactions across material
boundaries."®%

This journal is © The Royal Society of Chemistry 2026
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In the context of inorganic heterojunctions, He et al. intro-
duced a coaxial In,O;@ZnO NF FET, in which a built-in radial
band offset at the core-shell interface facilitates efficient
separation of photogenerated carriers (Fig. 9a). Upon ultraviolet
illumination, ionization of Vg, in ZnO releases free electrons,
which accumulate at the In,O; side due to the favorable
conduction band alignment. This process forms a quasi-two-
dimensional electron gas (2DEG) at the interface, drastically
boosting electron mobility and reducing recombination losses.
As shown in Fig. 9b, the resulting device achieves a remarkable
carrier mobility of 202.3 ecm> V™' s7' and excellent switching
characteristics. Furthermore, the persistent photoconductivity
observed after UV exposure (Fig. 9¢) underscores the role of
interface-trapped charges in sustaining high conductivity. This
persistent photoresponse represents a photosynaptic behavior
that aligns well with neuromorphic applications."®

Moving beyond inorganic semiconductors, Liang et al
demonstrated an alternative strategy using polyamide (PA)
and polyester to construct an asymmetric, double-layered NF
photodetector (Fig. 9d).”® Here, the functional heterointerface
arises not from semiconductor band offsets but from differen-
tial surface energies, work-function alignment, and dipole
polarization between the two polymeric layers. The upper PA
layer, with higher light absorption and polar groups, enhances
surface potential variation under illumination. Meanwhile, the
underlying polyester layer acts as an insulating buffer, reducing
leakage current and stabilizing carrier transport pathways. This
hybrid dielectric/semiconducting configuration improves
photosensitivity and polarization-dependent responses, espe-
cially under low-intensity light. The device exhibits tunable
photodetection behavior with angle- and direction-sensitive
responsivity, enabling intelligent sensing functions that surpass
those of traditional oxide-based photodetectors.

These two systems exemplify complementary paradigms of
interface control. While the In,0;@ZnO heterojunction relies
on band-engineered electron accumulation and vacancy mod-
ulation, the PA/polyester device leverages organic polarity and
layer-specific functions to guide exciton dissociation and inter-
facial charge storage. Together, they illustrate that rational
interface design, enabled by either lattice-matched semicon-
ductor pairing or synergistic hybrid layering, can reconfigure
local electric fields, modulate charge transfer kinetics, and thus
enhance overall device functionality."?***

4. Optoelectronics based on
electrospinning

4.1. Photodetectors

Optical signals serve as indispensable carriers for information
transmission in modern communication and sensing systems. As
the core components, photodetectors are responsible for convert-
ing optical stimuli into electrical signals, enabling subsequent
information processing, storage, and computation."*>'** To meet
the demands of diverse application scenarios, such as wearable
electronics, optical imaging, and intelligent sensing, photodetectors
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Fig. 9 Electronic structure mediated optimization of charge transport pathways. (a) Schematic diagram, (b) electrical performance comparison, and (c)
energy band structure of the heterogeneous In,Oz@ZnO NF device.'® Reproduced with permission from ref. 18. Copyright 2024, John Wiley and Sons.
(d) Charge transfer/trapping mechanism of the double-layered NF photodetector without and with the PA intermediate layer.® Reproduced with

permission from ref. 96. Copyright 2022, Elsevier.

are expected to exhibit high responsivity, fast response speed,
flexibility, optical transparency, and low energy consump-
tion.>***>% ES NFs, with their high specific surface area,
abundant material selectivity, and solution-based processabil-
ity, have emerged as promising channel materials in photo-
detectors. These unique advantages render ES NFs well-suited
for the development of next-generation flexible and multifunc-
tional optoelectronic devices,””%8%136,142-144

4.1.1. Tunable photodetection. Tunable photodetection is
a key capability in optoelectronic systems that requires selective
and adaptive photoresponses to external stimuli, such as wave-
length, polarization, and illumination intensity.*>””'*¢ Unlike
traditional narrowband photodetectors with fixed response win-
dows, tunable devices enable dynamic modulation of the sensing
characteristics, thereby fulfilling diverse demands in intelligent

Chem. Soc. Rev.

perception, encrypted communication, and bio-integrated diag-
nostics. In ES-based architectures, the tunability arises not only
from the intrinsic optoelectronic properties of the active materi-
als but also from the anisotropic morphology, surface function-
ality, and hierarchical assembly of the NF networks.

One representative approach to wavelength-tunable detection
was reported by He et al., which integrated combustion synthesis
and ES to construct InZnO NF photodetectors (Fig. 10a). The
incorporation of indium into ZnO modulated the band structure
by introducing shallow donor levels, while the ES 1D morphology
(Fig. 10b) enhanced surface carrier collection and anisotropic
charge transport. More importantly, the resulting device exhib-
ited spectral-selective photoresponses in the UV region, and its
photocurrent showed a distinct dependence on the excitation
wavelength from 280 to 330 nm, as shown in Fig. 10c."*® More

This journal is © The Royal Society of Chemistry 2026
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on human skin, and (j) signal outputs under varying light intensities.>? Reproduced with permission from ref. 32. Copyright 2025, John Wiley and Sons.

importantly, this behavior reflects how defect states and crystal-
linity jointly govern wavelength sensitivity in electrospun metal
oxides, suggesting that post-treatment strategy can be as critical
as compositional doping for spectral engineering. This wave-
length sensitivity originated from the interplay between defect-
assisted absorption and NF crystallinity, both of which were

This journal is © The Royal Society of Chemistry 2026

tunable via low-temperature annealing and deep-UV activation.
The work demonstrates how compositional engineering and
nanostructure control synergize to achieve spectral tunability,
particularly in wide-bandgap metal oxide systems.

Moving beyond the spectral domain, Zhou et al. introduced
chiral Moiré stacking of ES ZnO NFs to realize circular
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polarization-resolved photodetection (Fig. 10d). Left and right-
handed helical arrangements were formed by rotating the
alignment direction of stacked fiber layers, enabling structural
chirality in an otherwise achiral material. The SEM (scanning
electron microscopy) image in Fig. 10e confirms the parallel
alignment and uniform stacking of ZnO NFs, forming multi-
layered chiral films. These superstructures exhibited significant
circular dichroism (CD), attributed to interlayer optical cou-
pling and anisotropic scattering, and enabled the device to
discriminate directly between left and right-handed circularly
polarized light. As shown in Fig. 10f, CD spectra displays
distinct signals between M and P-type stacking, with peak
values reaching ~ 30 mdeg. Rather than being merely a struc-
tural feature, this chiral arrangement establishes a new degree
of freedom for manipulating light-matter interaction in fibrous
systems, demonstrating that electrospinning can translate
nanoscale ordering into macroscopic optical functionality.
The emergence of handedness-selective photocurrent in such
systems highlights how ES facilitates the generation of macro-
scopic chiroptical effects through ordered mesoscopic align-
ment, offering an elegant route to circularly polarized light
(CPL) photodetectors without relying on external polarizers or
birefringent components.””

In another direction, Liu et al. designed a double-sided
photodetector composed of azobenzene-based liquid crystal-
line polymers blended with piezoelectric PVDF-TTFE and ES,
incorporated into oriented NF fabrics. Here, the photoisome-
rization of the azobenzene mesogens under blue-green light
induced internal mechanical stress, which is coupled with the
piezoelectric matrix to generate a measurable electrical signal,
as shown in Fig. 10g. The responsivity of this system was not
only intensity-tunable over a wide range of illumination but also
resilient to mechanical deformation, enabling real-time light
positioning and physiological monitoring. As shown in Fig. 10h,
the real-world application is a wearable array system that per-
forms both light positioning and bluetooth signal transmission.
Fig. 10i shows the device laminated to human skin, where a
stable signal output is maintained during bending, stretching,
and motion, demonstrating its resilience to deformation.
Finally, Fig. 10j shows the voltage output as a function of
illumination intensity, confirming the device’s linear, tunable
response under various blue light intensities.** This coupling
between molecular photoisomerization and electromechanical
transduction provides an alternative pathway for light sensing,
which bypasses conventional semiconductor photophysics and
expands the functional landscape of fiber-based photodetectors.
The photodetection mechanism differed fundamentally from
conventional semiconductor photogeneration: it relied on light-
driven dipolar stress and electromechanical conversion. This
work illustrates how ES enables the integration of functional
polymers into stretchable, all-fiber devices with intrinsic inten-
sity tunability and application-oriented adaptability.

Taken together, these examples demonstrate that tunable
photodetection in ES systems can be achieved through multiple
pathways: band-structure engineering (e.g., In-doped ZnO),
structural symmetry breaking (e.g., chiral stacking), and hybrid
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stimulus-response coupling (e.g., azobenzene-piezoelectric
composite). ES not only provides a scalable platform for con-
structing such complex architectures but also introduces unique
morphological features (e.g., anisotropy, porosity, and orienta-
tion) that directly influence light absorption, carrier transport,
and mechanical transduction. These insights open new oppor-
tunities for developing multifunctional optoelectronic devices
where the photodetection window is not fixed but dynamically
programmable by design. However, future studies should also
address the trade-off between tunability and long-term stability,
which remains insufficiently explored in current ES-based
systems.

4.1.2. Self-driven photodetectors. To meet the growing
demand for low-power, wearable optoelectronics, self-powered
photodetectors have attracted significant interest due to their
energy-autonomous operation and design flexibility. ES,
enabling the fabrication of continuous 1D NFs with tunable
surface and interface properties, provides a robust platform for
constructing such devices.’*%*

Notably, coaxial architecture and intrinsic piezoelectricity in
certain ES materials offer unique opportunities for realizing
high-performance self-driven UV photodetectors. A representa-
tive example is the ZnSnO;@In,0; core-shell NF-based photo-
detector, fabricated via coaxial ES followed by calcination at
650 °C, as shown in Fig. 11a. Furthermore, the SEM image of the
sample with a distinct core-shell morphology after annealing is
shown in Fig. 11b. The resulting heterojunction exhibits a
coaxial n-n interface with an enhanced internal electric field
and spontaneous polarization. Upon UV illumination, efficient
charge separation occurs at the ZnSnOs/In,O; interface, result-
ing in a significant photocurrent even under zero bias (Fig. 11c).
Importantly, the built-in potential and strain-induced piezo-
electric modulation jointly modulate the Schottky barrier
height, enabling dynamic tuning of the photocurrent. Under a
compressive strain of less than 3.1%, the responsivity increases
to 1.01 mA W . This strain-dependent modulation highlights
how mechanical degrees of freedom can be harnessed as an
active tuning knob, rather than being treated merely as an
environmental disturbance. Energy-band alignment analysis
further supports piezo-phototronic regulation, revealing strain-
sensitive barrier modulation within the non-centrosymmetric
core-shell system.

Mechanical stability is a critical parameter for flexible
electronics. The ZnSnO;@In,0; photodetector maintains its
responsivity over 1000 bending cycles, demonstrating outstand-
ing robustness (Fig. 11d). This combination of structural design,
intrinsic piezoelectricity, and robust mechanical endurance
affirms the potential of ES core-shell fibers in wearable UV
sensing systems.®

Another elegant strategy utilizes crossed arrays of pure and
Ag-doped ZnO NFs to construct homojunction-based self-
powered photodetectors (Fig. 11e). Through a simple Ag* doping
route during ES, p-type ZnO NFs are achieved with embedded Ag
nanoparticles, as shown in the TEM image in Fig. 11f. These
contribute to carrier modulation through localized Schottky
barriers and enhance light absorption via plasmonic effects.

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 Self-powered photodetection based on heterojunction NFs. (a) Fabrication process, (b) SEM image, (c) piezo-phototronic modulation
mechanism, and (d) mechanical durability test of ZnSnOz@In,Oz core—shell heterojunction NFs.82 Reproduced with permission from ref. 82. Copyright
2022, Elsevier. (e) Device layout, (f) TEM image, and (g) time-resolved zero-bias photoresponse of Ag-doped ZnO NFs.84 Reproduced with permission

from ref. 84. Copyright 2018, John Wiley and Sons.

The perpendicular configuration of p-n NF arrays enables
photovoltaic-type operation without an external bias, exhibiting
an ultrahigh on/off ratio of 2.5 x 10* and short rise/decay times
(Fig. 11g). These improvements arise from the cooperative
effects of junction fields and plasmonic enhancement, illustrat-
ing that multi-physical coupling is often more effective than
single-parameter optimization. Compared to conventional ZnO
photodetectors, the combined effects of internal junction fields
and plasmonic enhancement significantly improve both sensi-
tivity and response speed.®*'*°

Collectively, these two representative strategies exemplify
how rational NF design can successfully realize self-powered
photodetection, whether through coaxial heterojunctions or
homojunctions integrated with internal field modulation. How-
ever, the development of self-driven photodetectors based on
ES is far from reaching its full potential. A key challenge lies in
transforming stochastic nanofiber networks into predictable

This journal is © The Royal Society of Chemistry 2026

energy landscapes for charge transport, which requires tighter
coupling between bottom-up fabrication and device modeling.
Rather than viewing these systems merely as a structural
novelty, a more profound scientific shift is required: from
engineering discrete material interfaces to constructing
dynamic, field-tunable nanointerfaces that adapt to external
stimuli, such as light intensity, mechanical strain, and tempera-
ture fluctuations. Current ES systems primarily rely on built-in
electric fields, piezoelectric effects, or Schottky barriers to drive
charge separation. While effective, such mechanisms are typi-
cally static and unidirectional, limiting their adaptability and
spectral versatility. Moreover, due to the random orientation,
porosity, and stochastic junction formation inherent in tradi-
tional ES, precise control over interface uniformity, carrier
transport pathways, and device reproducibility remains challen-
ging. These issues underscore a key limitation: although ES
offers morphological freedom, its integration into deterministic
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device architectures still lacks the rigor of top-down microfab-
rication. Meanwhile, their future impact lies in transitioning
from passive detection to adaptive, intelligent, and multifunc-
tional photonic systems. With its unique capacity to merge
materials chemistry, structural mechanics, and device physics,
ES is well positioned to serve as a foundational platform for this
transformation, whose stochastic nature can be harnessed to
achieve programmable functionality.

4.1.3. Broadband photodetectors. Broadband photodetec-
tion lies at the heart of next-generation imaging, communica-
tion, and environmental monitoring systems, where seamless
responsivity from UV to NIR enables richer signal acquisition
and spectral discrimination.®'* Yet the pursuit of broadband
performance is not merely a spectral expansion but a functional

View Article Online
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redefinition. The real challenge lies not in covering more
wavelengths, but in orchestrating charge dynamics across vastly
different photon energies, carrier mobilities, and interfacial
environments. ES, with its ability to weave materials into highly
tunable, low-dimensional networks, offers an unusual degree of
freedom for addressing this challenge at both structural and
electronic levels.

Another compelling illustration is that Kim et al con-
structed an NF-based photodetector using tri-cation perovskite
fibers (Fig. 12a). Unlike planar films, where carrier transport is
largely diffusion-limited, the fibrous architecture here intro-
duces a high density of shallow traps at the perovskite/HTM
(hole transproting materials) interface. As illustrated in
Fig. 12b, trapped electrons enable photogenerated holes to be
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Fig. 12 Broadband photodetection enabled by trap assisted gain and heterojunction nanofibers. (a) Schematic illustration, (b) trap-assisted photo-

multiplication mechanism, and (c) external quantum efficiency of the NF-based photodetectors based on tri-cation perovskite fibers.>

Reproduced with

permission from ref. 31. Copyright 2022, John Wiley and Sons. (d) Schematic fabrication flow, (e) type-Il band alignment, and (f) broadband
photoresponse of aligned ZnO NFs decorated with PbS QDs.** Reproduced with permission from ref. 33. Copyright 2016, John Wiley and Sons.
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repeatedly injected and collected, effectively multiplying the
output signal per photon far beyond unity. The resulting
external quantum efficiency (EQE) exceeds 3000%, as shown
in Fig. 12c.*' This photomultiplication mechanism illustrates
how interfacial trapping, often regarded as detrimental, can be
deliberately exploited to amplify weak optical signals in fibrous
architectures. To achieve broadband detection across UV, visible,
and NIR domains, Zheng et al. offer a different strategy: composi-
tional heterojunction design. By ES ZnO NF arrays and integrating
PbS quantum dots via ligand-exchange engineering, they formed a
type-II heterostructure with spatially resolved electron-hole separa-
tion, as illustrated in Fig. 12d. The resulting structure forms a type-
IT heterojunction, where the conduction and valence bands are
staggered to favor spatial separation of carriers (Fig. 12e). This
band alignment, together with the expanded depletion region at
the ZnO/PbsS interface, creates a built-in field that efficiently drives
electrons into the ZnO core and holes toward the QD shell,
hindering electron-hole recombination and enabling broadband
photocurrent generation. This design underscores the importance
of spatial carrier separation in suppressing recombination losses
across wide spectral ranges. Spectrally, the device responds
impressively across UV, visible, and near-infrared domains, with
distinct wavelength-selective features and fast switching behavior
(Fig. 12f). Remarkably, this broad responsivity is retained even
under extreme mechanical deformation, highlighting the spectral
adaptability and structural resilience of the ES framework.>

Achieving broadband photodetection spanning ultraviolet to
near-infrared wavelengths requires more than simply extending
the absorption range. It involves designing how photoexcited
carriers are generated, separated, and transported across diverse
material domains. The two systems discussed here adopt different
approaches: one enhances infrared sensitivity through trap-
assisted photomultiplication, while the other combines materials
with complementary band gaps to broaden the spectral response.
Despite these differences, both rely on precise nanoscale structural
control, where ES offers distinct advantages. This technique
enables the formation of continuous, high-surface-area NF net-
works with controllable composition and morphology. It supports
the integration of multiple functional components, facilitates
tailored interfaces, and accommodates strain or deformation with-
out sacrificing performance. By offering such structural and
material flexibility, ES serves not only as a fabrication method
but also as a conceptual framework for designing broadband
photonic systems with controllable carrier dynamics.

4.2. Photonic synaptic devices

To overcome the limitations imposed by the Von Neumann
architecture, artificial synaptic devices have emerged as a
promising approach for enabling efficient, brain-inspired
computing.'**"*° By emulating the essential functionalities of
biological synapses, such as plasticity and adaptive learning,
these devices offer a pathway to transcend the scaling limits of
Moore’s law at the device level.>>***™'*% ES NFs, with their high
specific surface area, mechanical flexibility, and morphological
resemblance to axonal structures, are desirable candidates for
the construction of such devices. Moreover, their porous and

This journal is © The Royal Society of Chemistry 2026
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interconnected architectures are well-suited for facilitating ion
transport and interfacial coupling, both of which are critical for
mimicking synaptic behaviors.">*'*>® In this section, synaptic
devices that have photonic and multi-mode functions will be
introduced, as they share similar working principles.

4.2.1. Tunable synaptic plasticity. As an artificial synaptic
device, mimicking various biological functions is crucial. The
network structure of NF devices is similar to that of the
biological synapse, which consists of the presynaptic
membrane, synaptic cleft, and postsynaptic membrane. When
an external stimulus stimulates the presynaptic membrane, it
releases neurotransmitters into the synaptic gap, which then
act immediately on the postsynaptic membrane, ultimately
sending signals to the brain to generate the corresponding
impulses. The strength of the connection between the presy-
naptic and postsynaptic is called synaptic weight. In general,
the external stimuli of synaptic devices are typically driven by
two main types of driving methods: electric and photonic fields,
corresponding to electrical and optical synapses, respectively.
Current measurements commonly assess synaptic function
during external stimulation, thereby reflecting synaptic weight
magnitude. As a fundamental test parameter, the postsynaptic
current (PSC) changes with the strength of external stimulation.
Based on the comparison of the relative magnitude of current
values before and after stimulation, PSC can be divided into
EPSC and inhibitory post-synaptic currents (IPSCs). Fig. 13a
and b show that the PSC decays to a lower level after external
stimulation is removed. Due to its decay time, the device
exhibits characteristics of synaptic plasticity, which can be
divided into short-term plasticity (STP) and long-term plasticity
(LTP). For instance, paired-pulse facilitation (PPF) is the typical
form of STP, which is induced by two identical continuous
pulse signals, as illustrated in Fig. 13c and d. When the second
spike pulse is larger than the first, it demonstrates that the
device exhibits a memory effect under the first stimulus
(Fig. 13c). In contrast, it is known as paired-pulse depression
(PPD), as shown in Fig. 13d. The following equation can extract
the PPF or PPD index:'**"'*®

PPF (or PPD) index = (4,/4;) X 100% (1)

Fig. 13e illustrates the PPF index as a function of the applied
pulse interval, indicating that it decays exponentially with
increasing intervals. The exponential decay relationship is
described by eqn (2) as follows:"*®

PPF (or PPD) decay = C| exp<f?—:) + exp(f?—;) (2)
where 7, and 7, represent the relaxation time, C; and C, are
constants, and At is the spike interval time. Moreover, the value
of 1, is usually an order of magnitude larger than 7; in
biological synapses. PPF, a common manifestation of STP, is
crucial for the nervous system to process temporally sequenced
information such as images and sound. In addition to short-
term synaptic dynamics, biological synapses exhibit long-term
changes in synaptic strength through spike-timing-dependent
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plasticity (STDP), which was proposed by Hebbian in the
1990s.">® STDP describes how synaptic weight adjustments
depend precisely on the relative timing between pre- and
post-synaptic spikes: positive timing differences (pre-before-
post) induce synaptic potentiation, while negative differences
(post-before-pre) lead to depression, resulting in the character-
istic asymmetric STDP curve (as shown in Fig. 13f). STP and STDP
enable synapses to encode temporal information across multiple
timescales efficiently. For artificial systems, reproducing these
behaviors requires not only suitable materials but also carefully
engineered defect states and interface kinetics.*®**¢2

In biological neural systems, synaptic plasticity is central to
memory formation and cognitive learning, as the ability of
synaptic weights to change in response to stimuli.'*>™*®> This
plasticity encompasses a dynamic transformation between
short-term memory (STM) and long-term memory (LTM), as
conceptualized in classical psychological models. External sti-
mulation drives the brain to encode information into STM.
Through repeated rehearsal, this information is consolidated
into LTM, a process that is accompanied by information decay
over time.'®* Translating this paradigm into neuromorphic
electronics requires synaptic devices that can temporally mod-
ulate signal retention and gradually reinforce memory states.

Unlike photodetectors that prioritize ultrafast response,
artificial synapses emphasize memory retention and functional
plasticity."®**”° ES NFs, with their high surface-to-volume ratio
and porous structure, offer abundant surface states and con-
fined pathways for carrier modulation.*>”> These features are
inherently advantageous for prolonging EPSC decay, a hallmark
of LTM-like behavior.

In one strategy, Meng et al. developed a quasi-2DEG system
based on InGaO5(ZnO); superlattice NFs to emulate optoelectronic

Chem. Soc. Rev.

synaptic functions. As shown in Fig. 14a-c, with increasing light-
spike duration, intensity, or repetition rate, the EPSC decay time is
significantly prolonged, reflecting a gradual transition from STP to
LTP, consistent with Hebbian learning principles. Mechanistically,
photo-generated carriers induce oxygen desorption from the NF
surface, releasing trapped electrons and increasing channel con-
ductance. Meanwhile, the superlattice core confines these carriers
via quantum well structures, preventing rapid recombination and
facilitating persistent current retention (Fig. 14d)."””" These syner-
gistic effects enable a sub-femtojoule energy consumption per
synaptic event and a responsivity of 1.05 x 10® A W', surpassing
most of the reported devices.

To further enhance synaptic tunability, Zheng et al. con-
structed ES artificial synapses using indium-zinc-tin oxide
(IZTO) NFs with controlled In:Zn:Sn ratios. By adjusting the
In** concentration, the authors introduced a homojunction
between cubic (c-In,03) and rhombohedral (rh-In,0;) phases,
forming an internal electric field that promoted directional
charge separation under UV irradiation (Fig. 14e). Notably, the
1ZTO-9 device (In:Zn:Sn = 9:1:2) exhibited prolonged EPSC
decay (Fig. 14f), attributed to inhibited electron-hole recombi-
nation across the phase interface (Fig. 14g). Under constant
illumination, ~50% of the peak EPSC persisted after 3 hours,
indicating a high degree of memory retention suitable for image
recognition and neuromorphic integration.">*

Together, these strategies illustrate how light-programmable
synaptic behavior can be engineered via NF composition, hetero-
interface design, and quantum confinement. The dynamic mod-
ulation between STM and LTM states mimics brain-like
adaptability and opens new pathways for multi-bit optical mem-
ory, logic gating, and spatiotemporal data encoding in ES neuro-
morphic systems."”>

This journal is © The Royal Society of Chemistry 2026
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4.2.2. Energy-efficient operations. Minimizing the energy
consumption per synaptic event is a fundamental requirement
for the practical deployment of neuromorphic systems, parti-
cularly for large-scale, densely connected networks. In conven-
tional Von Neumann architectures, memory and processing
units are physically separated, so running neural networks
requires incessant data shuttling between the two units. As
network depth and parameter count increase, memory access
and data movement become the dominant factors in the total
energy budget, resulting in high power consumption and
significant thermal management issues. In contrast, the
human brain executes massive numbers of synaptic operations
while consuming only ~20 W, benefiting from highly parallel,
in-memory processing where information storage and compu-
tation are inherently co-localized. This motivates the develop-
ment of artificial synaptic devices that emulate biological
synapses and integrate nonvolatile weight storage with local

This journal is © The Royal Society of Chemistry 2026

signal processing at the device level. By suppressing data
movement and performing synaptic updates in situ, such
neuromorphic hardware offers a promising route toward low-
power computation suitable for dense on-chip integration and
energy-constrained edge or wearable systems.

To accurately assess energy efficiency, distinct calculation
methods are adopted for electrical and optoelectronic synaptic
devices, reflecting their respective input modalities. For elec-
trical synapses, the energy consumption per event is typically
estimated by:'”?

Ei = Ipeak X V X At (3)

where Ipeax is the transient peak current during the stimulation
pulse, V is the applied voltage, and At is the pulse duration.
This formulation implies that energy reduction can be achieved
by suppressing either the driving voltage, the current response,
or shortening the stimulation time window. Many recent
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studies have demonstrated sub-nanojoule consumption through
material engineering or device structure optimization. For
instance, employing low-dimensional semiconductors with high
carrier mobility and narrow-bandgap oxides to facilitate charge
transport under minimal excitation. In contrast, optical synapses,
which emulate the photonic sensitivity of biological visual systems,
typically adopt one of two evaluation schemes:"’*'"

E,=P xS x At (4)
E3=Ipeax X VX At+P X S x At (5)

eqn (4) only considers the optical excitation energy, where P is
the optical power density, S is the effective illumination area,
and At is the light pulse duration."”® This model is suitable
when the photonic stimulus alone triggers the synaptic
response. However, both light and bias voltage are involved
in photoelectric co-stimulation scenarios. Eqn (5) is adopted to
reflect total energy input, summing both electrical and photo-
nic contributions. It is noteworthy that while optical devices
offer advantages such as contactless stimulation and wave-
length selectivity, their energy efficiency heavily depends on
the light absorption cross-section and the quantum efficiency
of the active material. Hybrid perovskites, transition-metal
dichalcogenides (TMDs), and low-dimensional metal oxides
have been investigated to enhance the photoresponse at ultra-
low power densities, yet achieving sub-pJ energy per event
remains challenging.'”’"'”°

Recent progress has shown that interfacial band engineer-
ing can directly suppress the stimulation energy required for
photonic synapses by enabling charge trapping and transport
at vanishing electrical bias. Zheng et al. constructed a two-
terminal ZnO/GO (Graphene oxide) heterostructure in which
ZnO nanofibers serve as the photosensitive oxide, and GO
provides deep electron-accepting states (Fig. 15a)."*° The nearly
flat Fermi level alignment at the interface, with an energy offset
of approximately 0.07 eV, allows minority carriers to be cap-
tured without a built-in barrier. Oxygen vacancy defects in ZnO
act as shallow traps that sustain persistent photoconductivity.
Under weak 365 nm illumination and an electrical bias of only
1 mV, the device produces clear excitatory postsynaptic spikes
(Fig. 15b). It maintains a long decay tail due to defect-assisted
retention. As a result, the per-spike energy can be suppressed to
23 f] at 1 mV, representing the lowest reported value among
optoelectronic synapses and well below the sub-picojoule level
shown in the comparison plot (Fig. 15¢). The schematic energy
diagrams in Fig. 15d visualize the carrier motion from ZnO into
GO under illumination, the accumulation of trapped electrons,
and the slow recombination process that enables long-lived
potentiation without external electrical drive.

After this demonstration of an oxide-carbon junction, Yang
et al. turned to a full-oxide heterojunction to further lower photo-
nic operating costs and remove organic variability.'®! Their planar
ITO/ZnAlSn (ZATO)/SnO/ITO configuration (Fig. 15e) combines an
n-type amorphous ZATO channel with a p-type SnO absorber and
operates entirely under visible wavelengths. The synaptic readout
voltage is only 0.1 V, and LTP can be induced by light at 635 nm.
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The calculated event level energy is 0.75 pJ for a 0.1 s visible
stimulus according to the expression Ins X Vps x At. Optical
responses recorded at different wavelengths (Fig. 15f) exhibit
strong excitatory behavior under red illumination. At the same
time, green and blue triggers elicit inhibitory responses that
support LTD or a rapid RESET. The relaxation curves in Fig. 15¢
confirm that synaptic depression is controlled by photon energy
rather than electrical amplitude.

The transport picture in Fig. 15h explains this operation
mechanism. SnO acts as a p-type semiconductor with a shallow
valence-band edge and strong visible absorption. ZATO behaves
as an n-type layer with donor states that originate from oxygen
vacancies. Under illumination, SnO injects holes into ZATO, and
ZATO defects can be ionized to form V& (oxygen vacancy) centers
and free electrons. These processes enable charge storage without
high electrical bias. Viewed together, the two studies reflect a
gradual evolution in low-power photonic synapse design. The
ZnO/GO interface demonstrates that a flat band condition and
defect storage enable femtojoule-level activation under millivolt
bias. The ZATO/SnO full-oxide junction extends this concept to
visible-light-controlled potentiation and depression with sub-
picojoule energy, while maintaining compatibility with micro-
electronic processing. This progression suggests that material
selection, band alignment, and controlled defect ionization can
replace electrical drive, guiding photonic neuromorphic hard-
ware toward brain-level energy efficiency.

In summary, optimizing the energy consumption of synaptic
devices requires more than simply adjusting basic parameters
such as voltage or pulse duration. A system-level approach is
essential in integrating material properties, device architecture,
and stimulation strategies.'®*'®* For instance, the energy band
structure and interface states of the active material significantly
affect charge transport efficiency; structural configurations (e.g,
heterojunctions or core-shell architectures) determine photocar-
rier pathways; and the mode of stimulation (electrical, optical, or
hybrid) dictates how energy is introduced into the system.’*8>18¢
A summary of the energy consumption of representative recent
synaptic devices is provided in Table 2 for a clearer comparison of
their power performance. Future research should therefore
emphasize the co-design of materials and device structures,
alongside the establishment of standardized protocols for energy
measurement. This would enable meaningful comparisons
across studies and ensure that improvements in energy efficiency
are not achieved at the expense of other critical metrics, such as
device stability or integration capability. Only by meeting these
multiple requirements in tandem can artificial synaptic devices
advance toward practical deployment.

4.2.3. Multimodal neuromorphic functions. For real-world
interaction, neuromorphic hardware should not only modulate
synaptic weights and reduce energy consumption, but also sense
and fuse different physical cues in a unified platform. Multimodal
synaptic devices address this need by encoding thermal, mechan-
ical, or optical stimuli into common electrical variables and feeding
them directly into computing blocks. Such architectures are attrac-
tive for “in-sensor” and “in-skin” computing, where perception
and learning occur locally rather than in remote processors.'”

This journal is © The Royal Society of Chemistry 2026
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Fig. 15 Heterostructure engineered ultralow-power photonic synapses. (a) Schematic of an optoelectronic synaptic device. (b) Typical UV light-
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with permission from ref. 180. Copyright 2025, under the terms of the Creative Commons CC BY license. (e) Device structure of a full-oxide optical
synapse using the ZATO/SnO heterojunction. (f) Wavelength-dependent excitatory synaptic responses, (g) light colour-dependent optical LTP/D, and (h)

schematic carrier-transport mechanisms.'8* Reproduced with permission from ref. 181. Copyright 2023, John Wiley and Sons.

Kim et al. proposed an interleaving multimodal skin recep-
tor based on a memristive NF network. Fig. 16a compares three
information-flow schemes, highlighting the conceptual shift
that occurs. Conventional multimodal systems rely on separate
sensors and readout circuits for each modality, which increases
wiring complexity and limits areal resolution. In contrast,
biological neurons interleave different spike trains in a single
axon before the signals reach the somatosensory cortex. The

This journal is © The Royal Society of Chemistry 2026

memristive interleaving architecture follows this neural strat-
egy. Fig. 16b shows the device core, consisting of a stretchable
Ag@Cu,O core-shell NF network laminated onto a soft sub-
strate. The Ag core forms a mechanosensitive conductive path-
way, while the Cu,O shell provides a thermosensitive, high-
resistance channel. By programming the memristive state, the
network switches between a thermally dominated T mode and a
mechanically dominated M mode. Distinct network geometries
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Table2 Comparison of the energy consumption of recently reported ES-
based synaptic devices

Calculated Energy

Materials Synaptic type formula consumption Ref.
InMgO NFs Ionic synapse Eqn (3) 418 f] 187
ZnO NFs Electrical synapse Eqn (3) 63.168 ] 188
InSnMgO NFs Ionic synapse Eqn (3) 1.25 pJ 86
Ion-gel PVDF NFs Ionic synapse Eqn (3) 6 ] 189
InGaZnO NFs Optical synapse  Eqn (4) 15 ] 190
PEDOT:PSS/ Tonic synapse Eqn (3) 113 1] 191
PAAmM NFs

InAlZnO NFs Ionic synapse Eqn (3) 75 ] 155
InZnO NFs Tonic synapse Eqn (3) 38.45 f] 135
PQT-12:PEO NF  Ionic synapse Eqn (3) 3.91] 36

in these two modes result in different dependencies on modulus
and thermal conductivity, allowing a single resistance trace to
encode interleaved thermomechanical information. This design
illustrates a fundamental principle for multimodal synaptic
systems: heterogeneous physical cues can be condensed into a
single scalar state variable over time, which relaxes interconnect
constraints while preserving material specificity. Fig. 16c empha-
sizes the analogy to biological interleaving. In the neural case,
receptors for signals A and B project onto a single neuron, where
action potentials are temporally interleaved and later decoded in
the brain. In the memristive receptor, switching between T and M
modes interleaves thermo- and mechano-signals in an NF net-
work, and a downstream neural network decodes the sequence to
identify unknown objects."®® Compared with traditional stacked
multimodal sensors, this approach trades spatial separation for
temporal coding. It points to a broader design rule: multimodal
“synapses” can serve as compact front-ends that pre-encode rich
physical descriptors into time-series signals, which are naturally
suited for neuromorphic processing.

Reservoir computing offers a hardware-efficient approach to
processing time-encoded signals. Zhang et al. developed flex-
ible tunable-plasticity synaptic transistors (TSTs) based on
IGZO channels and hybrid PI/AL,O; dielectrics, and used them
as physical reservoirs. In these devices, carriers can be weakly
coupled to polar groups or deeply trapped at PI/Al,O; interfaces.
As stimulus amplitude changes, the response evolves from STM
to LTM, resulting in a mixed fast-slow conductance dynamics.
Fig. 16d illustrates the reservoir computing pipeline. Time-
dependent input pulse trains are encoded and applied to a TST
array."®* The resulting EPSC transients span a high-dimensional
state space in the reservoir layer. Different pulse sequences travel
along distinct trajectories, so even a small array can separate 16
different 4-bit pulse patterns using a simple linear readout.
Importantly, this reservoir operates without explicit recurrent
wiring, and the intrinsic device memory provides the required
fading dynamics. From a design perspective, such TST reservoirs
are a good match to interleaved multimodal receptors. Both
generate rich, history-dependent temporal signals and exploit
device-level physics rather than complex circuit topologies.

Beyond temporal coding, multimodal neuromorphic systems
also perform static pattern recognition with high accuracy. Kwon
et al. reported IGZO synaptic transistors with an Al,O0;/HfO,
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dielectric stack that show frequency-dependent competition
between ferroelectric polarization and trap-assisted switching.
By tuning the pulse frequency at fixed amplitude, the dominant
mechanism switches between polarization-driven and trapping-
driven conductance modulation. This dual-mode operation
enables almost linear potentiation and depression, single-
polarity weight updates, and a recognition accuracy of about
97% for handwritten digits in an artificial neural network (ANN).
Fig. 16e sketches a typical ANN inference flow, in which a 28 x
28-pixel digit is flattened into the input layer, synaptic devices
store trainable weights as conductance states, and repeated
pulsing gradually shapes the weight map until the network
classifies digits with high fidelity."*® In the context of multimodal
systems, the frequency-selective plasticity is particularly attrac-
tive. It provides a simple way to assign different learning rules or
update speeds to different temporal patterns or sensory channels
without changing the circuit topology.

Taken together, Fig. 16 outlines a coherent path from multi-
modal sensation to neuromorphic computation. Memristive NF
networks function as compact “skin synapses”, compressing
thermal and mechanical cues into interleaved resistance trajec-
tories with high spatial and temporal resolution. Flexible tunable-
plasticity synaptic transistors transform these time-series inputs
into separable reservoir states, enabling hardware-efficient tem-
poral coding. Dual-mode ferroelectric-trap synaptic transistors
and related arrays offer linear and programmable weight updates
that support high-accuracy digit recognition, even in relatively
small networks. Beyond summarizing these individual demon-
strations, the combined message is that multimodal neuro-
morphic hardware should be co-designed across three levels:
materials encode multiple stimuli, devices provide nonlinear yet
controllable dynamics, and system architectures exploit temporal
coding and selective plasticity. Looking forward, integrating these
functionalities into a single electrospun or flexible platform could
lead to “intelligent skins” that sense, encode, and interpret
multimodal information directly at the edge.'®® Such systems
would reduce data traffic and energy consumption by performing
feature extraction and partial inference locally, while central
processors handle only higher-level tasks. Key challenges include
stabilizing memristive networks under long-term mechanical
deformation, matching the dynamic range of reservoirs to realis-
tic sensory signals, and developing on-device training schemes
that can adapt to changing environments without external super-
vision. Addressing these issues will be crucial for transitioning
from proof-of-concept multimodal synaptic devices to scalable
neuromorphic systems for robotics, wearable healthcare, and
human-machine interfaces.

5. Electronics based on
electrospinning

In addition to enabling versatile optoelectronic functionalities,
ES technology has demonstrated remarkable potential in

advanced electronics. Due to its inherent advantages (such as
high surface-to-volume ratio, tunable dimensionality, and

This journal is © The Royal Society of Chemistry 2026
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multimodal system, neural interleaving model, and memristive interleaving system. (b) Schematic of the interleaving memristive NF network sensor. (c)
Memristive switching interleaves thermal signals and mechanical signals.193 Reproduced with permission from ref. 193. Copyright 2025, Springer Nature.
(d) Schematic diagram of the reservoir computing, including input, reservoir, and output layers.1** Reproduced with permission from ref. 194. Copyright
2025, John Wiley and Sons. (e) Artificial neural-network architecture used for handwritten-digit classification tasks.’> Reproduced with permission from

ref. 195. Copyright 2025, John Wiley and Sons.

compatibility with flexible substrates), electrospun NFs offer a
fertile platform for building next-generation electronic devices
that demand mechanical adaptability, structural miniaturiza-
tion, and multifunctional integration.®”

This chapter discusses three major electronic device cate-
gories empowered by ES: FETs, gas sensors, and triboelectric
nanogenerators (TENGs). Each section highlights how NF
design and interfacial engineering can be leveraged to enhance

This journal is © The Royal Society of Chemistry 2026

device performance and broaden the functional scope.”**%%*9%

For instance, by constructing NF-based semiconducting chan-
nels, ES FETs achieve desirable electrical modulation and
exhibit excellent mechanical flexibility. In gas sensors, NF
scaffolds facilitate rapid molecular diffusion and increase
reactive surface area, thereby enabling high sensitivity and
selectivity. Meanwhile, integrating NF networks into TENG
architectures enables efficient mechanical-to-electrical energy
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conversion, supporting the development of self-powered elec-
tronic systems.

By systematically summarizing the device architectures,
material strategies, and operating mechanisms within each
category, this chapter aims to elucidate the distinctive role of
ES in shaping the landscape of intelligent electronics. Through
the lens of fiber-enabled control over charge transport, surface
interactions, and energy transduction, we underscore the
potential of this scalable technique for wearable, stretchable,
and self-sustained electronic systems.

5.1. Field effect transistors

ES has emerged as a versatile method for creating high-
performance NFs of metal-oxide semiconductors, offering pre-
cise control over diameter, composition, and microstructure.
This tunability enables researchers to optimize FET perfor-
mance for diverse applications ranging from logic circuits to
biosensing.'??7%!

View Article Online
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5.1.1. Solid-state transistors. ES NFs offer unique struc-
tural and compositional tunability, enabling channel engineer-
ing from dopant coordination to morphological confinement at
multiple levels. Research by He et al. exemplifies how precise
dopant control within oxide NFs can unlock synergistic elec-
trical characteristics. As illustrated in Fig. 17a, the authors
adopted a bottom-gate top-contact architecture. They varied
the Zn doping concentration in the In,O3 precursor solution to
modulate the NF crystallinity and carrier dynamics. By system-
atically modulating the Zn content in In,O;, they identified a
critical composition (In:Zn = 1:1) where the transition toward
an amorphous phase suppresses grain boundary scattering
while preserving high carrier concentration. Their findings
revealed that a 50 mol% Zn doping ratio yields the optimal
trade-off between amorphization and conductivity (Fig. 17b and
c). At this optimized composition, Zn incorporation induces
partial amorphization, suppressing grain-boundary scattering
while preserving a sufficient carrier density. This balance
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Fig. 17 Electrospun oxide NF transistors for solid-state logic and biosensing. (a) Schematic diagram of InZnO NF-based FETSs. (b) Transfer characteristics,
(c) output characteristics, and (d) voltage transfer curves based on the InZnO NF device.®® Reproduced with permission from ref. 88. Copyright 2023,
John Wiley and Sons. (e) Schematic diagram of DNA detection based on the Gd-doped In,Oz NF device. (f) Variation of u and (g) Vi, with DNA
concentration of the Gd-doped In,O3z NF device.®” Reproduced with permission from ref. 87. Copyright 2023, American Chemical Society. (h) Schematic
diagram, (i) transfer characteristics, and (j) corresponding (Ips)¥?—(Vgs) curves based on the all NF-based ITO transistor.?®> Reproduced with permission

from ref. 25. Copyright 2023, Springer Nature.
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between structural disorder and electrical conduction high-
lights how electrospinning-enabled compositional tuning can
regulate charge transport pathways at the nanoscale. Notably,
the successful implementation of inverter operation confirms
that electrospun oxide nanofibers are not limited to single-
device demonstrations but are compatible with logic-level
circuit integration, which is critical for scalable electronics
(Fig. 17d).*® This study highlights the interlinkage between
material, process, and performance, and affirms ES as a scal-
able method for optimizing the amorphous phase.

Expanding from electronic performance to functional
responsiveness, Zhang et al. took advantage of aligned, Gd-
doped In,O; NFs to create a FET capable of detecting deoxyr-
ibonucleic acid (DNA). In Fig. 17e, the enlarged schematic
shows how reactive oxygen species (i.e., O, , O, 0,>") form
on the NF surface when exposed to air. Once the device is
introduced into a DNA environment, guanine reacts with O, ",
releasing extra electrons into the conduction band and raising
the channel’s carrier concentration. Consequently, both the
mobility () and threshold voltage (Vi) exhibit significant shifts
in response to varying DNA concentrations, as shown in
Fig. 17f-g.%” This effect demonstrates high DNA sensitivity at
room temperature, marking a key advancement in biosensing
applications. This approach suggests that ES oxide NFs can
serve as both signal transducers and selective recognition
interfaces, particularly when spatial orientation and doping
chemistry are co-engineered.

Beyond channel engineering, Chen et al. used ES to fabricate
an all-NF FET in which both the channel and the electrodes are
composed of indium tin oxide (ITO). As depicted in Fig. 17h, the
researchers leveraged the tunable properties of ITO NFs, which
can transition between conductor-like and semiconductor-like
behavior by adjusting the ES needle diameter. The transfer
curves (Fig. 17i) confirm n-type conduction across different
diameters, while the threshold voltage systematically shifts from
—7 to +9 V with decreasing needle diameter (Fig. 17j).>° This
shift indicates a transformation from depletion mode to
enhancement mode, underlining the versatility of ES ITO FETs
for integrated electrode-channel designs.

Collectively, these studies highlight how ES is more than a
morphology-shaping technique. It is a powerful platform for
deterministic control over charge transport, phase states, sur-
face interactions, and even the implementation of logic func-
tions. Whether through dopant chemistry, aligned architecture,
or scalable integration, ES NFs are redefining how we build,
sense, and operate thin-film transistors within a multifunc-
tional, intelligent electronics landscape.

5.1.2. Ionic-gated transistors. The integration of ion-gel
dielectrics with ES NF channels represents a significant para-
digm shift in FET design, especially for applications demanding
either mechanical adaptability or ultra-low voltage operation.
Unlike conventional solid-state gate dielectrics, ion gels exhibit
high capacitance, enabling effective carrier accumulation even
lower gate biases. When combined with the structural advan-
tages of ES NFs, this approach opens new opportunities for
flexible electronics, neuromorphic computing, and low-power

This journal is © The Royal Society of Chemistry 2026
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sensor arrays. From a device physics perspective, ionic gating
introduces electrostatic control by forming electric double layers
(EDLs), which localize charge at the semiconductor-dielectric
interface. This mechanism is fundamentally distinct from tradi-
tional capacitive gating and is particularly advantageous for
modulating nanostructured or high-defect-density semiconduc-
tors. Moreover, ionic-fated transistors (e.g., ion-gel/organic NF
or ion-gel/oxide NF) provide additional mechanical resilience or
interfacial conformability, which is critical for stretchable and
wearable electronics.'®”**®

On the one hand, Shin et al. demonstrated a fully stretchable
FET comprising ES P3HT NFs, SBS (Styrene-Butadiene-Styrene)
fiber mat substrate, and ion-gel gating. As shown in Fig. 18a,
the entire device is constructed from mechanically compliant
components. As illustrated in Fig. 18b, the SEM image of the
actual device shows the P3HT fibers bridging the Au S/D
electrodes embedded in the ion-gel region. The inset shows a
top-view image of an arrayed device configuration. The inter-
penetrating network between the gel and the fibrous substrate
not only preserved electrical integrity under large strain but
also stabilized transistor operation over 1500 stretching cycles
(Fig. 18c)."*® The interpenetrating fiber-gel network effectively
redistributes mechanical stress while preserving electrostatic
integrity, suggesting that mechanical compliance in electro-
spun systems can be engineered at the network level rather
than solely at the material level.

On the other hand, Kim et al. developed high-mobility dual-
gate FETs using ES crystalline Ga-doped In,O; NFs as the
channel and a top ion-gel layer for enhanced gating efficiency.
Fig. 18d illustrates the stepwise fabrication process of the dual-
gate device: starting from ES of Ga-doped In,O; precursors onto
Si/SiO, substrates, followed by thermal calcination to convert
polymeric fibers into crystalline NWs. Subsequently, source/
drain electrodes are formed, yielding a single-gate FET. An ion-
gel top gate is then patterned to complete the dual-gate configu-
ration (with Vg, as the bottom gate and Vg, as the ion-gel top
gate). The transfer characteristic of an ion-gel-gated IGO; NF FET
shows typical n-type behavior with a sharp turn-on and high on/
off ratio, as shown in Fig. 18e. Fig. 18f-h present a comprehen-
sive evaluation of the electrical performance of ion-gel-gated
IGO; NF FETs fabricated via ES.'” The statistical uniformity
across multiple devices indicates that electrospinning can pro-
duce crystalline oxide nanofibers with reproducible doping and
defect control, addressing a common concern regarding batch
variability in fiber-based electronics. The dual-gate configuration
enabled tunable threshold voltage and mobility enhancement
(up to 35.1 cm® V™' s7%), surpassing those of single-gate oxide
NW FETs. Notably, the study demonstrated that ES can fabricate
crystalline, defect-minimized oxide NFs with controllable doping
and microstructure. Together, these advances point to a broader
vision where ionic gating and ES nanostructures function not
just compatibly, but with intrinsic synergy. ES provides the
freedom to pattern or align functional channels across diverse
substrates spatially. At the same time, ion gels bridge the gap
between electrostatics and electrochemistry, enabling voltage-
scalable and mechanically adaptive gating schemes.
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Nevertheless, ion-gel FETs often suffer from limited switch-
ing speed due to ionic migration, and their long-term stability
under ambient conditions has yet to match that of conventional
dielectrics. Furthermore, precise patterning of ion-gels at the
sub-micrometer scale and their compatibility with high-
resolution lithography are active areas of exploration. For NF-
based FETs, issues such as fiber-to-fiber contact uniformity,
batch-to-batch reproducibility, and integration with scalable
logic architectures remain to be addressed. Looking ahead, the
convergence of ionic gating and ES NF technology is expected to
enable new device paradigms, including artificial synapses with
dynamic reconfigurability, conformable logic systems, and
multiplexed biochemical interfaces. Future efforts may benefit
from integrating bio-derived ion gels, multi-gate logic schemes,
or hybrid ionic-electronic coupling mechanisms that leverage
the nanoscale geometry of ES networks.

5.2. Gas sensors

Among the various applications of ES optoelectronic devices,
gas sensing has emerged as a particularly promising domain

Chem. Soc. Rev.

due to its critical role in environmental monitoring, health
diagnostics, and intelligent human-machine interfaces.**>>%*
ES offers a unique material platform for gas sensors, enabling
the fabrication of nanofibrous networks with ultrahigh surface-
to-volume ratios, hierarchical porosity, and tunable surface
chemistry. These structural features facilitate gas diffusion,
adsorption, and charge interaction, forming the basis for rapid
and sensitive analyte detection. Beyond morphology, the perfor-
mance of ES gas sensors is increasingly governed by nanoscale
interfacial engineering. In particular, the rational design of
electronic junctions, including metal-semiconductor (MS) con-
tacts and semiconductor-semiconductor (SS) heterojunctions, is
crucial for achieving optimal performance. It enables precise
modulation of charge carrier dynamics and surface reactions in
response to gas exposure.”® *>?% These interfacial architectures
act as built-in signal amplifiers, enhancing sensitivity, selectivity,
and environmental robustness. In the following sections, we
highlight recent advances in ES-enabled gas sensors, focusing
on how MS and SS interfaces have been harnessed to optimize
sensing performance. By comparing their respective design

This journal is © The Royal Society of Chemistry 2026
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logics, working principles, and integration strategies, we aim to
provide a comprehensive understanding of interface-driven sen-
sing mechanisms within ES architectures.

5.2.1. Metal-semiconductor heterojunctions. MS hetero-
junctions have emerged as a powerful strategy for gas sensing
due to their ability to modulate charge-carrier transport, facil-
itate catalytic reactions, and amplify sensor responses. When
noble metal nanoparticles are interfaced with semiconducting
NFs, Schottky barriers can form at the junction, creating
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electron-depleted or -accumulated regions susceptible to gas
adsorption-induced surface charge changes. This interfacial
architecture enables both high sensitivity and improved selec-
tivity, particularly when integrated with nanostructured designs
and multifunctional interfaces. In a representative example,
Lim et al. developed a transparent NO, sensor composed of
patterned Au-SnO, NFs fabricated via near-field ES (NFES), as
illustrated in Fig. 19a. The NFES process enables precise
deposition of polymer/precursor fibers (al-a4), followed by
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Fig. 19 Metal-semiconductor heterojunction NFs for selective gas sensing. (a) Fabrication process of Au—SnO, NF sensors via direct-write near-field ES
on ITO/glass substrates. (b) Photograph, (c) real-time air quality monitoring, and (d) other potential applications of a wireless gas sensing module using
transparent Au—-SnO, NFs.%? Reproduced with permission from ref. 92. Copyright 2021, John Wiley and Sons. (e) Molecular sieving effect of the ZIF-71
membrane, selectively allowing H,S molecules (~ 3.6 A) to pass while excluding larger interferents. (f) Schematic of the H,S sensing mechanism in Ru—
CuOQ@ZIF-71 NFs, including gas adsorption, oxidation on Ru sites, and Schottky barrier modulation.>® Reproduced with permission from ref. 205.
Copyright 2024, Springer Nature.
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thermal annealing to obtain crystalline Au-decorated SnO, NFs.
The resultant structure exhibits high optical transparency due
to its ultralow surface coverage (~0.3%) and aligned fiber
geometry. At the microscopic level, Au nanoparticles form MS
junctions with the SnO, backbone, where the localized surface
plasmon resonance (LSPR) effect under visible light enhances
photoactivation and catalyzes NO, adsorption. This synergistic
interaction between plasmonics, catalysis, and electronic mod-
ulation allows the device to achieve ppb-level NO, detection at
room temperature with excellent selectivity and reproducibility.
Crucially, the sensor was optimized at the material level and
integrated into a practical, user-oriented system. Fig. 19b shows
a wireless sensing module that incorporates the transparent NF
sensor, a Bluetooth-enabled readout unit, and a commercial
battery, demonstrating low-power, autonomous operation. The
data are transmitted in real time to a mobile interface (Fig. 19¢),
where users can monitor NO, concentrations via a dedicated
smartphone app. As illustrated in Fig. 19d, the sensor’s trans-
parent and room-temperature operable nature enables a wide
range of applications, including environmental monitoring (both
outdoor and indoor), smart windows, and even exhaled breath
analysis. It enhances the adaptability of MS-based sensors for
IoT-oriented platforms.®?

Complementing this strategy, another study utilized Ru-
CuO NFs coated with a ZIF-71 membrane for selective H,S
detection (Fig. 19e and f).>*> The Ru-CuO interface forms a typical
Schottky junction, wherein Ru serves as a catalytic site for H,S
oxidation, while the interface modulates charge transport across
the p-type CuO NF. The ZIF-71 layer acts as a molecular sieve,
selectively permitting small gas molecules, such as H,S (kinetic
diameter ~ 3.6 A), while excluding larger VOCs, such as benzene or
acetone. This dual-functional architecture, which combines inter-
facial electronic modulation and physical sieving, yields enhanced
sensitivity (down to 100 ppb), excellent gas selectivity, and stable
operation under varying humidity conditions.

Together, these two examples underscore the versatility and
effectiveness of MS junction engineering in gas sensor design.
Whether by harnessing LSPR-assisted photoactivation or Schottky
barrier modulation, metal-semiconductor interfaces provide a
foundational mechanism for amplifying gas-solid interactions.
When further integrated with structural patterning, wireless mod-
ules, and functional membranes, they enable the creation of next-
generation sensors that are not only sensitive and selective but also
portable, transparent, and IoT-compatible.

5.2.2. Semiconductor-semiconductor heterojunctions. While
MS interfaces have demonstrated remarkable performance in
gas sensing through Schottky barrier modulation and
plasmonic activation, their reliance on noble metals may
limit their long-term stability, cost efficiency, and selectivity
in complex environments. As a complementary strategy, SS
heterojunctions, particularly those formed between two metal
oxides or chalcogenides, have attracted increasing attention for
their tunable band alignments, flexibility in defect engineering,
and all-inorganic compatibility. By creating a built-in electric
field at the heterointerface, SS junctions facilitate directional
charge transfer, promote efficient carrier separation, and
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modulate surface adsorption energetics in response to gas
exposure.

A representative implementation of this concept is illu-
strated in Fig. 20a and b, where Zhan et al. developed a self-
powered, moisture-triggered gas sensing system based on ES
lignin-ZnO NFs doped with CaCl,.>* The fabrication strategy
leverages ES to generate a porous ZnO fiber network incorpor-
ating Ca*>" ions, which forms an in situ SS heterojunction under
ambient moisture via ion migration and phase separation. This
hybrid generator-sensor system converts humidity gradients
into voltage signals, enabling the real-time detection of breath-
ing patterns and motion-induced air perturbations without
external power. As shown in Fig. 20b, the device effectively
distinguishes between resting, exercise, and breathing states,
showcasing its potential for wearable respiratory diagnostics.
The SS interface between ZnO and CaCl,-induced subphases
(e.g., Zn(OH), or hydrated Zn>" complexes) is crucial for mod-
ulating ionic-electronic coupling, enabling moisture-resolved
voltage readouts.

Further extending the SS strategy to flexible, high-temperature
gas sensing, Liu et al. constructed an all-inorganic, self-supporting
Sn0,-SnS,-Si0, NF membrane via a layer-by-layer ES approach
(Fig. 20c). The membrane consists of a SiO, NF scaffold onto
which SnO,-SnS, heteroNFs are sequentially deposited, forming
extensive p-n heterojunction networks. Digital photographs of the
all-inorganic Sn0O,-SnS,-Si0, membrane under various bending
states (Fig. 20d), illustrating its excellent mechanical flexibility and
self-supporting capability.

In addition to structural breathability and mechanical com-
pliance, the device exhibits high and tunable responses to low-
concentration NO, (as low as 100 ppb), with optimal performance
at 400 °C, as shown in Fig. 20e. Notably, the sensor maintains its
response across various bending states, indicating robust
structural-electronic coupling under deformation (Fig. 20f).
The heterojunction improves the sensor’s intrinsic response
and imparts mechanical resilience and operational stability
under wearable or complex environmental conditions.>°°

Collectively, these two case studies demonstrate how SS
heterojunctions offer a powerful design avenue distinct from
MS interfaces. Without relying on noble metals, SS-based NFs
allow precise band engineering, abundant junction formation,
and tunable interfacial states via thermal or ionic modulation.
When embedded into flexible, breathable, or moisture-
responsive architectures, these heterostructures enable next-
generation gas sensors that are energy-efficient, deformable,
and environmentally interactive. This not only broadens the
material design landscape beyond traditional MS platforms but
also sets the stage for multifunctional sensing systems inte-
grating energy harvesting, physiological monitoring, and spa-
tial selectivity, thereby logically bridging the discussion toward
multifunctional electronic systems in the next section.

5.3. Triboelectric generators

TENGs have become a pivotal component in advancing self-
powered electronic systems, particularly for wearable and bio-
integrated devices. However, conventional TENG fabrication

This journal is © The Royal Society of Chemistry 2026
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methods often face trade-offs among mechanical flexibility,
energy conversion efficiency, and structural scalability.>*”>%
In this regard, ES has emerged as a uniquely powerful techni-
que, offering nanoscale control over fiber morphology, material
composition, and device architecture. By engineering NF mats
with enhanced surface area, optimized dielectric properties, and
hierarchical porosity, ES enables friction layers with significantly
improved charge generation and harvesting efficiency. Further-
more, the intrinsic breathability, conformability, and integrability
of ES NF membranes make them ideally suited for textile-based,
skin-interfaced, and deformable TENG platforms.>'®*'" This sec-
tion highlights recent advances in ES-based TENGs, with a
particular focus on all-organic architectures, functional compo-
site strategies, and integrated systems that bridge energy harvest-
ing and real-time sensing.

5.3.1. Hybrid TENGs. One of the persistent challenges in
developing wearable TENGs lies in reconciling high electrical
output with mechanical durability and user comfort. Organic—-
inorganic hybrid strategies based on the ES have emerged as a
powerful means to bridge this gap, enabling the simultaneous
optimization of triboelectric performance, structural order, and
mechanical robustness.

In a representative example (Fig. 21a), Zhi et al. engineered a
core-shell NF structure by incorporating lead-free perovskite
nanocrystals Cs,InCl;(H,0) into PVDF-HFP via a one-step ES-
assisted self-assembly strategy. The resulting Cs,InCls(-
H,0)@PVDF-HFP (CIC@HFP) NFs exhibited aligned dipolar
configurations and enriched B-phase content. These ordered
dipoles, oriented along the fiber axis, facilitated efficient charge
separation and retention during triboelectrification, substan-
tially enhancing output performance. The enhanced output
originates from cooperative dipole alignment and interfacial
polarization induced by the perovskite-polymer hybrid struc-
ture, suggesting that electrospinning can simultaneously con-
trol molecular orientation and nanoscale polarization centers.
The mechanism underlying this enhancement is illustrated in
Fig. 21b. During cyclic contact and release with a positively
charged nylon-6,6 layer, the well-polarized CIC@HFP NFs gen-
erated pronounced surface potential differences and electron
flow, enabling continuous AC output. As shown in Fig. 21c,
KPFM analysis further confirmed that the highest surface
potential occurred at the optimal perovskite loading of 1.5
wt%, directly correlating with a maximum electroactive B-
phase fraction of 81.25%.%° This finding highlights the impor-
tance of fine-tuning the hybrid composition to optimize dipolar
polarization and triboelectric charge density.

In another strategy that combines functionality and wear-
ability, Chen et al. developed a multiscale three-layer hybrid
yarn structure using ES-PA11/ZnO NFs as an intermediate layer
and polyester fibers as the outer sheath (Fig. 21d).”® This nano-
microstructured yarn not only enhanced charge capture by
leveraging ZnO-induced deep trap states but also demonstrated
exceptional abrasion resistance, water repellency, and air per-
meability. These mechanical and comfort-related properties are
critical for real-world deployment in textiles and on-skin elec-
tronics. In both systems, the ES process played a pivotal role by
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enabling uniaxial molecular alignment and phase control,
which are essential for enhancing the electroactive performance
of PVDF-based materials. The synergistic interface engineering
between organic polymers and functional inorganic fillers provides
a robust pathway for performance optimization, whether through
hydrogen bonding, charge trapping, or energy-level alignment.

Overall, organic-inorganic hybridization via ES not only
enhances triboelectric output through molecular and interfacial
polarization mechanisms but also offers the structural tunabil-
ity needed for wearable, biocompatible, and mechanically stable
devices. These advances represent a significant step toward
scalable, high-performance TENGs that are suitable for integra-
tion into next-generation self-powered wearable systems.

5.3.2. All-organic TENGs. As flexible electronics advance
toward fully integrated, sustainable, and body-compatible sys-
tems, TENGs have emerged as a core technology for self-
powered wearable sensing. In particular, all-organic TENGs
fabricated via ES avoid rigid inorganic electrodes and brittle
dielectric layers, enabling intrinsic mechanical softness, air
permeability, and skin conformity. Beyond material compat-
ibility, the structural tunability of electrospun fibrous mats
plays a decisive role in charge generation and mechanical-to-
electrical energy conversion, where fiber diameter (hundreds of
nanometers), porosity, and surface polarization jointly deter-
mine the achievable surface charge density and output stability.

In a representative textile-integrated system reported by Qi
et al., a permeable all-organic TENG (pTENG) was constructed
using a liquid-metal-embedded PVDF-TIFE electrospun fiber mat
as the negative triboelectric layer and Ni-coated fabric as the
counter electrode (Fig. 22a).>'> The incorporation of uniformly
dispersed liquid-metal nanoparticles effectively increases the
dielectric constant of the fibrous membrane, thereby strengthen-
ing interfacial charge storage and suppressing charge dissipation
during repeated contact-separation processes. As a result, the
device exhibits enhanced electrical output, including a high
normalized open-circuit voltage and efficient charge transfer cap-
ability. More importantly, this dielectric modulation strategy
demonstrates that nanoscale filler engineering can be utilized to
regulate polarization behavior in electrospun polymer networks.

Beyond electrical performance, the hierarchical porous
structure of the fiber mat provides high air and moisture perme-
ability, ensuring mechanical softness and long-term wear comfort
comparable to that of commercial textiles. When integrated with
an energy management module, the pTENG enables efficient
energy storage and delivery, allowing stable operation of wireless
sensing systems under human motion, as illustrated in Fig. 22b.
These results indicate that rational coupling of dielectric enhance-
ment and breathable fibrous architectures is essential for realizing
practical, self-powered wearable platforms.

Complementarily, Deng et al. developed a fully organic
contact-separation TENG based on electrospun PVDF-TrFE/
PMMA blended NFs and duplicating paper as the triboelectric
pair (Fig. 22¢). By introducing 15 wt% PMMA into the PVDF-
TrFE matrix, hydrogen bonding interactions promote B-phase
formation and simultaneously reinforce the mechanical integ-
rity of the fibrous membrane. This molecular-level regulation
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enhances dipolar polarization and mechanical durability,
resulting in improved, stable electrical output under cyclic
deformation.

Under optimized working conditions, the all-organic TA-TENG
exhibits reliable voltage generation and current output, as shown in
Fig. 22d, together with excellent operational stability over extended
cycling.”” The multilayer porous microfiber network not only
increased the effective contact area but also enabled efficient
moisture exchange, which is essential for skin-contact operation.
From a structural-functional perspective, these results clearly
indicate that electrospun all-organic TENGs can simultaneously

This journal is © The Royal Society of Chemistry 2026

achieve high voltage output (>30 V cm™?), breathable textile-level
permeability, and long-term cyclic stability (>10"-10° cycles). The
combination of high B-phase polarization in PVDF-based fibers,
dielectric enhancement via polymer blending, or nanoparticle
incorporation, and hierarchical porous fibrous architectures pro-
vides a robust material-structure-performance platform for over-
coming the traditionally low power density of textile-based TENGs.

Overall, electrospun all-organic TENGs enable a unique
integration of mechanically adaptive deformation, efficient
low-frequency energy harvesting, and wireless sensing func-
tionality within a single breathable platform. Their intrinsic
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softness, lightweight nature, and scalable manufacturability
position them as key building blocks for next-generation textile
electronics, continuous health monitoring, sports analytics,
and body area networks, bridging the gap between triboelectric
energy harvesting and multifunctional intelligent wearable
systems.

6. Conclusion and outlook

ES has proven to be a powerful and adaptable platform for
fabricating 1D nanomaterials tailored for next-generation optoe-
lectronic and electronic applications.'”*'**'* Through rational
design of solution composition, process parameters, and collec-
tor configuration, ES enables precise control over NF morphol-
ogy, composition, and spatial arrangement across multiple
length scales. These capabilities underpin the successful integra-
tion of ES NFs into a broad range of high-performance devices,
including photodetectors, field-effect transistors, triboelectric
nanogenerators, gas sensors, and neuromorphic systems.

The application scenarios discussed in this review demon-
strate how ES can transcend its traditional role as a fabrication
method and evolve into a design strategy for hierarchical device
engineering. Microscale heterostructures, such as core-shell
fibers, and macroscale architectures, including network arrays
or parallel fiber arrangements, offer unprecedented opportu-
nities to tailor interfacial charge transport, light-matter inter-
actions, and environmental responsiveness. In particular, the
capacity to combine diverse material systems (organic/inor-
ganic, dielectric/conductive, and semiconducting/triboelectric)
within a unified ES framework enables cross-functional inte-
gration and novel hybrid functionalities.

Despite remarkable progress in developing ES NFs for electro-
nic and optoelectronic applications, several promising directions
remain to be explored to bridge the gap between material
innovation and practical application, as outlined in the following.

6.1. Advancing low-temperature ES for broader application
scenarios

Traditional ES processes often require post-treatment at elevated
temperatures to remove polymer templates or to induce crystal-
linity in inorganic components. However, such high-temperature
steps limit substrate selection and compatibility with flexible,
temperature-sensitive platforms. The development of low-
temperature ES strategies, including those that utilize UV photo-
activation, plasma treatment, or solution-based crystallization, has
great potential to broaden the applicability of ES fibers. This is
particularly important for integration with plastic electronics, soft
robotics, and biological interfaces. Future research should focus
on optimizing solvent systems, polymer composites, crosslinking
chemistries, and low-temperature post-treatment processes to
enable ultralow-thermal-budget fabrication of NFs.

6.2. Toward scalable integration of ES NF devices

While individual ES fibers have demonstrated attractive perfor-
mance at the proof-of-concept stage, the transition to large-
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scale integration remains a significant bottleneck. Challenges
include the alignment, density control, and patterning of NFs
over wafer-scale substrates. Emerging approaches such as near-
field ES, mask-guided deposition, and programmable 3D col-
lectors offer promising tools for addressing these issues. More-
over, integrating multi-material fibers into device arrays with
consistent performance is critical for real-world applications
such as sensor networks and neuromorphic circuits. Future
research should prioritize the co-development of fiber proces-
sing techniques and microfabrication-compatible architectures
to enable wafer-level manufacturability.

6.3. Merging ES NFs with stretchable and wearable
electronics

The inherent flexibility and high aspect ratio of ES NFs make
them ideal candidates for stretchable and wearable electronics.
However, further efforts are needed to achieve mechanical
resilience under repeated deformation while maintaining
stable electrical and optical performance. Strategies such as
embedding fibers into elastomeric matrices, engineering ser-
pentine or mesh layouts, and introducing self-healing function-
alities could significantly enhance device longevity. Moreover,
combining ES NFs with emerging materials, such as liquid
metals, conductive hydrogels, and textile-based platforms, may
enable next-generation wearables with conformal and multi-
modal sensing capabilities. Exploring these interdisciplinary
opportunities will be vital to expanding ES’s role in the Internet
of Things and personalized healthcare.

6.4. Developing biodegradable and environmentally friendly
fiber systems

With growing concerns over electronic waste and environmen-
tal sustainability, the design of biodegradable ES fibers has
become an urgent and promising direction. Natural polymers
such as cellulose, chitosan, silk fibroin, and polylactic acid
(PLA) offer attractive options for eco-friendly fiber fabrication.
These materials reduce environmental burden and open new
possibilities for transient electronics, implantable devices, and
bioresorbable sensors. However, achieving performance parity
with synthetic counterparts remains a challenge. Future efforts
should aim to balance degradability, mechanical strength, and
functional stability through composite design, crosslinking
strategies, and the use of bio-derived additives.

In summary, ES technology is poised for a transformative
phase where functionality should be matched by integrability,
scalability, and sustainability. By shifting from single-fiber
performance metrics to system-level thinking, the ES commu-
nity can unlock its full potential in shaping the next generation
of intelligent, flexible, and eco-conscious electronics.
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